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Preface

The heart may respond to chronic and acute injury by hypertrophic growth and
pathological remodeling. Cardiomyocyte hypertrophy is a dominant cellular response
to all kinds of hemodynamic overload, inherited mutations in many structural and
contractile proteins, and other factors and may be compensatory or maladaptive. In
the latter case pathological remodeling may result from diverse molecular patho-
mechanisms which are still incompletely understood.

Small deviations in a mechanism controlling cardiac morphology and function may
lead to enormous negative effects including loss of function and, in severe cases, even
death. Despite great progress in understanding various aspects of heart development,
cardiovascular diseases remain a major problem for medicine. Therefore, there is a need
for new diagnostic and therapeutic strategies to detect, classify and cure heart diseases.

Ribonucleic acid (RNA) in its many facets of structure and function is more
and more understood, and therefore it is possible to design and use RNAs as valu-
able tools in molecular biology and medicine. An understanding of the role of
RNAs within the cell has changed dramatically in recent years (Fig. 1). Its status
expanded with reports on catalytic RNAs (ribozymes) 25 years ago, of endog-
enous RNA interference 15 years later, and other noncoding RNA very recently.
Today, it is obvious that RNAs are not merely the intermediary molecules
between DNA and proteins, but that they can also be functional end products.
Large stretches of genomic DNA do not contain protein-coding sequences and
have, therefore, been considered as ‘junk’. However, a significant fraction of this
noncoding DNA have actually been found to hold the information for some of
these functional noncoding RNAs. Diverse eukaryotic organisms harbor a class
of noncoding small RNAs which are thought to function as regulators of gene
expression. Thus, RNAs can be the transmitters (mRNAs) of genetic information
to the ribosome for proteins to be synthesized, and also the regulators in protein
synthesis. The conclusion to be drawn is that RNA is much more than solely a
messenger RNA, and therefore this class of molecules are truly renaissance mol-
ecules. Most of the noncoding DNA is occupied by various units of repeats, satel-
lite sequences and transposons. These sequences have been sought to be
epigenetic elements that control stability of gene expression programs, and organ-
ize heterochromatic domains at centromers and telomers. Their role appears to be
mainly regulatory. Although the effects of antisense RNAs on the corresponding
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Fig. 1 Genetic information from DNA is transcribed into mRNA containing instruction for pro-
tein synthesis and regulatory RNAs which take part in systems controlling expression of genes

sense RNAs have not been clearly established, a number of examples indicate that
they may exert control at various levels of gene expression, such as transcription,
mRNA processing, splicing, stability, transport, and translation.

RNA has become a focus of investigations into novel therapeutic schemes.
Ribozymes, antisense RNAs, RNA decoys, aptamers, micro RNAs and small interfer-
ing (siRNAs) have been used to down regulate undesired gene expression (Fig. 2).
Multiple challenges, such as optimization of selectivity, stability, delivery and long term
safety, have to be addressed in order for RNA drugs to become successful therapeutic
agents. Not all RNA classes (e.g., ribozymes or RNA decoys) have been so far success-
fully developed as drugs. The recognition of the biological roles of small molecular
weight RNAs have been one of the most significant discoveries in molecular biology.
These RNA molecules influence the translation of messenger RNAs (mRNAs) in post-
transcriptional manner that makes the regulation of RNAs even more complex.

The use of RNA-mediated interference (RNAi) for gene silencing has provided
a powerful tool for loss-of-function studies in a variety of metazoans. SIRNA
mediated gene silencing by degradation of target messenger RNAs have been
widely used in gene function characterizations.

Compared with the laborious, time-consuming, and very costly gene knockout mod-
els, siRNA provides an efficient, specific and cheap solution for inhibiting expression
of target genes. Efficient siRNA delivery is essential for the success of specific gene
silencing. As the popularity of RNAi technology grows, so does the frustration it still
causes for many researchers. Direct measurement at the mRNA level is always needed
for direct verification that RNA interference is decreasing the amount of mRNA.

Because high doses of siRNAs may provoke an altered expression of many other
genes, selections of optimal conditions are essential to minimize potential side effects.
The most informative experiments in understanding the specificity of a siRNA would
consider acquiring global gene expression of relevant genes, which unfortunately is
lacking in many siRNA studies. These small RNAs of about 1549 nucleotides in
length guide the RNA-induced silencing complex (RISC). The beauty of the system lies
in the application of short RNAs, which can be synthesized at reasonable cost and can
evolve quickly, to regulate a large and complex protein synthesis.
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Fig. 2 The potentials of the different RNA technologies which can be applied to inhibit protein
biosynthesis on RNA levels (antisense oligonucleotides, ribozymes, short interference RNAs and
microRNAs) or protein functional level (aptamers)

In several recent studies, microarray analyses were performed to determine
whether miRNAs are deregulated in hyperthrophic and failing hearts. The results
implicate that miRNAs function as negative regulators of cell growth or as regulators
of prosurvival pathways such that their downregulation predisposes the heart to
pathological remodeling. A major challenge for the future will be to identify the
mRNA targets of RNAs that participate in cardiac remodeling and to understand the
functions of their target mRNAs.

Finally, the recent application of advanced vector technologies developed initially in
the gene therapy field has had an enormous impact on the efficacy by which RNAi and
microRNAs can be employed for therapeutic purposes in vivo. These most recent devel-
opments have brought clinical translation of certain RNA-based therapies within reach.

Berlin, Germany Volker A. Erdmann
Berlin, Germany Wolfgang Poller
Poznan, Poland Jan Barciszewski

February 2008



Contents

Part I MICTORNA ...t

An Overview of MICrORNA ..........oooiiiiiiiiiieeeeeeeeee s

E. Wang

MicroRNAs and Their Potential.........................oooeviiiiiiiiiiiiis

M. Abdellatif

miRNAs and Their Emerging Role in Cardiac Hypertrophy.........

