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Serum response factor regulates a
muscle-specific microRNA that targets
Hand2 during cardiogenesis

Yong Zhao't, Eva Samal®*t & Deepak Srivastava'*f

Gradients of signalling and transcription factors govern many aspects of embryogenesis, highlighting the need for
spatiotemporal control of regulatory protein levels. MicroRNAs are phylogenetically conserved small RNAs that regulate
the translation of target messenger RNAs, providing a mechanism for protein dose regulation. Here we show that
microRNA-1-1 (miR-1-1) and miR-1-2 are specifically expressed in cardiac and skeletal muscle precursor cells. We found
that the miR-1 genes are direct transcriptional targets of muscle differentiation regulators including serum response
factor, MyoD and Mef2. Correspondingly, excess miR-1 in the developing heart leads to a decreased pool of proliferating
ventricular cardiomyocytes. Using a new algorithm for microRNA target identification that incorporates features of RNA

structure and target accessibility, we show that Hand2, a transcription factor that promotes ventricular cardiomyocyte
expansion, is a target of miR-1. This work suggests that miR-1 genes titrate the effects of critical cardiac regulatory
proteins to control the balance between differentiation and proliferation during cardiogenesis.

Cellular differentiation and organogenesis involve restricted zones of
transcriptional regulation that govern gene expression patterns
during specific temporal windows. One mechanism for regulating
the target genes activated by transcriptional regulators involves the
dose-sensitive response of cis elements to gradients of DNA-binding
proteins. In this scenario, differences in the levels of transcription
factors result in the activation or repression of diverse target genes,
allowing finer control of the spatial and temporal events of
organogenesis.

MicroRNAs (miRNAs) mediate a recently recognized form of
translational inhibition that alters the levels of critical regulators,
thereby providing a mechanism for spatiotemporal control of
developmental and homeostatic events across a wide range of
plants and animals'”. Genetic studies in Caenorhabditis elegans
and Drosophila melanogaster suggest important functions for specific
miRNAs in cell death and proliferation through direct interaction of
miRNAs with target sequences in messenger RNAs*"''. However,
understanding the specific roles of miRNAs and the regulatory
pathways they control has been limited by a lack of reliable and
specific methods for identifying miRNA targets.

The transcriptional regulation of cardiomyocyte differentiation
and cardiogenesis is highly conserved and requires sequential acti-
vation and/or repression of different genetic programmes'>"*. Early
cardiomyocytes proliferate even as they begin to differentiate, but
exit the cell cycle as differentiation progresses. Serum response factor
(SRF) binds to CArG boxes in the regulatory region of numerous
muscle-specific and growth-regulated genes, and thus has a dual role
in regulating the balance between proliferation and differentiation
during cardiogenesis'*"". Failure to maintain an adequate pool of
undifferentiated myocyte precursors could result in organ hypopla-
sia, as observed in mice and zebrafish that lack the Hand transcrip-
tion factor Hand2 (refs 18-23). Although dynamic temporal and

spatial expression of regulatory pathway components is important in
cardiogenesis, whether miRNAs are involved in refining cardiac
transcriptional activity is unknown.

Here, we show that the cardiac and skeletal muscle-specific
miRNA genes miR-1-1 and miR-1-2 are expressed in a chamber-
specific manner during cardiogenesis and are activated during the
period of differentiation. We find that both genes are direct targets of
SRF and its potent co-activator myocardin, and that they are involved
in negatively regulating ventricular cardiomyocyte proliferation®.
We provide evidence that RNA accessibility is a principal feature of
miRNA target recognition, and have incorporated this observation
with cross-species sequence matching to identify Hand2 as an
evolutionarily conserved target of miR-1. This work reveals a new
mechanism for regulating the balance between muscle differentiation
and proliferation during organogenesis, and might provide a reliable
and specific method for identification of microRNA targets.

miR-1 in developing cardiac and skeletal muscle
To determine whether miRNAs have a role in cardiac development or
homeostasis, we searched for miRNAs that were expressed in the
mouse cardiovascular system and were conserved across species
ranging from flies to humans. On the basis of our in silico data and
previous reports, the miR-1 subfamily seemed to be cardiac-
enriched”?®. The miR-1 subfamily consists of two closely related
miRNAs encoded by distinct genes that share near complete identity
and are designated miR-1-1 and miR-1-2 (Fig. 1a). Northern blot
analysis revealed that both miR-1 genes were 21 base pairs (bp) in
length and were expressed specifically in the heart and skeletal muscle
of adult mice (Fig. 1b and Supplementary Fig. 1).

