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The existence of vast regulatory networks mediated by microRNAs
(miRNAs) suggests broad potential for miRNA dysfunction to contrib-
ute to disease. However, relatively few miRNA-target interactions are
likely to make detectable contributions to phenotype, and effective
strategies to identify these few interactions are currently wanting.
We hypothesized that signaling cascades represent critical points of
susceptibility to miRNA dysfunction, and we developed a strategy to
test this theory by using quantitative cell-based screens. Here we
report a screen for miRNAs that affect the Wingless (Wg) pathway, a
conserved pathway that regulates growth and tissue specification.
This process identified ectopic miR-315 as a potent and specific
activator of Wg signaling, an activity that we corroborated in trans-
genic animals. This miR-315 activity was mediated by direct inhibition
of Axin and Notum, which encode essential, negatively acting com-
ponents of the Wg pathway. Genetic interaction tests substantiated
both of these genes as key functional targets of miR-315. The ability
of ectopic miR-315 to activate Wg signaling was not a trivial conse-
quence of predicted miRNA-target relationships because other
miRNAs with conserved sites in the Axin 3’ UTR neither activated Wg
outputs nor inhibited an Axin sensor. In summary, activity-based
screening can selectively identify miRNAs whose deregulation can
lead to interpretable phenotypic consequences.

microRNA | signal transduction

icroRNAs (miRNAs), a large class of ~22-nt noncoding

RNA, mediate extensive gene-regulatory networks whose
functional implications are only beginning to be understood (1).
Computational studies indicate that a substantial proportion of
cellular transcripts are directly regulated by miRNAs (2). Thus,
almost any biological process of choice may be plausibly con-
sidered to be under miRNA-mediated control. However, few
miRNAs are functionally well understood at present. Because
individual miRNAs are often predicted to have hundreds of
potential targets, it is difficult to decide a priori that any given
miRNA-target interaction is particularly meaningful.

The need to identify phenotypically relevant activities and
targets of animal miRNAs stems from the finding that miRNA
dysfunction is causal to disease and oncogenesis. For example,
let-7 family members have been suggested to serve as tumor
suppressors by directly inhibiting the Hmg2A4 and RAS protoon-
cogenes (3-6). Conversely, the related miR-372/373 miRNAs
promote tumorigenesis in combination with oncogenic RAS, at
least in part by directly inhibiting the tumor suppressor LATS2
(7). Likewise, the miR-17-92 cluster (8, 9) synergizes with MYC
to induce B cell lymphoma.

Because many diseases and cancers are due to the perturbation
of dose-sensitive signal-transduction cascades that control cell
growth and differentiation, we hypothesized that such pathways
provide fertile ground for mining the disease-relevant activities of
miRNAs. Indeed, a growing body of work demonstrates biologically
important roles for specific miRNAs in regulating the major
signaling cascades. For example, aspects of Hedgehog signaling are
regulated by miR-214 in zebrafish (10), whereas many components
of the Drosophila Notch pathway are regulated by Brd box-, GY
box-, and/or K box-family miRNAs (11-13). Therefore, we devel-
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oped a functional screening approach to examine the ability of
miRNAs to modulate the transcriptional outputs of signal-
transduction cascades. In this report, we used the Wingless
(Wg)-Wnt pathway as a testbed for our approach.

The Drosophila morphogen Wg and its vertebrate homologs
(Wnts) coordinate a conserved signaling system that directs cell
specification, tissue patterning, and cell proliferation. Because
precise levels of the Wg—Wnt pathway output are essential for
appropriate biological outcomes, net pathway output is carefully
balanced by the interplay of positive and negative factors. In fact,
Wg-Wnt signaling is modulated at almost every conceivable
level, from transcriptional regulation to posttranslational mod-
ifications, including lipidation, glycosylation, phosphorylation,
and ubiquitination (14). The need to maintain tight control over
this pathway is reflected by the fact that inappropriate Wnt
pathway activity underlies developmental disorder and disease,
including liver, colorectal, breast, and skin cancer (14).

