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Summary

In Drosophila, a single oocyte develops within a 16-cell
germline cyst. Although all 16 cells initiate meiosis and
undergo premeiotic S phase, only the oocyte retains its
meiotic chromosome configuration and remains in the
meiotic cycle. The other 15 cells in the cyst enter the
endocycle and develop as polyploid nurse cells. A long-

prophase of meiosis I. Imissing oocytenutants, the oocyte
enters the endocycle and develops as a polyploid nurse cell.
Genetic interaction studies indicate thatmissing oocyte
influences meiotic progression prior to pachytene and may
interact with pathways that control DNA metabolism. Our
data strongly suggest that the product of thenissing oocyte

standing goal in the field has been to identify factors that
are concentrated or activated in the oocyte, that promote
meiotic progression and/or the establishment of the oocyte
identity. We present the characterization of themissing

oocyte gene, an excellent candidate for a gene directly
involved in the differentiation of the oocyte nucleus. The
missing oocytgene encodes a highly conserved protein that
preferentially accumulates in pro-oocyte nuclei in early

gene acts in the oocyte nucleus to facilitate the execution of
the unique cell cycle and developmental programs that
produce the mature haploid gamete.

Supplemental data available online
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Introduction Oocyte differentiation, as well as the maintenance of the

During the development of a multicellular animal, cell growthMeiotic cycle, are dependent on the microtubule-based
and proliferation must be spatially and temporally coordinatediréctional transport of specific mRNAs and proteins from the
with differentiation. Nowhere is this more important thanNurse cells to the oocyte (Fig. 1B) (Cooley and Theurkauf,
during gametogenesis where meiosis, which involves 3_994). When_dlrectlonal transport to_the oocyte is disrupted
fundamental reorganization of the cell cycle, must be preciseither chemically by disassembling microtubules, or
coordinated with the developmental program to make an edggnetically as occurs in thgicaudal-D (Bic-D) and Lis-1
or a sperm.Drosophila oogenesis provides a genetically mutants, egg ch_ambers fail to .Iocallze oocyte specific markers
tractable system to examine how the early events of meiosf§!d develop with 16-polyploid nurse cells and no oocyte
are coordinated with the ongoing differentiation of the oocyte(Koch and Spitzer, 1985; Suter and Steward, 1991; Theurkauf
Drosophila oogenesis starts when a cystoblast, theét al., 1993; Mach and Lehmann, 1997; Liu et al., 1999;
asymmetric daughter of the germline stem cell, undergoes fowan et al., 1999). Iregl mutants, in which directional
divisions with incomplete cytokinesis to produce a 16-celfransport to the oocyte is also disrupted, all 16 cystocytes
interconnected cyst (Fig. 1A). Individual cells in the cyst,initially behave like pro-oocytes and proceed to early
referred to as cystocytes, are connected by actin-richachytene before reverting to the nurse cell fate and
intercellular bridges called ring canals (Robinson and Coolegntering the endocycle (Carpenter, 1994; Mach and Lehmann,
1996). All 16 cystocytes complete a long premeiotic S phasd.997). This observation supports the model that the cell-
Subsequently, the two cystocytes with four-ring canals, theycle and developmental signals required for oocyte
pro-oocytes, develop long synaptonemal complexes (SGlevelopment are initially present in all cystocytes but are
consistent with pachytene of meiotic prophase | (Mahowalg¢oncentrated in the single oocyte during early meiotic
and Kambysellis, 1980). Several other cells show similar buytrophase | (Suter and Steward, 1991; Carpenter, 1994; Mach
reduced SC structures; however, only the true oocyte maintaiagid Lehmann, 1997).
its meiotic state and further condenses its chromatin. The otherSeveral lines of evidence indicate that oocyte
15 cystocytes lose their meiotic characteristics, enter thdifferentiation is contingent on the execution of the proper
endocycle and develop as polyploid nurse cells. cell-cycle program of the germline cyst. As is observed in all
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Fig. 1.miois required for oocyte development. (A) The
cell types and stages bfosophilaoogenesis. In region
Stem cell _ = 1 A 1 of the germarium (R1), a germline stem cell divides to
' ' — il give rise to a cyst of 16 interconnected cystocytes. In
region 2a (R2a), the two pro-oocytes (dark grey), as well
as the two adjacent cells with three ring canals (light
Hmead| grey), construct SC. The meiotic gradient is restricted to
Oogenesis | : g | Follicle cell the single oocyte by region 3 (stage 1). In region 3, the
stage ' ! L d ! ) nurse cells enter the endocycle. (B) Microtubule-based
A1 R2a R2b R3(St) . directional transport to the oocyte (black). (C) A wild-
type stage 5 egg chamber. Note that the oocyte DNA has
condensed into a compact karyosome (arrow). (D) A
mio? egg chamber that contains 16-polyploid nurse cells.
' : (E,F) Ovarioles from wild-type (E) andic?
ﬁﬁ _ . homozygous female (F). Ovarioles were stained with

