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Summary

Targeting proteins to specific domains within the cell is crucial for the restriction of Oskar protein to the oocyte
central to the generation of polarity, which underlies many posterior. Mutations in PKA-R1 cause premature and
processes including cell fate specification and pattern ectopic accumulation of Oskar protein throughout the
formation during development. The anteroposterior and oocyte. This phenotype is due to misregulation of PKA
dorsoventral axes of theDrosophila melanogasteembryo  catalytic subunit activity and is suppressed by reducing
are determined by the activities of localized maternal gene catalytic subunit gene dosage. These data demonstrate that
products. At the posterior pole of the oocyte, Oskar directs PKA mediates the spatial restriction of Oskar for
the assembly of the pole plasm, and is thus responsible for anteroposterior patterning of the Drosophila embryo and
formation of abdomen and germline in the embryo. Tight that control of PKA activity by PKA-R1 is crucial in this
restriction of oskar activity is achieved by mRNA  process.

localization, localization-dependent translation, anchoring

of the RNA and protein, and stabilization of Oskar at the

posterior pole. Here we report that the type 1 regulatory Key words: PKA-R1pskar Embryonic patterningdrosophila,
subunit of cAMP-dependent protein kinas€Pka-R1) is  Oogenesis

Introduction formation of the pole cells, the primordial germ cells (Ephrussi
The asymmetric targeting of proteins within the cell cytoplasri. & 1991; Kim-Ha et al., 1991). bekarloss-of-function
y geting ot p yiop mmutants, no abdomen and germ cells are formed. Conversely,

is crucial for many biological processes including cell fate . , 7 . )
e . . is-targeting of Oskar protein to the oocyte anterior (Ephrussi
specification and pattern formation during development. i d Le%mar?n 1992) gr overexpressior?/of Oskar tr(mg)ughout

many cases this is an active process relying on a polariz ; . .
cytoskeleton, and it is often achieved by RNA localization e oocyte (Smith et al., 1992), results in the formation of an

coupled with translational contrabrosophilacogenesis has ectopic abdomen and germ cells. These observations reveal the

served as an excellent model system for investigating sudmportance of restrictingskaractivity to the posterior pole for

targeting processes (reviewed by Johnstone and Lasko, 2003§/T€Ct anteroposterior patterning of the embryo.
The anteroposterior and dorsoventral axes ofCttesophila Tight Io<_:al|zat|0n of_Oskar protein is achle\{ed in several
embryo are determined by the activities of so-called axiS€PS (réviewed by Riechmann and Ephrussi, 208dkar
determinants, which are localized as RNAs to specific domaif@NA 1S produced in the nurse cells and transported in a
of the developing oocyte. THRrosophilaococyte develops in translationally quiescent state into the oocyte, then speqﬂcally
a structure called an egg chamber, which consists of the oocyi8, the oocyte posterior pole. There, localizeskar RNA is
the nurse cells and a follicullar epithelium surrounding theséfanslationally activated, the RNA and protein complex is
cells. Anteroposterior and dorsoventral polarity of the oocyt@nchored (Vanzo and Ephrussi, 2002), and Oskar protein
are established within the eqgg chamber by Ce||_ce|§tablllzed_(Rlechmann et al., 2002) It has been proposed that
communication between the oocyte and the follicle cellsthe polarized microtubule network established by cell-cell
RNAs encoding the axis determinants are transported @@mmunication between the oocyte and the posterior follicle
specific locations along the anteroposterior and dorsoventré€lls mediates transport of the RNA (Gonzalez-Reyes et al.,
axes of the oocyte, where they are then expressed, thereb§95; Roth et al., 1995; Brendza et al., 20@®kar RNA
setting up the body axes of the future embryo (reviewed bifansport depends on cis-acting elements in't&R (Kim-
Riechmann and Ephrussi, 2001). Ha et al., 1993), on the RNA-binding protein Staufen (St
At the posterior pole of the oocyte, Oskar plays a central roldohnston et al., 1991), on components of the Exon-Junction
in abdomen and germline formation. It directs the assemblomplex, such as Y14/Tsunagi (Hachet and Ephrussi, 2001;
of the pole plasm, which contains factors responsible foMohr et al., 2001) and Mago nashi (Micklem et al., 1997,
abdomen formation, such asanos and factors for the Newmark et al., 1997), and on Barentsz, a protein enriched
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around the nurse cell nuclei and at the posterior pol®f(3L)ME107 and 18304/ E1 mutant backgrounds. In the case of
(van Eeden et al., 2001). Translational repression of the RNAASp2-RA, expression in the germline was under the control of the
during transport also requires cis-acting elements imskar ~ PCOGGALA4 driver (Rarth, 1998). For overexpression, expression of
3 UTR, and proteins such as Bruno and HRP48 bind to thede RA isoform of UAsz-RA was achleved using the actinGAL4 or
elements and are involved in this process (Kim-Ha etal, 199%2?;?&;3 gls_:e\t;zl:ng ré\ai{;e(??;:)gre%tigfr? bvg]remgrlrilgdbiﬁlt(%?cuo?ging to
Webster et al., 1997) (T. Yano and A.E., unpublished). Upop; . & 204 Ephrussi (Filardo and Ephrussi, 2003).

localization, translational repression agkaris alleviated. It

has been shown that cis-acting elements inol@r5UTR  FRT screen

(Gunkel et al., 1998) and Staufen protein (Micklem et al.an  X-linked P{w*mC=lacW} element was mobilized using
2000) are involved in the activation obkar translation at  P{ry*t7.2=Delta2-3}and 1129 lethal P-insertion chromosomes were
the posterior pole. In additionpskar RNA is subject to isolated over aT(2;3)CyO DTS Ubx SuDC8ompound balancer
cytoplasmic polyadenylation, which is mediated by ORB, théM. Erdélyi, A. Guichet, P. Zavorszky and A.E., unpublished).
Drosophila CPEB (cytoplasmic polyadenylation element Chromosomes bearing lethal mptationsE{ZS) were outcrossed over
binding protein) homolog, resulting in an enhancement ofYyo or TM3 balancers, respectively, and kept as stocks. The lethal

oskar translation at the posterior pole (Chang et al. 19990hr0m0_somes were recombined with chromosomes bearing two
Castagnetti and Ephrussi, 2003) ’ FRT sites close to the centromere of each chromsome arm:

