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lethal giant larvae is required with the par genes for the
early polarization of the Drosophila oocyte

Pierre Fichelson**, Marléne Jagut'>*, Sophie Lepanse', Jean-Antoine Lepesant' and Jean-René Huynh'%*

SUMMARY

Most cell types in an organism show some degree of polarization, which relies on a surprisingly limited number of proteins. The
underlying molecular mechanisms depend, however, on the cellular context. Mutual inhibitions between members of the Par genes
are proposed to be sufficient to polarize the C. elegans one-cell zygote and the Drosophila oocyte during mid-oogenesis. By
contrast, the Par genes interact with cellular junctions and associated complexes to polarize epithelial cells. The Par genes are also
required at an early step of Drosophila oogenesis for the maintenance of the oocyte fate and its early polarization. Here we show
that the Par genes are not sufficient to polarize the oocyte early and that the activity of the tumor-suppressor gene lethal giant
larvae (Igl) is required for the posterior translocation of oocyte-specific proteins, including germline determinants. We also found
that Lgl localizes asymmetrically within the oocyte and is excluded from the posterior pole. We further demonstrate that
phosphorylation of Par-1, Par-3 (Bazooka) and Lgl is crucial to regulate their activity and localization in vivo and describe, for the
first time, adherens junctions located around the ring canals, which link the oocyte to the other cells of the germline cyst. However,
null mutations in the DE-cadherin gene, which encodes the main component of the zonula adherens, do not affect the early
polarization of the oocyte. We conclude that, despite sharing many similarities with other model systems at the genetic and cellular
levels, the polarization of the early oocyte relies on a specific subset of polarity proteins.
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INTRODUCTION

In order to perform particular functions, cells become specialised
and develop specific shapes and internal organisations. Despite the
great diversity of cell shapes and cellular contexts, recent work
reveals common themes during cell polarization, whether in
unicellular organisms such as yeast or in highly complex tissues of
vertebrates (Nelson, 2003). First, cells respond to an intrinsic or
extrinsic cue to define one or several axes of polarity and then divide
their membrane into functional sub-domains along those axes. The
polarization of the membrane is then relayed to their internal
organization by the activity of the microtubule and actin
cytoskeleton (Shulman and St Johnston, 1999).

This unity extends at the molecular level as surprisingly few
protein complexes are responsible for the polarization of most cell
types studied. These include mainly the Par genes [par-1, par-3
(bazooka, baz), par-4 (Ikb1), par-5 (14-3-3), par-6 and aPKC], the
Crumbs-Stardust-dPatj complex (Crb-Sdt-dPatj) and the Scribble-
Lethal giant larvae-Discs Large complex (Scrib-Lgl-Dlg) (for a
review see Macara, 2004). More recently, a novel group of proteins,
called the Yurt/Coracle group, was shown to be required for the
maintenance of epithelial polarity but not for the initial step of
polarization (Laprise et al., 2009). The function and relationships of
each of these genes, however, have only been deciphered in a small
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number of cell types and significant differences have already
emerged (Macara, 2004; Suzuki and Ohno, 2006). Furthermore, the
function of each member of these complexes has not yet been tested
comprehensively in most model systems.

In Drosophila, the anterior-posterior and dorso-ventral axes of
polarity are set up during oogenesis by the asymmetric localization
of bicoid, oskar and gurken mRNAs within a single cell called the
oocyte (Riechmann and Ephrussi, 2001). The localization of these
transcripts depends on the polarized organization of the
cytoskeleton, and thus on the polarity of the oocyte itself. During
mid-oogenesis, the microtubule cytoskeleton is mainly organized by
the activity of the Par-1 kinase at the posterior cortex of the oocyte
and by the activity of the Par-3—Par-6—aPKC complex at the anterior
cortex. The current model suggests that these complementary
localizations are established by mutual inhibitions, with Par-1
phosphorylating Par-3 to prevent oligomerization, and with aPKC
phosphorylating Par-1 to exclude it from the cortex (Benton and St
Johnston, 2003b). In support of this model, expression of non-
phosphorylatable forms of Par-1 or Par-3 is sufficient to mislocalize
them to the entire cortex and consequently, to disrupt the
polarization of the oocyte during mid-oogenesis (Benton and St
Johnston, 2003b; Doerflinger et al., 2006). In addition, it has been
recently proposed that aPKC also phosphorylates and inactivates Lgl
at the anterior cortex, which would indirectly promote Par-1
localization at the posterior of the oocyte (Tian and Deng, 2008).
Accordingly, expression of a non-phosphorylatable form of Lgl
recruits Par-1 throughout the oocyte cortex. The earliest known
asymmetry in this phosphorylation cascade is the localization of the
Par-1 N1S isoform at the posterior of the oocyte (Doerflinger et al.,
2006). This initial bias depends, however, on a previous signalling
relay between the oocyte and the follicle cells, as Par-1 N18S fails to
localize in gurken mutant oocytes (Doerflinger et al., 2006). Indeed,
at stage 6 of oogenesis, gurken mRNA is translated at the posterior
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of'the oocyte, sending a signal to the adjacent follicle cells, inducing
them to become posterior (Gonzalez-Reyes et al., 1995; Roth et al.,
1995). As a consequence, these cells send an unknown signal back
to the oocyte to recruit Par-1 N1S to the posterior cortex and trigger
the reorganization of the microtubule cytoskeleton. The posterior
localization of gurken mRNA is itself established even earlier, at
stage 1 of oogenesis (also called region 3 of the germarium), tracing
the initial asymmetry to the very first steps of the egg chamber
formation (Huynh and St Johnston, 2004). Loss-of-function
experiments have shown that again the full set of Par genes and the
microtubule cytoskeleton were required at these early stages for the
localization of mRNAs, proteins and centrosomes from the anterior
to the posterior cortex of the oocyte (Benton et al., 2002; Cox et al.,
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2001a; Cox et al., 2001b; Huynh et al., 2001a; Huynh et al., 2001b;
Martin and St Johnston, 2003). However, it remains unknown
whether the phosphorylation cascade described above is involved or
whether Lgl and other members of polarity complexes are required
in the germline to polarize the oocyte at these early stages.
Drosophila oogenesis begins in region 1 of the germarium when
a germline stem cell divides asymmetrically to produce a posterior
cystoblast and a new stem cell at the anterior (reviewed in Huynh
and St Johnston, 2004) (Fig. 1A). The cystoblast then undergoes
precisely four rounds of mitosis with incomplete cytokinesis to
form a cyst of 16 germline cells, which are all interconnected by
stable cytoplasmic bridges called ring canals. Only one cell
becomes the oocyte, while the other 15 cells develop into nurse

