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SUMMARY

Many molecular pathways involved in heart disease
have their roots in evolutionarily ancient develop-
mental programs that depend critically on gene
dosage and timing. MicroRNAs (miRNAs) modulate
gene dosage posttranscriptionally, and among
these, the muscle-specific miR-1 is particularly
important for developing and maintaining somatic/
skeletal and cardiac muscle. To identify pathways
regulated bymiR-1, we performed a forward genetic
screen in Drosophila using wing-vein patterning as
a biological assay. We identified several unexpected
genes that genetically interacted with dmiR-1, one of
which was kayak, encodes a developmentally regu-
lated transcription factor. Additional studies directed
at this genetic relationship revealed a previously
unappreciated function of dmiR-1 in regulating the
polarity of cardiac progenitor cells. The mammalian
ortholog of kayak, c-Fos, was dysregulated in hearts
of gain- or loss-of-function miR-1 mutant mice in
a stress-dependent manner. These findings illustrate
the power ofDrosophila-based screens to find points
of intersection between miRNAs and conserved
pathways in mammals.

INTRODUCTION

microRNAs (miRNAs) are small noncoding RNA species that

regulate mRNA translation or stability and, thereby, protein

dosage in eukaryotes (for review, see Inui et al., 2010). miRNAs

interact with their target RNAs primarily through complementary

base pairing to the 30 UTRs of the target gene mRNAs. This Wat-

son-Crick pairing, generally involving the 50 region of the miRNA,

results in RNA degradation and/or inhibition of translation (for

review, see Bartel, 2009). Deletion of Dicer, the endonuclease

necessary to form miRNAs, results in lethality during gastrula-
Deve
tion, implying that miRNAs are necessary for the formation of

the body plan (Bernstein et al., 2003). Specific miRNAs play crit-

ical roles in myriad processes, including cell fate, cellular differ-

entiation, cancer, apoptosis, and stress responses (for review,

see Croce, 2009; Cordes and Srivastava, 2009; Mendell, 2005;

Williams et al., 2009). In most cases, the regulatory function of

individual miRNAs is achieved by control of multiple steps within

a common pathway. Despite significant progress, the physio-

logic function of and pathways regulated by most miRNAs

remain unknown.

miR-1 is one of themost evolutionarily conservedmiRNAs and

is highly enriched in heart and muscle. In vertebrates, two

distinct loci for the miR-1/miR-133 cluster, likely a result of

gene duplication, encode identical mature miR-1s derived from

each locus (i.e., miR-1-1 and miR-1-2). Loss of the single

dmiR-1 in Drosophila results in cardiac-specification defects in

a subset of flies (Kwon et al., 2005) and catastrophic failure of

somatic muscle development during the second instar stage

(Sokol and Ambros, 2005). In mice, loss of miR-1-2 results in

a broad range of abnormalities, including ventricular septal

defects, defects in cell-cycle control, and disturbed electrophys-

iological properties (Zhao et al., 2005, 2007).

Using a combination of bioinformatic and biochemical

approaches, we and others have found transcription factors

(Zhao et al., 2005, 2007; Ikeda et al., 2009), receptor ligands

(Kwon et al., 2005; Ivey et al., 2008), ion channels (Yang et al.,

2007), antiapoptotic proteins (Xu et al., 2007), and modifiers of

histone acetylation (Chen et al., 2006) that are directly respon-

sive to miR-1 regulation. However, the number of genes known

to directly respond tomiR-1 or other miRNAs is only a small frac-

tion of the total number ofmiRNA-sensitive genes and pathways.

Therefore, an experimental method to discover pathways regu-

lated by specific miRNAs in vivo would be useful. Uncovering

the points of intersection between a particular miRNA and basic

cellular processes would allow for amore comprehensive under-

standing of the miRNA’s function within the context of an intact

cell or organ system.

Here, we describe a genome-wide enhancer/suppressor

screen using the power of Drosophila genetics to identify cellular

pathways regulated by miR-1. We discovered an interaction of
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miR-1 with numerous factors, including the transcription factor

kayak, revealing an unexpected function for dmiR-1 in control-

ling cell polarity of cardiac progenitors during development.

The mammalian ortholog of kayak, c-Fos, was also dysregulated

upon manipulation of miR-1 levels in the mouse heart, high-

lighting the utility of Drosophila-based assays for studying

miRNA-dependent pathways in mammals.

RESULTS

Genome-Wide Enhancer/Suppressor Screen
for Genetic Interaction with miR-1

Many of the signals that determine body axis formation and cell

fate are operational in the Drosophila melanogasterwing and are

evolutionarily conserved between widely divergent species and

tissues. Because the fly wing is easy to visualize and is a nones-

sential organ, it is often used for high-throughput genetic

screening. The morphogen decapentaplegic (dpp) is normally

expressed in the wing imaginal disc, the precursor of the adult

fly wing structure, between the long veins number three and

four (L3, L4). We generated a fly line that contains the dpp

promoter driving GAL4 (dpp-GAL4) (Bloomington Stock Center)

and a GAL4-sensitive upstream activating sequence (UAS) regu-

lating a dmiR-1 transgene (UAS-dmiR-1) on the third chromo-

some. These mutant animals were viable to adulthood and

were fertile, but exhibited a loss of wing tissue between veins

L3 and L4, creating a scorable phenotype (Figure 1A).

We hypothesized that genetic partners of dmiR-1 could be

identified by scoring the wings for loss or gain of intervein

distance (‘‘enhancement’’ or ‘‘suppression’’ of the wing pheno-

type, respectively). Thewing phenotypewas sensitive to temper-

ature; higher temperatures (22�C–25�C) resulted in higher

transcriptional activity of GAL4 and more severe loss of wing

tissue between L3 and L4 (data not shown). Due to this tem-

perature sensitivity, all assays involving the dpp-GAL4::UAS-

dmiR-1 flies were performed at 18�C. The loss of tissue did not

appear to be the result of deranged cell size, as the spacing of

the hairs, which serves as a crude marker for cell size (Garcia-

Bellido et al., 1994), was not significantly changed. Control

crosses on wild-type backgrounds revealed rates of enhance-

ment or suppression of the wing-vein phenotype among

offspring of 8% or 3%, respectively (Figure 1A).