. . ’ .. P{ry*t7.2=neoFRT}40 P{w*mW.hs=FRT(RH}G13 with FRT sites
In this report, we identify the type 1 regulatory subunit of ;" 40a "and 42B for the second chromsome; BEERT(WS)2A,

cAMP-dependent protein kinase (Pka-Rs)a key factor in the  pmeorRTI82Bwith FRT sites at 79DF and 82B for the third
restriction of Oskar protein to the posterior pole. Embryoghromosome (Chou and Perrimon, 1996). Recombinant chromosomes
derived fromPka-R1germline clones show a duplication of the (n=665) were selected based upon resistance to G418 and lethality.
posterior structures, the so-called bicaudal phenotype. Th@Germline clones were generated using X-linkefthsFLP}12 and
phenotype is caused by the premature and ectopautosomaP{ovd®?-18} insertions with the appropriate FRT sites, as
accumulation of Oskar protein in developiRga-R1mutant  described previously (Chou and Perrimon, 1996).

oocytes, in which anteroposterior polarity aaskar RNA

A - RNA in situ hybridization and immunohistochemistry
localization occur normally. PKA-R1 is a component of the\{\/hole-mount antibody staining of ovaries and embryos was
PKA holoenzyme complex, a Serine/Threonine kinase thg erformed according to Tomancak et al. (Tomancak et al., 2000), and

me_di_ates yarious develo_pmental processes by COF‘”O'””Q t A in situ hybridization of ovaries was carried out according to
activity of its target proteins. PKA regulatory subunits controlgjiarqo and Ephrussi (Filardo and Ephrussi, 2003).

PKA activity by inactivating the catalytic subunits in the

holoenzyme complex and releasing them in response to tiNorthern and western blotting

second messenger cAMP (Taylor et al., 1990). We show th&reparation of ovarian extracts and western blot analysis were
PKA catalytic subunit activity is upregulated in tR&a-R1  perfomed as previously described (Markussen et al.,, 1995). The
mutant, and that the maternal-effect patterning defect illowing antibodies were used: rabbit anti-Oskar (1:2000) (Vanzo
suppressed by reducing catalytic subunit gene dosag@)d Ephrussi, 2002); mouse monoclonal arfiubulin DM1A
indicating that aberrant accumulation of Oskar results fron{>i9ma, 1:2000); and rabbit anti-human PKAER{Santa Cruz
misregulation of PKA activity. In addition, we show that Biotech, 1:200). The specificity of anti-human PKARIor the

. . Drosophila homolog was confirmed by its ability to recognize
overexpression of PKA-R1 causes a moderate reduction BrosophilaRA and RB expressed in bacteria. Extraction of ovarian

PKA activity, resulting in a significant reduction in the amountgnas and northern blot analysis were carried out as previously
of Oskar protein produced at the posterior pole of the oocyt@escribed (Castagnetti and Ephrussi, 2003).

These results reveal that PKA mediates the spatial restriction

of Oskar protein during oogenesis and that precise regulatidPMS mutagenesis

of PKA activity by PKA-R1 is crucial in this process. About 200 males of &; P{FRT(W}2A ru h th st sr e césogenized
stock were fed with 1% sucrose containing 40 mM EMS (Sigma)
overnight. As the purpose was to isolate new alleles of an existing

Materials and methods mutant, we used high concentrations of EMS for the mutagenesis. Flies
] were allowed to recover by feeding with fresh yeast paste overnight,
Fly strains and were crossed vg TM3/TM6bvirgins. In the following generation,

wll18was used as the wild-type control. 18304 was identified in asinglew; P{FRT(W}2A ru h th st sr e ca/TM8r TM6b males were
FRT-based screen and a stock bearing 1830PEFRT(WS}2Awas  crossed to 4v; 18304TM3 virgins. In a first screen, 2,500 lines were
used throughout our analysis (see bel®@f3L)ri—XT106 Df(3L)ri-XT!  tested for semi-lethality in trans to 18304. Females trans-heterozygous
andDf(3L)ME107fail to complement the 18304 bicaudal phenotypefor these candidate lines and 18304 were then tested for production of
and were used to generate hemizygous mutant flies. To generambryos with a bicaudal phenotype, an8bflies P{FRT(WS}2A ru
18304, oskar double mutant flies, 18304 was recombined withh th st sr e ca/TM3were used for establishing stocks.
oskar48, and Df(3L)ME107was recombined witloskai66 DCOF95 . o
andDCO0™2 were used for testing genetic interaction betwkemR1 ~ Mapping and identification of the 18304 locus
andDCO. The 18304 bicaudal phenotype was mapped betwe@f8A3) and

For the rescue of 18304 mutantsRtka-R1 an EST clone encoding P{FRT(W9}2A (79D-F) by meiotic recombination. Deficiencies in
the RA isoform (LD43873) was subcloned into pCaTub67MatPolyAthe region were tested for complementation, and three deficiencies in
(Micklem et al., 1997) (a gift of D. Ferrandon), or into pUASp2 chromosomal region 77E-78ADDf(3L)ri—XT106 Df(3L)ri—XTL and
(Rarth, 1998). The rescue constructs were introduced into thBf(3L)ME107failed to complement the 18304 bicaudal phenotype.
germline ofwl1118embryos, according to standard procedures, and\lthough the distal breakpoint &ff(3L)ri—XT106was mapped to 77E2-
the ability of the transgenes to rescue the 18304 maternal-effeBtand the proximal breakpoint Bf(3L)ME107was mapped to 77F3
bicaudal phenotype was tested by crossing them into the 18308y analysis of polytene chromosomes (FlyBase), our tests revealed
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Fig. 1. The 18304 locus is required for the control
of oskaractivity in anteroposterior patterning of
the embryo. (A-C) Cuticle preparations of a wild-
type embryo (A) and embryos derived from 18304
germline clones (B,C), which show patterning
defects ranging from deletion of the head (B), to
complete mirror-image duplication of posterior
structures (abdominal segments and filzkorper
material; C). (D) Embryo derived from 18304,
oskardouble-mutant mother. Such embryos
completely lack posterior structures and show the
oskarsingle-mutant phenotype.

