
Electron microscopy
Whole larvae (day 5) were anaesthetized with 0.02% MESAB (3-aminobenzoic acid ethyl
ester) and then fixed by immersion in 2.0% glutaraldehyde and 1.0% paraformaldehyde in
normal solution (containing (in mM): 145 NaCl, 3 KCl, 1.8 CaCl2, 10 HEPES, pH 7.2)
overnight to several days at 4 8C. Specimens were fixed with 1.0% OsO4 in H2O for 10 min
on ice, followed by fixation and contrast with 1.0% uranyl acetate for 1 h on ice, and then
dehydrated with several steps in ethanol and embedded in Epon. Ultrathin sections
(90–120 nm) of mutant sputnik and wild-type sibling anterior maculae were stained with
lead citrate and uranyl acetate. Mutant bundles were serially sectioned at intervals of
1–2 mm or greater; both anterior maculae were present on each section. Wild-type bundles
were partially sectioned (0.2–0.6 mm). Cross-sections of bundles contained up to five
stereociliary tips (see Supplementary Fig. 2).
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oskar messenger RNA localization at the posterior pole of the
Drosophila oocyte is essential for germline and abdomen for-
mation in the future embryo1,2. The nuclear shuttling proteins
Y14/Tsunagi and Mago nashi are required for oskar mRNA
localization, and they co-localize with oskar mRNA at the
posterior pole of the oocyte3–5. Their human homologues, Y14/
RBM8 and Magoh, are core components of the exon–exon
junction complex (EJC)6–9. The EJC is deposited on mRNAs in a
splicing-dependent manner, 20–24 nucleotides upstream of
exon–exon junctions, independently of the RNA sequence6–8.
This indicates a possible role of splicing in oskar mRNA localiz-
ation, challenging the established notion that the oskar 3 0

untranslated region (3 0 UTR) is sufficient for this process. Here
we show that splicing at the first exon–exon junction of oskar
RNA is essential for oskar mRNA localization at the posterior
pole. We revisit the issue of sufficiency of the oskar 3 0UTR for
posterior localization and show that the localization of unrelated
transcripts bearing the oskar 3

0
UTR is mediated by endogenous

oskar mRNA. Our results reveal an important new function for
splicing: regulation of messenger ribonucleoprotein complex
assembly and organization for mRNA cytoplasmic localization.

To address the requirement of splicing for oskar mRNA local-
ization, we tested the effect of deleting oskar introns on mRNA
localization by a transgenic approach. We evaluated oskar mRNA
localization in the osk A87/Df(3R)p XT103 background, in which no
endogenous oskar RNA is produced10. osk A87/Df(3R)pXT103 ovaries
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undergo an early arrest of oogenesis that can be rescued by
transgenic oskar mRNA (O.H., P. Závorsky, M. Erdélyi, A. Jenny
and A.E., unpublished data), providing a phenotypic confirmation
of efficient transgene expression. Because the only source of oskar

mRNA in these experiments is transgenic, we refer to each genotype
by the name of the oskar transgene.

We first investigated the localization of oskar mRNA produced
from the intronless transgene oskDi(1,2,3), in which the three oskar
introns i1, i2 and i3 were deleted. During early oogenesis,
oskDi(1,2,3) mRNA is correctly transported from the nurse cells
to the oocyte (Fig. 1a, b) indicating that oskar introns are dispen-
sable both for nuclear export and the early phase of oskar mRNA
transport. A defect in oskDi(1,2,3) mRNA localization becomes
evident during mid-oogenesis. At stage 8, oskDi(1,2,3) mRNA
distribution seems diffuse compared with oskWT mRNA (Fig. 1c,
d). At stage 9, whereas oskWT mRNA accumulates at the posterior
with a transient accumulation at the anterior corners1,2, oskDi(1,2,3)
mRNA is distributed throughout the entire ooplasm (Fig. 1e, f).
During late oogenesis, only a small amount of oskDi(1,2,3) mRNA is
detected in an extended posterior crescent, most probably reflecting
local anchoring11 of mRNA randomly distributed in the posterior
area during mid-oogenesis (Fig. 1g–j). Consistent with the
oskDi(1,2,3) mRNA localization defect was our finding that
Staufen protein, a marker for oskar mRNA, is similarly mislocalized
(Fig. 1k–n). Although oskar mRNA levels are similar in oskWT and
oskDi(1,2,3) ovaries (Fig. 1q), oskDi(1,2,3) mRNA is poorly trans-
lated, presumably reflecting the requirement of localization for
oskar mRNA translation12–14 (Fig. 1r). Finally, more than two-thirds
of the embryos from eggs laid by oskDi(1,2,3) females fail to hatch
(Fig. 1s) and show a severe posterior group phenotype (Fig. 1o, p).

