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Preface

MicroRNAs (miRNAs), endogenous noncoding regulatory mRNAs of around 22-
nucleotides long, have rapidly emerged as one of the key governors of the gene
expression regulatory program in cells of varying species. Accumulating evidence
suggests that miRNAs constitute a novel, universal mechanism for fine regulation
of gene expression in all organisms, “fine tuning” the cellular phenotype during
delicate processes. Owing to their ever-increasing number in the mammalian cells
and their ever-increasing implication in the control of the fundamental biological
processes (such as development, cell growth and differentiation, cell death, etc),
miRNAs have now become a research subject capturing major interest of scientists
worldwide. Moreover, with recent studies revealing the macro roles of miRNAs
in the pathogenesis of adult humans, we have now entered a new era of miRNA
research. The exciting findings in this field have inspired us with a premise and a
promise that miRNAs will ultimately be taken to heart for the therapy of human
disease. Yet these mysterious tiny molecules still remain mystifying in their cellu-
lar function and pathological role. While miRNAs have been considered potential
therapeutic targets for disease treatment, it remains obscure what strategies we can
use to achieve this goal. Thorough understanding of these molecules is obviously
a prerequisite for realizing their rousing promise, which calls for an urgent need to
develop apt technologies for the purpose.

In the past years, we have witnessed the rapid development of many creative,
innovative, inventive techniques and methodologies pertinent to miRNA research
and applications. These technologies have convincingly demonstrated their efficacy
and reliability in producing gain-of-function or loss-of-function of miRNAs, pro-
viding new tools for elucidating miRNA functions and opening up a new avenue
for the development of new agents targeting miRNAs for therapeutic aims. These
stimulating advances prompted me to propose the concept of microRNA interfer-
ence (miRNAi): Manipulating the function, stability, biogenesis or expression of
miRNAs to interfere with the expression of their target protein-coding mRNAs to
alter the cellular functions. This new thought motivated me to write this book
entitled MicroRNA Interference Technologies (miRNAi Technologies).
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vi Preface

The aim of this book is to provide comprehensive descriptions of the strategies
and methodologies for interfering miRNA expression, biogenesis and function and
their applications in miRNA research and new drug design using miRNAs as thera-
peutic targets. It is my expectation that from this book readers will be able to acquire
a basic knowledge of miRNAs and the new concepts pertinent to miRNAi, gain
insight into the principles of various miRNAi technologies and master the key steps
of miRNAi protocols.

miRNAi Technologies contains 13 chapters. It begins with Chapter 1 on the
updated knowledge of miRNA biology and their potential as therapeutic targets for
human disease. Chapter 2 introduces four new concepts pertinent to miRNAs, which
are of pivotal importance for our understanding and application of the miRNAi tech-
nologies. These new concepts are (1) the “miRNA Interference (miRNAi)” concept,
(2) the “miRNA as a Regulator of a Cellular Function” concept, (3) the “One-Drug,
Multiple-Target” concept and (4) the “miRNA Seed Family” concept. Chapter 2
also gives a laconic introduction of miRNAi strategies and the perspectives of miR-
NAi technologies in a general term. From Chaps. 3–13, each chapter introduces one
of the miRNAi technologies with detailed descriptions of state-of-the-art design,
step-by-step directive protocols, principles of action, applications to basic research,
R&D and clinical therapy and advantages and limitations of the technologies. Chap-
ters 3–6 describe various gain-of-function miRNAi technologies and chapters 7–13
introduce the loss-of-function miRNAi technologies.

Each chapter also contains illustrations, flowcharts and tables for easier and
straightforward understanding of the contents. Though step-by-step protocols are
provided for each miRNAi technology, it is not my attempt to give very detailed,
problem-proof procedures by including information like compositions of solutions,
conditions of reactions and materials. Instead, I intend to provide readers with a
guideline for designing and setting up the protocols for their own particular uses.
This also leaves room for readers to make their own improvements and innovations
of the technologies.

This book is written for: (1) Fundamentalists (starting from graduate students
to PI) in the field of studies involving miRNAs, in universities and research insti-
tutions; (2) Pharmacologists and gene therapists involving translational studies on
drug development; (3) Pharmaceutical companies involving R&D in target search-
ing and drug design and (4) Medical practitioners from residents to professors of
various types of medical fields.

Canada Zhiguo Wang
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Chapter 1
miRNAs Targeting and Targeting miRNAs

Abstract With the recent advance of research into microRNAs (miRNAs), this
category of endogenous noncoding small ribonucleic acids (19–25 nts in length)
has rapidly emerged as one of the central regulators of expression of an exten-
sive repertoire of genes. MiRNAs are an abundant RNA species constituting >2%
of the predicted human genes (>1,000 genes), which regulates ∼30% of protein-
coding genes. Some miRNAs are expressed at >1,000 copies per cell. Thousands
of miRNAs have been identified in several organisms including humans, some
of which are registered in the miRBase Registry (http://microrna.sanger.ac.uk/
registry/; the Wellcome Trust Sanger Institute). Computational prediction suggests
an even larger number of miRNAs (∼25,000 in humans) exist in mammalian
genome that are still to be identified [Miranda KC, Huynh T, Tay Y, Ang YS,
Tam WL, Thomson AM, Lim B, Rigoutsos I, Cell 126:1203–1217, 2006; Cummins
JM, He Y, Leary RJ, Pagliarini R, Diaz LA Jr, Sjoblom T, Barad O, Bentwich Z,
Szafranska AE, Labourier E, Raymond CK, Roberts BS, Juhl H, Kinzler KW,
Vogelstein B, Velculescu VE, Proc Natl Acad Sci USA 103:3687–3692, 2006.]

The high sequence conservation across metazoan species suggests strong evo-
lutionary pressure and participation of miRNAs in essential biological processes
such as cell proliferation, differentiation, apoptosis, metabolism, stress and so forth
[Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB, Cell 115:787–
798, 2003; Lewis BP, Burge CB, Bartel DP, Cell 120:15–20, 2005; Jackson RJ,
Standart N, Sci STKE 23:243–249, 2007; Nilsen TW, Trends Genet 23:243–249,
2007; Pillai RS, Bhattacharyya SN, Filipowicz W, Trends Cell Biol 17:18–126,
2005; Alvarez-Garcia I, Miska EA, Development 132:4653–4662, 2005; Ambros V,
Nature 431:350–355, 2004.] MiRNAs are also critically involved in a variety of
pathological processes including human disease, such as developmental malforma-
tions, cancer, cardiovascular disease, neuronal disorders, metabolic disturbance and
viral disease. MiRNAs have been considered a part of the epigenetic program in
organisms.

The initial discovery of small temporal RNAs (now known as miRNAs) is
credited to the pioneer work described by Lee et al. [Cell 75: 843–854, 1993]
and Wightman et al. [Cell 75: 855–562, 1993] in their effort to search for a
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protein responsible for the disruption of the timing of larval to adult developmental
stages due to the lin-4 mutation in the nematode worm C. elegans. They identi-
fied a small RNA from the locus, which bound with partial complementarity to
the 3′-untranslated region (3′UTR) of lin-14 mRNA and negatively regulated lin-
14 expression posttranscriptionally. These studies however did not arouse major
attention in the scientific community until the let-7 (lethal-7) mutation, which
also resulted in disruption of developmental timing in C. elegans, was mapped to
another small RNA [Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC,
Rougvie AE, Horvitz HR, Ruvkun G, Nature 403:901–906, 2000]. From that point,
researchers began to realize that the let-7 miRNA sequence, along with its expres-
sion during development, was conserved in animals from arthropods to humans
[Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ, Kuroda MI, Maller B,
Hayward DC, Ball EE, Degnan B, Muller P, Spring J, Srinivasan A, Fishman M,
Finnerty J, Corbo J, Levine M, Leahy P, Davidson E, Ruvkun G, Nature 408:86–89,
2000], indicating that miRNAs represent an ancient mechanism of gene regulation.
Thus, lin-4 represents the first founding member of the miRNA family that can
downregulate the protein lin-14 and let-7 is the second miRNA mediating trans-
lational repression of lin-41. However, the tidal wave of miRNA that hit the field
of biology was not stirred up until three hallmark papers were simultaneously pub-
lished in the journal Science, which reported the presence of large numbers of small,
noncoding RNAs in Drosophila, Caenorhabditis elegans and mammalian cells [Lau
N, Lim L, Weinstein E, Bartel DP, Science 294:858–862, 2001; Lee RC, Ambros V,
Science 294:862–864, 2001; Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T,
Science 294:853–858, 2001.] Thereafter, this new class of small regulatory RNAs
gained its big name, miRNA and began to garner interest of scientists worldwide.

1.1 miRNA Biology

1.1.1 miRNAs Biogenesis

Genes for miRNAs are located in the chromosomes and many of them are identi-
fied in clusters that can be transcribed as polycistronic primary transcripts. Some
miRNAs are encoded by their own genes and others are encoded by the sequences
as a part of the host protein-coding genes. Based on the genomic arrangement of
miRNA genes, miRNAs can be grouped into two classes:

1. Intergenic miRNAs (miRNA-coding genes located in-between protein-coding
genes),

2. Intragenic miRNAs (miRNA-coding genes located within their host protein-
coding genes). Further, the intragenic miRNAs can be divided into the following
subclasses:

(a) Intronic miRNAs (miRNA-coding genes located within introns of their host
protein-coding genes),
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(b) Exonic miRNAs (miRNA-coding genes located within exons of host protein-
coding genes),

(c) 3′UTR miRNAs (miRNA-coding genes located within 3′UTR of host protein-
coding genes).

(d) 5′UTR miRNAs (miRNA-coding genes located within 5′UTR of host protein-
coding genes).

According to our analysis, for the human miRNAs identified thus far, the majority
of miRNAs belong to intergenic and intronic miRNAs being comprised of ∼42
and ∼44% of the total, respectively and the other three categories are rare with
the exonic miRNAs being ∼7%, 3′UTR miRNAs being 1.5% and 5′UTR miRNAs
being 1%.

Clearly, miRNAs either have their own genes or are associated with their host
genes; accordingly, miRNAs are generated by two different mechanisms. Biogenesis
of miRNAs can be summarized as a five-step process as detailed below (see also
Figs. 1.1 and 1.2).

1. Generation of primary miRNAs: transcription of miRNA genes. The intergenic
miRNA genes are first transcribed as long transcripts, called primary miRNAs
(pri-miRNAs) mostly by RNA polymerase II or RNA polymerase III (Ying and
Lin 2005). The pri-miRNAs are capped and polyadenylated and can reach several
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kilobases (kb) in length (Cullen 2004; Kim 2005). The clustered miRNA genes
in polycistronic transcripts are likely to be coordinately regulated (Bartel 2004).
The intronic miRNAs are processed by sharing the same promoter and other
regulatory elements of the host genes. They are first transcribed along with their
host genes by RNA polymerase II and then processed by Drosha independent
pathway from excised introns by the RNA splicing machinery for their biogenesis
in Drosophila, C elegans and mammals (Berezikov et al. 2007; Okamura et al.
2007; Ruby et al. 2007).

2. Generation of precursor miRNAs: endonuclease processing of pri-miRNAs. The
pri-miRNAs are processed to precursor miRNAs (pre-miRNAs) by the RNase
endonuclease-III Drosha and its partner DGCR8/Pasha in the nucleus (Lee
et al. 2002b; Denli et al. 2004; Gregory et al. 2004; Landthaler et al. 2004).
These pre-miRNAs are ∼60 to ∼100 nts with a stem-loop or hairpin secondary
structure. Specific RNA cleavage by Drosha predetermines the mature miRNA
sequence and provides the substrates for subsequent processing steps. Cleavage
of a pri-miRNA by microprocessor begins with DGCR8 recognizing the single-
stranded RNA (ssRNA)–double-stranded RNA (dsRNA) junction typical of a pri-
miRNA (Han et al. 2006). Then, Drosha is brought close to its substrate through
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interaction with DGCR8 and cleaves the stem of a pri-miRNA ∼11nt away from
the two single-stranded segments.

miRNA precursor-containing introns have recently been designated “mirtrons”
(Miranda et al. 2006). Mirtrons are derived from certain debranched introns that
fold into hairpin structures with 5′ monophosphates and 3′ 2-nt hydroxyl overhangs,
which mimic the structural hallmarks of pre-miRNAs and enter the miRNA-
processing pathway (Okamura et al. 2007; Ruby et al. 2007). The discovery of
mirtrons suggests that any RNA, with a size comparable to a pre-miRNA and all
the structural features of a pre-miRNA, can be utilized by the miRNA processing
machinery and potentially give rise to a functional miRNA.

3. Nucleus to cytoplasm translocation of pre-miRNAs. Pre-miRNAs are then
exported to the cytoplasm from the nucleus through nuclear pores by RanGTP
and exportin-5 (Bohnsack et al. 2004; Lund et al. 2004; Yi et al. 2003). After a
pre-miRNA is exported to the cytoplasm, RanGTP is hydrolyzed by RanGAP to
RanGDP and the pre-miRNA is released from Exp-5.

4. Generation of mature miRNAs: endonuclease processing of pre-miRNAs. In the
cytoplasm, pre-miRNAs are further processed by Dicer in animals, which is a
highly conserved, cytoplasmic RNase III ribonuclease that chops pre-miRNAs
into ∼22nt duplexes of mature miRNAs containing a guide strand and a pas-
senger strand (miRNA/miRNA*), with 2-nt overhangs at the 3′ termini (Kim
2005). Like other RNase III family proteins, Dicer interacts with double-stranded
RNA-binding protein (dsRBP) partners. In mammalian cells, Dicer associates
with transactivation-response element RNA-binding protein (TRBP) and protein
activator of the interferon-induced protein kinase (PACT) (Chendrimada et al.
2005; Lee et al. 2006). In plants, miRNAs are cleaved into miRNA:miRNA*
duplex possibly by Dicer-like enzyme 1 (DCL1) in the nucleus rather than in the
cytoplasm (Bartel 2004; Lee et al. 2002a), then the duplex is translocated into
the cytoplasm by HASTY, the plant ortholog of exportin 5 (Bartel 2004). The
strands of this duplex separate and release mature miRNA of 19–25 nts in length
(Bartel 2004; Lee et al. 2002a). Plant miRNAs undergo further modification by
methylation at the 3′ end by HEN1 (Yu et al. 2005).

5. Formation of miRISC. Mature miRNAs become integrated into a RNA-induced
silencing complex (RISC) to form the miRNA:RISC complex (miRISC). Only
one strand of miRNA/miRNA*, the guide strand, is successfully incorporated
into RISC, while the other strand, the passenger strand, is eliminated. Strand
selection may be determined by the relative thermodynamic stability of two ends
of miRNA duplexes (Khvorova et al. 2003; Schwarz et al. 2003). The strand with
less stability at the 5′ end is favorably loaded onto RISC, whereas the passen-
ger strand is released or destroyed. miRISC contains several proteins such as
Dicer, TRBP, PACT and Gemin3 but the components directly associated with
miRNAs are Argonaute proteins (Ago). These proteins contain four domains:
the N-terminal, PAZ, middle and Piwi domains. The PAZ domain binds to the
3′ end of guide miRNA, while the other three domains form a unique struc-
ture, creating grooves for target mRNA and guide miRNA interactions (Liu et al.
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2004; Song et al. 2004; Ma et al. 2005; Parker et al. 2005). In mammalian cells,
four Ago proteins have been identified, all of which can bind to endogenous
miRNAs (Meister and Tuschl 2004). Despite the sequence similarity among these
Ago proteins, only Ago2 exhibits endonuclease activity to slice complementary
mRNA sequences between positions 10 and 11 from the 5′- end of guide strand
miRNA. Therefore, human Ago2 is a component not only of miRISC but also
of siRISC (siRNA-induced silencing complex), a RISC assembled with exoge-
nously introduced siRNA. The roles of various Ago proteins in mammalian RISC
are ambiguous but the division of labor among Ago proteins in Drosophila is
well-defined. Drosophila Ago1 and Ago2 have been shown by biochemical and
genetic evidence to participate in two separate pathways: Ago1 interacts with
miRNA in translational repression, whereas Ago2 associates with siRNA for
target cleavage (Carmell et al. 2002; Okamura et al. 2004).

1.1.2 miRNAs Actions

miRNAs exist in double-stranded form (duplex), activate in single-stranded form
(simplex) and act in complex form miRISC. Subsequent binding of a miRNA in the
miRISC to the 3′ untranslated region (3′UTR) of its target mRNA through a Watson-
Crick base-pairing mechanism with its 5′- end 2 to 8 nts exactly complementary to
recognition motif within the target. This 5′- end 2 to 8 nt region is termed “seed
sequence” or “seed site” as it is critical for miRNA actions (Lewis et al. 2003, 2005).
Partial complementarity with the rest of the sequence of a miRNA also plays a
role in producing posttranscriptional regulation of gene expression, presumably by
stabilizing the miRNA:mRNA interaction. Moreover, the mid and 3′- end regions
of a miRNA may also be important for forming miRISC. Studies have shown that
in addition to 3′UTR, coding region and 5′UTR can also interact with miRNAs to
induce gene silencing (Jopling et al. 2005; Luo et al. 2008; Tay et al. 2008).

In mammalian species, a miRNA can either inhibit translation or induce degrada-
tion of its target mRNA or both, depending upon at least the following factors (see
Fig. 1.3):

1. The overall degree of complementarity of the binding site,
2. The number of recognition motif corresponding to 5′- end 2 to 8 nts of the

miRNA, and
3. The accessibility of the bindings sites (as determined by free energy states)

(Jackson and Standart 2007; Nilsen 2007; Pillai et al. 2007).

The greater the degree of complementarity of accessible binding sites, the more
likely a miRNA degrades its targeted mRNA. Perfectly complementary targets (Full
miRNA:mRNA interaction) are efficiently silenced by the endonucleolytic cleav-
age activity of some Argonaute proteins (Hutvágner and Zamore 2002; Yekta et al.
2004; Davis et al. 2005) but the vast majority of predicted targets in animals are
only partially paired (Partial miRNA:mRNA interaction) (Lewis et al. 2003, 2005;
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Fig. 1.3 Schematic illustration of mechanisms of action of miRNAs. Full complementarity
between a miRNA and its target mRNA (Full miRNA:mRNA) results in targeted mRNA cleav-
age; Seed-site complementarity (Seed-Site miRNA:mRNA) leads to translation inhibition; and
partial complementarity (Partial miRNA:mRNA) gives rise to both targeted mRNA degradation
and protein translation repression

Grun et al. 2005; Krek et al. 2005; Rajewsky 2004; Brennecke et al. 2005) and can
hardly be cleaved (Haley and Zamore 2004). Some miRNAs have only seed-site
complementarity (Seed-Site miRNA:mRNA) and this interaction primarily leads to
translation inhibition. And those miRNAs that display imperfect sequence comple-
mentarities with target mRNAs primarily result in translational inhibition (Lewis
et al. 2003, 2005; Jackson and Standart 2007; Nilsen 2007; Pillai et al. 2007). The
mechanisms for translational inhibition remain largely unknown, although inhibi-
tion of translation initiation has been identified as one such mechanism by several
studies (Humphreys et al. 2005; Pillai et al. 2005). Greater actions may be elicited by
a miRNA if it has more than one accessible binding site in its targeted miRNA, pre-
sumably by the cooperative miRNA:mRNA interactions from different sites. mRNA
degradation by miRISC is initiated by deadenylation and decapping of the targeted
mRNAs (Pillai et al. 2007). A recent study demonstrated, however, that miRNAs can
also act to enhance translation when AU-rich elements and miRNA target sites coex-
ist at proximity in the target mRNA and when the cells are in the state of cell-cycle
arrest (Vasudevan et al. 2007).
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In plants, miRNAs base-pair with their mRNA targets by precise or nearly precise
complementarity (Wang et al. 2006).