We generated a library of miRNA expression constructs and
analyzed their effects on a quantitative Wg reporter assay in
Drosophila cells (15). Our approach identified miR-315 as a potent
activator of Wg signaling in cultured cells, an activity that we
confirmed in transgenic animals. We determined that miR-315
activates Wg signaling by independently repressing two negative
regulators of Wg signaling, Axin and Notum. Notably, a specific
connection between miR-315 and Wg signaling could not have been
anticipated from the outset by inspection of the >400 predicted,
conserved targets of miR-315. Our validated strategy for investi-
gating the influence of miRNA gain of function on signaling
pathways suggests that this approach efficiently elucidates
disease-relevant activities of human miRNAs.

Results

A Plasmid-Based miRNA Expression Library for Use in Cell-Based
Assays. Although bioinformatics has yielded important insights
into miRNA biology, miRNA target lists alone are of limited
utility in assigning miRNA function. This finding is partly
because of the large number of targets predicted for most
miRNAs (often 50-200). For example, in the Wg pathway alone,
~60 miRNA-mRNA target predictions are made by various
algorithms (16-18) [supporting information (SI) Table 1]. Ad-
ditional concerns surround the functional significance of many
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Fig. 1. Genome-wide cell-based screen for miRNAs identifies miR-315 as an
activator of Wg signaling in unstimulated cells. Naive (—) cells or Wg-
expressing (+) clone 8 cells were transfected with individual UAS-DsRed-
miRNA expression plasmids, ub-Gal4 activator plasmid, TCF-luc (firefly), and
pol llI-luc (Renilla) reporters. Modification of Wg pathway activity was mon-
itored by changes in the expression of TCF-luc relative to the control pol lll-luc
reporter. Wg (—) screen data are reported in orange, whereas Wg (+) screen
data are reported in black. Both data sets were normalized by setting the
TCF-luc:pol lll-luc ratio in the presence of ub-Gal4 and UAS-DsRed to 1. The
complete primary data are reported in Sl Table 2.

computationally predicted miRNA-target interactions, as well
as the extent to which noncanonical targets might be missed by
the major computational approaches (2, 19, 20).

To move away from target-motivated hypotheses in favor of
activity-based tests of miRNA function, we took advantage of a
robust transcriptional reporter for Wg signaling in Drosophila
clone 8 cells (15). The Wg signal is transduced by the T cell factor
(TCF) family of transcription factors whose activation can be
quantified by a firefly luciferase reporter linked to multiple
TCF-binding sites (TCF-luc) (21). Although this reporter does
not capture all aspects of Wg signaling in vivo (22), TCF-luc is
nonetheless a useful monitor of experimental perturbations to
Wyg signal transduction in cultured cells.

To examine the effect of ectopic miRNAs on TCF-luc, we
chose a pri-miRNA expression strategy previously shown to
produce active miRNAs in transgenic animals (23). We cloned
400-to 500-nt pri-miRNA fragments centered on the miRNA
hairpin into the 3" UTR of pUAST or UAS-DsRed vectors. This
library includes 77/78 miRNA loci currently deposited in miR-
Base (24), with some miRNAs represented as both single
constructs and members of multigene operons (see SI Table 2 for
a list of the 75 miRNA expression constructs). Analysis of many
such constructs in vivo indicates that the Gal4>UAS-miRNA
strategy does not saturate the endogenous miRNA biogenesis or
regulatory pathways (13, 23). miRNA expression was induced by
cotransfection of a plasmid encoding constitutively expressed
Gal4 (ub-Gal4), and Wg pathway activity was measured as the
ratio of TCF-luc to a pol III-Renilla luciferase control. Because
Wg signaling is actively repressed in unstimulated cells, we
performed these assays in naive clone 8 cells, as well as in cells
transfected with a Wg expression construct (pAc-Wg) (15).

Expression of miR-315 Strongly Stimulates Basal Wg Pathway Activity.
Most miRNAs failed to alter TCF-luc activity >2-fold in either
resting or Wg-stimulated conditions (Fig. 1 and SI Table 2). Of
those miRNAs that did, miR-315 caused the most striking
change in Wg pathway activity, inducing a 9-fold increase in
TCF-luc in the absence of Wg (Fig. 1). Interestingly, although
miR-315 caused the third highest increase in TCF-luc activity in
the presence of Wg, its effect there was comparatively modest
(2-fold induction). Therefore, miR-315 predominantly activated
Wog signaling in otherwise unstimulated clone 8 cells.

