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Abstract

In multicellular organisms, asymmetric cell division generates cell type diversity during
both development and tissue homeostasis. For successful asymmetric division to proceed, a
cellular axis of polarity, or asymmetry, must be established via any of several molecular
mechanisms. This step is followed by two sequential processes requiring precise coordination of
the various components of the cytoskeleton. First, the mitotic spindle must be positioned in
alignment with the axis of polarity; second, cytokinesis must occur at the right position and time,
as instructed by the spindle, to segregate chromosomes and bisect the axis of polarity. In this
dissertation | present my contributions to two research projects related to cytoskeletal regulation
during asymmetric cell division.

Chapter | reviews the state of the field prior to my studies and introduces the two research
projects in context. Chapter Il is a manuscript in revision for Journal of Cell Science that relates
our findings from the first project, which aimed to understand the role of the DEPDC1 homolog
LET-99 during cytokinesis. LET-99 was previously characterized as a negative regulator of the
dynein-containing force generating complex during spindle positioning, but had also been shown
to play a separable role in cytokinesis. With others, | demonstrated that during the first mitotic
division LET-99 and the Racl homolog CED-10 have antagonistic roles in regulating the
balance of branched vs linear actin during cytokinesis to achieve robust and timely furrowing.
These roles appear to be global rather than spatially restricted to the contractile ring. However,
the findings suggest that CED-10 does not interact with LET-99 to promote spindle positioning
in the first mitotic division, further confirming that LET-99’s role as a regulator of the

actomyosin cytoskeleton and cytokinesis is separable from its role in spindle positioning.

Vi



Chapter Il is a manuscript in preparation that documents our investigations into the role
of CED-10 in spindle orientation of the asymmetrically dividing EMS cell. Two signaling
pathways that regulate this spindle orientation were previously identified: a Wnt/Frizzled
pathway and a MES-1/SRC-1 pathway. | determined that CED-10 works upstream or at the level
of SRC-1 in the MES-1/SRC-1 signaling pathway and furthermore that CED-10 contributes to
cortical localization of the same dynein-containing force generating complex involved in spindle
positioning at the one-cell stage. I also found that CED-10’s molecular function in this context
may be to promote branched actin formation at the EMS/P2 contact, but this evidence is partially
contradicted by our findings that loss of the branched-actin regulator GEX-3 does not enhance
the rate of EMS spindle rotation defects in Wnt/MOM-2-depleted embryos. An additional
curious finding is that CED-10 has a previously unreported role in P1 spindle rotation, as do the
branched actin nucleator Arp2/ARX-2 (Arp2) and the Frizzled ortholog MOM-5.

Although this research was performed using nematodes as a model organism, the results
have broad implications for all animals because most of the molecular components involved are
evolutionarily conserved. By understanding in detail the mechanisms of different types of
asymmetric divisions, we can understand both normal development and diseases such as cancer,

which involves the dysregulation of asymmetric division.
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Chapter |

Introduction: Cytoskeletal regulation during asymmetric cell division

During the embryonic development of multicellular organisms, cells must proliferate,
take on distinct identities, and move into the correct positions to form an individual. All three of
these major cellular behaviors require a precisely regulated and dynamically tuned cytoskeleton.
The focus of this dissertation is asymmetric cell division, which occurs in all multicellular
organisms and is necessary for cell fate diversification during both embryonic development and
adult tissue homeostasis (Gillies and Cabernard 2011, Inaba and Yamashita 2012, Venkei and
Yamashita 2018). In many asymmetric divisions, establishment of a polarity or asymmetry axis
is followed by orientation of the mitotic spindle in alignment with that axis. This spindle
orientation defines a division plane that, in coordination with the actin cytoskeleton, bisects the
axis of asymmetry and creates daughter cells with different fates (D'avino, Glover et al. 2005,
Morin and Bellaiche 2011, McNally 2013, Pillitteri, Guo et al. 2016). The work presented here
aims to add to the current understanding of molecular mechanisms underlying asymmetric cell

division using the early Caenorhabditis elegans embryo as a model system.

Asymmetric cell division in metazoans relies on conserved molecular mechanisms

Multiple possible sources exist for the cue that instructs spindle orientation. The cue can
be mechanical in nature, as in the case of tension forces present in the enveloping cell layer of
the zebrafish gastrula (Campinho, Behrndt et al. 2013), or signal-based, as in the case of
Drosophila sensory organ precursor cells polarized by planar cell polarity (PCP) signaling
(Segalen, Johnston et al. 2010). Furthermore, it can originate outside the cell, as in the case of
vertebrate neuroepithelia responding to semaphorin signaling (Arbeille, Reynaud et al. 2015), or

within the cell, as in the case of C. elegans germline progenitors polarized by asymmetric



localization of partitioning-defective (PAR) proteins (Cheng, Kirby et al. 1995). In most types of
asymmetric division studied to date, the axis of asymmetry is determined by a combination of
partially redundant cues, some more essential than others (Tsou, Ku et al. 2003, di Pietro, Echard
et al. 2016).

One mechanism that is central to many types of metazoan asymmetric divisions is the
establishment of molecular asymmetry at the cortex by PAR proteins. These highly conserved
yet versatile proteins form a regulatory network, driven by mutual stabilization or destabilization,
resulting in their localization to restricted cortical “domains” (Lang and Munro 2017). The most
conserved PAR proteins are the small GTPase Cdc42, the scaffold PAR-3/Bazooka, the adaptor
PAR-6, and the kinases PAR-1 and aPKC (PKC-3 in worms) (Gillies and Cabernard 2011, Lang
and Munro 2017). Together, Cdc42, PAR-3, PAR-6, and aPKC have been termed the anterior or
apical PARs (aPARs) because they colocalize at the apical domains of Drosophila epithelial
cells and the anterior domain of the C. elegans zygote; in many systems, including the C. elegans
zygote, aPAR localization is restricted by posterior PARs (pPARs) such as PAR-1 (Rose and
Gonczy 2014, di Pietro, Echard et al. 2016, Lang and Munro 2017).

In many animal cell divisions requiring an oriented spindle, the forces necessary to move
the spindle are produced by the asymmetric localization of a conserved cortical force-generating
complex. This complex, which can be regulated by the PAR proteins described above and/or by
other types of cues, retains the motor dynein and its partner dynactin at the cortex, converting its
minus-end directed “walking” into pulling forces that move the microtubules. Linking dynein
and dynactin to the cortex are the adaptor proteins GPR-1/2 (LGN/Pins) and LIN-5
(NuMA/Mud) and a cortical anchor such as the heterotrimeric G protein subunit Gai (Morin and

Bellaiche 2011, McNally 2013, di Pietro, Echard et al. 2016). Alternative anchors such as the



PDZ domain-containing DLG-1 (Discs Large) or the actin-binding scaffold AFD-1
(Afadin/Canoe), can also work with LIN-5 to keep dynein at the cortex, but these alternative
anchors can also interact with other motors like myosin in a dynein-independent mechanism (di
Pietro, Echard et al. 2016).

Mechanisms of asymmetric cell divisions in the early C. elegans embryo

The early Caenorhabditis elegans embryo serves as an excellent model for studying the
molecular mechanisms of asymmetric division: it follows an invariant division pattern that
includes multiple asymmetric divisions. Furthermore, the nematode genome contains homologs
for many highly conserved molecular components for asymmetry establishment, spindle
orientation, and fate specification, allowing researchers to gain insights into the fundamental
principles of asymmetric cell division. The research reported here focuses on the first through
third rounds of mitotic division, each of which includes at least one asymmetric division (Rose
and Gonczy 2014). The first mitotic division is asymmetric: in response to fertilization, the
zygote (or PO cell) establishes opposing aPAR and pPAR domains that define anterior and
posterior embryonic poles (Fig. 1A). Following pronuclear meeting, the newly formed mitotic
spindle rotates to align with the anterior/posterior axis and thus division creates an anterior cell,
AB, and a posterior cell, P1 (Fig. 1A, 1C). In the second round of mitosis, the AB daughter
divides symmetrically to give rise to ABa and ABp at the anterior and dorsal aspects of the
embryo, respectively; the P1 cell divides asymmetrically to give rise to the EMS and P2 cells at
the ventral and posterior aspects of the embryo, respectively (Rose and Gonczy 2014). While the
ABa and ABp blastomeres divide symmetrically again, both EMS and P2 divide asymmetrically

(Fig. 1C).



The asymmetric divisions of the germline “P” lineage blastomeres (i.e., PO, P1, and P2)
are instructed by PAR polarity. In these cells, a PAR and pPAR domains form, and at least in the
one-cell, these PAR proteins antagonize one another’s cortical localization to form mutually
exclusive “anterior” and “posterior” domains (Rose and Gonczy 2014) (Fig. 1B). In response to
the formation of the PAR domains, a cytoplasmic gradient of cell fate determinants forms, also
along the axis of PAR asymmetry (Rose and Gonczy 2014). Studies in the one-cell embryo have
shown that the force-generating complex described previously localizes asymmetrically on the
cortex and exerts microtubule pulling forces that orient and position the spindle along the axis of
PAR asymmetry (Srinivasan, Fisk et al. 2003, Park and Rose 2008, Rose and Gonczy 2014, di
Pietro, Echard et al. 2016). The resulting mitotic division gives rise to daughters that have
inherited different quantities of PARs and cytoplasmic fate determinants and therefore proceed to
adopt different fates.

In contrast, the division axis of EMS is not aligned with PAR polarity, which at this stage
becomes “inner-outer” rather than “anterior-posterior” (Fig. 1A). Instead, the EMS mitotic
spindle rotates into an orientation perpendicular to the PAR polarity axis and parallel with the
anterior-posterior axis of the embryo. Following EMS cytokinesis, the anterior daughter MS
becomes a mesoderm progenitor, while E, closer to P2, becomes an endoderm progenitor
(Rocheleau, Downs et al. 1997, Thorpe, Schlesinger et al. 1997, Bei, Hogan et al. 2002, Walston,
Tuskey et al. 2004) (Fig. 1C). The induction of endoderm fate in requires that the E blastomere
be born in the correct position to contact P2; therefore, proper orientation of the EMS division is
essential to produce endoderm from only one daughter and mesoderm from the other. EMS
spindle rotation is instructed by two redundant signals from the neighboring cell P2: a well-

described Wnt/p-catenin pathway and a poorly understood MES-1/SRC-1 kinase signaling



pathway. Both pathways also work to induce endoderm fate specification in the E blastomere
(Bei, Hogan et al. 2002) (Fig. 1D).

Two partially redundant signaling pathways instruct EMS spindle orientation and endoderm fate

In the Wnt pathway, the Wnt ligand MOM-2 is secreted by the P2 blastomere. Binding to
the Frizzled receptor (MOM-5) on the EMS surface activates the effector protein Disheveled
(DSH-2) and results in removal of the divergent B-catenin WRM-1 from the cortex (Schlesinger,
Shelton et al. 1999, Walston, Tuskey et al. 2004, Kim, Ishidate et al. 2013). Because wrm-
1(RNAI) suppresses the EMS spindle orientation defect of embryos lacking both Wnt/Frizzled
and MES-1/SRC-1 pathway components, the removal of WRM-1 is thought to “un-mask™ a
cortical cue for spindle positioning (Kim, Ishidate et al. 2013). In the MES-1/SRC-1 pathway,
the receptor tyrosine kinase-like membrane protein MES-1 activates the proto-oncogene kinase
SRC-1, which signals to unknown downstream effectors (Berkowitz and Strome 2000, Bei,
Hogan et al. 2002). MES-1 localizes exclusively to the EMS/P2 contact, while an antibody that
stains SRC-1-dependent tyrosine phosphorylation is present on all cell-cell contacts but enriched
at the EMS/P2 contact (Bei, Hogan et al. 2002). These localization patterns hint at a mechanism
for EMS spindle positioning that relies on spatially restricted pathway components.

In response to these signaling pathways, the mitotic spindle orients to the anterior-
posterior axis, which requires a rotation of the spindle from its initial left-right orientation (Fig.
1A). Loss of the dynein heavy chain (DHC-1), dynactin (DNC-1), or LIN-5 results in strong
spindle orientation defects, suggesting these proteins act in both pathways (Zhang, Skop et al.
2007, Liro and Rose 2016). However, it is not clear whether the same heterotrimeric Ga proteins
that anchor the force-generating complex in PO have any role in this division, raising the

possibility that other anchors could recruit LIN-5 to the EMS/P2 contact (Liro and Rose 2016).



At the eight-cell stage, Wnt/Frizzled and MES-1/SRC-1 signaling work together to
induce endoderm fate in the E blastomere. They apparently converge on regulation of B-catenin
localization: WRM-1 (and possibly HMP-2) moves to the nucleus and drives endoderm fate
specification through nuclear export of the LEF-1/TCF-7 ortholog POP-1 (Lin, Thompson et al.
1995, Rocheleau, Downs et al. 1997, Thorpe, Schlesinger et al. 1997, Bei, Hogan et al. 2002,
Sugioka, Mizumoto et al. 2011).

The MES-1/SRC-1 signaling pathway, in addition to its importance in EMS spindle
positioning and endoderm fate specification, is required for P2 asymmetric division (Berkowitz
and Strome 2000, Bei, Hogan et al. 2002). At birth, P2 inherits the posterior PARs uniformly
around the cortex. During the cell cycle, new PAR domains form, but in a different orientation
from the previous P lineage divisions: “anterior” PARs such as PAR-3 localize to the anterior-
dorsal aspect of the cell, while “posterior” PARs including PAR-2 occupy the posterior-ventral
aspect including the EMS/P2 cell contact (Kemphues and Strome 1997, Arata, Lee et al. 2010,
Rose and Gonczy 2014) (Fig. 1A). The spindle then forms on the axis of PAR polarity. This
reorientation of the axis of PAR polarity requires MES-1/SRC-1 signaling (Arata, Lee et al.
2010).

Despite major progress in uncovering the mechanisms of this type of asymmetric division
in the early C. elegans embryo, several questions regarding the details of MES-1/SRC-1
signaling remain. First, the mechanism for spatial restriction of MES-1 and active SRC-1 has not
been elucidated. The identity of the relevant SRC-1 phosphorylation target(s) is unknown, and it
is also unclear whether the same target(s) are involved in EMS spindle positioning and P2 PAR
domain reorientation or spindle positioning. Additionally, the cortical anchor(s) for the force-

generating complex has yet to be identified.



Recent advances in understanding EMS asymmetric division

Double mutant analysis has been the standard mechanism for assigning genes to the EMS
asymmetric division pathways. For example, the MES-1/SRC-1 and Wnt pathways were
identified as separate, redundant pathways because mes-1 and src-1 mutants had the same low
frequency of spindle rotation defects as mes-1;src-1 double mutants, but when either was
combined with mutation of a Wnt pathway component, the rate of spindle rotation failure
increased to ~95% (Bei, Hogan et al. 2002). Using similar analyses, our lab has identified three
new EMS spindle positioning components: in the Wnt pathway, the kinase PAR-1; and in the
MES-1/SRC-1 pathway, the PAR-1-like kinase PI1G-1 and the G-protein regulator LET-99 (Liro
and Rose 2016, Liro, Morton et al. 2018). All three genes also contribute to the first asymmetric
division of the PO cell.

In PO, PAR-1 acts redundantly with PAR-2 to inhibit aPARs from localizing to the
posterior cortex. PIG-1 was identified as a kinase whose function is also partially redundant with
both PAR-1 and PAR-2 in maintaining the posterior PAR domain (Kemphues, Priess et al. 1988,
Morton, Hoose et al. 2012). Both the posterior and anterior PARs negatively regulate the cortical
localization of LET-99, restricting it to a posterior-lateral band. LET-99, a negative regulator of
force-generating complex localization, then mediates the spatial restriction of the dynein-
containing complex responsible for microtubule pulling forces (Rose and Kemphues 1998,
Krueger, Wu et al. 2010) (Fig. 1B). While LET-99 forms a similar band in P1 and P2 and is
thought to perform the same function, in EMS it localizes to all cell-cell contacts at first but is
removed from the EMS/P2 contact over the course of the cell cycle (Tsou, Hayashi et al. 2003).
Furthermore, loss of LET-99 suppresses the EMS rotation defects of mes-1, src-1, and pig-1

mutants (Liro, Morton et al. 2018). These observations were interpreted to mean that LET-99 is a



negative regulator of MES-1/SRC-1 dependent EMS spindle orientation; thus its removal from
the P2/EMS contact permits signaling to proceed in a mechanism similar to the Wnt-instructed
removal of B-catenin from the cortex, by unmasking a cortical cue for rotation (Liro and Rose
2016). Given this evidence and our understanding of each protein's function in the first
asymmetric division, we have previously proposed a model in which PIG-1 inhibits LET-99 in
response to MES-1/SRC-1 signaling. However, as mentioned previously, it is not clear if Ga, is
the anchor for the force generating complex in this context, leaving open the possibility that
LET-99 could be regulating other factors instead of or in addition to its known targets.

CED-10 (Racl) is a key cytoskeletal requlator in development

The work presented here identifies CED-10 as another molecular component of the MES-
1/SRC-1 pathway. CED-10 is an ortholog of the small GTPase Racl, which is conserved to
varying degrees throughout eukaryotes and acts as a “molecular switch” in various cellular
signaling pathways (Boreaux, Vignal et al. 2007, Hall 2012). As a member of the Rho GTPase
family, Racl is primarily involved in cytoskeletal regulation across diverse developmental
contexts including gastrulation; neuronal growth, synaptogenesis, and maturation;
hematopoiesis; and immune cell chemotaxis (Bustelo, Sazeau et al. 2007, Hall 2012, Duquette
and Lamache-Vane 2014, Nguyen, Kholodenko et al. 2018). Rac1 is thought to facilitate these
diverse processes by partnering with different combinations of regulators and effectors. In
humans, over 80 guanine exchange factors (GEFs), nearly 70 GTPase activating factors (GAPS),
and at least 3 GTP-disassociation inhibitors (GDIs) have been identified as Racl regulators.
Various kinases such as p21-activated kinases (PAKSs), members of the NADPH oxidase
complex, and scaffolding proteins including Wiskott-Aldrich family (Wasf) proteins are just a

handful of the many known effectors (Bustelo, Sazeau et al. 2007, Hall 2012). Given Rac1’s



pleiotropic roles in cellular behaviors, especially in cell shape and migration, it is unsurprising
that dysregulation or constitutive activation of Racl is also associated with poor prognosis in
cancer, making it an important potential therapeutic target (Bailly, Beignet et al. 2022).

CED-10 has known branched-actin-dependent roles in the C. elegans embryo that
provide clues to its possible function in the EMS division. CED-10 participates in the branched-
actin-dependent processes of cell corpse engulfment (where it is a downstream effector of Src
signaling) and gonad distal tip migration in concert with CED-5/DOCK180 and CED-2/Crkil|I
(Lundquist 2006). It is also required for branched-actin-mediated cell movements during ventral
enclosure of the epidermis and axonal pathfinding (Lundquist 2006). Notably, in the C. elegans
intestine, the branched actin regulators Arp-2/3 and WAVE/SCAR (both of which are regulated
in early morphogenesis by CED-10) have been shown to be required for apical accumulation of
the force generating component DLG-1/Discs Large (Patel, Bernadskaya et al. 2008,
Bernadskaya, Patel et al. 2011).

A previous study using a maternal-effect lethal, putative null allele of CED-10, ced-
10(t1875), found that in the eight-cell embryo, CED-10 is part of a Wnt pathway for spindle
orientation of the ABar blastomere. The same study reported that ced-10 mutant embryos
exhibited abnormal EMS spindle positioning in the four-cell embryo (Cabello, Neukomm et al.
2010). However, this phenotype was not analyzed in detail, nor was the relationship between
CED-10 and the known signaling pathways promoting EMS spindle positioning. A prior
graduate student in the Rose lab, Malgorzata Liro, performed a preliminary genetic analysis that
confirmed a role for CED-10 in EMS spindle positioning (Liro 2017).

In my dissertation research, | set out to define the genetic and molecular role(s) CED-10

plays in the asymmetric division of EMS. Another question that the present work aims to address



is how the initial MES-1/SRC-1 signal results in regulation of the dynein-containing force
generating complex. | also contributed to analysis of the role of CED-10 and branched actin in
cytokinesis and their interactions with LET-99. The results inform our understanding of both
systems and highlight the importance of coordination between the microtubule cytoskeleton and

the actomyosin cytoskeleton during asymmetric divisions.
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Figure 1. Asymmetric divisions of the early C. elegans embryo.

(A) Diagram illustrating the progression from two cells to four cells in the early C. elegans
embryo, with an emphasis on the cortical localization of the PAR polarity proteins and the
asymmetric divisions of the P lineage. Blue represents anterior PARs and pink represents
posterior PARs. In all figures throughout this paper, the anterior of the embryo is presented at the
left and the posterior at the right; ventral, defined by the position of the EMS cell, is on the
bottom.

(B) Diagram illustrating the network of regulatory interactions among anterior PARs (blue),
posterior PARs (pink), the DEPDC1 protein LET-99 (orange), and the dynein-containing force
generating complex (green) at the cell cortex in the zygote, PO.

