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SUMMARY

The COP9 signalosome (CSN) is linked to signaling for the repair of meiotic recombination-induced, DNA

pathways and ubiquitin-dependent protein degradation

in yeast, plant and mammalian cells, but its roles in
Drosophila development are just beginning to be
understood. We show that during oogenesis CSN5/JAB1,
one subunit of the CSN, is required for meiotic progression
and for establishment of both the AP and DV axes of the
Drosophila oocyte. The EGFR ligand Gurken is essential
for both axes, and our results show thaCSN5 mutations

block the accumulation of Gurken protein in the oocyte.

CSN5 mutations also cause the modification of Vasa, which

double-strand breaks. When these breaks are not repaired,
a DNA damage checkpoint mediated bynei-41is activated.
Accordingly, the CSN5 phenotype is suppressed by
mutations in mei-41or by mutations in mei-W68,which is
required for double strand break formation. These results
suggest that, like thespindleclass genesCSN5 regulates
axis formation by checkpoint-dependent, translational
control of Gurken. They also reveal a link between DNA
repair, axis formation and the COP9 signalosome, a protein
complex that acts in multiple signaling pathways by

is known to be required for Gurken translation. ThisCSN5

phenotype — defective axis formation, reduced Gurken
accumulation and modification of Vasa — is very similar to
the phenotype of thespindleclass genes that are required

regulating protein stability.

Key words: Oogenesis, Embryogenesis, Ubiquitin, CSN, Jab1, DNA
repair

INTRODUCTION 1999). Meiotic prophase begins in early region 2a of the
germarium, and both recombination and repair are probably
Polarization of the anteroposterior (AP) axis of fvesophila  completed before oocyte determination occurs in region 2b
oocyte occurs early in oogenesis, while the presumptive oocy{eluynh and St Johnston, 2000).
is still in the germarium (Gonzalez-Reyes and St Johnston, Meiosis and axis establishment are related to each other
1998). The dorsoventral (DV) axis is set up much later antlecause the accumulation of Grk protein in the oocyte
relies on transfer of the AP axis polarity from the oocyte to theytoplasm depends on the successful completion of meiotic
somatic follicle cells at the posterior end of the oocyte. Duringecombination (Ghabrial et al., 1998; Ghabrial and Schupbach,
stages 4-6 in wild-type egg chambeggk RNA that is 1999). Mutations in thepindle€lass genespindle-B(spn-B,
localized next to the nucleus at the posterior end of the oocyspindle-C (spn-Q and okra (okr), cause a delay in oocyte
is translated and signals through the EGFR pathway tdetermination and a failure to accumulate Grk protein, leading
establish the adjacent follicle cells as posterior (Gonzalezo defects in AP and DV patterning in late oogenesis
Reyes et al., 1995). After these posterior follicle cells signalGonzalez-Reyes et al., 1997; Ghabrial and Schupbach, 1999).
back to the oocyte, microtubule orientation in the oocyte ispn-Bandokr encodeDrosophilahomologs of th&RAD51and
reversed, and the oocyte nucleus migrates along tHRAD54 genes from yeast that are required for DSB repair
microtubules to an anterior corner of the oocyte. During stagd§&habrial et al., 1998; Kooistra et al., 1997). Their effects on
8-9 this anterior corner is defined as dorsal by translation @rk appear to be mediated by a DNA damage checkpoint
grk RNA and activation of EGFR signaling in the overlying governed by Mei-41, ®rosophilamember of the ATM/ATR
follicle cells (Gonzalez-Reyes et al., 1995; Neuman-Silberbertamily of kinases that are required for DNA damage and
and Schupbach, 1994; Roth et al., 1995). ThQussignaling recombination checkpoints in yeast, worms and humans, as
is required for elaboration of the AP axis and establishment afell as flies (reviewed by Melo and Toczysky, 2002; Weinert,
the DV axis. 1998; Murakami and Nurse, 2000). Because they eliminate the
Recent results have shown that establishment of both AP actieckpointmei-41mutations suppress the effectsphor okr
DV axes also depends on the successful repair of DNA doubtautations. Thespnandokr mutations can also be suppressed
strand breaks (DSBs) that are formed during meiotiby mutations inmei-W68 which encodes thérosophila
recombination (Ghabrial et al., 1998; Ghabrial and Schupbachpmolog of yeast gen&PO11 a gene required for the
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induction of DSBs during recombination (Ghabrial et al., 1998Genetics

Roeder, 1997) These results indicate that $pa or okr  CSN5homozygous-mutant germline clones were produced by using

patterning defects result from activation of a meioticthe dominant-female-sterile, FLP/FRT techniqgue (Chou and

checkpoint in response to the presence of unrepaired DSBsPerrimon, 1992; Chou and Perrimon, 1996). Females of genatype
We show that, like thspindleclass gene€,SN5is required ~ CSN%4%32  P{neoFRT}82B/TM3B, Sh or w; CSN&5

for the repair of recombination-induced DSBs duringP{n€oFRT}82B/TM3B, Shvere mated with males of genotype

Drosophila oogenesis. The CSN5 protein (also known a SFLP, ovcPl FRT82B/TM3B, SbkTheir progeny were heat shocked

: . : : : third instar larvae or early pupae for two hours at 37°C for 2
Jabl), is a subunit of the eight protein COP9 Slgnalosom%gnsecutive days to indudeLP expression. Follicle cell mosaic

complex (CSN) originally identified in plants and conserveIFIones were induced as described by Duffy et al. (Duffy et al., 1998):

from plant to mammalian cells (for reviews, see Seeger et akjes carrying w; P{en2.4-GAL4}e22c P{UAS-FLP1.D}JD1/CyO
2001; Schwechheimer and Deng, 2001; Bech-Otschir et abfneoFRT}82B P{Ubi-GFP(S65T)nis}3Rvere mated with w;
2002). As the genes for the CSN subunits were identified, BneoFRT}82B CSN5*TM3B, Stiies. Eggs were collected and
striking similarity was noticed between them and the eighéxamined for several days after eclosion. Females were dissected to
subunits of the regulatory lid of the proteasome, suggestingcanfirm the presence of homozygous-mutant follicle cells marked by
common ancestry and related function (Glickman et al., 1998he absence of GFP. S N
Seeger, 1998; Wei et al., 1998). This similarity was intriguin T_he orlgl_naICSNSP element insertion 1(3)L4032 was mobilized
because examinations of CSN function have shown th introducing thé’[ry*(A2-3)]99Btransposase source (Engels et al.,

