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microRNA miR-14 acts

to modulate a positive
autoregulatory loop controlling
steroid hormone signaling

in Drosophila
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69117 Heidelberg, Germany

The insect steroid hormone Ecdysone and its receptor
play important roles during development and metamor-
phosis and regulate adult physiology and life span. Ecdy-
sone signaling, via the Ecdysone receptor (EcR), has been
proposed to act in a positive autoregulatory loop to in-
crease EcR levels and sensitize the animal to ecdysone
pulses. Here we present evidence that this involves EcR-
dependent transcription of the EcR gene, and that the
microRNA miR-14 modulates this loop by limiting ex-
pression of its target EcR. Ecdysone signaling, via EcR,
down-regulates miR-14. This alleviates miR-14-medi-
ated repression of EcR and amplifies the response. Fail-
ure to limit EcR levels is responsible for the many of the
defects observed in miR-14 mutants. miR-14 plays a key
role in modulating the positive autoregulatory loop by
which Ecdysone sensitizes its own signaling pathway.
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MicroRNAs (miRNAs) are small noncoding RNAs that
serve as post-transcriptional regulators of gene expres-
sion (for reviews, see Carthew 2006; Kloosterman and
Plasterk 2006; Massirer and Pasquinelli 2006; Bushati
and Cohen 2007). Animal miRNAs pair to complemen-
tary sequences, typically in the 3’ untranslated regions
(UTRs) of target RNAs to repress translation and may
also destabilize the target RNAs (for review, see Valen-
cia-Sanchez et al. 2006). Animal miRNAs were first en-
countered as genes affecting developmental timing in
Caenorhabditis elegans (Lee et al. 1993; Wightman et al.
1993; Pasquinelli et al. 2000; Reinhart et al. 2000). The
Iin-4 and Iet-7 miRNAs regulate expression of transcrip-
tion factors that control the progression between larval
stages in the nematode (Olsen and Ambros 1999; Abbott
et al. 2005; Grosshans et al. 2005; Li et al. 2005).

In Drosophila, the steroid hormone Ecdysone and its
receptor EcR play a key role in control of developmental
timing. Pulses of Ecdysone release from the ring gland
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induce the major developmental transitions: from em-
bryo to larva, the larval molts, from larva to pupa, and
from pupa to adult (for review, see Thummel 2001). The
binding of Ecdysone to the EcR complex triggers a
complex hierarchy of gene activation that controls the
physiological and morphological changes involved in
metamorphosis (for review, see Thummel 1996). An im-
portant feature of this process is its all-or-none character,
and previous work has identified a positive autoregula-
tory component to the ecdysone response, as Ecdysone
signaling increases the level of its receptor (Koelle et al.
1991; Karim and Thummel 1992). In this report we ex-
amine the mechanistic basis for autoregulation of this
ecdysone response and present evidence for both a tran-
scriptional component and for an indirect modulatory
role of the miRNA miR-14.

Results and Discussion

The Drosophila EcR gene was identified computation-
ally as a possible target for miR-14 (Enright et al. 2003;
Stark et al. 2003). EcR produces five mRNAs that encode
three different proteins—EcR-A, EcR-B1 and EcR-B2—
but all transcripts contain the same 1.8-Kb 3’ UTR. The
EcR 3’ UTR contains three predicted target sites for miR-
14 (Fig. 1A), which are conserved in distantly related
Drosophila species (Supplementary Fig. S1). To test
whether miR-14 can regulate the EcR 3’ UTR, S2 cells
were transfected to express a luciferase reporter contain-
ing either a control 3' UTR or that of EcR. The cells were
also transfected to express miR-14. miR-14 expression
reduced activity of the luciferase reporter containing the
EcR 3' UTR by ~40%, but showed a reduced ability to
regulate a comparable construct in which the seed re-
gions of the three conserved miR-14 target sites had been
mutated (Fig. 1B). Similar results were obtained in trans-
genic Drosophila, where Gal4-directed expression of
UAS-miR-14 transgene reduced expression of a GFP re-
porter transgene containing the 3 UTR of EcR in the
wing imaginal disc (Fig. 1C). Gal4-directed expression of
miR-14 also reduced the level of the endogenous EcR
protein in the wing disc (Fig. 1D). Thus miR-14 is able to
regulate EcR in vivo, at least when overexpressed.

