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Steroid hormones perform diverse biological functions in developing and adult animals.
However, the mechanistic basis for their tissue specificity remains unclear. InDrosophila,
the ecdysone steroid hormone is essential for coordinating developmental timing across
physically separated tissues. Ecdysone directly impacts genome function through its
nuclear receptor, a heterodimer of the EcR and ultraspiracle proteins. Ligand binding to
EcR triggers a transcriptional cascade, including activation of a set of primary response
transcription factors. The hierarchical organization of this pathway has left the direct
role of EcR in mediating ecdysone responses obscured. Here, we investigate the role of
EcR in controlling tissue-specific ecdysone responses, focusing on two tissues that
diverge in their response to rising ecdysone titers: the larval salivary gland, which under-
goes programmed destruction, and the wing imaginal disc, which initiates morphogene-
sis. We find that EcR functions bimodally, with both gene repressive and activating
functions, even at the same developmental stage. EcR DNA binding profiles are highly
tissue-specific, and transgenic reporter analyses demonstrate that EcR plays a direct role
in controlling enhancer activity. Finally, despite a strong correlation between tissue-
specific EcR binding and tissue-specific open chromatin, we find that EcR does not
control chromatin accessibility at genomic targets. We conclude that EcR contributes
extensively to tissue-specific ecdysone responses. However, control over access to its
binding sites is subordinated to other transcription factors.
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Hormones perform an incredible array of biological functions, including regulating
physiology (1), reproduction (2), metabolism (3), behavior (4), and development (5).
For decades, the insect hormone ecdysone has been studied to delineate the mecha-
nisms by which hormones act on the genome. A key role of ecdysone during develop-
ment is to serve as a systemic signal to coordinate the timing of events between spatially
separated tissues. After release from the prothoracic gland, ecdysone travels through the
hemolymph to target tissues where it elicits a response through differential regulation
of gene expression. The impact that ecdysone has on target cells is profound. Greater
than 10% of genes respond to ecdysone application in cell culture systems (6). The
developmental response to ecdysone is perhaps even more remarkable due to its exqui-
site specificity, which manifests both spatially and temporally (7). Target tissues can
exhibit extremely divergent responses to the same ecdysone pulse. For example, larval
structures such as the salivary gland respond to the large pulse of ecdysone that occurs
at the end of larval stages by undergoing programmed destruction. By contrast, imagi-
nal tissues such as the wing and leg imaginal discs respond to the late larval ecdysone
pulse by initiating the morphogenetic events that create the adult appendages and
thorax. Ecdysone also has temporal-specific effects. Pulses of ecdysone occur at stereo-
typical stages of development, and the same cell lineage responds in distinct ways to
different ecdysone pulses. For example, the late larval ecdysone pulse triggers a distinct
set of gene expression changes in developing wings relative to those it triggers during
the midpupal pulse (8). Mechanistically, it is unclear how ecdysone elicits such an
extreme breadth of gene expression changes while also maintaining such remarkable
spatiotemporal specificity.
In work performed over 30 y ago, ecdysone was found to act on the genome by bind-

ing a nuclear receptor heterodimer consisting of EcR and Ultraspiracle (Usp) (9–11),
which bind DNA in a sequence-specific manner through an inverted repeat. Ligand
binding to EcR induces structural changes in the receptor that result in differential associ-
ation with coactivator and corepressor complexes (12–21). As conceptualized by Ash-
burner (22) through visualization of the puffing program of cultured salivary glands after
addition of ecdysone, and later brought into molecular detail by multiple laboratories
(23), EcR sits at the top of a transcriptional cascade. Ligand binding to EcR triggers acti-
vation of a small set of primary response genes; many of these genes encode transcription
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factors, which then go on to regulate expression of a larger set of
effector genes lower in the cascade. Despite the small number of
primary response genes, EcR was recently found to bind exten-
sively across the genome in developing wings, including at many
genes with essential roles in wing development (24). Binding of
EcR in the wing was also found to be temporally dynamic. These
findings extended the canonical Ashburner model by demon-
strating that EcR regulates a greater set of target genes beyond
those at the top of the ecdysone transcriptional hierarchy. More-
over, they suggested that tissue-specific factors influence EcR
binding in the genome, and they raise the important question as
to the degree to which EcR autonomously controls binding to its
genomic targets.
A major control point in whether transcription factors bind

DNA in vivo lies at the level of chromatin accessibility (25).
Transcription factors and nucleosomes compete for physical
access to DNA. Nucleosome-occupancy is often refractory to
transcription factor binding, whereas nucleosome-depletion is
typically permissive to DNA binding. The importance of chro-
matin accessibility in controlling access to DNA-encoded
information makes identification of the factors that regulate
accessibility critical for understanding how cell identities are
specified. A link between the ecdysone pathway and regulation
of chromatin accessibility was recently uncovered in Drosophila.
The ecdysone-induced transcription factor E93 was found to
specify temporal identity in the wing by controlling accessibility
of target enhancers (26). In the absence of E93, late-acting
enhancers failed to open and activate, whereas early acting
enhancers failed to close and deactivate. Furthermore, preco-
cious expression of E93 in earlier-stage wings resulted in recon-
figuration of the larval chromatin accessibility landscape toward
pupal wing profiles (27). Thus, the response to ecdysone is
mediated at least in part by regulating access to transcriptional
enhancers.
In the current study, we investigated the direct role of EcR

in controlling tissue-specific ecdysone responses by focusing on
two tissues—the larval salivary gland and the wing imaginal
disc. We also examined whether EcR, like its primary response
gene E93, contributes to tissue-specific ecdysone responses by
controlling accessibility of target enhancers. We find that EcR
binds extensively across the genome and exhibits a combination
of tissue-specific and shared binding profiles. Loss-of-function
analysis indicates that EcR is required for the majority of tem-
poral gene expression changes in both tissues. Transgenic
reporter analyses demonstrate that binding of EcR is required
for target enhancer activity and differential EcR occupancy is
associated with tissue-specific enhancer activity. Last, although
we find that tissue-specific EcR binding is highly correlated
with tissue-specific open chromatin, EcR is not required for
accessibility of target enhancers. Altogether, our findings sup-
port a model in which EcR binds opportunistically to its motif
in chromatin made accessible by tissue-specific transcription
factors to drive tissue-specific ecdysone responses.

