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USES AND COMPOSITIONS COMPRISING
MIRNAS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the U.S. national stage application
under 35 U.S.C. §371 of International Application No. PCT/
EP2007/007131, filed Aug. 3, 2007, which claims benefit of
Great Britain Patent Application No. GB 0615609.5 filed
Aug. 4, 2006, each of which is hereby incorporated by refer-
ence in its entirety.

The present invention relates to the use of miRNAs in
therapy, and to compositions comprising them.

MiRs, first transcribed as long primary transcripts (pri-
miRs), are processed in the nucleus by the RNase III enzyme
Drosha to generate a 60-120 nucleotide precursor containing
a stem-loop structure, known as pre-miR. This precursor,
exported into the cytoplasm by the nuclear export factor
Exportin-5 and the Ran-GTP cofactor, is finally cleaved by
the RNase enzyme Dicer to release the mature miR.

Growing evidence indicates that microRNAs (miRs) are
implicated in basic cell functions and oncogenesis. MicroR-
NAs (miR) are small conserved RNA molecules of ~22 nt',
which negatively modulate gene expression in animals and
plants, mostly via base paring to the 3'UTR of target mRNAs
leading to mRNA cleavage and/or translation repression’.
Currently, more than 300 miRs have been identified in
humans and other eukaryotic species (miR registry,
www.sanger.ac.uk/Software/Rfam/mirna/index.shtml).

MiRs are phylogenetically conserved®” and are involved
in a variety of basic biological processes, e.g., cell prolifera-
tion and apoptosis®’, neural development?, haematopoiesis®
o, fat metabolism'®, insulin secretion'', and stress response’.
In fact, bioinformatic analysis predicts that each miR may
regulate hundreds of targets, thus suggesting that miRs may
play a role in almost every biological pathway'®. Recent
studies indicate that miRs are implicated in cancer, where
they can act as tumour suppressors or oncogenes“. Con-
versely, their possible involvement in other abnormal condi-
tions, e.g., heart disease, has not been explored yet.

Several miR genes are expressed in a tissue-specific man-
ner'. The muscle-specific miR-1 inhibits cardiac myocytic
cell (CMC) proliferation via Hand2, a transcription factor
regulating ventricular CMC proliferation'®. On the other
hand, miR-1 favours CMC differentiation via a complex cir-
cuit. Specifically, miR-1 (a) is activated by muscle differen-
tiation factors such as SRF and MyoD and (b) represses the
translation of HDAC4, an inhibitor of muscle differentiation,
mainly through the transcription factor MEF2C">. In Droso-
phila, dmiR-1 is involved in regulating muscle precursor
differentiation'®. Targets of dmiR-1 comprise Delta, a mem-
brane bound ligand of Notch playing a role in cardiac cell
determination'®.

CMCs respond to stress by undergoing hypertrophy, which
is mediated by extracellular stimuli, including cytokines or
pressure stimuli that activate diverse signal transduction path-
ways. These, in turn, induce a reprogramming of cardiac gene
expression and the activation of “foetal” cardiac genes, e.g.,
atrial natriuretic factor (ANF), skeletal muscle actin (SkA),
and P-myosin heavy chain (B-MHC), encoding proteins
involved in contraction, calcium handling, and metabolism.
This transcriptional reprogramming correlates with loss of
cardiac function'”. Conversely, improvement in cardiac func-
tion in response to drug therapy or implantation of a left
ventricular assisting device is accompanied by normalisation

of cardiac gene expression'”.
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The cardiac-specific miR, miR-133 and miR-1, are critical
in determining hypertrophy of cardiac myocyte cells (CMC),
and that restoration of levels of expression thereof can alle-
viate the symptoms of CMC hypertrophy.

Thus, in a first aspect, the present invention provides the
use of RNA comprising all, or a substantial part, of SEQ. ID
NO. 1 (miR-133) or SEQ.IDNO. 2 (miR-1), preferably SEQ.
ID NO. 1, or amutant or variant thereof, in the manufacture of
a medicament for the treatment or prophylaxis of cardiac
disease.

SEQ. ID NO. 1 is 3'-UGUCGACCAACUUCCCCUGGUU-5'.

SEQ. ID NO. 2 is 3'-AUGUAUGAAGAAAUGUAAGGU-5'.

It will be appreciated that reference to miR 133 includes the
minor variants miR133a and miR133b. The sequence of
miR133a is that given in SEQ ID NO. 1 above, whist the
sequence of miR133b differs in that the 3'-UG of miR-133a
(asunderlined above) is replaced simply by 3'-A in miR133b.
Thus, the sequence of miR133b is 3'-
AUCGACCAACUUCCCCUGGUU-5' (SEQ ID NO. 15).
‘Antogmirs of miR133b are also envisaged. Whilst miR133b
is preferred, miR133a is even more preferred.

MiRs do not need to correspond directly to that part of the
mRNA that they interact with. Accordingly, it is not always
clear where the binding site on the mRNA is and, indeed, it is
possible that the miR interacts with one or more sites on the
same mRNA. In general, however, miRs have been found to
bind with the UTR and, although binding of the miRs of the
present invention is generally discussed in relation to UTRs,
it will be appreciated that any reference to UTR in the context
of miR binding also includes reference to any mRNA site to
which the miR binds, or with which it interacts.

Preferred antagomirs are the complementary to miR 133 or
miR 1, preferably the sequences to SEQ ID NO. 1 and SEQ ID
NO. 2 and are provided as:

(5' -ACAGCUGGUUGAAGGGGACAA-3"') ; SEQ ID NO. 13
and
(5' -UACAUACUUCUUUACAUUCCA-3"') . SEQ ID NO. 14

Inthe above SEQ. ID’s, the bold septamers are preferred to
be conserved, as it is considered that these are seed sequences
for initiating binding to the target RNA, so that it is strongly
preferred to retain these sequences in any mutants or variants
in order to ensure activity.

As can be seen from accompanying FIGS. 7 and 8, miR-
133 binds to NELF-A and CDC-42 mRNAs, each at 2 puta-
tive sites. In none of the 4 sites shown is the match perfect.
Thus, it will be appreciated that the sequence of miR-133 may
be modified, whilst still binding to the target mRNAs.

The sequence of miR-133 may be mutated or varied by up
to 50% whilst still exhibiting sufficient levels of binding to
CDC-42 mRNA, but it is generally preferred that mutants and
variants differ from miR-133 by no more than 40%, prefer-
ably no more than 30% and more preferably no more than
20%. In particular, it is preferred that the sequence difference
is 10% or less, and it is most preferred that there be no
variation in sequence. However, it may be desirable to trun-
cate SEQ. ID NO. 1 (miR-133) or SEQ. ID NO. 2 (miR-1).
This may be by removing one or two nucleotides from each or
either end of miR-133. More nucleotides may be removed, if
desired, but it is generally preferred to limit the removal of
nucleotides to no more than 5 residues, in total.
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The RNA of the present invention may consist of the
sequence of SEQ. ID NO. 1 or SEQ. ID NO. 2, optionally
modified as discussed above. The RNA of the invention may
also comprise such a sequence as a part thereof, together with
one or more additional sequences to form a longer polynucle-
otide sequence. It will also be noted that mutants, as discussed
below, may comprise additional nucleotides within the
sequence, although this is not generally preferred and, where
such additions occur, then it is preferred to limit such internal
additions to no more than 3 nucleotides, preferably as a spot
mutation. Longer polynucleotide sequences arising through
additional sequences at one or other, or both, of the 3' and 5'
ends should preferably be no longer than the mRNA to which
they are binding and, in any case, must be capable of exerting
anti-hypertrophic effects in CMCs. Such effects may be mea-
sured by inducing hypertrophy and assaying whether the
putative RNA is able to counteract the induced hypertrophy,
as described in the accompanying Examples.

