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LET-99 opposes G a/GPR signaling to generate asymmetry for
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Summary

G-protein signaling plays important roles in asymmetric
cell division. In C. eleganseembryos, homologs of receptor-
independent G protein activators, GPR-1 and GPR-2
(GPR-1/2), function together with Gx (GOA-1 and GPA-
16) to generate asymmetric spindle pole elongation during
divisions in the P lineage. Although @ is uniformly
localized at the cell cortex, the cortical localization of GPR-
1/2 is asymmetric in dividing P cells. In this report, we show
that the asymmetry of GPR-1/2 localization depends
on PAR-3 and its downstream intermediate LET-99.
Furthermore, in addition to its involvement in spindle
elongation, G is required for the intrinsically
programmed nuclear rotation event that orients the spindle
in the one-cell. LET-99 functions antagonistically to the
Ga/GPR-1/2 signaling pathway, providing an explanation
for how Ga-dependent force is regulated asymmetrically

by PAR polarity cues during both nuclear rotation and
anaphase spindle elongation. In addition, @ and LET-99
are required for spindle orientation during the extrinsically
polarized division of EMS cells. In this cell, both GPR-1/2
and LET-99 are asymmetrically localized in response to
the MES-1/SRC-1 signaling pathway. Their localization
patterns at the EMS/P cell boundary are complementary,
suggesting that LET-99 and @/GPR-1/2 signaling function
in opposite ways during this cell division as well. These
results provide insight into how polarity cues are
transmitted into specific spindle positions in both extrinsic
and intrinsic pathways of asymmetric cell division.

Key words: Asymmetric division, Polarity, Spindle orientatiGn,
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Introduction

the AP axis to produce a larger EMS and a smagleel, both

Asymmetric cell division is a major mechanism throu h_Of yvhiph divide asymmetrically. Di\{isions of the P lineage are
which different cell types are generated during developmerjptrinsically programmed (Goldstein et al., 1993; Goldstein,
(Horvitz and Herskowitz, 1992; Ahringer, 2003). In general,1995): By contrast, the .asymmetrlc d'IVIS.IOI’] .of EMS anng the
asymmetric cell division requires two steps. First, a polarizeP a@xis absolutely requires contact with its sistefGoldstein,
axis must be established along which cell fate determinants at§99)- However, the AP orientation of spindies in both the P and
asymmetrically localized. Second, the mitotic spindle must bEMS cells results from a 9@otation of the nuclear-centrosome
oriented on to this polarized axis so that the cell fat&€omplex during prophase, which does not occur in AB.
determinants are differentially partitioned into the daughter The intrinsic polarity in P lineage cells is established through
cells. Mechanisms that establish cell polarity and spindiéhe asymmetric distributions of several PAR proteins, which
orientation can be intrinsic to the cell, or induced by extrinsi@'e conserved in many organisms (Ohno, 2001). In the one-cell
signals (Bowerman and Shelton, 1999). In either case, tH&0), & complex of PAR-3, PAR-6 and PKC-3 (atypical protein
coordination between cellular polarity and spindle orientatiorkinase-3) are present on the anterior cortex, while the PAR-2
is essential for a faithful asymmetric cell division. Although aand PAR-1 proteins are present on the posterior cortex. At the
number of proteins have been shown to play roles ifwo-cell stage, the PAR-3 complex and PAR-2/PAR-1 become
asymmetric cell division, the precise molecular mechanisnrasymmetrically localized in anterior and posterior domains
that coordinates spindle orientation with polarity remains to b&gain in B. The PAR-3 complex is also present uniformly at
determined for both intrinsically programmed and extrinsicallythe cortex of AB. The asymmetric distributions of the PAR
induced asymmetric divisions. proteins result in the polarized distribution of downstream cell
The early development ofCaenorhabditis eleganss  fate determinants (Rose and Kemphues, 1998b; Lyczak, 2002).
characterized by asymmetric divisions that produce diverse cdlhis intrinsic PAR-3/PAR-2 asymmetry is also essential for
fates (Rose and Kemphues, 1998b; Lyczak, 2002). In the onguclear rotation and for the asymmetric spindle elongation that
cell embryo (B), the spindle is oriented on the polarizedresults in unequal cleavage in P lineage cells (Tsou et al., 2003;
anterior/posterior (AP) axis. First cleavage is unequal an@heng et al., 1995). The PAR-dependent mechanism causes
generates a larger anterior cell called AB and a smaller posteriouclear rotation to occur centrally in thedhd R cells, when
cell called R. Py divides unequally with its spindle oriented on the effects of cell shape asymmetry are removed (Tsou et al.,
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2002; Tsou et al., 2003). The uniform distribution of PAR-3 incortical LET-99 band is an intermediate that transmits PAR
AB is also required to prevent ectopic nuclear rotation directedues into the asymmetric forces needed for nuclear rotation and
towards the cell cortex that is caused by the geometry of thenaphase spindle movement (Tsou et al., 2002; Tsou et al.,
cell shape (Tsou et al., 2003). The precise mechanism by whi@®03). Interestingly, the LET-99 protein contains a DEP
the PARs coordinate polarity with spindle orientation remainglomain, which is found in many other molecules involved in
to be elucidated, but several key players have been identifieG-protein signaling. Thus, LET-99 could provide an
Heterotrimeric G proteins are required for several aspec@symmetric cue to the G protein signaling pathway.
of spindle positioning (Zwaal et al., 1996; Gotta and Asymmetric cell division that occurs in the EMS cell is
Ahringer, 2001). Using RNA interference experiments, it waslriven by extrinsic signals from the Bell that both polarizes
shown that asymmetric spindle elongation in the one-ceEMS and orients the spindle (Goldstein, 1995). The conserved
embryo is dependent on two partially redundaatpgBoteins  Wnt/wingless signaling pathway functions in2/EMS
encoded byoa-landgpa-16(Gotta and Ahringer, 2001). It signaling, in a partially redundant manner with the MES-
was proposed that fy, encoded bygpb-1 and gpc-2 are  1/SRC-1 tyrosine kinase pathway (Schlesinger et al., 1999; Bei
important in regulating migration of the centrosomes arounét al., 2002). Nuclear rotation in EMS cells is directed toward
the nucleus because oblique migration paths were seen time posterior cell contact with,KSchlesinger et al., 1999),
mutant embryos. These observations, coupled Gith GB  which is different from the free central nuclear rotation driven
double mutant analysis led to the interpretation thmta@d by the PAR-dependent mechanism gaRd R cells (Tsou et
Gy control distinct microtubule-dependent processes thail., 2002; Tsou et al., 2003). In addition, just after rotation in
are required for proper spindle positioning @ elegans EMS cells, the posterior spindle pole is closely associated with
embryos (Gotta and Ahringer, 2001). However, depletion othe cortex at the EMSgFboundary (Berkowitz and Strome,
Gy also resulted in late nuclear rotation, whd@(RNAi)  2000), which is not observed for the posterior spindle pole in
embryos showed a complete failure of nuclear rotation at thiy and R cells. These differences in nuclear rotation and
two-cell stage, indicating potential involvement in commonspindle movements driven by PAR and Wnt/MES-1/SRC-1
processes as well. signaling suggest that the spatial control of forces that act on
Although canonical heterotrimeric G protein signalingthe spindle may be different in these cell types. It is not known,
pathways are primarily activated via cell-surface receptordjowever, whether any of the proteins used in positioning
recent work inDrosophila and rat has revealed receptor- spindles in the P lineage also function in EMS.
independent mechanisms for activation of G-protein signaling Whether intrinsically or extrinsically programmed, the
(Schaefer et al., 2001; Takesono et al., 1999). In particular, oupling between polarity and spindle orientation is essential
Drosophilaneuroblasts the GoLoco domain protein, PINS, isfor asymmetric division. Two characteristics of force
localized asymmetrically and is required for proper spindlgeneration that must be regulated and coordinated to properly
orientation. PINS binds to the GDP form ot GGDP-Cu) position the spindle are the magnitude of the force and the
and can cause 8y to be released from &G C. elegans asymmetry of forces. In this report, we provide evidence for a
homologs of PINS, called GPR-1 and GPR-2 (GPR-1/2), armodel that the G/GPR-1/2 signaling pathway upregulates the
required for proper spindle positioning in P lineage cellsnagnitude of force generation in P-lineage cells to drive
(Gonczy et al.,, 2000). This observation suggests thatuclear and spindle movements, and that LET-99 provides an
intrinsically activated G-protein signaling may be a conservedsymmetric cue and acts antagonistically ta/@R-1/2
pathway for spindle positioning among species. Recent workignaling. Furthermore, our results indicate that aspects of the
suggests that &and GPR-1/2 act together in the generationGp phenotype are due to gain obi&GPR-1/2 activity, rather
of forces needed for anaphase spindle elongatin @egans than reflecting a separable role fop @& spindle positioning.
(Gonczy et al., 2000; Dechant and Glotzer, 2003; SrinivasaRinally, we show that G/GPR-1/2 signaling and LET-99 are
et al.,, 2003; Colombo et al., 2003; Gotta et al., 2003). Ifoth involved in the asymmetric cell division of EMS cells.
addition, two of three recent studies found that GPR-1/2 aréhus, the different polarizing cues used in intrinsic and
enriched at the posterior pole of the embryo in response xtrinsically controlled asymmetric divisions use common
PAR-3 (Colombo et al., 2003; Gotta et al., 2003). Theselownstream signaling components.
observations, together with previous work (Grill et al., 2001),
leads to the model that the asymmetric enrichment of GPR- .
1/2 results in higher cortical forces at the posterior that caugéaterials and methods
asymmetric anaphase spindle elongation (Colombo et alStrains and maintenance
2003; Gotta et al., 2003). C. eleganswvere cultured using standard conditions (Brenner, 1974).
The LET-99 protein also plays a crucial role in spindleThe following strains were used in this study: N2, wild-type Bristol;
positioning (Rose and Kemphues, 1998a; Tsou et al., 2003U452, mom-5(zu193) unc-13(e1091) / hl2+ / hT2[bli-4(e937)
LET-99 is required for nuclear rotation and asymmetridet(h661)} MT2426, goa-1(n1134); BW1808, gpa-16(it143) unc-
anaphase spindle movements in @d R, and LET-99 is 13(e51)1; KK653, par-3(it71) unc-32(e189) / qClil; RL19, let-
enriched in an asymmetrically positioned band in P lineag@®(Cré1) unc-22(e66) / DnTl[unc(n754dm) lef; EUGEO, let-

