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SUMMARY

S. cerevisiadpll, DrosophilaAurora, and the mammalian  arise from a failure in centrosome separation. Bipolar
centrosomal protein IAK-1 define a new subfamily of spindles are formed in the absence of AIR-1, but they
serine/threonine kinases that regulate chromosome appear to be disorganized and are nucleated by abnormal-
segregation and mitotic spindle dynamics. Mutations iipl1 looking centrosomes. In addition to its requirement during
and aurora result in the generation of severely aneuploid mitosis, AIR-1 may regulate  microtubule-based
cells and, in the case dodurora, monopolar spindles arising  developmental processes as well. Our data suggests AIR-1
from a failure in centrosome separation. Here we show that plays a role in P-granule segregation and the association of
a related, essential protein from C. elegans AIR-1 the germline factor PIE-1 with centrosomes.

(Aurora/lpll related), is localized to mitotic centrosomes.

Disruption of AIR-1 protein expression in C. elegans

embryos results in severe aneuploidy and embryonic Key words: AuroraCaenorhabditis elegansicrotubule,

lethality. Unlike aurora mutants, this aneuploidy does not Centrosome, PIE-1, P-granule

INTRODUCTION Glover et al., 1995; Gopalan et al., 1997; Kimura et al., 1997).
Ipl1 (increase-in-widy) was identified in a screen for mitotic
Several microtubule-based events must occur for a cell tmutants that failed to undergo normal chromosome segregation
complete mitosis and faithfully segregate its chromosomes o S. cerevisiag(Chan and Botstein, 1993). Temperature-
each daughter cell (Sorger et al., 1997). The interphase arragnsitive (ts)ipll mutants suffer from severe chromosome
of microtubules must be broken down, and the centrosommondisjunction that eventually results in the accumulation of
must be duplicated to produce a pair of centrosomes thanbudded, polyploid cells at the restrictive temperature (Chan
separate and migrate to opposite sides of the nucleus. Thad Botstein, 1993). Further cytological and immunochemical
microtubule-nucleating capacity of the centrosomes must benalysis ofipll mutant cells has revealed no obvious defects
greatly increased and the microtubules emanating from tha spindle pole body duplication, separation or bipolar spindle
centrosomes must contact the chromosomes via an associatformation (Francisco et al., 1994pl1 encodes a putative
with the kinetochores. The forces generated by a number e€rine/threonine protein kinase (Francisco et al., 1994).
motor proteins present on the spindle microtubules, Genes highly related ipll have recently been identified in
kinetochores and chromosomes must also cooperate to fornDaosophila mouse and humans. Mutations at Bresophila
functional bipolar spindle (Barton and Goldstein, 1996; Niggaurora locus result in pupal lethality and mitotic arrest that is
et al., 1996). These processes are tightly regulated 5934 characterized by the presence of monopolar spindles (Glover
and a number of other protein kinases (Vandre and Borisgt al., 1995). Less severe mutations result in female sterility
1989; Nicklas et al., 1993; Verde et al., 1990; Buendia et alwhere embryos froraurora mutant mothers also show defects
1992; Nasmyth, 1996; Nigg et al., 1996; Blangy et al., 1995)n spindle morphogenesis that apparently arise from a failure
However, many of the proteins involved in the phosphorylation centrosome separation (Glover et al., 1995). Two recently
cascades controlling these events have not yet been identifipdblished reports describing a mammalian relative of Ipl1 and
(Nasmyth, 1996). Aurora, called 1AK-1 or AIK-1, have both shown that I1AK-
An increasing body of evidence suggests that the Ipl1 ant/AIK-1 is a mitotically active protein kinase that is localized
Aurora family of protein kinases plays a key role in regulatingo the centrosomes and microtubules of the mitotic spindle
mitotic events (Chan and Botstein, 1993; Francisco et al., 1994Gopalan et al., 1997; Kimura et al.,, 1997). Further
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experiments show that, although mammalian 1AK-1 cannoan AminoLink Kit (Pierce Biochemical, Rockford, IL) as described
substitute for Ipl1l function in yeast cells, it does appear tby the manufacturer. Using this column, AIR-1-specific antibodies
participate in the same pathway since its expression enhancgre purified essentially as described by Walczak et al. (1996).
the defects seen in apll ts mutant (Gopalan et al., 1997). tochemist
Together, these results suggest that the Ipll and Aurora famillmmunocy ochemisiry _ . .

of protein kinases is highly conserved and that its member%'m“mcyto‘:hew"Stry experiments and gonad dissections were

o . . .~ performed on N2 gravid hermaphrodites aidl antisense RNA-
regu_late mitotic splndl'e function and chromosome segregatio jected hermaphrodites essentially as described by Seydoux and
Microtubule dynamics are central not only to the events o

Vi unn (1997). Antie-tubulin antibodies were purchased from Sigma
mitosis, but also to the developmental processes that generate | ouis, MO) and the P-granule-specific antibody OIC1D4 (Strome
cellular asymmetry and embryonic polarity (Nelson andand Wood, 1983) was obtained from the Developmental Studies
Grindstaff, 1997; Guo and Kemphues, 1996a; Gonczy andybridoma Bank (University of lowa, lowa City, IA). Monoclonal
Hyman, 1997; Schierenberg and Strome, 1992). In the sdHlE-1 and rabbit polyclonal P-granule-specific antibodies were
nematode,C. elegans microtubules and centrosomes aregenerous gifts of C. Schubert (FHCRC, Seattle, WA) and S. Strome
required for the proper orientation of cleavage axes, and afgniv. =~ of  Indiana,  Bloomington,  IN),  respectively.
thought to be partially responsible for the accurate localizatiofnmunofluorescence microscopy was performed with a Nikon

of P-granules and PIE-1 to germline blastomeres (Hyman a icrophot FXA Microscope and a Zeiss Confocal Microscope.
White, 1987; Hyman, 1989: Hird et al., 1996: Mello et al mages were processed using Adobe Photoshop (Adobe, Mountain
1996). To further define the role of the Ipl1 and Aurora familyv'ew’ CA).

of protein kinases in mitosis and to address the possible roktisense RNA injections

of this kinase family in microtubule dynamics during antisense RNA corresponding to the entire coding region ofithe

development, we have identified and characterized tw@cDNA was synthesized using a T7 or T3 In Vitro Transcription Kit

members of this family found i€. elegansAIR-1 and AIR-  (Ambion, Austin, TX) as described by the manufacturer. L4 and adult

2 (Aurora/bll related). Here we show that AIR-1 is required N2 hermaphrodites were injected by standard methods (Mello et al.,

for embryogenesis and that it is associated with mitotid991) and were allowed to recover for 12-24 hours before fixation for

centrosomes. In addition to participating in mitotic spindleimmunocytochemistry.

formation and chromosome segregation, AIR-1 also appears to

be required for microtubule-based developmental processes.

