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INVESTIGATION

Mitotic Spindle Positioning in the EMS Cell of
Caenorhabditis elegans Requires LET-99
and LIN-5/NuMA

Matgorzata J. Liro and Lesilee S. Rose’
Department of Molecular and Cellular Biology, University of California Davis, California 95616

ABSTRACT Asymmetric divisions produce daughter cells with different fates, and thus are critical for animal development. During
asymmetric divisions, the mitotic spindle must be positioned on a polarized axis to ensure the differential segregation of cell fate
determinants into the daughter cells. In many cell types, a cortically localized complex consisting of Ga, GPR-1/2, and LIN-5
(Gai/Pins/Mud, Gai/LGN/NUMA) mediates the recruitment of dynactin/dynein, which exerts pulling forces on astral microtubules to
physically position the spindle. The conserved PAR polarity proteins are known to regulate both cytoplasmic asymmetry and spindle
positioning in many cases. However, spindle positioning also occurs in response to cell signaling cues that appear to be PAR-
independent. In the four-cell Caenorhabditis elegans embryo, Wnt and Mes-1/Src-1 signaling pathways act partially redundantly to
align the spindle on the anterior/posterior axis of the endomesodermal (EMS) precursor cell. It is unclear how those extrinsic signals
individually contribute to spindle positioning and whether either pathway acts via conserved spindle positioning regulators. Here, we
genetically test the involvement of Ga, LIN-5, and their negative regulator LET-99, in transducing EMS spindle positioning polarity cues.
We also examined whether the C. elegans ortholog of another spindle positioning regulator, DLG-1, is required. We show that LET-99
acts in the Mes-1/Src-1 pathway for spindle positioning. LIN-5 is also required for EMS spindle positioning, possibly through a Ga- and

DLG-1-independent mechanism.

KEYWORDS asymmetric division; Src; Wnt; LET-99; NUMA

H IGHLY controlled mechanisms of spindle positioning
underlie both symmetric and asymmetric cell divisions.
In the case of asymmetric divisions, the position of the spindle
specifies the plane of division and, thus, is critical for proper
segregation of cell fate determinants into the differentially
fated daughter cells. In addition, the plane of cell division
affects daughter cell placement, which influences the mor-
phogenesis of tissues and organs within an organism. Much of
our understanding of spindle positioning has come from
studies of asymmetric division in the one-cell Caenorhabditis
elegans embryo and Drosophila melanogaster embryonic neu-
roblasts. Later research in vertebrate epithelial cells provided
evidence for the conservation of the spindle positioning path-
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ways. In all of these cell types, intrinsic PAR polarity proteins
occupy distinct cortical domains to regulate cytoplasmic
asymmetry and spindle positioning. A conserved complex
of Ga/GPR/LIN-5 (Ga/Pins/Mud in Drosophila and Go/
LGN/NuMA in vertebrate cells) anchored at the cell cortex acts
downstream of PAR proteins to recruit the microtubule motor
protein dynein, which pulls on astral microtubules to physi-
cally position the nuclear-centrosome complex and spindle
(Hao et al. 2010; Rodriguez-Fraticelli et al. 2010; Zheng
et al. 2010; Morin and Bellaiche 2011; McNally 2013; Rose
and Gonczy 2014; Williams et al. 2014).

LIN-5 (NuMA, Mud) was shown to be a direct link to
dynein and GPR-1/2 (LGN, Pins) (Du and Macara 2004;
Siller et al. 2006; Couwenbergs et al. 2007; Nguyen-Ngoc
et al. 2007). NuMA and Mud have also been shown to be
required for spindle positioning in association with additional
components, and in some cases without Ga, or LGN/Pins. For
example, in the Drosophila sensory organ precursor cell
(SOP), the Wnt planar cell polarity pathway orients the spin-
dle both with respect to the plane of the epithelium and on
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the anterior/posterior (A/P) axis of the organism. The first
orientation involves the Ga/Pins/Mud complex, but the lat-
ter involves direct recruitment of Mud by the Wnt compo-
nent, Dishevelled, independent of Ga and Pins (Bellaiche
et al. 2001a,b; David et al. 2005; Segalen et al. 2010). A
similar planar cell polarity-directed pathway that requires
Dsh, NuMA, and actin regulators aligns spindles during
zebrafish gastrulation (Segalen et al. 2010; Castanon et al.
2013). In vertebrate cells that divide in parallel to the sub-
strate, NUMA can also be recruited to the cortex inde-
pendently of LGN at anaphase. This requires the ERM
family proteins, phospholipids, and actin (Kiyomitsu and
Cheeseman 2013; Seldin et al. 2013; Kotak et al. 2014;
Zheng et al. 2014).

Despite considerable progress, much remains to be learned
about mechanisms of spindle positioning, especially in re-
sponse to multiple signaling pathways. The asymmetric di-
vision of the endomesodermal precursor (EMS) cell in the
four-cell C. elegans embryo is an excellent model for under-
standing the coordination of multiple cues. In the EMS cell,
the PAR domains exhibit an inner/outer polarity that is de-
pendent on cell-cell contacts (Nance and Priess 2002). Thus,
the PAR domains are not aligned with the spindle as they are
in the well-characterized one-cell and P1 divisions. Rather,
the EMS spindle aligns with the A/P axis in response to par-
tially redundant Wnt and Mes-1 polarity cues that come from
the neighboring posterior cell, called P2 (Figure 1A and Fig-
ure 2A). In the absence of both cues, the EMS blastomere
divides on the left/right (L/R) axis and fails to specify endo-
derm (Bei et al. 2002).

Genetic experiments showed that the upstream compo-
nents of the Wnt signaling pathway, such as the Wnt ligand
(MOM-2 in C. elegans), the Frizzled receptor (MOM-5), and
the Disheveled adaptor proteins (DSH-2 and MIG-5), play a
role in EMS spindle positioning (Figure 2A); however, this
activity is independent of the transcriptional activation asso-
ciated with canonical Wnt signaling (Schlesinger et al. 1999;
Bei et al. 2002). The Mes-1 pathway acts in parallel to the
Wnt pathway (Figure 2A) and has only two confirmed com-
ponents based on localization and genetic studies. First,
MES-1, a receptor tyrosine kinase-like protein, localizes to
the P2/EMS cell contact (Berkowitz and Strome 2000; Bei
et al. 2002). Second, the cortical enrichment of the activated
form of SRC-1 kinase at the P2/EMS contact site is mediated
by MES-1 (Liu et al. 2010). Both mes-1 and src-1 single mu-
tants have been shown to enhance the EMS spindle position-
ing defects seen in Wnt pathway single mutants, but they do
not enhance each other (Bei et al. 2002).