T.E. Callis, M. Tatsuguchi, and D.-Z. Wang

MicroRNAs and the Control of Heart Pathophysiology..................

D. Catalucci, M.V.G. Latronico, and G. Condorelli

MicroRNA Systems Biology .............cccooieiiiiiiiiiiiieees

E. Wang

Part I RNA Interference .............ccoocevviviiiieieeiiiiiiiee e

Targeting Viral Heart Disease by RNA Interference.......................

S. Merl and R. Wessely

Design of siRNAs and shRNAs for RNA Interference:

Possible Clinical Applications.................coccooviiiiiiiiiiiinineceeee

V. Pekarik

RNA Interference and MicroRNA Modulation for the Treatment

of Cardiac Disorders: Status and Challenges...................c.cccee....

W. Poller, L. Suckau, S. Pinkert, and H. Fechner

Cardiac Delivery of Nucleic Acids by Transcriptional
and Transductional Targeting of Adeno-Associated Viral Vectors
0.J. Miiller and H.A. Katus

........... 17

........... 35

........... 69

........... 87

........... 89

ix



X Contents
Part III  RIDOZYMES..........ccooviiiiiiiiieiieie et 183

Characterization of Hammerhead Ribozymes Potentially Suitable
for the Treatment of Hyper-Proliferative Vascular Diseases ..................... 185
G. Grassi and M. Grassi

Applications of Ribozymes and Pyrrole-Imidazole Polyamides
for Cardiovascular and Renal Diseases..............c.cccoeevueeviiinriienienciienieeneen, 209
E.-H. Yao and N. Fukuda

Part IV Noncoding, Aptamer and Antisense RNAS............c.cccceevvennnne 233

Noncoding RNAs in Human Diseases.............cccccoecvvviieiiiniennieniecieeneeee 235
M. Szymariski and J. Barciszewski

Aptamers and siRNAs in Cardiovascular Disease.................ccccceevvvenieenenn. 255
C.M. Blake, S. Oney, S.M. Nimjee,
and B.A. Sullenger

Nucleic Acid Aptamers for Cardiovascular Therapeutics ......................... 289
P.S. Pendergrast, K.M. Thompson, and R.G. Schaub

NFxB Decoy Oligodeoxynucleotide-Based Therapy
in Cardiovascular DiSeases..............ccooovviiiiiiiiiiiiiiiiiei e 299
H. Nakagami, M.K. Osako, N. Tomita, and R. Morishita

Antisense Therapy for Restenosis Following Percutaneous
Coronary INterventions ..............cccocveriieiiieniienienie et 311
N. Kipshidze

Toxic RNA in Pathogenesis of Human
Neuromuscular DISOrders ..............coccooiiieniniiniiiiniieieeee e 325
D. Napierala and M. Napierala



Contributors

Maha Abdellatif

Department of Cell Biology and Molecular Medicine, Cardiovascular
Research Institute, University of Medicine and Dentistry of New Jersey,
185 S Orange Ave, Newark, NJ 07103, USA

abdellma@umdnj.edu

Jan Barciszewski

Institute of Bioorganic Chemistry of the Polish Academy of Sciences,
Noskowskiego 12, 61704 Poznan, Poland

Jan.Barciszewski @ibch.poznan.pl

Charlene M. Blake

Duke Institute for Genome Sciences and Policy, Duke University
Medical Center, Durham, NC 27710, USA

charlene.blake @duke.edu

Thomas E. Callis

Carolina Cardiovascular Biology Center, Department of Cell and Developmental
Biology, 8340C Medical Biomolecular Research Building (MBRB), CB #7126,
University of North Carolina, Chapel Hill, NC 27599-7126, USA

Daniele Catalucci

Division of Cardiology, Department of Medicine, University of California
San Diego, 9500 Gilman Drive, BSB 5022, LaJolla, San Diego,

CA 92093-0613, USA Scientific and Technology Pole, IRCCS MultiMedica,
Via G. Fantoli 16/15, 20138 Milan, Italy

dcatalucci@ucsd.edu

Gianluigi Condorelli

Division of Cardiology, Department of Medicine, University of California
San Diego, 9500 Gilman Drive, BSB 5022, LaJolla, San Diego,

CA 92093-0613, USA Scientific and Technology Pole, IRCCS MultiMedica,
Via G. Fantoli 16/15, 20138 Milan, Italy

gcondorelli@ucsd.edu



xii Contributors

Volker A. Erdmann

Institut fiir Chemie/Biochemie, Freie Universitit Berlin,
Thielallee 63, 14195 Berlin, Germany
erdmann @ chemie.fu-berlin.de

Henry Fechner
Department of Cardiology and Pneumology, Campus-Benjamin Franklin,
Charite University Medicine, Berlin, Germany

Noboru Fukuda

Division of Nephrology and Endocrinology, Department of Medicine,
Nihon University School of Medicine, Tokyo, Japan

Advanced Research Institute of Science and Humanities,

Nihon University School of Medicine, Tokyo, Japan

fukudan @med.nihon-u.ac.jp

Gabriele Grassi

Department of Internal Medicine, University Hospital of Trieste,
Cattinara 34149, Trieste, Italy

Department of Molecular Pathology, University Hospital

of Tiibingen, Liebermeisterstr. 8, 72076 Tiibingen, Germany
ggrassi@units.it

Mario Grassi
Department of Chemical Engineering (DICAMP), University of Trieste,
Piazzale Europa 1, Trieste 34127, Italy

Hugo A. Katus
Innere Medizin III, Universitatsklinikum Heidelberg, Im Neuenheimer
Feld 410, 69120 Heidelberg, Germany