We show that the proper segregation of P-granules and thR&ESULTS

association of PIE-1 with centrosomes can be disrupted in the ) ]

absence of AIR-1. The localization of PIE-1 to germlineCloning air-1 and air-2 cDNAs from C. elegans

blastomeres has been suggested to be dependent on We have identified two new members of the Aurora/lpll

association with centrosomes (Mello et al., 1996). Althouglprotein kinase family in th€. eleganggenome database. The

AIR-1 appears to be necessary for the association of PIE-1 witir-1 genomic sequence was found on cosmid KO7C11 from

centrosomes, our results suggest that this association is rabtromosome V, and thar-2 genomic sequence was found on

necessary for the localization of PIE-1 to specific blastomeresosmid B0207 from chromosome I. An oligonucleotide primer

Rather, PIE-1 may be properly segregated via its associati@morresponding to the SL1 trans-spliced leader RNA (found on

with P-granules. the majority ofC. eleganamRNAs) (Blumenthal, 1995), and
primers specific for the region surrounding the predicted
translation stop codon of thar-1 andair-2 sequences were

MATERIALS AND METHODS used to RT-PCR amplify both cDNAs from total RNA isolated
_ _ _ from gravid adultC. eleganshermaphrodites. Sequencing of
air-1 and air-2 cDNA synthesis both cDNAs revealed that they each lacked the first exon

Total RNA was prepared from N2 gravid hermaphrodites by standardredicted by theC. elegansSequencing Consortium, but
methods. First strand cDNA was prepared with a GeneAmp RT-PCBtherwise reflected the predicted exon structures. An alignment
kit (Perkin-.EImer, B.rz.;mchburg, NJ) as describeq.by the manu.factu.reéf the predicted protein sequences for AIR-1, AIR-2, IAK-1,
air-1 andair-2-specific CONAs were PCR amplified as described inprora and Ipl1 showed that all five coding regions share a
the text. PCR products were gel-purified using Wizard column?.ligh degree of homology throughout the predicted kinase

(Promega, Madison, WI) and cloned into a pBluescript vector . . L : : S
(Stratagene, La Jolla, CA). Automated DNA sequencing of eaCgomam and only diverge significantly at their amino termini

cDNA was performed using standard methods. The cDNA sequencégid- 1)- Further analysis of AIR-2 will be presented elsewhere
confirmed the predictions of Genefinder, a program used bgthe (J. M. S., unpublished data).

elegansSequencing Consortium, except as described in the text. o .
Amino acid sequence alignments were performed using the NCBMmunolocalization of AIR-1in  C. elegans embryos

Blast Program, and the ClustalW1.7 Multiple Sequence AlignmenTo determine the subcellular location of the AIR-1 protein, a
Program (Higgins et al., 1996), accessed through the Baylor Colleg@pbit polyclonal antiserum was raised against a synthetic
of Medicine Search Launcher, Houston, TX. peptide corresponding to the carboxyl-terminal 12 amino acids
of AIR-1. Immunocytochemistry using affinity-purified

A peptide corresponding to the carboxyl 12 amino acids of thém'['bold'desh on flxed_C. elegansemt_)rygs of varying ages
predicted AIR-1 protein was coupled to KLH by standard method&€vealed that AIR-1 is present on mitotic centrosomes (Fig. 2).

and injected into rabbits. Rabbits were boosted for a period of founter-staining with DAPI and andi-ubulin antibodies
months and final bleeds were collected. For affinity-purification, theconfirmed these conclusions (Fig. 2C-E). Immunostaining was
AIR-1 antigenic peptide was coupled to BSA and immobilized usingnot seen with preimmune sera and was entirely competed by

AIR-1 antibody production
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Fig. 1. An alignment of the predicted protein products of the AIR-1 (Genbank accession number AF071206), AIR-2 (AF071207), IAK-1
(AF007817), Aurora(PIR locus number A56220), and Ipl1(Genbank accession humber U07163) proteins is shown. Black shaeling indicat
residues that are identical to AIR-1. The predicted kinase domain is underlined. The AIR-1 kinase domain has the follaéglamin
identities and similarities with the kinase domains of 1) Aurora: 51% identical, 73% similar; 2) IAK-1: 55% identical, 1% 3AIR-2:

51% identical, 69% similar; 4) Ipl1: 43% identical, 67% similar.

o

preincubation of the AIR-1 antibody with the antigenic peptidezygotic transcripts (Fire et al., 1998). Injection aif-1
(data not shown). Diffuse cytoplasmic staining was foundantisense RNA completely abolished AIR-1 staining in the
during interphase but, as cells entered mitosis, AIR-1 becan@nbryos of injected animals (Fig. 3), but did not affect the
localized to the centrosomes and remained associated wihaining pattern of the highly related AIR-2 kinase (data not
them throughout the mitotic phase of the cell cycleshown). Loss of AIR-1 protein expression resulted in
Developmentally, AIR-1 was diffuse throughout oocytes andembryonic lethality in 100% of the embryos laid 12 or more
was not detected on the centrosomes of the sperm pronucléhmurs postinjection (>200 embryos/injected animal). By
(data not shown). AIR-1 staining of centrosomes was initiallyNormarski analysis, the embryos appeared to arrest as
detected in the first mitotic division following pronuclear disorganized masses of more than 100 cells. DAPI staining
fusion, and was present in all mitotic cells up to the limits ofevealed that these embryos were severely aneuploid, having
detection in the hundreds of cells comprising late-stagaumerous cells with very large polyploid nuclei, as well as
embryos (data not shown). In the adult, AIR-1 staining wasells that appeared to be completely anucleate (Fig. 3A,B). As
also found on the centrosomes of mitotic germ cells in theontrols, we injected RNAs corresponding to several unrelated
distal gonad (data not shown). These expression patterac®NAs. None mimicked the effect afr-1 antisense injection
suggest that AIR-1 is likely to be both a maternally suppliedhor resulted in the loss of AIR-1 protein expression (data not

and a zygotically expressed gene product. shown). Disruption of AIR-2 protein expression via the same
) _ _ ) method resulted in a very different lethal phenotype (J. M. S,