Owing to the similarity in the miR-1-1 and miR-1-2 sequences, and
the small size of miRNAs, the relative expression of each miR-1 gene
could not be determined, nor could mRNA in situ hybridization
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delineate the embryonic expression domains of the two genes. In
order to define the tissue-specific expression and regulation of miR-1
genes during embryogenesis, we searched for enhancers that might
regulate in vivo transcription of miR-1-1 or miR-1-2. Comparison of
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Figure 1| miR-1s are highly conserved and are cardiac- and skeletal-muscle-
specific. a, Sequence alignment of predicted miR-1 genes from the
indicated species. The eight 5'-nucleotides are highlighted in red;
non-conserved residues are in green. b, Northern blot of multiple tissues
hybridized using an miR-1-specific probe. The 70 bp unprocessed form
(arrowhead) and 21 bp miR-1 (arrow) are indicated. ¢, Comparison of the
miR-1-1 and miR-1-2 promoter regions between mouse and human.
Percentage conservation of a 4.6 kb or 10.7 kb genomic region around
miR-1-1 or miR-1-2 (respectively) is shown. d, e, Whole-mounts and
sections showing embryonic expression of miR-1-1 (d) or miR-1-2 (e),
shown by (-gal activity driven by the genomic fragments indicated in c.
Arrowheads in d indicate the inner curvature. Abbreviations: a, atrium;
h, head; ht, heart; lv, left ventricle; ot, outflow tract; rv, right ventricle;

s, somites; v, ventricle.
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genomic sequences across species using rVISTA revealed that a
4.6 kilobase (kb) and 10.7 kb genomic region around miR-1-1 and
miR-1-2, respectively, was conserved between human and mouse
(Fig. 1c). The 4.6 kb miR-1-1 fragment was sufficient to direct lacZ
expression in the hearts of transgenic mice after embryonic day
(E)8.5 (Fig. 1d), with expression at the early stages being strongest in
the inner curvature of the looping heart tube and atria. The inner
curvature is less proliferative than the outer curvature, which
expands and balloons ventrally to form the cardiac chambers.
Cardiac expression of lacZ became more robust and uniform as
cardiomyocyte differentiation proceeded, and expression in the
myotome of somites also became apparent as skeletal muscle differ-
entiation began (Fig. 1d). Similarly, the 10.7 kb miR-1-2 fragment
contained all the regulatory elements necessary to drive lacZ
expression in the embryonic ventricles (but not the atria) and
somites at stages corresponding to that described for miR-1-1
(Fig. 1e). Both miR-1 enhancers directed expression in the outflow
tract of the heart, which arises from a secondary heart field”, distinct
from the primary heart field that contributes to atrial and left
ventricular myocardium (Fig. 1d, e).

SRF regulates miR-1 in the heart

Deletion analyses of the miR-1 enhancers suggested that a 2.6 kb and
0.35 kb region was sufficient for full miR-1-1 and miR-1-2 expression,
respectively (Fig. 2a, b). Within these regions we noted several cis
elements conserved between human and mouse that represented
potential binding sites for the essential cardiac transcription factors
Mef2, SRE, Nkx2.5 and Gata4. SRF sites in the miR-1-1 and miR-1-2
enhancers were nearly identical and highly conserved in human,
mouse and chick, as were Mef2 sites in miR-1-1 and MyoD sites in
miR-1-2 (Fig. 2¢, d). In transgenic mice, the Mef2 site in the miR-1-1
enhancer was dispensable for cardiac expression but was necessary
for full somite regulation. Mutation of the miR-1-1 SRF site abolished
expression in the heart, and disruption of both the Mef2 and SRF
sites abolished all activity of the enhancer (Fig. 2a). Consistent with a
cardiac requirement for SRF, mutation of the SRF site in the miR-1-2
regulatory region disrupted cardiac expression of miR-1-2, and
mutation of the MyoD site only partially affected somitic expression
(Fig. 2b).

