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Epidermal growth factor receptor (EGFR) controls a wide range of
developmental events, from body axes specification in insects to
cardiac development in humans. During Drosophila oogenesis, a gra-
dient of EGFR activation patterns the follicular epithelium. Multiple
transcriptional targets of EGFR in this tissue have been identified,
but their regulatory elements are essentially unknown. We report
the regulatory elements of broad (br) and pipe (pip), two important
targets of EGFR signaling in Drosophila oogenesis. br is expressed in
a complex pattern that prefigures the formation of respiratory egg-
shell appendages. We found that this pattern is generated by dy-
namic activities of two regulatory elements, which display different
responses to Pointed, Capicua, and Mirror, transcription factors in-
volved in the EGFR-mediated gene expression. One of these ele-
ments is active in a pattern similar to pip, a gene repressed by
EGFR and essential for establishing the dorsoventral polarity of
the embryo. We demonstrate that this similarity of expression
depends on a common sequence motif that binds Mirror in vitro
and is essential for transcriptional repression in vivo.

gene regulation | patterning | follicle cells

pidermal growth factor receptor (EGFR) controls multiple
developmental processes, including body axes specification in
insects (1), vulval patterning in nematodes (2), skin pigmentation
in fish (3), and cardiac development in humans (4). Drosophila
oogenesis is one of the most extensively studied models of EGFR
signaling in development. In this case, a gradient of EGFR acti-
vation is established by Gurken (GRK), a ligand that is secreted
from the oocyte and signals through receptors in the follicular
epithelium (5). Acting in concert with other pathways, EGFR
controls region-specific expression of multiple genes involved in
patterning of the Drosophila eggshell, a complex structure that
holds inductive cues necessary for body axes specification during
embryogenesis (6). Previous studies identified several transcrip-
tion factors coordinating EGFR-mediated gene expression in the
follicle cells (7-11). However, the regulatory regions of the EGFR-
target genes are essentially unknown, a fact that complicates
rigorous evaluation of proposed mechanisms (12-14). Here, we
report the regulatory regions of broad (br) and pipe (pip), two
important targets of EGFR signaling in oogenesis.
br encodes a Zn-finger transcription factor involved in multiple
aspects of tissue morphogenesis in Drosophila and other insects.
During oogenesis, br is expressed in a dynamic pattern that fore-
shadows the formation of two respiratory eggshell appendages
(15-17). We demonstrate that this pattern is generated by two
regulatory regions, which have different spatiotemporal activities
and display differential sensitivity to transcription factors acting
downstream of EGFR. Specifically, Pointed (PNT), an ETS-family
transcription factor that mediates EGFR-dependent repression of
br (8, 10, 12, 18), affects only one of the identified regulatory
elements. On the other hand, Mirror (MIRR), an Iroquois tran-
scription factor, which is essential for br regulation (7, 8), controls
both of these regions, activating one and repressing the other.
Earlier studies established that EGFR cell-autonomously re-
presses pip, a gene essential for transmitting the dorsoventral (DV)
polarity of the egg to the embryo (19, 20). A gradient of EGFR
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activation by GRK generates a pattern in which pip is repressed in
the follicle cells exposed to high and intermediate levels of EGFR
signaling. We noticed that this pattern is similar to the activity of
one of the identified regulatory regions of br. Based on this simi-
larity, we identified a common sequence motif in the regulatory
regions of both genes. This motif binds MIRR in vitro and is
essential for pip repression in vivo. Thus, we identified a key
regulatory element in the patterning event that ultimately controls
germ layer specification in the embryo.

The article is organized as follows: First, we describe unbiased
reporter studies that identified the two regulatory elements of br,
which we call brE and brL. Second, we present the results of ge-
netic mosaic experiments that revealed how these elements re-
spond to transcription factors acting downstream of EGFR in the
follicle cells. Third, based on sequence comparison analysis, we
propose that similar expression patterns of brE and pip depend on
a common sequence motif. Fourth, we support this hypothesis by
protein/DNA binding studies and transcriptional reporter assays.