Disruption of AIR-1 expression by RNA-mediated unpublished data). For simplicity, we will refer to AIR-1-

interference deficient embryos aair-1(RNA) embryos in the remainder of

We disrupted the function of AIR-1 during embryogenesis bythe text.

injecting air-1 antisense RNA, corresponding to the entire ) ] )

coding sequence of thar-1 cDNA, into the syncytial gonads Immunofluorescent analysis of early  air-1(RNAI)

of adult C. eleganshermaphrodites. Injection of antisense,€mbryos

sense or double-stranded RNA into the gonads of wild-typ&o determine how thair-1(RNAI) terminal phenotype arose,
hermaphrodites has been shown to result in gene-specific losge dissected younger embryos from the gonads of injected
of-function phenotypes in the embryos of injected mothersnothers and examined them by DAPI, anti-AlR-1 and anti-
(Guo and Kemphues, 1996b; Powell-Coffman et al., 1996, Fireibulin staining (Fig. 3C-K). This analysis revealed that the
et al., 1998). This method of disrupting protein expression iaIR-1 protein was no longer detectable at any stage of the cell
commonly referred to as ”Nmediated interference (RNAI) cycle (Fig. 3C-K). Furthermore, affected embryos had a variety
(Rocheleau et al.,, 1997). Although the mechanism is nadf chromatin and microtubule abnormalities. To quantify these
understood, it presumably acts by depleting maternallgefects, embryos up to the 2-cell stage were classified as
provided mRNA and may also prevent the expression dbllows: (1) meiotic: newly fertilized embryos with maternal
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Fig. 2. (A,B) A wild-type C. elegangmbryo was stained with DAPI
(blue) and anti-AIR-1 antiserum (red). AIR-1 is associated with
mitotic centrosomes. (C-E) A wild-type 2-cell embryo stained with
(C) DAPI (blue), (D) anta-tubulin (green) and (E) anti-AIR-1
antiserum (red). Anterior is to the left in C-E. The two daughters of
the first embryonic division i€. elegansre referred to as AB and

P1. The AB cell (at left) is in metaphase and the@l (at right) is in
prophase. The polar bodies are apparent at the anterior of the embr
(at left, C). Bars, approx. 1@m.

chromatin undergoing meiotic divisions | and I, (2)
pronuclear: both the maternal and paternal pronuclei ha
decondensed but had not yet fused in the posterior half of tl
embryo, (3) 1-cell mitotic: embryos undergoing the first
mitotic division after pronuclear fusion, and (4) 2-cell:
embryos consisting of two cells (regardless of the amount ¢
chromatin in each cell).air-1(RNA) embryos of each

classification were then scored for chromatin and microtubulgig_ 3. (&) Wild-type C. eleganembryos were stained with DAPI.

defects (as compared to wild-type controls) (Tables 1, 2; Figg) 1o air-1(RNA) DAPI-stained embryos typical of the aneuploid

4, 5). ‘terminal’ phenotype are shown. Bar, approxurb. (C-K) Young

. . ) . embryos dissected fromir-1 antisense-injected mothers were fixed
air-1(RNAi) embryos have multiple chromatin and stained with DAPI (left panel), anti-AIR-1 (middle panel) and
defects anti-a-tubulin antiserum (right panel). The AIR-1 protein is not

Meiotic stageair-1(RNA) embryos did not differ significantly detectable over background staining in angiofl(RNAi)embryos
from W||d_type controls. In pronuc'ear Stage embryOS,eX.aminedair-l(RNAi)embryOS have severe chromatin and
chromatin defects not often found in wild-type controls (Fig.microtubule defects. Bar, approx. Aon.
4A) were apparent in a significant fraction of #iel(RNAJ)
embryos (Table 1). Defects included pronuclei that appeared
to be polyploid or had string-like or hypercondensed chromatifrig. 5). These included similar defects to those seen in 1-cell
and/or misplaced nuclei. However, by the first mitotic divisionmitotic air-1(RNAi) embryos. Additionally, AB and iPsister
the percentage dir-1(RNAi) embryos displaying chromatin cells often did not have equal amounts of chromatin. In the
abnormalities increased dramatically. The various defects seamost extreme cases, all chromosomes were found in a single
in these embryos are catalogued in Table 1 and examples a#ll (Table 1; Fig. 5E-H). Interestingly, a significant fraction of
air-1(RNAi)embryos at various stages of the first cell cycle aré¢he embryos also had AB and/or ¢ells that contained two or
shown in Fig. 4. Some of these embryos appeared to enter intwre nuclei that had progressed into the next cell cycle (Table
the first mitotic division despite incomplete fusion of thel). These results suggest that, in addition to chromosome
maternal and paternal pronuclei (Table 1; Fig. 4E-L). Suckegregation defectsair-1(RNA) embryos may also be
events possibly contribute to the other chromatin organizatiodefective in cell cycle progression and/or cytokinesis.
problems that we have observed in these embryos. Wild-type ) o
metaphase and anaphase mitotic figures were not found in a@§-1(RNA/) embryos have abnormal mitotic spindles
of the 1-cell mitoticair-1(RNA) embryos examinedn$84) To address the effect of the loss of AIR-1 protein expression
(Table 1; Fig. 4M-T). Metaphase chromatin was not wellon microtubule dynamics during mitosis, the DAPI and anti-
condensed and did not congress in a tight band at thetubulin-stainedair-1(RNA) embryos described above were
metaphase plate as in wild-type cells (Fig. 4M-P). In anaphasescored for the presence and appearance of mitotic
cells, chromatin bridges were often found between separatingentrosomes and spindles (Table 2; Figs 4, 5). Tubulin staining
chromatin masses that were not well condensed (Fig. 4Q-T)of meiotic and pronuclear stager-1(RNAi) embryos was

