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ARTICLE

ABSTRACT Animal cell cytokinesis, or the physical division of one cell into two, is thought to Monitoring Editor
be driven by constriction of an actomyosin contractile ring at the division plane. The mecha- William Bement

. . e g . L. . University of Wisconsin,
nisms underlying cell type-specific differences in cytokinesis remain unknown. Germ cells are Madison
totipotent cells that pass genetic information to the next generation. Previously, using
formin®*(ts) mutant Caenorhabditis elegans 4-cell embryos, we found that the P2 germ Received: Mar 8, 2024
precursor cell is protected from cytokinesis failure and can divide with greatly reduced F-actin Revised: Apr 22, 2024
levels at the cell division plane. Here, we identified two canonical germ fate determinants Accepted: Apr 26, 2024

required for P2-specific cytokinetic protection: PIE-1 and POS-1. Neither has been implicated
previously in cytokinesis. These germ fate determinants protect P2 cytokinesis by reducing
the accumulation of septinUNS5? and anillin”N"! at the division plane, which here act as nega-
tive regulators of cytokinesis. These findings may provide insight into the regulation of cyto-
kinesis in other cell types, especially in stem cells with high potency.

SIGNIFICANCE STATEMENT

* In 4-cell worm embryos, cell division in the P2 germ precursor cell is uniquely protected against
severe perturbations of the actin cytoskeleton. The mechanisms that underly this cell type-specific
protection of cell division remain unclear.

* We identified two well-known germ fate determinants as required for cell type-specific protection
of P2 cell division when actin levels are reduced. We show these germ fate determinants protect cell
division by controlling the levels of specific contractile ring-associated proteins to ensure cell divi-
sion completes successfully.

e These results suggest that cell type-specific protection of germ precursor cell division is inextricably
linked to its cellular identity.
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INTRODUCTION

Germ cells play a unique role in passing genetic information from
one generation to the next. Perhaps because germ cell integrity is
critical for fitness and continuation of the species, there appear to
be specific mechanisms to protect germ cell fate, survival, and pro-
liferation. For example, germ precursor cells undergo specific dif-
ferential developmental pathways (Foe, 1989; Lehmann and
Ephrussi, 1994; Strome, 2005; Strome and Lehmann, 2007; Saga,
2008; Saitou, 2009; Wang and Seydoux, 2013; Wessel et al., 2014;
Strome and Updike, 2015; Roelen and Chuva de Sousa Lopes,
2022). There is also evidence in several model systems that cytoki-
nesis in germ precursor cells is differentially regulated from in so-
matic cells. Cytokinesis is the physical division of one cell into two,
which occurs at the end of the cell cycle. In many metazoan germ
cells, unlike in somatic cell divisions (Andrade and Echard, 2022),
daughter cells are not severed via abscission and remain connected
by a stable intercellular bridge (for review, see Gerhold et al., 2022).
In Drosophila, mutations in the cytoskeletal interacting protein anil-
lin specifically affect somatic cell but not germ precursor cell cellu-
larization (Adam et al., 2000; Field et al., 2005). In our own previous
work, we found that cytokinesis in Caenorhabditis elegans germ
precursor cells is uniquely resistant to severe perturbations of the
actin cytoskeleton that completely block cytokinesis in somatic cells
(Davies et al., 2018) (see also Bauer et al., 2021). Thus, cell division
in germ precursor cells appears to have significant differences in
regulation from somatic precursor cell division.

These data contradict the textbook view of cytokinesis that all
animal cells divide using the same molecular machinery. It is thought
that anaphase onset drives mitotic spindle signaling to promote the
assembly and constriction of an actomyosin contractile ring at the
cell division plane to power cytokinesis. In fact, growing evidence
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supports both cell type-specific regulation of cytokinesis and cell
type-specific consequences for cytokinesis failure. Animals from
worms to humans can have organism-wide genetic mutations that
result in highly cell type-specific cytokinetic consequences (Bione
et al., 1998; Di Cunto et al., 2000; LoTurco et al., 2003; Paw et al.,
2003; Morita et al., 2005; Ackman et al., 2007; Moulding et al., 2007,
Muzzi et al., 2009; Vinciguerra et al., 2010; Jackson et al., 2011,
Lilieholm et al., 2013; Menon et al., 2014; Taniguchi et al., 2014;
Basit et al., 2016; Harding et al., 2016; Li et al., 2016; Sgro et al.,
2016; Shaheen et al.,, 2016; Davies et al., 2018; Wontakal et al.,
2022). On one hand, cell type-specific failure in cytokinesis, resulting
in a binucleated tetraploid cell, is emerging as an important
contributor to many diseases including blood disorders, neurologi-
cal diseases, and cancer (Bione et al., 1998; Ganem et al., 2007,
Moulding et al., 2007; Dieterich et al., 2009; Vinciguerra et al., 2010;
Lacroix and Maddox, 2012; lolascon et al., 2013; Liljeholm et al.,
2013; Ferrer et al., 2014; Ganem et al., 2014; Tormos et al., 2015;
Seu et al., 2020; Wontakal et al., 2022). On the other hand, cytokine-
sis failure is not always pathogenic and specific cell types (e.g., he-
patocytes in the liver and intermediate cells in the bladder) are natu-
rally programmed to fail in cytokinesis and become binucleated (or
multinucleated) as a normal part of human development and tissue
homeostasis (Li et al., 1997; Ravid et al., 2002; Li, 2007; Margall-
Ducos et al., 2007; Lacroix and Maddox, 2012; Takegahara et al.,
2016; Wang et al., 2018; Sladky et al., 2021). Despite this strong
supporting evidence of cell type-specific regulation of cytokinesis,
the molecular mechanisms remain poorly understood.

In theory, the molecular mechanisms differentially regulating cy-
tokinesis in different cell types should arise in the literature as mole-
cules that differentially affect cell division in different cell types and
model systems. Two such candidates for cell type-specific regulation
of cytokinesis are the septins and anillin. Septins and anillin are cyto-
skeletal-binding proteins essential for cytokinesis in some, but not
all, cell types and model systems; their precise roles in cytokinesis
remain unclear (Piekny and Maddox, 2010; Menon and Gaestel,
2015; Woods and Gladfelter, 2021). The septins are essential for cy-
tokinesis in budding yeast (Fares et al., 1996; Mela and Momany,
2019) but are not required for cytokinesis in other cell types, includ-
ing in Schizosaccharomyces pombe (Longtine et al., 1996), mouse
myeloid and lymphoid hematopoietic cells (Menon et al., 2014), and
mouse neuronal precursor cells (Qiu et al., 2020). And, in cultured
mammary epithelial cells, septin-6 expression is inversely correlated
with successful cytokinesis, suggesting an inhibitory role (Rabie et al.,
2021). Similarly, anillin is required for cytokinesis in some cell types
(Giansanti et al., 1999, Oegema et al., 2000; Straight et al., 2005),
including in the fission yeast S. pombe (Hachet and Simanis, 2008;
Rincon and Paoletti, 2012; Saha and Pollard, 2012), Drosophila S2
cells (Straight et al., 2005; Kechad et al., 2012), and Hela cells
(Straight et al., 2005), but not required in many cell types, including
the fission yeast Schizosaccharomyces japonicus (Gu et al., 2015). In
Saccharomyces cerevisiae, anillin (Boi1/2p) is only required for cyto-
kinesis in the presence of DNA bridges in the cell division plane
(Norden et al., 2006; Masgrau et al., 2017). In C. elegans, neither the
septins (UNC-59/-61) nor anillin (ANI-1) are required for early cleav-
age divisions during embryogenesis (Nguyen et al., 2000; Maddox
et al., 2007). Even in one-celled organisms that require septins and
anillin, these proteins have different functions and localization than in
multicellular organisms. For example, the septin ring at the bud neck
in S. cerevisiae splits into two rings that sandwich, rather than overlap
with, the actomyosin contractile ring prior to ring constriction
(Tamborrini and Piatti, 2019; Marquardt et al., 2021). Moreover, this
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splitting of septins is required for cytokinesis to proceed, again
suggesting septins may act as negative regulators of ring constric-
tion (Tamborrini et al., 2018; Tamborrini and Piatti, 2019). Likewise, in
S. pombe, anillin (Mid1p) leaves the division plane before contractile
ring constriction (Wu et al., 2003). These data suggest a cell type-
and model system-specific role for septins and anillin in cytokinesis.

We hypothesize that septins and anillin play a key role in cell
type-specific differences in cytokinesis, particularly in protection of
cytokinesis in the germ lineage when F-actin levels are reduced. In
previous work, we found that septinVN®57 and anillin®N-" likely act as
negative regulators of mitotic cytokinesis in 1-cell C. elegans em-
bryos (Jordan et al., 2016). We also identified cell type-specific regu-
lation of cytokinesis at the 4- to 8-cell stage for the germ precursor
cell. We weakened the actin cytoskeleton using either a genetically
encoded fast-acting temperature sensitive (ts) mutant that affects
the filamentous actin (F-actin) nucleating activity (Davies et al., 2014)
of the diaphanous family formin®™*' (hereafter, formin(ts), or a
chemical inhibitor of F-actin assembly, Latrunculin A. Under both
conditions, the two anterior cells (ABa and ABp) always failed in cy-
tokinesis, whereas the two posterior cells (EMS and P2) divided suc-
cessfully at a high frequency, even without detectable F-actin in the
cell division plane (Davies et al., 2018). Interestingly, we found that
cytokinetic protection of EMS and P2 is regulated by a distinct mole-
cular mechanism in each cell. Using embryo microdissection to phys-
ically separate each of the 4 cells from formin(ts) embryos, only the
P2 germ precursor cell was still protected from cytokinesis failure;
EMS lost its protection and failed to divide (Davies et al., 2018).
Thus, cell type-specific protection of cytokinesis in the P2 germ pre-
cursor cell is cell-intrinsic and in the EMS cell it is cell-extrinsic.