Results

br Is Regulated by Two Distinct Enhancers. During the intermediate
stages of oogenesis, br is expressed in all oocyte-associated follicle
cells (12, 16, 18). Subsequently, anterior expression is lost in cells of
the dorsal midline, which are exposed to the highest level of EGFR
activation (Fig. 1 B-B'' and H, Bottom). At the same time, levels of
br begin to increase in two lateral groups of follicle cells and de-
crease in the rest of the follicular epithelium, establishing a pattern
with two br expression domains. This two-domain pattern fore-
shadows the formation of two respiratory eggshell appendages.

Because EGFR is a key regulator of br expression in follicle
cells, it is possible that dynamic changes of br expression, from
uniform to the two-domain patterns, reflect previously reported
dynamic changes of EGFR activation (21-23). In the simplest
case, patterns of br expression could be generated by a single cis-
regulatory module (CRM), which responds to changes in the
spatial pattern of EGFR signaling. Alternatively, br expression
dynamics can reflect activities of two or more distinct CRMs. To
explore these possibilities, we undertook an unbiased reporter
analysis to identify cis-regulatory regions that account for br ex-
pression during oogenesis.

In the first round of experiments, six partially overlapping
fragments covering ~35 kb upstream of the br coding sequence
were used to generate lacZ reporter constructs and assayed for
transcriptional activity in transgenic flies (Fig. 14). We found that
two of these fragments, br4 and br6, are active in the follicle cells.
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Fig. 1. br expression is regulated by two cis-regulatory modules. (A)
Schematic of the genomic locus of br with genomic fragments used to
generate transgenic reporter constructs depicted as bars. Gray bars indicate
fragments with no enhancer activity during oogenesis and black bars de-
note fragments which activate patterned reporter gene expression (br4
and br6). Fragments brL and brE, used in all subsequent experiments, are
shown in green and red, respectively. (B—E’) BR protein expression com-
pared with the expression of brE-lacZ and brL-EGFP reporters in egg
chambers at stages 9, 10A, and 10B (lateral views, dorsal side up). Samples
were stained with anti-BR antibody (magenta), anti-p-Gal antibody (red),
anti-GFP antibody (green), and DAPI (blue) to visualize nuclei. Panels E-E"
are merged images of brE-lacZ and brL-GFP reporter staining. (B-B'’) At
stage 9, uniform BR expression (B) is mediated by brE (C), but the brL re-
porter is silent (D). (B'-D’) At stage 10A, BR is cleared from the dorsal
midline domain (B’). This pattern is formed by the combination of loss of
brE-reporter expression in a wide dorsal domain (C’) and brL activating
reporter expression in two distinct dorsolateral patches within the clear-
ance of brE. (D’). At stage 10B, higher levels of BR are visible in the patches
(B"") produced by increasing activity of brL (D"’). (F-G’’) Reporter expression
controlled by direct fusion of brL and brE fragments (brLE) fully recapit-
ulates the dynamics of BR expression. Double immunostaining for brLE
reporter expression (brLE-LacZ, anti-f-Gal antibody) and BR protein («BR
antibody). Nuclei stained by DAPI. Magnification, 20x. (H) Summary of the
spatial and temporal contribution of the two CRMs to the dynamic
changes of BR expression as derived from the profiling shown in B-G’” and
Fig. S1 (dorsal view). At any time point of egg shell development, expres-
sion of BR (magenta) is the sum of the expression activated by brE (red) and
brL (green).
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Similar to the early phase of the endogenous pattern of br, the br6
region is first active in all oocyte associated follicle cells and then
repressed in the dorsal region of the follicular epithelium. On the
other hand, the br4 region is active at later stages of oogenesis, in
a pattern that is similar to the later, two-domain pattern of br.
These fragments were shortened and used for a more detailed
analysis of the transcriptional activity. We called the identified
fragments brL (br-Late) and brE (br-Early), respectively, based on
their temporal expression during oogenesis.

