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the opposite wall of the male’s home enclosure. Investigation and scent marking were
measured as described above. Tests were conducted four days apart in balanced order.
Before tests, a female was introduced into each male’s enclosure for 24 h, the female was
then removed and males in neighbour enclosures were allowed a single interaction to
stimulate more males to show competitive scent marking. Eleven out of 15 subjects
deposited at least 20 marks on each tile and were included in analysis.
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Establishing cellular polarity is critical for tissue organization and
function. Initially discovered in the landmark genetic screen for
Drosophila developmental mutants'™*, bazooka, crumbs, shotgun
and stardust mutants exhibit severe disruption in apicobasal
polarity in embryonic epithelia, resulting in multilayered epithe-
lia, tissue disintegration, and defects in cuticle formation®. Here
we report that stardust encodes single PDZ domain MAGUK
(membrane-associated guanylate kinase) proteins that are
expressed in all primary embryonic epithelia from the onset of
gastrulation. Stardust colocalizes with Crumbs® at the apicolateral
boundary, although their expression patterns in sensory organs
differ. Stardust binds to the carboxy terminus of Crumbs in vitro,
and Stardust and Crumbs are mutually dependent in their
stability, localization and function in controlling the apicobasal
polarity of epithelial cells. However, for the subset of ectodermal
cells that delaminate and form neuroblasts, their polarity requires
the function of Bazooka”®, but not of Stardust or Crumbs.

The stardust (sdt) mutation is not complemented by Df(1)HA1l,
a deletion of regions 7D14-7D22 (ref. 9). HAII was mapped to a
region of about 85 kilobases (kb) (B.S., unpublished data), pre-
dicted to contain six open reading frames of more than 300 amino
acids each by the genome annotation database of Drosophila
(GadFly, http://www.bdgp.org). One of these open reading
frames, CG1617, encodes a previously unknown MAGUK protein
containing a single PDZ (PSD-95, Discs Large, ZO-1) domain, a SH3
(Src homology region 3) domain and a GUK (guanylate kinase)
domain. We pursued the possibility that this MAGUK protein
corresponds to Sdt, because other proteins with similar motifs are
important for cell-cell junctions and cellular polarity'®™,

To obtain full-length complementary DNAs, we screened an
embryonic cDNA library and identified a large transcription unit
that includes CG1617 and CG15341. Three cDNAs for this sdt
candidate gene, sdtl, sdt2 and sdt3 (Fig. la), differ at their 5’ ends
owing to alternative splicing, and code for two isoforms of potential
Sdt protein: SdtA, with 1,292 amino acids; and SdtB, with 860
amino acids and lacking the 432 amino acids encoded by alterna-
tively spliced exon 3 (hatched bar in Fig. 1d). In vitro translation
of sdtl and sdt3 yielded products of the predicted size (Fig. 1b).
Blast analyses (http://www.ncbi.nlm.nih.gov/BLAST) identified
homologues of SdtB in mouse, recently identified as Pals1 (proteins
associated with mammalian Lin-7 (ref. 15), and in Caenorhabditis
elegans a predicted protein of unknown function (see Supplemen-
tary Information). No homology to the amino-acid sequence of
exon 3 in SdtA was found.

The gene that gives rise to these three cDNAs is sdf, because three
independent strong hypomorphic or null alleles of sdt—XNO05,
XP96 and EH—induced by ethylmethane sulphonate (EMS)®'® each
carry a single nucleotide alteration in the coding sequences for
sdt1-3. XNO5 contains a nonsense mutation in exon 6 (Fig. 1d).
XP96 contains a mutation at the 3’ splice junction of exon 6; a failed
splicing would incorporate a stop codon that immediately follows
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this splice junction. EH contains a nonsense mutation in exon 3,
which should eliminate SdtA but not SdtB, indicating that SdtA
serves a critical function in embryogenesis.

