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Transport, translation, and anchoring of osk mRNA and
proteins are essential for posterior patterning of Dro-
sophila embryos. Here we show that Homer and Bifocal
act redundantly to promote posterior anchoring of the
osk gene products. Disruption of actin microfilaments,
which causes delocalization of Bifocal but not Homer
from the oocyte cortex, severely disrupts anchoring of
osk gene products only when Homer (not Bifocal) is ab-
sent. Our data suggest that two processes, one requiring
Bifocal and an intact F-actin cytoskeleton and a second
requiring Homer but independent of intact F-actin, may
act redundantly to mediate posterior anchoring of the
osk gene products.
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Asymmetric localization of determinants to specific sub-
cellular compartments of germline and somatic cells
plays important roles in pattern formation and cell-fate
specification. Localization of the maternal determinant
Oskar to the posterior pole of Drosophila oocytes is criti-
cal for posterior patterning and pole plasm assembly
(Lehmann and Nusslein-Volhard 1986; Ephrussi and
Lehmann 1992). Spatial restriction of Oskar depends on
transport- and localization-dependent translation of os-
kar mRNA, as well as anchoring of osk mRNA and
proteins to the posterior cortex (Ephrussi et al. 1991;
Kim-Ha et al. 1991; Rongo et al. 1995; Gunkel et al.
1998). Microtubules and associated motors are required
for posterior transport of osk mRNA, and microfilament
and actin binding proteins have been implicated in the
anchoring of the osk gene products (Erdelyi et al. 1995;
Glotzer et al. 1997; Brendza et al. 2000; Saxton 2001;
Jankovics et al. 2002; Polesello et al. 2002).
Drosophila Homer (Hom), the Drosophila homolog of

the vertebrate Homer (Brakeman et al. 1997) is an F-actin
binding protein (Shiraishi et al. 1999). Mutants in hom

show defects in locomotor activity and mating behavior
(Diagana et al. 2002). Bifocal (Bif) is a novel protein
which was shown to colocalize with F-actin and is re-
quired for normal photoreceptor rhabdomere formation
and axon guidance (Helps et al. 2001; Ruan et al. 2002).
Bif was shown to form a complex with both F-actin and
microtubules in vitro (Sisson et al. 2000). Total loss of
function of bif or hom are viable and fertile with no
obvious embryonic defects (Bahri et al. 1997; Diagana et
al. 2002). Here we show that simultaneous loss of Hom
(Diagana et al. 2002) and Bif (Bahri et al. 1997), while not
affecting osk mRNA transport and translation, delocal-
izes osk RNA and proteins from the posterior cortex.
Latrunculin A disruption of actin microfilaments, which
causes delocalization of Bif but not Hom from the pos-
terior cortex of wild-type oocytes, causes only minor de-
fects in the anchoring of osk gene products. However,
Latrunculin A disruption in the absence of Hom, but not
in the absence of Bif, causes severe defects in posterior
anchoring of osk RNA and proteins. Our data suggest
that two processes, one that requires Bif and an intact
F-actin cytoskeleton and a second process requiring Hom
but independent of an intact F-actin cytoskeleton, may
act redundantly to mediate posterior anchoring of the
osk gene products.

Results and Discussion

bif;hom double mutants show severe defects
in the anchoring of osk RNA and proteins

Both Bif and Hom show asymmetric localization at the
apical cortex of embryonic neuroblasts (data not shown),
indicating that these F-actin binding proteins may be
involved in neuroblast asymmetric divisions. However,
animals lacking both the maternal and zygotic compo-
nents of either gene are fertile, viable, and show no ob-
vious defects in embryonic CNS development. This
prompted us to make double mutants of bif and hom.
However, although double homozygous mutant females
are viable, they show defects in oogenesis, with the vast
majority of the eggs produced remaining unfertilized, as
judged by the lack of staining in eggs using an antibody
directed against the sperm tail (data not shown; Karr
1991; Graner et al. 1994). In the few fertilized embryos
which do undergo development, the numbers of Vasa-
positive germ cells are drastically reduced (from ∼33 in
wild type, n = 15; to seven in double mutants, n = 12;
data not shown), suggesting possible defects in the func-
tion or localization of posterior determinants during
oogenesis.