Of the 2-cellair-1(RNA) embryos examined, 80% had clear indistinguishable from wild-type controls (Table 2; Fig-B,
chromatin defects as compared to wild-type controls (Table Bnd data not shown). However, nearly all of #iel(RNAI)
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embryos undergoing the first mitotic division had discernibleThus, although AIR-1 does appear to have a small affect on
defects in the formation and appearance of mitotic spindlespindle orientation, it does not appear to be absolutely required
Tubulin staining of embryos that appeared to have a failure ifor spindle rotation. An additional defect noted in 2-cat
pronuclear fusion revealed disorganized arrays of microtubulé§RNA) embryos included a small fraction of embryos with
(Fig. 4G,H). Further defects at distinguishable stages of mitosg/nchronous divisions of AB and Prable 1).

included the presence of interphase-like arrays of microtubules ) )
in cells with condensed chromatin (Table 2; Fig. 4I-P) andPistribution of germline factors in
spindles that consisted of ill-defined, small centrosomes whic@mbryos

nucleated fewer microtubules than wild-type centrosomes (Figinceair-1(RNA) embryos showed chromosome segregation
41-P). Although spindles inir-1(RNA) embryos were bipolar, and microtubule defects as early as the first mitotic division,
they were not well organized and were distinctly different fromwe wanted to determine whether cells resulting from such
similar-staged mitotic spindles found in

air-1(RNAI)

wild-type cells (Fig. 4M-T). Simile
microtubule defects to those seen ii
cell mitotic embryos were also notec
almost all of the 2-cellair-1(RNA)
embryos examined (Table 2; Fig.
These results suggest that-1(RNA)
embryos may be defective in
breakdown of interphase microtub
arrays and the subsequent nucleatic
spindle microtubules from mitot
centrosomes.

A small fraction of 1-cell mitotic ar
2-cell air-1(RNA) embryos had cel
with multiple centrosomes (these ci
were invariably polyploid by DAF
staining; Table 2 and data not shov
Thus, as above, somair-1(RNAJ)
embryos appear to undergo multi
cell cycles in the absence
cytokinesis.  Altogether, our de
suggests that, in the absence of All
cell cycle progression is dramatice
affected at the transition fro
interphase to mitosis and can alsc
defective in the coupling of tl
completion of mitosis with entry in
the next cell cycle.

Defects in the orientation and

timing of mitotic divisions in air-

1(RNAI) embryos

In wild-type embryos, the first cleave
axis lies parallel to the long axis of |
embryo (Fig. 41,J,M,N,Q,R). In the
cell embryo, AB invariably divide
before its sister £ and the cleavar
axes are perpendicular to one anc
(Fig. 5A,B) (Guo and Kemphue
1996a). The spindle iniRotates to i
parallel to the long axis of the emb
(Hyman and White, 1987; Hyme
1989). Examination of 1-cell mitot
and 2-cell air-1(RNA) embryos b
DAPI staining revealed that a sir
fraction of affected embryos had D!
and/or spindles that were dividing in-
wrong orientation (Table 1). Howev
the majority of divisions in each c
type did occur in the proper orientati

Fig. 4. Early stage wild-type anair-1(RNA) embryos were dissected from adult
hermaphrodites, fixed and stained with DAPI (A,C,E,G,I,K,M,0,Q,S) ardtabulin-

specific antibody (B,D,F,H,J,L,N,P,R,T). Anterior is to the left, posterior to the right in each
panel. (A,B) Wild-type pronuclear stage embryo, one polar body is apparent at left. (C,D) An
air-1(RNA) pronuclear stage embryo, polar bodies are apparent at left (this embryo is at a
slightly later stage in pronuclear migration than the wild-type pronuclear stage embryo in
A,B). (E,F) A wild-type 1-cell embryo just after pronuclear fusion. The spindle in F has not
yet rotated, but the centrosomes are readily apparent. (G,Hiy-A(RNA) embryo in which

the pronuclei have not fused. Free chromosomes are present. Microtubules in H are
disorganized. (1,J) A wild-type 1-cell embryo in prometaphase. (J) The spindle has rotated to
lie parallel to the long axis of the embryo. (K,L) Am-1(RNAi)embryo in prometaphase.

Note the incomplete fusion of the pronuclei. (L) A spindle is barely visible against an
interphase-like microtubule array. (M,N) A wild-type 1-cell embryo in metaphase. (N) The
centrosomes are large and nucleate many microtubules that reach the cell cortex. @) An
1(RNAI)1-cell embryo in metaphase or early anaphase. (O) The chromatin is not well
condensed as in normal metaphase and anaphase figures. (P) A bipolar spindle consisting of
smaller centrosomes and many fewer and shorter microtubules than wild type is apparent
against a background of interphase-like microtubules. Note the very small size of the
centrosomes as compared to those in N. (Q,R) A wild-type 1-cell embryo in anaphase.

(Q) The wild-type chromatin is condensed and well separated. (R) The centrosomes are large
and the spindle is well-organized. (S,T) &in-1(RNAI) 1-cell embryo undergoing an aberrant
anaphase. (S) The chromatin is not well organized and a chromatin bridge is apparent. (T) A
disorganizedir-1(RNAI) bipolar spindle is clearly abnormal as compared to wild type (R).

Bar, approx. 1um.
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Table 1. Chromatin defects in meiotic, pronuclear, 1-cell mitotic and 2-cedlir-1(RNAi) embryos

Pronuclear 1-cell mitotic 2-cell
DNA % Total % Total % Total %
Normal 100 30/44 68 20/84 24 14/70 20
Abnormal 0 14/44 32 64/84 76 56/70 80
AB P1

Total % Total %
-polyploid 4/14 29 11/64 17 19/56 34 22/56 39
-string-like chromatifh 5/14 36 22/64 34 5/56 9 8/56 14
-hyper-condensed chromatin 6/14 43 3/64 5 8/56 14 5/56 9
-misplaced nucleds 3/14 21 5/64 8 5/56 9 1/56 2
-free chromosome (%) 13/64 20 16/56 29 13/56 23
-chromatin bridges 20/64 31 12/56 21 11/56 20
-wrong orientatiof 9/64 14 8/56 14 7/56 13
-failed pronuclear fusion 12/64 19
-all chromosomes in one cell 0/56 0 5/56 9
-two or more nuclei/céll 7/56 13 11/56 20

0,

Cell-cycle timing Total &
-synchronous 2/56 4

Fixedair-1(RNAi)embryos were stained with DAPI aaetubulin antibodies. All embryos were staged as meiotic, pronuclear, 1-cell mitotic or 2-cell
embryos as described in the text. Embryos were then scored for the commonly found chromatin defects listed at left. ydobadmbrltiple defects,
therefore the percentages in each column do not add up to 100%.