To identify genes that interact genetically with dmiR-1, the

dpp-GAL4::UAS-dmiR-1 fly line was crossed with chromosome

deficiency lines obtained from DrosDel (Ryder et al., 2007; Cam-

bridge, UK) and Bloomington Stock Center (Bloomington, IN).

Each line within these deficiency kits contains a molecularly

defined heterozygous deletion within one of the four Drosophila

chromosomes. From 284 deficiency matings (representing

approximately 70% of the fly genome), 32 fly lines (11%) had

enhanced loss of wing tissue between L3 and L4 in at least

50% of offspring, while 252 lines (89%) had no effect on the

dmiR-1-mediated phenotype (Figure 1B). The 32 lines that

enhanced the dmiR-1 phenotype were distributed fairly evenly

among chromosomes X, 2, and 3 (Figures 1C and 1D). No

progeny reproducibly rescued, or suppressed, the phenotype.

Further studies were performed on the 16 fly lines harboring defi-

ciencies on chromosome 3 (Figure 1D). Loci on chromosomes 1,

2, and 4 are the subject of ongoing studies.
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To narrow the genomic regions of interest on chromosome 3,

we used smaller, overlapping deficiencies. Within these defi-

ciencies, genes implicated in transcriptional regulation, develop-

ment, cell-cycle control, apoptosis, mRNA processing, Notch

signaling, or muscle biology were given the highest ranking. If

available, mutant alleles of candidate genes from chromosome 3

were requested from the Bloomington Stock Center and crossed

to the dpp-GAL4::UAS-dmiR-1 fly line. Whenever possible,

multiple lines containing different mutant alleles were tested to

minimize background and allele-specific effects. Mutant genes

that, when heterozygous, recapitulated the enhancement of

the dpp-GAL4::UAS-dmiR-1 phenotype underwent further

study.

Identification of delta andmirrorAlleles Validate dmiR-1

Enhancer Screen
In our screen, the deficiency line Df(3R)ED5942 enhanced the

dpp-GAL4::UAS-dmiR-1 phenotype, as �50% of progeny with

the pertinent genotype had narrowing of the intervein area

(p < 0.01). This deficiency contains the gene delta (Dl) (Figures

1D and 2A), which encodes a ligand for Notch, an important

regulator of cell fate and differentiation (for review, see Bray

2006). Crosses between dpp-GAL4::UAS-dmiR-1 flies and

flies heterozygous for mutant Dl alleles, enhanced the dpp-

GAL4::UAS-dmiR-1 phenotype (Figures 2B and 2C; data not

shown). Overexpression of wild-typeDl reduced the expressivity

of wing vein defects in dpp-GAL4::UAS-dmiR-1 flies in the

context of a Dl mutant background, confirming the specificity

of the genetic relationship between Dl and dmiR-1 (Figures 2B

and 2C, middle panels).

The deficiency lines Df(3L)ED4486, Df(3L)ED4483, and Df(3L)

BSC10 also enhanced the dpp-GAL4::UAS-dmiR-1 phenotype

(Figures 2D and 2E). Contained within these deficiency lines was

the highly conserved Iroquois (Iro) gene family, which encodes

homeodomain-containing transcription factors, including mirror

(mirr), araucan (ara), andcaupolican (caup). Activity of the Iro locus

in fly is critical for establishing developmental territories within the

organism (for review, see Cavodeassi et al., 2001). In mice, Iro

family members are important for vertebrate cardiac chamber

specification (Baoet al., 1999) and cardiac conduction (Costantini

et al., 2005). mirr loss-of-function alleles greatly enhanced the

dpp-GAL4::UAS-dmiR-1 phenotype, while alleles of ara and

caup displayed less robust enhancement (Figures 2E and 2F;

see Figure S1 available online).

Identification of Dl and mirr mutant alleles as phenotypic

enhancers validated the screen’s methodology since Dl and

Delta-like-1 are miR-1 targets in flies and mice, respectively

(Kwon et al., 2005; Ivey et al., 2008), and Irx5 is a target of

miR-1 in the mammalian heart (Zhao et al., 2007). Using the Dl

and mirr mutants as positive controls for interpretation of

affected progeny, all crosses were subsequently scored positive

if �50% of progeny (�6X above background) showed enhance-

ment of the wing phenotype.

Identification of Genetic Partners of dmiR-1

The overlapping deficiencies Df(3R)3450 and Excel6209

enhanced the dmiR-1 phenotype (Figures S2A and S2B; data

not shown). Within these deficiencies, we identified two genes,

noa36 and hrb98DE, whose mutant alleles enhanced the
nc.
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Figure 1. Misexpression of dmiR-1 in the Drosophila Wing Results in a Distinctive Phenotype and Identifies Genetic Partners of dmiR-1
(A) Upper left: image of a wild-type wing, with pertinent anatomical structures labeled to the right. L3: long vein number 3, L4: long vein number 4, acv: anterior

cross vein, pcv: posterior cross vein. Area highlighted in blue: area of expression of the wing disc specific decapentaplegic (dpp) enhancer. Lower left: image of

wing from a dpp-GAL4::UAS-dmiR-1 mutant fly. Note narrowing of the L3/L4 intervein distance. Right: Incidence of enhancement, and suppression of the wing

phenotype seen in dpp-GAL4::UAS-dmiR-1 mutant flies when mated with control fly lines. W1118: wild-type. The lines UAS-GFP and dpp-GAL4::UAS-dmiR-1/

TM3Sb (TM3Sb) served as controls. TM3Sb: balancer.

(B) Summary of results from the forward genetic screen.

(C) Distribution of percentage affected offspring from each deficiency, organized by chromosome (1, 2, and 4). Yellow dashed line: point at which 50%of progeny

were affected. Those deficiencies that met or exceeded this level were considered strongly positive (p < 0.0001).