A potential downstream effector of spindle positioning in
both the Wnt and Mes-1/Src-1 pathways is dynactin, an
activator of dynein. Downregulation of dynactin by RNA
interference (RNAi) results in spindle positioning defects in
EMS, and dynactin enrichment at the P2/EMS contact in wild-
type embryos was shown to depend on both Wnt and SRC-1
(Zhang et al. 2008). Because Wnt is required for EMS but not
P2 spindle positioning (Schlesinger et al. 1999; Bei et al.
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2002), the Wnt pathway is proposed to recruit dynein and
mediate cortical force generation specifically in the EMS blas-
tomere. However, SRC-1 is also required for EMS and P2
spindle positioning (Bei et al. 2002), so it is not clear whether
the effect on dynactin enrichment is occurring in the EMS, the
P2 blastomere, or in both cells. LIN-5 is also enriched at the
P2/EMS contact (Srinivasan et al. 2003; Fisk Green et al.
2004), and is known to mediate dynein recruitment to the
cortex at the one- and two-cell stage (Nguyen-Ngoc et al.
2007). However, the role of LIN-5 in EMS spindle positioning
has never been tested.

Two other proteins that may participate in EMS spindle
positioning are LET-99 and Ga. LET-99, a DEP domain-
containing protein (Dishevelled, Egl-10 and Pleckstrin domain),
has a well-established role in mediating spindle positioning
during the first asymmetric division, downstream of the PAR
proteins. LET-99 antagonizes Ga activity, and in the one-cell
zygote (P0), LET-99 inhibits the localization of GPR-1/2 and
LIN-5 from the lateral-posterior cortical domain, thus generat-
ing asymmetry of cortical pulling forces (Rose and Kemphues
1998; Tsou et al. 2002, 2003a; Wu and Rose 2007; Park and
Rose 2008; Krueger et al. 2010). PO divides asymmetrically
to produce a larger AB daughter cell and a smaller, posterior
P1 daughter cell. The AB cell divides symmetrically giving rise
to ABa and ABp; P1 undergoes another round of asymmetric
cell division on the A/P axis to produce EMS and P2 (Figure
1A). The PAR proteins, LET-99, GPR-1/2, and LIN-5, are asym-
metrically localized at the P1 cortex and they are required for
spindle positioning, as in the one-cell, PO (Rose and Gonczy
2014). In contrast, there is no band pattern of LET-99 in the
EMS cell; instead, cortical LET-99 appears lower at the
P2/EMS cell contact site, whereas GPR-1/2 and LIN-5 are
more enriched (Srinivasan et al. 2003; Tsou et al. 2003a).
We and others previously showed that the inactivation of
LET-99 and Ga at the two-cell stage using temperature-
sensitive (ts) alleles resulted in failure of EMS spindle rota-
tion, suggesting a potential role for these proteins in EMS
spindle positioning (Tsou et al. 2003a; Zhang et al. 2008).
However, in both let-99(ts) and Ga mutant embryos there
are gross perturbations of the ABa and ABp spindle orienta-
tions, which can distort the shape of the EMS cell. Further,
our reexamination of the let-99(ts) mutant using a temperature-
controlled microscope stage revealed defects in the P1 division,
even at the supposed permissive temperature (see Materials
and Methods), raising the possibility that the EMS division
defects reported were indirect.

In this report, we examine the requirement of LET-99, Ga,
and LIN-5 in EMS spindle positioning, and test whether these
proteins are part of the Wnt or Mes-1/Src-1 pathways. Single-
mutant analysis using additional let-99 temperature-sensitive
alleles that can be specifically inactivated at the four-cell
stage, together with an examination of lin-5(ts) and gpa-16(ts)
mutants, revealed EMS spindle positioning defects only in
lin-5(ts) embryos. However, double-mutant analysis indi-
cates that LET-99 functions in the Mes-1/Src-1 pathway for
EMS spindle positioning.
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Materials and Methods
Worm strains

C. elegans were grown using standard conditions (Brenner
1974). Published strains used were as follows: AZ244 unc-
119(ed3) II; ruls57[pie-1::GFP::tubulin + unc-119(+)]
(Praitis et al. 2001); BW1808 gpa-16(it143) unc-13(e51)
I (Bergmann et al. 2003); EU452, mom-5(zul193) unc-
13(e1091)/hT2 I; +/hT2[bli-4(e937)let(h661)] II (Schlesinger
et al. 1999); EU1100 let-99(or513) IV (Goulding et al. 2007);
FM102 [in-5(ev571)ts; GFP::tubulin (Park and Rose 2008);
SS149 mes-1(bn7) X (Capowski et al. 1991; Strome et al
1995); R1264 [et-99 (ax218)unc-30 (e191) IV (Wu et al
2016); and EU660 [et-99(0r204) IV (Encalada et al. 2000;
Goulding et al. 2007). BW1808, EU452, R1L264, and SS149
were crossed to AZ244 to create R1L262, RL302, R1L292, and
RL265, respectively for this study: RL262 mom-5(zu193)
unc-13(e1091)/hT2 I, +/hT2[bli-4(e937)let(h661)]; unc-119(ed3)
IIT; ruls57[pie-1::GFP::tubulin + unc-119(+)]; RL302 gpa-
16(it143) unc-13(e51) I; unc-119(ed3) II; ruls57[pie-1::
GFP::tubulin + unc-119(+)]; RL292 mes-1(bn7) X; unc-119(ed3)
IIT; ruls57[pie-1::GFP::tubulin + unc-119(+)]; and RL265
let-99 (ax218)unc-30 (e1919) IV; unc-119(ed3) III; ruls57
[pie-1::GFP::tubulin + unc-119(+)]. EU660 was outcrossed
to N2 four times to generate RL220 let-99(0r204). Strains
were grown at 15-16° unless otherwise indicated.

RNA interference

RNAi was carried out by bacterial feeding (Timmons and Fire
1998) using the following Ahringer library clones (Kamath
et al. 2003): mes-1(X-5L23), mom-2(V-6A13), mig-5(1I-
6C13), dsh-2(11-4011), dlg-1(X-8A08), goa-1(I-3P15),
and gpa-16 from Park and Rose (2008). Bacteria were used
undiluted for single RNAi, or mixed 1:1 for double RNAi.
Feeding was conducted at 15-16° for 36-48 hr unless other-
wise stated for specific experiments. dlg-1 RNAi was achieved
by feeding for at least 24 hr at room temperature (23-25°)
and then embryos were imaged at 25°. Effectiveness of the
dlg-1(RNAi) was confirmed by high embryo lethality (93%
lethality after 24 hr of RNAi feeding and 100% lethality fol-
lowing 48 hr of feeding). src(RNAi) (Cram et al. 2006) feed-
ing resulted in 66% lethality after 24 hr and in 97% lethality
following 48 hr of feeding at room temperature.

