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A CRISPR Tagging-Based Screen Reveals Localized
Players in Wnt-Directed Asymmetric Cell Division
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ABSTRACT Oriented cell divisions are critical to establish and maintain cell fates and tissue organization. Diverse extracellular and
intracellular cues have been shown to provide spatial information for mitotic spindle positioning; however, the molecular mechanisms
by which extracellular signals communicate with cells to direct mitotic spindle positioning are largely unknown. In animal cells, oriented
cell divisions are often achieved by the localization of force-generating motor protein complexes to discrete cortical domains.
Disrupting either these force-generating complexes or proteins that globally affect microtubule stability results in defects in mitotic
positioning, irrespective of whether these proteins function as spatial cues for spindle orientation. This poses a challenge to traditional
genetic dissection of this process. Therefore, as an alternative strategy to identify key proteins that act downstream of intercellular
signaling, we screened the localization of many candidate proteins by inserting fluorescent tags directly into endogenous gene loci,
without overexpressing the proteins. We tagged 23 candidate proteins in Caenorhabditis elegans and examined each protein’s
localization in a well-characterized, oriented cell division in the four-cell-stage embryo. We used cell manipulations and genetic
experiments to determine which cells harbor key localized proteins and which signals direct these localizations in vivo. We found
that Dishevelled and adenomatous polyposis coli homologs are polarized during this oriented cell division in response to a Wnt signal,
but two proteins typically associated with mitotic spindle positioning, homologs of NuMA and Dynein, were not detectably polarized.
These results suggest an unexpected mechanism for mitotic spindle positioning in this system, they pinpoint key proteins of interest,
and they highlight the utility of a screening approach based on analyzing the localization of endogenously tagged proteins.
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ORIENTED cell divisions are essential for generating cel-
lular diversity and maintaining tissue architecture dur-

ing development and later, as cells proliferate in established
tissues. The position of the mitotic spindle within a dividing
cell determines the orientation of division (Rappaport 1961;
di Pietro et al. 2016), and both intracellular and extracellular
cues are known to influence mitotic spindle positioning. In
some cases, signals from neighboring cells are important spa-
tial cues for directing mitotic spindle orientation (Goldstein

1995b; Siller and Doe 2008; Gillies and Cabernard 2011;
Werts and Goldstein 2011; Williams et al. 2011; Smith et al.
2017). Evidence from a short, but growing, list of systems
has provided some insight into how signaling between cells
directs mitotic spindle positioning (Le Grand et al. 2009;
Inaba et al. 2010; Ségalen et al. 2010; Werts et al. 2011;
Yoshiura et al. 2012; Habib et al. 2013; Delaunay et al.
2014; Xia et al. 2015). Although signaling molecules play
well-established roles in regulating proliferation and cell
fate, how they function mechanistically to orient cell divi-
sions is less well understood.

During oriented cell divisions, polarity cues direct the local
enrichment of force-generating complexes at specific regions
of the cell cortex (reviewed in di Pietro et al. 2016). These
force-generating complexes consist of adaptor proteins that
recruit and tether the minus end-directed microtubule
motor protein cytoplasmic dynein (hereafter referred to as
“dynein”) to the cell cortex. Through the interaction of cortically

Copyright © 2018 by the Genetics Society of America
doi: https://doi.org/10.1534/genetics.117.300487
Manuscript received November 7, 2017; accepted for publication January 8, 2018;
published Early Online January 18, 2018.
Supplemental material is available online at www.genetics.org/lookup/suppl/doi:10.
1534/genetics.117.300487/-/DC1.
1Present address: Department of Molecular Biosciences, University of Texas at
Austin, Austin, TX 78712.

2Corresponding author: Department of Biology, University of North Carolina at
Chapel Hill, 616 Fordham Hall, Campus Box 3280, Chapel Hill, NC 27599-3280.
E-mail: bobg@unc.edu

Genetics, Vol. 208, 1147–1164 March 2018 1147

https://doi.org/10.1534/genetics.117.300487
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300487/-/DC1
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300487/-/DC1
mailto:bobg@unc.edu


tethered dyneinwith the plus ends of astral microtubules, these
complexes generate pulling forces that position themitotic spin-
dle within cells (Grill et al. 2003; Couwenbergs et al. 2007;
Nguyen-Ngoc et al. 2007; Siller and Doe 2008; Williams et al.
2011). A conserved three protein complex—comprised of the
membrane-anchored protein Gai; the GoLoco and TPR repeat
domain containing protein LGN; and NuMA, which is a micro-
tubule and dynein-associated protein—often functions as the
adapter that recruits dynein to the cell cortex (reviewed in
Kotak and Gönczy 2013; Lu and Johnston 2013; see also
Merdes et al. 1996; Gotta and Ahringer 2001; Couwenbergs
et al. 2007; Park and Rose 2008; Yuzawa et al. 2011). In many
known cases of oriented cell division, including in Drosophila
neuroblast cells and multiple mammalian epithelial tissues,
LGN is the first member of this complex that is positioned
asymmetrically (Siller et al. 2006; Zheng et al. 2010; Peyre
et al. 2011; Werts et al. 2011; Williams et al. 2011; Gloerich
et al. 2017). NuMA can also be cortically enriched to achieve
mitotic spindle orientation and, in some contexts, NuMA func-
tions with partners other than LGN and Gai, including Band
4.1 and Dishevelled (Ségalen et al. 2010; Kiyomitsu and
Cheeseman 2012; Seldin et al. 2013).Mitotic spindles can also
be oriented with symmetric localization of these complexes,
including in the Caenorhabditis elegans zygote, where LIN-5/
NuMA (Srinivasan et al. 2003) and DHC-1/Dynein (Schmidt
et al. 2005) have been shown to be symmetrically localized
during certain key phases of spindle positioning. In this case,
LIN-5/NuMA activity has been shown to be asymmetrically reg-
ulated by phosphorylation (Galli et al. 2011).

Intercellular signaling has been shown to regulate mitotic
spindlepositioning through theenrichmentofmembersof this
complex to discrete domains of the cell cortex (Bergstralh
et al. 2017). For example, in Drosophila sensory organ pre-
cursors, planar cell polarity pathway members Frizzled and
Dishevelled recruit NuMA to one side of the precursor cell to
orient the mitotic spindle along a specific axis (Ségalen et al.
2010). However, it is not clear whether members of this
force-generating complex serve as a universal link between
intercellular signaling pathways and the mitotic spindle, or
whether there are alternative mechanisms by which intercel-
lular signaling pathways can direct mitotic spindle position-
ing. In this work, we set out to better understand the
mechanisms of mitotic spindle positioning directed by the
Wnt signaling pathway, using as a model system the early
C. elegans embryo.

The cell divisions in C. elegans embryos are highly stereo-
typed in both timing and orientation, and some cell divisions
are known to be oriented by specific cell–cell interactions,
making this an attractive system for investigating mecha-
nisms of mitotic spindle positioning by cell–cell signaling
(Goldstein 1995b; Schlesinger et al. 1999). At the four-
cell stage, two neighboring cells—the germline precursor
cell (P2) and the endomesodermal precursor cell (EMS) (see
Figure 1A)—use cell–cell signaling to orient their mitotic spin-
dles toward their shared cell–cell contact. In the P2 cell, signal-
ing through the transmembrane receptor tyrosine kinase-like

protein MES-1 serves as a spatial cue for the cortical enrich-
ment of LGN (GPR-1 and GPR-2 in C. elegans) within P2 at the
contact with EMS (Werts et al. 2011). One pole of the P2 spin-
dle is pulled toward this domain of enriched GPR-1/2/LGN
protein, positioning the spindle asymmetrically within the cell.
However, in the neighboring EMS cell, GPR-1/2/LGN was
found not to be enriched at the cell–cell contact, suggesting
that a different mechanism of signaling-induced oriented cell
division may be operating in EMS (Goldstein et al. 2006;Werts
et al. 2011).