Here, to examine the cell type-specific regulation of cytokinesis
that underlies cell-intrinsic protection of germ precursor cells, we
examined the role of germ cell fate determinants in cytokinesis.
Three well-established and essential germ cell fate determinants are
MEX-1, PIE-1, and POS-1, all of which encode CCCH Zn-finger pro-
teins (Mello et al., 1996; Guedes and Priess, 1997; Tabara et al.,
1999). PIE-1 (pharynx and intestine in excess) is a master regulator of
germ cell fate specification in worms (Mello et al., 1992; Mango
et al.,, 1994; Bowerman, 1995; Mello et al., 1996; Strome, 2005).
PIE-1 is asymmetrically inherited by the germ precursor cells where
it localizes to ribonucleoprotein condensates called germ granules
(or P granules) and to the nucleus during interphase, but during mi-
tosis it relocalizes to the centrosomes (Mello et al., 1996; Tenenhaus
et al., 1998; Reese et al., 2000). Several other CCCH Zn-finger pro-
teins, including POS-1 and MEX-1, cooperate to control proper
PIE-1 localization in germ precursor cells (Guedes and Priess, 1997;
Tabara et al., 1999; Tenenhaus et al., 2001) and residual PIE-1 pro-
tein (and POS-1 and MEX-1) in somatic daughters is degraded via
proteolysis in an E3 ligase substrate adaptor (ZIF-1)-dependent man-
ner (DeRenzo et al., 2003; Oldenbroek et al., 2012). PIE-1 canoni-
cally controls germ fate specification by regulating transcription
(Seydoux et al., 1996; Seydoux and Dunn, 1997; Batchelder et al.,
1999; Zhang et al., 2003; Ghosh and Seydoux, 2008), gene silencing
(Kim et al., 2021), translation (Tenenhaus et al., 2001), and posttrans-
lational modifications (e.g., acetylation and SUMOylation) (Kim
et al., 2021) through inhibition of a NuRD (nucleosome remodeling
and deacetylase) complex (Unhavaithaya et al., 2002). Neither PIE-1,
nor other CCCH Zn-finger proteins that regulate germ fate in C. el-
egans, have previously been implicated in cytokinesis.

We show that protection of P2 cytokinesis is tied to its cellular
identity as a germline precursor cell. While another group recently
reported a positive role for anillin®N"! during cytokinesis when cen-
tral spindle assembly is disrupted in the EMS cell at the 4-cell stage
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(Santos et al., 2023), our research aligns more closely with instances
in numerous animal cell types in which septins and anillin are pres-
ent at the division plane but are not required for cytokinesis. Here
we provide evidence that septins and anillin not only act as negative
regulators of cytokinesis but also are controlled by germ cell fate
determinants that promote cytokinetic protection. The totipotent
P2 germ precursor cell is required to produce all gametes (oocytes
and sperm) in the adult worm (Sulston et al., 1983). We identify
three germ fate determinants required for protection of P2 cytokine-
sis in formin(ts) embryos. Depletion of either MEX-1, PIE-1, or POS-1
led to loss of cytokinetic protection and P2 cytokinesis failure in
formin(ts) embryos, but not in control embryos. Depletion of MEX-1
also led to EMS cytokinesis failure, whereas PIE-1 and POS-1 acted
in a P2 cell-specific way. We found that PIE-1 does not appear to
play a major role in controlling many factors known to affect cytoki-
nesis, including cell surface tension, spindle dynamics, and asym-
metric cell division. Instead, our analysis revealed that these germ
fate determinants protect cytokinesis by blocking the excessive ac-
cumulation of both septinN“% and its binding partner, anillinAN-1,
at the P2 cell division plane. Codepletion of septinN®5? and PIE-1
(or POS-1) was necessary and sufficient to both reduce anillinAN1
levels at the P2 division plane and restore cytokinetic protection of
P2 in formin(ts) embryos. Thus, germ fate specification promotes
robust cytokinesis in the P2 germ precursor cell, even when F-actin
levels are greatly reduced, at least in part by reducing the levels of
septinNS5? and anillinAN! at the P2 division plane.

RESULTS

Protection of P2 cytokinesis requires the germ cell fate
determinants MEX-1, POS-1, and PIE-1

To identify genes required to protect the P2 germ precursor cell
(Figure 1A) against cytokinesis failure when the actin cytoskeleton is
weakened, we performed a targeted mini-screen of candidate
genes either implicated in germ fate regulation in the literature or
differentially expressed in the P2 cell by single-cell transcriptomics
(Tintori et al., 2016). Embryonic lethality at permissive temperature
was used as a proxy for effective gene knockdown (when applicable,
see Supplemental Figure S1B). To weaken the actin cytoskeleton,
we used the temperature sensitive formin®*1(or596ts) mutant
(formin(ts)), which completely blocks cytokinesis in the 1-cell embryo
at restrictive temperature with little to no contractile ring constric-
tion or detectable F-actin in the division plane (Davies et al., 2014;
Davies et al., 2018). P2 cytokinesis was monitored by time-lapse
spinning disk confocal microscopy in embryos expressing fluores-
cently-tagged reporters for the plasma membrane and chromatin
(GFP::PHPL®® and mCherry::histone H2BM'S%, respectively [Audhya
et al., 2005]; Figure 1B). Control (empty vector) and candidate feed-
ing RNA-mediated interference (RNAI)-treated formin(ts) 4-cell em-
bryos were upshifted from 16°C (permissive temperature) to ~24.5—
25.5°C (semirestrictive temperature) prior to anaphase onset in the
P2 cell (Figure 1, B and C). In untreated formin(ts) control embryos
at this temperature, while ABa and ABp were unable to divide (0%
cytokinesis completion), many EMS and P2 cells completed cytoki-
nesis successfully (68% EMS and 50% P2 cytokinesis completion,
respectively; Supplemental Figure S1A). The P2 cell in control RNAI-
treated embryos also frequently completed cytokinesis successfully
(78% P2 cytokinesis completion, Figure 1C). While RNAi of most
candidate genes did not block P2 cytokinesis, we identified three
genes required for P2 cytokinesis in formin(ts) embryos. Specifically,
RNAi-mediated knockdown of MEX-1, PIE-1, and POS-1 signifi-
cantly decreased the rate of cytokinesis completion in formin(ts) P2
cells (28%, 15%, and 27% cytokinesis completion, respectively;
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FIGURE 1: RNAi-based mini-screen of candidate genes required for protection of P2 cytokinesis in formino(ts)
embryos. (A) Schematic of C. elegans early embryonic cell lineage map from the 1- to 4-cell stage (8-cell stage for germ
lineage); A = anterior of embryo; P = posterior of embryo; gray lines = somatic cell lineages, lime green lines = germ
lineage. (B) Schematic of single-cell cytokinesis outcome analysis for the P2 cell. Representative single plane images show
the result of P2 cytokinesis completion (left, 2 mononucleated daughter cells) or failure (right, 1 binucleated daughter
cell) in formin®*(ts) embryos expressing GFP::PHP-®® (green, plasma membrane) and mCherry::histone H2BH!S-58
(magenta, chromatin); scale bar = 10 um. (C) Graph showing the percentage of P2 cells in formin®*(ts) embryos that
complete (green) or fail (gray) in cytokinesis with or without feeding RNAi treatment; n = number of P2 cells scored and
is indicated on each bar; ***, P-value < 0.001; ****, P-value < 0.0001 (Fisher’s exact test; see also Supplemental Table S1).

Figure 1C). These proteins are all CCCH Zn-finger family members
essential for proper germ fate specification but not previously impli-
cated in cytokinesis. This result suggests that cytokinetic protection
of P2 depends on the germ fate determinants MEX-1, PIE-1, and
POS-1.

We next sought to determine whether this CCCH Zn-finger fam-
ily-mediated protection of P2 cytokinesis is cell type specific. We
upshifted 4- to 8-cell control and formin(ts) embryos prior to ana-
phase onset in each of the individual 4 cells with and without MEX-
1, PIE-1, or POS-1 RNAi-treatment and monitored cytokinesis, as
above. For these experiments (and hereafter), we switched to injec-
tion RNAI, which is more robust than feeding RNAI in our hands.
RNAI knockdown was confirmed by both loss of fluorescent signal in
4-cell embryos expressing fluorescently-tagged reporters of these
CCCH Zn-finger proteins (<1%, 4.7%, and <1% of control levels of
GFP::MEX-1 [Wu et al., 2015], GFP::PIE-1 [Merritt et al., 2008], and
POS-1::GFP [Tsukamoto et al., 2017], respectively; Supplemental
Figure S2, A-D) and consistently high (>99%) embryonic lethality
(Supplemental Figure S2, E-G). In control embryos, RNAi-mediated
knockdown of MEX-1, PIE-1, or POS-1 did not affect cytokinesis in
any cell of the 4 cells (100% cytokinesis completion; Figure 2A), as
predicted (Mello et al., 1992; Tabara et al., 1999). In formin(ts) em-
bryos, knockdown of MEX-1, PIE-1, or POS-1 did not change the
high rate of cytokinesis failure in the ABa or ABp cells (0% cytokine-
sis completion in both ABa and ABp; Figure 2B) but led to a high
frequency of P2 cytokinesis failure (0%-8% cytokinesis completion;
Figure 2, B and C). RNAi knockdown of MEX-1, but not PIE-1 or
POS-1, also led to a high frequency of EMS cytokinesis failure in
formin(ts) embryos (0% EMS cytokinesis completion in mex-1(RNAJ);
Figure 2B). Together, these results suggest that PIE-1 and POS-1
provide cell type-specific cytokinetic protection of P2, whereas
MEX-1 protects cytokinesis in both P2 and EMS.