(D) Distribution of percentage affected offspring from each deficiency, organized by position on chromosome 3, going left to right. Blue bars: deficiencies

containing specific genes (labeled) that enhanced the wing phenotype.

See also Table S1.
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phenotype (Figures S2B and S2C and data not shown). noa36 is

predicted to bind metal ions, and hrb98DE acts to regulate

alternative mRNA splicing. Bioinformatically, hrb98DE was pre-

dicted to contain four dmiR-1 binding sites in its 30 UTR (Stark

et al., 2003) that were conserved in Anopheles. To determine if

dmiR-1 directly regulates hrb98DE, we cotransfected a GAL4-

dmiR-1 construct with a luciferase reporter construct containing

1035 bp of the 30 UTR of hrb98DE into Drosophila Schneider 2

(S2) cells. Luciferase activity was repressed in the presence of

dmiR-1, suggesting that hrb98DE was a direct target of

dmiR-1 (Figure S2D).

The deficiency lines Df(3R)Dr-rv-1 and Df(3R)ED6316 also

enhanced the dpp-GAL4::UAS-dmiR-1 phenotype (Figures

3A–3D). Contained within these fly deficiency lines was kayak
Deve
(kay), which encodes a leucine-zipper-containing transcription

factor whose mammalian ortholog is c-Fos. We used several

different kay loss-of-function alleles, including a null allele

(kay[1]), a hypomorphic recessive lethal allele (kay[sro-1]), a hypo-

morphic, homozygous viable allele (kay[EY00283]), and a presumed

hypomorphic allele (kay[EY01644]). Parental lines of kay heterozy-

gous mutant alleles had normal wing anatomy (Figure 3B).

Mating of each of the kay alleles to the dpp-GAL4::UAS-dmiR-

1 fly line resulted in enhancement of the wing phenotype (Figures

3C and 3D).

To determine if the enhanced phenotype was specific to

decreased kay function, we performed a genetic rescue assay

by mating the dpp-GAL4::UAS-dmiR-1;kay[sro-1] fly to flies

harboring aUAS-kay element (Figures 3C and 3E). Coexpression
lopmental Cell 20, 497–510, April 19, 2011 ª2011 Elsevier Inc. 499
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Figure 2. Validation of the dmiR-1 Enhancer/Suppressor Genetic Screen

(A) Schematic of the deficiency ED5942 spanning delta.

(B) Percentages of affected offspring when specific deficiencies and alleles of delta were mated to the dpp-GAL4::UAS-dmiR-1 line. Dl1, Dl9P, Dl6B are loss of

function alleles. Yellow bars depict rescue of enhancement as shown in the center panels of (C). *p < 0.001.
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of dmiR-1, kay[sro-1], and wild-type kay resulted in rescue of the

phenotype, and this was also true for the kay[1] and kay[EY01644]

alleles (Figure 3C, E). We concluded that a decrease in kay func-

tion specifically enhanced the dpp-GAL4::UAS-dmiR-1 wing

phenotype.

To determine if dmiR-1 reduced kay mRNA levels through

direct targeting of the kay 30 UTR, we introduced the full 30

UTR into a luciferase reporter vector and transfected this with

or without dmiR-1 into fly S2 cells. We observed a dose-depen-

dent reduction in luciferase activity in the presence of dmiR-1,

signifying that dmiR-1 likely directly regulates kay levels through

the 30 UTR (Figure 3F; Figure S3A). Mutation of two putative

dmiR-1 binding sites resulted in loss of dmiR-1-mediated

repression, indicating functionality of these sites (Figure 3F;

Figure S3B).

Genetic Interaction between dmiR-1 and kay Depends
on JNK-Mediated Signals
Kay modulates migration, cell polarity, and directionality cues

within developing tissues (Riesgo-Escovar and Hafen, 1997;

Zeitlinger et al., 1997, Weber et al., 2008), and kay null flies are

nonviable. In contrast, mammals have multiple kay orthologs

(Fra1, Fra2, c-Fos, FosB) that appear to be partially redundant

(Fleischmann et al., 2000). As an immediate-early response

gene, c-Fos is rapidly upregulated in the heart under a variety

of pathological conditions (Izumo et al., 1988; Larsen et al.,

1998) and modulates the genomic response to mechanical and

cellular stress. Kay/c-Fos dimerizes with other proteins, such

as c-Jun, to form the AP-1 complex. Kay/c-Fos is phosphory-

lated by both the Ras/MAPK and jun-kinase (JNK) pathways,

resulting in distinct transcriptional responses.

We tested proteins within the Ras/MAPK, and JNK signaling

pathways for a genetic interaction with dmiR-1. Mutants within

the Ras/MAPK or JNK pathway did not genetically interact

with dmiR-1 to the same degree as kay in our wing-based assay

(data not shown). Gain-of-function alleles predicted to activate

Ras/MAPK, including one involving the epidermal-like growth

factor receptor (EGFR), also did not consistently enhance the

wing vein phenotype (data not shown).

To test these pathways in an alternative fashion, we utilized fly

lines containing transgenes encoding mutants of kay that were

resistant to phosphorylation by either JNK or MAPK kinases

(gifts from D. Bohmann, University of Rochester). These UAS-

based fly lines have putative JNK or RAS-MAPK phosphorylation

sites in kay mutated to alanine residues, allowing segregation of

JNK from RAS/MAPK signaling (Ciapponi et al., 2001). The

mutant UAS-kay[Pan-Ala], which has all putative threonine (T) or

serine (S) residues involved in phosphorylation mutated to
(C) Panels of representative fly wings with the L3/L4 area highlighted in blue. Con

representative wings of pertinent offspring when crossed with the dpp-GAL4::U

(center) or ‘‘enhanced’’ (right), with percentages noted in bottom right corner.

sentative fly wings displaying rescue of the phenotype, and the control UAS-del

(D) Schematic of deficiencies containing the Iroquois locus: araucan (ara), caupo

enhance the dpp-GAL4::UAS-dmiR-1 phenotype in R50% of progeny.

