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Background: The Decapentaplegic (Dpp) signaling pathway is used in many developmental and homeostatic contexts, each
time resulting in cellular responses particular to that biological niche. The flexibility of Dpp signaling is clearly evident in epi-
thelial cells of the Drosophila wing imaginal disc. During larval stages of development, Dpp functions as a morphogen, pat-
terning the wing developmental field and stimulating tissue growth. A short time later, however, as wing-epithelial cells exit
the cell cycle and begin to differentiate, Dpp is a critical determinant of vein-cell fate. It is likely that the Dpp signaling path-
way regulates different sets of target genes at these two developmental time points. Results: To identify mechanisms that
temporally control the transcriptional output of Dpp signaling in this system, we have taken a gene expression profiling
approach. We identified genes affected by Dpp signaling at late larval or early pupal developmental time points, thereby iden-
tifying patterning- and differentiation-specific downstream targets, respectively. Conclusions: Analysis of target genes and
transcription factor binding sites associated with these groups of genes revealed potential mechanisms by which target-gene
specificity of the Dpp signaling pathway is temporally regulated. In addition, this approach revealed novel mechanisms by
which Dpp affects the cellular differentiation of wing-veins. Developmental Dynamics 243:818-832, 2014. © 2014 Wiley Periodi-

cals, Inc.
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Introduction

Intercellular signaling pathways translate environmental cues
into transcriptional responses that alter a wide range of cellular
properties. Each signaling pathway, however, is typically utilized
in many developmental and homeostatic contexts, suggesting
that the transcriptional outputs of signaling events are both spa-
tially and temporally regulated. Although this idea has been
appreciated for decades (reviewed by Barolo and Posakony,
2002), mechanisms that customize target-gene specificity to a
particular biological niche have not been adequately described.
The Decapentaplegic (Dpp) signaling pathway in Drosophila
participates in many biological processes, as the name implies
(Spencer et al., 1982). Dpp specifies cell fates along the dorsal/
ventral axis of the early embryo (Irish and Gelbart, 1987), regu-
lates cell shape and migration during dorsal closure (Hou et al.,
1997; Riesgo-Escovar and Hafen, 1997; Fernandez et al., 2007),
and maintains stem-cell homeostasis (Xie and Spradling, 1998; Li
et al., 2013), to name just a few of its functions. Dpp has been
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studied most intensely, however, within the developing wing epi-
thelium. During larval stages of development, Dpp functions as a
morphogen, stimulating cell growth and proliferation and speci-
fying positional identity in a concentration-dependent manner
(reviewed in Wartlick et al., 2011a). Many factors regulate the
shape of the Dpp morphogen gradient (i.e., affect its diffusion
across the wing epithelium), but it is less clear how different con-
centrations of Dpp are translated into different transcriptional
responses (Affolter and Basler, 2007). It is also unclear how the
functional readout of Dpp signaling shifts dramatically after
pupariation. As wing epithelial cells exit the cell cycle and begin
to differentiate, Dpp no longer functions as a morphogen, but
instead becomes a critical determinant of vein cell fate (Sotillos
and de Celis, 2006). It is likely, therefore, that Dpp signaling regu-
lates different sets of target genes at larval and pupal stages of
development. As such, the Drosophila wing provides a unique
opportunity to study how the transcriptional output of a signal-
ing pathway is temporally regulated within a single tissue.
Binding of Dpp to its receptors, Punt and Thickvein (Tkv),
results in the phosporylation of Mothers against Dpp (Mad) and
translocation of phosporylated Mad (pMad), along with the co-
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Smad, Medea, into the nucleus (Das et al., 1998; Inoue et al.,
1998). Once in the nucleus, the pMad/Medea complex interacts
with cofactors such as Schnurri to activate, repress, or de-repress
target genes (reviewed in Affolter and Basler, 2007). Regulatory
sequences bound by pMad/Medea, therefore, play an important
role in determining Dpp target-gene specificity. To alter output
based on Dpp concentration, for example, pMad-binding sites
differ in both affinity (Wharton et al., 2004) and spacing (Lin
et al., 2006). In addition, pMad-mediated transcription can be
affected by the proximity of other transcription-factor binding
sites, which allows selector genes or other signaling pathways to
affect the functional output of Dpp signaling (Liang et al., 2012;
Nfonsam et al., 2012).

Here we have taken a gene-expression profiling approach to
explore the temporal regulation of Dpp target-gene specificity in
the Drosophila wing. We over-expressed an activated version of
the Tkv receptor (Tkv®?**P) in wing epithelial cells at late larval
or early pupal developmental time points, identifying patterning-
and differentiation-specific downstream targets, respectively.
Binding-site analysis revealed potential mechanisms by which
signaling targets are temporally regulated. In addition, this anal-
ysis provided insights into how Dpp affects wing-vein
morphogenesis.

Results and Discussion

Temporal Specificity of the Dpp Signaling Pathway

The pattern of activity associated with the Dpp signaling pathway
(i.e., pMad localization) changes dramatically during wing meta-
morphosis (Sotillos and de Celis, 2006). In the larval wing disc,
pMad levels are highest medially, reflecting the well-studied gra-
dient of Dpp (Fig. 1A). This pattern is maintained during early
stages of wing metamorphosis, but between 6 and 18 hr APF, the
pMad gradient is lost and pMad instead localizes to presumptive
veins (Fig. 1B).

As a first step toward analyzing the temporal-specific effects
of Dpp, we used a temperature-sensitive Gal4 system to activate
Dpp signaling for very short periods of time. The apterous-Gal4
(ap®?) driver expresses Gal4 in dorsal cells of the L3 wing disc
(Fig. 1C) and the pupal wing (Fig. 1D) (Calleja et al., 1996). When
combined with a temperature-sensitive tubulin-Gal80 transgene
(tubulin-Gal80"™) (McGuire et al., 2003), this driver can be
temporally regulated. We call this the ap” system (genotype:
apG“M,UAS—GFP/CyO;tubulin—GalBOTS) and used it to express an
activated version of the Dpp receptor, Tkv (Tkv®?*°P). When ani-
mals were raised at 18 C with no temperature shift, expression
from the UAS-Tkv??**P transgene was not induced, as levels of
pMad were not affected (data not shown), and adult wings were
wild type in appearance (Fig. 1I) (genotype: hsflp''%/+;
ap® UAS-GFP/+ ;tubulin-Gal80"/UAS-Tkv??**P).  We then
performed 10-hr temperature shifts (18" to 30 C) immediately
before dissecting wing tissue at either the late L3 developmental
stage (wandering larvae) or 24 hr APF (an early pupal stage).
These two developmental stages are separated by approximately
24-30 hr (at 25 C). In both cases, the level of pMad was dramati-
cally elevated in dorsal, Tkv®***P-expressing cells, compared to
ventral cells, which served as an internal control (Fig. 1EJF). As
levels of pMad are normally the same in dorsal and ventral cells
(Fig. 1A and data not shown), this indicated that Dpp signaling
had been activated.