(C) Diagram illustrating the progression from two cells to seven cells in the early C. elegans
embryo, with an emphasis on the signal-instructed mitotic spindle positioning of the EMS cell, a
daughter of P1 and sister of P2. Blue represents mesoderm fate and gold represents endoderm
fate. The red rectangle indicates the EMS/P2 contact, which is illustrated in more detail in (D).
(D) Diagram illustrating key features of the two signaling pathways at the EMS/P2 cell-cell
contact instructing EMS asymmetric division. EMS is represented on the left, P2 on the right.
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Abstract

During cytokinesis, signals from the central spindle stimulate the accumulation of active RhoA-
GTPase and thus contractile ring components at the equator, while the astral microtubules inhibit
such components at the polar cortex. The DEPDC1 family protein LET-99 is required for furrow
ingression in the absence of the central spindle signal, and for timely onset of furrowing even in
the presence of the central spindle signal. Here we show that LET-99 works downstream or
independently of RhoA-GTP and antagonizes branched F-actin and the Rac protein CED-10 to
promote furrow initiation. This interaction with CED-10 is separable from LET-99’s function in
spindle positioning. We also characterize a new role for LET-99 in regulating cortical stability,
where LET-99 acts in parallel with the actomyosin scaffolding protein anillin, but LET-99 does
not antagonize CED-10 in this case. We propose that LET-99 acts in a pathway that inhibits the
Rac CED-10 to promote the proper balance of branched versus linear F-actin for cytokinesis, and

that LET-99 also regulates another factor that contributes to cortical stability.

Introduction

During cell division, after segregation of the duplicated chromosomes by the mitotic
spindle, the mother cell is physically separated into daughter cells by the process of cytokinesis.
In animal cells, cytokinesis is achieved via an actomyosin ring that pulls the cell membrane into
a progressively constricting furrow. Proper timing and spatial positioning of the furrow are
essential for the fidelity of chromosome segregation and the accurate partitioning of cytoplasmic
components into the daughter cells (reviewed in (Green, Paluch et al. 2012, Glotzer 2017,

Pollard and O'Shaughnessy 2019, Verma, Mogilner et al. 2019).
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The actomyosin contractile ring assembles in an equatorial band at the cortex in response
to the localized recruitment and activation of the GTPase RhoA. When RhoA is activated by
binding GTP (RhoA-GTP) it directly activates the diaphanous family of formins that promote the
formation of linear actin filaments (linear F-actin). RhoA-GTP also activates Rho Kinase, which
stimulates nonmuscle myosin Il motor activity. In the contractile ring, myosin helps align
bundles of linear F-actin, and the complex of contractile myosin and actin provides the driving
force for constriction (Green, Paluch et al. 2012, Chircop 2014, Glotzer 2017, Pollard and
O'Shaughnessy 2019, Verma, Mogilner et al. 2019).

The localization of RhoA-GTP and its effectors to the cell equator occurs in response to
signals from the anaphase mitotic spindle. The overlapping, non-kinetochore-based microtubules
of the central spindle recruit the centralspindlin complex, a heterotetramer of the kinesin protein
MKLP1 and the Rac GTPase MgcRacGAP. The centralspindlin complex then promotes the
accumulation of RhoA-GTP. In contrast, the long, centrosomal-emanating astral microtubules
that touch the polar cortex inhibit the localization of RhoA-GTP from the poles (Werner, Munro
et al. 2007, Werner and Glotzer 2008, von Dassow 2009, Lewellyn, Dumont et al. 2010, Green,
Paluch et al. 2012, Glotzer 2017, Mangal, Sacher et al. 2018, Pollard and O'Shaughnessy 2019,
Verma, Mogilner et al. 2019).

In several systems, the additive effects of the astral and central spindle microtubules in
stimulating cytokinesis can be observed at the level of the timing of cytokinesis or the extent of
furrow ingression (Werner, Munro et al. 2007, von Dassow 2009, Lewellyn, Dumont et al. 2010,
Green, Paluch et al. 2012, Glotzer 2017, Mangal, Sacher et al. 2018, Pollard and O'Shaughnessy
2019, Verma, Mogilner et al. 2019). For example, C. elegans embryos with changes in the

proximity of the astral microtubules to the cortex exhibit delays in the timing of furrow initiation
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but cytokinesis completes. In embryos or cells missing a central spindle or depleted of the
centralspindlin protein MKLP1, substantial ingression occurs but cytokinesis ultimately fails.
Simultaneous perturbation of both centralspindlin activity and the astral signal results in a
dramatic reduction or complete loss of furrow formation and ingression (Dechant and Glotzer
2003, Bringmann and Hyman 2005, Werner, Munro et al. 2007, Piekny and Glotzer 2008,
Werner and Glotzer 2008, Lewellyn, Dumont et al. 2010, Tse, Piekny et al. 2011, Zanin, Desai et
al. 2013, Mangal, Sacher et al. 2018). Further, in C. elegans one-cell embryos, laser ablation of
the spindle results in spatially separated astral versus central spindle induced furrows
(Bringmann and Hyman 2005) and mutants with a small misplaced spindle exhibit a
centralspindlin-dependent furrow adjacent to the spindle, and an astral-mediated furrow away
from the asters that does not require centralspindlin activity (Werner, Munro et al. 2007).

The depletion of several proteins significantly reduces furrowing only in conjunction with
loss of centralspindlin components. Anillin (ANI-1 in C. elegans) is a scaffolding protein that
binds myosin, actin, RhoA-GTP and other components, and is required for proper myosin
organization during cytokinesis. Anillin binds active RhoA and is a downstream effector.
Nonetheless, in some systems including C. elegans, the defects in cytokinesis observed upon loss
of anillin are much more severe when the cell is dependent on astral inhibition to induce
furrowing (Maddox, Habermann et al. 2005, Piekny and Glotzer 2008, Werner and Glotzer 2008,
Tse, Piekny et al. 2011, van Oostende Triplet, Jaramillo Garcia et al. 2014). This could reflect a
greater need for anillin in large cells where the central spindle is far from cortex and/or a greater
need for anillin when flow of actomyosin and RhoA-GTP away from the poles concentrates
contractile ring components at the equator in response to astral inhibition (Werner and Glotzer

2008, von Dassow 2009, Reymann, Staniscia et al. 2016). On the other hand, the C. elegans
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protein NOP-1 activates RhoA, primarily as part of the aster-directed furrowing pathway, in
parallel to centralspindlin (ZEN-4/CYK-4 in C. elegans) activation of RhoA at the equator.
While nop-1 mutants exhibit normal cytokinesis, zen-4; nop-1 double mutant embryos do not
exhibit any furrow ingression (Tse, Werner et al. 2012, Price and Rose 2017).

Several regulators of spindle positioning during the first asymmetric division also enhance
the furrow ingression defects of embryos without a central spindle or of zen-4 mutants
(Bringmann, Cowan et al. 2007, Verbrugghe and White 2007). Some of these regulators appear
to affect actomyosin organization and furrowing indirectly, due to reduced spindle elongation or
failure to displace the spindle posteriorly (Werner, Munro et al. 2007, Price and Rose 2017).
However, the role of the LET-99 protein in cytokinesis is genetically separable from its role in
asymmetric division. For example, the PAR polarity proteins restrict the localization of LET-99
to a lateral posterior band in asymmetrically dividing cells (Tsou, Hayashi et al. 2002, Wu and
Rose 2007). However, the localization of LET-99 to the prospective cleavage furrow is
determined by the spindle and occurs in both asymmetrically and symmetrically dividing cells,
and loss of LET-99 enhances the furrow ingression defects of zen-4 mutants in both types of
cells as well (Bringmann, Cowan et al. 2007, Price and Rose 2017). Changes in the dynamics of
cortical myosin have been reported for let-99 mutants, and let-99; zen-4 double mutants exhibit
greatly reduced myosin accumulation at the furrow. In contrast, loss of let-99 does not enhance
the cytokinesis phenotype of nop-1 mutants (Bringmann, Cowan et al. 2007, Goulding, Canman
et al. 2007, Werner, Munro et al. 2007, Price and Rose 2017). However, it is not known if LET-
99 affects furrowing by acting upstream of RhoA activation like NOP-1, if LET-99 functions
with downstream RhoA-GTP effectors, or if rather LET-99 influences the actomyosin

cytoskeleton via a separate pathway. Interestingly, the DEPDC1A and DEPDC1B family of
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proteins to which LET-99 is most related have a region with homology to Rho-GTPase
activating proteins, and DEPDC1B has been shown to physically and genetically interact with
Rac (Sendoel, Maida et al. 2014, Yang, Liu et al. 2014, Wu, Zhu et al. 2015). These findings
raise the possibility that LET-99 could genetically interact with Rac or other small G proteins
during cytokinesis in C. elegans.

The small GTPases Cdc42 and Rac promote the formation of branched F-actin networks via
the Arp2/3 nucleating complex. While depletion of Cdc42 and Rac typically do not cause failure
of cytokinesis, studies in C. elegans and other systems has revealed that a proper balance of
branched versus linear F-actin is critical for proper timing and mechanics of membrane
ingression (Severson, Baillie et al. 2002, Canman, Lewellyn et al. 2008, Bastos, Penate et al.
2012, Loria, Longhini et al. 2012, Chircop 2014, Zhuravlev, Hirsch et al. 2017, Chan, Silva et al.
2019, Pal, Ellis et al. 2020). In C. elegans, the Rac CED-10 negatively regulates cytokinetic
furrowing: Hypomorphic mutations in ced-10 can rescue the furrowing ingression defects of
centralspindlin mutants. Similar results have been observed for depletion of Arp2 (ARX-2).
Recent studies also found that strong depletion of ARX-2 affects timely furrow initiation and
ingression rate; this effect can be rescued by partial depletion of the formin CYK-1, which
promotes linear F-actin (Canman, Lewellyn et al. 2008, Loria, Longhini et al. 2012, Zhuravlev,
Hirsch et al. 2017, Chan, Silva et al. 2019, Pal, Ellis et al. 2020). The regulation of levels of
branched versus linear F-actin are also critical for normal cell shape during cytokinesis and cell
migration in many cell types, and ARX-2 and CED-10 have been implicated in regulating
cortical stability in the early C. elegans embryo (Severson, Baillie et al. 2002, Bustelo, Sauzeau

et al. 2007, Roh-Johnson and Goldstein 2009, Loria, Longhini et al. 2012, Chircop 2014) .
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In this study, we further investigate LET-99’s role in regulating the actomyosin cytoskeleton.
Our results indicate that LET-99 does not act upstream of activation of RhoA to promote
cytokinetic furrowing, which together with prior work indicates that LET-99 is not specific to the
astral inhibition pathway for cytokinesis. Rather, we show that LET-99 promotes timely furrow
formation in a mechanism that acts antagonistically to branched F-actin and the Rac CED-10.
Further, we characterize a new role for LET-99 in promoting cortical stability. The cortical
stability and cytokinesis defects of let-99 embryos are enhanced by simultaneous loss of anillin.
Surprisingly the cortical stability defects of let-99 mutants are also enhanced, rather than
suppressed by loss of CED-10. These results indicate that LET-99 is not in a simple linear
pathway where it inhibits CED-10 to regulate both cytokinesis and cortical stability. From these
and other data, we propose that LET-99 regulates the actomyosin cytoskeleton globally via two
mechanisms: LET-99 inhibits branched F-actin formation and also influences other actomyosin

regulators.

Results

LET-99 antagonizes branched F-actin filament formation to promote timely cytokinesis onset

The loss of LET-99 function enhances the cytokinetic furrow ingression defects of
mutants missing the spindle midzone or the ZEN-4 component of the centralspindlin complex. In
addition, embryos from let-99 single mutant mothers (hereafter referred to as let-99 embryos or
mutants) were reported to have a delay in the onset of cytokinesis, even though cytokinesis
completed (Bringmann, Cowan et al. 2007, Price and Rose 2017). We first confirmed that
depletion of LET-99 by RNA interference (RNAI) results in a cytokinesis delay, so that this

background could be used in further analyses of contractile ring components. The time from
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nuclear envelope breakdown (NEB) to furrowing onset (FO, defined by the first indentation of
the membrane) was measured from DIC movies (Fig.2A, A’). We found that let-99(RNAI)
embryos exhibited a delay in cytokinesis that was similar to that produced by the let-99(dd17)
null mutant. Because loss of LET-99 also affects spindle positioning and elongation, which can
indirectly affect furrowing, embryos with spindles misoriented at late anaphase were excluded
from this and all subsequent analyses of furrowing kinetics (see Methods).

To determine if LET-99 acts upstream of recruitment of activated RhoA, we examined
embryos expressing GFP::AHPH, which contains the C-term half of anillin including its RhoA-
GTP binding and plekstrin homology domains; this transgene has been validated as a sensor for
active RhoA (Tse, Werner et al. 2012). Images were taken from a cortical view during the first
cell division and enrichment in the contractile ring region was quantified (Fig. 2B, B”). No
difference in the average fluorescence intensity between controls and let-99(RNAI) embryos was
observed. The overall appearance of anillin labeled by GFP::ANI-1 (Tse, Piekny et al. 2011), and
the levels in the contractile ring were also comparable in control and let-99(RNAi) embryos (Fig.
2B, B’). These results suggest that LET-99 is not required for activation of RhoA and
recruitment of anillin to the contractile ring.

RhoA-GTP promotes the accumulation of myosin and linear F-actin at the furrow. We
previously reported lower levels of myosin at the furrow in single let-99 mutants (Price and Rose
2017). To examine F-actin localization during cytokinesis, we examined embryos expressing the
GFP::Utrophin actin binding probe (GFP-Utr contains the calponin homology domain of
Drosophila utrophin, which binds act (Tse, Werner et al. 2012). Total levels of F-actin at the
furrow as assayed by GFP-Utr intensity were similar between control and let-99(RNAi) embryos

(Fig. 1B, B’). However, we observed a qualitative increase in the number of small cortical foci
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of GFP:: Utr in let-99 embryos. Cortical actin foci are indicative of branched actin filaments,
because they are abolished by loss of ARX-2. In contrast depletion of CYK-1 lowers the levels
of linear F-actin, making it easier to visualize the ARX-2 dependent foci (Xiong, Mohler et al.
2011, Shivas and Skop 2012, Chan, Silva et al. 2019). Thus to more easily visualize foci and
quantify the effect of loss of LET-99 on branched F-actin, we depleted CYK-1 by RNAI in the
GFP:: Utr-CH background, with or without let-99(dd17) and counted the number of foci. Both
cyk-1(RNAI) and cyk-1(RNAI); let-99(dd17) embryos showed reduced levels of total GFP-Utr at
the furrow compared to controls, as expected for knockdown of CYK-1 (Fig. 2C, C’). However,
compared to cyk-1(RNAi) embryos, cyk-1(RNAI); let-99(dd17) embryos exhibited an increase in
the number of GFP:: Utr-CH foci at the cleavage furrow as well as across the entire embryo
cortex (Fig. 2D, E). These results indicate that there are increased levels of branched F-actin in
let-99 mutants.

The proper balance of Arp-2/3 dependent branched F-actin versus formin dependent
linear F-actin is necessary for proper actomyosin organization during contractile ring assembly
and thus for proper timing of furrowing onset, as indicated by the first shallow deformation of
the membrane (Chan, Silva et al. 2019). We therefore tested whether reducing branched F-actin
filaments, via RNAi of ARX-2, could rescue the furrowing delay of let-99(dd17) mutant
embryos. The time to furrowing onset in arx-2(RNAi) embryos was similar to controls,
consistent with prior results for partial depletion of ARX-2 (Chan, Silva et al. 2019). However,
arx-2(RNAI); let-99(dd17) embryos exhibited a time to furrowing onset that was reduced
compared to let-99(dd17) embryos (Fig. 2F). These results are consistent with a role for let-99 in

antagonizing branched F-actin filament formation during cytokinesis.
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LET-99 and CED-10/Rac have opposing roles during cytokinetic furrowing

In C. elegans embryos as in many systems, branched F-actin is promoted by both Rac
and Cdc42 (CED-10 and CDC-42 in C. elegans)(Bustelo, Sauzeau et al. 2007, Chircop 2014).
While neither cdc-42 nor ced-10 mutant embryos have overt cytokinesis phenotypes, several
studies have shown that CED-10 antagonizes aspects of cytokinesis. For example, partial loss of
function mutations in ced-10 increases the extent of furrow ingression in embryos lacking
centralspindlin function, as also seen for depletion of Arp2/3 (Jantsch-Plunger, Gonczy et al.
2000, Canman, Lewellyn et al. 2008, Loria, Longhini et al. 2012, Zhuravlev, Hirsch et al. 2017).
The latter result is opposite to the effect of let-99 mutations on furrow ingression in
centralspindlin mutants (Price and Rose 2017). We therefore tested whether loss of CED-10
function could rescue the delay in onset of furrowing exhibited by let-99(RNAI) embryos, using a
maternal effect lethal allele that is a predicted null, ced-10(t1875) (Kinchen, Cabello et al. 2005).
In embryos from ced-10(t1875) mothers (hereafter referred to as ced-10 embryos or mutants),
there were no overt cytokinesis defects and the time from NEB to furrowing onset was
comparable to controls (Fig. 2G), as reported previously for hypomorphic alleles or depletion of
maternal CED-10 by RNAI. The mean time to furrowing onset in let-99(RNAI) ced-10(t1875)
embryos was reduced compared to let-99(RNAi) embryos and was not significantly different than
wild-type controls (Fig. 2G). Thus, similar to depletion of ARX-2, the loss of CED-10 restored
furrow timing in let-99(RNAI) embryos.

Having established an antagonistic role between CED-10 and LET-99 for furrowing
onset, we examined other aspects of cytokinesis. A balance of branched vs linear F-actin is also
required for the timely transition from furrowing onset to the formation of a double-membraned

furrow canal, also known as back-to-back membrane configuration, and for the rate of furrow
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ingression (Chan, Silva et al. 2019). To measure these aspects more accurately we utilized strains
expressing endogenously tagged non-muscle myosin, NMY-2::mKate2, imaged in cross-section
(Rehain-Bell, Love et al. 2017)(Fig. 3A, see Methods). The time from NEB to furrowing onset in
NMY-2::mKate2 control embryos was similar to that of wild-type embryos, and let-99(dd17)
embryos showed a delay in furrowing onset, indicating that this background did not alter the
cytokinesis phenotypes being scored (Fig. 3B). We found that in addition, let-99(dd17) embryos
exhibited a longer time for the transition to back-to-back membrane formation compared to
controls (Fig. 3C). The rate of furrow ingression in let-99(dd17) embryos was not statistically
different from controls (Fig. 3D), consistent with a previous analysis of constriction of the entire
furrow from an end on view (Bringmann, Cowan et al. 2007). ced-10(t1875) embryos did not
show any significant differences from controls in any of these measurements. In the ced-
10(t1875) let-99(dd17) double mutant embryos, the time to furrowing onset was comparable to
controls, and the time for back-to-back membrane formation was also significantly reduced in
ced-10(t1875) let-99(dd17) double mutants compared to let-99(dd17) embryos (Fig. 3B, C).
Together these data confirm that loss of CED-10 rescues the let-99 mutant furrowing onset
delay, and also reveal an antagonistic role between CED-10 and LET-99 in the transition from
furrowing onset to back-to-back membrane formation.

Loss of LET-99 also enhances the furrow ingression defects of centralspindlin deficient
embryos in the AB cell; unlike the one-cell, the AB cell divides symmetrically and let-99
mutants do not have defects in spindle elongation in this cell that could also impact cytokinesis
(Price and Rose 2017). We therefore examined furrow formation in the AB cell using the NMY -
2::mKate background (Fig. 3A,E). The time from NEB to back-to-back membrane formation in

the AB cell was slower in let-99(dd17) embryos compared to controls. In ced-10(t1875) let-
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99(dd17) double mutants, this timing was restored to control levels. These results confirm the
antagonist relationship between LET-99 and CED-10 in cytokinetic furrowing and demonstrate
that it is not specific to asymmetrically dividing cells.

CED-10 does not affect spindle positioning in the one-cell embryo

Prior work showed that let-99°s enhancement of the cytokinesis defects of centralspindlin
mutants did not correlate with defects in spindle position or elongation (Bringmann, Cowan et al.
2007, Price and Rose 2017). Interestingly however, CED-10 is required for spindle orientation in
certain cells of the eight-cell embryo and later in the vulval lineage (Kishore and Sundaram
2002, Cabello, Neukomm et al. 2010). These observations raised the possibility that let-99 and
ced-10 interact during spindle positioning. We therefore characterized spindle positioning in ced-
10(t1875) and ced-10(t1875) let-99(RNAI) one-cell embryos in comparison to wildtype and let-
99(RNAI) embryos.

In wild-type one-cell embryos, the male and female pronuclei meet in the posterior and
then the nuclear-centrosome complex moves to the center of the embryo (centration); the
complex also rotates so that the centrosomes are aligned on the polarized AP axis prior to NEB
in most embryos (Figure 4A-D, Movie 1). The spindle is displaced posteriorly during metaphase
and anaphase resulting in an unequal cleavage where the anterior AB cell is larger than the
posterior P1 cell (Fig. 4A,B,E and Fig. 5A)(reviewed in (Rose and Gonczy 2014)). In let-
99(RNAI) or mutant embryos, there is a failure of centration, and variable rotation prior to NEB,
which is accompanied by rocking of the nuclear centrosome complex. Nonetheless, the spindle
aligns along the AP axis in most embryos prior to anaphase. Spindle elongation and

displacement are both reduced but the overall spindle position is posterior and cleavage is
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unequal, because of the earlier centration defect (Fig. 4A-F, Movie 2, Fig. 5A) (Rose and
Kemphues 1998, Tsou, Hayashi et al. 2002, Krueger, Wu et al. 2010).