It has been predicted that each single miRNA can have >1,000 target genes and
each single protein-coding gene can be regulated by multiple miRNAs (Lewis et al.
2003, 2005; Jackson and Standart 2007; Nilsen 2007; Pillai et al. 2007; Alvarez-
Garcia and Miska 2005; Ambros 2004). This is at least partially a result of a lax
requirement of complementarity for miRNA::mRNA interaction (Lim et al. 2005).
This implies that actions of miRNAs are sequence- or motif-specific but not gene-
specific; different genes can have same binding motifs for a given miRNA and a
given gene can have multiple binding motifs for distinct miRNAs. Based on the
characteristics of miRNA actions, I postulate that a miRNA should be viewed as a
regulator of a cellular function or a cellular program, not of a single gene (Wang
et al. 2008).

1.2 miRNA Expression, Mutation and Polymorphism

1.2.1 miRNA Expression

Expression of some miRNAs is tissue restricted and of others is ubiquitous. The
restriction can be qualitative (some miRNAs are expressed exclusively in certain
tissue or cell types but not in others) or quantitative (some miRNAs are abundantly
expressed only in certain tissue or cell types and modestly in others). For example,
miR-122 accounts for 70% of the total miRNA population in the liver. miR-142
and miR-143 constitute ∼30% of the total miRNAs in the colon and spleen, respec-
tively (Lagos-Quintana et al. 2002). In the heart, miR-1 accounts for 45% of all
murine miRNAs (Lagos-Quintana et al. 2002). The differential tissue distributions
of miRNAs suggest tissue – or even cell type – specific functions of these molecules.
For instance, the cell lineage-specific miRNA expression patterns may be required
to control timing of development and tissue specification (Lagos-Quintana et al.
2002).

To be more appropriate, while each individual miRNA may not be expressed
in a tissue/cell-specific manner, the expression profile of miRNAs appears to be
tissue/cell-specific. Many miRNAs are enriched in a tissue/cell-specific manner
(Landgraf et al. 2007): miR-1, miR-16, miR-27b, miR-30d, miR-126, miR-133,
miR-143 and the let-7 family are abundantly but not exclusively expressed in adult
cardiac tissue. In addition to cardiomyocytes, the heart contains many other ‘noncar-
diomyocyte’ cell types, such as endothelial cells, smooth muscle cells, fibroblasts
and immune cells, which may have completely distinct miRNA expression pro-
files. Indeed (skin) fibroblasts mainly express miR-16, miR-21, miR-22, miR-23a,
miR-24, miR-27a and others, an expression pattern that is highly different from that
of cardiomyocytes. In artery smooth muscle the most abundant miRNAs are miR-
145, let-7, miR-125b, miR-125a, miR-23 and miR-143 (Ji et al. 2007), despite that
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the “muscle-specific” miR-1 and miR-133 are also expressed in artery smooth mus-
cle. Other miRNAs, such as the let-7 family, miR-126, miR-221 and miR-222, are
highly expressed in human endothelial cells (Kuehbacher et al. 2007; Harris et al.
2008). In addition, miRNA expression profiles can change during cardiac develop-
ment and many miRNAs that are only normally expressed at significant levels in the
fetal human heart are re-expressed in cardiac disease, such as heart failure (Landgraf
et al. 2007; Bauersachs and Thum, 2007).

Probably more important is the fact that the expression profile of miRNAs is
disease-dependent. A particular pathological process may be associated with the
expression of a particular group of miRNAs; this is what the signature expression
pattern of miRNAs implies. This issue is discussed in the following sections of this
chapter.

1.2.2 miRNA Mutation

It is generally believed that the mechanisms that alter the expression of miRNAs
are similar to those that change the expression levels of mRNAs of tumor suppres-
sors and oncogenes, i.e., gross genomic aberrations, transcriptional deregulations,
epigenetic changes, DNA copy number abnormalities, defects in the miRNA bio-
genesis machinery and minor mutations affecting the expression level, processing,
or target-interaction potential of the miRNA. However, to the best of my knowledge,
mutation within the miRNA genes is rare (Diederichs and Haber 2006).

One study (Li et al. 2005) demonstrated that lin-58 alleles contain point muta-
tions in a gene regulatory element of miR-48, a let-7 family member. This mutation
causes developmental timing defects in C. elegans.

Some miRNA genes are frequently located at fragile sites, as well as in minimal
regions of loss of heterozygosity, minimal regions of amplification (minimal ampli-
cons), or common breakpoint regions (Calin et al. 2004b). For example, miR-15a
and miR-16-1 genes are located at chromosome 13q14, a region that is frequently
deleted in pituitary tumors (Calin et al. 2004b; Bottoni et al. 2005). Deletion muta-
tions in the 3′ flanking region of miR-16-1 transcript have been identified in families
with two or more members with chronic lymphocytic leukemia (Calin et al. 2005).
Raveche et al. and Colleagues (2007) reported a point mutation in the 3′ flanking
sequence of miR-16-1 in a strain of mice prone to autoimmune and B lymphoprolif-
erative disease. They reported decreased levels of expression of miR-16 residing in
the mouse D14mit160 region (Raveche et al. 2007). The human region of synteny
with mouse D14mit160 is the human 13q.14 where miR-15 and miR-16 reside and
a region which, as reported earlier by Calin et al. (2002, 2005), is deleted in chronic
lymphocytic leukemia.
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1.2.3 miRNA Polymorphism

1.2.3.1 Polymorphism in miRNAs

Sequence variations in miRNA genes (Single nucleotide polymorphism, SNP),
including pri-miRNAs, pre-miRNAs and mature miRNAs, could potentially influ-
ence the processing and/or target selection of miRNAs.

Duan et al. (2007) reported a systematic survey for miRNA SNPs. They found
that SNP is associated with 227 known human miRNAs. Among a total of 323
SNPs, 12 are located within the miRNA precursor and one is at the “seed site” of
the mature miR-125a. This miR-125a SNP significantly blocks the processing of
pri-miRNA to pre-miRNA, in addition to reducing miRNA-mediated translational
suppression.

An example of SNP in pre-miRNAs was documented by Shen et al. (2008),
who indentified a G to C SNP located within the sequence of miR-146a precursor,
which leads to a change from a G:U pair to a C:U mismatch in its stem region. The
predicted miR-146a target genes include BRCA1 and BRCA2, which are key breast
and ovarian cancer genes. They found that the variant allele displayed increased
production of mature miR-146a from the pre-miRNA compared with the common
allele. The binding capacity between the 3′UTR of BRCA1 and miR-146a was
found statistically significantly stronger in variant C allele than those in common
G allele. The results suggest that breast/ovarian cancer patients with variant C allele
miR-146a may have high levels of mature miR-146 and that these variants predis-
pose them to an earlier age of onset of familial breast and ovarian cancers. On the
contrary, it was shown that a common G/C SNP within the pre-miR-146a sequence
reduced the amount of pre- and mature miR-146a from the C allele 1.9- and 1.8-fold,
respectively, compared with the G allele in papillary thyroid carcinoma (Jazdzewski
et al. 2008). The reduction in miR-146a led to less efficient inhibition of target genes
involved in the Toll-like receptor and cytokine signaling pathway. Association of
SNP in the miR-146a gene with the risk for hepatocellular carcinoma has also been
reported (Xu et al. 2008).

Hu et al. (2008) conducted a systematic survey of common pre-miRNA SNPs
and their surrounding regions and evaluated in detail the association of 4 of these
SNPs with the survival of individuals with nonsmall cell lung cancer. They found
that a SNP in miR-196a2 was associated with survival in individuals with non-
small cell lung cancer; survival was significantly decreased in individuals who
were homozygous CC at SNP. In the genotype-phenotype correlation analysis of 23
human lung cancer tissue samples, the SNP was associated with a statistically signif-
icant increase in mature miR-196a expression but not with changes in levels of the
precursor, suggesting enhanced processing of the pre-miRNA to its mature form.
Furthermore, binding assays revealed that the SNP can affect binding of mature
miR-196a2-3p to its target mRNA.

Additionally, a SNP in miR-27a genome has been associated with the develop-
ment of gastric mucosal atrophy in Japanese male subjects (Arisawa et al. 2007).



1.2 miRNA Expression, Mutation and Polymorphism 11

1.2.3.2 Polymorphism in miRNA Targets

Genetic polymorphisms can reside on miRNA-binding sites. Thus, it is conceivable
that the miRNA regulation may be affected by SNPs on the 3′UTRs of target genes.
Recently, a novel class of functional SNPs termed miRSNPs/polymorphisms has
been reported (Bertino et al. 2007; Chen et al. 2008b; Georges et al. 2007; Landi
et al. 2008; Mishra et al. 2008; Yu et al. 2007), defined as a polymorphism present
at or near miRNA recognition motifs of target genes that can affect gene expression
by interfering with a miRNA function.

Saunders et al. (2007) analyzed publicly available single nucleotide polymor-
phism (SNP) data in context of miRNAs and their target sites throughout the human
genome and found a relatively low level of variation in the functional regions of
miRNAs but an appreciable level of variation at target sites. Approximately 400
SNPs have been identified at experimentally verified target sites or predicted target
sites that are otherwise evolutionarily conserved across mammals (Saunders et al.
2007). Approximately 250 SNPs potentially create novel target sites for miRNAs
in humans. Functional SNPs in 3′UTRs of several genes have been reported to be
associated with diseases by affecting gene expression. The mechanism by which
these SNPs affect gene expression and induce variability in a cell is that SNPs can
either abolish existing binding sites or create illegitimate binding sites.

For instance, a C–T naturally occurring SNP was identified near the miR-24
binding site in the 3′UTR of human dihydrofolate reductase. This SNP leads to a
decrease in miR-24 binding resulting in overexpression of its target product and
resistance to the enzyme inhibitor methotrexate (Mishra et al. 2007).

It was demonstrated that the myostatin (GDF8) allele of Texel sheep is char-
acterized by a G to A transition in the 3′UTR that creates a target site for miR-1
and miR-206, miRNAs that are highly expressed in skeletal muscle. The result of
this mutation is the downregulation of myostatin, which, in turn, contributes to the
muscular hypertrophy of Texel sheep (Clop et al. 2006).

The 3′UTR of angiotensin receptor 1 contains an A–C SNP, which has been
associated with hypertension in many studies. Sethupathy et al. (2007) found that
this SNP results in a relief of repression of angiotensin receptor 1 by miR-155,
thereby an elevation of angiotensin receptor 1 levels, which can presumably result
in hypertension.

A destabilizing effect of the miRNA::mRNA interaction was described for
germline SNPs found in the 3′UTR of the KIT oncogene and corresponding to the
target site of miR-221, miR-222 and miR-146 (He et al. 2005a). It is known that
thyroid papillary carcinoma is a type of cancer with high familiarity without known
genetic bases. It is thus possible that the SNPs in the 3′UTR of KIT mentioned above
are abnormalities involved in thyroid cancer predisposition.

Tourette’s syndrome, a neurological disorder with an unknown etiology, might
result from mistargeting between a miRNA and one of its targets (Abelson et al.
2005). An SNP that correlates with this disease is located in the 3′UTR of the
SLITRK1 (SLIT and TRK-like 1) gene; this SNP resides within the binding site
for miR-189, rendering SLITRK1 a better interacting target of this miRNA.
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These observations indicate that SNPs in miRNA can have a differing effect on
gene and protein expression and represent another type of genetic variability that
can influence the risk of certain human diseases.

1.3 miRNAs and Human Disease

As evidenced below, miRNAs have been increasingly associated with many diverse
diseases. Experimental data linking miRNAs to particular pathological states have
been overwhelming. Gain-of-function and/or loss-of-function of specific miRNAs
appear to be a key event in the genesis of diseases (Table 1.1).

1.3.1 miRNAs and Developmental Disorders

Tissue development depends on the right spatiotemporal expression of relevant
protein-coding genes, which are critically regulated in their expression by miRNAs.
Indeed, certain spatiotemporal patterns of expression of particular miRNAs have
been implicated in the development of tissues/organs. Cell- and/or tissue-specific
modulation of miRNA expression levels has been demonstrated to determine the
fine-tuning of specific targets that need to be activated or silenced at a certain stage
of development (Farh et al. 2005).

Indeed, the first miRNAs were identified by virtue of their effects on worm devel-
opment. Lin-4 was found accumulating during the first and second larval stages and
triggered passage to the third larval stage by repressing the translation of at least
two genes, lin-14 and lin-28 (Lee et al. 1993; Wightman et al. 1993). The activ-
ity of lin-4 depends on the partial homology of the miRNA to specific regions of
the 3′UTRs of the lin-14 and lin-28 mRNAs. A second miRNA, let-7 accumulates
during C.elegans larval development and triggers passage from late larval to adult
cell fates by repressing lin-41 (Reinhart et al. 2000; Pasquinelli et al. 2000). Rel-
atively few miRNAs (e.g., let-7b, miR-130b and miR-367) are detectable during
early embryogenesis in the chick epiblast (Darnell et al. 2006). Similarly, in early
zebrafish, miR-430 is the only miRNA expressed at an appreciable level (Giraldez
et al. 2005).

Mutations in Dicer or Argonaute cause severe developmental phenotypes in sev-
eral organisms (Grishok et al. 2001; Knight and Bass 2001; Wienholds et al. 2003;
Bernstein et al. 2003; Giraldez et al. 2005; Hatfield et al. 2005; Deshpande et al.
2005; Cox et al. 1998). In mice, a Dicer knockout is lethal at day E7.5, point-
ing to early and essential roles for miRNAs in development and the inability of
Dicer null embryonic stem cells to proliferate suggests a role in stem cell main-
tenance (Bernstein et al. 2003). Block of miRNA biogenesis by tissue-specific
deletion of Dicer causes lethality of embryos due to defects in cardiogenesis. When
Dicer was efficiently deleted in the heart, death of the embryos by E12.5 due to
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Table 1.1 miRNAs known to be involved in the disorders of biological and physiological processes

miRNA Description Reference

Developmental disorders
Lin-4 Key for passage to the third

larval stage of C.elegans
by repressing the
translation of at least
two genes, lin-14 and
lin-28

Lee et al. (1993); Wightman
et al. (1993)

let-7 Key for passage from late
larval to adult cell fates
of C.elegans by
repressing lin-41

Reinhart et al. (2000);
Pasquinelli et al. (2000)

miR-1 Promote myogenesis in
Drosophila and mouse
by targeting histone
deacetylase 4 (HDAC4),
Hand2

Chen et al. (2006);
Kloosterman (2006);
Zhao et al. (2005);
Kwon et al. (2005);
Zhao et al. (2007);
Niu et al. (2007)

miR-133 Enhance myoblast
proliferation by
repressing serum
response factor (SRF)

Chen et al. (2006)

Apoptosis
miR-17-5p, miR-20a,

miR-21, miR-133,
miR-146a, miR-146b,
miR-191, miR-14,
bantam, miR-1d, miR-7,
miR-148, miR-204,
miR-210, miR-216,
miR-296, miR-Lat

Anti-apoptotic miRNAs Ji et al. (2007); Chan et al.
(2005); Corsten et al.
(2007); Si et al. (2007);
Zhu et al. (2007);
Gupta et al. (2006);
Xu et al. (2007)

let-7 family, miR-15a,
miR-16-1, miR-29,
miR-34a, miR-34b,
miR-34c, miR-1 and
miR-214

Pro-apoptotic miRNAs Cimmino et al. (2005);
Raver-Shapira et al.
(2007); Tarasov et al.
(2007); Tazawa et al.
(2007); Welch et al.
(2007); Bommer et al.
(2007); Xu et al. (2007)

miR-21, miR-24 Anti-apoptotic and
pro-apoptotic,
depending on cell
context

Chan et al. (2005); Si et al.
(2007); Cheng et al.
(2005)

Cancer
miR-15/miR-16 Mantle cell lymphoma and

B cell chronic
lymphocytic leukemia
(B-CLL)

Calin et al. (2002);
Calin et al. (2004b)

miR-125b, miR-145,
miR-21, miR155

Breast cancer Iorio et al. (2005)

(continued)
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Table 1.1 (Continued)

miRNA Description Reference

Let-7 miR-17-92 cluster Lung cancer Takamizawa et al. (2004);
Johnson et al. (2005);
Calin and Croce (2006);
Pasquinelli et al. (2000);
Tanzer and Stadler
(2004); Hayashita et al.
(2005)

miR-221, miR-21, miR-181 Brain cancer Ciafre et al. (2005);
Chan et al. (2005)

miR-143 miR-145 Colon cancer Michael et al. (2003)
miR-155 Lymphoma Haasch et al. (2002); Tam

(2001); Eis et al. (2005)

Cardiovascular disease
miR-195, miR-1, miR-133,

miR-208, miR-21,
miR-18b

Cardiac hypertrophy, Heart
failure

van Rooij et al. (2006); van
Rooij et al. (2007);
Sayed et al. (2007);
Carè et al. (2007); Thum
et al. (2007); Cheng
et al. (2007); Tatsuguchi
et al. (2007)

miR-1, miR-133, miR-328 Cardiac arrhythmias Yang et al. (2007); Luo
et al. (2007); Xiao et al.
(2007); Zhao et al.
(2007); Luo et al.
(2008); Zhang et al.
(2009)

miR-21, miR-221,
miR-222, let-7f,
miR-27b

Vascular angiogenesis Ji et al. (2007); Suárez et al.
(2007); Kuehbacher
et al. (2007)

Neuronal disease
miR-124a, miR-128,

miR-23, miR-26 and
miR-29, miR-9,
miR-134

Neuronal development Krichevsky et al. (2003);
Schratt et al. (2006);
Miska et al. (2004)

Dicer (no particular
miRNAs are yet known)

Fragile X syndrome Caudy et al. (2002);
Jin et al. (2004);
Singh (2007)

miR-189 Tourette’s syndrome Abelson et al. (2005)

Viral miRNAs
miR-H1 Herpesvirus/Simplexvirus

(virus-encoded, human
host)

Cui et al. (2006a)

(continued)
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Table 1.1 (Continued)

miRNA Description Reference

miR-UL22A,
miR-UL36,
miR-UL70,
miR-UL112,
miR-UL148d,
miR-US4,
miR-US5-1,
miR-US5-2,
miR-US25-1,
miR-US25-2,
miR-US33

Herpesvirus/Cytomegalovirus
(virus-encoded, human host)

Dunn et al. (2005);
Grey et al. (2005);
Landgraf et al.
(2007); Pfeffer et al.
(2005)

miR-BART1 to
miR-BART-20,
miR-BHRF1-1-,
miR-BHRF1-2,
miR-BHRF1-3,

Herpesvirus/Lymphocryptovirus
(virus-encoded, human host)

Cai et al. (2006);
Grundhoff et al.
(2006); Pfeffer et al.
(2004);

miR-K12-1 to
miR-K12-12

Herpesvirus/Rhadinovirus
(virus-encoded, human host)

Cai et al. (2006);
Grundhoff et al.
(2006); Pfeffer et al.
(2004); Samols et al.
(2005)

Unnamed Adenovirus (virus-encoded, human
host)

Andersson et al. (2005);
Aparicio et al.
(2006); Sano et al.
(2006)

miR-17/92 cluster Downregulated following HIV
infection

Kumar (2007)

miR-122 HCV-1 RNA replication Esau et al. (2006);
Krützfeldt et al.
(2005); Jopling et al.
(2005)

miR-32 Limit the replication of the
retrovirus primate foamy virus

Lecellier et al. (2005)

miR-24, miR-93 Downregulate viral mRNAs of
vesicular stomatitis virus

Pedersen et al. (2007)

miR-196, miR-296,
miR-351, miR-431,
miR-448

Limit HCV RNA accumulation Pedersen et al. (2007)

Metabolic disorders
miR-375 Decreases insulin secretion Poy et al. (2007)
miR-9 Reduction in exocytosis in

pancreas (insulin secreting beta
cells)

Plaisance et al. (2006)

miR-122 Increase plasma cholesterol levels Krützfeldt et al. (2005)
miR-9, miR-143 Increase triglyceride accumulation Esau et al. (2004)



16 1 miRNAs Targeting and Targeting miRNAs

cardiac failure was consistently observed (Zhao et al. 2007). Dicer-deficient embryos
developed cardiac failure due to pericardial edema and underdevelopment of the
ventricular myocardium. These phenotypes are in agreement with the defects of
heart development in zebrafish embryos devoid of Dicer function (Giraldez et al.
2005).