Nicholas Kipshidze

Lenox Hill Hospital, Department of Interventional Cardiac & Vascular
Services, 30 East 77th Street, New York, NY 10021, USA
NKipshidze @Lenoxhill.net

Michael V.G. Latronico
Scientific and Technology Pole, IRCCS MultiMedica, Via G. Fantoli 16/15,
20138 Milan, Italy

Osako Kiomy Mariana
Division of Clinical Gene Therapy, Graduate School of Medicine, Osaka
University, Suita 565-0871, Japan

Sabine Merl
Deutsches Herzzentrum and 1 Medizinische Klinik, Technische Universitit,
Lazarettstrasse 36, 80636 Miinchen, Germany

Ryuichi Morishita
Division of Clinical Gene Therapy, Graduate School of Medicine, Osaka
University, Suita 565-0871, Japan



Contributors xiii

Oliver J. Miiller

Innere Medizin III, Universitatsklinikum Heidelberg, Im Neuenheimer
Feld 410, 69120 Heidelberg, Germany

oliver.mueller @med.uni-heidelberg.de

Hironori Nakagami
Division of Clinical Gene Therapy, Graduate School of Medicine, Osaka
University, Suita 565-0871, Japan

Division of Gene Therapy Science, Graduate School of Medicine,
Osaka University, Suita 565-0871, Japan
nakagami @ gts.med.osaka-u.ac.jp

Dobrawa Napierala

Department of Molecular and Human Genetics, Baylor College

of Medicine, One Baylor Plaza, BCM-225, Houston, TX 77030, USA
dobrawan @bcm.tmc.edu

Marek Napierala

University of Texas M.D. Anderson Cancer Center, 1515 Holcombe Blvd.,
Houston, TX 77030, USA

mnapiera@mdanderson.org

Shahid M. Nimjee

Duke Institute for Genome Sciences and Policy, Duke University
Medical Center, Durham, NC 27710, USA

shahid.nimjee @mc.duke.edu

Sabah Oney

Duke Institute for Genome Sciences and Policy, Duke University
Medical Center, Durham, NC 27710, USA

sabah.oney @duke.edu

Vladimir Pekarik

Center for Anatomy, Institute for Cell- and Neurobiology,

Charité University Hospital, Phillippstrasse 12, 10115 Berlin, Germany

Centre de Medicina Regenerativa de Barcelona (CMR[B]), Parc de Recerca
Biomedica de Barcelona (PRBB), ¢/ Dr. Aiguader 88, 7 planta, 08003 Barcelona
v.pekarik@cmrb.eu

Shannon Pendergrast
Archemix Corp. 300 Third St. 2nd Floor, Cambridge, MA 02139, USA
pendergrast@archemix.com

Sandra Pinkert
Department of Cardiology and Pneumology, Campus-Benjamin Franklin,
Charite University Medicine, Berlin, Germany

Wolfgang Poller

Department of Cardiology and Pneumology, Campus-Benjamin Franklin,
Charite University Medicine, Berlin, Germany

wolfgang.poller @charite.de



Xiv Contributors

Robert G. Schaub
Archemix Corp. 300 Third St. 2nd Floor, Cambridge, MA 02139, USA

Lennart Suckau
Department of Cardiology and Pneumology, Campus-Benjamin Franklin,
Charite University Medicine, Berlin, Germany

Bruce Sullenger

Duke Institute for Genome Sciences and Policy, Duke University
Medical Center, Durham, NC 27710, USA

b.sullenger @cgct.duke.edu

Maciej Szymanski

Institute of Bioorganic Chemistry of the Polish Academy
of Sciences, Noskowskiego 12, 61-704 Poznan, Poland
mszyman @ibch.poznan.pl

Mariko Tatsuguchi

Carolina Cardiovascular Biology Center, Department of Cell and Developmental
Biology, 8340C Medical Biomolecular Research Building (MBRB), CB #7126,
University of North Carolina, Chapel Hill, NC 27599-7126, USA

Kristin M. Thompson
Archemix Corp. 300 Third St. 2nd Floor, Cambridge, MA 02139, USA

Naruya Tomita
Division of Nephrology, Department of Internal Medicine, Kawasaki Medical
School, 577 Matsushima, Kurashiki 701-0192, Japan

Da-Zhi Wang

Carolina Cardiovascular Biology Center, Department of Cell and Developmental
Biology, 8340C Medical Biomolecular Research Building (MBRB), CB #7126,
University of North Carolina, Chapel Hill, NC 27599-7126, USA

dawang @med.unc.edu

Edwin Wang
Biotechnology Research Institute, National Research Council of Canada, 6100
Royalmount Avenue, Montreal, QC, Canada

Center for Bioinformatics, McGill University, Montreal, QC, Canada
Edwin.Wang @cnrc-nrc.gc.ca

Rainer Wessely

Deutsches Herzzentrum and 1 Medizinische Klinik, Technische
Universitit, Lazarettstrasse 36, 80636 Miinchen, Germany
rwessely @web.de

En-Hui Yao
Division of Nephrology and Endocrinology, Department of Medicine,
Nihon University School of Medicine, Tokyo, Japan



Part I
MicroRNA



An Overview of MicroRNA
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Abstract Recently, microRNAs (miRNAs) have emerged as central posttranscriptional
regulators of gene expression. miRNAs regulate many key biological processes,
including cell growth, death, development and differentiation. This discovery is
challenging the central dogma of molecular biology. miRNAs have been known to
be involved in development, cell proliferation and apoptosis. Several reports have
recently shown that miRNAs might also be involved in filtering out gene expression
noise by regulating positive regulatory loops in cells. Loss- or gain-of-function of
specific miRNAs appears to be a key event in the genesis of many diverse diseases.
Recent studies have shown that miRNAs are important during heart development
and adult cardiac physiology, and modulate a diverse spectrum of cardiovascular
functions in vivo. miRNAs have been shown to regulate pathways controlled by
genes like p53, MYC and RAS, which are closely related to cancer. Single-nucleotide
polymorphisms (SNPs) of miRNA binding sites are associated with gene expression