To assess the ability of endogenous miR-14 to regulate
EcR expression, we examined EcR protein levels in ex-
tracts from control pupae and pupae lacking miR-14. EcR
protein was more abundant in the miR-14 mutant
samples (Fig. 2A). Likewise, GFP levels increased when
the GFP reporter transgene containing the EcR 3’ UTR
was examined in the miR-14 mutant (Fig. 2B). Taken
together with the results in Figure 1, B and C, these
findings provide evidence that miR-14 acts directly, via
the 3'UTR of the EcCR mRNA, to control EcR expression.

To ask if the elevated level of EcR protein in the miR-
14 mutant confers elevated Ecdysone-responsive gene
expression, we used a reporter construct in which seven
copies of the hsp27 Ecdysone response element direct
lacZ expression, providing a direct readout for Ecdysone
signaling (White et al. 1997). The level of B-Galactosi-
dase protein expressed by the Ec-RE:lacZ reporter was
higher in the miR-14 mutant background (Fig. 2C). Next
we measured the mRNA levels for three known EcR tar-
get genes—E74, E93, and Fbpl—at 5 and 24 h after pu-
parium formation (APF); expression of each target was
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Figure 1. Regulation of EcR by miR-14. (A) Schematic representation of the 3’
UTRs of three EcR isoforms. Potential miR-14 target sites conserved in Dro-
sophila pseudoobscura are shown. Blue denotes a site matching only the
miRNA “seed” sequence (Brennecke et al. 2005). Green denotes sites with ad-
ditional complementarity (see Supplementary Fig. S1 for details). (B) Gal4-di-
rected UAS-miR-14 expression inhibited luciferase activity from a reporter con-
taining the EcR 3’ UTR, but not from a control 3" UTR luciferase reporter in S2
cells. EcR-mut indicates the EcR 3’ UTR luciferase reporter construct in which
the seed regions of three conserved miR-14 sites were mutated (see Supplemen-
tary Fig. S1 for details). Error bars indicate standard deviation. (C) Portion of a
wing imaginal disc from a transgenic fly expressing a GFP reporter containing
the 3" UTR of EcR under control of the tubulin promoter. In control flies the
reporter is expressed uniformly in all cells of the wing disc (not shown). Coex-
pression of UAS-DSred-miR-14 using patched-Gal4 (middle panel, red in
merged image) down-regulated reporter levels (left panel, green in merged im-
age). (D) Endogenous EcR protein expression in the wing imaginal disc was
down-regulated by overexpression of UAS-DSred-miR-14 using patched-Gal4.
EcR has a uniform pattern of expression in the wing disc in the absence of the

control (Supplementary Fig. S3). Manipulation
of EcR levels also failed to modulate the apo-
ptosis phenotypes of the miR-14 mutant (data
not shown).

In addition to the previously described miR-14
mutant phenotypes, we found that anterior spi-
racle eversion during the larval-pupal transition
was defective in miR-14 mutant pupae, suggest-
ing a defect in metamorphosis (Fig. 3C, arrow-
head, quantified in D). This phenotype was sup-
pressed almost completely by removing one copy
of the EcR gene in the miR-14 mutant back-
ground (Fig. 3D), providing genetic evidence that
the defect in spiracle metamorphosis is caused by
overproduction of EcR in the miR-14 mutant.
Overexpression of EcR under miR-14 Gal4 con-
trol caused a comparable phenotype in otherwise
wild-type animals (Supplementary Fig. S2). The
poor survival, reduced adult life span, and meta-
morphosis defects of miR-14 mutants can there-
fore be attributed to elevated expression of EcR.
Misregulation of other miR-14 targets is likely
responsible for the fat accumulation and apopto-
sis phenotypes.

The observation that miR-14 mutants produce
a defect during metamorphosis, due to excess EcR
activity, prompted us to examine their regulatory
relationship more closely. Previous reports have
suggested a direct role for Ecdysone signaling in
increasing the levels of EcR during these stages
(Koelle et al. 1991; Talbot et al. 1993), but the
mechanism by which this regulation takes place
has not been addressed. A priori it could be me-
diated by elevated EcR transcription or by a post-
transcriptional effect of miR-14 on EcR levels.