To compare the activity of the reporters simultaneously, GFP
versions of the reporter constructs were generated and brE-lacZ
was combined with brL-GFP in the same fly (Fig. 1 B-E). At early
stages of oogenesis, the expression driven by brE-lacZ is uniform;
later, at stage 10A, reporter activity disappears in a dorsal region of
the follicular epithelium, which corresponds to high and in-
termediate levels of EGFR activation by GRK (Fig. 1 C-C"’). As
the dorsal domain of the early pattern starts to disappear, brL
activates GFP-reporter expression in two patches, corresponding
to the late pattern of BR protein (Fig. 1 D-D’’ and E-E").

To follow the activity patterns of the brL and brE regions with
higher temporal resolution, we compared the transcript dynam-
ics of both reporters to the spatiotemporal pattern of br mRNA
(Fig. S1). Two differences became apparent from this analysis:
First, the transcript driven by brE disappears from the dorsal
domain before the expression in the roof domain is initiated by
brL at stage 10A (Fig. S1 A-A""). Second, the early phase of
expression regulated by brE ceases completely by stage 10B, but
the lacZ transcript driven by brL persists until later stages of
oogenesis (Fig. S1 C-C’""). Apparently, the stability of the re-
porter protein masks temporal and spatial separation between
the two phases of br expression driven by different enhancers.

Based on these observations, we conclude that the spatial pat-
tern of br is generated by the dynamic superposition of two regu-
latory regions. To test whether these regions act independently, we
produced a head-to-tail fusion of the two fragments (brLE) and
analyzed the activity of the construct in transgenic flies. The brLE-
lacZ reporter recapitulates remarkably well the expression of BR
protein, including the difference in expression levels between the
roof and ventral domains (Fig. 1 F-G"’ and Fig. S1 E-E"""). Thus,
the two regions can be viewed as independent modules with
additive regulatory properties (Fig. 1H).

brE and brL Regions Are Differentially Regulated by PNT, MIRR, and
Capicua. EGFR-dependent control of br relies on three key tran-
scription factors: Capicua (CIC), PNT, and MIRR. CIC, an
HMG-box transcriptional repressor, is degraded in a wide dorsal
region of the follicular epithelium (7, 24). This process results in
derepression of MIRR, an Iroquois transcription factor, which is
necessary for inducing high levels of br and subsequent formation
of respiratory eggshell appendages (7). In the midline follicle cells,
corresponding to the high levels of EGFR activation, br is re-
pressed by PNT, an ETS-transcription factor (8, 10). As a result,
br is expressed at the intermediate levels of EGFR signaling:
above the level necessary for derepression of MIRR and below
the level required for induction of PNT (18). This model was
established on the basis of genetic mosaic experiments, which used
the spatial pattern of BR protein to analyze the effects of removal
or ectopic expression of CIC, PNT, and MIRR. We revisited this
model, using transcriptional reporters for br expression.