4 | C.Q.Connors et al.

PIE-1 does not affect relative surface tensions in P2

It was recently reported that in 4-cell stage embryos, cell surface
tension is higher in the anterior ABa and ABp cells than in the poste-
rior EMS and P2 cells (Yamamoto et al., 2023). Because we found
that these posterior cells were protected against cytokinesis failure
in formin(ts) mutant embryos and that in P2 cytokinetic protection
required key CCCH Zn-finger proteins, we hypothesized that this
cytokinetic protection might be mediated by CCCH Zn-finger pro-
tein effects on P2 surface tension. We focused on PIE-1 for this anal-
ysis because MEX-1 and POS-1 are known to be required for proper
PIE-1 localization (Guedes and Priess, 1997; Tenenhaus et al., 1998;
Tabara et al., 1999; Oldenbroek et al., 2012). To estimate the relative
contribution of surface tension to different success rates of P2 cyto-
kinesis, we measured the contact angles for both the P2-ABp and
P2-EMS cell contacts in formin(ts) embryos with and without pie-
1(RNAI) throughout the P2 cell cycle up until the onset of furrowing
and used a Young-Dupré force balance to estimate surface tension
ratios, similar to as was done previously (Chiou et al., 2012; Kong
et al., 2019; Yamamoto et al., 2023) (Figure 3A, see also Materials
and Methods). We found no significant difference in the relative ten-
sions of P2 surfaces between control and pie-1(RNAi) embryos
(Figure 3, B-E). Cytokinesis failure was associated with altered ten-
sion patterns in the embryo (in ABp and/or P2 cells; Supplemental
Figure S3A), but the precise tension patterns associated with suc-
cessful cytokinesis seem to be distinct in control and pie-1(RNAI)
embryos (Supplemental Figure S3, B and C). Together, our results do
not suggest a major role for PIE-1 in regulating P2 surface tension.

PIE-1 does not affect overall spindle dynamics but has a
minor effect on P2 cell size

Because signals from anaphase spindle microtubules are critical for
cytokinesis in animal cells (Green et al., 2012; D'Avino et al., 2015),
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FIGURE 2: PIE-1 and POS-1 function cell type-specifically to protect cytokinesis in P2, whereas MEX-1 protects
cytokinesis in both P2 and EMS. Graphs showing the percentage of ABa, ABp, EMS, and P2 cells that complete (green)
or fail (gray) cytokinesis in 4- to 8-cell control embryos (A) and formin®*(ts) embryos (B) with and without mex-1, pie-1,
or pos-1 injection RNAI treatment; n = number of individual cells scored and is indicated on each bar; ****, P-value
<0.0001 (Fisher’s exact test; see also Supplemental Table S$1). (C) Representative single plane images showing P2
cytokinesis in formin¥*(ts) embryos with and without RNAi-mediated depletion of mex-1, pie-1, or pos-1in embryos
expressing GFP::PHP-C® (green, plasma membrane) and mCherry::histone H2BS-8 (magenta, chromatin); time (s) is

relative to metaphase in each P2 cell; scale bar = 10 pm.

we tested whether PIE-1 mediates cytokinetic protection by regulat-
ing P2 spindle dynamics. During interphase, PIE-1 localizes to the
nucleus and specialized ribonucleoprotein germ granules in the cy-
toplasm; during mitosis, PIE-1 localizes asymmetrically at P2 spindle
poles and is enriched on the germ daughter P3-destined centro-
some relative to the somatic daughter C-destined centrosome.
(Mello et al., 1996; Tenenhaus et al., 1998) To test whether PIE-1
regulates the P2 anaphase spindle, we first examined overall spindle
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and cellular dynamics throughout P2 cell division (Figure 4A; Sup-
plemental Figure S4A) with and without pie-1(RNAJ) in a strain ex-
pressing fluorescently-tagged reporters to label the centrosomes
(endogenously-tagged EB158™2::GFP [Sallee et al., 2018]), chroma-
tin (Audhya et al., 2005), and plasma membrane (cell cortex) (Lee
et al., 2018). We found small differences in overall P2 spindle and
cellular dynamics. Relative to dividing P2 cells in controls, P2 cells
in pie-1(RNAI) embryos had a slight but significantly increased P2
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FIGURE 3: PIE-1 does not significantly change relative P2 cell surface tensions. (A) Schematic
(left) and representative images (right) depicting how cell-cell contact angles with P2 (lime
green) neighboring cells ABp (yellow) and EMS (teal) were measured (black angles) over time to
calculate the relative cell surface and cell-cell interface tension in formin®*(ts) control (top
panels, gray) and formin®*!(ts); pie-1(RNAi) embryos (bottom panels, pink) expressing
GFP::PHPL® (green, plasma membrane) and mCherry::histone H2B5-58 (magenta, chromatin)

prior to P2 cytokinesis (similar to as was done in (Yamamoto et al., 2023); tension measurements

taken on formin(ts) control and formin(ts); pie-1(RNAi) datasets in Figure 2B and Figure 8; see
also Materials and Methods); scale bar = 10 um. Graphs showing the relative ABp surface

tension (B), ABp/P2 interface tension (C), EMS surface tension (D), and EMS/P2 interface tension

(E) in control (gray) and pie-1(RNAI) (pink) embryos. Tension measurements normalized to P2
surface tension; time (s) is relative to furrow onset (t = 0 s) in each P2 cell; N = number of
experimental replicates; n = number of embryos scored for each genotype by color; n.s. =
P-value not significant (Student’s t test, unpaired with Holm-Sidak correction; see also

Supplemental Table S1).

spindle length (centrosome to centrosome distance, Figure 4B), P2
cell length, P2 division plane diameter, and diameter of both form-
ing C and P3 daughter cells (Supplemental Figure S4, B-E). The
distance from the anterior cell cortex to the germ daughter P3-des-
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tined centrosome was also significantly in-
creased in pie-1(RNAI) relative to control
embryos, but there was no difference in the
distance from the posterior cell cortex to the
somatic daughter C-destined centrosome
(Supplemental Figure S4, F and G). There
were only minor differences in the separa-
tion of sister chromosomes in anaphase in
pie-1(RNAI) relative to control embryos
(Figure 4C). Importantly, spindle size is
known to scale with cell size during early
worm embryogenesis (Lacroix et al., 2018).
Thus, the small increase in spindle size after
pie-1(RNAI) (7%) is likely due to the small
increase in P2 cell size (9% increase in cell
length and 10% increase in cell diameter at
metaphase) rather than a direct effect of
pie-1(RNAi) on overall spindle dynamics.
We next tested whether PIE-1 regulates P2
astral microtubule dynamics by imaging the
EB1E8P-2::GFP microtubule plus-tip binding
protein at higher temporal resolution. We
found no difference in astral microtubule
growth rates in P2 anaphase from either the
C- or P3-destined centrosomal asters with
and without pie-1(RNAI) (Figure 4D). Finally,
we assessed central spindle assembly in
control and pie-1(RNAI) embryos. The cen-
tral spindle is an antiparallel microtubule
structure that forms between separating
chromatids in anaphase and also plays a
role in contractile ring constriction (Green
et al, 2012, D'Avino et al., 2015). Using
a reporter for central spindle assembly
(endogenously-tagged  Aurora-BAR2::GFP
[Cheerambathur et al., 2019]) (Maton et al.,
2015; Hirsch et al., 2022), we found no dif-
ference in the timing or morphology of cen-
tral spindle assembly in pie-1(RNAI) versus
in control P2 cells (Figure 4, E and F; Supple-
mental Figure S5). Thus, PIE-1 has minor ef-
fects on P2 cell and spindle size, but despite
localizing to the centrosomes, does not
seem to have any major effects on overall P2
anaphase spindle dynamics.

PIE-1 plays a minor role in regulating
daughter cell asymmetry during P2 cell
division

Given the small differences in overall P2 and
daughter cell size we observed during cell
division with and without PIE-1, we tested
whether PIE-1 affects P2 division asymme-
try. The P2 cell divides asymmetrically, pro-
ducing a larger somatic precursor daughter
cell in the posterior and a smaller germ pre-
cursor daughter cell in the anterior (Arata
et al., 2010; Wang and Seydoux, 2013; Rose

and Gonczy, 2014). PIE-1 is asymmetrically inherited by the germ
precursor cells throughout early worm development (Mello et al.,
1996; Reese et al., 2000; Wang and Seydoux, 2013; Gauvin et al.,
2018), but is not thought to regulate cell division asymmetry directly.