8 S Hoechst to visualize nuclei. O, oocyte.
> 4 ; y
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Ghabrial et al., 1998). Surprisinglgkr andspnB
encode th®rosophilahomologs of the yeast DSB
repair proteins, RAD54 and DMC1. These data
indicate that the pathways that control DSB repair
specifically influence thegrk-Egfr signaling
pathway during oogenesis (Ghabrial et al., 1998).
Why does the oocyte nucleus progress through
meiosis while adjacent cystocytes abandon the
meiotic cycle in preparation for their development
as nurse cells? Although this question is
fundamental to a comprehensive understanding of
oocyte development, little is known about the
pathways that directly promote the differentiation
of the oocyte nucleus. We describe the identification
and characterization of a novel gemgssing oocyte
(mio) that is required for the maintenance of the
meiotic cycle during oogenesis. We cloned itie
gene and determined that the Mio protein localizes
to the oocyte nucleus at the onset of prophase of
meiosis |. Irmiomutants, oocyte differentiation and
meiotic progression are retarded. Ultimateatyio
animal oocytes, iDrosophilathe oocyte arrests in prophase oocytes exit the meiotic cycle, enter the endocycle and develop
of meiosis | for the growth phase of oogenesis. During thigs nurse cells. Surprisingly, tineio phenotype is suppressed
developmentally programmed arrest, the p27-like cyclinby inhibiting the formation of the double-stranded breaks that
dependent kinase inhibitor Dacapo (Dap) specificallyinitiate meiotic recombination. Our data strongly suggest that
accumulates in the oocyte nucleus (de Nooij et al., 2000nio mutants define a novel pathway that influences both
Hong et al.,, 2003). The characterization ddp mutants the nuclear events of meiotic progression and oocyte
suggests that Dap inhibits inappropriate DNA replication indifferentiation.
oocyte and thus helps maintain the prophase | meiotic arrest
(Hong et al., 2003). In the absence of Dap, the oocyte ente .
the endocycle and develops as a nurse cell. Thudaterials and methods
inappropriate entry into the endocycle disrupts oocytérosophila strains and genetics
differentiation and can serve as the primary cause of the logge mio! allele was isolated from ~2000 ethylmethane sulfonate
of the oocyte fate. The characterization of two genes requirg@MS)-mutagenized chromosomes in a screen for mutations that
to repair double-strand breaks (DSBs) during meiosislisrupt cell-cycle regulation in the ovary (K. O’'Donnell and M. A.
demonstrate that meiotic progression and Oocytéi”y, d_ata not shown). Thenic? allele was identified asa background
differentiation are tightly coupled. The formation of the bothmutation on a chromosome that containedstaed stilp allele &til3).

: ; i3 was isolated in an EMS mutagenesis (Mulligan et al., 129).
the amempOSte”pr- and dorsoventral axis_of the- oocyte %engU) andDf(2R)vgl135wvere obtained from Umea Drosophila Stock
dependent on activity of Gurken (Grk), the TeGkke ligand Center (Swed Sehiiobach and Wiesch 1 RCL
for EGF receptor (Egfr) (reviewed by Van Buskirk and enter (Sweden) (Schiipbach an lescnaus, @@ﬂgg )

. . still and stil2 were a gift from T. Schiipbach (Schiipbach and
Schupbach, 1999). lokra (okr) andspindle-B(spnB mutants  \yjeschaus, 1991pf(2L)yar’2 was a gift from Z. C. Lai (Lai et al.,
the translation of thgrk transcript is inhibited, resulting in  1997). mei-41 null mutant, mei-429, was a gift from T. T. Su
pattern defects similar to those produced by mutants in th@aurencon et al., 2003). All additional stocks were obtained from the
grk-Egfr signaling pathway (Gonzalez-Reyes et al., 1997Bloomington Stock Center.
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Molecular characterization of the ~ mio gene SDS-polyacrylamide gels, and transferred to Hybond ECL
We mapped themio locus between the proximal breakpoints of nitrocellulose membrane (AmershangMio serum was used at
Df(2L)dp’% and Df(2L)yan’. To physically map the extent of this 1:3000. As a loading control, blots were probed with afitibulin
chromosomal region, we determined the molecular breakpoints of tHtibody at 1:9000 (DM 1A, Sigma). For detection, blots were
deficiencies by quantitative Southern blot analysis. This analysi§icubated with Horseradish —Peroxidase-conjugated antibody
indicatedmio mapped to a 50 kb genomic region, between 22C3 anfAmersham) at a 1:6000 dilution, and bands were visualized with a
22D2, which contained 11 predicted open reading frames (ORF§hemiluminescent detection kit (Amersham).

(FlyBase). From these 11 ORFs, all predicted exons were amplified

from genomic DNA samples ahiol and mio?> homozygous flies,

sequenced and then compared with the sequence from the BerkeB;eSUIts

Drosophila Genome Project (BDGP). To confirm that the singlemjo egg chambers contain 16-polyploid nurse cells

nucleotide changes found i@G7074 were not due to random . .
polymorphisms, we sequenced the appropriate parental chromosomgge performed a genetic screen to isolate mutants that alter the

YL WALLE PyHT7 7 2=Car20y}25F P{ry"7-2=neoFRT}40Aand  Coll cycle of the ovarian cyst. From this screen we identified
Canton S. mio, a mutant that produced a high percentage of egg chambers
The CG7074coding region was identified by &nd 3 RACE of ~ With 16-polyploid nurse cells. In 80%-90% (Table 1) of the egg

mio cDNA using the primers, &CCGCCGACGATAGGATGTT- chambers frormio! mutant females, all 16 cystocytes enter the
GCAGGC-3 and B3-ACTCAGCAGCAGCCCACGAGCAGC-3  endocycle and develop as nurse cells (Fig. 1Dip egg
respectively, and the SMART RACE cDNA Amplification Kit chambers rarely develop beyond stage 5 of oogenesis (Fig. 1F).
(Clontech). Full-lengttmio cDNA was amplified by RT-PCR, cloned Thus, mio ovarioles contain numerous developmentally
into pCR 1I-TOPO and sequenced. Thio cDNA sequence is  grrested egg chambers of approximately the same size. During
available as thenio gene in AE003584 GenBank sequence. complementation analysis with known female sterile mutants,
UASp:mio rescue a seconanio allele was fortuitously identified as a background

; 3 .
The full-lengthmio cDNA was cloned into the pUASp vector (Rgrth, mutation on thati” chromosome (see Materials and methods).

1998) from the pCR II-TOPO vector. Transgenic lines were generategOth miot andmlolz_are homozygous viable and female sterile.
in aw!118packground using standard techniques (Spradling, 1986)he female sterility and 16 nurse cell phenotype is fully
Three independent insertions were obtained, all of which mapped t€cessive in both alleles. Neither the penetrance nor the
the second chromosome. Therefore, we crossedJ&®@p-mioP-  expressivity of themio phenotype is increased wherio! or
element onto thenio? chromosome using meiotic recombination. We mic? are placed in trans to a deficiency, suggesting that both
expressedJASp-mion themio? mutant background using the nanos- alleles are genetic nulls (Table 1). However, we note that the
Gal4:VP16 driver (Van Doren et al., 1998). severity of theniol/Df ovarian phenotype is somewhat reduced
relative to that observed imio! homozygotes, indicating that

Production of anti-Mio antibodies . .
miol may be a weak antimorph.

