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SUMMARY

C. elegans embryogenesis begins with a stereotyped lacking spn-4 function the transversely oriented ‘R’
sequence of asymmetric cell divisions that are largely mitotic spindle appears to re-specify the axis of cell
responsible for establishing the nematode body plan. These polarity, and the division remains asymmetric.spn-4also is
early asymmetries are specified after fertilization by the required for other developmental processes, including
widely conserved, cortically enriched PAR and PKC-3 the specification of mesendoderm, the restriction of
proteins, which include three kinases and two PDZ domain mesectoderm fate to P descendants, and germline
proteins. During asymmetric cell divisions in the early quiescence during embryogenesis. We suggest that SPN-4
embryo, centrosome pairs initially are positioned on post-transcriptionally regulates the expression of multiple
transverse axes but then rotate to align with the developmental regulators. Such SPN-4 targets might then
anteroposterior embryonic axis. We show that rotation of act more specifically to generate a subset of the anterior-
the centrosomal/nuclear complex in an embryonic cell posterior asymmetries initially specified after fertilization
called Pi requires a maternally expressed gene we name by the more generally required PAR and PKC-3 proteins.
spn-4 The predicted SPN-4 protein contains a single RNA

recognition motif (RRM), and belongs to a small subfamily

of RRM proteins that includes oneDrosophila and two  Key words: Asymmetric cell division, Cell polarity, Centrosome
human family members. Remarkably, in mutant embryos  position, Mesectoderm, Mesendoderm, Microtubules, PAR proteins

INTRODUCTION division. For example, cytoplasmic ribonucleoprotein particles
called P granules, required for germline fate, are segregated to
The asymmetric partitioning of developmental potential to the single germline precursor during each of the four asymmetric
daughters of polarized cells is a central theme in developmendivisions that produce the germline progenita$trome and
During embryogenesis in the nematodeaenorhabditis Wood, 1983; Hird et al., 1996; Kawasaki et al., 1998). Before
elegansthe first mitotic division is asymmetric (Sulston et al.,division in B and R, P granules move towards the posterior
1983). The zygote, a cell called, Bivides into a larger anterior pole and accumulate at the cortex. Theafd R centrosome
daughter, AB, and a smaller posterior daughter(ARy. 1).  pairs initially are aligned roughly perpendicular to the AP axis,
Subsequently, £ and three of its immediate descendantsbut during prophase they rotate about @yman and White,
undergo a sequence of four additional asymmetric division$987). Thus, the posterior daughtersaRd B, inherit nearly
that establish much of the nematode body plan (Bowerman amadl the P granules.
Shelton, 1999). Genetic and molecular studies have shown that, in addition to
Each asymmetric division in the early embryo is precede® granules, many cytoplasmic developmental regulators in the
by a rotation of the nucleus and its associated pair dofarlyC. elegangmbryo become polarized in distribution along
centrosome-nucleated microtubule asters. These rotations aligre AP axis prior to asymmetric divisions and, thus, are
mitotic spindle axes with the anteroposterior (AP) axis ofdifferentially segregated to anterior and posterior daughter cells
cell polarity (Hyman and White, 1987; Schierenberg, 1987(Guo and Kemphues, 1995; Etemed-Mogadham and Kemphues,
Hyman, 1989), and spindle rotation appears to promote tHE995; Boyd et al., 1996; Draper et al., 1996; Guedes and Priess,
differential segregation of cytoplasmic determinants thal996; Mello et al., 1996; Tabuse et al., 1998; Hung and
become polarized in distribution along the AP axis befor&kemphues, 1999; Schubert et al., 2000). These polarized
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regulators include a group of cortically localized kinases andsed as the wild-type strain. The following alleles and balancer
PDZ domain proteins encoded by i genes and thpkc-3 ~ chromosomes were used. Linkage group (LG)di-1(e185) par-
gene. The widely conserved PAR and PKC-3 proteins ar&it71) and qC1 (LGIII inversion balancedpy-19ts, glp-1 LG IV
required for the asymmetric division of,Rnd homologues in him-8(e1489) LG V dpy-11(e224) unc-42(e270) nT1 (LG IVIV
other organisms also regulate cell polarity (Doe and Bowerma anslocation balancer. let-?), DnT1(LG IV/V translocation balancer,

ominant unc-?(n754) let-23pn-4(or25, or80 andor191ty. LG X
2001). InC. elegansthe B zygote normally produces two lin-2(e1309) The following strains were used: KK5far-3 lon-

daughters of unequal size that subsequently dividgqc | "DR108dpy-11 unc-42 VEU4 lin-2 X, EU923 spn-
asynchronously with orthogonally oriented mitotic spindlesyor191ts) v EU588 him-8(e1489) IV: spn-4(or191ts), EU769
(Fig. 1). Inpar/pkc-3mutant embryos, bothoRlaughters are  +/nT1 IVv; spn-4(or25) unc4aT1 V, EU370 +/DnT1 IV spn-
equal in size and divide synchronously. At the two-cell stage ia(or25yDnT1, EU772+/DnT1 IV; spn-4(or80)DnT1 and EU918
par-2mutant embryos, both mitotic spindles remain transverselgar-3 lon-1qC1 lIl; spn-4(or191tsy. The temperature-sensitive allele
oriented, while irpar-3 mutants, both spindles rotate to becomeof spn-4(or191tswas maintained by growing homozygous animals
longitudinally oriented. Irpar-2; par-3 double mutants, as in at 15C. To observe the mutant phenotype, L4 larvae were raised
par-3 single mutants, both spindles rotate, indicating that PARVernight at 25C before collecting early embryos from young adult
2 and PAR3 are not required for spindle rotation itself bUPe'T'rr?:F;glrlc())?/\lltiﬁZ. strains carrying integrated cell-type-specific green
re;trlct Itto tE' (Ch(Tlng. e_t al" 199?r,]Hungl and Iéemphues,l_}(99_9 )fluores_celjt protein (G_FP) reporter transgenes were used to facilitate
SYmmEtric cell divisions in the early embryo are alike 'nh}lentlflcatlon of specific cell types or specific gene expression.
that mitotic spindles rotate to lie along the AP axis, but each ppg251myo-3:gfpccis4251fnyo-3:GFP]I, GFP expressed in all
rotation differs in detail. In & cortically localized components  pody wall muscles and vulval muscles (Liu and Fire, 2000; provided
of the dynein microtubule motor complex are required folby A. Fire, Carnegie Institute of Washington).
spindle rotation (Skop and White, 1998; Gonczy et al., 1999). JH227: pie-1::gfp axEx73[pJH3.92;pRF4], PIE-1::GFP expressed
By interacting with astral microtubules throughout the cortexin germ line precursors (Reese et al., 2000; provided by G. Seydoux,
dynein-mediated forces may align thespindle axis with the Johns Hopkins University School of Medicine). _
longer AP axis of the oblong zygote. In, Bpindle rotation OKO0029 ceh-22::gfpculslfceh-22:GFP;pRF4]GFP expressed in
requires a more localized capture of astral microtubules by i{iaryngeal muscle cells (Okkema et al., 1997, provided by P.

i ‘ ' ; kema, University of lllinois).
dlscre_te remnant complex, left after the completlon_@f P DP132'UnC'119'¥gfp[pDP#l\)/IMUGF12'pRF4] GFP expressed in
cytokinesis and marked by a small, persistent ring of, : - ; :

. . . ost or all neuronal cells (D. Pilgrim personal communication;
microfilaments (Hyman and White, 1987; Hyman, 1989, ided by D. Pilgrim, University of Alberta).

