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SUMMARY

When neuroblasts divide, prospero protein and mRNA
segregate asymmetrically into the daughter neuroblast and
sibling ganglion mother cell. miranda is known to localize
prospero protein to the basal cell cortex of neuroblasts
while the staufen RNA-binding protein mediates prospero
MRNA localization. Here we show that miranda is required
for asymmetric staufen localization in neuroblasts.
Analyses usingmiranda mutants reveal that prospero and
staufen interact with miranda under the same cell-cycle-
dependent control. miranda thus acts to partition both

prospero protein and mRNA. Furthermore, miranda
localizes prospero and staufen to the basolateral cortex in
dividing epithelial cells, which express the three proteins
prior to neurogenesis. Our observations suggest that the
epithelial cell and neuroblast (both of epithelial origin)
share the same molecular machinery for creating cellular
asymmetry.

Key words: miranda, prospero, staufen, neuroblast, asymmetric
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INTRODUCTION

cell cortex in NBs during mitosis and then segregate

asymmetrically into the GMC which buds off from the basal

Asymmetric cell division operates in many developmentakide of the NB (Rhyu et al., 1994; Hirata et al., 1995; Knoblich
contexts to create two differently fated cells from a singleet al., 1995; Spana and Doe, 1995). In the GMC, pros
progenitor cell (reviewed by Horvitz and Herskowitz, 1992).translocates to the nucleus (Vaessin et al., 1991; Matsuzaki et
This process can result from extrinsic signals that instruail., 1992) where it establishes differential gene expression
equivalent daughter cells to take different cell fatespetween the two sibling cells (Doe et al., 1991; Vaessin et al.,
intrinsically from unequal partition of protein determinants t01991). While numb function in the GMC is still unclear, it is
a daughter cell from the progenitor, or from the combinatiotknown to suppress the Notch signal and act as a fate
of both mechanisms (reviewed by Jan and Jan, 1998). kheterminant during the development of the peripheral nervous
intrinsically asymmetric divisions, protein determinants aresystem (Guo et al., 1996) and for the two daughter neurons of
asymmetrically localized within cells prior to or during the MP2 precursor in the central nervous system (Spana et al.,
cytokinesis for their unequal partition. How they distribute1995; Spana and Doe, 1996).
asymmetrically is a fundamental problem to understanding the miranda (mira) has been identified as a factor that binds pros
molecular mechanisms that underlie the asymmetric cetb direct it to the GMC (lkeshima-Kataoka et al., 1997; Shen
division. et al.,, 1997). At the NB mitosis, mira is basally localized

During the embryonic development of thHerosophila tethering pros protein to the basal cortex; this protein complex
central nervous system, neural precursor cells calles consequently partitioned to the GMC. Shortly after
neuroblasts (NB) divide to produce another NB and a smallaytokinesis, pros dissociates from mira into the GMC nucleus
ganglion mother cell (GMC), which then divides once into aand mira disappears. Mutational analyses has revealed that the
pair of neurons or glia (Goodman and Doe, 1993). NB divisiorell-cycle-dependent association of the two proteins is
is asymmetric in terms of differences between the daughteegulated via a domain on mira located adjacent to the pros-
cells in morphology, mitotic activity and gene expressionbinding site (lkeshima-Kataoka et al., 1997).
numb and a transcription factor prospero (pros) appear to beln the absence of mira, GMCs are not able to express genes
asymmetrically distributed cell-fate determinants in NBrequired for correct neuronal identities (Ikeshima-Kataoka et
divisions (Uemura et al., 1989; Doe et al., 1991; Vaessin et ak)., 1997), suggesting that the asymmetric segregation of pros
1991; Matsuzaki et al., 1992). They are localized to the bas#é essential for establishing neural diversity. Although numb is
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colocalized with the mira/pros complex during the NB mitosis(1) for the basal localization of mira, (2) for association with
numb localization appears to be independent of mira functionoth pros and stau, and (3) the region that regulates
(Ikeshima-Kataoka et al., 1997; Shen et al., 1997). interaction with the two proteins in a cell-cycle-dependent

For such factors to segregate unequally to one daughtaranner. mira thus plays a central role in the basally localized
cell, the mitotic apparatus must orient along the axis of thprotein/RNA complex at the NB mitosis by determining the
polarized protein localization (Chenn and McConnell, 1995subcellular localization and also by mediating cell-cycle-
Rhyu and Knoblich, 1995); In the NB, the division axisdependent signals. Furthermore, we show that mira localizes
orients parallel to the apicobasal direction such that the GM@ros/stau to the basolateral cortex during epithelial cell
is formed from the basal side of the NB. The localization oflivision as in NB cell divisions. We discuss possible
protein factors is regulated to the basal or apical side duringmechanisms for protein localization that are shared by
NB mitosis, resulting in their asymmetric segregation;epithelial cells and NBs.
however, coupling between spindle orientation and the
direction of protein localization can be disrupted by reagents
affecting cytoskeletal organization (Knoblich et al., 1995;
Kraut et al., 1996; Broadus and Doe, 1997). inscuteabI'\e/IATERIALS AND METHODS
protein (insc) (Kraut and Campos-Ortega, 1996) play%,osoph,-,a strains
essential _roles in coordination of the two axes (Kraqt et aI':“:~.ix ethylmethanesulphonate-induaeita alleles,mira-44, mira¥Y227
1996). Ininsc mutants, pros and numb are dislocalized Ofyjr4392 mjraAB78 miraZz176andmiraRR127(Ikeshima-Kataoka et al.,
localized in random orientations during mitosis; since thegg7) were balanced by TM3 P[ry+, ftz-LacZ] to facilitate the
spindle orientation is also randomized, the two axes becomgentification of homozygous embryostalP? was obtained from
uncoordinated (Kraut et al., 1996). BloomingtonDrosophilaStock Center.