(E) Percentages of affected offspring when specific deficiencies (as in D), and los

caupBG01626, mirr1825, mirrSaiD3, mirrSaiD1, mirr1486) were mated to the dpp-GAL4:

(F) Control parental mutant lines (BSC10, araMB04323, caupBG01626, and mirr1486) s

with the dpp-GAL4::UAS-dmiR-1 line (as in E). Wings scored as ‘‘no change’’ (ce

See also Figures S1 and S2.

Deve
alanine (A), resulted in high lethality when crossed to the dpp-

GAL4::UAS-dmiR-1 line (data not shown). The UAS-kay[C-Ala]

mutant harboring alanine substitutions of RAS-MAPK-sensitive

S/T residues in the carboxy-terminal region onlymildly enhanced

the dpp-GAL4::UAS-dmiR-1 phenotype (Figures 3G and 3H

bottom row). In contrast, UAS-kay[N-Ala], containing alanine

substitutions of JNK-sensitive residues, recapitulated the loss

of function alleles of kay, implying that phosphorylation of the

JNK-sensitive residues was important for kay function in this

assay (Figures 3G and 3H top row). These results provided

evidence that JNK activity might be critical to the observed

genetic interaction between kay and dmiR-1.

dmiR-1 Expression in the Wing Imaginal Disc Results
in Trichome Misalignment
Dl,mirr, and kay have been implicated asmembers of the genetic

network governing planar cell polarity (PCP) in Drosophila

(Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Weber et al.,

2008). Cell polarity signals flow through the transmembrane

receptor frizzled (fz), which associates with dishevelled (dsh)

and strabismus/van gogh (Vang), to activate the JNK signaling

cascade (Boutros et al., 1998; Weber et al., 2000). Core proteins

within the PCP signaling cascade are highly conserved, and PCP

inmammals is central to fundamental processes, such as gastru-

lation and organogenesis (for review, see Veeman et al., 2003,

Wallingford et al., 2002, Zallen, 2007). In flies, PCP generates

the stereotypical proximal-to-distal orientation of hairs and bris-

tles over the ectoderm and, when disturbed, results in a whorled

bristle pattern (Classen et al., 2005).

We hypothesized that kay, Dl, andmirr might have been iden-

tified in our screen in part due to a common functionality in the

generation of cell polarity. To test this, we counted the number

of misaligned hairs, or trichomes, in a standard location (bound-

aries marked in the anterior-posterior (A-P) dimension by L3 and

L4 and in the proximal-distal (P-D) dimension by the posterior

cross vein and anterior cross vein). Interestingly, in dpp-

GAL4::UAS-dmiR-1 flies, �4% of wing hairs were not oriented

in the normal P-D orientation, compared to 0.6% seen in wild-

typeanimals (Figure 4). Todetermine if these resultswere specific

to dmiR-1, the dpp-GAL4 fly line was mated to a UAS-miR-7 fly

line (gift of E. Lai, Rockefeller University) to generate the control

fly line dpp-GAL4::UAS-dmiR-7. The dpp-GAL4::UAS-dmiR-7

fly line had numbers of misaligned trichomes closer to wild-

type animals (0.18%), supporting the notion that dmiR-1 specifi-

cally interferes with the generation of PCP (data not shown). We

found that heterozygosity of Dl,mirr, or kaymutant alleles, along

with dmiR-1 expression, significantly increased the numbers of

misaligned wing hairs when compared to wild-type or dpp-
trol parental mutant lines (ED5942, Dl6B and UAS-delta) shown to the left, with

AS-dmiR-1 line. Wings scored as ‘‘no change from dpp-GAL4::UAS-dmiR-1’’

Yellow edged images: (top) UAS-delta, Dl6B, dpp-GAL4::UAS-dmiR-1 repre-

ta, dpp-GAL4::UAS-dmiR-1, representative fly wings (bottom).

lican (caup), mirror (mirr). Blue lines: chromosomal location of deficiencies that

s of function alleles of the Iroquois locus (araMB04926, araMB04323, caupMB00278,

:UAS-dmiR-1 line. *p < 0.001.

hown to the left, with representative wings of pertinent offspring when crossed

nter) or ‘‘enhanced’’ (right), with percentages noted in bottom right corner.
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GAL4::UAS-dmiR-1 flies (Figure 4; Figure S4A). In addition to

being misaligned, many hairs were abnormally foreshortened

and thickened (data not shown). Overexpression of Dl through

the use of two UAS-Dl lines did not rescue the alignment defect

(Figure S4B). In contrast, overexpression of kay (UAS-kay)

rescued the wing PCP defects induced by expression of dmiR-1

in the kay heterozygous background (Figure S4C).

dmiR-1 Genetically Interacts with Members of the Core
PCP Pathway
To determine if trichome alignment defects might reflect dmiR-1

regulation of core PCP proteins, we tested two members of this

cascade that are bioinformatically predicted to be direct targets

of dmiR-1: van gogh (vang) and prickle (pk) (Stark et al., 2003), as

well as their upstream effector, dishevelled (dsh). When we

tested alleles of dsh, vang, and pk in the intervein wing assay,

we found that multiple alleles of these genes genetically inter-

acted with dmiR-1 (Figure S5A, right). Examination of the direc-

tionality of the wing hairs also demonstrated that multiple alleles

of dsh, vang, and pk enhanced the effect of dmiR-1 on PCP (Fig-

ure S5A, left). Interestingly, unlike our results for Dl and kay, the

degree of effect on intervein distance for pk alleles did not predict

the severity of PCP defects. These results indicate that the loss

of intervein distance may be mechanistically distinct from

the loss of PCP. Testing of the 30 UTRs of both vang and pk in

S2 cells indicated that pk, but not vang, is a direct target of

dmiR-1 (Figure S5B). We observed a dose-dependent reduction

in pk-luciferase activity in the presence of dmiR-1, signifying that

dmiR-1 likely directly regulates pk levels through the 30 UTR (Fig-

ure S5C). The latter results are consistent with dmiR-1 regulating

PCP onmultiple levels (Figure S5D) and highlight the ability of our

screen to identify genetic pathways regulated by dmiR-1.