Imaging and temperature shifts

Embryos were removed from gravid hermaphrodites and
mounted on 2% agarose pads under coverslips. Single-plane
images were acquired every 10 sec on an Olympus BX60
microscope equipped with PlanApo N 60X, 1.42 NA objective
lens, a Hammatasu Orca 12-bit digital camera, and OpenLab
Software. Worms were imaged with a combination of epi-
fluorescence and brightfield; the latter minimized photodam-
age in addition to allowing better assessment of final daughter
cell positions. As such, data in Figure 2B comes from a subset
of embryos where early centrosome migration patterns were
scorable by epifluorescence. For spindle positioning data sets,

embryos were scored as follows unless noted in the figure
legend: division was “A/P” if both centrosomes were visible
on the A/P axis prior to nuclear envelope breakdown (NEB)
as in the wild type, and the final daughter positions were on
the A/P axis. Often, one centrosome/spindle pole was slightly
out of focus because the EMS spindle is at a slight angle to the
L/R midline even in control embryos (e.g., see Figure 1C; the
L/R axis is into the plane of the image in most embryos filmed
on agar). Based on analysis of the z-plane, we estimate that
any spindle with both centrosomes visible is within 45° of the
midline along the A/P axis. In embryos scored as exhibiting a
late rotation, the centrosomes were not visible on the A/P axis
prior to NEB, but the spindle moved to within the normal A/P
range before cytokinesis onset. Spindles that did not rotate and
divided at an angle between 45 and 90° to the A/P axis [which
could be L/R, D/V (dorsal/ventral), or oblique] were placed in
the L/R / D/V category. In general, the spindle formed on the
axis defined by the final position of the centrosomes after
migration, but sometimes the spindle shifted in the L/R or
D/V axis as the ABa/p division proceeded and the embryo
changed shape. Chi-squared statistical analysis of spindle po-
sitioning was done in Excel. Graphs were made in GraphPad
Prism Version 6.0.

Temperature shifts were performed by placing the slide on a
Linkam PE95/T95 System Controller with an Eheim Water
Circulation Pump. The true temperature of the slide was de-
termined by inserting the wire probe of an Omega HH81 digital
thermometer between the cover slip and an agar pad with the
60 X objective and oil in place. The permissive temperature for
all experiments was 16.4-17.4° (controller temperature set to
8°) and the nonpermissive temperature was 25.0-25.1° for
most experiments, or 26° for some lin-5(ts) experiments (con-
troller set to 25° and 26°, respectively). To prevent inactivation
during slide preparation, ice packs were placed around the
dissecting microscope, and slides with agar pads, coverslips,
and buffer were kept on ice to maintain temperature below 16°.

To determine how quickly temperature-sensitive alleles
became inactivated, lin-5(ev571ts) and let-99(ax218ts) strains
were grown at 15-16° and then upshifted prior to the P1 di-
vision. lin-5(ev571ts), let-99(ax218ts), and let-99(or513ts)
required 4-5 min at the nonpermissive temperature to cause
a complete failure of P1 spindle rotation. For the analysis of
EMS spindle positioning, lin-5(ev571ts) embryos were
upshifted during or before the ABa/p centrosome separa-
tion but no later than NEB of ABa/p. let-99(ax218)ts em-
bryos were upshifted after the ABa/p centrosome separation
to avoid spindle positioning defects in those cells. In both
cases, the temperature upshifts were complete more than
5 min before the predicted EMS nuclear centrosome rota-
tion, as determined from GFP::tubulin embryos imaged
at 25°. A total of 10% of lin-5(ev571ts) embryos exhibited
failure of P1 nuclear rotation even at the permissive tem-
perature, as did 12% of [et-99(ax218ts) and 32% of
let-99(or513ts). Only embryos that exhibited normal or
late rotation and, thus, still divided asymmetrically were
analyzed for EMS spindle positioning.
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Embryos from the gpa-16(it143ts) single-mutant strain
were upshifted at various times during the one- to four-cell
stage to determine a minimal upshift time. However, there
was no correlation between the duration of temperature up-
shift and the P1 phenotype: early one-cell embryos often had
normal P1 rotation, while embryos upshifted later at the early
two-cell stage sometimes exhibited abnormal P1 rotations.
Overall, 33% of upshifted embryos exhibited failure of P1
rotation (Supplemental Material, Figure S2A), compared to
75% P1 rotation defects (N = 12) observed when worms
were grown at 25° overnight, similar to previous reports
(Bergmann et al. 2003). This indicates that it143 is not a
fast-inactivating ts allele, but nonetheless upshift at the
one- to two-cell stage causes a loss-of-function.

For the gpa-16(ts);goa-1(RNAi) data shown in Figure S2,
B and C, gpa-16(ts) worms were grown on goa-1 RNAi for
36-48 hr at 15-16° and then imaged at 25° using the tem-
perature-controlled stage. To try to obtain embryos in which
the AB, P1, and ABa/p divisions were normal, gpa-16(ts)
worms were also grown at a lower permissive temperature
of 14-15° for 22-27 hrs of goa-1 RNAi treatment. Nonethe-
less, 5/7 embryos had an abnormal AB and/or P1 division,
and 7/7 ABa/p divisions were misoriented, resulting in em-
bryos with highly abnormal cell arrangements. Thus, we
were not able to observe EMS spindle positioning defects in
the absence of other division abnormalities.
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Figure 1 EMS spindle positioning visual-
ized in GFP::tubulin-expressing embryos.
(A) Schematic of centrosome migration
and spindle positioning exhibited by the
majority of control embryos at the four-
cell stage. The EMS centrosomes migrate
from an anterior position (1) onto the LR
axis (2), and then the nuclear centrosome
complex rotates onto the AP axis (3)
where the spindle forms following NEB
(4). (B-E) Epiflourescence images of
GFP::tubulin-expressing control embryos,
mom-5 mutant embryos, and mom-5;
mes-1(RNA)) embryos. Time points relative
to NEB are indicated (negative numbers,
time before NEB; positive numbers, time
after NEB). (B) An example of centro-
somes separating onto the L/R axis fol-
lowed by nuclear-centrosome rotation
onto the A/P axis. (C) An embryo in which
centrosomes migrate directly on to the
A/P axis. (D) An example of an embryo
in which the centrosomes migrated onto
the LR axis and spindle rotation onto the
A/P axis occurred late, after NEB. (E) An
embryo in which neither nuclear or late
spindle rotation occurred, and the final
spindle was oriented between the L/R
and D/V axes. A/P, anterior/posterior;
DN, dorso/ventral; EMS, endomesoder-
mal precursor; /R, left/right; NEB, nu-
clear envelope breakdown; RNAi, RNA

210sec )
interference.

Immunofluorescence

Immunolocalization was carried out on gpa-16(it143ts);goa-1
(RNAi) and goa-1(sa734); gpa-16(RNAi) embryos that were
upshifted to 25° for 24-50 hr. Immunolocalization was per-
formed using a standard liquid nitrogen freeze-fracture
method followed by —20° methanol fixation as described
previously (Park and Rose 2008). Rat anti-LIN-5 antibodies
were diluted 1:50 in PBS-Tween (PBST), and rhodamine
goat anti-rat secondary antibodies were diluted 1:100 in
PBST. DAPI staining was used to visualize DNA. Secondary
antibodies were preabsorbed with acetone powder from
wild-type worms. Specimens were mounted with Vectashield
(Vector Laboratories) and imaged using a 60X PLAPON NA
1.42 objective on an Olympus FV1000 Fluorview Laser Scan-
ning Confocal Microscope. Ten 0.2-um sections in the z-
plane were taken at the midfocal plane of embryos using
identical settings below saturation. Images shown in panels
are maximum intensity z-projections made in Fiji. Fluores-
cence intensities of maximum intensity projections were
traced using the segmented line tool of the Fiji software.
Each cell-cell contact was measured at the four-cell stage;
an adjacent cytoplasmic region from both cells was aver-
aged. The ratios of the cortical to the cytoplasmic pixel
intensities were then calculated for each cell-cell contact
in the embryos, and were averaged for each genotype.
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Four-cell embryos quantified included early prophase
through metaphase, based on DAPI staining and centro-
some position as labeled by LIN-5. Statistical tests of signifi-
cance were made using the Student’s t-test in Excel and
Prism. To assess RNAI effectiveness before fixation, the P1
and ABa/p cleavages were analyzed and only those treat-
ments producing a strong Ga mutant phenotype were used.
In addition, one-cell gpa-16(it143ts);goa-1(RNAi) mutant
embryos were stained in parallel; LIN-5 cortical staining
was barely detectable in most one-cell embryos (mean corti-
cal to cytoplasmic ratio of 0.89, n = 10), as previously report-
ed (Park and Rose 2008).