In EMS, contact with P2, members of a highly conserved
Wnt signaling pathway, and the MES-1 signaling pathway
are required for both endodermal fate specification and for
EMS mitotic spindle orientation (Goldstein 1992, 1993;
Rocheleau et al. 1997; Thorpe et al. 1997; Schlesinger et al.
1999; Bei et al. 2002). Although b-catenin-dependent tran-
scription of endodermal genes in the posterior daughter of
EMS is required for endodermal cell fate, spindle positioning
in EMS can occur without new transcription (Schlesinger
et al. 1999). Two separate sets of experiments; one in C.
elegans using isolated Wnt signaling cells and one in cultured
mouse stem cells using purified, immobilized Wnt protein on
beads; have demonstrated thatWnts can act as spatial cues to
direct mitotic spindle positioning (Goldstein et al. 2006;
Habib et al. 2013) (Figure 1B).

Many questions remain that are central to understanding
Wnt-dependent spindle orientation. How does the Wnt sig-
naling pathway provide positional information to drive rota-
tion of the mitotic spindle into a specific axis? Does this
response require enrichment of conserved spindle orientation
pathwayproteins suchasNuMAanddynein, or are thereother
proteins involved? If proteins are enriched asymmetrically,
how does that enrichment occur? In this work, we sought to
address these questions and gain an increased mechanistic
understanding of Wnt signaling-dependent mitotic spindle
positioning.

Because of almost 20 years of interest in this and related
questions, there is a sizable list of genes for which loss-of-
functionmutations, either alone or combined with disrupting
the MES-1 and Src kinase signaling pathway, cause spindle
orientation defects in the EMS cell (Schlesinger et al. 1999;
Bei et al. 2002; Tsou et al. 2003; Walston et al. 2004; Zhang
et al. 2008; Liro and Rose 2016). However, it is not known
which of the identified genes might encode proteins that pro-
vide positional information to the mitotic spindle, and which
have broader functions that are less directly relevant to this
problem (for example, proteins that contribute more broadly
to forming normal mitotic spindles). We view the current
situation as akin to the old joke in which a scientist cuts off
all of a frog’s legs and claps loudly behind the frog. When the
frog does not jump, the scientist concludes that frogs’ ears are
located on their legs. Many more components may be required
for a response to a cue than just the sought-after parts needed
to explain how a cue is initially received and transduced.

Thechallengewesought tomeet in thisworkwas to identify
proteins that might serve as positional cues downstream of
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cell–cell signaling. Therefore, rather than seeking to define
genes that are only required for spindle orientation, we took
a different approach, seeking to use endogenously tagged pro-
tein localization in vivo to screen for key players. We sought to
identify proteins that are (1) cortically localized, where they
could respond to signaling inputs and contribute to force pro-
duction on astral microtubules; (2) asymmetrically positioned

along the ultimate axis of spindle positioning, the anterior–
posterior axis of the embryo; and (3) asymmetrically localized
in the EMS at the right time, during the period of spindle
positioning. To accomplish this, we needed the ability to ac-
curately visualize candidate proteins of interest over time
whileminimizing the likelihoodof disrupting protein functions
or generating overexpression artifacts. We also needed the

Figure 1 Localization of endogenously tagged candidate proteins. (A) Four-cell-stage C. elegans embryos labeled with GFP-histone and GFP-tubulin. Images
are Z-projections through multiple imaging planes. Seconds before EMS cytokinesis are indicated in the bottom right of each image. Below the images are
schematics of the four-cell-stage embryos with all cells labeled: the P2, Wnt signaling cell, is colored purple and the responding EMS cell is colored in green;
illustrating a lateral view of mitotic spindle rotation. The time line shows the period of mitotic spindle rotation as measured from three ventrally mounted
embryos. The vertical lines at the ends of the gray box represent the average time of the beginning and end of rotation (373 and 233 sec prior to cytokinesis)
and the bars encompass the range of measured values. Yellow arrowhead marks the site of cytokinesis in EMS. (B) A cartoon representation of two
previously reported cases of Wnt-directed cell divisions. The source of Wnt (either a cell or a bead) is labeled in purple, and the responding cell whose
division axis is oriented is green. (C) Four-cell-stage embryos from each strain generated. Each image is a single Z-slice through a center plane of an embryo,
except for cam-1, which is a maximum projection. Yellow arrowheads mark cortical sites at which tagged proteins are enriched. Bars, 10 mm.
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ability to make mosaic embryos, to determine which proteins
were localized asymmetrically within EMS rather than only at
the cortex of neighboring cells that contact EMS. Some tools
such as antibodies and transgenic lines existed for certain can-
didate proteins (Supplemental Material, Table S1 in File S1),
but they were not ideal for the purposes above. Therefore, we
took the approach of inserting sequences encoding fluorescent
protein fusion tags into the endogenous genetic loci of proteins
of interest (Dickinson et al. 2013, 2015; Paix et al. 2014). We
used these new strains to visualize the dynamic localizations
of proteins of interest and to determine which are enriched
at the EMS cortex specifically. Surprisingly, we found that
members of the well-studied mitotic spindle positioning ma-
chinery LIN-5/NuMA and DHC-1/dynein were not detectably
enriched asymmetrically in EMS. Instead, we found that two
members of a Wnt pathway required for EMS spindle rotation,
Dishevelled and adenomatous polyposis coli (APC) homologs,
dynamically sort to the anterior and posterior cortex of EMS,
respectively. These results identify specific proteins of future
interest that could regulate spindle positioning either directly
or through local regulation of force-generating complexes, and
they highlight the utility of screening based on analyzing the
localization of endogenously tagged proteins.

Materials and Methods

C. elegans strains

C. elegans animals were cultured on Normal Growth Media
plates, fed Escherichia coli (OP50 strain), and grown at 20�
for experiments. Worms were moved to 25� for incubation
during strain construction. A list of strains generated for this
work is available in Table S2 in File S1. Additional strains
used are as followed: Bristol N2 (wild type), DP38 [unc-119(ed3)
III], and XA3501 ruIs32 [pie-1p::GFP::H2B + unc-119(+)] III.
ojIs1 [pie-1p::GFP::tbb-2 + unc-119(+)].

Repair template construction and gene tagging

Strains were generated using methods from Dickinson et al.
(2013, 2015) and Paix et al. (2014) (protocol used to create
each strain is designated in Table S2 in File S1). The pres-
ence of multiple isoforms, the locations of catalytic or protein–
protein interaction domains, as well as information about the
functionality of previous tags were used to determine the
fluorescent protein fusion site for a given protein (N or C
terminus). Repair templates were constructed by inserting
homology arm PCR products, amplified from worm genomic
DNA, into vectors containing a fluorescent protein and a se-
lection cassette via Gibson Assembly (New England Biolabs,
Beverly, MA) as described in detail in Dickinson et al. (2013,
2015). Cas9 targeting sequences for each gene were selected
using the CRISPR Design Tool (http://crispr.mit.edu). These
sequences were cloned into the Cas9–single guide RNA
expression vector DD162 (Dickinson et al. 2013), and
co-injected into adult germlines with repair templates and
array markers.

Candidate knock-ins were selected by drug treatment and
phenotypic identification [roller (Rol)] as described in
Dickinson et al. (2015) (except where indicated in Table S2
in File S1), and singled to new plates to establish indepen-
dent lines. Candidate knock-ins with 100% Rol progeny were
identified as putative homozygous insertions (C-terminal
tags or nonessential genes); heterozygous insertions were
isolated in the remaining cases (N-terminal tags of essential
genes). To excise selectable elements, Crewas expressed in the
candidate knock-ins, either by injection of a Cre-containing
expression plasmid into the germline (Dickinson et al. 2013),
or by heat-shock expression of Cre from the self-excising cas-
sette (Dickinson et al. 2015). Candidate knock-ins were
checked for expression of inserted tags using a dissecting mi-
croscope (Leica M165FC) equipped with a fluorescence light
source (89 North PhotoFluor LM-75). In some cases, no fluo-
rescence was detected using this method, presumably due to
low gene expression levels. PCR genotyping was used to con-
firm homozygous insertion and removal of selectable makers
in all isolated strains. In the cases of klp-16 and klp-18, we
observed significant embryonic lethality and those strains
were not studied further. Embryonic lethality was quantified
and negligible for the strains examined in Figure 2 and Figure
5 (Table S3A in File S1).