In ced-10(t1875) embryos, the nuclear-centrosome complex centered and the spindle
oriented onto the anterior-posterior axis before NEB, as observed in controls. The spindle then
displaced back towards the posterior so that the one-cell divided unequally (Fig. 4A-E, Movie 3,
Fig. 5A). In addition, spindle elongation was comparable to controls. (Fig. 4F). The ced-
10(t1875) let-99(RNAI) double mutant embryos exhibited nuclear centrosome rocking and
defects in centration and nuclear rotation that were indistinguishable from those of let-99(RNAI)
embryos (Fig. 4A-D, Movie 4). The position of the posterior spindle pole was abnormal, and
spindle length was reduced in the double mutant embryos, again comparable to let-99(RNAI)
embryos (Fig. 4E, F). Thus, the loss of CED-10 does not suppress the spindle positioning or
spindle elongation defects of let-99 mutants. Overall, these results show that first, CED-10 has
no apparent role in spindle positioning during the first division, and second, that the genetic
interaction between let-99 and ced-10 mutations is specific to cytokinesis.

LET-99 affects cortical stability

Although the normal timing of furrowing was restored in the ced-10(t1875) let-99(RNAI)
embryos, many double mutants exhibited an ectopic furrow resulting in a wedge-like structure
between the AB and P1 cells (Fig. 5A). Similar ectopic furrow structures were previously
reported in let-99 single mutants at the end of cytokinesis and were correlated with
disorganization of the contractile ring as viewed end-on (Bringmann, Cowan et al. 2007), but
their genesis was not determined. We therefore examined the formation of these furrows in more
detail. In let-99(RNAI) embryos, a single cytokinetic furrow formed and ingressed, similar to

controls. However, 4/10 let-99(RNAI) embryos exhibited a protrusion of the AB cell membrane
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that extended toward the P1 cell and shifted the cell-cell contact region. We refer to this
deformation as a half-wedge, because in all four of these embryos a second furrow emerged
within the protrusion to produce the wedge structure (Fig. 5A, Movie 2). Although some
protrusions in let-99(RNAI) embryos started during cytokinesis, the progression to the wedge
occurred well after cytokinesis completion; the protrusions and extra furrows were also dynamic
and resolved before the AB cell entered mitosis (Fig 5A, Movie 2). These observations indicate
that let-99 embryos do not initiate ectopic cytokinesis furrows at the start of cytokinesis, but
rather suggest that let-99 embryos have altered cortical activity of the AB cell.

Wild-type embryos have higher levels of cortical myosin at the anterior during
cytokinesis of the one-cell and in the AB cell, and the AB cell cortex/membrane undulates during
and after cytokinesis (Munro, Nance et al. 2004, Werner, Munro et al. 2007, Fujita and Onami
2012, Loria, Longhini et al. 2012, Ozugergin, Mastronardi et al. 2022). Undulations of the AB
cortex in control embryos occurred both in the polar regions and near the furrow, most lasting
only 10-20 sec in one location (Movie 1). All let-99(RNAI) exhibited these typical rapid
undulations of the AB cortex, but the furrow protrusions that developed into wedge structures
lasted much longer, for more than 100 sec; two of the let-99(RNAI) embryos exhibited an
additional protrusion of 40 sec or more (Fig. 5C). Thus, to compare the protrusive activity in
single and double mutants, we quantified the number of “persistent” protrusions that lasted at
least 40 sec in each embryo. Persistent protrusions near the furrow were also observed during or
after cytokinesis in 4/10 ced-10(t1875) embryos, but these were of shorter duration than let-99
protrusions, and in only one case did a wedge form (Fig. 5A-C). In general, there were more
undulations of the entire AB cell membrane in ced-10 embryos compared to controls (Fig. S5A,

Movie 3), consistent with prior observations of the anterior membrane during cytokinesis (Loria,
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Longhini et al. 2012). Although the number of protrusions per embryo was similar in all mutant
backgrounds, a higher proportion of ced-10(t1875) let-99(RNAI) double mutant embryos (9/10)
exhibited persistent protrusions compared to either single mutant (Fig. 5B). In the subset of
double mutant embryos which could be followed until late prophase of the AB cell, 4/5 embryos
exhibited protrusions that progressed into wedges, and then ectopic furrows resolved (Fig. 4A,
Movie 4). Some furrow protrusions in these embryos lasted longer compared to let-99(RNAI)
embryos, but the overall mean persistence time was only significantly different from ced-10
embryos (Fig. 5C). Similar results were observed in the NMY -2 background, where 92% of ced-
10(t1875) let-99(dd17) (n= 12) exhibited a persistent wedge or half-wedge protrusion, compared
to 41% of let-99(dd17) embryos (n = 17). Thus, this protrusion phenotype of let-99 is enhanced
rather than suppressed by simultaneous loss of ced-10 and the data suggest that LET-99 regulates
cortical stability.

We also observed a distinct type of cortical instability in ced-10(t1875) embryos,
consisting of multiple very small bleb like structures (Movie 3). These structures were most
apparent later in the two-cell stage compared to during cytokinesis, and could also be observed in
the one-cell embryo at the end of the pseudocleavage stage through NEB. These small
protrusions are similar to structures observed in arx-2(RNAi) embryos, which have been shown
to be true blebs, that is, breaks in the cortical cytoskeleton through which membrane protrudes
(Severson, Baillie et al. 2002, Roh-Johnson and Goldstein 2009). These small blebs were
observed in let-99(dd17) ced-10(t1875) embryos as well. Together with the enhancement of the
furrow protrusion phenotype, these results indicate that LET-99 and CED-10 are not in a simple
linear pathway whereby LET-99 inhibits CED-10 to regulate both cytokinesis and cortical

stability.
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let-99; ani-1 double mutant embryos exhibit enhanced cortical instability

We previously showed let-99(dd17);ani-1(RNAI);zen-4(RNAI) embryos exhibit an even
greater reduction in the extent of furrow ingression compared to let-99(dd17);zen-4(RNAI) or
ani-1(RNAi);zen-4(RNAI) embryos, suggesting that LET-99 and ANI-1 act in parallel to promote
cytokinetic furrowing (Price and Rose 2017). We therefore tested whether loss of ANI-1
enhances the let-99(dd17) mutant phenotype even in the presence of ZEN-4, by examining the
time to furrowing onset from DIC time-lapse movies. On average, ani-1(RNAIi) embryos
exhibited a normal time to furrowing onset. The let-99(dd17);ani-1(RNAi) embryos showed a
delay which was significantly longer than in let-99(dd17) single mutants (Fig. 6A, F). However,
let-99(dd17); ani-1(RNAI) embryos showed similar spindle positioning defects as the let-
99(dd17) single mutants, and spindle elongation was not more defective in the double mutants
(Fig. 6B-E). These results show that LET-99 and ANI-1 act in parallel to promote timely
furrowing onset, independently of effects on spindle elongation or position.

The loss of anillin has been reported to result in protrusions at the furrow in HelLa cells
and cortical deformations have been observed in C. elegans one-cell embryos depleted of ANI-1
in combination with other cytokinesis regulators (Pacquelet, Uhart et al. 2015, Price and Rose
2017). We observed many protrusions near the furrow after cytokinesis in ani-1(RNAi) embryos
and in let-99(dd17);ani-1(RNAI) embryos. In addition, we observed deformations of the cortex at
anterior or posterior pole of the embryo during anaphase. We refer to these deformations as polar
extrusions as they appear distinct from both furrow protrusions and the normal undulations of the
AB membrane. A small number of let-99(dd17) single mutant embryos exhibited polar
extrusions at the anterior (2/8, Fig. 6F, G; Movie 5; 0/10 let-99(RNAIi) embryos exhibited

extrusions). Several ani-1(RNAI) embryos (4/11) exhibited extrusions, all at the posterior pole
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(Fig. 6F,G; Movie 6). The majority of let-99(dd17); ani-1(RNAI) double mutant embryos had
polar extrusions and these could be at the anterior or pole posterior pole or both (11/12 embryos;
Fig. 6F, G; Movie 7). Strikingly, some extrusions in both the ani-1(RNAI) and ani-1(RNAI); let-
99(dd17) embryos “traveled”, resolving at a distance from the site of initiation (Fig. 6F and
Movie 7). Although the mean persistence time of the protrusions in the double mutant was not
longer, the total number of extrusions per embryo was higher compared to the single mutants
(Fig. 6G, H). Thus, simultaneous loss of LET-99 and ANI-1 results in enhanced instability of the
cortex. Together with the analysis of ced-10 let-99 double mutant embryos, these results identify
a new role for LET-99 in regulating cortical stability. These data also provide evidence that LET-

99 regulates the cortical cytoskeleton throughout the embryo, not just at the cytokinetic furrow.

Discussion

The LET-99 protein was first identified as a regulator of spindle positioning during
asymmetric division in C. elegans. Subsequent work revealed a redundant role for LET-99 in
cytokinesis of both asymmetrically and symmetrically dividing cells. Although LET-99
accumulates asymmetrically at the cortex in response to polarity cues early in the cell cycle, the
spindle promotes an equatorial enrichment of LET-99 at anaphase, independent of polarity (Rose
and Kemphues 1998, Tsou, Hayashi et al. 2002, Bringmann, Cowan et al. 2007, Price and Rose
2017). These and other data pointed to a role for LET-99 in regulating the actomyosin
cytoskeleton during furrowing in a pathway separable from its role in spindle position. In this
report, we further define the action of LET-99 during cytokinesis and identify a novel role for
LET-99 in overall cortical stability.

Although let-99 single mutants complete cytokinesis, they exhibit delays in furrowing

onset, and here we identified a delay in the transition to the fully formed cleavage furrow. The
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loss of LET-99 also enhances the furrow ingression defects of embryos missing the central
spindle or mutant for zen-4. In contrast, loss of LET-99 does not enhance the phenotype of nop-1
mutants, and loss of LET-99 affects furrow ingression of the astral-mediated furrow in
experiments where the astral and central spindle signals are spatially separated (Bringmann,
Cowan et al. 2007, Werner, Munro et al. 2007, Price and Rose 2017). These genetic results
initially placed LET-99 in the pathway for responding to astral inhibition signals. However, our
recent work showed that the enrichment of LET-99 at the equator in anaphase can respond to
signals from either the astral microtubules or the central spindle (Price and Rose 2017). In the
current study, we found that loss of LET-99 does not affect the contractile ring accumulation of a
biosensor for active RhoA or full-length Anillin. These data together argue against models in
which LET-99 is a specific component of the astral pathway that acts with NOP-1 to promote
RhoA activation. Rather, LET-99 acts downstream from RhoA-GTP or in a separate pathway,
and the genetic interactions reflect a greater need for LET-99 function when the actomyosin
cytoskeleton is responding to astral signals, similar to the case for anillin. The effects of loss of
anillin on myosin organization are distinct from those seen in LET-99 mutants (Adams, Tavares
et al. 1998, Bringmann, Cowan et al. 2007, Werner, Munro et al. 2007, Tse, Piekny et al. 2011,
Price and Rose 2017) and here we showed that let-99; ani-1 double mutant embryos have
enhanced defects in both cytokinesis and cortical stability. Thus, LET-99 and anillin regulate the
actomyosin cytoskeleton through different mechanisms.

Our observations of increased branched F-actin foci in let-99 embryos coupled with the
rescue of let-99’s cytokinesis delays by reduction of Arp2 or the Rac CED-10 suggest that LET-
99 has an antagonistic role to the formation of branched F-actin. The increased branched F-actin

in the forming furrow of let-99 mutant embryos may interfere directly with the alignment of
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linear F-actin and myosin in the contractile furrow (Canman, Lewellyn et al. 2008, Zhuravlev,
Hirsch et al. 2017, Descovich, Cortes et al. 2018). LET-99 accumulates to highest levels at the
equator. However, there are lower levels of LET-99 throughout the entire cortex (Tsou, Hayashi
et al. 2002, Price and Rose 2017), and the changes to actin foci observed were present
throughout the cortex. Thus, the excess branched F-actin present in let-99 mutants could also
delay furrowing by increasing overall cortical stiffness outside the furrow or changing the
dynamics of actomyosin globally (Taneja, Bersi et al. 2020). In either case, loss of Arp2 or the
Rac CED-10 in a let-99 mutant would reduce branched F-actin, allowing for furrow formation
with normal timing.

LET-99 could antagonize the formation of branched F-actin to promote furrowing
through a number of different molecular mechanisms. There is cross-talk between Rho and Rac
pathways in many processes, and the levels of Arp-dependent branched F-actin vs formin-
dependent linear F-actin must be regulated precisely for proper cytokinesis. In several systems,
depletion of Arp2/3 components or the small GTPase Rac increases the extent of furrow
ingression in mutants with reduced RhoA-GTP activity caused by loss of centralspindlin.
Similarly, although depletion of Arp2 doesn’t cause cytokinesis failure, it changes the timing of
furrowing onset, back-to-back membrane formation, and furrow ingression. These effects can be
ameliorated by simultaneous reduction of formin. Likewise defects caused by partial depletion of
formin can be rescued by reduction of Arp2 (Canman, Lewellyn et al. 2008, Bastos, Penate et al.
2012, Loria, Longhini et al. 2012, Chircop 2014, Lawson and Burridge 2014, Glotzer 2017,
Zhuravlev, Hirsch et al. 2017, Chan, Silva et al. 2019, Pollard and O'Shaughnessy 2019, Pal,
Ellis et al. 2020). A number of mechanisms, which are not mutually exclusive, have been

implicated in this balancing act between branched and linear F-actin during cytokinesis in C.

33



elegans. These include opposite effects of Rho and Rac on cortical rigidity, direct inhibition of
Rac at the furrow by the centralsplindlin component MgcRacGAP (CYK-4 ), and global
inhibition of the formin CYK-1 by Arp2/3 (Loria, Longhini et al. 2012, Zhuravlev, Hirsch et al.
2017, Chan, Silva et al. 2019). LET-99 could be a new player in one of these pathways.

A mechanism in which LET-99 binds to Rac to directly inhibit its function is appealing
because LET-99 is a member of the DEPDC1A and B family of proteins (Sendoel, Maida et al.
2014). This protein family contains an N-terminal DEP domain and a region with homology to
Rho-GAP proteins near the C-terminus. Although the Rho-GAP motif is missing the catalytic
residue for GAP activity in all family members, the domain could potentially bind small G
proteins. Several studies have shown a genetic interaction between DEPDC1B and Rac or RhoA;
one report showed that DEPDC1B binds Rac in vitro, and overexpression of DEPDC1B
inhibited Rac activity and F-actin polymerization in Hela cells (Marchesi, Montani et al. 2014,
Su, Liang et al. 2014, Yang, Liu et al. 2014, Wu, Zhu et al. 2015). We have been unable to detect
a consistent interaction between LET-99 and CED-10/Rac in vitro using recombinant proteins
(unpublished results). This could reflect an in vivo requirement for other proteins to facilitate a
LET-99 - Rac interaction. Alternatively, LET-99 could act indirectly via one of the pathways
outlined above. Indeed, any model for LET-99 regulation of the actomyosin cytoskeleton must
also take into account the observation that while loss of CED-10 suppressed the cytokinetic
furrowing of let-99 embryos, the double mutant embryos had enhanced cortical protrusive
activity. Thus, we propose that LET-99 ultimately affects at least one other actomyosin
cytoskeletal regulator or component in addition to branched F-actin. Precedence for this idea

comes from known cross talk pathways for Rho and Rac. For example, Rho-kinase promotes
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myosin contractility but also activates negative regulators of Rac (Chircop 2014, Lawson and
Burridge 2014).

LET-99 has been well-characterized as a key intermediate that acts downstream of PAR
polarity cues to regulate spindle positioning in asymmetrically dividing cells. In that pathway,
LET-99 acts to promote asymmetric pulling forces on the spindle, by inhibiting cortical
localization of the Ga-dependent complex that recruits dynein (Park and Rose 2008, Rose and
Gonczy 2014). Although the position of the astral microtubules is critical for myosin
organization and flow in the astral mediated pathway for furrowing, prior work showed that
LET-99’s requirement in furrowing does not correlate with spindle positioning or elongation
defects (Bringmann, Cowan et al. 2007, Price and Rose 2017). Our current findings provide
further evidence that LET-99 influences the actomyosin cytoskeleton in a mechanism
independent of that used for spindle positioning. In particular, although CED-10 plays a role in
spindle positioning in other cells (Kishore and Sundaram 2002, Cabello, Neukomm et al. 2010),
we found no role for CED-10 in the first division, and the ced-10 null mutation neither enhanced
or suppressed the spindle positioning defects of let-99 mutant embryos. Similarly, the genetic
enhancement between loss of LET-99 and ANI-1 is specific for cytokinesis and cortical
instability. Thus, LET-99 appears to be a multifunctional protein that can act with either
heterotrimeric or small G proteins in distinct mechanisms. Elucidating the molecular details of
LET-99’s interactions will lead to a better understanding of the regulation of spindle positioning
and the actomyosin cytoskeleton and should also give insight into the DEPDC1 family of

proteins.
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Materials and Methods

C. elegans strains

C. elegans strains were maintained on MY OB plates with E. coli OP50 as a food source

(Brenner, 1974; Church et al., 1995). The following strains were used in this study.

Strain #
N2
AZ244
GE4047
FM126

LP229
MG542

MG589
MG617
RL175
RL231
RL356

RL263
RL359
RL361

RL369

RL408

RL409

Genotype

Wild type, Bristol strain

unc-119(ed3) I11; ruls57[pie-1::GFP::b-tubulin + unc-119(+)] V?
ced-10(t1875)/ nTI[qls50(pha::GFP) let- ?]

ItIs37[pie-1p::mCherry::his-58 + unc-119(+)] him-8(e1489) IV;
ruls57[pie-1::GFP::b-tubulin + unc-119(+)] V?
nmy-2(cp52[nmy-2::mKate2 + LoxP unc-119(+) LoxP]) I; unc-
110/7ad2) 111

ItIs28 [pASM14; pie-1::GFP-TEV-STag::ani-1; unc-119 (+)];
ItIs37[pie-1p::mCherry::his-58; unc-119 (+)].

mgSi3[gfp::utrophin + Cbr-unc-119(+)]l1; unc-119(ed3)IlI
mgSi5[gfp::ani-1(ahph) + Cbr-unc-119(+)].

unc-22(e66) let-99(dd17) / nT1[unc-? (n754d) let-?].
unc-22(e66) let-99(dd17) / nT1[qgls51(pha::GFP) let-?] IV

ced-10(t1875) dpy-20(e1282) unc-22(e66) let-99(dd17) /
nT1 [qgls51(pha::GFP)] V
ced-10(t1875)/nT1; qls50[pha::GFP]; (ruls57 [GFP::tubulin; unc-

110/4\1

ced-10(t1875) dpy-20(e1282) /nT1 [gls51(pha::GFP)]

mgSi3[cb-unc-119(+) GFP::Utrophin] II;
ItIs37[pie-1p::mCherry::his-58 + unc-119(+)] him-8(e1489) IV
nmy-2(cp52[nmy-2::mkate2 + LoxP unc-119(+) LoxP]) I; unc-119(ed3)
I11; ced-10(t1875) dpy-20(e1282) IV /InT1 [qgls51(pha::GFP)] V
nmy-2(cp52[nmy-2::mKate2]) I; let-99(dd17) unc-22(e66)/ nT1
[gls51(pha::GFP)] IV

nmy-2(cp52[nmy-2::mKate2]) I; let-99(dd17) unc-22(e66) ced-
10(t1875) dpy-20/ nT1 [qgls51(pha::GFP)] V
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RNAI

RNAI was performed by feeding (Timmons, Court et al. 2001). Constructs used to induce
RNAI were obtained from the Ahringer RNAI library (Kamath, Fraser et al. 2003)and include
ani-1 (111-6E18), let-99 (IV-6P07), cyk-1(111-8B02), arx-2(V-7M13). The extent of RNAI
penetrance was determined from examining embryos for published strong loss of function
phenotypes as follows: 1) ani-1: lack of pseudocleavage (Maddox, Habermann et al. 2005), 2)
let-99: severe nuclear-centrosome rocking, failure of centration in the one-cell, and failure of P1
nuclear rotation (Tsou, Hayashi et al. 2002), 3) cyk-1: weak pseudocleavage and reduced F-actin
in the cleavage furrow (Swan, Severson et al. 1998, Ding, Ong et al. 2017) and 4) arx-2:
increased number of anterior, cortical blebs (Severson, Baillie et al. 2002). In cases where a
double mutant background might suppress one mutant phenotype, the RNAI strength was also
assessed by examining control embryos treated in parallel.
Microscopy

Worms were dissected in egg buffer (25 mM HEPES, pH 7.4, 120 mM NacCl, 48 mM
KCI, 2 mM CaClz, MgClz) and embryos were mounted on 2% agarose pads in the same buffer
and imaged. For the analyses of furrowing onset, spindle positioning, cortical stability in Figures
1 and 3-5, embryos were examined in differential interference contrast (DIC) using an Olympus
BX60 compound microscope, using a PlanApo N 60x, 1.42 numerical aperture oil-immersion
objective. Single plane time-lapse images were acquired every 5 or 10 seconds using a
Hamamatsu Orca 12-bit digital camera and Micromanager software (Edelstein, Amodaj et al.
2001). For analysis of cytokinesis in embryos expressing NMY-2::mKate-2 in Figure 2,

embryos were mounted as above and imaged with the same system; images were taken every 5

37



sec in bright field through NEB, then in widefield fluorescence from metaphase through
cytokinesis completion. Room temperature during imaging was 23-25°C.