We next systematically deleted oskar introns to assess their
relative contribution in oskar mRNA localization. The results
show that, whereas the mRNAs produced from all i1-containing
transgenes are localized (oskWT, oskDi(2,3), oskDi2 and oskDi3),
those produced from all i1-deleted transgenes are mislocalized,
although they accumulate correctly in the oocyte (oskDi(1,2,3),
oskDi(1,3), oskDi(1,2) and oskDi1) (Fig. 2a). The distributions of
mRNAs produced from the oskDi(2,3) transgene, containing only
i1, and from the oskDi1 transgene, lacking only i1, are shown for
comparison (Fig. 2b–e). Although the absence of i2 and i3 does not
affect oskDi(2,3) mRNA localization, oskDi1 mRNA fails to localize
at the posterior pole of stage 9 and 10 oocytes, although i2 and i3
are correctly spliced (Supplementary Fig. S1). Confirming the
previously reported oskar mRNA-dependent localization of Y14
(ref. 3), Y14 fails to localize in oskDi1 oocytes (Fig. 2f, g). The fact
that oskDi(2,3) mRNA supports Y14 localization to the posterior
shows that splicing of i1 is sufficient for the association of Y14 with
oskar mRNA. Thus, our results reveal an unexpected and distinct
role of i1, compared with i2 and i3, in oskar mRNA localization.
They indicate either that i1 contains sequence-specific information
or that splicing at the i1 position is essential for oskar mRNA
localization.

To discriminate between these two possibilities, we tested the
localization of mRNAs produced by a transgene in which the i1
sequence was replaced by i3, called osk(i3 in i1). We found that
osk(i3 in i1) mRNA localizes at the posterior, showing that, although
i3 is unable to promote oskar mRNA localization when located at its
normal position, i3 can functionally substitute for i1 when placed in
the i1 context, between exons I and II (Fig. 3a, b). Consistent with
this was our observation that the EJC component Y14 is recruited by
osk(i3 in i1) mRNA, as revealed by the localization of Y14 at the
posterior pole (Fig. 3c, d), indicating that Y14 recruitment is
independent of intron sequence. This demonstrates the importance
of splicing at the first exon–exon junction of oskar mRNA, rather
than a specific requirement for i1, for oskar mRNA localization.
These results show that oskar RNA splicing and localization are
mechanistically coupled.

The demonstration that splicing is required for oskar mRNA
localization seemingly contradicts previous work reporting that the
oskar 3 0UTR is sufficient for mRNA targeting to the posterior
pole of the oocyte. This conclusion was based on several studies

Figure 1 oskar mRNA produced from an intronless oskar gene fails to localize at the

posterior of the oocyte. a–p, Left and right panels show oskWT and oskDi(1,2,3) egg

chambers, respectively. Scale bar, 100 mm. a–j, oskar mRNA detected by fluorescent

in situ hybridization is shown in red; 4,6-diamidino-2-phenylindole (DAPI) staining is in

blue. k–n, Staufen detected with a fluorescent antibody is shown in green; DAPI staining

is in red. o, p, Cuticle preparation of embryos produced by oskWT and oskDi(1,2,3)

females. q, r, Northern and western blots detecting oskar mRNA (q) and Oskar protein (r)

in ovarian extracts of oskWT (WT) and oskDi(1,2,3) (Di) females. rp49 RNA and tubulin

protein are loading controls. s, Hatching rate of embryos produced by oskWT (WT) and

oskDi(1,2,3) (Di) females.
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of lacZ–osk3
0
UTR hybrid RNAs, in which the intronless lacZ gene

was fused to the oskar 3 0UTR and the chimaeric mRNAs were
observed to localize at the oocyte posterior15,16. This apparent
contradiction prompted us to revisit the role of the 3 0UTR in
oskar mRNA localization. We considered the possibility that the
localization of lacZ–osk3 0UTR mRNA might be influenced by
endogenous oskar mRNA, which was present in all previous studies.
A direct analysis of lacZ–osk3 0UTR mRNA localization in oskar
RNA-null oocytes is prevented by the early oogenesis arrest of the
osk A87/Df(3R)pXT103 mutant. We therefore examined the localiz-
ation of lacZ–osk3

0
UTR mRNAs in oskWTand oskDi(1,2,3) oocytes,

in which transgenic oskar mRNA supports oocyte development
beyond the early stages. We found that although lacZ–osk3