Heart malformations occur in as high as 1% of newborns, presenting a significant
clinical problem in our modern world. The role of miRNAs in cardiac development
and related disorders has been intensively studied. It is now commonly recognized
that miRNAs are a critical player in orchestrating morphogenesis as well as in
early embryonic patterning processes. The miRNAs that are significantly upreg-
ulated during the differentiation of embryonic stem cells to cardiomyocytes are
miR-1, miR-18, miR-20, miR-23b, miR-24, miR-26a, miR-30c, miR-133, miR-143,
miR-182, miR-183, miR-200a/b, miR-292-3p, miR-293, miR-295 and miR-335 in
mice (Srivastava et al. 1997) and miR-1, miR-20, miR-21, miR-26a, miR-92, miR-
127, miR-129, miR-130a, miR-199b, miR-200a, miR-335 and miR-424 in humans
(Ivey et al. 2008). A considerable number of miRNAs upregulated in differenti-
ating cardiomyocytes are also enriched in human fetal heart tissue (Thum et al.
2007). The number of detectable miRNAs increases rapidly in tissues derived from
all three germ layers (endoderm, ectoderm and mesoderm). An analysis of the
miRNAs expressed in undifferentiated mouse embryonic stem cells and differen-
tiating cardiomyocytes was recently published (Lakshmipathy et al. 2007). Among
miRNAs detected in early chick heart development, as well as in myotomal skele-
tal muscles are miR-1 and miR-133 (Kloosterman 2006). These muscle-specific
miRNAs determine skeletal muscle proliferation and differentiation (Chen et al.
2006). miR-1 promotes myogenesis by targeting histone deacetylase 4 (HDAC4),
a transcriptional repressor of muscle gene expression, whereas miR-133 enhances
myoblast proliferation by repressing the serum response factor (SRF), which in turn
is required for the transcriptional activation of various other miRNAs.

Moreover, the muscle-specific miRNAs are expressed in the early stages during
cardiogenesis. Microarray analysis revealed an increased expression of miR-1 and
miR-133 in developing mouse hearts from embryonic day E12.5 through to at least
E18.5, indicating a requirement of these miRNAs for cardiac development (Chen
et al. 2006). Several lines of evidence have been obtained in support of this notion
(Zhao et al. 2005, 2007; Kwon et al. 2005; Niu et al. 2007). Loss-of function of
miR-1 in Drosophila resulted in embryonic/larval lethality with most of the mutant
flies displaying altered sarcomeric gene expression and, in a subset of embryos,
an increased number of undifferentiated muscle progenitors (Kwon et al. 2005). In
mice, miR-1 is responsible for the inhibition of cardiomyocyte progenitor prolifer-
ation via inhibition of translation of Hand2 (Zhao et al. 2005), a transcription factor
known to regulate ventricular cardiomyocyte expansion (Srivastava et al. 1997).
Many of the embryos from miR-1-2 knockout mice demonstrated ventricular septal
defects in a subset that suffer early lethality. The adult miR-1-2-deficient mice had
thickened chamber walls attributable to hyperplasia of the heart (Zhao et al. 2007).
In contrast, miR-1 gain-of-function led to 100% embryonic fly lethality because
of disrupted patterning of cardiac and skeletal muscle with insufficient numbers of
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cardioblasts. miR-1 controls heart development in mice by regulation of the cardiac
transcription factor Hand2 (Zhao et al. 2005). Overexpression of miR-1 in a trans-
genic mouse model resulted in a phenotype characterized by thin-walled ventricles,
attributable to premature differentiation and early withdrawal of cardiomyocytes
from the cell cycle (Zhao et al. 2007). Altogether, these results reveal a tight con-
trol of spatiotemporal miR-1 expression for proper cardiac and/or skeletal muscle
development.

1.3.2 miRNAs and Apoptosis

Apoptosis is an active process that leads to cell death. Unlike necrosis, apopto-
sis is a complex endogenous gene-controlled event that requires an exogenous
signal – stimulated or inhibited by a variety of regulatory factors, such as formation
of oxygen free radicals, ischemia, hypoxia, reduced intracellular K+ concentra-
tion and generation of nitric oxide. Apoptosis has been implicated in a variety of
human diseases such as heart disease, Alzheimer’s disease, cancer, etc. In addition to
well-established features of apoptotic cells, such as cell shrinkage, membrane bleb-
bing, chromatin condensation and DNA fragmentation, we have recently identified
three intrinsic properties of apoptosis. The first of these is what we term Apop-
totic Preconditioning: a brief exposure of cells to a sublethal dose of apoptotic
inducers increases the tolerance of the cells to subsequent lethal apoptotic insults
(Han et al. 2001). It is a powerful means of cytoprotection from various environ-
mental and intracellular stresses. The second property is Apoptotic Remodeling: a
brief exposure of cells to a lethal dose of apoptosis inducers can trigger a signaling
transduction cascade that commits cells to death even though the inducers are with-
drawn (Han et al. 2004). This property of apoptosis may contribute to anatomical
remodeling occurring under several disease conditions, such as the transition from
cardiac hypertrophy to heart failure and Alzheimer’s disease, as well as to morpho-
genesis of the organism. Apoptotic Resistance is the third intrinsic property: cells
surviving super-lethal apoptotic insults lose their sensitivity to apoptotic inducers
(Lu et al. 2008). This property may contribute to the resistance of cells, such as
tumor cells, to apoptotic inducers.

To date, no less than 30 individual miRNAs are known to regulate apoptosis.
These include the let-7 family, miR-1, miR-1d, miR-7, miR-14, miR-15a, miR-16-1,
miR-17 cluster (miR-17-5p, miR-18, miR-19a, miR-19b, miR-20 and miR-92),
miR-21, miR-29, miR-34a, miR-133, miR-146a, miR-146b, miR-148, miR-
191, miR-204, miR-210, miR-214, miR-216, miR-278, miR-296, miR-335, miR-
Lat and bantam. The list is expected to expand quickly with more studies. Indeed,
we have performed a bioinformatics prediction of the vertebrate miRNAs available
to date in miRBase using a target scan computational analysis with miRBase and
miRanda and surprisingly found that nearly all known vertebrate miRNAs (∼93%)
have at least one target gene related to cell death and survival or cell cycle and
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proliferation. This suggests that a majority of, if not all, vertebrate miRNAs can
regulate apoptosis in at least some cell types.

Among the known apoptosis-regulating miRNAs, some are designated anti-
apoptotic and others proapoptotic miRNAs. This distinction is primarily based upon
experimental results from a particular cell type.

1.3.2.1 Anti-apoptotic miRNAs

In general, the following miRNAs are considered anti-apoptotic: miR-17-5p,
miR-20a, miR-21, miR-133, miR-146a, miR-146b, miR-191, miR-14, bantam,
miR-1d, miR-7, miR-148, miR-204, miR-210, miR-216, miR-296 and miR-Lat.
For example, inhibition of miR-17-5p and miR-20a with their antisense oligonu-
cleotides (AMOs) induces apoptosis in lung cancer cells, indicating that miR-17-5p
and miR-20a can protect these cells against apoptosis (Ji et al. 2007). Knockdown of
miR-21 in cultured glioblastoma cells resulted in a significant drop in cell number.
This reduction was accompanied by increases in caspase-3 and 7 enzymatic activ-
ities and TUNEL staining (Chan et al. 2005; Corsten et al. 2007). Similarly, in
MCF-7 human breast cancer cells, miR-21 also elicits anti-apoptotic effects (Si et al.
2007; Zhu et al. 2007). miR-Lat was reported to protect neuroblastoma cells against
apoptotic death (Gupta et al. 2006).

1.3.2.2 Proapoptotic miRNAs

On the other hand, several miRNAs have been referred to proapoptotic ones, which
include let-7 family, miR-15a, miR-16-1, miR-29, miR-34a, miR-34b, miR-34c,
miR-1 and miR-214. The best example of proapoptotic miRNAs is probably
miR-15a and miR-16-1 that when forced to express induces apoptosis in chronic
lymphocytic leukemia cells (Cimmino et al. 2005). Equally interesting is the find-
ing that when Wi38 human diploid fibroblasts transduced with an AMO against
miR-34 were treated with the apoptosis-inducing agent staurosporine, fewer early
apoptotic cells and more viable cells were observed. The authors proposed that miR-
34 can mediate key effects associated with p53 function for p53 transactivates gene
expression of miR-34 (Raver-Shapira et al. 2007). Similar relationships between
miR-34a and p53 have also been confirmed in other cells, such as H1299 human
lung cancer cells, MCF-7 human breast cancer cells, U-2OS osteosarcoma cells
(Tarasov et al. 2007) and in p53 wild-type HCT116 colon cancer cells (Tazawa et al.
2007). Expression of miR-34a causes dramatic reprogramming of gene expression
and promotes apoptosis (Chang et al. 2007). A most recent study further revealed
that overexpression of miR-34a causes a dramatic reduction in cell proliferation
through the induction of a caspase-dependent apoptotic pathway in three neuroblas-
toma cell lines – Kelly, NGP and SK-N-AS (Welch et al. 2007). On the other hand,
Bommer et al. (2007) demonstrated that the expression of two, miR-34b and
miR-34c, is dramatically reduced in 6 of 14 (43%) nonsmall cell lung cancers
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(NSCLCs) and that the restoration of miR-34 expression inhibits growth of NSCLC
cells.

Previous work on miRNAs and apoptosis has been mostly limited to the con-
text of cancer, while studies on apoptosis regulation by miRNAs in noncancer cells
have been sparse. We have recently found that miR-133, one of the muscle-specific
miRNAs, produced antiapoptotic actions in neonatal rat ventricular myocytes (Xu
et al. 2007). Noticeably, this cytoprotective effect may be weakened in the hyper-
trophic heart since the miR-133 level has been found significantly reduced under
such conditions and this may contribute to increased tendency of apoptosis induction
in hypertrophic myocytes (Izumiya et al. 2003; Tea et al. 1999; Teiger et al. 1996).
Our study demonstrated that miR-1, another muscle-specific miRNA, promotes
apoptosis induced by oxidative stress in cardiac cells counteracting with miR-133
(Xu et al. 2007). Intriguingly, our earlier study revealed that miR-1 level is elevated
by 2–3 folds in ischemic myocardium (Yang et al. 2007). Whether this altered miR-1
expression is linked to increased apoptotic cell death in myocardial infarction
(Rodrı́guez et al. 2002; Zidar et al. 2007) merits further study. A more recent study
by Yu et al. (2008) clearly demonstrated that miR-1 mediates the apoptotic action of
glucose via targeting IGF-1 in H9c2 rat ventricular myocytes. The finding, accord-
ing to the authors, provides an alternative explanation for the deleterious effects of
glucose in the development of cardiomyocyte death and diabetic complications.

1.3.2.3 miRNAs with Both Antiapoptotic and Proapoptotic Properties

Based on the above information, researchers tend to categorize the apoptosis-
regulating miRNAs into either an anti-apoptotic or proapoptotic group. Nonetheless,
precaution must be taken when attempting to categorize a miRNA by its role in
apoptosis. Each miRNA has the potential to regulate >1,000 protein-coding genes
that could well be a mixture of some antiapoptotic and proapoptotic genes (Miranda
et al. 2006). Whether a miRNA is antiapoptotic or proapoptotic may largely depend
upon the cell-specific expression of genes involved in apoptosis and survival. There
indeed have been a few instances reinforcing the needs to consider cell context as an
important index for the role of miRNAs in apoptosis. As already mentioned above,
miR-21 has been considered as antiapoptotic in glioblastoma (Chan et al. 2005) and
MCF-7 cells (Si et al. 2007). In HeLa cells, however, miR-21 does the opposite;
inhibition of miR-21 increased the number of surviving cells (Cheng et al. 2005).
Moreover, inhibition of miR-21 in A549 human lung cancer cells fails to alter cell
death or growth (Cheng et al. 2005). Evidently, a same miRNA can have three differ-
ent actions, antiapoptotic, proapoptotic or neutral, in different cell types. Similarly,
miR-24 promotes growth in A549 cells but inhibits growth in HeLa cells (Cheng
et al. 2005).

The computational study reported by Wang et al. and Colleagues (2006) pre-
sented a global analysis of the interactions between miRNAs and a human cel-
lular signaling network. The authors found that miRNAs predominantly target
downstream signaling network components such as transcription factors but less
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frequently target the genes involved in basic cellular functions and the most upstream
signaling network components such as ligands and cell surface receptors. This
finding seems to agree with the studies described above.

1.3.3 miRNAs and Cancer

Cancer is a consequence of disordered genome function and has five major stages
(initiation, promotion, malignant conversion, progression and metastasis). Differ-
ent stages have different gene expression profiles, which basically involve balance
between two major factors: oncogenes that promote cell proliferation and tumori-
genesis and tumor suppressor genes that repress cell division and tumor formation.
As miRNAs affect gene expression they were good candidates for keeping the bal-
ance between tumor suppressors and oncogenes. It is estimated that more than 200
miRNA sequences discovered in the human genome contribute to the development
of cancer (Calin and Croce 2006). Indeed, mounting evidence from both basic and
clinical studies indicates that miRNAs are aberrantly expressed in cancer and dif-
ferent types of cancer have different expression profiles of miRNAs, which may
ultimately lead to a novel cancer-specific and cancer type-selective treatment strat-
egy. miRNAs have recently been regarded as either oncomiRs or tumor suppressors
in carcinogenesis (Dalmay 2008; Hammond 2006; Jay et al. 2007).

Many independent studies on different tissues demonstrated that cancer cells
have different miRNA profiles compared with normal cells suggesting that miRNA
profiles can be used for diagnosis. The power of miRNA profiling in cancer diag-
nosis has been established in various types of cancer such as chronic lymphocytic
leukemia (Calin et al. 2004a), breast (Iorio et al. 2005), lung cancers (Yanaihara
et al. 2006) and six solid tumors including breast, colon, lung, pancreas, prostate
and stomach (Volinia et al. 2006). The superiority of miRNA profiling versus mRNA
expression for diagnosing and classifying human cancers has been well noticed (Lu
et al. 2005), despite that a miRNA profile contains much less information than an
mRNA profile (a few hundreds versus 35,000).

1.3.3.1 miRNAs and Leukemia

The first evidence that miRNA expression could be altered in cancer came from
the observation that the miR-15/miR-16 gene cluster is located in a genomic region
commonly deleted in chronic lymphocytic leukemia (CLL) and that their expres-
sion is frequently downregulated in CLL (Calin et al. 2002). A majority of DNA
alterations occur in a region on chromosome 13 that are associated with mantle cell
lymphoma and B cell chronic lymphocytic leukemia (B-CLL) (Calin et al. 2004b).
Interestingly, miRNAs miR-15a and miR-16-1 reside between exons 2 and 5 of the
LEU2 gene, a tumor suppressor gene, in human chromosome 13. LEU2 has been



1.3 miRNAs and Human Disease 21

excluded. Furthermore, miR-15a and miR-16-1 are found to be downregulated or
deleted in 70% of tumor cells from patients with B-CLL.

1.3.3.2 miRNAs and Breast Cancer

Breast cancer is the most common cancer amongst females. miRNA profile of
clinical samples of 76 neoplastic and 10 normal breast tissues was established
using microarrays containing probes against all known miRNAs. Several miRNAs
(miR-125b, miR-145, miR-21 and miR155) showed lower levels in cancer sam-
ples (Iorio et al. 2005). The same study also found that the downregulation of
these miRNAs correlated with tumor stage, estrogen and progesterone receptor
expression, proliferation index and vascular invasion.

1.3.3.3 miRNAs and Lung Cancer

One of the most common cancers of adults in economically developed countries is
lung cancer. Reduced expression of let-7 showed good correlation with shortened
postoperative survival (Takamizawa et al. 2004). In vitro experiments confirmed
this observation; increased expression of let-7 in lung adenocarcinoma cell lines
suppresses cell proliferation. Tumor suppressor activity of let-7 was elucidated by
validating two predicted target genes. RAS and MYC, key oncogenes in lung can-
cer, contain several let-7 target sites and are directly regulated by let-7 (Johnson
et al. 2005). Let-7 is less expressed in human lung cancers (Calin and Croce 2006).
Lower survival rate is observed in patients with diminished expression of let-7.
Overexpression of let-7 inhibits growth of lung cancer cells in vitro (Pasquinelli
et al. 2000).

On the other hand, the miRNA cluster miR-17-92 contains 14 similar miRNAs
and is present in three copies in the human genome (Tanzer and Stadler 2004). The
expression of this cluster is strongly upregulated in lung cancer, especially in small-
cell lung cancer, which is the most aggressive form of lung cancer (Hayashita et al.
2005). In line with the oncogene activity of these miRNAs their predicted targets
are PTEN and RB2, two known tumor suppressor genes (Lewis et al., 2003).

1.3.3.4 miRNAs and Brain Cancer

Human brain cancer is one of the most difficult clinical problems. Gliobastoma
multiform is the most common form of brain cancer in human but its development is
poorly understood. miR-221 showed higher whilst miR-181 showed lower levels in
gliobastoma samples than in normal tissues (Ciafre et al. 2005). Chan et al. (2005)
found miR-21 upregulated in gliobastoma and experimental suppression of miR-21
activity led to increased caspase dependent cell death in cultured gliobastoma cells.
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1.3.3.5 miRNAs and Colon Cancer

miRNAs were identified in colon tissue and two of them (miR-143 and miR-145)
showed reduced expression in different stages of colorectal neoplasia (Michael et al.
2003). Interestingly, the primary transcripts of these two miRNAs were not changed
in cancer samples, suggesting that the altered level of mature miRNAs is due to
differential processing in normal and cancer tissues.