. . 9(or204ts)lV; SS149,mes-1(bn7X; and RL41 gpa-16(it143) unc-
cells in response to PAR polarity cues (Rose and Kemphue (e51)l; unc-22(e66) let-99(or81) / DnTY. Strains were provided

19984a; Tsou et al,, .2002.)‘ Furt_hermore, the rr_1|slqcal|zat|on y theC. elegansGenetics Center (N2, EU452, SS149, MT2426), the
LET-99 correlates with failures in nuclear rotatlorp_m-3 and Kemphues laboratory (KK653), the Bowermann laboratory (EU660),
par-2mutant i and R cells, as well as alterations in anaphaséne Wood laboratory (BW1808), the Mello laboratory (SS149) or
spindle movements ipar-3 embryos (Tsou et al., 2002; Tsou constructed in this laboratory. N2 was used for all wild-type controls.
et al., 2003). These observations have led to the model that tBgains were grown at 20°C unless otherwise indicated.
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Table 1. Nuclear, centrosome and spindle positions in one-cell embryos*

Position of Position of Spindle midpoint

Genotype pronuclear meetihg pronuclei at NEBD at late anapha8e nf

wild type 67.1+3.6 50.1+0.9 60.2+2.1 10
goa-1(RNAi);gpa-16(RNAI) 66.0+1.5 49.3+1.1 49.3+1.2 10
gpr-1/2(RNAI) 65.1+2.3 49.8+1.0 52.9+2.7 13
gpb-1(RNAI) 68.1+3.2 61.6+2.8 63.2+1.1 10
let-99(or81) 65.6+£2.1 62.2+2.3 60.4+1.5 10
goa-1(n1134);gpa-16(RNAI);gpb-1(RNAI) 66.3+2.7 50.2+1.2 50.6+0.6 10
goa-1(RNAI);gpa-16(RNAI);let-99(0r81) 65.7+1.8 49.9+0.6 49.9+1.0 10
gpr-1/2(RNAI);gpb-1(RNAI) 65.4+2.1 50.3+0.9 52.8+2.4 12
gpr-1/2(RNAi;let-99(0r81) 65.5+2.0 50.1+0.6 49.6+1.1 10

*Positions are expressed as percentage of egg length{meéamwith anterior equal to 0%.

TPosition of midpoint between the pronuclei at meeting.

*Position of the midpoint between the pronuclei just after nuclear envelope breakdown (NEBD).

SPosition of the midpoint between the spindle poles at late anaphase when the spindle is at its most posterior pointpbsébia theokinesis.
In=number of embryos.

RNA interference Results

Antisense and sense RNAs were transcribed in vitro from IinearizeE fG d GB functi d it

full-length cDNA templates (Ambion MEGAscript). Double-stranded 0SS 0 aan [3_unc lon produces opposite

RNAs (dsRNA) were annealed as described by Fire et al. (Fire et aPhe€notypes: less active versus hyperactive nuclear

1998). Young adult worms were soaked in dsRNA solution (1.52nd spindle pole movements

mg/ml) for 8-10 hours at room temperature. The progeny of soaketh C. elegansembryos, @& (GOA-1 and GPA-16) and [&

worms were analyzed between 16 and 32 hours post-soaking. (GPB-1) have been proposed to function in two distinct

process, asymmetric spindle positioning and centrosome

Ermb ted t id flattening th b q ._Mmigration patterns (Gotta anq Ah_nnger, _2001_). However,
moryos were mounted fo avoid attening the emoryo, an exam'neg?}eplenon of either also results in spindle orientation defects at

under DIC optics using time-lapse video microscopy (Rose an . .
Kemphues, 1998a). Nuclear and spindle positions were measufgcond cleavage. To further explore the relationship between

from video images as described in Table 1. Hyperactive centrosonfa®. CGB and spindle movements, we re-examined the
movements were quantified by measuring the angular velocity of thehenotypes ofca and GB mutant embryos. We focused in
nuclear-centrosome complex, which was then converted to a lineRarticular on two phenotypes: the overall movement of nuclei
velocity using the radius of the complex. Spherical cells wereand spindles, and whether the movements were polarized. The
generated as described previously (Tsou et al., 2002). All filming waspeed at which spindle poles move has been taken as evidence
at room temperature of 23-25°C. of the net forces from the cortex acting on the centrosomes
(Grill et al., 2001; Colombo et al., 2003), which assumes that
A full-length gpr-2 cDNA was cloned into the pGEX protein Vrlfcostl% IS not altetrﬁd n multlant be:;:kgfroun?s' S'mgany! |3|
purification vector (Amersham Bioscience), expressed in bacterigl, IS study we use the overall Speed of nuclear and spindie
purified using Gluthione S-Transferase resin and injected into 9'0vements as an indicator of the relative magnitude of the net
rabbit (Covance). Antisera were affinity-column purified using theforces acting on the centrosomes. We use the polarity of
GST:GPR-2 fusion protein. Rabbit antibodies against LET-99 weréhovements as an indicator of whether the net forces are
prepared as described previously (Tsou et al., 2002). The san@symmetric.
material and procedure were used to obtain polyclonal anti-LET-99 In addition to the phenotypes described previously (Gotta
antibodies from rat. and Ahringer, 2001; Zwaal et al., 1996), we observedgbiat

For in situ immunolocalization, worms were cut in egg buffer Onl(RNAl) embryos (also referred to @B mutants) exh|b|t

poly-lysine coated slides, freeze-fractured and fixed with methan(ﬂyperactive nuclear and spindle movements (rocking) in all

(Miller and Shakes, 1995). For staininglef:9%s embryos, embryos cells from early prophase to metaphase. Instead of the

were temperature shifted as described in the text, and thosg teri d th rotati | t of th |
undergoing a normal P1 division were fixed during prophase of thg€Nterng and smooth rotational movement ot the nucleus seen