Genomic DNA isolation and genotyping

Genomic DNA was isolated from plates of worms using stan-
dard phenol–chloroform nucleic acid extraction and ethanol
precipitation. Genomic DNA from candidate knock-in strains
and N2 (unmodified) worms were used as templates for gen-
otyping PCR reactions with LongAmp Taq DNA polymerase
(New England Biolabs).

Microscopy

Embryos were dissected from gravid adults in Egg Buffer and
mounted at the two- to four-cell stage on poly-L-lysine-coated
coverslips with 2.5% agarose pads (as described in Marston
et al. 2016). Cells isolated from embryos were mounted in
Shelton’sMedium using clay feet as spacers between the slide
and coverslip. Both embryos and cells were imaged using a
spinning disk confocal microscope with a Nikon (Garden City,
NY) TiE stand and a 603 1.4NA Plan Apo Oil Immersion
Objective (Nikon), CSUXI spinning disk head (Yokogawa),
and an ImagEM EMCCD (Hamamatsu). mNeonGreen (mNG)
strainswere excited using 514-nmsolid state laserswith a 545/
40YFP emissionfilter set andwere imaged in 690-MHznon-EM
mode with varying exposure times. Single channel embryo and
isolation samples were filmed at 20-sec intervals. To prepare
figures, images were cropped and rotated, and brightness and
contrast were adjusted using Fiji.

RNA interference

Adult animals were injected with double-stranded RNAs
(dsRNAs) targeting specific gene products according to stan-
dard procedures (Dudley et al. 2002). The concentrations of
dsRNAs injected are available in Table S3C in File S1.
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Embryos were dissected from injected adults and imaged
18–28 hr postinjection. At least three samples per experi-
ment were prepared by mounting control embryos (from
uninjected worms) side by side with RNA interference
(RNAi)-treated embryos for direct comparison and quanti-
fication. Additional samples were mounted in groups of
treated or untreated embryos and imaged under identical
conditions as the paired embryos.

Cell isolations

Cells were isolated from embryos and cultured as described
previously (Edgar and Goldstein 2012). Chitinase from Strep-
tomyces griseus was used at a concentration of 20 unit/ml
dissolved in Egg Buffer to remove eggshells (C6137; Sigma
Chemical, St. Louis, MO). To isolate P2–EMS cell pairs, egg-
shells were removed at the two-cell stage, the P1 and AB cells
were separated, and the division timing of the P1 cell was
tracked. Recombinations of P2–EMS cell pairs, or individu-
al EMS, were performed within 4 min after EMS birth

(Goldstein 1995a). Cells were cultured in Shelton’s Medium
and mounted on glass slides with coverslips for imaging
(Werts et al. 2011).

Quantification and statistical analysis

A 5-pixel-wide line was drawn through each contact of in-
terest, thecytoplasm,andoff-embryobackgroundinMetamorph
(Molecular Devices). A kymograph was generated using the
5-pixel average. From that kymograph, the maximum pixel
intensity for each contact was recorded and the average pixel
intensity of the cytoplasm and off-embryo background was
recorded for each time point. Fluorescence intensity was
calculated by subtracting off-embryo background from the
pixel intensity values for the contact and cytoplasm. Fluores-
cence intensitiesmeasuredat the contactswerenormalizedby
dividing by average fluorescence intensity of the cytoplasm.
Fiji and Metamorph software (Molecular Devices) were used
to quantify fluorescence intensity from micrographs. Mean
intensity values were compared at 260 sec prior to EMS

Figure 2 Localization of LIN-5/NuMA, DHC-1/dynein, DNC-1/dynactin p150, and LIS-1/Lis1 during the EMS cell cycle. (A) Schematic describing the
strategy for quantification of fluorescence at the cell–cell contacts during spindle rotation (P2–EMS contact is purple, EMS–AB contact is orange, cytoplasm is
gray). (B–E) Localization of tagged proteins at three different times during the EMS cell cycle. Images are single Z-planes. Quantification was performed during
spindle rotation at 260 sec prior to EMS division. Seconds before EMS division are indicated at the bottom right of each panel. NuMA: n = 16, **** P, 0.0001;
Dynein Heavy Chain: n = 21, ** P = 0.0096; Dynactin p150: n = 16, P = 0.25 (NS); Lis1: n = 12, P = 0.26 (NS). Statistical test used was an unpaired t-test. Black
lines represent means and 95% confidence intervals. Gray bar is the period during which the EMS spindle rotates. Yellow arrowheads mark cortical site at
which tagged proteins are enriched. (F) Schematic describing the strategy for quantification of fluorescence at the cell–cell contacts over time, expressed as a
ratio of the fluorescence intensity at the P2–EMS contact and EMS–AB contact. (G) Ratios of intensity at the P2–EMS contact and EMS–AB contact over time for
each strain in (B–E). Colored lines represent means, and lighter colors are 95% confidence intervals. Bars, 10 mm.
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cytokinesis, a time point near the end of spindle rotation
(Figure 1A) when we predicted cortical asymmetries might
be maximal. Unpaired t-tests with Welch’s correction were
used to compare means and were performed using GraphPad
Prism 7 software. P-values and n values for each experiment
are reported in figures, figure legends, or text.

Data availability

Strains generated for thisworkwill bemadeavailable through
the Caenorhabditis Genetics Center. Plasmids are available
upon request. The authors affirm that all data necessary for
confirming the conclusions of the article are present within
the article, figures, and tables.

Results

Endogenous tags reveal localization and dynamics of
candidate proteins at the four-cell stage

To identify proteins that might act as positional cues for
mitotic spindle orientation in EMS, we first generated a list
of 26candidateproteins that includedmicrotubule-associated
motor proteins, motor protein regulators, signaling pathway
members, andproteins required for normal spindle rotation in
EMS(for convenience,weuse the term “spindle rotation”here
to refer to rotation of a spindle during mitosis or the earlier
rotation of a centrosomes–nucleus complex, orienting the fu-
ture spindle). We took advantage of CRISPR-Cas9-triggered
homologous recombination strategies to insert genes encoding
fluorescent proteins at the endogenous loci encoding the can-
didate proteins (Dickinson et al. 2013, 2015; Paix et al. 2014).

Tools such as antibodies and transgenes existed previously
for some of our proteins of interest, including some antibodies
(nine) and rescuing transgenes (three) (Table S1 in File S1)
(Skop and White 1998; Gönczy et al. 1999; Berkowitz and
Strome 2000; Bossinger et al. 2001; Firestein and Rongo
2001; McMahon et al. 2001; Oegema et al. 2001; Bei et al.
2002; Hawkins et al. 2003, 2005; Srinivasan et al. 2003;
Cockell et al. 2004; Park et al. 2004; Walston et al. 2004;
Schmidt et al. 2005; Gassmann et al. 2008; Zhang et al.
2008; Song et al. 2010; Sugioka et al. 2011; Chien et al.
2015; Han et al. 2015; Barbosa et al. 2017). However, we
chose to insert tags into endogenous loci for three reasons.
First, they allowed us to visualize protein localization and
dynamics via live imaging throughout the cell cycle, and to
directly compare protein dynamics in embryos under differ-
ent treatment regimes. Second, endogenously tagged pro-
teins are generally expected to be expressed at normal
levels, using their native promoters and regulatory elements,
and 100% of the native protein is labeled (Dickinson et al.
2013; Kim et al. 2014). This is critical as previous studies have
revealed that overexpression of proteins involved in spindle
orientation and signaling pathways can result in aberrant
phenotypes (Werts et al. 2011). Third, although antibodies
would similarly report the localization of candidate proteins
with accuracy, due to the resolution limits of confocal micros-
copy, when a protein is enriched at a cell–cell contact, immu-

nofluorescence is not sufficient to determine which cell
contains the candidate protein. Endogenous tags permit ex-
periments to test whether P2–EMS boundary localization is
explained by enrichment at the boundary in one cell, the
other, or both by making mosaic embryos through direct cell
manipulation (Werts et al. 2011).