To image GFP::AHPH, GFP::ANI-1 and GFP::Utr from a cortical view, embryos were
mounted as above and imaged using the spinning disk module of a Marianas SDC Real-Time 3D
Confocal-TIRF microscope (Intelligent Imaging Innovations, 3i) fit with a Yokogawa spinning
disk head, a 63x 1.3 numerical aperture oil-immersion objective, and EMCCD camera.
Acquisition was controlled by Slidebook 6 software (3i Incorporated). Single focal planes
images were acquired first in midfocal plan to score NEB and anaphase onset timing; the focal
plane was then moved to a cortical view during anaphase, and images were obtained every 3 sec
at 100ms exposure. Room temperature during imaging was 24-25°C. Raw images were exposed
and scaled with the same parameters for each experiment, and all images were processed using
Fiji software (Schindelin, Arganda-Carreras et al. 2012).

Analysis of cytokinetic furrowing

Cytokinetic furrowing rate measurements for both the Po cell and the AB cell were taken
relative to nuclear envelope breakdown (NEB). For all analyses, NEB was scored under DIC or
brightfield conditions, NEB was scored as the first frame in which the pronuclei or nucleus
began to shrink in size. The time of furrowing onset was scored as the frame in which the first
cortical indentation (aka shallow deformation) that proceeded to furrow formation was
observated. Membrane ingression in the one-cell C. elegans embryos is asymmetric: although
furrowing onset occurs fairly uniformly around the circumference, one furrow (the leading
furrow) transitions to the back-to-back membrane (BB) configuration faster and ingresses
farther; the other furrow forms with more variable timing (Maddox, Lewellyn et al. 2007). Thus

measurements of back-to-back membrane and furrow ingression are only reported for the leading
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furrow and could only be scored accurately in fluorescence in the NMY-2::mKate2 background.
BB formation was scored as the first frame where the membranes changed from a “V”
configuration to back-to-back membranes where a furrow tip was visible. To measure ingression
rate, the Manual Tracking plugin in Fiji software (Schindelin, Arganda-Carreras et al. 2012) was
used to track the movement of the furrow tip until cytokinesis completion. The tracked distance
during the first 50 seconds after BB was divided by time to give an average velocity. For this and
all analyses, a sample of at least n = 10 embryos was obtained for each genotype. However, in
some cases embryos were excluded so the final n for each genotype varies. In particular, because
misoriented spindles at late anaphase could affect signaling from the spindle to the cortex and
impact cytokinesis separately from LET-99’s function in furrowing, only embryos in which the
spindle was aligned on the anterior-posterior axis by mid-anaphase were quantified for
cytokinesis assays. In addition, we observed that a small number of let-99(dd17) embryos
appeared to have a much slower cell cycle overall, where the time for all stages was
approximately 1.5x that of other let-99 embryos and controls, and the spindle at NEB plus 160s
was clearly still in metaphase instead of anaphase. We thus used failure to progress into anaphase
in a timely fashion as a criterion to exclude such embryos from all single and double mutant
analyses using let-99(dd17). This slow phenotype was not observed after RNAI of let-99.
Furrowing measurements were assembled in excel and then imported into Prism for statistical
analysis and graphing.
Analysis of cortical contractile ring components

To measure enrichment of contractile ring components for Fig.1B, B’, mean pixel
intensity values corresponding to a 20 pixel x 60 pixel region of interest placed over the forming

furrow were obtained and normalized to the signal on the posterior side of the contractile ring.
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For measurements of GFP::ANI-1, measurements were made at ~90 sec after anaphase onset, as
determined by monitoring mCherry: H2B labeling of the DNA in cross section. The
GFP::AHPH and GFP::Utrophin strains did not have a DNA marker; for these, measurements
were made within 20-50 sec after furrowing onset, which is similar in timing to 90 sec after
anaphase onset. To determine the number of GFP::Utrophin foci at the cortex in cyk-1
backgrounds (Fig.1 C, C’), images were first thresholded in ImagelJ using the Shanbhag image
thresholding plugin with a minimum value of two pixels required to define a focus. Foci were
then counted using the Particle Analysis tool in Fiji (Schindelin et al., 2012) either over the entire
cortex or in a 20 x 60 pixel ROI over the furrow region. Data were compiled in Microsoft Excel
and then exported into Prism for statistical analysis.
Analysis of spindle positioning and elongation

Parameters of nuclear and spindle positioning were measured in Image J

(https://imagej.nih.gov/ij/) using the line and angle tools, as shown in Fig. 3 and the

corresponding text. Centration and rotation were measured at NEB. The position of the posterior
spindle pole and spindle length were measured at NEB plus 160 sec, when anaphase spindles
have elongated in controls embryos, but furrowing has not initiated. Measurements were
compiled in Microsoft Excel and then exported into Prism for statistical analysis.
Analysis of cortical stability

Protrusions were measured manually by scoring the first frame where a deformation of
the cortex was observed (start) and the first frame where the protrusion had completely
disappeared (resolution). The total time was calculated as (resolution frame — start frame) x
frame rate. In controls, undulations of the entire cortex and protrusions near the furrow typically

lasted only 10 or 20 sec, but an occasional deformation lasted 30 sec. Therefore, only protrusions
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lasting 40 sec or longer were scored as persistent. In all let-99 embryos that were imaged through
the second division, furrow protrusions began during one-cell cytokinesis or within 90 sec of
furrowing completion, and all protrusions resolved before the AB cell underwent NEB. For
scoring other genotypes, movies that lasted at least 400sec after NEB were used to score the the
number of protrusions that initiated. For quantifying mean persistence time, only protrusions that
resolved before the movie ended were used. The persistence of polar extrusions were measured
in a similar manner. Data were assembled in excel and then imported into Prism for statistical

analysis and graphing.
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Figure 2. LET-99 antagonizes branched actin.

(A) Images from DIC time-lapse microscopy illustrating nuclear envelope breakdown (NEB) and
furrowing onset (FO) for the listed genotypes during the first cell division. Scale bar is 10
microns. Time is shown relative to NEB. Anterior is to the left in this and all figures. (A”)
Quantification of time from NEB to FO. (B, C) Cortical images of representative embryos
expressing components of the contractile ring as labeled. All images are scaled to the same pixel
intensity values. Box in top left panel show the ROI of 20 x 60 pixels used to determine the
average pixel intensity at the contractile ring for all quantifications shown in B’ and C’, where
the normalized pixel intensity = value box on contractile ring/value of box on posterior cortex.
(D, E) The number of foci were quantified either for the entire cortex or in an ROl of 20 x 60
pixels placed over the contractile ring. (F, G) Quantification of time from NEB to FO in the
listed genotypes. Control was the wild-type N2 strain; control and dd17 data in A’ and F are the
same. In all, error bars represent + SD. Statistical significance was determined using Anova with
multiple comparisons via the Sidak method for graphs in panels A’ and D-G. Unpaired student
ttests were used for B* and C’. ns = not significant (p > 0.05). See Supplementary Table S1 for
specific P values.
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Figure 2

FO BB Ingression AB cell BB

Figure 3. let-99 embryos exhibit a delay in the transition from furrowing onset to back-to-
back membrane formation that is rescued by loss of CED-10.

(A) Images from fluorescent time-lapse microscopy of a representative NMY-2::GFP control
embryo during the first two divisions. Scale bar is 10 microns. Time is shown relative to NEB
and stages measured are shown: furrowing onset (FO), back-to-back membrane formation (BB)
and furrow ingression (at BB plus 50 sec); white arrowhead identifies the leading furrow used
for measurements (see Methods). (B-E) Quantification of times for stages as labeled in the one-
cell embryo and in the AB cell of two-cell embryos. Error bars represent = SD. Statistical
significance was determined using Anova with multiple comparisons via the Sidak method. ns =
not significant (p > 0.05). See Supplementary Table S2 for specific P values.
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Figure 4. Loss of CED-10 does not affect one-cell spindle positioning.

(A) Images from DIC microscopy of representative embryos with the listed genotypes at stages
labeled. White arrowheads indicate the centrosomes. Anterior is to the left. Scale bar is 10
microns. (B) Schematic diagrams of measurements. Centration was determined by expressing the
midpoint of the nuclear/centrosomal complex at NEB as a percentage of embryo length where
anterior = 0% and posterior 100%. Rotation was measured as the angle between a line drawn
along the anterior/posterior axis and a line connecting the centrosomes at NEB. As a readout for
overall spindle placement, the position of the posterior centrosome as a percentage of % embryo
length was measured at 160 sec after NEB. The length of the spindle was determined at 160 sec
after NEB. Error bars represent = SD. (C-F) Quantification of spindle positioning and elongation.
Statistical significance was determined using Anova with multiple comparisons via the Sidak
method. ns = not significant (p > 0.05). See Supplementary Table S3 for specific P values.
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let-99(RNAI)  ced-10(t1875

ced-10(t1875);

Figure 5. LET-99 and CED-10 enhance each other’s cortical instability phenotypes late in
cytokinesis.

(A) Stills from time-lapse DIC movies of the listed genotypes. Scale bar is 10 microns, anterior
is the left. Black arrowheads mark persistent protrusions near the cytokinesis furrow; white
arrowheads mark ectopic furrows that form in the protrusion. Time is shown relative to NEB =0
seconds. Frames were chosen to illustrate the relative timing of different types of cortical activity
described in the text, starting at furrowing onset or one frame after. (B) Quantification of the
number of protrusions per embryo that lasted 40 sec or more. (C) Quantification of the
persistence time of protrusions. Error bars represent + SD. Statistical significance was
determined using Anova with multiple comparisons via the Sidak method. ns = not significant (p
> 0.05). See Supplementary Table S4 for specific P values.
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Figure 6. LET-99 and ANI-1 act in parallel to promote timely onset of furrow ingression
and cortical stability.

(A) Quantification of the time to furrowing onset. (B-E) Quantification of centration, rotation,
posterior spindle pole position and spindle length measured as in Fig. 4. (F) Images from time-
lapse DIC movies of the listed genotypes. Anterior is to the left and times (t) are relative to
NEB = 0. Arrowheads mark extrusions. Scale bar, 10 um. (G) Quantification of the number of
extrusions lasting 40 sec or more, per embryo. (H) Quantification of the persistence time of
extrusions. Control and dd17 embryos are the same as in Fig. 1. Error bars represent + SD.
Statistical significance was determined using Anova with multiple comparisons via the Sidak
method. ns = not significant (p > 0.05). See Supplementary Table S5 for specific P values.
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Supplemental Files

Fig. 1A’ NEB — Furrowing Onset interval (seconds)

b r r *
Condition Mean | SD n ANOV‘A." Sidak
comparison p-value
control 178.2 108 |11 N/A N/A
let-99(dd17) 2175 | 189 |8 vs WT 0.0001
. vs WT 0.0003
let-99(RNAI) 2104 | 210 |14 vs let-99(dd17) 0.6376

Fig. 1B’ Contractile ring (normalized pixel intensity)

Unpaired t test with Welch’s

Condition Mean | SD n .

comparison p-value
GFP::AHPH  control 1.40 |0.14 10 N/A N/A
GFP::AHPH let- 1.44 | 0.09 11 vs control 0.3708
GFP::ANI-1  control 2.15 |0.61 15 N/A N/A
GFP::ANI-1 let- 2.07 |0.56 11 vs control 0.7407
GFP::Utr control 1.84 |0.31 10 N/A N/A
GFP::Utr let- 1.82 |0.21 11 vs control 0.8551
Fig. 1C° GFP::Utrophin in contractile ring (normalized pixel intensity)

Unpaired t test with Welch’s

Condition Mean | SD n -
comparison p-value
cyk-1(RNAI) 128 1014 |12 N/A N/A
let-99(dd17);cyk- 130 0415 |10 vs cyk-1(RNAI) | 0.7403
Fig. 1D Foci over entire cortex (number)
Condition Mean | SD N Unpaire:d t test with Welch’s
comparison p-value
cyk-1(RNAI) 173 9.2 12 N/A N/A
let-99(dd17);cyk-1(RNAI) | 51.2 | 28.2 10 vs cyk-1(RNAI) | 0.0041
Fig. 1E Foci in contractile ring (number)
Condition Mean | SD N Unpaire:d t test with Welch’s
comparison p-value
cyk-1(RNAI) 0.5 0.6 12 N/A N/A
let-99(dd17);cyk-1(RNAI) | 4.7 2.8 10 vs cyk-1(RNAIi) | <0.0001
Fig. 1F, G NEB - Furrowing Onset interval (seconds) v
Condition Mean | SD n ANOVA’ Sidak *
comparison p-value
control 178.2 1108 |11 N/A N/A
let-99(dd17) 2175 [189 |8 vs WT 0.0002
arx-2(RNAI) 1845 220 |10 vs WT 0.8931
: vs WT 0.1952
let-99(dd17);arx-2(RNAI) | 1944 | 194 |9 vs 1et-09(dd17) | 0.0499
let-99(RNAI) 2104 |21.0 |14 vs WT <0.0001
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ced-10(t1875) 1823 | 169 |13 vs WT 0.9596
ced-10(t1875);let- vs ced-10(t1875) | 0.9922
99(RNAI) R e 0.0005

* Ordinary one-way ANOVA followed by Sidak's multiple comparisons test

Table S2. Statistics corresponding to data presented in Fig. 2

Fig. 2B NEB — Furrowing Onset interval (seconds

Ordinary one-way ANOVA followed

Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value

control 181.7 | 11.6 |15 N/A N/A

let-99(dd17) 2357 | 19.0 |14 vs WT <0.0001

ced-10(t1875) 191.0 | 9.9 10 vs WT 0.4547

ced-10(t1875);let- vs WT 0.0938

99(dd17) 1954 117.7 112 1 et 99(dd17) | <0.0001

Fig. 2C Furrowing — Back-to-Back interval (seconds)

Ordinary one-way ANOVA followed

Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
control 38.3 199 15 N/A N/A
let-99(dd17) 704 |120 |14 vs WT <0.0001
ced-10(t1875) 46.0 |13.7 |10 vs WT 0.3613
ced-10(t1875);let- vs WT 0.0209
99(dd17) 513 1103 112 F et 90(dd17) |0.0004
Fig. 2D Ingression rate (microns/second)
Ordinary one-way ANOVA followed
Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
control 0.149 | 0.030 | 14 N/A N/A
let-99(dd17) 0.121 | 0.015 | 9 vs WT 0.0753
ced-10(t1875) 0.136 | 0.032 | 8 vs WT 0.7608
ced-10(t1875);let- vs WT 0.9863
99(dd17) DS D08 e vs 1et-99(dd17) | 0.2777

Fig. 2E AB cell NEB — Back-to-Back inte

rval (seconds) in mKate2::

NMY -2 background

Ordinary one-way ANOVA followed

Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value

control 2128 |179 |14 N/A N/A

let-99(dd17) 2469 (243 |12 vs WT 0.0002

ced-10(t1875) 193.8 | 23.8 |12 vs WT 0.0740

ced-10(t1875);let- vs WT 0.3860

99(dd17) 19951140 110 et 99(dd17) | <0.0001
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Table S3. Statistics corresponding to data presented in Fig. 3

Fig. 3C Centration at NEB (% Embryo Length)

Ordinary one-way ANOVA followed

Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
WT 48.2 2.5 11 N/A N/A
let-99(RNAI) 58.8 2.8 14 vs WT <0.0001
ced-10(t1875) 48.7 2.2 13 vs WT 0.9805
ced-10(t1875);let- vs WT <0.0001
99(RNAI) O3 118 112 e 99(RNAD | 0.3869
Fig. 3D Spindle angle at NEB (degrees)
Orginary one-way ANOVA followed
Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
WT 11.8 | 144 11 N/A N/A
let-99(RNAI) 46.3 | 228 |14 vs WT 0.0005
ced-10(t1875) 251 |184 |11 vs WT 0.4045
ced-10(t1875);let- vs WT <0.0001
99(RNAI) 9 267 112 vs let-99(RNAI) | 0.6904
Fig. 3E Posterior centrosome position at NEB + 160s (% Embryo Length)
Orginary one-way ANOVA followed
Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
WT 79.1 |20 11 N/A N/A
let-99(RNAI) 733 |21 14 vs WT <0.0001
ced-10(t1875) 775 |20 13 vs WT 0.1828
ced-10(t1875);let- vs WT <0.0001
99(RNAI) 735 115 1 vs let-99(RNAI) | 0.9994
Fig. 3F Spindle length at NEB + 160s (microns)
Ordinary one-way ANOVA followed
Condition Mean | SD n by Sidak's multiple comparisons test
comparison p-value
WT 218 |19 11 N/A N/A
let-99(RNAI) 184 |15 14 vs WT <0.0001
ced-10(t1875) 206 |23 13 vs WT 0.3200
ced-10(t1875);let- vs WT 0.0002
99(RNAI) 185 106 1 vs let-99(RNAI) | >0.9999
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Table S4. Statistics corresponding to data presented in Fig. 4

Fig. 4B Protrusions per embryo (number)

Ordinary one-way ANOVA
Condition Mean | SD | n | foromed by Sidik's multiple

comparison p-value
WT 0 0 9 N/A N/A
let-99(RNAI) 0.6 0.8 10 vs WT 0.1834
ced-10(t1875) 0.4 0.5 10 vs WT 0.5553
ced-lO(t}875);Iet- 12 0.8 10 vs WT 0.0010
99(RNAI) vs let-99(RNAI) | 0.1640

Fig. 4C Persistence of protrusions (seconds)

Ordinary one-way ANOVA
followed by Sidak's multiple

Condition Mean | SD n comparisons test
comparison p-value
let-99(RNAI) 1492 1819 |6 N/A N/A
ced-10(t1875) 625 [222 |4 N/A N/A
ced-10(t1875);let- vs ced-10(t1875) | 0.0044
99(RNAI) 24251929 |8 e 99(RNAI) | 0.0913

Table S5. Statistics corresponding to data presented in Fig. 5

Fia 5A Furrawina onset (secands after NER)

Condition Mean | SD n | ANOVA_Sidak *
comnarison n-value
WT 1782 108 11 N/A N/A
1et-99(dd17) 2175 189 ol vs \WWT 0.0002
ani-1(RN A 1815 172 13 vs \WWT 09864
let-99(dd17);ani- 259.2 | 239 |12 vs WT <0.0001
1/DNLA N v/s let-99(dd17) <0.0001
Fia_5R Centration at NFR (9% Fmhrva | enath) _
Condition Mean SD n | ANOVA. Sidik *
comnarison n-value
WT 48 2 25 11 N/A N/A
1et-99(dd17) 593 36 10 vs \WWT <0 0001
ani-1(RN A 49 4 25 13 vs \WWT 08138
let-99(dd17);ani- 59.6 3.3 12 vs WT <0 0001
1/DNLA N Vs let-99(dd17) 0.9988
Eia 5C Snindle anale at NFR (deqrees) _
Condition Mean SD n | ANOVA._ Sidak *
comnarison n-valiie
WT 118 14 4 11 N/A N/A
1et-99(dd17) 400 257 10 vs \WWT 0.0021
ani-1(RN A 208 130 13 vs \WWT 0.6022
let-99(dd17);ani- 30.5 16.8 12 vs WT 00500
1/DNLA N Vs let-99(dd17) 06164
Fio 5D Posterior centrasome naosition at NFB + 160s (% Embrvo | enath)
Condition Mean SD n | ANOVA. Sidik *
combnarison | n-value
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WT 791 20 11 N/A N/A
1et-99(dd17) 729 24 10 vs WT <0.0001
ani-1(RNAIi) 807 1.6 13 vs WT 0.2588
let-99(dd17);ani- 73.9 2.6 12 vs WT <0.0001
1/DNLA i\ Vs let-99(dd17) 0.7624
Fio. 5F Snindle lenath at NEB + 160s (microns) _
Condition Mean SD n | ANOVA. Sidak *
comnarison n-value
WT 218 19 11 N/A N/A
1et-99(dd17) 172 11 10 vs WT <0.0001
ani-1(RNAIi) 220 19 13 vs WT 0.9962
let-99(dd17);ani- 17.3 1.2 12 vs WT <0.0001
1/DN AN vs let-99(dd17) 09994
Fia 5G Fxtrusions ner emhrva (numbher _
Condition Mean | SD n ANOVA. Sidak *
combarison n-valile
WT 0 0 12 N/A N/A
let-99(dd17) 058 11 8 vs WT 04476
ani-1(RNAI) 08 07 11 vs WT 0 4534
i : vS ani-1(RNA) 0.0002
let-99(dd17);ani-1(RNAI) | 1.8 0.9 12 Ve let.99(dd17) 00010
Fia 5H Persistence of extrusions (secaonds) _
Condition Mean | SD n ANOVA. Sidak *
combarison n-valile
let-99(dd17) 90 0 141 4 N/A N/A
ani-1(RNAI) 500 173 5 N/A N/A
i : vs ani-1(RNAI) 0.2092
let-99(dd17);ani-1(RNAI) | 90.9 57.1 24 e let.99(dd17) 09993

* Ordinary one-way ANOVA followed by Sidak's multiple comparisons test

Supplemental Movies

All movies are oriented with anterior to the left. Original movies were taken at either 1 frame per
5 secs or 1 frame per 10 sec as indicated, but playback speed has been adjusted so that all play at

same speed; timestamp is relative to NEB=0.

Movie 1_N2_control (10-second frame interval).

Movie corresponds to embryo used for the control in Figs 1,3-5.
Movie 2_let-99(RNAI) (5-second frame interval).
Movie corresponds to embryo used for Fig. 4; embryo has time to furrowing onset in the control

range, but exhibits persistent protrusions near the furrow.

Movie 3_ced-10(t1875) (10-second frame interval).
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Movie corresponds to embryo used for Fig. 4; embryo exhibits excess cortical activity of the AB
cell; small bleb structures are also visible early in the one-cell stage and again later at the two-

cell.