Waddle et al., 1994). Upon capture of astral microtubules jr186: med-1::gfpwlis93[pMM280;pRF4], GFP expressed in E
emanating from one pole, the nucleus and its associategd MS and their descendants (Maduro et al., 2001; provided by M.
centrosomal asters rotate as a complex, in response to force{sduro and J. Rothman, University of California, Santa Barbara).
that pull one centrosome towards the remnant site. While JR553:end-1:gfp wis28[end-1:GFP::lacZ;pRF4] (Maduro et al.,
apparently intrinsic mechanisms act igp #d R, spindle  2001; provided by M. Maduro and J. Rothman, UCSB).
rotation in a daughter ofiRalled EMS requires an inductive JMdGZ(; eb't'%:C;wFPGP’]V'SS“S'tg”lGFPf) pFR4] (Maduro et al., 2001;
Wnt signal (Goldstein, 1995; Schlesinger et al., 1999). Thudrovided by J. Micthee, L. Laigary). .
at least in part, distinct mechanisms act during each rotation, 1C14:vab-7-gfpqtislivab-7.:GFP; pRF4], GFP expressed in the
Consistent with this view. rotation is abnormal at the tWO_CelEOStenor great-grand-daughters of C (Cxxp cells; C. Hunter, personal
. ’ . ommunication, provided by C. Hunter, Harvard University).

stage inpar and pkc-3 mutants (see above), bup Potation
appears roughly normal (Rose and Kemphues, 1998). Isolation of spn-4 alleles

To identify the mechanisms that position mitotic spindles;The or25 andor80 alleles were isolated in genetic screens for non-
we used genetic screens to find embryonic-lethal mutants wittonditional maternal-effect embryonic-lethal mutants (Kemphues et
defects in mitotic spindle orientation. We isolated three mutar#l., 1988), while ther191tsallele was isolated in genetic screens for
alleles of aC. elegansgene we namespn-4 for spindle- temperature-sensitive embryonic-lethal mutants (Encalada et al.,
orientation defective-4. The predicted SPN-4 protein containd000). The or19lts allele is 100% embryonic lethal when
a single RNA recognition motif (RRM) and is a member of g0mozygous mothers are raised at@§n=579). At 15C, 84% of
small subfamily of conserved worm, fly and mammalian RR he embryos hatch (555/661). All three mutant alleles were mapped

. . PR o center of linkage group V using meiotic segregation and
proteins. Inspn-4mutant embryos, the first mitotic division recombination to position the alleles relative to previously identified

appears normal, but at the two-cell stage, the posterior mitotiGe; (gata not shown). The three alleles failed to complement each
spindle fails to rotate and by metaphase re-specifies the cellul@her in crosses that generated all possible hetero-allelic outcross
axis of polarity. Maternal expression gjin-4also is required progeny (data not shown). Linkage group and three-factor mapping
for at least three other developmental processes. We therefavere used to position tler191tsallele at approximately +0.1149 on
suggest that the predicted SPN-4 RRM protein postshromosome V. From a strain with the genotgpa-4(or191ts)/dpy-
transcriptionally influences the expression of multiple factorsll unc-42 V 27/29 Unc-nonDpy recombinants picked spn-

each of which acts more specifically to regulate development4(0r191ts)while 2/29 did not. Of 48 Dpy-nonUnc recombinants, two
pathways in earl{C. eleganembryos. picked upspn-4(or191tspnd 46 did not. The essential requirements

for spn-4 are strictly maternal, as wild-type males crossed with
homozygous spn-4(or80) hermaphrodites do not rescue the
embryonic-lethality (broods with more than 290 embryos were

MATERIALS AND METHODS scored; none of 1047 embryos from three broods hatched). To test for
) zygotic requirements during embryogenesis, broods of embryos were
Strains and nematode culture collected from heterozygouspn-4(or80j+ hermaphrodites at room

We culturedC. elegansas described (Brenner, 1974). N2 Bristol was temperature. Nearly all the embryos hatched (1262/1269). 99 progeny
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from or80/+ hermaphrodites were followed from hatching untila VSL-337 laser (Laser Science) and a MicroPoint fiberoptic laser
adulthood. 21/99 grew to adulthood but produced broods of deaabaptor (Photonics Instruments). Embryos were collected from a
embryos, the remaining 78 produced viable progeny. No othewatch glass filled with M9 medium using a mouth pipette, after

phenotypes were observed. We conclude that maternal expressiorcigting open young adult hermaphrodites with a scalpel blade.
sufficient for all essentiabpn-4 requirements. Homozygouspn- Embryos were transferred to 3% agarose cushions and overlaid with
4(or191ts)L1 larvae raised at 25°C grow to adulthood and produce 2222 mm glass cover-slip for viewing with Nomarski optics. To

broods of dead embryos, suggesting there are no zygotic requirementdculate the volume of sister blastomeres, the diameter of each

for spn-4during post-embryonic development. blastomere was measured at the end of cytokinesis of the parent cell,
) ] ) spherical shape was assumed for volume calculation (Tabara et al.,
Molecular cloning and phylogenetic analysis of spn-4 1999). Mitotic spindle orientation angles were measured from digital

To clonespn-4 we used a combination of germline transformationimages of intact embryos made using Nomarski DIC optics. Spindle
with wild-type genomic DNA (Mello et al., 1991) and RNA-mediated orientations in B and R are shown as the angle made by a line
interference (RNAI; Fire et al., 1998). Germline transformation withconnecting the centrosomes relative to the long (AP) axis of the
a single cosmid, T11B11, rescued the broods of embryos produced bynbryo. Measurements were made just after nuclear envelope
homozygous spn-4(orl91ts) hermaphrodites at 28. The  breakdown. A similar distribution of spindle orientation defects was
concentration of injected cosmid DNA wagi&/ml. A dominantol- observed in embryos mounted within a hanging drop of M9 medium
6 gene was used as marker for transformation by co-injecting theuspended from a glass coverslip mounted over a depression slide. In
plasmid pRF4 at 10ag/ml (Mello et al., 1991). Genomic yeast DNA spn-4(or80)mutants, the AB spindle was transversely oriented in 6/8
was used as carrier at 106/ml. Eight stable transmitting lines were embryos and was at about 45° in 2/8 embryos; thepihdle was
obtained using cosmid T11B11; in four lines the embryonic lethalitytransversely oriented in 2/7 embryos, about 45° in 4/7 and resembled
of orl91tswas complemented. We then used RNAI to reduce thevild type in 1/7 embryos.
function of each predicted gene in T11B11. Microinjecting into the Immunostaining was carried out using the following mouse
ovaries of wild-type hermaphrodites dsSRNA made from a 640 basmonoclonal antibodies and dilutions: 3NB12 (1:100) to detect a
pair fragment of DNA amplified by PCR from exon 5 of the predictedmyosin specific for pharyngeal muscle cells (Miller et al., 1983), NE8
gene ZC404.8 resulted in embryonic lethality wigpa-4like mutant ~ 4C6.3 (1:100) to detect body wall muscle cells (antibody collection
phenotype. To confirm the gene identity we sequenced ZC4048RC LMB, Cambridge, Kaletta et al., 1997), J126 (1:100) to detect
(GenBank Accession Number, CE07598) in the three independentigtestinal cells (Mango et al., 1994), DmXo detecta-tubulin
isolated spn-4 mutant strains. Five fragments of 500-600 bp, (Sigma), CS1 to detect MEX-5 (Schubert et al., 2000) and F2A to
overlapping roughly 100 bp, were amplified from genomic DNA usingdetect SKN-1 protein (Bowerman et al., 1993). The following rabbit
PCR (Williams, 1995). Bands were excised from agarose gels amblyclonal antibodies and dilutions were also used: anti-PGL-1
purified with GeneClean Il (Bio 101, La Jolla, CA) and cloned into(1:100) to detect P granules (Kawasaki et al., 1998; gift from S.
pGEM-T vector (Promega, Madison, WI). Sequencing was carried otrome) and anti-PAR-2 (Boyd et al., 1996; gift from K. Kemphues).
at the University of Oregon DNA sequencing facility, using an ABIDNA was stained with DAPI or TOTO (Molecular Probes).
377 Prism automated fluorescent sequencer. Clones from twomunostaining with the antibodies J126, 3NB12, NE8 4C6.3 and
independent PCR reactions for each allele were sequenced arabbit anti-PGL-1 was done using the cold methanol/acetone fixation
compared with sequences from-2(e1309)animals, the parental protocol (Bowerman et al., 1993). SKN-1 (Bowerman et al., 1993),
strain used for mutagenesis. Codon 7%df91tsallele is mutated PAR-2 (Shelton et al., 1999), MEX-5 (Lin et al., 1995) artlibulin
from GGA to GAA, resulting in a G to E substitution. Codon 91 of (Severson et al., 2000) immunostaining was as described. Birefringent
theor25 allele is mutated from GGG to GAG also resulting in a G togut granules characteristic of intestinal cells were detected using
E substitution. The sequenceasB0revealed a 617 bp deletion in the polarizing optics (Bowerman et al., 1992). Hypodermal cells were
3 untranslated region (JJTR). identified based on their morphology as observed using Nomarski
To identify related proteins, we compared sequences in databadefC optics: they have characteristically flattened cell shapes with
using the gapped Blast program (http://www.ncbi.nim.nih.gov). Werelatively large smooth nuclei containing a single prominent
found twoC. elegansone fly, one mouse and two human sequencesucleolus. Digital Nomarski images were acquired using a DAGE
related to SPN-4. The related proteins exhibit substantial sequent&Tl VE1000 camera under the control of Scion image software.
identity within their RRMs, in addition to having conserved residueDigital fluorescence microscopy image acquisition was performed
throughout their length. For phylogenetic analysis, we included thesing either a BioRad MRC 1024 confocal microscope, or a Zeiss
full sequences of SPN-4 and related proteins, an@aleeharomyces Axioskop equipped for epifluorescence with a Micromax EBF512
cerevisiaeRRM protein NSR1 was used as the outgroup. Proteircooled CCD camera (Roper Scientific).
sequence alignments and phylogenetic tree construction were done
using the MacVector software.