that they fail to complement the lethality of each other (data noDrosophila oogenesis, we performed an FRT-based genetic
shown). As these two deficiencies failed to complement 18304, wecreen for maternal-effect mutants defective in anteroposterior
concluded that they have a small overlap in the region 77E2-77F3. -’B)atterning of the embryo. Embryos derived from germline

analyze the breakpoints of these deficiencies, first we screened foynes of one line. 18304. showed anterior patterning defects

RFLP markers specific to the 18304 chromosome in the region 77E§-

78AL1. To identify such RFLPs, a series of genomic fragments in theanglng from deletion of the head (Fig. 1B) to complete mirror-

region were amplified by PCR [about 2 kb of genomic DNA was Mage duphca“on of pOStenor St.rUCtureS (abdominal sggments
amplified approximately every 5 kb in the genomic region from bNa@Nd filzkérper material), the bicaudal phenotype (Fig. 1C,
of wild-type and 18304f(3L)ri~xT! (which removes the whole Table 1).
region under analysis) adult flies]. The PCR products were digested 0skar plays a central role in abdomen and germline
with restriction enzymes includin§adllAl, Rsd and Hadll, and  formation. At the posterior polegskar assembles the pole
fragments showing a different digestion pattern in wild-type andplasm, and recruits and activates translatiomariosRNA,
18304 mutant DNA were identified. To pre_cisely map the breakpoint@,hich encodes the abdominal determinant (Ephrussi et al.,
ngEgBL)H_EmB?nq [?_f(sL)l\/]lElol%ggEomlc fragmentsl_;:_ogtalnflng 1991; Kim-Ha et al., 1991; Wang and Lehmann, 1991; Gavis
s charactenstic = o were ampliied  Irom gnq | ehmann, 1994). To address whether 18304 affekts
18304Df(3L)ri~*T1% and 18304Df(3L)ME107 adult flies by PCR, gr downstream factors, flies doubly mutant for 18304ceshdr

and the products digested with restriction enzymes identifying th .
polymorphisms. Absence of the genomic region from a deficiency €€ generated, and the phenotype of their progeny analyzed.

was revealed when only the pattern characteristic of 18304 wasuch embryos show a phenotype indistinguishable from that
obtained, whereas presence of the genomic region in a deficiency wak the oskarsingle mutant (Fig. 1D, Table 1). This indicates
revealed by a mixed pattern of 18304 and wild-type fragments.  that the 18304 locus is required in the germline to consicr

i o activity.
Kinase activity assay To address which step obkarregulation is affected in the
Kinase assays were carried out essentially as described by Lane apgitant, we first analyzedskar RNA level and localization
Kalderon (Lane an_d Kald_eron, _1993). Prote_in conce_ntra;ion Oauring oogenesis. Northern blot analysis of ovarian poly(A)
extracts was determined using a Bio-Rad protein assay kit (Bio-Radj,rRNA revealed no detectable difference in the amount of

oskar mRNA between wild type and the mutant (Fig. 2I).

Results Exar_ni_nati_on of the spatial distributiqn «mﬁka_rRNA by in situ
hybridization showed thaiskarRNA is localized correctly at
The 18304 locus is required for spatial restriction of the posterior pole, and no appreciable difference between wild
Oskar protein and anteroposterior patterning of the type and mutants was observed (Fig. 2A,E). From these results,
embryo we conclude thabskar RNA level and distribution are not

To isolate new factors involved in axis formation duringaffected in 18304 mutant ovaries. Furthermore, the proper

Table 1. Patterning defects of the 18304 mutant and oskar dependence of the phenotype

Genotype Wild type Haed defect Bicaudal Posterior group No cuticle development*
W1118 95 0 0 0 5

18304 germline clone 21 21 29 0 29
18304Df(3L)-XT106 12 34 32 0 22

18304/E1 20 25 36 0 19
oskaB4¥oskar66 0 0 0 70 30
18304,0skar49/Df(3L)ME107 oskar66 0 0 0 30 70

The patterning defects of the 18304 mutant in different genetic backgrounds were evaluated by examination of embryoaitdcwickeguantified. More
than 200 embryos of each genotype were analyzed. The phenotypes of embryos derived from 18304 in trans to three (@#{@igricidd96 Df(3L)ri—XT1
andDf(3L)ME107)were virtually identical, and the result obtained frbit3L)ri—XT1%is shown. The behavior of E1 was indistinguishable from that of the
deficiencies, suggesting that E1 is a null allele of the 18304 locus.

*About 30% ofoskar4doskar8 embryos did not develop cuticle, presumably because of second-site mutations accumulated in the stocks. This population
was 70% in 18304skardouble mutants. Of the 1830gkkardouble mutant embryos that developed cuticle, 100% completely lacked an abdomeskatthe
phenotype. The suppression of posterior structure formation in the I83@4double mutant embryos indicates that the patterning defects in the 18304 mutant
are caused byskaractivity alone.
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Fig. 2.Oskar protein is ectopically expressed in the 18304 mutant.