In electromobility shift assays, SRE, Mef2 and MyoD could each
specifically bind their respective sites in the miR-1-1 and mirR-1-2
enhancer regions (Fig. 2¢, d). SRF is a weak activator of numerous
muscle-specific genes and is thought to mediate muscle differentia-
tion by regulating decisions of cellular proliferation and differentia-
tion'*'>*®*°_ During cardiac and smooth muscle development, the
SAP-domain protein myocardin serves as a potent co-activator for
SRF and promotes muscle differentiation***>*'. Consistent with this,
we found that SRF was a weak activator of luciferase placed under the
control of the miR-1-1 or miR-1-2 enhancers, but acted synergisti-
cally with myocardin to activate the miR-1 gene enhancers (Fig. 2e
and data not shown); myocardin activity was dependent on an intact
SRF-binding site (Fig. 2e). Correspondingly, miR-1 transcripts were
undetectable in RNA from hearts lacking SRF through tissue-specific
disruption of the Srf gene®® (Fig. 2f). These data suggest that miR-1-1
and miR-1-2 function in SRF-myocardin-dependent pathways in
cardiac progenitor cells, and are responsive to MyoD/Mef2 in skeletal
muscle precursors.

miR-1 regulates ventricular cardiomyocytes

To determine whether the dosage of miR-1 target genes might be
important in the SRF-dependent balance of proliferation and differ-
entiation, we overexpressed miR-1 specifically in the developing
heart under the control of the $-myosin heavy chain (MHC)
promoter, which directs high levels of expression by E9.0. Over-
expression of miR-1 resulted in developmental arrest at E13.5,
secondary to thin-walled ventricles and heart failure (Fig. 3). The
more proliferative compact zone in the miR-1 transgenic embryos
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was only 3-5 cell layers thick, in contrast to non-transgenic litter-
mates, which contained layers of 8—10 cells. Analysis of mitogenic
activity using an antibody directed against phosphohistone H3
(Ser 10) revealed a significant decrease in the number of cycling
myocardial cells in miR-1 transgenic mice at E13.5 (Fig. 3), but no
increase in apoptotic cells was observed (data not shown). Thus, a
decrease in the protein levels of miR-1 targets during cardiogenesis
resulted in a proliferation defect and failure of ventricular cardio-
myocyte expansion. Given that miR-1 expression is regulated by
SRF and myocardin, this phenotype is consistent with premature
differentiation and early withdrawal of myocytes from the cell cycle'.

miR-1 targets Hand2 mRNA
Genetic studies in flies and worms have identified several validated
miRNA targets (Table 1). Recently, several computational methods
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have been developed for predicting miRNAs targets based on the
fundamental assumption that the 5'-nucleotides of miRNAs are
most critical for target recognition®*”. Although sequence-based
predictions have been successful in plants, the algorithms used to date
for non-plant miRNAs often result in few overlapping targets®**.
With few exceptions®*, large-scale predictions have not yet been
validated by demonstration of miRNA activity on endogenous
targets in vivo.

Target accessibility has long been established as an important
factor for effective antisense oligonucleotide- and siRNA-mediated
silencing®, and we therefore postulated that it might also be involved
in miRNA target repression. Using mFold, we analysed all miRNA
targets identified to date and found that virtually all miRNA binding
sites in 3'-UTRs were located in ‘unstable’ regions on the basis of free
energy predictions (AG) and RNA structure. Table 1 lists the free
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Figure 2 | SRF, Mef2 and MyoD directly regulate embryonic expression
of miR-1. a, b, Deletion and mutation analyses of upstream enhancers of
miR-1-1 (@) or miR-1-2 (b). A summary of the effects of mutations
(asterisks) on cardiac or somite expression is presented. The bottom panel
shows representative images, with construct numbers indicated.