We first compared the level of mature EcR

exogenous miR-14 (not shown).

higher in the miR-14 mutant (Fig. 2D), showing that EcR
activity is elevated in miR-14 mutant animals. Differ-
ences in the dynamics of their regulation presumably
reflect the influence of factors other than EcR.

miR-14 mutants exhibit a variety of defects, including
reduced survival to adulthood, reduced adult life span,
elevated apoptosis, increased stress response, and abnor-
mal fat metabolism (Xu et al. 2003). To test whether
these phenotypes are caused by increased EcR activity,
due to loss of miR-14-mediated repression, we removed
one functional copy of the EcR gene in the miR-14 mu-
tant background. Reducing EcR gene activity in this way
improved the survival to adulthood of homozygous miR-
14 mutants to near normal levels (Fig. 3A). Reduced EcR
levels also restored the adult life span of the surviving
miR-14 mutant flies to normal (Fig. 3B). Conversely, el-
evated expression of EcR in miR-14-expressing cells us-
ing miR-14-Gal4 reduced survival to adulthood and
shortened the life span of adult flies, comparable with
the miR-14 mutant phenotypes (Supplementary Fig. S2).
Thus elevated EcR in miR-14-expressing cells is suffi-
cient to explain these aspects of the miR-14 mutant phe-
notype. Reduction of EcR levels did not prevent fat ac-
cumulation in the miR-14 mutant, nor did elevated ex-
pression of EcR under miR-14 Gal4 control cause fat
accumulation, although this defect could be suppressed
by restoring miR-14 expression under armadillo Gal4

2278 GENES & DEVELOPMENT

mRNA and the unprocessed EcR primary tran-
script by quantitative RT-PCR and found that
both increased during the early larval-to-pupal
transition (Fig. 4A, left). Transcript levels remained high
during the mid-pupal stage (P30) and began to decrease
during later pupal stages (Fig. 4A, right; see also Riddi-
ford 1993; Thummel 2001). To ask if these changes are
due to ecdysone signaling, third instar larval fat bodies
were explanted in culture and treated with ecdysone.
EcR mRNA and primary transcript levels were elevated
in ecdysone-treated samples compared with mock-
treated controls (Fig. 4B). Given that ecdysone-mediated
transcriptional regulation of many genes during meta-
morphosis is known to be independent of EcR (Li and
White 2003; Beckstead et al. 2005), we asked whether the
effects on EcR transcription are EcR dependent. To do so,
we made use of RNA interference (RNAi) to knock down
levels of the mature EcCR mRNA in the cytoplasm. As
RNAI does not directly affect the nuclear primary tran-
script, we used its level to assess EcR transcription. The
ability of ecdysone treatment to increase EcR transcript
levels was lost in the RNAi-treated samples (Fig. 4B,
right). Comparable results were obtained in S2 cells
treated with double-stranded RNA (dsRNA] to target
EcR or GFP as a control (Fig. 4C). These findings indicate
that ecdysone acts via EcR to induce EcR transcription,
producing a transcriptional autoregulatory loop that may
contribute to ecdysone-induced sensitization in vivo.
Next, we asked what role miR-14 might play in this
process. As noted above, genetic evidence indicates that
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Figure 2. Up-regulation of EcR in miR-14 mutants. (A) Immuno-
blot of lysates from control w'?’® and homozygous miR-14 mutant
pupae at 24 h APF probed with an antibody that recognizes all the
three isoforms of EcR protein. The blot was reprobed with anti-
tubulin as a loading control. (B) GFP levels in lysates from pupae at
24 h APF carrying the tubulin promoter-driven EcR-3’ UTR GFP
reporter transgene in control and miR-14 mutant backgrounds. The
blot was reprobed with anti-Kinesin as a loading control. (C) Immu-
noblot of lysates from pupae at 24 h APF carrying the Ec-RE:lacZ
reporter transgene, in which lacZ expression is under control of the
EcR. Probed with anti-p-galactosidase to monitor EcR activity. The
blot was reprobed with anti-Kinesin as a loading control. (D) Tran-
script levels of Ecdysone-responsive gene levels measured by quan-
titative real-time PCR from RNA extracted from control and miR-
14 mutant pupae at 5 and 24 h APF. Error bars show standard de-
viation from three or more independent biological replicates.

miR-14 normally serves to limit EcR activity in vivo.
Interestingly, the transient ecdysone-induced increase in
EcR levels during the larval-to-pupal transition is mir-
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ity, but to do so it must overcome repression by miR-14.
In the absence of miR-14 one means to limit EcR auto-
induction loop is lost, and defects result due to excess
EcR activity.