EMS cell cycle. Antibody incubation was carried out at 4°C overnight Wild-type embryos, the nuclear-centrosome complegpio

for both anti-LET-99 and anti-GPR-2 (1:50 in PBS) and at rooml(RNAI) embryos rocked vigorously and did not center
temperature for 1-2 hours with FITC-conjugated goat anti-rabbit ocompletely (Fig. 1A, Table 1). However, the centrosomes
Rhodamine-conjugated goat anti-rat (1:200 in PBS). Primary andligned along the AP axis by metaphase (Fig. 1A). The speed
secondary antibodies were pre-absorbed with acetone powdes$ nuclear rocking during prophase (8509 pm/second,

of GST-expressing bacteria and wild-type worms respectivelyn=8) was six times faster than the speed of the nuclear rotation
Embryos were staged by DAPI'(@diamidino-2-phenylindole seen in wild-type embryos (0.0@m/second) (Tsou, 2002).
dihydrochloride) staining of the nuclei. Images were obtained on g ,ring anaphase igpb-1(RNAi)embryos, the oscillations of
Leica Confocal. Single-section confocal images taken at a mldt-he spindle poles were asymmetric and resemble those seen in

embryo focal plane were analyzed using IP Images software . . . )
(Scanalytic). To quantify levels of GPR-1/2 staining, the line tool waé’\’IId type (Fig. 1A), suggesting that asymmetric forces are

used to mark the entire cortex, and the average pixel value of ttRy€sent (Grill et al., 2001). At the two-cell stage gpb-
marked region was measured. The unit of relative intensity in Fig. 4(RNAi) embryos, the nuclei exhibited rocking during

is expressed as a ratio of cortical staining to cytoplasmic staining &ophase (not shown), and P1 nuclear rotation often occurred
in (Tsou et al., 2002). late, during nuclear envelope breakdown (Gotta and Ahringer,

Microscopy and analysis of living embryos

Antibodies and immunolocalization
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Fig. 1. Ga andGp mutants display opposite phenotypes and3fighenotypes are due to gain af @ctivity. (A) DIC images of live one-cell
embryos recorded by time-lapse video microscopy in various genetic backgrounds (as indicated) undergoing the first dikision. Bla
arrowheads indicate the current position of centrosomes in each image. White arrowheads indicate the position of the icetiteosome
previous image during anaphase spindle pole oscillations. White arrows indicate multiple nuclei. Relative time pointatade indic
(minutes:seconds). Note the rapid changes in centrosome posigipb-E(RNAi)embryos (rocking), and the lack of anaphase spindle pole
oscillations inGa mutant embryos. (B) Spherica(RNAi)embryos. Anterior is towards the left in this and all subsequent figures. Scale bar:
10 pm.

2001; Zwaal et al., 1996). These results together suggest thatdergoing transverse oscillations (Fig. 1A). At the two-cell
the net forces acting on nuclei and spindleGfmutant cells stage,Ga mutant embryos had nuclei mispositioned close to
are hyperactive but still act asymmetrically. We thereforghe cell contact region (Fig. 1A), often had multiple nuclei in
propose that GPB-1 is required for controlling the magnitudeach cell, and failed to exhibit nuclear rotation as previously
of the net forces acting on centrosomes, but is not required foeported (Gotta and Ahringer, 2001).
generating asymmetric forces in eally elegansmbryos. Although nuclear rotation was observed in some one=zell

In contrast to thgpb-1(RNAi)phenotype described above, mutants embryos (6/18 embryos), in many embryos the two
goa-1(RNAI); gpa-16(RNAiembryos [also referred to as centrosomes were prematurely positioned on the AP axis
Ga(RNAI) or Ga mutant embryos] exhibited no nuclear before pronuclear meeting (12/18 embryos). To further
rocking movements from prophase to metaphase. Anaphasgamine nuclear rotation irGa mutants, we examined
spindle elongation was symmetric with neither spindle polembryos in which the eggshell was removed by chitinase
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digestion. Our recent studies showed that although wild-typ&a;G double mutants is consistent with the hypothesis that
embryos have a PAR polarity-dependent mechanism fdhe hyperactive movements of nucleigipb-1(RNAi)embryos
nuclear rotation that is cell-shape independent (Hyman armte due to excessoGactivity, rather than the loss ofggpb-1
White, 1987; Tsou et al., 2003), ectopic rotation in certairspecific function.
polarity and spindle orientation mutants can be driven by the Our results are in contrast to previous studies in which
oval shape of the embryo (Tsou et al., 2002; Tsou et al., 20033a;Gp triple RNAiI embryos were generated that exhibited
Thus, removal of the eggshell to produce a spherical embryintermediate or additive phenotypes compared GittandGf3
is essential to determine if the intrinsic polarity-dependensingle RNAi mutants (Gotta and Ahringer, 2001; Srinivasan et
mechanism of nuclear rotation remains functional. In sphericall., 2003). Our use of a strong loss-of-function mutant and only
Ga(RNAI) embryos in which the centrosomes were normallydouble RNAi may have resulted in a stronger phenotype
positioned at pronuclear meeting, nuclear rotation failed tbecause the efficacy of RNAi drops for some genes when
occur 0=3; Fig. 1B). This result indicates thati@ot only is  carried out using three or more RNAs (Gonczy et al., 2000).
required for asymmetric anaphase spindle positioning a® addition, G and @y naturally sequester each other, and
described previously, but is also essential for intrinsicallyreducing one subunit will release and increase the free form
controlled nuclear rotation in the one-cell embryo. of the other subunit. Thus, if &G double RNAi does not

Overall, the less active nuclear and spindle movements abmpletely deplete the protein, any remainingt ®vill
Ga mutant embryos suggest that the net forces acting on nuclgiobably be sequestered by excefy, Gesulting in a strong
and spindles are much smaller than in wild-type@fdnutant  Ga phenotype. This & could then be released and become
cells. It is not clear whetherdGis directly required for the active when @ is removed by RNAI, resulting in a ‘synthetic’
asymmetry of forces, or if there is simply insufficient force tointermediate or weaker phenotype.
respond to asymmetric cues in the absence @f Taken . )
together, these results suggest thate®d @ depletion cause RNA interference of the receptor independent G-
opposite effects in the one-cell embryo: depletiont@uses Protein regulators GPR-1/2 produces a similar
hyperactive but polarized nuclear and spindle movement§henotype to that of Ga(RNAI) and suppresses the
while depletion of @ causes less active and non-polarizedGB(RNAI) phenotype
nuclear and spindle movements. Recent work has shown that two. eleganshomologs of

) ) ) receptor independent activators of G protein signaling, called

The hyperactive spindle movements of  gpb-1(RNAI) GPR-1 and GPR-2 (GPR-1/2), are involved in spindle
embryos are due to excess G a activity positioning. gpr-1/2(RNAi) embryos have a phenotype very
The opposite phenotypes ofaGand @ mutant embryos similar to that ofGa (RNAI) (Gonczy et al., 2000; Srinivasan
described above can be explained by three hypothesesa (1) @t al., 2003; Colombo et al., 2003; Gotta et al., 2003), and thus
and @y have distinct downstream effectors and functionGPR-1/2 is thought to be required positively far &gnaling.
independently to affect nuclear and spindle movements; (Based on studies of GPR homologs in other systems (Schaefer
Gy is the major regulator while the less-active nuclear aneét al., 2001), loss of GPR should result in more inactv&@y
spindle movements seen im@utant embryos are due to gain trimeric complexes and thus cause a loss of function for both
of GRy activity; and (3) @ is the major regulator while the Ga and @. The strong similarity in phenotype between
hyperactive nuclear and spindle movements seen in fiye GGa(RNAi)andgpr-1/2(RNAi)embryos is thus consistent with
mutant embryos are gain ofoGphenotypes. Simultaneous our interpretation that the fGphenotype is due to excess
depletion of both @ and @3 should distinguish among these Ga, rather than to a loss of {Gspecific effector function.
possibilities. Previous triple RNAi analyses were interpreted aBurthermore, if this hypothesis is correct, thygm-1/2 should
support for the first hypothesis, however those analyses did netimic Ga in all double mutant combinations.
examine all of the phenotypes reported here. Therefore, we re-To provide a baseline for double mutant analysis, we
examinedGa; G double mutants using RNA interference of first examined thegpr-1/2(RNAIi) phenotype using RNA
gpa-16andgpb-1function in agoa-1mutant background. interference ofjpr-2. Becausapr-2is 96% identical tgpr-1