¢, d, Electrophoretic mobility-shift assay using radiolabelled probes (wild
type (WT) or mutant (MT)) for SRE, Mef2 or MyoD binding sites
(arrowheads). Asterisk indicates supershift in the presence of antibody.
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Cross-species conservation of binding sites (with distance upstream of
miR-1) is shown under the blots. e, Fold activation of luciferase downstream
of the miR-1-1 enhancer in COSI cells by SRF and myocardin with or
without a point mutation (MT) in the SRF-binding site. Error bars indicate
standard deviations. f, PCR with reverse transcription (RT-PCR) of miR-1
expression in hearts from mice heterozygous or homozygous for cardiac-
specific disruption of SRE.
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energy of the flanking 70 nucleotides 3' and 5' of the (one or more)
predicted miRNA target sequence(s) in the 3'-UTR of validated
target genes. The AG of the 5" or 3" flanking region around at least
one of the predicted miRNA binding sites within the 3'-UTR of each
target gene was significantly lower than the average AG of 60 random
3'-UTRs (70bp each) in the corresponding species (Table 1).
This suggests a locally linear RNA structure around the target
mRNA-binding site that cannot not form tight stems.

However, genes that had multiple putative binding sites typically
had several sites that were in regions of high AG. To resolve this
discrepancy, we compared the conservation of high AG versus low
AG sites in closely related worm (n = 3) or fly (n = 8) species in an
attempt to better predict the validity of true target sites (see
Supplementary Fig. 2). We found that virtually all high AG sites
had sequence differences in the critical 5 region of the miRNA,
several of which would clearly disrupt interaction, as seen in lin-14
(site VI for lin-4 binding) and lin-57 (site II for let-7 binding),
making it unlikely that such sites are true targets (see Supplementary
Fig. 2). In contrast, every low AG site was absolutely conserved across
all species, consistent with the idea that they might represent actual
target sites (see Supplementary Fig. 2). Consistent with the cross-
species data, previous deletion of high AG sites in lin-41 (sites III-VI
for let-7 binding) suggested that they were dispensible. Together,
mutational analyses and the conservation of target sites within
Caenorhabditis and Drosophila species support the predictive value
of the free energy of sequences flanking true miRNA target sites.
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Figure 3 | miR-1 regulates pool of proliferating ventricular cardiomyocytes
and ventricular expansion. a—d, Transverse sections of wild-type (a) or
B-MHC-miR-1 transgenic (b) hearts at E13.5. Boxed areas are shown below
at higher magnification (c, d), with the black bar illustrating the narrowed
width of the compact layer in transgenic hearts. e, f, Inmunohistochemical
staining in wild-type (e) and transgenic (f) hearts using an antibody specific
to phosphohistone H3, to mark proliferating cells. Arrows indicate
proliferating cells. g, Quantification of cycling cells shows a statistically
significant decrease (asterisk) in the number of proliferating cells in miR-1
transgenic hearts (n = 3). Error bars indicate standard deviations.
Abbreviations: la, left atrium; lv, left ventricle; ra, right atrium; rv, right
ventricle.
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In addition to the flanking sequence, we analysed the stability of
the predicted miRNA target sequence itself to determine whether we
could find RNA structural features that might affect accessibility and
enhance the specificity of target prediction. In a simplified view, the
secondary structure of RNA can consist of stems, loops or unstruc-
tured single strands. Long stems are stabilizing elements that might
render the RNA less accessible to miRNAs. All long loops, including
hairpin, interior, bulge and multi-branching loops, could be con-
sidered destabilizing elements. Unstructured single strands (includ-
ing joint sequences and free ends) are also destabilizing, and together
with other destabilizing elements, might represent structures that
permit miRNA and target sequence interaction. We found that no
validated target sites contained stabilizing elements, but most target
sequences did have destabilizing elements. Several putative sites that
had high AGs or had been experimentally dispensible also had
stabilizing elements. Consistent with this idea, reported mutations
in the spacer region between sites I and II in lin-41 (ref. 10), which
abolished miRNA repression, altered the secondary structure and
resulted in the loss of destabilizing elements (Table 1 and Supplemen-
tary Fig. 2). There were almost no exceptions to the association of
stabilizing elements or destabilizing elements with targets, suggesting
that the presence or absence of stabilizing elements and destabilizing
elements might have predictive value in an in silico screen for putative
miRNA targets.