As a 10-hr temperature shift was sufficient to activate Dpp sig-
naling, we repeated this protocol and analyzed effects on vein/
intervein cell fate and cell proliferation. To assess cell fate, L3
wing discs and 24-hr APF pupal wings were stained for Blistered
(Bs), which specifically labels intervein cells (Montagne et al.,
1996). Importantly, levels of Bs are similar in dorsal and ventral
cells of wild-type wing tissue (data not shown). When the tem-
perature shift was performed during pupal stages (from 14-24 hr
APF), Tky?23°P down-regulated Bs levels in dorsal cells of the
wing compared to ventral cells (Fig. 1H). This agreed with the
known role of Dpp in promoting vein-cell fate during pupal
stages of development (de Celis, 1997). If these animals were
returned to 18°C and allowed to develop into adults, numerous
ectopic veins were observed (Fig. 1K). In contrast, Tky?23°P
expression in dorsal cells during the late L3 stage did not affect
Bs levels (Fig. 1G), and adult wings from these animals (if
returned to 18°C) had normal patterns of venation (Fig. 1J). As
such, Dpp’s ability to affect vein/intervein cell fate was tempo-
rally regulated (i.e., acquired during early stages of pupal
development).

Whereas expression of Tkv®***P during late L3 did not affect
cell fate, resulting adult wings were generally curved (Fig. 1J).
The downward wing curvature suggests a larger dorsal surface
(Raisin et al., 2003), which is consistent with increased levels of
tissue growth via Fat signaling in Tkv®***P-expressing cells
(Rogulja et al., 2008). This curvature was most prominent later-
ally (i.e., near veins L2 and L5), which is also consistent with pre-
viously observed Dpp-induced ectopic proliferation (Martin-
Castellanos and Edgar, 2002). In summary, using the ap” system
to activate Dpp signaling in the wing resulted in different pheno-
typic outcomes depending on the developmental stage, suggest-
ing that the set of target genes regulated by the Dpp signaling
pathway changes within this tissue over a short period of time.

Targets of the Dpp Signaling Pathway

To compare larval and pupal sets of putative Dpp target genes,
we performed a microarray analysis. The ap™ system was used to
express Tkv?***P along with GEP or GFP alone in dorsal cells of
the wing for 10 hr, and RNA was collected from wing tissue at
either late L3 or 24 hr APF. Potential L3 targets were identifying
by comparing gene-expression profiles of discs expressing
Tkv??**P|GFP to discs expressing GFP alone. Similarly, pupal-
wing targets were identified by comparing wings expressing
Tkv®***P |GFP to wings expressing GFP alone (Fig. 2A). This
strategy yielded 624 genes whose expression was affected by Dpp
signaling at one or both of these developmental time points
within 10 hr (Fig. 2B,C). Many of these potential target genes
were time-point specific (i.e., Tkv®***" altered their level of
expression at one developmental time point but not the other). A
small number of genes were even inversely regulated (e.g., up-
regulated at L3 and down-regulated at 24 hr APF). We also noted
that gene expression changes were roughly symmetric, meaning
similar numbers of genes were up and down-regulated at each
timepoint. Within wing tissue, therefore, the transition between
larval and pupal stages of development coincides with a switch
in the set of genes affected by Dpp signaling.

There are several limitations associated with using a microar-
ray approach to analyze temporal changes in Dpp-signaling out-
put. First, this approach will only identify changes in mRNA
levels, which excludes known effects of Dpp signaling on
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Fig. 1. Temporal-specific phenotypes associated with Dpp signaling in the wing. A,B: Wing tissue was dissected and stained for phosphorylated
Mad (pMad), a readout of Dpp activity. Developmental stages are indicated. C,D: The ap® driver was used to express GFP in L3 wing discs (C)
and pupal wings (D). Cells fated to give rise to dorsal and ventral cells of the wing are indicated. In D an optical cross-section through the poste-
rior margin and the L4 wing vein (boxed region) is shown below. Tissues are labeled with Hoechst (C and D, top) or antibodies against Discs large
1 (D, below). E-H, J, K: The ap® system was used to express Tkv®?**P (along with GFP) in dorsal wing cells at specific stages of development.
Animals were temperature shifted for 10 hr during larval (E,G,J) or pupal (FH,K) stages, and dissections performed at developmental time points
indicated (late L3 or 24 hr APF). For pupal wing images (F and H), optical cross-sections are shown (similar to the boxed region in D). Using this
protocol, levels of pMad were elevated in dorsal, Tkv323*P-expressing cells (compared to ventral cells, which serve as an internal control) at both
larval (E) and pupal (F) stages. G, H: Bs localizes to intervein cells in both the dorsal and ventral wing. Tkv@2%%P did not affect Bs levels in dorsal
cells of the larval wing disc compared to ventral cells (G), but down-regulated Bs in dorsal cells of the pupal wing (H). This indicated a temporal-
specific effect of Dpp signaling. I: In the absence of a temperature shift, ap' Tkv@?**P animals had phenotypically wild-type wings. J: Expression
of Tkv®235P for 10 hr during late L3 resulted in a curved wing (expanded dorsal surface). K: Expression of Tkv®2%®P from 14-24-hr APF resulted in
ectopic vein tissue. D’,E/,F,G’ and H' show single-channel excerpts of their respective images.

ap ts 5 Tky Q235D '

microRNAs (Oh and Irvine, 2011). Second, potential downstream
targets may represent direct targets of Dpp signaling (through the
transcription factor Mad), or they may represent targets of other
signaling pathways affected by Dpp. These indirect targets may
include, for example, changes in gene expression that result from
altered Fat localization (Rogulja et al., 2008). Third, by expressing
Tkv?2%*P for only 10 hr, we intend to enrich for direct Dpp tar-
gets, but our dataset may also include rapid indirect responses or
possibly lack direct transcriptional responses that occur more
slowly. Finally, because we are isolating mRNA from whole
wings and the ap%"* driver activates Dpp signaling only in dorsal
cells, effects on gene expression will be diluted by the necessary
inclusion of unperturbed ventral cells.