. ; P : : 87). Derivatives that had lost thé marker carried by the original
ltb'regtl_JIatt_es prc&t%m S&at:!“ty bmth pathV\t/ays Ieadlng_ 105 sert were crossed back@SNS4032to identify imprecise excisions.
ubiquitination and degradation by the proteasome (reviewe e majority of new excision lines appear to be precise excisions of

gz’jeezgoeorl?t al., 2001; Schwechheimer and Deng, 2001; KifRe original P-element insertion. They were fully viable and had no
o . ovarian defects when homozygous or when heterozygous with
The CSN has been implicated in many regulatory an@sN%4932 Several weak aIIeIesy%ﬁSN5were also identifie)(ljs.] They
signaling functions including activation of the Jun transcriptiorhad poor viability and weak ovarian defects when heterozygous with
factor, stabilization of nuclear hormone receptors andSN34032 Finally, several lines failed to complement the lethality of
interactions with integrins. Most relevant here, the CSN or it§SN54%32 and produced, as germline clones, similar ovarian defects
subunits have been shown to regulate multiple steps in tHie didCSN&4032

mitotic cell cycle. For example, the CSN regulates th

ublqurglnatlon and degradation of.the CDK inhibitor, le? he fixation and visualization of egg chambers and embryos was
and either a smaII,_ ?SNS-contamlng subcomplex or CSN erformed as described (Cant et al., 1994; Verheyen and Cooley,
alone promotes p2P nuclear export (Yang et al., 2002; 1994). For immunostaining, the following antibodies were used:
Tomoda et al., 1999). In addition, a CSN-associated kinasfiouse anti-Grk (1:20), rat anti-Grk (1:500), rabbit anti-sperm-tail
activity promotes degradation of p53, thereby allowing cel(1:500), rabbit anti-Vasa (1:1000) (gifts from T. Schupbach, R. Cohen,
cycle progression (Bech-Otschir et al., 2001). T. Karr and P. Lasko). To monitdacZ expression of the RcZ

In Drosophila CSNSs essential for development (Freilich insertion mutations, ovaries were treated according to Verheyen and
et al, 1999) and was recently shown to be required ifooley (Verheyen and Cooley, 1994). For actin visualization, ovaries
photoreceptor cells to induce glial cell migration (Suh et al.Were stained with rhodamine-conjugated phalloidin - (Molecular
2002). We report the first example oE&NS5effect on meiosis Ibrobe_s_). To visualize nucI(_al, tissues were stained with DAPI. High
and on axis determination. We find that homozygB&5- magnlflcathn fluorescent images were collected on a Zeiss 510
mutant clones disrupt both the DV and AP axes of the oocytceonfoCal MICTOSCope.
as a result of decreased Grk protein. These effects on axissitu hybridization

determination appear to be caused by activation of the meiotjg situ hybridization using digoxigenin-labeled antisense RNA probes
recombination checkpoint. was carried out as described (Tautz and Pfeifle, 1989) with
modifications (Harland, 1991). Hybridization signals were visualized
by histochemical staining with alkaline phosphatase. Embryos and
ovaries were mounted in 70% glycerol and viewed and photographed
with Nomarski optics on a Leica DMRB microscope.

%taining procedures

MATERIALS AND METHODS

Fly strains Western and northern blots

Canton S anav!118were used as standard straipgcW insertion  Protein extracts for western blot analysis were prepared as described
line 1(3)L4032 (referred to here &SN%4032 was obtained from the by Sambrook et al. (Sambrook et al., 19xpsophilaCSN5/JAB1
BerkeleyDrosophilaGenome Project (Spradling et al., 199928, protein was detected using a mouse polyclonal, and three independent
grkiK36 grkHF, mei-4P3, mei-4P! and mei-4RT lines were a gift mouse monoclonal, anti-mouse Jab1 antibodies (GeneTex), or a rabbit
from T. Schupbach (described by Neuman-Silberberg and Schupbagiulyclonal, anti-mouse Jabl antibody (Santa Cruz Biotechnology).
1993; Ghabrial and Schupbach, 199@K5A6\was obtained from N.  On a western blot, all of these antibodies recognized the same 37-38
Perrimon and described in Musacchio and Perrimon (Musacchio arkda band, consistent with the predicted sizBasophilaCSN5. No
Perrimon, 1996). Enhancer trap line PZ6256 (Liu and Montell, 1999%ther specific bands were detected. This band is strongly reduced in
was a gift from D. Montell. Strainsnei-W68, mei-W68§05603 extracts fromCSN%4932 germline clone ovaries and is reduced to
EGFR2, EGFRFL, EGFRY, slbd1310(slbot) were obtained from the different extents by the hypomorphic alleles derived f@&N%4032
Bloomington Drosophila Stock Center. Standard conditions were Monoclonal antibody MS-JAB11-PXS (GeneTex) was used for the
used for raising flies. Crosses were performed at 25°C except asstern blots in this paper. We used rat polyclonal and mouse
described in the text. Embryos were collected on molasses/agar platesonoclonal anti-Grk antibodies (gifts from T. Schupbach and R.
Flies carrying a GFP balancer were used to determine the lethal sta@ehen), rabbit anti-Vasa (a gift from P. Lasko), or monoclonal anti-
of development. Actin (ICN). Secondary antibodies for signal detection were a goat
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Fig. 1. CSN5expression in wild-type B E
andCSN5mutants. (A,B) In wild-type
ovaries,CSNb5expression is detected il r e
nurse cells beginning in the germariui ¥
(C,D) In CSN%4932mutant germline
clones (GLC), expression &fSN5SRNA
is strongly reduced. Northern blot wt wt
analysis of ovarian extracts show a
similar reduction irCSN5GLC (data D F y
not shown). (E) Expression in early

wild-type embryos indicates a strong < . . -
maternal contribution. (F) IESN5 ? 3 4 v 3
heterozygotes that lack mater@sN5 i3 i,