Nucleotides 1865 to 2473 of thmio cDNA (LD45056) were
amplified using primers that added®anH]| site to the 5end and an L . .
th site to thegSF:and, and cloned into pET21a (Novagen) to generau—!‘vIIO IS required for the maintenance of the oocyte

a His-tag fusion protein. The fusion protein contains amino acids GOident'ty

803 of the Mio protein tagged with a 6x His tag at the C terminusThere are at least two developmental times, which are not
The fusion proteins was expressedBscherichia coliBL21 cells  mutually exclusive, whemmio may act to influence oocyte
(Novagen) and purified on a nickel column before being used aglentity. First,mio may be required for the specification and
antigen to produce rabbit polyclonal anti-Mio antibodies. early differentiation of the oocyte. Alternativetyjio may act
later in oogenesis to maintain oocyte identity. Mutations that

Immunostainin . . , |block either the specification of the oocyte, or the maintenance
g of ovaries was performed as described prewouse‘f te identit Itin th h t “th ducti
(Grieder et al., 2000). The rabhitMio antiserum was used at a oocyte identity, result In tné same phenotype, the production
concentration of 1:1000. Other antibodies were used at the followingf €99 chambers with 16-polyploid nurse cells. One way to
concentrations: rabbiC(3)G (Hong et al., 2003) at 1:1000, mouse distinguish between these two mutant classes is to examine the
aOrb 6H4 (Lantz et al., 1994) at 1:50 (purified IgG, Developmentalocalization of oocyte specific markers. Mutants with a block
Studies Hybridoma Bank, University of lowa), mousgic-D (Suter  in oocyte specification and/or the establishment of cyst polarity
and Steward, 1991) at 1:5 dilutions. Secondary antibodies conjugatgdich asBic-D, egl and Lis-1, never localize oocyte specific

to Alexa 594 or Alexa 488 (Molecular Probes) were used at 1:80fharkers (Suter and Steward, 1991; Lantz et al., 1992; Lantz et

dilution. Double labeling of rabbit antibodiesMio andaC(3)G was  g|. 1994; Ran et al., 1994; Swan et al., 1999; Huynh and St
performed usingaC(3)G antibody that was directly labeled with ~ ' ' ' ' '

Alexa 594 (Alexa Fluor 594 Protein Labeling Kit, Molecular Probes).

Immunostaining and imaging

Nuclei were visualized with 2ig/ml Hoechst 33342 (Molecular Table 1. Phenotypes ofnio mutant egg chambers
Probes). Confocal images of stained ovaries were captured on a LS¥aternal 16-nurse Eight-nurse Other*  Wild type
410 confocal microscope (Zeiss) with a 1.4 NA<G8| immersion  genotype n cell (%)  cell (%) (%) (%)
objective or a 1.4 NA 1000il immersion objective. Image analysis |ioy+ 73 0 0 14 98.6
was performed using LSM imaging software. Composite figures wergjolmiot 104 80.8 0 6.7 125
prepared using Photoshop 5.5 (Adobe). mio/Df 246 63.8 0 1.6 34.6

. mic?/mic? 52 90.4 5.8 1.4 1.9
Western analysis mio%/Df 159 80.5 3.8 0 15.7
Ovaries were dissected in Grace’s medium (Gibco) and homogenizeuo/mic? 722 94.3 0.6 0 5.1

in (50 mM Tris-HCI pH 7.5, 1 mM MgG] 1 mM PMSF). After ) )
centrifugation to pellet the debris, supernatants were diluted with an *E99 chambers that have more than 16 cells, or that have mislocalized
equal volume of 25DS loading buffer (Bio Rad), resolved by 7.5% °0Yte-
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Johnston, 2000). In contrast, mutants sucktasewall par-1 ~ However, the preferential accumulation of Orb in the mutant
anddap, that disrupt the maintenance but not the specificatiopro-oocytes is markedly delayed and is often not visible until
of the oocyte identity, initially localize oocyte specific markerslate region 2b or region 3 (Fig. 2B). Indeed, the overall levels
but this localization is lost when the oocyte inappropriatelyof Orb appear to be lower mio mutants (Fig. 2A,B).
enters the endocycle (Clark and McKearin, 1996; Huynh et al., Although mio mutants specify an oocyte, this fate is not
2001; Vaccari and Ephrussi, 2002; Hong et al., 2003). maintained in the later stages of oogenesis. In wild-type

In order to determine ifio influences the specification of ovaries, Bic-D and Orb continue to accumulate in post-
the oocyte identity, we examined the localization of Orb andermarial egg chambers following a shift in their localization
Bic-D protein inmio mutant ovaries. In wild-type cysts, the Orb from the anterior to the posterior of the oocyte in stage 2 (Fig.
and Bic-D proteins first accumulate in the cytoplasm of thA,C) (Wharton and Struhl, 1989; Lantz et al., 1994). This
oocyte, as well as that of several adjacent cells, in region 2a wanslocation reflects a reorganization of the polarity of the
the germarium soon after the completion of premeiotic S phaseicrotubules within the oocyte (Theurkauf et al., 1992; Pare
(Fig. 2A) (Christerson and McKearin, 1994; Lantz et al., 1994)and Suter, 2000; Vaccari and Ephrussi, 2002). Howevenridan
As cysts pass through region 2b Orb and Bic-D stainingnutants Orb and Bic-D frequently do not move to the posterior
becomes restricted to a single centrally localized cell, whiclof the oocyte in stage 2 (Fig. 2B). In addition, the preferential
will ultimately become the oocytenio cysts clearly specify an accumulation of Orb and Bic-D is gradually lost when the
oocyte, as indicated by the specific accumulation of Orb andocyte becomes polyploid later in oogenesis and reverts to the
Bic-D protein within a single cell (Fig. 2B, and data not shown)nurse cell fate (Fig. 2D, and data not shown). Thusniim
mutants the acquisition of the oocyte identity is delayed and
wt mio the oocyte fate is not maintained in post-germarial egg
) chambers.