18152 | www.pnas:org/cgi/doi/10.1073/pnas.0706673104

A’
[S]
=
L
O
I_
o dsRed
D EmiR-315
[=
(o]
<
o
k=]
il
+dsRNA

B 10

0 :

8
]
il | 7
o
o 6
j=2)
C 5
©
5
e}
L 3
Kel

2

1

o

Wg (-) Wg (+)  Jak/STAT Hh (-) Hh (+)

Fig. 2. Placement and specificity of miR-315 activity relative to the Wg
pathway. (A) Epistasis test. The effect of ectopic miR-315 on TCF-luc was
determined in the presence of dsRNAs against various positive components of
the canonical Wg signaling pathway. In clone 8 cells, miR-315 acts downstream
of the Wg ligand and its receptors (Fz and Arr) but upstream of the nuclear
components legless, Arm, and dTCF. (B) Specificity test. miR-315 had no effect
on a reporter for transcriptional output of the JAK/STAT pathway (10X-
STAT92-luc) and no effect on a reporter for transcriptional output of the
Hedgehog (Hh) pathway (ptcA136-luc) under either Hh-stimulated or un-
stimulated conditions. RLU, relative luciferase units for the various reporters.

To determine where in the Wg pathway miR-315 acts, we
performed epistasis tests that asked whether miR-315 could
activate TCF-luc after dsSRNA-mediated knockdown of various
positive components of the Wg pathway. miR-315 induced
TCF-luc independently of the Wg ligand, the frizzled receptor,
or the LRP/arrow coreceptor, but required the function of the
nuclear factors legless/BCLY, pangolin/dTCF, and armadillo/B-
catenin (Fig. 24). These data placed miR-315 activity in cultured
cells downstream of the plasma membrane-localized Wg recep-
tors, but upstream of the nuclear components of this signaling
pathway.

We assessed the specificity of miR-315 activity by using
transcriptional reporters for other signaling pathways. We found
that miR-315 did not affect a reporter for JAK-STAT signaling
and had no effect on a reporter for Hedgehog signaling under
either basal or stimulated conditions (Fig. 2B). These data, in
combination with the epistasis test with Wg pathway nuclear
factors, exclude that ectopic miR-315 operates nonspecifically by
some general inhibitor of the basal transcriptional machinery.
Finally, we attempted to perform reciprocal experiments to
knockdown miR-315 by using 2'-O-methylated antisense oligo-
nucleotides (25), but observed no effect on either Wg (—) or Wg
(+) conditions. Subsequent miRNA microarray studies showed
that miR-315 is not expressed by any commonly used Drosophila
tissue culture cells (clone 8, S2, or Kc cells) (data not shown).
Therefore, we could not perform complementary inhibitor
studies. Instead, we turned to in vivo animal assays to further
probe the functional relationship between miR-315 and the Wg
pathway.

miR-315 Activates Wg Signaling in Transgenic Animals. The induction
of a Wg-responsive reporter in cultured cells by miR-315 does
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bx-Gal4/Y; UAS-miR-315/+ 2.1% (887 sibs)
bx-Gal4/Y; UAS-miR-315/+; UAS-Notum/+  41.1% (345 sibs)
bx-Gal4/Y; UAS-miR-315/+; UAS-Axin/+ 29.2% (240 sibs)

miR-315 is a potent activator of Wg signaling in vivo. (A) Wild-type third instar wing imaginal disk expressing DsRed under the control of ptc-Gal4. W,

presumptive wing; n, presumptive notum. Disk was stained for Nubbin (in blue) to mark the wing pouch and Sens (in green) to mark cells that flank the wing margin.
Sens also is expressed by sensory organ precursor cells located along the anterior wing margin and the presumptive notum. (B) ptc-Gal4, UAS-DsRed-miR-315 disk
exhibits complete transformation of the notum into a second wing pouch (W'). (C) dpp-Gal4, UAS-wg animals display a similar notum-wing transformation; dpp-Gal4
was used here as expression of Wg by using ptc-Gal4, which was lethal at earlier stages. Wg also induces ectopic sensory organs in the normal wing pouch, resulting
inaband of Sens-positive cells perpendicular to the endogenous wing margin (arrowhead). (D) ptc-Gal4, UAS-DsRed-miR-315, UAS-Notum wing disk exhibits suppressed
wing transformation, although a remnant of Nubbin™ tissue can be seen in the notal region (arrow). (E) Wild-type adult fly. (F) Although mostly lethal at earlier stages,
ptc-Gal4, UAS-DsRed-miR-315 pharate survivor displays prominent transformation of the scutellar region of the notum into ectopic wings (arrows). The premature
death of these animals precludes normal inflation of their wings. (G) Rescue of bx-Gal4>miR-315-induced lethality by coexpressed Axin and Notum. The viability of
these genotypes was determined as a percentage of their control balanced siblings from the same crosses.