RNA, zygotic expression is detectable L4032 032 14032
an anterior stripe during cellular CSND GLC CSN. GLC CSNS GLC
blastoderm (arrow). (G,H) During 0 o e G

A Ao~

gastrulationCSN5RNA is most strongl o Cy\-‘L;l\ﬁ

.\"'E'l ,‘\5
expressed in the ventral furrow, the ‘4_3 E 4‘5 \ﬂ'-“l-'
cephalic furrow, and both the anterior o o (o LA o S
and posterior midgut invaginations. Tl —

expression pattern is absent in mater|

and zygotic minus embryos (data not wt
shown). All figures show anterior ’ H
towards the left. (I) Western blot of . - . Jabl/CSN5

size is consistent with the predicted s I

for DrosophilaCSN5 (37 kDa) and no

other specifically reduced bands were detected. Heteroallelic combinati@Bd&f032with excision derivatives show a gradation of CSN5
protein that correlates with their allelic strength determined from viability, eggshell phenotypes and northern blots.

wild-type andCSN5mutant ovarian
extracts. A single 37-38 kDa band se " - -
in wild-type ovaries was strongly
reduced iIrCSN%4932GLC ovaries. Its
t

w

anti-rat or anti-mouse and a protein-A horseradish peroxidas€SN5 we induced homozygousCSN5mutant germline
conjugate (Molecular Probes; Santa Cruz Biotechnology). Proteinglones (Chou and Perrimon, 1992). These clones revealed
were visualized using chemiluminescent detection (NEN Life Sciencgequirements for CSN5 during oogenesis as well as
Products). embryogenesis. In ovarian germline clones the lev&Sifi5

Total or polyA RNA was isolated from ovaries as described g . . o
(Sambrook et al., 1989). RNA was resolved on formaldehyde—agaroéj@NA is dramatically reduced, but still detectable, indicating

- X 4032 j i
gels, transferred to nylon membranes, crosslinked and hybridized ‘?‘t the P-element |_nduced alle@SNS40%2 is hypomorphlc_
standard procedures. ig. 1C,D). Depending on the paternal allele, embryos derived

from the germline clones showed either a reduced amount of
CSN5RNA in the zygotic pattern (Fig. 1F) or no detectable

RESULTS CSN5RNA (not shown).
_ . . _ Flies carryingCSN5germline clones laid eggs with a range
During oogenesis CSN5 is expressed in nurse cells of abnormal phenotypes that were affected by temperature

Since mostCSN5 homozygotes die during larval or pupal (Fig. 2, Table 1). Flies grown at 25°C laid eggs with
development (this paper) (Freilich et al., 1999), it seemeghenotypes closest to normal. The most frequent defects at
likely that embryos receive a maternal contributionrC&N5  18°C were different from those at 29°C. At 18°C many of the
RNA or protein. In situ hybridization confirmed this defective eggs had fused dorsal appendages (Fig. 2B). At 29°C
expectation, showing th@&SN5RNA accumulates in the nurse there was an increasing frequency of properly separated but
cells beginning in the germarium and continuing through mosthort dorsal appendages (Fig. 2E). These results suggest that
of oogenesis (Fig. 1A-D). During stage IOSN5RNA is  aberrations in patterning the follicular epithelium predominate
transferred to the oocyte along with the bulk of the nurse ce#it 18°C, while defects in follicle cell migration predominate at
cytoplasm. 29°C.

In embryos, uniformly distributed maternal RNA is evident Because the eggshell phenotypes were only partially
until gastrulation begins. The earliest zygotic expression is ipenetrant, it was possible that they were caused by somatic,
an anterior stripe during cellular blastoderm. Duringrather than germlin€CSN5clones. To test this possibility, we
gastrulation, zygotic expression becomes evident in the ventr@iduced somatic clones in the ovary by using the follicle cell
furrow, the cephalic furrow, and both the anterior and posteriairiver E22c-GAL4to induce expression dJAS-FLP (Duffy

midgut invaginations (Fig. 1E-H). et al., 1998). Under these conditions, there were no eggshell
, , i defects at any temperature, indicating that this requirement for
CSN5is required for eggshell patterning CSN5function is limited to the germline.

To enable an analysis of early embryonic requirements for In addition to the eggshell defects, the viability @BN5
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J wt 5 CSN5“%32 GLC

CSN5™%2 GLC
D E F
= & =D

GSNSHR GLE

Fig. 2. Mutations inCSN5cause eggshell defects. (A) A wilc
type eggshell. Note the length of the dorsal appendages (
and the separation at their bases. (B-F) Eggshells derived
females carryin@€€ SN5mutant, germline clones. (B,C) Fuse
or absent DA in weakly or strongly ventralized eggshells.

(D) A partially dorsalized eggshell. Bases of the appendac
are more widely separated than in wild type. (E) Short but
normally spaced DA. (F) An unusual eggshell with duplica
DA. In addition to these eggshell defects, some eggs had an
unusually weak eggshell. These eggs were sometimes destroyed during attempts to move them. This phenotype may be eelatezh obs
made during dechorionation or fixation that many eggs £&N5GLC mothers fall into pieces.