Data availability

Strains and antibodies are available upon request.

Results

Wnt and Mes-1/Src-1 pathway mutants have similar
defects in nuclear rotation

Previous studies indicated that the centrosomes migrate onto
the L/R axis in the EMS cell just as in the ABa/p cells (Figure 1,
A and B) (Rose and Gonczy 2014). While the ABa/p spindles
set up on the L/R axis defined by this centrosome positioning,
in the EMS cell, the nuclear-centrosome complex rotates ap-
proximately 90° onto the A/P axis prior to nuclear envelope
breakdown (NEB) (Figure 1A). Thus the EMS spindle forms
on the A/P axis (Figure 1, A and B). Wnt mutants have been
reported to fail in nuclear rotation but eventually orient onto
the A/P axis in anaphase when EMS is analyzed in the intact

embryo (Schlesinger et al. 1999). Mes-1/Src-1 pathway mu-
tants have also been reported to exhibit late spindle rota-
tions, but also to exhibit final spindle orientations on the
L/R or the D/V axes (Bei et al. 2002; Kim et al. 2013). These
observations raised the possibility that the Mes-1/Src-1
pathway could have a greater, or different, contribution to
spindle positioning than the Wnt pathway. Therefore, we
first carefully compared early centrosome movements and
EMS spindle positioning between wild-type and single mu-
tants of the Wnt and Mes-1/Src-1 pathway components
using a combination of bright field and fluorescence time-
lapse microscopy. To facilitate this analysis, mutations in the
Frizzled ortholog of the Wnt pathway, mom-5(zu193), and
the mes-1(bn7) mutation were combined with a GFP::tubulin
transgene.

In GFP::tubulin-expressing embryos, centrosome positions
were more variable than described previously (Figure 1A and
Figure 2B). We observed centrosome migration onto the D/V
axis in addition to the L/R axis, or onto an axis in between
those (referred to as oblique). Moreover, in 26.7% of control
embryos, the centrosomes migrated directly onto the A/P axis
(Figure 2B); thus, little to no rotation was needed for the
spindle to form on the A/P axis (Figure 1C). Of the control
GFP::tubulin embryos where the centrosomes migrated onto a
non-A/P axis, all exhibited nuclear-centrosome rotation onto
the A/P axis prior to NEB (Figure 1, A and B), as previously
reported (Hyman and White 1987; Schlesinger et al. 1999; Bei
et al. 2002). Therefore, the EMS spindle always formed on the
A/P axis in GFP::tubulin control embryos, but the centrosomes
arrived on that axis by more than one route.

EMS Spindle Positioning in C. elegans 1181


http://www.wormbase.org/db/get?name=WBGene00002994;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001678;class=Gene
http://www.wormbase.org/db/get?name=WBVar00088047;class=Variation
http://www.wormbase.org/db/get?name=WBGene00001648;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002994;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003397;class=Gene
http://www.wormbase.org/db/get?name=WBVar00275520;class=Variation
http://www.wormbase.org/db/get?name=WBGene00003219;class=Gene
http://www.wormbase.org/db/get?name=WBVar00000461;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192831/-/DC1/TableS1.docx

Based on the analysis described above, it was possible that
Wntand Mes-1 signaling differentially affect early centrosome
migration patterns in addition to nuclear-centrosome com-
plex rotation. Therefore, we analyzed centrosome movements
in embryos from either mom-5 or mes-1 mutant mothers
(hereafter referred to as mom-5 and mes-1 embryos). Similar
to the wild type, in both mom-5 and mes-1 mutant embryos,
we observed migration of the centrosomes on to the L/R,
D/V, or oblique axes (Figure 2B, “centrosome non-A/P mi-
gration”). Further, a proportion of mes-1 and mom-5 single-
mutant embryos exhibited a direct migration onto the A/P
axis (18.5 and 14.3%, respectively) (Figure 1C and Figure
2B), and there was no significant difference between mom-5
and mes-1 mutants or either mutant compared to wild-type
(Figure 2B and Table S1). Similarly, in the subset of mom-5;
mes-1(RNAi) double-mutant embryos in which the centro-
some migration paths could be followed throughout the early
cell cycle, 28.5% migrated onto the A/P axis directly (n = 7;
Table S1). We conclude that early centrosome migration
movements are not regulated by either the Wnt or Mes-1
pathways.

We also carefully examined nuclear rotation in mom-5 and
mes-1 single-mutant embryos. In almost half of the embryos
of both genotypes, nuclear rotation did not occur prior to NEB
and thus the spindle formed on the D/V, L/R, or oblique axis.
In most single-mutant embryos, the spindle then rotated onto
the A/P axis following NEB; we classified such events as ab-
normal late rotations (Figure 1D). In a small proportion of
both mes-1 and mom-5 embryos, the spindle never aligned
with the A/P axis resulting in spindles positioned at D/V, L/R,
or oblique non-AP angles (see Materials and Methods); we
refer to these as D/V / L/R divisions (Figure 1E). The com-
bined proportion of these two classes of abnormal EMS spin-
dle positioning events was not statistically different between
mom-5 and mes-1 single mutants, but both single mutants
were different from controls (Figure 2C, Table S1).

RNAi greatly facilitates the generation of embryos de-
pleted for components of both pathways. Therefore, we also
compared spindle positioning after RNAi of mes-1, the Wnt
ortholog, mom-2, and the partially redundant disheveled
orthologs, dsh-2 and mig-5. Similar EMS spindle positioning
defects were observed between single mutants and RNAi-
treated embryos (Figure 2C and Table S1). Further, the
majority of mes-1;mom-2(RNAi) and mom-5;mes-1(RNAL)
embryos showed a complete failure to correctly orient their
spindle (Figure 1E and Figure 2C), as previously reported
(Schlesinger et al. 1999; Bei et al. 2002). Late rotations were
not observed in the double-mutant; the presence of a small
number of A/P divisions in this and other double-mutant com-
binations is likely due to centrosomes migrating directly onto
to the A/P axis, as noted for mom-5;mes-1(RNAi) embryos
above. The defects observed with dsh-2(RNAi);mig-5(RNAi)
embryos were weaker than in mom-2(RNAi) or mom-5 em-
bryos; nonetheless, dsh-2;mig-5(RNAi) in combination with
mes-1 yielded a strong double-mutant phenotype (Figure 2C
and Table S1) and thus was also used for further studies. All
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together, these results suggest that the Wnt and Mes-1/Src-1
pathways contribute in similar ways to EMS nuclear rotation
prior to NEB.