0
UTR

mRNA localizes correctly in oskWToocytes, it fails to accumulate at
the posterior pole of oskDi(1,2,3) oocytes, as revealed by lacZ in situ
hybridization (Fig. 4a, b). In addition, when placed in the Oskar
protein-null background osk84/Df(3R)p XT103, in which the osk 84

nonsense mRNA localizes correctly until stage 10 of oogenesis1,2,
lacZ–osk3 0UTR mRNA also localizes at the posterior pole (Fig. 4c).
Taken together, these results demonstrate that an endogenous
source of oskar mRNA is required for lacZ–osk3 0UTR localization
at the posterior pole, and that this effect is independent of Oskar

protein. Localization of the lacZ–osk3
0
UTR hybrid RNA to the

posterior pole is therefore most probably due to its hitchhiking on
endogenous oskar mRNA localization complexes, whose assembly
involves splicing. Our results indicate that the oskar 3 0UTR pro-
motes association of the RNA into higher-order oskar messenger
ribonucleoprotein (mRNP) complexes. This idea is consistent with
estimates indicating that oskar mRNA particles contain about 100
oskar mRNA molecules11. The assembly of such multi-mRNP
particles might be mediated by protein–protein interactions involv-
ing factors bound to the 3 0UTR or by direct RNA–RNA interaction
as occurs with bicoid mRNA17,18.

Although the oskar 3 0UTR and associated factors are clearly
important for oskar mRNA localization, because oskar transcripts
lacking the 3 0UTR fail to localize15, our data show that oskar mRNA
localization requires additional factors recruited to the mRNA upon
splicing. Thus, information imparted to oskar RNA in the nucleus
during pre-mRNA processing is crucial for the localization of oskar
mRNA at the posterior pole of the oocyte cytoplasm. The fact that
both splicing and the EJC components Y14 and Mago nashi are
essential for oskar mRNA localization3–5 indicates that oskar RNA
splicing and cytoplasmic localization are mechanistically coupled by
the splicing-dependent deposition of the EJC. Unexpectedly, of the
three oskar intron positions, only the first is strictly required and
functional for oskar mRNA localization, although an EJC is pre-
sumably assembled at each oskar mRNA exon–exon junction. This
indicates not only that an EJC landmark is required but also that its
position is essential for oskar mRNA localization at the oocyte
posterior. The importance of the splicing position, and thus of the
EJC on oskar mRNA, suggests a structural role of the Y14–Mago
nashi heterodimer3–5, eIF4AIII19 and Barentsz19,20, in assembly of the
oskar mRNA localization complex. The first EJC landmark on oskar
mRNA might have a pivotal function in mediating interactions
between factors bound to different regions of oskar mRNA, includ-
ing the 5

0
cap, the 3

0
UTR and potentially the coding region. We

propose that the position of the first oskar EJC landmark is crucial in
specifying the architecture of the oskar mRNA localization complex.
This structural model could explain why the EJC is not always
involved in cytoplasmic mRNA localization and why the transport
of gurken and bicoid mRNAs, both of which are produced from
intron-containing genes and are thus presumably imprinted with
the EJC, seems to be independent of the EJC3–5. Our model also
suggests that alternatively spliced mRNAs might be directed to
different cytoplasmic locations, depending on the formation of
alternative mRNP complex architectures.

In humans, EJC imprinting allows the recognition of premature
termination codons, triggering mRNA degradation by activation of

Figure 2 The first intron of oskar is required for oskar mRNA localization. a, Schematic

representation of the different oskar transgenes. Black boxes represent 5
0

and 3
0

UTRs,

grey boxes represent exons, and linkers represent introns. The capacity of the mRNA to

localize is indicated in the right column. bp, base pairs. b–g, Left and right panels show

oskDi(2,3) and oskDi1 egg chambers, respectively. Scale bar, 100 mm. b, e, oskar mRNA

fluorescent in situ hybridization is shown in red; 4,6-diamidino-2-phenylindole (DAPI)

staining is in blue. f, g, Y14 fluorescent immunostaining.

Figure 3 Splicing at the first exon–exon junction of oskar mRNA is essential for its

localization at the posterior pole of the oocyte. a–d, Top and bottom panels show osk(i3

in i1) and oskDi(1,2) egg chambers, respectively. bp, base pairs. a, b, oskar fluorescent

in situ hybridization is shown in red; 4,6-diamidino-2-phenylindole (DAPI) staining is in

blue. c, d, Y14 fluorescent immunostaining.
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the nonsense-mediated decay (NMD) pathway. In Drosophila,
however, although NMD factors and EJC components are con-
served, the recognition of premature termination codons depends
neither on the EJC nor on intron position21. The involvement of
Y14, Magoh, eIF4AIII and Barentsz in NMD in humans19,22,23 and in
oskar mRNA localization in Drosophila3–5,19,20 is striking and
suggests the maintenance of an evolutionarily conserved complex
with divergent functions. However, this does not exclude a possible
involvement of splicing and the EJC in the cytoplasmic localization
of some mRNAs in vertebrates. In particular, the localization of
Barentsz in hippocampal neurons24 suggests that the use of these
factors in cytoplasmic mRNA localization has been conserved in
vertebrates. It will be of particular interest to determine whether the
transport of other localized mRNAs is dependent on the EJC and to
evaluate the relevance of the conservation of the EJC regarding
mRNA cytoplasmic localization. A