CSN5M92 GLe CSN5H2 GLe

mutants also depends on temperature. At 29°C the original Bt 18°C 90% of the mutant larvae pupariate and 1-2% escape
element mutation is lethal during early development with feweas adults. Mobilization of the original P-element insertion
than 1% of the mutant larvae becoming prepupae. By contrasipnfirmed that it was responsible, not only for lethality, but also

for the eggshell defects; precise excisions were viable and had

Table 1. Eggshell defects iI€SN5mutants depend on normal dorsal appendages.

temperature

Maternal expression of CSN5 is required for

Percentage of eggs . .
9 99 embryonic dorsal-ventral patterning

Phenotype of laid IGSN4032GLC females 18°C  25°C  29°C . . .

enolype o ,eggs ald 155 emaes Some mutations that disrupt the DV patterning of the eggshell
g?rzi‘éI‘;/'VF;?]T;Z::;’;‘JS:S’QSDA 135 410 215 also affect the patterning of the embryo. To look for effects on
Dorsalized eggs 1-3 13 520 theembryonic DV fate map, we used as markers the expression
Short or absent DA 412 15 10-55 Of three zygotic geneslecapentaplegi¢dpp), rhomboid(rho)
g/IUfIttipLe DA 1 o <1 10 andtwist (twi) (Fig. 3).dppis expressed on the dorsal side of

oft chorion 5-1 5 4 i i i

Unhatched, mostly unfertiized embryos 810 ) 95 the embryo as well as its anterior and posterior ends (St

Johnston and Gelbart, 1987ho is expressed in two, eight-

Females carryin@ SN5mutant, germline clones (GLCs) frequently lay
eggs with abnormal dorsal appendages (DA). The frequency of abnormal
eggshells and the distribution among different classes of defective DA vary
with temperature and fly age. 25°C is the most permissive temperature. At
18°C, more of the eggs were ventralized; at 29°C, the frequencies of short
dorsal appendages and dorsalized eggs were higher. At 29°GC 8¢5t
GLC eggs remain unfertilized, as detected with anti-sperm tail antibody.
Some fertilized mutant embryos (~5%) die during early embryonic

development after a few nuclear divisions (revealed by DAPI staining). At all

temperatures some eggs had an unusually soft chorion.

Fig. 3. CSN5is required for dorsoventral patterning ¢
the embryo. (A) In wild-type embryaipp RNA
localizes to the dorsal side of the egg as well as the
poles. (B) In eggs from CSN5 GLC mothers, g
expressing domain is often reduced, indicating that
embryo is ventralized. (C) In rare, dorsalized embry
dppRNA extends around the DV circumference. (D,
wild-type embryostwi RNA is expressed in the ventr
mesoderm and at both poles. (EyF¥) RNA in embryos
derived fromCSN5germline mothers. (E) In
ventralized embryoswi RNA is more broadly
expressed ventrally and laterally. (F) In rare, strong|
dorsalized embryoswi RNA fails to accumulate in th
mutant egg. (G) In wild-type embrya$io RNA is
expressed in ventrolateral stripes and a dorsal midl
stripe. (H) In weakly ventralized eggs derived from
CSN5GLC mothers, the lateral stripe ibifo RNA was
moved dorsally and the dorsal stripe was reduced.
dorsalized embryodo RNA accumulates in stripes

wi

wt

A B
, Ay

cell-wide ventrolateral domains and later also in a narrow stripe
on the dorsal side of the embryo (Bier et al., 1990), a
marker for the mesoderm, is expressed ventrally in the embryo
(Thisse et al., 1988).

For all three of the markers, many of t@ESN5mutant
embryos appeared to be ventralized (Fig. 3B,E,H). In these
embryosdpp expression on the dorsal side was reduced or
absent. The dorsdho stripe was reduced and the lateral stripes
were moved dorsallytwi expression appeared to expand

C

&
CSN54032 GLC CSN5M4032 GLC
— .
T _ & |
CSN5M4032 GLC CSN5M032 GLC

that are probably derived from the dorsal stripe seen in wild-type embryos. Zygotic expression patterns could not bandahalgzédtantial
fraction of embryos that were unfertilized or extremely fragile (see Table 1).
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dorsally about halfway around the embryo. Some embryothe posterior end of the embryo (Fig. 4l). As gastrulation and
showed stronger ventralization at their anterior or posteriogerm band extension begin, somatic epithelial cells at the
ends (data not shown). There were also infrequent embryos thadsterior end of the embryo form a shallow cup that will

appeared to be dorsalized (Fig. 3C,F,I). eventually become the posterior midgut invagination. The pole

. . ) ) cells adhere to this cup and remain tightly clustered on its
CSN5 is also required for anterior-posterior surface as they are conveyed over the dorsal side of the embryo
polarization and then into its interior. IESN5mutant embryos the number

To characteriz€SN5mutants further, we examined the spatialof pole cells is often reduced, as might be expected because of
localization of the RNAs for two determinants of AP polarity, the inefficient localization obskarRNA (Fig. 4J). In addition,
bicoid (bcd) andoskar (osK. The localization obcdRNA to  the pole cells are occasionally found in a loose, non-contiguous
the anterior pole of the oocyte is crucial in the establishmemroup near, but not tightly associated with, the posterior end of
of AP polarity (Nusslein-Volhard et al., 1987; Berleth et al.,the embryo (Fig. 4K). This is an unusual phenotype, not seen
1988; St Johnston et al., 1989). @SN5mutant oocytes and in other mutants that impair the formation of pole plasm. Thus,
embryosbcd mRNA was abnormally expressed in 10-15% ofin addition to its role iroskar RNA localization, CSN5may
oocytes (Fig. 4). In these abnormal oocytespbittmRNA is  have a separate role in organizing the pole cell cluster.
diffusely distributed and sometimes accumulated near the ) ) ) ]
center of the oocyte (Fig. 4B). In mutant embryos, thd ~ CSN5is required for grk signaling
RNA often shifted toward the dorsal side of the embryo (FigSince CSN5germline clones caused defects in both the AP
4F). and DV axes, it seemed possible tlgak signaling was

The posterior pole of the egg chamber is defined by the tight.
posterior localization obskRNA (Ephrussi et al., 1991; Kim-
Ha et al., 1991). Although mos&SN5mutant oocytes and A B '
embryos were nearly normaisk RNA in 10-15% of mutant
oocytes and embryos was reduced or mislocalized (Fig. 4). 4 pr :
the abnormal oocytes, thesk RNA was typically diffuse or ~ bed /s AR
concentrated in the center of the oocyte (Fig. 4D). Only sma '
amounts were localized at the posterior pole. In the abnorm .
embryos only a small amount @$kRNA at the posterior pole
remained. In these embryos thekRNA appeared to be shifted c D

slightly dorsally from its normal position at the extreme |
posterior end (Fig. 4H). osk o) '..