Affinity-purified rabbit antibodies against a glutathione S-trans-
ferase (GST) fusion of the C-terminal 200 amino acids common to
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SdtA and SdtB clearly outlined epithelial cells in wild-type embryos
(Fig. 1c, right), but not in zygotic XNO5 (Fig. lc, left) or XP96
mutant embryos (data not shown). The speckles seen in mutant as
well as wild-type embryos are background nonspecific staining.
From the onset of gastrulation (stage 5 or 6), Sdt is expressed
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Figure 1 Cloning of sdt. a, Three alternatively spliced cDNA isoforms of sdt. Upstream
noncoding exons are designated as A1—A5, and the exon that includes the first in-frame
ATG is designated as exon 1. Boxed is a modified GadFly screen display of the 7D18

region of the X chromosome, with arrows indicating the direction of transcription, and bars
indicating predicted exons. b, /n vitro translation products of sdt7 and sdt3 cDNAs. Each
cDNA yields a major protein product of the expected size: relative molecular mass (M)
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~150,000 (150K) for SdtA and ~100K for SdtB. ¢, Sdt antibody outlines epithelial cells
in wild-type but not sat***° zygotic mutant embryo. Both embryos are at about stage 11.
The speckles shown in the XN05 embryo are nonspecific background staining. d, SdtA
protein structure and lesions in three sdt alleles. Hatched bar represents the amino-acid
sequence of the alternatively spliced exon 3.

Figure 2 Developmental expression pattern of Sdt. a, b, Sdt is first detectable around
stage 5—6, and is enriched at the boundary between epithelial cells, seen in tangential
section (a) and cross section (b) of embryos. Vertical pairs of arrowheads in b highlight the
Sdt distribution along the apicolateral cortex. ¢, d, At stage 8—9 Sdt concentrates around
apical cell boundaries as seen in tangential section (¢) and cross section (d) of the same
embryo, with DNA stained by propidium iodide (PI) (red) in d. e, A honeycomb pattern of
Sdt forms at stage 9. The right half is superimposed with DNA staining (red). The left inset
shows that in cells undergoing mitosis, Sdt staining is diffuse or absent from the cell
boundary. The right inset shows that Sdt is further enriched at the sites of contraction of
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the apical cell surface during cell invagination (a tracheal pit is shown here). f, g, Cross
section of a stage 13 (f) and a stage 14 (g) embryo. Sdt (red) overlaps with AJ marker Arm
(green, f) but extends further apically. Sdt is apical to the septate junction marker Cor
(green, g) with no overlap. h, Sdt expression at the apical lumen surface of the developing
tracheal system in a stage 13 embryo. Anterior is up and dorsal left. i, Chordotonal organs
double stained with Sdt antibody (red) and 22C10 (green), which specifically stains
neurons of the peripheral and central nervous sytems. Sdt is localized to the dendritic tips
(dt) and scolopales (sc). In f, g and i, right panels are merged images.
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around the apical cell boundaries (Fig. 2a) and the apical region of
the lateral cortex (Fig. 2b). In late gastrulation, coincident with
formation of the zonula adherens (ZA), Sdt starts to form a solid
continuous belt around the apical boundary of epithelial cells, and is
also enriched at the apical surface (Fig. 2c—e). Sdt distribution
overlaps with adherens junction markers Armadillo (Arm) and DE-
cadherin (DE-cad), although Sdt seems to localize slightly apical to
adherens junctions (Fig. 2f) as well. When septate junctions form at
the basolateral side of epithelial cells (embryonic stage 13 or 14), Sdt
retains its apical localization and association with the ZA, and
does not overlap with the septate junction marker Coracle (Cor)
(Fig. 2g). The tracheal system, foregut and hindgut, which are part
of the primary epithelia'’, also express Sdt at their apical surface
(Fig. 2h). Apical lateral subcellular distribution of Sdt persists
throughout embryonic development in epithelia, although the
expression gradually decrease in stages 16 and 17. Sdt is also
expressed in sensory organs. For example, in antennomaxillary
complexes and chordotonal organs, strong Sdt staining is seen on
the dendritic tips of sensory neurons and scolopale lumen formed
by support scolopale cells (Fig. 2i).

Adherens junctions (AJs) first form during cellularization (stage
5) in fly embryos as spot AJs'”'®, which later migrate apically and
coalesce to form the ZA, a continuous belt-like A] around the apical
lateral cell boundary”. The sdt mutations seem to specifically
disrupt the fusion of apically localized spot AJs to form the
ZA". In sdt zygotic mutants, AJ/ZA components Arm and DE-
cad fail to form a smooth honeycomb pattern, but appear signifi-
cantly fragmented'®'®* (see Fig. 3j, k; and data not shown). This
failure of ZA formation and apicobasal polarity establishment
results in an irregular and multilayered epithelial structure in later
embryogenesis’ (Fig. 3b). Despite their initial normal distribution
during gastrulation (stage 7 or 8), basolateral localization of Discs
Large (Dlg) and Scribble (Scrib), which marks the future septate
junctions, is progressively compromised in later stages (Fig. 3b, e).
Another indication that septate junctions fail to develop in sdt
mutants was the cytoplasmic distribution of the septate junction