Null mutations in the cyclin-dependent kinase inhibdap
have a similar effect on the maintenance of oocyte identity
(Hong et al., 2003). Irdap mutants, an oocyte is initially
specified. However, once the oocyte enters the endocycle, the
oocyte identity is gradually lost and egg chambers develop with
16 polyploid nurse cells. We wanted to examinemifo
influences oocyte differentiation by regulating Dap expression.
In the ~10% of thenio? egg chambers in which the oocyte does
not enter the endocycle, Dap protein accumulates to high levels
in the single oocyte as is observed in wild-type egg chambers.
These data indicate that Dap can be expressed and properly
localized to the oocyte nucleus in the absence of Mio. In the
90% of egg chambers in which the oocyte becomes polyploid,
Dap does not accumulate to high levels in any one cell. Thus,
as is observed with all oocyte-specific markers examined, the
specific accumulation of Dap is lost, or is never properly
established, imiooocytes that enter the endocycle. We believe
this reflects a general problem in the maintenance of oocyte
identity and/or the differential transport system, as represented
by the concomitant loss of Bic-D and Orb accumulations,
rather than a direct role for Mio in the regulation of Dap
expression. However, we cannot rule out the formal possibility
that some aspects of th@o ovarian phenotype are due to the
misregulation of Dap.

Meiotic progression is altered in ~ mio mutants

To examine if Mio is required for early meiotic progression,
we followed the distribution of the SC protein C(3)G. In wild-
type cysts, the two pro-oocytes progress to pachytene in region
Fig. 2.aOrb staining in wild-type anthio ovaries. Wild-type (A,C) 2a as determined by the completion of the SC along all
andmio mutant (B,D) germaria stained wittOrb (green) and bivalents (Mahowald and Kambysellis, 1980) (Fig. 3A). Cells
Hoechst (blue). (A) In wild type, weak Orb accumulation is first  adjacent to the pro-oocyte also build a less extensive network
observed in a single cell in region 2a (arrow), and becomes strong byt SC. Inmio mutants, an increased number of cells enter the
region 2b. (B) Inmiomutants, Orb accumulation in a single cellis — aigtic cycle in region 2a as assayed by C(3)G staining
not visible until late region 2b (arrow) or sometime until region 3. (6.5+2.1,n=21 versus 3.9+.3)=14 in wild type) with 76% of

(C) In wild type, Orb continues to accumulate at the posterior cortex® . : . . " .
of the oocyte during post-germarial stages (arrowheads). (@join mio cysts having more than five cells in the meiotic cycle (Fig.

mutant egg chambers, some Orb proteins do not move to the 3B). Although too many cells enter meiosisp mutants retain
posterior in stage 2 (see B), remain detectable in the anterior of the the ability to restrict the meiotic cycle to a single cell. Thus,
oocyte, and gradually disappear when the oocyte enters the as is observed in wild type, by region 3 the majoritynid

endocycle. cysts contain a single C(3)G positive cell (Fig. 3B).
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wt mio mio mutant germaria contain cysts that have pro-oocytes

with a pachytene-like SC configuration, indicating that Mio is
not an absolute requirement for entry into the meiotic cycle or
for progression to pachytene (Fig. 3B). However, Mio does
affect the kinetics of SC formation. Relative to wild typeo
germaria contain approximately twice as many cysts in region
2a (21.7%,n=106 in wild type versus 50.7%=67 in mio
mutants) in which the pro-oocytes appear to be in early or late
zygotene and thus contain fragmented and/or partially formed
SC. Specificallymio mutants have a large number of 2a cysts
that have the broken SC structure suggestive of late-zygotene
or early-pachytene (Fig. 3C,D). The apparent increase in the
proportion of cysts at this intermediate step in meiosis may
represent either a delay in SC construction or the formation of
aberrant SC. These data indicate that Mio influences meiotic
progression and/or the establishment of meiotic chromosome
structure during early prophase of meiosis I.

Mio is required for progression to pachytene in egl
mutants

To explore the function afio further during oogenesis, we
made double-mutant combinations wifio and egl. In egl
mutants, all 16-cyst cells enter the meiotic cycle and form
SCs (Carpenter, 1994; Page and Hawley, 2001) (Fig. 4B).
However, this meiotic state is not stably maintained and
ultimately all 16 cystocytes exit the meiotic cycle and enter
the endocycle. We generated females that were double mutant
for mio? and one of two null alleles ofgl, egl or egP.
Intriguingly, mio, egl females have an ovarian phenotype

. ) - . , . significantly stronger than either single mutantio, egl
Fig. 3. mio affects meiotic progression. Wild-type (A) amto . .
mutant germaria (B) stained withC(3)G (red) andiOrb (green). double mutants do not form even _the thin .SC o_bserv«_atjlln
Magnified C(3)G staining of adjacent cysts are shown in small null mutants. InsteadyC(3)G staining remains diffuse in all
boxes. As is observed in wild type,ritio mutants fully developed ~ 16-cystocytes with one or two bright clumps of staining (Fig.
SCs are formed in two to four cells in region-2a cyst. However, in 4C). This pattern suggests that either the nuclei are arrested
mio cysts more than four cells enter the meiotic cycle and constructprior to pachytene, before the completion of the mature SC,
SC (see region-2a cyst traced with white line). (C,D) Anterior or alternativelymio, eglmutants form a defective SC. The
regions of wild type (C) andhio mutant germaria (D). Boxes ability of mutations irmioto enhance the severity of taghu!