We successfully isolated homozygous fluorescent pro-
tein knock-in strains for 23 of the 26 candidate genes (See
Materials and Methods, Figure 1, and Table S2 in File S1). For
the three remaining genes, we observed significant embry-
onic lethality in the progeny of klp-16 and klp-18 candidate
knock-ins, precluding analysis because of presumed effects of
the addition of the fluorescent protein tag to the gene prod-
uct. We failed to isolate candidate knock-ins for klp-3 for
unknown reasons.

Among the 23 genes tagged, we identified 14 genes with
detectable early embryonic protein products (Figure 1C and
Figure S1 in File S1), 12 of which had clear localization pat-
terns at the four-cell stage (Figure 1C, top three rows). Cor-
tical pulling forces often dominatemitotic spindle positioning
(Grill andHyman 2005), and eight of the protein products we
observed appeared enriched at cell cortices at the four-cell
stage (Figure 1C, top two rows). One of these proteins was
cytoplasmic dynein (DHC-1/Dynein heavy chain) and three
were dynein-associated proteins: DNC-1/Dynactin p150,
LIS-1/Lis1, and LIN-5/NuMA (Figure 1C, top row). The other
four proteins were members of a Wnt signaling pathway
known to regulate the EMS mitotic spindle (Figure 1C, sec-
ond row) (Schlesinger et al. 1999; Bei et al. 2002; Sugioka
et al. 2011). The overall localization patterns of our endoge-
nous tags matched previously reported localization patterns
based on antibody staining and nonendogenously tagged
transgenes (Skop and White 1998; Gönczy et al. 1999;
Berkowitz and Strome 2000; Bossinger et al. 2001; Firestein
and Rongo 2001; McMahon et al. 2001; Oegema et al. 2001;
Bei et al. 2002; Hawkins et al. 2003, 2005; Srinivasan et al.
2003; Cockell et al. 2004; Park et al. 2004;Walston et al. 2004;
Schmidt et al. 2005; Gassmann et al. 2008; Zhang et al. 2008;
Song et al. 2010; Sugioka et al. 2011; Chien et al. 2015; Han
et al. 2015; Barbosa et al. 2017). We did not observe gain- or
loss-of-function phenotypes in our imaging experiments and
measured no significant embryonic lethality (Table S3A in
File S1). Because many of the proteins we tagged are essential
proteins, we infer from the lack of embryo lethality that the
tags on these proteins did not disrupt essential functions.

We next examined the fusion proteins that were undetect-
able or nearly undetectable at the four-cell stage (Figure 1A,
bottom three rows). In every case, we could detect fluores-
cence at later stages of embryogenesis, in larvae, and/or in
adult animals (Figure S1 and Table S4 in File S1); suggesting
that these genes are either not expressed early in develop-
ment, or are too transient or at such low levels as to be below
our threshold of detection.Many of the expression patterns at
later stages were consistent with known roles of these pro-
teins; for example, CAM-1, a Ror receptor tyrosine kinase
homolog, localized to the plasma membrane (Figure S1 in
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File S1) (Green et al. 2007). Interestingly, although loss of
KLP-17 has been shown to cause embryonic lethality at the
one- and two-cell stage, we detected the KLP-17::mNG in the
sperm (Figure S1 in File S1, top row, far right) (Ali and
Siddiqui 2000). These results confirm that the fusion proteins
we failed to detect at the four-cell stage were indeed success-
fully tagged, and suggest that our inability to detect them in
early embryos is due to low (or absent) embryonic expression.

One important outcome of our screening approach is the
resulting collection of tagged strains, which will be made
available to other laboratories. Because each tagged gene is
controlledby its endogenous regulatory elements, in its native
context in the genome, it is likely to be expressed at each stage
at which the endogenous gene functions. These strains can be
used to study the dynamic properties of these 23 proteins at
various developmental stages.

Live imaging of LIN-5 and DHC-1 reveals the dynamics
of enrichment at the P2–EMS contact

To begin to understand when and in which cells proteins
become localized,we imagedourmNG-tagged fusionproteins
throughout the EMS cell cycle using spinning disk confocal
microscopy (Figure 2). Proteins that function as positional
cues for mitotic spindle positioning often occupy a specific
domain of the cell cortex toward which spindle poles are
pulled (Lechler and Fuchs 2005; Siller et al. 2006; Zheng
et al. 2010; Peyre et al. 2011; Werts et al. 2011; Williams
et al. 2011; Gloerich et al. 2017). Because we knew that P2
functions as a positional cue for EMSmitotic spindle position-
ing (Goldstein 1995b), we predicted that force-generating
complexes might be enriched in EMS where it contacts P2.
Therefore, to test whether our tagged proteins were enriched
at the P2–EMS contact, we compared the normalized mean
fluorescence intensity at the P2–EMS contact to the mean
intensity at an EMS‐AB (for convenience, we use “AB” here
to refer to ABa or ABp) cell contact during spindle rotation in
EMS (Figure 2, B–E; 2260 sec prior to EMS cytokinesis).

We first examined the localization of LIN-5/NuMA using
LIN-5::mNG. Previous experiments using a temperature-
sensitive allele of lin-5demonstrated that lin-5/NuMA function
is required for proper spindle positioning in EMS (Liro and
Rose 2016). Consistent with previous antibody staining for
LIN-5/NuMA, LIN-5::mNG was localized at cell contacts and
centrosomes and it decorated spindle microtubules in meta-
phase and anaphase (Figure 2B) (Lorson et al. 2000). LIN-5::
mNG was enriched at the P2–EMS contact relative to an
EMS–AB contact during EMS spindle rotation (Figure 2B). This
enrichment peaked after rotation was complete (Figure 2G).

We next examined in vivo localization of cytoplasmic dy-
nein heavy chain, DHC-1. Regulators of dynein, including the
dynactin subunit dnc-1/p150glued, have been shown to be
required for EMS spindle rotation (Zhang et al. 2008). We
observed that DHC-1::mNG was diffuse in the cytoplasm,
decorated structures likely to be microtubules and centro-
somes, and was strongly enriched at the nuclear envelope
and at kinetochores during metaphase (Figure 2C). These

results are consistent with previous observations of DHC-1
immunohistochemistry, using transgenic fluorescent protein
fusions in which function of tagged protein had not been
assessed, and a recently reported CRISPR knock-in allele
(Gönczy et al. 1999; Malone et al. 2003; Schmidt et al.
2005; Gassmann et al. 2008; Barbosa et al. 2017). DHC-1::
mNG was also enriched at the P2–EMS contact during EMS
spindle rotation (Figure 2C). Similar to LIN-5::mNG, this en-
richment continued throughout EMS spindle rotation and
peaked almost a minute after rotation was complete. Two
tagged regulators of dynein, DNC-1::mNG and LIS-1::mNG,
also had some cortical localization at the four-cell stage, con-
sistent with previous reports (Cockell et al. 2004; Zhang et al.
2008). However, we did not detect a significant difference in
fluorescence intensity at the P2–EMS contact vs. the EMS–AB
cell contact for either DNC-1::mNG or LIS-1::mNG (Figure 2,
D and E). Taken together, these results are consistent with
previous suggestions (Werts et al. 2011) that accumulation of
LIN-5, dynein regulators, or both, at the EMS cortex could
contribute to signaling-induced mitotic spindle positioning.