RNA interference RESULTS

To reduce gene function using RNAI (Fire et al., 1998), dsRNA wa . L . .

made in viiqro from cDNA clogles anc} microinjected irzto wild-type]i'zotat_Ion of the P 1 mitotic spindle requires an RRM

ovaries at a concentration of at leagtgljl. The cDNA clones used Protein

and the corresponding genes were the followjpig:1, yk613c12;  To identify genes required for mitotic spindle orientation, we

skn-1 yk18ellpal-1, yk213g9;par-3, yk344b2 (all provided by Yuji  screened mutagenized populations of worms for embryonic-

Kohara) andmom-2 pJC359 (a full-length cDNA cloned into the |ethal mutants with cell fate patterning and/or cell division

gg'é'n¥ vector).spn-4dsRNA ggl%sbméde fro“g the clone p|ZngE; a defects (Materials and Methods). In one conditional mutant

2C40 4'_8 \;ic(:)tgr gf’r:};'g'gn%hae TlprlinsC%r;Ligt E‘;"Saste"’:]rqnpﬁ’;t'; ergg%and two non-conditional mutants, th_e posterior mito_tic spindle

depleted embryos were harvested 16-24 hours post injection. at _th_e t\No-_ceII stage frequently _falls to rotate prior to cell
division (Fig. 1). These recessive, maternal-effect mutant

Immunofluorescence and microscopy alleles define a single genetic locus we salh-4 (Materials

Laser ablations were performed as described (Avery and HorvitAnd Methods)The essential requirements &pn-4are strictly

1989), using a Zeiss Axioskop equipped with Nomarski DIC opticsmaternal, and we have not detected any zygotic requirements
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Fig. 1.Nomarski photomicrographs of wild type (A-F) asph-4(or80)G-L) embryos. Photographs of wild-type asmh-4embryos were
taken at equivalent time points. Arrows point at centrosomes, and cell names are indicated. (M) Schematic drawinggpiifidktratges
observed at the one-cell and two-cell stages in wild-typespndlembryos (see Materials and Methods). Each dash at the periphery of a
guadrant represents a single scored embryo. In wild tyspifdle angles range froni tb 14 (n=6), the AB spindle angles range fronf 74
and 89, and the Pspindle angles from°@o 12 (n=11). Inspn-4mutant embryos, the following ranges were obserge2i ‘Po’ varied from
3°-12° (n=5), or25‘AB’ and or25 ‘P1’ varied from 58-89° and 32-89° (n=11);0r80‘AB’ and or80 ‘P1’ varied from 62-89° and 7-89°

(n=8); or191ts’AB’ and or191ts‘P;’ varied from 26-90° and 7-72° (n=8).

(Materials and Methods). In all three mutant strains, spindlepecifically than igar-2 for rotation in R. To further compare
positioning is normal at the one-cell stage, and although thithe roles of thepar-2 and spn-4 we examined spindle
posterior two-cell stage spindle fails to rotate, embryonic celbrientation inpar-3; spn-4double mutants. In contrast paur-
divisions remain asymmetric (Fig. 1). 3 mutants angbar-2; par-3double mutants (see Introduction),

After identifying spn-4 we used genetic and molecular both mitotic spindles fail to rotate in mqgsr-3; spn-4double
methods to determine that this locus corresponds to thmutant embryos (Fig. 3). In other respects, ghe3; spn-4
predicted gene ZC404.8 (Materials and Methods). Welouble mutants resembfear-3 mutants: the first division is
sequenced ZC404.8 igpn-4 mutants and found mis-sense equal and the two daughters divide synchronously (Fig. 3).
mutations in the allelesr25 andor191ts(Fig. 2A), and a 617 We conclude that PAR-2 and PAR-3 have earlier and more
base pair TR deletion inor80 (Materials and Methods). general roles in the regulation of anterior-posterior asymmetry,
Reducing ZC404.8 function using RNA interference (RNAi;and that SPN-4 acts downstream of, or in parallel to the PAR
see Materials and Methods) results in a mutant phenotyp®oteins to more specifically regulate spindle rotationiin P
nearly identical to that caused by our strongest mutant allele. . o ) )
We therefore have used RNAI, in addition to mutant alleles, t&arly embryonic cells still divide asymmetrically in
define requirements fapn-4 spn-4 mutant embryos

The predicted ZC404.8 open reading frame encodes a 32&1though the posterior mitotic spindle at the two-cell stage in
amino acid protein with a single RNA recognition motif (Fig. a spn-4 mutant fails to rotate, the cell in which it resides
2A), the most common RNA binding motif known (Haruhiko nevertheless divides asymmetrically. In wild-type embryos the
and Dreyfuss, 1997; Varani and Nagai, 1998). BLAST searcheslume of the anterior daughter, EMS, is two to three times the
show that SPN-4 is a member of a small subfamily of RRM/olume of the posterior daughter, fh=11; Materials and
proteins (Fig. 2; see Discussion). The mis-sense mutations Methods), and EMS divides before @ig. 1E,F). Inspn-4
spn-4(or25) and spn-4(orl191ts) affect highly conserved mutant embryos the same relative volumes are maintained
residues in the RRM (Fig. 2A). (or25 n=6, or80 n=5, or191ts n=6), and the ‘K descendants

We conclude that the SPN-4 RRM protein may act indirectlyivide asynchronously with roughly normal spindle orientation
to regulate spindle rotation by post-transcriptionally(Fig. 1). Thusspn-4is required for rotation specifically im P
modulating the expression of protein(s) that participate morand not in other asymmetrically dividing embryonic cells.
directly. We also examined other asymmetries that normally appear

) ) o o during the division of B including the segregation of

spn-4 is required for mitotic spindle rotationin  par-3  cytoplasmic P granules to germline precursors. In wild-type
mutant embryos embryos, P granules move posteriorly prior to the asymmetric
In two-cell stagespn-4mutants, both mitotic spindles remain division of germline precursors (see Introduction).spm-4
transversely oriented, as ipar-2 mutant embryos (see mutant embryos, P-granule segregationdrappears normal.
Introduction). In contrast tpar-2 mutants, though, the first Early in mitosis at the two-cell stagespn-4mutants, during
division is unequal irspn-4embryos, and the larger anterior prophase in ‘P, P granules again appear normal, being
daughter divides before the smaller posterior daughter, as @nriched at the posterior cortex (Fig. 4EnE12). However,
wild type (Fig. 1). Thusspn-4appears to be required more by pro-metaphase, P granules are localized laterally, near one
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pole of the transversely oriented posterior mitotic spindle (7/@mbryo, R divides to produce a posterior mesectoderm and
embryos). In all two-cell stagspn-4 embryos fixed during germline precursor calledoPand a ventral mesendoderm

metaphasenE3; Fig. 4H) or during anaphase or telophaseprecursor called EMS (Sulston et al.,

1983; see Fig. 1). To

(n=6), P granules were always centered around one spindéssess EMS fate ispn-4 mutants, we first examined the

pole. In four-cell stage embryos, P granules were present onfyoduction of intestinal cells.
in the smaller daughter of {P(Fig. 41,J; n=18). In embryos
allowed to develop in culture medium

after removal of their eggshells at
two-cell stage, P granules wi
present in only a single cell at t
four-cell stage in wild-typenE4) anc
in spn-4 mutant embryos nE3).
Therefore constraints imposed by
eggshell on spindle orientation do
appear to influence asymme
segregation of P granules Bpn-4
embryos.