The phenotype ofgoa-1(n1134); gpa-16(RNAI); gpb- atthe nucleotide level, RNAI is expected to inhibit the function
1(RNA) embryos 1(=13) was indistinguishable from that of of both genes. Antibody staining with anti-GPR-2 antibodies
Ga single mutant embryos. Significantly, the centration defectshowed that RNA interference did deplete GPR-1/2 protein
and hyperactive nuclear movements during prophase arfdee below). Ingpr-1/2(RNAi)one-cell embryos, less active
metaphase that are indicative 8 @epletion were completely nuclear and spindle movements like those seernim@tants
suppressed (Fig. 1A, Table 1). During anaphase, neithevere observed (Fig. 2). During prophase, no rocking of the
spindle pole exhibited oscillations and division was symmetricnucleus was observen«13). During anaphase, no oscillations
In addition, these embryos showed the nuclear mispositioningf the spindle poles were observed in any embryos, but in many
defect and multiple nuclei seen ®a embryos (Fig. 1A). embryos (62%) the spindle still elongated asymmetrically
Control RNAI experiments done in parallel using RNAI of toward the posterior pole. This asymmetric spindle elongation
gpb-1in wild-type worms produced the characterigfigh-1  in gpr-1/2(RNAi)embryos was reduced compared with wild
phenotype, and RNAi ofgpb-1 in goa-1(n1134)worms type, but did result in slightly unequal cleavage (compare
produced a phenotype intermediate between thgpafland  Fig. 2 with Fig. 1, Table 1). Nuclear mispositioning after cell
gpb-1mutant embryos (not shown). These results indicate thalivision was also observed gpr-1/2(RNAi)cells (Fig. 2), as
RNAI of gpb-1was effective and therefore we conclude thatin Ga mutants.
Ga loss of function is epistatic toGloss of function. The If GPR-1/2 functions together withdG then loss of GPR-
absence of the nuclear rocking and centration defects in tl#2 should be able to suppress the hyperactive nuclear and
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Fig. 2.gpr-1/2(RNAi)embryos have similar phenotypes to those se@wimutants. DIC images of livgpr-1/2(RNAi)andgpr-1/2(RNAI);
gpb-1(RNAiyne-cell embryos recorded by time-lapse video microscopy undergoing the first division. Black arrowheads mark the current
position of centrosomes. Short arrows mark the current position of the spindle poles on the AP axis during spindle eloddatigrarrows
indicate the original position of the spindle poles before spindle elongation onset. White arrowheads indicate multiiNeteutieilack of
hyperactive nuclear rocking and lack of anaphase spindle pole oscillations (compare with Fig. 1). Relative time poicttede indi
(minutes:seconds). Scale bar: .

spindle movements iGB mutants, just as loss ofocdid. In Fig. 3C). In some embryos with enriched posterior staining,
gpr-1/2(RNAI); gpb-1(RNABmbryos, hyperactive movements GPR-1/2 also appeared to be slightly enriched at the anterior
were completely suppressed during prophase and metaphagele of the embryo, compared with lateral regions (Fig. 3D and
and centration and nuclear rotation resembled that seen kig. 4B). GPR-1/2 asymmetry became more pronounced
gpr-1/2 or Ga single mutants (Fig. 2, Table 1). Similarjpr-  during cytokinesis and interphase of the two-cell stage. In the
1/2(RNAI); gpb-1(RNAi)embryos showed no spindle pole P1 blastomere during interphase (Fig. 3E,F), GPR-1/2 were
oscillations during anaphase and spindle pole elongation wésghly enriched around the posterior pole of the cell (100%,
reduced and only slightly asymmetric, asgpr-1/2(RNAi) n=53), and were present at low levels uniformly around the
embryos (Fig. 2, Table 1). The fact thggdr-1/2(RNAI); gpb- cortex of AB. As the cell cycle progressed, GPR-1/2
1(RNAI) embryos resembl&a; G double mutant embryos asymmetry in P disappeared; GPR-1/2 were uniformly
further supports the hypothesis thatt @Gnd GPR-1/2 act localized around the cortex through out prophase, metaphase
together to regulate forces that affect spindle positioning, anahd early anaphase (Fig. 3G,H). During late anaphase and
that the phenotypes seen if Gwtants are due to gain of telophase, GPR-1/2 were once again enriched at the posterior

Go/GPR-1/2 activity. part of the R cell (Fig. 3I). These results indicate that GPR-
] o 1/2 is asymmetrically localized in the P lineage.

Asymmetric localization of GPR-1/2 at the cortex If Ga and GPR-1/2 function together as a complex, the

depends on PAR-3 and LET-99 localization of GPR-1/2 should depend om ®ut not G.

GPR-1/2 were recently shown to be asymmetrically localize€ortical localization of GPR-1/2 was no longer observesdn

at the cell cortex in response to PAR proteins (Colombanutant embryos at any stage of the cell cyn2(, Fig. 3K-

et al.,, 2003; Gotta et al., 2003). Because LET-99 is als®). In particular, at interphase in two-cell and four-cell
asymmetrically localized in a PAR-dependent manner, wembryos when GPR-1/2 enrichment is most evident in wild
sought to determine the relationship between PAR-3, LET-9§pe (Fig. 3E,F,I), GPR-1/2 staining at the cortex and cell
and GPR-1/2 localization. We first confirmed the asymmetricontact regions was undetectableGa(RNAI) embryos (Fig.
localization of GPR using affinity-purified antibodies against &8M-0). By contrast, i3 mutant embryos, GPR-1/2 were still
full-length GPR-2 fusion protein, which are also expected tdocalized at the cortex in all cells (Fig. 3P-T). Posterior
recognize the 97% identical GPR-1 protein. In early wild-typeenrichment of GPR-1/2 were observed during late anaphase
embryos, GPR-1/2 were localized both on the asters and titferough the next interphase in P cells (Fig. 3S,T), although in
cell cortex (Fig. 3A-I). These staining patterns were absent isome embryos the posterior domain in thec@®l appeared
gpr-1/2(RNAi)embryos, suggesting that they are specific (Figlarger than in wild type. These observations indicate tlfat G
3J); by contrast, nuclear staining observed in all cells wais not required for cortical localization and posterior
present irgpr-1/2(RNAi)embryos, suggesting that this staining enrichment of GPR-1/2, which is consistent with our
is not GPR-specific (Fig. 3J). The cortical localization of GPR-observations that @& is not required for polarized spindle
1/2 changed with the cell cycle. In one-cell embryos, GPR-1/thovements. Interestingly, the staining intensity of cortical
were uniformly present at a low level on the cortex from earl\GPR-1/2 from prophase to metaphase appeared higl@&s in
prophase to metaphase. The level of cortical localization ahutant embryos than that in wild-type cells (Fig. 3P) and
GPR-1/2 increased and became weakly enriched at tlgpiantification of average fluorescence intensity was consistent
posterior pole of most embryos during anaphase (T8%2;  with this observation (Fig. 4P). At later stages, when anaphase
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Fig. 3. Localization of GPR-1/2. Confocal sections of wild-type (Aghr-1/2(RNAI)J), Ga(RNAI) (K-O) andgpb-1(RNAIiYP-T) embryos
stained with anti GPR-1/2 antibodies (top panels for each series) and DAPI to visualize DNA (bottom). (A,P) One-cell pnbpyese e
(B,K,Q) One-cell metaphase embryos. (C,D,L) One-cell anaphase embryos. (E) One-cell telophase embryo. (F,J,M,R) Twbasd| interp
embryos. (G) Two-cell prophase embryo. (H) Two-cell embryo where P1 is at metaphase. (I,N,0,S,T) Four-cell interphas&\éitéryos.
arrowheads indicate the boundaries of the domains enriched GPR-1/2. Scalgubar: 10

spindle pole oscillations occur in bo®B3 mutant and wild- et al., 2003; Gotta et al., 2003). Our observations confirm this
type embryos, the cortical GPR-1/2 staining levels i G result, but we also note that the higher levels appear late in the
mutants resembled that in wild-type embryos (Fig. 3I,S). Theskrst cell cycle. In prophase and metaphase of onepeei3
findings are consistent with the idea thaBB(RNAi)embryos, embryos, cortical GPR-1/2 staining appeared similar to wild
the loss of @ results in more @ and GPR-1/2 at the cortex type (compare Fig. 4E with 4A). During late anaphase and
in prophase, resulting in excesso/GPR-1/2 activity. In telophase in one-cegtlar-3 embryos, the posterior enrichment
contrast to the effects on cortical localization, GPR-1/2 can stibf GPR-1/2 was not observed=(1; Fig. 4F) and instead the
localize to the microtubule asters in eitli&r or GB mutant  entire cortex showed higher staining intensity for GPR.
embryos (Fig. 3K-T), indicating that different mechanisms arduring interphase of the next cell cycle, strong GPR1/2
used to localize GPR-1/2 to asters. staining was observed in both daughter celsl8; Fig. 4G),
Recent studies showed that asymmetric enrichment of GPRistead of being restricted to the posterior pole of P1 (Fig. 4C).
1/2 in the P lineage depends on the PAR-3 polarity proteinn some embryos GPR-1/2 levels appeared higher at the poles
and it was observed that GPR-1/2 levels are high in both thef both AB and R (Fig. 4G). In four-cell embryos, during
AB and P1 cells just after division par-3embryos (Colombo interphase, many cells showed a cap of GRP-2 enrichment at
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Fig. 4. GPR-1/2 asymmetry depends on PAR-3 and LET-99. (A-N) Confocal images of wild-type embryopék-8¢mbryos (E-I) andet-