LIN-5/NuMA is enriched in P2 and not asymmetric in EMS
during spindle rotation

It was previously shown via immunostaining that LIN-5/
NuMA enrichment at the P2–EMS contact was not affected
by loss of the Wnt receptormom-5/Frizzled, but was reduced
in mes-1 mutants (Srinivasan et al. 2003). To confirm that
LIN-5/NuMA enrichment at the P2–EMS contact was Wnt
independent, we targeted the Wnt ligand mom-2 by dsRNA
injection. This treatment caused observable spindle orienta-
tion defects in EMS in some embryos and caused lethality in
all examined embryos (10/10), consistent with maternal
phenotypes observed in the embryos of mom-2 mutant
worms (Thorpe et al. 1997) and with the expectation that
RNAi reduced the activity of the Wnt pathway as expected.
However, mom-2 RNAi did not reduce the level of LIN-5::
mNG enrichment at the P2–EMS contact (Figure 3A). We also
confirmed that targeting mes-1 similarly significantly
reduced LIN-5::mNG accumulation at the P2–EMS contact
(Figure 3B).

Although these data show that LIN-5::mNG is enriched at
the P2–EMS contact, diffraction-limited light microscopy can-
not resolve whether the protein enrichment occurs within P2,
EMS, or both. One possible source of LIN-5:mNG enrichment
at the P2–EMS contact is that enrichment occurs within P2.
The LIN-5/NuMA binding partner GPR-1/2/LGN was previ-
ously shown to be enriched at this cell–cell contact within P2
but not EMS, raising the possibility that LIN-5/NuMA follows
the same pattern (Werts et al. 2011). A second possibility is
that LIN-5::mNG is enriched within EMS. In this case, we
might predict that Dishevelled acts as the cortical adapter
for LIN-5/NuMA, as is the case in Drosophila sensory organ
precursors (Ségalen et al. 2010). To distinguish be-
tween these possibilities, we tested whether LIN-5/NuMA is
enriched in P2, EMS, or both cells, by constructing mosaic
embryos by hand, placing LIN-5::mNG P2:EMS cell pairs
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Figure 3 LIN-5/NuMA is enriched in P2 at the contact with EMS. (A) Live imaging of embryos expressing LIN-5::mNG in control and mom-2 RNAi
conditions. Arrowheads point to enrichment of LIN-5::mNG at P2–EMS contact site. Control: n = 17; mom-2 RNAi: n = 20. Statistical test performed
during spindle rotation (2260 sec), P = 0.15 (NS). (B) Embryos expressing LIN-5::mNG in control andmes-1 RNAi conditions. Control: n = 7;mes-1 RNAi:
n = 7. Statistical test performed during spindle rotation (2260 sec), ** P = 0.0014. (C) Partial embryos made by direct manipulation of unlabeled and
LIN-5::mNG-labeled P2 and EMS pairs. P2 are the smaller cells. Purple and orange lines represent new contacts where fluorescent protein levels were
quantified, n = 4. Plot compares fluorescence intensity at the contacts to the cytoplasmic fluorescence intensity. P2 contact vs. cytoplasm, * P = 0.025;
EMS contact vs. cytoplasm, P = 0.87 (NS). (D) Recombined LIN-5::mNG and unlabeled cells. Arrowheads point to cell contacts. Plot is the maximum
fluorescence reached during the EMS cell cycle. P2–EMS, n = 9; P2–EMS, n = 5; AB–EMS, n = 4. Solid lines indicate means with 95% confidence
intervals. P = 0.59 (NS), ** P = 0.0011, **** P , 0.0001. Bars, 10 mm.
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and unlabeled P2–EMS cell pairs in contact to create two new
P2:EMS contact sites (Figure 3C). This arrangement allows
both P2 and EMS enrichments to be compared in single ex-
periments. We measured the fluorescence intensity at the
contacts between labeled and unlabeled cells during EMS
spindle rotation, and we found an enrichment of protein at
the P2–EMS contact in P2, but not in EMS (Figure 3C).

To rule out the possibility that an additional signaling cell
contact in the experiment above might obscure detection of
protein enrichment in EMS, we recombined labeled and un-
labeled single cells and measured the maximum fluorescence
intensity at the contacts. The results confirmed that there is a
significant accumulation of LIN-5::mNG at the P2–EMS con-
tact in P2, but not in EMS (Figure 3D). To determine whether
the low level of LIN-5::mNG enrichment in EMS near P2 is
detectably any greater than that expected from EMS contact
with a nonsignaling cell, we placed a labeled LIN-5::mNG
EMS in contact with a non-Wnt signaling, unlabeled AB cell
(Figure 3D). We did not see a significant difference in the
amount of LIN-5::mNG at the EMS cortex, whether EMS was
in contact with a Wnt-signaling P2, or a nonsignaling AB cell
(Figure 3D). These results suggest that LIN-5::mNG is
enriched at the cell cortex within P2 but not in EMS. We
conclude that LIN-5/NuMA is unlikely to act as an asymmet-
rically localized cue for mitotic spindle positioning in EMS.

DHC-1/dynein is not enriched asymmetrically in EMS

The dynein regulators we have examined to this point are not
asymmetrically localized in EMS (Figure 2 and Figure 3).
However, it is possible that other unknown cortical adapters
tether dynein at the P2–EMS contact in response to Wnt sig-
naling. Therefore, we next tested whether the enrichment of
DHC-1::mNGwe observed at the P2–EMS contact (Figure 2C)
was Wnt dependent. Targeting the Wnt ligand mom-2 by
RNAi resulted in someDHC-1::mNG embryos exhibiting spin-
dle rotation defects and all treated embryos failing to develop
(12/12), but only a slight change in the timing of enrichment,
and no change in the maximum enrichment of DHC-1::mNG
at the P2–EMS contact (Figure 4A); suggesting that Wnt sig-
naling might not be necessary for DHC-1/dynein enrichment
at the P2–EMS contact. This result suggested to us that the
enrichment of DHC-1::mNG at the P2–EMS contact might not
reflect enrichment within the EMS cell. To test this directly,
we recombined unlabeled P2 cells with DHC-1::mNG-
expressing EMS (Figure 4B). We detected no enrichment of
DHC-1::mNG at the P2–EMS contact relative to a noncell-
contacting region of the EMS cortex (Figure 4B). Because
DHC-1::mNG is not enriched asymmetrically within EMS to
the site of contact, we conclude that DHC-1/dynein is un-
likely to act as an asymmetrically localized cue for spindle
positioning in EMS at its site of contact with P2.

Taken together, our results for LIN-5::mNG and DHC-1::
mNG suggest that although members of the Ga/LGN/NuMA
and dynein complex are genetically required for spindle ro-
tation in EMS, they are not enriched in the posterior EMS
cortex during spindle rotation (Figure 3 and Figure 4)

(Tsou et al. 2003; Zhang et al. 2008; Liro and Rose 2016).
We conclude that the signals that direct EMS spindle posi-
tioning do not locally enrich DHC-1/dynein-containing com-
plexes to a specific site in the EMS cortex, unlike in other
cases of oriented cell division (Woodard et al. 2010;
Kiyomitsu and Cheeseman 2012, 2013; Tame et al. 2014).
GPR-1/2/LGN (Werts et al. 2011) and LIN-5/NuMA are in-
stead asymmetrically enriched at the cortex of P2 and are
likely function to locally tether DHC-1/dynein to achieve
spindle positioning in P2.

Localization of endogenously tagged Wnt pathway
components reveals timing of EMS polarization

In our initial screen, we identified four additional fusion
proteins as having some cortical localization at the four-cell
stage: MOM-5::YPET, mNG::DSH-2, mNG::MIG-5, and
mNG::APR-1 (Frizzled, Dishevelled, and APC homologs, re-
spectively) (Figure 1A). Previous studies have demonstrated
that mom-5/Frizzled, dsh-2/Dishevelled, and mig-5/Dishev-
elled loss of function or depletion results in defects in EMS
spindle positioning and that APR-1/APC contributes to astral
microtubule asymmetry after spindle orientation, stabilizing
microtubules in the anterior of EMS during telophase
(Walston et al. 2004; Sugioka et al. 2011). To determine
whether these proteins might be acting as asymmetrically
localized cues for EMS spindle positioning, we examined
the dynamics of their localization during the EMS cell cycle
(Figure 5).