Molecular Biology of the Cell
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FIGURE 4: PIE-1 does not significantly alter P2 spindle or daughter cell dynamics. (A) Left,
Schematic of a dividing P2 cell indicating the cell cortex (lime green), chromosomes (blue),
centrosomes (C centrosome [half gray/half pink]; P3 centrosome [pink]), and microtubules (gray).
Right, Schematic of measurements taken and plotted in B and C (see also Materials and
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scored for each genotype by color; n.s., not significant; *, P-value < 0.05; ***, P-value < 0.001;
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Myosin-lINM¥2 is a key regulator of asymmet-
ric cell division in C. elegans. (Guo and
Kemphues, 1996; Cuenca et al, 2003;
Munro et al., 2004; Liu et al., 2010; Rose and
Gonczy, 2014) To test whether PIE-1 affects
P2 cytokinesis by regulating polarity, we
monitored polarity by measuring peak lev-
els of myosin-lIINM¥2::GFP on the cortex in
both forming daughter cells during P2 cyto-
kinesis with and without pie-1(RNAI) (Figure
5, A and B). In control embryos, we found
higher levels of myosin-IINM¥2 on the poste-
rior C-destined daughter cell cortex than on
the anterior P3-destined daughter cell cor-
tex (Figure 5C), as would be predicted
(Arata et al., 2010; Liu et al., 2010; Rose and
Gonczy, 2014). In pie-1(RNAI) embryos, the
levels of myosin-IINM¥2 were also higher on
the C-destined daughter cell cortex than on
the P3-destined daughter cell cortex, al-
though to a lesser extent than in control em-
bryos (Figure 5C). These results suggest that
PIE-1 plays a minor role regulating myosin-
[INM¥2 on the germ daughter-destined cell
cortex but is not essential for overall cortical
asymmetry during P2 cell division.

In the 1-cell embryo, we previously found
that the cell polarity machinery was required
to sequester anillin®N"! and septinUNc>? on
the anterior side of the cell cortex during cy-
tokinesis (Jordan et al., 2016). Thus, we also
tested whether PIE-1 regulates the cortical

control (grays) and pie-1(RNAI) (pinks) P2 cells
at 26°C. Small circles indicate individual data
points and large circles and color shades
indicate replicate averages; error bars = SD;
N = number of experimental replicates; n=
number of P2 cells scored; n = number of
astral microtubules scored for each genotype
by color; n.s. = not significant (two-way
ANOVA, see also Supplemental Table S1).

(E) Representative images (maximum
projection) of a 4- to 8-cell embryo expressing
endogenously-tagged Aurora-BA®2::GFP and
mCherry::H2B (not shown, see Supplemental
Figure S5) depicting linescan analysis used on
sum projected embryos to quantify central
spindle (orange dashed line) and camera
background (gray dashed line) shown in F;
scale bar = 10 pm. (F) Graph plotting the
average peak Aurora-BAR2::GFP levels at
chromosomes (preanaphase onset, AO
[metaphase]) and the central spindle
(post-AO) during P2 cell division in control
(gray) and pie-1(RNAI) (pink) P2 cells over
time. Time (s) is relative to anaphase onset
(AO, t=0s) in each P2 cell; error bars = SD;
N = number of experimental replicates; n=
number of P2 cells scored for each genotype
by color; n.s. = not significant (Student'’s

t test, unpaired, see also Supplemental

Table S1).
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FIGURE 5: PIE-1 plays a minor role in P2 division asymmetry. (A) Representative single plane
images of 3 control (left) and 3 pie-1(RNAI) (right) P2 cells expressing endogenously-tagged
myosin-lINMY-2::GFP at the time of cleavage furrow onset in P2; scale bar = 10 pm; gray
(control) and pink (pie-1(RNAI)) arrowheads indicate the P2 cleavage furrow. (B) Left,
Schematic depicting linescan analysis used to quantify cortical asymmetry of myosin-1INMY2 jn
the P2 cell during division (image, top); arrows indicate direction of linescans drawn across the
C-destined and P3-destined cell cortices from the respective extracellular to intracellular
space (schematic, bottom; see also Materials and Methods). Right, Representative linescans
from 12 control (top) and 12 pie-1(RNAI) (bottom) P2 cells plotting relative myosin-1INMY-2::GFP
levels along linescans across the C-destined (gray) and P3-destined (lime green) cell cortices.
(C) Graph plotting peak cortical intensity ratios for myosin-IINM¥2::GFP in control (gray) and
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Supplemental Table S1).
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asymmetry of anillin®N-! and/or septinUNe-5?
in the P2 cell. In control embryos, we found
higher levels of anillin®N"" on the posterior
C-destined daughter cell cortex than on the
anterior P3-destined daughter cell cortex
(Supplemental Figure Sé), similar to myosin-
[INM¥2 " In pie-1(RNAI) embryos, similar to
myosin-lIINM¥2, - anillinAN-1 evels were also
higher on the C-destined daughter cell cor-
tex than on the P3-destined daughter cell
cortex, but to a lesser extent than in control
embryos (Supplemental Figure S6). We
found no detectable enrichment of septi-
nUNCS? on either the C or P3 sides of the di-
viding P2 cell cortex, with or without PIE-1
depletion (Supplemental Figure S6). This
result suggests that cortical septinNe>7 is
not asymmetrically distributed during P2 di-
vision and, as with myosin-IIN¥2 and P2 cell
size, PIE-1 may play a minor role in regulat-
ing asymmetric anillin®N1 levels on the so-
matic daughter-destined cell cortex.

PIE-1 and POS-1 reduce septinUN¢>7
and anillinAN"! accumulation at the P2
cell division plane

While measuring the cortical asymmetry of
contractile ring proteins during P2 cell divi-
sion, we observed apparent changes in their
protein levels at the P2 division plane follow-
ing PIE-1 depletion. To test this, we quanti-
fied the effect of pie-1(RNAI) on contractile
ring protein levels at the P2 cell division
plane. We imaged the P2 contractile ring
when the cleavage furrow was first visible by
differential interference contrast (DIC) mi-
croscopy (furrow onset or 20 s postfurrow
onset for septinNS5?::GFP) in strains express-
ing fluorescently-tagged reporters for multi-
ple contractile ring proteins (LifeAct::RFP and
plastin®>™::GFP [F-actin] [Ding et al., 2017],
myosin-INM¥2::GFP [Dickinson et al., 2013],
septinNCS7:GFP [Chen et al., 2019], and
anillin®NF::GFP [Rehain-Bell et al., 2017]).
Quantitative analysis revealed no significant
difference in the levels of F-actin or the motor
myosin-IIN*2 at the P2 division plane in con-
trol versus in pie-1(RNAi) embryos (Figure 6,
A-C and F). In contrast, RNAi knockdown of
PIE-1 significantly increased the cortical lev-
els of both endogenously-tagged septi-
nNES? and anillinAN-1 at the P2 division plane
relative to those of control embryos (~22%
higher for septin™N®% and ~14% higher for
anillin®NF1in - pie-1(RNAi) embryos than in
controls; Figure 6, D-F). Knockdown of PIE-1
also increased the total 4- to 8-cell whole em-
bryo levels of septin!N%7 (~16% higher), but
not anillinANH1, F-actin, or myosin-IINM¥2 (Sup-
plemental Figure S7). Together, these results
suggest that PIE-1, a critical regulator of
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Contractile ring protein levels at the P2 cell division plane at furrow onset
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FIGURE 6: PIE-1 reduces the levels of septinUNS%7 and anillin®N! in the P2 contractile ring.
Representative maximum projection images (left) and graphs (right) showing super plots of
normalized P2 contractile ring levels in control (grays) and pie-1(RNAI) (pinks) embryos
expressing fluorescently-tagged reporters for A and B (F-actin Lifeact [A] and plastin®S™ [B]),
myosin-IINM¥2 (C), septinNS5? (D), and anillin®N*" (E) at the time of cleavage furrow onset in P2
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on images indicate the P2 cleavage furrow; scale bar = 10 pm. In graphs, small circles indicate
individual data points and large circles and color shades indicate replicate averages; error bars =
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by color; n.s., not significant; ****, P-value < 0.0001 (Student’s t test, unpaired, see also
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germ precursor cell fate, also functions to
control the contractile ring levels of
septinVNS57 and its binding partner anillinAN-1
during P2 cytokinesis.