not necessarily mean that it can affect Wg signaling in an
interpretable manner in the animal. For example, miR-315 might
regulate other targets that could together induce confounding
phenotypes. Indeed, with hundreds of targets predicted for
individual miRNAs (including miR-315), computational studies
do not readily predict interpretable consequences for deregu-
lating individual miRNAs. Therefore, we analyzed the conse-
quences of ectopic mir-315 on Drosophila development by using
stably integrated UAS-DsRed-miR-315 transgenes.

Patterning of the wing imaginal disk is a well established
model system for studying many fundamental cell-signaling
pathways, including the Wg pathway. Each of the two wing
imaginal discs gives rise to one half of the notum, or back of the
fly, and to one of the adult wings. The domain that gives rise to
the wing, or wing pouch, can be visualized by expression of
Nubbin (Fig. 34, blue cells). This domain is bisected by a line of
Cut-expressing cells termed the “wing margin.” These cells
induce the expression of Senseless (Sens) in two flanking rows
of cells that include the precursors for sensory organs of the
anterior wing margin (Fig. 34, green cells). During early larval
development, Wg signaling antagonizes EGF receptor signaling
to specify identity of the wing pouch versus the notum. As a
consequence, loss of Wg causes the conversion of wing into
notum, whereas a gain of Wg induces the reciprocal conversion
of notum into wing (26, 27). Wg also functions later in disk
development to specify wing margin.

Misexpression of miR-315 in the wing disk by using the
pte-Gal4 driver, which is active along the anterior—posterior
compartment boundary, resulted in a dramatic double-wing
pouch disk (Fig. 3B). The ectopic wing pouch expressed Nubbin
and displayed features of a normally differentiating wing, in-
cluding spatially appropriate expression of Cut, Wg, and Sens
(Fig. 3B) (data not shown). The respecification of notum as wing
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induced by ectopic miR-315 was quite similar to the effect of
misexpressing Wg (Fig. 3C) (27), although it did not induce
ectopic wing margin within the wing pouch proper, as seen with
ectopic Wg (Fig. 3C, arrowhead).

Most ptc-Gal4, UAS-DsRed-miR-315 animals died during early
pupal development, but culturing at 18°C to minimize Gal4
activity permitted some to survive to pharate stages. Dissection
of these animals from their pupal cases revealed transformations
of scutellar tissue into ectopic wings (Fig. 3 E and F), which is
further evidence for the activation of Wg signaling by ectopic
miR-315 in vivo.

miR-315 Directly Targets Axin and Notum, Essential Negative Regu-
lators of the Wg Pathway. Because miR-315 genetically activates
Wg signaling and miRNAs generally function as negative regu-
lators, we hypothesized that miR-315 might target one or more
inhibitors of the Wg pathway. In searching for such targets, we
paid particular attention to targets containing multiple, canon-
ical, conserved seed matches in their 3’ UTRs (i.e., that display
continuous Watson—Crick matches to positions 2-8 from the 5’
end of miR-315). Interestingly, two critical negative regulators of
the Wg pathway satisfy these criteria, namely Axin and Notum
(Fig. 44) (16, 17). These candidate targets contain a pair of
miR-315 seed matches. One of the Notum sites and both of the
Axin sites have been nearly perfectly conserved in all sequenced
Drosophilids (Fig. 44 and SI Fig. 5). We also note that both Axin
sites exhibit t1A features, which have been suggested to increase
target activity (28). The sequenced Drosophilids preserve t1A
features in both Axin sites.