On the basis of the above observations, we searched for putative
miR-1 targets using several assumptions and criteria (Fig. 4a). First,
we searched for mRNAs that were complementary to the first eight
nucleotides of miR-1. Second, consistent with recent reports of free
energy of binding*’, an A to G switch at the eighth nucleotide gave the
strongest AG, suggesting that a G-U wobble at this position would be
allowed (or possibly preferred) for miR-1 binding to its mRNA
targets. Third, we assumed that true 3'-UTR targets would share
conservation between chick, mouse, rat and human. Finally, we used
mPFold to analyse the local mMRNA secondary structure 70 bp 5" and 3’
of the putative miRNA binding site, selecting for instability within
the predicted region, and assessed the secondary structure of the
target sequence for the presence of stabilizing or destabilizing
elements.

Using these criteria, we scanned all known mRNA 3'-UTRs as
potential miR-1 targets. Approximately 13 mRNA 3'-UTRs matched
miR-1, and the putative target sequences were conserved across
species (Fig. 4b). However, most 5" and 3’ flanking regions had
AGs that were close to the species average, and did not suggest local
instability (Fig. 4b). To validate putative targets and to test whether
the AG and stabilizing/destabilizing elements would add further
specificity to our in silico screen, we selected for further study a few
predicted targets that were co-expressed with miR-1 genes in the
heart or skeletal muscle. One of these, the transcription factor Hand2
had a particularly unstable 5" region, with a AG of —4.6 kcal mol ™.
Animals lacking Hand2 show characteristic failure of ventricular
cardiomyocyte expansion'®?**>>. We also tested thymosin §4, a
cardioprotective G-actin-sequestering protein expressed during
cardiogenesis® that does not have a predicted AG lower than the
average but shows high sequence complementarity with miR-1 (see
Supplementary Fig. 3).

Previous studies suggest that miRNA-binding sites are transferable
and sufficient for conferring miRNA-dependent translational repres-
sion®>*2. To test this, we placed multimers of about 80 bp containing
the predicted miR-1 target site from Hand2 or thymosin 34 3'-UTRs
into the 3'-UTR of a luciferase reporter plasmid (Fig. 4c). We
introduced the luciferase expression vector under a constitutively
active promoter with or without miR-1 into COS1 cells and
measured the level of luciferase enzyme activity to determine the
effects of miR-1 on luciferase translation. Transfection of the Hand2
chimaeric luciferase reporter into COSI cells, which do not express
any endogenous miR-1 (Fig. 1b), consistently resulted in decreased
luciferase activity when wild-type miR-1 was also transfected
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Table 1| In silico analysis of previously described miRNA targets

NATURE|Vol 43614 July 2005

Organism miRNA Target Site AG for 5" 70 bp AG for 3' 70 bp DSE SE
(—kcalmol™") (—kcalmol™)
C. elegans (avg. AG = 7.2) Lin-4 lin-14 | 7.7 3.4 - -
Il 7.8 1.5 IL -
I 2.6 4.2 HL -
[\ 5.0 83 - -
\Y 4.2 10.6 - -
VI 9.3 8.7 - Stem
Vil 32 3.0 Joint -
Lin-28 | 0.6 101 Free end -
lin-57 | 10.2 8.2 Joint -
Il 3.1 4.8 HL -
let-7 lin-41 | 0.6 7.6 Joint -
Il 9.4 7.2 MBL -
11 6.2 7.2 IL -
[\ 8.1 6.3 IL -
vV 5.1 9.4 HL, free end Stem
VI 124 59 HL Stem
lin-41 (MT) | 0.6 4.4 - -
Il 6.6 7.2 - -
daf-12 | 1.6 10.2 IL -
Il 89 11 HL, free end -
lin-57 | 1.5 3.9 MBL -
Il 8.1 8.8 - -
I 59 4.7 Free end -
[\ 23 0.7 MBL -
V 03 0.1 HL -
VI 0.2 0.3 HL, free end -
VIl 0.7 3.8 Free end -
VI 03 9.0 Free end -
Isy-6 cog-1 | 11 1.7 Free end -
miR-273 die-1 | 3.8 0.3 Free end -
Il 4.1 55 MBL -
D. melanogaster (avg. AG = 8.5) bantam Hid | 3.4 8.6 HL -
Il 9.5 9.2 HL -
I 13 4.1 Free end -
[\ 24.7 19.2 - -
Vv 8.6 7.2 Joint -
M. musculus (avg. AG =13.4) miR-196 Hoxb8 | 12.8 1.6 HL -
miR-375 myotrophin | 9.2 7.2 - -

Free energy (AG) analysis of sequence flanking each putative target binding site, and description of the destabilizing elements (DSE) or stabilizing elements (SE) within binding sites.