Table 1 Localization of cellular polarity markers in stage 9-13 embryos

Protein Localization in Localization in Reduction of protein
wild-type embryos sdt embryos level in sdt mutant

Epithelia  Neuroblast  Epithelia  Neuroblast

Arm (Cyto) A - A%, BL - Mild

DE-cad (TM) A - A%, BL - Mild

Scrib (Cyto) BL - C - Mild

Dlg (Cyto) BL - C - Mild

Cor (Cyto) BL - C - Mild

Baz (Cyto) A A A A Mild

aPKC (Cyto) A A A A Mild

DmPar-6 A A A A Mild

(Cyto)

Mir (Cyto) C B C B Mild

Crb (TM) A - A* - Strong

Dlt (Cyto) A - A* - Strong

Cyto, cytoplasmic; TM, transmembrane; A, apical; B, basal; BL, basolateral; J, adherens junctional;
C, cortical.
*Punctate and fragmented staining around the cell boundary.

marker Cor at stage 14 (Fig. 3f). Table 1 summarizes the expression
patterns of a battery of cellular polarity markers we have examined
in sdt mutants, showing that all apicolateral and basolateral markers
tested are mislocalized in sdt mutant epithelia.

Bazooka (Baz), DmPar-6 and atypical protein kinase C (aPKC)*
form a complex essential for both neuronal and epithelial polarity,
and resemble Sdt in their epithelial expression and subcellular
localization (Fig. 3a, ¢, g). As early as stage 7 these proteins all
become mislocalized and form random aggregates around the
apical cell boundary in epithelial cells (Fig. 3b, d, g, and data not
shown). However, their apical localization in delaminating and
dividing neuroblasts remains largely normal not only in zygotic sdt
mutant embryos but also in germline clone embryos in which both
maternal and zygotic sdt contributions are removed (Fig. 3h and
data not shown). Likewise, the basal localization of Miranda
(Mir)* in neuroblasts was unaffected in sdt zygotic or germline
clone embryos (Fig. 3i). Similar results were also seen in zygotic crb
mutants (data not shown), indicating that epithelial but not

Figure 3 Characterization of polarity phenotype in sdt mutants. a—d, Epithelial expression
and localization of Baz (green) and DIg (red) in wild-type (@, ¢) and XP96 germline
clone embryos (b, d), shown in cross section at stages 7—8, 11-12 and 14 (a, b, from top
to bottom), respectively, and in tangential section at stage 9 (¢, d; right panels are merged
images). Note the irregular cell shape and multilayered epithelial structure revealed by
Dlg staining in XP96 mutants at stages 11—12 and 14. e, Scrib localization in stage
10-11 wild-type (left) and XNO5 mutant (right) epithelia are very similar to that of DIg.
f, Cor is localized to septate junctions in the wild type (left), but appears to be mislocalized
into cytoplasm in XNO5 mutant (right). Embryos are at stage 14. g, Similar to Baz, aPKC is
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uniformly localized to the apical cell cortex of wild-type epithelia (left), but is mislocalized
into random aggregates around apical cell boundaries in XNO5 mutant embryos (right).
Embryos in g—k are all at stage 10. h, i, Apical crescent of Baz (h) and basal crescent of
Mir (i) in neuroblasts are both unaffected in XP96 germline clone embryos that lack both
zygotic and maternal sdt products. Arrowhead in h highlights a Baz ‘stalk’ expanding
into the crescent. In h and i, DNA is stained with PI (red). j, k, Although Arm (green) and
Baz (red) are mislocalized in sdt mutant embryos, they remain largely colocalized around
apical cell boundaries (j, tangential view, XP96 germline clone embryo; k, cross section
view, XNO5 mutant embryo). Right panels are merged images.
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neuroblast polarity requires Sdt and Crb.

We wondered how neuroblasts retained their normal apicobasal
polarity in sdt mutants. Unlike Crb and DIt (see below), the
expression levels of Baz, DmPar-6 and aPKC are not significantly
reduced in sdt mutants before stage 13 (Fig. 3a—d). Moreover,
Baz remains colocalized with Arm/DE-cad in the disrupted AJs
(Fig. 3j, k), indicating a residual apicobasal polarity in sdt mutants.
This is probably due to partial redundancy between Baz and Sdt, as
removing zygotic copies of baz significantly enhances the null
phenotype of sdt'. This residual polarity retains Baz apically in
sdt mutants, so that as a neuroblast delaminates Baz is still
concentrated in the apical stalk structure”® that expands into an
apical crescent (Fig. 3h).