Results

Temporal Gene Expression Changes in Wings and Salivary
Glands Are Tissue-Specific. In late third instar larvae, rising
ecdysone titers initiate morphological and physiological changes
that prepare larvae for metamorphosis into adults. Each larval
tissue exhibits a distinct transcriptional response during this
transition (7). To investigate the role of EcR in mediating
tissue-specific gene expression, we focused on two tissues with
divergent ecdysone responses: the larval salivary gland and the

wing imaginal disc. The larval salivary gland is a secretory organ
that has been extensively studied due to the sequence of puffs
induced by ecdysone in its polytene chromosomes. Puffs occur
at a subset of ecdysone response genes, including many of the
early response transcription factors induced by ecdysone, as
well as at loci encoding the glue proteins, which are secreted
during the larval-to-prepupal transition (23). Shortly after
pupariation, the secretory portion of the salivary gland is elimi-
nated via programmed destruction, an event that is dependent
on ecdysone signaling (28). By contrast, the wing imaginal disc
is not destroyed in response to rising ecdysone titers in third
instar larvae. Instead, the disc responds by undergoing a final
series of cell divisions, gene patterning events, and cytoskeletal
rearrangements to transform from a simple epithelial sheet into
a rudimentary progenitor of the adult thorax and wing (8, 29)
(Fig. 1A).

To compare spatiotemporal gene expression changes between
the wing and salivary gland, we performed RNA sequencing
(RNA-seq) at three time points surrounding the larval-to-
prepupal transition: ∼30 h prior to the onset of pupariation
(�30hAPF), at the wandering stage ∼6 h prior to pupariation
(�6hAPF), and 6 h after puparium formation (+6hAPF)
(Fig. 1A). Clustering the RNA-seq data revealed that gene
expression profiles are both tissue-specific and temporally
dynamic (Fig. 1B). Although a subset of genes are constitutively
expressed in the wing and salivary gland (clusters 12 and 13),
the majority of expressed genes are temporally dynamic in one
of the two tissues (clusters 1–11). Observed changes in gene
expression are consistent with developmental events occurring
at these stages. For example, genes in cluster 2 exhibit high
expression levels at �30hAPF that progressively decrease until
+6hAPF. This cluster is enriched in Gene Ontology (GO)
terms related to mitosis (SI Appendix, Fig. S1 A and B), consis-
tent with the rapid proliferation of wing cells during mid-third
instar stages that come to a halt soon after pupariation (8, 30).
By contrast, cluster 2 genes are expressed at low levels in salivary
glands at all time points, consistent with the lack of a mitotic
DNA replication program in larval salivary glands (31). Similarly,
genes in clusters 9, 10, and 11, which increase in expression over
time in the salivary gland but remain low in wing discs, are
enriched in GO terms related to the secretory pathway. This gene
expression pattern fits with the production and eventual secretion
of glue granules by the salivary gland during pupariation.

To more precisely quantify temporal and tissue-specific gene
expression between the wing and salivary gland, we identified
differentially expressed genes using DESeq2. Consistent with
our clustering results, we found thousands of genes that signifi-
cantly change in expression across the three time points (Fig.
1C), with the salivary gland exhibiting a greater number of
temporally dynamic genes than the wing. Between �30hAPF
and �6hAPF, 760 genes change in the wing and 3,449 genes
change in the salivary gland. Between �6hAPF and +6hAPF,
1,636 genes change in the wing, and 2,675 genes change in the
salivary gland. A subset of temporally dynamic genes is shared
between wings and salivary glands (46–48% of wing genes and
10–29% of salivary gland genes). GO term analysis of these
shared genes indicated that metabolism genes are down-regulated
between �30hAPF and �6hAPF in both wings and salivary
glands, whereas genes involved in ecdysone signaling increase in
both tissues during this time interval (SI Appendix, Fig. S1C).
These gene expression changes are consistent with cessation of
feeding behavior triggered by the late-larval ecdysone pulse (32).
In sum, gene expression profiles are highly dynamic during the
stages leading up to the larval-to-prepupal transition, and the
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majority of temporally dynamic genes change in a tissue-specific
manner.

Most Temporal Gene Expression Changes Require Ecdysone
Signaling. Although ecdysone signaling plays an important role
in regulating developmental transitions, it is only one of multi-
ple inputs that regulate wing and salivary gland development.
Therefore, we next sought to determine the extent to which
ecdysone signaling drives developmental progression of wings and
salivary glands prior to the larval-to-prepupal transition. During
mid-third instar, a series of low amplitude ecdysone pulses pre-
cede a larger pulse that initiates the onset of pupariation. In the
salivary gland, these pulses trigger a puffing cascade, in which a
subset of preexisting intermolt puffs containing the glue genes
regress, a small number of puffs are induced at the early response
genes, followed several hours later by a larger number of puffs
at late-response genes (33). During this same period, the wing
undergoes a period of tissue growth and patterning events that
spatially define cell identities along the main body axes, including
establishing wing versus hinge fates and specifying the position of
adult structures such as the wing veins (34, 35). We knocked
down EcR via RNAi using a GAL4 driver that is active in both
salivary glands and wings beginning in first instar larvae. Immu-
nofluorescence analysis demonstrated efficient depletion of EcR
protein under these experimental conditions (Fig. 2 A and B). At
�30hAPF, EcR knockdown has little effect on the morphology
of either the wing or salivary gland relative to their wild-type
counterparts (Fig. 2 A and B). By contrast, at �6hAPF, EcR-
RNAi wings are slightly enlarged (24), and EcR-RNAi salivary
glands are smaller than wild-type glands (Fig. 2B). We observed
no difference in cell death in EcR-RNAi wing imaginal discs or
salivary glands relative to controls (SI Appendix, Fig. S2). How-
ever, we did observe a reduction in DNA content in EcR-RNAi
salivary gland nuclei (SI Appendix, Fig. S2), indicating that EcR
is required for proper polyteny. The reduction in salivary gland
size may also be due to the absence of glue gene production (Fig.
1B), whose packaging into extracellular vesicles enlarges the cyto-
plasmic lumen (36).