mRNAs encoding protein determinants are also _
asymmetrically distributed (reviewed by St Johnston, 1995)Volecular biology _ _ _
For example, in budding yeast, the mother cell can switch its"e Sequence of mutamira genes was determined by RT-PCR. First-
mating type but the daughter cell can not becauseHte strand cDNA was synthesized from poly (A)+ RNA prepared from

: : : . embryos heterozygous for mira alleles using the SuperScript
endonucleasgene is selectively activated in the mother Ce”PreampIification System (Gibco) and amplified by four pairs

(Bobola et al., 1996; Jansen et al., 1996; Sil and Hers_'ﬁo"‘”téf primers; 5CGTTACCAAGTTAAACCGAAAGTCC-3(226)/
1996). This asymmetry is due to the asymmetric partition of_ccTGAAGAGCAGAGAGTTGTGC-31090), %CACTGCGT-
ASH1mRNA that encodes a repressor protein of the HETGGCCAACGAGCT-31013)/3-CTGGCTCTCGGTCAATTGC-
endonuclease to the daughter cell (Long et al., 1997G-3(1960), %5 AACGAGCTGATCAAGATCGAGC-3(1591)/
Takizawa et al., 1997). Asymmetric RNA segregation als&-TCCTCGATCTTCTCCAGATCGG-32399) and STGCAAA-
occurs duringDrosophila NB divisions; pros mMRNA is  CTCGTTCCAGGAGCGC-32124)/3-TCGAATCGGATCTTAGCT-
localized in a basal cortical crescent at mitosis to segregaféAGG-3(2785). Numbers in parentheses indicate the base position
asymmetrically to the GMC (Li et al., 1997; Broadus et a|_,of the 3-end of each primerin th(_a full-length c_DNA havmg_t_he coding
1998). This asymmelrpros mRNA sedregaiion depends on 29 10 244,10 2153 T s prmers anies O
the double-strand RNA-binding protein staufen (stau). It ha .

been shown to participate in the establishment of the anterio&aCh other. Because embryos for RT-PCR are heterozygousréor

8 . - e Nleles, we sequenced more than seven PCR fragments for each primer
posterior axis of the embryo by mediating the localization o}y to detect mutations. Mutations identified in RT-PCR fragments

two RNA species (St Johnston et al., 1991)08RarmRNA,  \ere confirmed by sequencing the corresponding genomic DNA
which is localized to the posterior pole of the oocyte to defingequence.

the region where the posterior determinant nanos accumulates ) _

(St Johnston and Nusslein-Volhard, 1992), and higpid !mmunohistochemistry

mRNA, which is restricted by stau to the anterior cortex ofr rabbit antiserum was raised against the N-terminal mira
the embryo forming a bicoid morphogen gradient (DrievefClypeptide, KAKLKRENDVDVAIC (from amino acid 5 to 19).
and Nusslein-Volhard, 1988). In the embryonic.ceniralt SHU e Shecrial ecoanies, s moten based on
nervous _syste_m, stau IS I_ocah_ze(_:l in_the basal crescep ttern as two ’antibc’Jdies against an anti-C-terminal polypeptide
overlapping with pros/mira in mitotic NBs (Broadus et al.,

. . > Ikeshima-Kataoka et al., 1997). Second, the anti-N-mira does not
1998). In addition, stau has been shown to bind with the 35in Df(3R) 0rd® embryos that delete thmira gene (Ikeshima-

untranslated region @rosmRNA (Li et al., 1997). Thus stau Kataoka et al., 1997). This anti-N-mira was used at 1:2000. Mouse
appears to act to localize and segregptes mRNA  polyclonal anti-stau (a gift from C. Q. Doe) was used at 1:100;
asymmetrically during NB divisions; however, the interactionrabbit anti-galactosidase (Cappel) at 1:4000 and monoclonal
between the stapfos RNA complex and the mira/pros anti-galactosidase (Promega) at 1:100. Cy-3- or FITC-conjugated
complex is unclear. secondary antibodies (Jackson Immunoresearch) were used at
In this study, we show that the asymmetric segregation df:200. DNA was stained by TOTO-3 as described (Hirata et al.
stau requires mira. To analyze the mode of interaction among22): RNA in situ hybridization was carried out essentially as
the asymmetrically localized proteins, mira, pros and stau, scribed (Tautz and Pfeifle, 1989). Digoxigenin-labeled single-