Movie 4_ ced-10(t1875) let-99(RNAI) (10-second frame interval).
Movie corresponds to embryo used for Fig. 4; embryo has time to furrowing onset in the control
range, but exhibits persistent protrusions near the furrow after the first division. Small bleb

structures are also visible before NEB of the one-cell stage.

Movie 5_let-99(dd17) (10-second frame interval).
Movie corresponds to embryo used for Fig. 5; embryo has delayed furrow onset and exhibits

polar protrusions at the anterior membrane and one persistent protrusion near the furrow.

Movie 6 _ani-1(RNAI) (10-second frame interval). Movie corresponds to embryo used for Fig.
5; embryo exhibits a posterior polar extrusion during anaphase and protrusions near the furrow

after division.

Movie 7_ ani-1(RNAI); let-99(dd17) (10-second frame interval).

Movie corresponds to embryo used for Fig. 5; embryo exhibits an anterior polar extrusion during
anaphase that travels from the bottom around the pole before resolving, and a second anterior
extrusion that travels from the top around the pole. Embryo also exhibits a persistent furrow

protrusion.
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Chapter 111

The Racl homolog CED-10 is a component of the MES-1/SRC-1 pathway for mitotic
spindle positioning in the C. elegans EMS blastomere

Helen Lamb, Matgorzata Liro, Krista Myles, Holly Anderson, and Lesilee S. Rose

Department of Molecular and Cellular Biology, University of California, Davis

Contributions: Dr. Liro collected and scored some of the EMS spindle rotation data presented
in Figure 3. Dr. Rose performed the experiment testing for presence of gut granules (Figure 5)
and analyzed the resulting data. Ms. Myles acquired and analyzed the GFP::LIN-5 and
GFP::CED-10 data presented in Figures 8 and S2, respectively. Under my supervision, Ms.
Anderson generated the ced-10(t1875);GFP::CED-10 strain used in Figures 6 and S4 and
acquired and analyzed the EMS spindle rotations presented in Figure S4. | performed all other

experiments and analyses and wrote the manuscript with editorial feedback from Dr. Rose.
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Abstract

Asymmetric cell division is essential for the creation of cell types with different identities and
functions. This study centers on the asymmetric division of the endoderm/mesoderm progenitor
EMS at the four-cell stage of the Caenorhabditis elegans embryo. In response to two partially
redundant signals from its neighbor P2, the spindle of EMS rotates onto the anterior-posterior
axis of the embryo. These two signals are a Wnt/Frizzled pathway and a pathway defined by the
receptor MES-1 and the kinase SRC-1. Dynein and several adaptor proteins, which together
exert microtubule pulling forces in other contexts, contribute to EMS spindle orientation
downstream of both pathways. Endoderm fate is specified in one resulting daughter cell by
continued Wnt/Frizzled and MES-1/SRC-1 signaling from P2. A previous study identified a role
for the Racl homolog CED-10 in EMS spindle rotation. Our genetic analyses place CED-10 in
the MES-1/SRC-1, downstream of MES-1 and upstream or at the level of SRC-1. We provide
evidence that CED-10 may promote EMS spindle rotation through regulation of branched actin.
Finally, we show that CED-10 contributes to cortical localization of a key dynein adaptor,

NuMA (LIN-5).

Introduction

Asymmetric cell division is the process by which dividing cells give rise to daughter cells
with different identities and fates. This type of division occurs in all multicellular organisms and
is necessary for cell type diversification during both embryonic development and adult tissue
homeostasis (Inaba and Yamashita 2012), (Venkei and Yamashita 2018). A key aspect of
asymmetric division is alignment of the mitotic spindle along a specific axis (D'avino, Glover et

al. 2005), (Morin and Bellaiche 2011), (McNally 2013). In many metazoan cell divisions
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requiring an oriented spindle, the microtubule pulling forces necessary to move the spindle are
generated by the asymmetric localization of a conserved cortical complex. This complex
contains the minus-end directed motor dynein, its partner dynactin, and the adaptor protein
NuMA/Mud (LIN-5 in worms). The complex can be recruited to the cortex by various adaptor
and anchor proteins (Morin and Bellaiche 2011), (McNally 2013), (di Pietro, Echard et al. 2016).
Multiple possible sources exist for the cue that instructs spindle orientation (di Pietro, Echard et
al. 2016). One mechanism that is central to many types of metazoan asymmetric divisions is the
establishment of molecular asymmetry at the cortex by PAR proteins, which are highly
evolutionarily conserved (Lang and Munro 2017), (Gillies and Cabernard 2011).

The early Caenorhabditis elegans embryo serves as an excellent model for studying the
molecular mechanisms of asymmetric division: it follows an invariant division pattern that
includes multiple asymmetric divisions. After fertilization, the zygote (or PO cell) establishes
molecular asymmetries that define anterior and posterior embryonic poles. Following pronuclear
meeting, the newly formed mitotic spindle rotates to align with the anterior/posterior axis and
thus division creates an anterior somatic cell, AB, and a posterior germ cell precursor, P1. The
AB daughter divides symmetrically to give rise to ABa and ABp at the anterior and dorsal
aspects of the embryo, respectively. The P1 cell divides asymmetrically to give rise to the EMS
and P2 cells at the ventral and posterior aspects of the embryo, respectively (Rose and Gonczy
2014), (Griffin 2015), which both divide asymmetrically again.

The asymmetric division of the PO cell is instructed by PAR polarity. In these cells, PAR
proteins antagonize one another’s cortical localization to form mutually exclusive “anterior” and
“posterior” domains (Rose and Gonczy 2014), (Lang and Munro 2017). In response to the

formation of the PAR domains, a cytoplasmic gradient of cell fate determinants forms, also along
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the axis of PAR asymmetry (Rose and Gonczy 2014), (Griffin 2015). Also in response to PAR
asymmetry, the force-generating complex described previously localizes asymmetrically on the
cortex and exerts microtubule pulling forces that orient and position the spindle along the axis of
PAR asymmetry (Rose and Gonczy 2014), (di Pietro, Echard et al. 2016), (Srinivasan, Fisk et al.
2003), (Park and Rose 2008). The resulting mitotic division gives rise to daughters that have
inherited different quantities of PARs and cytoplasmic fate determinants and therefore proceed to
adopt different fates. In the asymmetric divisions of P1 and P2, mutually exclusive cortical PAR
domains form again and are thought to instruct asymmetric division through similar mechanisms
(Rose and Gonczy 2014).

In contrast, the asymmetry of the EMS division is generated by two partially redundant
signaling events from the neighboring cell P2: a well-described Wnt/Frizzled/B-catenin pathway
and a poorly understood MES-1/SRC-1 kinase signaling pathway. In response to these pathways,
the mitotic spindle orients to the anterior-posterior axis, which requires a rotation of the spindle
from its initial left-right orientation (Fig. 7A). The anterior daughter of this division, MS,
becomes a mesoderm progenitor, while the posterior daughter E, born adjacent to P2, is induced
to become an endoderm progenitor (Fig. 7B) (Rocheleau, Downs et al. 1997), (Thorpe,
Schlesinger et al. 1997), (Walston, Tuskey et al. 2004), (Bei, Hogan et al. 2002).

Double mutant analysis has been the standard mechanism for assigning genes to one of
the partially redundant EMS asymmetric division pathways. Homozygous maternal loss of
function in the transmembrane tyrosine kinase-like receptor MES-1, the cytoplasmic tyrosine
kinase SRC-1, or any of the known Wnt pathway members causes a low rate of late or failed
EMS spindle rotations and/or failure to specify endoderm, but in the same brood a significant

proportion of embryos proceed normally through EMS division and endoderm induction despite
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the mutation (Rocheleau, Downs et al. 1997), (Thorpe, Schlesinger et al. 1997), (Schlesinger,
Shelton et al. 1999), (Berkowitz and Strome 2000). However, when either mes-1 or src-1 is
combined with mutation of a Wnt pathway component, the rate of spindle rotation failure
increases to ~95%, indicating that these two genes function redundantly with the Wnt pathway.
Furthermore, mes-1 and src-1 mutants have the same low frequency of spindle rotation defects as
mes-1;src-1 double mutants, which means that the two genes operate in the same pathway and
loss of both causes no additional consequences for EMS asymmetric division (Bei, Hogan et al.
2002).

The induction of the E cell to form endoderm is well characterized, especially for the Wnt
pathway. Endoderm fate specification requires the Wnt ligand (MOM-2 in C. elegans, expressed
in the P2 cell), the transmembrane Frizzled receptor (MOM-5), and the effector protein
Disheveled (DSH-2 and MIG-2), as well as other conserved Wnt pathway components
(Rocheleau, Downs et al. 1997), (Thorpe, Schlesinger et al. 1997). Activation of this pathway
ultimately results in nuclear export of the LEF-1/TCF-7 ortholog POP-1 in the E cell, which
allows endoderm-specific gene expression in this cell (Bei, Hogan et al. 2002), (Lin, Thompson
et al. 1995), (Sugioka, Mizumoto et al. 2011). The MES-1/SRC-1 pathway also regulates POP-1
nuclear export, although the precise mechanism is unknown. The MES-1 protein is localized to
the EMS/P2 cell contact, apparently in both cells (Berkowitz and Strome 2000), (Bei, Hogan et
al. 2002). MES-1 is required for activation of SRC-1 at the EMS/P2 contact, based on the
staining pattern of an antibody that detects SRC-1-dependent tyrosine phosphorylation_(Bei,
Hogan et al. 2002). Loss of SRC-1 enhances the POP-1 nuclear export defect of Wnt pathway

mutants (Bei, Hogan et al. 2002), (Sumiyoshi, Takahashi et al. 2011). Thus, both pathways

64



converge to regulate transcription in the E cell through re-localization of the POP-1 transcription
factor.

The mechanism by which the Wnt and MES-1/SRC-1 pathways regulate spindle
orientation in EMS may also converge, in this case on components of the conserved force
generating complex. Loss of the dynein heavy chain (DHC-1), dynactin (DNC-1), or LIN-5
results in strong spindle orientation defects, suggesting these proteins act in both pathways
(Zhang, Skop et al. 2007, Liro 2017). Genetic analyses have shown that although depletion of the
divergent B-catenin WRM-1 has no effect on EMS spindle orientation, loss of WRM-1 rescues
the spindle orientation defects of Wnt (mom-2) and Frizzled (mom-5) mutants. Furthermore, Wnt
pathway components are required to remove WRM-1 from the posterior cortex of EMS near P2.
These data led to the model that removal of WRM-1 “un-masks” a cortical cue for spindle
positioning that may recruit LIN-5 and/or dynein (Walston, Tuskey et al. 2004), (Kim, Ishidate et
al. 2013), (Schlesinger, Shelton et al. 1999). Similar genetic analyses are consistent with the
model that the MES-1/SRC-1 pathway also leads to removal of an inhibitor from the EMS/P2
contact (Liro 2017). However, for both the Wnt and MES-1/SRC-1 pathways, whether other
components are involved and how they ultimately regulate the force-generating complex remain
as open questions.

A previous study using a maternal-effect lethal, putative null allele of the Racl homolog
CED-10, ced-10(t1875), found that CED-10 is part of a Wnt pathway for spindle orientation of
the ABar blastomere in the eight-cell embryo (Cabello, Neukomm et al. 2010). Racl is a member
of the Rho GTPase family, conserved to varying degrees throughout eukaryotes, and is primarily
involved in cytoskeletal regulation across diverse developmental contexts (Boreaux, Vignal et al.

2007), (Bustelo, Sazeau et al. 2007), (Hall 2012), (Duquette and Lamache-Vane 2014). The same
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study reported that ced-10 mutant embryos exhibited abnormal EMS spindle positioning in the
four-cell embryo (Cabello, Neukomm et al. 2010). However, this phenotype was not
characterized, nor was the relationship between CED-10 and the signaling pathways known to
promote EMS spindle positioning. Therefore, we set out to define the genetic and molecular
role(s) CED-10 plays in this asymmetric division. Here we demonstrate that CED-10 works in
parallel with the Wnt/Frizzled pathway in the EMS cell specifically, where it acts downstream of
MES-1 and upstream or at the level of SRC-1 for both spindle orientation and endoderm

specification.

o

EMS P2

() PAR polarity
spnte =10 € = & spindie
positioning% positioning
Endoderm fate = .
specification

(Wnt)

Figure 7. EMS, a daughter cell of P1, divides asymmetrically as instructed by two partially
redundant signals.

(A) Diagram illustrating the progression from two cells to four cells in the early C. elegans
embryo. In all figures throughout this paper, the anterior of the embryo is presented at the left
and the posterior at the right; ventral, defined by the position of the EMS cell, is on the bottom.
(B) Diagram illustrating key features of the two signaling pathways instructing EMS asymmetric
division. EMS is represented on the left, P2 on the right.

Results

The Racl homolog CED-10 contributes to P1 spindle positioning

Prior work by Cabello and colleagues found that CED-10 plays a role in Wnt-instructed

spindle positioning in the ABar cell of the eight-cell embryo. The same study proposed that
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CED-10 performs the same function in EMS, but the early divisions were not analyzed in detail
(Cabello, Neukomm et al. 2010). We previously found that embryos from ced-10(t1875)
homozygous mothers, hereafter referred to as ced-10 mutant embryos, exhibit normal nuclear
and spindle positioning movements during the division of the first cell, PO (Price, Lamb et al.
2022). Because normal EMS division requires successful completion of the first two rounds of
asymmetric division (Fig. 7A), we first characterized P1 spindle orientation in C. elegans
embryos.

To facilitate scoring of subsequent divisions, we generated a strain with ced-10(t1875) in
a GFP::tubulin background and compared embryos from this strain to control GFP::tubulin
embryos. In all control embryos, the P1 nucleo-centrosomal complex rotated onto the anterior-
posterior axis prior to nuclear envelope breakdown (NEB), thus setting up the spindle to form in
the correct orientation. In comparison, 21% of ced-10; GFP::tubulin embryos had a late or failed
P1 spindle rotation (Fig. 8B, C). Consistent with prior published images, ced-10 embryos were
significantly rounder on average than control embryos (p < 0.0001), so we asked whether
decreased aspect ratio corresponded to P1 spindle positioning defects in the GFP::tubulin
background (Cabello, Neukomm et al. 2010), (Fig. 8F, G). Embryos with abnormal P1 spindles
were not rounder than embryos with normal P1 spindles, so the effects of ced-10 on P1 spindle
orientation cannot be explained by abnormal embryo shape. Since P1 spindle rotation is
instructed by PAR polarity, we next observed the localization of mCherry-tagged PAR-2 at the
endogenous locus in a ced-10;GFP::tubulin strain. All embryos scored had normally oriented
PAR-2 domains at the two-cell stage, indicating that CED-10 is not required for PAR polarity at
the two-cell stage. Interestingly, the rate of late or failed P1 nuclear rotations in these embryos

was close to 50%, suggesting that PAR-2::mCherry enhances the ced-10 phenotype (Fig. 8D, E).
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As a consequence of normal P1 asymmetric division in wild-type embryos, the EMS
blastomere is larger than P2 and divides before P2. For ced-10 embryos in which the P1 spindle
oriented with normal timing or late (n=27/29), these asymmetries were present. These results
suggest that CED-10 may have a subtle role in P1 nuclear rotation, but polarity is normal and in
the majority of embryos the P1 cell divides asymmetrically. Because the identities of “EMS” and
“P2” are unclear (i.e., cell sizes are nearly equal and cell cycles are close to synchronous) in
embryos with a completely failed P1 spindle rotation (Fig. S1A, B), those embryos were

excluded from further analysis (see Methods).

68



normal P1 rotation >>

normal P1 rotation

failed P1 ‘rotation

m

normal PAR-2

normal PAR-2

A
Control (n=11/11)
Y

A
ced-10(t1875) (n=12/12)

v e

P1 spindle rotation

100
8 ] =3 normal
_g‘ = late
- m failed
"6 4
o 507
(=] -
S 4
= ]
S ]
< ]
[T 4
o ]
0 T
& P
N &
o Q)
< &
& &
< \Q\
C & D
= 2.0 = 2.0
% Kok ok % ns
3 1.8 | | 3 1.8+
< <
> >
c 1.6 c -
5 1.6 o S 1.6 )
o o
- 1.4+ o =] 1.4
s 5 %
- -’
o 1.2 g e 1.2 o
o o
7 7
< 1.0 T T © 1.0 T T
,\‘D /\Q\ l\f»\ ’\Q\
4 v v
N N &
<© /\‘) ‘0 ,\‘)
& NS N>
Oo Q’\\‘ 0° Q’\\‘
> &
& &
P1 spindle rotation
1001
4 h =3 normal
E‘ = late
& 1 . failed
"6 4
o 907
o 4
]
<
[
o
[
o

69

o

normal
abnormal



Figure 8. The low rate of P1 spindle defects observed in ced-10 embryos is not caused by
PAR polarity defects or embryo roundness.

(A) Representative DIC images of normal and failed P1 spindle rotation in a control and a ced-
10(t1875) embryo, respectively.

(B) Percentage of scored embryos with normal, late, or failed P1 spindle rotation for the
indicated genotypes in a GFP::tubulin background.

(C) Aspect ratio (length/width) of all scored embryos with the indicated genotypes in a
GFP::tubulin background.

(D) Comparison of aspect ratios between embryos with normal vs abnormal P1 spindle rotations
for each indicated genotype in a GFP::tubulin background.

(E) Representative widefield fluorescent images of normal and abnormal P1 PAR-2 domains in a
ced-10(t1875) and a control embryo, respectively.

(F) Percentage of scored embryos with normal, late, or failed P1 spindle rotation for the
indicated genotypes in a GFP::tubulin; PAR-2::mCherry background.

CED-10 is a member of the MES-1/SRC-1 pathway for EMS spindle positioning

We next examined the EMS division in ced-10 embryos with normal or late P1 spindle
rotations. We observed that 43% of ced-10 embryos had a late or failed EMS spindle rotation,
indicating that CED-10’s contribution to EMS spindle orientation is separable from its role in P1
spindle orientation (Fig. 9A, B). Because CED-10 acts in a Wnt-dependent asymmetric division
to orient the spindle of the ABar cell at the eight-cell stage, we considered it a candidate member
of the Wnt pathway for EMS spindle positioning (Cabello, Neukomm et al. 2010). We therefore
set out to score spindle positioning defects in ced-10 mutants depleted of MES-1, expecting that
if CED-10 contributes to Wnt signaling, loss of CED-10 would enhance the rate of defects in a
mes-1 background. Surprisingly, there was no difference in defect rate between mes-1(RNAI),
ced-10, and mes-1(RNAI);ced-10 embryos. Instead, combination of ced-10 with RNAI depletion
of MOM-2 (Whnt) increased the proportion of defective EMS spindle rotation events to 50-60%,
suggesting that CED-10 works through a Wnt-independent mechanism (Fig. 9B). These results
are consistent with a model in which CED-10 plays a positive role in the MES-1/SRC-1
pathway.
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Figure 9. CED-10 acts in the MES-1/SRC-1 signaling pathway for EMS spindle positioning.
(A) Representative stills from timelapse images of GFP::tubulin embryos with the indicated
genotypes, illustrating the three categories of EMS spindle orientation phenotypes observed.
Arrowheads indicate visible EMS centrosomes.

(B) Percentage of scored embryos for each indicated genotype with normal, late, or failed EMS
rotation in a GFP::tubulin background. For ced-10(t1875), mom-2(RNAI), and ced-
10(t1875);mom-2(RNAI), only embryos with normal P1 spindle rotation were included in the
analysis for (E).

CED-10 acts downstream of MES-1 and upstream or at the level of SRC-1

The MES-1/SRC-1 signaling pathway, in addition to its importance in EMS spindle
positioning and endoderm fate specification, is required for P2 asymmetric division (Berkowitz
and Strome 2000, Bei, Hogan et al. 2002). At birth, P2 inherits the posterior PARs uniformly
around the cortex. During the cell cycle, new PAR domains form, but in an orientation different
from the previous P lineage divisions: “anterior” PARs such as PAR-3 localize to the anterior-
dorsal aspect of the cell, while “posterior” PARs including PAR-2 occupy the posterior-ventral
aspect including the EMS/P2 cell contact (Kemphues and Strome 1997, Arata, Lee et al. 2010,
Rose and Gonczy 2014). The spindle orients along the axis of PAR asymmetry. This
reorientation of the PAR domains requires MES-1/SRC-1 signaling (Arata, Lee et al. 2010).

Because MES-1/SRC-1 signaling is reciprocal between the EMS and P2 cells, we
predicted that if ced-10 disrupts MES-1 function, asymmetric division in both cells would be
affected, similar to the mes-1 mutant phenotype. In mes-1 mutants, reciprocal PAR polarity
domains form in the P2 cell but are misoriented in ~90% of embryos; similarly, P2 spindle
orientation is perturbed in ~ 50% (Arata, Lee et al. 2010). Notably, P2 spindle positioning was
normal in 100% of ced-10(t1875) embryos observed in the GFP::tubulin background (Fig. 10A,
B). To assay for PAR polarity, we examined PAR-2::mCherry. In normal embryos, at first the
“posterior” PARs are uniform on the P2 cortex. As the P2 cell cycle progresses, they are cleared

from the posterior dorsal aspect of the cell and replaced by the “anterior” PARs (Arata, Lee et al.
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2010) (Fig. 10C). Control embryos in this strain showed a low frequency of P2 cells that failed to
clear PAR-2::mCherry from the dorsal aspect and a similar frequency of ced-10(t1875) mutant
embryos showed failure to clear, but no misoriented PAR domains were observed. P2 spindle
positioning was also unaffected in this background (Fig. 10C-E).