RNA of the present invention may consist of anywhere up
to about 150 nucleotides. This will generally take the form of
aprimary transcript, which will be cleaved in the cytoplasm to
an oligonucleotide of about, or preferably exactly, the length
of SEQ. ID NO. 1.

The RNA of the present invention must be capable of
exerting anti-hypertrophic effects in CMCs, but such effects
need not be exhibited directly by the RNA where intracellular
processing of the RNA takes place prior to activity being
exhibited.

The preferred RNAs of the present invention comprise at

least the cytidine tetramer of SEQ. ID NO. 1 or SEQ. ID NO.
2, and are capable of binding to both CDC-42 mRNA and
NELF-A mRNA.
RNA of the present invention has its effect in the CMCs, in
general, and any suitable means for introducing the RNA of
the invention into the cells is acceptable. Suitable methods
include the gene gun and viral capsids. In particular, it is
preferred that any delivery method be targeted at CMCs, for
example with the vehicle being bound to an antibody recog-
nising a CMC antigen. The invention, therefore, further pro-
vides a use as defined, wherein the medicament comprises a
vector suitable to introduce the RNA into CMCs.

Treatment with a medicament comprising the RNA of the
invention provides short term relief from a hypertrophic con-
dition. If longer term relief is required, then introduction of
DNA encoding the RNA of the present invention to the cells
is provided as an aspect of the invention. Any suitable tech-
niques for transforming target cells in vivo may be employed,
including the use of suitable retroviruses and lentiviruses, for
example adenovirus. The DNA encoding the RNA is prefer-
ably in the form of an expressible gene, which may express
the miR directly, or which preferably expresses a primary
transcript, as discussed above. It will be appreciated that any
such gene preferably comprises transcription control
sequences, particularly for initiation and termination of tran-
scription. Such a gene is particularly present in a plasmid
which may simply be used to transfect the target cell, or the
delivery vehicle, such as a retrovirus, may suitably be selected
to incorporate the DNA into the genome via reverse transcrip-
tion of an RNA corresponding to the DNA of the invention.

In instances where it is determined that expression of miR-
133 is deleterious, then it may be desirable to administer
small interfering RNA (siRNA) having an antisense sequence
to the RNA of the present invention. Such siRNA does not
necessarily have to bind the entire length of the miR, and the
skilled person will recognise that all that is required is that the
siRNA bind to the miR in such a manner that double stranded
RNA (dsRNA) is formed. Formation of dsRNA inhibits the
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action of the miR and generally leads to digestion of the
dsRNA. Suitable means for administering the siRNA are as
described above for miR, and it will be appreciated that it is
generally not preferred to reduce the level of miR to such an
extent that hypertrophy of CMCs occurs.

siRNA of the present invention may also be employed to
detect the presence of miR-133. For example, labelled siRNA
may be used to form a plate to detect the presence of the
desired miR. Anti-miR-133 antibodies may also be employed
in a similar fashion to determine levels of miR in a sample,
and determination of the levels of miR-133 may be used to
indicate the presence or absence, or tendency towards, CMC
hypertrophy.

The endogenous expression of miR-133 is dramatically
decreased in cardiac hypertrophy in both in in vitro and in in
vivo models. MiR-133 enforced expression suppresses
hypertrophy hallmark parameters, including increased CMC
size, protein synthesis, cytoskeletal structural reorganization
and re-expression of foetal genes. Conversely, suppression of
miR-133 by decoy sequences induces a dramatic CMC hyper-
trophy, which is even more pronounced than after agonist
treatment. We have also established that the targets of miR-
133 include the nuclear factor NELF-A, involved in heart
genesis, and the signal transduction kinase CDC42, impli-
cated in hypertrophy. Accordingly, miR-133 over-expression
or down-modulation causes an inverse fluctuation of
NELF-A and CDC42 at protein level, whereas mRNA
expression is unmodified. Without being bound by theory, it
appears that miR-133 is a master gene controlling cardiac
hypertrophy.

As noted above, miR need not be 100% faithful to the
target, sense sequence. Indeed, complete matching canlead to
cleavage of the target mRNA through the formation of
dsRNA. While the formation of dssRNA and cleavage of target
mRNA is included within the scope of the present invention,
it is not a requirement that the RNA be 100% faithful to the
UTR, provided that the RNA is capable of binding the target
3' UTR to inhibit or prevent translation.

The present invention further provides mutants and vari-
ants of these miRs. In this respect, a mutant may comprise at
least one of a deletion, insertion, inversion or substitution,
always provided that the resulting miR is capable of interact-
ing with the 3' UTR to inhibit or prevent translation of the
associated coding sequence. Enhanced homology with the 3'
UTR is preferred. A variant will generally be a naturally
occurring mutant, and will normally comprise one or more
substitutions.

The RNAs of the present invention may be provided in any
suitable form to the target site. In this respect, the target site
may be in vivo, eX vivo, or in vitro, for example, and the only
requirement of the RNA is that it interacts with the target 3'
UTR sufficiently to be able to inhibit or prevent translation of
the ORF.

The RNA may be provided directly, or a target cell may be
transformed with a vector encoding the RNA directly, or a
precursor therefor. Suitable precursors will be those that are
processed to provide a mature miR, although it is not neces-
sary that such precursors be transcribed as long primary tran-
scripts, for example.

Where the RNA is provided directly, then this may be
provided in a stabilised form such as is available from Dhar-
macon (www.dharmacon.com, Boulder, Colo., USA).

More particularly, the present invention provides the use of
miR-133 in therapy.

Levels of RNA to be administered will be readily deter-
mined by the skilled physician, but may vary from about 1
mg/kg up to several hundred micrograms per kilogram.
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Preferred methods of delivery of the antisense miRNA or
sense inhibitors may be by any gene therapy method known in
the art, as will be readily apparent to the skilled person. Such
methods include the so-called “gene-gun” method or delivery
within viral capsids, particularly adenoviral or lentiviral
capsids encapsulating or enclosing said polynucleotides,
preferably under the control of a suitable promoter.

Preferred means of administration by injection include
intravenous, intramuscular, for instance. However, it will also
be appreciated that the polynucleotides of the present inven-
tion can be administered by other methods such as transder-
mally or per orally, provided that they are suitably formu-
lated.

The present invention also encompasses a polynucleotide
sequence, particularly a DNA sequence, which encodes the
microRNAs of the present invention, operably linked to a
suitable first promoter so that the MicroRNAs can be tran-
scribed in vivo. Similarly, the present invention also provides
a polynucleotide, particularly DNA, providing polynucle-
otides encoding the sense microRNA inhibitors of the present
invention, also operably linked to a suitable second promoter
for in vivo expression of said sense microRNA inhibitors.

Thus, (a) miR-133 and miR-1 expression is inversely
related to cardiac hypertrophy in vivo. Further, (b) functional
studies indicate that overexpression of miR-133 in CMCs
inhibits the increase of both CMC size and the other “hall-
mark™ parameters defining hypertrophy, while, conversely,
(c) blocking of endogenous miR-133 or miR-1 through a
decoy sequence induces, per se, a dramatic CMC hypertro-
phy, even in the absence of any hypertrophic stimulus. Sig-
nificantly, these functional studies were performed on both
neonatal and adult CMCs, in vitro as well as in vivo.