Analyses of bif and hom single mutants as well as
double mutant oocytes indicate that the two genes act in
a redundant manner for the correct anchoring of poste-
riorly but not anteriorly localized molecules. In stage 10
oocytes, posterior group molecules, including oskar (osk)
RNA, the two isoforms of Osk proteins (Rongo et al.
1995), Staufen (Stau; St Johnston et al. 1991), and a fusion
protein in which �-galactosidase has been fused to the
N-terminal extension of the long form of the Osk protein
(referred to as Osk-�Gal) used as a marker for the long
form of the Osk protein, which has been shown to have
a role in the posterior cortical maintenance of Osk
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(Gunkel et al. 1998; Vanzo and Ephrussi 2002), are all
localized as tight posterior cortical crescents in wild-
type oocytes (Fig. 1A). In most double mutant oocytes,
these molecules, when detectable, are present largely at
the posterior region; however in contrast to wild-type
oocytes, they show a diffuse distribution that extends
into regions of the posterior cytoplasm distinctly interior
to the posterior cortex (Fig. 1A). In about 30% of the
cases, Osk or Stau protein cannot be detected (Fig. 1A;
see Supplemental Table 1 for quantitation). The defects
seen in the oocytes of double mutants are essentially
absent in the single mutant oocytes. These findings in-
dicate that whereas bif and hom are individually dis-
pensable, together they are required for the localization

of the posterior components of the oocytes.
These defects in localization are specific for
the posterior group molecules, because the
anterior/dorsal localization of Gurken
(Neuman-Silberberg and Schupbach 1996)
and anterior localization of bicoid RNA
(Berleth et al. 1988) are unaffected (Fig. 1B).

Not surprisingly, staining with anti-Bif
(Helps et al. 2001) and anti-Hom antibodies
indicates that both proteins are expressed
in the oocyte. Bif localizes to the oocyte
cortex in a manner very similar to that seen
for F-actin (Fig. 2A). The staining seen with
the anti-Hom antibody is highly punctated
and, although localization is cortically en-
riched, Hom is also present in the cyto-
plasm (Fig. 2B). The cortical staining seen
in wild-type oocytes (and nurse cells) is ab-
sent in mutant oocytes stained with the
corresponding antibodies, confirming the
specificity of both antibodies and that the
mutant alleles do not produce detectable
amounts of protein (Fig. 2C). As homLL17 is
a complete deletion of the coding region
and bifR47 removes a significant portion of
the coding region (Bahri et al. 1997), they
are both likely to be null alleles.

Several observations indicate that the de-
fect in posterior localization of the osk gene
products is due to defective anchoring and
not transport or translation of osk RNA.
Osk RNA and Osk proteins as well as Stau
are localized normally in stage 9 double
mutant oocytes (Fig. 1C; data not shown).
Consistent with this, both the F-actin and
microtubule cytoskeletons in the double
mutants are indistinguishable from those
in the wild-type oocytes (Fig. 1B; data not
shown). Not only does the polarity of the
microtubules appear normal, as assayed us-
ing a kinesin heavy chain (khc) �-Gal
marker (Fig. 1B; Clark et al. 1994; Brendza
et al. 2000), the cytoskeleton-dependent cy-
toplasmic streaming (Theurkauf 1994) is
also absent in stage 9 oocytes and occurs
normally in stage 10 double mutant oo-
cytes, as is seen with wild-type oocytes
(data not shown). Taken together, these ob-
servations indicate that the double mutant
oocytes retain, at a gross level, normal cy-
toskeletal structure. They can transport osk
mRNA to the posterior cortex, and trans-

late it appropriately, but do not maintain the posterior
anchoring of the osk gene products.