Axin plays an integral role in the destruction of B-catenin in
the absence of Wg signaling (29), whereas Notum (also known as
Wingful) is a member of the «/B-hydrolase superfamily that
negatively regulates Wg signal reception by modifying the cell-
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Fig. 4. miR-315 directly targets two negative regulators of the Wg pathway. (A) Axin and Notum each contain a pair of conserved seed matches to miR-315
(AAUCAAA, green shading). Both Axin sites are of the t1A variety, and all four sites exhibit t9W (i.e., A or U at position 9 of the miRNA, yellow) (28). (B) Schematic
of wild-type and mutant 3’ UTRs tested for responsiveness to miR-315. Full-length 3’ UTR constructs include the sequence from the stop codon to ~200 nt
downstream of the annotated polyadenylation signal. (C) Assays of Renilla-luciferase-3’ UTR sensor constructs cloned into psiCHECK2. S2 cells were cotransfected
with a firefly/Renilla luciferase sensor, ub-Gal4, and either UAS-DsRed or UAS-DsRed-miR-315. The ratio of Renilla:firefly activity for each series was normalized
to the response of the empty psiCHECK2 sensor, whose baseline ratio was set to 1. Ectopic miR-315 repressed wild-type full-length and short sensors for Axin
and Notum, but mutant constructs containing point mutations in the miR-315 seed matches were immune to miR-315. (D) Other miRNAs with computationally
predicted target sites in the Axin 3’ UTR failed to regulate the Axin sensor. (E-J) Wing disk sensor assay. (Left) GFP expression in gray scale. (Right) Merge of GFP
and DsRed. (E-J) Cells that express UAS-DsRed-miR-315 under the control of ptc-Gal4 did not affect the expression of a control tub-GFP sensor containing
miR-7-binding sites (€ and F), but strongly inhibited sensors fused to the 3’ UTRs of Axin (G and H) and Notum (/ and J). Repression of GFP-Axin was stronger than
that of GFP-Notum, which is consistent with the fact that both Axin sites are of the t1A variety.

surface proteoglycans, Dally and Dlp (30, 31). To ask whether
miR-315 could directly repress Axin or Notum by the candidate-
binding sites present in their 3’ UTRs, we constructed heterol-
ogous reporters (sensors) consisting of the Renilla luciferase
gene fused to the entire Axin or Notum 3" UTRs. Coexpression
with miR-315 resulted in >2-fold repression of both Axin and
Notum sensors (Fig. 4 B and C). We also assayed truncated
sensors consisting of 3" UTR segments bounded by the miR-315
sites in each target and found that they recapitulated the
quantitative repression by miR-315 mediated by their full-length
counterparts. Finally, we introduced two point mutations into
each of the miR-315 seed matches of the Axin and Notum
sensors. These specific mutations abolished the response of these
sensors to miR-315 (Fig. 4 B and C). Therefore, miR-315 directly
represses Axin and Notum by the identified seed-match target
sites.

As a more biologically relevant test, we assayed the ability of
miR-315 to inhibit transgenic Axin and Notum sensors consisting
of tubulin-GFP fused to their 3" UTRs. Expression of the GFP
sensor was monitored in wing discs that express UAS-DsRed-
miR-315 under the control of ptc-Gal4. As a control, we showed
that expression of miR-315 had no effect on the activity of a
tub-GFP-miR-7 transgene (Fig. 4 E and F) previously shown to
be strongly inhibited by ectopic miR-7 (23). In contrast, both
GFP-Axin and GFP-Notum sensors exhibited strong, cell-
autonomous inhibition in DsRed/miR-315-positive cells (Fig. 4
G-J). These transgenic tests provide compelling evidence that
both target genes can be directly and potently repressed by
miR-315 in the animal. We also note that the Axin sensor was

18154 | www.pnas.org/cgi/doi/10.1073/pnas.0706673104

repressed more strongly than the Notum sensor, correlating with
the t1A features in both Axin target sites.