While anillin often functions upstream of
septins (Field et al., 2005; Maddox et al.,
2005), anillin levels during cytokinesis are
regulated by septin in some cellular con-
texts (e.g., see [Adam et al., 2000; Piekny
and Maddox, 2010; Kechad et al., 2012]). To
test whether PIE-1 and/or POS-1 act through
septin!Ne5? to regulate the cortical levels of
anillin®NF1 at the P2 division plane in
formin(ts) embryos, we imaged the levels of
endogenously-tagged (Rehain-Bell et al.,
2017) anillin®NH1in formin(ts) embryos with
and without RNAI knockdown of PIE-1, POS-
1, and septinUNc5? individually and together.
RNAI knockdown was confirmed by loss of
fluorescent signal in 4-cell embryos express-
ing fluorescently-tagged reporters of PIE-1
(Merritt et al., 2008), POS-1 (Tsukamoto
et al., 2017), and septin!N“? (Chen et al.,
2019) (<1% of control levels in respective
RNAi-mediated double knockdown em-
bryos; Supplemental Figure S8). AnillinAN-1
levels at the P2 division plane and in whole
4- to 8-cell embryos were much higher in
formin(ts) mutants relative to those of con-
trol embryos with no ts mutations (Figure 7;
Supplemental Figure S9), as was recently
reported in formin©“'-disrupted 1-cell em-
bryos (Lebedev et al., 2023). RNAi knock-
down of septinVNo%? reduced anillin®N"" lev-
els at the P2 division plane, but not total
embryo levels, in both control and formin(ts)
embryos (~12% lower in control and ~21%
lower in formin(ts) embryos; Figure 7; Sup-
plemental Figure S9). RNAi knockdown of
PIE-1 increased anillin®N1 levels at the P2
division plane to a similar extent in control
(Figure 6E) and formin(ts) embryos (Figure 7)
(~14% higher levels in control and ~13% in
formin(ts) embryos). POS-1 knockdown also
led to increased levels of anillinANF at the P2
division plane in formin(ts) embryos (~18%
higher levels in formin(ts); pos-1(RNAi) em-
bryos than in formin(ts) control embryos;
Figure 7). The increase in anillin®NH at the P2
division plane after PIE-1 or POS-1 knock-
down was dependent on septinNS, as
codepletion of either PIE-1 or POS-1 with
septin!Ne>? in formin(ts) embryos reduced
cortical anillinN! levels at the P2 division
plane to a similar extent as depletion of
septinNS5? on its own (~22% lower in
formin(ts); septin"=>?(RNAI), ~19% lower in
formin(ts); pie-1(RNAI); septin"=>?(RNAI),
and ~20% lower in formin(ts); pos-1(RNAI);
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plane. To directly test whether reducing septinUN¢-5?
levels could restore P2 cytokinetic protection in
formin(ts) embryos after loss of PIE-1, we moni-
tored P2 cytokinesis by time-lapse spinning disk
confocal microscopy in embryos with and without
single and double RNAI knockdown, as above (see
also Supplemental Figure S8). In formin(ts) control
embryos (with intact PIE-1 and POS-1), P2 was pro-
tected against cytokinesis failure and completed
cytokinesis frequently (89% cytokinesis completion;
Figure 8, A and B). P2 also completed cytokinesis
frequently in formin(ts) embryos after RNAi knock-
down of septin®™N&57 or anillin™N! (92% and 90%
cytokinesis completion, respectively; Figure 8, A
and B). Again, this P2 cytokinetic protection in
formin(ts) embryos was lost after knockdown of
PIE-1 or POS-1 and cytokinesis failed at a signifi-
cantly higher frequency (23% and 31% cytokinesis
completion, respectively; Figure 8, Aand B). In con-
trast, codepletion of septinUN57 with PIE-1 or

*kkk Kkkk POS-1 in formin(ts) embryos was sufficient to res-
xS e cue the frequency of successful P2 division (92%
0?2 1.5- - . . and 93% cytokinesis completion, with PIE-1 or
g % g - & POS-1 depletion, respectively) (Figure 8, A and B),
Qo c 2 & S 5%.. ° and allow P2 cytokinesis to occur in the absence of
A NP ) . e
&-gﬁ‘;ﬂ\ 1.0 | G - o - detectable F-actin at the division plane (Supple-
(O %:‘f— @ $ e mental Figure S10, see also Discussion and Davies
: QE f?: ® ®  etal, 2018). Together, our results support a model
<o 8§ 0.5 T T in which the PIE-1 and POS-1 germ fate determi-
% Q v@ nants mediate P2 cytokinetic protection by reduc-
<5 00 ing the levels of two cytoskeletal proteins that seem
. et ey ' ' . i . . : | . to act as negative regulators of contractile ring
cyk-1 - -+ o+ + o+ +
fo’?mm (tS) constriction at the division plane, septin/N“>? and
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FIGURE 7: SeptinUNS% is required for PIE-1 to reduce anillin®N"" levels in the P2
contractile ring. (A) Representative maximum projection images of endogenously-tagged
anillinANM::GFP in P2 cells at cleavage furrow onset for indicated genotypes (images
scaled relative to formin®*!(ts) control embryos); scale bar = 10 ym; lime green
arrowheads indicate the P2 cleavage furrow. (B) Graphs showing normalized
anillinAN1::GFP levels at the P2 division plane for each genotype (normalized to
formin*-1(ts) control embryos). SeptinN®5? is required for the increased levels of
anillin®N"" at the P2 division plane in pie-1(RNAI); formin®*(ts) and pos-1(RNAI);

formin*!(ts) embryos. Error bars = SD; N = number of experimental

replicates; n = number of embryos scored for each genotype by color; n.s., not
significant; ™, P-value < 0.01; ****, P-value <0.0001 (two-way ANOVA, see also

Supplemental Table S1).

septin'">?(RNAI) relative to in formin(ts) controls; Figure 7). Thus,
PIE-1 and POS-1 require septin!N“5? to control the levels of anilli-
nANFTin the P2 division plane in formin(ts) embryos.

SeptinUNC-5? depletion is sufficient to rescue protection of
P2 cytokinesis, even when codepleted with PIE-1 or POS-1
Given our results, we hypothesized that P2 cytokinetic protection
in formin(ts) embryos is mediated by PIE-1 preventing excess
septinUNC57 (and therefore anillin®N-") accumulation at the division
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cell type-specific protection of cytokinesis in the C.
elegans P2 germ precursor cell. We identified
three well-known germ fate determinants, MEX-1,
PIE-1, and POS-1, as required for protection of P2
cytokinesis in formin(ts) embryos. Of these, PIE-1
and POS-1 specifically protected cytokinesis in P2,
whereas MEX-1 also protected cytokinesis in EMS.
Neither of these proteins has been previously im-
plicated in cytokinesis and they are not required for
cytokinesis in control embryos (e.g., see Figure 2A).
We found that PIE-1 and POS-1 protect cytokinesis
in P2 by preventing excessive accumulation of
both septinUN5? and anillin®N"1, but not F-actin or
myosin-lIINM*2, at the cell division plane. Codepletion of septinVNe-5?
and PIE-1 was both necessary and sufficient to reduce anillin®N!
levels at the P2 division plane and rescue the cytokinetic protection
of P2. These data also demonstrate that septin/N“57 and anillinAN-!
can function as negative regulators of cytokinesis. Thus, we found
these germ fate determinants protect cytokinesis by controlling the
levels of specific actomyosin contractile ring-associated proteins to
ensure cytokinesis completes successfully in this germ precursor
cell, even without detectable F-actin in the contractile ring.

Molecular Biology of the Cell
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FIGURE 8: Reducing septinVN¢%? levels is sufficient to rescue protection of P2 cytokinesis. (A) Representative single
plane images of cytokinesis after indicated RNAI treatment in formin*(ts) P2 cells expressing GFP::PHP-®® (green,
plasma membrane) and mCherry::histone H2B"'S58 (magenta, chromatin). Time (s) is relative to metaphase in each P2
cell; scale bar = 10 pm. (B) Graphs plotting the percentage of P2 cells in formin®*'(ts) embryos that complete (green) or
fail (gray) in cytokinesis with or without indicated injection RNAI treatment. Codepletion of septin/N®? rescues robust
P2 cytokinesis in formin®*(ts); pie-1(RNAI) and formin®*(ts); pos-1(RNAi) embryos. n = number of P2 cells scored and
is indicated on each bar; n.s., not significant; ***, P-value < 0.001; and ****, P-value < 0.0001 (Fisher’s exact test, see also
Supplemental Table S1). (C) Schematic (left) and genetic (right) models for the function of PIE-1 and POS-1 in reducing
septinNS? and anillin®N*! levels at the P2 division plane to promote robust cytokinesis when contractile ring F-actin
levels are greatly reduced (in formin(ts) embryos).

Volume 35 July 1, 2024 Germ fate determinants in cytokinesis

11



How do PIE-1 and POS-1 control the levels of septinN“57 and
anillin®NF! in the P2 germ precursor cell? Canonically, both PIE-1
and POS-1 regulate germ cell fate by controlling transcription and
translation (Batchelder et al., 1999; Tabara et al., 1999; Tenenhaus
et al., 2001; Unhavaithaya et al., 2002; Ogura et al., 2003; Zhang
et al., 2003; D'Agostino et al., 2006; Farley et al., 2008; Ghosh and
Seydoux, 2008; Oldenbroek et al., 2012; Elewa et al., 2015).
The early C. elegans germ precursor cells are thought to be tran-
scriptionally silent and PIE-1 is required to maintain transcriptional
repression in the germ precursor cells (Seydoux et al., 1996; Tenen-
haus et al., 1998; Batchelder et al., 1999; Ghosh and Seydoux, 2008;
Guven-Ozkan et al., 2008). POS-1 is required for PIE-1 to localize to
the nucleus (Tenenhaus et al., 2001), and thus also likely regulates its
transcriptional control. Both POS-1 and PIE-1 are also implicated in
translational regulation, and POS-1 is known to regulate poly-A tail
length (Ogura et al., 2003; D’'Agostino et al., 2006; Farley et al.,
2008). It is thus possible that germ fate normally leads to transcrip-
tional or translational repression of a negative regulator of cytokine-
sis (e.g., septin"=5? and/or anillin®"""). Consistent with this idea, the
septin'"e>?, septint"=*!, and anillin®"" genes all appear to have mul-
tiple cytoplasmic polyadenylation elements in their 3”-untranslated
region (UTR) sequences, suggesting they might be regulated at the
translational level. Indeed, in the absence of PIE-1, we observed
higher protein levels of endogenously-tagged septinVN57::GFP
both at the P2 division plane and in the whole embryo level. Thus,
transcriptional or translational regulation of cytokinesis genes could
be controlled by these CCCH Zn-finger proteins.