We next examined the distributi
of PAR-2 inspn-4mutant embryo:
As in wild type, we found that PAI
2 is restricted to the posterior cor
in Po (J. E. G., data not shown) &
initially in ‘P1" as well (©=6; Fig.
4A,B). However, PAR-2 redistribut
when the Rlike cell enters mitosi:
forming by metaphase or anapha:
laterally positioned cortical cresce
centered around one spindle ¢
(n=7; Fig. 4D).

As a final assay for cell polarity
spn-4mutant embryos, we examin
the distribution of MEX-5, a CCC
finger protein that becomes enricl
in the anterior cytoplasm of dividi
germline precursors; MEX-5 and
nearly identical protein MEX-6 a
required to restrict PIE-1 and otl
proteins to posterior cytoplas
(Schubert et al.,, 2000). As in w
type, MEX-5 was present at higl
levels in ‘AB’ than in ‘R’ in all fixed
two-cell stagespn-4mutant embryo
(n=10), and we also detected ME>
at higher levels in ‘EMS’ than in P
in four-cell stage embryon£12).

We conclude that theifike cell
still divides asymmetrically ar
correctly segregates many cell 1
determinants inspn-4 mutants, &
least in part because the mitc
spindle can reorient the axis of ¢
polarity.

spn-4 is required to specify
endoderm fate

After determining that the division
the R-like cell in spn-4 mutan
embryos remains asymmetric,
further assessed its development
examining the differentiated ¢
types it produces. In a wild-ty|
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Fig. 2.(A) Sequence alignment of full-length SPN-4 and rel&@exbophilg mouse and human

proteins. Grey indicates regions of similarity. The mutations found2fandor191tsboth result

in G to E substitutions at highly conserved positions in the RRM (amino acids 213 to 300). (B) A
molecular phylogeny based on the sequence similarities among SPN-4 related proteins. The length
of a branch is proportional to the number of amino acid changes; SPN-4 is the most diverged

member.
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Fig. 3.spn-4is required for spindle rotation in two-cell stggp-3
mutant embryos. (A) Nomarski photomicrographgai-3(it71)and
par-3(it71);spn-4(RNAijnutant embryos. Arrows point at the
centrosomes. Ipar-3embryos, both cells divide with longitudinally
oriented spindles. Ipar-3; spn-4double mutant embryos, both divide
with transversely oriented spindles. In bp#r-3andpar-3; spn-4
embryos the two cells are similar in size and divide synchronously.
(B) Schematic depiction of mitotic spindle orientations in two-cell "t par-3;spn-4
stage irpar-3andpar-3; spn-dmutant embryos. Ipar-3 mutants,

spindle angles range fromi & 48 (n=7). Two allelic combinations B
of par-3; spn-4double mutants were analyzed plar-3(it71); spn- D D F\ r\\ m
4(RNAi)spindle orientation ranges from°1® 87 (n=7), inpar-

. "AB" par-3{i71) "P1* 371 "AB par-3fit71); "P1" =3(71); "AB" =3(it71); "P1° -3(W71);
3(it71);spn-4(or191tsjrom 20 to 89 (n=10). F R apndian " ndna " apmdrariatey sondloriotis

intestinal cells produced i@. elegansUsing polarizing optics
to score terminally differentiated embryos for the presence ¢
absence of birefringent gut granules, we determined that on
43% ofspn-4(RNAimutant embryos (41/95) and 59%spin-
4(or80)embryos (83/140) make intestinal cells. About 80% of
spn-4(or25)embryos (66/89), and nearly apn-4(orl91ts)
embryos (81/84) make gut. Similarly, using an antibody tha
recognizes a surface antigen on intestinal cells, we found th
39% of spn-4(or80) embryos (47/121) produce positively P-granules
staining cells (Fig. 5A; see Materials and Methods). Evel
though the ‘R’ spindle remains transversely orientedspn-4
mutants, one daughter is always larger, and the larger daugh
always divides first, at least in part along the AP axis, t
produce a posterior E-like daughter (Fig. 1). We used a las
micro-beam to Kill this E-like cell irspn-4(RNAi)and spn-
4(or80) mutant embryos and found that no gut granules wer
made (=9 andn=13, respectively). Thus endoderm potential
is properly segregated to one*granddaughter in thosspn-

4 embryos that make intestinal cells, in spite of the spindl
rotation defect at the two-cell stage.

Finally, in an attempt to further reduce gene function, we
injected spn-4 dsRNA into homozygous spn-4(or80)
hermaphrodites, but this did not change the fraction of embryc ~ PAR-2
that made gut granules (38/8@80RNAiembryos, or 42%)
relative to spn-4(RNAI) embryos (43%; see above). We
conclude that the largélBTR deletion inspn-4(or80)strongly
reduces gene function, and RNA interference may complete
eliminate it.

4i ired for th ificati f oh I Fig. 4. Confocal photomicrographs of PAR-2 and P-granule
Spn-# 1S required for the speciiication or pharyngea immunofluorescence in wild type asgn-4mutant embryos. P

mesoderm granules (green) are segregated to one daughter in the first two cell
We next examined the fate of the anterior daughter of EMSlivisions in fixed wild-type (A,C,E) anspn-4(or80)embryos

called MS, which normally produces the posterior part of thé€B,D,F). In wild-type embryos arepn-4(or80)embryos, P granules
pharynx, a neuromuscular feeding organ in the head of &fe restricted to the posterior cortex during prophase (A,B). P
nematode. Two 12-cell stage anterior embryonic cells callegranules are shifted laterally by anaphasespra4(or80)mutant
ABara and ABalp produce the rest of the pharynx in a W"d_er_nbryo (D). Note the linear arrays of P granules, partlcul_arly in the
type embryo (Sulston et al., 1983), in response to signal( |_Id-type embryo (C). Thus, P granules may associate Wlt_h astral
from MS (Mango et al., 1994). We used a monoclonal antibodM icrotubules, although most MTs appear not to have survived

. . ; ation in these embryos. During Prophase in wild-type angpn-
that recognizes a pharyngeal myosin to score the production @?orSO)embryos, PAR-2 (green) is restricted to the posterior cortex

pharyngeal muscle cells in fixed, terminally differentiapd-  of p; (G,H). By metaphase, PAR-2 remains posterior in wild type (1).

4 mutant embryos (see Materials and Methods). We found thai spn-4(or80)embryos, PAR-2 shifts laterally to form a crescent

83% of spn-4(or80)mutant embryos (77/93) fail to produce centered around one pole of the’ ‘Bpindle (J). Microtubules (C,D)

any pharyngeal muscle cells (Fig. 5A), while the remaindeare red, DNA is blue.

make only two to five cells, instead of the 39 made by a wild-

type embryo (Sulston et al.,, 1983). Similarly, using athat 73% ofpn-4(RNAimutant embryos (91/124) fail to make
transgenic strain that expresses green fluorescent protein (GRR)y pharyngeal muscle, and the remainder (33/124) make only
in pharyngeal muscle cells (Materials and Methods), we found few GFP-positive cells.
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Fig. 5.(A) spn-4embryos fail to A B
produce intestinal and pharyngeal

muscle cells, but make extra body

wall muscle and germline. Intestine
Fluorescence micrographs of
terminally differentiated wild-type
(left column) andspn-4mutant
embryos (right column). Intestinal
cells were detected with the
monoclonal antibody (mAb) J126;
pharyngeal muscle cells with the
mAb 3NB12; germline cells with
polyclonal antibodies that recogniz:
the P-granule component PGL-1;
body wall muscle cells with a myo-
3::GFP transgenic line. Micrograph
of germline and body wall muscle
cells inspn-4embryos were obtaine
using confocal microscopy, the Body Wall
remaining micrographs were obtair ~ Muscle
using epifluorescence. See the texi

numbers of embryos examined.