99 embryos (J-N) stained with anti-GPR-1/2 antibodies (top panels) and DAPI (bottom panels). (A,E,J) One-cell prophase enthnges. (K
cell metaphase embryos. (B,F,L,M) One-cell late anaphase embryos. (C,G,N) Two-cell interphase embryos. (D,H,l) Fouhas# interp
embryos. (O) Confocal images of wild-type ayat-1/2(RNAi)anaphase embryos stained with anti-LET-99 antibodies. Scale han.10

(P) Quantification of relative intensity of GPR-1/2 staining in wild-tygp-1(RNAi)andlet-99(or81)one-cell prophase embryos.

the cell periphery away from cell contact regions1(7; Fig.  staining intensity of the AB cell cortex appeared similar to that

4H,1). of the R cortex. These data indicate that the asymmetry of GPR-
Next, we asked if the PAR-dependent asymmetricl/2 localization requires both PAR-3 and LET-99. Conversely,

enrichment of GPR-1/2 is mediated throughl&i€99gene, as in gpr-1/2(RNAi)embryos, LET-99 is asymmetrically enriched

LET-99 functions in spindle positioning and is asymmetricallyat the cortex of P lineage cells as in wild-type embryos (Fig.

localized in response to PAR-3 (Tsou et al., 2002)et®9  40; n=14). Together these results support the hypothesis that

embryos, where the PAR proteins are distributed normallLET-99 acts upstream of, or at the level ofi/GPR-1/2

(Rose and Kemphues, 1998a), the posterior enrichment efgnaling.

GPR-1/2 was no longer observed. Instead GPR-1/2 were _ o

uniformly distributed around the entire cortex of®=19; Fig.  LET-99 functions antagonistically to G = a/GPR-1/2

4J-M). Interestingly, unlike ipar-3embryos, the fluorescence Signaling pathway in the P lineage

intensity of the cortical GPR-1/2 during prophase appearede have shown that LET-99 is required for asymmetric GPR-

higher than in wild-type embryos. This change in GPR stainin@/2 localization. However, the cortical localizations of LET-99

during prophase appeared similar to that see@fmutant and GPR-1/2 in cells do not overlap but instead are somewhat

embryos (Fig. 4P). In early interphase of the two-cell stage, n@ciprocal at anaphase. In addition, the hyperactive and dynein-

polar enrichment was seen in Fh=17; Fig. 4N), and the dependent nuclear and spindle oscillations exhibitet&t99
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Fig. 5. Hyperactive nuclear and spindle movementetbp9embryos are suppresseddu; let-99 andgpr-1/2; let-99double mutants. DIC

images of livdet-99, Ga(RNAI); let-99andgpr-1/2(RNAI); let-9%ne-cell embryos recorded by time-lapse video microscopy. Centrosomes are
marked as in Fig. 2. Note the lack of hyperactive nuclear rocking, and lack of asymmetric anaphase movements. Relatite diree poi
indicated. Scale bar: 10m.

mutants (Tsou et al., 2002) are similar to those shown here fof 30% ©=526) forit143/itl43worms alone. The decrease in
GB mutant embryos, which appear to be due to exca#SER-  embryonic lethality is consistent with the hypothesis that
1/2 activity (Fig. 4K). Together, these observations suggest th@9 functions antagonistically to the o85PR-1/2 signaling
let-99 functions antagonistically to @GPR-1/2 signaling. pathway. These genetic results and the loss of GPR-1/2
To test this hypothesis, we examin€r(RNAI); let- asymmetry inlet-99 embryos support the hypothesis that
99(or81) and gpr-1/2(RNAI); let-99(or81)double mutant Ga/GPR-1/2 functions to upregulate forces and LET-99 serves
embryos during the first cell cycle. In baBa(RNAI); let-99  as an asymmetric cue that negatively regulates force generation
and gpr-1/2(RNAI); let-99 double mutant embryos, the in response to PAR polarity.
phenotype resembled that &a(RNAI) embryos alone. In ) ) )
particular, thelet-99 centration defects and nuclear and GPR-1/2 and LET-99 are asymmetrically localized in
metaphase rocking phenotypes were completely suppresse@posite patterns at the EMS/P 2 boundary in
(Fig. 5; Table 1), consistent with the idea that the hyperactivéesponse to MES1/SRC-1 signaling
nuclear movements observed lgt-99 embryos are due to To see if @/GPR-1/2 and LET-99 are also involved in the
an excess of @GPR-1/2 signaling. During anaphase inasymmetric division of EMS cells, we first determined the
Ga(RNAI); let-99 and gpr-1/2(RNAI); let-99double mutant localization of both proteins. Strikingly, in EMS cells from
embryos, the spindle poles did not exhibit oscillations, angrophase to prometaphase, when nuclear rotation normally
spindle elongation and first cleavage were symmetric as seeoncurs, GPR-1/2 were asymmetrically enriched at the EMS/P
in Ga(RNAI) embryos (Fig. 5). Two-cell double mutant boundary (Fig. 6B,C,G,In=33). As we previously reported,
embryos also showedoGphenotypes, such as mispositionedthere is no cortical LET-99 band in the EMS cell. However, we
nuclei (Fig. 5). Interestingly, the slightly asymmetric spindleobserved a cell cycle dependent change in LET-99 localization
elongation movements observed during anaphasgpin  at cell contacts. In contrast to the enrichment of GPR-1/2 at
1/2(RNAi)embryos were not observedgpr-1/2(RNAI);let-99  prophase, LET-99 was greatly reduced at the EMISsRndary
double mutant embryos (compare Fig. 2 with Fig. 5, Table 1xompared with other cell boundaries during the same stage (Fig.
The remaining asymmetry gpr-1/2(RNAi)embryos suggests 6E,F,H,I; n=25), even though LET-99 was initially present at
that although force generation is greatly reduced in theshis boundary during interphase (Fig. 6D). To test whether
embryos, the spindle is still responding to an asymmetric cu6&PR-1/2 and LET-99 asymmetries depend on either of the
The loss of asymmetry igpr-1/2(RNAI);let-99embryos thus  signaling pathways known to function in EMS spindle
suggests that LET-99 is part of that asymmetric cue. orientation, we examined their localization in mutant embryos
To test further iflet-99 functions antagonistically to the defective in either the MES-1/SRC-1 or the Wnt signaling
Ga/GPR-1/2 pathway, we asked whether a partial lodstof pathways. Inmom-5mutant embryos (MOM-5 is the Frizzled
99 function could suppress any aspects afl@s of function. receptor in the Wnt pathway), GPR-1/2 and LET-99
Thegpa-16(it143tspallele is a strong loss-of-function mutation asymmetries were still observed at the EM8hBundary (Fig.
in one of the partially redundanto@ [previously known 6J,n=9 and 11 embryos respectively), just as in wild type.
as spn-1(it143) (Bergmann et al., 2003)]. We found that However, inmes-1mutant embryos, GPR-1/2 were no longer
it143/it43; let-99/+ worms raised at 2& produced embryos enriched at the EMS#Pboundary (Fig. 6Jn=14). Similar
with a hatch rate of 53%m£459) compared with a hatch rate results were recently reported for GPR-1/2 asymmetry by others
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Fig. 6. The asymmetric distribution of GPR-1/2 and LET-99 in EMS cells is 172
dependent on MES-1/SRC-1 signaling. Confocal images of wild-type (Aein-5
andmes-1(J), andet-99(or204ts)K) four-cell embryos stained with anti-GPR-1/2

or anti-LET-99 antibodies (as indicated) and DAPI (lower panels). (A,D) EMS in
interphase. (B,C,E,F,G-K) EMS in prophase. (G-1) EMS in prophase double
stained with both GPR-1/2 and LET-99 antibodies. Merged image (I) shows LET-
99 in green and GPR-1/2 in red. Scale banut0