(blue) and C(3)G (red). (C) Upper two cysts traced with white line achytene stage of meiosis
are in early region 2a, determined by the absence of Orb expressio?l. '

In wild type, early region-2a cysts sometimes show an early - The molecular characterization of the ~ mio gene
zygotene-like SC, with two to ten dots per nucleus observed in one . . .
or two cystocyte within a cyst. (D) mio mutants, more extensive ~ Recombination mapping placed thwo gene on the left arm
SCs are observed in early region 2a, which include numerous dots Of the second chromosome between 4.52 cM and 5.10 cM.
and short thread-like SCs that are often present in more than two Using genomic deficiencies we mappedrtliegene to a small
cells per cyst. cytogenetic interval, 22D5-E1, consistent with the meiotic
map position (Fig. 5A). Specifically, th@io ovarian
phenotype is complemented f(2L)dp’%° (22A2-
3;22D5-E1) but not byDf(2L)yan? [22C2;22E1 from

Lai et al. (Lai et al., 1997)]. We molecularly defined the

Fig. 4.egl, miodouble mutants arrest prior to pachytem&
is required at an early stage of meiosis. (A-C) Germaria
double labeled witltC(3)G (red) an@Orb (green).
Magnified C(3)G staining is shown in upper right panel.
(A) miomutant: two pro-oocytes have thick thread-like C(3)G
pattern, indicating that, like wild type, ti@o pro-oocytes
progress to pachytene. (Byl null mutant égit): all 16 cells
form the less extended SC that is representative of late
zygotene or early pachytene. (@j?, egl double mutants:
all 16 cells show the dot pattern of C(3)G that is normally
observed in early zygotene.
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proximal break points of Df(2L)dp’®® and  p mio’ (505 G~A) mio?2515G-A) B
Df(2L)yan’? as 22C3 and 22D2, respectively, O e e p— —
quantitative Southern blot analysis (data =1 ¥ F s e 3.0k0 —
shown). This placed theaio gene within a 50 k R  Dmme = 2.5kb =
genomic region that contained 11 ORFs e 1~ T R T —
predicted by BDGP (Fig. 5A). The 11 ORFs w aop Uch
sequenced from both themiol and mic? Sl
chromosomesnio! andmic? both contain a sing  iesksaz

22C3 22D2

nucleotide change in theCG7074 ORF
(nomenclature is taken from BDGP) that resu
a nonsense mutation (Fig. 5A,C). No sequ
alterations were found in the other 10 OF C

11 genes in 50,000bp

mig? (110 W-STOP) mio? (817 W->STOP)
Y

o

| wpag_| g

CG7074encodes a single transcript of ~3 kk zl

determined by northern blot analysis (Fig. 5B),

a protein of 867 amino acids. Bathio! andmic? Himus
mutants are predicted to produce trunc
proteins that contain 110 amino acids and
amino acids, respectively (Fig. 5C). To coni
that CG7074 corresponds to thenio gene, wi
rescued theniomutant phenotype using germl
specific expression of full-lengt@G7074cDNA.
As indicated in Table 2, UASp-CG7074 expres

by the germline specific nanos-Gal4:VP16 dt RING ¢ ¢ N aeq e

. . Mio MG MSH| —ETPTTTPDVPGWQTK EY AW FEWCRSCRHG G Hygd IHQ
fully rescued themic? phenotype. Ovaries fro -z E g ::s:&:::a::z::::::zz:% %x:
rescued females did not contain polyplc S ol MM s THn B ol o onF SoRPaN TVREVNLOK S aloL IHs! SHhse
oocytes. In addition, although oogenesisniio? PHD & & i e

homozygotes is blocked at approximately stag
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rescuedmio? ovaries exhibit no developmen Fig. 5. dentification of themio gene (A) The physical map of the 23C-D

block and are fully fertile (data not shown). Th
data formally demonstrate th@G7074is mioand
indicate that themio phenotype is germlir

cytogenetic interval. Black boxes indicate the regions that are deleted in each
deficiency. Light hatched boxes are the regions of uncertaintymich@€G7074

ORF is shown as black box with arrow indicating the direction of transcription.
The other 10 ORFs in the defined 50 kb interval are depicted as grey arrows. The

depende_nt. _ ) mio gene is composed of seven exons. (B) Miegene encodes a single

The mio gene is predicted to encode a nc  transcript. Northern blot of total RNA from wild-type ovaries, probed withia
protein that is highly conserved from yeas  cDNA. (C) The Mio protein contains an N-terminal domain with four WD40
mammals with the most closely related g repeats (grey box) and a RING/PHD finger-like domain near the C terminus
human FLJ20323, sharing 30% identity and - (black box). An alignment of the four WD40 repeats and the RING/PHD finger-
similarity with Drosophila mio (from BLAST2 like domain of Mio, human FLJ20323, mouse BC20002, zebrafish BC047198,
analysis, NCBI). The conservation betwe®ip fission yeast SPAC630.02 and budding yeast YBL104c. The locations of the mio

homologs is found throughout the length of
protein. However, the Mio protein does con
two highly conserved domains that are partic

andmic? truncations are indicated (arrowhead). Both yeast homologs lack the last
WDA40 repeat, while the mammalian homologs contain six WD40 repeats, two
more than are found Drosophila All homologs except YBL104c contain a
RING/PHD finger-like domain. (YBL104c shares only part of the conserved

noteworthy (Fig. 5C). The first domain consist  gomain.) Black bar above the structure shows the region used as antigen. Stars

four WD40 repeats near the N terminus of indicate amino acid conservation betweeio homologs and the indicated motifs.
protein. WD40 repeats can function as an intel The consensus for the RING finger and PHD finger motifs are shown,
for protein-protein interactions (Smith et respectively, above and below tméo alignments.

1999). The second domain, near the C termin
the Mio protein, consists of ten invariant cyste

as well as three invariant histidines and contains limitedegion of the protein (Fig. 5C). Western blot analysis indicates
structural similarity to the RING finger and PHD finger that the polyclonal antibody recognizes a single band of ~98.6

domains (Capili et al., 2001) (Fig. 5C).

Mio localizes to nuclei that contain synaptonemal
complexes

kDa, the predicted molecular weight of the Mio protein (Fig.
6A). The intensity of the 98.6 kDa band is dramatically
increased in ovarian extracts frodASp-mio; nanos-
Gal4:VP16females, which overexpress thmio mRNA (Fig.