Behavior of Known Dpp Targets After 10 Hr of
Induction

We first examined expression changes for known targets of Dpp
in the wing. Several direct targets, namely Daughters against dpp
(Dad), larval translucida (Itl), crossveinless 2 (cv-2), and knirps
(kni) (Serpe et al., 2008; Weiss et al., 2010; Szuperak et al., 2011),
displayed expected changes in gene expression, but only in the
24-hr APF pupal wing (Table 1). Other known targets, namely
brinker (brk), pentagone (pent), spalt (sal), optomotor-blind (omb),
and vestigial (vg) (Kim et al., 1997; Pyrowolakis et al., 2004; Vuil-
leumier et al., 2010) were not associated with a significant
change in expression at either time point. We inspected the raw
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Fig. 2. Gene-expression changes in response to Dpp signaling. A: A schematic representation of the experimental system is shown. The ap®
system was used to express either GFP or Tkv®2**0/GFP for 10 hr in the developing wing before dissection. Tissue was dissected at late L3 (end
of the larval stage) or 24 hr APF (early pupal stage). Microarray analysis was used to compare gene-expression profiles of discs expressing GFP
to discs expressing Tkv®2*®*0/GFP. Similarly, pupal wings expressing GFP were compared to pupal wings expressing Tkv®?%*P/GFP. In this way,

TkVQ235D

-responsive genes were determined for these two developmental time points. B: A Venn diagram indicates the numbers of genes affected

by Dpp signaling at these developmental time points. C: Heat map representations of gene expression changes are shown for the four types of
target genes: those regulated by Dpp only during the larval stage of development (L3 only), those regulated by Dpp only during the pupal stage of
development (24 only), those regulated by Dpp at both stages of development (L3/24), and those inversely regulated at the two developmental
stages (inverse). A black bar represents the inverse group of genes within the L3/24 column. Magenta and green indicate up- and down-

regulation, respectively.

data files and confirmed that quality data were indeed generated
for this latter group of genes.

Mad-dependent regulation of Dpp targets occurs through at
least two different paradigms. Dpp target genes are transcription-
ally activated when Mad/Medea complexes bind “activator ele-
ments” (AEs) (Weiss et al., 2010), whereas Dpp target genes are
repressed when Mad/Medea/Schnurri (Shn) complexes bind
“silencer elements” (SEs) (Pyrowolakis et al., 2004). The Dpp tar-
gets changed in our experiment contain known AEs, SEs, or a

mixture of both, as do the direct target genes that remained
unchanged. This suggests there may be some unappreciated
context-specific differences in the kinetics of the responses of
SEs and AEs to Dpp signaling, which is only revealed upon short
time points of induction. We also noted that shn was up-
regulated by Dpp signaling in the pupal wing (Table 1, Fig. 3),
suggesting that a feedback loop incorporating new transcription
of shn could alter the kinetics of AE versus SE driven outputs
when Dpp signaling is hyperactivated.
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TABLE 1. Selected Transcripts Altered by Dpp Signaling
Gene Function/pathway Fold change Reference (PMID)
24 hr APF specific
CG15635 — —7.06
CG8483 Cysteine-rich secretory protein —-3.48
p38¢ MAPK signaling -3.38
CG34398 EGFR target gene —2.85 22595244
kni Target of BMP signaling pathway (repressed) —1.59 20010841
Ibk Regulation of BMP signaling pathway —1.58 20502686
drl Atypical Wg receptor —1.48 17507403
Wnit2 Wg family ligand —1.40
shn Regulation of BMP signaling pathway 1.69
ltl Regulation of BMP signaling pathway 1.80 21266407
Ote Regulation of BMP signaling pathway 1.85 18410727
bnl FGF/MAPK signaling 2.16
Dad Regulation of BMP signaling pathway 2.65
cv-2 Regulation of BMP signaling pathway 2.89
spn-E DEAD box helicase 3.15
Trim9 Tripartite motif containing 9/interacts with Brk 3.24 14605208
hh Hedgehog ligand 3.66
cln3 Involved in wing vein patterning 5.68 21372148
CG9822 Cysteine-rich secretory protein 10.43
L3 specific
Ac76E cAMP biosynthetic process —2.79
CG14122 Pyridoxal 5'-phosphate (PLP) phosphatase —2.55
stumps FGF/MAPK signaling -1.79 15848387
pnt ETS transcription factor, mediates EGF/MAPK 1.61
dHigl1 Hypoxia induced protein, domain 1.86 23459416
Con Homophilic cell adhesion 2
Pka-C3 cAMP-dependent protein kinase activity 2.10
L3 and 24
Trx-2 Disulfide oxidoreductase activity —20.55
Rootletin Cilia/centrosome biogenesis —16.53 16203858
AcCoAS Acetyl Coenzyme A synthase —5.46
sca Notch signaling —-2.77 11214322
frizzled Wingless receptor —1.88
easter Protease activator of Toll signaling 2.22
Kip54D Microtubule-based movement 23.0
Cyp4pl Cytochrome P450, E-class, group I 31.0
Inversely regulated Fold difference
CG30288 Serine-type endopeptidase activity 31.6
link Target of transcription factor Zelda 7.36 22537497
IM14 Defense response/likely Toll signaling target 4 9736738
hui Hedgehog signaling target 2.83 23749451

One outstanding question is why we see effects on known Dpp
targets at the pupal stage of development, but not in the larval
wing disc, where most of these targets were originally identified.
We do not have a satisfactory explanation for this, but suspect
that this could reflect differences in the relative strength of Dpp
signaling at these two time points. During the larval stage, nega-
tive feedback loops impinge on Dpp signaling to create a precise
gradient of Mad activity, a process critical for regulating overall
tissue growth (Wartlick et al., 2011b). These feedback loops may
be less effective, or dismantled in pupal wing tissue, where Dpp
acts locally to specify wing veins (Conley et al., 2000). Thus, by
expressing Tkv??**P for only 10 hr, Dpp signaling thresholds for
regulating certain direct target genes may not have been attained
in the larval wing disc.

To ensure that these genes were not missed in the larval disc
simply due to high levels of endogenous expression in the L3
controls (thereby masking mild up-regulation during L3 in
response to Dpp signaling), we compared the endogenous expres-
sion levels of the known direct Dpp target genes between the
larval and pupal controls, without Dpp-signaling manipulation.
We observed no differences greater than 1.2-fold in expression of
these genes at the timepoints examined, except for It/ and cv-2
which are 3.2-fold and 1.7-fold lower in the control L3 wings
than the pupa. Thus the 24-hr-specific response to Dpp-signaling
for these genes is not due to higher levels of endogenous expres-
sion at L3. We propose instead that our short-term induction of
Dpp-signaling (10 hr) emphasizes an initial response to Dpp-
signaling, while most known targets are results of a longer-term



0
O
>
<
Z
>_
0
—
<
l_
Z
L
P
0
@)
—
L
>
L
0

TEMPORAL REGULATION OF DPP SIGNALING 823

Prok CG30184
LN ]

L3 and 24h Dpp core
i cAMP/PKA
Chromatin / R G150
co-repression N e
A i
L P Ny PIK
o

mitotic spindle
gcdc\l?