1.3.3.6 miRNAs and Lymphoma

The BIC gene has been linked to several types of lymphomas (cancer of the lym-
phocytes, a type of white blood cell in the vertebrate immune system). However,
the BIC gene does not encode for a protein and it is considered as a noncoding
RNA with oncogene activity. BIC expression is usually higher in Hodgkin and
Burkitt lymphoma than in normal lymphoid cells (Haasch et al. 2002) but the
mechanism of BIC-induced lymphoma is poorly understood. Comparison of BIC
sequences of several species revealed that the conserved region contains a miRNA
gene (miR-155) (Tam 2001). These observations inspired a study of miR-155 accu-
mulation in B-cell-derived lymphomas, which found a consistently high level of
miR-155 expression (Eis et al. 2005). A putative target gene of miR-155 is the
transcription factor PU1 that is necessary for B-cell differentiation.

Several important points concerning miRNAs and cancer are raised from the
above findings.

1. Deregulated expression of miRNAs has been characterized in a plethora of
human cancers (Calin et al. 2004a, 2005; Iorio et al. 2005; Yanaihara et al. 2006;
Volinia et al. 2006). The miRNAs that have attracted tremendous attention from
both basic scientists and clinicians include miR-21, miR-34a, miR-34b, miR-34c,
miR-15a, miR-16-1, miR-17-5p, miR-20a and let-7.

2. Some of the miRNAs are conserved across cancer types and others are more
specifically expressed in certain types of human cancer. For example, miR-21,
miR-191 and miR-17-5p are abnormally overexpressed in six different solid
tumors, including breast, colon, lung, pancreas, prostate and stomach (Volinia
et al. 2006). By comparison, other miRNAs such as miR-155, miR-146 and
miR-20a are more restricted to certain types of tumors.

3. Studies have demonstrated the feasibility of targeting relevant miRNAs to facil-
itate cancer cell death and/or to inhibit cancer cell growth under in vitro condi-
tions. Use of the xenograft mouse model to confirm anti-tumor efficacy under
in vivo conditions has also been documented.

Si et al. (2007) showed that one transient transfection producing knockdown of
miR-21 by AMO is sufficient to cause substantial inhibition of tumor growth in
MCF-7 human breast cancer cells and in the xenograft tumors generated by MCF-7
cells, by effectuating an increase in apoptosis associated with downregulation of
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Bcl-2 expression. This finding with miR-21 and MCF-7 in nude mice was confirmed
by another group (Zhu et al. 2007).

Intracranial graft survival of gliomas following miR-21–knockdown (by AMO)
was diminished, as indicated by a sharp reduction of tumor volume in vivo compared
with control–treated gliomas (Corsten et al. 2007).

The study reported by Meng et al. (2007) described the anticancer potential of
let-7 depletion by AMO and the underlying molecular mechanisms. The authors
demonstrated an increase in basal expression of phosphor-Stat3 and decrease in NF2
in homogenates from xenograft tumors generated by Mz-IL-6 human malignant
cholangiocytes injected subcutaneously. Intratumoral administration of let-7a AMO
increased NF2 and decreased phosphor-Stat3 expression in Mz-IL-6 xenografts in
vivo. Moreover, they observed a decrease in tumor growth consistent with increased
gemcitabine toxicity in response to let-7a AMO when compared with tumors that
were untreated.

Subcutaneous administration of exogenous miR-34a considerably suppressed in
vivo growth of HCT116 and RKO human colon cancer cells in tumors in nude
mice (Tazawa et al. 2007). The c13orf25/miR-17 cluster, which is responsible for
13q31-q32 amplification in malignant lymphoma, contains the miRNA-17-18-19-
20-92 polycistron. Tazawa et al. (2007) demonstrated that nude mice injected with
rat fibroblasts transfected with both miR-17 polycistron and Myc showed acceler-
ated tumor growth compared to those injected with Myc-only transfected cells. The
finding suggests an anti-miR-17 antisense should be able to suppress tumor growth.

1.3.4 miRNAs and Cardiovascular Disease

Cardiovascular disease is the leading cause of morbidity and mortality in developed
countries. The pathological process of the heart is associated with an altered expres-
sion profile of genes that are important for cardiac function. The implications of
miRNAs in the pathological process of the cardiovascular system have only recently
been appreciated but the research on miRNAs in relation to cardiovascular disease
has now become a rapidly evolving field.

1.3.4.1 miRNAs and Cardiac Hypertrophy and Heart Failure

In response to stress (such as hemodynamic alterations associated with myocardial
infarction, hypertension, aortic stenosis, valvular dysfunction, etc.), the adult heart
undergoes a remodeling process and hypertrophic growth to adapt to altered work-
loads and to compensate for the impaired cardiac function. Hypertrophic growth
manifests enlargement of cardiomyocyte size and enhancement of protein synthe-
sis through the activation of intracellular signaling pathways and transcriptional
mediators in cardiac myocytes. The process is characterized by a reprogramming
of cardiac gene expression and the activation of ‘fetal’ cardiac genes (McKinsey
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and Olson 2005). Recent studies revealed an important role for specific miRNAs in
the control of hypertrophic growth and chamber remodeling of the heart and point
to miRNAs as potential therapeutic targets in heart disease.

The first common finding is that an array of miRNAs is significantly altered in
their expression, some up- and some downregulated. The second common finding is
that single miRNAs can critically determine the progression of cardiac hypertrophy.

For example, Olson’s group reported >12 miRNAs that are up- or downregulated
in cardiac tissue from mice in response to transverse aortic constriction (TAC) or
expression of activated calcineurin, stimuli that induce pathological cardiac remod-
eling (van Rooij et al. 2006). Many of these miRNAs were found similarly regulated
in failing human hearts. Forced overexpression of stress-inducible miRNAs induced
hypertrophy in cultured cardiomyocytes. Particularly, overexpression of miR-195
alone, which is upregulated during cardiac hypertrophy, is sufficient to induce
pathological cardiac growth and heart failure in transgenic mice.

The same group later found that miR-208, encoded by an intron of the alpha
myosin heavy chain (αMHC) gene, is required for cardiomyocyte hypertrophy,
fibrosis and expression of αMHC in response to stress and hypothyroidism (van
Rooij et al. 2007). The study showed that miR-208 mutant mice failed to undergo
stress-induced cardiac remodeling, hypertrophic growth and β MHC upregulation,
whereas transgenic expression of miR-208 was sufficient to induce β MHC.

Abdellatif’s group reported an array of miRNAs that are differentially and tem-
porally regulated during cardiac hypertrophy (Sayed et al. 2007). They found that
miR-1 was singularly downregulated as early as day 1, persisting through day 7,
after TAC-induced hypertrophy in a mouse model.

A study from Condorelli’s group focused on the role of miR-133 and miR-1 in
cardiac hypertrophy with three murine models: TAC mice, transgenic mice with
selective cardiac overexpression of a constitutively active mutant of the Akt kinase
and human tissues from patients with cardiac hypertrophy (Carè et al. 2007). They
showed that cardiac hypertrophy in all three models results in reduced expression
levels of both miR-133 and miR-1 in the left ventricle. In vitro overexpression of
miR-133 or miR-1 inhibits cardiac hypertrophy. In contrast, suppression of miR-133
induces hypertrophy, which is more pronounced than after stimulation with conven-
tional inducers of hypertrophy. In vivo inhibition of miR-133 by a single infusion of
an anti-miRNA antisense oligonucleotide (AMO) against miR-133 causes marked
and sustained cardiac hypertrophy.

Cheng et al. (2007) identified 19 deregulated miRNAs in hypertrophic mouse
hearts after aortic banding. Knockdown of miR-21 expression via AMO-mediated
depletion has a significant negative effect on cardiomyocyte hypertrophy induced by
TAC in mice or by angiotensin II or phenylephrine in cultured neonatal cardiomy-
ocytes. Consistently, another independent group identified 17 miRNAs upregulated
and 3 miRNAs downregulated in TAC mice and 7 upregulated and 4 downregulated
in phenylephrine-induced hypertrophy of neonatal cardiomyocytes. They further
showed that inhibition of endogenous miR-21 or miR-18b, which are robustly
upregulated, augments hypertrophic growth, while introduction of either of these
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two miRNAs into cardiomyocytes represses cardiomyocyte hypertrophy (Tatsug-
uchi et al. 2007).

A study directed to the human heart identified 67 significantly upregulated
miRNAs and 43 significantly downregulated miRNAs in failing left ventricles ver-
sus normal hearts (Thum et al. 2007). Interestingly, 86.6% of induced miRNAs and
83.7% of repressed miRNAs are regulated in the same direction in fetal and failing
heart tissue compared with healthy hearts, consistent with the activation of ‘fetal’
cardiac genes in heart failure.

Collectively, with respect to hypertrophy, it is evident that in addition to the
muscle-specific miRNAs miR-1, miR-133 and miR-208, other miRNAs, including
miR-195, miR-21, miR-18b, also play an important role. It appears that multiple
miRNAs are involved in cardiac hypertrophy and each of them can independently
determine the pathological process.

1.3.4.2 miRNAs and Cardiac Arrhythmias

Arrhythmias are electrical disturbances that can result in irregular heart beating with
consequent insufficient pumping of blood. Arrhythmias are often lethal, constituting
a major cause for cardiac death in myocardial infarction and heart failure and being
one of the most difficult clinical problems. Arrhythmias can occur when there is
abnormality in the electrical activities: cardiac conduction, repolarization or auto-
maticity. The electrical activities of the heart are determined by ion channels, the
transmembrane proteins embedded across the cytoplasmic membrane of cardiomy-
ocytes. Sodium channels and connexin43 (Cx43) are responsible for excitation
generation and inter-cell conduction of excitations, respectively. Calcium channels
account for excitation-contraction coupling and contribute to pacemaker activities.
Potassium channels govern the membrane potential and rate of membrane repolari-
zation. Pacemaker channels, which carry the nonselective cation current, are critical
in generating sinus rhythm under normal conditions and ectopic heart beats as
well as in diseased states. Intricate interplays of these ion channels maintain the
normal heart rhythm. Dysfunction of any of the ion channels can break the balance
rendering arrhythmias.

It has been commonly accepted that regional dispersion of ventricular repolar-
ization is a marker of arrhythmogenicity risk. The spatial heterogeneity of cardiac
repolarization is largely due to diversity and varying densities of repolarizing K+

currents (Liu and Antzelevitch 1995; Verduyn et al. 1997; Szentadrassy et al. 2005).
Slowly activating delayed rectifier K+ current (IKs) along with its underlying chan-
nel proteins KCNQ1 (pore-forming α-subunit) and KCNE1 (auxiliary β -subunit)
demonstrates important spatial heterogeneity of distribution, contributing impor-
tantly to arrhythmogenicity (Jost et al. 2005). We have experimentally established
KCNQ1 and KCNE1 as target genes for repression by miR-133 and miR-1, respec-
tively (Luo et al. 2007). More importantly, we found that the distribution of miR-133
and miR-1 transcripts within the heart is also spatially heterogeneous with the
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patterns corresponding to the spatial distribution of KCNQ1 and KCNE1 proteins
and IKs.

Abnormal QT interval prolongation is a prominent electrical disorder and has
been proposed a predictor of mortality in patients with diabetes mellitus, presumably
because it is associated with an increased risk of sudden cardiac death consequent
to lethal ventricular arrhythmias. We have previously found that the ether-a-go-go
related gene (ERG), a long QT syndrome gene encoding a key K+ channel (IKr)
in cardiac cells, is severely depressed in its expression at the protein level but not
at the mRNA level in diabetic subjects (Zhang et al. 2006). To understand the
mechanisms underlying the disparate alterations of ERG protein and mRNA, we
performed a study on expression regulation of ERG by miRNAs in a rabbit model
of diabetes (Xiao et al. 2007). We found remarkable overexpression of miR-133
in diabetic hearts and in parallel, the expression of serum response factor (SRF),
which is known to be a transactivator of miR-133, is also found robustly increased.
Delivery of exogenous miR-133 into the rabbit myocytes and cell lines produced
posttranscriptional repression of ERG, downregulating ERG protein level without
altering its transcript level. Correspondingly, forced expression of miR-133 causes
substantial depression of IKr, an effect abrogated by the miR-133 antisense inhibitor.
Functional inhibition or gene silencing of SRF downregulated miR-133 expres-
sion and increased IKr density. Repression of ERG by miR-133 likely underlies
the differential changes of ERG protein and transcript thereby depression of IKr and
contributes to repolarization slowing thereby QT prolongation and the associated
arrhythmias, in diabetic hearts.

One of the most deleterious alterations during myocardial infarction is the occur-
rence of ischemic arrhythmias (Ghuran and Camm 2001). We found that miR-1 is
overexpressed (∼2.8 fold increase) in the myocardium of individuals with coronary
artery disease (CAD) relative to healthy hearts. To explore the mechanisms, we
used a rat model of myocardial infarction induced by occlusion of the left anterior
descending coronary artery for 12 h that corresponds to the peri-infarction period
during which phase II ischemic arrhythmias often occur, which represents a major
challenge to our understanding and management of the disorder (Clements-Jewery
et al. 2005). We found a similar increase (∼2.6-fold) in miR-1 expression in the
ischemic hearts of rats, which is accompanied by exacerbated arrhythmogenesis
(Yang et al. 2007). Elimination of miR-1 by an antisense inhibitor in infarcted rat
hearts relieved arrhythmogenesis. miR-1 overexpression slows cardiac conduction
and depolarizes the cytoplasmic membrane, which is likely the cellular mechanism
for the arrhythmogenic potential of miR-1. We further established GJA1, which
encodes connexin 43 and KCNJ2, which encodes the K+ channel subunit Kir2.1
(Wang et al. 1998) as target genes for miR-1. Cx43 is critical for inter-cell con-
ductance and Kir2.1 for setting and maintaining membrane potential. Repression
of these proteins by miR-1 explains miR-1-induced slowing of cardiac conduction.
We therefore proposed that myocardial infarction upregulates miR-1 expression via
some unknown factors, which induces posttranscriptional repression of GJA1 and
KCNJ2, resulting in conduction slowing leading to ischemic arrhythmias.
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Zhao et al. (2007) determined in vivo miR-1-2 targets, including the cardiac tran-
scription factor, Irx5, which represses KCND2, a potassium channel subunit (Kv4.2)
responsible for transient outward K+ current (Ito) (Wang et al. 1999). Their study
suggested that the combined loss of Irx5 and Irx4 disrupts ventricular repolarization
with a predisposition to arrhythmias. The increase in Irx5 and Irx4 protein levels in
miR-1-2 mutants corresponds well with a decrease in KCND2 expression. Clearly,
loss-of-function of miR-1 and Dicer mutant embryos affect conductivity through
K+ channels, which supports a central role for miR-1 for fine tuning the regulation
of cardiac electrophysiology in pathological and normal conditions.

The pacemaker current If, carried by the hyperpolarization-activated channels
encoded mainly by the HCN2 and HCN4 genes in the heart, plays an important role
in rhythmogenesis. Their expressions reportedly increase in hypertrophic and failing
hearts, contributing to arrhythmogenicity under these conditions (Stilli et al. 2001;
Fernandez-Velasco et al. 2003). We performed a study on posttranscriptional regula-
tion of HCN2 and HCN4 by miRNAs, experimentally establishing HCN2 mRNA as
a target for repression by both miR-1 and miR-133 and HCN4 as a target for miR-1
only (Luo et al. 2008). We further unraveled robust increases in HCN2/HCN4 tran-
scripts and protein levels in a rat model of left ventricular hypertrophy induced by
aortic stenosis (narrowing of the abdominal aorta above the left renal artery) and
in angiotensin II-induced neonatal cardiomyocyte hypertrophy (Luo et al. 2008).
The upregulation of HCN2/HCN4 is accompanied by reduction of miR-1/miR-133.
Overexpression of miR-1/miR-133 by transfection prevents largely the overex-
pression of HCN2/HCN4 in hypertrophic cardiomyocytes. Our data indicate that
miR-1/miR-133 act to limit overexpression of HCN2/HCN4 at protein level and
downregulation of miR-1/miR-133 underlies partially the abnormal enhancement
of HCN2/HCN4 expression in hypertrophic hearts.

1.3.4.3 miRNAs and Vascular Angiogenesis

Proliferative vascular diseases share similar cellular events and molecular mech-
anisms with cancer and neointimal lesion formation is the pathological basis of
proliferative vascular diseases. Neointimal growth is the balance between prolif-
eration and apoptosis of vascular smooth muscle cells (VSMCs). The increased
VSMC proliferation or the relative decreased VSMC apoptosis are responsible for
neointimal lesion formation. Ji et al. (2007) reported that multiple miRNAs are
aberrantly expressed in the vascular wall after angioplasty with the time course
changes matching the complex process of neointimal lesion formation, in which
multiple genes are accordingly deregulated, as assessed with miRNA microarray.
Seven days after balloon injury, 113 of the 140 artery miRNAs are differentially
expressed (60 miRNAs are upregulated and 53 miRNAs are downregulated). At 14
days after injury, 110 of the 140 artery miRNAs are differentially expressed (63 up
and 47 down), whereas 102 of the 140 artery miRNAs are differentially expressed
(55 up and 47 down) at 28 days after angioplasty. Their results indicate that mul-
tiple miRNAs are involved in neointimal lesion formation but miR-21 may be of
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particular significance. miR-21 was found to be one of the most upregulated miR-
NAs in the vascular wall of balloon-injured rat carotid arteries. Inhibition of miR-21
expression via AMO-mediated miRNA depletion significantly decreases neointima
formation after angioplasty by decreasing cell proliferation and increasing cell
apoptosis. The authors believe that miRNAs may be a new therapeutic target for
proliferative vascular diseases such as atherosclerosis, postangioplasty restenosis,
transplantation arteriopathy and stroke.

Knockdown of Dicer by RNAi techniques in human endothelial cells (ECs)
alters the expression of several key regulators of endothelial biology and angiogen-
esis, including TEK/Tie-2, KDR/VEGFR2, Tie-1, endothelial nitric oxide synthase
(eNOS) and IL-8 (Suárez et al. 2007). The RNAi-mediated knockdown of Dicer in
ECs, results in a significant reduction but not complete loss of mature miRNAs. The
net phenotype of Dicer knockdown in ECs is an increase in eNOS protein levels and
NO release and decrease in EC growth. Forced expression of miR-222 and miR-
221, which are among the highest expressed in ECs, regulates eNOS protein levels
after Dicer silencing.

Genetic silencing of Dicer and Drosha significantly reduces capillary sprouting
of ECs and tube forming activity (Kuehbacher et al. 2007). Migration of ECs is sig-
nificantly decreased in Dicer siRNA–transfected cells, whereas Drosha siRNA has
no effect. Silencing of Dicer but not of Drosha reduces angiogenesis in vivo. The
members of the let-7 family, miR-21, miR-126, miR-221 and miR-222 are highly
expressed in endothelial cells. Dicer and Drosha siRNA reduces lef-7f and miR-27b
expression. Inhibitors against let-7f and miR-27b also reduce sprout formation indi-
cating that these miRNAs promote angiogenesis by targeting antiangiogenic genes.
In silico analysis of predicted targets for let-7 cluster identified the endogenous
angiogenesis inhibitor thrombospondin-1. Experimental data confirmed that Dicer
and Drosha siRNA significantly increased the expression of thrombospondin-1
(Kuehbacher et al. 2007). These findings indicate that inhibition of Dicer impairs
angiogenesis in vitro and in vivo, whereas inhibition of Drosha induces only a minor
antiangiogenic effect.