LIN-5 is required for EMS spindle positioning

To determine whether LIN-5 is involved in EMS spindle posi-
tioning, we imaged lin-5(ev571ts) embryos (Lorson et al
2000) expressing GFP::tubulin. Because LIN-5 is required for
posterior spindle displacement in the one-cell embryo and for
nuclear rotation in the P1 cell of two-cell embryos, we utilized
a temperature-controlled microscope stage for these studies
(see Materials and Methods). We found that lin-5(ts) embryos
shifted from permissive (16.4-17.4°) to nonpermissive (25—
26°) temperature 5 min before P1 division exhibited a 100%
failure of P1 nuclear rotation, indicating that this allele causes
a strong loss of the LIN-5 protein function at the nonpermissive
temperature. We next analyzed the requirement for LIN-5 in
EMS spindle orientation by imaging lin-5(ts) embryos at per-
missive temperature and then upshifting during the early four-
cell stage, at least 5 min before the normal time of EMS
nuclear rotation. Under these conditions, a small subset of
lin-5(ts) embryos exhibited a failure of P1 rotation at the per-
missive temperature, before the temperature upshift; there-
fore, only embryos in which the P1 oriented normally before
division were analyzed further.

lin-5(ts) embryos upshifted at the early four-cell stage
exhibited poor centrosome separation in all blastomeres as
compared to wild-type. The forming EMS spindle appeared
smaller and often bent at the time of NEB, but then became
bipolar and spindle poles separated at anaphase (Figure 3, A
and B). Nonetheless, we were able to score the position of
most of the EMS centrosomes relative to the timing of NEB
and the A/P axis. In 38% of lin-5(ts) embryos, the centro-
somes migrated directly onto the A/P axis and thus the spin-
dle formed on the correct axis (Figure 2B); this percentage is
not statistically different from wild-type. Of the remaining
lin-5(ts) embryos, many exhibited late nuclear rotation or
L/R and D/V spindle orientations (Figure 3, B and C), similar
to what was observed for mes-1 and mom-5 single mutants.

To determine if LIN-5 functions in either the Wnt or
Mes-1/Src-1 pathway, we tested whether downregulation of
signaling components could enhance the partial defects seen
in lin-5(ts) embryos, as happens in double mutants of known
components of these pathways. lin-5(ts) embryos treated with
mom-2 or dsh-2;mig-5 RNAI did not show a statistically signif-
icant increase in the total abnormal EMS spindle positioning
events compared to lin-5(ts) single mutants. Similarly, EMS
spindle defects of lin-5(ts) embryos were not enhanced by
mes-1(RNAI) (Figure 3C). These data suggest that LIN-5 is re-
quired for EMS spindle positioning but it is unclear whether
LIN-5 is in the Wnt or Mes-1/Src-1 pathway.

LET-99 acts in the Mes-1/Src-1 pathway for EMS
spindle positioning

Previously, it was shown that upshift of the let-99(or204ts)
temperature-sensitive allele at the end of the P1 division
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Figure 3 LIN-5 is required for EMS spin-
dle positioning. (A-B) Epifluorescence
images from time-lapse video micros-
copy of GFP::tubulin; lin-5(ts) embryos.
(A) An embryo in which centrosomes
migrated directly onto the A/P axis. (B)
An example where centrosomes mi-
grated on to the D/V axis, there was
no nuclear rotation, and the final spindle
position was D/V. (C) Quantification of
EMS spindle positioning as in Figure 2C.
The effectiveness of mes-1(RNAi) and
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resulted in failure of EMS spindle rotation (Tsou et al.
2003a). However, these embryos were not imaged at permis-
sive temperature during the P1 division; these embryos also
exhibited abnormal AB cell divisions, raising the possibility
that earlier defects affected the EMS division. Therefore, we
used a temperature-controlled stage to image let-99(ts) con-
ditional mutants at the permissive temperature, 16.4-17.4°,
during the first two divisions, followed by temperature up-
shift to the restrictive temperature (25°) at the four-cell
stage. Examination of the let-99(or204ts) embryos revealed
that 60% (N = 10) of these embryos had failures of P1 nu-
clear rotation even at the permissive temperature, which could
interfere with normal EMS and P2 specification. By contrast,
the [et-99(ax218ts) and let-99(or513)ts mutants exhibited
fewer P1 rotation defects (12%, N = 52 and 32%, N = 25,
respectively) at the permissive temperature and were there-
fore analyzed further. Temperature upshifts were carried out
at least 5 min before the time of EMS nuclear rotation, allow-
ing sufficient time for LET-99(ts) protein inactivation (see
Materials and Methods). Embryos upshifted with this regimen
exhibited normal ABa/p divisions, and only embryos in which
P1 divided asymmetrically on the A/P axis were scored for the
EMS division. The EMS centrosome migration patterns were
similar to those described for wild-type, with direct A/P mi-
gration observed in 36.4% of let-99(ax218); GFP::tubulin em-
bryos (N = 11, Table S1). Defects in EMS spindle positioning
were only observed in 10% of let-99(ts) embryos using either
allele; in these embryos, the spindle formed on the L/R axis but
eventually rotated onto the A/P axis before cytokinesis (Figure
4A and Figure S1A).

We next examined let-99(ts) mutants that were also de-
pleted for either Wnt or Mes-1/Src-1 pathway components
and upshifted at the four-cell stage. In let-99(ts) embryos
depleted for Wnt components, there was no enhancement
of the EMS spindle positioning defects (Figure 4A and
Figure S1A). Interestingly, the number of abnormal EMS
spindle positioning events seen in let-99(ts);mes-1(RNAi)
embryos appeared reduced compared to mes-1(RNAi) em-
bryos, but the difference was not statistically significant.
To test this potential interaction further, we treated let-
99(ts) embryos with src-1(RNAi). RNAi of src-1 alone gave
a stronger spindle positioning defect than mes-1(RNAi),
but < 20% of src-1(RNAD);let-99(ts) embryos exhibited
such defects (Figure 4A, Figure S1A, and Table S1).
We confirmed these suppression results by generating a
let-99(ax218ts);mes-1(bn7) double-mutant. At the nonper-
missive temperature, 15% of let-99(ax218ts); mes-1(bn7)
embryos exhibited EMS spindle positioning defects as
compared to 55% mes-1(bn7) abnormal EMS divisions
(Figure 4B). To test if loss of let-99 could also suppress
the wnt;mes-1 double-mutant phenotype, we examined
spindle positioning in let-99(ax218ts);mes-1(bn7);mom-
2(RNAi) embryos. Although let-99(ax218ts);mes-1(bn7);
mom-2(RNAi) embryos analyzed at the permissive tem-
perature throughout the EMS division phenocopied the
strong wnt; mes-1 double-mutant phenotype, this pheno-
type was suppressed in embryos upshifted at the four-cell
stage (Figure 4B). Together, these data suggest that
LET-99 acts downstream of the Mes-1/Src-1 pathway, in
parallel to the Wnt pathway.
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The loss of one Ga, GPA-16, does not cause EMS spindle
positioning defects

In C. elegans, GPA-16 and GOA-1 are two partially redundant
Ga proteins that form the Ga/GPR/LIN-5 complex and are
required for early spindle positioning (Rose and Gonczy
2014). A previous report observed abnormal EMS divisions
in gpa-16(it143ts);goa-1(RNAL) embryos imaged at the non-
permissive temperature from the end of the P1 division
(Zhang et al. 2008). However, in these embryos, all ABa
and ABp cells had abnormal cleavage plane orientations,
and the P1 division was not analyzed, raising concerns about
indirect effects.