W‘ ‘b“:m &GN:"!“S
Gt §: &8 e .
3ocm n T2 §om ! /

A /
cell cycle 4 ¢ e

‘m:-ﬂ-‘-l hickadee ]
Impl2
5 633080
P o

HKov
metabolism &’ M’E’mzm, $
.
g g.mcb

prosiot @7

L3 only

metabolism

ypizet
& Ge218

Cypsald CG14122

o
greicanAcTe 156
yhads3

® cLom §O17
L

L

Tmhs  Vipi
o &

§¥n g adhesion/cytoskel

o b \“ l“ \ W
"i ‘ES ‘ N\ yju-s
& f / ~\  NfkB

Spa2De
E‘:;f Serpins

.E‘E“H.nlg. s adhesion/cytoskel

PI3K/growth

e

Glycogenin

i ; &=

o i

® .dv"
ool coarer

® & e
Somiz 8

£G1208
® conn
[

Fig. 3. Interaction networks associated with different subsets of potential Dpp targets. All nodes (except for grey nodes) were significantly
affected upon Tkv activation for 10 hr (>1.3-fold, adj. P < 0.05 for four replicates) compared to GFP only controls at the indicated time points.
Magenta and green nodes represent increased and decreased levels of expression, respectively. Grey nodes represent critical signaling interac-
tors. Solid edges represent interactions culled from published literature and the Drosophila BioGRID database. Dashed arrows indicate our
observed transcriptional interactions. Genes were grouped based on published functional evidence, association with a complex, or homology to
known genes. Open circles indicate known Dpp transcriptional targets. Genes with multiple differentially regulated spliceforms may appear more

than once.

“sustained” phase of Dpp-signaling in the larva stage. We suggest
our approach may also potentially reveal stage-specific differen-
ces in the kinetics of Dpp signaling responses.

Network Analysis of Potential Dpp Targets

We next examined functional characteristics of the “L3 only,”
“24 only,” and “L3 and 24” groups of potential target genes. We
included in this analysis genes that were up- or down-regulated
>1.3-fold (Table 1), known to form functional complexes with
one another, or genes that genetically interact with one another
(according to the BioGRID interaction database (http://thebiogrid.
org) and literature searches). These data were compiled into a
gene-network diagram using the network visualization program
Osprey (Fig. 3). This analysis revealed several groups of interact-
ing genes that were regulated by Dpp signaling at these develop-
mental time points.

Genes affected by Dpp signaling at both the L3 and 24 hr APF
time points were involved in signaling pathways, metabolism, the
cell cycle, cell adhesion, and the regulation of transcription (Fig.
3). However, no gene ontology (GO) terms were significantly

enriched in this group of genes. Dpp signaling down-regulated
specific targets of Notch signaling, components of the mitogen-
activated protein kinase (MAPK) signaling pathway, and the
Wingless receptor frizzled (fz). In contrast, two components of the
Toll (an NFKB homolog) signaling pathway were up-regulated. A
group of Serpins (as well as several other serine protease inhibi-
tors) were also down-regulated in this group. This may be signifi-
cant, as Serpins have been reported to antagonize Toll signaling
(Levashina et al., 1999; Reichhart, 2005).

For the “24 only” group, genes involved in several signaling
pathways, including the ligand-encoding genes delta, hedge-
hog, spatzle4, and branchless were up-regulated. Components
of the Wingless signaling pathway, however, were down-
regulated (Table 2). GO terms including positive regulation of
cell cycle, ectoderm development, and cell projection morpho-
genesis were enriched in potential pupal-specific Dpp targets
(Table 2).

The network associated with the “L3 only” group of target
genes was much smaller than for the “24 only” and “L3 and 24”
groups. This is due to both the smaller number of “L3 only” genes
found, as well as the lack of functional annotations and known
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TABLE 2. GO Enrichment for Transcripts Altered by
Dpp Signaling

GO Term

24 hr APF specific

Wnt signaling 25174
Cell projection morphogenesis 1.797*
DNA helicase activity 2.876

Enrichment P value

DNA pre-replicative complex 7.0874
Positive regulation of cell cycle 1.19°*
Ectoderm development 5.827*
L3 specific

Antioxidant activity 1.124

interactions for most genes in this group. A number of “L3-only”
genes were involved in metabolism and the regulation of cell
adhesion/cytoskeleton. Smaller groups of genes impacted Map
Kinase and Protein Kinase A signaling (Fig. 3; Table 1). No GO
terms were significantly enriched in down-regulated “L3 only”
genes, whereas the GO term antioxidant activity was enriched (P
< 1.12™" in up-regulated “L3 only” genes (Table 2). Altogether
this network analysis suggests that Dpp-signaling outputs in the
wing do not perform a discreet, simple switch from an “L3 pro-
gram” to a “pupal program.” Rather there is a large shared pro-
gram modulated by an additional pupal program engaged during
metamorphosis.

Cell-Cycle Genes Appear Up-regulated in the Pupal
Wing in Response to Dpp Signaling

At 24 hr APF, wing cells have normally exited the cell cycle, and
as such, no mitotic PH3- or S-phase BrdU-positive cells are
observed (Schubiger and Palka, 1987; Milan et al, 1996).
Tkv®?*°P expression from 14-24 hr APF does not induce ectopic
PH3 or BrdU (Buttitta et al., 2007), and does not delay cell cycle
exit in the pupal-wing epithelium (Buttitta et al., 2007). Despite
this, our microarray analysis indicated that many genes involved
in the cell cycle were significantly up-regulated in response to
Dpp signaling in the pupal wing (Table 2, Fig. 3). There was also
significant overlap (P = 3.37'°) between the “24 only” set of
potential Dpp targets, and genes we previously characterized as
targets of the E2F transcription factor (Buttitta et al., 2010), a
master regulator of the cell cycle (van den Heuvel and Dyson,
2008). In addition, upstream regulatory sequences associated
with pupal Dpp targets were significantly enriched in binding
sites for E2F (Fig. 4G). This overlap in Dpp and E2F target genes
is also consistent with our previous observation that Mad and
E2F binding sites are enriched upstream of cell cycle genes that
share a temporal pattern of expression during wing metamorpho-
sis (O’Keefe et al., 2012).