To measure the impact of EcR loss of function on gene
expression, we performed RNA-seq in EcR-RNAi wings and sal-
ivary glands at �30hAPF and �6hAPF. We observed a striking
failure in temporal gene expression changes in EcR-RNAi
tissues. In wild-type wing discs, 318 genes increase in expres-
sion and 442 genes decrease in expression between �30hAPF
and �6hAPF. However, in EcR-RNAi wings, only 241 genes
increase and 74 genes decrease (Fig. 2A). The gene expression
defect was more pronounced in salivary glands. In wild-type
glands, 1,943 genes increase in expression and 1,506 gene
decrease between �30hAPF and �6hAPF. However, a mere
182 genes increase in expression and 105 genes decrease in
EcR-RNAi glands (Fig. 2B). Thus, EcR is required for temporal
gene expression changes in late larval tissues. Prior work exam-
ining the larval-to-prepupal transition in the wing suggested
a bimodal function for EcR, consistent with other ligand-
dependent nuclear hormone receptors (48). According to this
model, EcR functions primarily as a brake to prevent activation
of prepupal genes before the larval-to-pupal transition, whereas
following the transition, EcR functions as a trigger to promote
expression of prepupal genes (24). To determine if EcR performs
a similar role at this earlier developmental stage, we examined the
wild-type temporal dynamics of genes differentially expressed in
EcR-RNAi tissues (Fig. 2 C and D and SI Appendix, Fig. S3).
Among the genes that increase between �30hAPF and �6hAPF
in wild-type glands, the great majority requires EcR for activation at
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�6hAPF (Fig. 2 C and D quadrant 5 ≫ quadrant 6). By con-
trast, this same set of genes requires EcR for repression at
�30hAPF (Fig. 2 C and D quadrant 2 ≫ quadrant 1). Thus,
EcR is required to prevent precocious activation of temporally
dynamic genes at �30hAPF and it is subsequently required
for activation of these genes at �6hAPF, consistent with the
brake/trigger mechanism previously proposed in wings. However,
a brake/trigger model only partially explains EcR’s role in tempo-
ral gene regulation. Among EcR target genes that decrease
between �30hAPF and �6hAPF in wild-type glands, most
require EcR for repression at �6hAPF (Fig. 2 C and D quadrant
7 ≫ quadrant 8). By contrast, this same set of genes requires EcR
for activation at �30hAPF (Fig. 2 C and D quadrant 4 > quad-
rant 3). Thus, EcR also switches from an activator to a repressor
between �30hAPF and �6hAPF. This finding challenges a
simple model of EcR switching from a repressor to an activator
as ecdysone titers rise in late larvae. A similar signature is also

apparent in the wing, where EcR target genes that increase
between �30hAPF and �6hAPF switch from requiring EcR
for repression at �30hAPF to requiring EcR for activation at
�6hAPF (SI Appendix, Fig. S3). Likewise, EcR target genes that
decrease between �30hAPF and �6hAPF in wild-type wings
switch from requiring EcR for activation at �30hAPF to requir-
ing EcR for repression at �6hAPF. Interestingly, this signature
role of EcR as a switch continues in the wing during the larval-to-
prepupal transition (SI Appendix, Fig. S3 quadrants 9–12), but
the relationship breaks down in salivary glands during the larval-
to-prepupal transition (Fig. 2 C and D quadrants 9–12), suggest-
ing tissue-specific roles of EcR in mediating responses to the third
larval ecdysone pulses.

Expression of Ecdysone-Induced Transcription Factors Is
Tissue-Specific. Examination of puffing profiles in the salivary
gland has uncovered a transcriptional cascade that unfolds in
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response to rising ecdysone titers during third instar stages.
Included in this cascade are a set of transcription factors that
mediate ecdysone-induced gene expression responses in the
salivary gland and a wide range of other tissues. Given the
differential impact of EcR loss of function on temporal gene
expression profiles in wings and salivary glands, we investigated
whether these ecdysone-induced transcription factors also diverge
in expression between wings and salivary glands. We compiled a
list of genes that exhibit clearly defined puffing profiles in salivary
gland (23, 37–40). This list was divided into four categories
based on the timing of their puffing profiles: 1) intermolt puffs,
containing the glue genes, which regress with rising ecdysone
titers; 2) early puffs, which are rapidly induced with rising ecdy-
sone titers; 3) late puffs, which are induced several hours after
early puffs; and 4) prepupal puffs, which are induced after the
onset of pupariation. Our RNA-seq data mirror the temporal
progression of the puffing cascade in wild-type salivary glands
(Fig. 2E), with genes residing in intermolt puffs expressed earli-
est, followed by early, late, and prepupal genes. In the wing,
the early- and late-response transcription factors broad (br) and
ftz-f1 exhibit similar temporal profiles relative to the salivary
gland. However, other ecdysone-induced transcription factors
such as E74, E75, and E78 are not induced to high levels dur-
ing this time interval in the wing. Notably, these transcription
factors are highly induced in the wing later during pupal stages
(SI Appendix, Fig. S4) (8). Thus, the same set of ecdysone-
induced transcription factors are employed in both wings and
salivary glands; however, the timing of their maximal deploy-
ment varies considerably between tissues. Consistent with the
role of these transcription factors as primary response ecdysone
target genes, each of them failed to activate in EcR-RNAi sali-
vary glands (Fig. 2E). Surprisingly, the only ecdysone-induced
transcription factor expressed in wild-type wings in late larvae,
br, was still activated despite EcR loss of function. Br was mod-
estly activated in EcR-RNAi salivary glands, albeit at lower
levels than in wild-type glands, and in both tissues, br expres-
sion levels increased over time despite EcR loss of function.
Thus, other temporal inputs besides ecdysone signaling likely
regulate br expression in both salivary glands and wings.

EcR Exhibits a Complex Mixture of Tissue-Specific and Shared
DNA Binding Profiles. As described above, transcriptional responses
to ecdysone are hierarchically regulated; EcR/USP induces expres-
sion of primary response transcription factors such as br and E93,
which contribute to regulation of downstream effector genes.
This hierarchical regulatory structure has left the direct role of
EcR in mediating ecdysone responses obscured. To examine the
potential function of EcR in directing tissue-specific responses to
ecdysone, we performed CUT&RUN on �6hAPF wing imagi-
nal discs and salivary glands. We found that EcR exhibits both
tissue-specific and shared DNA binding profiles (Fig. 3). We
used DESeq2 to define three categories of EcR binding: wing-
enriched, salivary gland-enriched, and shared (no significant
difference between tissues). We observed a mixture of wing-
enriched binding, salivary gland-enriched binding, and shared
binding, even at the level of individual target genes (Fig. 3 A
and B). Notably, tissue-specific EcR binding is associated with
tissue-specific target gene expression (Fig. 3C). Genes that have
wing-enriched EcR binding sites exhibit higher expression in
wing imaginal discs relative to salivary glands. Likewise, genes
that have salivary gland-enriched binding sites are more highly
expressed in salivary glands relative to wings (Fig. 3C). Moreover,
EcR binding is associated with differential target gene expression
upon EcR loss of function (Fig. 3D). Genes bound by EcR in

the wing imaginal discs tend to be up-regulated in EcR-RNAi
wings, particularly at �30hAPF. Similarly, genes bound by EcR
in the salivary gland tend to be up-regulated in EcR-RNAi glands
at �30hAPF. Notably, this relationship is inverted at �6hAPF;
genes bound by EcR in the salivary gland tend to be down-
regulated upon EcR loss of function at �6hAPF. These findings
are consistent with EcR functioning as both a repressor and an
activator, and they suggest that at least some of the observed
changes in gene expression in EcR-RNAi tissues are due to direct
binding by EcR to target genes.