1.3.5 miRNAs and Neuronal Disease

1.3.5.1 miRNAs and Neuronal Development

Efforts to clone tissue-specific miRNAs identified large subsets that are enriched in
the brain (Lagos-Quintana et al. 2002; Kim et al. 2004; Kosik and Krichevsky 2005).
Expression of many of these miRNAs are regulated during brain development
(Miska et al. 2004; Krichevsky et al. 2003) or during development of neurons
and astrocytes in culture (Smirnova 2005; Sempere et al. 2004). In situ hybridiza-
tion analysis with archived human brain samples has revealed the spatial expres-
sion patterns of several miRNAs in the brain (Nelson et al. 2006). miR-124a is
entirely restricted in its expression to the central nerve system (CNS). miR-315 is
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transcribed in the brain and a subdomain of the ventral spinal cord; miR-92a and
miR-7 are found in cellular subsets of the ventral spinal cord and brain. Other
miRNAs like miR-9 and miR-125 are expressed ubiquitously throughout the brain.
Another miRNA cluster, miR-13b1/13b2/2c, is expressed throughout the embry-
onic CNS. And miR-279, the intronic miR-12/283/304 cluster and miR-263b are
expressed in the embryonic peripheral nerve system.

Two miRNAs (miR-124 and miR-128) were found to be active primarily in
neurons, whereas others (miR-23, miR-26 and miR-29) are preferentially active in
astrocytes. miR-124a and miR-9 have been implicated in the decision of a mouse
neural precursor to adopt a neuronal or glial fate (Krichevsky et al. 2003), emerging
as important regulators of brain morphogenesis. miR-134, a miRNA expressed in
hippocampal neurons, has been directly implicated in dendritic spine development
(Schratt et al. 2006).

1.3.5.2 miRNAs and Fragile X Syndrome

The neurological disease most frequently associated with miRNAs is human dis-
ease fragile X syndrome, which affects 1 in 4,000 males and 1 in 6,000 females of
all races and ethnic groups. Fragile X syndrome comprises a family of genetic con-
ditions that commonly manifest with a range of cognitive or intellectual disabilities
that vary in severity and which are all caused by mutations in the FMR1 gene located
on the long arm of the X chromosome, which results in the loss of an RNA-binding
protein called FMRP (for fragile X mental retardation protein). FMRP seems to
influence synaptic plasticity through its role in mRNA transport and translational
regulation at synapses. Human FMRP was shown to associate with components of
the RNAi machinery (Caudy et al. 2002; Jin et al. 2004; Singh 2007) and genetic
interaction of the Drosophila homolog dFmr1 with RISC components such as Ago1
has been demonstrated (Jin et al. 2004), suggesting a mechanistic link between
miRNA and FMRP translational repression.

1.3.5.3 miRNAs and Tourette’s Syndrome

Tourette’s syndrome (TS) is a genetically influenced developmental neuropsy-
chiatric disorder characterized by chronic vocal and motor tics. A mutation in
the 3′UTR of the SLITRK1 (Slit and Trk-like 1) gene, which is associated with
Tourette’s syndrome, has been found to enhance repression of the SLITRK mRNA
by miR-189, presumably preventing SLITRK1′s promotion of dendritic growth
(Abelson et al. 2005). SLITRK1 mRNA and miR-189 have an overlapping expres-
sion pattern in brain regions previously implicated in TS. A frame-shift mutation
and two independent occurrences of the identical variant in the binding site for miR-
189 on chromosome 13q31.1 containing SLITRK1 gene were identified among 174
unrelated probands (Abelson et al. 2005).



30 1 miRNAs Targeting and Targeting miRNAs

1.3.6 miRNAs and Viral Disease

Viruses are obligate intracellular parasites dependent upon the host cellular machin-
ery for their survival and propagation and thus are susceptible to the host gene
regulation program. Cellular miRNAs constitute a new layer of endogenous reg-
ulatory network to the invading viruses. On the other hand, invading viruses can
generate their own miRNAs to target the host genes for their own advantages.

miRNAs are attractive candidates as virally encoded regulators of viral and host
cell gene expression due to their small size, their lack of immunogenicity and their
remarkable functional flexibility. Known viral miRNAs exclusively derive from
dsDNA viruses, mainly of the herpesvirus family, which include a number of human
oncogenic viruses like Herpes Simplex virus (HSV), Kaposi Sarcoma Herpes Virus
(KSHV) and Epstein Barr virus (EBV) but also from simian polyomaviruses and
human adenovirus. These miRNAs have been identified by cDNA cloning of small
RNAs from virally infected cells or based on computational prediction and subse-
quent validation of their expression (Gottwein and Cullen 2008; Scaria 2007; Nair
and Zavolan 2006; Sullivan et al. 2005). The number of virus-encoded miRNAs is
expected to increase with better computational methods for prediction of putative
miRNA precursor candidates and high throughput experimental validation of the
candidates.

Some viral miRNAs are expressed from polycistronic transcripts, thereby ensur-
ing their co-regulation. KSHV expresses at least 12 distinct miRNAs during latency
from polycistronic transcripts that also encode the KSHV latent proteins (Cai and
Cullen 2006). EBV miRNAs are grouped into two clusters, which are differen-
tially expressed in different forms of EBV latency (Cai et al. 2006; Grundhoff
et al. 2006; Pfeffer et al. 2004). The BART miRNA cluster contains 20 miRNA pre-
cursors within the introns of the BamA rightward transcripts (BARTs). The BHRF1
miRNA cluster, found adjacent to BHRF1 (BamH1 fragment H rightward open
reading frame 1), contains three miRNA precursors (Cai et al. 2006; Grundhoff
et al. 2006; Pfeffer et al. 2004). Unlike the clustered miRNAs seen in KSHV and
EBV, the hCMV and mCMV miRNAs are scattered throughout the viral genome and
are expressed in lytically infected fibroblasts (Buck et al. 2007; Dölken et al. 2007;
Dunn et al. 2005; Grey et al. 2005; Pfeffer et al. 2005). In most cases, expression of
these miRNAs occurs during the early phase of the viral life cycle.

miRNAs of both viral and cellular origins can positively or negatively impact
viral replication. Viral miRNAs may directly regulate viral and/or host cell gene
expression by engaging in novel regulatory relationships or by mimicking cellular
miRNAs and thereby hijacking predefined cellular regulatory networks, including
components of the immune system, to benefit the virus. Viruses may utilize cellular
miRNAs for their replication and in some cases, the expression of cellular miRNAs
may be induced or inhibited to reshape the cellular gene expression environment
to the benefit of the virus. On the other hand, the expression of certain cellular
miRNAs can directly alter the virus life cycle, limiting virus replication through
their interaction with viral mRNAs or because of their cellular functions.
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The discovery of viral encoded miRNAs, especially from a family of oncogenic
viruses, has attracted immense attention towards the possibility of miRNAs as criti-
cal modulators of viral oncogenesis. The host-virus crosstalk mediated by miRNAs,
mRNAs and proteins, is complex and involves the different cellular regulatory
layers.

1.3.6.1 Viral miRNAs and Host Genes

It is likely that virus-encoded miRNAs can target critical genes associated with dis-
ease pathogenesis. Currently, at least eight viral species have been experimentally
validated to encode for miRNAs and a majority of them belong to the Herpesvirus
family (Pfeffer et al. 2005; Grundhoff et al. 2006; Cai et al. 2005; Samols et al. 2005;
Cai and Cullen 2006). The number of miRNA sequences encoded varies widely,
ranging from 23 in Epstein–Barr virus (EBV) to two in herpes simplex virus (HSV).
The only two functionally validated miRNAs from HSV arise from the latency-
associated transcript (LAT) (Cui et al. 2006a; Gupta et al. 2006) and one of them is
thought to target transcripts associated with apoptosis in the host (Gupta et al. 2006).
Another virus-encoded miRNA effectively modulating cellular defense mechanisms
to its benefit has been reported in simian virus 40 (SV40), which is produced dur-
ing the late phase in the life cycle and helps the virus to evade cytotoxic T cells
by targeting early transcripts including those encoding T cell antigens (Sullivan
et al. 2005).

Viral miRNAs are not widely conserved and, with the notable exception of viral
miRNAs with cellular orthologs, there is no obvious reason to presume that they
target conserved regions in cellular mRNAs.

Most viral miRNAs do not share seed homology with cellular miRNAs and
therefore likely target novel sites on cellular mRNAs; i.e., they engage in novel,
virus-specific regulatory relationships. However, at least some viral miRNAs seem
to have evolved to hijack existing and, presumably, highly evolved gene regula-
tory networks. It was recently reported that KSHV miR-K12-11 is an ortholog of
cellular miR-155. miR-K12-11 and miR-155 are identical along their 50-terminal
8 nt, i.e., including the entire seed region (Gottwein et al. 2007; Skalsky et al.
2007).

miR-155, the product of the Bic gene (Eis et al. 2005), is transiently expressed
in macrophages, T and B lymphocytes upon treatment with inflammatory stimuli
and after T or B cell receptor ligation. Loss of miR-155 expression in knockout
mice revealed defects in adaptive immune responses (Haasch et al. 2002; O’Connell
et al. 2007; Rodriguez et al. 2007; Thai et al. 2007). Importantly, constitutive
expression of miR-155 in B cells is associated with the development of B cell
lymphomas in humans, mice and chickens, leading to the classification of miR-
155 as an oncomiR. Bic was first identified as a gene that is commonly activated
by proviral insertion in avian leukosis virus-induced B cell lymphomas in chicken
(Tam et al. 1997). Transgenic expression of miR-155 in the B cell compartment
in mice results in the development of B cell lymphomas and miR-155 expression
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is elevated in several types of human B cell lymphomas, such as Hodgkin’s lym-
phoma, as well as in other cancers (Costinean et al. 2006; van den Berg et al. 2003).
While the mechanism by which the constitutive expression of miR-155 in B cells
causes tumorigenesis is not understood, the finding that KSHV miR-K12-11 is
an ortholog of miR-155 raises the possibility that miR-K12-11 may contribute
to the development of KSHV-associated lymphomas. Interestingly, the oncogenic
a-herpesvirus MDV-1 encodes a miRNA, miR-M4 that also shares the same 5′-
terminal 8 nt, suggesting that this viral miRNA may also function as an ortholog
of miR-155 in infected chickens. Remarkably, MDV-2, which lacks a miR-155
ortholog, is not oncogenic in chickens (Schat and Calnek 1978). While MDV-
1 also encodes other proteins, such as the meq oncogene that are not present in
MDV-2, it is tempting to speculate that MDV-1 miR-M4 may contribute to tumori-
genesis in this system. Validated targets for miR-155 include proteins with known
roles in B cell function, such as PU.1 but also a protein with known proapoptotic
functions, tumor protein p53 inducible nuclear protein 1 (TP53INP1), which has
been suggested to contribute to the development of miR-155-expressing pancre-
atic tumors (Gironella et al. 2007; Vigorito et al. 2007). It is interesting that both
KSHV miR-K12-11 and MDV-1 miR-M4 only share the first 8 nts with cellular
miR-155. Therefore, it remains possible that functional differences between these
miRNAs exist.

A subset of other viral miRNAs also shares sequence homology with cellular
miRNAs. MHV68 miR-M1-4 shares the 50-terminal 9 nts with murine miR-151, a
miRNA of unknown function. Other seed homologies are more limited and extend
only over nts 2–7, corresponding to the minimal miRNA seed region. However,
since 6 nt seed base-pairing can be sufficient for the regulation of some targets,
these miRNAs may also share targets with their cellular counterparts. The most
interesting of these miRNAs are EBV miR-BART5, rLCV miR-rL1-8 and MHV68
miR-M1-7-5p, all of which share perfect seed homology with cellular miR-18a
and miR-18b, encoded in the miR-17-92 cluster, which also has oncomiR function
(He et al. 2005b).

Another example of viruses subverting host miRNA pathway for their benefit
is that hepatitis C virus (HCV) uses the host liver-specific miR-122 that can target
the 5′UTR of the viral genome and positively regulates HCV replication (Jopling
et al. 2005).

Besides direct interactions between miRNA and viral RNA, viruses can also
interfere with the cellular miRNA pathway by competing for the components crit-
ical to miRNA biogenesis (Lu and Cullen 2004; Grimm et al. 2006; Andersson
et al. 2005). HIV-1 relieves RNAi by diverting TAR RNA-binding protein, a Dicer
co-factor, from Dicer to shut down miRNA maturation (Gatignol et al. 2005). More
strikingly, viruses can counteract the host miRNA silencing by expressing suppres-
sors to block cellular miRNA pathway. The representatives of such suppressors
are PFV-1 Tas protein (Lecellier et al. 2005) and HIV-1 Tat protein (Bennasser
et al. 2005).
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1.3.6.2 Viral miRNAs and Viral Genes

Viral miRNAs may regulate viral transcripts and thereby determine or fine-tune pat-
terns of viral protein expression. However, experimental evidence has been sparse.
Regulation of viral transcripts by viral miRNAs has been seen in HIV where a nef -
encoded miRNA has been shown to target its own transcript in in vivo and in vitro
experiments (Omoto et al. 2004; Omoto and Fujii, 2005). The role of nef in dis-
ease progression and the inability of nef mutants to establish disease leading to
long-term nonprogression of disease following HIV infection (Kirchhoff et al. 1995;
Salvi et al. 1998) suggests that anti-nef miRNAs may have a role in delaying disease
progression.

EBV miR-BART2 is fully complementary to the 3′UTR of the mRNA for the
EBV DNA polymerase BALF5, which is transcribed antisense to miR-BART2
(Pfeffer et al. 2004). This confers the ability of miR-BART2 to cleavage BALF5
mRNA and explains the detection of an unusual BALF5 transcript upon induction
of productive EBV replication (Furnari et al. 1993). Further, BART2-programmed
RISC can also cleave BALF5 mRNA (Barth et al. 2008). Since BALF5 is a lytic
gene product, it is unclear whether latently expressed miR-BART2 specifically
evolved to target BALF5 and whether this interaction is relevant for the maintenance
of EBV latency.

A miRNA stem-loop precursor in the genome of the polyomavirus SV40 gives
rise to two miRNAs (miR-S1-5p and miR-S1-3p), which are expressed late dur-
ing viral infection (Sullivan et al. 2005). Both SV40 derived miRNAs are perfectly
complementary to early mRNAs transcribed antisense to the pre-miRNA precursor
and direct the cleavage of these early transcripts, coding for the large and small
T antigens, by RISC. SV40 lacking miRNA expression, due to the selective dis-
ruption of the pre-miRNA structure, expressed higher levels of early mRNAs and,
consequently, higher levels of large and small T antigen (Sullivan et al. 2005). While
the loss of miRNA-mediated downregulation of T antigen was insignificant for virus
replication, it increased cellular visibility to SV40-specific cytotoxic T lymphocytes,
resulting in a higher susceptibility of SV40 miRNA mutant infected cells to cyto-
toxic T lymphocytes (Sullivan et al. 2005). The finding that the polyomavirus simian
agent 12 (SA12) expresses a homologous miRNA (Cantalupo et al. 2005) suggests
that polyomavirus miRNAs may provide a significant advantage to these viruses in
vivo (Sullivan et al. 2005).

1.3.6.3 Host miRNAs and Viral Genes

Analysis of miRNAs differentially expressed in HIV infected cells revealed that
the miR-17/92 cluster of miRNAs is downregulated following HIV infection. The
members of the cluster miR-17-5p and miR-20a repress the translation of PCAF
protein that has been previously shown to be a co-factor of Tat in modulating HIV
expression. A set of 11 miRNAs are upregulated during HIV infection but the func-
tional role of these miRNAs in modulating viral or host expression is not yet known
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(Kumar 2007). It is possible that the host genes modulated by these miRNAs may
be important in latency and other pathophysiological changes associated with HIV
infection. The cellular miRNA composition in infected cells is likely to indirectly
affect viruses, because many pathways that promote or limit viral replication or the
survival of infected cells are likely to be regulated by cellular miRNAs.

miR-122 regulates fatty acid and cholesterol biosynthesis, pathways central to
liver function and the HCV life cycle (Esau et al. 2006; Krützfeldt et al. 2005).
Inhibition of miR-122 function reduced HCV-1 RNA replication, without notable
effects on HCV protein translation or RNA stability (Jopling et al. 2005). The impor-
tance of miR-122 for the complete HCV life cycle was subsequently confirmed
in an HCV-2 cell-culture system (Randall et al. 2007). Furthermore, conservation
of the miR-122 binding site in all six HCV genotypes, which otherwise differ by
∼30% at the nucleotide level, suggests that the interaction of HCV with miR-
122 is relevant in vivo (Jopling et al. 2005). HIV-1 replication in T lymphocytes
is enhanced in the context of reduced Dicer and Drosha expression, suggest-
ing that cellular miRNAs may limit HIV-1 replication (Triboulet et al. 2007).
They further showed that miRNA expression from the cellular miR-17-92 cluster,
comprising miR-17-5p, miR-18, miR-19a, miR-20a, miR-19b-1 and miR-92-1, is
downregulated in HIV-1-infected T lymphocytes by an unknown mechanism.

On the other hand, replication of wild-type viruses can also be inhibited by
endogenous cellular miRNAs, raising the question of whether specific cellular
miRNAs may have specifically evolved to limit virus replication. Lecellier et al.
(2005) showed that endogenous cellular miR-32, expressed in HeLa and BHK21
cells, can limit the replication of the retrovirus primate foamy virus (PFV) in cell
culture through an interaction with a poorly conserved region in the 3′ portion of
the PFV genome (Lecellier et al. (2005). Dicer knockout mice are hypersensitive
to infection by vesicular stomatitis virus (VSV), a negative-strand RNA virus. This
effect is at least partially due to the loss of miR-24 and miR-93 expression in these
mice. Both miRNAs downregulate viral mRNAs and mutant VSV, in which miR-24
and miR-93 binding is abolished. The transfection of HCV replicon-containing
hepatocytes with synthetic miRNAs miR-196, miR-296, miR-351, miR-431 and
miR-448 results in a 2- to 5-fold reduction in HCV RNA accumulation. The antiviral
effect of the transfected miRNA is correlated with the presence of matches to these
miRNAs in the viral genome (Pedersen et al. 2007).

1.3.7 miRNAs and Metabolic Disorders

Metabolic disorders such as diabetes and obesity have become recognized as a
major challenge to global health. Several studies with combined bioinformatics
and bench research have provided evidence that miRNAs affect pathways that are
fundamental for metabolic control involving lipid, amino acid, glucose homeosta-
sis and the closely related process lifespan (Boehm and Slack 2006; Cuellar and
McManus 2005; Krützfeldt and Stoffel 2006; Poy et al. 2007).
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These studies described below open the possibility that miRNAs may contribute
to common metabolic diseases and point to understanding the metabolic and lifes-
pan regulatory roles of these novel gene regulators will undoubtedly further our
understanding of the complex genetic networks that control metabolism and will
also provide us with novel therapeutic opportunities based on targeting of miRNAs.

1.3.7.1 miRNAs and Lifespan

The first evidence for participation of miRNAs in metabolism came from a forward
genetic screen in the fruit fly Drosophila melanogaster. Xu et al. (2003) found that
loss of miR-14 doubles the amount of total body triacylglycerides. Similarly, miR-
278 is prominently expressed in the fat body of flies and homozygous mutations for
miR-278 have a smaller fat body and reduces ratio of total body triglycerides to total
protein. This phenotype is rescued by miR-278 expression (Teleman et al. 2005). In
C. elegans, overexpression of lin-4 leads to a lengthened lifespan, whereas animals
with loss-of-function mutation in lin-4 displays a lifespan that is significantly shorter
than that of the wild-type (Boehm and Slack 2005).