Previous results, reproduced in our study (Fig. 2 4 and B),
established that genetic removal of PNT leads to ectopic expres-
sion of BR protein in the midline follicle cells (8, 12). Because
neither brE nor brL are normally expressed in these cells at stage
10B of oogenesis, one can expect that PNT represses either one or
both of the regulatory regions. We found that removal of PNT in
this area generates ectopic activity of brL (Fig. 2B), but has no
effect on the brE activity (Fig. 24). Thus, PNT controls the BR
pattern by regulating only brL, the late regulatory element of br.
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Fig. 2. Effectors of EGFR signaling regulate brE and brL dif-
ferentially. (A-F"" and G) Immunostaining for GFP (green, A-F),
B-Gal (red, A'-F’), and BR (gray, A"’—F'""’) of stage 10B egg
chambers carrying either brE-LacZ or brL-LacZ reporter (A-F).
Mutant clones are marked by the loss of GFP. Yellow lines have
been added to mark clone boundaries relevant for this analy-
sis. G schematically summarizes the results of the mosaic
experiments and illustrate the effects of clonal inactivation of
pnt, mirr, and cic on the expression of brE, brL, and BR (clones
represented within dotted back lines) (A-B"") pnt*®¢ clones in
the dorsal midline domain did not affect brE (29 of 30 clones),
but produced ectopic expression of brL (10 of 11 clones). White
arrowheads mark the position of the dorsal midline; dorsal
views are shown. (C-D""") mirr'®?® clones in dorsal follicle cells
produced ectopic expression of brE (C and C') (22 of 23 clones),
and loss of brL expression in the appendage forming cells (D
and D’) (26 of 28 clones). (C” and D”’) GFP and p-Gal merged
images show enlarged views of the anterior domain (clone
areas 1in both Cand D). Dorsal views are shown. (E-F'"’) cic’t¥¢
clones in ventral anterior follicle cells produced loss of brk (109
of 115 clones; clone 2 in E), and ectopic expression of brL (11 of
11 clones; clone 2 in F), but dorsal anterior clones did not
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produce misexpression (clone 1 in E, and clone 1 in F). These effects were restricted to the anterior half of the egg chamber, as shown in clones spanning the
anterior-posterior prepatterning boundary (clone 3 in E, and clone 2 in F; see also schematic in G). brL expression in cic clones was still suppressed in the
anteriormost two to three rows of cells (arrowhead in F"’), potentially by the Dpp pathway. (E”” and F’) GFP and p-Gal merged images show enlarger views of
the ventral anterior domain (lower left section in E and F, respectively). Lateral views with dorsal side up are shown; magnification, 20x. (H) Summary of the
effects of EGFR signaling on the two CRMs of br. PNT acts solely on brL to repress its expression at dorsal most cells. MIRR, which becomes activated by EGFR

signaling through the repression of CIC, represses brE and activates brL.

High levels of br expression in two dorsolateral groups of the
follicle cells that contribute to the formation of the future eggshell
appendages depend on MIRR (Fig. S2) (7). MIRR expression is de-
repressed by EGFR, resulting in a dorsal pattern that complements
the activity of the brE region and contains the domain where the brL
region is active. Using genetic mosaic experiments, we found that
loss of mirr has opposite effects on the transcriptional activity of the
brE and brL elements. Specifically, mirr clones induced in the dorsal
follicle cells led to ectopic expression of brE (Fig. 2C). On the other
hand, the same genetic perturbation led to loss of brL activity in the
cells that correspond to the future dorsal appendages (Fig. 2D).
These observations reveal that MIRR controls br through two dif-
ferent regulatory regions, one of which is activated and the other
repressed by this transcription factor (Fig. 2G).

Following a similar strategy, we found that the effects of CIC on
the activity of the brE and brL regions are consistent with the
previously proposed model where CIC down-regulation is re-
quired for mirr expression in the anterior half of the oocyte-asso-
ciated follicle cells (7). When cic mutant clones are located in the
ventral-anterior region of the follicular epithelium, the activity of
the brE region is repressed, whereas the brL region is activated
ectopically (Fig. 2 E and F). Thus, in addition to displaying dif-
ferent activity patterns, the two regulatory regions of br are dif-
ferentially controlled by CIC, MIRR, and PNT (Fig. 2H). Based
on these results, we propose that the wild-type pattern of br is
generated as follows: the early phase of br repression in the dorsal
part of the follicular epithelium cells requires MIRR, but is in-
dependent of PNT. On the other hand, the late pattern of br is
activated by MIRR and split in the dorsal midline by PNT.