Role of F-actin in the localization of Osk, Bif,
and Hom

An intact F-actin cytoskeleton is thought to be required
for asymmetric protein localization in several contexts
(for review, see Jan and Jan 1998). In the oocyte, loss or
reduction of the actin binding proteins moesin and
tropomyosin have been shown to affect the posterior an-
choring of Osk in the oocyte and the embryo, respec-
tively (Erdelyi et al. 1995; Tetzlaff et al. 1996; Jankovics
et al. 2002; Polesello et al. 2002). To assess the require-

Figure 1. Loss of both bifocal and homer causes defective anchoring of the posterior
determinants in oocytes. (A) Stage 10 wild-type and bif;hom double mutant oocytes
showing the localization of Stau (green), osk RNA (white), Osk (green), and Osk-�Gal
(green). Two sets of double mutant oocytes are shown (second and third rows) to illus-
trate the different severity of the phenotypes observed; for example, Stau and Osk can
either be loosely cytoplasmic (second row) or undetectable (third row). Arrowheads
point to sites of cytoplasmic localization. DNA staining (blue) marks the position of
follicle cell nuclei. (B) Double mutant oocytes assessed with phalloidin, khc �-Gal, bcd
RNA in situ, and anti-Grk, all of which appear normal. (C) osk RNA and Stau local-
ization in wild-type and double mutant stage 9 oocytes; the normal localization seen at
stage 9 indicates that the defects seen in stage 10 double mutant oocytes are due to
defects in anchoring. (Bar length is 10 µm in all figures.)
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ment for an intact microfilament cytoskeleton for the
anchoring of osk RNA and proteins in the oocyte, the
localization of these molecules was examined in wild-
type oocytes treated with an actin depolymerizing drug,
Latrunculin A (Lat A; Spector et al. 1983). Following
treatment with 20 µm Lat A, cortical F-actin in the oo-
cytes was largely undetectable with phalloidin, yet, un-
expectedly, both Osk proteins (short and Osk-�Gal) and

osk RNA remain localized to the posterior cortex of the
great majority of wild-type oocytes from stage 9–10B
(Fig. 3a–c; see Supplemental Table 1 for quantitation).
This was seen even when the oocytes were overstained
for the osk RNA: in around 17% of the Lat A-treated
wild-type oocytes, mild defects in anchoring are ob-
served. osk RNA and proteins show a diffuse localization
at the posterior cortex. However, in no cases were they
seen concentrated in the cytoplasm or had they become
delocalized or undetectable (as seen in the hom/bif
double mutant oocytes) as would be expected if an intact
F-actin cytoskeleton were to be an absolute requirement
for the normal anchoring of Osk. These mild effects on
protein localization in the oocyte are in distinct contrast
to those seen in embryonic neuroblasts where severe and
high-penetrance defects in asymmetric protein localiza-
tion are observed following disruption of microfilaments
(Broadus and Doe 1997). These observations suggest that
the role of microfilaments in the anchoring of proteins to
the cortex may differ in the different cellular contexts.

Additional experiments were performed to ascertain
whether the mild effects on Osk posterior anchoring fol-
lowing disruption of microfilaments are peculiar to Lat
A treatment. In fact, the posterior cortical localization of
Osk remained in the great majority of oocytes even after
treatment with cytochalasin D (CD), Lat A followed by
CD, CD followed by Lat A, and up to 100 µM Lat A. (Fig.
4a–c; data not shown; see figure legends for quantita-
tion). These results are consistent with previous reports
of CD disruption of F-actin, for example (Cha et al. 2002);
however, they indicate that an intact F-actin cytoskel-
eton, although required for the normal posterior anchor-
ing of Osk in a small proportion of oocytes, is probably
not the only factor involved in normal anchoring of Osk
to the posterior cortex. There are at least two possible
explanations for these observations. First, a small
amount of residual F-actin might remain even after se-
quential treatment with Lat A and CD, which is suffi-
cient to anchor Osk normally in a small fraction of the
drug-treated oocytes. Alternatively, there may be other
factors besides an intact F-actin cytoskeleton, which
can, in parallel, contribute toward the posterior anchor-
ing of osk RNA and proteins.