Fig. 1. Over-expression of a non-phosphorylatable form of
Par-1 disrupts the early polarization of the oocyte. (A) The
early steps of oogenesis. An egg chamber comprises 16 germline
cells surrounded by follicle cells (FC). The germarium is divided
into four regions along the anterior-posterior axis (1, 2a, 2b and
3). Germline stem cells (GSCs) reside at the tip of the germarium
(left) in @ microenvironment created by the cap cells (Cap) and
terminal filament cells (TF). GSCs produce cystoblasts, which
divide four times and generate germline cysts of 16 cells
connected by ring canals. The GSCs and cystoblasts contain a
spectrosome (red circles), which develops into a branched fusome
that orients cystoblast divisions. In region 2a, cytoplasmic proteins
(green), mRNAs, mitochondria and the centrosomes (blue circles)
progressively accumulate at the anterior of the oocyte. In region
2b, the minus-ends of the microtubules (MT) are focused in the
oocyte and the plus-ends extend through the ring canals into the
nurse cells. The follicle cells (grey) start to migrate and surround
the germline cells. As the cyst moves to region 3, the oocyte
adheres to the posterior follicle cells and repolarises along its
anterior-posterior axis, with the MT minus-ends and specific
cytoplasmic components now localized at the posterior cortex
(green crescent). (B) Ovariole overexpressing Par-1-GFP (green)
under the control of mat-Tub-Gal4 and nos-Gal4 and stained for
Orb (red) and DAPI (blue). Par-1-GFP (arrow) accumulates on the
fusome during early oogenesis. The localization of Orb to the
posterior of the oocyte is delayed (arrowheads). (B') The DAPI
channel is shown on its own. The arrow indicates the karyosome.
(€) Ovariole overexpressing Par-1-AEM-GFP (green) under the
control of mat-Tub-Gal4 and stained for Orb (red). The nucleus of
the oocyte is shown with an asterisk. (C') The Orb channel is
shown on its own. Orb remains at the anterior of the oocyte
(arrows). (D) Ovariole overexpressing Par-1-AEM-GFP (green)
under the control of mat-Tub-Gal4 and stained for y-Tubulin (red).
Par-1-AEM-GFP is localized at the ring canals and the centrosomes
remain at the anterior of the oocyte. The asterisks indicate the
nucleus of the oocyte. (D’) The y-Tubulin channel is shown on its
own. Centrosomes remain at the anterior of the oocyte (arrows).
(E) Ovariole overexpressing Par-1-AEM-GFP (green) under the
control of mat-Tub-Gal4 and stained for the meiotic marker C(3)G
(red) and DAPI (blue). The oocyte entered meiosis (arrowhead) but
soon lost the expression of C(3)G and became polyploid (arrow).
(E")The DAPI channel is shown on its own. (F) Wild-type (mat-Tub-
Gal4) ovariole stained for a-Tubulin (red) and DAPI (blue). (F') The
o-Tubulin channel is shown on its own. (G) Ovariole
overexpressing Par-1-AEM-GFP (green) under the control of mat-
Tub-Gal4 and stained for o-Tubulin (red) and DAPI (blue). (G') The
o-Tubulin channel is shown on its own. (G”) The Par-1-AEM-GFP
channel is shown on its own. (H) Quantification of the pixel
intensity of the o-Tubulin channel in wild-type (mat-Tub-Gal4) egg
chambers and in egg chambers overexpressing Par-1-AEM-GFP
under the control of mat-Tub-Gal4.
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cells. During these divisions, a cytoplasmic structure called a
fusome anchors one pole of each mitotic spindle and is thought to
be instrumental in the selection and polarization of the oocyte (de
Cuevas and Spradling, 1998; Huynh, 2006). Centrosomes, oocyte-
specific proteins such as Orb and the assembly of the
synaptonemal complex (SC) serve as markers of oocyte
differentiation as they are progressively restricted to only one cell
by the end of region 2a. In region 2b of the germarium, these
components remain associated with the fusome remnants and thus
accumulate at the anterior of the oocyte to form a Balbiani body
close to the four ring canals (Cox and Spradling, 2003). When the
oocyte reaches region 3, all of the components of the Balbiani
body disassociate and move around the oocyte nucleus to form a
crescent at the posterior cortex. This movement is the first sign of
anterior-posterior polarity in the oocyte, and is a crucial step in the
maintenance of its identity. Mutations in any of the five Drosophila
Par genes (par-1, par-3, par-4, par-5, par-6) and aPKC disrupt this
polarization step, as oocyte-specific components accumulate in the
oocyte but remain at the anterior and never translocate to the
posterior cortex (Benton et al., 2002; Cox et al., 2001a; Cox et al.,
2001b; Huynh et al., 2001a; Huynh et al., 2001b; Martin and St
Johnston, 2003). These defects lead to an early arrest of oogenesis
sometimes followed by the formation of egg chambers with 16
nurse cells and no oocyte, although the initial selection of the
oocyte is not affected.

In this study, we have performed loss-of-function experiments for
every gene of the main polarity complexes and expressed non-
phosphorylatable forms of key members of those complexes during
early oogenesis. Overall, our results demonstrate that, despite
sharing many similarities with other model systems at the genetic
and cellular levels, the polarization of the early oocyte shows
significant differences.

MATERIALS AND METHODS

Fly stocks

The strongest available alleles for each gene were used during this study:
arm™®?? (Peifer and Wieschaus, 1990), arm*"?? (Peifer and Wieschaus,
1990), baz®8 (McKim et al., 1996), crb’42? (Bilder et al., 2003), dig"?,
dlg'®, dlg? (Woods and Bryant, 1991), Igl* (Mechler et al., 1985), [(2)gl*""?
(Bilder et al., 2000), Patj’*’ (Bhat et al., 1999), sd#"? (Muller and
Wieschaus, 1996), scrib!, scrib’, scrib’ (Zeitler et al., 2004), sth69 (Godt
and Tepass, 1998), shg®3*! (Tepass et al., 1996). The germline clones were
generated using the FLP/FRT technique (Chou and Perrimon, 1992), using
a nlsGFP recombined onto FRT[9-2], FRT40A, FRTG13, FRT79D or
FRT82B (Bloomington Stock Center). Clones were induced by heat-
shocking third instar larvae at 37°C for 2 hours on 3 consecutive days except
for Igl and scrib mutant clones, which were heat-shocked only once for 1
hour at 37°C at late third instar. Overexpression experiments were performed
using the Gal4/UASp system (Brand and Perrimon, 1993) with the nanos-
Gal4 (nos-Gal4) (Van Doren et al., 1998) driver and the maternal-tubulin-
Gal4 (mat-Tub-Gal4) driver described by Januschke (Januschke et al., 2002).
We used the following transgenic lines for expression Par-3 and Par-1:
UASp-Baz-S151A,S1085A-GFP (Benton and St Johnston, 2003b), UASp-
Baz-S151A-GFP (Benton and St Johnston, 2003b), UASp-Baz-S1085A-
GFP (Benton and St Johnston, 2003b), UASp-Par-1-N1S-GFP (Huynh et al.,
2001b) and UASp-Par-1-AEM-GFP (Doerflinger et al., 2006).