One pupal-specific target of Dpp signaling was Rbf (Fig. 5C),
which is a negative regulator of cell-cycle progression (Du et al.,
1996), and is critical for proper cell cycle exit during Drosophila
metamorphosis (Buttitta et al., 2007). Thus, while Dpp may have
up-regulated E2F target genes in the pupal wing, it also up-
regulated factors that promote cell-cycle exit. To ask whether Rbf
is necessary to inhibit Dpp-mediated cell cycling during pupal
stages, we expressed Tkv®?**? in clones of cells that lacked Rbf.

In the absence of Rbf, Dpp signaling did not drive additional cell
proliferation in pupal-wing tissue (data not shown). Redundant
mechanisms must exist, therefore, to ensure that Dpp signaling
does not drive proliferation in differentiating wing cells, despite
its continued capacity to induce cell cycle gene expression.

While E2F targets were clearly affected by Dpp signaling in the
pupal wing, these genes were not significantly up-regulated by
Tkv®?**P in the larval wing disc, where Dpp-induced proliferation
is E2F dependent (Martin-Castellanos and Edgar, 2002). This is
likely because E2F targets are already expressed at very high lev-
els during the proliferative larval stages, making it difficult to
detect moderate increases after a short temperature shift. In con-
trast, cell cycle genes are generally expressed at very low levels
by 24 hr APF in the pupal wing (Buttitta et al., 2007).

To test this hypothesis, we compared the gene expression levels
of our L3 only, 24-hr only, and shared L3 and 24-hr groups in
the pupal wing during metamorphosis using data from O’Keefe
et al. (2012) to see if our 24-hr-only group had any bias toward
genes that were low in the pupal stage. We did not observe any
significant bias in gene expression at any stage for the L3 only
and L3+124-hr gene groups (Fig. 4A,B). However, we did observe
a slight bias for genes that decrease at 24 and 36 hr in the pupal
wing for the 24-hr-only group (Fig. 4C). To discern whether this
bias was caused by the presence of cell cycle genes in this cluster,
which sharply decline upon cell cycle exit at 24 hr (0’Keefe et al.,
2012), we parsed out the genes with cell cycle GO annotations
(Fig. 4D) and reexamined the cluster without them. The removal
of the cell cycle genes restored the gene expression levels for the
24-hr group to levels similar to that observed for the other groups
(Fig. 4E) suggesting they primarily drive the bias we observed.
This also suggests that E2F-overlapping targets are likely induced
upon Dpp-signaling at both L3 and pupal stages, but their high
expression in the proliferating controls during larval stages
masked their regulation during the early timepoint. This clearly
raises another potential issue with any temporal comparative
analysis; while normalization of different timepoints to controls
of the same timepoint will certainly introduce temporal bias (i.e.,
genes that change based on stage not temporal signaling), nor-
malization of samples to the same timepoints (as we did here) can
still introduce bias.

Transcription Factor Binding-Site Analysis of Putative
Dpp Target Genes

To characterize the mechanisms by which target-gene specificity
of the Dpp pathway is temporally regulated, we analyzed regula-
tory domains associated with the 624 potential Dpp targets. For
these analyses, target genes were separated into four groups: (1)
genes that were only regulated at the L3 time point (L3 only), (2)
genes that were only regulated at the 24-hr APF time point (24
only), (3) genes that were regulated at both time points (L3 and
24), and (4) genes that were inversely regulated at the two time
points (inverse). In each case, both up- and down-regulated genes
were grouped together. The MEME Suite (Bailey et al., 2009) was
used to identify statistically significant enrichments of known
transcription factor binding sites based upon the FLYREG dataset
(Halfon et al., 2008) with additional custom motifs added
(O’Keefe et al., 2012). Brinker motifs and Mad/Med repressor
motifs (SEs) were also curated from the literature (Pyrowolakis
et al., 2004; Yao et al., 2008; Weiss et al., 2010). The search space
was confined to 1 kb of sequence upstream of the transcriptional
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Fig. 4. Potential mechanisms by which downstream targets of Dpp signaling are temporally regulated. Average expression levels for the three
indicated classes of genes altered by Dpp signaling were plotted according to their expression level over time during wing metamorphosis from
L3 to 36 hr APF (data from O’Keefe et al., 2012). Transcripts in the “L3 and 24 hr” and “L3-only” groups displayed similar abundance during pupal
stages (A,B), while an enrichment for genes that decrease during pupal stages was observed for the “24-hr-only” group (C). This enrichment is
due to the presence of cell cycle genes in the 24-hr-only group, which decrease sharply at 24-hr APF when the wing becomes postmitotic (D).
Removing the cell cycle genes from the 24-hr-only group restores the average expression to levels similar to the other groups (E). Box-plot analy-
sis shows the relative changes in expression for each group of genes (F). Regulatory motif analysis of potential Dpp target genes was performed
(G). For each group of genes, upstream sequences within 1 kb of the transcriptional start sites were analyzed via MEME to identify significantly
enriched or depleted DNA motifs. Identified motifs were then compared to known motifs using TOMTOM. Z-scores from this MEME analysis are
shown as a heat map, with magenta and green indicating over- and under-representation of indicated motifs, respectively. Dorsal signaling pro-
motes vein cell fate (H). Over-expression of Dorsal in the larval wing did not affect pMad levels (i.e., Dpp signaling) (H,H’), but induced vein cell
fate by down-regulating Bs (H”).
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Fig. 5. Pupal-specific Dpp target genes. Using the a,otS system, Tkv@23P \as expressed in dorsal wing cells (GFP-positive) for 24 hr prior to dis-

section at either late L3 (A,C,E,G) or 24 hr APF (B,D,F,H). Activation of the Dpp signaling pathway had greater effects on the level of Delta, Rbf,
Otefin, or CadN during pupal stages (B, D, F, H) than in the late L3 wing disc (A, B, E, G). Dpp signaling increased levels of these proteins in the
pupal wing, except for CadN, which was down-regulated (H). A’,B’,C’,D’,E’,F,G’ and H' show single-channel excerpts of their respective images.

start site (see Experimental Procedures section for details) and “24 only” and “L3 and 24” groups of potential Dpp targets were
identified motifs were then compared to known motifs using transcriptionally regulated in a Mad-dependent fashion (as
TOMTOM. Mad and Medea and Mad/Med repressor binding sites  expected), whereas regulation of L3-specific targets may have
were generally enriched in these groups of target genes, with the involved other mechanisms, such as indirect effects of micro-
notable exception of the “L3 only” group. This suggests that the =~ RNAs or other signaling pathways.
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TABLE 3. Putative Dpp target genes in the pupal
wing that are also regulated by E2F