. . strand RNA probe (Boehringer-Mannheim) was made from
determined the molecular lesions mira mutants that we he B 4.2 kb prospero cDNA fragment. RNA localization was

previously identified (Ikeshima-Kataoka et al., 1997) anGyetected in whole-mount embryos by mouse anti-digoxigenin
investigated the localization of encoded mutant proteins agntibody and Cy-3-conjugated anti-mouse antibody. Stained
well as the pros and stau localization in thosiea alleles.  embryos were examined using a confocal microscope, MRC1024
We are able to divide the mira sequence into three region@ioRad).
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interphase prophase early anaphase late anaphase RESULTS

Molecular mapping of mira mutations

Among six mira alleles that we have identified, previous
analyses revealed that two allelesira?2176 and mirdRR127
encode truncated proteins with N-terminal 446 and 727 amino
acids, respectively, both of which are followed by unrelated
amino acids (lkeshima-Kataoka et al.,, 1997). To map
Fig. 1. The localization of wild-type mira protein during the NB cell functional domains in the mira protein, we determined the
cycle is o_Ietecteo_I by an antibody against a N-terml_nal_m|ra sequence of four other allelesira44, miraYY227 mira®¥92and
polypeptide, anti-N-mira. (A) At late interphase, mira is concentrateqmraABm, all these alleles encode truncated mira proteins (see
Aty 0¢82 g, ), Themirat4gene codes for the wid-ype sequenc of
(C,D) By anaphase, most mira has been localized in the basal cortegb(:?' N-terminal 103 amino acids that flanks 33 unrelated amino
leaving a small fraction of mira apically. Anti-N-mira staining is acids due to the insertion of two bases. Three other alleles,
shown in green, DNA staining in blue. In this and following figures, Mira¥Y227 mira’92andmira”B’8 have a stop codon within the
apical is toward the bottom and white dots outline cell borders. coding sequence at different positions, producing truncated
proteins of 290, 329 and 405 amino acids, respectively. Thus

A the sixmira alleles provide a series ofira mutants expressing
truncated proteins with various C-terminal deletions (see Fig.
8).

miraZZ176 miraRR127

interphase  mitosis interphase  mitosis

Mira

Pros

Fig. 3. miraZZ176and mir&R127proteins are abnormally localized in
interphase NBs and GMCs whereas they normally segregate to
GMCs. (A) Two pairs of interphase NBs (lower and larger cells) and
GMCs (upper and smaller cells) imdaraZ2176homozygous embryo

are shown. mir&176protein (green) is localized throughout cell

Fig. 2. The distribution of mutant mira proteins is detected by anti-N-cortex in interphase NBs (arrow) and GMCs (arrowheads) in contrast
mira in neuroblasts, GMCs and neuroectodermal cells in embryos to pros (red), which is localized to the nucleus. (B) At mitosis,
homozygous fomira alleles, (A)miraYY227 (B) miralJ92 (C) miraZZ176 protein is normally localized at the basal cortex (arrow)
mira®B78and (D)miraRR127as well as for (E) the wild type. whereas pros (red) distributes to the cytoplasm. (@)itaRR12’NBs
Arrowheads indicate mitotic neuroblasts with the basal crescent of (lower and larger cell), miRR127protein distributes in patches to the
mutant mira proteins; arrows indicate GMCs retaining mutant mira apical cortex in interphase (arrows). Cortical patches ofRfifd
proteins cortically; thick arrows at the right side of each panel protein are completely overlapped with those of pros. (D) During the
indicate the layer of the neuroectoderm. (A) MiF&’, (B) miraJ92 division of miraRR12’NBs (lower and larger cell), mit&127protein

and (C) mir&B78 proteins are basally localized at mitosis in NBs normally forms a basal crescent (arrow). After segregation into the
(arrowheads). Note the loss of apical localization of mutant mira ~ GMC, mirsdRR127remains on the cortex (arrowheads in C,D), where it
proteins in (C) interphase except for (D) Mif&Z. mira’?92and is again colocalized with pros (arrowheads) in patches; a proportion
mira”B78 proteins are localized to the basolateral cell cortex also in of pros in the GMC is slowly dissociated from cortical &’
ectodermal cells. See Fig. 3A,B for nff&’6localization. protein and translocated to the nucleus (C,D).

B
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The subcellular localization of the wild-type mira degradation. Interestingly, mira proteins are not confined to the
protein apical side in the interphase NBs miralJ92 mira”B78 and

The subcellular localization of the wild-type mira protein wasmira?“*’¢ mutants, but, instead, tend to distribute throughout
examined in the embryonic central nervous system using ttige NB cortex (see Discussion).

anti-N-mira, antiserum against a N-terminal mira polypeptid o . .