Dysregulation of dmiR-1 and kay in Fly Heart Results
in Cell Polarity Defects
The artificial fly wing assay proved effective in discovering

genetic interactions with dmiR-1, including those involving the

kay and PCP pathways. dmiR-1 is normally expressed in cardiac

and somatic muscle, so we investigated whether the genetic

relationships regarding PCP identified in the wing were present

in areas of endogenous expression, in the absence of overex-

pression. The fly heart, or dorsal vessel, is segmentally patterned

with a defined number of myocardial and pericardial cells, and
Figure 3. Kayak Genetically Interacts with dmiR-1

(A) Schematic of the deficiencies Df(3R) Dr-rv-1 and Df(3R)ED6316 spanning kay

(B) Panels of representative parental mutant fly wings with the L3/L4 area highlig

(C) Percentages of affected offspring when specific deficiencies and mutant alle

rescue of phenotypic enhancement with expression of kay (UAS-kay) as shown i

(D) Representative wings of pertinent offspring when Df(3R) Dr-rv-1 and Df(3R)ED

with the dpp-GAL4::UAS-dmiR-1 line. Wings scored as ‘‘no change’’ (left) or ‘‘en

(E) Images of representative wings from a genetic rescue experiment. Top:

dpp-GAL4::UAS-dmiR-1 flies and flies harboring heterozygous mutant alleles

‘‘enhanced’’ (right), with percentages noted in bottom right corner.

(F) Relative luciferase activity with or without the 30 UTR of kay which was inserte

absence of dmiR-1. Kay-lucmut: luciferase reporter with the two putative dmiR

represented as standard error of the mean.

(G) Percentage of affected offspring, comparing kaysro mutants tomutants contain

to alanine. *p < 0.001.

(H) Photographs of representative wings for data in (G).

See also Figure S3.

Deve
expresses dmiR-1 early in development (Kwon et al., 2005; Sokol

and Ambros, 2005). In the dorsal vessel, Slit, a glycoprotein

secreted from the medial surface of cardioblasts, acts as

a polarity marker and signal by interacting with its receptor,

roundabout (robo), to assure that cardioblasts migrate properly

to the midline (Qian et al., 2005; Santiago-Martinez et al., 2006,

MacMullin and Jacobs, 2006).

To determine if dmiR-1 functions to regulate cell polarity within

the fly heart, we analyzed dmiR-1 null fly embryos (D/DdmiR-1)

at stage 16. Immunostaining of these embryos for the cardioblast

marker Neuromancer (Nmr) and for Slit revealed that 77% of

embryos had misaligned cardioblasts and abnormally diffuse

secretion of Slit from the medial and lateral sides of cardioblasts

(Figures 5B and 5F). Parallel studies in embryos heterozygous for

dmiR-1 revealed 8% affected embryos, similar to wild-type

embryos (Figure 5F). To determine if supraphysiologic levels of

dmiR-1 affected cardiac polarity, we used the tinCD4-GAL4

driver (Lo and Frasch, 2001) to increase the levels of dmiR-1

specifically within the fly heart. The resultant tinCD4-

GAL4::UAS-dmiR-1 embryos collected at 29� or 18�C also had

diffuse Slit secretion, indicating that the dosage of dmiR-1within

the fly heart was critical for normal cell polarity and cardioblast

alignment (Figures 5C and 5G). Immunostaining for a-Spectrin,

a second cardioblast polarity marker, in the same genotypes

as described above was notable for disruption of the normal

apical-lateral expression pattern, providing further evidence

that cell polarity within the embryonic heart was disrupted

(Figures S6B, S6C, S6F, and S6G).

We then determined if kaymutants also displayed cell specifi-

cation or polarity abnormalities. We harvested homozygous

kay[1] and kay[Sro-1] stage 16 embryos and immunostained for

Nmr, Dmef2 (muscle progenitors), Tin (muscle progenitors), or

Eve (pericardial cells) (Figure S7). We detected no significant

differences in the numbers of cardioblasts or pericardial cells

per hemisegment compared with wild-type. However, when

we immunostained the homozygous kay[1] and kay[Sro-1] embryos

for Nmr and Slit to evaluate the morphology of the heart tube, we

found evidence of cardioblast misalignment and diffuse, but not

reduced, expression of Slit from the medial and lateral sides of

the cardioblasts (Figures 5D and 5H, data not shown). Immunos-

taining of homozygous kay[1] and kay[Sro-1] stage 16 embryoswith

a-Spectrin also revealed loss of the normal apical-lateral expres-

sion pattern of a-Spectrin (Figures S6D and S6H; data not
ak.

hted in blue. Note normal L3/L4 intervein distance.

les of kay were mated to the dpp-GAL4::UAS-dmiR-1 line. Yellow bars depict

n (D and E). *p < 0.001.

6316, and the loss of function kay alleles (kayEY00283, kay1, kaysro) were crossed

hanced’’ (right), with percentages noted in bottom right corner.

control wing from a UAS-kay fly. Lower rows: Matings between UAS-kay,

of kay (kayEY01644, kay1, kaysro). Wings were scored as ‘‘no change’’ (left) or

d into the 30 UTR of a constitutively active luciferase vector in the presence or

-1 binding sites mutated as shown in Figure S3B. *p < 0.05. Error bars are

ing amino- and carboxy-terminal substitutions of serine and threonine residues
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shown).These results indicated that kay function was necessary

for normal dorsal vessel formation and cell polarity of cardio-

blasts but was not important for cell specification.

Since kay was a direct target of repression by dmiR-1 and

genetically interacted in the wing vein assay, we tested whether

the heterozygosity of kay could mitigate the loss of dmiR-1 in the

developing heart. We found decreased kay activity from two

different kay loss-of-function alleles reduced the penetrance of

the D/DdmiR-1 heart phenotype with respect to the diffuse

medial and lateral expression of Slit (Figures 5E and 5I, data

not shown). Furthermore, immunostaining of these doubly

mutant embryos for a-Spectrin demonstrated that the normal

apical-lateral expression pattern was partially restored in the

D/DdmiR-1 embryos heterozygous for kay (Figures S6E and

S6I). These results suggested that a portion of the dosage effects

of dmiR-1 in the heart are due to abnormal kay activity.