(B) spn-4is required for specifying pharyngeal muscl@ar-3, mom-2andpie-1mutants. Irpar-3(it71)andpar-3(it71);spn-4(or191ts)
embryos, pharyngeal muscle cells were detected with the mAb 3NBh®nm2andpie-1 RNAiI mutant embryos pharyngeal muscle cells
were detected using the GFP repocin-22::GFP In each case, only background staining is detected in the double mutant embryos. All
micrographs obtained using epifluorescence microscopy. See the text for numbers of embryos examined.

pie-1,5pn-4

In summary, mosspn-4 mutant embryos fail to produce numbers of intestinal and pharyngeal cells in nearly all
both MS-derived and AB-derived pharyngeal muscle cellsdifferentiated pie-1(RNAi) mutants (35/35 and 33/35,
while a smaller fraction obpn-4 mutants fail to make E- respectively), while mospie-1(RNAI); spn-4(RNAidouble

derived intestinal cells. mutant embryos fail to produce any intestinal or pharyngeal
. . ) o cells (59/87 and 75/87, respectively; Fig. 5B)rlom-2mutant
spn-4 is required for the ectopic specification of embryos, both EMS daughters adopt MS-like fates and
pharynx in mutants that fail to restrict SKN-1 produce extra pharynx at the expense of intestine (Thorpe et
function to EMS al., 1997; Rocheleau et al., 1997). However, no pharyngeal

The loss mesendodermspn-4embryos resembles the mutant muscle cells are made by masbm-2(RNAI); spn-4(RNAI)
phenotype observed in embryos lacking SKN-1, a maternallgjouble mutant embryos (139/157 or 89%, Fig. 5B). We
expressed transcription factor required for EMS to produceonclude that like the transcription factor SKN-1, the SPN-4
pharyngeal and intestinal cells (Bowerman et al., 1992) and f&®RM protein is required to specify mesendoderm fat€.in
MS to induce pharyngeal cell production by AB descendantslegans

(Shelton and Bowerman, 1996). Other maternally expressed )

proteins limit SKN-1 function to EMS, and SKN-1 is required Mesendoderm is replaced by PAL-1-dependent

for the ectopic production of pharyngeal cells and intestinamesectoderm in  spn-4 mutants

cells in all mutants that fail to limit mesendoderm fate to EM3n skn-1mutants, the two daughters of ‘EMS’ develop like C,
(Bowerman, 1998). To further compare their requirements, wa daughter of Pthat produces mesectoderm (Bowerman et al.,
asked if spn4, like skn-1 is required for the ectopic 1992). We therefore asked if ‘EMS’ spn-4(RNAi)embryos
specification of pharyngeal and intestinal cellpam-3, pie-1  also produces C-like daughters. In a wild-type embryo, C
and mom-2 mutants (Fig. 5B). Inpar-3 mutant embryos, produces 13 epidermal cells, 32 body wall muscle cells and
several AP fate asymmetries are lost (Kemphues et al., 1988y0 neurons (Sulston et al., 1983). To examine EMS fate in
Etemad-Moghadam and Kemphues, 1995), and all four-cefipn-4(RNAi)embryos, we used a laser micro-beam to Kkill all
stage blastomeres can produce SKN-1-dependent pharyngéalr-cell stage blastomeres except ‘EMS’ in embryos from one
mesoderm (Bowerman et al., 1997). We found that widle  of two transgenic strains. One strain expresses GFP specifically
3(it71) embryos nearly always produce large numbers oin body wall muscle cells and the other expresses GFP in
pharyngeal muscle (61/66 embryos), mpat-3(it71); spn- neurons (Materials and Methods). Most isolatpd-4mutant
4(or191ts) embryos fail to produce any pharyngeal muscleEMS’ blastomeres (13/18) produced at least 10-20 body wall
(75/87; Fig. 5B; see Materials and Methods)pie-1 mutant  muscle cells, although 3/18 failed to produce any GFP-positive
embryos, both EMS and its sistes &lopt EMS-like fates, cells. In 9/9 operatedpn-4 embryos, ‘EMS’ produced 1-3
producing twice the normal number of pharyngeal andsFP-positive neuronal cells. In all cases, the isolated
intestinal cells. PIE-1 is a putative transcriptional repressor thatrecursors appeared to produce numerous differentiated
is localized to germline precursors, including, here it  descendants with morphologies characteristic of epidermal
prevents SKN-1 from specifying an EMS-like fate (Mello etcells (data not shown; Materials and Methods). These cell fate
al., 1992; Mello et al., 1996; see Fig. 6). We can detect largeansformations are consistent with EMS, or its daughters,
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adopting C-like fate(s) ispn-4mutant embryos. To further test
this hypothesis, we examined the activity of a maternall
expressed homeodomain protein called PAL-1 that is require
to specify C fate (Hunter and Kenyon, 1996). Normally, PAL-
1 activates the expression of another homeodomain prote
called VAB-7, which is first detectable in half of the greatp|e.1::GFP
grand-daughters of C (Ahringer, 1997). We used a laser micri "
beam to kill embryonic cells ispn-4(RNAi)and wild-type
embryos, using a strain that expresseala7::GFPtransgene
(Materials and Methods). As expected, we detected no VAE
7::GFP expression after killingofh wild-type embryos (9/9).
However, after killing all cells but ‘EMS’ irspn-4(RNAI)
embryos, roughly half of the descendants of this cell expres
VAB-7::GFP (9/9). No VAB-7::GFP-positive cells were
detected in 28/2%al-1(RNAI);spn-4(RNAi)double mutant
embryos. We conclude thatspn-4mutant embryos, as skn-
1 mutants, the daughters of EMS adopt C-like fates as a resi
of ectopic PAL-1 activity in EMS and its descendants.
In wild-type four-cell stage embryos, both SKN-1 and PAL- SKN-1
1 are present at high levels in the nucleus of EMS, but onl
SKN-1 appears active (Bowerman et al., 1993; Hunter an
Kenyon, 1996). Because PAL-1 is active in EMSsjn-4
mutant embryos, we asked if the normal role of SPN-4 migt
be to negatively regulate PAL-1 in EMS and thereby permit th
specification of mesendoderm by SKN-1. We reasoned that
SPN-4 blocks PAL-1 function in EMS, then depleting PAL-1
function in spn-4 mutant embryos should restore the
production of SKN-1-dependent pharyngeal cells. We
therefore stained fixedspn-4(or80); pal-1(RNAi)double ~ MED-1::GFP,
mutants with an antibody that recognizes pharyngeal musc
(see Materials and Methods). We found that, apm4(or80)
single mutants, mospn-4(or80); pal-1(RNAijflouble mutants
fail to prqduce any pharyngeal muscle (81./91 embryos), whil ::GFP is segregated to the posterior daughtei af the 4-cell
the remainder (10/91) mal.(e only one .to five cells. stage in live wild-type embryos (A,C) and in lispn-4(RNAi)
~ We conclude that the failure to specify pharyngeal cell fategmpryos (B,D). PIE-1::GFP localizes to centrosomes during mitosis
in spn-4 mutant embryos does not result from the ectopiga B) and to nuclei in older four-cell stage embryos (C,D). In wild-
activity of PAL-1 in EMS, and that SPN-4 does not simplytype embryos, SKN-1 protein was detected with a mAb at high levels

ig. 6. PIE-1, SKN-1 and MED-1 expressionspn-4embryos. PIE-

prevent PAL-1 from functioning in EMS. in P. and its daughters (E,G). In fixed 2-cell staga-4(or80)

mutant embryos, SKN-1 is present at high levels;imRBome
SPN-4 is not required to restrict the function of PIE- embryos (F; see text). At the four-four cell stage, SKN-1 is present
1to P2, or for SKN-1 to activate MED-1 expression in only in P, descendants in fixed wild-type embryos (G). SKN-1 is
EMS present at high levels throughout a fixgh-4(or80)embryo (H). In

live wild-type embryos, MED-1::GFP is expressed zygotically in the

To account for the lack of mese_rydodermspn-4l mut.ant .two daughters of EMS. In livepn-4(RNAiembryos MED-1::GFP in
embryos, we considered three additional explanations: (1) Migse 1o daughters of the anterior daughteroff. PIE-1 and SKN-

localization of PIE-1, a negative regulator of SKN-1, might micrographs were obtained using confocal microscopy, MED-

prevent mesendoderm specification; (2) SKN-1 might noj::GrFp micrographs were obtained using epifluorescence
accumulate to sufficiently high levels to specify EMS fate; (3)microscopy.

spn-4might be required to specify EMS fate independent of

SKN-1 and PIE-1 function. In wild-type four-cell stage

embryos, SKN-1 accumulates to high levels in botrafd in its smaller daughterngl12; Fig. 6D). Because PIE-1
EMS, but not in the anterior blastomeres ABa and ABgocalization appears normal ispn-4 mutant embryos, and
(Bowerman et al., 1993; see Fig. 6). At the same time, PIE{Hiecause pie-1; spn-4 double mutants fail to produce
accumulates to high levels only in,Rvhere it blocks SKN-1 mesendoderm (Fig. 5B), we conclude that mis-localization of
function (Mello et al., 1996; Seydoux et al., 1996; see Fig. 6PIE-1 function cannot account for the lack of mesendoderm in
Because the mitotic spindle in yPfails to rotate inspn-4  spn-4mutants.