Comparative Sequence Analysis Identifies a cis-Element Essential for
pip Repression. The spatial pattern of brE activity is very similar
to the expression pattern of another EGFR target in dorsal fol-
licle cells, pipe (pip) (14, 25, 26). This similarity of expression
patterns suggested that transcriptional control of pip and brE
elements depends on the same mode of regulation involving
similar cis-regulatory sequences. As a first step toward testing this
hypothesis, we used computational analysis to compare the
sequences of the brE region and pipA, an 8-kb fragment that was
shown to recapitulate the wild-type pattern of pip expression (19).
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Specifically, we compared a 1-kb long subfragment of brE, which
is sufficient to generate the early expression pattern of br (Fig.
S3), with either the intronic part of pipA4 (5 kb) or the 3-kb sub-
fragment located upstream of the transcriptional start of the
pip gene.

We reasoned that if a common regulatory motif exists, it should
be conserved. Thus, our comparative analysis included sequence
information from other available Drosophila genomes (see Mate-
rials and Methods for details). Consistent with our hypothesis, we
identified a number of highly conserved DNA segments that are
present in either brE or in the two pip fragments from different
Drosophila species. One of these fragments, an A/T-rich 50-bp
DNA sequence, is present in both brE element and in the 3-kb
fragment of pipA (Fig. 3B). In the rest of the article, we focus on
the role of this motif in the EGFR-mediated regulation of pip.

The identified motif enabled us to narrow down the regulatory
sequence of pip. We established that the 3-kb subfragment of the
pipA region (pip_up), containing solely the region of pipA up-
stream to the transcriptional start of the pip gene, and including
the identified 50-bp sequence, captures all aspects of pip expres-
sion (Fig. 3C). In contrast, the 5-kb intronic fragment of pip4
failed to produce any expression pattern in follicle cells. Thus, cis-
regulatory information controlling pip expression resides within
the 3-kb fragment centered on the identified 50-bp sequence. To
directly test the role of this sequence for pip regulation, we deleted
it from the pip_up region and tested its transcriptional activity
in vivo. Reporter expression under the control of this fragment is
drastically expanded, and is detected even in dorsal-most cells
(Fig. 3D). Thus, the identified 50-bp sequence is essential for
restricting the pip expression to the ventral follicle cells.

Repression of the Identified Regulatory Element Depends on Direct
Binding of MIRR. As was shown in Fig. 2C, restriction of brE activity
to the ventral follicle cells depends on repression of this regula-
tory region by MIRR. Based on the similarity of brE and pip
expression patterns, the presence of a common sequence motif,
and the earlier studies of pip regulation, we hypothesized that
MIRR also represses pip. To test this hypothesis, we expressed
MIRR in marked clones of follicle cells and examined the effect
on the spatial pattern of our pip_up reporter. Indeed, and similar
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Fig. 3. A short DNA sequence mediates dorsal repression of pip. (A) Genomic
locus of pip with exons indicated in dark blue and intronic sequences in light
blue pip_up and pip_down fragments used to generate reporter constructs are
shown in red and gray, respectively. pipA (black bar) is the previously reported
regulatory region of pip. The position of the identified MRE in pip_up is in-
dicated by the arrowhead. (B) Sequence logo of the evolutionarily conserved
motif present in both brE and pip_up. (C-D’) Reporter activity of stage 10 egg
chambers (lateral view, dorsal up) from flies carrying either a pip_up-lacZ
transgene (C) or a version of pip_up-lacZ lacking the 50-bp motif pip_upAMRE
(D) assessed by p-Gal immunostaining. Nuclei were stained by DAPI (C’' and D’);
magnification, 20x. Although pip_up activates reporter expression in a pattern
indistinguishable to that of endogenous pip, deletion of the motif results in
ectopic expression of the reporter in dorsal follicle cells.

to the effects on brE (Fig. 44), ectopic MIRR fully repressed ex-
pression of pip_up (Fig. 4 B and C). This effect was evident both
in clones abutting the endogenous domain of mirr (Fig. 4B) and in
the ventral clones within the endogenous pip expression domain
(Fig. 4C). Importantly, similar to the previously reported effects
of the EGFR signaling (14, 25, 26), repression of pip by ectopic
MIRR was strictly cell autonomous. These results demonstrate
that MIRR can cell-autonomously repress pip.