Staining procedures

Antibody staining and Hoechst staining were performed according to
standard protocols. The antibodies used were mouse anti-Orb at 1:250 (6H8
and 4H8 from DSHB lowa University) (Lantz et al., 1994), mouse anti-y-
Tubulin (Sigma) at 1:100, rabbit anti-Par-1 at 1:5000 (Shulman et al., 2000),
rabbit anti-Par-3/Bazooka at 1:500 (gift from Andreas Wodarz, Gottingen,
Germany), rat anti-DE-Cadherin (D-CAD?2) at 1:20, rabbit anti-C(3)G at
1:1000 (Hong et al., 2003).

RESULTS

Expression of a non-phosphorylatable form of
Par-1 is sufficient to affect both oocyte polarity
and fate

To test whether the phosphorylation of Par-1 is important for the
regulation of its function during early oogenesis, we expressed a
form of Par-1 mutated in the apical-lateral exclusion motif (AEM)
domain, in which a conserved threonine is replaced by an alanine
(Doerflinger et al., 2006). This mutated form of Par-1 was shown
to ectopically localize to the apical side of the follicle cells and all
around the oocyte cortex at stage 7-9, disrupting the anterior-
posterior axis at this stage (Doerflinger et al., 2006). We used the
Gal4/UAS system to express Par-1-AEM-GFP and Par-1-GFP
with two different germline-specific drivers: nanos-Gal4, which
is strongly expressed in regions 1 and 2, and fading in region 3;
and mat-Tub-Gal4, which comes on strongly in region 3 onward.
We found that both tagged proteins were expressed at similar
levels and showed similar localization on the fusome (arrow, Fig.
1B) and at the cell cortex and ring canals (Fig. 1B,D). However,
using the mat-Tub-Gal4 driver, we found that egg chambers
expressing Par-1-AEM did not develop past stage 4. Orb and the
centrosomes localized into the oocyte but they remained at the
anterior of the nucleus (100%, n=95) (Fig. 1C-D"). The SC was
correctly restricted to one cell but disappeared quickly (1n=50)
(arrowhead, Fig. 1E). DNA staining revealed that the oocyte
became polyploid, although not to the same extent as in the nurse
cell nuclei (arrow, Fig. 1E"). By contrast, overexpression of the
Par-1-AEM form with the nanos-Gal4 driver disrupted the early
polarization of the oocyte in only 8% (n=52) of the egg chambers,
suggesting that region 3 is most sensitive to the activity of Par-1
(data not shown). Strong overexpression of a wild-type form of
Par-1 (N1S) using both drivers at the same time was also able to
disrupt the early anterior-posterior polarity, although much less
dramatically (Fig. 1B; data not shown). Only half of the egg
chambers (53%, n=55) showed a delay in the posterior
localization of Orb (arrowhead, Fig. 1B) and defects in the
formation of the karyosome. Moreover, in contrast to the
overexpression of Par-1-AEM, these defects were transient, and
most egg chambers (80%, n=51) proceeded through oogenesis
normally after stage 6 (Fig. 1B; data not shown).

The phenotypes induced by Par-1-AEM expression are similar
to those found in flies fed with colcemid, a microtubule-
depolymerizing drug, or in flies mutant for hypomorphic alleles of
dhc64C, which encodes the heavy chain of the minus-end-directed
molecular motor Dynein (McGrail et al., 1995; Swan et al., 1999;
Theurkauf, 1994). A recent study further showed that excessive and
ectopic activity of Par-1 is sufficient to depolymerize oocyte
microtubules during mid-oogenesis (Tian and Deng, 2009). We
thus compared the levels of microtubule staining in wild-type
germarium and in germarium expressing the non-phosphorylatable
form of Par-1 (Fig. 1F,G). We found that microtubules were greatly
reduced in egg chambers expressing Par-1-AEM compared with
those of the wild type (Fig. 1F’,G’). Quantification of these results
showed a decrease of more than 50% in pixel intensity in mutant
egg chambers stained with an anti-o-Tubulin antibody (n=50; Fig.
1H). We conclude that the loss of microtubules is the likely cause
of the phenotypes induced by the expression of a non-
phosphorylatable form of Par-1.

Overall, our results demonstrate that the regulation of Par-1
activity by phosphorylation is crucial for the early steps of egg
chamber development, as previously shown during mid-
oogenesis.
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A non-phosphorylatable form of Par-3 is not
sufficient to disrupt the early polarization of the
oocyte

The requirement for Par-3 during early oogenesis has precluded the
analysis of its loss at later stages, i.e. during mid-oogenesis.
Nevertheless, overexpression of a non-phosphorylatable form of
Par-3 during mid-oogenesis is sufficient to disrupt oocyte polarity.
Indeed, it was shown that Par-1 inhibits Par-3 oligomerization and
interaction with aPKC by phosphorylating two serines at position
151 and 1085 (Benton and St Johnston, 2003b). A non-
phosphorylatable form of Par-3 (Baz-S151A,S1085A) spreads
ectopically to the lateral cortex in follicle cells and to the posterior
cortex of the oocyte at stage 7-9, disrupting the anterior-posterior
polarity of the oocyte at this stage (Benton and St Johnston, 2003b).
To test whether inhibition of Par-3 is required during early
oogenesis, we expressed Baz-SI151A,S1085A-GFP in the
germarium both with nanos-Gal4 and mat-Tub-Gal4 drivers (Fig.

nos>Baz-S151A,51085A-GFP

2C,D). We found that Baz-S151A,S1085A-GFP localized in circles
around the ring canals (arrow, Fig. 2C"), at the junctions between the
germline stem cells and cap cells (arrowhead, Fig. 2C") and at the
germline cell cortex (Fig. 2D,D”), which is identical to the
localization of wild-type Baz-GFP (Fig. 2B") and endogenous Par-
3 (Fig. 2A). However, Orb and the centrosomes localized normally
at the posterior of the oocyte (#=50) when Baz-S151A,S1085A-GFP
was expressed under the control of nanos-Gal4 or mat-Tub-Gal4
(asterisks, Fig. 2C-D’; data not shown). In contrast to later stages of
oogenesis, these non-phosphorylatable forms of Par-3 are thus
insufficient to disrupt the early polarization of the oocyte.