This “belt and suspenders” approach to EcR regulation
may be needed because of the intrinsic lability of a posi-
tive autoregulatory mechanism based on a simple tran-
scriptional loop. Such systems can permit a sharp
switch-like response, but stochastic variation in EcR lev-
els due to transcriptional “noise” could trigger the auto-
regulatory loop at random. The requirement to overcome
miR-14-mediated repression thus provides a buffer.
Transient fluctuations in EcR levels will transiently re-
press miR-14 transcription, but the existing miR-14
would take some time to decay. Therefore a transient
“noise” in EcR levels is unlikely to overcome miR-14-
mediated repression. In contrast, a sustained induction
of EcR by ecdysone allows for decay of miR-14 and sus-
tained autoregulation.

Most miRNAs are predicted to have hundreds of po-
tential target genes, and often the predicted target sites
are conserved in evolution, providing some confidence
that they are functional. Yet in several cases much of the
biological output of the miRNA, as assessed by its mu-
tant phenotype, has been linked to only one or a few of
the predicted targets (for review, see Bushati and Cohen
2007). miR-14 is no exception, with ~180 predicted tar-
gets. We note that EcR misregulation accounts for only
some of the defects in the miR-14 mutants, indicating
that other potential targets may play important roles me-
diating the effects of miR-14 in other contexts.

The relationship between miR-14 and EcR is similar in
some respects to that of miR-9a, and the positive feed-
back loop involved in sense organ specification in Dro-
sophila (Li et al. 2006). The proneural basic helix-loop-

rored by a transient decrease in the level of the
mature miR-14 miRNA (Fig. 5A; see also Sem-
pere et al. 2003). As some miRNAs induced dur-
ing pupariation are thought to be independent of
Ecdysone signaling or EcR function (Bashirullah
et al. 2003), it was important to find out whether
miR-14 is regulated by Ecdysone signaling via
EcR in vivo. Ecdysone treatment reduced the
level of the miR-14 primary transcript in fat body
tissue and in S2 cells, but was unable to do so in
the samples expressing the UAS-RNAI transgene
or treated with dsRNA to knock down mature
EcR transcript (Fig. 5B,C). Thus ecdysone-in-
duced down-regulation of miR-14 is mediated by
EcR both in vivo and in vitro. In this context it is
interesting that ECR mRNA levels were found to
be higher in miR-14 mutants (Fig. 5D). This pre-
sumably reflects increased EcR autoregulation, as
the inhibitory effect of the miRNA is reduced.
These experiments provide evidence that Ecdy-
sone signaling reciprocally regulates transcrip-
tion of the miR-14 and EcR genes. Thus ecdysone
acts in two ways to induce EcR activity: first by
promoting EcR transcriptional autoregulation
and second by alleviating miR-14-mediated re-
pression of EcR activity (Fig. 5E). Prior to an ec-
dysone pulse the balance between EcR autoin-
duction and the mutually repressive interaction
between EcR and miR-14 will keep a stable low
level of EcR activity. On ecdysone stimulation,
the balance shifts to a higher level of EcR activ-
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Figure 3. Reduction of EcR dosage rescues mutant phenotypes. (A) Histogram
showing survival to adulthood of homozygous miR-14 mutant versus control
w18 animals. Error bars show standard deviation from at least three indepen-
dent biological replicates. Survival of miR-14 mutants was significantly different
than control flies (Student’s t-test: P < 0.01). Removing one copy of the EcR
(EcRY%5%/+) gene rescued this phenotype and restored survival to the level of the
control flies (t-test miR-14; EcRV*°”’/+ vs. control: P =0.25; for miR-14,
EcRV5%%5/+ vs. miR-14: P < 0.01). (B) Graph showing the life span of miR-14
mutant adults versus control w'’’® flies. Flies lacking one copy of EcR
(EcRV>%%s/+) increased life span of the miR-14 mutant. Error bars are as in A. (C)
miR-14 mutant pupae show anterior spiracle eversion defects; the bottom panel
shows the anterior spiracles (arrowhead) at higher magnification. (Weak) Reduc-
tion of spiracle length; (medium and strong) failure to evert one or both spiracles.
(D) Quantification of the anterior spiracle phenotype; “n” denotes the number of
pupae counted for each genotype; in parenthesis is the percentage of pupae
showing the phenotype.
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Figure 4. Ecdysone acts via EcR to positively regulate EcR transcription. (A) EcR mature mRNA levels and EcR primary transcript levels
measured by quantitative RT-PCR. mRNA levels were measured using exonic primers that span a spliced intron. The primary transcript was
measured using intronic primers. (L3) Third larval instar; (PO) white prepupae; (P10, P18, P30, and P60) 10, 18, 30-36 and 56-64 h APF,
respectively. Error bars in all panels represent standard deviation of at least three independent biological replicates. (B) EcR mature mRNA
levels (left) and EcR primary transcript levels (right) measured by quantitative RT-PCR. Third instar larval fat bodies were explanted into
culture and treated for 6 h with 10 uM 20-OH ecdysone (black bars) or with the ethanol vehicle as a control (white bars). Control animals carried
one copy of the pumpless-Gal4 driver (ppl-Gal4), which is expressed in the fat body. ppl-Gal4 was used to direct a UAS-RNAI transgene to knock
down cytoplasmic EcR mRNA by RNAI. (C) EcR primary transcript levels determined by quantitative RT-PCR on RNA extracted from S2 cells
treated with dsRNA to EcR or to GFP, and treated with 20 uM 20-OH Ecdysone or mock-treated with ethanol as a control.

