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Extrusion of Cells with
Inappropriate Dpp Signaling from
Drosophila Wing Disc Epithelia

Jie Shen and Christian Dahmann*

Decapentaplegic (Dpp) is a signaling molecule that controls growth and
patterning of the developing Drosophila wing. Mutant cells lacking Dpp signal
transduction have been shown to activate c-Jun amino-terminal kinase (JNK)-
dependent apoptosis and to be lost from the wing disc epithelium. These
observations have led to the hypothesis that Dpp promotes cell survival by
preventing apoptosis. Here, we show that in the absence of JNK-dependent
apoptosis, mutant cells lacking Dpp signal transduction can survive; however,
they are still lost from the wing disc epithelium. This loss correlates with
extensive cytoskeletal changes followed by basal epithelial extrusion. We
propose that Dpp promotes cell survival within disc epithelia by affecting

cytoskeletal organization.

Signaling by members of the transforming
growth factor— (TGF-B) protein family is
critical for epithelial growth and differentia-
tion, and inappropriate signaling is common
in cancer (I, 2). Dpp, a TGF-B superfamily
member related to bone morphogenetic pro-
tein (BMP) 2/4, is required for growth and
patterning of the wing primordium (wing disc
pouch) in Drosophila (3). Inappropriately
reduced Dpp signaling leads to smaller wing
size, activation of the JNK pathway, and
apoptosis (4, 5). These and other observations
have led to the hypothesis that Dpp acts as a
survival factor for wing disc cells by pre-
venting activation of the JNK-dependent
apoptotic pathway (5-8).

To test this hypothesis, we analyzed the
ability of cells mutant for the Drosophila gene
thickveins (tkv), which encodes a receptor
essential for Dpp signal transduction (3), and
the gene basket (bsk), which encodes INK (9),
to survive within the developing wing disc
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pouch. Marked “twinspots” composed of
sibling double-mutant tkv bsk clones of cells
and wild-type clones of cells were generated
within the same wing disc by Flp-mediated
mitotic recombination (/0). The ratio of thkv-
bsk~ clones to sibling wild-type clones was
determined and is referred to as the frequency
of thv~ bsk~ clone recovery. When clones were
induced in first instar larvae, the frequency of
thv- bsk~ clone recovery in the wing disc
pouch of late-third instar larvae was only 24%
(n = 187), consistent with previous observa-
tions (6). Apoptosis was blocked in the mutant
clones (fig. S1). bsk~ clones were recovered at
high frequency (97%, n = 100). The low
frequency of thkv— bsk~ clone recovery sug-
gests that the loss of cells lacking Dpp signal
transduction from the wing disc pouch is
largely independent of JNK-mediated apoptosis
(supporting online material text). Thus, Dpp
must use additional mechanisms to prevent
loss of cells from the wing disc pouch.

To elucidate these mechanisms, we gen-
erated thv- bsk~ clones in first instar larvae
and analyzed their morphology in the wing
disc pouch of late-third instar larvae. In the
pseudostratified epithelium (Fig. 1A), bsk
clones displayed a normal shape (Fig. 1B).
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In contrast, thv— bsk— clones were shorter
along their apical-basal axis, had lost contact
to the apical epithelial surface (Fig. 1C), and
formed cyst-like structures with the apical cell
membranes facing the center of the clone
instead of the disc lumen (Fig. 1D). Further-
more, thkv— bsk— cells lost E-cadherin—based
junctions to heterozygous neighboring cells
and made E-cadherin—based junctions to other
thkv= bsk— cells within the same clone (Fig.
1E). Clones mutant for both mothers against
dpp (mad), which encodes a transcription
factor essential for Dpp signal transduction
(3), and bsk formed cyst-like structures similar
to thv— bsk~ clones (fig. S2).

Epithelial cell shape is largely determined
by the cytoskeleton. Cell shape changes
leading to the formation of cyst-like structures
could thus be due to cytoskeletal organization
defects in kv~ bsk~ cells. F-actin was enriched
at the center of thkv— bsk~ clones (Fig. 1F),
whereas a dense apical network of micro-
tubules, present in wild-type cells (/1), was
markedly reduced (Fig. 1, G and H). Basal
microtubules appeared normal in thkv— bsk~
cells (Fig. 1G). Both actin and microtubule
cytoskeletons were normal in bsk~ clones
(Fig. 1B) (/2). These data indicate that Dpp
signaling is required to maintain normal cy-
toskeletal organization in wing disc pouch
cells. Furthermore, the presence of an apical
microtubule network correlated with Dpp
signaling activity along the anterior-posterior
axis of wild-type wing discs (fig. S3), sug-
gesting that Dpp signaling also plays a role
in determining position-specific aspects of
the microtubule cytoskeleton.