To further test CED-10’s placement in the MES-1/SRC-1 pathway, we asked whether
MES-1 localization is affected by loss of CED-10. The MES-1 protein is localized exclusively to
the EMS/P2 cell contact in wild-type embryos (Berkowitz and Strome 2000). Antibody staining
of mNeonGreen::3xFLAG::MES-1 expressed at the endogenous locus revealed that MES-1
enrichment at the EMS/P2 cell contact was not decreased by RNAi of CED-10, although other
ced-10 phenotypes were observed (Fig. 10F, Methods). We also confirmed the efficacy of ced-
10(RNAI) treatment by decreased GFP::CED-10 fluorescence in parallel (Fig. S2). Together,

these results indicate that CED-10 acts downstream of MES-1 for EMS spindle positioning.
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Figure 10. CED-10’s role in MES-1/SRC-1 signaling is downstream of MES-1.

(A) Representative widefield fluorescence image of a control embryo expressing transgenic
GFP::tubulin. Arrowheads mark positions of centrosomes in a normally oriented P2 nuclear-
centrosomal complex.

(B) Percentage of scored embryos for each indicated genotype with normal or abnormal P2
spindle positioning in a GFP::tubulin background. For ced-10(t1875), mom-2(RNAI), and ced-
10(t1875);mom-2(RNAI), only embryos with normal P1 spindle rotation were included in the
analysis.

(C) Representative widefield fluorescence images of a control embryo expressing transgenic
GFP::tubulin (cyan) and PAR-2::mCherry (magenta). As the EMS cell cycle progresses, PAR-
2::mCherry clears from the dorsal aspect of P2. Arrowheads mark the approximate position of
the dorsal PAR-2::mCherry domain boundary.

(D) Percentage of scored embryos for each indicated genotype with normal or abnormal P2
PAR-2::mCherry domains in a GFP::tubulin; PAR-2::mCherry background. For ced-10(t1875),
mom-2(RNAI), and ced-10(t1875);mom-2(RNAI), only embryos with normal P1 spindle rotation
were included in the analysis.

(E) Percentage of scored embryos for each indicated genotype with normal or abnormal P2
spindle positioning in a GFP::tubulin; PAR-2::mCherry background. For ced-10(t1875), mom-
2(RNAI), and ced-10(t1875);mom-2(RNAI), only embryos with normal P1 spindle rotation were
included in the analysis.

(F) Representative maximum Z projections from widefield fluorescence microscopy of control
and ced-10(RNAIi) embryos immunostained for the FLAG epitope in a
mNeonGreen::3xFLAG::MES-1 background.

(G) Quantification of anti-FLAG signal intensity at the EMS/P2 contact normalized to
cytoplasmic background.

We next set out to determine whether CED-10 affects SRC-1. SRC-1 has been shown to
be activated by auto-phosphorylation, and immunofluorescence with an antibody that recognizes
SRC-1-dependent phosphotyrosine results in an enriched signal at the EMS/P2 contact compared
to other contacts (Bei et al., 2002). These two observations support a model in which elevated
SRC-1 activity at the EMS/P2 contact contributes to signaling there. However, whether SRC-1
protein per se is enriched at that contact is unknown because the localization of SRC-1 has not
been examined in the four-cell embryo. We thus hypothesized that asymmetric localization of
SRC-1 in the four-cell embryo contributes to EMS spindle positioning. We observed the
localization of SRC-1 tagged with GFP at the endogenous locus and found that SRC-1::GFP is

cortically localized, but not enriched at the EMS/P2 contact at the four-cell stage (Zhu, Chai et
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al. 2020). These results together with prior findings suggest that the asymmetric localization of
SRC-1 activity is caused by asymmetric activation of SRC-1 at the EMS/P2 contact. SRC-
1::GFP localization was not altered by ced-10(RNAI) (Fig. 11A, B).

We next stained four-cell embryos with the anti-phosphotyrosine antibody as a reporter
of SRC-1 activity. While phosphotyrosine was still enriched at the EMS/P2 contact in ced-
10(t1875) embryos compared to other contacts, many embryos showed less enrichment than in
wild-type (Fig. 11C, D). However, the average enrichment of the ced-10 embryos was higher
than for mes-1 embryos, which had no enrichment of Y99 signal at the EMS/P2 contact, as
previously reported (Bei, Hogan et al. 2002). We also noted that the cytoplasm-normalized
intensity of phosphotyrosine signal decreased slightly but significantly at the P2/ABp contact in
ced-10(t1875) but not mes-1(bn7) embryos (Fig. S3). We interpret this as evidence that some of
the observed decrease in enrichment at the EMS/P2 contact is due to a change in the P2 cell, but
since there is no apparent consequence to P2 asymmetric division, we did not investigate further.
Together these results indicate that CED-10 contributes to the activity of SRC-1, to the
localization of the active subset of SRC-1 protein, and/or to the localization of SRC-1
phosphorylation substrates.

SRC-1 activity is required for both EMS spindle positioning and endoderm fate
specification in the E daughter cell. Since CED-10 was shown to promote SRC-1 activity at the
EMS/P2 contact, we asked whether loss of CED-10 perturbs both SRC-1 dependent processes by
quantifying GFP::POP-1 nuclear asymmetry. As previously published, POP-1 levels in the
nucleus of the E daughter cell were lower than in its sister cell MS, and RNA.I depletion of the
Whnt ligand MOM-2 resulted in a slight reduction in the asymmetry index between the nuclei

(Fig. 11E, F) (Lin, Thompson et al. 1995), (Thorpe, Schlesinger et al. 1997), (Sugioka and Sawa
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2010). A similar degree of equalization was observed in ced-10(RNAI). While on average the
asymmetry index was not significantly different among the three groups, 15% of both mom-
2(RNAI) and ced-10(RNAI) embryos had values below the control range. In addition, we tested
whether loss of CED-10 affects the differentiation of endoderm tissue by assaying the presence
of gut granules in late-stage embryos. Prior work showed that although loss of MES-1 or SRC-1
alone did not affect endoderm formation, loss of either MES-1 or SRC-1 enhanced the gut
granule minus phenotypes of Wnt pathway mutants (Bei et al. 2002). Virtually all ced-10(t1875)
embryos exhibited gut granules. Although mom-2 mutants lack gut granules with variable
penetrance, most mom-2(RNAI) embryos form gut (Rocheleau et al. 1997, Thorpe et al. 1997).
Combining ced-10(t1875) with mom-2(RNAI) enhanced the proportion of embryos without gut
granules compared to loss of mom-2 alone (Fig. 11G). These data indicate that CED-10 is
required for proper specification of endoderm tissue in parallel with Wnt signaling. Together
with the results of anti-phosphotyrosine staining, this observation suggests that CED-10 acts
upstream of both EMS spindle positioning and endoderm fate specification by promoting

enhanced SRC-1 activity at the EMS/P2 contact.
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Figure 11. CED-10’s role in MES-1/SRC-1 signaling is upstream or at the level of SRC-1.
(A) Representative confocal fluorescence images of GFP::SRC-1 in control and ced-10(RNAI)
embryos.

(B) Cortical GFP::SRC-1 fluorescence intensity, normalized to cytoplasm, at both the EMS/P2
and EMS/ABp contacts in the indicated genotypes.

(C) Representative widefield fluorescence images of embryos stained for SRC-1-dependent
phosphotyrosine in the indicated genotypes.

(D) Staining Enrichment Index of EMS/P2 contact over EMS/ABp contact in the indicated
genotypes (“Enrichment Index;” see Methods for details).

(E) Representative widefield fluorescence images of GFP::POP-1 in the indicated genotypes.
(F) Relative enrichment of MS nuclear fluorescence, expressed as a ratio with E nuclear
fluorescence (“Nuclear Enrichment Index;” see Methods for details).

(G) Proportion of embryos with and without gut granules in the indicated genotypes.

CED-10 and ARX-2 are localized at cell contacts at the four-cell stage

To gain insight into the function of CED-10 in MES-1/SRC-1 signaling, we characterized
the localization of GFP::CED-10 in four-cell embryos. We used a randomly integrated fusion
transgene under transcriptional control by the ced-10 promoter and crossed it into a ced-
10(t1875) background (Lundquist, Reddien et al. 2001),(Ziel, Hagedorn et al. 2009). Expression
of GFP::CED-10 rescued embryonic lethality sufficiently to maintain the strain as homozygous
ced-10(t1875) and the embryos appeared less round. However, we noted qualitatively that
GFP::CED-10;ced-10(t1875) embryos exhibited many small cortical protrusions throughout the
first few mitotic divisions, similar to ced-10(t1875) embryos (Price, Lamb, et al. 2022). We next
tested whether the fusion protein rescued CED-10 function in the early embryo by scoring EMS
divisions following mom-2(RNAi). We found that ced-10(t1875);GFP::CED-10 embryos
depleted of MOM-2 did not have an enhanced rate of defective spindle orientations compared to
control embryos depleted of MOM-2 (Fig. S4A). This result confirmed that GFP::CED-10
expression is sufficient to rescue the EMS spindle phenotype of ced-10(t1875). We found that

GFP::CED-10 is present on all cell-cell contacts at the four-cell stage (Fig. 12A) but did not
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detect any asymmetry at the EMS/P2 contact. This localization pattern is consistent with a
cortex-localized mechanism of action for CED-10.

Rac proteins can signal through the WAVE complex or WASp proteins, which both
activate the Arp2/3 complex to nucleate branched actin (Shakir, Jiang et al. 2008, Saenz-Narciso,
Gomez-Orte et al. 2016). Therefore we hypothesized that CED-10 contributes to EMS
asymmetric division by promoting branched actin at the EMS-P2 contact. Although prior studies
have shown that branched actin reporters localize to the cell surface at the one-cell stage and to
cell-cell contacts during ventral enclosure, none have examined the localization of branched
actin at the four-cell stage(Sawa, Suetsugu et al. 2003, Chan, Silva et al. 2018). We visualized
ARX-2, a key member of the Arp2/3 branched actin nucleating complex, with a randomly
integrated ARX-2::GFP fusion transgene under transcriptional control by the arx-2 promoter
(Sarov, Murray et al. 2012). Consistent with our hypothesis, GFP::ARX-2 was present at all
cortical surfaces of the embryo and enriched at the EMS/P2 contact (Fig. 12C). Furthermore,
both overall cortical localization of GFP::ARX-2 and enrichment at the EMS/P2 contact were
decreased with ced-10(RNAI), suggesting that CED-10 increases branched actin levels globally,

but especially at that cell-cell contact (Fig. 12D, E).

80



A GEP:CED-10: ced-10(t1875)

ced-

Control

Cortical ARX-2::GFP D ARX-2::GFP enrichment at EMS/P2 contact

* %k

Figure 12. GFP::CED-10 and ARX-2::GFP are cortically localized and ARX-2::GFP
enrichment at the EMS/P2 contact is CED-10-dependent.
(A) Representative confocal fluorescence image of GFP::CED-10 in a ced-10(t1875)
background (n=3).
(B) Representative maximum Z projections from confocal fluorescence microscopy of ARX-
2::GFP in control and ced-10(RNAi) embryos.
(C) Cortical ARX-2::GFP fluorescence intensity, normalized to cytoplasm, at both the
EMS/P2 and EMS/ABp contacts in the indicated genotypes.
(D) Relative enrichment of cortical fluorescence at EMS/P2 contact in control and ced-
10(RNAI) embryos, expressed as a ratio with EMS/ABp contact (“Enrichment Index;”
see Methods for details).
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Branched actin interacts with Frizzled for proper P1 and EMS spindle rotation

To test whether branched actin contributes to EMS spindle positioning, we examined
spindle rotation events in embryos depleted of ARX-2 by RNAI and in mom-5(zu193) (Frizzled
null) embryos depleted of ARX-2, both in a GFP::tubulin background. Unexpectedly, we found
that 75% of mom-5(zu193);arx-2(RNAI) embryos displayed defective P1 spindle rotation at the
2-cell stage (Fig. 13A); only 15% of mom-5(zu193) and 13% of arx-2(RNAIi) embryos had P1
spindle defects. EMS spindle positioning was then scored in only the embryos with a normal or
late rotation, which would allow for normal fating of the EMS and P2 blastomeres. In this small
subset, 100% of arx-2(RNAi) embryos had normal EMS spindles, but depletion of ARX-2 in a
mom-5(zu193) background enhanced the rate of defective spindle rotations observed in mom-5
alone from 9% to 43% (Fig. 13B).

While ced-10(RNAI) on mom-5(zul193) resulted in a similarly enhanced rate of P1 spindle
defects (45% failed compared to 9% late or failed in mom-5(zu193) and 0% in ced-10(RNAI)),
mom-2(RNAI) on ced-10(t1875) did not cause the same strong enhancement (32% defect rate in
the double, most of which were late, vs ~10-20% in the singles), nor did mom-2(RNAI) on mes-
1(bn7), which resulted in 100% normal P1 rotations (n=4) (Fig. S5A, B). These results suggest
the phenotype is due to a specific interaction between the Frizzled ortholog MOM-5 and the
branched actin cytoskeleton.

The unexpected P1 phenotype raised the possibility that PAR polarity is perturbed in
these embryos, since P1 spindle rotation is instructed by asymmetric PAR localization and
branched actin has been implicated previously both in robust PAR polarity maintenance and in
nuclear positioning in PAR-instructed systems (Rose and Gonczy 2014), (Kemphues, Priess et

al. 1988), (Xiong, Mohler et al. 2011), (Shivas and Skop 2012). We therefore observed
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mCherry::PAR-2 localization at the 2-cell stage in arx-2(RNAi), mom-5(zu193), and mom-
5(zu193);arx-2(RNAIi) embryos. Contrary to our hypothesis, 100% of PAR-2 domains appeared
normal in mom-5(zu193), arx-2(RNAI), and mom-5(zu193);arx-2(RNAi) embryos (Fig. 13D); in
this data set 1/11 control embryos had a misoriented PAR-2 domain with PAR-2 signal
appearing on the lateral cortices of both P1 and AB. Furthermore, the presence of
mCherry::PAR-2 appeared to suppress the genetic interaction of MOM-5 and branched actin
observed in the background of GFP::tubulin alone: only 1/9 mom-5(zu193);arx-2(RNAi) embryos
had defective P1 spindle rotations (Fig. 13C). However, in this background arx-2(RNAI) on
mom-5(zu193) still enhanced the rate of late and failed EMS spindle rotations compared to mom-
5(zu193) alone (69% defective vs 43% in mom-5 and 0% in arx-2), which corroborates our
findings in embryos without mCherry::PAR-2 (Fig. 13E).

In the late C. elegans embryo, CED-10 has been shown to act preferentially through the
WAVE complex, which in worms includes the subunits WVE-1(WAVE), GEX-2 (CYFIP), and
GEX-3 (NCKAP1) (Shakir, Jiang et al. 2008), (Saenz-Narciso, Gomez-Orte et al. 2016) (Soto,
Qadota et al. 2002). Thus to try to target more specifically the population of branched actin that
is regulated by CED-10 and avoid the high rate of defective P1 nuclear rotations, we depleted
MOM-2 in a gex-3(zul196) background. All EMS/P2 pairs appeared to be fated correctly as
determined by unequal size and asynchronous cell cycles; the few P1 rotations we observed in
this data set were normal (n=1 for gex-3(zu196) and n=2 for gex-3(zu196);mom-2(RNAI)). We
observed no defective EMS rotations in gex-3(zu196) embryos and only one late EMS rotation
out of 9 gex-3(zul196);mom-2(RNAI) embryos, despite strong RNAi of MOM-2 as determined by

the enhancement of the mes-1(bn7) phenotype (Fig. 13F).
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Together, these results point to a previously unidentified mechanism involving branched
actin and Frizzled that regulates P1 spindle rotation. In addition to and possibly separate from
this mechanism, our observations support a role for branched actin in MES-1/SRC-1 signaling
for EMS spindle positioning. However, this possible role does not appear to be mediated by

GEX-3, which represents the WAVE/SCAR complex.
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Figure 13. Branched actin works with Frizzled to promote P1 spindle rotation and also
contributes to EMS spindle positioning.

(A) Percentage of scored embryos for each indicated genotype with normal, late, or failed P1
rotation in a GFP::tubulin background.

(B) Percentage of scored embryos for each indicated genotype with normal, late, or failed EMS
rotation in a GFP::tubulin background. Only embryos with normal P1 spindle rotation were
included in the analysis.

(C) Percentage of scored embryos for each indicated genotype with normal, late, or failed P1
rotation in a GFP::tubulin; mCherry::PAR-2 background.

(D) Percentage of scored embryos for each indicated genotype with normal, uniform, or
misoriented P1 PAR-2 domains in a GFP::tubulin; mCherry::PAR-2 background.

(E) Percentage of scored embryos for each indicated genotype with normal, late, or failed EMS
rotation in a GFP::tubulin; mCherry::PAR-2 background.

(F) Percentage of scored embryos for each indicated genotype with normal, late, or failed EMS
rotation in a wild-type background.

CED-10 contributes globally to cortical localization of the dynein adaptor LIN-5/NuMA

Several components of the force-generating complex responsible for asymmetric spindle
positioning at the one- and two-cell stages have been implicated in EMS spindle positioning. For
example, the dynein adaptor LIN-5/NuMA, the dynein heavy chain (DHC-1), and the dynein
partner dynactin (DNC-1) have been shown to be genetically required for the process (Liro and
Rose 2016), (Zhang, Skop et al. 2007). Additionally, LIN-5 localizes to the cortex at the four-cell
stage and is enriched at the EMS/P2 contact (Srinivasan, Fisk et al. 2003), although this
enrichment may be P2 specific (Heppert, Pani et al. 2018). We therefore tested whether loss of
CED-10 affects the localization of LIN-5 (Fig. 14A). Consistent with previously reported LIN-5
localization patterns, LIN-5 tagged with GFP at the endogenous locus was localized to the cortex
at the four-cell stage and enriched at the EMS/P2 contact in control embryos (Srinivasan, Fisk et
al. 2003), (Portegijs, Fielmich et al. 2016), (Heppert, Pani et al. 2018); (Fig. 14B). We found that
the ratio of signal intensities at the EMS/P2 contact vs the EMS/ABp contact was not affected
(Fig. 14C). However, ced-10(RNAi) embryos did have lower overall levels of cortical GFP::LIN-

5, indicating that CED-10 promotes LIN-5 cortical localization on a global scale (Fig. 14B).
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Figure 14. CED-10 contributes globally to localization of the dynein adaptor LIN-5 at the
four-cell stage.

(A) Representative confocal fluorescence images of GFP::LIN-5 in control and ced-10(RNAI)
embryos.

(B) Cortical GFP::LIN-5 fluorescence intensity, normalized to cytoplasm, at both the EMS/P2
and EMS/ABp contacts in the indicated genotypes.

(C) Relative enrichment of cortical fluorescence at EMS/P2 contact in control and ced-10(RNAI)
embryos, expressed as a ratio with EMS/ABp contact (“Enrichment Index;” see Methods for
details).

Discussion

The same studies that originally identified a role for Wnt signaling components in EMS
asymmetric division also found that one of the four granddaughters of AB, ABar, requires Wnt
(MOM-2), Frizzled (MOM-5), and Disheveled (DSH-2, MIG-5) to orient its mitotic spindle with
the left-right axis of the embryo, in contrast with the anterior-posterior orientations of the other

three AB4 spindles (Rocheleau, Downs et al. 1997), (Thorpe, Schlesinger et al. 1997). This

86



spindle orientation, like the analogous process in EMS, was shown to be transcription-
independent (Schlesinger, Shelton et al. 1999), (Walston, Tuskey et al. 2004). In many contexts
throughout the animal kingdom, including in left/right symmetry breaking in C. elegans, non-
canonical Wnt signaling can regulate the actin cytoskeleton to alter cell behavior in a
transcription-independent manner (Schlessinger, Hall et al. 2009), (Pohl and Bao 2010). Thus
when the Racl homolog CED-10, an actin regulator, was found to act in the Wnt pathway for
cell corpse engulfment and to contribute to EMS and ABar spindle positioning, the rational
prediction was that its role in EMS spindle positioning was also as a member of the Wnt pathway
(Cabello, Neukomm et al. 2010).

Here we demonstrate that in the four-cell embryo, CED-10 does play a role in EMS
asymmetric division, but it works as a member of the MES-1/SRC-1 pathway in parallel to Wnt
signaling. SRC-1 has also been shown to contribute to ABar spindle positioning, where its
precise role is unknown, but it is thought to be part of the Wnt pathway (Walston, Tuskey et al.
2004, Sumiyoshi, Takahashi et al. 2011). Thus, the two systems, although similar, may not be
directly comparable.

Our analyses demonstrate that CED-10 acts downstream of MES-1 and upstream or at the
level of SRC-1, to influence both spindle positioning and endoderm fate specification. Notably,
this function of CED-10 is specific to the EMS cell, as we observed no defects in the asymmetric
division of the P2 cell in ced-10 embryos.