To our knowledge, the localization of the Wnt receptor
MOM-5/Frizzled was previously unknown at the C. elegans
four-cell stage. We found MOM-5::YPET to be distributed at
the plasma membrane of all four cells, and most enriched at
cell–cell contacts (Figure 5A). Additionally, MOM-5::YPET
labeled a pool of dynamically moving internal cell mem-
branes, including the internalizing midbody remnant in the
anterior of EMS (Figure 5A, arrow) (Singh and Pohl 2014).
We did not detect statistically significant enrichment of
MOM-5::YPET at the P2–EMS contact over EMS–AB cell
contacts during spindle rotation (Figure 5A). The lack of
MOM-5/Frizzled polarity at the four-cell stage contrasts with
the polarized domains of Frizzled found in later stage asym-
metric divisions of AB lineage blastomeres (Park et al. 2004)
and the postembryonic T cell (Goldstein et al. 2006) (MOM-5/
Frizzled and LIN-17/Frizzled, respectively).

Dishevelled is a component of the Wnt signaling path-
way that binds the intracellular domain of Frizzled when
Frizzled is activated by a Wnt ligand (Wong et al. 2003).
It was previously reported, using antibody staining, that
DSH-2/Dishevelled is enriched at the P2–EMS contact, and
that this cortical localization is dependent onmom-5/Frizzled
(Walston et al. 2004; Hawkins et al. 2005). Our observations
of mNG::DSH-2 are consistent with the previously reported
cortical localization and enrichment at the P2–EMS contact
(Figure 5B), which we quantified over time (Figure 5E). We
did not see a significant difference in fluorescence intensity
between the P2–EMS and EMS–AB contacts during mitotic
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spindle rotation. However, the level of mNG::DSH-2 contin-
ued to rise after spindle rotation and peaked�120 sec before
EMS cytokinesis (Figure 5E). Another tagged Dishevelled
homolog, mNG::MIG-5, had a pronounced localization to
all cell contacts (Figure 5C), and was slightly enriched at
the P2–EMS boundary compared to the EMS–AB boundary
during EMS spindle rotation (Figure 5C). Taken together,
these results suggest that the two major Dishevelleds impli-
cated in spindle rotation in EMS are enriched at the P2–EMS
contact. Combining an unlabeled P2 cell and an mNG::DSH-
2-labeled EMS revealed that, as expected, DSH-2 is enriched
in EMS at the P2–EMS contact (Figure 5F).

APC is a key component of the b-catenin destruction com-
plex. The C. elegans APC homolog APR-1 regulates mitotic
spindle asymmetry and microtubule stability in EMS during
telophase and a GFP::APR-1 transgene, whose function after
tagging was not tested, was previously shown to become
enriched in the anterior cortex of EMS, gradually during mi-
tosis (Sugioka et al. 2011). APR-1 was also shown to affect
the distribution of fate determinants in the EMS daughter
cells (Sugioka et al. 2011). We examined mNG::APR-1 local-
ization throughout the EMS cell cycle and found that mNG::
APR-1 is enriched in the anterior of EMS and largely excluded
from the P2–EMS contact (Figure 5D). This asymmetry is
apparent early (before 480 sec prior to EMS division), which

is earlier than any other molecular asymmetry we have ob-
served so far. The localization we observed for functionally
tagged APC/APR-1 is similar to the asymmetry reported pre-
viously using a transgene (Sugioka et al. 2011). However, we
observed that the asymmetry begins earlier in the cell cycle:
prior to and during spindle rotation. This asymmetry of
mNG::APR-1 across EMSwas visible in cortical planes, where
distinct and relatively stable puncta of mNG::APR-1 could be
seen, ranging in stability from appearing in just one frame
(taken at 1-sec intervals) to a maximum of 11.6 6 1.2 sec
(95% C.I.; most stable 20 puncta per embryo, n = 13 em-
bryos) (Figure S2 in File S1). We observed that the cortical
mNG::APR-1 became asymmetric in the ABp cell as well,
mirroring the distribution and timing of APR-1/APC localiza-
tion in EMS (Figure S2 in File S1). These observations and
further experiments below establish that both Dishevelled
and APC are asymmetrically localized on opposite sides
within EMS during the period of spindle positioning.

mom-2/Wnt is a necessary spatial cue for polarization of
APR-1 and DSH-2

We noticed that in the latter half of the EMS cell cycle,
Dishevelled and APC appear to be occupying distinct cortical
domains in the EMS cortex, consistent with previous reports
using antibodies and transgenes during a narrower part of the

Figure 4 DHC-1/Dynein is not enriched in EMS at the P2–EMS contact. (A) Live imaging of embryos expressing DHC-1::mNG in control andmom-2 RNAi
conditions. Arrowheads point to enrichment of DHC-1::mNG at P2–EMS contact site. Control, n =13; mom-2 RNAi, n =12. In graph at right: colored
lines represent means, and lighter colors are 95% confidence intervals. Statistical test performed during spindle rotation (2260 sec), P = 0.02. The
maximum intensity at the P2–EMS contact compared in control vs. mom-2 RNAi, P = 0.53 (NS). (B) Recombined DHC-1::mNG and unlabeled cells.
Arrowheads point to cell contacts. n = 10. P2–EMS vs. cytoplasm, P = 0.26 (NS); EMS cortex vs. cytoplasm, P = 0.67 (NS). Diagram depicts positions of
line scans used for quantification. Bar, 10 mm.
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cell cycle (Walston et al. 2004; Sugioka et al. 2011). Because
these proteins are downstreammembers of theWnt pathway,
we hypothesized that Wnt signaling would be important for
these polarized localization patterns. To test this hypothesis,
we injected dsRNA targeting the Wnt ligand mom-2. We
found that mNG::DSH-2 failed to become enriched at the
P2–EMS contact in mom-2 RNAi-treated embryos (Figure
6A). When we compared control and mom-2 RNAi-treated
embryos for mNG::APR-1, we observed that mNG::APR-1
was no longer restricted to the anterior of EMS (Figure 6B).
The mNG::APR-1 cortical domain expanded to the P2–EMS
contact in some embryos, enriching strongly over cytoplasmic
levels, although this was not seen in all embryos (Figure 6B).
Taken together with the finding that Wnt and Frizzled affect
DSH-2 localization (Figure 6B) (Hawkins et al. 2005), this
result suggests that Wnt-dependent recruitment of Dishev-
elled at the P2–EMS contact might contribute to excluding
APC from the posterior cortex of EMS, which we further test
below.

To investigate the dynamics of these proteins simulta-
neously in the same embryos, we generated a dual-labeled
strain with both mNG::DSH-2 and mScarlet::APR-1. We ob-
served that mScarlet::APR-1 enriched in the anterior of EMS
andmNG::DSH-2 enrichment in the posterior (Figure 6C). To
observe polarization specifically within EMS, we recombined
unlabeled P2 signaling cells and double-labeled EMS. Similar
to our results in intact embryos, we observed that mScarlet::

APR-1 was enriched on the anterior cortex of EMS and that
mNG::DSH-2 became enriched at the P2–EMS contact (Fig-
ure 6D). In both intact embryos and the cell manipulation
experiments, we observed polarization of mScarlet::APR-1
prior to mNG::DSH-2 enrichment, although it is unclear
whether this apparent difference in timing is because
mNG::APR-1 begins to become excluded from the P2–EMS
contact before DSH-2 arrives, or because the initial recruit-
ment of tagged mNG::DSH-2 is too dim to detect. Therefore,
we sought to determine whether one protein affects the other
protein’s localization.