In the follicular epithelium, Baz-S151A,S1085A-GFP is able to
rescue par-3-null homozygous clones and localizes apically in the
absence of endogenous Par-3 (Benton and St Johnston, 2003b). We
thus tested whether Baz-S151A,S1085A-GFP could rescue the early
requirement for Par-3 in the germarium (Fig. 2E). We found that in
germline clones homozygous mutant for a null allele of par-3 and

Fig. 2. Overexpression of a wild-type and non-phosphorylatable form of Par-3 does not affect the polarization of the oocyte. (A) Wild-
type ovariole stained for Par-3 (Baz). Par-3 is enriched at the junction between GSCs and cap cells (arrowhead) and is localized at the ring canals
(arrow). (B) Ovariole overexpressing a wild-type form of Baz-GFP (green) under the control of the nos-Gal4. Orb (red) localizes normally into the

oocyte (asterisk) and is relocated at the posterior cortex. (B") The Baz-GFP channel is shown on its own. Baz-GFP is enriched at the junction between
GSCs and cap cells (arrowhead) and is localized at the ring canals (arrow). (C) Ovariole overexpressing Baz-S151A,S1085A-GFP (green) under the
control of nos-Gal4. Orb (red) localizes normally into the oocyte (asterisk) and is relocated at the posterior cortex. (C') The Orb channel is shown on
its own. The oocyte is indicated with an asterisk. (C") The Baz-S151A,51085A-GFP channel is shown on its own. Baz-S151A,51085A-GFP is enriched
at the junction between GSCs and cap cells (arrowhead) and is localized at the ring canals (arrow). (D) Ovariole overexpressing Baz-S151A,51085A-
GFP (green) under the control of the mat-Tub-Gal4 driver. Orb (red) localizes normally into the oocyte (asterisk) and is relocated at the posterior
cortex. DNA is in blue. The oocyte is shown with an asterisk. (D*) The Orb channel is shown on its own. The oocyte is indicated with an asterisk.
(D”) The Baz-S151A,51085A-GFP channel is shown on its own. (E) Ovariole overexpressing Baz-S151A,S1085A-GFP (green) under the control of the
mat-Tub-Gal4 driver in wild-type or par-3 mutant egg chambers and stained for Orb (red). Wild-type egg chambers express nIsGFP (green) and
mutant egg chambers are identified by their lack of nIsGFP. DNA is in blue. The oocyte is outlined by a white dotted line. Orb fails to be relocated
posteriorly in egg chambers expressing only Baz-S151A,S1085A-GFP (arrow). (E’) The GFP channel is shown on its own. Baz-S151A,5S1085A-GFP
localizes to the ring canals in the presence of endogenous Par-3 (arrowhead) but not in its absence (arrow). (E”) The Orb channel is shown on its
own. Orb remains at the anterior of the oocyte in egg chambers expressing only Baz-S151A,51085A-GFP (arrow).
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expressing Baz-S151A,S1085A-GFP, Orb failed to translocate to the
posterior cortex and mutant egg chambers were arrested at stage 2-
3 (arrow, Fig. 2E-E") — a phenotype identical to par-3 loss-of-
function. This non-phosphorylatable form of Par-3 is thus unable to
rescue these early stages of oogenesis. We further noticed that Baz-
S151A,S1085A-GFP did not localize at the cortex in par-3 germline
clones (compare arrow and arrowheads in Fig. 2E"), indicating that
these phosphorylation sites are required for Par-3 localization at the
cortex in the germline. Baz-S151A,S1085A-GFP might thus still be
active in the germline, but unable to reach the cortex in the first place
when endogenous Par-3 is absent, in contrast to the follicular
epithelium.

Lethal giant larvae is required for the early
polarization of the oocyte

Par proteins interact with the Crumbs and Scribble complexes to
establish the apical-basal polarity of many epithelial cells (Goldstein
and Macara, 2007; Suzuki and Ohno, 2006). To test whether these
complexes were required for the early polarization of the oocyte, we
induced germline clones mutant for null alleles of each member of
the two complexes. As previously reported, clones of mutant follicle
cells for dlg, scrib or Igl induce dramatic over-proliferations of the
somatic cells, which prevents the analysis of the function of these
genes in the germline (Bilder et al., 2000; Goode and Perrimon,
1997; Li et al., 2008; Manfruelli et al., 1996) (Fig. 3D). To minimize
this problem, we used a mild heat-shock regime to induce a low
number of mutant clones. We then dissected the ovaries more than
7 days after the heat-shocks and analyzed egg chambers in which
only the germline was mutant. We found that in /g/* mutant germline
cysts, Orb, the centrosomes and the SC were restricted to one cell,
indicating that the selection of the oocyte was not affected (n=32)
(Fig. 3A,B; data not shown). However, Orb and the centrosomes
rarely translocated to the posterior pole (22% at the posterior, n=32).
We further noticed that the penetrance of these phenotypes increased
with time, suggesting that the perdurance of the Lgl protein allowed
young females to produce normal-looking eggs. Identical results

were obtained with /g/*""?, a second independent allele of Ig/. These

defects are highly similar to phenotypes induced by mutations in any
of the Par genes.

By contrast, we found that germline clones mutant for several
alleles of scribble — scrib’, scrib’® and scrib® (Lighthouse et al., 2008)
—and several alleles of dlg — dlg", dig'® and dlg’ — developed past
these early stages and went on to produce normal-looking eggs
(n=23 and n=32, respectively; Fig. 3C,E). These results demonstrate
that Lgl, but not DIg or Scrib, are required with Par proteins for the
early polarization of the oocyte.

We also induced germline clones mutant for the strongest
available alleles of crumbs, stardust and dPatj. We found that in all
mutant cysts analyzed, Orb and the centrosomes localized to the
posterior cortex of the oocyte, as in wild-type egg chambers (Fig.
3F,G; data not shown). We thus conclude that the Crb-Sdt-dPatj
complex does not play an essential role in the early polarization of
the oocyte.

Taken together, these results show that the early polarization of
the oocyte shares a genetic requirement for Lgl, Par-1 and Par-
3—Par-6—aPKC in common with the follicular and embryonic
epithelia.

Phosphorylation regulates the asymmetric
localization of Lgl within the oocyte

The phosphorylation of Lgl by aPKC was recently shown to play an
important function during the polarization of the oocyte at mid-
oogenesis (Tian and Deng, 2008). Although the overexpression of a
wild-type form of Lgl triggers some polarization defects at stage 7,
the expression of a non-phosphorylatable form of Lgl [named Lgl-
3A, in which three aPKC phosphorylation sites were mutated to
alanine (Betschinger et al., 2003)] completely disrupts the
establishment of the anterior-posterior axis. By contrast, the
expression of wild-type Lgl-GFP, Lgl-3A-GFP or Lgl-3A
(untagged) during early oogenesis did not induce any visible
polarization defects. Using both nanos-Gal4 and mat-Tub-Gal4
drivers, we found that Orb and the centrosomes (Fig. 4A-D; data not

Fig. 3. Lethal giant larvae is required for the early polarization of the oocyte, but not Scribble, Discs Large, Stardust or Crumbs.