Given that MES-1 and anti-phosphotyrosine immunostaining are both enriched at the
EMS/P2 contact, we hypothesized that asymmetric localization of other components of the MES-
1/SRC-1 pathway might contribute to the molecular mechanisms involved in signaling. GFP-

tagged versions of SRC-1 and CED-10 were present at cell-cell contacts, but they were not
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enriched at the EMS/P2 contact, nor was SRC-1 localization altered by ced-10(RNAIi). We did
find that CED-10 contributes to the enrichment of SRC-1-dependent phosphotyrosine at that
contact. However, the nature of the antibody used for this immunostaining experiment, the
ability of SRC-1 to autophosphorylate, and the lack of known SRC-1 phosphorylation targets in
this context make it impossible to distinguish whether CED-10 affects phosphorylated (active)
SRC-1, other phosphorylated SRC-1 targets, or both. Together, these observations do not support
a model dependent on asymmetrically localized CED-10 or SRC-1. Instead, we propose that
asymmetrically activated CED-10 promotes the cortical recruitment, organization, and/or
retention of active SRC-1 and/or SRC-1 phosphorylation targets at the EMS/P2 contact.

Two additional pieces of evidence support our conclusion that CED-10 acts upstream or
at the level of SRC-1 as a regulator not only of EMS spindle positioning but also of endoderm
fate specification. First, the levels of GFP::POP-1 transcription factor were partially equalized
between the E and MS blastomeres in ced-10(RNAIi) embryos. Second, the proportion of
embryos without gut granules was enhanced in ced-10(t1875);mom-2(RNAI) embryos compared
to embryos lacking either CED-10 or MOM-2. The fact that loss of CED-10 affects both aspects
of EMS asymmetric division suggests that CED-10 regulates either SRC-1 itself, or SRC-1
phosphorylation targets common to both processes.

The mechanistic link, if any, between SRC-1 regulation by CED-10 and the regulation of
spindle positioning and endoderm fate specification remains unclear. Understanding this
mechanism requires identification of the effector(s) directly regulated by CED-10 and SRC-1.
One possible connection between CED-10 and SRC is myosin: SRC-1 localization has been
previously shown to require activated myosin, and a known effector of CED-10 in other contexts

is the PAK family member PAK-1, which can phosphorylate and activate the myosin light chain
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(Liu, Maduzia et al. 2010), (Chircop 2014), (Nguyen, Kholodenko et al. 2018). Another possible
link is the actin cytoskeleton: one of the major roles of CED-10 and other Racl homologs is to
promote the formation of branched actin in various contexts, and cortical actin dynamics are
critical in maintaining signaling molecules such as SRC-1 at the cortex (Mattila, Batista et al.
2016). Indeed, in this study we showed not only that the branched actin nucleator ARX-2/Arp2 is
enriched in a CED-10 dependent manner at the EMS/P2 contact during EMS spindle rotation,
but also that depletion of ARX-2 enhanced the rate of EMS spindle defects in a mom-5/Frizzled
background. Intriguingly, the EMS spindle defect enhancement was not observed when we
combined mom-2 depletion with mutation of the WAVE/SCAR complex member GEX-3
(NCKAP1). This result suggests that while CED-10 dependent branched actin may have a role in
EMS asymmetric division, this role is not mediated by the WAVE/SCAR complex as in other
contexts where CED-10 promotes branched actin formation.

Our results support the hypothesis that a key consequence of CED-10 activity in the
MES-1/SRC-1 pathway is cortical recruitment of the dynein adaptor LIN-5 (NuMA). We found
that CED-10 contributes globally to absolute cortical GFP::LIN-5 levels, but the relative
enrichment of GFP::LIN-5 at the EMS/P2 contact was unaffected by ced-10(RNAI). This finding
presents a plausible mechanism for CED-10’s connection to the dynein-containing force-
generating complex previously implicated in EMS spindle positioning. Furthermore, it is
consistent with previous observations implicating asymmetric LIN-5 localization in the
asymmetric division of P2 but not that of EMS (Heppert, Pani et al. 2018).

During our studies focused on EMS asymmetric division, we unexpectedly identified a
previously unreported role for CED-10 in P1 spindle positioning. We also uncovered an apparent

genetic interaction between branched actin and the Frizzled ortholog MOM-5 at the two-cell
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stage. In the absence of MOM-5, branched actin depletion with RNAI against arx-2 or ced-10
caused a high rate of failed P1 spindle rotations. This interaction may also be enhanced by the
presence of GFP-labeled tubulin in the strain background, since there was a low rate of P1
spindle defects in the mom-5 mutant strain alone, and this phenotype has never been reported for
this allele previously. Interestingly, the presence of mCherry-labeled PAR-2 appeared to
suppress the enhancement.

One possible interpretation of these observations is that CED-10-mediated branched actin
promotes P1 spindle rotation in parallel to a mechanism requiring MOM-5 and properly tuned
microtubule dynamics. This model would be consistent with previous findings implicating both
Frizzled/MOM-5 and the adenomatous polyposis coli (APC) homolog APR-1 in regulation of
microtubule dynamics during mitotic spindle positioning. Key observations reported in these
prior studies include 1) the ligand-independent enrichment of MOM-5 on the posterior cortices
of various asymmetrically dividing somatic cells; 2) the MOM-5 and PAR-3 dependent
enrichment of APR-1 on the anterior cortex of the zygote PO; 3) the MOM-5 dependent
enrichment of APR-1 on the anterior cortex of EMS itself; and 4) the ability of cortical APR-1 to
stabilize astral microtubules and thus attenuate spindle pulling forces (Park, Tenlen et al. 2005),
(Sugioka, Mizumoto et al. 2011), (Sugioka, Fielmich et al. 2017). We propose that like PO
spindle positioning, P1 spindle rotation is driven in part by APR-1 modulation of microtubule
pulling forces. Considering the enhanced rate of P1 rotation defects observed with loss of both
branched actin regulators and MOM-5, we further propose that branched actin is required in the
absence of this mechanism.

The results of this study add detail and complexity to our knowledge of the diverse

functions of Racl and shed light on a relatively poorly understood type of asymmetric division.
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Not only do these insights contribute to a deeper understanding of the cellular and molecular
principles of asymmetric division and Racl signaling under normal conditions; we may also

leverage them to address diseases associated with dysregulation of the process.
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Methods

Nematodes were maintained on Modified Youngren’s, Only Bacto-Peptone (MYOB) seeded

with E. coli OP50; worms were maintained at ambient temperature (22-24°C), except during

RNAI treatment (see below) or in the case of temperature sensitive strains (RL292 [mes-1(bn7);

GFP::tubulin] was maintained at 16°C)(Church, Guan et al. 1995),(Stiernagle 2006).

Table of strains used with attributions

Strain number | Genotype Source
FM126 unc-119 (ed3); ruls57 [pAZ147: pie-1/B- Cortez et al. 2015. eL.ife
tubulin::GFP; unc-119 (+)]; itls37 [unc- 4:e06056.
119(+) pie-1::mCherry::H2B]; him-8 (e1489)
[\
GOU3475 src-1(cas605[src-1::gfp CRISPR knock-in]) I | Zhu et al. 2020. PNAS
117(25): 14270-14279
JR1904 wls117 [med-1p::GFP::pop-1::med-1 3'UTR | Maduro MF, LinR &
+ rol-6(su1006)] Rothman JH. 2002. Dev
Biol 248: 128-142.
LP527 mes-1(cp240[mes-1::mMNG-C1"3xFlag] Heppert et al. 2018.
Genetics 208, 1147-1164.
NK336 qyls28 [ced-10p::GFP::ced-10; unc-119(+); Lundquist et al. 2001.
unc-119(ed4) Development 128: 4475-
4488.
RL262 mom-5(zu193)unc-13(e1091)/hT2 I; hT2/+ Liro & Rose 2016. Genetics
I1; ruls57[pie-1::GFP::tubulin unc-119(+)] 204: 1177-1189.
RL292 mes-1(bn7) 1V; ruls57[pie-1::GFP::tubulin Liro & Rose 2016. Genetics
unc-119(+)] 204:1177-1189.
RL359 ced-10(t1875)dpy-20(e1282)/nT1[qls51] This study
RL393 ced-10(t1875) dpy-20(e1282)/ nT1 This study
[qIs51(pha::GFP)] IV; ruls57[pie-
1::GFP::tubulin unc-119(+)]
RL412 PAR-2::mCherry unc-119+ II; unc-119(ed3) | This study
I11; ced-10(t1875)dpy-20(e1282)/nT1[qls51]
IV; ruls57[pie-1::GFP::tubulin unc-119(+)];
+/nT1[qls51] V
RL440 qyls28 [ced-10p::GFP::ced-10; unc-119(+); This study
unc-119(ed4); ced-10(t1875)dpy-
20(?)/nT1[qgls51] IV; +/nT1[qls51] V
RL443 par-2(it315[mCherry::PAR-2 unc-119(+)]) This study
I11; unc-119(ed3) I11; GFP::tubulin V
SV1589 lin-5 (he244[egfp::lin-5]) 1l Portegijs et al. 2016. PLOS
Genetics 12(10): e1006291.

92




TH246 unc-119(ed3) Il1; ddIs159[arx- Sarov et al. 2012. Cell
2::TYL1::EGFP::3XxFLAG(92C12) + Cbr-unc- | 150(4):855-66.
119(+)].

RNA interference

For all target genes, RNAIi was performed by feeding as described, with the modification of
adding IPTG to the bacterial culture, to a final concentration of 1mM, just prior to seeding the
culture on the feeding plates(Ahringer 2006). Plates were kept in the dark at 4°C for no more
than 5 days prior to use. Except for ced-10, all constructs were obtained from the Ahringer
library (Kamath et al. 2003). Construct information, feeding conditions, and criteria for inclusion

are listed in Table 3.

Table 3. Constructs and conditions used for RNAI

Construct Hours Temperature Criteria for inclusion
(Cosmid no.) feeding
arx-2 (V-7TM13)  48-52h 20°C Many small cortical extrusions at early

embryonic stages (Pohl & Bao 2010);
older siblings from same brood with failed
ventral enclosure (Patel et al. 2008).
mom-2 (V-6A13) 36-48h 20°C mom-2(or42) performed in parallel on
mes-1(bn7) resulted in enhanced rate of
late or failed EMS spindle rotations.
wve-1 (I-6A05) 48-52h 20°C Many small cortical extrusions; older
siblings from same brood with failed
ventral enclosure (Shakir et al. 2008).

The ced-10 RNAI clone we obtained from our institution’s Ahringer library (IV-1J04) was
sequenced and found to contain empty L4440 vector with no insert. We therefore generated an
RNAI feeding construct by subcloning the ced-10 cDNA region of pPR37 (constructed by Peter
Reddien, courtesy of Erik Lundquist) into the L4440 vector using Ncol and Sacl restriction
enzymes. After confirming the sequence of the transformant clone in E. coli strain HT115, we
scored EMS spindle rotation in mom-5(zu193); ced-10(RNAIi) embryos to determine that CED-10

knockdown was sufficient to induce an enhanced EMS spindle phenotype after 48-52h feeding at
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20°C. We also noted the presence of many small cortical extrusions at early embryonic stages,
similar to the cortical instability we previously reported for ced-10(t1875) (Price, Lamb et al.
2022). We further demonstrated knockdown efficacy by quantifying the depletion of fluorescent
protein in GFP::CED-10; ced-10(RNAI) embryos after 48-52h at 20°C. Exact protocols for each

experiment using ced-10(RNAI) are listed in Table 4:

Table 4. Detailed protocols for RNAI depletion of CED-10

Reporter Hours feeding Temperature Criteria for inclusion
anti-FLAG stainingon  28-29 Ambient Round embryos with many small
MNG::3XFLAG::MES-1 (21-23°C) cortical extrusions
GFP::SRC-1 48-52 16°C ced-10(RNAi) on mom-2(or42)

performed in parallel resulted in
enhanced rate of late or failed EMS
spindle rotations

GFP::POP-1 27-38 Ambient Round embryos with many small

(21-23°C) cortical extrusions, ~20% late or

failed EMS spindle rotations

Gut granules 40-48 16°C ced-10(RNAi) on mom-2(or42)
performed in parallel resulted in
enhanced rate of late or failed EMS
spindle rotations

ARX-2::GFP 48-52 16°C ced-10(RNAi) on mom-2(or42)
performed in parallel resulted in
enhanced rate of late or failed EMS
spindle rotations

GFP::LIN-5 20-40 20°C ced-10(RNAi) on GFP::CED-10
performed in parallel resulted in
total absence of GFP::CED-10
cortical fluorescence

Live widefield microscopy

Embryos were removed from gravid hermaphrodites in 1x Egg Buffer, mounted on 2% agarose
pads under coverslips, and observed on an Olympus BX60 microscope equipped with PlanApo N
60X, 1.42 NA oil immersion objective lens, a CoolLED light source, a Hamamatsu Orca 12-bit

digital camera, and MicroManager software(Strange, Christensen et al. 2007),(Hardin 2011).
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To score P1, EMS, and P2 spindle positioning, images were acquired every 10 s with an
exposure of 10 ms in bright field illumination. Focus was manually adjusted to follow
centrosomes during each division. In strains expressing GFP::tubulin, acquisition was switched
to 488 nm light at approximately NEB of ABa and ABp to follow centrosomes and spindles
more easily. Two strains without GFP::tubulin were used: WM43 [gex-3(zu196)] and [mom-
2(or42)]. For these, centrosomes were followed by imaging with DIC microscopy and manually
adjusting the focus.

To visualize P1 and P2 PAR-2::mCherry localization, single-plane images were acquired every
10 s from approximately NEB of ABa and ABp until the completion of P2 cytokinesis. Each
acquisition exposed the sample to 200 ms of 560 nm light.

To visualize GFP::POP-1, 4-cell embryos were identified and observed under brightfield
illumination until the completion of P2 cytokinesis. 5-6 minutes after P2 cytokinesis, two single-
plane images were taken of each embryo, one in the central focal plane of the MS blastomere and
one in the central focal plane of the E blastomere, with an exposure of 250 ms of 488 nm light
for each image.

To visualize GFP::CED-10, single-plane images were acquired with an exposure of 100 ms
every 30 s.

Confocal microscopy

Embryos were removed from gravid hermaphrodites and mounted on 2% agarose pads under
coverslips. All the following fluorescent GFP reporters, except for GFP::LIN-5, were observed
using the spinning disc module of an Intelligent Imaging Innovations (3i) Marianas SDC Real-
Time 3D Confocal-TIRF microscope fit with a Yokogawa spinning disc head, a 60x 1.4

numerical aperture oil-immersion objective, and EMCCD camera. A 488 nm laser at 100%
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power was used to illuminate samples. Acquisition was controlled by Slidebook 6 software (3i
Incorporated). To visualize GFP::SRC-1, single-plane images were acquired with an exposure of
500 ms every 30 s. To visualize GFP::CED-10, single-plane images were acquired with an
exposure of 250 ms every 30 s. To visualize ARX-2::GFP, Z-stack images were acquired with a
total depth of 14 um and a step size of 2 um at an exposure of 500 ms every 30 s. Maximum Z
projections were generated for a timepoint 30-90 s prior to EMS NEB, as scored by the loss of
exclusion of fluorescent signal from the nucleus.

GFP::LIN-5 was observed on a Nikon Ti2 with a Yokogawa CSU-X1 spinning disc head, a 100x
1.45 numerical aperture oil-immersion objective, and a Hamamatsu ORCA Flash 4.0 camera. To
visualize GFP::LIN-5, single-plane images were acquired with an exposure of 250 ms of 488 nm
light at 25% laser power every 30 s.

Scoring of asymmetric division

P1 centrosomes were clearly visible under brightfield illumination. A “normal” P1 rotation was
defined as a nucleo-centrosomal complex that achieved a near-perpendicular angle relative to the
AB mitotic spindle prior to P1 NEB. A “late” P1 rotation was defined as a spindle that rotated
onto a near-perpendicular angle after P1 NEB, but prior to P1 cytokinesis onset, and where the
centrosome maintained close contact with the AB/P1 cell contact. A “failed” P1 rotation was
defined as a spindle that did not rotate but maintained a near-parallel orientation relative to the
AB mitotic spindle throughout the P1 division. Only embryos with “normal” P1 rotations, or
“late” P1 rotations followed by asynchronous cell cycle timing of EMS and P2, were included in
analysis of EMS and P2 spindle positioning.

A “normal” P1 PAR-2 domain was defined as a cap of mCherry::PAR-2 that formed on the

posterior surface of the P1 cell before P1 NEB. A “misoriented” P1 PAR-2 domain was defined
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as a restricted domain of mCherry::PAR-2 that formed on a part of the P1 surface other than the
posterior.

EMS and P2 spindles were scored using GFP::tubulin labeled spindles. A “normal” EMS spindle
rotation was defined as a nucleo-centrosomal complex that achieved a near-parallel orientation
relative to the anterior/posterior body axis prior to EMS NEB. A “late” EMS rotation was
defined as a spindle that rotated onto a parallel angle after EMS NEB, but prior to EMS
cytokinesis onset. A “failed” EMS rotation was defined as a spindle that divided more than 45°
off the anterior-posterior axis in any direction.

A “normal” P2 spindle orientation was defined as a nucleo-centrosomal complex that achieved
an approximately 45 angle relative to the EMS spindle and oriented toward the EMS/P2 contact
so that one centrosome appeared to be touching the contact. We noted that in all GFP::tubulin
backgrounds, some P2 centrosomes appeared to migrate into the correct positions rather than
migrating to opposite sides of the nucleus and then rotating as a unit into the correct orientation.
An “abnormal” P2 spindle orientation was defined as a spindle that did not orient and translocate
as just described.

A “normal” P2 PAR-2 domain was defined as a restricted domain of mCherry::PAR-2 that
formed on the posterior-ventral corner of P2 before P2 NEB. “Abnormal” P2 PAR-2 domains
included uniform presence of mCherry::PAR-2 on the entire surface of P2 and the presence of
two distinct domains on the dorsal and ventral corners of P2 with clearing of mCherry::PAR-2
from the posterior cell surface in between.

To determine if embryos produced intestinal cells (an E derivative), embryos were mounted on
agar pads as outlined for imaging of early divisions above. After filming some embryos to

confirm spindle positioning phenotypes (e.g., in RNAI conditions), these and sibling embryos on
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agar pads were incubated in a moist chamber at 16°C for 18-24 hr (a time by which wild type
embryos hatched). Polarization optics were used to identify the presence of birefringent gut
granules, which are a marker of intestinal differentiation (Laufer, Bazzicalupo et al. 1980).

Immunostaining

For immunostaining, embryos were dissected in PBS from gravid hermaphrodites onto slides
coated with poly-L-lysine, then they were freeze-cracked according to (Duerr 2006). To stain
SRC-1 dependent phosphotyrosine, slides were immediately fixed in prechilled methanol at -
20°C for 5 min, followed by 5 min in ice-cold acetone. Slides were then air-dried at room
temperature for 5-10 min or until fixatives had completely evaporated. Slides were rehydrated in
PBS for 5 min. Nonspecific binding was prevented by gently pipetting 50 uL of blocking
solution (5% w/v bovine serum albumin in PBS + 0.1% v/v Tween) onto the samples and
incubating slides in a moist chamber for 2 hr at room temperature. After wicking excess blocking
solution away with a Kimwipe on the edge of the slide, samples were incubated overnight in a
4°C moist chamber in 50 uL of primary antibody solution (Santa Cruz Biotech mouse
monoclonal PY99 diluted 1:200 in PBS + 1% w/v bovine serum albumin + 0.1% v/v Tween).
The following morning, slides were washed 3x in PBS + 0.1% v/v Tween. Excess PBS + Tween
was wicked away with a Kimwipe; samples were covered with 50 uL secondary antibody
solution (Alexa594-congugated goat monoclonal anti-mouse diluted 1:200 in PBS + 1% w/v
bovine serum albumin + 0.1% v/v Tween) and incubated in a moist chamber for 2 hr at room
temperature. Slides were washed 3x in PBS + 0.1% v/v Tween, once in PBS, and excess PBS
was wicked away with a Kimwipe before mounting in 20 uL of Vectashield mounting medium

with a 20 x 40 mm coverslip. The edges of the coverslip were carefully sealed with nail polish.
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To stain mNG::3xFLAG::MES-1, the same protocol was used, omitting the acetone fixation and
subsequent air-drying step. The primary antibody was Invitrogen mouse monoclonal anti-FLAG,
diluted 1:500.

To visualize SRC-1-dependent phosphotyrosine staining and anti-FLAG staining on
mNeonGreen::3xFLAG::MES-1, images were acquired in the focal plane of the EMS/P2 contact
with an exposure of 200 ms of 560 nm light on the Olympus BX60 microscope described above.
4-cell embryos between EMS prophase and EMS anaphase onset, as scored by the appearance of
DAPI-stained chromosomes in the UV channel, were analyzed.

Analysis of cortical fluorescence intensity

To quantify the relative enrichment of various fluorescent reporters at the EMS/P2 contact over
other cell-cell contacts, the “Segmented Line” tool in ImageJ was used to trace a 3-pixel-wide
line along the EMS/P2 contact as well as the EMS/ABp contact. The “Measure” function was
used to determine the mean fluorescence intensity within the area covered by the line traces. The
same line traces were placed approximately 5 pixels from the cell-cell contacts and well outside
the dark nuclear regions to sample mean cytoplasmic fluorescence intensity within EMS, P2, and
ABp. The fluorescence intensity of each cell-cell contact was then normalized to the mean
cytoplasmic intensity of the two cells on either side of it. “Enrichment Index” was calculated as
the ratio of cytoplasm-normalized EMS/P2 contact fluorescence to the ratio of cytoplasm-
normalized EMS/ABp contact fluorescence. A value of 1 indicates no difference in relative
cortical fluorescence intensity between the two cell-cell contacts, i.e., no enrichment.