Since the localization obsk and bcd RNAs depends on
polarization of the microtubule lattice, we used a reporter fo
the motor protein kinesin to examine microtubule organizatiol
in CSN5germline clones (Clark et al., 1994). Kinesin moves
toward the plus ends of microtubules, and in stage 8-9 wilc
type egg chambers kinegigal localizes to the posterior of
the oocyte. However, in som@SN5mutant oocytes kinesin-
[-gal staining was diffuse or mislocalized (not shown).

CSN5MH02 GLC

wt (CSN5UA4032 GLC

CSN5 may also be required for proper pole cell wi CSN5LA4032 GLC

organization G H
In addition to its role in determining the AP ax@B$SN5may

have a distinct role in pole cell development. In norma osk )
embryos, the pole cells form as a tight, contiguous cluster i i

wi CSN5MA032 GLC
concentrations. (E,F) In embryos the effect€8N5mutations on L
bcdRNA localization are less extreme. Some embryos do show
dorsally displacethcd RNA. (C,D) InCSN5mutant oocytes, littlesk wit CSN5M032 GLC
RNA is localized at the posterior pole. Instead it is often present Vasa
throughout the oocyte cytoplasm or in central concentrations. (G,H)
In some mutant embryosskRNA is posteriorly localized, but is
strongly reduced and sometimes shifted dorsally. (CEN5may
affect localization and number of pole cells. In agreement witbske
RNA results, anti-Vasa staining often shows a reduced number of pole
cells (J). In some cases the pole cells were not tightly clustered (K).

Fig. 4. Effects of CSNSmutations on the AP axis. (A-H)SN5is
required for proper localization btdandoskRNAs. (A,B) INCSN5
mutant oocytehcdRNA is often present diffusely throughout the | : = J
oocyte. In addition, the amountlo€d RNA at the anterior end of the -
oocyte may be reduced and there may be cdrmttHRNA

|CSN5L4032 GLC
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A E Fig. 5. GermlineCSN5mutations affect follicle cell patterning.
; (A-D) Reduction ofCSN5function disrupts the specification of
- the terminal follicle cells. In wild-type egg chambers, the
“» PZ6356 enhancer trap is expressed in border cell and oocyte
) - AL il nuclei (A), while theslboenhancer trap is expressed only in
i border cells (C). f€SN5mutant egg chambers, both enhancer
PZ6356/+ kek!selx traps are also expressed in posterior follicle cells (arrows, B,D),

B:I F suggesting that they have taken on anterior fate. (E$N5

GLCs affect patterning of the dorsoanterior follicle cells. In
y L]

i

M#

CSN5mutant egg chambers, expression ofkiblekonenhancer
trap is often reduced (F,G) or in rare cases undetectable (not
shown). In a small number of egg chambkekkonis expressed

PZG35€;H.-'E'SN5"‘”” GLC kekisase: CSNSH2 GLC in a larger than normal patch of dorsal follicle cells (H).

C __ G
SN or EGFR Females heterozygous for stragidy alleles lay
. . " H eggs with fused or partially fused dorsal appendages (Table
: v 2). This dominant phenotype provides a sensitive
: e 103 background for detecting interactions. With the exception
W-{ | kekistas; CSNSH* GLC of a precise P-element excision, @6N5alleles showed
D * H strong enhancement of the domingrik phenotype (Table
\ 2). In addition,CSN%4032\weakly enhanced the dominant
/ » - eggshell phenotype of a loss of functi®@GFR allele,
. . EGFR2.
. These results suggested that productiogr&fRNA or
slbo!/+; CSN54%32 GLC kekisas; CSN5“32 GLC protein might be affected iI@SN5germline clones. In situ
hybridization using ark probe showed normal or nearly
normal localization ofirk RNA in mostCSN5mutant stage
compromised (Gonzalez-Reyes et al., 1995; Roth et al., 1999)0 oocytes (Fig. 6B). In some of these mutant oocytes the
As described in the introductiogrk is unusual among axis- messenger was improperly localized, probably because the
determining genes in being required for both axes. oocyte nucleus was no longer located at the dorsal corner of
To assess the role d@SN5in grk signaling, we used the oocyte (Fig. 6C). Interestingly, in these oocytes the ‘dorsal’
reporters for either the posterior or the dorsal Grk signal. Ifollicle cells were often columnar as though the nucleus had
the absence of the posterior Grk signal, the posterior follicleeen properly localized at an earlier stage (Fig. 6C). A northern
cells appear to adopt the anterior follicle cell fate and expreddot showed nearly normal amountsgrk mRNA in ovaries
markers that are characteristic of the border cells (Gonzalezarrying CSN5mutant germline clones, consistent with the
Reyes et al.,, 1995; Roth et al., 1995). We used two sudtrong signals seen by in situ hybridization in most oocytes
markers, an enhancer trap called PZ6356 (Fig. 5A) afttba  (Fig. 6G).
lacZ enhancer trap (Fig. 5C) (Montell et al., 1992; Tinker et
al., 1998; Liu and Montell, 1999), to monitor whetl@8N5

is required for the early Grk signal. For both markers, loss ¢ Table 2. CSN5and gurkeninteract genetically

CSNS from the germline causethcZ expression in the % fused or partially fused dorsal appendages
posterior follicle cells of many egg chambers, suggesting (eggs counted)

reduction in Grk signaling (Fig. 5B,D). To monittlGFR  Genotype 18°C 25°C 29°C
signaling to the dorsal follicle cells at stages 9 and 10, we USty 28+ 75 (266) 27.7 (3140) 13.8 (2622)
a kekkon(keR-lacZ reporter construct (Fig. 5E). Because thegrkzg/+; csnsx27+ Not determined ~ 23.6 (1284) 13.2 (580)
kekgene acts downstream of tB&EFRpathway in the follicle  grk?8/+; CSN84037+ 97.7(347) 55.3 (2068) 52 (3853)
cells, it can serve as a sensitive indicatorgof activity ~— 9rk+ CSNSCT+ Not determined ~ 31.7 (1298)  25.3 (953)
coming from the oocyte (Musacchio and Perrimon, 1996972+ CSNS%+ Not determined 66 (1585) 48 (440)