HL, hairpin loop; IL, interior loop; MBL, multi-branching loop; MT, mutant.

(Fig. 4d). This was uniformly true for the putative miR-1 target
region from the 3'-UTR of mouse, chick, frog or fish, suggesting
evolutionary conservation of Hand2 as a target of miR-1 (Fig. 4d and
Supplementary Fig. 4). In this assay, the 3'-UTR of thymosin 34 also
resulted in decreased luciferase activity. A mutant target sequence of
Hand2 or thymosin 34 fused to the 3'-UTR of luciferase was not
responsive to wild-type miR-1, suggesting specificity of the repres-
sion effect. Furthermore, mutant miR-1 genes (see Supplementary
Fig. 4) had no effect on the wild-type target sequences, but could
partially repress translation of luciferase transcripts containing the
complementary mutant 3'-UTRs (Fig. 4d and Supplementary Fig. 4).

Although the ability of miRNAs to repress translation of chimaeric
luciferase reporters is a useful screening tool, it remains a surrogate
for testing the effects of miRNAs on their putative targets and can
result in misleading assessment of targets. To more directly test the
validity of putative targets, we asked whether miR-1 could repress
endogenous protein expression in vivo in transgenic mice (Sup-
plementary Fig. 5). Western blots of transgenic heart protein over-
expressing miR-1 postnatally showed a significant decrease in Hand2
protein levels compared with non-transgenic littermates, confirming
Hand2 as a miR-1 target in vivo (Fig. 4e). No change in mRNA levels
of Hand2 was noted (Fig. 4e). Together, the in silico, in vitro and
in vivo data provide compelling evidence that Hand?2 is a true target
of miR-1 during cardiogenesis. In contrast, we did not detect any
difference in thymosin 34 protein levels in the miR-1-overexpressing
transgenic hearts compared with wild type, despite perfect sequence
complementarity and conservation (Fig. 4e and Supplementary
Fig. 3). This is consistent with the regions of high AG around the
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target sequence of thymosin 4. Similarly, despite the low AG for
another putative target, insulin-like growth factor 1 (Igf1), we did not
detect any change in IGF1 protein levels in transgenic hearts,
consistent with the presence of a stabilizing element in the target
sequence (Fig. 4b).

Discussion
Here we have described a conserved cardiac- and skeletal-muscle-
specific regulatory pathway involving an SRF—myocardin-dependent
miRNA that regulates translation of the central cardiac transcription
factor Hand2. The early exit of cardiomyocytes from the cell cycle
upon overexpression of miR-1 might reflect the role of miR-1
downstream of SRF and myocardin, to more finely regulate the
balance between cell proliferation and differentiation. The potential
role for miR-1s in mediating the effect of MyoD on skeletal muscle
differentiation might be equally important and awaits future studies.

The observation that miR-1 expression begins after cardiac loop-
ing and becomes robust only later is consistent with a model in which
temporal regulation of Hand2 activity is necessary for cardiac
differentiation. Through regulation of Hand2 (and probably other
critical factors), miR-1s appear to regulate their targets temporally
and spatially, contributing to multiple aspects of cardiogenesis. This
type of regulation might be common during embryogenesis in
order to titrate the effects of critical signalling and transcriptional
pathways, and allow appropriate decisions regarding cell fate,
proliferation and differentiation.