that is contained in all t?uncated mira proteins (Fig. 1). Th?a"he Ioc_allzatlon of mira RR127 prcﬁe_m )
wild-type mira protein predominantly localizes to the cortex inThe mirafR27allele shows a distinct phenotype in pros
interphase NBs, especially to the apical cortex along with prd€calization from the other fivenira alleles, which equally

at late interphase (Fig. 1A). At the onset of prophase (Fig. 1Bpartition pros between the NB and GMC, as pFEg\l/IZ(;USW
the majority of the wild-type mira becomes localized to thed€Ported (Ikeshima-Kataoka et al., 1997). mira

basal cortex as a crescent while a fraction of the proteiMPryos, the basal localization of pros and its subsequent
punctately distributes to the apical region. As the mitotic stagg€dregation into GMCs appear essentially normal. However,
proceeds, an increasing proportion of mira appears to HS©S fails to translocatg to jche nucleus persisting at the GMC
incorporated in the basal crescent (Fig. 1C,D). While somg°rteX, or its translocation is greatly dela)zlsd. A difference in
mira protein is still observed apically during anaphase, modf'e SI_cheIIuIar Ioc_:al|.zat|on between rffifa*’ and W|Iq-type
mira protein segregates to the basally budding GMC. Thigw!raRElget_ect_ed in interphase NBs and GMCs (Fig. 2D,E).
pattern of subcellular localization is equally evident using"ire - distributes in patches along the apical cortex during
polyclonal and monoclonal antibodies against a C-termin terphase (Fig. 3C) in contrast to the smooth distribution of

e : . e o7
polypeptide (lkeshima-Kataoka et al., 1997; our unpublishe e wild-type mira. This abnormal distribution of nfifd

data) completely overlaps with that of pros. Once NBs enter mitosis,

' miraRR127and pros are localized in a basal crescent as seen in
The localization of mutant mira proteins that fail to the wild type (Fig. 3D), then segregate to the GMC. In the
bind pros GMC, mird®R127 protein persists at the cortex even after the

delayed accumulation of pros in the nucleus. In contrast to the
. : d accumulation of mutant mira proteins that do not bind pros,
embryos, which express the shortest mira protein among: “RR127 is distributed irregularly at the cortex rfnd

mutant alleles, although transcripts from thiga-44 gene are . , : L
. ' ; colocalized with cortically tethered pros protein (Fig. 3C,D).
detected in the mutant embryos (data not shown). This may tﬁwus abnormal m"naruz% |0ca|izaﬂgn agcompa(niegs pros)

due to the abnormal tertiary structure of this short form, WhiCtPhroughout the cell cycles of both the NB and GMC. This

may prevent the antibody from recognizing its epitope, or ma¥uggests that miRR12’ constitutively associates with pros

bel dllie }odthe abnormal subc](callular Ioc?llz.atlcl)n rel‘.SUI,I.'ng,féof[Eotein at the cortex without the cell-cycle-dependent
a lack of domains necessary 1or correct mira localization, bo gulation in the interaction between wild-type mira and pros,

of these. would expose _the protein to rapid prOteC’Iy.ticalthough pros slowly dissociates from mira into the nuclei in
degradation. The anti-N-mira detects all other mutant proteing,o gvc.

Fig. 2 shows the localization of mutant mira proteins,
miraYY227, mira92 mire8’8 and mir&R127 as well as the mijra is required for stau localization

i i irgYY227 i . - — .
wild-type mira. Inmira mutant embryos, which express gjqce stau protein, like pros and mira, is known to be localized

the second shortest mutant protein, the antibody stains faintly,ring NB divisions to segregate asymmetrically to the GMC
the cell cortex of GMCs as well as NBs (Fig. 2A)ira™®2  (groaqys et al., 1998), we tested whether asymmetric stau
embryos are stained more strongly thaira" Y22 The mird™®? |5calization requiresnira function (Fig. 4). In wild-type NBs,
protein appears to distribute in patches along the cell cortex §a, and mira are colocalized during interphase (Fig. 4A).
interphase NBs (Fig. 2B). Both mi®&® and mir&“1"®protein  ypon mitosis (Fig. 4B), the colocalization of the two proteins
are clearly detected with the anti-N-mira (Figs 2C, 3A,B). Thgs opserved in a basal crescent in approximately 70% of NBs
four mutant proteins that fail to localize pros to the cortex(73/108). stau remains in the GMC cytoplasm following
mira’¥227, mira9 mira®B78 and mir##1’6 are localized to  cytokinesis while mira becomes undetectable (Fig. 4A). We
the basal cortex in dividing NBs to segregate into the GMCiound that allmira alleles exhibit abnormal stau localization.
This indicates that those proteins include the region requireg five mira alleles that partition pros equally to the two NB
for their asymmetric localization during NB mitosis althoughprogenies, the basal localization of stau protein is not detected
none of them contains the region essential for binding witlmuring NB mitosis; as typically shown in tharaZZ176allele,
pros. A striking difference in the localization is observedit distributes evenly in the cytoplasm and segregate equally to
between the four mutant proteins and the wild-type proteimyoth NB and the sister GMC (Fig. 4C,D). mira function is thus
The mutant proteins remain on the GMC cortex while wildrequired for the normal segregation of stau protein. As
type mira disappears in the GMC immediately followingexpected from the abnormal localization of stares mMRNA
cytokinesis. This persistent cortical localization in the GMC ifails to be basally localized in thosmira alleles (Fig. 5);
also observed for mif&1%7 protein as described below; instead, it distributes throughout the cytoplasm during both
mira’Y227 protein tends to accumulate to the GMC cortexinterphase and mitosis.

compared to the wild-type protein despite its weak staining In miraRR127 the localization of stau (Fig. 4E,F) is
intensity. Thus all mutant proteins detectable by the anti-Nessentially the same as that seen for pros (Ikeshima-Kataoka et
mira antibody are resistant to degradation in the GMGQ@l., 1997); it distributes in patches to the apical side in
suggesting that the C-terminal region that is missing commonliynterphase NBs whereas, at mitosis, it normally changes its
in those mutant proteins is necessary to promote rapid proteliocalization into a basal crescent to segregate to the GMC.