At the genome-wide level, approximately two-thirds of each tis-
sue’s EcR binding sites are shared between wings and salivary
glands, and one-third is specific to each tissue (941 wing-enriched
EcR peaks, 878 salivary gland-enriched EcR peaks, and 1,640
shared EcR peaks) (Fig. 3 E and F). Relative to the whole genome,
EcR binding is enriched in promoters and introns (SI Appendix,
Fig. S5A). EcR binding sites also tend to be clustered throughout
the genome, with approximately half of EcR peaks found within
5 kb of another peak (SI Appendix, Fig. S5 B and C). Primary
response ecdysone target genes are particularly enriched in EcR
binding peaks (SI Appendix, Fig. S6). To determine whether differ-
ences in DNA sequence composition contributes to differential
EcR binding between wings and salivary glands, we examined EcR
motif content for the three categories of EcR peaks. We observed
no difference in the quality or density of EcR DNA binding motifs
in wing-enriched, salivary gland-enriched, or shared EcR peaks
(Fig. 3G and SI Appendix, Fig. S5 E and F), indicating that EcR
motifs do not drive global differences in EcR DNA binding pro-
files between wings and salivary glands.

Tissue-Specific Binding Is Associated with Tissue-Specific
Open Chromatin. The mixture of tissue-specific and shared
EcR binding sites at target genes indicates that the ecdysone
response is supported by a complex cis-regulatory architecture.
To gain insight into the function of genomic regions bound by
EcR, we performed formaldehyde-assisted isolation of regula-
tory elements (FAIRE)-seq on wings and salivary glands at
�6hAPF (Fig. 4A). FAIRE enriches for regions of DNA that
are locally depleted of nucleosomes, thus it can be used as a
proxy for identifying cis-regulatory elements genome wide (41).
We observed tissue-specific open chromatin profiles in wings
and salivary glands, with many differentially accessible sites
found in each tissue, as well as a set of FAIRE peaks that are
shared between the two tissues. In total, we identified 3,697
peaks that are more accessible in wings, 4,406 peaks that are
more accessible in salivary glands, and 1,856 peaks that are not
differentially accessible (i.e., “shared”) (Fig. 4B). These differ-
ences in FAIRE signal contrast with more similar chromatin
accessibility profiles observed between wing, leg, and haltere
imaginal discs at the same developmental stage (42). Notably,
differential accessibility between wings and salivary glands is
associated with differential gene expression, with wing-enriched
FAIRE peaks associated with higher gene expression in wings,
and salivary gland-enriched FAIRE peaks associated with higher
gene expression in salivary glands (Fig. 4C). To examine the
relationship between chromatin accessibility and EcR binding,
we calculated the difference in FAIRE-seq signal between wings
and salivary glands at EcR CUT&RUN peaks. We found that
wing-enriched EcR peaks are more accessible in the wing than in
the salivary gland, while salivary gland-enriched EcR peaks are
more accessible in the salivary gland (Fig. 4D). Thus, tissue-
specific EcR binding is associated with tissue-specific chromatin
accessibility. To explore the potential basis for tissue-specific
differences in EcR binding and open chromatin, we performed
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motif enrichment analysis. Motifs for the transcription factor
Grainyhead were identified in both wing-enriched EcR peaks
and wing-enriched FAIRE peaks, consistent with its role in
development of epithelial tissues like the wing (43, 44). Con-
versely, motifs for Forkhead were identified in both salivary
gland-enriched EcR peaks and FAIRE peaks, consistent with its
role in salivary gland cell fate determination (31) (SI Appendix,
Fig. S7).
We next sought to examine the cis-regulatory potential of

EcR-bound regions through transgenic reporter assays. We
cloned nine EcR-bound regions from the primary-response
gene, E74. We also evaluated an EcR bound region that had
been previously characterized in the wing imaginal disc (brdisc),
as well as an EcR bound region that overlaps a transgenic reporter
generated by the Janelia FlyLight collective (GMR79E07). These
cloned regions exhibit a range of relative and absolute values for
EcR binding amplitude and degree of chromatin accessibility
between �6hAPF wings and salivary glands. In total, 10 out of
11 tested regions act as transcriptional enhancers. The brdisc

enhancer, which is strongly enriched for accessibility and EcR
binding in wings relative to glands, is active throughout the wing
but only in a small number of cells in the salivary gland,
corresponding to the duct and imaginal ring cells (SI Appendix,

Fig. S8A). Conversely, the GMR79E07 region, which is accessible
and EcR bound only in the salivary gland, is active only in glands
and not in the wing (SI Appendix, Fig. S8A). Interestingly, the
E74_F enhancer, which is bound by EcR in both the salivary
gland and wing and is enriched in accessibility in the salivary
gland, exhibits salivary gland-specific enhancer activity that
increases dramatically after �6hAPF (Fig. 4E). The E74_D and
E74_G enhancers are also temporally dynamic, increasing in
activity in late third instar larvae and prepupae (SI Appendix, Fig.
S8). The E74_A, E74_B, and E74_E enhancers, which exhibit
similar relative levels of EcR binding between wings and glands,
but which differ in the absolute levels of EcR binding between
the enhancers, are transcriptionally active in both tissues at
�6hAPF (Fig. 4E and SI Appendix, Fig. S8). The E74_H
enhancer is active at low levels only in the transitional cells of the
salivary gland but is inactive in wings. The E74_I region did not
exhibit enhancer activity in either tissue despite its accessibility
and EcR occupancy in both tissues. We conclude that many EcR
binding sites correspond to functional enhancers; further, relative
differences in accessibility and amplitude of EcR CUT&RUN
signal are associated with differential enhancer activity. However,
absolute levels of accessibility or EcR CUT&RUN signal are
poor predictors of the strength or pattern of enhancer activity.

Wing Enriched Shared SG Enriched

−500 0 500 −500 0 500 −500 0 500

0.05

0.10

0.15

0.20

Distance from EcR Peak Summit

A
Wing

Salivary
Gland

Ec
R

 C
&R

broad

30

30

wing-enriched
salivary gland-enriched
shared

F Wing Enriched SG Enriched
Wing SG

Shared
Wing SG Wing SG

G

211

374

125

466

27

92
62

0

100

200

300

400

500

N
um

be
r 

of
 g

en
es

 a
ss

oc
ia

te
d 

w
ith

 a
n 

E
cR

 C
&

R
 p

ea
k

0200400600

Number of genes

SG
Enriched

Shared

Wing
Enriched

B C

Wing SG Wing SG Wing SG Wing SG Wing SG Wing SG Wing SG

0.00

0.25

0.50

0.75

1.00

Tissue
F

ra
ct

io
n 

M
ax

R
N

A
se

q 
E

xp
re

ss
io

n

SG
Enriched

Shared

Wing
Enriched

p < 0.0001 n.s n.s. n.s.p < 0.0001 p < 0.001 p < 0.0001

distance from EcR peak summit +/- 2kb
00 0 0 0 0 +2+2+2+2+2+2–2 –2 –2 –2 –2 –2

D

EcRi > WT
RNAseq

Static
RNAseq

EcRi < Wt
RNAseq

Wing EcR C&R peaks SG EcR C&R peaks
–30hAPF –6hAPF –30hAPF -6hAPF

Fr
ac

tio
n 

of
 d

iff
er

en
tia

lly
 e

xp
re

ss
ed

 
ge

ne
s 

as
so

ci
at

ed
 w

ith
 E

cR
 C

&R
 p

ea
k

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.20

0.25

E

SG > Wing
844 Peaks

Wing > SG
862 PeaksWing > SG

941 peaks

shared 
1,640 peaks

SG > Wing
878 peaks

Ec
R

 C
&R

 F
ol

d 
C

ha
ng

e 
W

in
g/

SG
 (l

og
2)