Dishevelled is required for APR-1/APC polarization

Howdo these proteins become polarized to different domains
at the cell cortex? We next sought to test whether DSH-2/
Dishevelled and APR-1/APC affect one another’s localization
in EMS. An effect of Dishevelled on APR-1/APC localization
had been claimed previously, but only using a tagged trans-
gene expressed at undetermined levels alongside wild-type
protein (Sugioka et al. 2011). We first examined the locali-
zation of mNG::DSH-2 when we targeted apr-1 by RNAi, and
found no change in the fluorescence intensity of mNG::DSH-
2 (Figure 7A). Given that we saw no effect, we tested the
efficiency of our RNAi conditions in knocking down APR-1
levels by injecting dsRNA targeting apr-1 into themNG::APR-1.
We observed that the levels of mNG::APR-1 in treated embryos
were below detection (Figure S3 in File S1), suggesting

Figure 5 Localization of MOM-5/Frizzled, DSH-2/Dishevelled, MIG-5/Dishevelled, and APR-1/APC during the EMS cell cycle. (A–D) Localization of
tagged proteins at three different times during the EMS cell cycle. Images are single Z-planes. Quantification was performed during spindle rotation
at 260 sec prior to EMS division. Time is indicated in seconds before EMS division at the bottom right of each panel. MOM-5: n = 13, P = 0.64 (NS); DSH-2:
n = 15, P = 0.28 (NS); MIG-5: n = 22, ** P = 0.0089; APC n = 18, * P = 0.04. Black lines represent means and 95% confidence intervals. Gray bar is the
period during which the EMS spindle rotates. Yellow arrowheads mark cortical sites at which tagged proteins are enriched. Arrowheads filled with black
mark a cortical site at which tagged proteins are not enriched. (E) Ratio of intensity at the P2–EMS contact and EMS–AB contact over time for each strain
shown in (A–D). Colored lines represent means and lighter colors are 95% confidence intervals. (F) Recombined cell pair of unlabeled P2 and mNG::DSH-
2-labeled EMS at 180 sec prior to EMS cytokinesis, n = 3. Bars, 10 mm.
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Figure 6 DSH-2/Dishevelled and APR-1/APC are enriched on opposite sides of EMS. (A) Live imaging of embryos expressing mNG::DSH-2 in control and
mom-2 RNAi conditions. Arrowheads point to enrichment of mNG::DSH-2 at P2–EMS contact site. Control, n =3; mom-2 RNAi, n =11. Statistical test
performed during spindle rotation (2260 sec), *** P = 0.0002. (B) Embryos expressing mNG::APR-1 in control and mom-2 RNAi-treated conditions.
Control, n =8; mom-2 RNAi, n =8. Statistical test performed during spindle rotation (2260 sec), P = 0.06. (C) mNG::DSH-2 and mScarlet::APR-1 dual-
labeled embryos. Top row is a merge zoomed in on the EMS cell and bottom two rows are single channel images from the corresponding time points,
n = 5. (D) Recombined cell pair of unlabeled P2 and dual-labeled mNG::DSH-2 and mScarlet::APR-1-expressing EMS cells. Arrowheads point to
enrichments on either side of EMS. n = 6. Bars, 10 mm.
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robust knockdown of APR-1 levels. In contrast to the lack of
effect of apr-1 knockdown on DSH-2 localization, targeting
Dishevelled by RNAi did affect mNG::APR-1 localization.
When we simultaneously targeted the two major Dishevelled
proteins involved in EMS spindle rotation, dsh-2 and mig-5,
the cortical domain of mNG::APR-1 expanded and we de-
tected mNG::APR-1 at the P2–EMS contact, where it is nor-
mally excluded (Figure 7B). Co-injected dsRNAs targeting
mig-5 and dsh-2 resulted in embryonic lethality in all treated
embryos (8/8), consistent with the previously reported dou-
ble-mutant phenotype (Mizumoto and Sawa 2007). This con-
firmed that Dishevelled proteins are important for natively
tagged APR-1 to become localized to the anterior of EMS.
These results suggest that cortical Dishevelled is important
for excluding mNG::APR-1 from a domain of the posterior
cortex of EMS.

Taken together, our results identify Dishevelled and APC
homologsaskeyspindleorientationproteinswhose localization
within a responding cell in vivo is controlled by cell–cell sig-
naling, and the results suggest Wnt-dependent local recruit-
ment of a Dishevelled homolog(s) somehow restricts APR-1/
APC to the opposite side of the cell.

Discussion

Mechanistic knowledge of how signaling between cells can
direct oriented cell divisions is limited toahandful of contexts,

and the generality of these mechanisms is unknown (Werts
and Goldstein 2011; Bergstralh et al. 2017). Here, we ex-
plored how Wnt signaling orients the mitotic spindle using
the well-characterized EMS cell division of the C. elegans
embryo to confirm and extend previous observations on this
system. Using a set of new fluorescent protein fusions that we
generated via Cas9-triggered homologous recombination, we
screened for cortically localized proteins, characterized their
dynamics throughout the EMS cell cycle, and performed
functional experiments testing interactions between genes
genetically implicated in EMS spindle rotation. Although
LIN-5/NuMA and DHC-1/dynein were enriched at the P2–
EMS contact in intact embryos, we unexpectedly found that
neither protein was enriched in EMS (Figure 3, C and D, and
Figure 4B). These data eliminate one specific hypothesis that
we had previously considered likely—that LIN-5/NuMA is
recruited asymmetrically in EMS by Dishevelled, as is the
case in Drosophila sensory organ precursor-oriented cell di-
vision (Ségalen et al. 2010). We found, instead, that LIN-5/
NuMA is enriched within P2 where it contacts EMS (Figure
3C), similar to LGN, which functions as an upstream binding
partner of NuMA in many systems (Werts et al. 2011). We
speculate that LIN-5/NuMA functions in P2 spindle orienta-
tion downstream of MES-1 and GPR-1/2/LGN.

We analyzed other candidate proteins in theWnt pathway
for potential asymmetry during spindle rotation and found
that DSH-2/Dishevelled and APR-1/APC were enriched in

Figure 7 Dishevelled is required for APR-1/APC localization in EMS. (A) Live imaging of embryos expressing mNG::DSH-2 in control and apr-1 RNAi
conditions. Arrowheads point to enrichment of mNG::DSH-2 at P2–EMS contact site. Control, n = 7; apr-1 RNAi, n = 7. Statistical test performed during
spindle rotation (2260 sec), P = 0.18 (NS). (B) Embryos expressing mNG::APR-1 in control and dsh RNAi-treated conditions. Control, n = 8; dsh RNAi, n = 8.
Statistical test performed during spindle rotation (2260 sec), * P = 0.022. Arrowheads point to enrichments on one side of EMS. Bars, 10 mm.
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the posterior and anterior of EMS, respectively (Figure 6).
The asymmetric localization of these cortical cues was de-
pendent onmom-2/Wnt signaling, and targeting Dishevelled
by RNAi resulted in ectopic APR-1/APC localization at the P2–
EMS contact (Figure 7). Combined with previous genetic
data, these results are consistent with the hypothesis that
Dishevelled and APC might serve as asymmetric cortical cues
for EMS spindle rotation (Sugioka et al. 2011; see below).

Using endogenously tagged proteins to screen
by localization

We took an unusual approach to test our hypothesis that Wnt
signaling directsmitotic spindle positioning by locally recruit-
ing force-generating complexes to the EMS cortex, tagging a
“parts list” of gene products required for, or suspected to play
a role in, spindle rotation in EMS (Schlesinger et al. 1999; Bei
et al. 2002; Tsou et al. 2003; Walston et al. 2004; Zhang et al.
2008; Liro and Rose 2016). Endogenously tagged versions of
these proteins were needed to follow protein dynamics live in
specific cells and to determine which proteins are asymmetri-
cally localized in EMS. By using CRISPR-Cas9-triggered homol-
ogous recombination to insert genes encoding fluorescent
proteins into the endogenous genetic loci of many of our genes
of interest, we were able to identify gene products that are
asymmetrically localizedwithinEMS.This approachdemonstrates
the value of localization-based screening, and we expect that
larger-scale screens will become feasible as the number of tagged
strains generated by the community expands.