PIE-1 also regulates posttranslational modifications in the germ
line (e.g., acetylation, SUMOylation [Kim et al., 2021]) by inhibiting
the histone deacetylase HDA-1 and its associate NuRD complex as
well as engaging with the SUMOylation machinery (Unhavaithaya
et al., 2002; Shin and Mello, 2003). PIE-1 itself is also SUMOylated
and the SUMOylated lysine residue is required for full PIE-1 activity
(Kim et al., 2021). A recent proteomics study revealed that both anil-
linANF and septinNe5? are SUMOylated in the worm germline, and
disruption of PIE-1 reduces the levels of SUMOQylation on both anil-
linANFT and septinUNC5? (Kim et al., 2021). Human anillin has also
been found to be SUMOylated in a proteomics screen (Impens
et al., 2014), although the function of anillin SUMOylation is not
clear. Septins are SUMOylated in other systems, including in bud-
ding yeast, where SUMOylation of several septin proteins (Cdc3,
Cdc11, and Shs1) is cell cycle regulated (Johnson and Blobel, 1999).
Mutation of the SUMOylated residues in these septins leads to syn-
thetic cytokinetic failure at permissive temperature when combined
with a ts mutant in a different yeast septin (cdc-12) that normally
grows well at that temperature (Johnson and Blobel, 1999). Further-
more, septins from all four human septin groups are SUMOylated
and expression of non-SUMOylatable septin (SEPTé and SEPT7)
variants leads to excessive septin bundling and an increase in multi-
nucleated cells due to a late defect in cytokinesis (Ribet et al., 2017).
It will be interesting to test whether SUMOylation of PIE-1 and/or
PIE-1-dependent SUMOylation of worm septinsUN¢-57-61 and/or anil-
linANF is responsible for protection of P2 cytokinesis.

How does the P2 cell divide without detectable F-actin in the
division plane? A recent report suggested that, in the absence of
formin®&1 activity, oligomerized anillin®N-! itself may interact with
myosin-IINM*2 motor proteins and drive cytokinesis in the 1-cell
C. elegans embryo (Lebedev et al., 2023). However, our finding that
the P2 cell in formin(ts) mutants could still divide at a high frequency
after RNAi knockdown of anillinAN1 (Figure 8, A and B) is inconsis-
tent with that model. Moreover, in previous results, we found that
inhibition of anillin®N+" could rescue cytokinesis failure in 1-cell
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embryos (grandmother cell of P2) after codisruption of cell polarity
and formin® " activity (Jordan et al., 2016), suggesting a similar
mechanism may be at play. Recent in vitro evidence suggests that
anillin is inhibitory to actomyosin contractility and that higher levels
of myosin-Il are required to induce contractility in the presence of
anillin (Matsuda et al., 2024). These data directly contradict a model
in which anillin®N"! positively drives cytokinesis and are consistent
with our proposed model in which septin!N“5? and anillin®N"" func-
tion as negative regulators of cytokinesis, at least in C. elegans germ
precursor cells.

The fundamental question remains, what is the positive driver of
P2 cytokinesis in the absence of detectable F-actin, septinUN¢5?,
and/or anillin®N? We cannot rule out that an adapted filamentous
actin system forms upon formin®"%! disruption that does not associ-
ate with LifeAct, plastin®>™, or utrophin-based (Burkel et al., 2007)
F-actin reporters (Supplemental Figure S10, see also Davies et al.,
2018). However, LifeAct binds to highly dynamic F-actin and the
utrophin-based reporter binds to more stable actin filaments (Burkel
etal., 2007; Yoo et al., 2010), so this would have to be a completely
noncanonical type of actin filament. To us, it seems more likely that
cytokinesis requires significantly lower levels of F-actin in certain cell
type-specific contexts, such as in the P2 cell. Indeed, as myosin-
[INM¥-2 activity is required for cytokinesis in the P2 cell (Davies et al.,
2018), it seems highly likely that some F-actin remains in formin(ts)
P2 cells that cannot be detected with existing weakly-fluorescent
F-actin reporters. Further work will be needed to determine how
and why cells like the P2 germ precursor cell can divide with re-
duced levels of F-actin in the contractile ring.

Cell type-specific protection of cytokinesis when the actin cyto-
skeleton is weakened in cells with a high potency, or ability to dif-
ferentiate into other cell types, is not necessarily germ precursor
cell-specific. Indeed, cell type-specific protection of cytokinesis with
reduced F-actin levels may also apply to human embryonic stem
cells. Inhibition of actomyosin contractility is routinely used in in vitro
cell culture protocols to improve the survival of pluripotent embry-
onic stem cells, suggesting they can also divide with a weakened
contractile ring (Chen et al., 2010; Fan et al., 2019). Thus, our find-
ings in C. elegans germ precursor cells may provide insight into
mechanisms of cytokinetic protection in other cell types, especially
in stem cells that have a high potency, such as embryonic stem cells
or induced pluripotent stem cells.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Worm husbandry and strain maintenance

We note that Wormbase (wormbase.org [Davis et al., 2022]) was
used as a reference throughout this work. The C. elegans strains
used in this study can be found in Supplemental Table S1. Strains
were maintained on standard nonvented 60 mm plates (T3308, Tri-
tech Research) filled (PourBoy 4, Tritech research) with 10.5 ml nem-
atode growth media (NGM) (23 g Nematode Growth Medium [Leg-
acy Biologicals, a division of Research Products International], 1 ml
1M CaCly, 1 ml of TM MgSQ4 25 ml of 1M K3POy4, 975 ml ddH,0)
seeded with 500 pl OP50 Escherichia coli bacteria as a food source,
similar to as described (Brenner, 1974). Strains were maintained at
16°C (temperature sensitive mutants) or at 20°C (all other strains) in
heating/cooling incubators (Binder).

RNAi

Feeding RNAi (mini-screen). For the mini-screen to identify
genes required for protection of P2 cytokinesis in formin(ts) embryos
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(Figure 1C), we used feeding RNAI to knockdown candidate genes
either implicated in germ fate regulation in the literature or
differentially expressed in the P2 cell (relative to the ABa cell) by
single-cell transcriptomics (Tintori et al., 2016). Briefly, ~1000 bp of
sequence from the desired gene was amplified by PCR (from cDNA;
E-RNAI was used to design primers [Horn and Boutros, 2010]), cloned
into the L4440 vector using standard cloning techniques, and
transformed into HT115 E. coli using CaCl, transformation, as
described (Timmons et al., 2001). RNAi feeding bacteria were grown
in Luria Broth liquid cultures with 100 ug/ml ampicillin at 32°C for ~16
h and 300 pl of each culture was plated on an individual 60 mm RNAi
plate (standard NGM plus 50 pg/ml ampicillin and 1 mM IPTG).
HT115 E. coli with the empty L4440 vector was used as a feeding
RNAi control. RNAI plates were allowed to dry and grow at room
temperature for 48 h. formin(ts) L1 larvae were then plated onto RNAI
plates and placed in the 16°C incubator for 6 d to become gravid
adults before they were dissected to obtain embryos. RNAIi primers
and template DNA for each target gene are listed in Table S1.

Injection RNAI (all other experiments). For all other experiments
in the manuscript, we used injection RNAi, which in our hands is
more robust than feeding RNAI. Briefly, ~1000 bp of sequence from
the desired was amplified by PCR (from cDNA and within a single
exon when possible) using primers (E-RNAi was used to design
primers [Horn and Boutros, 2010]) containing a T7 sequence,
confirmed on a 1% agarose gel, PCR purified (QIAquick PCR Purifi-
cation kit, QIAGEN), and used in T7 reverse transcription reactions
(MEGAscript, Life Technologies). The synthesized double-stranded
ribonucleic acids (dsRNAs) were purified using phenol-chloroform.
The newly synthesized dsRNA was mixed 1:1 with phenol-chloro-
form (Invitrogen) and mixed by vortexing for 2 min. The dsRNA was
spun down for 3 min at 12,000 x g. The aqueous layer was trans-
ferred to new tube, mixed again 1:1 with phenol-chloroform, and
vortexed a second time for 2 min. The dsRNA was spun down for
3 min at 12,000 x g a second time. The aqueous layer was trans-
ferred to a new tube and then mixed 1:1 with prechilled (-20°C)
isopropanol (100%, Sigma) and incubated at —20°C overnight. The
dsRNA was precipitated by spinning the sample down at 12,000 x
g for 15 min. The pellet was allowed to air dry for 5 min and then
resuspended in 1x soaking buffer (32.7 mM NayHPOy4, 16.5 mM
KH,POy4, 6.3 mM NaCl, 14.2 mM NHyCl). RNA reactions were an-
nealed at 68°C for 10 min followed by 37°C for 30 min. dsRNAs
were brought to a final concentration of ~2000-2500 ng/pl (when
possible) and 2 pl aliquots of the dsRNA were stored at —80°C until
use. For each experiment, a fresh aliquot (or aliquots for double
RNAi experiments) was diluted to ~1000 ng/ul (~500 ng/pl for pie-1
and pos-T dsRNA and ~1000 ng/ul for septin'"*? dsRNA in the
double RNAi experiments) using 1x soaking buffer and centrifuged
at 13,000 rpm for 10 min at room temp (~22°C). 0.35 pl of the di-
luted dsRNA was loaded into the back of pulled borosilicate glass
capillary needles (World Precision Instruments, WPI; Sutter Instru-
ments, P1000 needle puller) and injected into the gut of L4 worms
using a Leica DMIRB microscope equipped with Hoffman optics, a
Plan L 20x/0.4 CORR PH (Leica), a rotating stage, and the Xeno-
Works digital microinjector and micromanipulator injection system
(Sutter Instruments). Worms were rescued by resuspension in M9
buffer (6 g KH,PO4, 12 g NapHPO,, 10 g NaCl, 0.5 ml 1 M MgSQy,
ddH,0 to 2 L) to plates seeded with OP50 bacteria and allowed to
recover for ~24 h at 20°C or ~42 h at 16°C (temperature sensitive
strains) prior to imaging or embryonic lethality analysis. RNAi prim-
ers and template DNA for each target gene are listed in Supple-
mental Table S1.
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Embryonic lethality analysis