Analysis of nuclear fluorescence intensity

To quantify the relative enrichment of GFP::POP-1 in the MS blastomere nucleus over the E

blastomere nucleus, a circular region of interest (ROI) with a diameter of 55 pixels (~8um) was
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created in ImageJ and placed over each nucleus measured as well as the adjacent cytoplasm of
the respective cell. The “Measure” function was used to determine the mean fluorescence
intensity within the area covered by the ROI. The fluorescence intensity of each nucleus was
then normalized to the mean cytoplasmic intensity of the cell containing it. “Nuclear Enrichment
Index” was calculated as the ratio of cytoplasm-normalized MS nuclear fluorescence to the ratio

of cytoplasm-normalized E nuclear fluorescence. A value of 1 indicates equally bright nuclei.
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Supplements

Table S1. Comparison of aspect ratios across selected genotypes.

Genotype Mean SD n vs control
(Dunnett’s Multiple
Comparisons Test)

Control 1.57 0.10 12 -
mom-2(RNAI) 1.55 0.09 9 0.5644
ced-10(t1875) 1.34 0.11 10 0.0002
ced-10(t1875);
mom-2(RNAI) 1.30 0.16 11 <0.0001
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Figure S1. Failed P1 spindle rotation corresponds with equalized daughter cell sizes and
synchronized cell cycles at the four-cell stage.

(A) Comparison between control embryos and ced-10(t1875) embryos of the ratio of EMS area
to P2 area immediately following P1 cytokinesis.

(B) Comparison between control embryos and ced-10(t1875) embryos of the interval in seconds
between EMS NEB and P2 NEB.
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Figure S2. ced-10 RNAI decreases fluorescence in a GFP::CED-10 transgenic line.
(A) Representative images from widefield fluorescent microscopy of GFP::CED-10 rescue
embryos with and without ced-10(RNAI).
(B) Quantification of total background-corrected embryonic fluorescence intensity of
GFP::CED-10 rescue embryos with and without ced-10(RNAI).
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Figure S3. Cortical phosphotyrosine signal in ced-10(t1875) embryos is decreased
substantially at the EMS/P2 contact and slightly at the P2/ABp contact. The cortical signal
intensity, normalized to cytoplasm, at the EMS/P2 contact, the P2/ABp contact, and the
EMS/ABp contact are compared across the indicated genotypes.
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Fig. S4. GFP::CED-10 transgene rescues key ced-10 phenotypes in a ced-10(t1875)
background.

(A) Percentage of scored embryos with normal, late, and failed EMS spindle rotations for the
indicated genotypes in a GFP::tubulin background vs a GFP::CED-10 transgenic rescue
background. Note that the datasets used for “control,” “mom-2(RNAI),” “ced-10(t1875),” and
“ced-10(t1875);mom-2(RNAI)” are the same as in Figure 1.
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Figure S5. ced-10(RNAI) enhances the rate of mom-5(zu193) spindle rotation defects in P1
and EMS.

(A) Percentage of scored embryos with normal, late, and failed P1 spindle rotations for the
indicated genotypes in a GFP::tubulin background.

(B) Percentage of scored embryos with normal, late, and failed P1 spindle rotations for the
indicated genotypes in a GFP::tubulin background.

(C) Percentage of scored embryos with normal, late, and failed EMS spindle rotations for the
indicated genotypes in a GFP::tubulin background. Only embryos with normal P1 spindle
rotation were included in the analysis.
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Chapter 1V

Conclusions and Future Directions

Asymmetric cell division is essential for the creation of cell types with different identities
and functions. The cytoskeleton is an essential component of the molecular machinery required
to achieve asymmetric cell division: a molecular cue prompts the microtubule based mitotic
spindle to align according to the axis of cellular asymmetry, following which the mitotic spindle
instructs the formation of an actin- and myosin-based contractile ring that performs cytokinesis,
or the physical separation of the two daughter cells. Coordination of the microtubule
cytoskeleton and the actomyosin cytoskeleton is therefore critically important for successful
asymmetric division.

Here | have presented my contributions to two research projects related to cytoskeletal
regulation during asymmetric cell division, with an emphasis on identifying regulators of the
actin cytoskeleton, defining their roles, and understanding how they work together to modulate
the balance of different forms of actin. The first project aims to understand the role of the
DEPDC1 homolog LET-99, previously characterized as a negative regulator of the dynein-
containing force generating complex during spindle positioning. With others, | demonstrated that
during the first mitotic division LET-99 and a Rac1 homolog, CED-10, play opposing roles in
the regulation of cortical branched actin. The precise balance between the activities of these two
proteins promotes robust and timely cytokinesis. In the second project, | investigated the role of
CED-10 in spindle orientation of the asymmetrically dividing EMS cell. | determined that CED-
10 works upstream or at the level of SRC-1 in the previously identified MES-1/SRC-1 signaling
pathway that promotes EMS spindle orientation and furthermore that CED-10 contributes to

cortical localization of the same dynein-containing force generating complex.
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Although this research was performed in nematodes, the results have broad implications
for all animals because most of the molecular components involved are evolutionarily conserved.
By understanding in detail the mechanisms of different types of asymmetric divisions, we can
understand both normal development and diseases such as cancer, which involves the

dysregulation of asymmetric division.

Summary of key findings

LET-99 and CED-10 have antagonistic roles in regulating the balance of branched vs
linear actin during cytokinesis. These roles appear to be global rather than spatially restricted to
the contractile ring. LET-99’s role as a regulator of cytokinesis is separable from its role in
spindle positioning; furthermore, CED-10 has no role in PO spindle positioning. However, CED-
10 does regulate spindle positioning at the four-cell stage, where it acts downstream of MES-1,
but upstream of SRC-1, to promote EMS spindle rotation and endoderm fate specification. There
is some evidence that CED-10’s molecular function in this context may be to promote branched
actin formation at the EMS/P2 contact, but this evidence is partially contradicted by our findings
that loss of the branched-actin regulator GEX-3 does not enhance the rate of EMS spindle
rotation defects in Wnt/MOM-2-depleted embryos. An additional curious finding is that CED-10
has a previously unreported role in P1 spindle rotation, as do the branched actin nucleator

Arp2/ARX-2 (Arp2) and the Frizzled ortholog MOM-5.

Outstanding questions regarding CED-10’s role in EMS asymmetric division

Two key experiments demonstrated that CED-10 does not affect MES-1 protein
localization, nor is it required for MES-1 dependent asymmetric division in the P2 cell.

However, the reverse relationship was not tested. It is possible that in CED-10 works
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independently of MES-1 to regulate SRC-1 and/or SRC-1 phosphorylation targets. Future
experiments should test whether MES-1 affects the cortical localization and/or activity of CED-
10 during EMS asymmetric division. This information could inform more detailed hypotheses
regarding the mechanism of SRC-1 regulation by CED-10.

A possible mechanistic connection between CED-10 and SRC-1 exists in p21-associated
kinases (PAKSs). In mammalian systems as well as in worms, Rac1/CED-10 activates not only
branched actin regulators, but also myosin and a host of other targets through PAKs (Chircop
2014), (Kumar, Sanawar et al. 2017), (Nguyen, Kholodenko et al. 2018). Importantly, in the
four-cell C. elegans embryo, proper localization of SRC-1 dependent phosphotyrosine has been
shown to require activated myosin (Liu, Maduzia et al. 2010). On a related note, although we
have ruled out a model in which CED-10 promotes the enrichment of SRC-1 protein itself at the
EMS/P2 contact, our limited knowledge of SRC-1 phosphorylation targets in this context and our
lack of a reporter for active SRC-1 make it impossible to distinguish whether CED-10 is required
for SRC-1 activation, for recruitment and/or retention of active SRC-1 at the EMS/P2 contact, or
for recruitment and/or retention of some or all SRC-phosphorylation targets at the EMS/P2
contact. However, at least one promising avenue of investigation exists: the divergent [3-catenin
HMP-2 has been identified as a possible substrate for SRC-1 kinase activity in EMS asymmetric
division, where it is removed from the EMS/P2 contact in an SRC-1 dependent manner. In the E
daughter cell, HMP-2 localization to the nucleus is required for endoderm fate specification
redundantly with Wnt-instructed nuclear import of a different f-catenin, WRM-1. HMP-2 is
further required for ABar spindle positioning in parallel with the Wnt pathway (Sumiyoshi,
Takahashi et al. 2011). Although HMP-2 was not tested directly for a role in EMS spindle

positioning, the existing evidence provides a strong rationale for doing so. | did attempt to
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characterize HMP-2 localization in the four-cell embryo using a GFP reporter generated by
CRISPR/Cas9 (Marston, Higgins et al. 2016), but fluorescent signal was not detectable at this
stage. Future studies could use immunofluorescence to detect HMP-2.

Because CED-10 has been identified as a member of a Wnt/Frizzled pathway in the
asymmetric division of the ABar cell, we expected that our genetic analyses would place CED-
10 in the Wnt/Frizzled pathway for EMS spindle positioning as well (Cabello, Neukomm et al.
2010). However, we found that CED-10 works in the MES-1/SRC-1 pathway rather than the
Whnt/Frizzled pathway. Several of our other results were surprising as well. First were the
seemingly contradictory observations that depletion of the branched actin nucleator ARP-2,
which is enriched at the EMS/P2 contact in a CED-10 dependent manner, enhances the EMS
spindle defect of mom-5 (Frizzled), but the WAVE complex component GEX-3 (NCKAP1) has
no EMS phenotype even in combination with MOM-2 (Wnt) depletion. A possible explanation
for this finding is that mammalian Racl can promote branched actin formation through not only
the WAVE complex but also the WASp complex, although others have shown that in the later C.
elegans embryo CED-10 works preferentially through WAVE for morphogenesis and axon
guidance (Soto, Qadota et al. 2002), (Bustelo, Sazeau et al. 2007), (Shakir, Jiang et al. 2008),
(Saenz-Narciso, Gomez-Orte et al. 2016). Another possibility, not mutually exclusive with the
first, is that we uncovered a ligand-independent role for MOM-5 parallel with both the MES-
1/SRC-1 pathway and MOM-5’s known function as a receptor for MOM-2. In many other model
organisms, the Frizzled receptor can initiate signaling by localizing to a restricted domain on the
cell membrane; this mechanism is the basis of planar cell polarity signaling (Yang and Mlodzik
2015). Evidence for a similar phenomenon in worms exists in the one-cell embryo, where MOM-

5 is required to restrict localization of the Adenomatous Polyposis Coli (APC) homolog APR-1
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to the anterior cortex. APR-1, in turn, attenuates microtubule pulling forces and thereby
contributes to spindle positioning (Sugioka, Fielmich et al. 2017). Importantly, MOM-5 localizes
to the posterior membrane of multiple asymmetrically dividing somatic cells, and APR-1
localizes to the anterior cortex of EMS itself (Park, Tenlen et al. 2005), (Sugioka, Mizumoto et
al. 2011). An interesting note is that APR-1 has previously been implicated in endoderm fate
specification, but not in EMS spindle positioning (Rocheleau, Downs et al. 1997). This would be
consistent with not two but three partially redundant pathways ensuring a robust spindle rotation
in EMS.

Additional support for this notion of a third, MOM-5 and APR-1 dependent, spindle
positioning mechanism comes from the fact that in a substantial proportion of embryos lacking
both MOM-5 and Arp2 or CED-10, the asymmetric division of P1 at the two-cell stage was
defective. Although P1 division is thought to be instructed by a PAR and dynein-dependent
mechanism very similar to the one at work in PO, the existing evidence does not rule out a
second, redundant pathway to ensure normal P1 spindle rotation (Rose and Gonczy 2014). The
role of branched actin here is not obvious; although branched actin has been shown to promote
the maintenance of robust PAR domains in the zygote and other embryonic stages, our results
indicate that PAR-2 localization in these embryos is grossly normal (Shivas and Skop 2012).
Regardless, it is apparent that branched actin does play a role in P1 spindle rotation, and that it
does so in parallel with a mechanism involving the Frizzled homolog MOM-5. Whether APR-1
contributes to P1 division remains to be seen.

Another open question is the nature of the relationships between CED-10 and two other
recently identified members of the MES-1/SRC-1 signaling pathway, P1G-1 and LET-99. First

implicated in asymmetric neuroblast division, PIG-1 is the worm ortholog of the maternal
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embryonic leucine zipper kinase (MELK). Mammalian MELK requires phosphorylation for its
own kinase activity, and in C. elegans neuroblast division PIG-1 is phospho-activated by PAR-4
(Ganguly, Mohyeldin et al. 2015). Work by Liro and colleagues has identified an additional role
for PIG-1 in EMS asymmetric division, where it works in the MES-1/SRC-1 pathway for both
spindle orientation and endoderm specification but only slightly influences the accumulation of
enriched phosphotyrosine at the EMS/P2 contact (Liro, Morton et al. 2018). These observations
place PIG-1 downstream of SRC-1 but upstream of both SRC-1-dependent processes, pointing to
the possibility that SRC-1 could phospho-activate PIG-1 in this context. If this is the case, |
predict CED-10 would be required for PIG-1 activation.

LET-99, a homolog of mammalian DEP Domain Containing 1 (DEPDC1) that is best
known for its role in spindle positioning during the first asymmetric division of PO, was also
recently found by our lab to contribute to the MES-1/SRC-1 pathway for EMS asymmetric
division (Liro and Rose 2016). In the context of PO division, it localizes primarily in a posterior-
lateral band at the cortex where it functions as a negative regulator of the dynein-containing
force generating complex to promote asymmetric microtubule pulling forces (Tsou 2002),
(Krueger, Wu et al. 2010). At the four-cell stage, it initially localizes to cell-cell contacts and is
removed from the EMS/P2 contact over the course of the EMS cell cycle. Given these
observations and the fact that loss of LET-99 suppresses rather than enhances the EMS spindle
rotation defects observed in Wnt pathway mutants, the authors concluded that LET-99 works as
a negative regulator of unknown targets, possibly including the same force generating complex,
during the asymmetric division of EMS (Liro and Rose 2016). It would be interesting to test
whether CED-10 and LET-99 interact genetically and/or at a molecular level during EMS

asymmetric division.
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Finally, our results are consistent with previous reports that LIN-5 localization is not
asymmetric in EMS (Heppert, Pani et al. 2018). How does the EMS spindle rotate (i.e., how are
asymmetric microtubule pulling forces generated) if that is the case? | propose that APR-1 and
LET-99 could be the downstream signaling targets of Wnt/Frizzled and MES-1/SRC-1,
respectively, that are partially or completely responsible for asymmetric pulling forces. The
localization pattern of LET-99 opposes almost precisely the localization patterns of MES-1 and
SRC-1 dependent phosphotyrosine, and indeed its removal from the EMS/P2 contact requires
MES-1 function (Berkowitz and Strome 2000), (Bei, Hogan et al. 2002), (Tsou, Hayashi et al.
2003). Similarly, APR-1 localizes to the anterior, dorsal, and ventral cortices of EMS, but not the
EMS/P2 contact, in a Wnt and Disheveled dependent manner (Sugioka, Mizumoto et al. 2011),
(Heppert et al. 2018). These observations lend plausibility to the hypothesis that dynein-
dependent cortical microtubule pulling forces are negatively regulated globally in EMS, except
at the EMS/P2 contact where Wnt/Frizzled and MES-1/SRC-1 signaling remove the negative

regulators.

Outstanding questions regarding LET-99’s role in cytokinesis

In addition to its function as a negative regulator of spindle positioning in both the P
lineage and now EMS, LET-99 has also been shown to contribute to cytokinesis in both
symmetric and asymmetric division (Bringmann, Cowan et al. 2007), (Price and Rose 2017).
Chapter Il reports work done in collaboration with Kari Price and others that further
characterizes the role of LET-99 in cytokinesis of not only PO but also the first somatic cell, AB.
During anaphase, LET-99 localizes to the nascent cytokinetic furrow via a PAR-independent,
spindle-dependent mechanism. Two redundant signaling pathways from the mitotic spindle

promote the concentration of RhoA, a small G protein and key cytoskeletal regulator, to the same
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region of the cortex to initiate assembly of the actin and myosin based contractile ring (Miller
2011), (Chircop 2014). Our lab recently showed that LET-99 can respond to either pathway
(Price and Rose 2017). Here we demonstrate that loss of LET-99 does not affect localization of a
fluorescent reporter for active RhoA, which implies that LET-99 works either downstream of or
in parallel with RhoA. Furthermore, we found that LET-99 globally downregulates the formation
of branched actin in favor of linear actin, and that this function is central to LET-99’s ability to
ensure robust furrow formation and timely cytokinesis.

These findings, and the fact that LET-99 possesses a RnoGAP like domain that might
allow interaction with Rho family GTP aces, raise two interesting questions: first, does RhoA
regulate LET-99, or does LET-99 function independently? Second, what effectors or
intermediates are required for LET-99 regulation of branched actin? Intriguingly, we identified a
genetic interaction between LET-99 and CED-10, the same RAC-1 homolog found to act in
EMS spindle positioning as well as multiple branched actin dependent developmental processes.
Specifically, we showed that loss of CED-10 restores the timing of cytokinesis onset in let-99
mutants. Do these two proteins interact directly or through an intermediate, or do they work
independently to regulate branched vs linear actin? Our lab has identified a candidate
intermediate in Calponin Homology Domain Protein 1 (CHDP-1), which has previously been
shown to work as a cortical anchor for CED-10 during formation of actin-rich cell protrusions
(Guan, Ma et al. 2016). In unpublished immunoprecipitation experiments, Kari Price and
Matgorzata Liro have identified CHDP-1 as a binding partner of LET-99. Future work will
investigate the possibility that these three proteins work together to regulate cortical branched

actin.
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Any discussion of cytokinesis that does not mention the central role of myosin in
generating contractile forces is incomplete. This motor protein “walks” on and crosslinks actin
filaments, whether they are in a branched or linear configuration, and is required for PAR
polarity establishment in the zygote, cytokinesis in all cells, and numerous other processes
(Miller 2011, Lang and Munro 2017). As mentioned previously, active RhoA recruits myosin to
the contractile ring. Our lab has recently shown that loss of LET-99 reduces nonmuscle myosin
levels is it the contractile ring (Price and Rose 2017). It will be interesting to investigate whether
LET-99 promotes myosin accumulationto the furrow as a downstream effector of RhoA or via an
independent mechanism, and whether it does so through a specific mechanism or simply as a
consequence of altered actin dynamics. Another key question is whether CED-10 has any effect
on myaosin concentration at the furrow, in which case | would predict that the normal timing of
cytokinesis onset in ced-10;let-99 double mutants could be explained by restored levels of
myosin there. | have made extensive attempts to address this latter question, but have been
unable to draw strong conclusions from the resulting unpublished data because of various
technical limitations.

One striking aspect of the LET-99 cytokinesis phenotype is the presence in many
embryos of a large cortical protrusion near the cytokinetic furrow, which we call a “wedge.”
Despite CED-10’s ability to rescue cytokinesis timing in let-99 embryos, these double mutant
embryos exhibit this wedge more frequently and the wedge persists longer. This finding implies
that overall cortical structure or organization is perturbed by loss of both proteins. Since the
organization of the cortex determines its mechanical properties including rigidity, and properly
tuned cortical rigidity has been implicated in both spindle positioning and cytokinetic dynamics,

it would be interesting to investigate whether LET-99 and CED-10 have antagonistic effects on
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cortical rigidity as they do on branched actin and whether the wedge might be the result of
excessive or insufficient cortical rigidity (Redemann, Pecreaux et al. 2010), (Gilden and
Krummel 2010).

Over the course of my studies, it has become evident that LET-99 is a multifunctional
protein with important roles in at least three contexts: a specific PAR-dependent role in spindle
positioning in PO, a general role in cytokinesis in both P lineage and somatic cells, and an
apparently MES-1/SRC-1 dependent role in EMS spindle positioning. The impressive versatility
of this protein raises the question of how these different functions are possible and how the
molecular mechanisms may be similar or different across contexts. A LET-99 structure/function
analysis would reveal how LET-99 can interact with context-specific regulators and effectors for

separable roles in spindle positioning and cytokinesis.

Connections between systems and concluding thoughts

Chapters 11 and 111 of this dissertation center on different types of asymmetric cell
divisions, but a common theme in both is the importance of coordinating the actin cytoskeleton
with the microtubule-based mitotic spindle. The best described interaction between these two
structures occurs during cytokinesis, when an actomyosin contractile ring forms in response to
signals from the spindle (Miller 2011, Green, Paluch et al. 2012). However, the actin
cytoskeleton and the mitotic spindle must work together throughout the process of division, not
only during cytokinesis. The mechanical stiffness of the cortex, which is determined by the
organization of the actin cytoskeleton, must be tuned precisely so that the dynein anchored there
can generate microtubule pulling forces to position the spindle; the contractile ring can deform
the membrane; and the cortex can maintain integrity throughout (Gilden and Krummel 2010,

Redemann, Pecreaux et al. 2010). The studies presented in Chapter 11 highlight the importance of
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the second and third points: we identified an oppositional relationship between LET-99 and
CED-10 in organizing actin at the cell cortex during the first mitotic division of the C. elegans
zygote. The studies presented in Chapter Il hint at the first point: I showed that CED-10 is
important for early events in the MES-1/SRC-1 signaling pathway at the four-cell stage and
provided some evidence that its role in this pathway may be via its functions as a regulator of the
actomyosin cytoskeleton. Intriguingly, a role for LET-99 in this pathway has also been identified
(Liro and Rose 2016). The possible connection between LET-99 and CED-10 in the four-cell
embryo should be investigated with a special emphasis on how their relationship might compare

with their antagonistic roles in the first division.
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