Regulation of c-Fos and c-Jun Activity by miR-1

in the Stressed Mammalian Heart
Our screen was based on the hypothesis that interrogation of the

Drosophila genome for genetic partners of dmiR-1 would yield

insights into mammalian cardiac and skeletal muscle biology.

To test our most promising candidates, we performed quantita-

tive PCR (q-PCR) on cardiac mRNA obtained from 8-week-old

mice overexpressing miR-1 by threefold in the postnatal heart

under control of the a-MHC promoter (a-MHC-miR-1) (Zhao

et al., 2005, 2007). We found a statistically significant reduction

in mRNA levels of c-Fos, Delta-like-1, Irx4, �5, and -6 in miR-1

transgenic mice (Figure 6A). These results provided evidence

that our wing-based screen identified several genetic partners

of miR-1 that could be extrapolated to the mammalian heart,

including some that are direct targets such as Delta-like-1 and

Irx5 (Ivey et al., 2008; Zhao et al., 2007).

c-Fos is an immediate early response gene and is transiently

upregulated in the first few hours after cardiac stress, such as

that induced by pressure overload (Komuro et al., 1990; Schun-

kert et al., 1991). To determine how c-Fos and miR-1 mRNA

levels were regulated in the first few hours of increased afterload,

we examined left ventricular gene expression from wild-type

mice after thoracic aortic banding (TAB) at 1, 4, 8, 16, 24, and

48 hr postprocedure. c-Fos mRNA and miR-1 levels increased

dramatically, with peakmiR-1 levels coincidingwith a precipitous

decline in c-Fos mRNA levels in ventricular tissue (Figure 6B).

To determine if the increase ofmiR-1 levels participated in the

negative regulation of the immediate early gene response and

might contribute to the rapid decrease in c-Fos expression, we

performed TAB experiments on miR-1-2 null mice. miR-1-2 null

animals have a 50% reduction in the amount of mature miR-1

due to the presence of the redundant miR-1-1 allele (Zhao

et al., 2007). The temporal pattern for c-Fos expression was

shifted from a normal peak at 8 hr, to a peak 4 hr postprocedure,
Figure 4. Enhancement of dmiR-1 PCP Defects by Haploinsufficiency

(A) Graphic of percentage of misaligned wing hairs with n = number of hairs co

detailed below. *p < 0.001. Blue bars denote genotypes represented by photogr

(B) Photographs of representative adult fly wings of noted genotypes with sc

anatomical structures noted to right. White box: low magnification view of locatio

outlined in a dashed line, with individual hairs of normal proximal-distal orientatio

See also Figures S4 and S5.

Deve
and more significantly, c-Fos levels were �6-fold higher in

miR-1-2 mutants than in wild-type animals (Figure 6C, right

panel). Conversely, transgenic mice overexpressing miR-1 in

cardiomyocytes had greater than 6-fold lower c-Fos mRNA

levels after TAB, compared with wild-type (Figure 6C, right

panel). A similar pattern was observed for c-Jun expression (Fig-

ure 6C, center panel). Interestingly, there were no significant

differences in the levels or timing of expression for c-Myc (Fig-

ure 6C, left panel). Western blots performed on hearts harvested

at the time points of maximal induction in miR-1-2 null or miR-1

transgenic animals confirmed our q-PCR results (Figure 6D,E).

To determine if the dysregulation of c-Fos was specific to the

myocyte population, we performed immunohistochemistry on

heart sections from wild-type and transgenic miR-1 overex-

pressing mice. The number of cardiomyocytes that expressed

c-Fos, which was largely nuclear (Figure S8A), was significantly

decreased in transgenic mice overexpressing miR-1 in cardio-

myocytes (a-MHC-miR-1). Unlike the direct targeting of kayak

by dmiR-1 in flies, the 30 UTR of c-Fos was not responsive to

miR-1 (Figure S8B), suggesting conservation of the pathway

regulated by miR-1, but divergence in the precise targets by

which the miRNA exerts its biologic effects.

DISCUSSION

This study highlights the utility of using Drosophila to conduct

genome-wide studies to identify genetic pathways in which

miRNAs function. Using an in vivo biological assay, followed

by genetic and biochemical studies, we uncovered several

candidate genes subject to dmiR-1 regulation. Importantly, we

identified previously validated targets, which served as positive

controls. Furthermore, we identified miR-1-responsive genes

and pathways that functioned to regulate cell polarity during fly

cardiogenesis and to appropriately limit the mammalian heart’s

response to stress.

We purposefully chose a very high threshold (enhancement of

phenotype in�50%of progeny) as a cutoff for further evaluation,

and therefore likely excluded many additional biologically rele-

vant genetic partners of dmiR-1. As our studies relied on the

wing-specific dpp-GAL4 system, the interrogated genes only

encompass those that are normally expressed in the intervein

region between L3 and L4. Because many of the pathways

that determine cell fate, position, and differentiation are used

reiteratively in divergent tissues, the genome-wide screen with

an artificial wing assay revealed genes relevant to cardiovascular

biology. It would be of interest to use heart- and muscle-specific

expression assays to perform analogous in vivo studies with

muscle- or heart-based phenotypes as a primary endpoint.

The results presented here highlight the results obtained from

one genetic locus. Other loci of interest are the subject of

ongoing studies.
of delta, mirror, and kayak

unted, representing a minimum number of five individual animals. Genotypes

aphs in (B).

hematic of hair alignment (right). Top: W1118 (wild-type) wing with pertinent

n where hair alignment was determined. Areas with misaligned wing hairs are

n (black) or misoriented (blue) indicated. Genotype noted in bottom left corner.
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dmiR-1 Regulates Cardiac Cell Polarity in Drosophila

In addition to the loss of intervein distance, we found that dmiR-1

overexpression also resulted in an increase in the frequency of

misoriented wing hairs, consistent with defects in PCP. This

led us to find that cell polarity within the Drosophila heart was

also influenced by the dosage of dmiR-1 and that aberrant

dmiR-1 activity resulted in defects in cardioblast alignment and

the normal polarization of Slit and a-Spectrin expression in car-

dioblasts. These results suggest dmiR-1 functions to generate or

maintain cell polarity in the fly heart. It would be of interest to

determine if miR-1 modulation of PCP occurs primarily through

modulation of pk and JNK/kay/c-Fos, or whether miR-1-medi-

ated modulation of cytoskeletal proteins also plays a key role.