The anti-N-mira antibody hardly staimsiral44 homozygous
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Following cytokinesis, stau persists at the cortex in patchdscalization of pros and stau in the mitotic ectodermal cells. In
being colocalized with mif&127 protein (Fig. 4E). Thus the mira alleles that fail to localize stau or pros basally in the NB,
two proteins are colocalized throughout the cell cycle of botlthe two proteins are not localized to the cortex during mitosis
the NB and GMC as seen for pros and fHi#&’ In contrast of the epithelial cell, spreading to the cytoplasm (Fig. 7C).
to the observation that a certain fraction of GMC nuclei slowlyConversely, imiraRR127allele, mir&R127protein and the other
accumulates pros that is free from cortical fi¥&’protein, two proteins are colocalized to the basolateral cortex in
we could not detect stau protein that clearly does not overlafividing epithelial cells (Fig. 7D). Thus the localization of pros
with miraRR127 deposition in the GMC. Taken together, theand stau depends amira function in epithelial cells; the
dependence of stau localization on the two types of mira allelegsociation of mira protein with pros/stau and its cell-cycle-
is essentially the same as that of pros localization. We infefependent regulation in epithelial cells are essentially the same
from these observations that mira localizes stau directly ais those in NBs. Our results suggest that the same mechanism
indirectly at mitosis in wild-type NBs. A region of mira acts in the epithelial cell, the NB and GMC to localize the
responsible for stau localization is thus defined by theroteins cortically at mitosis.

miraRR127andmiraZZ176alleles, which is the same region as a

domain necessary to bind pros protein (see Fig. 8 and

Discussion). DISCUSSION

mira localizes pros and stau in epithelial cells mira function in stau localization

The three genes that we have described here are widgly, i,y the asymmetric divisions of NBs, two cell fate

expressed in early embryonic stages prior to neurogenesis (D : : I -
et al., 1991; St Johnston et al., 1991; Ikeshima-Kataoka et a?@;r)ertrt?elngghsér?tzTg&rgj fprz)oni pt)rr]%ter;r;raerri;nﬁ%u?R);]Sl?rgilo;}ed

1997; Shen et al,, 1997); till early stage 9 (Campos-Ortega & 94; Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe,
Hartenstein, 1985), they are essentially coexpressed in all ce 95). The localization of pros is directed by mira protein that
except mesodermal and pole cells, and subsequently in b ds pros to tether it to the basal cortex during mitosis

tgf rgesl;irgr? ﬁ';o;jire];rl? ?: siritcrlg detr(])dt?l%erzrgu:]arl]t”rgc?lzlrgosrtigﬁs% keshima-Kataoka et al., 1997; Shen et al., 1997). In addition
P y P Qf these three factors, it was recently shown pinas mRNA

the central and peripheral nervous system and to the stem-li 2 : ' )
: ; . S0 segregates asymmetrically to the GMC (Li et al., 1997,
cells for adult midgut precursors in the endoderm (Ikeshimaz . . :
padus et al., 1998pros RNA is basally localized via the

Kataoka et al., 1997; Shen et al., 1997). These facts sugg - ; > )
that mira could also localize pros and stau in epithelial cells, A-binding protein stau that is itself localized to the basal