(Srinivasan et al., 2003). Interestingly, LET-99 was now preseri/SRC-1 cues to the machinery that orients the spindle in
at the EMS/Pboundary during prophase/prometaphaseés- EMS, then both @ and LET-99 should be required for
1 mutant embryos (Fig. 6d=20). Similar results were obtained nuclear rotation in EMS. Defects in EMS division have been
in mom-5; mes-Houble mutants (data not shown). Thus, thereported previously falet-99and G protein mutant embryos
asymmetric patterns of both LET-99 and GPR-1/2 at th¢Zwaal et al., 1996; Gotta and Ahringer, 2001; Rose and
EMS/P; cell boundary are MES-1/SRC-1 signaling dependentKemphues, 1998a). However, because &d LET-99 are
which suggests that LET-99 andiGignaling act downstream required for asymmetric cell division of the, it is unknown
of MES-1/SRC-1 to promote spindle orientation in EMS. whether the defects in EMS spindle orientation reflect direct
To determine if LET-99 is required for thea®PR-1/2 roles for these proteins in spindle orientation or reflect a
asymmetry in EMS cells, we used let-99 temperature- failure to properly specify the EMS and &ells. To address
sensitive mutation. Homozygouet-99(or204ts)worms were  the role of LET-99 and &in EMS, we therefore carried out
grown at 18C and shifted to 2% during the division of P temperature shift experiments using tee99(or204ts)and
The embryos were observed until prophase of the EMS celhe gpa-16(it143ts) alleles. let-99(or204ts) and gpa-
cycle, then fixed and stained for GPR-1/2. Although GPR-1/26(it143ts) embryos were shifted to 26 during second
were present at all cell contacts, the enrichment of GPR-1/2 eleavage as described above, to ensure proper asymmetric
the EMS/B boundary was not seen in any of tle#-99  division of the R cell (Fig. 7F,K). In all EMS cells of such
embryos (=8, Fig. 6K). This loss of GPR-1/2 asymmetry is let-99embryos, nuclear rotation failed and the spindle set up
unlikely to be due to disruption of2Rell fate. Under these transversely =8; Fig. 7M-0). Similarly, nuclear rotation
conditions, the Pspindle was oriented normally as in wild type failed in 31% of the EMS cells gfpa-16(it143ts)embryos
(Fig. 7K), and division was unequal and produced an EMS arghifted up during P cleavage 1=13; Fig. 7H-J). The
P> cell with asynchronous cell cycles (Fig. 6K). Thus, thesencomplete penetrance of thgpa-16(it143ts)phenotype
results suggest that LET-99 is required at the four-cell stage fprobably reflects partial redundancy witdoa-1 These

the asymmetry in GPR-1/2 localization. results indicate that both oGsignaling and LET-99 are

) o required for proper spindle orientation in EMS cells. Thus,
Ga and LET-99 are required for nuclear rotation in asymmetric divisions specified by both intrinsic cues
EMS cells and extrinsic signaling involve common downstream

If Ga/GPR-1/2 and LET-99 transmit asymmetric MES-components.



LET-99 and Go/GPR in spindle positioning 5727

Fig. 7.Ga andlet-99are required for nuclear rotation in EMS cells. DIC images of live wild-type (4#)16(it143ts)F-J) andet-
99(0r204ts)K-0) embryos recorded by time-lapse video microscopy after shifting®@® &5 described in text. Black arrowheads mark the
current position of centrosomes. Note the normal division ¢F&,K,L), but the absence of EMS nuclear rotation in the mutants. Scale bar:
10 pum.

Discussion phenotype ofGf mutants is opposite to that &a mutants
thus suggests that the asters are not the sitest gighaling

Go/GPR-1/2, but not G Py, are key regulators that for spindle positioning. In addition, the cortical localization of

control force generationin  C. elegans embryos GPR-1/2 depends oncGbut not @ (Colombo et al., 2003)

Proper spindle positioning during asymmetric cell division(this report). Indeed, there appears to be more GPR on the
involves polarized nuclear and spindle movements. To produggrtex during prophase 68 mutants, and loss of @GPR
these movements, the magnitude and polarity of the forces thadtivity suppressed the fGphenotype. These correlations
act on centrosomes and spindle poles are key factors that codlgggest that the primary site ofa@GPR-1/2 activity for
be regulated in response to polarity cues. The studies presen dle positioning is at the cortex.
here are in agreement with recent reports that concluded thatThe conclusion that @GPR-1/2 are the key regulators of
Go/GPR-1/2 are required for the majority of force generatiorspindle positioning irC. eleganss different from what has
during anaphase (Srinivasan et al., 2003; Colombo et al., 2008¢en reported ilDrosophilaneuroblast cells (Schaefer et al.,
Gotta et al., 2003). Furthermore, our results provide new01). When GTP-G was overexpressed in neuroblasts, no
evidence for the hypothesis that the/GPR-1/2 signaling spindle orientation phenotype was observed. However, when
pathway is also responsible for the magnitude of forc€sDP-Gu was overexpressed, random spindle orientations were
generation during nuclear rotation. In spheriGzt mutant  seen, similar to those observed iBI3F mutants (which lack
embryos, nuclear rotation failed andGa andgpr-1/2mutant  poth Gx and @13F) (Schaefer et al., 2001). It was predicted
embryos less-active spindle movements were observethat GDP-G would sequester the freef@ and thus it was
suggesting that less force is produced in these mutant cells. Byncluded that Byis the key signaling molecule that regulates
contrast, inG mutant embryos, abnormal nuclear and spindlgolarity and spindle orientation in neuroblast cells (Schaefer et
oscillations indicative of hyperactive forces were observed. Ial., 2001). The difference betweBmosophilaandC. elegans
addition, the hyperactive movements seeGfhmutants were  could reflect differential usage of conserved molecules. An
completely suppressed when the activities af & GPR-1/2  alternative interpretation is that overexpression of GDP-G
were removed together with3GTogether these results suggestcould result in a gain-of-function spindle orientation
that Gx and GPR-1/2 function together to upregulate forcephenotype, as we have shown here for lossfff®at is, loss
production, and that this force production is needed both fasr gain of Gt activity could both produce defects in spindle
spindle orientation and asymmetric anaphase elongatioBrientation, which may not be distinguishable without live
Significantly, the suppression of thed @henotypes in these imaging of the spindle movements.
double mutants suggest thaf3 Gloes not activate specific ) )
downstream effectors in the one cell, and raises the possibilibET-99 serves as an asymmetric cue that functions
that other aspects of theBGnutant phenotypes are due to antagonistically to the G a/GPR-1/2 signaling
excess @ activity as well. pathway

The G proteins and GPR-1/2 are localized at the cortex arfebrces must also be polarized in response to PAR polarity
the microtubule asters. The adapter protein LIN-5 forms aues in order to achieve proper spindle positioning. The
complex with & and GPR-1/2, and is required for the overalllocalization of GPR-1/2 has led to the model that the
cortical and astral localization of thea@@PR-1/2 complex enrichment of GPR-1/2 at the posterior provides higher
(Srinivasan et al., 2003).dGsignaling at either the cortex or pulling forces on the posterior spindle pole, thus mediating
the asters could influence microtubules and their interactioranaphase spindle positioning (Srinivasan et al.,, 2003;
with the cortex, and thus regulate force generation. Sever@lolombo et al., 2003; Gotta et al., 2003). This model does not
observations support the hypothesis that the cortex is the actigddress a role for GPR in nuclear rotation, however. Posterior
site of Gx signaling. Previous work showed thatt @ absent enrichment of GPR-1/2 was seen in only some embryos during
from the asters i63 mutant embryos but is still present at thenuclear rotation (Colombo et al., 2003). Such asymmetry at
cortex (Gotta and Ahringer, 2001). The observation that ththis time is actually predicted to be counter-productive, as it
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would potentially hold the nucleus at the posterior and prevet P lineage cells EMS cells
centration and rotation.