Genes Function
Artl Histone arginine methylation
CG10133 Phospholipase A2
CG13679 —
CG13690 RNAseH
CG14549 GINS complex helicase
CG14684 —
CG14820 Proteolysis
CG15784 —
CG17286 Spd-2 homolog, mitotic spindle
CG30377 —
CG30382 PSMAG6 homolog, response

to DNA damage
CG32158 Adenylate cyclase
CG3280 —
CG4069 Kelch domain containing 4 homolog
CG6854 CTP-synthase
CG6897 Bora-aurora kinase inhibitor
CG8478 Zinc binding
CG9187 GINS1 helicase homolog
Phf7 PHD finger protein 7 ortholog
chic Cytokinesis
Cks30A Anaphase promoting

complex regulator
DNApolalpha50 DNA Polymerase
Gbp Antimicrobial peptide production
Glycogenin Glycogen biosynthesis
His2Av Histone 2A variant

ial Aurora B kinase

Mcm2 Pre-replicative complex
Mcemb Pre-replicative complex
Mem7 Pre-replicative complex
msb1l —
mus201 Nucleotide excision repair
Nelf-E RDBP homolog, mRNA binding
Orc6 Origin of replication
complex assembly
Ote Nuclear envelope assembly
phr DNA repair
Pole2 Epsilon DNA polymerase complex
Rbf Retinblastoma homolog
rept RuvBL homolog,
chromatin remodeling
RfC3 Replication factor C complex
RnrS Ribonucleotide reductase
spn-B XRCC3 homolog
spn-E TDRD9 homolog
sti Cytokinesis
Toll-9 Toll signaling

We also identified novel motifs via unbiased searches that
were similar to known motifs, or were associated with genes of
particular GO terms (Fig. 4G and Table 4). These include an E-box
motif similar to an E-box associated with the starvation response
in larva (Li et al., 2010). This E-box motif was enriched in all
groups of Dpp targets (except for L3 only) but its binding factor
remains unknown. We also identified a novel motif we termed
“Motif A,” which was enriched in genes characterized by the GO

TABLE 4. Additional Motifs Identified Via MEME and
Compared to Known Motifs With TOMTOM or
Analyzed for Association With GO Term Using GOMO

2 Starvation response
E-box similar to
Li et al. (2010)

A
RN e e E B R ® e
2 Trl/GAGA like
LA A q = 1.9E-3
£1
C A
0F " = v%wa‘f%?:
C Motif A (chromatin
modifier associated
A c c motif) q = 1.8E-8
£1 AAC
SO ACIATSIILL

Motif B (dorsal-like)

L TIT G C

term “chromatin modifier” (via gene ontology for motifs [GOMO]
analysis). Although the significance of this motif is unknown,
several chromatin modifiers were identified as putative Dpp tar-
gets in our analysis (Fig. 3).

Dpp signaling induces growth in the larval wing disc through
interactions with the Hippo pathway, which acts via the tran-
scriptional co-activator Yorkie (Yki) (Rogulja et al., 2008; Oh
et al,, 2013). Although Yki-associated motifs (such as the Scal-
loped binding site) were not enriched in our Dpp target genes,
Trithorax-like (Trl) motifs, which are often associated with genes
regulated by Yki (Oh et al., 2013; Bayarmagnai et al., 2012), were
enriched in the “L3 and 24" shared set of genes (Fig. 4G). Using
published datasets of Trl binding, we found that 65 of the 253
“L3 and 24" Dpp-target loci bind Trl in Kc cells (van Steensel
et al., 2003; Negre et al.,, 2010). Thirteen of these genes have
high-quality Trl motifs within 1 kb of their transcriptional start
site, and two loci bind Trl directly (Omelina et al., 2011). The Tri-
thorax group of genes are generally involved in maintaining
gene expression as development proceeds. Loss-of-function phe-
notypes associated with Trl (e.g., small wings and loss of wing
vein material), are consistent with Trl involvement in both early
(proliferation) and late (wing-vein differentiation) functions of
Dpp signaling (Bejarano and Busturia, 2004).

Trl has been shown to cooperate with Yki to mediate its tran-
scriptional outputs and Yki and Trl binding on chromatin exhib-
its extensive overlap (Oh et al., 2013) in addition to overlap with
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E2F sites (Bayarmagnai et al., 2012). Consistent with the up-
regulation of cell cycle genes we observed at 24 hr in response to
Dpp signaling, we also found E2F binding sites to be enriched at
24 hr (Fig. 4G). Altogether this data suggests that the growth reg-
ulatory outputs of Dpp signaling, via cooperation of Mad with
Yki, Trl and E2F, occurs at both early L3 and late 24h timepoints,
but Dpp-independent repression of the E2F-specific program also
occurs at the pupal 24-hr stage, and even if this Dpp-
independent repression is compromised, additional non-
transcriptional mechanisms can compensate to restrict Dpp-
induced growth and proliferation.

In contrast to the Trl motifs, Dorsal-like binding sites were
enriched in the “inverse” group of Dpp targets (Fig. 4G, Table 4),
with lower levels of enrichment also detected in the “L3 only” and
“24 only” groups. This pattern was remarkably opposite to the Trl
binding-site pattern, suggesting that Dorsal may be involved in a
temporal switch in Dpp target-gene specificity rather than a com-
mon program. An interaction between these two signaling path-
ways is not without precedence, as inputs from both Dorsal and
Dpp gradients cooperate on enhancer sites within the ventral nerv-
ous system defective (vnd) locus to generate temporal changes in
vnd expression within the Drosophila embryo (Crocker and Erives,
2013). To test the hypothesis that Dorsal affects Dpp targets in the
wing, we over-expressed Dorsal using the ap®™ system. When Dorsal
was expressed during larval stages, Bs was down-regulated, but
pMad levels were unaffected (Fig. 4H). As Dpp normally represses
Bs only during pupal stages (Fig. 1), this suggests that Dorsal may
be able to prematurely activate the late Dpp signaling program.