E. Wang

Biotechnology Research Institute, National Research Council of Canada, 6100 Royalmount
Avenue, Montreal, Quebec, Canada, and Center for Bioinformatics, McGill University,
Montreal, Quebec, Canada
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V.A. Erdmann et al. (eds.) RNA Technologies in Cardiovascular Medicine and Research, 3
doi: 10.1007/978-3-540-78709-9, © Springer-Verlag Berlin Heidelberg 2008



4 E. Wang

levels of the target alleles and cancer. Finally, these miRNA studies also have
implications for understanding complex pathways, e.g., interactions between miRNAs,
cell signaling and transcription factors, involved in human diseases, and can lead to
potential opportunities in manipulating miRNAs as therapeutic targets.

1 Introduction

According to the central dogma of molecular biology, RNAs are passive messengers
and only take charge of transferring genetic information, or carrying out DNA
instructions, or code, for protein production in cells. However, this central dogma
is getting challenged by the recent findings that tiny fragments of noncoding RNA
typically ~22 nucleotides in length, namely microRNA (miRNA), are able to nega-
tively regulate protein-coding genes by interfering with mRNA’s original instruc-
tions. Recentstudiesindicate thatmiRNAshave emerged as central posttranscriptional
repressors of gene expression. miRNAs suppress gene expression via imperfect
base pairing to the 3” untranslated region (3’'UTR) of target mRNAs, leading to
repression of protein production or mRNA degradation (Bartel 2004; Carthew
2006; Valencia-Sanchez et al. 2006). These noncoding regulatory RNA molecules
have been found in diverse plants, animals, some viruses and even algae species,
and it now seems likely that all multicellular eukaryotes, and perhaps some unicel-
lular eukaryotes, utilize these RNAs to regulate gene expression.

Some researchers claimed that the human genome might encode more than
1,000 miRNAs (Bentwich et al. 2005). However, a recent sequencing survey of
miRNA expression across 26 distinct organ systems and cell types of human and
rodents validated that only 300+ miRNAs are present in humans and/or rodents
(Landgraf et al. 2007). Computational predictions indicate that thousands of genes
could be targeted by miRNAs in mammals (John et al. 2004; Krek et al. 2005;
Lewis et al. 2005; Rajewsky 2006). Experimental analysis revealed that 100-200
target mRNAs are repressed and destabilized by a single miRNA (Krutzfeldt et al.
2005; Lim et al. 2005; Yu et al. 2007a). It is estimated that more than one-third of
human genes are potentially regulated by miRNAs. These findings suggest that
miRNAs play an integral role in genome-wide regulation of gene expression.

miRNAs regulate many key biological processes, including cell growth, death,
development and differentiation, by determining how and when genes turn on and
off. Animals that fail to produce certain mature miRNAs are unable to survive or
reproduce (Bernstein et al. 2003; Cao et al. 2006; Forstemann et al. 2005; Ketting
et al. 2001; Plasterk 2006; Shivdasani 2006; Wienholds et al. 2003). Thus, a single,
malfunctioning microRNA can be sufficient to cause cancer in mice (Costinean et al.
2006). These discoveries offer new insights into another layer of gene regulation
and at the same time underscore the powerful role that these tiny snippets of non-
coding RNA play in cells. These discoveries indicate that it is no longer the genes,
nor mRNAs themselves, that hold the most mystery, but the miRNAs that influence
their behavior and the result that such gene regulation process produces. Thus,
miRNA has become an important force in biology.
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In this chapter, I will summarize the basic knowledge of miRNAs, including
their biogenesis and functions, especially highlighting recently discovered miRNA
functions, such as filtering out gene expression noise by miRNAs, and the potential
function of maintaining tissue identity by miRNAs. The recent progress of miRNA
involvements in heart development, heart physiology and heart diseases will be
discussed. Finally, I will review the relationship of miRNAs to cancer.

2 miRNA Biogenesis

miRNAs as posttranscriptional regulatory molecules were first discovered to regulate
expression of partially complementary mRNAS in Caenorhabditis elegans (Lee et al.
1993; Moss et al. 1997; Wightman et al. 1993). miRNAs are encoded in either inter-
genic regions of genomes or within introns of known protein-coding genes. miRNAs
are transcribed by RNA polymerase II as long precursor transcripts, which are called
primary miRNAs (pri-miRNAs). The pri-miRNAs are capped and polyadenylated,
and can reach several kilobases in length (Cullen 2005; Kim 2005). A single pri-
miRNA might contain one, or up to several, miRNAs. Several sequential steps of
transcript processing are required to produce mature miRNAs from pri-miRNAs. In
the nucleus, there is a microprocessor complex in which the major components are
the RNase-III enzyme Drosha and its partner DGCRS8/Pasha (Denli et al. 2004;
Gregory et al. 2004; Landthaler et al. 2004), which initially recognize pri-miRNAs
and then excise the stem—loop hairpin structure that contains the miRNA, a 60-80
nucleotide intermediate known as precursor miRNA (pre-miRNA) with pri-miRNAs.
Exportin-5, a nuclear export factor, recognizes and transports the pre-miRNAs to
cytoplasm (Bohnsack et al. 2004; Lund et al. 2004; Yi et al. 2003). In the cytoplasm,
Dicer, a second RNase-III enzyme, cleavages the pre-miRNAs to generate double-
stranded 18-24 nucleotide-long RNA molecules — miRNAs (Bernstein et al. 2003;
Grishok et al. 2001; Hutvagner et al. 2001; Ketting et al. 2001; Knight and Bass
2001). RNA-induced silencing complex (RISC), the core component of which is the
Argonaute protein (Kim 2005), incorporates one of these two strands — the guide
strand of miRNAs. Finally, the miRNA guides the RISC complex to the target mRNA
to suppress gene expression via imperfect base pairing to the 3'UTR of target
mRNAs, leading to repression of protein production and, in some cases, mRNA
degradation (Bartel 2004; Carthew 2006; Valencia-Sanchez et al. 2000).