mutant embryos, we initially hypothesized that PIE-1 might be We next asked if SPN-4 is required for the normal
mis-localized to both ‘P daughters and thus prevent SKN-1 expression of SKN-1, using a monoclonal antibody to stain
from specifying mesendoderm fate in either cell. However, aéxed spn-4 mutant embryos (Fig. 6F,H; see Materials and
we observed with P granules and with PAR-2 (see abovelethods). In 5/10 two-cell stagspn-4 embryos, SKN-1
the R-like cell in a spn-4 mutant embryo still divides appeared normal, with detectable levels confined to. ‘P
asymmetrically, and nuclear PIE-1::GFP is detectable onljdowever, SKN-1 is undetectable in some two-cell stme4
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mutant embryos (5/10), while we always detect SKN-1iin Pskin and body wall muscle and two neurons (Sulston et al.,
at the two-cell stage in wild-typ@£10). To our surprise, high 1983). Inspn-4(RNAiembryos, isolatedFand C blastomeres
levels of SKN-1 are present throughout four-cell steyge-4  produced body wall muscle cells (5/5 and 9/9 operated
mutants (8/9 embryos), instead of being confined to the twembryos, respectively), and 5/5 isolated’ ‘Blastomeres
daughters of ‘P (1/9), as in wild type (9/9 embryos). In produced a normal pattern of VAB-7::GFP expression, as in
summary, the accumulation of SKN-1 inp*Pnay be delayed wild-type embryos.
in spn-4embryos, buspn-4also is required to prevent high  Although the descendants ob Broduce roughly normal
levels of SKN-1 from accumulating in AB daughters at thepatterns of cell fatespn-4 mutant embryos appear to make
four-cell stage. extra germline (Fig. 5A). In nearly all terminally differentiated

Because SKN-1 levels in EMS appear normalspn-4  spn-4(or80)mutant embryos (61/62), we detected at least six
mutant embryos, we asked if SKN-1 can activate the zygotito eight P-granule-positive cells, in contrast to the two
transcription of a downstream target gene caited-1 which ~ produced by a wild-type embryo (Sulston et al., 1983). To
encodes a GATA transcription factor required zygotically fordetermine the origin of the excess germline, we examined P
mesendoderm fate (Maduro et al., 2001). MED-1 expressiogranules segregation in more detail. In wild-type embryos, P
requires both SKN-1 and SKN-1-binding sites in thed-1  granules are sequentially segregated to the germline progenitor
promoter, and ectopic expression of SKN-1 is sufficient td?, and then to both/daughters, Zand & (Fig. 7), which
drive ectopic expression of a MED-1::GFP translational fusiothen remain quiescent until larval development (Sulston et al,
(Maduro et al., 2001). To determine if SPN-4 and SKN-1 ac1983). Inspn-4embryos, P granules are still segregatedsto P
in the same pathway, or in different pathways required foflike (8/8) and R-like (13/13) cells. The Flike cell then
mesendoderm fate, we examined the expression of MED}vides prematurely to produce two P granule-positive cells
1::GFP inspn-4(RNAi)embryos. Intriguingly, we found that (7/7; Fig. 7). These results suggest that the extra germline we
MED-1::GFP expression is normal gpn-4(RNAi)embryos, detect in terminally differentiatedpn-4 mutants (Fig. 5A)
appearing at the four-cell stage in EMS and remaining on ireflects a loss of germline quiescence during embryogenesis,
EMS descendants (15/15 embryos; Fig. 6J). We also examineather than an ectopic specification of germline fate. We also
the expression of END-1 and ELT-2, two additional GATAexamined expression of the germline protein PIE-1 in more
transcription factors required for endoderm fate that areetail. When the Rlike daughter in aspn-4mutant divides,
expressed in E descendants later in embryogenesis and BEE-1::GFP is segregated to a single daughter, as in wild type
downstream of MED-1 (Zhu et al., 1997; Zhu et al., 1998(5/5 embryos). However, when thig-lke cell divides, PIE-
Fukushige et al., 1998 Using two transgenic strains that 1::GFP is not detectable in either daughter in most embryos
express GFP driven by tlead-landelt-2 promoters (Material  (11/13). In 2/13 embryos, PIE-1::GFP was detected only
and Methods), we detected and-1driven GFP expression in transiently in one of the two $Pdaughters. Normally, PIE-1
all 19 spn-4(RNAi)embryos analyzed. Similarly, we detectedis detectable in Puntil it divides and is detected transiently in
elt-2 driven GFP expression in only 19/1Gbn-4(RNAi) both B daughters (Mello et al., 1996; Seydoux and Strome,
embryos (data not shown). Althougtpn-4(RNAi) mutant  1999).
embryos produce intestinal cells much more frequently than In summary, development of the-kke cell in aspn-4
we detectend-1 or elt-2 driven GFP expression, all GFP- mutant embryo is largely normal, except for a premature
positive embryos did produce intestinal cells (data not shownjlecline in PIE-1 levels and an apparent loss of germline
These results suggest that SPN-4 acts in parallel to SKN-1, quiescence.
pathways that may converge downstream of MED-1 but
upstream of END-1 and ELT-2. Anterior blastomeres in  spn-4 mutant embryos

As a final test of howspn-4and skn-1 might interact to  €ctopically produce PAL-1-dependent body wall
promote mesendoderm fate, we examined the production gtuscle
intestinal cells inspn-4(RNAI); skn-1(RNAQlouble mutants. In addition to lacking intestine and pharynx and making extra
Reducing or eliminating eithespn-4or skn-1function results  germline, large numbers of body wall muscle cells are present
in partially penetrant losses of endoderm: 57%pof-4(RNAi)  throughout most terminally differentiatedpn-4 mutant
embryos, 80% atkn-1(zu67and 70% (26/38) askn-1(RNAiI) embryos (Fig. 5A). As 80/81 body wall muscle cells are made
mutant embryos fail to make gut (Bowerman et al., 1992; datay P in a wild-type embryo (Sulston et al., 1983), the
in this paper). Allspn-4(RNAI); skn-1(RNAgouble mutants distribution of body wall muscle ispn-4embryos suggest
fail to produce birefringent gut granules=66). The increased that both two-cell stage blastomeres might be making body
penetrance of the endoderm defect in the double mutant vgall muscle. To determine the origin of the muscle celtpim
consistent with SPN-4 and SKN-1 acting in distinct, paralled mutants, we used a laser micro-beam to isolateaiitl ‘AB’
pathways to promote the specification of endoderm fate.  in spn-4(RNAiembryos from a transgenic line that expresses

) . ) GFP in body wall muscle (Materials and Methods). In most

The germline proliferates abnormally in ~ spn-4 operated embryos, both posterior (11/11) and anterior (8/11)
mutant embryos two-cell stage blastomeres produced at least 10-20 GFP-
To further characterize theidtke cell in spn-4 mutant positive cells. Thus anterior blastomeres spn-4 mutant
embryos, we next scored the cell types produced by-igd®> embryos produce ectopic body wall muscle, indicating that
daughter. In a wild-type embryo; Bivides asymmetrically to  spn-4is required to restrict muscle specification to descendants
produce another germline precursor calledaRd a larger of P
somatic daughter called Gz @vides into the body wall muscle  Ectopic specification of body wall muscle in AB
precursor D and the germline progenitar While C produces descendants also occurs in mutants that fail to restrict either
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Fig. 7. P granules distribution igpn-4mutant embryos. In wild-type embryos P granules are segregated to the germline prec@gof» P

(B), P3(C), A (D) and finally the two daughters of,Z> and 2z (E). Inspn-4(or80)embryos, P granules also are segregated to a single

daughter during each of the first four divisions that normally produce the germline proge(#tal) PHowever, in most terminally
differentiatedspn-4(or80)embryos, at least six positively staining cells are detected (see Fig. 5A). During anaphase in two-cell stage embryos,
P granules localize at the cortex near one pole of the posterior mitotic spindle in both wild-type embryosgA)&nB0)mutant embryos

(F). Note the linear arrays of P-granules radiating out from the spindle pole in (A) and especially in (F), as in FigAdl (@ddjes were

obtained using epifluorescence microscopy.