(A,E) oskarRNA localization in stage 10 wild-type and 18304
) “HE hemizygote mutant egg chambers revealed by in situ hybridization.
ﬁﬁr il oskarRNA localizes correctly at the posterior pole in wild-type

(A) and 18304 mutant (E) oocytes. (B-D,F-H) Anti-Oskar
immunostaining of wild-type and 18304 hemizygous egg chambers
and embryos. (B,F) Stage 6 egg chambers of wild-type (B) and
18304 hemizygous (F) females. In the wild type, Oskar protein is not
expressed before posterior localization of the RNA and is not
detected at this stage (B), whereas it accumulates prematurely

- - higher accumulation at the posterior pole (H). (I) Northern blot
analysis of wild-type and 18304 hemizygote ovarian polyy@A,
probed with aroskarcDNA probe (top panel). No difference is

W1 10504 W 18904 detected iroskarRNA expression levels between wild type and the
18304 mutant. The blot was re-probed wjth9 cDNA as a I_oading
oskar RNA ” long Oskar - control (bottom panel). (J) Western blot analysis of protein extracts

and 18304 follicle cells, and in nurse cells is also observeskiar
protein-null egg-chambers (data not shown), indicating that it is
background. (D,H) 0-2 hour-old embryo of wild type (D) and 18304
hemizygotes (H). In wild-type embryos, Oskar protein is maintained
at the posterior pole as a tight crescent (D). In 18304 mutant
embryos, Oskar protein is mislocalized all around the cortex, with a

(arrow) in 18304 hemizygous oocytes (F). (C,G) Stage 10 egg
chambers of wild type (C) and 18304 hemizygotes (G). In the wild
type, Oskar protein is detected as a tight crescent at the oocyte
posterior pole (C), whereas, in the 18304 mutant, it is observed all
of wild-type and 18304 mutant ovaries. Probing with anti-Oskar
antiserum reveals that both isoforms of Oskar protein are expressed
short Oskar at higher levels in 18304 than in wild type (top and middle panels).
— The blot was re-probed with an antiTubulin antibody as a loading

around the cortex of nurse cells and the oocyte (arrows), as well as at
the posterior pole (G). The signal observed in the nuclei of wild-type
rp49 RNA “ control (bottom panel).
o -Tubulin s

expressed at significantly higher levels in ovarian extracts of

the 18304 mutant than in the wild type (Fig. 2J). These results
localization of oskar RNA also indicates that the intrinsic suggest that premature and ectopic translatiooskéris the
anteroposterior polarity of the egg chamber is correctlicause of the posterior-duplication phenotype of 18304 mutant
established in the mutants. Dorsoventral polarity also appeagsnbryos.
normal in the mutant, as no defect in the structure of the )
eggshells is apparent (Schiipbach, 1987) (data not shown). 18304 encodes Drosophila Pka-R1

We then analyzed Oskar protein localization and abundand®e mapped the 18304 locus by meiotic recombination to an

in 18304 mutant ovaries. During transposskar RNA is  interval betweerst (73A3) andP{FRT(W9}2A (79D-F) on
translationally repressed, and its translation is activated on@lromosome 3L. Three deficiencies in chromosomal region
the RNA is localized at the posterior pole (Kim-Ha et al., 199577E-78A1,Df(3L)ri—*T106 Df(3L)ri—*TandDf(3L)ME107are
Gunkel et al., 1998). Thus, in wild-type ovaries, Oskar proteisemi-lethal in trans to 18304, and escaper females produce
is not detected during the early stages of oogenesis (Fig. 2B)nbryos that display a bicaudal phenotype. We mapped the
until mid-oogenesis, when at stage 9 it accumulates as a tighteakpoint of these deficiencies using RFLP markers specific
crescent at the posterior pole (Fig. 2C), where it remains untid the 18304 chromosome (see Materials and methods). A
early embryogenesis (Markussen et al., 1995; Rongo et a5 kb candidate domain was determined by the proximal
1995) (Fig. 2D). A clear alteration in Oskar protein distributionbreakpoint of Df(3L)ri-XT106 and the distal breakpoint of
is observed in the 18304 mutant, which shows prematu@f(3L)ME107(Fig. 3A). In parallel, to characterize the locus,
accumulation of Oskar protein in stage 6 oocytes, before th@e conducted an EMS screen to isolate new alleles. One line,
onset of oskar RNA localization (Fig. 2F). During mid- E1, was identified as an allele of 18304. The behavior of
oogenesis, in addition to its enrichment at the posterioEl in complementation tests was indistinguishable from
pole, where the RNA is localized, we observe an ectopideficiencies uncovering the locus, indicating that E1 is a null
accumulation of Oskar protein around the cortex of the oocytallele (see Table 1). E1 is lethal over the 3 deficiencies that fail
and of the nurse cells (Fig. 2G). In the embryo, a similato complement the 18304 maternal-effect phenotype. As 18304
ectopic accumulation of the protein all around the cortex, witlis semi-lethal over these deficiencies, E1 appears to be a
some enrichment at the posterior pole, is detected (Fig. 2Hjtronger allele than 18304 with respect to lethality. About 10%
To quantitate the amount of Oskar protein in 18304 mutardf the eggs derived from E1 germline clones develop into
ovaries, we carried out western blot analysis of ovariaembryos showing patterning defects (head deletion and
extracts. Both the long and short isoforms of Oskar protein at@icaudal), and many fail to develop a cuticle, suggesting that
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Fig. 3. The 18304 locus encodes
Drosophila Pka-R1(A) Diagram of the
A genomic region defined by the overlap of
two deficiencies that fail to complement the
Pka-R1 CG3288 CG11456 18304 maternal-effect phenotype. The
: cG132ss e position of the proximal breakpoint of
- Df(3L)ri—XT106and the distal breakpoint of
Df(3L)ME107(shown in brackets) were
g ; identified by RFLPs specific for the 18304
{ candidate region M1 " chromosome (see Materials and methods).
: ' ¥ Six gene candidates for the 18304 locus