In fact, mira is localized at the basolateral cortex of alffortex at mitosis. In this study, we have sho_wn m
ectodermal cells until stage 8 after gastrulation (Fig. 6A)funct|0|_1 is necessary for stau to be basally localized during the
Whereas the level of mira expression decreases in epitheli%hB mitosis. The same f|nd|ng. was recently reported
cells as the developmental stage proceeds, its basmatepaqliependently (Schuldt et al.,, 1998; Shen et al.,, 1998).
localization is observable in the neuroectoderm until stage 11; N Prosdeficient embryos, stau is localized normally in a
interestingly, the cortical mira localization becomes mosfasa.I crescent at mitosis (data not shown). Similarly, the
evident during mitosis (Fig. 6B). Mutant mira proteins are als¢oc@lization of pros protein is not affected Staumutations
localized to the epithelial cell cortex; mi#8 mira®B78 and (Li et al., 1997; Broadus et al., 1998). These observations,
miraZZ176 accumulate in the basolateral cortex of interphasé"g?ther with the req_uwe_ment of mira for stau Ioc_allzatlon,
epithelial cells more abundantly than wild-type mira (see Figindicate that the localization of both stau and pros in the NB
2), while, in dividing cells (Fig. 6D), these mutant mira réquires on_Iy mira. In addition, mira is localized normally in
proteins are most evidently localized to the basolateral corteRr0S (Ikeshima-Kataoka et al., 1997; Shen et al., 1997) or stau
as seen for the wild-type mira. The localization of M{#g7 ~ Mutants embryos (Schuldt et al., 1998; F. M., unpublished
protein is not clearly detected in epithelial cells probably du@bservation), implying that mira does not require the other two
to its low detectability with the anti-N-mira antibody. TheseProteins for its localization. This epistatic relationship between
results therefore suggest that mira protein is asymmetricalfj)e three proteins indicates that mira acts the adapter to tether
localized to the epithelial cell cortex via the same mechanisni§e other two proteins to the basal cell cortex of the NB. mira
that act in its localization in the NB. thus partitions bottpros RNA and pros protein from the NB
We examined whether pros and stau are colocalized witl® the GMC.
mira in the ectodermal cells. During stage 8 and 9, pros is stau is involved in the localization afskar RNA to the
observed in the nucleus but partly colocalized with mira at theosterior pole of the oocyte as well as hicoid RNA
cortex of interphase ectodermal cells (Fig. 6B,C). stau is belol@calization to the anterior pole of embryos (St Johnston and
the level of detection during interphase with the antibody useusslein-Volhard, 1992). Loss of maternal stau results in a
in this study. We are able to visualize clearly stau and progefective anterior-posterior embryonic axis. One can speculate
proteins that are colocalized with mira at the basolateral cortdkat mira plays a role in stau localization during the anterior-
during mitosis (Fig. 7A,B). Thus the three proteins areposterior axis formation in the oocyte as during neurogenesis.
asymmetrically localized at mitosis in epithelial cells. Theirlf so, mira mutants would affect the localization of stau in
basolateral localization, however, results in their equal partitionogenesis or in early embryogenesis causing a similar
to the two daughter epithelial cells because the division axighenotype testau mutants. Germline clones homozygous for
orients vertically to the apical-basal axis. mira mutants, however, develop normally without any apparent
We tested whether mira is required for the basolateralefects (T. O. and F. M., unpublished observation). This



4094 F. Matsuzaki and others

miraZZ176

interphase mitosis

wild type

interphase mitosis

Mira

Stau

Fig. 5. The localization oprosmRNA depends omira function.

(A) In wild-type NBs,prosmRNA (red) is localized as a basal
crescent at mitosis to segregate to the GMC. (B) Imnina*B78

allele, which fails to localize stau asymmetricaligpsmRNA (red)

is distributed to the NB cytoplasm at mitosis and partitioned equally
to the NB and sibling GMC. DNA staining is shown in blue.

Fig. 6.mira and pros are asymmetrically localized in all mitotic
epithelial cells prior to neurogenesis and subsequently in
neuroectodermal cells during neurogenesis. mira is shown in green;
pros is in red. (A) At stage 8, mira is expressed in all cells in the
ectoderm and localized to the cell cortex. Anterior is to the left and
dorsal up. (B) At stage 9, mira and pros are colocalized in cells in the
neuroectoderm. Whereas interphase epithelial cells localize mira and
pros to the basolateral cortex, the basal concentration of the two
proteins is most evidently seen at mitosis (arrowheads). The upper
panel of B shows only pros distribution; the lower panel shows the
merge of pros (red) and mira (green) staining. Thick arrows indicate
the neuroectoderm. (C) At sage 9, a proportion of pros (red) is
localized to the nucleus in addition to the basolateral cortex in
interphase epithelial cells as seen in the region within brackets. At
mitosis, pros and mira are, however, colocalized in a basal crescent
(arrowhead in C). In C, the embryo is tilted to allow better
visualization of the neuroectoderm. In B and C, arrows indicate NBs
at mitosis. (D) Irmira¥92embryos, mutant mira protein (green),

which is localized to the basolateral cortex, is most clearly observed
in dividing neuroectodermal cells (arrowhead).

miraRB127

interphase mitosis

Fig. 4. mira is required for stau
localization during NB divisions.
(A,B) In wild-type NBs, mira (green)
and stau (red) are colocalized in the
apical cortex in interphase (arrows in
A), then in a basal crescent at mitosis
(arrows in B). stau remains in the
GMC cytoplasm after the
degradation of mira (arrowheads in
A). (C,D) InmiraZ2176NBs, stau

(red) distributes to the cytoplasm
during interphase (arrow in C) and
mitosis (arrow in D). (E) In
miraRR127NBs, stau (red) and
miraRR127protein (green) are
punctately concentrated to the apical
cortex (arrows in E) during
interphase. Upon mitosis, they
normally segregate to the GMC.

(F) A telophase NB is shown, where
the two proteins are being
incorporated into the budding GMC
(arrows in F). After cytokinesis, stau
and mir&R127protein remain in
patches on the GMC cortex
(arrowheads in E).
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Fig. 8. mira mutations define three distinct functional regions along
the mira sequence. The N-terminal 290 amino acids region acts in the
basal localization of mira at mitosis in the NB and the epithelial cell.
The region between amino acid 447 and 727 includes a domain
necessary for the binding with pros as well as the domain (s) required
gg)r the asymmetric localization of stau in the NB. The C-terminal 103
mino acids region confers the cell cycle dependence on the
interaction with pros/stau; the absence of this region results in the
prolonged association with pros/stau during interphase without rapid
proteolytic degradation in the GMC and NB. See text for details.