We next assessed the requirement for intact microfila-
ments on Hom and Bif localization. Both Bif and Hom
localize to the cortex (and in the case of Hom also the
cytoplasm) of wild-type oocytes (Fig. 2A,B). Following
depolymerization of F-actin with Lat A, such that corti-
cal F-actin becomes undetectable in the oocyte, Hom
localization appears unchanged from the wild-type pat-
tern in all oocytes (Fig. 2B, n = 49), but Bif becomes
highly diffuse with essentially no detectable enrichment
at the cortex (Fig. 2A, n = 55). This appears to be an effect
on Bif localization and not stability, because the levels of
the protein are not reduced as judged by Western blot
analysis (data not shown). Treating oocytes with colchi-
cine, which disrupts the microtubules, did not affect ei-
ther Hom or Bif localization in the oocyte (data not
shown). These findings raise the possibility that bif func-
tion might be dependent on intact F-actin; however, Hom
localization is Lat A-insensitive, suggesting that its func-
tion in the oocyte may not require intact microfila-
ments. However, we cannot exclude the possibility that
Lat A treatment allows for the retention of a small
amount of the F-actin cytoskeleton, and this is stabilized
in some way by Hom (see below).

Figure 2. Bifocal and Homer localization in the presence and ab-
sence of intact microfilaments. (A) Anti-Bif (green) and phalloidin
(red) staining of Lat A-treated and untreated wild-type oocytes. Note
that cortical Bif staining (arrowheads) in the oocyte disappears in the
absence of an intact F-actin cytoskeleton. (B) Anti-Hom (green)
and phalloidin (red) staining in the presence and absence of Lat A
treatment. Note that Hom staining at the cortex of the oocyte re-
mains even in the absence of an intact F-actin cytoskeleton. (C)
Anti-Bif and anti-Hom staining of their respective mutant oocytes.
In these oocytes the follicle cell nuclei are in blue. Note that in Lat
A-treated ovaries, residual phalloidin staining remains on the exte-
rior border of the follicle cells, whereas it is totally absent from the
oocyte cortex, perhaps due to a lower actin turnover in the follicle
cells.
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Hom, but not Bif, is required for Osk anchoring
in the absence of an intact F-actin cytoskeleton

These data raise the possibility that there might
be two processes, one that is microfilament-de-
pendent and requires Bif, and another which is
not dependent on intact microfilaments and re-
quires Hom. Either process is sufficient to anchor
the osk gene products to the posterior cortex of
the great majority of the oocytes. One prediction
of this hypothesis is that hom should be neces-
sary to anchor posterior components in the ab-
sence of intact F-actin. Indeed, when hom single
mutant oocytes were treated with Lat A, we
found a large amount of cytoplasmic Osk at stage
9 and 10 near the posterior pole, and there was a
large reduction in the Osk-�Gal signal (Fig. 3g–l;
Table 1). This could indicate that the loss of the
longer Osk isoform may be the primary defect
seen in Lat A-treated hom mutants, as this longer
Osk isoform is known to be essential for osk
RNA and protein anchoring (Vanzo and Ephrussi
2002). The defects induced by depolymerizing F-
actin in hom oocytes are similar to but more se-
vere than those seen in bif;hom double mutant
oocytes. This is probably due to the fact that F-
actin disruption also leads to premature stream-
ing in stage 9 and enhanced streaming in stage 10
oocytes (Manseau et al. 1996), thus accentuating
the effects of the loss of Osk anchoring at the
posterior cortex.

The above results demonstrate that disruption
of F-actin in the absence of hom function disrupts
anchoring of the osk gene products. Similar re-
sults were obtained when hom mutants were
treated with just CD or treated successively with
Lat A and CD or vice versa (Fig. 4d–f). CD does
not cause loss of F-actin as seen with phalloidin
staining, and causes changes in the cortical F-ac-
tin as well as causing some of the F-actin to be
seen in the cytoplasm. This latter effect is not
seen with Lat A. This could be attributed to the
difference in the mechanism of action between
CD and Lat A (Spector et al. 1989). However, de-
spite this difference between CD and Lat A, the
effects of these drugs singly or in combination on
Osk posterior anchoring are similar, causing mild
defects in Osk posterior anchoring in only one-
fifth of the treated wild-type oocytes and severe
defects in the great majority of treated hom oo-
cytes.