A
v
g

 E
c
R

 s
ig

n
a

l

Ec
R

 C
U

T&
R

U
N

 P
ea

ks
70kb

Ec
R

 m
ot

if 
de

ns
ity

Fig. 3. EcR binding is tissue-specific. (A) Browser
shot of EcR CUT&RUN data from �6hAPF wings
and salivary glands, with examples of wing-
enriched, salivary gland enriched, and shared
peaks highlighted by colored boxes. (B) Upset plot
of the number of genes associated with at least
one EcR CUT&RUN peak in each tissue, split by
EcR peak category. Each EcR-bound gene is only
represented once. (C) Violin plots of RNA-seq val-
ues (fraction of max) of genes bound by EcR in at
least one tissue. P values represent comparisons
between wing and salivary gland for each upset
category (Wilcoxon rank-sum test with Bonferroni
correction). (D) Bar plot of the fraction of differen-
tially expressed EcR-bound genes in EcR-RNAi
wings and salivary glands. The dotted lines indi-
cate the fraction of all expressed genes in each
EcR peak category. (E) MA plot depicting �6hAPF
EcR wing and salivary CUT&RUN values in a union
set of EcR CUT&RUN peaks. Differential peaks are
indicated with colored dots. (F) Heatmaps and
average signal plots of EcR CUT&RUN signal for
wing-enriched, shared, and salivary gland-
enriched peaks centered on peak summits. For
shared peaks, the wing summit was used. (G) Line
plots (10 bp bins) of EcR motif density +/�1 kb
from EcR peak summits for the three EcR binding
categories.
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EcR Knockdown Does Not Cause Global Changes in Chromatin
Accessibility. The experiments described above indicate that EcR
can bind enhancers that exhibit tissue-specific activity, suggesting
that EcR plays a direct role in controlling tissue-specific responses
to ecdysone. Moreover, at the genome-wide level, tissue-specific
EcR binding is closely associated with tissue-specific open chro-
matin, raising the possibility that EcR directs each tissue’s
response to ecdysone by controlling accessibility of tissue-specific
target enhancers. To test this hypothesis, we performed FAIRE-
seq in EcR-RNAi wings at �6hAPF. If EcR controls chromatin
accessibility, then EcR-bound sites are predicted to decrease in
accessibility in EcR-RNAi wings. Alternatively, if EcR is not
required to open chromatin, then accessibility of EcR-bound sites

is predicted to remain unaffected. Comparison of wild-type and
EcR-RNAi wing FAIRE-seq profiles revealed few differences in
open chromatin (Fig. 5 A and B). Examination of FAIRE-seq sig-
nal specifically at EcR CUT&RUN peaks likewise revealed no
global changes in chromatin accessibility in EcR-RNAi wings
(Fig. 5B). In total, we observed only 132 FAIRE peaks that are
more accessible in EcR-RNAi relative to wild-type and only 150
peaks that are less accessible in EcR-RNAi wings relative to wild-
type(Fig. 5C). To put these numbers into perspective, wings and
salivary glands collectively exhibit 1,706 tissue-specific EcR peaks
and 4,556 tissue-specific FAIRE peaks. To investigate if EcR
knockdown causes more subtle effects on chromatin accessibility,
we examined FAIRE-seq signal at FAIRE peaks separated into
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Fig. 4. Tissue-specific EcR binding is associated with tissue-specific open chromatin and enhancer activity. (A) Brower shot of EcR CUT&RUN and FAIRE data
from �6hAPF wings and salivary glands. Regions cloned for transgenic reporter analysis are indicated. (B) Heatmaps and average signal plots of FAIRE signal
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two categories depending on whether they overlap an EcR
CUT&RUN peak. We observed a slight decrease in accessibility
in EcR-RNAi wings for EcR-bound FAIRE peaks relative to
unbound FAIRE peaks (Fig. 5D). Collectively, these data are
consistent with a model in which EcR does not function as a
pioneer factor to control chromatin accessibility at target
enhancers. Binding of EcR may subtly contribute to the
amplitude of accessibility at its targets; however, it does not
function as a binary switch to open target site chromatin.

To evaluate EcR’s role in regulating individual target enhancers,
we examined the activity of E74 transgenic reporters upon EcR
loss of function. In all cases tested, we found that EcR is
required for target enhancer activation in both wings and sali-
vary glands without affecting enhancer accessibility (Fig. 5 and
SI Appendix, Fig. S8). Using Ci-GAL4 to drive EcR-RNAi in
the anterior compartment of the wing imaginal disc, we
observed loss of E74_B activity (Fig. 5E, Top). Likewise, EcR
knockdown in the salivary gland resulted in loss of E74_B
activity (Fig. 5E, Middle). We obtained similar results with
other E74 enhancers active in both wings and salivary (SI
Appendix, Fig. S8). Notably, despite marked differences in the
amplitude of EcR CUT&RUN signal at target enhancers such
as E74_E and E74_B enhancer, both enhancers fully depend
on EcR for activation, indicating that even low-amplitude
binding can be biologically relevant. Temporally dynamic
enhancers such as E74_D, E74_G, and E74_F also depend on
EcR for activation during the larval-to-prepupal transition (Fig. 5E
and SI Appendix, Fig. S8). We also tested whether binding of EcR
is required for repression of enhancers such as E74_D, which is
bound by EcR in the wing, where it is inactive. However, knock-
down of EcR did not affect E74_D activity in �6hAPF wings (SI
Appendix, Fig. S8), indicating that EcR can bind targets without
having an obvious role in transcriptional regulation. As noted
above, knockdown of EcR throughout the wing imaginal disc did
not affect chromatin accessibility at any of these target enhancers
(Fig. 5A). Thus, despite being required for enhancer activation,
EcR does not control accessibility of its genomic targets.