(A-G) Mutant clones are labelled by the lack of GFP (green). (A) lgi* germline clone stained for y-Tubulin (red). The centrosomes remain localized at
the anterior of the oocyte (arrow), whereas they are already at the posterior cortex in a younger wild-type cyst (arrowhead). The oocyte is outlined
by a white dotted line. (B) lgi* germline clone. The SC (red) is correctly restricted to one cell and is maintained for several stages. The mutant cyst
nuclei are not pyknotic (DNA in blue). (C)scrib” germline clone. Orb (red) is relocated to the posterior of the oocyte (arrow). The oocyte is outlined
by a white dotted line. The DNA is in blue. (D) scrib’ germline and somatic clone (FCC, follicle cells clone). Orb (red) is relocated to the posterior of
the oocyte. The oocyte is indicated by an asterisk. The DNA is in blue. scrib’ follicle cells overproliferate and become multi-layered (arrow). (E) Orb
(red) is correctly localized at the posterior of the oocyte in Digm®? germline clones. The oocyte is indicated by an asterisk. The DNA is in blue. (F) Orb
(red) is correctly localized at the posterior of the oocyte in sdt*™® germline clones. The oocyte is indicated by an asterisk. (G) Orb (red) is correctly
localized at the posterior of the oocyte in crb’"4?? germline clones. The oocyte is indicated by an asterisk.
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shown) localized normally at the posterior of the oocyte (n=40;
arrowheads, Fig. 4C',D’). These results indicate that
phosphorylation of Lgl is not crucial for the establishment of the
anterior-posterior axis in the germarium.

However, we noticed that Lgl-GFP was specifically absent from
the posterior cortex of the oocyte from stage 1 to stage 6 of
oogenesis, whereas it was uniformly distributed in the nurse cells
(arrows, Fig. 4A’,C"). By contrast, the non-phosphorylatable form
of Lgl was more cytoplasmic and present at the posterior cortex of
the oocyte (arrows, Fig. 4B’,D"). We further found that egg
chambers expressing Lgl-GFP driven by mat-Tub-Gal4, failed to
develop past stage 6-7 (n=30, 100%; Fig. 4E-E"). These egg
chambers had small oocytes lacking Orb with a partially polyploid
nucleus (asterisk and arrow, Fig. 4E’ E"). Expression of Lgl-3A (but
not Lgl-3A-GFP) also induced an arrest at stage 5-6, indicating that
this form is active, but it did not affect the oocyte polarity and
identity (data not shown). These results show that although the
phosphorylation of Lgl is required for its asymmetric localization
within the oocyte, only the wild-type form of Lgl is able to disrupt
the oocyte identity when overexpressed.

Semi-circular adherens junctions form around the
ring canals

Our results so far show that the early polarization of the oocyte
shares some similarities at the genetic level with the polarization of
the follicular and embryonic epithelia, although the molecular
regulation might differ. A major event during epithelial polarization
is the formation of intercellular junctions, and in particular adherens

Fig. 4. Lgl is asymmetrically localized in the oocyte in a
phosphorylation-dependent manner. (A) Ovariole
overexpressing Lgl-GFP (green) under the control of nos-Gal4. Orb
(red) is correctly relocated at the posterior of the oocyte (arrow).
The oocyte is indicated by an asterisk. The DNA is in blue. (A") The
Lgl-GFP channel is shown on its own. Lgl-GFP is excluded from
the posterior cortex of the oocyte (arrow). (B) Ovariole
overexpressing LgI3A-GFP (green) under the control of nos-Gal4.
Orb (red) is correctly relocated at the posterior of the oocyte
(arrow). The oocyte is indicated by an asterisk. The DNA is in blue.
(B") The Lgl-3AGFP channel is shown on its own. Lgl-3AGFP fails
to be excluded from the posterior cortex of the oocyte (arrow)
and is also present in the cytoplasm. (C) Ovariole overexpressing
Lgl-GFP (green) under the control of mat-Tub-Gal4. Orb (red) is
correctly relocated at the posterior of the oocyte (arrowheads).
The oocyte is indicated by an asterisk. The DNA is in blue. (C") The
Orb channel is shown on its own. Orb is correctly relocated at the
posterior of the oocyte (arrowheads). (C”) The Lgl-GFP channel is
shown on its own. Lgl-GFP is excluded from the posterior cortex
of the oocyte (arrows). (D) Ovariole overexpressing LgI3A-GFP
(green) under the control of mat-Tub-Gal4. Orb (red) is correctly
relocated at the posterior of the oocyte. The oocyte is indicated
by an asterisk. The DNA is in blue. (D’) The Orb channel is shown
on its own. Orb is correctly relocated at the posterior of the
oocyte (arrowhead). (D”) The Lgl-3AGFP channel is shown on its
own. Lgl-3AGFP fails to be excluded from the posterior cortex of
the oocyte (arrows) and is also present in the cytoplasm. (E) Egg
chamber overexpressing Lgl-GFP (green) under the control of mat-
Tub-Gal4 fails to develop past stage 6-7. Orb (red) is not detected
in the oocyte (indicated by an asterisk). The DNA is in blue.

(E'") The Lgl-GFP channel is shown on its own. The oocyte is
indicated by an asterisk. (E") The DNA channel is shown on its
own. The oocyte becomes partially polyploid (arrow), which
contrasts with wild-type karyosome at younger stages
(arrowhead).

junctions. DE-Cadherin and Armadillo (Drosophila B-catenin) are
major components of adherens junctions (AJs) and were shown to
localize as rings around ring canals in the germarium, suggesting the
presence of AJs between germ cells (Gonzalez-Reyes and St
Johnston, 1998) (arrows, Fig. 5A). Interestingly, we further showed
that Par-3 also colocalizes on these rings. To investigate whether
genuine AJs form around the ring canals, we analyzed ultra-thin
sections of wild-type germaria by electron microscopy (EM). We
found structures with the characteristic appearance of AJs, i.e. they
showed electron-dense undercoats and a parallel orientation of cell
membranes (Fig. 5B,C). Their widths ranged from 100 nm to 220
nm, which is similar to mature zonula adherens (ZA) in embryonic
epithelia (Tepass and Hartenstein, 1994). These AJs ran along the
ring canals on several serial sections but rarely formed a full circle,
as ring canals were found associated with only one AJ on single
sections (Fig. 5D). They appeared in early region 2a, after the four
divisions, and became more common toward region 3. By contrast,
we did not find any structure similar to the septate junctions found
basally to the AJs in epithelial cells.

We also did not find a clear pattern in the distribution of AlJs
within germline cysts, indicating that AJ localization is probably
dynamic. The localization of the AJs was confirmed by confocal
microscopy of a greater number of samples (rn=20) using a
transgene expressing a GFP-tagged DE-Cadherin and
immunostainings against endogenous DE-Cadherin (n=20; Fig. 5A).

To test a potential function of the AJs in the polarization of the
oocyte, we induced germline clones mutant for strong and
intermediate alleles of DE-cadherin (shg®®, shg"3*!) and armadillo
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Fig. 5. Semi-circular adherens junctions form around the ring
canals. (A) Immunostaining for DE-Cadherin of a wild-type ovariole.
Composite image of several z-sections. (B-D) Ultra-thin sections of wild-
type germarium analysed by electron microscopy. AJ, adherens
junction; Bb, Balbiani body; ir, inner rim; N, oocyte nucleus; Oo, oocyte;
or, outer rim; RC, ring canal.

