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ABSTRACT The egr-type zinc-finger transcription factor
encoded by the Drosophila gene stripe (sr) is expressed in a
subset of epidermal cells to which muscles attach during late
stages of embryogenesis. We report loss-of-function and gain-
of-function experiments indicating that sr activity provides
ectodermal cells with properties required for the establish-
ment of a normal muscle pattern during embryogenesis and
for the differentiation of tendon-like epidermal muscle at-
tachment sites (EMA). Our results show that sr encodes a
transcriptional activator which acts as an autoregulated de-
velopmental switch gene. sr activity controls the expression of
EMA-specific target genes in cells of ectodermal but not of
mesodermal origin. sr-expressing ectodermal cells generate
long-range signals that interfere with the spatial orientation
of the elongating myotubes.

The larval body wall musculature of Drosophila is composed of
a stereotyped array of segmentally repeated myofibers which
anchor at specific ectoderm-derived epidermal muscle attach-
ment (EMA) sites (for review see refs. 1 and 2). Its formation
is initiated during midstages of embryogenesis when mesoder-
mal muscle primordia progress from morphologically indistin-
guishable myoblasts to syncytial myotubes (3). While myotubes
enlarge through continued fusion with myoblasts, they stretch
and extend growth-cone-like polar processes to anchor at the
EMA ssites (2, 3). Studies involving transplantation (4, 5) and
embryonic tissue culture experiments (6) suggested that epi-
dermal cells may play a vital role in myotube guidance.

Recently, the stripe (sr) gene has been shown to be required
for the generation of a normal muscle pattern of the larvae (6,
7). It encodes two differentially spliced transcripts, sr a and sr
b, which are expressed in the subset of ectodermal cells that
develop into EMA sites (7). Embryos that lack sr activity or
express mutant variants of sr develop strong muscle pattern
defects (6, 7). The early steps of myogenesis, including myo-
tube formation and the initial stretching of myotubes, ap-
peared normal in such embryos, but the leading edges of the
myotubes become misrouted before they encounter the EMA
sites (7). This suggested that myotube pathfinding requires the
activity of one or both Stripe variants, termed Stripe a and
Stripe b, which share a unique DNA-binding domain (7), a
triple zinc-finger motif characteristic for vertebrate egr-type
transcriptional activators (8), but differ in their N-terminal
regions (7).

Here we report loss-of-function and gain-of-function exper-
iments showing that Stripe b acts as a transcriptional activator.
Ectopic expression of Stripe b activates the expression of both
sr transcripts and causes the activation of EM A-specific target
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genes in cells of ectodermal origin but not in mesoderm.
Ectodermal Stripe b interferes with myotube guidance prior to
the binding of the myotubes to the EMA cells. The results
suggest that in the developing epidermis, sr acts within a
genetic circuitry that directs ectodermal cells to differentiate
into EMA sites and causes them to propagate long-range
signals that interfere with the orientation of myotubes.

MATERIALS AND METHODS

Plasmid Constructs. The UAS Stripe™P construct was
cloned by inserting the sequences coding for the sr zinc-finger
domain behind the engrailed repressor domain (amino acids
1-298) (9-11). The sr zinc-finger region was amplified by PCR
using the oligonucleotides CGCGGATCCGGCGGATCT-
GGT and GCTCTAGACTAGCCGCGCACCTTTTCC intro-
ducing a BamHI site at the 5’ end and an Xbal site at the 3’
end (underlined) and a stop codon (boldface). The PCR
fragment was subcloned into pBst (Stratagene), fused with the
EcoR1/BamHI fragment of the engrailed cDNA (12), and
inserted into pUAST (13) using EcoRI and Xbal. The up-
stream activating sequence (UAS) Stripe b expression domain
contains the EcoRI/Xbal fragment of the sr b cDNA (nucle-
otides 405-4458) (7) inserted into pUAST (13).