EcR Binding Profiles Are Shared between Wing and Leg
Imaginal Discs. Thus far, our findings support a model in which
different developmental responses to ecdysone involve direct
binding of EcR to both shared and tissue-specific enhancers.
However, despite a strong association between EcR binding
and tissue-specific open chromatin, EcR is not required for
chromatin accessibility at its targets. We reasoned that this pat-
tern of EcR binding could result from differential recruitment
of EcR to target enhancers by tissue-specific transcription fac-
tors. To further investigate the forces influencing EcR binding
site selectivity, we turned to the leg imaginal disc. The distinct
identities of wing and leg imaginal discs are driven by differen-
tial expression of master regulator transcription factors. For
example, vestigial, apterous, and the Iroquois complex transcrip-
tion factors specify wing identity, whereas Sp1, buttonhead, and
Distalless specify leg identity. Despite differential expression of
master regulator transcription factors, and differences in their
DNA binding profiles between imaginal discs, wing and leg
imaginal discs have exceptionally similar open chromatin pro-
files (42). If the master regulators of tissue identity recruit EcR
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Fig. 5. EcR loss of function has minimal impact on chromatin accessibility.
(A) Browser shots of EcR CUT&RUN signal from �6hAPF wild-type wings,
and FAIRE signal from �6hAPF wild-type and EcR-RNAi wings. Red boxes
indicate the location of cloned regions from the E74 locus. (B) Heat maps
and average signal plots of FAIRE signal in �6hAPF EcR CUT&RUN peaks
from �6hAPF wild-type and EcR-RNAi wings. EcR CUT&RUN signal is shown
on the left for reference. (C) MA plot of FAIRE signal in the union set of
FAIRE peaks from �6hAPF wild-type and EcR-RNAi wings. (D) MA plots (Left)
and violin plot (Right) of the FAIRE data shown in (C) separated according to
their overlap with an EcR CUT&RUN peak. (E) Confocal images of E74_B

activity (red) in �6hAPF wings (Top) and salivary glands (Middle), and E74_F
activity in 0hAPF salivary glands (Bottom). Cells expressing EcR-RNAi are
marked with GFP (green). The yellow asterisk and arrow indicate loss of
enhancer activity in wings and glands, respectively. (Scale bars: 100 μm.)
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to target enhancers, then it is predicted that EcR binding pro-
files would differ between wing and leg imaginal discs.
Consistent with prior findings, the open chromatin profiles

of �6hAPF wing and leg imaginal discs are highly similar. By
contrast, the number of differential FAIRE peaks between sali-
vary glands and wings or legs is an order of magnitude greater
(Figs. 4B and 6 A and B and SI Appendix, Fig. S9). Compari-
son of EcR CUT&RUN data from wings and legs revealed
strikingly similar DNA binding profiles: only 36 EcR peaks
were identified as differentially bound between wing and leg
imaginal discs, as compared to 2,432 EcR peaks identified as
shared between the two tissues (Fig. 6C). Accordingly, EcR
binding profiles in wing and leg are far more similar to each
other than either is to the salivary gland (Fig. 6B). The small
number of differentially bound EcR peaks between wing and
leg imaginal discs corresponds to the relatively small number of
differentially accessible FAIRE peaks between the two tissues
(SI Appendix, Fig. S9). The similarity between EcR binding
profiles in the wing and leg argues against a primary role of
tissue-specific transcription factors guiding EcR to target enhancers.
Instead, the high degree of overlapping peaks between wings
and legs supports a model in which EcR opportunistically
binds its motif in chromatin already made accessible by other
transcription factors (Fig. 6D).

Discussion

The response to ecdysone is both wide-ranging and transcrip-
tionally diverse; tissues throughout the animal respond to the
same pulse of ecdysone in markedly different ways. How this
specificity is achieved remains incompletely understood. In this
work, we find that tissue-specific ecdysone responses are due at
least in part to differential binding of EcR to tissue-specific
enhancers. Although EcR is required for activation of target
enhancers, it does not control their accessibility. Thus, despite a
direct and widespread role in controlling tissue-specific responses
to ecdysone, EcR remains subordinate to chromatin accessibility
programs determined by other transcription factors.

Tissue- and Temporal-Specific Gene Expression Profiles in the
Wing and Salivary Gland. The last 36 h of larval development
marks a period of incredible change in Drosophila development;
both larval and imaginal tissues must rapidly and coordinately
complete developmental programs required for the impending
transformation of the body plan during pupal stages. Salivary
glands begin producing and storing glue gene products, prior
to secreting them during pupariation. Soon thereafter, the
larval portion of the gland undergoes programmed destruction
(28). By contrast, third-instar wing imaginal discs continue
extensive tissue patterning and growth, and then begin the
process of metamorphosis into an adult appendage (8, 29).
Consistent with these developmental changes, our RNA-seq
time course identified a substantial number of differentially
expressed genes. Although a subset of temporal gene expression
changes are shared between wings and salivary glands, most
changes are tissue specific. Unexpectedly, we identified many
more differentially expressed genes in the salivary gland than in
the wing. One possible explanation for this skew is differences
in cell-type heterogeneity between the two tissues. Salivary
glands are composed primarily of three cell types: secretory
cells, duct cells, and imaginal ring cells (31). Due to the shared
function of any one of these cell types, it is likely that their
transcriptional profiles are highly similar, making RNA-seq
performed on whole glands particularly sensitive to gene

expression changes. By contrast, the wing imaginal disc exhibits
more cell-type heterogeneity (45), meaning that a smaller frac-
tion of cells across the tissue share transcriptional profiles, thus
decreasing the sensitivity of RNA-seq to detect gene expression
changes from whole wing imaginal discs. As a result, we are
likely underestimating the number of temporal gene expression
changes on a cell-by-cell basis in wings relative to salivary glands.
Despite different sensitivities in quantifying transcriptional pro-
files, the developmental impact of EcR loss of function is more
pronounced in the salivary gland relative to the wing. Morphol-
ogy of EcR-RNAi glands is more disrupted than wings at
�6hAPF, and a greater number of genes are deregulated in EcR-
RNAi glands relative to EcR-RNAi wings (Fig. 2 A and B). These
findings suggest that salivary glands depend on ecdysone signal-
ing more heavily than wings. This interpretation is consistent
with the inability of the EcR ligand binding domain to activate
transcription in late third instar imaginal discs despite robust
activity in larval tissues such as the salivary gland (46). It is
unclear why larval and imaginal tissues would exhibit differential
responsiveness to the late-larval ecdysone pulse. One possibility is
that salivary gland and wing imaginal disc cells differ in their
ability to transport ecdysone across the cell membrane. A mem-
brane transporter was recently identified that is required for cel-
lular import of ecdysone, challenging the prevailing model that
ecdysone enters cells through simple diffusion (47). However,
the gene encoding this transporter, Oatp74D, is expressed at
high levels in both wings and salivary glands (SI Appendix,
Dataset S1), suggesting that ecdysone import should be similar
in both tissues. It is also possible that salivary glands and wings
differ in their ability to convert ecdysone to its physiologically
active form, 20-hydroxyecdysone. Consistent with this hypothe-
sis, the gene encoding the enzyme responsible for this conversion,
shade, is expressed more highly in salivary glands than in wings
(SI Appendix, Dataset S1). However, shade has been shown to
function in a tissue nonautonomous manner (48), making it
unclear whether differential shade expression is sufficient to
explain differences in ecdysone responsiveness between wings and
salivary glands. Lastly, it is possible that EcR gene regulatory
complexes differ between the wing and salivary gland. EcR inter-
acts with both transcriptional corepressors (17, 18, 20) and coac-
tivators (12–16, 19, 21). The composition or relative abundance
of these complexes may differ between wings and glands, result-
ing in distinct transcriptional outputs despite similar ecdyste-
roid levels.