We have identified two targets of miR-133, CDC42 and
NELF-A, which may underlie the establishment of hypertro-
phy. The mechanism of action of CDC42 is already delin-
eated, whereas the functional pathway of NELF-A remains
elusive. CDC42 is associated with the cytoskeletal restructur-
ing taking place during hypertrophy®®2°, while NELF-A
regulates the activity of RNA pol II%°. In this regard, NELF-A
interacts with the cdk-9/cyclin T complex®, which regulates
RNA synthesis during hypertrophy by interacting with RNA
polymerase II*'. It is possible that, the involvement of
NELF-A in cardiac hypertrophy and development is RNA pol
II-dependent.

Although only two targets have yet been identified, it is pos-
sible that further targets will be identified. The in vitro studies
indicate that total suppression of miR-133 by AdDecoy
causes per se a striking hypertrophy, which is even more
pronounced than following induction by standard agonist
stimuli. Specifically, the AdDecoy causes an increased
expression of each of the hallmark molecules upmodulated
during hypertrophy. This strongly suggests that miR-133
functions as a “master gene” controlling multiple primary
targets, thereby shifting heart gene expression from the physi-
ological to the hypertrophy specific program.

It is likely, therefore, that (a) differential analysis of protein
expression in normal versus miR-133 suppressed CMCs may
lead to discovery of new molecules underlying heart hyper-
trophy. Accordingly, the present invention further provides a
method for investigating CMC hypertrophy, comprising
modulating levels of miR-133 in a culture of CMC cells or
cells providing a model therefore. In addition, (b) miR-133
levels are modified in a “disease” in vivo model, e.g., pressure
overload-induced hypertrophy, while in vivo functional stud-
ies indicate that miR-133 overexpression or suppression
either inhibits or induces cardiac hypertrophy respectively.
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Thus, the present invention envisages the use of miR-133 in
the diagnosis and therapy of myocardial diseases, particularly
heart hypertrophy and failure.

There is a potential interaction of the bicistronic miR-133
and miR-1 in cardiac hypertrophy. In skeletal myoblast cul-
ture miR-133a and miR-1, while transcribed in the same
primary RNA, promote either differentiation or proliferation
respectively®2. In vivo models indicate that in heart hypertro-
phy miR-133 and miR-1 are downmodulated according to an
identical pattern (FIG. 1) suggesting that these two miRs may
functionally interact to unblock the translation of two coor-
dinate sets of target mRNAs underlying hypertrophy devel-
opment.

The present invention will now be described with reference
to the accompanying Figures and Examples, which are not
limiting on the present invention. All references cited herein
are incorporated by reference, unless otherwise apparent.

EXAMPLES
Materials and Methods

Human Tissues and Mice

Human embryos and foetuses were obtained by legal abor-
tions at 5-10 weeks after fertilisation, according to institu-
tional guidelines®3. A fully informed consent was obtained in
advance from the mothers. The age was carefully established
by morphologic staging according to standard multiple crite-
ria. Different organs were dissected under an inverted micro-
scope and stored under liquid nitrogen until total RNA extrac-
tion. Experiments on C57/B16 mice were performed
according to institutional guidelines.
MiR Analysis
Microarray
Microarray analysis was performed as described'®. Pro-
cessed slides were scanned by ScanArray XL5K and the
expression level analysed by QUANTARRAY software
(PerkinElmer). Raw data were analysed using GENE-
SPRING, software version 6.1.1 (Silicon Genetics): the aver-
age value of each miR was transformed to convert negative
values to 0.01 and normalised on its median using a per-chip
50" percentile method™'%,
Northern Blot
Total RNA, enriched for low molecular weights, was isolated
according to the acid phenol/guanidinium thiocyanate/chlo-
roform standard procedures and hybridised as described®.
The probes used are:

miR-133a,

(SEQ. ID NO. 3)
5' -ACAGCTGGTTGAAGGGGACCAA-3 ',
miR-1,

(SEQ. ID NO. 4)
5'-TACATACTTTACATTCCA-3"'
and
Met -tRNA,

(SEQ. ID NO. 5)

5 ' TGGTAGCAGAGGATGGTTTCGATCCATCGACCTCTG-3 ",

as a loading control.

The expression levels were analysed by the Scion Image
Software (Www.scioncorp.com).

In Situ Hybridisation

Seven-um OCT sections from 10-18-day murine embryos,
1-day-old and adult mice were paraffin fixed, treated with 10
mg/ml proteinase K and hybridised with **P miR-133 probe/
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ml. The antisense RNA oligo was 5' end-labelled and hybridi-
sation was carried out overnight at RT according to standard
procedures. Counterstaining was performed in 0.02% tolui-
dine blue, and slides were mounted in Permount solution.
Images were taken using an Olympus microscope.

In Vivo Experiments

Induction of Pressure Overload Cardiac Hypertrophy.
C57BL/6 mice (Harlan) were used. The pressure-overload
model was obtained through transverse aortic banding (TAC)
under anaesthesia with ketamine-xylazine (100 or 2.5 mg/Kg
respectively) mixture, as described*.

Akt Transgenic Mice

Transgenic mice with cardiac specific overexpression of con-
stitutively active Akt were previously described'®. Specifi-
cally, Akt overexpression induces a significant increase in
CMC size and concentric LV hypertrophy.
Echocardiographic Analysis.

Transthoracic echocardiography, under isoflurane anesthesia,
was performed before and one week after TAC with the use of
an HP Sonos 5500 echocardiograph. Two-dimensional,
M-mode, and Doppler echocardiographic examination were
performed using a 15 MHz linear transducer, as described®.
Plasmids and Vectors

Adenoviral miR-133a (Ad133). Mir-133a precursor DNA
was PCR-amplified from mouse genomic DNA by using
AccuPrime Taq DNA polymerase high fidelity (Invitrogen).
The amplified fragment (683 bp) was first subloned in
pcDNA3 (Invitrogen), then inserted under CMV promoter
into an adenoviral vector, VQ AdSCMV K-NpA (ViraQuest
Inc.) for virus production.

Adenoviral miR-133a Decoy (AdDecoy) (FIG. 10). The
EGFP 3'UTR was modified to include tandem sequences
complementary to miR133a (“decoy”) separated by a space:
the EGFP-modified 3'UTR was then subcloned into VQ
AdSCMYV K-NpA vector driven by CMV (top panel). When
miR levels are downregulated, the EGFP sensor levels
increase (bottom). More important, the decoy sequences
sequester the endogenous miR-133, blocking its activity
(FIG. 3b, right panel).

pGL-3'UTR plasmid. For luciferase reporter experiments, the
3'UTR segments of NELF-A and CDC-42, predicted to inter-
act specifically with miR-133, were amplified by PCR (Ac-
cuPrime) Taq DNA polymerase high fidelity (Invitrogen)
from murine genomic DNA. The 3' UTR from target genes
were subcloned by standard procedures into pGL3-Promoter
vector (Promega) using Xba I site, immediately downstream
from the stop codon of luciferase gene. For NELF-A, a3'UTR
of 250 by fragment was amplified. For CDC-42 3'UTR, a
1400 by fragment was amplified.