To test whether the loss of kv~ bsk~ clones
was through the formation of the cyst-like
structures, we generated thkv- bsk~ clones at
different times during development and deter-
mined the number of cyst-like structures and
the frequency of thkv- bsk clone recovery in
late-third instar larvae (Fig. 2A). Twenty-four
hours after clone induction, 99% of thv- bsk~
clones were recovered (n = 93) (Fig. 2B).
Cells within clones still had contact to the
apical epithelial surface, appeared to make
normal E-cadherin-based junctions with

18 MARCH 2005

1789



REPORTS

neighboring cells (Fig. 2C), and had un-
detectable levels of Dpp signal transduction
(fig. S4). Induction of tkv- bsk~ clones earlier
in development resulted in the recovery of

fewer clones (Fig. 2B). The tkv— bsk~ clones
that were recovered in the wing disc pouch of
late-third instar larvae had formed cyst-like
structures and were on average extruded farther
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Fig. 1. Epithelial integ-
rity requires Dpp sig-
naling. (A) In wing discs,
a monolayer of pseudo-
stratified (PE) and squa-
mous (SE) epithelial cells
is arranged in a sac-like
structure with the apical
membranes facing a lu-
men. [(B) to (H)] Optical
cross sections of wing
discs. (B) bsk~ clones,
labeled by the absence
of green fluorescent pro-
tein (GFP) (green), have
normal shape and o-
tubulin staining (red).
(©) tkv- bsk~ clones (no
GFP) are shorter and
have lost contact from
the apical epithelial sur-
face (arrowhead). (D)
Apical membranes of
tkv- bsk~ cells, as identi-
fied by Stranded at sec-
ond (Sas) (red), face the center of the clone. E-cadherin staining is shown in green. (E) tkv- bsk cells form
E-cadherin—based junctions with one another in the center of the clone (arrow). (F) F-actin, as identified
by phalloidin staining (red), is increased in the center of tkv- bsk~ clones (no GFP). (G) The apical
microtubule network, as visualized by a-tubulin staining, is highly reduced in tkv- bsk~ clones (arrow). (H)
Merge of panels (C), (E), and (G).
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Fig. 2. Time course of extrusion of tkv- bsk~ clones. (A) Timeline indicating how long before analysis
larvae were heat shocked to induce clones. (B) Frequency of tkv- bsk~ clone recovery expressed as a
percentage. For each time point, the colors indicate the fraction of tkv— bsk~ clones either with
normal morphology (blue), constricted apically but still in contact with the apical epithelial surface
(orange), or forming cyst-like structures that have lost contact from the apical epithelial surface
(green). (C) Optical cross sections of wing discs with tkv- bsk~ clones (no GFP, lack of green). Arrows
point to E-cadherin staining (red) in mutant clones. Clones were induced at the indicated times
before analysis. (D) Optical cross section of a wing disc with positively marked tkv- bsk- clones
(arrowhead; GFP, green) induced 96 hours before analysis and stained for o-tubulin (red). (E) tkv-
bsk~ clones form cyst-like structures in the adult wing (arrow). [(F) to (H)] Higher magnification of
(F) dorsal, (G) middle, and (H) ventral views of the wing area marked by the arrow in (E).

to the basal side of the epithelium (Fig. 2, B and
C). At 96 hours after clone induction, only 20%
of the clones were recovered (n = 44), the
majority of which had formed cyst-like
structures and had been extruded from the
basal side of the epithelium (Fig. 2, B to D).
This suggests that the low frequency of rkv-
bsk~ clone recovery is due to the formation of
cyst-like structures followed by extrusion from
the basal side of the epithelium.

Some thv~ bsk~ clones were observed in
adult wings as extruded cyst-like structures
located between the dorsal and ventral wing
surfaces (Fig. 2, E to H), consistent with
previous results (8, 13). These thv- bsk~ cells
displayed hairs, characteristic structures of the
adult epithelium, indicating that the extruded
cells were alive and had undergone differenti-
ation. Thus, in the absence of INK, cells unable
to transduce Dpp form cyst-like structures, are
extruded from the wing disc epithelium, and
can survive.

Our results suggest that Dpp signaling is
involved in regulating cytoskeletal organiza-
tion and is critical for normal cell morphology
and integrity of wing disc epithelia. These
functions of Dpp signaling are consistent with
its role in embryonic dorsal closure and pupal
thorax closure (14, 15). Hence, the regulation
of cytoskeletal organization may be a more
general function of Dpp not restricted to
wing disc epithelia.
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