IPronuclear stage embryos were designated as polyploid if DAPI staining of the maternal and paternal pronuclei were riotevfsitgudDAPI-staining
intensity was not quantitatively measured.

21-cell mitotic embryos were designated as polyploid if DAPI staining intensity (as judged by eye) was significantly inceeagtetitgpe controls of the
same cell cycle stage, or if free chromosomes in addition to the normal chromosome complement were seen.

3A cell of a 2-cell-stage embryo was designated as polyploid if DAPI staining intensity (as judged by eye) relative tacitll siateincreased (see Fig. 5).

4String-like chromatin refers to abnormal chromatin that appears to be ‘unraveling’ or fragmenting and is less condenséddlia DNvild-type cells at
similar stages of the cell cycle.

5Nuclei were judged to be misplaced if their position deviated significantly from wild-type controls (as judged by eye)arfear, imsny of the misplaced
nuclei present in AB cells were adjacent to the cell membrane between the ABcatld,Rr position that is not found in wild-type controls.

6A cell was designated as having a free chromosome or chromosomes if at least one chromosome was found to be well sefharateihfdmomatin
mass of the cell.

Wrong orientation refers to metaphase or anaphase cells that had chromosomes that were aligned in an abnormal oriempatied tswitd-type cells.
For instance, some abnormal 1-cell mitotic embryos had anaphase figures that were perpendicular to the long axis of titbemttaygparallel to the long
axis as in wild-type cells of the same stage.

8Nuclei have progressed into the next cell cycle, indicative of a failure in cytokinesis.

aberrant mitoses maintain their cellular identity. Therefore, wembryos, we examined the localization of another germline
examined whether P-granules are segregated properly in thedaetor, the PIE-1 protein. PIE-1 is localized to the germ lineage
embryos. P-granules are small proteinaceous particles C. elegansembryos and is transiently associated with P-
consisting of RNA and several recently identified proteinsgranules in these cells (Mello et al., 1996). In wild-type
many of which have been implicated in RNA metabolismanimals, PIE-1 is localized to the posterior in postmeiotic 1-
(Seydoux and Fire, 1994; Draper et al., 1996; Gruidl et algell embryos and is segregated specifically taPthe first
1996; Guedes and Priess, 1997). P-granules segregated to dingsion. During this division, PIE-1 staining is apparent on the
posterior end of the embryo prior to the first mitotic divisionposterior centrosome. As tha Eell begins to divide, PIE-1
are retained at the posterior cortex of theé#ll, and continue again becomes localized to the centrosomes. As mitosis
to be partitioned to the germ lineage in each subsequeptoceeds, the PIE-1 protein present on the centrosome destined
division (Strome and Wood, 1983; Hird et al., 1996). Stainindor the somatic daughter disappears, whereas that on the
of both wild-type andir-1(RNA) embryos with an antibody germline destined centrosome persists. Concurrently, PIE-1 is
specific for P-granules (OIC1D4; Strome and Wood, 19833%pecifically localized to thesRlaughter cell. The same set of
revealed that these particles were often mislocalizedirin  events occurs in subsequent divisions as PIE-1 is specifically
1(RNA) embryos (Fig. 6). As expected, P-granules werdocalized to the germ lineage blastomergarii R. It has been
localized in the posterior blastomere of each wild-type embryproposed that this differential association of PIE-1 with the
(Fig. 6A). In contrast, P-granulesair-1(RNA) embryos were germline destined centrosome is involved in the specific
often found at both poles of the embryos (Fig. 6B, arrows), docalization of PIE-1 to the P-lineage blastomeres (Mello et al.,
clumped around nuclei in the middle of embryos (Fig. 6B.1996).
arrowheads). The bipolar localization was observed in younger To address how PIE-1 and P-granules behaved in the same
embryos (1- and 2-cell stage), whereas the clumping of Rembryo, wild-type andair-1(RNA) embryos were double-
granules with nuclei tended to occur in older embryos (sestained with a P-granule-specific rabbit polyclonal antibody
below). and a mouse monoclonal antibody specific for PIE-1. In wild-
Given that P-granule segregation is defectivaiifl(RNA)  type embryos, both PIE-1 and P-granules were localized to a
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Table 2. Spindle and microtubule defects in meiotic, pronuclear, 1-cell mitotic and 2-cealir-1(RNAI)

Meiotic Pronuclear 1-cell mitotic 2-cell
DNA Total % Total % Total % Total %
Normal 20/20 100 17/17 100 1/16 6 1/32 3
Abnormal 0/20 0 0/17 0 15/16 94 31/32 97
AB P1
Total % Total %
-small spindlé 7/16 44% 7132 22% 7132 22%
-inappropriate interphase arfay 7116 44% 9/32 28% 10/32 31%
-multiple centrosomés 2/16 13% 1/32 3%
-fewer microtubule® 7116 44% 7132 22% 7132 22%
-stretched midbody 4/16 25% 1/32 3% 2132 6%
Total %

-both spindles in same

orientation 2/32 6%

Fixedair-1(RNAi)embryos were stained with DAPI aaetubulin antibodies. All embryos were staged as meiotic, pronuclear, 1-cell mitotic, or 2-cell
embryos as described in the text. Embryos were then scored for the microtubule defects listed at left. Most embryosénddfeuittjgherefore the
percentages in each column do not add up to 100%.

1Spindles were designated as ‘small’ if they had smaller centrosomes and/or shorter microtubules (microtubules do naeteeatiekeas compared to
wild-type spindles at similar stages of the cell cycle (examples are shown in Figs 4 and 5).

2An interphase-like array was judged as inappropriate if it was found in a cell with condensed chromatin.

SCells designated as having multiple centrosomes had more than two centrosomes per cell.

4Spindles were designated as having fewer microtubules if the microtubule density (as assessed by eye) was much lesg/fieapinditel (compare Fig.
4L,P with Fig. 4J,N).