The algorithm we used to predict miRNA targets is based on
observations from previously validated targets and is an attempt to
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Figure 4 | Prediction and validation of miR-1 targets. a, Algorithm for

in silico prediction of microRNA targets. b, List of mRNA sequences with
conserved sequence matching with miR-1 across species. Predicted AG
(—kcal mol ") of 70bp 5" and 3’ flanking regions neighbouring potential
target sites is shown. Presence of stabilizing elements (SE) or destabilizing
elements (DSE) in the target sequence structure. ¢, Approach for testing the
transferability of the miR-1 target sequence to the luciferase reporter using

develop certain ‘principles’ that appear to be followed by known
miRNAs and their targets*'"******. The major difference between
our approach and that of others is the additional evaluation of the
energy states of sequences flanking the miRNA target (AG) and the
presence or absence of stabilizing/destabilizing elements in target
RNA. Consistent with RNA secondary structure having an important
role in miRNA target accessibility, ATP-assisted unwinding of
RNA secondary structure does not seem to be involved in target
recognition by short interfering (si)RNA*>*. We propose a model
in which miRNAs preferentially target 3'-UTR regions with less
complex secondary structure that are more accessible. The criteria
described here may lead to increased specificity of target prediction,
perhaps at the expense of sensitivity. Formal testing of this model will
be possible as additional, biologically validated microRNA targets are
identified.

METHODS
Bioinformatics. Multiple sequence alignment was performed with ClustalX 1.83
using appropriate settings, and promoter analysis was performed with rVISTA.
PatScan*’ program was used for target searches, and energy states and RNA
folding were determined using mFold*®. Average AG values in each species were
determined by randomly selecting 60 3'-UTR fragments of 70 bp in length.
We determined the RNA secondary structure of each miRNA-binding site
plus 30 bp flanking sequence on each side. On the basis of our observations, we
set the following values as a cutoff to define stabilizing and destabilizing
elements. Average stem length was calculated for each species from at least 60
randomly selected sequences, and cutoff for a stabilizing element stem was
defined as: =8 bp (worms), =9 bp (flies), =10 bp (mice). Loops or unstructured
single strands were defined as destabilizing elements with the following cutoff
lengths: hairpin loop, =11 bp; interior loop, =9 bp; bulge loop, =7 bp; multiple-
branching loop, =11 bp; joint sequence and free end, =11 bp.

multimerized copies of wild-type or mutant (asterisks) sequence. TK,
thymidine kinase promoter. d, Relative luciferase activity under various
conditions using the 3'-UTR target sequence of mouse Hand2 and the target
sequence of thymosin 34 transferred to the luciferase 3'-UTR (TK-Hand2 or
TK-TB4, respectively). Error bars indicate standard deviations. e, Western
blot of protein from wild-type hearts and transgenic hearts overexpressing
miR-1. RNA transcript levels were equal, as seen by RT-PCR (bottom panel).

Plasmid construction. Target sequences and their mutant forms were syn-
thesized as DNA oligonucleotides. After annealing and concatamerization, four
copies of the target sequence were excised using a sized gel, blunt ended and sub-
cloned into a pGL-TK vector. To express miR-1 genes in COS] cells, the genomic
sequence containing pre-miR-1 gene sequences plus about 50 bp flanking each
side were inserted into pcDNA3. Site-directed mutagenesis by polymerase chain
reaction (PCR) was performed using Pfu DNA polymerase.

Cell transfection, EMSA, luciferase assay, northern and western blotting.
Plasmid transfection was performed in 12-well plates using FuGENE 6 (Roche).
An RSV-lacZ expression construct was co-transfected to normalize for transfec-
tion efficiency. Luciferase and §-galactosidase activities in the cell extract were
assayed 36 h after transfection using a luciferase assay system (Promega). All
experiments were repeated at least three times, and representative results are
shown. Northern blotting was performed as previously described®. Western
blotting was performed on heart lysates using standard methods with specific
antibodies. Electrophoretic mobility-shift assays (EMSA) were performed as
previously described®.

Transgenic mice. Transgenic mice were generated and $-galactosidase staining
and histological analyses were performed as previously described*’. For promo-
ter analysis, different fragments were subcloned into a pHsp68lacZ reporter
vector. For overexpression studies, pre-miR-1 plus flanking sequence was
subcloned into a-MHCclone26 or 3-MHCclone32 vectors.
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