Fig. 7. The localization of pros and stau requires mira in dividing
ectoderm cells. (A) The most anterior part of the ventral thorax in a
wild-type embryo at stage 9 (Campos-Ortega and Hartenstein, 198
is laterally viewed. Anterior is to the left and dorsal up. The cell
labeled by (a) is located at the corner between the cephalic furrow
and the ventral ectoderm. The neighboring anaphase cell, which is
dividing parallel to the ventral surface, localizes mira (green in the
left panel) and pros (red in the right panel) to the basolateral cortex

(arrows). An ectodermal cell facing the cephalic furrow is at ) o ) )
prophase and localizing both proteins to the basolateral cortex Although our analysis focuses on the in vivo interaction of mira

(arrowheads). (B) In the wild type, mira (green) and stau (red) are with pros/stau, recent publications (Schuldt et al., 1998; Shen
colocalized to the basolateral cortex (arrows) in dividing ectodermalet al., 1998) have shown that mira directly binds to stau in vitro.
cells. (C) In themira?“!/%allele, stau (red in the right panel) is The binding region of mira to stau has been determined
di_stribL_JtedZ}?Sthe cy_toplasm a_lt mitosis (arrow) and not colocalized (Schuldt et al., 1998; Shen et al., 1998), which is consistent
o T e o S o Wi 0UI in vivo_assignment. ' is thus liely that mia
apical side of the epithelial cells are artifacts with anti-stau, which associates directly .W't.h stau In vivo. It is interesting to know
are also seen istaudeficient embryos. (D) In theiraRR1?7allele, whether the p_ros—bmdlng domain and the region necessary for
miraRR127protein (green) and pros (red) are colocalized to the stau localization are separately located or overlap with each
basolateral cortex in dividing ectodermal cells as indicated by other within the mira sequence. Further analyses will reveal the
arrows. In A-D, DNA staining is shown in blue. mode of the interaction of the three proteins.
After asymmetric segregation, mira, pros and stau take

different paths from each other in the wild-type GMC
suggests that different factors or redundant mechanisnisllowing brief cortical colocalization (Hirata et al., 1995;
function in stau localization in the oocyte or fertilized eggsKnoblich et al., 1995; Spana and Doe, 1995): pros is
although we do not exclude the possibility of a role for miraranslocated to the nucleus, stau remains in the cytoplasm and

in stau localization. mira is rapidly degraded (Ikeshima-Kataoka et al., 1997; Shen
. ) ) et al., 1997). We do not know whether the degradation of mira
Interaction of mira with pros and stau causes the release of pros/stau from the GMC cortex. In the

Using six mira alleles that provide a series of C-terminally miraRR127g|lele, the three proteins remains colocalized to the
truncated mira proteins, we are able to map three functionakll cortex with the punctate contour suggesting that mira fails
domains in mira protein sequence as summarized in Fig. 8; (g dissociate from pros and stau. This characteristic distribution
the domain for the association with pros and stau, (2) this also seen in interphase NBs. These observations have three
regulatory domain for the association, and (3) the domain fdmplications. First, the interaction of stau with mira is under
the basal localization of mira. Our previous analyseshe same control that acts between mira and pros. Second, this
(Ikeshima-Kataoka et al., 1997) have shown that promechanism operates in both NBs and GMCs. Third, as
associates with mira protein via the 281 amino acids regiodiscussed in our previous study (Ikeshima-Kataoka et al.,
defined by the twanira alleles, miraZ2176 and miraRR127 |n ~ 1997), the C-terminal 103 amino acids region, which is deleted
this study, we showed that the same region is responsible filom the mir&R127protein, regulates the interactions between
stau protein to be basally localized at NB mitosis (Fig. 8)mira and pros/stau (Fig. 8).
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In the late interphase of wild-type NBs, pros and stau arembryos (our unpublished observation). These observations
colocalized with mira to the apical cortex. Is this colocalizatiorsuggesting the inability of mutant mira proteins to localize
due to the interaction among the three proteins in NEpically in interphase NBs appear to contradict the result
interphase, too? In the previous study, we have demonstratetitained by Shen et al. (1998), who showed that an myc-tagged
that the domain in pros protein necessary for the basdl-terminal mira fragment (298 amino acids) is sufficient for
localization at NB mitosis is also required for its cytoplasmicapical localization. At present, we do not have a reasonable
retention during NB interphase (Hirata et al., 1995). Since thiexplanation for this discrepancy.
domain in pros has turned out to be the mira-binding site How is the mira protein complex localized asymmetrically
(Ikeshima-Kataoka et al., 1997), our previous result suggest the NB cortex at mitosis? One possibility is the involvement
that the association of pros with mira is necessary for itef cytoskeletal elements. DurinQrosophila oogenesis, the
localization in interphase. This interpretation is consistent witlposterior localization ofoskar mMRNA mediated by stau
our observations shown in this study usinga mutants. In  involves two cytoskeletal elements, microtubules and
the fourmira mutants that do not localize pros/stau basally amicrofilaments (St Johnston, 1995). In budding yeast, the
mitosis (iraYY22? mirall92 mira®B78 and miraZ2179, those segregation oASH1IMRNA to the daughter cell depends on
mira proteins, pros and stau exhibit distinct patterns oficrofilaments (Long et al., 1997; Takizawa et al., 1997) and
distribution from one another in interphase NBs: pros ien unconventional myosin (Bobola et al., 1996; Jansen et al.,
detected only in the nucleus wiira mutant NBs even at late 1996). At the first division ofC. elegansan unconventional
interphase, mutant mira shows a cortically uniform distributiormyosin is involved in the asymmetric partition of PAR-1 kinase
and stau distributes evenly in the cytoplasm (newly synthesiz6uo and Kemphues, 1996). Drosophila NB divisions, a
stau in a given cell cycle is not distinguishable from stau thatontribution of microtubules is unlikely because the formation
has been partitioned into the NB during the previous celbf pros basal crescent is insensitive to microtubule-disrupting
division). The localization of pros and stau during the NBdrug treatment (Knoblich et al., 1995). However,
interphase thus appears to depend on their association witficrofilament-disrupting reagents affect the basal localization
mira as seen during mitosis. On the contrary, the distributionf pros and mira (Broadus and Doe, 1997; Knoblich et al.,
of pros/stau in theniraRR127allele coincides with the apically 1997; Shen et al., 1998) suggesting the asymmetric localization
punctuate localization of mif&127 This suggests that, in of the mira protein complex is actin-dependent. The basal
miraRR127NBs, the three proteins associate with each otheocalization of mira is first observed as a wide crescent
throughout interphase, which is consistent with the notion thapreading on the NB cell cortex at prophase. The crescent is
the pros and stau protein localization is dictated by theigradually condensed into the basal cap during mitosis. The
association with mira. We therefore conclude that mira plays @ira complex thus appears to be translocated along the cell
central role for the localization of the other two proteins duringortex from apical side to the basal side. These observations