In order to determine the precise cellular localization of théA). Ovaries frommic? females produce a slightly smaller
Mio protein, we generated antibodies against a C-terminadrotein, 92.6 kDa, consistent with theio?® C-terminal

Table 2. Rescue ofmio mutant phenotype bymio cDNA

Maternal genotype n  16-nurse cell (%) Wild type (%)
w; mic?, UASp-mio 110 89.1 10.9
w; mic?, UASp-mio; nos-GAL4/+ 176 0.6 99.4

truncation. Immunostaining of wild-type ovaries indicates that
the Mio protein specifically localizes to oocyte nuclei (Fig.
6B). Weak Mio staining is first detected in one or two centrally
located cystocytes in region 2a (Fig. 6C). The staining becomes
dramatically brighter and restricted to a single cell in region
2b. Staining in the oocyte nucleus after stage 3 is still visible
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gene is overexpressed in the germline frommm

A transgene (see Fig. S1B,C at http://dev.biologists.org/
RS supplemental).
Q§ R The Mio staining pattern is similar to proteins that
é\ S‘”% N § localize to the pro-oocytes. Double labeling wathlio
113.?kg— — - antibodies and an antibody against the SC protein C(3)G,
97 4kD- "

indicate that Mio colocalizes to nuclei that contain the
SC (Fig. 6D). However, Mio does not specifically
localize to the thread-like SC itself, but appears to have
a more dispersed distribution within the pro-oocyte
nuclei (Fig. 6D, small box). Thus, the Mio protein
accumulates in the nuclei of the pro-oocyte(s) at, or soon
after, the onset of prophase of meiosis |. Double labeling
with aMio and antibodies against the cytoplasmic oocyte
determinant Orb, confirm that Mio is concentrated in the
pro-oocyte nuclei beginning in region 2a (data not
shown). This makes Mio one of the earliest nuclear
markers for the oocyte that is not a known component of
/{\Hza the synaptonemal complex.

98.6kD
80.9kD-

A e e -TUub

| G ;,[ The mio phenotype is suppressed by blocking
[N E@D ___.--"'JF'2b the formation of DSB during meiosis
J_ Mutations in genes required to repair DSB, sucblas
W X andspnB affect the formation of the dorsoventral axis
! \.I R3 of the egg (Ghabrial et al., 1998). tkra and spnB
| / mutants this phenotype is suppressed by blocking the
\@/ ol formation of the DSB that initiate meiotic recombination
[ (Ghabrial and Schipbach, 1999). In order to determine
I A\ if blocking the formation of DSBs suppresses thie
ovarian phenotypes, we examinedo, mei-W68and
mio, mei-P22 double-mutant females. Botmei-W68

Fig. 6. Mio localizes to oocyte nuclei. (A) Western blot analysis of ovarian

protein extracts. TheMio antibody recognizes a single band that coincides . :
with the predicted molecular size of Mio, 98.6 kDa in extract from wild (SPO1lhomolog) andnei-P22(novel gene) are required

type (WT) and the Mio overexpression line (UASp-mio). Additionally, the for DS_B fo_rmatlon during meiosis - (McKim . and
antibody recognizes a slightly smaller protein (asteriskjio? ovarian Hayashi-Hagihara, 1998; Sekelsky et al., 1999; Liu etal.,
extractsmic? is predicted to encode a truncated Mio protein of 92.6 kDa. 2002). Intriguingly, ovaries frommio, mei-Wé&ndmio,

The last lane is a higher contrast picture ofrtfie? extract. (B) A wild-type ~ mei-P22double-mutants have three to four times more
ovariole stained witluMio. (C) Faint Mio signal is detected in two cells of egg chambers that contain an oocyte thd@o single

a cyst in region 2a. The pattern is often not symmetric, with one nucleus mutants (Table 3). In additiomio, mei-W68and mio,
(large arrow) frequently having a brighter signal. In region 2b and region 3mej-P22egg chambers often undergo vitellogenesis and
the staining is restricted to a single cell and dramatically increases in develop to late stages of oogenesis (Fig. 7B). By
intensity (arrows). (D) C(3)G localization in the same germarium as contrast, egg chambers framio single mutants rarely

depicted in C. Small box denotes magnified region-2b nucleus stained wit . : .
aMio (red) andaC(3)G (green). Arrows and arrowheads indicatéio- IEieve]op beyon.d stage 5 (F.'g' 7A). Pchmg a smglg copy
of either amei-W68or mei-P22 mutation in themio

positive cells in B andC(3)G-positive cells in D. E is a diagram showing X X . .
the stages and localization of Mio (red) and C(3)G (green) in the germariufckground results in a partial suppression of the ovarian
depicted in C and D. The Mio protein colocalizes to the nuclei that stain Phenotype (Table 3). Thus, inhibiting the formation of
most intensely wittuC(3)G in region 2a (large arrowheads and arrows). DSBs during meiosis significantly suppresses the
However, the overlay of a region 2b nucleus demonstrates that the Mio mio 16-nurse cell phenotype and the associated
protein has a different distribution than the SC component C(3)G (small developmental delay.
box). The spnB and okr DV patterning defects are
suppressed in amei-41 background (Ghabrial and
Schupbach, 1999)mei-41 encodes the ATM/ATR
in somemio! mutant egg chambers, indicating that ¢thdio homolog and is proposed to be a component of the pathway
signal observed in post-germarial stages of oogenesis is at lettsit delays meiotic progression in response to unrepaired DSB
partially due to a crossreaction. However, we believe that th@&habrial and Schipbach, 1999; McKim et al., 2000). These
following two observations indicate that th®lio signal in the  data indicate that it is the activation of the meiotic checkpoint,
germarium is real. First, no germarial staining is observed iand not the presence of DSB, that cause the DV patterning
the miol mutant (see Fig. S1A at http:/dev.biologists.org/defects observed iokr andspnBegg chambers. We examined
supplemental), which is predicted to produce a truncatechei-4290, mic? double mutants to determine if thmio
protein that does not contain the appropriate antigen (see Fighenotype was also dependent on the activation of the meiotic
5C). Second, thetMio signal is dramatically increased in checkpoint. In contrast to what is observedsim-Band okr
intensity, but present in the same germarial pattern, when tmeutantsmic? is not rescued in mei-4U! background (Table
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Table 3. Suppression ofmio mutant phenotype bymei-W68 and mei-P2futations