5Anaphase spindles that were longer than wild type appeared to have ‘stretched midbodies’ as compared to wild-type cBigrai$)see

single posterior blastomere and PIE-1 staining of P-granulgbat: (1) AIR-1 is required for PIE-1's association with
was seen (Fig. A-F). Strong staining of centrosomes wascentrosomes, and (2) this association is not absolutely required
observed with the PIE-1 antibody (arrowhead, Fig. 7C)for PIE-1 localization to germline blastomeres. However, our
Increased PIE-1 staining of centrosomes was also apparamsults do not exclude the possibility that the PIE-1 protein was
along with increased concentrations of P-granules at the futureasked or present at undetectable levels on centrosomies in
sites of germline blastomeres (arrowheads, Fig. 7E,F). 1(RNA) embryos.

In air-1(RNA) embryos, P-granules and PIE-1 were Although both P-granules and PIE-1 can be localized to a
localized to a single blastomere in approximately half of theingle blastomere in the absence of AIR-1, single-cell
examined embryos (Table 3; Fig. 7G-I). In some cases, tHecalization was most often seen in younger embryos, and was
staining blastomere was completely anucleate (data ndégss common in older embryos (Table 3). Defects in P-granule
shown). Thus, despite very significant defects in chromatiand PIE-1 localization that were observed in 1-cell and 2-cell
distribution, PIE-1 can still be localized to a single cell.air-1(RNA) embryos included the bipolar localization of both
Furthermore, although PIE-1 was readily apparent on mitoti®-granules and PIE-1 (Fig. 7J-L), or bipolar P-granules with
centrosomes in wild-type embryos (Fig. 7C,F), it was nevePIE-1 localized to only one pole (data not shown). In older
detected on centrosomes air-1(RNA) embryos (>200 embryos, P-granules were often mislocalized to more than one
embryos) (Fig. 7G-O and data not shown). This result suggestéastomere and, in the majority of these cases, the PIE-1 protein

Table 3. P-granule and PIE-1 localization irair-1(RNAi) embryos

P-granules PIE-1 1-cell 2-cell 4-cell >8-cell Total No. Total %
Localized Localized 10 37 6 4 57 43
Localized Absent 0 0 1 9 10 8
Localized Mislocalized 0 1 2 0 3 2
Mislocalizedt Localized* 3 6 2 0 11 8
Mislocalizedf Absent 1 2 2 38 43 33
Mislocalizedt Mislocalized* 3 1 0 0 4 3
Absent Localized 0 3 0 0 3 2
Absent Mislocalized 1 0 0 0 1 1
Total: 18 50 13 51 132 100

air-1(RNAi)embryos were fixed and co-stained with DAPI, a P-granule-specific antibody, and antiserum specific for PIE-1. Embryos werecstiared
nuclei number and the localization of P-granules and PIE-1. Localized indicates that P-granules or PIE-1 are foundbtaateingke at one end of the
embryo. Mislocalized indicates that P-granules and/or PIE-1 are found in multiple blastomeres or are found in the middibfche

*PIE-1 remains localized with at least a portion of the P-granules

$7/7 1-cell and 5/9 2-cediir-1(RNAi)embryos with mislocalized P-granules had P-granules present at both poles of the embryo.




4398 J. M. Schumacher and others

Fig. 5.2-cell stage wild-type anair-1(RNAi)embryos were

dissected from adult hermaphrodites, fixed and stained with DAPI
(A,C,E,G) and am-tubulin-specific antibody (B,D,F,H). The

anterior AB cell is to the left and the posteriarcell is to the right

in each panel (cells are separated by a dashed line in A,C,E,G). In
addition to the size differences between the two cells and the position
of the polar bodies, embryos were counterstained with P-granule-
specific antibodies to assist in the identification of thbl&tomere.
(A,B) A wild-type embryo. The AB cell at left is in anaphasgisP

in prometaphase. Note that the spindles in AB arar®

perpendicular to one another. (C-#)-1(RNAi)embryos showing
various chromatin and microtubule defects. (C,D)aftrL(RNAI)

embryo in which the AB nucleus is hypercondensed (arrow). Free
chromosomes are apparent in both AB andAPspindle is not

apparent in any focal plane of &though the chromatin appears to

be in prometaphase. There are two separated centrosomes in AB (one
is out of the focal plane) surrounding the hypercondensed chromatin
in this cell. (E,F) Anair-1(RNAi)embryo in which all of the
chromosomes have been segregated.t®gt-of-focus DAPI

staining at anterior are the polar bodies. (F) An abnormal bipolar
spindle is apparent around the polyploid prometaphase nucleus in P
(compare to the Bpindle shown in B). The spindle has rotated to lie
in the correct orientation. (G,H) Aair-1(RNAi)embryo in which all

the chromatin has been segregatecitd®Hs in anaphase. Although
the chromatin and mitotic spindle are both abnormal, the division is
occuring in the correct orientation fotr.Bar, approx. 1@um.

associated with the duplicated centrosomes and microtubules
was undetectable (Table 3). P-granules were often clumped the mitotic spindle in tissue culture cells. AIR-1 is localized
around many nuclei in older embryos while PIE-1 staining wa#o mitotic centrosomes throughoGt elegansembryogenesis
absent (Fig. 7M-O). These results suggest that mislocalized Rad is also present on the centrosomes of dividing cells in the
granules can persist more readily than mislocalized PIE-1 ar@flult, including the mitotic germ cells of the distal gonad (data
that mislocalized PIE-1 may be preferentially degraded. not shown). These data suggest that other members of this

In summary, both P-granules and PIE-1 could be localized tprotein kinase family, including Ipl1 and Aurora, may also be

a single blastomere in eamyr-1(RNA) embryos. However, in  associated with microtubules, centrosomes and/or other
older embryos, P-granule mislocalization became apparent anmeicrotubule organizing centers.
PIE-1 was not usually detectable. This contrasts with ) ) )
observations in wild-type embryos, where PIE-1 can bédisruption of AIR-1 expression results in severe
detected up to the 100-cell stage (Mello et al., 1996), and Bneuploidy
granules persist in the germline precursor cells (Z2 and z3pjection of antisense RNA corresponding to the erairel
throughout embryogenesis and are readily visible at all stage®NA into the gonads of adult hermaphrodites caused fully
of postembryonic development (Strome and W °
1983). Ectopic P-granules were found in
absence of PIE-1, but PIE-1 was rarely found ir
absence of P-granules. Although PIE
association with P-granules was apparent in i
embryos, PIE-1 staining of centrosomes was r
detected in the absence of AIR-1.