. . : grk2B/+; CSN5*35+ Not determined 70.5 (1380) 52.3 (965)
Sapir et al., 1998). We found that at 18R€k expression is  grkHF/+ 98 (200) 66.7 (2760) 34 (842)
abnormal in about a third d@SN5mutant egg chambers at grkHF/+; CSNL4037+ 98 (180) 86.3(2302) 59.5 (1951)
stage 10 (but only 3-4% at 25°C). In most of these egEGFR¥+ 27.8 (2652) 24.6 (1267)  51.4(5010)
chambers, expression in the dorsal anterior follicle cells oveEGFRA+; CSN8-40%%+ 31.1(2983)  25.7(1012) 60.9(1474)

the oocyte was reduced or, rarelyv absent (F|g' SF’G)' A SMe  geveral genes involved Grk-EGFRsignaling were tested for dominant
number of egg chambers show broader expressidelon genetic interactions witBSN5 Eggs laid by control or doubly heterozygous
the follicle cells, probably reflecting the small number offlies were examined at 18, 25 or 29°C. Tgvk alleles showed strong genetic
dorsalized embryos arising from these mutant egg chambeinteractions wittCSN5 EGFR?, a strong loss of function allele, showed a
f . weak dominant interaction withSN%4932 No dominant, eggshell-phenotype
(Fig. 5H) We conclude thf”“ In. most e.gg C.hambers bOtinteractions were seen with mutations/asa encore squid rolled, Ras1
posterior and dorsal Grk signaling are impairedC8N5 fs(1)K1Q capy chic or spire
mutant germline clones. The CSN5alleles tested wer€SN5*27, a viable, precise excision allele;
Further evidence th&SNB5affects Grk signaling came from CSN5*!3 a viable, weak allel&gSN5*9andCSN5*3; lethal, strong alleles.
testing for genetic interactions betwe8SN5and eithergrk By themselves, heterozygoGSNb5alleles had no abnormal phenotypes.
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Immunostaining of egg chambers using anti-Grk antibodieSrk expression begins in region 2a in wild-type germaria. The
showed a more extreme effect. Grk protein was stronglgignal appears in several cells per cyst in regions 2a and 2b and
reduced irCSN5mutants compared with controls, although thethen becomes concentrated in the oocyte cytoplasm by region
residual protein usually appeared to be properly localized (Fi® (Fig. 7A). In viable, hypomorphic combinations such as
6D-F). This reduction was confirmed by western blot analysi€ SN5*2YCSN%4032 we could not detect Grk expression in the
(Fig. 6H). There were also a few cases of Grk
protein mislocalization, sometimes be

present all along the anterior end of theoo A B C
(data not shown). - P
The reduction in Grk protein appearec
be most extreme at early stages in ooger e
s S
wi CSN5M%2 GLC CSN54%%2 GLC
Fig. 6. CSN5is necessary for Grk protein
expression, not fagrk transcription. (A-C) In situ ) E F
localization ofgrk RNA. At stage 10grk 50 4 ' e '
transcript accumulates at the dorsoanterior corner. = = = = Zan Y
of wild-type and mos€SN5mutant oocytes N 1
(A,B). Occasionallygrk RNA is mislocalized, k. e
robably because of mislocalization of the oocyte
b Y y CSN3Y 2 GLC CSN5%? GLC

nucleus (C). (D-F) Grk antibody immunostaining. ™ !
In CSN5GLC egg chambers, expression of Grk is A

reduced or more diffusely distributed than in wild o o
type. (G) Northern blot analysis gfk mRNA { H & o b
levels. INCSN5GLC ovaries, the level ajrk .I\\b\' Q_g—,\ @‘“
MRNA (extracted from an equal number of i ¢ ¢

ovaries) is similar to wild type and significantly
higher than irgrk null-mutant ovaries.

(H) Western blot analysis of Grk protein level.
The Grk antibody recognizes a 46-47 kDa band
that is reduced in ovaries homozygous for a
hypomorphiagrk allele,grkHk36, and strongly
reduced in ovaries fro@SN5germline clones.

- S— Gk

—_— Actin

grk mRNA

Fig. 7.CSN5mutations activate mei-4t
dependent meiotic checkpoint. (A) In w
type, Grk protein is detectable in region
of the germarium and is restricted to the
oocyte from region 3 onwards. (B) In
CSN5*2YCSN&4032germaria, Grk is
undetectable. (C) Loss aifei-41restores
Grk expression iICSN5*2YCSN5$4032
heterozygotes. (D,E)SNSmutations
affect the mobility of Vasa protein. (D) £
anti-Vasa western blot of ovarian extrac
shows retarded Vasa migration in
CSN%4032germline clones. (E) An anti-

2114032 mei-41; CSN

Vasa western blot of ovarian extracts fr o
severalCSN5allelic combinations. In wilt & & ik o
type, Vasa migrates as a single 72 kDa PP o O
band. Vasa migrates as two bands in O &6 __‘gi W o
CSN5XICSNB4032and ) OF & OF L
CSNB*2YCSN%4932 Notice, that in the & G\,C' & F s ¢ Fv &

stronger combination o & o & RO ¢ & F g &
(CSNB5*YCSN%403) more Vasa protein g K A g ad" Qo S E ad N

migrates slowly than in the weaker NP S FEP P FFPF S ¢

combination CSN5*1JCSN%4032), D -

Furthermore, IrCSN5*1JCSN%4032 Vase ——— 1o E“."-. - -' Vasa

is fully restored to normal mobility by

removal of one dose ofiei-41, while

CSN5*2YCSN&4032requires homozygous

mei-41for normal Vasa mobility. Removing one dosenwi-W68is sufficient to restore Vasa mobility in both hypomorpRi§N5mutant
combinations. A seconuei-W68allele (mei-W68) had a weaker effect. As a heterozygote withGB&5mutant combinations, it gave only a
partial rescue of Vasa mobility, although thei-W68/mei-W68°5603combination resulted in full rescue of Vasa mobility (data not shown).
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germarium (Fig. 7B). With this combination Grk does becomdISCUSSION

detectable from stage 2-3 onwards (data not shown),

suggesting that a reduction in CSN5 causes a delay in t@SN5 participates in axis establishment

beginning of Grk accumulation (see Discussion). TakerEstablishment of both AP and DV polarity requires expression
together these results show that the major effecC8NS  of the TGFa homolog Gurken in the oocyte and activation of
mutations appears to be grk RNAtranslation or on stability the EGF receptor and its downstream effectors in the adjacent

of the protein. follicle cells. Our results show that CSN5 is required in the
. . iotic checkooi germline for these critical signaling events. Several results tie
CSN5 mutations activate a meiotic checkpoint CSN5to Grk-EGFR signaling. FirsESN5mutations affected