both interphase and mitosis. raise the possibility that the NB at mitosis contains a
] . . o cytoskeletal network underlying the cell membrane, which acts
Regulation of mira protein localization to condense the mira complex unidirectionally in the basal

The asymmetric localization of mira together with pros andlirection.

stau proteins is clearly observed starting from the late . ) o ]

interphase  throughout NB mitosis. mira distribution Asymmetric protein localization common in the

dramatically changes from the apical side to the basal cortépithelial cell and NB

between interphase and mitotic phase. The N-terminal regioFhe three proteins described in this study are expressed in all
of 290 amino acids in mira is sufficient for its basal localizatiorepithelial cells in the two germ layers, the ectoderm and the
at mitosis because all mutant mira proteins except undetectaldadoderm in early embryogenesis prior to neurogenesis.
mira-44 are localized in a basal crescent (Fig. 8). This result i&lthough the roles of their epithelial expression are unknown,
consistent with the study of Shen et al. (1998) who identifiedve have found that the epithelial cells that express mira have
functional domains of mira using myc-tagged transgenes. lthe ability to localize mira to the cortex together with pros/stau
our study, this region of mira does not appear sufficient for itat mitosis. As in NBs and GMCs, the localization of the mira
apical concentration during NB interphase although it igrotein complex is asymmetric but the division vertical to
sufficient for the cortical attachment of mira during interphaseprotein localization leads to the equal partition of the mira
This is suggested by the distinct distribution of mutant mira&omplex. In addition, the cell cycle dependence of the protein
proteins from that of the wild-type mira in interphase NBs; fourcomplex formation in epithelial cells is similar to that in NBs.
mutant mira proteins, which fail to associate with pros/stau, dohese observations suggest that the epithelial cell and the NB
not appear to be concentrated to the apical cortex, whereas, 8fare a common molecular machinery to tether mira
longest mira protein, miR®127 which can associate with asymmetrically to the cortex underneath the cell membrane.
pros/stau at mitosis, is clearly localized to the apical cortex There is a difference in the localization of the mira complex
during interphase despite its highly punctate distributionbetween epithelial cells and NBs; the mira complex is not
These results suggest that a domain necessary for mira apiochiserved at the apical cortex during interphase in epithelial
localization at late interphase lies in part within the regiorcells. Instead the mira/pros complex distributes to the basal-
defined by miré?176 and mir&R127 the region necessary for lateral cortex in ectodermal cells, being excluded from the
the association with pros/stau. However, the association @fpical side throughout the cell cycle in embryos during stage
mira with pros/stau is not required for the apical localizatior8 and 9 (Fig. 6A,B). In addition, some pros is separately
of mira in the interphase NB because mira is normallyjocalized to the nucleus (Fig. 6C). Epithelial cells thus lack the
localized to the apical cortex ipros-deficient orstalP®  mechanism that localizes mira or the mira complex apically
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even during late interphase, but the three proteins form th@rants-in-Aid for Scientific Research from the Ministry of Education,
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