Though these results cannot directly be related to mammalian and human tis-
sues. However, it is still possible that miR-14 and miR-278 regulate the expression
of evolutionarily conserved target genes, which may shed light on novel pathways
affecting insulin signaling and energy homeostasis.

1.3.7.2 miRNAs and Glucose Homeostasis

The best-known study on miRNA regulation of metabolism in mammals may be
from the report showing the role of a miRNA in insulin secretion and glucose
homeostasis. Poy et al. (2007) demonstrated that mouse insulin secretion is regu-
lated by the pancreatic miRNA miR-375, an evolutionarily conserved islet-specific
miRNA. Overexpression of miR-375 decreases insulin secretion, while inhibiting
miR-375 function increases insulin release from pancreatic β-cells. Myotrophin is
evidently the target of miR-375 and this miRNA:mRNA interaction regulates the
secretion of insulin. Also striking is that in addition to miR-375, the authors found
another 67 miRNAs expressed in β-cells and future studies should determine if
these other miRNAs are involved in pancreatic β-cell development or in the reg-
ulation of insulin production or secretion. The regulation of exocytosis machinery
is probably a widespread phenomenon because many miRNAs are predicted to tar-
get exocytosis-related proteins (Abderrahmani et al. 2006). Plaisance et al. (2006)
showed that miR-9 causes a reduction in exocytosis in pancreas (insulin secreting
beta cells) that is elicited by stimuli including glutamate.
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1.3.7.3 miRNAs and Glucose Homeostasis

miR-122, the predominant miRNA in the liver, has been shown to regulate choles-
terol and lipid homeostasis in two independent studies. This miRNA is abun-
dantly expressed in human and rodent liver tissue, with estimates ranging from
50,000 to 80,000 copies per cell. Using a modified anti-miRNA inhibitor, termed
antagomiR, Krützfeldt et al. 2005) studied the effect of miR-122 on glucose and
lipid metabolism in mice. The antagomiR against miR-122 induces efficient degra-
dation of miR-122 in the liver and leads to a significant decrease in plasma choles-
terol levels. Esau et al. 2006) extended these findings using a differently modified
anti-miRNA inhibitor and a longer treatment protocol. They found that the miR-122
inhibitor-treated mice exhibited decreased cholesterol and triglyceride levels with-
out changes in plasma glucose concentrations. Isolated hepatocytes from treated
mice have decreased hepatic fatty-acid synthesis and sterol synthesis as well as
increased fatty-acid oxidation.

There is also emerging evidence that miRNAs might play a role in differentia-
tion of insulin-sensitive organs such as the adipocyte and muscle (Esau et al. 2004).
Knockdown of miR-9 and miR-143 by their respective AMOs inhibits the differen-
tiation process as assessed by a reduction in triglyceride accumulation and decreases
expression of adipocyte-specific genes. Furthermore, miR-143 expression levels are
higher in adipocytes than in preadipocytes.

1.3.7.4 miRNAs and Lipid Metabolism

In addition, evidence indicates that miRNAs may also be involved in regulating
pathways in amino acid metabolism. Mersey et al. (2005) showed that the miR-29b
controls the amount of the branched-chain α-ketoacid dehydrogenase (BCKD) com-
plex in mammalian cells (HEK293), which catalyzes the first irreversible step in
branched-chain amino acid catabolism. The branched-chain amino acids including
leucine, isoleucine and valine are amino acid components in nearly all proteins and
leucine can stimulate protein synthesis and act as a stimulus for insulin secretion.

1.3.8 miRNA and Epigenetics

Epigenetics is defined as mitotically and meiotically heritable changes in gene
expression that do not involve a change in the DNA sequence (Chuang and Jones
2007; Saetrom 2007). Two major areas of epigenetics – DNA methylation and
histone modifications – are known to have profound effects on controlling gene
expression. DNA methylation is involved in maintaining a normal expression pat-
tern of mammalian cells. DNA methylation occurs almost exclusively on a cytosine
in a CpG dinucleotide and is achieved by the addition of a methyl group to the posi-
tion 5 of a cytosine ring mediated by DNMTs. Histone modifications,especially the
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posttranslational modifications of amino-terminal tail domains, are also important
epigenetic mechanisms in controlling gene expression. Certain histone modifica-
tions, such as histone acetylation, are associated with active gene transcription,
whereas others such as the methylation of histone H3 lysine 9 is an indicator of
condensed and inactive chromatin. DNA methylation and histone modification play
critical roles in chromatin remodeling and general regulation of gene expression
in mammalian development and aberrant hypermethylation can result in human
diseases, such as cancer.

1.3.8.1 miRNAs and DNA Methylation

miRNAs can be involved in establishing DNA methylation. miR-165 and miR-
166 have been shown to be required for the methylation at the PHABULOSA
(PHB) gene in Arabidopsis. They interact with the newly processed PHB mRNA
to change the chromatin of the template PHB gene (Bao et al. 2004). This presents
a novel mechanism by which miRNAs control gene expression in addition to the
posttranscriptional repression. Similar findings in mammalian cells are yet to be
demonstrated.

1.3.8.2 miRNAs and histone modifications

In addition, miRNAs may regulate chromatin structure by regulating key histone
modifiers. miR-140, which is cartilage specific, can target histone deacetylase 4 in
mice (Tuddenham et al. 2006). Costa et al. (2006) suggested that miRNAs may
be involved in meiotic silencing of unsynapsed chromatin in mice. Taken together,
miRNAs can be considered important players in the epigenetic control of gene
expression.

1.3.8.3 DNA Methylation/Histone Modifications and miRNAs

On the other hand, DNA methylation and histone modifications can also affect
expression of miRNAs. Saito et al. (2006) showed that ∼5% of human miRNAs are
upregulated more than threefold by treatment of T24 bladder cancer cells with DNA
demethylating agent 5-Aza-CdR and histone deacetylase inhibitor 4-phenylbutyric
acid. In particular, miR-127, which is embedded in a CpG island, is remarkably
induced by a decrease in DNA methylation levels and an increase in active histone
marks around the promoter region of the miR-127 gene. These findings suggest
that some miRNA genes are controlled by epigenetic alterations in their promoter
regions and can be activated by inhibitors of DNA methylation and histone deacety-
lase. miR-127 is highly expressed in normal prostate and bladder tissues but is
remarkably downregulated or silenced in the corresponding tumors. In addition,
the proto-oncogene BCL6 has been identified as one of the targets of miR-127,
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suggesting that miR-127 has a role as a tumor suppressor. Scott et al. (2006) also
showed that treatment of breast cancer cell line SKBr3 with histone deacetylase
inhibitor LAQ824 led to a rapid change in miRNA expression profile.

1.4 miRNAs as Therapeutic Targets

The main purpose of the above sections is to convey the key message of this chapter:
miRNAs are viable therapeutic targets for human diseases. The rationale for using
miRNAs as potential therapeutic targets is based on the following facts.

1. Aberrant miRNA expression is a common feature of human multigenic diseases
and could be used as a prognostic biomarker for disease diagnosis.

2. Particular miRNAs are involved in, as causal factors or key contributors, par-
ticular types of human diseases and could serve as novel therapeutic targets for
disease treatment.

3. The level of miRNA expression responds to physiological stimuli and is suscep-
tible to drug intervention.

4. Small size (18–26 nucleotides in length) of miRNAs makes them very attractive
for drug development.

5. A miRNA can be viewed as a regulator of a cellular function or a cellular pro-
gram, not of a single gene (my hypothesis) (Wang et al. 2008). We can conclude
that miRNAs represent a class of genes with a great potential for use in diagno-
sis, prognosis and therapy and are a new frontier for molecular medicine. Indeed,
miRNAs as a valid diagnostic tool and therapeutic targets for modern molecular
therapy of human disease have yielded promising data and encourage boosting
interests from pharmaceuticals (Yang et al. 2007; Wurdinger and Costa 2007;
Soifer et al. 2007; Zhang 2008; Esau and Monia 2007; Mack 2007).

The wide use of RNAi (RNA interference) methodologies employing siRNAs (small
interference RNAs) or shRNAs (short RNAs) to silence single target genes has con-
tributed to recent advances in molecular biology and molecular therapy (Moffat and
Sabatini 2006; Behlke 2006). Currently, siRNAs are being tested in experimental
therapy for a variety of diseases and a few are starting to enter clinical trials (Vidal
et al. 2005). The use of siRNAs with perfect pairing to the target mRNA bears
several drawbacks. First, off-target effects or the RNAi-mediated silencing of genes
other than the target gene have been frequently observed (Jackson and Linsley 2004;
Jackson and Linsley 2003). These can be due to the miRNA-like action of siRNAs
through imperfect binding of the particular siRNA to nontarget mRNAs (Jackson
et al. 2006). That is, siRNAs can act by the mechanism of miRNA actions when they
are partially complementary to nontarget mRNAs. Second, elicitation of the inter-
feron response by high levels of siRNAs and the clogging of export of mRNAs from
the nucleus by overloading with shRNAs have recently been described (Birmingham
et al. 2006; Fedorov et al. 2006; Lin et al. 2005; Grimm et al. 2006). Moreover, as
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various microarray screens indicate, in unhealthy tissues there can be an imbalanced
gene expression pattern involving many genes and many of the human diseases are
multigenic (Chung et al. 2002; Hoheisel 2006), targeting a single gene with RNAi
may not be effective as therapeutic intervention. Though RNAi has proven its use-
fulness as a tool with good success in knocking down of particular single genes
(Mello and Conte 2004), miRNAs provide an alternative approach towards target-
ing multigenic disease conditions by the mechanism of multiple target regulation
(Wurdinger and Costa 2007).

To this end, Wurdinger and Costa (2007) proposed the ‘one hit, multiple targets’
concept, based on a key property that one miRNA can downregulate multiple tar-
get proteins by interacting with different target mRNAs (Lim et al. 2005), which is
essentially a homolog to the original ‘one agent, multiple targets’ concept that I pro-
posed in 2006 (Gao et al. 2006). This concept reasons that if the primary molecular
defect of the disease is in miRNAs or in the miRNA pathway and, as a consequence,
the expression of the protein-coding mRNA targets is deregulated, one could inter-
vene by ‘normalizing’ or ‘correcting’ the miRNA expression. Here I reinforce this
idea: one could also intervene by ‘normalizing’ or ‘correcting’ the miRNA function,
biogenesis and stability.

1.4.1 Strategies for Therapeutic Modulation of miRNAs

This section aims to lead readers to enter the ‘palace’ of miRNA interference
(miRNAi) by giving a brief introduction to the strategies and approaches that have
been experimentally validated as miRNA research tools and therapeutic modulation
of miRNAs. The concept of miRNAi pertinent to these strategies and approaches
are described in Chap. 2. The detailed descriptions of each individual technology of
miRNAi for therapeutic modulation of miRNAs are given in the Chaps. 3–13.

1.4.1.1 Normalizing miRNA Expression

‘Normalizing or correcting aberrant expression of miRNAs being implicated in dis-
eased conditions’ means upregulating expression of downregulated miRNAs and
downregulating expression of upregulated miRNAs. Several methods have proven
valid for achieving this goal. First, forced transient expression of exogenously sup-
plied canonical miRNAs by lipid-mediated transfection or virus-mediated infection
is the most commonly used, successful way of upregulating miRNAs in cell culture
conditions. Second, long-term overexpression of miRNAs by genetic engineering
in the transgenic mouse model has been tested in several occasions (Lu et al. 2007;
van Rooij et al. 2006, 2007; Lin et al. 2006). Third, knockout of miRNA-coding
genes in mice to create null expression of the target miRNA (Zhao et al. 2007).
Finally, transcriptional regulation of miRNA expression is definitely an alternative
for manipulating miRNA levels. Interest in understanding the genomic structures
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and the regulatory elements of miRNAs has been rapidly increasing. A few mam-
malian miRNAs have recently been characterized for their promoter regions (Zhao
et al. 2005; Chen et al. 2006; Liu et al. 2007; Taganov et al. 2006; Saito et al. 2006;
Hino et al. 2008; Fujita et al. 2008; Yin et al. 2008; Motsch et al. 2007; Corney et al.
2007).

1.4.1.2 Modulation of miRNA Biogenesis

As introduced in the Sect. 1.1.1 of this chapter, miRNA biogenesis requires pro-
cessing by a series of steps involving several enzymes and co-factors. In theory,
altering any of these enzymes and co-factors should be able to induce changes of
miRNA biosynthesis thereby changes of miRNA level in a cell. Thus far, the most
successfully examined method has been the tissue-restricted Dicer deletion, which
results in significant loss of miRNAs and change of related phenotypes (Otsuka
et al. 2007, 2008; Murchison et al. 2007; Chen et al. 2008a; Hayashi et al. 2008;
Mudhasani et al. 2008). siRNAs targeting Drosha or Dicer have also been tested
(Kuehbacher et al. 2007; Gillies and Lorimer 2007). Ago2-deficient mice have
been generated to study the function of miRNAs and miRNAs:RISC interactions
(Hayashi et al. 2008; Morita et al. 2007; O’Carroll et al. 2007).

1.4.1.3 Modulation of miRNA Stability

Anti-miRNA antisense inhibitor oligonucleotides (AMO or ASO) and chemically
modified AMO named antagomiRs are probably the most successful methods of
inhibiting miRNA action (Esau 2008; Krützfeldt et al. 2005). Recent studies indi-
cate that these molecules can also affect the stability of miRNAs by inducing
degradation of the targeted miRNAs; this mode of effect significantly decreases
miRNA level.

1.4.1.4 Modulation of miRNA Function

One can alter the actions of miRNAs without changing miRNA expression and sta-
bility. The AMO and antagomiR techniques mentioned above are highly efficient
ways of preventing miRNAs from performing their posttranscriptional repressive
function and represent a most promising class of molecules for drug development
for miRNA-based molecular therapy. We have also developed several new tech-
nologies for interfering miRNA functions and they are described in the following
chapters.



References 41

1.4.2 Approaches for Therapeutic Modulation of miRNAs

1.4.2.1 Gain-of-function of miRNAs

Gain-of-function of miRNAs refers to any manipulations on expression, biogenesis,
stability, or function of miRNAs, leading to enhancement of function of miRNAs.
Gain-of-function technology is an indispensible approach in miRNA research and
gene silencing by miRNA mechanisms.

1.4.2.2 Loss-of-function of miRNAs

Loss-of-function of miRNAs refers to any negative intervention resulting in inhibi-
tion of expression, biogenesis, stability, or function of miRNAs. Loss-of-function
technology has been one of the most popular knockdown/knockout tools for the
study of gene function in cell and developmental biology.
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Krützfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, Stoffel M (2005)
Silencing of microRNAs in vivo with ’antagomirs’. Nature 438:685–689.
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Chapter 2
miRNA Interference Technologies:
An Overview

Abstract The miRNA pathways are highly responsive to interventions of any
kind, being excellent candidates for pharmacological manipulation. Mature miR-
NAs belong to a category of non-coding small RNAs. They are very different from
traditional messenger, ribosomal, or transfer RNA in their biogenesis, structures and
functions. The technologies used to study traditional RNAs in basic research and to
manipulate traditional RNAs for therapeutic purpose, for the most part, would be
ineffective for miRNAs. New technologies for studying miRNA are therefore in
need and this demand is being met by the scientific community at a breakneck pace.
In the past few years, from the discovery of miRNAs in humans, numerous new tech-
nologies have been developed to clone, profile, visualize, quantify and manipulate
miRNAs. This book centers on the technologies for manipulating miRNAs.

An overview of the concept of microRNA interference (miRNAi) and another
three related concepts and a brief introduction to the miRNAi technologies is given
in this chapter, to help readers better understand the technologies. The applica-
tions of these technologies to miRNA research and the potential for gene therapy
of related diseases are also summarized and speculated. Detailed descriptions of
these technologies are provided in the following chapters.

2.1 New Concepts of miRNAi Technologies

2.1.1 “miRNAi”, A New Concept

RNA interference (RNAi) is a well-known strategy for gene silencing; this strat-
egy takes the advantages of the capability of small double-stranded RNA molecules
(siRNAs) to bind RNA-induced silencing complex (RISC) on the one hand and
to bind target genes (mRNAs) on the other (Xia et al. 2002; Golden et al. 2008;
Pushparaj et al. 2008). Through such dual interactions, siRNAs elicit a power-
ful knockdown of gene expression by degrading their target mRNAs. Two key
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characteristics of the RNAi strategy are that the only target of RNAi is mRNAs and
that the only outcome of RNAi is silencing of mRNAs. In other words, the RNAi
strategy uses siRNAs to interfere directly with mRNAs (mostly protein-coding
genes) to silence gene expression.

Taking the same concept, I propose a new concept of microRNA interference
(Wang et al. 2008). miRNAi manipulates the function, stability, biogenesis, or
expression of miRNAs and as such it indirectly interferes with the expression of
protein-coding mRNAs. This concept is based on the thoughts outlined below. The
fundamental mechanism of miRNA regulation of gene expression is miRNA:mRNA
interaction or binding. A key to interfere with miRNA actions is to disrupt or
to facilitate the miRNA:mRNA interaction. In order to achieve this aim, one can
either manipulate or to facilitate miRNAs or mRNAs to alter the miRNA:mRNA
interaction. For miRNAs, one can either mimic miRNA actions to enhance the
miRNA:mRNA interaction or to inhibit miRNAs to break the miRNA:mRNA inter-
action. Additionally, one can also manipulate mRNA to interrupt the miRNA:mRNA
interaction.

I further propose to call the strategies for interfering with miRNAs miRNAi
technologies. miRNAi technologies can be categorized based on the following six
different perspectives.

1. According to the mechanisms of actions, miRNAi technologies can be divided
into two major strategies: miRNA-targeting and targeting-miRNAs strategies.

The “miRNA-targeting strategy of miRNAi” refers to the approaches producing
“gain-of-function” of miRNAs to enhance gene targeting so as to alter the gene
expression and cellular function (Chaps. 3–6).

The “targeting-miRNA strategy of miRNAi” refers to the approaches leading to
“loss-of-function” of miRNAs via inhibiting miRNA expression and/or action to
alter the gene expression and cellular function (Chaps. 7–13).

2. In terms of the outcome of actions, miRNAi technologies can be grouped into
“miRNA-gain-of-function” (enhancement of miRNA function) and “miRNA-
loss-of-function” (inhibition of miRNA expression, biogenesis, or function).

The “miRNA-gain-of-function” approach is in general achieved by overexpression
of the endogenous miRNAs and forced expression of exogenous miRNAs, which
results in enhanced miRNA targeting (Chaps. 3–6).

The “miRNA-loss-of-function” approach can be conferred through targeting-
miRNAs by knockdown or knockout of miRNA expression and inhibition of miRNA
action (Chaps. 7–13).

3. With respect to the target miRNAs, miRNAi technologies can be miRNA-specific
or non-miRNA-specific.

The miRNA-specific miRNAi technologies interfere only with miRNA function and
through this, they produce derepression of target protein-coding genes. They belong
to the “targeting-miRNA” strategy being miRNA-specific but non-gene-specific.

The non-miRNA-specific miRNAi technologies interfere with the biogenesis of
miRNAs such as inhibition of Dicer, affecting the levels of the whole population
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of miRNAs but not a particular miRNA. These approaches are therefore neither
miRNA-specific nor gene-specific.