Because of the similarity between @8N5andspindleclass  poth axes as shown by DV defects in the eggshell,

phenotypes, we tested for a connection betv@®N5and the  mijslocalization ofocd and osk RNAs in both the oocyte and
meiotic checkpoint mediated fgei-41 As mentioned above, embryo, and mislocalization dipp, rho andtwi expression in
the viable hypomorphic combinatio€@SNS*2YCSNS4932  the embryo. SecondCSN5 germline clones affected the
caused a reduction in Grk protein level, especially during thexpression of follicle cell reporters for Grk-EGFR signaling:
early stages of oogenesis (Fig. 7B). Five to fifteen percent @fho and the PZ6356 enhancer trap in the posterior follicle
eggs laid by these transheterozygotes had fused dorsals kekexpression in the dorsal anterior follicle cells. Third,
appendages, indicating a partial reduction of Grk. WherrsN5alleles show strong genetic interactions vgtk alleles.
CSN5*2YCSN%4032 flies were also homozygous-mutant for Finally, Grk protein is reduced i€SN5 germline clones,
mei-41, however, the normal Grk protein level was restoredtarting in region 2a of the germarium but still evident in stage

(Fig. 7C), and the eggshell phenotype was rescued (not shownp egg chambers or in ovary extracts.
Interestingly, checkpoint activation leads to modification of

the Vasa protein, as shown by a slightly reduced mobilittcSN5 mutations activate a  mei-41-dependant
during SDS polyacrylamide gel electrophoresis (Ghabrial anfneiotic checkpoint
Schupbach, 1999). This result is relevant togdpimdleclass  Previous studies have shown that the accumulation of Grk
and CSN5phenotypes because Vasa regulates translation pfotein can be affected by activation of a meiotic checkpoint
Gurken and, as a consequence, axial patterning (Styhler et ah,response to the persistence of DNA double-strand breaks
1998; Tomancak et al., 1998). This Vasa modification igGhabrial and Schupbach, 1999). Mutations in several genes
checkpoint dependent since it is presergpn-Bmutants but that play a role in DNA repaiokra, spn-B spn-Candspn-D)
absent in mei-41 spn-Bdouble mutants (Ghabrial and activate this meiotic checkpoint and disrupt axial patterning in
Schupbach, 1999). the oocyte. There is a remarkable similarity betweeC®id5

We detected a similar reduced mobility of Vasa protein irmutant phenotype and defects caused by mutations in these
CSN5mutants (Fig. 7D). For viabl€SN5 mutants there spindleclass genes (described by Gonzalez-Reyes et al., 1997,
were two Vasa bands: one corresponding to Vasa from wildshabrial et al., 1998; Ghabrial and Schupbach, 1999). In both
type ovaries and a second with lower mobility. In strongecases mutant females produced eggs with a variety of partially
mutant combinations, most of the Vasa protein was modifiegaenetrant eggshell defects: mild or strongly ventralized,
while in weaker combinations most Vasa had normadtorsalized, or small eggs or eggs with multiple dorsal
mobility. The shift in Vasa mobility was suppressedngi-  appendages. Embryonic patterning was also disrupted, and
41 mutations. Interestingly, removal of one dosentdi-41  both axes were affected. As had been seespindleclass
completely restored normal Vasa mobility for a we&&N5  mutants, the oocyte of son@SN5mutant egg chambers was
combination. For strongegZSN5mutants, full restoration of positioned laterally or at the anterior end, and some had defects
Vasa mobility required removal of botmei-41 genes in karyosome morphology (data not shown). There was also a
(Fig. 7E). similar, strong reduction in Grk protein, with one intriguing

The genamei-W68is required for the initiation of meiotic difference. At early stages of oogenesiBN5Smutants, the
recombination inDrosophila ovaries and is likely to induce level of Grk protein was always strongly reduced, both in
DNA double strand breaks (DSBs) as recombination begingermline clones of the stron@SN%4032 gllele and in
(McKim and Hayashi-Hagihara, 1998). Mutationsniei-W68 hypomorphic combinations @SN%4932with viable excision
were shown to rescuspindleclass defects, including Grk mutants (Fig. 7). Although Grk was also strongly reduced in
protein accumulation, eggshell morphology and Vasa&TSN%40932germline clones at later stages (Fig. 6), it often
modification (Ghabrial and Schupbach, 1999). These resuleppeared to be present at higher levels than in the germarium.
suggested that since DSBs were not formed in the absenceWfth the hypomorphic combinations, it was often difficult to
mei-W68 DNA repair by thespindleclass genes was not detect any reduction in Grk protein at later stages. By contrast,
required. A similar interaction was seen betwemi-W68and  in spnB and spn-D mutants, Grk accumulates normally in
CSN5 Hetrerozygosity fomei-W68was sufficient to suppress early oogenesis but then declines and is often undetectable by
the phenotypes of both strong and we@ISN5 allelic  stage 9-10 (Ghabrial et al., 1998).dkr mutants, the amount
combinations (Fig. 7E). of Grk protein varies from one egg chamber to the next in a

These data demonstrate that absence of CSN5 functi@ingle ovariole, but a bias towards lower levels at early stages
during meiosis activates a DNA-damage checkpoint that i&as not reported (Ghabrial et al., 1998). Thus, there seem to
mediated by Mei-41. Because the reduction in DSBsén  be three different patterns of Grk accumulation in these
W68 heterozygotes removes the requirementG&N5 it is  mutants.CSN5 mutants appear to cause a more immediate
likely that CSN5 promotes DNA repair, as do spindleclass  response of Grk to DNA damage than $fm-Band spn-D
genes. mutants.
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Fig. 8. Model of Stage of oogenesis