In vitro Functional Studies

Isolation, Culture and Treatment of Mouse Cardiomyocyte
Cells (CMCs)

Neonatal CMCs were isolated from 1-day-old pups following
standard enzymatic technique®*®. CMCs were cultured for 24
h in D-MEM (Sigma) supplemented with penicillin (100 U
ml™), streptomycin (100 pg ml™), HEPES (25 mM),
glutamine (2 mM), 10% newborn calf serum and 5% foetal
bovine serum (FBS). Culture medium was switched to serum-
free medium 24 h before treatment. Agonist treatment
involved addition of 100 uM phenylephrine (PE) or 100 nM
endothelin-1 (ET1); cells were analysed 48 h after treatment.
Adenoviral infection (m.o.i. specified in Results) was per-
formed in serum-free medium; 5 h after infection the medium
was replaced and the cells were further incubated for 48 h.
When used in combination with Adenoviral vectors, 100 uM
PE or 100 nM ET1 were added when fresh medium was
replaced after infection. Adult CMCs were isolated from
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12-16-weeks-old male mice using standard enzymatic tech-
niqueS. Freshly isolated CMCs were plated at a density 0f 0.5
to 1x10%cm? in dishes precoated with 20 pg/mlL laminin
(Collaborative Biomedical Products) in D-MEM supple-
mented with 1 mM CaCl,, 15 mM Butanedione monoxime,
25 mM HEPES and penicillin plus streptomycin 1%. Cells
were then treated as described?S.

Fluorescence Microscopy

Cultured CMCs were fixed in 4% PFA, rinsed in PBS, per-
meabilised with blocking buffer for 20 min (0.1% triton
X-100, 1% normal donkey serum, 1% cold-water fish gelatin
and 20 mM glycine), and finally stained overnight at 4° C.
with anti-ANF (R&D Systems), anti-NELF-A/WHSC2 (No-
vus Biologicals) or anti-CDC42 (Cell Signalling) Abs in
diluted buffer. After an extended wash, secondary antibodies
(Sigma) and/or Alexa Fluor 546 phalloidin (Molecular
Probes) were added for 1 h at 4° C. Afterwards, the cells were
again washed extensively with buffer. The slides were stored
in a refrigerator until imaged by Bio-Rad Radiance 2000
Confocal/2-Photon Microscope. Experiments were repeated
at least twice to confirm the fluorescence patterns.

Western Blot

The expression of NELF-A and CDC42 was evaluated in total
lysates by Western blot according to standard procedures.
Anti-NELF-A (Abeam) and anti-CDC42 (Cell Signaling)
polyclonal antibodies were diluted 1:2000 in TBST-1% milk
and 1:1000 in TBST-5% BSA, respectively. As internal con-
trols anti-actin (Oncogene Research Products) monoclonal
antibody was used.

[*H]Leucine Uptake Assay.

One-day-old neonatal mouse CMCs were used to assess pro-
tein synthesis by incorporation of [*H]leucine. After 24 h
serum starvation, CMCs were mock, Ad133 or AdDecoy
superinfected and/or treated with the drugs for 48 h prior to 1
uCi/ml [*H]leucine addition. Cells were further incubated for
12 h before radioactivity assay.

Measurement of Cell Size

Surface areas, perimeter, length and width of CMCs were
measured using NIH Image J 1.32j software (http://rsb.in-
fo.nih.gov/ij/). An average of 350-400 CMCs cells were cho-
sen at random for measurement of cell sizes.

Dot Blot

Total RNA from control and treated neonatal or adult CMCs
was isolated using Trizol Reagent (GIBCO BRL). For dot
blotting 2 pug of denatured RNA were applied to nylon mem-
branes (BrightStar-Plus, Ambion) under vacuum using a
microfiltration apparatus (BioRad). Prehybridisation (1 hr,
55°C.) and hybridisation (overnight, 55° C.) were performed
in UltraHyb buffer (Ambion) supplemented with 10 mg/ml
salmon sperm DNA. [**P]dATP-labeled cDNA probes were
obtained by end-labeling of the following oligonucleotides:

ANF

(SEQ. ID NO. 6)
(5'AATGTGACCAAGCTGCGTGACACACCACAAGGGCTTAGGATCTTTTG
CGATCTGCTCARAG) ;
Cardiac actin

(SEQ. ID NO. 7)
(5 ' TGTACAATGACTGATGAGAGATGGGGAGGGGGCTCAGAGGATTCCAA
GAAGCACAATAC) ;

Skeletal actinin
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-continued
(SEQ. ID NO. 8)
(5 TGGAGCARAACAGAATGGCTGGCT TTAATGCTTCAAGTTTTCCATTT

CCTTTCCACAGGEG) ;
a-MHC

(SEQ. ID NO. 9)
(5' CGAACGTTATGTTTATTGTGTATTGECCACAGCGAAGGETCTGCTGA
GAG)
p-MHC

(SEQ. ID NO. 10)
(5' -GCTTTATTCTGCTTCCACCTARAGGGCTGT TGCARAGGCTCCAGGT
CTGAGGGCTTC) ;
GADPH

(SEQ.
(5 GGAACATGTAGACCATGTAGTTGAGGTCAATGAAG) .

ID NO. 11)

In Vivo Functional Studies

Animals were treated for in vivo gene transfer with either
Ad133 or AdDecoy using a method modified from Ikeda et
al®”. Akt Tg or wt mice were used for Ad133 or AdDecoy gene
transfer respectively. Mock infection was applied in the con-
trols. Each group included 10 adult mice. Animals were ini-
tially anaesthetized with a single dose of ketamine (50 mg/kg
BW) xylazine (2.5 mg/Kg BW) and then intubated and ven-
tilated with a pressure-controlled respirator maintained on
0-5-2.0% isofluorane in O,. Via a small left anterior thorac-
otomy, ligatures were looped around the aorta and pulmonary
artery and threaded through occluder tubes. The right carotid
artery was cannulated for measurement of arterial pressure
and performing injections with the tip of the catheter placed
above the aortic valve. The animals were cooled down to a
core temperature of 19-21° C. and a heart rate of 80-100/min
was reached. The pulmonary artery and aorta were occluded
and three injections were made into the proximal aortic root:
specifically, (1) CP solution (110 mM NaCl, 10 mM KCl, 1.2
mM CaCl,, 16 mM MgCl, and 10 mM NaHCO;, supple-
mented with 2 ng Substance P, total volume 100 pl); (2) 3 s
later CP solution containing 25 mM KCl and 2 ng Substance
P to achieve the arrest of the heart (100 ul); (3) 45 slater an Ad
vector (9.2x10'° virus particles) in CP solution with 10 mM
KCl and 1 ng Substance P (75 ul). Three minutes later both
snares were released and an intraaortic infusion of dob-
utamine (20 pg/kg/min) started. When the arterial pressure
reached about 65-70 mm Hg, the animals were placed on a
heating pad (42° C.), the chest was closed and intrathoracic
air evacuated. Animals were extubated upon spontaneous
breathing and closely observed until fully awake. All proto-
cols were approved by the University of California, San
Diego Animal Subjects Committee

Target Analysis

Luciferase Assay

293FT or HeLa cells (5x10* cells per well) were transfected
with: (a) 0.02-0.8 mg of pGL3-3' UTR plasmid respectively,
(b) 20 pmol of either a stability-enhanced 2i-O-Methyl non-
targeting RNA control of miR-133a oligonucleotides (Dhar-
macon Inc.), (¢) Lipofectamine 2000 (Invitrogen). In order to
evaluate the percentage of transfected cells a GFP-Emd plas-
mid was also transfected. At 48 h, after FACS analysis, cells
were lysed and their luciferase activity measured by using the
FemtomasterFB 12 (Zylux). The relative reporter activity was
obtained by normalisation to the pGL3-3'UTR control oligo-
nucleotide cotrasfection.