MIRR belongs to the group of Iroquois (Iro) transcription
factors, a highly conserved family of DNA-binding homeodomain
proteins involved in a variety of developmental processes. In the
few cases analyzed so far, Iro proteins have been assigned tran-
scriptional repressor activity (27), and based on this, we hypothe-
sized that MIRR physically interacts with the identified sequences
in br and pip to repress transcription. Indeed, recombinant MIRR
readily interacted with both sequences (referred to as MIRR re-
sponse elements, MRE) in electrophoretic mobility-shift assays
(Fig. 4 D and E). Moreover, nucleotide exchanges in positions that
are conserved between the two MREs abolished MIRR-complex
assembly on pipMRE (Fig. 4 D and F). Thus, binding of MIRR
to the identified MRE is specific and depends on the identified
sequence motif.

Previous studies suggested that MIRR directly represses target
genes through an Iro binding site (IBS), a short sequence identified
in an in vitro selection assay (Fig. 4D) (27). The IBS motif com-
prises a palindrome to which MIRR can bind as a homodimer,
probably with each MIRR molecule making contact to one half of
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IBS ACANNTGT

brMRE GCGAAATGTTTAAAAATTGTTAACAAATGCAGTTTAAAATGTCAACCAC
PiPMRE GCAACAAGTTGAAAATTCGTGTAAATTTCTCGATAACAATTGCAAAAAA
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Fig. 4. MIRR represses pip through direct binding to a MRE. (A-C) Lateral
view of stage 10 egg chambers expressing MIRR in clones marked by coex-
pression of GFP (nuclei are shown in blue; magnification, 20x). Ectopic MIRR
expression abolishes both brE expression (in 54 of 59 clones; A’) and pip_up
expression (in 53 of 53 clones; B’ and C/, overlay in B” and C”) in a cell-au-
tonomous and position-independent manner. (D) Sequences of the Mirror
response elements of br (brMRE) and pip (pipMRE). Nucleotide in green and
magenta correspond to the two halves of the palindrome comprising the Iro
binding site (IBS; ACANNTGT). pipMRE®® is a subfragment of pipMRE still able
to bind to MIRR. pipMRER*™ carries four nucleotide exchanges at positions
that are conserved between the brMRE and the pipMRE (indicated by the
asterisks). (E) EMSA with extracts expressing HA-tagged MIRR (+) or a control
protein (-) and radioactively labeled brMRE or pipMRE probes. MIRR/DNA-
complexes are indicated with the black arrowhead. (F) EMSA with control (-)
or MIRR (+) expressing extracts and radioactively labeled pipMRE®® or
PipMRER*™. Note that the four point mutations in pipMRE®*™ completely
abolish MIRR binding.

the palindrome. Although neither of our MREs contains a perfect
IBS, both MREs contain multiple sites that deviate from the
reported sequence at single nucleotide positions and at the spacing
between the two halves of the palindrome (Fig. 4D). Moreover the
mutations in MRE that abolish MIRR-complex formation (Fig.
4F) overlap with these sites, suggesting that MIRR binding to the
MRE involves multiple, diversified IBS motifs.

Discussion

Current models of pattern formation in Drosophila oogenesis
involve multiple components, signaling pathways, and network
motifs (5, 9, 11-13, 28-30). Critical tests of these models require
direct analysis of the cis-regulatory sequences of genes com-
prising the network. As a first step in this direction, we identified
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the regulatory elements of br, a gene that plays a key role in
eggshell patterning and morphogenesis. We established that the
dynamic pattern of br is generated by superposition of the ac-
tivities of two distinct regulatory regions, which drive br expres-
sion in nonoverlapping regions of space and display differential
sensitivity to three transcription factors that act downstream of
EGFR (Fig. 1 B-G").