Methods
Transgene constructions
pUASp oskWT and pUASp oskD(i1,i2,i3) transgenes were constructed by cloning genomic
and cDNA versions of oskar as BamHI/PstI fragments from pGem g.osk1 and pGem g/c.osk
(A.E., unpublished data), respectively, into pUASp Casper25 digested with BamHI/PstI. To
construct the different intron-deleted transgenes, genomic oskar was first subcloned into
the small vector pSP72 to allow the subsequent use of MscI and MluI unique restriction
sites in osk exons II and III. pSP72 oskWT was prepared by subcloning the pGem g-osk
BamHI NsiI-blunt-ended fragment into pSP72 BamHI XhoI-blunt ended. pSP72 oskDi1,
pSP72 oskDi2 and pSP72 oskDi(1,2) were then constructed by exchanging the BamHI MscI,
MscI MluI and BamHI MluI fragments of pSP72 oskWTwith their cDNA equivalents from
pBlue osk1. All pUASp osk derivatives were constructed by cloning the appropriate BamHI
MluI fragment of pSP72 oskDi1, pSP72 oskDi2, pSP72 oskDi(1,2) and pSP72 oskWT into
the appropriate vector (pUASp oskWTor pUASp oskDi(1,2,3)). For the pUASp osk(i3 in i1)
transgene, an (i3 in i1) fragment was generated by using the splicing by overlap extension
method26 and cloned in pUASp oskDi(1,2,3) with the use of BamHI MluI restriction sites.
Primer sequences are available from the authors on request.

Rescue experiments
Transgenic stocks were generated by germline-mediated transformation in the w1118
background. Rescue of the osk A87/Df(3R)pXT103 oogenesis phenotype by oskar
transgenes was performed by driving their expression by using both Nanos-Gal4:VP16
and pCOG-Gal4:VP16. In the case of the lacZ experiment, only the Nanos-Gal4:VP16
driver was used, at 29 8C. For the equivalent production of oskar mRNA from the
oskWTand oskDi(1,2,3) transgenes, the flies were raised at 21 and 25 8C, respectively. In all
other experiments, flies were raised at 21 8C. For each oskar transgene, more than 50 stage-

9 to stage-10 egg chambers were analysed for both oskar mRNA and Staufen
localization.

RNA and protein analysis
Flies were raised at the appropriate temperature for 4 days, allowed to lay eggs for 1 day to
evaluate the hatching rate of the progeny, then dissected. For RNA analysis, ovaries were
homogenized with a pestle in Trizol (Invitrogen) and processed according to the
manufacturer’s instructions. Each lane corresponds to 20 ovaries. Northern blotting
was performed as described27. Radioactive DNA probes were synthesized from a SacI
fragment of pBlue osk and an XhoI BamHI fragment of pBS RP49, with the High Prime kit
(Roche). For protein analysis, ovaries were homogenized with a pestle in 2£ SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) sample buffer, and analysed by 10%
SDS–PAGE. Each lane corresponds to two ovaries. Western blotting was performed as
described28.

Whole-mount in situ staining
Staufen fluorescent immunostaining was performed as described3. For fluorescent in situ
hybridization, ovaries were fixed with 4% formaldehyde in PBS for 30 min, then treated as
described29.

Splicing assay
RNA extracted from oskDi1 ovaries were subjected to polymerase chain reaction (PCR)
with reverse transcription by using primers hybridizing to exon I and exon III sequences
for the intron 2 splicing assay, and primers hybridizing to exon III and exon IV (in the
3

0
UTR) for the intron 3 splicing assay. The DNA fragments were then amplified by PCR

with primers allowing the discrimination of spliced from unspliced versions of the RNA,
based on the size of the amplified fragment. The sequence of the primers used in this assay
is available from the authors on request.

Fly stocks
The following fly stocks were used: osk 84 (ref. 29), osk A87 (ref. 10), Df(3R)p XT103 (ref. 30),
Nanos-Gal4:VP16 (ref. 25), pCog-Gal4:VP16 (ref. 25) and lacZ–osk3 0 UTR (ref. 16).
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In this Letter to Nature, lanes FadD17, -19, and -28 of Fig. 1a did not
appear. Figure 1a should have appeared as shown. A
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