helix (bHLH) transcription factors form a positive regu-
latory loop with the zinc-finger transcription factor
Senseless (Nolo et al. 2000). miR-9a sets a threshold of
activity that must be exceeded for the loop to activate by
limiting Senseless expression. When coupled with a
positive autoregulatory circuit, miRNAs can provide an
effective means by which to set thresholds and limit
noise-induced errors to ensure robustness in develop-
ment (Cohen et al. 2006).

(Colombani et al. 2005). The patched-Gal4, armadillo-Gald, UAS-EcR-
B1, UAS-GFP, EcRV**"5, and Ec-RE:lacZ reporter strains were from the
Bloomington Stock Center and are described in FlyBase (http://flybase.
bio.indiana.edu). UAS-miR14 and tub-miR-14 constructs were gener-
ated by cloning a 500-base-pair (bp) genomic fragment containing the
miR-14 hairpin into pUAST vector containing the dsRed coding se-
quence and into a tubulin promoter vector, respectively. The EcR-3' UTR
GFP reporter strain was generated by cloning the 1.8-Kb 3" UTR from
EcR after GFP, under control of a tubulin promoter (as described in Bren-
necke et al. 2003). The EcR-3' UTR luciferase reporters were generated
similarly in an S2 cell expression vector with the firefly luciferase. EcR-3’
UTR reporters with miR-14 sites mutated were generated using PCR
amplification by specific primers designed to incorporate the mutations.
Control 3" UTR reporters contain the 3" UTRs of GFP and luciferase in
the respective cases. The miR-14 P-Gal4 insertion line NP-4722 was
from GET-DB, DGRC, Kyoto. Antibodies to EcR protein were from the