3 Biological Functions of miRNAs

3.1 miRNA Emerges as a Central Regulator for Development

Several reports indicated that miRNAs repress a large set of targets so that the targets
are expressed at low levels in the miRNA-expressing cells (Krutzfeldt and Stoffel
2006; Lim et al. 2005; Yu et al. 2007a). This might offer a second layer of regulation
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to reinforce transcriptional controls at posttranscriptional level. A number of lines
of evidence suggested that miRNAs are involved in regulating developmental processes.
We conducted a genome-wide survey of transcription factor binding sites in the
promoter regions of human genes and found that developmental genes are significantly
regulated by more transcription factors (Cui et al. 2007a). Furthermore, we showed
that the more transcription factors a gene is regulated by, the more miRNAs that
gene is regulated by (Cui et al. 2007a). Certain miRNAs have been suggested to be
essential regulators for developmental programs (Giraldez et al. 2005). For instance,
without miR-430, zebrafish embryos develop defects, which can be rescued and
complemented by supplying miR-430 (Giraldez et al. 2005). Genes in this process
by miR-430 seem to be direct miR-430 targets based on miRNA seed matches, and
are misregulated in the absence of miR-430 (Giraldez et al. 2006). Another example
comes from the study of C. elegans miRNAs, lin-4 and let-7. Without lin-4, C. elegans
is unable to make the transition from the first to the second larval stage due to a
differentiation defect, which is caused by a failure to posttranscriptionally repress
the lin-14 gene, which is the target gene of lin-4 (Lee et al. 1993; Wightman et al.
1993). Similarly, without let-7, a failure of larval-to-adult transition was observed
(Reinhart et al. 2000). It is known that lin-41, hbl-1, daf-12 and the forkhead transcription
factor pha-4 are the direct targets of let-7 during this transition (Abrahante et al.
2003; Grosshans et al. 2005; Slack et al. 2000).

3.2 miRNAs are Involved in Cell Proliferation and Apoptosis

miRNAs have been shown to regulate key genes for tumorigenesis and cancer progres-
sion, which coordinately controls cell proliferation and apoptosis. For instance,
miRNA let-7 promotes tumorigenesis by regulation KRAS and NRAS transcripts
(Johnson et al. 2005). miRNAs are known to regulate pathways controlled by genes
such as pS3, MYC and RAS. Furthermore, miR17-92 cluster has been shown to be
able to act as a functional switch between cell proliferation and apoptosis.

3.3 miRNAs Act as Regulators for Noise Filtering and Buffering

Eukaryotic cells are noisy environments in which transcription often occurs in a
bursting manner, causing the number of mRNAs per cell to fluctuate significantly
(Blake et al. 2006; Golding et al. 2005; Raj et al. 2006). Moreover, such fluctua-
tions can propagate through the network, e.g., fluctuations in the level of an
upstream transcription factor can significantly induce the expression fluctuations of
downstream genes (Pedraza and van Oudenaarden 2005; Rosenfeld et al. 2005). In
positive regulatory loops, noise or stochastic fluctuations of gene transcripts and
protein molecules leads to randomly switching cell phenotypes in yeast, while a
negative regulator adding in the positive regulatory loops often helps in reducing
such noise in biological systems and making a robust decision for cell development
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(Acar et al. 2005). Because miRNAs can tune target protein levels more rapidly at
the posttranscriptional level, they might significantly shorten the response delay
and, in turn, provide more effective noise buffering. The miRNA miR-17 might
play a role in preventing noise-driven transition from apoptosis to cell proliferation.
c-Myc and E2F1 are known to reciprocally activate transcription of one another,
establishing a positive feedback circuit (Fernandez et al. 2003; Leone et al. 1997).
This architectural structure of the circuit makes it possible for miRNAs to support
a shift from apoptosis toward proliferation by repressing E2F1. Expression of E2F1
promotes G1 to S phase progression by activating genes involved in cell cycle
(Bracken et al. 2004). High expression of E2F1, however, is sufficient to induce
apoptosis (Johnson et al. 1994a,b; Matsumura et al. 2003). In the absence of addi-
tional regulatory mechanisms, this circuit might be expected to overactivate E2F1,
leading to apoptosis, when c-Myc simultaneously activates E2F1 transcription and
miR17-92 cluster, which in turn negatively regulates E2F1. This might promote a
proliferative signal but not an apoptotic signal. Another example is the fly miR-9a,
which is suggested to set up a “threshold” for signals in a positive feedback loop,
so that it can filter out noise (Li et al. 2006). Without miR-9a, flies produce extra
sense organs (Li et al. 2006). During fly sensory organ development, a fly gene,
senseless expression is activated by proneural proteins and feedbacks positively to
reinforce proneural gene expression. If senseless, the target of miR-9a is highly
expressed and the defects mentioned above occur. miR-9a has been suggested to set
a threshold that senseless expression has to overcome to induce the normal devel-
opmental program. In agreement with these findings, we found that cross-species
expression divergences of miRNA target genes are significantly smaller than those
of other genes (Cui et al. 2007b). Similar observations have been found between
human and chimpanzee, between human and mouse, between Drosophila species,
and between D. melanogaster and D. simulans (Cui et al. 2007b). These results
suggest that miRNAs might provide a genetic buffer to constrain gene expression
divergence. We showed that miRNAs preferentially regulate positive regulatory
loops (Cui et al. 2006). It is possible that miRNAs serve to buffer stochastically
fluctuating expression of genes in positive regulatory loop. Given that positive
feedback circuits are abundant in genomes (Brandman et al. 2005; Ferrell 2002),
we surmise that miRNAs provide a common mechanism in buffering gene expres-
sion noise by frequently regulating positive regulatory loops (Fig. 1).