CSNS5/CSN function durin

oogenesis (modified from o o o )
Ghabrial and Schupbach, initiation of meiotic recamnbination(mei-We)
1999). In region 2a of the a

germarium, meiotic ) 7 i 5
recombination begins witt ~ region2 of Zor doublestrand _)Cfgfndgﬁ)ll?t :
the formation of DSBs germartum RN DNA bre&ks

under the control ahei- N
W68(McKim and Hayashi recanbinationrepair

Hagihara, 1998). These (okr, spnB, spnC, sprD)

breaks are repaired by » SPIYB, ST, Sp Gurken
proteins of the Y
recombination repair double Holliday junctions
pathway, including the
spindle€lass genes. The
progress of DSB repair is
monitored by anei-4%
dependent checkpoint. If )
DNA damage persists, as stages-10 DV pattening
does inCSNb5or spindle Y
class mutants, the

checkpoint is activated an _. stageld metephasel arrest
Vasa is modified to a form that prevents efficient translatigrlomessage. The ensuing underproduction of Grk protein leads to axial patterning
defects (Ghabrial and Schupbach, 1999). We propose that the role of CSN5 is either to limit the production of DSBs, peshagimgyMei-

W68 turnover, or to stabilize one of the repair proteins, thereby promoting repair and bypassedthdependent checkpoint.

Vasa

stage3-6 AP patterning

Because of the similarities between the phenotypes am@combination pathway to regulate the formation of DSBs or
because at least two of thpindleclass genegkr andspn-B, their successful repair (Fig. 8).
encode components of the RAD52 DNA repair pathway, it vasamutants show similar effects on axis determination and
seems likely thaCSN5directly or indirectly regulates DSB Grk protein accumulation as dspindle mutants andCSN5
repair. The fact thamei-41 and mei-W68 mutations can GLCs (Styhler et al., 1998). However, tesaphenotypes are
suppress theCSN5 phenotypes reinforces this conclusion. not suppressed bgnei-41 or mei-W68mutations, indicating
Kinases in the ATM/ATR subfamily that includes Mei-41 play that Vasa acts downstream of the meiotic checkpoint (Ghabrial
a central role in checkpoint-mediated responses to DNAnd Schupbach, 1999). Indeed, Vasa is one of the targets of
damage (for reviews, see Melo and Toczysky, 2002; Weinerl/lei-41 activity as Vasa electrophoretic mobility is changed in
1998; Murakami and Nurse, 2000). These checkpoint kinasepn-B mutants but restored imei-41 spn-Bdouble mutants
are thought to act as sensors of DNA damage, becomir{@habrial and Schupbach, 1999). Since Vasa protein binds to
activated on binding damaged DNA. Phosphorylation ofjrk mRNA and is required for both its localization in the oocyte
several downstream effectors, including the Chkl and Chkand its translation, it seems likely that the checkpoint effects
kinases and p53, then restrains cell cycle progression until tlem Grk accumulation are directly mediated by Vasa, although
DNA damage is repaired and the checkpoint kinases dissociatéher Mei-41 targets cannot be excluded (Fig. 8). Our results
from the DNA. InDrosophila mei-4Imutants, the checkpoint that show effects ofCSN5 mutants on Vasa mobility are
cannot be activated, and oocytes with damaged DNA, such astirely consistent with the previospn-Bresults, as would be
those mutant forspindleclass genes, can proceed throughexpected if both types of mutants activate the same checkpoint.
oogenesis. Suppression @&SN5 phenotypes bymei-41 We propose that iIRSN5mutant oocytes DSBs created by
mutations demonstrates that tl@SN5mutant lesion acts Mei-W68 during meiotic recombination are repaired more
upstream of the DNA damage checkpoint and suggests thsibwly than in wild type. Accumulation of unrepaired DNA
DSBs arising during meiotic recombination cannot bebreaks would then activate timeei-4Xdependent checkpoint
efficiently repaired inCSN5mutant cells (Fig. 7). leading to a block in the progression of meiotic prophase (Fig.

Suppression bynei-W68restricts the possible role of CSN5 8). Since activated Mei-41 is an ATR-related kinase, it might
further. mei-W68 encodes a topoisomerase ll-like proteinmodify Vasa directly or through downstream kinases such as
homologous t&5. cerevisia&spoll and has been proposed toChkl1 or Chk2. Modified Vasa would then prevent efficient Grk
create the DSBs needed to initiate meiotic recombinatiotranslation. Becaus€SN5 mutants are likely to affect the
(McKim and Hayashi-Hagihara, 1998). In flies mutantnfi@i-  stability rather than the presence or absence of repair proteins,
W68, DSBs are absent and meiotic recombination igthe DNA DSBs might be slowly repaired during the
eliminated. In double mutants wfei-W68with eitherokr, spn-  checkpoint-induced delay, thereby allowing cell cycle
B or spn-G Grk protein accumulation and eggshell patterningprogression to resume. Delayed repair might explain why the
are normal and othespindleclass defects are suppressedearly CSN5effects on Grk expression are stronger than at later
(Ghabrial and Schupbach, 1999). We found that heterozygositimes. It might also explain whg§ SN5mutant phenotypes are
for mei-W68was sufficient to suppress hypomorpldSN5  weaker and less penetrant tharokma and spn-Bmutants, in
mutant phenotypes (Fig. 7). Combination of this result with thevhich repair proteins are absent and DNA probably remains
mei-41 suppression result indicates that CSN5 acts in thanrepaired.
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CSN5 and DNA repair for advice. We are also grateful to the Berkeley Drosophila Genome

How might CSN5 regulate DNA repair? Two mechanisms oProject and Bloomington Drosophila Stock Cente.r.. In additiqn, we
CSN aciiviy have been reported, and efther might affect tN3A7k Mar terhand vidy Chandraselcran forcrcaly eadng e
activity or stability of proteins involved in DNA repair. In P P _
addition, since there is an excess of CSN5 relative to other C§RFt significantly clarified the manuscript.
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