Crumbs, a transmembrane protein with EGF-like repeats, is an
apical determinant for establishing apicobasal polarity in embry-
onic epithelia®**. The sdr and crb mutants exhibit nearly identical
defects in epithelial apicobasal polarity, and ¢rb and sdt function in a
common genetic pathway”'*?”. We found precise colocalization of
Sdt and Crb throughout embryonic development in all cells
examined (Fig. 4a—d) except for those in sensory organs: Sdt but
not Crb is at the distal dendrites of sensory neurons (Fig. 4e). In
epithelial cells Crb and Sdt are mutually dependent for their
localization and stability. There is a marked reduction of the protein
levels of Crb in sdt mutants’ and of Sdt in crb mutants after
gastrulation. In both cases, instead of the normal apicolateral
distribution, these proteins are found in sparse and discrete
random spots (Fig. 4f and g). DIt, which interacts with the Crb
intracellular domain, is distributed similarly to Crb in sdt mutants
(Fig. 4h), although its early expression and localization during
cellularization is not affected even in sdt germline clone embryos
(data not shown). Conversely, overexpression of the Crb intra-

Figure 4 Sdt interacts with Crb. a—d, Colocalization of Crb (green) and Sdt (red) in
embryonic epithelial cells. a, Cross section, stage 5—6; b, tangential view, stage 11;
¢, stage 9, cross section; d, stage 11, cross section, tracheal pits. In a—e and i, right
panels are merged images. Vertical pairs of arrowheads in a highlight the Sdt and Crb
distribution along the apicolateral cortex. e, Expression of Crb (green) and Sdt (red) in
antennomaxillary complexes in stage 16 embryo. Here, Sdt but not Crb is expressed in the
distal dendrites of the sensory neurons (brackets). f, Crb localization is severely disrupted
and the protein level is reduced in stage 10 sat™® zygotic mutant epithelia. g, Sdt
localization and expression in epithelia is similarly disrupted and reduced in stage 10
crb'™?2 zygotic mutants. h, Epithelial expression of DIt in sc#*%° stage 10 mutant embryo

NATURE| VOL 414|6 DECEMBER 2001 | www.nature.com

%4 © 2001 Macmillan Magazines Ltd

letters to nature

cellular domain (Crb-intra) is sufficient to cause a ‘dominant’
phenotype, disrupting cell polarity, expanding the apical domain,
and displacing endogenous Crb into cytoplasm®*. In such embryos
we find that a large fraction of Sdt, together with Crb and Crb-intra,
is also displaced away from the membrane into the cytoplasm
(Fig. 4i).

To test whether the mutual dependence of Sdt and Crb is due to
their physical interaction, we carried out a GST:Crb-intra pull-
down assay using in vitro translated **S-labelled Sdt. Both SdtA and
SdtB bind specifically to Crb-intra (Fig. 4k). Two domains of Crb-
intra are known”, the C-terminal domain containing the EERLI
motif, and the amino-terminal domain containing amino acids,
such as Y10 and E16, that are conserved in Crb and its C. elegans
homologues® (Fig. 4j). Mutation in either domain abolishes the
ability of Crb-intra to rescue the crb phenotype, but only the EERLI
motif is required for inducing the dominant overexpression pheno-
type of Crb-intra®. In the in vitro binding assay, binding of Sdt to
Crb-intra was nearly abolished by removal of the C-terminal EERLI
motif, but was not affected by Y10A and/or E16A mutations
(Fig. 4k), indicating that Crb binds Sdt with its C-terminal EERLI
motif.

The same C-terminal EERLI is also required for DIt to bind to
Crb®. Tt will be of interest to determine whether Sdt and DIt bind
Crb cooperatively to form a tertiary complex, or whether they
compete with each other for binding to the Crb intracellular
domain. We did not detect any direct binding between DIt and
Sdt using the same in vitro GST pull-down assay (data not shown).
However, MAGUK proteins frequently show intramolecular auto-
inhibition between different binding motifs**® so it remains pos-
sible that Sdt binds DIt only after it first binds to Crb.