Buffering by miRNAs decreases the detrimental effects of errors in gene regulation.
miRNA buffering might also provide a way for silence-accumulating mutations
without being subjected to selective forces and thus might contribute to evolvability.

3.4 miRNAs Might Contribute to Maintaining Tissue Identity

We conducted a genome-wide analysis of the expression profiles of mRNA targets in
human, mouse and Drosophila (Yu et al. 2007a). We found that the expression levels
of miRNA targets are significantly lower in all mouse mature tissues and Drosophila
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Fig. 1 Distribution of miRNA targets among the genes with different cross-species gene expres-
sion variations (EVs). Genes were grouped according to their EV values. The ratio of miRNA
targets to total genes in each group (miRNA target rate) was calculated. (a) Human and chimpanzee.
(b) Human and mouse. (¢) Drosophila melanogaster and D. simulans

later life stages than in the embryos. These results indicate that miRNAs might play
roles in determining the timing of tissue differentiation during the larva period of
Drosophila development and maintaining the tissue identity during adulthood.

4 miRNAs in Human Disease

4.1 miRNAs and Heart Diseases

Loss- or gain-of-function of specific miRNAs appears to be a key event in the genesis
of many diverse diseases. Recently, an interesting question how miRNAs influence
heart development and disease has been addressed. Four recent papers highlighted
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the role of miRNAs in the heart. These reports showed that miRNAs are essential
for heart development and regulating the expression of genes which take part in
cardiac function in vivo: the conductance of electrical signals, heart muscle
contraction, and heart growth and morphogenesis.

It has been reported that there is a function for miR-1 in heart conductivity.
miR-1 levels were positively correlated with coronary artery disease and rats
after cardiac infarction (Yang et al. 2007). Loss-of-function of miR-1 prevented
heart arrhythmia, whereas miR-1 overexpression caused heart arrhythmia in
normal and infarcted hearts. They further showed that both gain- and loss-of-
function of miR-1 affect conductivity through affecting potassium channels.
These results suggest that miR-1 has a prominent effect on the development of
cardiac arrhythmia, irregular electrical activity in the heart. A separate study
also focused on miR-1 by creating mice that are deficient in a muscle-specific
miRNA, miR-1-2 (Zhao et al. 2007). They showed that the miRNA-deficient
embryos have cardiac failure and a variety of developmental defects, including
pericardial edema and underdevelopment of the ventricular myocardium, an
increase in cardiomyocyte proliferation and electrophysiological defects, a
reduction in heart rate and the prolonging of ventricular depolarization.
Interestingly, these phenotypes are similar to the defects during heart develop-
ment in zebrafish embryos, when miRNAs are non-functional (Giraldez et al.
2005). Both studies identify miR-1 targets that might, at least in part, account
for the manifestation of the associated diseases.

In another study, it was found that the muscle-specific miR-133 is a negative
regulator of cardiac hypertrophy, which is an essential adaptive physiological
response to mechanical and hormonal stress and heart size (Care et al. 2007).
To understand the molecular mechanism by which miR-133 controls heart size,
they showed that Rhoa, Cdc42 and Whsc2 are the direct targets of miR-133.
Moreover, the heart-specific miRNA miR-208 also modulates the genes that are
controlling the hypertrophic response (van Rooij et al. 2007). The main function
of miR-208 seems to be mediating the switch from expression of the heavy
chain of o-myosin to that of P-myosin during stress or thyroid-hormone-
induced cardiac growth (van Rooij et al. 2007). These results suggest that miR-
208 is an important regulator for cardiac growth and gene expression in
response to stress and hypothyroidism.

Taken together, it seems clear that miRNAs have an important role in regulating
gene expression in the heart. These studies indicate that miRNAs are important
during heart development and adult cardiac physiology, and modulate a diverse
spectrum of cardiovascular functions in vivo. The findings revealed a level of
molecular control of heart physiology that is beyond the well-accepted regulatory
role of signaling and transcription factor complexes in the heart. Furthermore, these
studies also have implications for understanding complex pathways, e.g., interac-
tions between miRNAs, cell signaling and transcription factors, involved in heart
diseases, and can lead to potential opportunities in manipulating miRNAs as
therapeutic targets.
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4.2 miRNAs and Cancer

Human cancer studies are always the hotspots in life science research. Much
significant progress in miRNAs and cancer has been made in the past few years.
Genome-wide studies of miRNA expression profiling have shown that miRNA
expression levels are altered in primary human tumors (Calin et al. 2004; Calin and
Croce 2006; Lu et al. 2005). Significant signatures of miRNA expression profiles
can be linked to various types of tumors, suggesting that miRNA profiling has
diagnostic and perhaps prognostic potential (Lu et al. 2005; Calin and Croce 2006).
Certain miRNAs could be tumor suppressors, because loss of these miRNAs is
often associated with cancers. miR-15a and miR-16-1 genes are deleted in most
cases of chronic lymphocytic leukemia (Calin et al. 2004). Loss of miRNA let-7 in
lung tumors correlates with high RAS protein expression, suggesting that let-7
promotes tumorigenesis by regulation of popular oncogenes, KRAS and NRAS
transcripts (Johnson et al. 2005). miR-372 and miR-373 have been shown to be able
to overcome oncogenic Ras-mediated arrest and, therefore, induced tumorigenesis
(Voorhoeve et al. 2006). miR-21 was demonstrated to be consistently upregulated
in human glioblastoma tumor tissues, primary tumor cultures and established
glioblastoma cell lines relative to normal fetal and adult brain tissue (Chan et al.
2005). Knockdown of miR-21 in glioblastoma cell lines led to activation of
caspases and a corresponding induction of apoptotic cell death. Furthermore, two
recent studies have placed the miR-24 family into the pS3 tumor suppressor network.
miR-24, regulating apoptosis and cell proliferation, has become an essential com-
ponent of the p53 network (He et al. 2007; Raver-Shapira et al. 2007), which is
closely associated with cancer.