(arm™ 22 arm**3%). We found that in all cases (n=102), Orb and the
centrosomes translocated normally to the posterior of the oocyte,
indicating that the oocyte can polarize without DE-Cadherin and B-
catenin (data not shown). These results are consistent with reports
showing that DE-Cadherin and Armadillo are not required to initiate
the polarization of either follicle cells or embryonic epithelial cells
(Harris and Peifer, 2004; Harris and Peifer, 2005; Tanentzapf et al.,
2000). Alternatively, additional cadherins or adhesive systems in the
Drosophila germarium could compensate for the absence of DE-
Cadherin.

Lethal giant larvae is required to restrict Par-3
localization to the adherens junctions

To investigate the relationship between Par-1, the Par-3—Par-
6—aPKC complex, AJs and Lgl during the polarization of the oocyte,
we analyzed their localization in wild-type and mutant germaria. We
have previously shown that the localization of Par-1, Par-3 and Par-
6 are all independent from one another (Huynh et al., 2001a). Here,
we found that Par-1 localization on the fusome is also independent
of DE-Cadherin and Lgl (Fig. 6A,A’; data not shown). By contrast,
Par-3 and DE-Cadherin stainings at the AJs were greatly reduced in
gl mutant germline clones (completely absent in 64%, n=33 and
54%, n=34, respectively) (Fig. 6B,E). Par-3 and DE-Cadherin
localization appeared more diffuse at the cortex and in the
cytoplasm. These data indicate that Lgl is required to restrict Par-3
and DE-Cadherin to the AJs. We further found that DE-Cadherin
localized normally in par-3 mutant clones, whereas Par-3 staining
was reduced or absent in s4g®® mutant cysts (84%, n=33) (Fig.
6C,D). These results suggest that Par-3 localization on the AJs might
not be essential for its polarizing activity, as we showed that the

Fig. 6. Lethal giant larvae and DE-Cadherin are required to
restrict Par-3 (Baz) localization to the adherens junctions.

(A-E’) Germline clones are labelled by the lack of GFP (green). (A) Igt*
germline clone (dotted line). Par-1 (red) localizes normally on the
fusome (arrow). (A") Par-1 channel on its own. (B) lgl* germline clone
(dotted line). Par-3 (red) is no longer localized at the ring canals.

(B") Par-3 channel on its own. (C) shg™° germline clone (dotted line).
Par-3 (red) is no longer localized at the ring canals. (C’) Par-3 channel
on its own. (D) baz®’>¢ germline clone (dotted line). DE-Cadherin (red)
localizes normally at the ring canals. (D’) DE-Cadherin channel on its
own. (E) lgF* germline clone (dotted line). DE-Cadherin (red) is no longer
localized at the ring canals. (E’) DE-Cadherin channel on its own.

oocyte polarizes normally in shgR%’ clones. Alternatively, the
reduced amount of Par-3 on the Als in shg®% mutant clones might
be sufficient to polarize the oocyte.

DISCUSSION

Redundant mechanisms polarize germline and
somatic cells in Drosophila ovaries

One general strategy to establish polarity within a cell is to create
non-overlapping membrane domains along one specific axis. In
most cell types, four complexes are involved in the formation of
these domains: (1) Par-3—Par-6—aPKC, (2) Crb-Sdt-dPatj, (3) Scrib-
Lgl-Dlg and (4) Par-1 (Henrique and Schweisguth, 2003; Macara,
2004). However, our results and recent reports show that the
activities and interactions of these complexes depend on the cellular
context (Suzuki and Ohno, 2006). In single-cell systems that lack
intercellular junctions, such as the C. elegans embryo and vertebrate
hippocampal neurons, mutual inhibitions between the Par-3—Par-
6—aPKC complex and Par-1 (PAR-2) seem sufficient to establish
polarity (Munro, 2006; Solecki et al., 2006). By contrast, in the
follicular epithelium, the Crb-Sdt-dPatj complex acts redundantly



822 RESEARCH ARTICLE

Development 137 (5)

with Par-3—Par-6—aPKC to define the apical side, whereas the Scrib-
Lgl-Dlg complex cooperates with Par-1 on the lateral cortex.
Consistent with this redundancy, expression of non-
phosphorylatable forms of either Par-3 or Par-1 is not able to disrupt
the apical-basal polarity of the follicle cells, although they both
localize ectopically (Benton and St Johnston, 2003b; Doerflinger et
al., 2006). In this study, we show that the early polarization of the
oocyte is an intermediate case. Our results suggest that the Crb-Sdt-
dPatj complex does not act redundantly with the Par-3—Par-6—aPKC
complex as it is not required, whereas Lgl could function with Par-
1. Consistent with this hypothesis, we showed that the expression of
a non-phosphorylatable form of Par-1 is able to disrupt the early
polarization of the oocyte, whereas a non-phosphorylatable form of
Par-3 is not able to counter the activities of both Lgl and Par-1. In
addition, we found that Par-1 localizes on the fusome independently
of Lgl further suggesting that both could act in parallel pathways.

Phosphorylation regulates the localization and
activity of Par-1, Par-3 and Lgl during early
oogenesis

Our results show that phosphorylation plays a crucial role to regulate
the activity and localization of Par-1, Par-3 and Lgl during early
oogenesis, but to different extents in each case. Par-1
phosphorylation might not be crucial for its localization within the
germarium as we found that the non-phosphorylatable and wild-type
forms of Par-1 had a similar localization, although Par-1-AEM
appears a bit more cytoplasmic. Its overexpression, however,
induces very strong and penetrant polarity defects in the germline.
These results contrast with the follicular epithelium, where Par-1-
AEM-GFP localizes ectopically to the apical membrane but does not
affect the polarization of those cells (Doerflinger et al., 2006). Thus,
the main function of Par-1 phosphorylation in the germarium might
be to downregulate its kinase activity. In addition, we showed that
the microtubule cytoskeleton is a probable target of Par-1 activity,
as we observed a strong reduction in microtubules in oocytes
expressing Par-1-AEM.

The localization of endogenous Par-3, wild-type Par-3-GFP and
non-phosphorylatable Par-3 (Baz-S151A,S1085A-GFP) also
appear identical. However, Baz-S151A,S1085A was unable to
localize properly in the absence of the endogenous Par-3. This
failure is probably due to the inability of this mutant form of Par-3
to homodimerize (Benton and St Johnston, 2003a).
Phosphorylation thus plays an important role for Par-3 localization.
This non-phosphorylatable form of Par-3 is, however, still active,
as it is able to rescue par-3-null homozygous clones in the follicular
epithelium and is also sufficient to induce polarity defects in the
oocyte when expressed at later stages of oogenesis (Benton and St
Johnston, 2003b). In this latter case, Baz-S151A,S1085A was
expressed in the presence of the endogenous Par-3 and was able to
reach the cortex of the oocyte and localize ectopically to the
posterior pole. Our results suggest that this ectopic Par-3 is
probably made of heterodimers of endogenous and non-
phosphorylatable forms of Par-3. Our data further show clear
differences with the follicular epithelium, where expression of the
non-phosphorylatable form of Par-3 in par-3 mutant clones not only
rescues the absence of endogenous protein, but also localizes
properly at the apical side only (Benton and St Johnston, 2003b).
This could be a consequence of redundant mechanisms in the
follicle cells as discussed above.