Maternal genotype n 16-nurse cell (%) Abnormal karyosome (%)  Other* (%) Wild type (%)
mic? 411 89.5 2.0 1.7 6.8
mic?, mei-We8/+ 259 40.7 - 1.9 57.4
miol/mic?, mei-W68/+ 366 58.2 - 0.9 40.9
mic?, mei-W68 368 21.6 18.4 2.9 57.1
mio?; mei-P2227+ 444 56.4 8.4 8.4 29.7
mic%;, mei-P2222 153 13.6 7.5 5.6 73.3
miol/mic?, mei-W6805603+* 221 57.1 - 2.9 40.0
mio?, mei-W6805603+ 562 60.0 - 5.3 34.7
miQ2 **+* 224 99.1 0 0.9 0
mei-4290/+; mio?2 *** 342 98.8 0 0 1.2
mei-4290; mijg?2 *** 202 99.0 0 0 1.0

*Egg chambers that have more than 16 cells in double mutants, and/or that have eightnd&lls in

** mei-W6805603is homozygous lethal.

** mic? line used for thenei-41study was independently isolated from #ti€® chromosome by meiotic recombination, and has a slightly stronger phenotype
than the originaimic? isolate.

3). These data indicate that the presence of unrepaired DSB&40 repeats found in Mio and CAF1p48/RbAp48 is
contribute to themio phenotype independent of the meiotic particularly intriguing in light of the disruptions in meiotic
checkpoint. chromatin structure observednmo single mutants as well as
mio, egldouble mutant combinations. In addition to the WD40
repeats, Mio family members contain a highly conserved 50

Discussion amino acid domain near their C termini that share structural
mio encodes a highly conserved protein that similarities to two well-characterized zinc binding domains,

localizes to oocyte nuclei in early prophase of the RING finger and the PHD finger. RING finger domains are
meiosis | present in a subclass of E3 ubiquitin ligases, while PHD fingers

The mio gene encodes a novel protein that is conserved frofmave been implicated in chromatin binding (Aasland et al.,
yeast to humans. In higher eukaryotes, all Mio family member$995; Joazeiro and Weissman, 2000). Although the ‘Mio
share a similar domain structure. The N termini contain a seri@main’ does share structural similarities to these zinc-binding
of four to six well-conserved WD40 repeats. WD40 repeatslomains, it does not fit the exact consensus of either a
often provide a surface for protein-protein interactions (Smitltanonical RING finger or a canonical PHD finger. Therefore,
et al., 1999). The WD40 repeats foundriio family members the biochemical function of this highly conserved domain
are most similar to those present in the chromatin-bindingemains to be empirically determined.

protein CAF1p48/RbAp48, which is a component of numerous Mio is the earliest nuclear marker for the oocyte that is not
chromatin-remodeling complexes (Vermaak et al., 1999; Mell@a known component of the SC. Drosophila, the SC is
and Almouzni, 2001). Specifically, CAF1p48/RbAp48 is foundconstructed before the formation of the DSBs that initiates
in complexes that modify chromatin through the acetylatiormeiotic recombination (McKim et al., 1998; Liu et al., 2002).
and deacetylation of histones. The similarity between th&@he Mio protein is first expressed in region 2a where it
colocalizes to nuclei that contain SCs. Thus,
during oogenesis Mio is expressed specifically in
cells that have entered the meiotic cycle.
Although Mio is expressed in both pro-oocytes
in early region 2a, Mio staining always appears
asymmetric with one cell, presumably the true
oocyte, having a brighter signal. Intriguingly,
Mio staining is asymmetric before there is
noticeable asymmetry in SC structure, as
determined by C(3)G staining. Although Mio

Fig. 7.Mutations inmei-W68suppress theio

mutant phenotype. Ovarioles framic? (A) and a

mio?, mei-W68 double mutant (B), stained with
Hoechst (blue) andOrb (red). Unlike the single
mutant, oocytes from double mutants form normal
karyosomes (arrows) and accumulate Orb protein
beginning in region 2a (arrowheads). Although most
: mic?, mei-W68 egg chambers develop normally,

X some abnormalities are observed, such as the
mispositioning of the oocyte (see third egg chamber
in B where the oocyte is located in the center, rather
than the posterior, of the egg chamber).

mio? mei-W68'
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does accumulate soon after the onset of the meiotic cycle, like, but persists as generalized nuclear staining with one or
egl mutants, Mio does not localize to a single nucleus bumore bright dots. This pattern suggests that either the nuclei
remains undetectable. These data strongly suggest that thee arrested prior to pachytene, before the completion of the
construction of the microtubule-based directional transponnature SC, or alternativelyio, eglmutants form a defective
system precedes the specific accumulation of Mio in th&C.

oocyte. This localization pattern is consistent with a role for Why might the disruption of directional transport to the
mio downstream of the initial specification of the oocyteoocyte uncover an earlier function fmio? In wild-type cysts,

identity. factors required for meiotic progression are produced in all 16
o . cystocytes but are quickly transported to the oocyte where they

Mio influences cyst polarity and oocyte accumulate to high levels (Spradling, 1993).esi mutants

differentiation these putative meiotic factors are not enriched in a single cell,