Notum and Axin Are both Critical Functional Targets of miR-315 with
Respect to Wg Signaling. The sensor data validated the ability of
miR-315 to repress Notum and Axin, but did not directly assess
how their repression contributes to miR-315-induced pheno-
types. Therefore, we asked whether the effects of ectopic miR-
315 could be suppressed by coactivation of its targets. Activation
of endogenous Notum (by UAS sites integrated into this locus in
the EP-Notum allele) by using ptc-Gal4 resulted in complete
embryonic lethality (0% hatching of >1,000 embryos). Coex-
pression with miR-315 suppressed the embryonic lethality of
ptc>Notum animals, functional evidence that miR-315 can
directly inhibit endogenously expressed Notum transcripts. Wing
discs derived from ptc>miR-315+ Notum animals also exhibited
significant suppression of the notum-to-wing transformation
normally induced by miR-315 (Fig. 3D). Further, 100% of
pte>miR-315 discs (n = 11) exhibited a clearly duplicated wing
pouch with a Nubbin™ domain at least half the size of the normal
wing pouch (and typically approaching the size of the endoge-
nous wing pouch). In contrast, coexpression of miR-315 and
Notum resulted in only 50% (n = 12) of discs with evidence of
a transformed wing pouch with ectopic Nubbin staining. There-
fore, ectopic Notum can reciprocally rescue a mutant phenotype
induced by ectopic miR-315.

We also tested for genetic suppression by Axin. When ex-
pressed by using ptc-Gal4, UAS-Axin-GFP induced embryo
lethality in the absence or presence of coexpressed miR-315, so
we could not examine wing discs in this genotype. We developed

Silver et al.
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another assay in which expression of miR-315 by using bx-Gal4
induced male lethality (2.1% survival). In this background,
coexpression of Axin-GFP produced 29.2% survival (Fig. 3G).
Coexpression of Notum also provided strong rescue, resulting in
41.1% survival. Therefore, lethal activation of Wg signaling
induced by ectopic miR-315 can be suppressed by increasing the
dosage of either of its targets, Notum or Axin.

Axin Is Repressed by miR-315 but Not Other miRNAs with Conserved
Binding Sites. Because Axin is a limiting factor in degrading the
nuclear cofactor, Arm, any miRNA that can inhibit Axin should
in principle activate TCF-luc. Many miRNAs are collectively
predicted to target the Axin transcript (17, 23), including miR-
277 (two sites), miR-315 (two sites), miR-289 (one site), and
miR-313/miR-312/miR-311/miR-310 (one site). However, de-
spite that miRNAs such as miR-277 have higher scores according
to prediction algorithms, only miR-315 had a robust effect on Wg
pathway activity in our screen (Fig. 1). These data suggest that,
among these miRNAs, miR-315 is a uniquely potent regulator of
Axin.

We next tested directly whether these miRNAs or others could
influence Axin sensor activity. Interestingly, only miR-315 effected
significant repression of this reporter (Fig. 4D). Although it is
possible that these miRNAs might contribute to Axin repression in
concert with other factors (such as other cell type-specific
miRNAs), these observations indicate that the existence of con-
served miRNA seed matches does not reliably translate into
functionally or phenotypically significant miRNA-mediated regu-
lation. However, our data demonstrate that, with solid functional
data in hand, it is possible to identify valid and biologically relevant
interactions from the available target predictions.

Discussion

miRNA Dysfunction and Disease. It has been known for decades that
duplications and deficiencies across nearly the entire euchro-
matic portion of the Drosophila genome are viable, fertile, and
of relatively normal phenotype (32). This finding indicates that
few genes have detectable mutant effects when manipulated
across a 50-200% activity range. At the same time, many
miRNA-mediated regulatory interactions appear to cause only
modest quantitative effects. Thus, although most genes are
predicted as miRNA targets, we suspect that few will prove
susceptible to phenotypically detectable changes in function as a
consequence of altered miRNA activity. We hypothesized that
components of signaling pathways, whose activities are well
known to be quite dose-sensitive, might harbor a large propor-
tion of such phenotypically relevant miRNA targets.

In considering how deregulated miRNAs might induce dis-
ease, we hypothesize that miRNA gain of function will generally
prove more debilitating than miRNA loss of function. Endoge-
nous networks are often buffered by multiple layers of regula-
tion, such that the removal of single miRNAs might be reason-
ably tolerated. In contrast, ectopic miRNAs often induce mutant
phenotypes in a dominant fashion. A related consideration is
that miRNA loss-of-function effects are limited to locations of
endogenous expression, whereas miRNA gain of function is in
principle relevant to all tissues.