Confirming Pupal-Specific Dpp Targets

Most transcriptional targets of Dpp signaling in the wing have
been characterized in the larval wing. Our data suggest, however,
that there is an extensive pupal-specific Dpp program to be
explored (Fig. 3). We, therefore, used immunohistochemistry to
confirm a number of pupal-specific target genes chosen from the
different gene ontology and network groups represented in Table
2 and Figure 3. These were Delta, Rbf, Otefin, and Cadherin-N
(CadN). For these immunohistochemistry experiments, Tky?23°P
was expressed for 24 hr before tissues were dissected at either
late L3 or 24 hr APF. In each case, we confirmed that Tkv®?*°P
expression had more dramatic effects on protein levels in the
pupal wing than in the larval wing disc (Fig. 5).

Dpp Signaling Affects CadN Levels in the Pupal Wing

Inspection of pupal-specific target genes revealed novel mecha-
nisms by which Dpp signaling affects vein-cell differentiation.
For example, Dpp down-regulated CadN expression in the pupal-
wing epithelium (Fig. 5H). This is consistent with low levels of
CadN that we observed in wild-type vein cells (Fig. 6A,B). As cad-
herins mediate homophilic cell-cell adhesion (Nose et al., 1988),
this suggests that vein and intervein cells may have different
adhesive properties. We have previously demonstrated that vein
cells express high levels of DE-cadherin (DE-cad), which is
encoded by the gene, shotgun (0’Keefe et al., 2007). As such,
reciprocal patterns of cadherin expression are seen in the pupal
wing, where vein cells express high levels of DE-cad, and adja-
cent intervein cells express high levels of CadN (Fig. 6A,B). Recip-
rocal patterns of CadN and DE-cad localization have been
described in other developmental contexts as well (e.g., Drosoph-

ila photoreceptors (Mirkovic and Mlodzik, 2006), and vertebrate
neurulation (Nandadasa et al., 2009).

Signaling through both the Epidermal growth factor receptor
(Egfr) and Dpp pathways specify vein cell fate. High levels of
Egfr signaling are first detected in presumptive vein cells during
larval stages (Sturtevant et al., 1993), whereas Dpp acts down-
stream of Egfr to maintain vein identity during pupal stages (de
Celis, 1997). We have previously demonstrated that Egfr signal-
ing up-regulates DE-cad levels in vein precursors, and that this
process is independent of Dpp signaling (O'’Keefe et al., 2007).
To determine which pathway regulates CadN, we inhibited Egfr
signaling (via a UAS-Eqfr-IR transgene) in Tkv®***"-expressing
pupal-wing cells and stained for CadN (Fig. 6F). We also per-
formed the reciprocal experiment, inhibiting Dpp signaling (via
Daughters against dpp (Dad)) while activating Egfr signaling
(via an activated version of Ras [Ras"'?]) (Fig. 6E). Both experi-
ments demonstrated that Dpp signaling regulates CadN in an
Egfr-independent fashion.

Dpp Signaling Affects the Extracellular Matrix During
Pupal Stages

The Dpp signaling pathway affected components of the extracel-
lular matrix (ECM) in the pupal wing. The pupal wing blade is a
bi-layered epithelial structure, with dorsal and ventral epithelia
apposed at their basal surfaces. As such, components of the ECM
(and associated molecules such as integrins) are critical for adhe-
sion between the dorsal and ventral surfaces (Brower and Jaffe,
1989; Murray et al., 1995; Dominguez-Gimenez et al., 2007).
Wing veins, however, represent fluid-filled gaps (i.e., tubes)
between dorsal and ventral epithelia where adhesion between the
wing surfaces is disrupted.

The gene wing blister (wb) encodes a component of the Laminin 1
complex and is required for dosal/ventral apposition in the wing
blade (Martin et al., 1999). Tkv®?**P down-regulated wb expression
1.76-fold at the pupal stage of development. BM-40-SPARC is a
calcium-binding protein that is generally involved in tube forma-
tion and seems to stabilize basal laminae via Collagen type IV (Mar-
tinek et al., 2008). Tkv®?*°P down-regulated BM-40-SPARC 1.73-
fold. CG4096 encodes a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS), which is inferred to localize to
the ECM and was recently shown to inhibit Egfr signaling (Butchar
et al., 2012). CG4096 was up-regulated >8-fold by Tkv®***P,

Finally, Dpp signaling up-regulated CG31915, which, based on
sequence similarity, is predicted to be involved in collagen synthesis
(www.flybase.org). We examined, therefore, the effect of Dpp sig-
naling on collagen accumulation in the pupal wing. Collagen type
IV (Cg25C) accumulates at the basal membrane of the wing epithe-
lium and during larval and early pupal stages of development all
wing epithelial cells are associated with collagen. By 36 hr APF,
however, Cg25C specifically accumulates within vein lumens (Mur-
ray et al., 1995) (Fig. 7A). Expression of Tkv®**°P throughout the
dorsal wing epithelium resulted in ectopic accumulation of Cg25C
(Fig. 7B). This effect was more dramatic than seen with Ras"'* (Fig.
70Q), suggesting that the Dpp pathway plays the dominant role in
regulating collagen deposition in presumptive wing-vein tissue.

Summary

Here we described a developmentally regulated switch in
target-gene specificity associated with the Dpp signaling
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Fig. 6. Dpp down-regulates CadN in pupal-vein tissue. A,B: Wings expressing a Ubi-DE-cad-GFP transgene were labeled for CadN. A: Wing
veins L3 and L4 are labeled (24 hr APF). B: A magnified view of vein L3 is shown (30 hr APF). DE-cad levels were highest in vein cells, whereas
CadN levels were down-regulated in vein cells. C-F: The ap®® system was used to express indicated transgenes in dorsal wing cells (GFP-positive)
from 0-24-hr APF. Optical cross-sections through the posterior wing margin (left) and vein L4 are shown. Compared to the wild-type pattern of
CadN localization (C), activating the Egfr/Ras signaling pathway (via an activated form of Ras [Ras''?]) down-regulated CadN (D). E: Inhibiting Dpp

signaling (via Dad) restored CadN levels in Ras’'?

-expressing cells. F: Tkv®?%%® down-regulated CadN in the absence of Egfr signaling.

A',A”,B',B", C’', D' E' and F’ show the indicated single-channel excerpts of their respective images.

pathway in the Drosophila wing epithelium. We discovered that
this is not a simple switch from a larval-specific program to a
pupal-specific program. Rather there is a small larval-specific
response to Dpp-signaling, overshadowed by a much larger
shared response, which remains consistent between larval and
pupal stages. This shared program is then combined with a
pupal-specific Dpp response, which we suggest altogether
encompasses the observed temporal outputs of Dpp signaling in
the wing. We explored the pupa-specific program and identified
specific genes that may play important roles in Dpp-induced
differentiation of the wing epithelium. Finally, we identified
transcription factor binding sites that were enriched in subsets
of potential Dpp target genes and suggest these transcription
factors may help direct the temporal outputs of the Dpp signal-
ing pathway.