SKN-1 or PAL-1 to Pdescendants (Bowerman, 1998)max-  requirements fospn-4in multiple, independent processes. For
1 mutant embryos, SKN-1 is present at high levels in all fourexample, the spindle rotation defect does not appear
cell stage blastomeres, and ‘AB’ descendants produce ectopresponsible for the loss of mesendoderm, given the normal
SKN-1-dependent pharyngeal and body wall muscle (Mello edegregation of PIE-1 and other germline factors, the general
al., 1992; Bowerman et al., 1993). imex-3mutant embryos, requirement for SPN-4 in other mutants that produce
PAL-1 is present at high levels in all four-cell stagemesendoderm ectopically and the more normal development of
blastomeres, and ‘AB’ descendants produce ectopic, PAL-Inesendoderm in other spindle orientation-defective mutants
dependent skin and body wall muscle (Draper et al., 199¢Zwaal et al., 1996; Rose and Kemphues, 1998). To influence
Hunter and Kenyon, 1996). Becawsgpm-4mutant embryos fail  these different developmental processes, we suspect that SPN-
to produce pharyngeal and intestinal cells, it seemed unlikel regulates multiple more specifically acting regulatory factors.
that mis-localization of SKN-1 (Fig. 6) could account for the SPN-4 belongs to a small subfamily of RRM proteins that
ectopic production of body wall muscle by AB descendantshas three members . elegansone inDrosophilaand two
As expected, when we used a laser micro-beam to isolate ‘ABY humans. One of the three family member€ireleganss
in skn-1(RNAI); spn-4(RNAilouble mutants, 9/10 operated FOX-1, which acts post-transcriptionally to prevent expression
embryos still produced numerous GFP-positive body walbf XOL-1, a key regulator of dose compensation and sex
muscle cells. By contrast, after staining fixed terminallydetermination irC. elegangNicoll et al., 1997). Thus it seems
differentiated embryos with a cell type-specific antibodylikely that SPN-4 also acts post-transcriptionally, presumably
(Materials and Methods), we found that 35% (28/803mf- by binding and regulating the expression of target RNAs.
4(or80); pal-1(RNAiYdouble mutant embryos failed to produce Although no analysis of the singlrosophilalocus has been
any body wall muscle cells. Thus body wall muscle productiomeported, one of the two human family members, A2BP1, binds
in spn-4mutant embryos appears largely dependent on PALAtaxin 2. Glutamine-expansion mutations in Ataxin 2 are
1. Consistent with PAL-1 functioning ectopically in AB associated with spinocerebellar ataxia (Shibata et al., 2000).
descendants, we also detected expression of a PAL-1- S .
dependent VAB-7::GFP fusion protein in descendants of ‘ABThe role of spn-4 in mitotic spindle rotation
in 9/9 operatedpn-4(RNAiembryos in which ‘P was killed  Although spn-4 appears to regulate multiple developmental
with a laser micro-beam. processes, to our knowledgen-4 mutants exhibit the most
To summarize, in addition to resemblirggn-1 mutant specific defect in Pspindle rotation yet described. We do
embryos in lacking mesendodespn-4mutants also resemble observe some anterior spindle orientation defects at the two-
mex-3mutants in failing to restrict PAL-1 activity, and hence cell stage, particularly irspn-4(or191ts)embryos, curiously
mesectoderm fate, to escendants. the weakest allele with respect to the endoderm defect.
However, the posterior rotation defect is substantially more
severe and more highly penetrant, particularlgpn-4(or25)
DISCUSSION and spn-4(or80)embryos. Other maternal genes involved in
spindle rotation at the two-cell stage appear to act less directly
Our analysis of thepn-4locus suggests that the encoded RRMor less specifically. The PAR and PKC-3 proteins spatially
protein influences multiple developmental pathways eaiB; in restrict but are not required for mitotic spindle rotation in two-
elegansembryogenesis. The posterior two-cell stage mitoticell stage embryos (Rose and Kemphues, 1998; see
spindle fails to align with the AP axis, mesendoderm is usuallintroduction). Mutational inactivation of three additional
absent, mesectoderm is specified ectopically throughout tlgenes Iet-99, ooc-3and ooc-5, and RNAi depletion of
embryo, developmental regulators are mis-localized, and thHeeterotrimeric G protein subunits and a protein called RIC-8,
germline proliferates abnormally. These defects may refle@ach result in spindle orientation defects at the two-cell stage
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(Zwaal et al., 1996; Rose and Kemphues, 1997; Basham andTo explain the persistence of asymmetry during the division
Rose, 1999; Gotta and Ahringer, 2000; Miller and Rand, 200®f ‘P71’ in spn-4 embryos, we suggest that the poles of the
Pichler et al., 2000). Idet-99 mutant embryos, the ‘AB’ mitotic spindle become polarized and, in the absence of
spindle orientation defects are more severe and more penetraotation, re-specify the cellular axis of polarity. We propose this
than those ispn-4mutants, and ¢spindle rotation is partially model based on our observations that both P granules and PAR-
defective (Rose and Kemphues, 1997). Furthermore, PAR=2 redistribute by late in the two-cell stage to form a more
distribution is normal inlet-99 mutant embryos, while P transverse axis of polarity, and on our results showing that the
granules are mis-localized to both/“laughters. Théet-99  asymmetric segregation of PIE-1 and MEX-5 appear normal in
gene encodes a novel protein. Embryos lacking heterotrimergpn-4mutants. Previous studies have shown that two distinct
G protein subunits show defects in centrosome migration andechanisms contribute to P granule localization. P granules
in Py spindle positioning, in addition to spindle orientation move towards the cortex at one pole of asymmetrically dividing
defects in both Pand in AB descendants (Zwaal et al., 1996;cells, and P granules left behind are unstable (Hird et al., 1996).
Gotta and Ahringer, 2000; Miller and Rand, 2000). Bmtls- In addition to directional movement and degradation
3 and ooc-5single mutants exhibit a highly penetrant failure contributing to polarity prior to division, we suggest that the
in ‘P1’ spindle rotation, but P granules are mis-localized to botmitotic spindle in B maintains polarity during cell division.
daughters and PAR-2 is depleted or absent (Basham and RoSech a role for the {Pspindle may be particularly important
1999; Pichler et al., 2000). Moreovegc-3andooc-5mutants ~ when, owing to constraints imposed by the eggshell, tlae &
also have defects in oogenesis anddgrsindle rotation, and AB spindles adopt variably skewed axes as they elongate
in ooc-3; ooc-5double mutants, both two-cell stage mitotic during anaphase (see Fig. 1). Intriguingly, P granules in wild-
spindles are frequently mis-oriented. Tdmc-3gene encodes type andspn-4 mutant embryos frequently appear to form
a novel protein that localizes to the endoplasmic reticulunljnear arrays that project out from onedpindle pole (Figs 4,
suggesting a possible link between protein trafficking and). Based on inhibitor studies, P-granule localization to the
spindle rotation (Pichler et al., 2000). In summapn-4  posterior cortex in g>does not appear to require microtubules
mutants exhibit a relatively specific defect in Bpindle (Strome and Wood, 1983; Hill and Strome, 1988), although
rotation, and thus far only ispn-4mutants does the mitotic proper P-granule localization irp Floes (Hird et al., 1996).
spindle appear capable of re-orienting the axis of cell polarityBased on our results, we suggest that astral microtubules might
Rotation of the nucleus and centrosomes irgpears to be important for maintaining an axis of polarity in P
require the capture of astral microtubules by factors present atThe apparent ability of the iPmitotic spindle inspn-4
the remnant site left upon the completion of cytokinesis whemutants to re-specify an axis of cell polarity is surprising
Po divides (Hyman, 1989; Waddle et al., 1994). Capture obecause previous experiments have suggested that random
either pole is thought to be sufficient for proper rotationcapture of either spindle pole by the cytokinetic remnant at the
(Hyman, 1989), and the minus-end-directed microtubule motaanterior cortex appears sufficient to align thespindle along
protein dynein, and associated dynactin components, localizee AP axis (Hyman, 1989). For example, the remnant site is
to this site (Gonczy et al., 1999; Skop and White, 1998). In aapable of capturing the opposite spindle pole after the original
wild-type embryo, rotation in Pis preceded by anterior connection to one pole is severed with a laser micro-beam,
movement of the centrosomal/nuclear complex towards thalthough the developmental consequences of such
remnant site. Inspn-4 mutants, anterior movement of the manipulations were not reported (Hyman, 1989). If spindle
nucleus appears normal (data not shown), but spindle rotatigooles become polarized such that cytoplasmic factors are
fails or is only partially complete. Thuspn-4may be required directed to one pole, either polarization occurs after the normal
not for the initial capture of astral microtubules but later andime of astral microtubule capture and spindle rotation, or
more specifically for rotation itself. Similarly, in two-cell stage capture is not random. A more detailed genetic and molecular
ooc-3andooc-5mutant embryos, the posterior nucleus movesanalysis of this process should improve our understanding of
anteriorly but fails to rotate (Basham and Rose, 1999). Thedbese issues.
findings indicate that the capture and rotation machinery may Precedent for mitotic spindles having a role in cell polarity
be complex and involve different kinds of force application andhas come from studies of asymmetrically dividibgpsophila

movement. neuroblasts (Doe and Bowerman, 2001). Mutations in genes
S ] that regulate neuroblast polarity, such as Inscuteable and Pins,
The mitotic spindle and cell polarity cause cortical proteins to be mis-localized early in neuroblast