Regardless of any differences in the impact of ecdysone sig-
naling on salivary glands and wings, EcR is clearly required for
the majority of gene expression changes between �30hAPF
and �6hAPF in both tissues, indicating that the ecdysone path-
way is the primary temporal gene expression driver for both tis-
sues at this time. One exception is the activation of genes in
the wing from �30hAPF to �6hAPF. Most genes in this cate-
gory are unaffected by the absence of EcR, suggesting ecdysone-
independent pathways drive gene activation during this time.
It is also possible these genes are regulated by the primary
response factor Broad, which is surprisingly expressed despite the
absence of EcR (Fig. 2E). Rising ecdysone titers at the end of
larval development are likely responsible for triggering other
EcR-dependent gene expression changes. Like other nuclear
receptors, EcR is thought to function as a hormone-dependent
switch (49). Along these lines, prior work from our laboratory
provided support for a brake/trigger model of EcR action (24).
We found that EcR is required to prevent precocious activation
of prepupal genes in the larval wing (the brake), and it is subse-
quently required for activation of these genes in prepupal wings
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(the trigger). This is consistent with a model in which EcR
switches from a repressor to an activator with increasing hor-
mone titers. Here, we observed similar effects in salivary glands
and wings; genes that increase with developmental time become
precociously active and subsequently fail to reach wild-type levels
in the absence of EcR (Fig. 2 C and D). However, the additional
RNA-seq data from �30hAPF reveal that this model is incom-
plete. Loss of EcR function not only results in precocious
activation of genes that increase with time, but it also results in
precocious repression of genes that decrease with time, suggest-
ing that EcR switches from an activator to a repressor over the
same time interval that it switches from a repressor to an activa-
tor. While many of these defects in gene expression are likely to
be secondary consequences due to the requirement of EcR in
activating primary response transcription factors (Fig. 2E), we
also provide evidence for a direct role of EcR in target gene regu-
lation. Most E74 enhancers we evaluated depend on EcR for
activation, whereas the brdisc enhancer is repressed by EcR (24).
Moreover, at the genome-wide level, EcR binding sites are
enriched in genes that are repressed by EcR in both wings and
salivary glands (Fig. 3D). These findings argue against simple
models in which rising hormone titers trigger a switch in EcR’s
interacting partners from corepressors to coactivators. Instead,
they suggest that hormone binding can also induce EcR to asso-
ciate with corepressor complexes. Indeed, the corepressor Mi2

has been shown to interact with EcR in an ecdysone-dependent
manner (18, 50). The data provided here suggest that hormone-
induced repression is pervasive.

A Complex cis-Regulatory Architecture Supports Tissue-
Specific Ecdysone Responses. The possibility that EcR binding
might vary across tissues was first suggested by observations
that the puffing cascade differs between the larval fat body and
salivary gland (40). Since then, multiple cis-regulatory elements
with functional EcR binding sites have been identified. Several
of these enhancers control tissue-specific gene expression
(51–53). Our EcR DNA binding profiles in wings and salivary
glands both validate and extend these findings. We find that
EcR binds extensively across the genome. In fact, most EcR
binding sites reside at genes that are not conventionally defined
as primary response genes, indicating that EcR directly regu-
lates genes located in both the upper and lower tiers of the
ecdysone-response hierarchy. Moreover, one-third of EcR bind-
ing sites are specific to either wings or salivary glands, suggest-
ing that a significant portion of tissue-specific responses to
ecdysone are driven through direct EcR binding. Surprisingly,
tissue-specific EcR binding occurs not only at terminal effector
genes that mediate tissue-specific responses (such as those involved
in glue secretion in the salivary gland), but also at many primary
response genes. A notable example of this complex cis-regulatory
architecture is found at the broad locus, a well-characterized pri-
mary response gene. Even though broad plays a central role in
mediating the response to ecdysone in many tissues, our analyses
reveal tissue-specific differences in its regulation. RNA-seq profiles
indicate that the timing of broad expression varies between the
wing and salivary gland. Peak broad expression is observed at
�6hAPF in the salivary gland, whereas in the wing, broad peaks
at +6hAPF. Moreover, ecdysone-dependent regulation of broad
differs between the two tissues. Broad expression is strongly
reduced upon EcR loss of function in the salivary gland, but its
activation occurs nearly normally in EcR-RNAi wings. We find
that differential broad regulation stems from differential binding
of EcR to enhancers with tissue-specific activity (Figs. 3 and 4).

A second primary response gene, E74, also exhibits markedly
distinct expression profiles between wings and salivary glands
driven by differential EcR binding. Like broad, E74 is expressed
in both wings and salivary glands at all three time points mea-
sured. E74 expression increases ∼17-fold in the salivary gland
to a peak at �6hAPF, before decreasing ∼60-fold to a nadir at
+6hAPF (SI Appendix, Fig. S3 and Dataset S1). In the wing,
E74 expression increases only ∼1.4-fold from �30hAPF to
�6hAPF, before decreasing back to its prior levels at +6hAPF.
EcR loss of function reveals that increasing E74 expression at
�6hAPF is dependent on ecdysone in both wings and salivary
glands. However, a more extensive RNA-seq time course indi-
cates that the true peak of E74 expression in the wing does not
come until +44hAPF (SI Appendix, Fig. S3). Transgenic
reporter analyses reveal that tissue-specific differences in E74
expression derive from tissue-specific differences in enhancer
activity; E74_D, E74_F, and E74_G are active in salivary
glands but inactive in wings during the larval-to-prepupal tran-
sition. Notably, E74_D, E74_G, and to a lesser extent, E74_F,
exhibit higher amplitude binding of EcR in salivary glands rela-
tive to wings, which correlates with greater activity of these
enhancers in glands. This suggests that the relative levels of
EcR occupancy between wings and salivary glands may predict
differential enhancer activity; however, more examples of EcR-
bound enhancers need to be tested, especially from targets
besides primary response genes like E74. What is clear is that
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the absolute levels of EcR occupancy do not predict whether
EcR is required for enhancer activity. We find that enhancers
with high-amplitude EcR binding (e.g., E74_A) can be equiva-
lently dependent on EcR for activation as enhancers with low-
amplitude EcR binding (e.g., E74_B). Taken together, these
findings indicate that ecdysone responses, even at primary
response genes, are driven by a complex interplay between
shared and tissue-specific enhancer activity.
One intriguing possibility is that regulation by multiple

EcR-bound enhancers functions as a rheostat to fine-tune the
duration or magnitude of ecdysone responses. It is also possible
that additional layers of regulation exist downstream of EcR
binding. Enhancers at primary response genes, including E74,
have been shown to physically interact over long distances (54).
This looping is dependent on nuclear pore complex members,
and it promotes transcriptional memory to ecdysone exposure.
Higher occupancy of EcR could facilitate looping between
enhancers and promoters, leading to tissue-specific ecdysone
responses for genes with differential EcR binding. Increased
responsiveness of salivary glands to successive ecdysone pulses
may also potentiate ecdysone responses in glands relative to
wings. A role for negative elongation factor (NELF) in reinduc-
tion of ecdysone-responsive genes has also recently been
described, suggesting yet another level of regulation that may
contribute tissue-specific ecdysone responses (55).