Our analysis of gpa-16(ts) single mutants revealed that
(it143ts) is a slow inactivating, variable, temperature-
sensitive allele (see Materials and Methods). Further, when
gpa-16(it143ts);goa-1(RNAI) embryos were upshifted at the
one-cell or early two-cell stages, the P1 nucleus and spindle
showed a complete failure to rotate onto the A/P axis in most
embryos (Figure S2A), regardless of the timing of the upshift.
Under these conditions, the EMS division was abnormal in
58% of gpa-16(it143ts);goa-1(RNAi) embryos (Figure S2A).
However, in the subset of embryos where P2 division could be
scored, the P2 and EMS cell cycles were usually synchronous
(14/17), consistent with the failed rotation in the P1 cell.
Thus, it is not clear whether P2 was correctly specified and
competent to provide Wnt and Src signaling to the EMS.
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Additionally, all gpa-16(ts); goa-1(RNAi) embryos had abnor-
mal ABa/p divisions in which the cells often appeared to
physically push into the EMS blastomere (Figure S2A). We
were not able to separate EMS division defects from P1 and
ABa/p abnormalities using partial knockdown conditions
(see Materials and Methods for details). Changing the geom-
etry of a cell can have an effect on its spindle orientation
(Tsou et al. 2003b; Nestor-Bergmann et al. 2014). Thus,
given our observations, it is not clear whether the EMS spin-
dle defects exhibited by gpa-16(ts); goa-1(RNAi) are a direct
or indirect effect of loss of Ga activity.

Although GPA-16 and GOA-1 are partially redundant, loss
of GPA-16 function alone results in failure of P1 rotation in
75% of embryos when gpa-16(ts) mutants are raised at 25°
(Bergmann et al. 2003). Moreover, 31% EMS division defects
in gpa-16(ts) embryos were previously described (Tsou et al.
2003a). However, again, P1 and AB divisions were not care-
fully followed and double-mutant analysis was not per-
formed. Therefore, we upshifted gpa-16(ts);GFP::tubulin
embryos before P1 division to at least partially inactivate
the GPA-16(ts) protein and examined the EMS division. Al-
though these conditions do not fully inactivate GPA-16
(see Materials and Methods), we reasoned that a partial
loss-of-function could still enhance wnt or mes-1 RNAi, if
GPA-16 acts in one of these pathways. With this regimen,
although the P1 spindle exhibited a failed or late rotation
in some gpa-16(ts) embryos, in all embryos the ABa/p spindles
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treatments was confirmed by analyzing double
wnt- and mes-7-mutant and RNAi combina-
tions in parallel: 100% of mes-1; mom-2(RNAI)
(N=7), 92% of mes-1; dsh-2:mig-2(RNAJ) (N =
12), and 100% of mom-5; mes-1(RNAI) (N = 5)
embryos showed EMS spindle positioning de-
fects. (B) Maximum fluorescence intensity Z
projections of confocal images of LIN-5 and
GPA-16 antibody staining in control and goa-
1(sa734); gpa-16(RNA|) embryos. Arrowheads
mark the EMS/P2 cell contact sites. (C) Quanti-
fication of the maximum cortical intensity at the
indicated cell-cell contact sites in control (N =
16) and goa-1(sa734); gpa-16(RNA)) (N = 11)
embryos; note that there are fewer P2/ABp con-
tact sites in goa-1(sa734);, gpa-16(RNAI)) em-
bryos because abnormal AB and P1 divisions
can result in embryos with four cells in a row.
Data were compared using the unpaired Stu-
dent’s t-test (ns, not significant, P > 0.05,
* P < 0.05, *** P < 0.001, see Table S2 for
specific P values). A/P, anterior/posterior; D/V,
dorso/ventral; EMS, endomesodermal precur-
sor; LR, left/right; NEB, nuclear envelope break-
down; RNAI, RNA interference.

LIN-5

control goa-1(sa734); gpa-16(RNAI)

set up correctly (Figure S2A). Those gpa-16(ts) embryos did
not exhibit EMS spindle positioning defects, and gpa-16(ts)
did not enhance either the wnt or mes-1 single-mutant phe-
notypes (Figure 5A). These data suggest that GPA-16 alone is
not required for EMS spindle positioning.

LIN-5 persists at the cortex in Ga double mutants

As an additional way to test if Ga may play a role in the EMS
cell, we examined LIN-5 cortical localization. At the one-cell
stage, cortical LIN-5 is barely detectable in Ga double RNAi
embryos (Park and Rose 2008). Thus, we predicted that if
GPA-16 and GOA-1 are the only anchors for LIN-5 cortical
localization in EMS, cortical LIN-5 would be greatly reduced
in Ga double mutants at the four-cell stage. Cortical LIN-5
staining intensities were measured at the cell contact sites of
prophase to metaphase four-cell embryos in the same back-
ground used for the spindle positioning assay, gpa-16(ts);
goa-1(RNAi), as well as after gpa-16 RNAI treatment of a
predicted null allele of goa-1, sa734 (Robatzek and Thomas

2000; Afshar et al. 2005). In control embryos, LIN-5 was pre-
sent at higher levels at the P2/EMS cell-cell contact site com-
pared to other EMS contacts, as previously reported (Figure
5B and Table S2) (Srinivasan et al. 2003; Fisk Green et al.
2004). LIN-5 enrichment at EMS/P2 was not present in Ga
mutant embryos, and the levels at the ABp/P2 cell contact
were also lower in Ga mutant embryos compared to wild-
type. Nonetheless, there was still cortical accumulation at these
contact sites and the levels at the EMS/ABp and ABp/ABa con-
tacts were not significantly reduced (Figure 5, Figure S2B,
and Table S2). The enrichment of GPR-1/2 to the P2/EMS
cell contact was recently demonstrated to be in the P2 cell,
rather than in the EMS cell (Werts et al. 2011). Thus, the
loss of LIN-5 from the P2 contact sites in Ga double-mutant
embryos is consistent with a model in which Ga anchors
GPR-1/2 and LIN-5 to the cortex in the P2 blastomere. How-
ever, the persistence of LIN-5 at other cell contacts suggests
that LIN-5 may be recruited to the cortex of early blasto-
meres, including EMS, in a Ga-independent manner.
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Figure 6 Model for the role of LET-99 signaling in EMS spindle position-
ing. Vertebrate orthologs of canonical Wnt pathway members are shown
in parentheses. WRM-1 is a B-catenin-related protein.