Fly Lines. Several transgenic lines with an insertion of the
pUAS-Stripe™P and the pUAS-Stripe b on the second and
third chromosome were obtained. For heat shock-induced
expression, pUAS-Stripe™P transgene-containing flies were
crossed with K25 (obtained from Konrad Basler, Ziirich)
containing a combination of heat shock and sevenless enhanc-
ers. Embryo collections (1 h at 25°C) were kept at 18°C, heat
shocked (Stripe™ for 5 min; Stripe b for 20 min) at 37°C, and
returned to 18°C. The single minded (14) and the hairy stripe
6 GAL4 lines were obtained from Christian Kldmbt (Miin-
ster), the engrailed GAL4 line from Andrea Brand (Cam-
bridge), the patched GAL4 line from Konrad Basler, and the
24B GALA4 line (13) from the Bloomington stock center.

Analysis of Expression Patterns. In situ hybridizations of
whole-mount embryos using digoxigenin-labeled DNA probes
and antibody stainings were performed as described (15, 16)
using the Vectastain ABC Elite horseradish peroxidase system
(Vector) or a directly coupled secondary antibody. Dilutions
were as follows: Stripe-specific antiserum (7), 1/200; anti-
myosin heavy chain (MHC) antiserum (obtained from D. P.
Kiehart, Durham), 1/2000; monoclonal anti-Groovin hybrid-
oma supernatant [obtained from Talila Volk (6)], 1/3. En-
dogenous sr a and sr b transcripts were detected with specific
probes for their 5" untranslated regions (7) (sr a, nucleotides
281-1289; sr b, nucleotides 1-405) not present in the transgene-
derived sr b transcript. The Bl-tubulin probe was a 1.5-kb

Abbreviations: EMA, epidermal muscle attachment; MHC, myosin
heavy chain.
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EcoRI cDNA fragment (provided by Detlev Buttgereit, Mar-
burg), the delilah probe was the cDNA (17).

RESULTS AND DISCUSSION

The sr gene of Drosophila encodes two proteins which differ
with respect to their N-terminal regions—i.e., the amino acid
sequence of the shorter protein is fully contained within the
longer (7). The shorter sr protein variant, Stripe b, is expressed
in all developing tendon-like EMA cells of the embryo, while
the longer variant, Stripe a, is expressed only in a subset of
these cells (7). Recent analysis of the phenotype of a strong sr
allele suggested that sr wild-type activity is required not only
for the normal differentiation of the EMA cells but also for the
directed growth of myotubes along the inner surface of the
epidermis toward their EMA sites (6, 7).

To interfere with the activity of both proteins at the same
time and to show that they normally act as transcriptional
activators, we generated a dominant-negative Stripe variant
which is a transcriptional repressor that acts from the Stripe
binding sites in vivo. For this, we fused the unique Stripe
DNA-binding domain (7) to the repressor domain of the
transcription factor Engrailed (9, 11, 12). After P-element-
mediated integration into the germ line (18), the resulting
Stripe™P transgene was ubiquitously activated by the heat
shock-inducible GAL4/UAS expression system (13).

Stripe™® Expression Causes sr Phenocopies. Fig. 1 shows
wild-type embryos (Fig. 1 @ and ¢) and enlarged portions of the
muscle patterns of embryos (Fig. 1 b—d and f~h) that have
received heat shock-induced Stripe™P expression pulses at
stage 11 (Fig. 1 b and f), stage 13 (Fig. 1 ¢ and g), and stage
15 (Fig. 1 d and h), respectively. Stripe™P expression during
embryonic stages 11 to 14 caused strongly disrupted muscle
patterns (representative examples are shown Fig. 1 b, ¢, f, and
g) in all of more than 50 embryos analyzed at each of the stages.
No other aspects of embryonic development were discernibly
affected (not shown). Expression from stage 15 onwards did
not interfere significantly with the formation of a normal

Proc. Natl. Acad. Sci. USA 94 (1997) 8607

muscle pattern (Fig. 1 d and k). However, as shown in Fig. 14,
the ventral oblique muscles, which develop normal patterns
and morphology, extend closer to the ventral midline than the
ventral oblique muscles do normally (compare Fig. 1 e and 4).
This effect was observed in all of the 40 embryos examined. It
suggests a stage-specific change in StripeP-dependent effects
on muscle guidance at stage 15 as compared with the earlier
stages. At stage 15, the filopodia of the myotubes have just
reached the EMA cells but are not yet stably attached (3).
Thus, the late effect of Stripe™P expression at stage 15 might
already be linked to EMA differentiation rather than to
Stripe-dependent myotube guidance.