We found that Lgl localization is strikingly asymmetric in the
early oocyte as it is completely absent from the posterior cortex from
stage 1 to stage 5-6 of oogenesis. By contrast, it becomes specifically

enriched at the posterior cortex from stage 7 onward (Tian and Deng,
2008). To our knowledge, it is the first time that such an asymmetry
is described within the germline so early during oogenesis for any
protein. We further demonstrated that this asymmetric localization
depends on Lgl phosphorylation, as Lgl-3A localizes around the
entire oocyte cortex. Phosphorylation thus plays an important role
for Lgl localization. Surprisingly, the ectopic Lgl-3A localization is
not sufficient to disrupt the early polarization of the oocyte. By
contrast, the same Lgl-3A construct induces much stronger polarity
defects than wild-type Lgl when overexpressed in embryonic
neuroblasts or in the oocyte at later stages of oogenesis (Betschinger
etal., 2003; Tian and Deng, 2008). One possible explanation is that
at least one of the mutated Serine in Lgl-3A is also required for Lgl
activity during the early stages of oogenesis. Another possibility is
that an unknown redundant pathway is able to counteract Lgl
activity in the germarium.

One question remaining from our work is the relationship
between the localization of Par-1, Par-3 and Lgl, and their function.
It is difficult to relate Par-1 localization on the fusome in region 1 of
the germarium and the polarization defects induced by its absence
in region 3. Furthermore, we show here that Par-3 localizes around
the ring canals with DE-Cadherin and Armadillo on genuine AlJs,
which are structures playing key roles in the polarization of many
epithelia. However, the absence of Par-3 on these junctions in DE-
Cadherin mutant clones does not perturb the polarization of the
oocyte. The relevant localization of Par-3 for its polarizing activity
in the germarium thus remains unknown. Finally, although Lgl
localization is clearly asymmetric, excessive or ectopic localization
only affect oogenesis after the oocyte becomes polarized.

The microtubule cytoskeleton is a downstream
effector required for the early polarization of the
oocyte and the maintenance of its identity