Experimental Procedures

Fly Stocks

apG“’4 (Calleja et al., 1996), tubulin-Gal80" (McGuire et al.,
2003), hsflp’?? (Neufeld et al., 1998), UAS-Tkv??**P (Nellen
et al., 1996), UAS-dorsal (Huang et al., 2005), Ubi-DE-cad-GFP
(0da and Tsukita, 2001), UAS-Ras"'? (Karim and Rubin, 1998),

UAS-Dad (Tsuneizumi et al., 1997), UAS-Egfr-IR (NIG-FLY
10079R-1).

Immunohistochemistry

Wing imaginal discs and pupal wings were dissected in
phosphate-buffered saline (PBS) and fixed in 4% paraformalde-
hyde for 20 min. Following washes in PBS-Triton (0.1%) (PBT),
wings were placed in blocking solution (PBT plus 4% normal
goat serum) for 2 hr at room temperature, or overnight at 4 C.
Wings were incubated in primary antibody overnight at 4'C.
Washes and secondary antibody incubation followed standard
protocols. Primary antibodies were directed against: pMad (PS1
kindly provided by P. ten Dijke), Blistered/DSRF (Active Motif,
Carlsbad, CA, 1:500), Discs large 1 (Developmental Studies
Hybridoma Bank [DSHB], 1:100), Delta (DSHB, 1:100),
Retinoblastoma-family protein (Rbf) (DX3 kindly provided by
W. Du, 1:20), Otefin (kindly provided by D. Chen, 1:100),
Cadherin-N (DSHB, 1:100), and Collagen type IV (kindly provided
by J. Fessler). Other reagents included Alexa fluorescently conju-
gated secondary antibodies (Molecular Probes, Madison, WI;
1:1,500), and Hoechst (Life Technologies, Carlsbad, CA; 1:1,500).
For pMad stainings, wings were dissected on ice. Adult wings
were placed in EtOH for 1 hr, transferred to methylsalicylate for 1
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0-36 h APF

Fig. 7. Dpp promotes the deposition of extracellular matrix in the pupal wing. A-C: The ap'® system was used to express indicated transgenes in
dorsal wing cells (GFP-positive) from 0-24 hr APF. Optical cross sections through the posterior wing margin (left) and vein L4 are shown. Com-
pared to the wild-type pattern of Collagen IV (Cg25C) localization (A), Tkv®2%5P up-regulated Cg25C throughout the wing epithelium (B). C: Ras"'?
did not up-regulate Cg25C to the same extent as Tkv®?3%°. A’, B’ and C’ show single-channel excerpts of their respective images.

hr, and mounted in Canada balsam and methyl salicylate (1:1).
Fluorescent images were acquired using a Zeiss LSM 510 confocal
microscope.

Microarray Analysis

apG“M,UAS—GFP/CyO;tubulin—Gal80” flies were mated to either
hsflp'?2, or hsflp'??; UAS-Tkv%?°P. Crosses were placed at 18°C,
and larvae were raised in uncrowded conditions (less than 50 lar-
vae per vial). For larval samples, animals were kept at 18" C until
they reached the third larval instar. Vials were then transferred to
30°C. Ten hours later GFP-positive wandering larvae were col-
lected and wing discs were dissected. For pupal samples, animals
were kept at 18'C until they reached the white prepupal stage.
White prepupae were then collected and allowed to develop an
additional 24 hr at 18°C. Animals were then transferred to 30°C.
Ten hours later GFP-positive pupae wings were dissected. Using
this protocol, dissected pupal wings were developmentally equiv-
alent to 24 hr after puparium formation (APF) (when raised
entirely at 25 C). Calculations for developmental timing at 18"
and 30" C were based on previously published data (as well as our
own observations), which demonstrated that animals develop
2.2-fold more slowly at 18°C compared to 25 C, and 1.2-fold
more quickly at 30°C compared to 25 C (Buttitta et al., 2007).
Five independent biological samples were collected for each time
point and each sample consisted of 10-12 wings.

RNA was extracted, amplified, and labeled as described
(O’Keefe et al., 2012). Briefly, RNA was isolated from dissected
tissues using Trizol (Invitrogen, Grand Island, NY), and cleaned
using the RNAEasy Kit (Qiagen, Valencia, CA). For each sample,
cDNA was synthesized from 500-1,000 ng of RNA. T-7-

dependent linear RNA amplification was then performed using
the Message Amp kit (Ambion, Life Technologies). Approximately
10 pg of amplified RNA was then labeled and hybridized to a
NimbleGen expression array (Madison, WI). NimbleScan software
was used to scan the arrays and for quantile normalization (all
arrays were normalized together). Gene calls were generated
using the Robust Multichip Average (RMA) algorithm. Statisti-
cally significant changes in gene expression were determined
using ANOVA (adjusted P < 0.05). The data discussed in this
publication have been deposited in NCBI's Gene Expression
Omnibus. The GEO Series accession number is GSE39056. Net-
work analysis of genes was visualized using Osprey (http://bio-
data.mshri.on.ca/osprey/servlet/Index). Centroid views of gene
expression levels over time during metamorphosis (Fig. 4) were
plotted using Genesis as described (0’Keefe et al., 2012).

Binding-Site Analysis

The software Find Individual Motif Occurrences (FIMO) (Bailey
et al., 2006) was used (at P < 0.0001) to identify the locations of
relevant DNA-binding motifs. Motifs are from the FLYREG data-
set (Halfon et al., 2008), or custom motifs that we have described
(O'Keefe et al., 2012). For all genes, FIMO scans were performed
across the promoter proximal region (—1 kb to —1 bp).

To identify motifs that were enriched or depleted in given gene
clusters, the sum of all motif occurrences for each cluster was cal-
culated. Permutation tests were then performed to determine the
significance of seeing that many motif occurrences at random in
a cluster, as described (O’Keefe et al., 2012). A threshold z-score
of |3| was chosen as significant for enrichment or depletion of
motifs. Permutation tests were performed to calculate z-scores for
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each cluster and motif combination. For examining co-
occurrence of E2F and Tkv target genes, hypergeometric proba-
bilities were calculated using the hypergeometric distribution
(O'Keefe et al., 2012). P < 0.05 indicated a significant overlap.
Enrichment for gene-ontology terms was examined using
GORILLA (http://cbl-gorilla.cs.technion.ac.il/) with two unranked
lists, where the background list included all genes present on the
array (P < 0.001).
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