The Stripe*P-dependent generation of a phenocopy of the sr
mutant phenotype indicates that Stripe™P represents indeed a
dominant-negative variant of the Stripe proteins by acting as a
transcriptional repressor. This implies that Stripe™P negatively
interferes with the control of sr target genes by repressing them
through competition with the Stripe wild-type function. More
importantly, the results also show that Stripe™P expression
specifically perturbs muscle pattern formation already during
an early stage when endogenous sr is first expressed in a subset
of ectodermal cells (7) and that the phenocritical period covers
the time window when the myotubes normally undergo their
oriented growth along the inner surface of the epidermis (3).
We also asked whether the expression patterns of putative
target genes of s, such as groovin (6), delilah (17), and
Bl-tubulin (20), are altered in response to Stripe™P activity.
The results (data not shown) indicated that the levels of
expression of these EMA-specific markers were reduced and
their patterns were perturbed by Stripe’P activity as had been
described recently for sr mutant embryos (6, 7). The dominant
effects of Stripe™P expression therefore complement recent
results obtained with sr mutants (6, 7), and they establish that
the early sr activity (stages 11 to 14) in epidermal cells is
necessary not only for EMA cell differentiation but also to
spatially orient the myotubes through early epidermal signals

2.

F1G. 1. Stripe™P expression interferes with muscle pattern formation. Lateral (a—d) and ventral (e—/) views of the muscle pattern of stage 16
embryos (staging according to ref. 19) stained with anti-MHC antibodies. Shown are wild-type (a and ¢) and enlargements (b—d and f~h) (two
segments corresponding to the area framed in ¢ and e) of embryos that received pulsed Stripe™P expression using the GAL4/UAS system with
a heat shock-dependent GAL4 driver line (HS). (b and f) Stripe™P expression at stage 11 (HS 11) results in the fusion of myofibers of abnormal
shape with elongated processes (arrowheads); they cross the ventral midline (f) and fail to attach to the epidermis. (¢ and g) Stripe™P expression
during stage 13 (HS 13) results in the same phenotype. Note residual MHC-expressing myoblasts (arrows in ¢ and g) as observed in sr mutants
(7). (d and h) Stripe™P expression at stage 15 (HS 15) induces only mild defects. Note improper attachment of lateral transverse and ventral muscles
(for details see text). Orientation of embryos: dorsal side up and anterior to the left.
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Ectopic Stripe b Activates EMA-Specific Gene Expression.
Stripe™P acts in a dominant-negative fashion, suggesting that
wild-type Stripe functions as a transcriptional activator on
EMA-specific target genes. To demonstrate this function
directly, we monitored the expression of EMA-specific epi-
dermal marker genes such as sr itself, groovin (6), delilah (17),
and Bl-tubulin (20) in response to ectopic Stripe b (7) expres-
sion driven by the GAL4/UAS system (13). For this, Stripe b
was expressed either ubiquitously under the control of a heat
shock-inducible GAL4 line or in response to GAL4 driver lines
that direct Stripe b expression in a series of stripes in the
ectoderm (Figs. 2 and 3), in neuroectoderm-derived ventral
midline cells of the central nervous system (CNS) and in the
developing mesoderm, respectively (Figs. 3 and 4; for details
on the corresponding driver lines see Materials and Methods).

Fig. 2 summarizes the wild-type patterns of the EMA cell
marker genes sr, groovin, Bl-tubulin, and delilah (Fig. 2 a and
c—h) and their Stripe b-induced activation in response to an
engrailed GAL4 driver line (Fig. 2 b and i-n) or a patched
GALA4 driver line (Fig. 3 d—f) in the developing epidermis.
Note that Stripe b also activates sr a and sr b transcription (Fig.
2 m and n), indicating that sr acts in a positive autoregulatory
loop. These results establish that sr activity is sufficient to
activate EM A-specific target genes in the developing epider-
mis. The same results were obtained when Stripe b was
ectopically expressed in ectoderm-derived ventral midline cells
(Fig. 3 j-1), but not in Stripe b-expressing mesodermal cells
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(not shown). Thus, EMA-specific gene activation in response
to Stripe appears to be limited to cells of ectodermal origin,
suggesting that those cells are preconditioned for Stripe action.
However, recent results have shown that EMA-specific 1-
tubulin expression is initiated in response to the muscle fibers
attachment to the EMA cells (20). This indicates that sr
expression or the preconditioning of ectodermal cells may
depend on signals of mesodermal origin. In this view, the
autoregulatory feedback loop on sr expression, as well as the
ectoderm-dependent activation of EAM-specific genes, may
depend on signals from somatic mesoderm, a possibility that is
not excluded by our experiments.