Materials and methods

Reagents and fly strains
The miR-14 deletion mutant was kindly provided by Bruce Hay (Xu et al.
2003). The UAS-EcR-RNAI line was kindly provided by Pierre Leopold
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Figure 5. Ecdysone acts via miR-14 to alleviate repression of EcR. (A) Measurement of mature miR-14 miRNA levels by quantitative RT-PCR
from total RNA extracted from control animals at the indicated stages. Error bars in A-D represent standard deviation of at least three
independent biological replicates. (B,C) miR-14 primary transcript levels measured by quantitative RT-PCR from total RNA from fat body
tissue (B) or S2 cells (C) treated with dsRNA to EcR or to GFP. Samples in B were treated for 6 h with 10 uM 20-OH ecdysone or mock-treated
with ethanol; those in C were treated with 20 uM 20-OH ecdysone for 6 h. (D) EcCR mRNA levels measured by quantitative RT-PCR in RNA
from control or miR-14 mutant animals at the indicated stages. (E) Model showing regulation of steroid hormone signaling by EcR and miR-14.
(Left panel) Low level of EcR activity under conditions of low ecdysone stimulation. Repression by miR-14 dominates. (Middle panel) Effects
of sustained activation by ecdysone overcomes miR-14-mediated repression and allows strong autoactivation of EcR. (Right panel) In the
absence of miR-14, EcR autoactivation is not limited and can reach higher levels.
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Developmental Studies Hybridoma Bank. Anti-B-Gal was from Promega,
anti-GFP was from Torrey Pines Biolabs, and anti-Kinesin was from Cy-
toskeleton. The 20-Hydroxyecdysone was purchased from Sigma-Aldrich
and was maintained as a 10 mM stock in ethanol.

Mutant phenotype analysis and staged samples for total

RNA extraction

For phenotype analysis, flies were raised under controlled conditions.
Embryos were collected after 6 h of egg laying on apple-agar plates in
embryo collection cages, and 50 first instar larvae were collected simul-
taneously from all the genotypes (24-30 h after egg laying) into fresh
vials. The number of pupae with anterior spiracle eversion defects was
counted from the vials for the various genotypes. For the survival assays,
the number of adult flies was counted in 10 vials of each genotype after
12 d. Male and female flies emerging were collected separately in batches
of 10 each and placed in fresh vials. Flies were transferred to fresh vials
on alternate days and the number of surviving flies was counted to mea-
sure adult life span. The Triglyceride assay was performed as described in
Teleman et al. (2006). Total RNA was extracted using the Trizol method
from late third instar larvae, ~12 h before puparium formation (L3), from
prepupae (PO) 0 h APF, from pupae at 5 (P5), 10 (P10), 18 (P18), and 30-36
h APF (P30), and from late pupae 58-64 h APF (P60).

Immunoblotting

Protein extracts were made from flies or pupae raised as described above
by crushing them in SDS sample buffer and boiling the samples for 5 min.
Samples were resolved in 8% or 12% SDS-PAGE gels, transferred to
nitrocellulose membranes, incubated with primary antibodies diluted in
5% fat-free milk, and visualized using secondary antibodies conjugated
with HRP followed by ECL reagent according to the manufacturer’s in-
structions (Perkin-Elmer). Primary antibody dilutions were 1:100 for
anti-EcR common antibody, 1:5000 for anti-Gal, and 1:10,000 for anti-
Tubulin and anti-Kinesin. Membranes were stripped and reprobed with
anti-Tubulin or anti-Kinesin to compare loading.

Ecdysone treatment on fat body and S2 cells

Fat bodies from third instar larvae were dissected into cold Drosophila
SFM and were treated with 10 pM 20-OH ecdysone or with an equal
volume of ethanol (Karim and Thummel 1992). The samples were incu-
bated for 6 h at 25°C. S2 cells were treated with 12 pg of dsRNA gener-
ated against GFP or a region common to all EcR isoforms (Hipfner and
Cohen 2003; Colombani et al. 2005) for 72 h. The cells were then treated
with 20 pM 20-OH ecdysone or ethanol for 6 h (Karim and Thummel
1992).

Luciferase reporter assays

S2 cells were transfected in 24-well plates with 250 ng of tubulin-miR14
plasmid DNA or the empty tubulin vector, 25 ng of firefly luciferase
DNA or EcR-3" UTR or mutant luciferase reporter DNA, and 25 ng of
Renilla luciferase DNA as a transfection control. Dual luciferase assays
were performed 60 h post-transfection according to the manufacturer’s
protocol (Promega).

Antibody staining and immunofluorescence

Wing imaginal discs from nonwandering third instar larvae were dis-
sected and incubated with anti-EcR common antibody (AG 10.2 mono-
clonal antibody 1:10 dilution) after fixation in 4% formaldehyde/PBS.
Anti-mouse IgG-conjugated with FITC (Jackson Laboratory) was used to
fluorescently label the samples and was visualized by confocal micros-
copy.