3'UTR NELF-A mutagenesis (FIG. 12). A six nucleotides
mutation was inserted in the two “seed” sequences interacting
with miR-133. Modified and HPLC purified oligomers (Invit-
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rogen) were used for amplification, performed with Pfu
enzyme, and followed by mutagenesis (Invitrogen).
Statistical Analysis

Statistical and frequency distribution analysis was performed
by GraphPad Prism 4.0. Differences between two or three
groups were compared with Student’s t-test or one-way
ANOVA respectively. A value of p <0.05 or less was consid-
ered to be statistically significant.

Results

MiR-133 and miR-1 are Selectively Expressed in Heart and
Skeletal Muscle.

To investigate the possible role of miR genes in CMC hyper-
trophy we evaluated the expression profile of miRs in embry-
onic and adult heart from human and mouse under both physi-
ological and pathological conditions. The analysis was
performed by using a microarray chip containing gene-spe-
cific 40-mer oligonucleotide probes, generated from 161
human and 84 mouse precursors miRs®'®. Two miRs, miR-
133 and miR-1 were markedly reduced in hypertrophic heart.
Microarray chip and Northern blot analysis revealed that both
miR-133 and miR-1 are specifically expressed in heart and
skeletal muscle from human embryonic and adult tissue (FIG.
9a,b). As shown by microchip analysis miR-133 is also
expressed in mouse heart and skeletal muscle tissue and miR-
133 expression is increased in developing mouse embryos
from day E12 through at least day E17 (FIG. 9d). This was
confirmed by in situ hybridisation, which demonstrated that
miR-133 is selectively expressed in embryonic heart and
skeletal muscle, whereas it is virtually absent from other
tissues (FIG. 9d, right).

MiR-133 and miR-1 Levels are Inversely Related to Cardiac
Hypertrophy.

To determine whether expression of miR-133 and miR-1 is
modulated during cardiac hypertrophy we analyzed two
mouse models: (a) transverse aortic arch constricted (TAC)
mice and (b) Tg mice with selective cardiac overexpression of
the Akt active mutant'® (see haemodynamic data in Table 1).
In the first model, multiple signal transduction pathways are
induced simultaneously by pressure overload, leading to
CMC hypertrophy>°. In the second one, hypertrophy is medi-
ated by the downstream effects of Akt on mRNA translation
and gene expression®’. One week after TAC hearts were
weighed and separated in left ventricle, right ventricle and
atria. Sham operated and non-transgenic littermate controls
were included. In TAC-treated mice, myocardial hypertrophy
was associated with an increased expression of cardiac foetal
genes (ANF, SkA, and B-MHC), as expected (results not
shown). As shown by Northern blot analysis cardiac hyper-
trophy in both TAC-treated and Akt over-expressing hearts
resulted in reduced expression levels of both miR-133 and
miR-1 (FIG. 1a,b; see also Table 2). The decrease was par-
ticularly prominent in the left ventricle (2-fold in both mod-
els) and in atria (2-fold in TAC hypertrophy and 3-4-fold in
Akt Tg mice). In right ventricle both miR-133 and miR-1
expression were significantly reduced in Akt Tg mice,
whereas no decrease was observed in the TAC model, which
is not coupled with right ventricular hypertrophy (Table 2).
Altogether, the data from these in vivo models indicate an
inverse correlation between miR-133 and miR-1 expression
and myocardial hypertrophy.

Overexpression of MiR-133 Inhibits Cardiac Hypertrophy In
Vitro.

To assess the functional significance of these observations,
wetested the effects of miR-133 over-expression in an in vitro
model of CMC hypertrophy. Neonatal mouse CMCs were
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infected with an adenoviral vector containing an expression
cassette of 683 by from the murine miR-133a-2 precursor
sequence (Ad133), which is processed into the mature miR
(FIG. 2a). To induce in vitro CMC hypertrophy as a model of
in vivo hypertrophy we used phenylephrin (PE) or endothelin
1 (ET) treatment (FIG. 2)'7. Distinctive hallmarks of in vitro
agonist-induced hypertrophy are: 1) increased cell size, ii)
enhanced protein synthesis, as measured by *[H]-Leucine
incorporation, iii) up-modulation of foetal genes, including
ANF, SKA and f-myosin heavy chain, iv) acto-myosin chain
rearrangement and subsequent cytoskeletal reorganisation,
and v) perinuclear localisation of ANF protein. All these
effects, induced by PE and ET, were prevented by CMC
infection with Ad133 (FIG. 2), thereby indicating that miR-
133 controls the molecular mechanisms underlying CMC
hypertrophy.

Suppression of Endogeneous miR-133 by
Sequences Induces Cardiac Hypertrophy In Vitro.
To analyse the functional consequences of the inhibition of
endogenous miR-133 expression, we constructed an Ad vec-
tor with an expression cassette composed of an EGFP reporter
gene linked at the 3' UTR with tandem “decoy” sequences
complementary to murine miR-133a (AdDecoy, see FIG. 10,
top). A similar approach has been recently reported in
hematopoietic cells**>. AdDecoy infection of neonatal murine
CMCs revealed a marked increase in EGFP expression in
PE-induced hypertrophy as compared to unstimulated cells.
This result indicates that a reduction of miR-133 expression
prevents its binding to decoy sequences, thus enabling EGFP
mRNA to be translated (FIG. 10, bottom). We then performed
in vitro functional assays: AdDecoy infection of neonatal
murine CMCs caused a dramatic hypertrophy, based on *[H]-
leucine uptake and foetal gene expression, while fully sup-
pressing the level of miR-133 (FIG. 3). Strikingly, the infec-
tion induced an increase of *[H]-leucine, which was
significantly higher than that induced by PE (FIG. 3a). More-
over, embryonic stress genes and peri-nuclear localisation of
ANF, as well as cell size parameters were also markedly
increased by AdDecoy (FIG. 35, ¢ and data not shown).

Finally, adult mouse CMCs were infected with AdDecoy or
Ad133 to determine whether the above results could be repro-
duced in a similar, yet distinct model system. In line with
neonatal CMC experiments, suppression of endogenous
miR-133 with decoy sequences increased adult CMC size,
while miR-133 overexpression exerted an opposite effect
(FIG. 11).

Altogether, these results indicate that miR-133 plays a
pivotal role in heart hypertrophy. Particularly, miR-133
down-modulation and hypertrophy are quantitatively related.
In fact, agonist treatment causes a reduced miR expression
coupled with hypertrophy, while the AdDecoy induces total
miR suppression and a more pronounced hypertrophy.
MiR-133 and miR-1 Modulate Cardiac Hypertrophy In Vivo.
Our in vitro data strongly suggest that miR-133 is a potent
modulator of cardiac hypertrophy. To determine the effect of
miR-133 on hypertrophy in vivo, we performed a series of
experiments based on transcoronary gene delivery to the
myocardium of adult mice ?*. Specifically, we delivered
AdDecoy to wt mice and Ad133 to Akt Tg animals.

The wt mouse myocardium infected with AdDecoy was
evaluated 14 days after gene transfer (FIG. 4a). Analysis of
isolated left ventricular CMCs revealed a significant increase
in cell size, as compared to mock control values (mean+SD
AU values, 0.139+£0.003 versus 0.094+0.005 respectively,
P<0.001) (top panels). This finding was further supported by
the up-regulation of cardiac hypertrophy markers (bottom
panel). Notably, only ~40% of left ventricle CMCs were
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infected (as evaluated in the control group on the basis of GFP
expression, data not shown) and miR-133 level was mildly
reduced (0.69x0.04 fold, data not shown): in view of these
findings, the AdDecoy effects are particularly striking. Inter-
estingly, miR-1 expression was also reduced (0.81+0.07, not
presented), suggesting a link between the two miRs.