Epidermal Stripe b Expression Interferes with Myotube
Guidance. Stripe b-dependent EMA marker gene expression
indicates that Stripe b activity alters the fate of ectoderm-
derived cells. Are those cells able to provide spatial cues that
interfere with the orientation of myotubes toward the epider-
mis? We addressed this question by examining the muscle
pattern in embryos in which Stripe b was expressed in different
ectopic locations (Fig. 4).

No muscle pattern defects were observed when Stripe b was
expressed in the developing mesoderm under the control of the
24B GALA4 driver line. In contrast, ectopic Stripe b expression
in the ventral midline cells did interfere with the orientation
of myotubes, whereby the effects on the muscle pattern were
restricted to muscles of the ventral half of the embryo. Ventral
oblique muscles were frequently found to extend over the

F1G. 2. Ectopic Stripe b expression in the epidermis activates EM A-specific target genes. The Stripe b transgene was expressed in the epidermis
using an engrailed GAL4 driver line. Shown are lateral views of embryos (late stage 14); enlarged area is indicated by frames. Expression of Stripe
in a wild-type embryo (a and ¢) as visualized by antibodies («Sr) that detect both Stripe variants. (b and i) Ectopic expression of Stripe b in the
engrailed pattern. Expression of EMA-specific genes in wild-type embryos (d—4) and in embryos expressing the Stripe b transgene (j-n) in the
engrailed pattern is shown. (d and j) Groovin expression as detected by a monoclonal antibody (aGrv). (e and k) Bl-tubulin (B1tub) and (f and /)
delilah (del) expression as detected by whole-mount in situ hybridization. (g and m) sr a and (h and n) sr b expression as detected by transcript-specific
probes (7); see Materials and Methods. Note that the induction of the sr target genes was 100% penetrant.
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Fic. 3. Ectoderm-specific activation of EMA target genes in
response to Stripe b expression. Lateral views of stage 15 embryos
(a—f) and ventral views of stage 14 embryos (g—/) are shown. (a and g)
Expression of Stripe is shown by anti-Stripe (aSr) antibody stainings
of wild-type embryos, of embryos ectopically expressing Stripe b in the
patched expression pattern (d) and in the ventral midline using a
patched and a single minded GAL4 driver line (j), respectively. Groovin
expression is detected by a monoclonal antibody (aGrv) in wild-type
embryos (b and /) and in embryos ectopically expressing Stripe b in
the patched (e) or the single minded (k) pattern. B1-tubulin expression
(Bltub) is detected by whole-mount in situ hybridizations in wild-type
(c and i) and in embryos expressing Stripe b in the patched (f) or the
single minded (I) domain. Note that in wild-type embryos Stripe,
Groovin, and B1-tubulin are not expressed in midline cells (g-i).
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ventral midline, being in close contact with the ectopic Stripe
b-expressing cells, but never attached to them (compare Fig.
4 ¢ and d). Stronger defects and more generally disturbed
muscle patterns were observed when Stripe b was expressed
in the pattern of engrailed stripes in the epidermis (Fig. 4e).
The most severe pattern defects were observed when Stripe
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b expression was under the control of the patched GAL4 line
(Fig. 4f), causing a broader ectodermal sr expression domain
in the center of each segment. The defective muscle patterns
summarized in Fig. 4 were observed in all embryos that had
received ectopic stripe expression under the conditions de-
scribed. However, the defects were not specific for distinct
sets of muscle fibers and varied from hemisegment to
hemisegment and from embryo to embryo with respect to
which muscles and to what degree the muscle patterns were
affected.