In this report, we combined high-throughput gain-of-function
screening in cell-based assays with directed in vivo biological
tests to identify miR-315 as a strong activator of Wg signaling.
Our finding that an miRNA can activate Wg signaling in the
absence of ligand has implications for disease mechanisms. In
humans, hyperactivated Wnt signaling is well known to induce
cancer. Correspondingly, negative regulators of Wnt signaling
such as Axin and adenomatous polyposis coli are bona fide tumor
suppressors (14). Although miR-315 does not appear to be
conserved in primary sequence in vertebrates, mammalian Axin
and adenomatous polyposis coli contain likely functional sites for
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other miRNAs (28). That miRNAs could inappropriately acti-
vate the Wnt pathway, even in cells that are not engaged in Wnt
signaling, is a possibility that deserves study in mammals.

Cell-Based Activity Screens Reveal Biologically Relevant miRNA Ac-
tivities and Targets. Few miRNAs had a substantial effect on Wg
signaling in our primary screen despite an extensive list of
computationally predicted miRNA targets in the Wg pathway.
This finding highlights the inadequacy of target-based ap-
proaches for analyzing miRNA function and the power of
activity-based approaches to investigate miRNAs. We emphasize
that a specific functional connection between miR-315 and Wg
signaling could not have been anticipated from computational
studies because miR-315 is predicted to have an extraordinary
number of targets by Drosophila standards (>400) (17). Axin and
Notum occupy positions 14 and 210 in the rank-ordered list, yet
bulk phenotypes of ectopic miR-315 could be suppressed by
elevating the activity of either Notum or Axin. Although the
targeting potential of miR-315 likely extends beyond the Wg
pathway, our work illustrates how deregulation of an individual
miRNA with hundreds of conserved targets can still elicit
specific effects on biological processes that are attributable to
only a few targets.

In summary, our study highlights that components of signaling
pathways represent phenotypically critical targets of miRNAs
and describes a biologically validated strategy for identifying
miRNAs with the ability to modulate signal-transduction path-
ways of choice. We believe that similar strategies will permit the
rapid elucidation of human miRNAs whose dysfunction will
prove relevant during disease.

Methods

UAS-miRNA Library. We initially amplified pri-miRNA fragments
consisting of miRNA hairpins and ~150-200 nt upstream and
downstream flanks and cloned them into Gal4-responsive plas-
mids bearing UAS sites. When exposed to Gal4, such constructs
produce hybrid pri-miRNA transcripts as fusions to a noncoding
RNA composed primarily of the SVV40t 3' UTR. Because func-
tional pri-miRNAs were subsequently shown to be excised from
mRNAs (23), most of our expression constructs contain pri-
miRNA fragments cloned into the 3" UTR of a DsRed-encoding
vector. The details of individual constructs are available upon
request. Our in vivo analysis of miR-7 and the miR-2 cluster
showed that both have identical activity when activated from
either UAS-miRNA or UAS-DsRed-miRNA transgenes (13, 23),
except that the latter have the technical convenience of produc-
ing both active miRNAs and red fluorescent protein as a marker.
All 75 UAS-miRNA screening constructs (see SI Table 2) will be
publicly available at the Drosophila RNAi Screening Center
(DRSC).

miRNA Activity Screening and Target Validation in Cultured Cells.
Primary TCF-luc screening assays were performed in duplicate
or triplicate in 100 ul of clone 8 cells plated at 1.5 X 10° cells per
ml in 96-well plates (15). Data were averaged and then normal-
ized by using background control wells. All secondary assays,
including specificity tests with other signaling pathways and
target regulation tests, were performed in triplicate in at least
two independent experiments.

We performed transfections by using Effectene (Qiagen,
Valencia, CA) with the following modifications to the manufac-
turer’s guidelines: per-well volume of reagents was 50 ul of EC
buffer, 0.8 ul of enhancer, and 0.25 ul of Effectene; 25 ng of each
construct was used in transfections. Wg assays were performed
by using TOP-Flash (15) plus pActSc-Wg as indicated. For
JAK/STAT assays, we used the 10X-STAT92E-luciferase re-
porter construct (33). For Hh assay, ptcA136-luc reporter was
used in the presence or absence of pActSc-Hh as described

PNAS | November 13,2007 | vol. 104 | no.46 | 18155

www.manaraa.com

GENETICS


http://www.pnas.org/cgi/content/full/0706673104/DC1

Lo L

P

1\

BN AS DN AS P

Downloaded at Palestinian Territory, occupied on December 18, 2021

previously (34). Dual-glo luciferase (Promega, Madison, WI)
was used to measure the relative firefly and Renilla luciferase
levels. Luciferase activity was measured on an analyst HT plate
reader (Molecular Devices, Sunnyvale, CA).