CG12452 B = —
2 ————
Df(3L)ri-XT106

Mesz7F - - Foa map to this regiorPka-R1(four alternative
transcripts are shown,G3288 CG13255
CSN3CG11456andCG32432Berkeley
Drosophila Genome Project). (B) Domain
B dimerisation inhibitory cAMP binding(1) cAMP binding(2) C organization oDrosophilaPKA regulatory
RA -2‘1 Sg”ﬂ subunit type 1. One isoform (RA)
18304 E1 comprises a dimerization domain at the N
s 92R—Q 293G—D = 50kDa terminus, followed by an inhibitory domain
RD L S . and two cAMP-binding domains. The other
two isoforms (RB and RD) lack the
31. —— 7 =m dimerization domain. (C) Western blot
RB analysis using human PKA-RAntibody
to reveal the expression of PKA-R1 in the
Drosophilaovary. A single band of 50 kD
D 18304 = *Q is detected in ovarian extracts and
H.sapiens 75 PTPPNPVVKARRRRGGY SAEVYTEEDAVSYVRKVIPKDYKT corresponds to the size of the RA isoform.
e h ) OTAPR (D) Alignment ofD. melanogasteiH.
C.elegans 75 -AADDDDEIVEPPK---RSGGRR sapiensM. musculugndC. elegan$KA-
R1. In 18304, a conserved arginine residue
in the inhibitory domain is mutated to
H.sapiens glutamine and, in E1, a conserved glycine
M.musculus residue is mutated to aspartic acid. (E-G)
E-Zﬂggggas‘ﬁer Subcellular localization of PKA-R1 protein

during oogenesis revealed by anti-PKA-R1
immunostaining (E). PKA-R1 is detected in
the cytoplasm, with an accumulation at the
cell membrane. (F) Rhodamine-conjugated
phalloidin reveals the subcortical actin
cytoskeleton in the oocyte, nurse cells and
follicle cells. (G) Merged image of E and F
showing co-localization of PKA-R1 and
actin at the cell cortex.

-

El has an effect on oogenesis in addition to its rolesikar ~ a4-Tubulin promoter (Micklem et al.,, 1997), or of the
regulation. As the bicaudal phenotype was equally penetrant Bal4/UAS system driven by pCOG-Gal4 (Rgrth, 1998) (data
embryos derived from 18304 germline clones and in 183040t shown). From these analyses, we conclude that 18304 and
hemizygote embryos, 18304 appears to be a strong, if notEl arePka-R1mutant alleles, which we will refer to &ka-
null allele for this phenotype. Sequencing analysis of 1830R118304andPka-REL, respectively.
and E1 revealed point mutations Rka-R1gene. In both The Serine/Threonine kinase PKA is a key mediator of the
alleles, the mutations are in residues highly conserved amoisgcond messenger cAMP in signaling events required for
different organisms (Fig. 3D). various biological processes. The PKA holoenzyme consists of
The Pka-R1locus has been characterized and three proteia cAMP-binding regulatory subunit (R) and a catalytic subunit
isoforms annotated by Kalderon and Rubin (Kalderon an¢C). It is generally described as a hetero-tetrameric complex
Rubin, 1988), and by the Berkeley Drosophila Genom&R2-C2), which consists of a dimer of two identical regulatory
Project. One of these, the RA isoform, has a domaisubunits with each subunit bound to a monomeric catalytic
organization similar to its mammalian counterparts. It containsubunit. Upon cAMP binding, the regulatory subunits release
a dimerization domain, which is responsible for homodimethe catalytic subunits, relieving the active catalytic subunits
formation and also mediates interaction with the so-called Afrom inhibition (Taylor et al., 1990). IDrosophila the DCO
kinase anchoring protein. RB and RD have truncations in the(Pka-C1- FlyBase) locus encodes a catalytic subunit that has
N-termini and lack the dimerization domain (Fig. 3B). Thethe highest homology to mammalian PKA, whereas two other
maternal-effect bicaudal phenotype of the 18304 and Egenes,DC1 and DC2 (Pka-C2 and Pka-C3 respectively —
mutants was fully suppressed when a wild-type RA mini-gen&lyBase), might encode alternative catalytic subunits (Lane
was expressed in the germline under the control of the materreatd Kalderon, 1993). Two genes encode regulatory subunits
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(Pka-R1and Pka-R2— FlyBase) (Kalderon and Rubin, 1988;
Park et al., 2000). Analyses BCO mutants have revealed that
this gene is the major source of PKA activityDmosophilg
and that PKA is required at various stages for normal growt
and development (Lane and Kalderon, 1993), learning (Dav!
et al., 1995) and behavior (Majercak et al., 1997), and for th
control of hh signaling (reviewed by Kalderon, 1995). In
oogenesis, it has been shown that D@0 gene product
controls polarization of oocyte microtubules and the integrity
of the actin cytoskeleton (Lane and Kalderon, 1993; Lane ar
Kalderon, 1994). A null mutant d?ka-R2has been isolated
and characterized. This mutant is viable and fertile, an
although adults show defects in behavior, and in formation ar
maturation of follicle cells in the ovary, no phenotype regarding
oskarregulation has been observed (Park et al., 2000). In tt
case of théka-R1locus, 2 mutant alleleZ]5 and11D4, have
been identified. These alleles appear to be hypomorphic, ai
are viable and fertile, with defects in olfactory learning WT PKARISOY WT PRARISY
(Goodwin et al., 1997). These alleles showed no materna MM:;rraUn- e
effect phenotype in trans teka-R18304 or Pka-RF1, or as
hemizygotes (data not shown). Fig. 4. PKA catalytic activity is increased Pka-R28304 PKA
To analyze the expression of PKA-R1 in theosophila  activity in extracts oPka-RE8304Df(3L)ri—XT106adult flies was

ovary, we performed western blotting using an antibody raisemeasured in the absence or in the presenceibf SAMP. In the
against human PKA-RBL We detected a single band of 50 kD absence of exogenous cAMFa-R283%4mutant extracts show an
(Fig. 3C), which is in agreement with what has been proposeapproxmately 1.2-fold increase in PKA activity over wild type (left
to correspond to RA (Goodwin et al., 1997). Consistent Wmpanel). In the presence of saturating concentrations of CAMP, mutant
this, bacterially express@tosophilaRA migrates as a 50 kD extracts show a 1.5- to 2-fold elevation in PKA activity over the wild