Several arguments strongly point to the microtubule cytoskeleton
and associated proteins as key targets of the polarity complexes in
the germarium: (1) short treatments of microtubules depolymerizing
drugs allow the restriction of cytoplasmic proteins into the oocyte in
region 2 of the germarium but disrupt their localization to the
posterior of the oocyte in region 3 (Vaccari and Ephrussi, 2002); (2)
the Orb protein localizes into the oocyte in hypomorphic
combinations of dhc64C, which encodes the heavy chain of the
minus-end-directed molecular motor Dynein, but fails to translocate
to the posterior pole of the oocyte (McGrail et al., 1995; Vaccari and
Ephrussi, 2002); (3) In strong allelic combinations of Bicaudal D, a
binding partner of the dynein-dynactin complex, Orb and
centrosomes also fail to migrate to the posterior of the oocyte
(Bolivar et al., 2001; Huynh and St Johnston, 2000). Furthermore,
in all three cases, the oocyte becomes polyploid later on and reverts
to the nurse cell fate. We show here that overexpression of Par-1-
AEM strongly reduces the level of microtubules and induces
identical phenotypes. This confirms that the earliest step of oocyte
polarization depends on microtubules and is consistent with the
well-established function of Par-1 mammalian homologues, the
MARKS, in destabilizing microtubules. It is, however, more difficult
to explain why the oocyte nucleus becomes polyploid and why the
oocyte loses its identity. Although the Par proteins could have a
separate function within the nucleus, depolymerizing the
microtubules leads to an identical phenotype, which rather suggests
that polyploidization of the oocyte nucleus is a direct consequence
of the absence of microtubules. A failure to polarize is, however, not
sufficient to induce polyploidization of the oocyte nucleus. Indeed,
several mutants were found to retain Orb at the anterior of the oocyte
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but did not produce egg chambers with 16 nurse cells (Morris et al.,
2003). The link between the cytoplasmic polarization of the oocyte
and its nuclear identity thus remains unclear and is an exciting line
for future investigations.
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	Figure 1 Wcd is required for GSC self-renewal. (a) Drosophila early oogenesis. An egg chamber comprises 16 germline cells surrounded by follicle cells (FC). The germarium is divided into 4 regions along the anterior–posterior axis (1, 2a, 2b, 3). GSCs reside at the tip of the germarium (left) in a microenvironment created by cap cells (Cap) and terminal filament cells (TF). GSCs produce cytoblasts, which divide four times and generate germline cysts of 16 cells connected by ring canals. The GSCs and cystoblasts contain a spectrosome (red circles), which develops into a branched fusome orienting cystoblast divisions. In region 2a, the synaptonemal complex (SyC, red lines) forms in the 2 cells with 4 ring canals (the pro-oocytes) as they enter meiosis. The SyC then appears transiently in the 2 cells with 3 ring canals, before becoming restricted to the pro-oocytes. By region 2b, the oocyte (Oo) is selected, and is the only cell to remain in meiosis. In region 2a, cytoplasmic proteins, mRNAs, mitochondria (green) and centrosomes (blue circles) accumulate progressively at the anterior of the oocyte. In region 2b, the minus ends of the microtubules are focused in the oocyte, and the plus ends extend through the ring canals into the nurse cells. The follicle cells (grey) start to migrate and surround the germline cells. As the cyst moves to region 3, the oocyte adheres to the posterior follicle cells and repolarizes along its anterior–posterior axis, with the microtubules (MT) minus ends and specific cytoplasmic components now localized at the posterior cortex. (b–e) wcd cells are labelled by the lack of GFP, in green. wcd GSCs (asterisks) can frequently be observed 3 days after hatching (b) but become rarer and rarer at 10 (c) and 17 (d) days after hatching. No activated caspase‑3 (in red) is observed in wcd GSCs (e, asterisks). Endogenous apoptosis in polar cells serves as a positive control (arrow). (f) Relative percentage of negatively marked GSCs observed at 3, 10 and 17 days after hatching. The loss rate of wcd2 and wcd3 GSCs is more pronounced than that of wild-type (WT) GSCs. Scale bars, 10 μm.
	Figure 2 Wcd encodes a nucleolar protein containing four WD40 motifs. (a) Schematic representation of the Wcd protein (black bar). The wcd1 mutation leads to an amino acid substitution (Asp to Val) in position 277. The wcd2 mutation corresponds to a lethal transposable element insertion 68 base pairs downstream of the start site. The wcd3 mutation results from the imprecise excision of this transposable element, which leads to the presence of a stop codon at position 27. (b, c) wcd2 mutant cells are labelled by the lack of GFP, in green. The expression of RFP::Wcd, in red, was driven within wcd2 germline clones (GLC) using nanos–GAL4. (b) Expression of RFP::Wcd leads to a complete rescue of the growth phenotype. In addition, Orb, in blue, is correctly relocalized to the posterior of the oocyte (arrow). (c, c´´) RFP::Wcd (red in c and white in c´) accumulates in nuclear regions where the DNA staining (blue in c and white in c´´) is weak or absent. (d–d´´) The endogenous Wcd protein is green in d and white in d´. The nucleolar marker Fib is red in d and white in d´´. Fib overlaps perfectly with the main pool of Wcd (arrows) but a small fraction of Wcd resides in another nuclear sub-compartment (arrowheads). (e–e´´) Wcd–GFP is green in e and white in e´. The HLB marker LSM11 is red in e and white in e´´. The main pool on Wcd::GFP is nucleolar (arrow), whereas the small pool of Wcd::GFP colocalizes with LSM11 (arrowhead). Scale bars, 20 μm (b, c) and 4 μm (d, e)
	Figure 3 Wcd is a functional component of the U3 snoRNP required for pre-rRNA maturation. (a–c) Immunoprecipitation performed on ovarian extracts using anti-Fib (a) or anti-Wcd antibodies (b, c). PI, pre-immune serum. Wcd and Fib can be specifically co-immunoprecipitated (a, b). Western-blot analysis of the immunoprecipitate using anti-Wcd (upper panel) or anti-Fib (lower panel) antibodies. Northern-blot analysis of the immunoprecipitate using a radiolabelled probe directed against the pre-rRNA (c, top panel) or against the U3 snoRNA (c, bottom lane). A complex containing Wcd, the pre-rRNA and the U3 snoRNA can be specifically co-immunoprecipitated using anti-Wcd antibody (bottom lane). Data in the upper and lower gels (a, b) and top and middle panels (c) are from two different gels. Dashed lines in b and c indicate that lanes from the same gel have been juxtaposed. (d) Schematic representation of the pre-rRNA processing pathways A and B (adapted from Long and Dawid26). The top line shows the structure of the pre-rRNA; the ETS and ITS are shown in white, the 18S subunit in grey and the 5.8S, 2S and 28S subunits in black. The cleavage sites are numbered from 1 to 6. The different maturation intermediates indicated by the letters a–e. The probes used for northern blot analysis are represented as black boxes. (e) Western blot analysis of wcd RNAi-treated S2 cells, using anti-Wcd antibody (upper panel) or anti-tubulin (Tub) antibody (lower panel). wcd RNAi treatment resulted in an efficient and specific knockdown of Wcd (compare wild-type (WT) cells, left lane, with RNAi treated cells in the right lane. (f) Northern blot analysis of wcd RNAi-treated S2 cells using the probes described in d. Arrows on the right highlight the pre-rRNA and the different maturation intermediates. Knockdown of Wcd leads to an increase in the amount of pre-rRNA (compare lanes 3, 5, 7, 9 with lanes 2, 4, 6, 10), an increase in the amount of the intermediate d (compare lanes 3 and 5 with lanes 2 and 4) and a decrease in the amount of intermediate b (compare lanes lanes 5, 7, 9 with lanes 4, 6, 8). The 28S probe served as an internal loading control. Full gel scans for a–c, e and f can be seen in Supplementary Information, S7.
	Figure 4 Wcd is asymmetrically segregated upon GSC mitosis. (a, c, e) Wcd::GFP is in green. The DNA marker histoneH2B::RFP (H2B::RFP) is in red. The dividing GSC is highlighted by a white dashed circle (a–c) and the orientation of the metaphase plate is indicated by a white straight dashed line (a, b). Wcd::GFP forms a dot upon GSC division (arrow), which is located on the side of the future GSC (a). Single channels are shown for Wcd::GFP (a´) and H2B::RFP (a´´). (b) Wcd is in green and DAPI staining is in blue. The endogenous Wcd protein also segregates asymmetrically as a dot upon GSC division (arrow), which is located on the side of the future GSC. (c, d) Ex-vivo imaging of GSC division. Time (s) is indicated at the bottom left of each panel. The Wcd::GFP channel is shown on its own in d. Soon after nuclear envelope breakdown, Wcd::GFP forms a bright dot (arrowhead) that segregates into the new GSC. Once the two daughter cells have re-formed, the dot relocalizes to the nucleus of the GSC and cytoblast. (e, f) Ex-vivo imaging of germline cyst division, which leads to the formation of a four-cell cyst. The dividing cyst is highlighted by a white dashed line (e). The Wcd::GFP channel is shown on its own in f. Soon after nuclear envelope breakdown, Wcd::GFP forms several bright dots that are preferentially segregated into two of the four daughter cells (arrowheads), which we identify as the two pro-oocytes (pro) based on their positions. nc: nurse cells. Scale bars, 4 μm.
	Figure 5 Asymmetric segregation of Wcd is independent of the Dpp signal. (a–d) Overexpression of activated Tkv under the control of the nanos–GAL4 driver. The mitotic marker phospho-histoneH3 (PH3) is in red and the spectrosome marker α‑Spectrin is in blue (a–c). The orientation of the metaphase plate is indicated by a white straight dashed line (b, c). A GSC-like cell (highlighted by a white dashed circle) dividing at a distance from the niche (a arrow). Asterisks highlight the niche cells. Metaphase (b): Wcd::GFP segregates asymmetrically upon GSC-like cell division (arrowhead), together with the spectrosome (arrow). Anaphase (c): asymmetric segregation of Wcd::GFP as a dot (arrowhead) together with the spectrosome (arrow). A smaller dot of Wcd::GFP also segregates into the other daughter cell (empty arrowhead). Ex-vivo imaging of GSC-like division (d). Dots of Wcd::GFP form soon after entry into mitosis (arrowheads) and disappear in late telophase when the nuclei of the daughter cells re-form (arrows). Scale bars, 5 μm (a), 0.5 μm (b) and 0.7 μm (c, d)
	Figure 6 Wcd is asymmetrically segregated upon neuroblast division in the larval central nervous system and is required for neural stem cell proliferation and growth. (a) Wcd::GFP is in white. (b, c) Membrane-associated GFP positively labels the clones in green. The neuroblast (NB) marker Miranda (Mira) is shown in red. (a) An ex-vivo NB (indicated by an arrow) with several of its daughter ganglion mother cells (GMCs). Wcd::GFP forms two large dots (a3, arrowhead), which are inherited asymmetrically by the NB (white circle). The nucleolus then re-forms at telophase (a4). (b) A GFP-labelled wild-type (WT) NB, (white circle) and part of its progeny (GC). (b´) GFP channel. (c) A GFP-labelled wcd2 NB and part of its progeny (GC). (c´) GFP channel. (d, e) wcd mutant NBs produce fewer GCs (d) and are smaller (e) than WT NBs. (d) Average number of GCs observed in WT (blue bar) and wcd mutant clones (red bars) when apoptosis can occur (d, left panel, n = 20) or when apoptosis is inhibited by overexpression of the caspase inhibitor p35 (UAS–p35, d, right panel, n = 22). (e) Measurement of the volume of WT (blue bar) and wcd mutant (red bars) NBs (n = 20). Data are mean ± s.d.; scale bars, 10 μm.