Thus, whereas the Crb—Sdt (and possibly DIt) pathway controls

Crb-intra: R
AERLI: ENKRATR
Y10A: RNKRATRGTASFS
El6A: RNKRATRG

SAQAYCNPRLEMDNVLEPPPEERLI

Y10A/EleA: ENKRATRG
A&
& & PN

A > d 2 3 )
65 @s ﬁ& ﬁ$ ﬁ$ $§ «®

looks similar to Crb expression in f. Inset, DIt expression in the wild type. i, Stage 9 embryo
overexpressing Crb-intra shows redistribution and colocalization of endogenous Crb
(green) and Sdt (red) to the cytoplasm and the expanded apical surface. j, Sequences of
Crb intracellular domain and different mutants used in GST pull-down experiments (k).
Conserved amino acids in Crb and its C. elegans homologues (not shown) are in red, and
mutated amino acids are in green. Residues implicated in Crb function in mutagenesis
studies® are in bold. k, /n vitro GST pull-down assay demonstrating the interaction between
Crb-intra and ®°S-labelled SdtA and SdtB. In the Input panel, only half the amount of the
*S-labelled SdtA and SdtB proteins were loaded owing to the limitation of loading volume.
1, SDS—PAGE gel showing the relative amount of protein used in assays in k.
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the epithelial but not neuroblast polarity, the Baz—DmPar-6—aPKC
complex affects both epithelial and neuroblast polarity. Proteins in
both pathways are expressed in epithelial cells with identical apico-
lateral localization patterns”®'>*' (data not shown) but only Baz—
DmPar-6—aPKC are expressed in neuroblasts. In epithelia, these two
pathways are probably partially redundant in controlling apicobasal
polarity. Their role in regulating ZA formation seems to be the key to
their epithelial and cuticle phenotypes. Sdt and Crb colocalize in
epithelia and together serve as apical determinants, but only partially
overlap and are likely to serve different functions in sensory organs. A
mutation in a human Crb homologue has been implicated as the
cause of one form of retinitis pigmentosa®’, suggesting a potential role
for the Crb family of proteins in the localization of a sensory
transduction complex®®. The localization of Sdt to the dendritic tip
and scolopale cells, the probable sites for sensory transduction, raises
the possibility that Sdt may have a role in the development or
function of a sensory transduction apparatus. t

Methods
Fly stocks and molecular biology

y w was used as the wild-type stock in all experiments. For mutant phenotype analysis,
sdr™% and sdt*"*® were balanced over FM7,P{] (ftz/lacZ} and crb''*? was balanced over TM3,
P{w*™ = 35UZ} Sb'. sdt*™ germline clone embryos were produced using the FLP/DFS
technique as described'®. Overexpression of Crb-intra was achieved by crossing upstream
activating sequence (UAS)-Crb-intra® with the maternal GAL4 driver V32A (provided by
D. St Johnston) at 25 °C. Crb-intra fragments were amplified by PCR and inserted into
PGEX-4T-1 vector between EcoRI and Sall to make GST fusion constructs. The GST pull-
down assay was carried out as described®.

Allele sequencing

Each sdt allele was rebalanced with a green fluorescent protein (GFP) X-chromosome
balancer”. About 40 GFP-deficient late-stage embryos were picked for DNA preparation.
Genomic DNA fragments of sdt mutants were amplified with Roche Expand 20kb”™"S PCR
kit from two embryo equivalents of DNA (pre-denatured before PCR). PCR reactions
were set up in duplicate or triplicate and each PCR fragment was independently cloned
into pPGEM-T Easy+ vector and both strands were fully sequenced.

Immunofluorescence staining of embryos

Rabbit anti-Sdt serum was affinity purified using Bio-Rad Affi-Gel bound with the same
GST:Sdt C-terminal fusion protein used for immunization. Both crude and purified Sdt
antiserum failed to detect specific signals in immunoblot experiments. Embryos were fixed
with either 4% formaldehyde or 4% paraformaldehyde in 1x PBS buffer. Dilution factors
for primary antibodies are given in Supplementary Information. Images were taken on a
Bio-Rad MRC600 and a Bio-Rad 1024MP confocal microscope and processed with Adobe
Photoshop software.
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Drosophila Stardust is a partner of
Crumbs in the control of
epithelial cell polarity
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The polarized architecture of epithelial cells depends on the
highly stereotypic distribution of cellular junctions and other
membrane-associated protein complexes. In epithelial cells of the
Drosophila embryo, three distinct domains subdivide the lateral
plasma membrane. The most apical one comprises the subapical
complex (SAC). It is followed by the zonula adherens (ZA) and,
further basally, by the septate junction'. A core component of the
SAC is the transmembrane protein Crumbs, the cytoplasmic
domain of which recruits the PDZ-protein Discs Lost into the
complex?’. Cells lacking crumbs or the functionally related gene
stardust fail to organize a continuous ZA and to maintain cell
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