We previously proposed that the asymmetric enrichment ¢
LET-99 in a cortical band provides the asymmetric cue tc
polarize forces during both rotation and anaphase (Tsou et ¢
2002). Loss of LET-99 results in an absence of nuclear rotatic
and an absence of the normal asymmetric spindle po
movements during anaphase (Rose and Kemphues, 199
Tsou et al., 2002). Based on the hyperactive movements
nuclei and metaphase spindles, we proposed that the ultimé

e _ . Uniform LET-99 Enriched LET-89
effect of LET-99 activity is a downregulation of cortical forces Gu/Gpr-1/2 F— asymmetry  LIN-5/Go/GPR-1/2 (apsent)
that act on centrosomes. Because LET-99 is enriched in
cortical band that encircles P lineage cells, downregulation ¢ \ \
cortical forces in this region during prophase would result ir
higher net anterior and posterior forces that would produce Force up- Force up-
rotational movement of the nuclear-centrosome complex (Fic regulation regulation
8, left). After rotation, the posterior centrosome/spindle pole - \
lies partially underneath the LET-99 band. Downregulation o

cortical forces in the LET-99 band region at this stage wouli
affect lateral astral microtubule interactions, producing highe. Free rotation Directed rotation
net forces directed towards the posterior and thus asymmetii¢y g models for the roles of ®GPR-1/2 and LET-99 in
anaphase spindle elongation (Tsou et al., 2002). The resutansmitting polarized signals during nuclear rotation in P lineage
reported here on the genetic interactions between LET-99 am@d EMS cells. LIN-5 is required for cortical localization of GPR-1/2
Ga/GPR signaling are consistent with this model. Loss of LETin P cells and EMS cells, and the enrichment of LIN-5 and GPR-1/2
99 causes gain of @GPR-1/2-like phenotypes, hyperactive at the EMS/Pboundary is MES-1 dependent (Srinivasan et al.,
nuclear and spindle movements. These hyperactive moveme@f03). LET-99 asymmetry (blue band) and its downstream effects are
are completely suppressed @Ba(RNAi); let-99 or gpr- shown in blue. @/GPR-1/2 (red outline) and its downstream effects
1/2(RNAI); let-99mutant embryos, suggesting that LET-99 ggiﬁgg‘:;”;?ersghiﬂglt'aﬁleytﬂ%tht'zgfkprgalﬁé?v\?\llﬁe‘?:tet'aeETEg"ﬁg
Opposes G/GPR':L/.Z S'gf‘a"”g- The antagonistic roleif99 absent. Orange arrows indicate the types of rlluclear rotation (free
to Ga/GPR—l/Z S|gnallng is 'further sypported by theyersus directed). See text for details.
observation that partially reducirigt-99 activity suppresses
the lethality caused by loss gpa-16activity alone. Finally,
the weak asymmetry of spindle positioning that we observedET-99 and G are also required for polarity-dependent
in gpr-1/2(RNAi) embryos was no longer observedgpr-  nuclear rotation in the one cell, when asymmetry of GPR-1/2
1/2(RNAI); let-99 double mutant embryos. These resultsis not evident, which suggests that the main role of LET-99
suggest thalet-99 not only functions oppositely toddGPR-  may not be localization of GPR-1/2. Rather, we propose that
1/2 signaling, but also indeed provides an asymmetric cu&ET-99 antagonizes &GPR-1/2 signaling in addition to, or
Based on these results and the pattern of cortical LET-9&s part of, its effect on GPR-1/2 localization. One speculative
localization, we propose that LET-99 antagonize$@PR-1/2  model that fits the current data is that LET-99 directly or
signaling, thus downregulating cortical forces asymmetricallyndirectly inhibits the association ofoGand GPR-1/2. This
during both rotation and anaphase spindle elongation. would downregulate & signaling in the region of the LET-99
The molecular mechanism by which LET-99 negativelyband, causing nuclear rotation during prophase. As the cell
regulates the G/GPR-1/2 signaling pathway remains to becycle progresses, the dissociated GPR-1/2 would then be free
elucidated. However, LET-99 is required for normal GPR-1/20 reassociate with the posterior cortex where neither PAR-3
localization, suggesting that it acts upstream or at the level ofor LET-99 is present at high levels. During anaphase, the
Go/GPR-1/2 signaling. Intriguingly, the region with the inhibition of Gua signaling by LET-99, the enrichment of GPR-
highest enrichment of GPR at the posterior duringl/2 posteriorly, or both could function in asymmetric anaphase
anaphase/telophase corresponds to the posterior domain of Ispindle elongation. Biochemical experiments and identification
LET-99 staining intensity, and this rise in GPR-1/2 does requiref LET-99-interacting proteins will be required to elucidate the
LET-99. In addition, the staining intensity of the uniform molecular mechanism of the interactions of LET-99 with G-
prophase GPR-1/2 localization appeared strongelett®9  protein signaling.
embryos than in wild type. These results suggest that LET-99 We also found that @& function antagonized &GPR
has an inhibitory effect on GPR-1/2 localization. However, thesignaling. However, it appears that LET-99 acts separately
presence of lower levels of GPR-1/2 in the anterior durindrom G. Significantly, GB mutant embryos exhibit late
anaphase is apparently PAR-3 dependent (Colombo et ahuclear rotation and asymmetric oscillations of spindle poles
2003) (this report) but LET-99 independent, because thiduring anaphase, neither of which occurdein99 embryos
anterior region does not overlap with the band enriched fqithis report) (Tsou et al., 2002). The asymmetric localization
LET-99. of GPR-1/2 was also observed @8 mutants but not iret-
The models for GPR-1/2 and LET-99 function during99 mutants. These observations strongly suggest that the cues
anaphase are not mutually exclusive. Indeed, LET-99 could Her polarizing forces that act on centrosomes still exigfh
acting solely through localization of GPR-1/2. However, bothmutants but not ifet-99 mutant embryos, and that polarized
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force is essential for asymmetric spindle oscillations duringhe other cell contacts could inhibita@GPR-1/2 signaling
anaphase. Although a loss of polarized forces is consistetitere, further enhancing the asymmetry o&i/GPR-1/2
with the absence of wild-type anaphase spindle polsignaling. The inhibition could also result in more free GPR-
oscillations inlet-99 embryos, it is unclear why random 1/2, which would then associate with the EM8iBundary in
oscillations similar to prophase nuclear rocking are not seemsponse to MES-1 signaling.

at anaphase. It is possible that changes in microtubule toln let-99 mutants, nuclear rotation in the EMS failed
cortex interactions during the cell cycle could explain thiscompletely while inmes-1mutants, nuclear rotation failed in
phenotypic effect. In anaphase, more astral microtubulesnly 10% of EMS cells (Bei et al., 2002). Similarly, tyea-
appear to reach the cortex and these microtubules are mdré EMS rotation phenotype is stronger than thatnuds-1
cold stable than prophase microtubules (L. R. DeBella anthutants. This is not surprising, becauses-1mutants cause
L.S.R., unpublished results). With a large number of corticala loss of asymmetry of LET-99 and GPR-1/2, not a total loss
microtubule contacts during anaphase, the stochastic loss @i protein. Similarly, mutations ipar-3 result in symmetric
gain of a few contacts would have little effect on the balanc&PR-1/2 and LET-99 localization during prophase in the P
of forces. By contrast, with fewer microtubule contacts durindineage, butpar-3, let-99 and gpr-1/2 mutants have different
prophase, a similar stochastic effect could lead to a dramatiwclear rotation phenotypes. Nonetheless, the findindetiat
imbalance of forces and hence cause nuclear rockin@9andGa mutant EMS cells have stronger defects in rotation
Alternatively, we cannot rule out the possibility that LET-99suggest that these proteins play a basic role in the interaction
functions differently during prophase and anaphase to regulab®tween microtubules and the cortex in multiple cells.

forces. Consistent with this view, both dGand let-99 mutants have

) o . defects in nuclear and centrosome positioning in the AB
G proteins and LET-99 function in spindle lineage (M.-F.B.T. and L.S.R., unpublished) (Gotta and
positioning in both intrinsically and extrinsically Ahringer, 2001; Rose and Kemphues, 1998a). In addition, the
determined asymmetric divisions activity of LET-99 and GPR-1/2, rather than their localization,

We propose that the fundamental roles of §ignaling and could also be modulated in the EMS cell in response to Wnt
LET-99 are the same in both the P lineage and the EMS ceflignaling, which acts redundantly with MES-1 to promote
Ga upregulates force generation from the cortex orEMS spindle orientation.

centrosomes, and LET-99 downregulates force generation.In summary, our results provide evidence thatirelegans
Furthermore, we propose that the differences in the spatial aad in Drosophila G-protein signaling is used for spindle
temporal regulation of LET-99 and GPR-1/2 localizationpositioning in asymmetric divisions that are both intrinsically
provide an explanation for the different types of movementand extrinsically determined (Knoblich, 2001). Further work
that lead to asymmetric spindle placement and orientation ito elucidate the molecular mechanisms by which G protein
these two cell types (Fig. 8). In P lineage cells, an intrinsisignaling and LET-99 regulate forces on microtubules during
PAR-dependent mechanism causes ‘free nuclear rotation’ thasymmetric division will provide insight into both types of
occurs in the center of the cell when the extrinsic effects of cedlivisions.