Since miR-133 over-expression inhibits CMC hypertrophy
in vitro, we tested the effect of Ad133 infection on cardiac
hypertrophy in Akt Tg mice (FIG. 4b). Fourteen days after
Ad133 infection, over-expression of miR-133 resulted in a
reduction in left ventricle CMC cell size (0.485+0.019 and
0.333+0.007 AU in mock versus Ad133 injected mice,
respectively, P<0.05) (top panels), while inducing a signifi-
cant decrease in the expression of embryonic genes, except
for skeletal a-actin (bottom).

Altogether, the results obtained in these two models
complement and strengthen each other to indicate that miR-
133 is an important modulator of heart hypertrophy in vivo, in
line with our in vitro functional studies.

We then conducted another set of experiments aimed at
determining the effect of miR-133 inhibition through overex-
pression of a decoy sequence in vivo. We generated a con-
struct in which expression of miR-133 or its decoy is driven
by the tetracyclin-inducible (Tet) operon. A DNA fragment
containing the Tet operon, the minimal CMV promoter, the
miR-133 or decoy sequence, and a termination sequence-
Poly A was used to generate transgenic mice. We have crossed
founders (FO) with mice expressing the reverse tetracycline-
responsive transcriptional activator rtTA under the cardiac-
specific a-Myosin Heavy Chain (a-MHC) kindly provided
by the laboratory of Dr. Wolfgang Dillmann (UCSD).

In F1 animals positive for both the decoy-133 operon and
rtTA we induced decoy miR-133 under normal, unstressed
conditions and checked for the main echocardiographic and
morphometric parameters of cardiac hypertrophy. Data show
a significant increment of Left Ventricular Diastolic/Systolic
Posterior Wall Thickness (LVPWd, LVpWs) and Interven-
tricular Wall Thickness (IVsd), two principal echocardio-
graphic parameters of cardiac hypertrophy (FIG. 5). Left
Ventricular Weight to Body Weight (LV/BW) ratio, a gravi-
metric parameter obtained after sacrifice, was also signifi-
cantly increased after tetracycline induction of miR 133 decoy
(FIG. 5). To determine whether miR-1, beside miR-133, is
also involved in cardiac hypertrophy in vivo, we performed in
vivo experiments using a 3'-cholesterol-conjugated miR-1
antisense molecule named antagomir®> against miR-1. All the
bases were 2'-OMe modified. The antagomir sequence
complementary to miR-1 is:

5'-P-UACAUACUUCUUUACAUUCCA-Cholesterol 3'.

The nucleotide portion is (SEQ. ID NO. 12).

Antagomir oligonucleotides were deprotected, desalted
and purified by high-performance liquid chromatography
(HPLC; Dharmacon). C57BL/6 female mice (8 weeks old)
received antagomirs at doses of 80 mg/kg body weight
through Alzet osmotic minipumps (model 1003D, Alza).
Minipumps were prepared and placed in a petri dish filled
with sterile 0.9% saline at 371 C, for at least 4 h before
implantation, in order to prime the pumps for continuous
delivery of the drug. Controls received a saline minipump.

Echocardiographic and morphometric analysis was con-
ducted on mice treated with antagomiR-1 and saline control
group (FIG. 6). An analysis conducted after thirty days of
treatment revealed a significant increase of IVSd thickness
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and of LV/BW ratio, together with an increase of parameters
of systolic function such as LVPWs and IVSs.

NELF-A and CDC42 are Significant Targets of miR-133.
To identify potential miR target(s) involved in the observed
hypertrophy-modulation process, we searched for putative
miR target(s) using the software programs TargetScan (http://
genes.mit.edu/targetscan/)*, miRanda, (http://www. micror-
na.org/)** and PicTar, http://pictar.bio.nyu.edu/)*. Interest-
ingly, the analysis suggested diverse miR-133 target genes
related to heart development and hypertrophy. We focused on
NELF-A/WHSC2 and CDC42, whose mRNA 3'UTR regions
comprise canonical “seed” sequences and flanking nucle-
otides matching miR-133 (FIGS. 7, 8, bottom panels). NELF-
A, a nuclear molecule interacting with RNA polymerase 11
and negatively regulating its function®, is linked to the Wolf-
Hirschhorn syndrome, which is characterised by cardiac dys-
genesis among multiple abnormalities®”. CDC42 is a member
of the Rho subfamily (RhoA, Racl, and CDC42) of small
GTP-binding proteins, involved in cytoskeleton and myo-
fibrillar re-organisation during cardiac hypertrophy>*. In iso-
lated rat CMCs, overexpression of activated small GTP-bind-
ing proteins, including CDC42, induces various features of
hypertrophy>°.

Several lines of evidence indicate that NELF-A and
CDC42 are regulated by miR-133 in heart hypertrophy. Spe-
cifically, (a) in TAC-treated and Akt Tg mice, miR-133
expression level is inversely related to the amount of the two
proteins (FIG. 7a, 8a; see also FIG. 2). Furthermore, (b) in
both neonatal and adult CMCs miR-133 over-expression or
down-modulation, by infection with AdDecoy or Ad133,
causes either an increase or a marked downmodulation of the
two proteins respectively, whereas mRNA levels are unmodi-
fied (FIG. 7b,¢, 8b,¢).

These data suggest that NELF-A and CDC42 mRNAs are
targeted by miR-133 in CMCs. To test this hypothesis, we
performed a luciferase reporter assay in the miR-133-nega-
tive 293FT and Hel a cell lines. The 3'UTR regions, inserted
downstream of the firefly luciferase gene, were co-transfected
with miR-133 or control non-targeting miR. As shown in
FIGS. 7d and 84, the transfection of miR-133 with wild type
UTRs of NELF-A and CDC42 induced a significant decrease
in luciferase activity. In contrast, cotransfection of NELF-A
or CDC42 UTR with control non-targeting miR abolished
this repression, thus indicating the specificity of the miR133-
UTRs interaction. Since NELF-A 3'UTR comprises two
“seed” target sequences (FIG. 7d, SEQ ID NOs: 16 and 17),
we also tested two mutated UTRs, each including 6 nucle-
otide substitutions in a seed sequence (FIG. 12, SEQ ID NOs:
21 and 22). These mutations abolished the repression of
luciferase activity, indicating that both seed sequences are
necessary to mediate miR-133-induced translation repres-
sion. At least four seed target sites are present in the long (1.4
Kb) 3' UTR of CDC42 (two “high score” sites are shown in
FIG. 84, SEQ ID NOs: 18 and 19).
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LEGEND TO FIGURES

FIG. 1. MiR-133 and miR-1 expression in mouse cardiac
hypertrophy. (a) Top panel, Northern blot analysis of miR-
133 expression using total RNA from sham-operated, trans-
verse aortic arch constricted (TAC) and Akt transgenic mice
(representative results); bottom, relative expression values
(mean+SD, a minimum of n=5 mice per group) obtained by
densitometric analysis. *P<0.05, **P<0.01 when compared
to sham. (b) miR-1 expression results, presented as in a.