4. As to the target genes of miRNAs, miRNAi technologies comprise non-gene-
specific and gene-specific approaches, which can be either “gain-of-function” of
miRNAs or “loss-of-function” of miRNAs.

The non-gene-specific miRNAi technologies direct their actions to miRNAs without
interaction with the target genes of the miRNAs. Such actions are miRNA-specific
but not gene-specific given that a miRNA can target multiple protein-coding genes.
Most of the currently available miRNAi technologies belong to non-gene-specific
approaches.

The gene-specific miRNAi acts on the target gene of a given miRNA but not
on the miRNA per se. This is achieved by enhancing or removing the actions of
miRNAs but leaving miRNAs intact.

5. From the perspective of target protein-coding genes (mRNAs), miRNAi tech-
nologies may result in either “mRNA-gain-of-function” (derepression of genes)
or “mRNA-loss-of-function” (enhancement or establishment of repression).

The “targeting-miRNA” strategy causes “mRNA-gain-of-function” by relieving the
repressive actions induced by the targeted miRNAs. The “mRNA-gain-of-function”
miRNAi technologies could be gene-specific or non-gene-specific but they must be
miRNA-specific.

The “miRNA-targeting” strategy causes “mRNA-loss-of-function” effects by
enhancing the repressive actions of the miRNAs. The “mRNA-loss-of-function”
miRNAi technologies could be gene-specific or non-gene-specific but they must
be miRNA-specific.

6. Taking the mode of actions into consideration, miRNAi technologies can act by
creating AMO:miRNA interaction (AMO: anti-miRNA antisense oligomer) or
by creating ASO:mRNA interaction (ASO: anti-mRNA antisense oligomer) to
disrupt normal miRNA:mRNA interaction.

The AMO:miRNA-interacting miRNAi technologies suppress miRNA function
using AMO approaches. They are all miRNA-specific and non-gene-specific, belo-
nging to the targeting-miRNAs strategies and the miRNA-loss-of-function and
mRNA-gain-of-function class.

The ASO:mRNA-interacting miRNAi technologies interrupt miRNA function
using ASO approaches. They belong to the targeting-miRNAs strategies and the
miRNA-loss-of-function and mRNA-gain-of-function class.

Based on above classifications, some miRNAs are both miRNA- and gene-
specific, some are miRNA-specific but non-gene-specific and others are neither
miRNA-specific nor gene-specific. Table 2.1 summarizes the six miRNAi strate-
gies. In the following chapters, each miRNAi technology will be specified for its
classification.
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Table 2.1 General Introduction to miRNAi

Mechanism of action miRNA-targeting producing “miRNA-gain-of-function” to
enhance “mRNA-loss-of-function”

Targeting-miRNAs producing “miRNA-gain-of-function” to
enhance “mRNA-loss-of-function”

Mode of action AMO:miRNA
interaction

anti-miRNA oligomer inhibiing miRNA
level or activity

ASO:mRNA interaction anti-mRNA oligomer inhibiting miRNA
function

Outcome of miRNA miRNA-gain-of-
function

enhancement of miRNA function

miRNA-loss-of-function inhibition of miRNA expression,
biogenesis, or function

Outcome of target
gene

mRNA-gain-of-function causing derepression of protein-coding
genes

mRNA-loss-of-function enhancing repression of protein-coding
genes

miRNA specificity miRNA-specific targeting a specific miRNA or a specific
group of miRNAs

Non-miRNA-specific targeting the whole population of
miRNAs

Gene specificity Non-gene-specific a miRNA targeting multiple genes with its
binding site

Gene-specific a miRNA targeting a particular gene

2.1.2 “miRNA as a Regulator of a Cellular Function”,
Second New Concept

As already mentioned in the previous chapter, with respect to its pathophysiological
role, a miRNA can be viewed as a regulator of a particular cellular function or a
particular cellular program, not of a single gene. I propose this concept based upon
the following facts (Wang et al. 2008).

1. Each miRNA normally has multiple target genes on the one hand and each gene
may be a target for multiple miRNAs on the other hand. Focusing on any partic-
ular one of the target genes may lead to incomplete understanding of function of
a miRNA.

2. The target genes of a given miRNA may encode proteins that have different or
even opposing functions (e.g., cell growth vs. cell death). Focusing on any par-
ticular one of the target genes could be misleading to our understanding of exact
function of a miRNA. For example, the oncoprotein Bcl-2 and the tumor sup-
pressor p53 are both the target genes of miR-150 and miR-214. If one looks at
only Bcl-2, then one may conclude that both miR-214 and miR-150 are miRNA
tumor suppressors; conversely, if one focuses on p53, then one will believe both
miR-214 and miR-150 to be oncomiRs: two contradictory views of the same
miRNAs.
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3. The net outcome of integral actions of a miRNA on its multiple target genes
defines the function of that miRNA. Following this idea, whether miR-214 and
miR-150 are tumor suppressors or oncomiRs will depend upon which of the tar-
get genes p53 and Bcl-2 predominates under a particular cellular context. If the
effects on p53 predominate, then miR-214 and miR-150 are oncomiRs but if it is
the other way around, then miR-214 and miR-150 are tumor suppressors.

Therefore, a more reasonable, correct view of function of a miRNA is that a miRNA
is a regulator of a cellular function or a cellular program.

This concept is important to keep in mind when designing or applying miRNAi
technologies in one’s studies.

2.1.3 “One-Drug, Multiple-Target”, Third New Concept

Human diseases are mostly multifactorial and multistep processes. Targeting a sin-
gle factor (molecule) may not be adequate and certainly not optimal in disease
therapy, because single agents are limited by incomplete efficacy and dose-limiting
adverse effects. If related factors are concomitantly attacked, better outcomes are
expected and the combination pharmacotherapy has been developed based on this
reasoning: a combination of two or more drugs or therapeutic agents given as a
single treatment that produces improved therapeutic results. The “drug cocktail”
therapy of AIDS is one example of such a strategy (Henkel 1999), and simi-
lar approaches have been used for a variety of other diseases, including cancers
(Konlee 1998; Charpentier 2002; Ogihara 2003; Kumar, 2005; Lin et al. 2005; Nab-
holtz and Gligorov 2005). However, the current drug-cocktail therapy is costly and
may involve a complicated treatment regimen, undesired drug-drug interactions and
increased side effects (Konlee 1998). There is a need to develop a strategy to avoid
these problems.

In 2006, I proposed the “One-Drug, Multiple-Target” concept: a single agent
capable of acting on multiple selected key targets to treat a disease (Gao et al. 2006).
One example of such a drug is amiodarone, a class III antiarrhythmic agent. While
most of the specific ion channel blockers can increase mortality by producing
de nova lethal arrhythmias, amiodarone, by targeting multiple ion channels with-
out channel specificity, can produce beneficial antiarrhythmic effects devoid of
an increase in the risk of mortality. However, with respect to its highly desirable
actions, amiodarone is an unexpected, accidental pharmaceutical product, not from
a purposed design; it is nearly impossible to confer to single compounds the ability
to act on multiple target molecules with the traditional pharmaceutical approaches
or the currently known antigene strategies. My laboratory developed a complex
decoy oligonucleotides strategy based on the “One-Drug, Multiple-Target” con-
cept, which has demonstrated its superiority to inhibit tumor growth. In theory, the
“One-Drug, Multiple-Target” strategy mimics the well-known drug cocktail therapy
of AIDS. Nevertheless, this “One-Drug, Multiple-Target” strategy may be devoid
of the weaknesses of the drug cocktail therapy, without involving complicated
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treatment regimens, undesirable drug-drug interactions and increased side effects.
It opens the door to one-drug, multiple-target intervention, providing promising
prototypes of gene therapeutic agents for a wide range of human disease.

I introduce here this concept because several of the miRNAi technologies have
been developed based on this concept. Indeed, considering the fact that a single
miRNA has the potential to regulate multiple target genes and a single gene may
be regulated by multiple miRNAs, it is often necessary to interfere with multiple
miRNAs or multiple genes to acquire effective manipulation of gene expression and
cellular function. The “One-Drug, Multiple-Target” strategy opens up new opportu-
nities for creative and rational designs of a variety of combinations integrating vary-
ing miRNA-related elements for a therapeutic purpose and provides an exquisite
tool for functional analysis of miRNAs in a gene controlling program. It can also
be used as a simple and straightforward approach for studying any other biological
process involving multiple factors, multiple genes and multiple signaling pathways.

2.1.4 “miRNA Seed Family”, Another New Concept

We have introduced the “Seed Site” concept proposed by Lewis et al. (2003,
2005) in Sect. 1.2 to define the mechanism of target recognition and action of
miRNAs (i.e., miRNA:mRNA interactions). Based on this concept, miRNAs pos-
sessing a same seed motif (5′-end 2–8 nts) should have the same repertoire of target
genes thereby the same cellular function. This concept has indeed been verified by
numerous experimental investigations.

For the sake of easiness and clarity in understanding the function of miRNAs, I
propose to categorize miRNAs into families based on their function or seed motifs.
According to this classification system, miRNAs with a same seed motif 5′-end
2–8 nts are grouped into the same miRNA seed family. Further, miRNAs carry-
ing exactly the same seed motif are grouped into the same miRNA seed subfamily.
For example, miR-17-5p and miR-20b have identical 5′-end 1–8 nts seed sequence
CAAAGUGC; miR-520g and miR-520h have ACAAAGUG; miR-20a and miR-
106b contains UAAAGUGC; miR-106a, AAAAGUGC; miR-93, miR-372 and
miR-520a-e all have AAAGUGCU; miR-519b and miR-519c have AAAGUGCA.
Intriguingly, if 7 of 8 nts in the seed motif base-pairing with target genes is suffi-
cient to produce post-transcriptional repression (as already shown by an enormous
volume of studies) (Lewis et al. 2003, 2005; Pillai et al. 2007), then these six seed
motifs should all give the same cellular effects. Based on this view, I consider all
these miRNAs as the members of one miRNA seed family while belonging to six
different subfamilies.

This classification provides a guideline of pivotal importance for interfering with
a cellular process involving gene expression regulation by a multi-member miRNA
seed family. Enhancing or inhibiting any one of the members of a miRNA seed
family may not be able to elicit efficient, thorough changes of gene expression and
cellular function. In this case, manipulation of all members of a miRNA seed family



2.1 New Concepts of miRNAi Technologies 65

AGUGC Family

Subfamily A

5’-ACAAAGUGCUUCCCUUUAGAGUGU-3’  (has-miR-520g)
5’-ACAAAGUGCUUCCCUUUAGAGU-3’  (has-miR-520h)

ccccccc
ccccccc Subfamily B
ccccccc

5’- CAAAGUGCUUACAGUGCAGGUAG-3’  (has-miR-17-5p)
5’- UAAAGUGCUUAUAGUGCAGGUAG-3’  (has-miR-20a)
5’- AAAAGUGCUUACAGUGCAGGUAG-3’  (has-miR-106a)
5’- UAAAGUGCUGACAGUGCAGAU-3’  (has-miR-106b)
5’- CAAAGUGCUGUUCGUGCAGGUAG-3’  (has-miR-93)
5’- CAAAGUGCUCAUAGUGCAGGUAG-3’  (has-miR-20b)
5’- CAAAGUGCCUCCCUUUAGAGUG-3’  (has-miR-519d)

ccccccc
ccccccc Subfamily C
ccccccc

5’-  AAAGUGCAUCCUUUUAGAGUGU-3’  (has-miR-519a)
5’-  AAAGUGCAUCUUUUUAGAGGAU-3’  (has-miR-519c-3p)
5’-  AAAGUGCAUCCUUUUAGAGGUU-3’  (has-miR-519b-3p)

ccccccc
ccccccc Subfamily D
ccccccc

5’-  AAAGUGCUUCUCUUUGGUGGGU-3’  (has-miR-519d-3p)
5’-  AAAGUGCUUCCCUUUGGACUGU-3’  (has-miR-520a)
5’-  AAAGUGCUUCCUUUUAGAGGG-3’  (has-miR-520b)
5’-  AAAGUGCUUCCUUUUAGAGGGU-3’  (has-miR-520c-3p)
5’-  AAAGUGCUUCCUUUUUGAGGG-3’ (has-miR-520e)
5’-  GAAGUGCUUCGAUUUUGGGGUGU-3’  (has-miR-373)
5’-  UAAGUGCUUCCAUGCUU-3’   (has-miR-302e)
5’-  AAAGUGCUGCGACAUUUGAGCGU-3’  (has-miR-372)

ccccccc

ccccccc Subfamily E
ccccccc

5’-   AAGUGCUGUCAUAGCUGAGGUC-3’  (has-miR-512-3p)
5’-   AAGUGCUUCCUUUUAGAGGGUU-3’  (has-miR-520f)

Fig. 2.1 An example of miRNA seed family concept. The seed site of each listed miRNA is
shown in red-bold-face and highlighted in yellow. The miRNAs bearing exactly the same seed sites
(5′-end 2–7 nts) are grouped into a subfamily. Assuming that 6-nt base-pairing out of 7-nt seed site
is sufficient to produce gene targeting actions, these five subfamilies labeled A–E are supposed to
have same target genes and cellular functions and they are therefore placed into one same family

is definitely required to achieve a level with sufficient miRNA-promoting effects or
anti-miRNA effects.

We have sorted out all miRNAs registered in miRBase by their seed motifs and
are able to categorize these miRNAs into 498 seed families. For convenience, I
designate these families according to their 4–7 nts (Fig. 2.1). Some families contain
subfamilies with varying number of miRNAs and some currently contain only one
member.
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2.2 General Introduction to miRNAi Technologies

2.2.1 miRNA-Targeting Technologies

An array of technologies has been developed for achieving gain-of-function of
miRNAs by forced expression or overexpression. These include Synthetic Canon-
ical miRNA technology, miRNA Mimic technology, Multi-miRNA Hairpins tech-
nology, Multi-miRNA Mimics technology and miRNA Transgene technology.

The Synthetic Canonical MiRNA technology involves an application of synthetic
miRNAs that are identical in sequence to their counterpart endogenous miRNAs
(Luo et al. 2007, 2008; Yang et al. 2007; Xiao et al. 2007a).

The key for the miRNA Mimic technology is to generate non-naturally existing
double-stranded RNA fragments that are able to produce miRNA-like actions: the
post-transcriptional repression of gene expression or inhibition of protein translation
(Xiao et al. 2007b). It is a gene-specific miRNA-targeting strategy.

The Multi-miRNA Hairpins technology uses a single artificial construct in the
form of double-stranded RNA to produce multiple mature miRNAs once introduced
into cells (Sun et al. 2006; Xia et al. 2006).

The Multi-miRNA Mimics technology incorporates multiple miRNA Mimic
units for targeting different mRNAs into a single construct that is able to silence
multiple targeted genes (Chen et al. 2008a).

MiRNA Transgene technology requires production of mice by incorporating a
non-native segment of DNA containing a pre-miRNA-coding sequence of interest
into mice’s germline, which retains the ability to overexpress that miRNA in the
transgenic mice (Zhang et al. 2009).

2.2.2 Targeting-miRNA Technologies

Targeting-miRNA technologies include Anti-miRNA Antisense Inhibitor Oligori-
bonucleotides (AMO) technology, Multiple-Target AMO technology (MT-AMO
technology), miRNA Sponge technology, miRNA-Masking Antisense Oligonu-
cleotides technology, Sponge miR-Mask technology and MiRNA Knockout
technology.

The Anti-miRNA Antisense Inhibitor Oligoribonucleotides (AMOs) are single-
stranded 2′-O-methyl-modified oligoribonucleotide fragments exactly antisense to
their target miRNAs and can bind to their target miRNAs to inhibit their actions.

The Multiple-Target AMO technology is a modified AMO strategy, which allows
designing single-stranded 2′-O-methyl-modified oligoribonucleotides carrying mul-
tiple antisense units that are engineered into a single fragment that is able to
simultaneously silence multiple targeted miRNAs or multiple miRNA seed families
(Lu et al. 2009).
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The miRNA Sponge technology involves synthesis of RNAs containing multiple,
tandem binding sites for miRNAs with the same seed sequence (a miRNA seed
family) of interest and is able to target all members of that miRNA seed family
(Ebert et al. 2007; Hammond 2007).

The MiRNA-Masking Antisense Oligonucleotides technology involves synthesis
of single-stranded 2′-O-methyl-modified oligoribonucleotides that does not directly
interact with its target miRNA but binds the binding site of that miRNA in the 3′
UTR of the target mRNA by a fully complementary mechanism (Xiao et al. 2007b).
In this way, the miR-Mask covers up the access of its target miRNA to the binding
site to derepress its target gene via blocking the action of its target miRNA. It is a
gene-specific targeting-miRNA strategy.

The Sponge miR-Mask technology combines the principle of actions of the
MiRNA Sponge and the miR-Mask technologies for targeting miRNAs (Chen
et al. 2008b). It is a gene-specific targeting-miRNA strategy.

The miRNA or Dicer Knockout technology enables to generate targeted deletion
of a specific miRNA or Dicer; the former is miRNA-specific but non-mRNA-
specific and the latter is non-miRNA-, non-mRNA-specific.

These miRNAi technologies are summarized in Table 2.2 and the strategies of
miRNAi are illustrated in Fig. 2.2.

2.3 miRNAi Technologies in Basic Research and Drug Design

miRNAs are universally expressed in mammalian cells, being involved in nearly
every aspect of the life of organisms (Lagos-Quintana et al. 2002; Landgraf et al.
2007). The level of miRNAs in cells is dynamic depending on developmental stage,
cell cycle, metabolic alteration and pathophysiological conditions. Both upregula-
tion and downregulation of miRNAs have been frequently implicated in a variety
of pathological conditions. Both gain-of-function and loss-of-function technolo-
gies are necessary tools for understanding miRNAs. The miRNA-Targeting strategy
resulting in gain-of-function of miRNAs is an essential way for gain-of-knowledge
about miRNA targets and functions. On the other hand, the Targeting-miRNA tech-
nologies leading to loss-of-function of miRNAs is also an indispensable strategy for
miRNA research. These two approaches are mutually complementary for elucidat-
ing miRNA biology and pathophysiology. The miRNAi technologies have opened
up new opportunities for creative and rational designs of a variety of combina-
tions integrating varying nucleotide fragments for various purposes and providing
exquisite tools for functional analysis related to identification and characterization
of targets of miRNAs and their functions in a gene controlling program.