Asymmetric localization vs. asymmetric activation

Mostwell-characterized cases of oriented cell division involve
the asymmetric localization of LGN and/or NuMA to a specific
region of the cell cortex, toward which the mitotic spindle
is pulled (Kotak and Gönczy 2013; di Pietro et al. 2016;
Bergstralh et al. 2017). Together with previous studies, our
results indicate that asymmetric localization of GPR-1/2/
LGN and/or LIN-5/NuMA is not the mechanism of mitotic
spindle positioning in EMS (Werts et al. 2011; Figure 3 and
Figure 4). However, loss-of-function, temperature-sensitive
mutants of gpa-16/Ga, lin-5/NuMA, and the dynein regula-
tor dnc-1/p150 dynactin impair EMS spindle rotation (Tsou
et al. 2003; Zhang et al. 2008; Liro and Rose 2016); suggest-
ing that symmetrically distributed Ga/LGN/NuMA com-
plexes and dynein are important for allowing normal spindle
movement and positioning. It is possible that although mem-
bers of these canonical complexes are not asymmetrically
localized, they could be asymmetrically activated or inacti-
vated to generate localized pulling forces. In fact, recent studies
in the one-cell-stage C. elegans embryo suggest that phos-
phorylation of LIN-5/NuMA is important for its ability to bind
dynein and induce asymmetric spindle positioning (Portegijs
et al. 2016). However, these sites of phospho-regulation did
not appear to affect the function of LIN-5/NuMA in EMS
spindle positioning (Portegijs et al. 2016), suggesting that
either a different mechanism for LIN-5/NuMA activation is
important in EMS or that spindle positioning in EMS does not

require differential activation of LIN-5/NuMA. The idea that
cortical adaptor proteins like LGN and NuMA, dynein, or
a regulator of dynein might be locally activated is a difficult
hypothesis to test currently given the number of possible
regulators and the difficulty of isolating sufficient stage-
specific material to perform proteomic methods to identify
post-translational modifications.

How might members of the Wnt pathway, Dishevelled
and APC, act as positional cues for mitotic
spindle positioning?

Weshowed that by theendofmitotic spindle rotation,DSH-2/
Dishevelled and APR-1/APC occupy distinct domains of the
EMS cortex, polarized along the anterior–posterior axis
(Figure 6). This reciprocal localization pattern is highly rem-
iniscent of Par protein polarity in the one-cell-stage embryo
(Cuenca et al. 2003). Like Par protein complexes, it is possible
that APR-1/APC and/or Dishevelled have downstream effec-
tors that regulate mitotic spindle positioning, and that their
cortical asymmetry serves as a spatial cue for mitotic spindle
positioning (Grill et al. 2001). A recent report demonstrates
that, in the asymmetric cell division of the C. elegans zygote,
APR-1/APC enriched at the anterior cell cortex and inhibits
anterior centrosome movements, probably through the stabi-
lization of astral microtubules (Sugioka et al. 2017). It is
possible that APR-1/APC plays a similar role during EMS di-
vision. However, at this point it is unknown if one or both
proteins might serve as a sufficient spatial cue for orienting
the mitotic spindle.

It is possible that these proteins together provide positional
information, or that only one protein plays this role and the
other protein functions solely to restrict its localization to one
side of EMS. Targeting apr-1 by RNAi did not decreasemNG::
DSH-2 enrichment at the P2–EMS contact (Figure 7A), but
targeting two Dishevelleds (dsh-2 andmig-5) by RNAi caused
mNG::APR-1 to no longer be restricted to the anterior cortex
of EMS (Figure 7B); suggesting that Dishevelled enrichment
on the posterior cortex of EMS is upstream of APR-1/APC
localization. This result is consistent with the finding that
MIG-5/Dishevelled regulates APR-1/APC localization in asym-
metric cell division of the C. elegans seam cells (Baldwin et al.
2016). However, we were surprised to findmNG::APR-1 polar-
ized at the cell cortex before Dishevelled in double-labeled
embryos (Figure 6, C and D). Although we did not detect
asymmetrically localized mNG::DSH-2 prior to posterior exclu-
sion of APR-1, mNG::DSH-2 may have been present at levels
too low to detect in these experiments.

Neither APC nor Dishevelled contain catalytic domains,
therefore it is unlikely that these molecules generate force on
astral microtubules directly in the way that a motor protein
does. More likely, these proteins either regulate microtubule
dynamics or the activity of force-generating complexes within
their respective cortical domains. Homologs of APR-1/APC
are known to interact with and stabilize microtubules through
the microtubule plus-end binding protein EB1 in mammalian
cells (Munemitsu et al. 1994; Smith et al. 1994; Nakamura
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et al. 2001; Green et al. 2005). Inmitotic spindle positioning in
budding yeast, Kar9 (a protein with weak homology to APC)
and Bim (an EB1 homolog) serve as a link between astral
microtubules and myosin motor proteins at the cell cortex
(Lee et al. 2000; Yeh et al. 2000). APC has also been shown
to play a role in centrosome anchoring during spindle orienta-
tion in Drosophila germline stem cells (Yamashita et al. 2003)
and in the early Drosophila embryo (Poulton et al. 2013).

There is some evidence in C. elegans that APR-1 regulates
microtubule plus-end dynamics. Microtubule dwell times are
longer at the anterior cortex than in the posterior cortex of
EMS during telophase, and this difference is lost when APR-1
is reduced (Sugioka et al. 2011). This activity of APR-1 was
also reported to cause asymmetry in the number of spindle
microtubules in the anterior vs. posterior late in the EMS cell
cycle, during telophase, and this asymmetry is important for
nuclear asymmetry and fate in the resulting EMS daughter
cells through differential trafficking of proteins between the
nucleus and the cell cortex (Sugioka et al. 2011). Because we
can now demonstrate APR-1 polarization earlier, during EMS
spindle rotation (Figure 5), it is possible that Wnt-dependent
localization of APR-1 plays a role in mitotic spindle position-
ing through the direct regulation of microtubules. Reduction
of APR-1 by RNAi was previously shown to have no effect on
spindle orientation in EMS (Bei et al. 2002), suggesting either
no role or a redundant role in spindle orientation. It may be
important to note, though, that such a reduction of APR-1 is
the opposite of what happens in the absence ofWnt signaling,
which is that the domain of APR-1 expands to the posterior
cortex of EMS (Figure 6) (Sugioka et al. 2011). It is possible
that when Wnt signaling is reduced, microtubules are inap-
propriately stabilized by APR-1 on both sides of EMS, pre-
venting proper spatial positioning.

APR-1/APC or Dishevelled might serve as positional cues
for mitotic spindle positioning by recruiting activators or in-
hibitors of motor proteins. LET-99 is a DEP domain-containing
protein, and an antagonist of the Ga/LGN/NuMA force-
generating complex in the one-cell-stage C. elegans embryo
(Tsou et al. 2003). LET-99 is required for spindle position-
ing in EMS (Liro and Rose 2016). In intact four-cell-stage
embryos, LET-99 is localized cortically and is reduced at the
P2–EMS contact in a similar pattern to APR-1/APC (Tsou
et al. 2003; Werts et al. 2011). It is possible that APR-1/
APC regulates LET-99 to tune pulling forces on one side of
the EMS cortex. Dishevelled might also recruit proteins that
modulate motor activity. Hypotheses about howDishevelled
and APC might act as positional cues for mitotic spindle posi-
tioning would be greatly informed by knowledge of the direc-
tion of force imbalances generated on the mitotic spindle to
facilitate positioning within EMS. WRM-1/b-catenin has also
been reported to be a regulator of EMS spindle rotation, and is
normally found on the anterior cortex of EMS (Kim et al.
2013). WRM-1/b-catenin may act in parallel to APR-1/APC,
which has a similar localization pattern, or its absence from the
posterior of EMS could facilitate the interaction of Dishevelled
with microtubules.

In conclusion, we found DSH-2/Dishevelled and APR-1/
APC, but not Lin-5/NuMA and DHC-1/dynein, to be asym-
metrically localized at the EMS cortex. It will be interesting to
explore a possible mechanism for mitotic spindle positioning
that does not appear to rely on the asymmetric localization of
the conserved Ga/LGN/NuMA protein complex. We specu-
late that there may be more cases where signaling pathway
proteins serve as spatial cues for mitotic spindle positioning
independent of Ga/LGN/NuMA localization.
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