In mammals, cell polarization is emerging as an important

process during the formation of the four-chambered heart and,

in particular, the outflow tract of the heart. For example, muta-

tions in the PCP genes van gogh-like-2 (Vangl2/Looptail) (Phillips

et al., 2005, 2008), scribbled (Scrib/Circletail) (Phillips et al.,

2007), and dishevelled 2 (Hamblet et al., 2002) cause ventricular

septal defects and outflow tract alignment defects. These

defects have been partly attributed to aberrant migration of

myocardial cells into the endocardial cushions. Interestingly,

50% ofmiR-1-2mutant embryos have ventricular septal defects

that result in embryonic lethality (Zhao et al., 2007), and it will be

interesting to determine if this is due to a PCP defect.
miR-1 and the Myocardial Response to Stress
Fromour pool of candidates, we chose to narrow our focus to the

conserved genetic interaction between miR-1 and the imme-

diate-early gene, c-Fos. As c-Fos and c-Jun are induced by

TAB, these transcription factors might mediate some of the

adaptive transcriptional responses to stress. Unlike earlier

studies that documented the downregulation ofmiR-1 days after

myocardial remodeling (Care et al., 2007, Sayed et al., 2007), we

examined the relationship between miR-1 and the immediate-

early response genes induced within hours of banding the aorta.

miR-1, c-Fos, and c-Jun were normally activated by TAB within

a few hours, and in mice lackingmiR-1-2, the initial upregulation

of c-Fos and c-Jun was exaggerated in response to stress.

Our findings implicate miR-1 in the initial dampening of stress

response genes and in governing sets of genes used during

periods of pressure overload. Serum response factor (SRF) is

a direct upstream regulator of both c-Fos andmiR-1, suggesting

that SRF activates the transcriptional mediators of the imme-

diate early gene response and, in a negative feedback loop,

limits the extent of the stress response by activating miR-1
Figure 5. dmiR-1 Influences Cell Polarity in the Drosophila Heart

(A) Schematic of the expression pattern for Neuromancer (Nmr, red) and Slit (gre

and Slit localization by immunostaining within the fly heart in wild-type (W1118) st

(B) Schematic (left) and confocal (right) images of homozygous null dmiR-1 stag

(C) Schematic (left) and confocal (right) images of tinCD4GAL4::UASdmiR-1 stag

(D) Schematic (left) and confocal (right) images of homozygous mutant kay1 stag

(E) Schematic (left) and confocal (right) images of homozygous null dmiR-1, kay1/+

(F) Quantification of (B) with normal (black), mildly (white), or severely (gray) affe

misalignment of the cardioblasts and diffuse expression of Slit.

(G) Quantification of (C) with normal (black), mildly (white), or severely (gray) affe

(H) Quantification of (D) with normal (black), mildly (white), or severely (gray) affe

(I) Quantification of (E) with normal (black), mildly (white), or severely (gray) affec

See also Figures S6 and S7.

Deve
expression. The 30 UTR of SRF (Care et al., 2007) and Elk-1

(K. Cordes and D. Srivastava, unpublished data), both necessary

factors for c-Fos induction, are not subject to direct regulation by

miR-1. Therefore, the mechanism by which miR-1 modulates

c-Fos levels in mammalian heart remains to be determined.

However, previous studies have indicated that JNK signaling is

activated during hypertrophic stimuli (Ramirez et. al 1997,

Wang et al., 1998) and, in particular, is critical to the activity of

TCF/Elk-1 on the c-Fos promoter (Cavigelli et al., 1995). There-

fore, it is possible that in the murine heart, miR-1 modulation of

JNK activity may indirectly affect c-Fos levels through changes

in the phosphorylation of TCF/Elk-1 (Figure S8C). It is intriguing

that, over millions of years of evolution, the networks regulated

by amiRNA can be conserved, but by virtue of themyriad targets

of a miRNA, the points at which a miRNA can impinge on the

network may diverge. Analogous to what we observe here,

miR-1 directly targets the cardiac developmental transcription

factor, Hand2, in mice but not in flies, yet regulates cardiogene-

sis in both species (Zhao et al., 2005; Kwon et al., 2005; Han

et al., 2006). It will be interesting to determine if this is a common

feature in the evolutionary development of miRNA-mediated

gene regulation.

EXPERIMENTAL PROCEDURES

Drosophila Stocks

Flies with genomic deletions (deficiencies) were ordered from Bloomington

Stock Center (Bloomington, IN) and DrosDel (Cambridge, UK). The following

fly lines were generously provided by their creators: DdmiR-1 (C. Kwon, Glad-

stone Institute, San Francisco), UAS-dmiR-7 (Eric Lai, Sloan-Kettering Insti-

tute, New York). Fly lines not specifically mentioned in the text were obtained

from the Bloomington Stock Center. Wild-type control flies areW1118. Overex-

pression of transgenes was achieved using the UAS-GAL4 system (Brand and

Perrimon, 1993). The following Gal4 and UAS lines were used: dpp-GAL4

(Bloomington Stock Center), tinCD4-GAL4 (R. Bodmer, Burnham Institute,

La Jolla, CA), UAS-kay[N-Ala], UAS-kay[C-Ala] (D. Bohmann, University of

Rochester, Rochester, New York).

Wing Hair Polarity Scoring

Flies were anesthetized with CO2 and euthanized with isopropanol.

Wings were removed and mounted on histology slides with Canada Balsam

(Sigma). Hairs were counted at 203 magnification with ImagePro software

(MediaCybernetics), and misaligned hairs were scored manually. A minimum

of five animals per genotype were assayed.