For RNAI epistasis tests, dSRNAs were made and transfected
as described (34). dsRNAs were selected from the DRSC
collection on the basis of few, if any, predicted off targets and
lack of CAR/CAN repeats (35). Their DRSC identification
numbers are as follows: arm (DRSC18738), wg (DRSC03636),
dTCF (DRSC17176), legless (DRSC17152), arr (DRSC07451),
and fz (DRSC11348).

For luciferase sensor tests, wild-type and mutant Axin and Notum
3" UTRs were amplified from Canton S genomic DNA, cloned into
pENTR (Invitrogen, Carlsbad, CA), and transferred into the Xhol
and Notl sites of psiCHECK2 (Promega). Full-length sensors
consist of genomic segments starting with the stop codon and
extending to ~200 nt downstream of the annotated polyadenylation
signal into tub-GFP. Short sensors consist of the 3’ UTR region
bounded by the pair of miR-315 sites in each gene. Short mut
sensors contain AA—CC point mutations in the miR-315 seed
matches. Primers are as follows: notum full length, CACCtcgag-
TAGgctcaccaaataccctg and ccegeggecgc TTTGCATATAAT-
TATTTTGTCGG; notum short, CACCtcgagCATTTATTCAT-
TCGCATTCTGCAATC and cccGCGGCCGCaagtaTTTGAT-
Tttcgttgcacag; notum short mut, cacctcgagCATTTATTCATTCG-
CATTCTGCAATCatAATCccAGaaatgaaatc and cccGCGGC-
CGCaagtaTggGAT Tttegttgcacaggtacg; axin full length, CACCtc-
gagTAAtattaagcatttagcgtag and cccgeggecgcAGATGTACA-
ACATGAAGGCCC; axin short, CACCtcgagCAACTGGAGA-
AGCTATTTCCGAC and cccGCGGCCGecagattatcTTTT-
GATTttttgtc; and axin short mut, cacctcgaGCAACTGGA-
GAAGCTATTTCCGACaAATCccAAgctatatatg and CCCGC-
GGCCGcagattatcT TggGAT Tttttgtcgagttgaatag.

Drosophila Strains. For Axin and Notum transgenic sensors, we
cloned the full-length 3" UTR and downstream genomic seg-
ments described into tub-GFP (23). UAS-DsRed-miR-315 flies
were generated by using the same construct used for tissue
culture studies. Transgenic strains were made by BestGene Inc.
(Chino Hills, CA) according to standard methods. tub-GFP-
miR-7 sensor was a kind gift of Stephen Cohen (Temasek,
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Singapore) (23). The UAS-Axin-GFP transgene, the EP-Notum
insertion, and the alleles AxinS%#230, Wingful’*!, Notum’, and
Notum?’ have all been described previously (30, 31, 36). Other
publicly available strains were obtained from the Bloomington
Stock Center (37), including bxS19%-Gald, ptc-Gald, dpp*0©-o-
Gal4, and UAS-wg.

Immunohistochemistry. We performed immunostaining according
to standard methods (38) by using the following primary anti-
bodies: mouse a-Nubbin (1:50; gift of Stephen Cohen), mouse
a-Cut (1:100; Developmental Studies Hybridoma Bank), mouse
a-Wg (1:20; Developmental Studies Hybridoma Bank), guinea
pig a-Sens (1:2,000; gift of Hugo Bellen, Baylor University,
Houston, TX), and rabbit a-GFP (1:1,250; Molecular Probes).
Native DsRed activity was detected. Secondary antibodies were
Alexa 488 a-rabbit (1:600), Alexa 488 a-guinea pig (1:600), and
Alexa 647 a-mouse (1:600), all from Molecular Probes. Pro-
cessed discs were counterstained with Hoechst, mounted in
Vectashield (Vector Laboratories, Burlingame, CA), and ana-
lyzed on an Axioimager Z1 fitted with Apotome (Carl Zeiss,
Thornwood, NY).
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