Embryonic lethality quantifications for the mini-screen (feeding
RNAIi; Supplemental Figure S1B). On the morning of each
experiment, 5 young adult/adult hermaphrodite worms from both
the experimental group (formin(ts) plus candidate gene targeting-
RNAI) and the control group (formin(ts) plus control RNAi [empty
L4440 vector]) were singled out onto nonvented 35 mm NGM plates
(T3501, Tritech Research) seeded with 100 pl of OP50 and placed
back into the 16°C incubator (permissive temperature for the
formin(ts) worms). Hermaphrodites were allowed to lay eggs for the
duration of the day. In the evening (7-10 h later), the adult worm
was removed from each plate. The following day, each plate was
manually scored for hatched larvae and unhatched embryos on a
high-resolution dissecting microscope (Olympus SZX16 with an
Olympus SDF PLAPO 1XPF objective).

Embryonic lethality quantifications for injection RNAI. L4 her-
maphrodite worms were injected with the indicated dsRNA and al-
lowed to recover for 42 h at 16°C. 42-h postinjection, dsRNA-in-
jected and control adult worms were then singled out and allowed
to self-fertilize for 24 h, then the adult worms were disposed of. Prior
to counting, embryos were given 36 h at 16°C to hatch. Plates were
scored for hatched larvae and unhatched (dead) embryos on a high-
resolution dissecting microscope, as above (feeding RNAI).

Embryo preparation for live-cell imaging

Young gravid adult hermaphrodites were kept at 13-14°C in a small
incubator (Wine Enthusiast, model 2720213W) dissected on a high-
resolution dissecting microscope (Olympus SZX16 with an Olympus
SDF PLAPO 1XPF objective) in cooled (13-14°C) M9 buffer. 4-cell
stage embryos were mounted on a thin (~1-2x lab tape thickness)
2% agar pad on a glass slide (VWR VistaVision, 3 inches x 1 inch x
1 mm) using a hand-pulled glass pipette (VWR Pasteur Pipette) or a
borosilicate glass capillary (World Precision Instruments, WPI) as a
mouth pipette. A 22 x 22 mm No. 1.5 glass coverslip (VWR) was
placed on top of the embryos for imaging, similar to as described
(Gonczy et al., 1999).

Live-cell imaging set up and temperature control

We used two microscopes for live imaging experiments. Both micro-
scope systems were controlled by MetaMorph software (Molecular
Devices). Live imaging was performed in an imaging room equipped
with a heat pump-based temperature control device (see below for
details of each system). Room and microscope temperatures were
continuously monitored using four to five digital thermometers
placed around the room and near the microscope stage and a Blue-
tooth-enabled smart temperature sensor (SensorPush) on the micro-
scope stage. All imaging was done at 26 + 0.5°C, except for in
Figure 2 and Figure 8 (and Figure 3; Supplemental Figure S3) which
was done specifically at 25.5-26.0°C.

Live imaging microscopes

For the P2 cytokinesis RNAi mini-screen (Figure 1C), single-cell cyto-
kinesis outcome experiments (Figure 2), central spindle assembly
analysis (Figure 4, E and F; Supplemental Figure S5), half of the
surface tension experiments (using the same formin(ts) control and
formin(ts); pie-1(RNAI) data shown in Figure 2, B and C and pre-
sented in Figure 3; Supplemental Figure S3), and quantitative analy-
sis of contractile ring protein levels (Figures 5, 6, and 7; Supplemen-
tal Figures S6, S7, S9, and S10), live-cell imaging was performed in
an imaging room with a mini-split heat pump-based temperature
control device (MultiAqua; model MHWX Hi-Wall Fan Coils).
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The microscope was built on an inverted stand (Nikon, Eclipse Ti)
with a spinning disk confocal (Yokogawa, CSU-10 with Borealis
(Spectral Applied Research]), a charge-coupled device (CCD) cam-
era (Hamamatsu Photonics, Orca-R2), and a Piezo-driven motorized
stage (Applied Scientific Instrumentation, ASI) for Z-sectioning.
Focus was maintained (Nikon, Perfect Focus) before each Z-series
acquisition. Excitation laser light (150 mW 488 nm and 561 nm,
Spectral Applied Research [ILE-2]) was controlled by an acousto-
optic tunable filter (Spectral Applied Research), and a filter wheel
(Sutter Instruments) was used for DIC analyzer and emission filter
(525/50 nm and 620/60 nm bandpass [Chromal) selection.

For quantitative analysis of protein levels after RNAi treatment
(Supplemental Figures S2, A-D and S8), the other half of the surface
tension experiments (using the same formin(ts) control and
formin(ts); pie-1(RNAI) data shown in Figure 8, and presented in
Figure 3; Supplemental Figure S3), spindle dynamics analysis
(Figure 4, A-C; Supplemental Figure S4), microtubule growth rate
analysis (Figure 4D), and some P2 cytokinesis outcome experiments
(Figure 8), live-cell imaging was performed in an imaging room
with a mini-split heat pump-based temperature control device
(Mitsubishi; Mr. Slim, MSZ-D36NA). The microscope was built on an
inverted stand (Nikon, Eclipse Ti; custom-modified for compatibility
with near-infrared light, as in [Sundaramoorthy et al., 2017, Hirsch
etal., 2018]) equipped with a spinning disk confocal unit (Yokogawa,
CSU-10 with Borealis [Spectral Applied Research]), a CCD camera
(Hamamatsu Photonics, Orca-R2), and a Piezo-driven motorized
stage (ASI) for Z-sectioning. Focus was maintained (ASI, CRISP) be-
fore each Z-series acquisition. Two solid state 150 mW 488 nm and
561 nm lasers (Cairn) were used for excitation light, and a filter
wheel (Ludl Instruments) was used for DIC polarizer and emission
filter (525/50 nm and 620/50 nm bandpass [Chromal]) selection.

Live-cell imaging and analysis parameters
FIJI (FIJI is Just ImageJ) software (Schindelin et al., 2012) was used
for all data analyses.

Single-cell cytokinesis outcome analysis. For the P2 cell cytoki-
nesis mini-screen (Figure 1C), we used a 20x Plan Apo 0.75 N.A.
dry objective (Nikon) with 2 x 2 binning and 13 x 2 pm Z-sections
every 60 s. For all other single-cell cytokinesis outcome analysis
experiments and for half of the surface tension measurements
(using the same datasets shown in Figure 8, shown in Figure 3;
Supplemental Figure S3) we used a 60x Plan Apo 1.40 N.A. oil
immersion objective (Nikon) with 2 x 2 binning and 15 x 2 pm
Z-sections every 60 s. Cytokinesis outcome was scored manually by
eye on maximum projection images of both channels (GFP::PHPLC?
and mCherry::histone H2B"5%8 [Audhya et al., 2005]). Individual
cells were only scored if the image series began before anaphase
onset and ended after at least one of that cell’s daughter cells en-
tered anaphase of the next cell cycle, except for RNAi experiments
in control embryos (Figure 2A), in which embryo viability was as-
sumed. In those control embryos (Figure 2A), completion was
scored if the image series began before anaphase onset and ended
after a dividing membrane visible across all Z planes persisted be-
tween the cell's daughter cells for at least 180 s. In all other cytoki-
nesis outcome analyses, cytokinesis in each individual cell was
scored as either completed successfully (the cell under observation
divided into two daughter cells and the contractile ring remained
closed when a daughter cell entered anaphase of the next cell cy-
cle) or failed (little to no contractile ring constriction or partial or full
cleavage furrow ingression followed by contractile ring regression
and binucleation).
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Surface tension analysis. For P2 and neighboring cell surface ten-
sion analysis (Figure 3; Supplemental Figure S3) we used a 60x Plan
Apo 1.40 N.A. oil immersion objective (Nikon) with 2 x 2 binning
and 15 x 2 ym Z-sections every 60 s. The dataset used for this
analysis came from two datasets used for analyses elsewhere in this
paper: data collected for P2 cytokinesis outcome experiments
shown in Figure 2, B and C and Figure 8. Image analysis was done
on a single Z plane of the 4-cell embryo that was determined to be
the most central to the longest and widest aspects of the P2 cell
based on the fluorescently-tagged plasma membrane reporter.
The timepoint at which the P2 cleavage furrow was first visible was
considered t =0 s (P2 furrow onset) and the previous 6 timepoints
were also included in the analysis. At each timepoint, the FIJI
(Schindelin et al., 2012) angle tool was used to measure the three
different membrane contact angles at each of the two locations
that the P2 cell forms a cell-cell contact with a neighboring cell
(either the ABp cell on the dorsal side or the EMS cell on the ven-
tral side).