Even when spindle rotation fails completely, the division of thecell division. However, by late in mitosis, these cortical
posterior blastomere in two-cell stagen-4embryos remains proteins become localized to one pole and the neuroblasts
highly asymmetric. The smaller daughter develops much like divide asymmetrically, a phenomenon referred to as ‘telophase
wild-type P, except for abnormal proliferation of the germline.rescue’ (Peng et al., 2000). Thus in bollrosophila

As in a wild-type embryo, the EMS-like cell apn-4embryos  neuroblasts and in the earl@. elegansembryo, mitotic
divides along the a-p axis, before itsliRe sister, although it spindles may be capable of maintaining and even re-directing
usually fails to produce the pharyngeal and intestinal cells madexes of cell polarity. In neither case, however, is it known
by EMS in a wild-type embryo. Whespn-4embryos do make whether the spindle poles are in fact responsible for re-
endoderm, the posterior daughter of the EMS-like cell producespecifying the axis of polarity. For example, Drosophila

it, as in wild type. The surprising lack of polarity defectspn-  neuroblasts it is possible that the cortical proteins become
4 mutant embryos suggests that spindle rotation is not essentflarized and then orient the mitotic spindle (Peng et al., 2000).
for the proper segregation of many cell fate determinants durintp address this issue more conclusivelineleganswe are

the asymmetric division ofP currently analyzing microtubule requirements using GFP
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translational fusions to visualize the microtubule cytoskeletoml., 1996). Inspn-4 mutants, a single germline progenitor

and P granules in live embryos. appears to be produced but its two daughters apparently
] ) proliferate instead of remaining quiescent during the rest of

spn-4 as one mediator of asymmetries more embryogenesis. Perhaps the premature decline in PIE-1 levels

generally specified by the PAR proteins we detect in thepn-4germline lineage is responsible for the

SPN-4 appears to mediate the establishment of a subset of thes of germline quiescence.
asymmetries specified more generally by the earlier acting, ) ) )
cortically localized PAR and PKC-3 proteins. Consistent WitF?WU't'p'e maternal inputs are required to specify
this model,spn-4mutant embryos retain most of the cell size,mesendoderm in  C. elegans
cell cycle and cell fate asymmetries observed in wild-type&SPN-4 also influences at least one other early developmental
embryos, whilgpar mutant embryos suffer widespread, nearlypathway, the specification of mesendoderm at the four-cell
complete losses of these early asymmetries. Morespard  stage in EMS. In this process, SPN-4 appears to act
is required for mitotic spindle rotation at the two-cell stage inndependently of the transcription factor SKN-1, shown
par-3 mutant embryos, and PAR-2 is localized normally inpreviously to be required for mesendoderm fate specification.
one-cell and pre-prometaphase two-cell stage-4 mutant Like skn-1, spn-4s required for the specification of mesoderm
embryos. These results indicate that SPN-4 acts eith@and endoderm in mutants that produce these cell types
downstream of, or in parallel to PAR-2 and PAR-3 to regulatectopically. Moreover, SKN-1 is expressed at roughly normal
P1 mitotic spindle rotation, but not all asymmetries specifiedevels in spn-4 mutant embryos, andhed-1,a target gene
by the PAR proteins. regulated by SKN-1, is activated in EMS. Curiously, even
Our view that SPN-4 mediates a subset of the asymmetriéisough SKN-1 is present at high levels in all four-cell stage
specified by the PAR proteins is similar to the role proposetlastomeres, MED-1 expression $pn-4 mutant embryos is
for MEX-5 and MEX-6, two nearly identical and partially limited to EMS descendants. Presumably SPN-4 regulates the
redundant proteins that each contain two CCCH finger motifexpression of other factors that either contribute directly to
(Schubert et al., 2000). MEX-5 is present at high levels in ththe specification of mesendoderm, or somehow provide a
anterior cytoplasm of asymmetrically dividing germline permissive environment for the specification of mesendoderm
precursors. PAR-1 at the posterior cortex restricts MEX-5 tdate by the transcription factors SKN-1 and MED-1.
the anterior cytoplasm inpPwhile MEX-5 restricts a group of The maternal contributions to the specification of
three additional CCCH regulatory proteins to the posteriomesendoderm €. elegansappear complex. In addition to
cytoplasm. The mechanism by which MEX-5 and MEX-6 actSKN-1 and SPN-4, a CCCH finger protein called POS-1 also
is unknown, although mammalian CCCH fingers have beeis required to specify the fate of the mesendoderm precursor
implicated in RNA binding (Bai and Tolias, 1996; Barabino etEMS (Tabara et al., 1999). Intriguingly, SPN-4 is the same as
al., 1997; Lai et al., 2000). Perhaps SPN-4 regulates differettie POS-1 binding protein, PIP-1 (K. Ogura and Y. Kohara,
target RNAs through a post-transcriptional mechanism distingiersonal communication). Thus, SPN-4 and POS-1 may act in
from that used by MEX-5 and MEX-6. Consistent with SPN-one pathway that contributes to mesendoderm fate
4 and MEX-5/6 acting in distinct pathways, MEX-5 specification, or they might integrate independent inputs. In

localization is unaffected by mutations in SPN-4. addition to SPN-4, SKN-1 and POS-1, the specification of
S endoderm also requires a Wnt signal (Rocheleau et al., 1997;
SPN-4 and mesectoderm specificationin  C. elegans Thorpe et al., 1997) and the input of a MAP kinase-related

Beyond its role in spindle positioningpn-4is required for  pathway (Meneghini et al., 1999; Rocheleau et al., 1999). How
proper cell fate patterning in the early embryo. One sucthese different maternal inputs interact remains largely
pathway affected by mutational inactivation sgn-4is the  unknown. The identification of SPN-4 targets, and the targets
specification of mesectoderm by the homeodomain proteiof other maternal regulators, should help clarify our
PAL-1 (Hunter and Kenyon, 1996). PAL-1 is present at highunderstanding of mesendoderm developmen@.ielegans

levels in R descendants, but not in AB descendants. The KH

domain protein MEX-3 is present at high levels in anterior We thank Andrew Fire, Craig Hunter, Morris Maduro, Jim
blastomeres and appears to restrict translation of PAL-1 Mrgsi*(;‘i?ne' sDt?z\a/ilr?sF&%%mke\meLSecghm;nPa:r?edsngrZ?jldslTJiaSneé?r?)%efcf)gr
Bgﬁfiﬁ;zfszﬁgﬁgehs’t\?virh}?ﬁsrgztﬁlsn?g??;ef eeq[uaelr'lycizgg. Sroviding antibodies; Yuiji Ithara for providing cDNAs; Stephan

' Schneider for advice on sequence analysis; Yuji Kohara and Craig
Hunter and Kenyon, 1996). mex-3mutant embryos, PAL-1 Hunter for sharing unpublished results; Bruce Draper, Chris Doe,

is present at high levels in the descendants of bom&®AB,  papielle Hamill and Rebecca Lyczak for helpful comments on the
and the AB descendants ectopically produce PAL-1-dependepfanuscript. J.-E. G. was supported by the Fundac&o para a Ciéncia e
body wall muscle. Intriguingly, SPN-4 may influence PAL-1a Tecnologia (BD18141/98); C. A. S. and K. A. S. were supported by
through MEX-3, as SPN-4 has been identified as a MEX-3NIH postdoctoral fellowships, S. E. Encalada by an NIH training
interacting protein (N. Huang and C. Hunter, personagrant, J. C. C. and B. B. by NIH research grant R0O1GM49869.
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partners in addition to presumed RNA targets.
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