FIG. 2. Infection of neonatal CMCs with Ad133: inhibition
of agonist-induced hypertrophy. (a) Northern blot analysis of
miR-133 expression using total RNA from 293 cell line
infected with Ad133 (1, control; 2, m.o.i. 1; 3, m.o.i. 50). (b)
Hypertrophy level, evaluated as CMC *H-leucine incorpora-
tion (mean+SD, a minimum of 3 experiments per group), in
neonatal CMCs infected or not with Ad133 (m.o.i. 100) and
treated or not with 100 uM phenylephrine (PE) or 100 nM
endothelin-1 (ET1). *P<0.01 versus mock, °P<0.01 versus
mock+PE or +ET1. (¢) Confocal microscopy of mock and
Ad133 infected cells immunostained for actin (red) and ANF
(green) proteins. (d) Dot blot performed with total RNA
extracted from neonatal CMCs. The expression level of “foe-
tal” cardiac genes, normalized for GAPDH expression, is
evaluated as fold induction over mock cells (mean+SD, a
minimum of n=3 experiments per group)*P<0.01 versus
mock; #P<0.05, °P<0.01 versus mock+PE.

FIG. 3. Infection of neonatal CMCs with AdDecoy: induc-
tion of hypertrophy in the presence or not of phenylephrine
(PE). (a) Left panel, CMC *H-leucine incorporation assay
(mean+SD, a minimum of 3 experiments per group); right,
Northern blot of miR-133. (b) Confocal analysis of mock and
AdDecoy infected immunostained for actin (red) and ANF
(green) proteins. (d) Dotblot analysis of “fetal” cardiac genes
in AdDecoy infected CMCs, evaluated as fold induction over
mock control values (mean+SD, a minimum of 3 experiments
per group). *P<0.05 and **P<0.01 versus mock; °P<0.01
versus mock+PE. For other details, see FIG. 3 legend.

FIG. 4. In vivo effect of AdDecoy and Ad133 on cardiac
hypertrophy. (a) Top panels. Relative and cumulative fre-
quency distribution analysis of left ventricle CMCs size after
AdDecoy gene transfer in wt mice [n=10 per group]. CMCs
wereisolated 14 days post gene transfer and cell size analyzed
with imageJ (n=400). Values are expressed in terms of arbi-
trary units, P<0.001 when compared to mock. Bottom panel.
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Dot blot of total RNA extracted from CMCs (n=4 for each
treated group). The expression level of “fetal” cardiac genes,
normalized for GAPDH expression, is evaluated as fold
induction over mock cells (mean+SD). *P<0.05, **<0.01
versus mock. (b) Top panels. Left ventricle CMC size after
Ad133 gene transfer in Akt Tg mice (n=10). P<0.05 when
compared to mock. Bottom. Dot blot oftotal RNA expression
in CMCs (n=4). *P<0.05 versus mock.

FIG. 5. Time course of in vivo effects of decoy-133.
*¥P<0.05, **P<0.01 when compared to Saline group.

FIG. 6. In vivo effects of antagomir-1. *P<0.05 when com-
pared to Saline group.

FIG. 7. Identification of miR-133 target genes: NELF-A.
(a) Western blot of NELF-A from sham, Akt Tg and TAC
mice. (b) Western (left) and Northern (right) blot of mock,
Ad133 and AdDecoy infected 293 cell line. (¢) Mock, Ad133
and AdDecoy infected (m.o.i. 200) adult CMCs immun-
ostained for NELF-A expression. (d) Upper panel, NELF-A
mRNA 3'UTR sites (SEQ ID NO: 16 and SEQ ID NO:17)
targeted by miR-133 (SEQ ID NO: 1). Lower panel,
luciferase reporter assays (mean+SD values, a minimum of 5
experiments per group) performed with NELF-A 3'UTR con-
taining either wild type or mutated miR-133 complementary
sites cotransfected with the miR-133 oligomer; a control non-
targeting oligomer is included. **P<0.01 vs controls;
°P<0.05 vs wild type 3' UTR+miR-133.

FIG. 8. Identification of miR-133 target genes: CDC42. (a)
Western blot of CDC42 from sham, Akt Tg, and TAC mice.
(b) Western (left) and Northern (right) blot from mock, Ad133
and AdDecoy infected 293 cell line. ¢) Adult CMCs infected
with mock, Ad133, and AdDecoy (m.o.i. 200) and immun-
ostained for CDC42 expression. (d) Upper panel, CDC42
mRNA 3'UTR sites (SEQ ID NO:18 and SEQ ID NO: 19)
targeted by miR-133 (SEQ ID NO:1). Lower panel, luciferase
reporter assays (mean+SD values, a minimum of 4 experi-
ments per group), performed with wild type CDC42 3'UTR,
cotransfected with miR-133 oligomer; a non-targeting oligo-
mer is included as control. **P<0.01 versus controls.

TABLE 1
Echocardiographic assessment in WT and E40Tg mice in basal
condition and after pressure overload stimuli
WT (n=6) WT (n=7) Akt (N =35)
Sham 1 week TAC Sham

BW(g) 23.1%23 20.8+2.9 25.6+0.9
H/BW 0.44 +0.055 0.6210 + 0.054* 0.745 +0.12F
HR 422 +29 432 +19 446 + 10
IvVsd 0.56 +0.08 0.6 +0.06* 0.7 £0.05F
LVEDD 248 +0.18 2.6 £0.19 3.1 £0.5%F
LVPWd 0.662 +0.05 0.8 + 0.08** 0.8 +0.06F
IVSs 0.754 +0.07 1.1 £0.07* 1.2 £0.1%
LVESD 1.388 £ 0.1 1.2 +£0.14 1.5+0.16
LVPWs 0.702 £0.08 1 +0.09* 1.11 £ 0.47F
% FS 44 £ 0.98 52 £ 4% 50 +3.4%
VCF 6.2 +0.87 7.7 = 1.14%* 7.5 +0.85

Values are expressed as mean + SD.

BW, body weight;

HW, heart weight;

LVEDD, left ventricle end-diastolic diameter;

LVESD, left ventricle end-systolic diameter;

IVSd/s, interventricular sept thickness in diastole/systole;
LVPWd/s, left ventricle posterior wall thickness in diastole/systole;
FS, fractional shortening;

VCE, velocity of circumferential fiber shortening calculated as FS divided by ejection time
multiplied by square root of RR interval.
*#**P < (.001, <0.01 when comparing TAC vs respective sham wild-type

4/44P < 0.001, <0.01 when comparing sham E40K Tg mice vs wilde-type mice
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TABLE 2

Post-mortem heart weight data of WT and E40Tg mice in
basal condition and after pressure overload stimuli

WT (n=6) WT (n=7) Akt (N =35)
Sham 1 week TAC Sham

BW (g) 23.1%23 20.8+2.9 25.6 +0.9F
LV (g) 0.0802 £ 0.007  0.0988 +0.0144* 0.133 £ 0.033F
RV (g) 0.0159 = 0.003 0.017 +£0.0023 0.0316 = 0.0047%
LA (g) 0.003 £ 0.0012 0.0044 = 0.0008*  0.0091 = 0.0063++
RA (g) 0.003 £ 0.0004 0.0036 = 0.0009 0.0174 = 0.01177F
HW (g) 0.1020 £ 0.009  0.1238 +0.0161* 0.191 £ 0.036F
LV/BW 0.34+0.037 0.4986 +0.051* 0.51 £0.113F
HW/BW 0.44 +0.055  0.6210 +0.054 0.745 +0.12F

Values are expressed as mean + SD.