It was shown that loss of MIRR induces ectopic br expression in
the dorsal midline follicle cells, but leads to a complete loss of br
in the lateral cells, which form dorsal appendages (Fig. 2 C'"" and
D) (8). This region-specific effect can be now explained, and is
fully consistent with our finding that MIRR represses the brE and
activates brL regions, respectively. Previous studies suggest that
MIRR functions as a dedicated repressor (27). Based on this
theory, we speculate that the activating effect of MIRR on the
expression of the brL region is indirect and involves intermediate
factors. On the other hand, our results strongly suggest that
MIRR represses the brE region directly (Fig. 4E).

In contrast to the brL region, which generates br expression in
a two-domain pattern that is necessary for the formation of two
eggshell appendages, the function of the brE region is unclear. At
the same time, this regulatory region was instrumental in our
identification of a critical cis-element that controls the expression
of pip, a gene which must be repressed in the dorsal follicle cells
for proper induction of the DV polarity of the embryo (20). The
regulatory regions of both br and pip contain a sequence essential
for their transcriptional restriction to the ventral follicle cells (Fig.
3B). Moreover, our data suggest that the identified sequence is
a direct sensor of MIRR (Fig. 4E), which is derepressed by EGFR.
Thus, we uphold the earlier proposal that MIRR connects the
EGFR-mediated patterning of the follicle cells to the DV pat-
terning of the embryo (9). In the emerging transcriptional cascade,
EGFR signaling down-regulates CIC, which derepresses MIRR,
which in turn represses pip.

Work by the Ruohola-Baker group demonstrated that MIRR
can repress pip, but suggested that this effect requires a relay
mechanism (9). Our results, based on marked mirr overexpression
clones, demonstrate that the effect is cell-autonomous (Fig. 4
B-C'"). Studies by the Roth group argue against MIRR-de-
pendent pip repression, based on the fact that mirr mutant clones
did not induce ectopic expression of pip (14). These results may be
because of the fact that the mirr allele used in that study is not
a complete null and has residual activity sufficient for pip re-
pression. We argue that our data, demonstrating pip derepression
by deletion of a sequence that binds MIRR, provide a strong
support for MIRR-dependent repression of pip. Thus, our find-
ings close a long-standing gap in the chain of events that convert
EGFR signaling to pipe repression, a key step in transmitting the
DV polarity from the egg to the embryo.

EGFR-dependent patterning of the follicle cells and the
resulting effects for patterning of the embryo represent canonical
examples of inductive effects in development. Indeed, genetic
connection between EGFR signaling and pipe repression are
found in essentially all textbooks of development. However, as
discussed above, the identity of transcription factors involved in
pipe regulation remained controversial and the cis-regulatory
sequences responsible for pipe repression were unknown. Our
results, which established MIRR as a direct repressor or pipe and
identified the regulatory element responding to MIRR, clearly
change this status. Thus, our results provide a significant addition
to a very important model of inductive signaling. We arrived at the
regulatory element of pipe using an approach that harnesses both
conventional and modern techniques of gene regulation research
and can be extended to other transcriptional targets of EGFR
pathway in the follicle cells. Finally, we note that most of the
available information on the transcriptional effects of EGFR
signaling is related to gene activation (mediated by PNT) or
derepression (mediated by CIC). Our work reveals a mechanism
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for EGFR-dependent gene repression, mediated by MIRR. Given
the central role played by the EGFR signaling in development,
the identified regulatory sequences can shed light on other
EGFR-dependent pattern formation events.