shape are removed (Tsou et al., 2003). Distinct asymmetric

elongation movements then position the spindle towards the We are grateful to T. Stiernagle (Caenorhabditis Genetics Center;
posterior during anaphase. In these cells, GPR-1/2 is uniform ich is funded by the NIH National Center for Research Resources),
localized in most cells at the time of rotation, but LET-99 is2- Bowerman, B. Wood and C. Mello for strains; Y. Kohara and

enriched in a band and antagonizes/GPR-1/2 activity as < _Plasterk for CDlNAS; aq% _ILSWO_Od aNdeD- Bergvrcanrlw for
d earlier (Fig. 8, left). In contrast to free centr ommunicating results agpa-16(it143)prior to publication. e also

propose . Lo ) .~ “Thank Frank McNally, Alan Rose, Ken Kemphues and the reviewers

rotation, previous studies have shown that nuclear rotation ¥, comments on the manuscript, and members of the Rose and

the EMS cell occurs directly toward the EMBHdundary in  \cNally laboratories for helpful discussions. This work was
both intact embryos and in isolated blastomeres (Schlesingeiipported by an American Cancer Society RPG (00-076-01-DDC) to
et al., 1999). We showed that in EMS cells LET-99 is not.S.R.

present as a band, but rather is absent from the EMS8IP

contact region, where GPR-1/2 localization is enriched. Both

patterns are present at the time of nuclear rotation, and theeferences

opposite localization of these two proteins at the EMS/PAhringer, J. (2003). Control of cell polarity and mitotic spindle positioning
boundary is consistent with our model that LET-99 antagonizes " 3""335gﬁ”SJCUE;grEgI'V’;{ZCE”AB'Ogifé?A'SlF-{ocheleau C.E. Pang, K
GG/GPR-]'/Z. signaling. The abs_ence of LET-99 would béB M &:ollins, J émd Mello, YC. C.’(ZOOZS. S}?C—l and Wnt sig’nalingyact
necessary in order for the enriched GPR-1/2 at the cell qogether to specify endoderm and to control cleavage orientation irGearly
boundary to have highest activity. Higla&PR-1/2 activity eleganssmbryos Dev. Cell3, 113-125.

could then cause nuclear rotation directed towards theergmann, D.C., Lee, M., Robertson, B., Tsau, M.-F. B., Rose, L. S. and

; TP ; Wood, W. B. (2003). Embryonic handedness choic&€irelegansnvolves
EMS/P, boundary, simultaneously positioning the spindle the G protein GPA.16Development30 5731-5740.

asymmetrically on the AP axis'(Fig. 8, right). Interestingly, WEBerkowitz, L. A. and Strome, S. (2000). MES-1, a protein required for
also found that LET-99 is required for the asymmetry of GPR- unequal divisions of the germline in eafly eleganembryos, resembles

1/2 at the EMS/Pboundary. Although we cannot rule out a receptor tyrosine kinases and is localized to the boundary between the
role for LET-99 in the ability of the Fcell to signal to EMS _ germline and gut cellDevelopment.27, 4419-4431.
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5730 Development 130 (23) Research article

Cheng, N. N., Kirby, C. and Kemphues, K. J(1995). Control of cleavage and axis formation in the earlyaenorhabditis elegansmbryo.Dev. Cell

spindle orientation irC. elegansthe role of thepar-2 and par-3 genes. 3, 157.
Geneticsl39 549-555. Miller, D. M. and Shakes, D. C.(1995). Immunofluorescence microscopy. In
Colombo, K., Grill, S. W., Kimple, R. J., Willard, F. S., Siderovski, D. P. Caenorhabditis elegans. Modern Biological Analysis of an Orgaifézm

and Gonczy, P.(2003). Translation of polarity cues into asymmetric  H. F. Epstein and D. C. Shakes), pp. 365-394. San Diego: Academic Press.

spindle positioning ilCaenorhabditis eleganembryosScience300, 1957- Ohno, S.(2001). Intercellular junctions and cellular polarity: the PAR-aPKC

1961. complex, a conserved core cassette playing fundamental roles in cell
Dechant, R. and Glotzer, M. (2003). Centrosome separation and central polarity. Curr. Opin. Cell Biol.13, 641-648.

spindle assembly act in redundant pathways that regulate microtubuRose, L. S. and Kemphues, K1998a). Théet-99gene is required for proper

density and trigger cleavage furrow formati@ev. Cell4, 333-344. spindle orientation during cleavage of tbeeleganembryo.Development
Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello, 125 1337-1346.

C. C. (1998). Potent and specific genetic interference by double-strandefose, L. S. and Kemphues, K. J1998b). Early patterning of the. elegans

RNA in Caenorhabditis elegan®ature391, 806-811. embryo.Annu. Rev. GeneB2, 521-545.
Goldstein, B. (1995). Cell contacts orient some cell division axes in theSchaefer, M., Petronczki, M., Dorner, D., Forte, M. and Knoblich, J. A.

Caenorhabditis elegansmbryo.J. Cell Biol.129 1071-1080. (2001). Heterotrimeric G proteins direct two modes of asymmetric cell
Goldstein, B., Hird, S. N. and White, J. G(1993). Cell polarity in earl{. division in theDrosophilanervous systenCell 107, 183-194.

elegansgdevelopmentDevelopment Supp279-287. Schlesinger, A., Shelton, C. A., N., M. J., Meneghini, M. and Bowerman,
Gonczy, P., Echeverri, C., Oegema, K., Coulson, A., Jones, S. J., Copley, B. (1999). Wnt pathway components orient a mitotic spindle in the early

R. R., Duperon, J., Oegema, J., Brehm, M., Cassin, E. et §2000). Caenorhabditis elegaresmbryo without requiring gene transcription in the

Functional genomic analysis of cell division@ eleganausing RNAI of responding cellGenes DeVl3, 2028-2038.

genes on chromosome INature408 331-336. Srinivasan, D. G., Fisk, R. M., Xu, H. and van den Heuvel, $2003). A
Gotta, M. and Ahringer, J. (2001). Distinct roles for @& and @@y in complex of LIN-5 and GPR proteins regulates G protein signaling and

regulating spindle position and orientation @aenorhabditis elegans spindle function irC elegansGenes Devl7, 1225-1239.

embryosNat. Cell Biol.3, 297-300. Takesono, A., Cismowski, M. J., Ribas, C., Bernard, M., Chung, P,
Gotta, M., Dong, Y., Peterson, Y. K., Lanier, S. M. and Ahringer, J. Hazard, S., 3rd, Duzic, E. and Lanier, S. M(1999). Receptor-independent

(2003). Asymmetrically distribute@. eleganshomologs of AGS3/PINS activators of heterotrimeric G protein signaling pathwaysBiol. Chem.

control spindle position in the early embn@urr. Biol. 13, 1029-1037. 274, 33202-33205.

Grill, S. W., Gonczy, P., Stelzer, E. H. and Hyman, A. A(2001). Polarity =~ Tsou, M. F, Hayashi, A., DeBella, L. R., McGrath, G. and Rose, L. S.
controls forces governing asymmetric spindle positioning in the (2002). LET-99 determines spindle position and is asymmetrically enriched

Caenorhabditis elegansmbryo.Nature 409, 630-633. in response to PAR polarity cues@n eleganembryos.Development29,
Horvitz, H. R. and Herskowitz, I. (1992). Mechanisms of asymmetric cell 4469-4481.

division: two Bs or not two bs, that is the questiOell 68, 237-255. Tsou, M.-F,, Ku, W., Hayashi, A. and Rose, L. §2003). PAR-dependent
Hyman, A. A. and White, J. G.(1987). Determination of cell division axes and geometry-dependent mechanisms of spindle positiohir@ell Biol.

in the early embryogenesis Gfaenorhabditis elegang. Cell Biol. 105 160, 845-855.

2123-2135. Zwaal, R. R., Ahringer, J., van Luenen, H. G. A. M., Rushforth, A,
Knoblich, J. A. (2001). Asymmetric cell division during animal development. ~ Anderson, P. and Plasterk, R. H. A(1996). G proteins are required for

Nat. Rev. Mol. Cell Biol2, 11-20. spatial orientation of early cell cleavagesdneleganssmbryos.Cell 86,

Lyczak, R., Gomes, J. and Bowerman, §2002). Heads or tails. cell polarity 619-629.