In mio mutant egg chambers, the oocyte enters the endocydieit instead are present in all 16 cystocytes, presumably at a
and adopts a nurse cell fate. Two observations indicate that Miouch lower concentration than is observed in a wild-type
acts as early as region 2a and affects some of the earliest stepsyte. It is only in this compromised situation, where factors
in oocyte differentiation. In wild-type cysts four cells enterrequired for meiotic progression may be limiting, that Mio
meiosis and form SC in region 2a before the meiotic cycle ibecomes an absolute requirement for progression to pachytene.
restricted to a single cell in region 2b. Howeveminmutants,  One possible explanation for these data is that a protein that is
too many cells enter meiosis in region 2a and form SC. Thisormally concentrated in the oocyte, via the direction transport
early broadening of the meiotic gradient, with too many cellsystem, is partially redundant for Mio function. Additional
displaying oocyte like features, is similar to what is observedupport for a role for Mio prior to pachytene comes from the
in parl mutants and is consistent with a delay in theobservation thatmio single mutants contain an increased
establishment of cyst polarity and/or the differentiation of theproportion of cysts with fragmented or partially formed SC in
oocyte. In additionmio mutants are slow to accumulate oocyteregion 2a of the germarium. The increase in the proportion of
specific markers. In wild-type cysts, oocyte-specific markerghis developmental intermediate suggests that mutationgin
such as Orb and Bic-D, accumulate in a single centrallgause subtle alterations in the kinetics of SC formation.
localized cell beginning in region 2a (Spradling, 1993)nla Our data support a model in which Mio acts to facilitate the
mutants this accumulation is often not observed until region 3wuclear events of meiotic progression soon after the completion
Indeed, the initial expression of Orb appears to be delayasf premeiotic S phase and the onset of the meiotic
or substantially reduced, wittmio cysts throughout the developmental program. Considering the presence of WD40
germarium having lower overall levels of Orb compared withrepeats similar to those found in CAF1p48/RbAp48, we
similarly staged wild-type cysts. These data demonstrate thapeculate that Mio may act to modify chromatin structure in
consistent with its expression at the onset of prophase tfie pro-oocyte nuclei to promote oocyte differentiation and
meiosis |, Mio functions early in oogenesis to promote therepare the oocyte nucleus for the upcoming events of meiosis,
polarization of the cyst and acquisition of the oocyte fateincluding meiotic recombination and the meiotic divisions. As
However, we note that it is not clear if this early meioticdiscussed below, this model is consistent with a potential role
function of Mio is required for the maintenance of the meiotidor Mio in DSB repair during meiosis.
cycle or if Mio functions at multiple times during oogenesis.

How does one reconcile the limited expression pattern d#lio may be required to repair the DSBs that initiate
Mio, which specifically accumulates in the nuclei of the twomeiotic recombination
pro-oocytes, with the apparent global disruption in cyst polarityrhe mio ovarian phenotype is suppressed by inhibiting the
observed ifmio mutants? We can think of at least two possibleformation of DSBs during meiosis. mio single mutants, the
explanations for this apparent paradox. First, Mio may act inocyte frequently enters the endocycle and becomes polyploid.
the oocyte nucleus to reinforce and maintain the oocyte fatélowever, when placed in a genetic background in which DSB
In this model, subtle alterations in oocyte differentiation mayormation is inhibited, the majority ofiio egg chambers retain
compromise, but not eliminate, the directional transport syster@n oocyte and develop to late stages of oogenesis. Intriguingly,
and/or other pathways that are required to establish and/owutations in the meiotic checkpoint gemeei-41 do not
reinforce cyst polarity. This might produce a weadtlike  suppressmio, indicating that it is the physical presence of
phenotype and thus allow an inappropriate number of cellBSB, and not the activation of the meiotic checkpoint, that
to enter meiosis. Alternatively, Mio may be present atcontributes to themio phenotype. However, although clearly
undetectable levels in cells beyond the two pro-oocytes. In thimportant, the inability to repair DSBs during meiosis is
model, Mio acts cell autonomously to influence cell cycleunlikely to be sole cause of timio phenotype. Mutations in
regulation and the establishment of cyst polarity in cellgenes with a direct role in DSB repair, suctolkisandspnB

throughout the cyst. cause patterning defects late in oogenesis (Gonzalez-Reyes et
_ - o _ al., 1997; Ghabrial et al., 1998) but do not result in the
Mio facilitates meiotic progression complete abandonment of meiosis and the polyploidization

The analysis ofmio, egldouble mutants demonstrate that Mio of the oocyte, as is observedrimio mutants. Thereforanio
influences meiotic progression and/or meiotic chromosommust have additional functions beyond the repair of DSBs.
structure early in prophase of meiosis |, prior to the formatioi€onsidering that Mio localizes to the oocyte nucleus early in
of the mature SC. The phenotyperoio, egldouble mutants meiosis and functions before the construction of the mature
is considerable stronger than either single mutant. In the doub®C, we speculate thatio acts upstream of the enzymology of
mutant the C(3)G pattern never appears even remotely threddSB repair. Thus, the inability ghio mutants to repair DSB
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may be due to a general alteration in meiotic chromosome photoreceptor cell fate through cooperative action of two transcriptional
structure or alternatively subtle alterations in the meiotic repressors Yan and Tramtrackeneticsl47, 1131-1137. ,
Lantz, V., Ambrosio, L. and Schedl, P(1992). TheDrosophila orbgene is
program. dicted d e i bindi 4 dh
he future, the identification of the molecular mechanism .. icted to encode sex-specific germiine RNA-binding proteins and has
Int e e . SR localized transcripts in ovaries and early embripmelopment 15 75-88.
by which mio influences the differentiation of the oocyte Lantz, V., Chang, J. S., Horabin, J. I., Bopp, D. and Schedl, PL994). The
nucleus as well as the regulation of the meiotic chromosomesDrosophila orb RNA-binding protein is required for the formation of the egg

will provi insiaht in h rl nder hw. h chamber and establishment of polartBenes Dew8, 598-613.
provide insight into the poorly understood pathways tha urencon, A., Purdyb, A., Sekelsky, J., Hawley, R. S. and Su, T. (R003).

quve early meiotic progression and early oocyte deve|0pme FPhenotypic Analysis of Separation-of-Function Alleles of MEI-41,
In metazoans. Drosophila ATM/ATR.Genetics164, 589-601.
Liu, H., Jang, J. K., Kato, N. and McKim, K. S.(2002). mei-P22 encodes
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