BW, body weight;

LV, left ventricle;

RV, right ventricle;

LA, left atrium;

RA, right atrium;

HW, heart weight.

*#/#+P <(.001, <0.01 when comparing TAC vs respective sham wild-type
+/41P < 0.001, <0.01 when comparing sham E40K Tg mice vs wilde-type mice

Legend to FIGS. 9-12

FIG. 9 miR-133 and miR-1 expression in fetal and adult
tissues. (a,b) Relative expression of miR-133 and miR-1,
evaluated by a microarray chip including the human miR-
133-a-1/a-2 and miR-1-1/-2 precursors isoforms, in human
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7-wk embryonic tissues (left panels); results were confirmed
by Northern blot (right panels). (¢c) microarray analysis of
miR-133 expression in adult murine tissues. (d) left panel,
microarray analysis of miR-133 expression in murine heart
during embryonic development; right panels, in situ hybrid-
ization performed on day 16 and day 18 of murine develop-
ment (left, thorax sagittal section; right, heart section. Tolui-
dine blue staining and miR-133 probing in the upper and
lower panels respectively). Microarray results are expressed
in terms of fold increase over median values. CMC, cardi-
omyocyte.

FIG. 10 Upper panel, structure of the AdDecoy including
SEQ ID NO: 20 containing tandem “decoy” sequences
complementary to miR-133a (SEQ ID No:3) indicated in red.
Lower panel: Neonatal CMCs were mock and AdDecoy
(m.o.i. 200) infected. 3 h post infection 100 uM Pheylephrine
was added. 24 h later GFP expression was evaluated.

FIG. 11 Morphological analysis of mock (A), Ad133 (B) or
AdDecoy (C) infected adult CMCs (m.o.i. 200), evaluated at
48 h after infection (mean=SD values). At least 300 CMCs
were randomly selected per each group. ** P<0.01, * P<0.05
when compared to mock. Values are expressed in terms of
arbitrary units.

FIG. 12 Mutations of 3'UTR NELF-A “seed” sequences.
“Seed” sequences are SEQ ID NO: 21 (Seed 1) and SEQ ID
NO: 22 (Seed 2).

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 22
<210>
<211>
<212>

<213>

SEQ ID NO 1

LENGTH: 22

TYPE: RNA

ORGANISM: Homo sapiens

<400> SEQUENCE: 1

uugguccccu ucaaccagcu gu

<210>
<211>
<212>
<213>

SEQ ID NO 2

LENGTH: 21

TYPE: RNA

ORGANISM: Homo sapiens

<400> SEQUENCE: 2

uggaauguaa agaaguaugu a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3
LENGTH: 22
TYPE: DNA
ORGANISM:
FEATURE:

OTHER INFORMATION: probe

artificial

<400> SEQUENCE: 3

acagetggtt gaaggggacce aa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4
LENGTH: 18
TYPE: DNA
ORGANISM:
FEATURE:

OTHER INFORMATION: probe

artificial

<400> SEQUENCE: 4

22

21

22
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-continued

20

tacatacttt acattcca

<210> SEQ ID NO 5

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 5

tggtagcaga ggatggttte gatccatega cctetg

<210> SEQ ID NO 6

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 6

aatgtgacca agctgegtga cacaccacaa gggcttagga tettttgega tctgetcaag

<210> SEQ ID NO 7

<211> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 7

tgtacaatga ctgatgagag atggggaggg ggctcagagg attccaagaa gcacaatac

<210> SEQ ID NO 8

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 8

tggagcaaaa cagaatggct ggctttaatg cttcaagttt tecatttect ttccacaggg

<210> SEQ ID NO 9

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 9

cgaacgttat gtttattgtg tattggeccac agcgaagggt ctgctgagag

<210> SEQ ID NO 10

<211> LENGTH: 57

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: probe

<400> SEQUENCE: 10

getttattet gettccacct aaagggctgt tgcaaagget ccaggtetga gggette

<210> SEQ ID NO 11

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: artificial
<220> FEATURE:

18

36

60

59

60

50

57
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-continued

<223> OTHER INFORMATION: probe
<400> SEQUENCE: 11

ggaacatgta gaccatgtag ttgaggtcaa tgaag

<210> SEQ ID NO 12

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: artificial
<220> FEATURE:

35

<223> OTHER INFORMATION: antagomir sequence complementary to miR-1

<400> SEQUENCE: 12

uacauvacuuc uuuacauucc a

<210> SEQ ID NO 13

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: artificial
<220> FEATURE:

21

<223> OTHER INFORMATION: antagomir of miR 133

<400> SEQUENCE: 13

acagcugguu gaaggggaca a

<210> SEQ ID NO 14

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: artificial
<220> FEATURE:

<223> OTHER INFORMATION: antagomir of miR 1

<400> SEQUENCE: 14
uacauacuuc uuuacauucc a
<210> SEQ ID NO 15

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 15
uuggucccecu ucaaccagcu a
<210> SEQ ID NO 16

<211> LENGTH: 34

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 16
acagcuggaa agucuagggu gugagggggg cuau
<210> SEQ ID NO 17

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 17
ucaugagguu gaggggacca a
<210> SEQ ID NO 18

<211> LENGTH: 22

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 18

21

21

21

34

21
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24

-continued

ccugauuuag ggaggggaau aa

<210>
<211>
<212>
<213>

SEQ ID NO 19

LENGTH: 22

TYPE: RNA

ORGANISM: Homo sapiens
<400>

SEQUENCE: 19

augagcaugg gguggggage au

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 20
LENGTH: 62
TYPE: DNA
ORGANISM:
FEATURE:
OTHER INFORMATION:

artificial
vector sequence-AdDecoy
<400>

SEQUENCE: 20

acagctggtt gaaggggacc aaagagaact tagagaactt acagetggtt gaaggggacce

aa

<210>
<211>
<212>
<213>

SEQ ID NO 21

LENGTH: 37

TYPE: DNA

ORGANISM: homo sapiens
<400>

SEQUENCE: 21

agtctagggt gtgagggggg ctatgaccag ccttgat

<210>
<211>
<212>
<213>

SEQ ID NO 22

LENGTH: 37

TYPE: DNA

ORGANISM: Homo sapiens
<400>

SEQUENCE: 22

cctecatgagg ttgaggggac caaaggtgac agetgga

22

22

60

62

37

37

The invention claimed is:

1. A method for treatment of cardiac disease which com-
prises the step of administering to an individual in need of
treatment a medicament an RNA selected from the group
consisting of SEQ ID NO. 1 and SEQ ID NO. 15.

2. The method according to claim 1, wherein the RNA is
capable of binding to NELF-A and CDC-42 mRNAs.

3. The method according to claim 1, wherein the RNA is
provided in the form of a primary transcript.

4. The method according to claim 1, wherein the RNA
consists of SEQ. ID NO. 1.

5. The method according to claim 1, wherein the medica-
ment comprises a vector suitable to introduce the RNA into
cardiac myocyte cells.

40

45

50

6. The method according to claim 1, wherein the medica-
ment comprises a vector containing a nucleic acid sequence
coding for RNA as defined, and wherein said vector is suit-
able to transform cardiac myocyte cells with said coding
nucleic acid sequence.

7. The method according to claim 6, wherein the nucleic
acid sequence is DNA.

8. The method according to claim 6, wherein the nucleic
acid sequence is RNA.

9. The method of claim 1 wherein the cardiac disease is
cardiac myocyte cell hypertrophy.

10. The method according to claim 1, wherein the RNA
consists of SEQ. ID NO. 15.
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