’ . type, revealing an excess of PKA catalytic subunit activity in the
band on SDS gels, whereas RB and RD migrate as ~40 kpya r18304mytant (right panel). This is a summary of assays
bands (data not shown). Thus it appears that, at the proteyerformed independently three times; bars indicate s.e.m. The
level, RA is the only expressed PKA-R1 isoform in the ovarydifferences in PKA activities between wild type and mutant in the
These observations, and the results of our genetic rescue presence or absence of exogenous cAMP are statistically significant
Pka-R1using RA transgenes, suggest that RA is the functionzas determined by a two-sampieest £<0.001).
isoform with regard to the maternal-effect bicaudal phenotype
Subcellular analysis of the distribution of PKA-R1 during
oogenesis revealed that PKA-R1 protein is present in thmutant oocytes is caused by upregulation of PKA catalytic
cytoplasm of nurse cells, of the oocyte and of follicle cellsactivity.
and that the protein accumulates at cell membranes (Fig. 3E-
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G). Overexpression of RA a causes reduction in PKA
activity and in Oskar protein accumulation at the
Upregulation of PKA activity in the  Pka-R115304 posterior pole
mutant causes the maternal-effect bicaudal The fact that PKA activity above the normal level results in
phenotype Oskar protein expression outside of the posterior domain

To address the effect dtka-R18304 on regulation of PKA indicates that PKA mediates the spatial restriction of Oskar.
activity, we carried out kinase activity assays on proteirThis suggests that, in wild-type egg chambers, PKA may play
extracts ofPka-R18304hemizygotes and wild-type flieBka-  a role inoskartranslational activation at the posterior pole. To
R118304 mutant extracts show slightly elevated levels (abouaddress this directly, we wished to analyze Oskar expression
1.2-fold) of PKA activity in the absence of exogenous cAMPjn egg chambers in which PKA activity is reduced or abolished.
indicating an upregulation of PKA activity in the mutant. TheHowever, direct analysis of Oskar protein regulation in PKA
mutant extracts show an increase in PKA activity in respondess-of-function mutants is difficult, because loss of PKA
to an addition of exogenous cAMP, and showed a 1.5- to &ctivity results in defects in microtubule polarity in the oocyte
fold elevation in activity compared with wild-type extracts and a failure iroskarmRNA localization to the posterior pole
(Fig. 4), revealing an excess of total PKA catalytic subunifLane and Kalderon, 1994). Asskar mRNA translation is
activity in thePka-R28304mutant. repressed before posterior localization of the transcript, this
To test whether the defectaskarregulation inPka-R18304  effect of PKA onoskar mMRNA localization has precluded
is indeed due to upregulation of tB€0 catalytic subunit, we analysis of the role of PKA asskartranslation at the posterior
reducedDCO dosage by removing one wild-type copy of thepole. Therefore we sought to reduce PKA activity to a level
gene in thePka-R18304packground. Both the maternal-effect that does not impair oocyte polarization amgkar mRNA
bicaudal phenotype and the semi-lethalitPkfi-R£8304were  localization. We reasoned that this might be achieved by
completely suppressed by using two independent loss-obverexpressing PKA-R1, which should promote formation of
functionDCOalleles,E95andH2 (Fig. 5 and data not shown). the inactive holoenzyme complex. When the RA isoform was
Thus, the aberrant accumulation of OskarBPka-R%8304  overexpressed ubiquitously in the fly using an actinGAL4
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wildtype

head deletion

bicaudal

other defects

no cuticle development

EOOEO

+/CyO; PKA-RI'830%4  DCOE95/+; PKA-RI!8304/
PKA-RIE! PKA-RIE!

Fig. 5. Mutations in theDrosophilaPKA catalytic subuniDCO
suppress thBka-R18304maternal-effect bicaudal phenotype. The
patterning defects of embryos derived frayQ/+; Pka-R18309Pka-
R1El(Pka-R1single mutant) an®COF99+; Pka-R18304Pka-RF1
(Pka-R£8304mutant lacking one wild-type copy BIC0) mothers long OSKAR
were evaluated by cuticle analysis. In Bi@-R1single mutant, only
18% of the embryos appear wild type, and 65% of the embryos oskar RNA s o
display a phenotype reflecting ectopic posterior patterning activity short OSKAR ---
(29% head deletion, 36% bicaudal). Removal of one wild-type copy
of DCO completely suppresses this phenotype, and 88% percent of rp49 RNA % S S
the embryos display a wild-type cuticle pattern. A similar a-Tubulin s SE—
suppression was observed whenB@0H2 allele was tested.

Fig. 6. Overexpression of the RA isoform of PKA-R1 causes a

reduction in PKA activity and Oskar protein accumulation. (A) Wild-
driver, a wing outgrowth was observed in about 30% of théype adult wing. (B) An ectopic wing outgrowth, which is observed
animals (Fig. 6B). This phenotype is very similar to thatwhen the RA isoform is overexpressed ubiquitously using an
observed in a dominant_negatimo mutant in Wings (Pan actinGAL4 driver. The pe_netr_ance of this p_henotype is about 30%.
and Rubin, 1995). This suggests that overexpression of t{C:D) oskarRNA localization in stage 10 wild-type egg-chambers
PKA-R1 RA isoform indeed results in a reduction in PKA&nd in €gg chambers in which RA was overexpressed using the
catalytic subunit activity in the cell actinGALA4 driver, revealed by in situ hybridizatiamskarRNA