Quantitative PCR (qPCR) for primary and mature miR-14

For the miR-14 primary qPCR, gene-specific primers were designed ~200
bp upstream of the miRNA stem-loop that was used for the first strand
synthesis. qPCR analysis was carried out using primer pairs designed
within 150 bp upstream of the gene-specific primer-binding site. For the
mature miRNA analysis, the primer sets designed to amplify mature
miR-14 were obtained from Applied Biosystems. The qPCR was done
according to the manufacturer’s protocol. Products were amplified from
10 ng of total RNA with the “TagMan MicroRNA Assay,” Quantitative
PCR machine, and software from Applied Biosystems. The miR-14 levels
was calculated relative to either of the two references, 5s TfRNA or U6
snRNA.
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gPCR for various gene transcripts

Total RNA extracted from the samples was treated with DNase-1 to
eliminate genomic DNA contamination. The reverse transcription reac-
tion to synthesyze the first strand was done by using oligo-dT primers
and SuperScript RT-III (Invitrogen). The samples were RNase-H-treated
after the RT reaction and then used for the qPCR. Primers were designed
using Oligo.6 primer analysis software. Primers for EcR were designed
against a region common to all five transcripts. Primers to analyze tran-
scriptional regulation of EcR were designed against intronic regions com-
mon to all the five-EcR pre-mRNA forms, as follows: miR-GSPI, 5'-
GCTGGCTGATAAATAATGAA-3'; miR-GSP, 5'-GTTGGTGCTGGC
TGATAAAT-3'; miR-1, 5-CACCCAAATCCAAAGAGAATGA-3'; miR-2,
5-CGAAACCACGGCAACAGACTT-3'; miR-3, 5-GCCGAATCAATTAC
GCAACTT-3"; miR-4, 5'-TTCCGATAATGAAAAGCACACA-3’; EcR-1,
5'-TAACGGCCAACTGATTGTACG-3'; EcR-2, 5-GCGGCCAAGACT
TTGTTAAGA-3'; EcR-3, 5'-TCATAGCCATCCTGGTACCAAA-3'; EcR-4,
5'-TGACCTTATGACATGCGAGCC-3'; EcR-5, 5'-ATGAGCGGAGTC
TAAAAAAATCG-3’; EcR-6, 5-GGAGCCGAACAGAACAATAAGAG
3'; EcR-7, 5'-GAAATCACTGGGTACAACCGAA-3'; EcR-8, 5'-GAATAT
TGAGTCCGAGCTGTGG-3’; EcR-9, 5-TTCCAAACACTCAGCCCT
CAAG-3'; EcR-10, 5'-GAGGGAACACAGATAAGTAGGCG-3'; E74-1, 5'-
GAATCCGTAGCCTCCGACTGT-3'; E74-2, 5'-AGGAGGGAGAGTGG
TGGTGTT-3'; E74-3, 5'-GATGGGCAGCAGGCTAAGACT-3'; E74-4, 5'-
CTTCACCTCTTGCCTCGTCTTT-3"; E93-1, 5'-GCGATGTGAAGTCC
GTCAGA-3’; E93-2, 5-TTTCCGGGCATCTAGCTTGT-3'; E93-3, 5'-
CAAACCATCGCCGAACTCAT-3’; E93-4, 5'-TTCCGGGCATCTAGCT
TGTT-3'; Fbpl-1, 5-AACGGTGGGCAGGTTATGAG-3; Fbpl-2, 5'-
TATTCGCATGGGTCGTGTCC-3'; Fbpl-3, 5-GCTGGGAATTGATTC
GGATTT-3'; Fbpl-4, 5'-CAGCTGGTCGCACGTCTTAAC-3'.

dsRNA primers

DsRNA primers were as follows: GFP IR1, 5-AGGAGCTGTTCACC
GGGG-3'; GFP IR2, 5-TCGCGCTTCTCGTTGGGG-3'; EcR IR1, 5'-
AAGAATTCGGTACCAGGATGGCTATGAG-3'; EcR IR2, 5'-TTAG
ATCTCCTCGAGGAACTTG-3'.
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