DISCUSSION

?él:télssogqs:;)mated with mitotic Fig. 6. Wild-type andair-1(RNAi)embryos were stained with the P-granule-

. specific OIC1D4 antibody. Roman numerals represent the following stages:
Here we have described the subcellular loci () 1_cell embryo, (I1) 2-cell embryo, (I11) 4-cell embryo, (IV) 8-cell and
and the consequences of disrupting the expre  g|der embryos. (A) P-granules in wild-type embryos are well localized to a
of theC. elegansAIR-1 protein, a member of tl  sjngle posterior blastomere. (B) P-granuleaiinl(RNAi)embryos are often
Aurora and Ipl1 family of protein kinases. To di  |ocalized to a single blastomere in younger embryos (the 2-cell embryo (I1) in
the subcellular location of only one other men  the middle of B), although several 1- and 2-cell embryos revealed the
of this protein kinase family has been descr presence of P-granules at both poles (2-cell embryo with arrows). P-granules
(Gopalan et al., 1997; Kimura et al., 1997).  tended to be mislocalized in older embryos, usually ‘clumping’ together in
mammalian protein IAK-1 has been shown tc the middle of an embryo (arrowheads). Bar, approXir0
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embryos, as they are ipll mutant yeast cells (Francisco et
al., 1994). Thus, AIR-1, like Ipll, does not appear to be
absolutely required for centrosome duplication, centrosome
separation or centrosome migration to opposite sides of the
nucleus.

Like air-1(RNA) embryos, mutations in a gene encoding
another component of mitotic centrosome€ireleganszyg-
9, also result in defects in pronuclear migration and fusion
(Albertson 1984; Matthews et al., 1998). Zyg-9 appears to be
involved in the control of microtubule length since
microtubules inzyg-9mutants are much shorter than those in
wild-type cells (Albertson 1984). Thus, other proteins like
AIR-1 that have been implicated in microtubule dynamics at
centrosomes also affect the premitotic events of pronuclear
migration and fusion.

AIR-1 affects the formation of mitotic centrosomes
and spindles

Although bipolar spindles are found in the absence of AIR-1,
they appear to have fewer and shorter microtubules than normal
(the microtubules do not reach the cell cortex as they do in
wild-type spindles), and are found in cells that still contain an
interphase-like array of microtubules. The centrosomes
nucleating these mitotic spindles are also small and ill-defined.
Our results are consistent with AIR-1 having a role in the
transition from interphase microtubule arrays to the dynamic
microtubules that are nucleated by mitotic centrosomes.
Defects in this transition are likely to be the primary cause of
Fig. 7. Wild-type (A-F) andair-1(RNA) embryos (G-O) stained with  the mitotic spindle and chromosome segregation abnormalities
DAPI (left panel), a P-granule-specific antibody (middle panel) and 3hat we have described irair-1(RNA)  embryos. A
PIE-1-specific antibody (right panel) are shown. PIE-1 staining ofE phosphorylation cascade dependent onc‘ifgéfunction has

centrosomes is apparent in C (arrowhead) and F. Arrowheads in been shown to be necessary for this transition (Verde et al
and F point out P-granule and PIE-1 accumulation at the future site y N

of Ps. (G-I) Anair-1(RNA) embryo in which P-granules and PIE-1  1990), and phosphorylation of centrosomal components is
are localized to a single blastomere. Note the very abnormal required for the increased nucleation of microtubules from
chromatin distribution in this embryo (G). (J-L) A 1-cell mitaic- ~ Mitotic centrosomes (Karsenti, 1991; Nigg et al., 1996). Our
1(RNAi)embryo with (K) bipolar P-granules and (L) bipolar PIE-1. results suggest that AIR-1 may be an important structural
Note the anaphase chromatin bridge in J. (M-O) An example of an component of centrosomes and its kinase activity may function
air-1(RNAi)embryo in which P-granules are ‘clumped’ around in the phosphorylation cascades that are required for the
nuclei (N) and PIE-1 is not detectable (O). Bar, approxuri0 recruitment of other centrosomal proteins and for the formation
of the mitotic spindle.

The defects observed imair-1(RNA) embryos are
penetrant embryonic lethality in the resultant brood. Severakminiscent of the defects seen in theosophila mutants
studies in C. elegans have shown that RAFmediated abnormal anaphase resolution (a@ndmicrotubule star (mts)
interference (RNAI) predictably reproduces phenotypes thgGomes et al., 1993; Mayer-Jaekel et al., 1993; Snaith et al.,
are known to result from severe loss-of-function or null allele4996). aar mutants are characterized by anaphase chromatin
(Guo and Kemphues, 1996b; Lin et al., 1995; Powell-Coffmatridges and the presence of apparently intact, ‘lagging’
et al., 1996; Rocheleau et al., 1997; Guedes and Priess, 1996hromosomes similar to those seenainl(RNA) embryos
Most importantly, we and others have found that RNAI result$Gomes et al., 1993; Mayer-Jaekel et al., 1988k mutant
in the loss of detectable protein expression in the affectegimbryos die at the time of cellularization and are characterized
embryos (Lin et al., 1995; Powell-Coffman et al., 1996). by a block in anaphase progression (Snaith et al., 1996).