L localizes correctly at the posterior pole in wild type (C) and in RA-
We then analyzed the effect of RA overexpression in th,erexpressing oocytes (D). (E) Northern blot analysis of wild-type

germline on oskar regulation, using either the actinGAL4 Ohng 18304 hemizygote ovarian polytA3NA probed with aroskar
nanosGAL4VP16 driver. We first carried out in situ cDNA probe (top panel). The blot was re-probed w9 cDNA as
hybridization and observed that overexpression of RA does na loading control (bottom panel), revealing that there was no

cause detectable defects in oocyte polarity or oskar mRNdifference inoskarRNA expression levels between wild-type and
localization at the posterior pole (Fig. 6C,D). In addition,RA-overexpressing ovaries. (F) Western blot analysis of protein
northern blot analysis revealed no difference in the amount @xtracts of wild-type and RA-overexpressing ovaries (actinGAL4 and
oskar mRNA in wild-type and R1-overexpressing ovaries (FignanosGAL4VF?16), probed with anti-Oskar antiserum. Both isoforms
GE). Vie hen quaniiated by wester blotanalyss he amou®! OSK1 ICET 1S xpissce 2 Sanieanty s leves e
of Oskar protein in RA-ov_erexpressmg ovaries. A Slgnlflcanfe-probed with ant&-Tubulin antibody as g loading cc?nirol

reduction in Oskar protein levels, both the long and shor(bottom)_

isoforms, is observed in RA-overexpressing ovaries compare

with wild type (Fig. 6F). However, abdomen formation is not

affected in these embryos and the adults are fertile, indicatir@mpgenesis for post-transcriptional regulationsifar PKA-R1

that the reduced amount of Oskar in R1-overexpressing oocyteems a complex with the PKA catalytic subunit and controls
is sufficient for abdomen and germline formation in theits activity in response to cAMP. Drosophila theDCO locus
embryo. This is consistent with previous observations that venyas identified as the catalytic subunit gene with the highest
small amounts of Oskar are enough to support abdomdromology to its mammalian counterparts, and it serves as the
(Erdélyi et al., 1995) and germline (Van Eeden et al., 200Imajor source of PKA catalytic activity (Lane and Kalderon,
formation. This result demonstrates that PKA activity is indeed993). DCO mutant germline clones show defective actin
required for accumulation of Oskar in wild-type egg chambersstructures in the nurse cells and oocyte, indicating a role of
PKA in organization of the actin cytoskeleton. Analysis of
DCO loss-of-function alleles in the germline has also revealed

Dlscuss_lon ) ) ) _ a requirement for PKA catalytic activity in the establishment
PKA-R1 is essential during  Drosophila oogenesis of microtubule polarity along the anteroposterior axis of the
for restriction of Oskar to the posterior pole oocyte (Lane and Kalderon, 1993; Lane and Kalderon, 1994),

Our results reveal thaPka-R1lis an essential gene iD. a prerequisite fooskarRNA localization. The effect of loss of
melanogasterand that it is specifically required during DCO activity on microtubule polarity has prevented analysis
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of the role of PKA in regulation of Oskar protein expressionholoenzyme complex (Park et al., 2000). We observed an
becauseoskar RNA is translationally repressed before its excess of PKA catalytic activity both in the absence and the
localization, and translation is not activated if the RNA fails topresence of exogenous cAMP in the mutant extract, suggesting
localize to the posterior pole. that upregulation of PKA catalytic subunit activity #ka-

Our analysis demonstrates a requirement for precisB18304is due to a defect of mutant PKA-R1 in inhibiting
modulation of PKA activity in theéDrosophila germline for  catalytic subunit activity. In addition, the mutant extract still
correct spatial distribution of Oskar protein. We have showishows an increase in PKA activity in response to cAMP, which
that, in the Pka-R18304 mutant, where PKA activity is suggests the existence of a holoenzyme complex in the mutant.
upregulated, Oskar protein is overexpressed and accumulafBsis is likely to be the case, as the point mutatiorka-
ectopically thoughout the oocyte, althougiskar RNA R118304js in a conserved arginine in the ‘inhibitory domain’
localization and levels are normal. Dorsoventral patterning ithat acts as a catalytic unit pseudosubstrate (Gibson et al.,
correctly established. Anterior patterning also appears norm&b97). However, it is also possible that an autoregulatory
in the mutant, as revealed by the fact fhk&a-R18304 oskar  feedback loop controlling expression or stability of catalytic
double mutants develop a normal head and thorax. In additiosybunits contributes to the increase in total PKA activity.
we have shown that overexpression of the regulatory subunit )
causes a modest reduction in PKA activity, without affecting® PKA-dependent mechanism regulates Oskar
oskar RNA localization in the ovary. In such egg chambers€xpression and anteroposterior patterning
Oskar is underexpressed, suggesting that PKA activity i$he premature and ectopic accumulation of OskaPka-
indeed required for Oskar expression. Taken together, ol118304 suggests a role for PKA-R1 iaskar localization-
results suggest that, in addition to its role in the establishmedependent translation. An alternative explanation is that PKA-
of microtubule polarity and actin cytoskeleton integrity, PKAR1 is involved in the control of Oskar protein stability. In the
has a positive role in the regulation of Oskar protein expressiarase ofC. eleganssome germ plasm components are excluded

at the posterior pole. from the somatic cells by cullin-dependent degradation
_ ) ) ) (DeRenzo et al., 2003). A similar process might operate to

Regulation of PKA by PKA-R1 is required during restrict Oskar to the posterior pole. This assumes the existence

Drosophila development of a mechanism whereby precociously and ectopically

We observe that, in addition to defects in oogenesis, both tfanslated Oskar is degraded, and that this process requires
our Pka-R1alleles have reduced viability, indicating that the PKA-R1 and its inhibition of PKA activity. However, there is
control of PKA activity by PKA-R1 is required in several no evidence to date of translation agkar RNA prior to its
developmental processes. It has been shownRkatR1lis  posterior localization (Markussen et al., 1995; Rongo et al.,
expressed throughout the cell-body layer of the central brait995; Gunkel et al., 1998), or of active degradation of
and optic lobes, and strongly accumulates in mushroom bodiesislocalized Oskar (Ephrussi et al., 1991; Smith et al., 1992;
(Goodwin et al.,, 1997). Analysis of hypomorphic allelesKim-Ha et al., 1995; Riechmann et al., 2002).