A second prediction is that disruption of micro-
filaments in the absence of bif should not affect
anchoring of Osk. Indeed, most wild-type and bif
single mutant oocytes treated with Lat A showed
largely wild-type anchoring of the Osk gene products (see
Table 1), similar to Lat A treatment of wild-type oocytes.
These results are consistent with the notion that Bif
functions in an F-actin-dependent manner in maintain-
ing Osk to the posterior of the oocyte.

If there are two independent mechanisms which act
redundantly for normal Osk anchoring at the posterior
cortex, then it would follow that the bif;hom double mu-
tants in the absence of an intact F-actin cytoskeleton
would show a phenotype similar to that of hom single

mutants treated with Lat A, and not a more severe phe-
notype. This is indeed the case we observed on testing
osk RNA and Osk proteins in Lat A-treated double mu-
tant oocytes (Fig. 3m–o; quantitation in Supplemental
Table 1).

In light of the finding that Hom posterior cortical lo-
calization remains unchanged following F-actin disrup-
tion, its ability to localize Osk to the posterior may be
because it forms a complex with Osk. Co-immunopre-
cipitation experiments, using Drosophila ovarian ex-

Figure 3. Osk protein and RNA localization in wild-type and hom oocytes in
the presence or absence of intact microfilaments. In the great majority of wild-
type stage-10 oocytes (a–c), in which the cortical F-actin (phalloidin, red) has
been rendered undetectable by Lat A treatment, Osk (green, a), Osk-�Gal (green,
b), and osk RNA (white, c) are localized as a tight posterior crescent similar to
that of untreated wild-type oocytes (see Table 1 for quantitation). DNA staining
shows the position of the follicle cell nuclei (blue). In hom oocytes not treated
with Lat A (d–f), cortical F-actin (red) can be seen, and Osk protein (d), Osk-�Gal
(e), and osk RNA (f) localizations are wild type. In Lat A-treated hom oocytes
(g–l), the cortical F-actin is undetectable. osk RNA and proteins show diffuse
(g,i,j,l) and in some cases prominent cytoplasmic localization (arrowheads, i–k).
In several cases the Osk-�Gal line does not show any staining in hom mutants
treated with Lat A (example in h). Similar results are seen with Lat A treatment
of hom;bif double mutants (m–o; cytoplasmic localization of Osk and osk RNA
are indicated by arrowheads in m,o).
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tracts, indicate that Hom and Osk form a complex in
vivo. Further, the stability of this complex is not depen-
dent on an intact F-actin cytoskeleton (Fig. 5A). We also
tested the possibility that Hom protein may inter-
act with osk RNA to give rise to defects seen in the
mutants; however, no interaction was detected (data not
shown).

Model

The maintenance of Osk at the posterior of the oocyte
may be mediated by two distinct mechanisms, either of
which is sufficient, at least for the great majority of the
oocytes. One mechanism does not require an intact F-
actin cytoskeleton, and Hom seems to be an important
player in this process. Hom can complex with Osk, and
the stability of this complex is not dependent on an in-
tact F-actin cytoskeleton. The second mechanism re-
quires an intact F-actin cytoskeleton. Bif seems to be
required for this mechanism. Previous work has shown
that overexpression of Bif can promote actin polymeriza-
tion in cultured cells (Ruan et al. 2002). As it is also
known that F-actin forms a complex with Bif in Dro-
sophila embryonic lysates (Sisson et al. 2000) and that
Bif binds directly to F-actin filaments in vitro (data not
shown), it is possible that Bif acts to stabilize actin fila-
ments. In this scenario its absence may cause subtle
changes in the F-actin cytoskeleton that may affect its
capacity to anchor molecules at the cortex when hom is
absent. In contrast, hom can function and is required to
anchor Osk in the absence of an intact F-actin cytoskel-
eton or in the absence of bif function. Only when both
mechanisms are disrupted in the oocyte, either through
the simultaneous disruption of both hom and bif, or

when F-actin is disrupted in the absence of hom, do the
osk gene products fail to remain anchored to the poste-
rior cortex (schematically represented in Fig. 5B).