Due to the narrow spacing of ectopic Stripe expression along
the developing epidermis, it was impossible to determine
whether Stripe-dependent myotube misguidance was re-
stricted to the region of Stripe b expression and whether the
weaker defects observed between the rows of Stripe b-
expressing cells were a secondary consequence of a local effect
(Fig. 4f). To address this question, we ectopically expressed
Stripe b in a single ectodermal band corresponding to the
stripe 6 domain of the pair rule gene hairy (21, 22). As shown
in Fig. 4g, strong muscle pattern defects were found not only
in the segment that received Stripe b expression through the
hairy stripe 6 GALA4 driver line but also in the directly adjacent
segments and to a low degree in the segments next to them.
However, no effects have been noted in segments that are
more than two segments apart from the Stripe b expression
domain. These results establish that the ectopic Stripe b not
only affects the epidermal cells in an autonomous manner but
also induces a long-range signal, likely to involve a diffusible
factor, which acts in a non-cell-autonomous manner by inter-
fering with the orientation of myotubes before their encounter
the EMA cells.

We next asked whether such a sr-dependent long-range
signal might be required for myotube guidance. We found that
heat shock-induced ubiquitous Stripe b expression causes an
abnormal muscle pattern only when expressed prior to stage
15, when the muscle fibers were not yet attached to the EMA
cells (3). Fig. 4h shows that Stripe b expression at stage 12
results in an abnormal outgrowth of muscles, indicating that it
interferes with myotube guidance already at the time when the
myotubes form growth-cone-like processes at their leading
edges (3). We cannot decide whether Stripe-dependent induc-
tion of EMA differentiation, as suggested by the ectopic
activation of the EMA marker genes, and the Stripe-
dependent interference with myotube guidance are linked
processes or whether they occur in parallel.

Recent analysis of s function by mutant analysis has shown
that sr is necessary for EMA differentiation and myotube
guidance (6, 7). The results reported here indicate that sr
expression is sufficient to provide both functions in a selective
manner. It activates EAM marker gene expression in ecto-
derm-derived but not in mesoderm-derived cells. This suggests
that sr functions as a developmental switch gene in precondi-
tioned ectodermal cells which requires at least one additional
transcription factor, a cofactor, and/or an ectoderm-specific
protein modification of Stripe to provide its germ layer-
restricted function. It appears that sr carries a cell-autonomous
function in ectodermal cells that causes EMA cell development
as indicated by the activation of specific marker genes and a
non-cell-autonomous function likely to be mediated by a
long-range signal that emanates from the Stripe-expressing
epidermal cells.
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FiG. 4. Examples showing that ectopic Stripe b expression in the epidermis interferes with myotube guidance. Enlarged lateral (a, b, and e-h)
and ventral (c and d) views of muscle pattern (stage 16) as detected with anti-MHC antibodies. (¢ and ¢) Lateral and ventral view of wild-type
(wt) embryos. (b) Expression of Stripe b in the developing mesoderm under the control of the 24B GALA4 driver line (24B-GAL) results in no pattern
defects. (d) Expression in the ventral midline using the single minded GAL4 driver line (sim-GAL) results in a strong distortion of the ventral muscles,
which frequently cross the midline. The example marked by an arrowhead shows an elongated ventral muscle which reaches the midline, takes a
90° turn, extends anteriorly along the midline (arrowhead), leaves the optical plane of the section, and extends internally, crossing the midline to
eventually fuse with muscles on the other side of the midline. Out-of-focus information is indicated by dotted lines. (¢) Expression of Stripe b in
the engrailed pattern (en-GAL). Note the elongated processes (arrowheads) of lateral transverse muscles. (f) Expression of Stripe b in the patched
pattern (ptc-GAL). Note that myotubes of abnormal shape are fused. (g) Expression of Stripe b in the hairy stripe 6 domain (h6-GAL) results in
the absence (indicated by the asterisks in abdominal segments 5 and 6) of ventral longitudinal and lateral transversal muscles in the abdominal
segments 5 to 7. Note that the absence of a muscle does not imply that the corresponding muscle is missing, rather that it had been misguided and
thus taken another position within the defective muscle pattern. (%) Ubiquitous heat-shock-induced Stripe b expression during stage 12 (HS12)
causes elongated processes. Arrowheads mark examples of lateral transverse muscles. Such defects were observed only in response to ectopic Stripe
b expression during stages 11-14. For details on the generation of the ectopic Stripe b patterns see Materials and Methods.
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