has revealed thaPka-R1is involved in olfactory learning We have previously shown that Oskar degradation is
(Goodwin et al., 1997) and courtship conditioning (O’Dell etinhibited by phosphorylation (Riechmann et al., 2002). We
al., 1999). The novétka-R1mutants we have described appearalso showed that both the protection and the degradation
to be stronger alleles, and their analysis should prove usefoiachineries operate throughout the oocyte and not just at the
for investigating the role dPka-R1in brain development and posterior pole. As nucleotide substitutions in th&JTR
function. In addition, the role of PKA in different process ofof oskar lead to its ectopic translation and detectable
development has been investigated by making use of mutardscumulation (Kim-Ha et al.,, 1995), wunder normal
in DCO, PKA-R2 and factors that modulate cAMP levels suchcircumstancesyskartranslational regulation seems fairly tight,
asdunceandrutabaga For example, it has been demonstratedand is responsible for the specific accumulation of the protein
that PKA antagonizesh signaling by phosphorylating and at the posterior. Therefore we speculate that the ectopic
inactivating the downstream transcription factor Cubitusaccumulation of Oskar in PKA-R1 mutants reflects a role of
interruputus (Wang et al., 1999; Price and Kalderon, 1999). IRKA in activation ofoskartranslation at the posterior pole, and
addition, PKA-mediated signaling was shown to be involvedhat phosphorylation of translation regulatory proteins by PKA
in learning and behavior, and drug responses. Regulation ofight cause the release oskar mRNA from translational
PKA by PKA-R1 is likely to be crucial in these processes asepression outside of the posterior domain.

well. Lane and Kalderon demonstrated that PKA is involved in the
. reception of the signal from the posterior follicle cells for the

The Pka-R118304 mutant phenotype is caused by a establishment of oocyte polarity at mid-oogenesis, specifically

defect in PKA repression for the destabilization of the posterior microtubule organizing

The increase in PKA activity iPka-R183%4 mutant extracts center (Lane and Kalderon, 1994). The signal from the
and the suppression of both the semi-lethality and the maternglesterior follicle cells might activate PKA at the posterior pole
effect bicaudal phenotype by reduction of a functional copy 0bf the oocyte, and this local activation might in turn be
the DCO catalytic subunit reveals that the phenotypd’k&-  responsible for the localized activationaskarexpression. It
R118304is due to its failure to repress PKA activity in the has been shown that the PKA holoenzyme can be targeted to
mutant. Release of active PKA catalytic subunits from thepecific subcellular domains by association with A-kinase
inactive PKA holoenzyme is controlled by cAMP levels. It isanchoring proteins (AKAPs) (Huang et al., 1997) (reviewed by
also known that free catalytic subunits are more susceptiblgolledge and Scott, 1999), a mechanism that has been
to proteolytic degradation than are catalytic subunits in th@roposed to regulate the spatial distribution of PKA activity. It
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is tempting to speculate that, in wild-type egg chambers, PKAilardo, P. and Ephrussi, A. (2003). Bruno regulates gurken during
holoenzyme complexes are targeted to specific AKAPs throughDrosophilacogenesisMech. Dev120, 289-297.

_ ; ; s avis, E. R. and Lehmann, R(1994). Translational regulation onosby
PKA-R1, which blocks phosphorylation of specific targets, thu$ RNA localization.Nature 369, 315-318.

preventlng ectopic expression Of_ Oskar OUtS|d_e of _the pOSt_e”Q-Zribson, R. M., Ji-Buechler, Y. and Taylor, S. S(1997). Interaction of the
domain. However, an alternative explanation is possible, regulatory and catalytic subunits of cAMP-dependent protein kinase.
whereby itis not PKA, but rather a PKA target involvedskar Electrostatic sites on the type | alpha regulatory subliritiol. Chem272,
activation that is asymmedrically distributed, with an enrichmeng, ;f;;g;lsiigs A, Ellott, H. and St Johnston, L995). Polarization of
at the posterior pole —as is the case@fiarmRNA. Uniformly both major b0(’jy éxes iD’rosophiIaby gurken-térpedcsignalling.Nature
moderate levels of PKA activity throughout the oocyte would 375 54-658.
result in phosphorylation/activation of the target exclusively aGoodwin, S. F., Del Vecchio, M., Velinzon, K., Hogel, C., Russell, S. R.,
the posterior pole; over-activation of PKA throughout the Eully, Th'land Kaisfeﬁ K. (19?73- DefEthiV_? 'efa"xf,‘v?P"& mmzmst of ”;e_
H : H H rosopnila gene 1or a regulatory subunit or C. -aependen rotein

oocyte would result in activation of the target protein | =CPUE 95UE | w7 88178507 P P
throughout the oocyte, which would be sufficient for ectopiCgunkel, N., Yano, T., Markussen, F-H., Olsen, L. C. and Ephrussi, A.
activation of Oskar expression outside of the posterior pole. To (1998). Localization-dependent translation requires a functional interaction
address these possibilities, and to address directly thebetween the'sand 3 ends ofoskarmRNA. Genes Devl2, 1652-1664.
mechanism by which PKA controls the spatial restriction Of—|achet, O. and Ephru_55|,A(2_001).Drosoph|IaYl4 shuttles to the posterior

Lo . . . . of the oocyte and is required foskar mMRNA transport.Curr. Biol. 11,
oskar, it will be important to visualize the localization of the  1gg6-1674.
kinase activity, and to identify and determine the subcellulafuang, L. J., Durick, K., Weiner, J. A., Chun, J. and Taylor, S. S(1997).
localization of the targets of PKA in this process. Identification of a novel protein kinase A anchoring protein that binds both

type | and type Il regulatory subunits.Biol. Chem272, 8057-8064.
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