Because we did not observe an obvious effect on LIN-5
cortical localization in Ga-depleted embryos, we considered
other LIN-5 anchoring proteins for their potential role in EMS
spindle positioning. In Drosophila, Dlg colocalizes with Pins,
Mud, and Ga (Bellaiche et al. 2001b) and the C. elegans Discs
Large protein, DLG-1, has been identified as a LIN-5 interact-
ing protein in a yeast two-hybrid screen (Li et al. 2004). We
hypothesized that DLG-1 may be involved in anchoring LIN-5
to the EMS cortex, and therefore its loss may result in de-
fective spindle positioning. RNAi of DLG-1 resulted in 93%
embryonic lethality as previously published (Maeda et al.
2001). However, we did not observe EMS spindle positioning
defects in dig-1(RNAi) embryos. In addition, there was no
enhancement of Wnt or Mes-1/Src-1 pathway single-mutant
phenotypes when combined with dig-1(RNAi) (Figure S3A).
Finally, the cortical localization of LIN-5 at the four-cell stage
was not reduced in dig-1(RNAi) embryos (Figure S3B).

Discussion

SRC-1 is an important player in EMS spindle positioning, but
the molecular mechanism by which it affects nuclear rotation
is unknown. This study provides evidence for the primary role
of LET-99 in the Mes-1/Src-1 pathway and also reveals a role
for LIN-5 in EMS spindle positioning.

LIN-5 interacts with regulators of the dynein microtubule
motor and, thus, is likely to directly promote force generation
for nuclear rotation in the EMS cell, as demonstrated in other
cell types (Morin and Bellaiche 2011; McNally 2013). There
are several models that are consistent with our data and a
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role for LIN-5 in EMS spindle positioning. First, LIN-5 may act
downstream of both Wnt and Src-1 pathways. However, we
predicted that if LIN-5 is in both pathways, lin-5(ts) would
result in a complete failure of spindle alignment, as seen for
mes;wnt double mutants, and this was not clearly observed. A
second model, based on the precedent of LET-99 inhibiting
GPR-1/2 and LIN-5 localization during the first asymmetric
division (see below), is that LIN-5 acts only in the Mes-1/
Src-1 pathway with LET-99. Interestingly, when the propor-
tion of embryos with complete failure of spindle alignment
(rather than combined late and failed rotations) is com-
pared, lin-5(ts);mom-2(RNAi) embryos have significantly
more defects than lin-5(ts) alone (P = 0.022), but lin-5(ts);
mes-1(RNAi) do not (P = 0.15). Nonetheless, with this
model, we would again predict a higher proportion of failed
alignments. The lack of a strong phenotype in lin-5(ts) single-
and double-mutant combinations could be due to failure to
completely inactivate the available lin-5(ts) allele, if spindle
positioning at the four-cell stage requires less force. Alterna-
tively, LIN-5 may function redundantly with another force-
generating machinery such as in Drosophila neuroblasts,
where the LIN-5 ortholog, Mud, functions in parallel with a
kinesin complex (Siegrist and Doe 2005; Johnston et al.
2009).

LET-99 has been studied in the context of intrinsic PAR
polarity cues that regulate spindle positioning in the one-cell
C. elegans embryo. LET-99 is asymmetrically localized at the
cortex in a lateral band in the one-cell and in the P1 cell by the
PAR polarity proteins. In this region, LET-99 inhibits the lo-
calization of GPR-1/2 and LIN-5 to the cortex, thus generat-
ing asymmetry of cortical pulling forces (Tsou et al. 2003a;
Wu and Rose 2007; Park and Rose 2008; Krueger et al. 2010).
At the four-cell stage, LET-99 is present in a band pattern in
the P2 cell that divides asymmetrically in response to PAR
cues. In contrast, the only asymmetry observed in the EMS
cell is a lower level of LET-99 at the P2/EMS contact where
GPR-1/2 and LIN-5 are enriched. Thus, it was previously pro-
posed that LET-99 inhibits GPR-1/2 /LIN-5 recruitment to
Ga at the cell cortex at all regions except the EMS/P2 cell
contact, generating asymmetry of cortical GPR-1/2 /LIN-5
(Tsou et al. 2003a). In this scenario, Ga would function in
the Mes-1/Src-1 pathway. However, based on the studies re-
ported here, it is not clear whether Ga plays a direct role in
EMS spindle positioning. We observed a correlation between
failed EMS rotation and abnormalities of the ABa/p divisions
(Figure S2A), and such ABa/p defects were observed in the
previous studies that reported EMS spindle alignment defects
in Ga mutants (Zhang et al. 2008). Further, we did not ob-
serve an enhancement of spindle positioning defects in wnt;
gpa-16(ts) double mutants.

It is possible that GPA-16 and GOA-1’s role in EMS is
masked by redundancy with another Ga subunit. Alterna-
tively, LET-99 and LIN-5 may act through a Ga-independent
pathway in the EMS cell. Interestingly, our data show that
cortical LIN-5 persists in Ga double mutants. This raises the
possibility that LIN-5 is localized to the EMS cortex in a
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Ga-independent manner. There have been multiple reports of
LIN-5 orthologs recruited to the cortex by molecules other
than Gai. For instance, in Drosophila SOP cells and zebrafish
epiblast cells during gastrulation, Dsh anchors NuMA to the
cortex (Segalen et al. 2010). Moreover, the cortical localiza-
tion of NuMA is LGN/ Ga-independent during anaphase of
HeLa cells (Kiyomitsu and Cheeseman 2013; Kotak et al.
2014). NuMA has been shown to be capable of associating
with phospholipids in vitro (Kotak et al. 2014; Zheng et al.
2014). In addition, the actin cytoskeleton has been shown
to be required for cortical NuMA localization in keratino-
cytes and HeLa cells (Seldin et al. 2013; Kotak et al. 2014).
Actin has also been implicated in zebrafish epiblast spindle
positioning (Castanon et al. 2013) as well as in the division
of ABar cell in the C. elegans early embryo, through a link to
CED-10/Rac (Cabello et al. 2010). This poses an interest-
ing possibility that the actin cytoskeleton may have a role
in EMS spindle positioning.