4.3 Single-Nucleotide Polymorphisms (SNPs) of miRNA
Binding Sites and Human Diseases

Mapping human SNP genotype data (25,000 SNPs) generated in the HapMap and
Perlegen projects onto the 3’-UTR regions of human gene transcripts (Chen and
Rajewsky 2006), uncovered that SNP density in conserved miRNA sites was lower
than in conserved control sites. These results indicate that a large class of computation-
ally predicted conserved miRNA target sites is under significant negative selection.
Similarly, we showed the same trend when mining NCBI’s dbSNP database (Yu et al.
2007b). These results have implications that SNPs located at miRNA-binding sites
are likely to affect the expression of the miRNA target and might contribute to the
susceptibility of humans to common diseases. Indeed, naturally occurring polymor-
phisms in miRNA binding sites have been documented in Tourette’s syndrome in
humans and muscularity in sheep (Abelson et al. 2005; Clop et al. 2006).

Motivated by this concept, we explored the effects of miRNA-binding SNPs on
cancer susceptibility by genome-wide analysis of the data deposited in NCBI’s
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dbSNP database and human dbEST database (Yu et al. 2007b). Interestingly, we
found that the frequencies of the minor alleles (non-target alleles) of the miRNA-
binding site SNPs are extremely low. Furthermore, we showed that the average
expression level of the non-target alleles of miRNA-binding site SNPs is significantly
higher than that of the target alleles. Moreover, we identified a set of potential
candidates for miRNA-binding site SNPs with an aberrant allele frequency present
in the human cancer EST database. Finally, we experimentally validated them by
sequencing clinical tumor samples.

Although the miRNA inducing disease studies are still in their infancy, miRNAs
are known to regulate pathways controlled by genes such as p53, MYC and RAS.
These findings emphasize the need to integrate the study of miRNA expression and
function into other cellular processes, such as signaling, gene regulation, and others,
in order to achieve a complete understanding of this group of disorders. Unraveling
miRNA regulatory circuits, even miRNA regulation of cellular networks that are
involved in disease development, is challenging, but is essential to gain a comprehen-
sive understanding of the molecular mechanisms of the diseases. Luckily, there
have been recent developments in technologies such as microarray and systemic
delivery of small RNA systems that allow high-throughput studies of the function
of miRNAs (Krutzfeldt et al. 2005; Soutschek et al. 2004). These approaches provide
promise for understanding miRNA function at systems-level and eventually devel-
oping therapeutic strategies based on miRNA overexpression or inhibition.

5 Summary

miRNA research has been conducted for only a few years. There are still lots of
unknown but exciting knowledge to be revealed about miRNAs. Here, we high-
lighted the recently discovered new functions of miRNAs. miRNAs might act as
regulators for filtering out gene expression noise and letting cells make right decisions
for normal development. In addition, miRNAs might maintain tissue identity,
although further experimental evidence is needed to validate this hypothesis.

Although miRNAs have been thought to take part in many kinds of human diseases,
it was still exciting to find that miRNAs become important players in heart develop-
ment, affecting adult cardiac physiology, and modulating a diverse spectrum of
cardiovascular functions in vivo. Many miRNAs have been implicated in tumori-
genesis and cancer progression. A few studies in genome-wide microarray profiling
of miRNAs of tumor samples suggested that miRNAs could be used as tumor
biomarkers. More and more miRNAs have been documented in causing cancer, but
it is still unclear whether and how miRNAs could cooperate to take part in cancer
development.

Finally, most of the miRNA studies revealed a level of molecular control of
human diseases that is beyond the well-accepted regulatory systems such as regulation
by transcription factors and signaling proteins. Furthermore, these studies also have
implications that, in a cell, a more complex regulatory system, e.g., interactions
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between miRNAs, cell signaling and transcription factors, is involved in many
cellular activities and human diseases. Therefore, it is essential to study the under-
lying interactions between miRNAs and cellular regulatory systems and pathways.
Thus, it leads to understanding gene regulation in a more comprehensive manner
and opening up new opportunities in manipulating miRNAs as diagnostic and
therapeutic targets.
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Abstract With the advent of microRNA (miRNA) we are compelled to revise our
understanding of the mechanisms underlying gene regulation during health and
disease. A miRNA is approximately 21 ribonucleotides long, genetically encoded,
with a potential to recognize multiple mRNA targets guided by sequence com-
plementarity and RNA-binding proteins. This class of molecules is functionally
versatile, with the capacity to specifically inhibit translation initiation or elonga-
tion, as well as induce mRNA degradation, through predominantly targeting the
3’-untranslated regions of mRNA. Early on it was realized that the levels of indi-
vidual miRNA varied under different developmental, biological, or pathological
conditions, thus implicating these molecules in normal and pathological cellular
attributes. In this chapter, we will discuss how the functions of miRNA relate to
our existing knowledge on post-transcriptional regulation of gene expression that
is the underlying mechanism of many diseases, including cardiac hypertrophy and
failure, and their potential as biomarkers and therapeutic targets in diseases.
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1 The Importance of Being miRNA