Immunohistochemistry

Antibody staining was performed as described (Han et al., 2002). Cy3- or FITC-

conjugatedsecondaryantibodies (JacksonLaboratory)wereusedforfluorescent

confocalmicroscopy. All the secondary antibodies were used at 1:200. Embryos

with fluorescent staining were mounted in VectaShield (Vector Laboratories)
en) in wild-type (W1118) Drosophila hearts (left). Confocal images showing Nmr

age 16 embryos (right).

e 16 embryos, with Nmr and Slit expression in red and green, respectively.

e 16 embryos, with Nmr and Slit expression in red and green, respectively.

e 16 embryos, with Nmr and Slit expression in red and green, respectively.

stage 16 embryos, with Nmr and Slit expression in red and green, respectively.

cted embryos, according to genotype. Scoring was based on the degree of

cted embryos, according to genotype and temperature.

cted embryos, according to genotype.

ted embryos, according to genotype.
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Figure 6. miR-1-2 Limits Stress-Induced Activation of the kay Ortholog, c-Fos, in Mouse Hearts

(A) Quantification of mRNA levels for mouse orthologs of genes found to have a genetic interaction with dmiR-1 in wild-type (black) or a-MHC-miR-1 transgenic

(Tg) mice (yellow). *p = < 0.05. dll1:delta-like-1, Irx4,5,6: Iroquois family 4,5,6. All values normalized to GAPDH levels. **Not detectable. n = 4 animals for each time

point. Error bars are represented as standard error of the mean.

(B) Time course of c-Fos or miR-1 expression after thoracic aortic banding (TAB) by qPCR in wild-type mice.

(C) Time course of c-myc (left), c-Jun (middle) and c-Fos (right) expression as determined by qPCR analysis after TAB. Wild-type animals (black), a-MHC-miR-1

transgenic mice (yellow) and miR-1-2 null (blue) mice are indicated.

(D–E) Western blots of mouse hearts at time points of maximal c-Fos induction in miR-1-2 null (ko) (D) or a-MHC-miR-1 transgenic (Tg) animals (E) after TAB.
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and preparations were analyzed using Zeiss LSM510 and BioradMRC-1024MP

confocal microscopes. The following primary antibodies were used in this study:

rabbit anti-Tinman, 1:1000 (Venkatesh et al., 2000); rabbit anti-b-galactosidase,

1:2000 (Invitrogen); mouse anti-b-galactosidase, 1:500 (Sigma); rabbit anti-

DMef2, 1:2000 (Lilly et al., 1995); rabbit anti-Nmr, 1:500 (Leal et al., 2009); mouse

anti-Slit 1:500 (Hybridoma Bank, Univ. of Iowa); rabbit anti-Eve, 1:300 (Frasch

et al., 1987). c-Fos 1:200 (Santa Cruz) and a-Actinin antibody 1:800 (Sigma)

were used for immunohistochemistry of mouse heart sections.

Thoracic Aortic Banding Model

The protocol was approved by institutional guidelines (University of California,

San Francisco). Mice (8 weeks old) were anesthetized with 2.4% isoflurane/

97.6% oxygen and placed in a supine position on a heating pad (37�C).
Animals were intubated with a 19G stump needle and ventilated with room
508 Developmental Cell 20, 497–510, April 19, 2011 ª2011 Elsevier I
air with a MiniVent Type 845 mouse ventilator (Hugo Sachs Elektronik-Harvard

Apparatus, Germany; stroke volume 250 ml, respiratory rate 120 breaths per

minute). Pressure overload was induced by TAB. A 3-mm left-sided thora-

cotomy was created at the second intercostal space. The transverse aortic

arch was ligated (7-0 Prolene) between the innominate and left common

carotid arteries with an overlying 27 gauge needle. The needle was removed,

leaving a discrete region of stenosis. The chest was closed, and the left-sided

pneumothorax was evacuated. Some mice were subjected to a sham opera-

tion in which the aortic arch was visualized but not banded. Perioperative

(24 hr) mortality was <10%.

Quantitative Real-Time PCR

For mouse q-PCR, RNAwas extracted by TRizol method (Invitrogen) from indi-

vidual hearts. q-PCR was performed using the Superscript III first-strand
nc.



Developmental Cell

Regulation of Cardiac Cell Polarity by miR-1
synthesis system (Invitrogen). q-PCR was performed using the ABI 7900HT

(TaqMan, Applied Biosystems), per the manufacturer’s protocols. Optimized

primers from Taqman Gene Expression Array were used. miRNA RT was con-

ducted using the Taqman MicroRNA Reverse Transcription Kit (Applied

Biosystems). miRNA q-RT-PCR was performed per the manufacturer’s proto-

cols by using primers from Taqman MicroRNA Assays (Applied Biosystems).

Expression levels were normalized to GAPDH expression and U6 (microRNA

q-PCR).

Western Blots

Western blots were performed as described (Zhao et al., 2005). Rabbit anti-c-

c-Fos (Cell Signaling) and rabbit anti-GAPDH (Santa Cruz) were used at 1:1000

dilutions for western blots. All western blots were quantified using Alpha

imager software from Alpha Innovations.

Statistics

Analysis of the rates of enhancement or suppression in the genomic screen

were analyzed using the chi-square test. Luciferase assays, q-PCR, and quan-

tification of immunohistochemistry were analyzed using the one-way

Student’s t test. Error bars are represented as standard error of the mean.

Sample numbers were indicated in corresponding figures.

S2 Luciferase Assays

S2 cells were maintained at room temperature in Schneider’s Drosophila

Medium (GIBCO) supplemented with 10% FBS. Effectene Transfection

Reagent (QIAGEN) was used for each transfection according to QIAGEN’s

protocol. For each well of a 24-well plate, 200 ng of pGL3-target (e.g., kay)

30 UTR, pUAS-dmiR-1, pMT-GAL4 and 50 ng of Renilla were transfected,

alongwith vector only as a negative control. Luciferase assayswere performed

as described with the Dual-Luciferase Reporter Assay System (Promega).

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures and one table and can be

found with this article online at doi:10.1016/j.devcel.2011.03.010.
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