Tissue-Specific Ecdysone Responses Are Not Driven by Direct
Control of Chromatin Accessibility by EcR. The accessibility of
cis-regulatory elements genome-wide plays an important role in
establishing tissue-specific gene expression programs by influenc-
ing where transcription factors can bind (56, 57). Transcription
factors with the ability to control chromatin accessibility, collec-
tively termed “pioneer factors,” have essential functions in both
development and disease (58). Pioneer factors also perform key
roles in shaping the transcriptional response to hormones (59),
and nuclear receptors themselves have been found to possess
pioneer-like activity (60). Given that EcR sits atop the genetic
hierarchy that governs the ecdysone response, and due to the
profound impact that ecdysone signaling has on gene expression
(6, 24), we considered the possibility that EcR controls chroma-
tin accessibility at its binding sites. In such a model, EcR binding
at target enhancers would decrease nucleosome occupancy, ren-
dering them competent to respond to tissue-specific transcription
factors. EcR could perform this function either on its own or in
collaboration with other transcription factors. EcR-dependent
control of nucleosome occupancy could also involve nucleosome
remodelers, which can increase transcription factor occupancy
through sliding, remodeling, or eviction of nucleosomes to reveal
DNA binding sites (61). Like other nuclear hormone receptors,
ligand binding to EcR induces structural changes that result in
differential association with corepressor and coactivator com-
plexes (12, 18), suggesting that control of chromatin accessibility
could even be triggered by ecdysone pulses. Consistent with a
potential role of EcR in controlling accessibility of target
enhancers, examination of EcR DNA binding profiles revealed a
strong association between tissue-specific EcR binding and
tissue-specific open chromatin sites. However, EcR loss of func-
tion in the wing resulted in few changes in chromatin accessibil-
ity, and the changes that did occur are not associated with EcR
binding. We conclude that EcR does not function as a binary
switch to open chromatin at target enhancers either on its own
or in combination with other transcription factors.
The lack of large-scale changes in chromatin accessibility sug-

gests that other transcription factors can still bind target

enhancers in the absence of EcR. It is possible that EcR binding
makes an additive contribution to chromatin accessibility at tar-
get enhancers because we detect a subtle decrease in chromatin
accessibility at EcR binding sites in EcR-RNAi wings. It is also
possible this decrease is due to loss of nucleosome remodelers
recruited by EcR. Other assays besides FAIRE-seq that are
better-suited for precise measurements of nucleosome positioning
may provide further insight into chromatin changes surrounding
EcR target enhancers. Regardless of the mechanism, loss of EcR
function results in failure to activate target enhancers without
producing dramatic effects on chromatin accessibility. Taken
together, our findings indicate that tissue-specific responses to
ecdysone are determined at least in part through binding of EcR
to target enhancers made accessible by other transcription factors.
Who might these transcription factors be? Our motif analysis of
differential EcR and FAIRE peaks identified enrichment of the
Grainyhead motif in the wing and of the Forkhead motif in the
salivary gland, suggesting roles for these transcription factors in
opening chromatin at EcR binding sites. It is also possible that
other ecdysone primary response transcription factors play a role.
For instance, the ecdysone-induced transcription factor E93 is
required for proper accessibility of temporally dynamic enhancers
at later developmental stages (26). In the absence of E93, late-
acting enhancers fail to open and activate, whereas early-acting
enhancers fail to close and deactivate. This suggests a model
wherein primary response factors specify temporal identity by
determining target enhancer accessibility, and EcR contributes to
this response by controlling the timing of enhancer activity as part
of a feed-forward loop. However, EcR does not determine which
enhancers are available for use. In other words, despite its position
at the top of the ecdysone-response cascade, EcR functions down-
stream of its own primary response genes in regulating target gene
activity. Combined with the observation that primary responses to
ecdysone vary considerably between tissues (Fig. 2), we propose
that a central step in regulating tissue-specific ecdysone responses
lies in control over which primary response factors are induced,
which in turn influences where EcR binds in the genome.

Materials and Methods

Detailed experimental materials and methods can be found in the SI Appendix,
Supplementary Materials and Methods.

RNA-Seq. A minimum of 60 wings or salivary glands were prepared for paired-
end sequencing as previously described (24) from either Oregon R (WT) or yw;
vg-GAL4, tub > CD2 > GAL4, UAS-GFP, UAS-FLP/UAS-EcR-RNAi104 (EcR-RNAi).
Reads were aligned to the dm6 reference genome. DESeq2 was used to normal-
ize counts and identify differentially expressed genes (Padj < 0.05, absolute log2
fold change >1). Gene clustering was performed using c-means. GO was per-
formed using expressed genes as background.

CUT&RUN. A minimum of 75 wings or 50 salivary glands from w; EcRGFSTF/
Df(2R)BSC313 were used and sequenced as previously described (24). Reads
were aligned to the dm6 reference genome, and fragments between 20 and
120 bp were used in analyses. Peak calling was performed using MACS (), using
immunoglobulin G samples as controls. DESeq2 was used for differential peak
calling. ChIPpeakAnno was used to calculate distance of peaks to their nearest
gene ().

FAIRE-Seq. A minimum of 40 wings or salivary glands from either Oregon R
(WT) or yw; vg-GAL4, tub > CD2 > GAL4, UAS-GFP, UAS-FLP/UAS-EcR-RNAi104

(EcR-RNAi) were used and sequenced as described previously (26). Reads were
aligned to the dm6 reference genome. Fragments smaller than 120 bp were dis-
regarded for salivary gland analysis to correct for differences in signal-to-noise
relative to the wing.
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Motif Analysis. FIMO () was used to identify EcR and USP motifs genome-wide
using position weight matrices from Fly Factor Survey (). Differential motif enrich-
ment +/� 150 bp from the summit of EcR and FAIRE peaks was performed using
the “calcBinnedMotifs” function in monaLisa () and the JASPAR motif database ().

Data, Materials, and Software Availability. High throughput sequencing
datasets data have been deposited in GEO (GSE202810) (62).
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