The terminal phenotype of embryos produced diy Multiple centrosomes are seen nnts cellularized embryos,
1(RNA) was characterized as severe aneuploidy. Youngeshowing that, as inair-1(RNA) embryos, centrosome
embryos displayed incomplete pronuclear fusion, numerouduplication and DNA replication can be uncoupled from the
anaphase chromatin bridges, chromosome segregation defectenpletion of mitosis (Snaith et al., 1996). A similar
and polyploid cells apparently arising from a failure touncoupling has also been noted in mutations abDtheophila
complete mitosis and/or cytokinesis. Mutations in biplh gnulocus (Freeman et al., 1986).
andaurora also result in chromosome segregation defects and Both theaar andmtsloci encode subunits of tHgrosophila
polyploidy (Chan and Botstein, 1993; Glover et al., 1995)protein phosphatase 2A (PP2A; Mayer-Jaekel et al., 1993;
However, unlike aurora, the defects seen iair-1(RNAJ) Snaith et al., 1996). Additionally, mutations in one of the
embryos do not arise from a failure in centrosome separatiddrosophilaisozymes of protein phosphatase 1 (PP1) are also
(Glover et al., 1995). Bipolar spindles are foundiml(RNA)  characterized by mitotic defects, including abnormal sister
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chromatid segregation, excessive chromosome condensatiBince the mechanism by which the anterior degradation
and polyploid cells with multiple centrosomes (Axton et al.,machinery functions is entirely unknown, the possible role of
1990). Since mutations in these essentlafosophila  AIR-1 and/or microtubules in this process remains to be
phosphatase subunits phenocopy many of the defects seerdatermined.
air-1(RNA) embryos, AIR-1 is likely to be acting in parallel In P> and R, P-granules associate with germline-destined
with mitotically active protein phosphatases @n elegans. nuclei in a process that is microtubule-dependent (Hird et al.,
Interestingly, mutations at thgdc7 locus, which encodes the 1996). Hence, the mislocalization of P-granules that we find in
PP1 ofS. cerevisiagcan suppress the mitotic defects of aolderair-1(RNA) embryos could be due to a primary defect in
temperature-sensitive allele gfll (Francisco et al., 1994). nuclear movement. Alternatively, since we have noted cases in
These experiments suggest that PP1 acts in opposition to tvaich P-granules are present in anucleate cells, AIR-1 may be
function of the Ipl1 kinase (Francisco et al., 1994). affecting a microtubule-based P-granule segregation system
Studies inXenopuscell-free extracts have shown that PP1that is independent of nuclear behavior. Whether the two
and PP2A both play distinct roles in controlling mitotic processes are coupled through a common regulatory
microtubule dynamics (Tournebize et al., 1997). Possiblenechanism that affects microtubule dynamics and whether
substrates of these phosphatases include OP18 (TournebizeA#R-1 is involved in a such a mechanism are important
al., 1997; Belmont and Mitchison, 1996) and microtubule-questions worthy of further investigation.
associated proteins (MAPs) whose binding to microtubules is In addition to P-granules, the localization of another
negatively regulated by phosphorylation (Sorger et al., 1997@ermline factor, PIE-1, is also affectedcain-1(RNA) embryos.
A number of motor proteins necessary for mitotic progressioRIE-1 represses transcription in the germline precursor cells,
and chromosome segregation are also regulated Hhius preventing somatic differentiation in these cells (Mello et
phosphorylation, including the centrosome-associated kinesial., 1992; Seydoux et al., 1996; Seydoux and Dunn, 1997). The
Eg5 (Barton and Goldstein, 1996; Nigg et al., 1996; Blangy dbcalization of PIE-1 to the germline blastomeres has been
al., 1995). The activity of such proteins may be modulated bthought to be dependent on its association with centrosomes
the combined or opposing activities of protein kinases likend its perdurance on the centrosome that is destined for the

AIR-1 and as yet unidentified protein phosphatases. germline daughter in each division (Mello et al., 1996).
o _ ) Although centrosome-staining of PIE-1 is readily apparent in

The localization of P-granules and PIE-1 is defective wild-type embryos, we have never observed PIE-1 staining of

in air-1(RNAI) embryos centrosomes irair-1(RNA) embryos. This suggests that the

In addition to a requirement during mitosis, AIR-1 has gpresence of AIR-1 on centrosomes is necessary for the
probable role in microtubule-based developmental processesassociation of PIE-1 with centrosomes. However, PIE-1 is still
well. P-granules and PIE-1 are both germline factors that atecalized to a single blastomere in over 50% of the 1-, 2- and
thought to be partially dependent on microtubules for theid-cell embryos that we have examined. Thus, the association
localization. The initial posterior localization of P-granules inof PIE-1 with centrosomes does not appear to be essential for
1-cell embryos is dependent on a cytoskeletal-based streamitige localization of PIE-1 to germline blastomeres.
of P-granules and cytoplasm to the posterior, with a Our results instead suggest that the localization of PIE-1 is
concomitant degradation of those granules that remain at thieked to its association with P-granules. Ectopic P-granules
anterior (Strome and Wood, 1983; Hird et al., 1996). In 4-celtan exist in the absence of PIE-1, but the converse is very rarely
and older wild-type embryos, P-granules normally associateue. Similar conclusions were reached in a recent study where
with the nuclear envelope and move with the nucleus to thine localizations of PIE-1 and P-granules were examined in a
future germline side of the cell. This process has been showmumber of mutants in which P-granules are known to be mis-
to be microtubule-dependent (Hird et al., 1996). segregated (Tenenhaus et al.,, 1998). Immunofluorescence
P-granules are localized to a single blastomere in over 50%nalysis of mex-1 mutants also suggested that PIE-1
of the 1-cell and 2-cell stagir-1(RNA) embryos examined. localization is linked to the segregation of P-granules (Guedes
This localization occurs despite gross abnormalities irand Priess, 1997). However, neither of these studies addressed
chromatin distribution. However, segregation defects arevhether PIE-1's centrosome-association is necessary for its
apparent in older embryos (>8 nuclei), with the P-granulebcalization to germline blastomeres.
becoming clumped around nuclei that are not in the posterior o ) ) )
of the embryo. The mislocalization that is seen in a portion of\IR-1 is involved in multiple microtubule-based
the younger embryos is usually characterized by P-granuldX¥0Ce€SSes
being present at both poles of the embryo. Since P-granules &kER-1 is a highly conserved centrosomal protein whose
not found throughouair-1(RNAJ) embryos, it appears that this function is required durin€. elegansembryogenesis. In the
early defect may not be in segregation per se, but rather mapsence of AIR-1 protein expression, mitotic centrosomes are
be due to defects in the proposed anterior degradatidh+defined and nucleate abnormal mitotic spindles that do not
machinery. Indeed, segregation of P-granules in the 1-cqfiroperly segregate chromosomes. Furthermore, P-granules are
embryo has been shown to be dependent on microfilaments amaokt properly localized at stages when P-granule segregation has
is microtubule independent (Strome and Wood, 1983; Hill antheen shown to be microtubule-dependent and the PIE-1 protein
Strome, 1988). However, in these experiments, embryos wer® longer associates with AIR-1-deficient mitotic centrosomes.
treated with microtubule inhibitors at the pronuclear stage, thus addition, a small fraction dadir-1(RNAi) embryos also had
they did not address whether there is an earlier requirement fdefects in the orientation of cleavage axes.
microtubules in the establishment or maintenance of the Centrosomes are involved in establishing the orientation of
proposed anterior degradation machinery (Hird et al., 1996)he division axes in the early cleavage£okleganembryos
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