Recent studies showed that Drosophila moesin is es-
sential to link the cortical F-actin to the oocyte cell
membrane (Jankovics et al. 2002; Polesello et al. 2002).
When moesin function is compromised, cortical F-actin
can detach from the cell membrane and “fall” into the
oocyte cytoplasm, and this results in the mislocalization
of Osk. We have examined the effects of loss of moesin
function on the localization of both Bif and Hom; our
results (K. Babu, unpubl.) indicate that in these mutant
oocytes, where the cortical F-actin detaches from the
mutant oocyte cell membrane, components of both of
our proposed anchoring pathways, Hom and Bif, also de-
tach. These observations are consistent both with the
Osk mislocalization phenotype seen in moesin mutant
oocytes and with our model. It will be interesting to
identify additional molecules involved in these separate
pathways and to elucidate the mechanisms that are re-
quired to localize Hom to the posterior cortex of the
oocyte in the absence of an intact actin cytoskeleton.

Materials and Methods
Additional details are provided in Supplementary Materials.

Fly strains
Canton S was used as wild-type control. bifR47 (Bahri et al. 1997) and
homLL17 were antigen minus alleles used for our studies. khc �-Gal

Figure 4. Osk localization in drug-treated wild-type and hom mu-
tants and wild-type stage-9 and -10 oocytes treated with CD alone
(a: n = 23, 26% show diffuse staining, whereas the others are nor-
mal), CD followed by Lat A (b: n = 18, 22% show diffuse staining),
or Lat A followed by CD (c: n = 15, 20% show diffuse staining).
Phalloidin staining in these oocytes is in red. Osk protein (green) in
these oocytes was detected using anti-Osk antibody. The protein
localization in most cases is still predominantly at the posterior
cortex, as in the wild-type oocytes. Similar experiments with hom
mutant oocytes treated with CD alone (d: 27.2% show diffuse stain-
ing; 45.5%, cytoplasmic staining, n = 11), CD followed by Lat A
(e: 22.2%, diffuse staining; 16.7%, no staining; 44.4%, cytoplasmic
staining, n = 18), and Lat A followed by CD (f: 50%, diffuse staining;
10%, no stain; 30%, cytoplasmic staining, n = 10) all show enhanced
diffuse or cytoplasmic staining (arrowhead in f) of Osk after drug
treatment. DNA staining (blue) shows the position of the follicle
cell nuclei.

Figure 5. Immunoprecipitations and proposed model. (A) Western
blot analysis of co-immunoprecipitations (co-IPs) from extracts of
ovaries treated or not treated with Lat A. Anti-Osk, anti-Bif, and
anti-Hom co-IPs were probed with the antibodies indicated. Osk
appears to complex with Hom in extracts derived from Lat A-treated
and untreated ovaries. Bif does not co-IP with Osk or Hom and
serves as a control. Note that the amount of Osk brought down in
the Osk IP with Lat A is similar to the amount of Osk brought down
in the absence of Lat A. (B) A schematic model proposing that the
posterior cortical anchoring of the osk gene products in the oocyte is
mediated by an F-actin-dependent pathway requiring bif and a sec-
ond parallel pathway requiring hom which does not require intact
F-actin; either pathway can promote anchoring of the osk gene prod-
ucts at the posterior cortex of the great majority of oocytes. Posterior
is toward the right.
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(Brendza et al. 2000) and Osk-�Gal transgenes (Vanzo and Ephrussi 2002)
were previously described.

Fish and immunoflourescence in ovaries
FISH analysis (Vanzo and Ephrussi 2002) and antibody stainings (Toman-
cak et al. 2000) were performed as previously described.

Drug treatment
Details of ovary dissections and treatment with Lat A and cytochalasin D
are provided in Supplementary Materials.

Immunoprecipitation experiments and Western blotting
Preparation of ovarian lysates, immunoprecipitations, and Western blot-
ting was performed using standard protocols.
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