Materials and Methods

Fly Stocks and Clonal Analysis. The following Drosophila stocks were used:
UAS-Mirr'? (31), FRT82B pnt*®® (Gift from T. Schiipbach, Princeton University,
Princeton, NJ), FRT82B cic®®® (32), and mirr'#® (33). The mirr'®?® allele was
recombined onto a FRT80B containing chromosome. The mirr'?* allele did not
complement the mirr**® allele (34), and mutant clones in the follicle cells
produced loss-of-dorsal-appendage phenotypes (Fig. S2). The FLP/FRT re-
combinant technique was used to generate loss-of-function clones (35). The
ywhsflp'?2;; FRT82B,ubi-GFP and ywhsflp'?;; ubi-GFP,FRT80B stocks were used
to generate mutant clones marked by the loss of GFP, and the ywhsflp'? and
act5C-FRTCD2FRT-Gal4, UAS-GFP stocks were used for ectopic expression of
MIRR in clones coexpressing GFP. Recombination was induced by subjecting
flies to a 37 °C heat shock for 2 h (loss-of function clones) 3 and 4 d before
dissection or to a single 10-min heat shock at 37 °C (gain of MIRR clones) 3 d
before dissection.

Transgenic Reporter Analysis. Genomic fragments from the br locus were
amplified by PCR and fused to a minimal hsp70-promoter upstream of a nu-
clear GFP or lacZ in the reporter vectors pnEGFPattB-GW and pnlacZattB-GW,
respectively. The reporter vectors were generated from pUASTattB (36), by
replacing the UAST-MCS with MCS-hsp70-nuclearEGFP (pH-Stinger-nuclear
EGFP) or MCS-hsp70-lacZ (pH-Pelican-lacZ) supplemented with a nuclear lo-
calization signal (37). Subsequently reporter vectors were equipped with a
Gateway attP1-ccdB-CmR-attP2 cassette (Invitrogen). All constructs were
inserted by PhiC31/attB-mediated integration into chromosomal position 68A4
of the P2-line (38) or into 22A3 of the VK37 line (39). Genomic fragments from
the pip locus were cloned into placZattB by conventional techniques. The
primer information is available upon request.

Immunostaining, in Situ Hybridization, and Microscopy. The activity of the
reporters was assayed by fluorescent immunostaining or FISH. A detailed
description of immunostaining and FISH assays is provided in the S/ Materials
and Methods.

Bioinformatics. Genomic DNA fragments from Drosophila species (Drosophila
erecta, Drosophila pseudoobscura, Drosophila yakuba, Drosophila ananassae)
corresponding to the ~1-kb subfragment of brE (present study) and the ~8 kb
pipA (19) of Drosophila melanogaster were retrieved from the University of
California at Santa Cruz genome browser. The pipA sequence was further split
into two: a fragment upstream to the transcriptional start of the gene (~3 kb)
and an intronic fragment (~5 kb), and each fragment was individually com-
pared separately to brE sequences using the MEME platform (Multiple Ex-
pectation maximization for Motif Elicitation, hosted at http:/meme.nbcr.net),
an algorithm that searches for statistically significant, repeated and ungapped
sequence patterns in a group of sequences (40).

Protein-DNA Interaction Studies. HA-tagged full-length MIRR protein was
produced using a TNT T7 Quick Coupled Transcription/Translation System
(Promega) and plasmid pFTX11-HAmirr (generous gift of H. McNeill, Samuel
Lunenfeld Research Institute, Toronto, Canada) as a template. 32p_|abeled
probes were generated by annealing and filling in overlapping oligonucleo-
tides with 5'-AATT overhangs in the presence of [a-32P]JdATP. EMSA reactions
were performed as described elsewhere (41). Briefly, binding reactions were
carried out in 20 uL 20 mM Hepes (pH 7.9), 100 mM KCl, 20% glycerol, 0.3%
BSA, 0.01% Nonidet P-40 containing 1 pg dIdC, 20 kcpm probe, and extracts
expressing either MIRR or a control protein. After incubation for 40 min at 4 °C,
reactions were analyzed by nondenaturing 4% polyacrylamide gel electro-
phoresis and autoradiography.

Note Added in Proof. While this manuscript was under revision, Technau et al.
(42) described a 31-bp DNA motif required for EGFR mediated repression of pip.
In agreement with our findings, the 31-bp motif is contained within pipMRE.
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