In computer terms, a macro is a single command that is programmed to replace
multiple separate commands that perform a series of actions, thus simplifying, expe-
diting, and minimizing error. Similarly, the cell employs a single miRNA to regulate
post-transcriptional expression of an array of genes that are involved in a particular
cellular function. This mechanism will ensure synchronization of the regulatory
effects and promptness of the response. Moreover, post-transcriptional regulation of
multiple genes via a single miRNA circumvents the need for transcriptional regula-
tion of individual genes and is, thus, potentially faster and more energy efficient. This
is what Beyer et al. (2004) refer to as “translation on demand,” not overlooking the
fact that regulating RNA with miRNA is unhindered by the need for a translation
product. Thus, it becomes clear that the functions of miRNA complement perfectly
our current knowledge of post-transcriptional regulation of expression.

2 Post-Transcriptional Regulatory Mechanisms During
Cardiac Hypertrophy

Compensatory cardiac hypertrophy is characterized by a change in the gene expres-
sion pattern that recapitulates the neonatal profile (Johnatty et al. 2000). This switch
is triggered by regulation of transcriptional and post-transcriptional functions (Fig. 1).
Transcription is regulated by selective accessibility of the promoter to the initiation
complex and upstream enhancers and/or repressors. Some of the regulators that have
been shown to play a role during cardiac hypertrophy include the histone variant,
H2A.z (Chen et al. 2006), histone acetylases (Dai and Markham 2001; Gusterson
et al. 2003), and deacetylase (Chang et al. 2004; Zhang et al. 2002). Once access to
the promoter is granted the availability and/or activity of RNA polymerase II and
transcriptional regulators, such as GATA4 (Molkentin et al. 1998), SRF (Zhang et al.
2001), and NKx2-5 (Chen et al. 1996), among others, will determine the level of
mRNA produced. But it is well established that translation of mRNA is also a tightly
controlled function. It is regulated by: targeted mRNA localization, mRNA stability
(half-life), the rate of translation initiation, and, finally, when translation is completed,
the rate of protein degradation will determine the extent of the functional outcome.
MiRNA are a newly discovered class of post-transcriptional regulators that can inhibit
translation and/or induce mRNA degradation (Fig. 2).

3 Post-Transcriptional Regulation by miRNA

Transcription of a gene does not connote automatic translation of the transcript. In
other words, we cannot use relative mRNA levels as predictive measures of relative
protein levels of a given gene (Gygi et al. 1999), which suggest post-transcriptional
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Fig. 1 A schematic showing gene expression regulatory mechanisms involved in cardiac hyper-
trophy. Gene expression is regulated by transcriptional and post-transcriptional mechanisms.
Transcription is restricted by factors that regulate genomic DNA accessibility, while the activity
of a promoter is regulated by the availability and activity of various transcription factors, some of
which are highlighted in the diagram. Post-transcriptional mechanisms involve regulation of trans-
lation initiation and elongation, protein stability, and mRNA stability and localization. MicroRNA
plays a role in both translation initiation and elongation, as well as, mRNA stability

regulation of gene expression. Post-transcriptional regulation refers to events that
limit the availability or accessibility of mRNA for translation. The study by Beyer et al.
(2004) confirms weak or no correlation between mRNA and protein abundance for
the whole cell. Similar results were obtained when the calculations were repeated on
separate cellular compartments. But, interestingly, a more positive correlation
emerged when they grouped functionally related genes. From what we know, an
individual miRNA (or a miRNA family) also has the potential to post-transcriptionally
regulate a set of specific genes involved in a given cellular function. For example,
we observed that miR-1 targets an array of growth-related genes that have been
previously implicated in the development of cardiac hypertrophy, which include Ras
GTPase-activating protein, cyclin-dependent kinase 9, endothelin, fibronectin,
Ras homologue enriched in brain, eukaryotic initiation factor 4E, JunD, quaking,
insulin-like growth factor, and Rap1 (Table 1). Concordantly, upon induction of car-
diac hypertrophic growth, miR-1 is down-regulated, allowing for the up-regulation
of these targets (Sayed et al. 2007). Similarly, when John at al. (2004) analyzed
individual miRNA for gene ontology terms they observed that some favored certain
terms. For example, miR-208 targets were biased toward ‘“transcription factor,”
while miR-105 had a preponderance of “small GTPase mediated signal transduc-
tion.” To the best of our knowledge, there is no other class of molecules identified to
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Fig. 2 A diagram showing the processing of microRNA and its fate. MicroRNA are expressed as
part of a much longer transcript that matures via a two-step process, one in the nucleus and the
second in the cytoplasm, by the enzymes Drosha and Dicer, respectively. Guided by sequence
complimentarity and the RISC complex, the mature microRNA targets mRNA and has the poten-
tial to induce translation inhibition or mRNA degradation

date that has the potential to fulfill this function as globally and specifically
as observed by miRNA. This supports the idea that miRNA are major post-
transcriptional regulators.

Transcriptional regulation is the main first step in determining the availability of
mRNA, but it immediately follows that the mRNA’s half-life will dictate its tempo-
ral availability for translation of the open reading frame. Wang et al. (2002) have
reported that in yeast the half-lives of mRNA ranged from 3 to 90 min. There was
no correlation between the half-life and ribosome density (translational activity),
but the half-lives of proteins that form a physical complex were very similar. For
example, the 4 core histones have a decay rate of 7, n=7x 2min, while 131 ribos-
omal protein mRNA have a f,, = 22 + 6 min. Similarly, decay rates of mRNA of
functionally related genes were also comparable. In general, genes related to
metabolism had longer half-lives than those enrolled in regulatory functions, such