The suppression of mes-1 and src-1 mutants by loss of
let-99 function suggests that LET-99 acts downstream of MES-1/
SRC-1 (Figure 6). Interestingly, the majority of the let-99(ts);
mes-1; mom-2(RNAi) embryos display normal EMS spindle
positioning at the nonpermissive temperature. This is remi-
niscent of the wrm-1;mes-1;mom-2 triple-mutant phenotype.
Although downregulation of WRM-1, a B-catenin-related
protein, does not affect EMS spindle positioning, the spindle
positioning phenotype of mom-2;mes-1 double mutants is
partially rescued in mom-2;mes-1;wrm-1 triple mutants.
WRM-1 is present all around the cortex of EMS at the begin-
ning of the cell cycle, but is then asymmetrically localized to
the anterior EMS cortex in response to the upstream Wnt
pathway components. These results lead to the hypothesis
that WRM-1 normally functions to mask an unidentified in-
trinsic polarity cue at the P2/EMS cell contact site that is
capable of promoting proper EMS spindle positioning (Kim
et al. 2013). Our genetic data support a model in which
LET-99 acts analogously to WRM-1 (Figure 6); LET-99 may
need to be inactivated by the Mes-1/Src-1 pathway to allow
for EMS nuclear rotation. One tempting model is that the
decreased LET-99 localization at the P2/EMS cell contact
region compared to other cell contacts is a response to the
Mes-1/Src-1 pathway (Tsou et al. 2003a). However, although
recent quantitative analysis confirmed that the LET-99 signal
is more uniform after src(RNAi) or mes-1(RNAi) treatments,
this is not due to an increase at the P2/EMS cell contact but
rather a decrease at other contacts (Werts et al. 2011). An
alternative scenario is that SRC-1, which functions within the
EMS cell, may inhibit the activity of LET-99 rather than its
localization to achieve asymmetric cortical force generation.
Overall, the current data are consistent with a model in which
the role of the Wnt and Src pathways is to inactivate WRM-1
and LET-99, respectively, to unmask a cortical cue. The exact
nature of this cortical cue and how it functions to promote
EMS nuclear rotation remains to be determined.

In summary, our study identifies LET-99, a member of the
DEPDC]1 family of proteins, as a downstream component of

the SRC-1 pathway. Although Src is a conserved tyrosine
kinase functioning in cellular growth, proliferation, motility,
and differentiation (Luttrell and Luttrell 2004), its role in spin-
dle positioning is poorly understood. In addition to its role in
the EMS division of C. elegans, Src has been implicated in
spindle positioning in vertebrate cells. In HeLa cells, inhibi-
tion of c-Src resulted in mispositioned spindles and defects
in centrosome-mediated aster formation (Nakayama et al.
2012). However, it is unclear whether the spindle positioning
abnormalities were the result of short astral microtubules that
could not reach the cortex or due to a direct role in regulating
cortical forces. Our study raises the possibility that Src regu-
lates cortical forces via a pathway involving LET-99 and LIN-5/
NuMA orthologs in vertebrate cells. Future work will deter-
mine the molecular mechanism by which LET-99 acts in the
Src pathway in C. elegans, and whether other members of the
DEPDCI family play a role in spindle positioning.
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Figure S1. Spindle positioning in let-99(or513ts) embryos. (.ai, 382 KB)

www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192831/-/DC1/FigureSl.ai



Figure S2. Spindle positioning defects and LIN-5 cortical localization in Go double mutants. (.ai, 750
KB)

www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192831/-/DC1/FigureS2.ai



Figure S3. EMS spindle positioning and LIN-5 localization in dlg-1(RNAIi) embryos. (.ai, 440 KB)

www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192831/-/DC1/FigureS3.ai



Table S1. Statistical comparisons of spindle positioning abnormalities

Data analyzed

Centrosome migration
Fig. 2B

Spindle alignment
Fig. 2C

Fig. 3C

Fig. 4A

Fig. 4B

Fig. 5A

Fig. S1

Fig. S3

Genotypes compared

control vs mes-1

control vs mom-5

control vs lin-5(ts)

mom-5 vs mes-1

control vs. mom-5; mes-1(RNAI)
control vs let-99(ax218ts)

mes-1 vs mes-1(RNAI)

mes-1 vs mom-5

mes-1 vs mes-1; mom-2(RNAI)
mom-5 vs mom-2(RNAI)

mom-5 vs dsh-2(RNAI); mig-5(RNAI)
mom-5 vs mom-5; mes-1(RNAI)
control vs mom-5

control vs mes-1

lin-5(ts) vs lin-5(ts); mom-2(RNAI)
lin-5(ts) vs lin-5(ts); dsh-2(RNAI); mig-5(RNAI)
lin-5(ts) vs lin-5(ts); mes-1(RNAI)

let-99(ts) vs let-99(ts); dsh-2(RNAI); mig-5(RNAI)
mom-2(RNAI) vs let-99(ts); mom-2(RNAI)
mes-1(RNAI) vs let-99(ts); mes-1(RNAI)
src-1(RNAI) vs let-99(ts); src-1(RNAI)

mes-1 25°C vs let-99(ts); mes-1 25°C
let-99(ts); mes-1; mom-2(RNAIi)16°C vs let-99(ts); mes-1; mom-2(RNAI) 25°C
let-99(ts);mes-1; mom-2(RNAI) 16°C vs mes-1; mom-2(RNAI) 25°C

mom-2(RNAI) vs gpa-16(ts); mom-2 (RNAI)
dsh-2(RNAI);mig-5(RNAI) vs gpa-16(ts);dsh-2(RNAI); mig-5(RNAI)
mes-1(RNAI) vs gpa-16(ts); mes-1(RNAI)

let-99(ts) vs let-99(ts);dsh-2(RNAI); mig-5(RNAI)
mom-2(RNAI) vs let-99(ts); mom-2(RNAI)
mes-1(RNAI) vs let-99(ts); mes-1(RNAI)
src-1(RNAI) vs let-99(ts); src-1(RNAI)

mes-1 vs mes-1; dig-1(RNAI)
mom-5 vs mom-5; dlg-1(RNAI)

p-value

0.54
0.35
0.44
0.70
0.93
0.60

0.092
0.59
0.0049
0.26

0.00099
0.00085
0.00055

0.00011

0.11
0.053
0.38

0.86
0.67
0.086
0.018

0.022
0.00057
0.39

0.044
0.11
0.31

0.17
0.088
0.0637
0.0022

0.55
0.48



Table S2. Comparison of LIN-5 and GPA-16 staining

Relative cortical staining at specified contact sites Comparison of contact sites in mutant to same contact
(meanzsd) ® site in control
n (p value)

EMS/P2 EMS/ABp P2/ABp ABa/ABp EMS/P2  EMS/ABp  P2/ABp  ABa/ABp
Anti-LIN-5 staining
control 16 2152025  142+40.12°  1.640.20°  1.48+0.22°
goa-1(sa734);gpa-16(RNAI) 11 1.35+0.09 1.36+0.10 1.43+0.18 1.33+0.08 15e-10 0.25 0.026 0.051
gpal6(ts); goa-1(RNAI) 8 1.4240.13 1.36+0.12 1.37+0.10 1.39+0.13 1.6 e-06 0.45 0.0019 0.78
dlg-1(RNAI) 9  1.97#0.19  1.33+0.09° 151+0.14° 1.45+0.20° 0.068 0.07 0.11 0.78
Anti-GPA-16 staining
control 8 1.75+0.18 1.48+0.26 1.58+0.27 1.74+0.61
goa-1(sa734);gpal6RNAI 11 1.07+0.10 1.06+0.14 1.04+0.14 0.99+0.09 6.9 e-09 3.2e-04 3.5¢e-04 7.4 e-04

& Mean cortical to cytoplasmic ratios of staining intensities, +/- standard deviation (sd).
® p values from unpaired Student’s t-test for comparisons of the same contact site between genotypes, for the antibody staining indicated.

¢ Statistically significant (p<0.05) difference in LIN-5 cortical intensities, using unpaired Student’s t-test for this cell contact compared to the EMS/P2 contact in
the same genotype.
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