Cell surface tension analysis was done similarly to as recently
described (Yamamoto et al., 2023) with a few modifications. Mea-
sured angles were rescaled to add to 360° for self-consistency. A
Young-Dupré force balance was used to relate P2 surface tension to
EMS/ABp surface and interfacial tensions using the measured con-
tact angles:

Yp2 + Y ABpCOSOEX+ ¥ ABp/p2C0SOp2 = 0 (N
Y ABp SINOEx — Y ABp/p2SiNBp2 =0 (@)
Yp2 + YEMSCOSOE+ YEMS/p2€0S0,2 = 0 3
YeEmsSINO e — YEms/p2SinBpz = 0 4

Quantitative analysis of fluorescently-tagged reporters for RNAi
knockdown efficiency. For quantitative imaging of fluorescently-
tagged MEX-1 (Wu et al., 2015), PIE-1 (Merritt et al., 2008), POS-1
(Tsukamoto et al., 2017), and septinUN57 (Chen et al., 2019) report-
ers with and without the respective single-stranded or dsRNA injec-
tion (Supplemental Figures S2, A-D and S8), we used a 60x Plan
Apo 1.40 N.A. oil immersion objective (Nikon) with 2 x 2 binning
and 15 x 2 um Z-sections. Image analysis was done on sum projec-
tion images of 4-cell stage embryos from each individual fluores-
cently-tagged CCCH Zn-finger protein or endogenously-tagged
septinNS5? reporter strain with and without RNAi-mediated deple-
tion of that Zn-finger protein or septinVNc57. A region surrounding
the P2 cell (for CCCH Zn-finger proteins) or whole embryo (for septi-
n“ne5? knockdown) was manually drawn to measure the total fluores-
cence intensity and a 20 x 20-pixel box was drawn in the cytoplasm
of the ABa cell to calculate intracellular embryonic background lev-
els. The average ABa cytoplasmic fluorescence background inten-
sity was multiplied by the measured area of the P2 cell (for CCCH
Zn-finger proteins) or whole embryo (for septin"=% knockdown)
area and then subtracted from each P2 cell (or whole embryo) fluo-
rescence intensity measurement.

P2 spindle and cellular dynamics imaging and analysis. For analy-
sis of P2 spindle and cellular dynamics with and without pie-1(RNAI)
(Figure 4, A-C; Supplemental Figure S4), we used a 60x Plan Apo
1.40 N.A. oil immersion objective (Nikon) with 1 x 1 binning and 13
x 1.5 pm Z-sections every 20 s. This analysis was done in a strain
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expressing mCherry::histone H2B (Audhya et al., 2005) to label the
chromosomes, mCherry::PHP-® (Lee et al., 2018) to label the plasma
membrane, and endogenously-tagged EB15872::GFP (Sallee et al.,
2018) to label the centrosomes. All measurements were taken using
the line drawing tool in FIJI (Schindelin et al., 2012). Composite im-
ages were made of both mCherry and GFP channels at all Z planes
and measurements were taken on the Z plane where both objects of
interest (chromosomes, centrosomes, or plasma membrane) were
best visible and in focus (e.g., the Z plane containing the P3-des-
tined centrosome and chromosomes or the C-destined centrosome
and chromosomes). Forming daughter cell size measurements were
taken on the Z plane in which the distance between the plasma
membrane was the greatest (widest part of the cell). For the centro-
some to centrosome, chromatin to chromatin, and P2 cell long axis
measurements  specifically, maximum intensity projections were
used to enable visualization of objects in different Z planes.

Microtubule growth rate imaging and analysis. For analysis of
astral microtubule growth rates with and without pie-1(RNAI)
(Figure 4D), we used a 60x Plan Apo 1.40 N.A. oil immersion objec-
tive (Nikon) with 1 x 1 binning and a single Z-plane every 0.5 s for at
least 2 min. Embryos were monitored by DIC and mCherry::histone
H2BH'S58 (Audhya et al., 2005) until anaphase onset, at which point
time-lapse imaging was initiated. Image analysis was done using the
“Manual Tracking” plugin in FIJI (Schindelin et al., 2012). The plugin
was used to measure velocities of microtubule plus tips that could
be clearly seen for three frames, based on the distance traveled per
frame, the temporal resolution between frames, and the XY calibra-
tion of the microscope. Two velocities for each microtubule plus tip
were calculated by clicking on the center of the microtubule plus tip
across three frames; the plugin calculated one velocity between the
first and second frames and a second velocity between the second
and third frames. An average velocity for each microtubule plus tip
was then determined by averaging the two velocities calculated
with the plugin.

Central spindle assembly imaging and analysis. For analysis of
central spindle assembly with and without pie-1(RNAI) (Figure 4, E
and F; Supplemental Figure S5), we used a 40x Plan Fluor 1.30
N.A. oil immersion objective (Nikon) with 2 x 2 binning and 10 x
1.25 ym Z-sections every 10 s. Embryos were monitored by DIC
and mCherry::histone H2B (Hirsch et al., 2022) until the initiation of
nuclear envelope breakdown, at which point endogenously-
tagged Aurora-BAR2::GFP (Cheerambathur et al., 2019) imaging
was started. Quantitative measurements of peak Aurora-BAR2::GFP
and mCherry::histone H2B levels began at the frame prior to ana-
phase onset (metaphase). For each measurement and timepoint, a
linescan of 10 pm wide and 80 um long was drawn from the “EMS
side” to the “ABp side” of the P2 cell, perpendicular to the division
plane in both the GFP and mCherry channels. An extracellular
background linescan was also taken for each channel. The back-
ground linescan for each channel was averaged and then sub-
tracted from each pixel value along the P2 central spindle linescan
in each channel.

Quantitative analysis of fluorescently-tagged contractile ring
protein levels. For quantitative imaging of fluorescently-tagged
F-actin reporters (LifeAct:RFP and plastin™>™::GFP [Ding et al.,
2017]), myosin-IINM¥2:: GFP (endogenously-tagged [Dickinson et al.,
2013]), septinUN57::GFP (endogenously-tagged [Chen et al., 2019]),
and anillin®N1::GFP  (endogenously-tagged [Rehain-Bell et al.,
2017]) with and without dsRNA injection in control and formin(ts)
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embryos (Figures 5-7; Supplemental Figures S6, S7, S9, and S10),
we used a 60x Plan Apo 1.40 N.A. oil immersion objective (Nikon)
with 2 x 2 binning and a single 45 x 0.5 pm Z-section timepoint was
taken. Embryos were monitored by DIC and images were acquired
at the time of cleavage furrow onset in the P2 cell (LifeAct::RFP,
plastinPST1::GFP, myosin-IINM*2::GFP, and anillin®N-1::GFP) or 20 s
after P2 furrow onset (septinUN57::GFP). For image analysis, first
embryos were rotated so the P2 division plane was located on the
right side of the image. Next sum projections were created for each
embryo. A 25 x 50-pixel box was drawn over the P2 cleavage fur-
row/division plane and the total fluorescence intensity was mea-
sured. To measure the total fluorescence intensity of the entire em-
bryo, an oval was drawn around the embryo. A 25 x 50-pixel box
was then placed outside of the embryo to measure the extracellular
background (camera background) and value was then subtracted
from the total fluorescence intensity in the division plane. For the
whole embryo total fluorescence intensity, background was sub-
tracted by multiplying the mean intensity of the extracellular back-
ground by the area of the embryo. Each individual value was than
normalized to the control average for its respective experimental
replicate. For Figure 7, individual data points are shown and normal-
ized to the formin(ts) average.

To measure the asymmetric localization of endogenously-tagged
myosin-IINM¥2::GFP, septinVNc57::GFP, and anillin®N-"::GFP on the
dividing P2 cell cortex, two independent 25-pixel wide x 10 pm long
lines were drawn across the future C-cell cortex and the future P3-
cell cortex from outside of the cell into cytoplasm (see schematic in
Figure 5B). The first 10 pixels of each linescan from outside of the
cell were averaged to calculate the average extracellular back-
ground (camera background). The average extracellular background
was then subtracted from all other points along the same line. The
last 15 pixels of the line (~2.4 pm; inside the cell) were averaged to
calculate the "average cytoplasmic value” for each forming daugh-
ter cell. The maximum value at the cell cortex was used as the “peak
cortical level.” The peak cortical level measurement was divided by
the average cytoplasmic level to calculate the cell cortex to cyto-
plasmic ratio for each forming daughter cell. The peak cortical value
for the forming C cell was divided by the peak cortical value for the
forming P3 cell to calculate the ratio between the two. The C-des-
tined cytoplasmic value was divided by the P3-destined cytoplasmic
value to calculate the ratio between the two. To plot the linescan
data on one graph, each point along the line was normalized using
the respective cytoplasmic value.

Figure preparation

All figures were made using Adobe lllustrator 2023; graphs were
made in Prism 9 (Graphpad) or in Python using Matplotlib (Hunter,
2007) (tension analysis only) and pasted into Adobe lllustrator.

Statistical analysis

All statistical tests were done in Prism 9 (Graphpad) or by using Ex-
cel (Microsoft). For all single-cell cytokinesis outcome experiments,
a Fisher's exact test was used. For analysis of significance in most
experiments an unpaired Student’s t test was used (with a Holm-
Sidak correction for surface tension analysis only) except for the
quantitative analysis of mean microtubule growth rates and
anillin®NF! levels at the P2 division plane where a two-way ANOVA
was used. Error bars in all graphs represent the SD (SD). P values:
n.s., P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; and ****, P <
0.0001; except for tension analysis (n.s., P-value not significant;
*, P-value significant; Figure 3; Supplemental Figure S3); see also
Supplemental Table S1.
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