In addition, the miRNAi technologies offer the strategies and tools for design-
ing new agents for gene therapy of human disease (Ambros et al. 2003; Lee et al.
2005; Bartel, 2004; Wang et al. 2008; Calin & Croce, 2006). These agents will
possess a backbone structure in the form of oligoribonucleotides or oligodeoxyri-
bonucleotides. Like other types of nucleic acids for gene therapy, such as antisense
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Table 2.2 Summary of miRNAi technologies

Name of miRNAi
Technology

Characteristics Applications

miRNA-targeting
miRNA-gain-of-function
mRNA-loss-of-function

Enhancing miRNA
action to
enhance gene
silencing

Synthetic Canonical
miRNA (SC-miRNA)

miRNA-specific
Non-gene-specific

(1) transient miRNA-gain-of-function
in miRNA research;

(2) miRNA replacement therapy
miRNA Mimic

(miR-Mimic)
Non-miRNA-specific
Gene-specific

(1) transient miRNA-gain-of-function
in a gene-specific manner for
miRNA research;

(2) miRNA replacement therapy
Multi-miRNA Hairpins miRNA-specific

Non-gene-specific
(1) transient miRNA-gain-of-function

in miRNA research;
(2) miRNA replacement therapy

Multi-miRNA Mimics
(Multi-miR-Mimic)

Non-miRNA-specific
Gene-specific

(1) transient miRNA-gain-of-function
in a gene-specific manner for
miRNA research;

(2) miRNA replacement therapy
miRNA Transgene miRNA-specific

Non-gene-specific
(1) long-lasting miRNA-gain-of-

function in miRNA research;
(2) controllable or conditional

overexpression of miRNA;
(3) in vivo animal model;
(4) miRNA replacement therapy

Targeting-miRNA
miRNA-loss-of-function
mRNA-gain-of-function

Knockdown or knockout
miRNA to relieve
gene silencing

Anti-miRNA Antisense
Oligonucleotides (AMO)

miRNA-specific
Non-gene-specific

(1) To knockdown target miRNA for
validating the miRNA targets &
function;

(2) To achieve upregulation of the
cognate target protein;

(3) To reverse the pathological process
Multiple-Target

Anti-miRNA Antisense
Oligonucleotides
(MT-AMO)

miRNA-specific
Non-gene-specific

(1) To knockdown multiple miRNAs
from same or different seed
families;

(2) To achieve upregulation of
multiple target proteins;

(3) To reverse the pathological
process

miRNA Sponge miRNA-specific
Non- gene-specific

(1) To knockdown multiple miRNAs
from a same seed family;

(2) To achieve upregulation of the
cognate target proteins;

(3) To reverse the pathological
process

(continued)
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Table 2.2 (Continued)

Name of miRNAi
Technology

Characteristics Applications

miRNA-Masking
Antisense
Oligonucleotides
(miR-Mask)

miRNA-specific
Gene-specific

(1) To block action of a miRNA without
knocking down the miRNA;

(2) To achieve upregulation of the cognate
target protein;

(3) To reverse the pathological process
Sponge miR-Mask miRNA-specific

Non-gene-specific
(1) To knockdown multiple miRNAs from

a same seed family;
(2) To achieve upregulation of the cognate

target proteins;
(3) To reverse the pathological process

miRNA Knockout
(miR-KO)

miRNA-specific
Non-gene-specific

(1) To acquire permanent removal of a
target miRNA;

(2) To allow for controllable or
conditional miRNA silencing;

(3) To allow for studying
miRNA-loss-of-function in vivo
whole-animal context

Dicer Inactivation Non-miRNA-specific
Non-gene-specific

(1) To achieve a global loss-of-function of
literally all cellular miRNAs;

(2) To allow for controllable or
conditional miRNA silencing;

(3) To allow for studying
miRNA-loss-of-function in vivo
whole-animal context

oligodeoxynucleotides (Alvarez-Salas 2008; Koizumi 2007), decoy oligodeoxynu-
cleotides (Gao et al. 2006), siRNA (Alvarez-Salas 2008; Pushparaj et al. 2008),
triplex-forming oligodeoxynucleotides (Mahato et al. 2005), aptamer (Kaur and
Roy 2008) and DNAzyme (Benson et al. 2008), the oligomer fragments generated
using miRNAi technologies can be chemically modified to improve stability and are
constructed into plasmids for easier delivery into organisms to treat diseases.

The Synthetic Canonical miRNA technology is an indispensable and most essen-
tial approach for miRNA gain-of-function in the fundamental research of miRNAs
and of miRNA-related biological processes. It has been usually used to force
expression of miRNAs of interest to investigate the pathophysiological outcome of
upregulation of the miRNAs. The approach can also be used to supplement the loss
of the miRNAs under certain situations and to maintain the normal levels to alle-
viate the pathological conditions as a result of downregulation of those miRNAs.
The Multi-miRNA Hairpins technology can be employed if more than one miRNAs
need to be applied under certain conditions.

miRNA Mimics can be used when a particular protein-coding gene needs to
be knocked down. miRNA Mimics and siRMAs are quite similar in terms of
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Fig. 2.2 Diagram illustrating the miRNAi strategies: (1) miRNAi can be directed to interfere with
miRNA transcription by targeting transcriptional factors to either enhance or repress transcription.
(2) miRNAi can change miRNA expression by creating Transgene or knockout for in vivo model
studies. (3) and (4) miRNAi can disrupt miRNA biogenesis by targeting Drosha, DGCR8, Dicer
and Ago2. (5) miRNAi can be directed to target the stability of miRNAs to knockdown miRNA
level. (6) miRNAi can be used to change the function of miRNA by miRNA targeting (miRNA
replacement). (7) miRNAi can block miRNA accessibility to its bining site in the target genes

their applications to basic research and their potential for disease treatment. The
Multi-miRNA Mimics technology can be used as a simple and straightforward
approach for studying the biological processes involving multiple protein-coding
genes.

miRNA Transgene technology is an efficient approach to create overexpression
of miRNAs of interest to study the role of miRNAs in in vivo conditions.

The AMO technology has been the most commonly and frequently used target-
ing-miRNA/loss-of-function approach to knock down miRNAs of interest. This
method offers a miRNA-specific way to wipe out the function of the targeted
miRNAs and can be used to bring back to the normal levels of miRNAs that are
abnormally upregulated in the diseases states. The Multiple-Target AMO technol-
ogy is designed as a simple and straightforward approach for studying the biological
processes involving multiple miRNAs.

The MiRNA-Masking Antisense Oligonucleotides technology is a supplement to
the AMO technique; while AMO is indispensable for studying the overall function
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of a miRNA, the miR-Mask might be more appropriate for studying the specific
outcome of regulation of the target gene by the miRNA. The Sponge miR-Mask
technology is an alternative for the applications requiring manipulation of multiple
target protein-coding genes of miRNAs.

The miRNA Knockout technology aims to generate mouse lines with genetic
ablation of specific miRNAs or targeted disruption of miRNA genes. This approach
allows for investigations of miRNA function related to the development of particular
biological processes and/or pathological conditions in an in vivo context and in a
permanent manner.

Dicer Inactivation technology aims to disrupt the maturation of miRNAs by
inhibiting Dicer function through knocking down or knocking out the Dicer gene.
This approach has been widely used to study the global requirement of miRNAs for
certain fundamental biological and pathological processes.
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Chapter 3
Synthetic Canonical miRNA Technology

Abstract Synthetic Canonical miRNAs are exogenously applied miRNAs in the
form of mature double-stranded constructs or precursor hairpin constructs that are
identical in sequence to their counterpart endogenous miRNAs. For convenience, I
use the abbreviation SC-miRNAs throughout for Synthetic Canonical miRNAs. SC-
miRNAs, once introduced into cells, produce seemingly identical gene regulation
and cellular functions as do their endogenous miRNA counterparts. The SC-miRNA
approach belongs to the “miRNA-targeting” and “miRNA-gain-of-function” strat-
egy. This strategy conforms to the concept of ‘miRNA as a Regulator of a Cellular
Function’.

3.1 Introduction

miRNA-gain-of-function is an essential way for gain-of-knowledge about miRNA
targets and functions. There is an array of approaches for achieving miRNA-gain-
of-function: exogenously transfected miRNAs, miRNA transgenic mice and miRNA
mimics. Among them, exogenously transfected miRNAs that can mimic the actions
of endogenous canonical miRNAs is the most fundamental and commonly used
miRNA-gain-of-function approach. Canonical miRNAs are defined as non-coding
RNAs that meet the following criteria.

1. Mature miRNA should be expressed as a distinct transcript of ∼22nts that is
detectable by RNA (Northern) blot analysis or other experimental means such as
cloning from size-fractionated small RNA libraries.

2. Mature miRNA should originate from a precursor with a characteristic secondary
structure, such as a hairpin or fold-back, which does not contain large internal
loops or bulges. Mature miRNA should occupy the stem part of the hairpin.

3. Mature miRNA should be processed by Dicer, as determined by an increase in
accumulation of the precursor in Dicer-deficient mutants.

4. In addition, an optional but commonly used criterion is that mature miRNA
sequence and predicted hairpin structure should be conserved in different species.

Z. Wang, MicroRNA Interference Technologies,
DOI: 10.1007/978-3-642-00489-6 3, c© Springer-Verlag Berlin Heidelberg 2009
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Some people call SC-miRNAs “miRNA mimics” but this name is a bit confusing,
as it sounds like the synthetic canonical miRNAs but not real miRNAs although
they are synthesized exactly like endogenous miRNAs. This is as if we PCR syn-
thesize p53 cDNA; we call it a p53 gene but not a p53 mimic. Further, there
is another miRNAi technology called “miRNA mimics” (introduced in Chap. 4):
(Xiao et al. 2007b; Wang et al. 2008). To avoid confusion, it is more logical to use
“SC-miRNAs” to define this type of miRNAs.

3.2 Protocols

There are two ways to apply the SC-miRNA approach. One is through the intro-
duction of a double-stranded miRNA mimetic or a synthetic canonical miRNA
(SC-miRNA), equivalent to the endogenous Dicer product and analogous in struc-
ture to an siRNA (Soutschek et al. 2004). An alternative strategy for therapeutic
miRNA replacement is a gene therapy approach. This involves expression of a short
hairpin RNA (shRNA) from a polymerase II or III promoter, in a DNA or viral
vector, which is then processed by Dicer before loading into RISC. Advantages
to this approach are the potential for more persistent silencing compared to double-
stranded miRNA mimetics, as well as the ease of expressing multiple miRNAs from
one transcript. A step-by-step protocol for designing SC-miRNAs and validating
SC-miRNAs is detailed below.

3.2.1 Designing SC-miRNAs

3.2.1.1 Double-Stranded SC-miRNA

1. Select a miRNA of interest for your study;
2. Obtain the sequences of that miRNA from miRNA database, such as miRBase

(http://microrna.sanger.ac.uk/sequences/search.shtml).You can use either mature
or precursor miRNA sequence. Double-stranded miRNA molecules mimic the
Dicer cleavage product and hairpin precursor miRNAs can be processed by Dicer
once delivered into cells. Do not forget to collect the oligonucleotide sequences
for both guide and passenger strands;

3. Synthesize guide strand and passenger strand separately, either by yourself if you
are equipped with a DNA/RNA synthesizer or by commercial services provided
by several companies around the world;

4. Anneal guide and passenger strands to form a duplex SC-miRNA. First mix the
two synthetic oligonucleotides at an equal molar concentration in an Eppendorf
tube, then incubate the sample in a heat block at 95◦C for 5 min and gradually
cool the sample to room temperature (22–23◦C);

5. Store the SC-miRNA construct at −80◦C for future use;
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6. Construct a negative control SC-miRNA for verifying the effects and specificity
of the effects of the SC-miRNA. This negative control SC-miRNA should be
designed based on the sequence of the SC-miRNA; simply modifying the SC-
miRNA to contain∼5-nts mismatches at the 5′ portion “seed site”. Such modified
or mutated SC-miRNA would lose the ability to bind the target mRNA with suf-
ficient affinity and is thus rendered incapable of eliciting the action of a miRNA.
A negative control SC-miRNA in duplex form is formed through the annealing
procedures described above;

7. Double-stranded SC-miRNA may be chemically modified to improve nuclease
stability.

Many 2′-sugar modifications have been shown to confer this property, including
2′-O-Me, 2′-F, 2′-deoxy, 2′-MOE and LNA, which have been evaluated and are
tolerated to varying degrees in either the sense or antisense strands (Chiu and
Rana 2003; Czauderna et al. 2003; Prakash et al. 2005; Kraynack and Baker 2006;
Allerson et al. 2005; Layzer et al. 2004; Harborth et al. 2003; Braasch et al. 2003;
Morrissey et al. 2005a; Amarzguioui et al. 2003). Introduction of phosphorothioate
internucleotidic linkages, which can promote plasma protein binding and delay renal
clearance of single stranded oligonucleotides, in addition to conferring nuclease sta-
bility (Altmann et al. 1996; Hoke et al. 1991), is tolerated by siRNAs in cell culture
(Chiu and Rana 2003; Czauderna et al. 2003; Braasch et al. 2003; Amarzguioui
et al. 2003) and a beneficial effect on in vivo delivery has been reported (Braasch
et al. 2004). The first demonstration of in vivo systemic delivery to the liver was
achieved through high pressure intravenous injection, or hydrodynamic delivery
of unmodified siRNAs (McCaffrey et al. 2002). Alternative strategies to promote
cellular uptake and prevent renal clearance after systemic delivery have involved
conjugation of the siRNA to moieties such as cholesterol (McCaffrey et al. 2002),
or formulation in liposomes (Zimmermann et al. 2006; Morrissey et al. 2005b; Ge
et al. 2004), although uptake and activity have only been demonstrated in the liver
and lungs.

3.2.1.2 SC-miRNA Expression Vectors

Whereas administration of miRNA mimics is expected to provide transient recov-
ery of under-expressed miRNAs, it is possible to express the mature miRNA form
by using short hairpin RNAs (shRNAs) driven by Pol III promoters (Brummelkamp
et al. 2002a; Paddison et al. 2002). When delivered within the context of an integrat-
ing vector system, Pol III-driven miRNA hairpins can be stably expressed. The Pol
III-driven shRNA system is attractive since shRNAs have a simple design resem-
bling pre-miRNAs and many Pol III promoters provide abundant expression from
well-defined transcription start and termination sites. Although abundant expression
ensures effective target knockdown, it can also saturate the exportin-5 pathway of
endogenous miRNAs with fatal consequences (Saetrom et al. 2006). Therefore, the
more prudent approach for stable expression of miRNAs is to opt for induced or
temporal expression (Snove and Rossi 2006).
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To ensure the effective target knockdown, the miRNA duplex should be released
from the Pol III-driven shRNAs by the action of Dicer. One approach to effective
shRNA processing is to use hairpins with longer (25–29 nts) stems (Kim et al. 2005;
Siolas et al. 2005). A different approach for designing therapeutic miRNA expres-
sion vectors, which circumvents the use of artificial short and long hairpin, is to
clone the entire natural pre-miRNA hairpin into a Pol III expression vector (Boden
et al. 2004; Chung et al. 2006; Zeng et al. 2002, 2005; Zhou et al. 2005). The basic
premise underlying this approach is that endogenous miRNAs have evolved to be
good substrates for effective processing by miRNA biogenesis enzymes.

In addition to RNA Pol III systems, which express miRNAs within the context
of a shRNA, other miRNA expression systems have been reported that are modeled
on the processing of primary miRNA transcripts (Paddison et al. 2002; Boden et al.
2004; Zeng et al. 2002). Overexpression of endogenous miRNAs can be achieved
via expression systems that use viral or liposomal delivery (Voorhoeve et al. 2006;
Chung et al. 2006; Stegmeier et al. 2005). An efficient approach might be to
express the miRNA or siRNA as hairpins using expression vectors containing poly-
merase III promoters such as H1 (Brummelkamp et al. 2002b) or U6 (Miyagishi
and Taira 2002) promoters. miRNAs can also be expressed from vectors contain-
ing polymerase II promoters, which is CMV controlled expression vectors (Chung
et al. 2006; Stegmeier et al. 2005; Xia et al. 2002). In this latter case, it was described
that miRNA-mediated silencing was more efficient when expressing the miRNA
in a pri-miRNA form, thus including miRNA flanking sequences and the hair-
pin structure, as shown for miR-30 (Stegmeier et al. 2005) and miR-155 (Chung
et al. 2006).

Modified adenovirus or adeno-associated virus (AAV) vectors have been effec-
tive for gene delivery to the liver (Uprichard et al. 2005), brain (Xia et al. 2002)
and heart (Zhang et al. 2008). Figure 3.1 illustrates the protocols for generating
adenovirus expression vector expressing miR-328 for studying the arrhythmogenic
potential of this miRNA in hearts of dogs and rats (Zhang et al. 2008). They are
limited, however, by the immune response to the adenovirus and limited in the
tissues that they can efficiently infect. Lentiviruses have also been investigated as
vectors for shRNA expression, which have the potential to produce even more sta-
ble, long-lasting silencing as they integrate into the genome (Buchschacher and
Wong-Staal 2000). ES cells infected with shRNA-expressing lentivirus have been
used to create knockdown mice (Rubinson et al. 2003). However, the potential for
insertional mutagenesis may be a concern for therapeutic use of lentiviral vectors.

For detailed step-by-step protocol, please refer to Chap. 5.

3.2.2 Validating SC-miRNAs

Reporter genes, such as the luciferase reporter gene, have been applied to confirm
predicted miRNA binding sites making them a useful tool for the initial analysis of
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Fig. 3.1 Schematic illustration of construction of adenovirus vector carrying pre-miR-328. Rat
miR-328 precursor DNA (5′-GGATCCgACCCCGTCCCCCCGTCCTCCCCGAGTCCCTCTT-
TCGTAGATGTCGGGGACCGGGAGAGACGGGAAGGCAGGGGACAGGGGTTTAttttttAAG-
CTT-3′) is inserted into adenovirus shuttle plasmid pDC316-EGFP-U6. pDC316-EGFP-U6 is then
cotransfected with the infectious adenovirus genomic plasmid pBHGloxΔE1,3Cre into 293 cells
by lipofectamine. Following cotransfection of these two DNAs, homologous recombination will
occur to generate a recombinant adenovirus in which pre-miR-328 is incorporated into the viral
genome, replacing the ΔE1 region

potential miRNA-binding sites. However, without evidence to demonstrate that the
endogenous miRNA is changing the expression of the endogenous gene, it is diffi-
cult to know whether these results are biologically relevant. This will require that
the antibody against the predicted products is available for Western blot analysis.
Since predicted miRNA targets are a good roadmap for possible targets, this is an
effective approach to take to verify activity of the miRNA inhibitors. Often, quan-
tification of targeted mRNA is also required for better understanding of the actions
of a SC-miRNA.

3.2.2.1 Luciferase Reporter Assay

1. Insert the 3′UTR containing the binding site of a SC-miRNA into the multi-
ple cloning sites downstream the luciferase gene in a luciferase vector, such as
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the pMIR-REPORT luciferase miRNA expression reporter vector provided by
Ambion;

2. Transfect the luciferase vectors (1μg firefly luciferase vector and 0.1μg TK-
driven Renilla luciferase expression vector), along with the SC-miRNA or nega-
tive control SC-miRNA, into the cells (at a density of 1×105/well) selected for
testing. Transfection can be done with lipofectamine 2000 or other lipid carri-
ers. For all experiments, transfection should be done 24 h after starvation of cells
in serum-free medium. Alternatively and ideally, miR-Mimic can be constructed
into virus vectors (such as adenovirus) to enhance the efficiency of delivery into
the cells;

3. Measure luciferase activities with the dual luciferase reporter assay kit (Promega)
on a luminometer, 36–48 h after transfection.

3.2.2.2 Verification of Downregulation of Cognate Target Protein

SC-miRNAs, like natural and endogenous miRNAs, silence target genes post-
transcriptionally when introduced into cells. Downregulation of target genes at the
protein level is a characteristic of SC-miRNA actions. But this needs to be confirmed
for each SC-miRNA under study. Western blot analysis is a commonly used method
for verification of downregulation of cognate target protein, though other techniques
like immunostaining are also convenient for the purpose (Yang et al. 2007; Luo
et al. 2007, 2008; Xiao et al. 2007a, b). Western blotting procedures are those rou-
tines you can find in any laboratory involved with biomedical research. Do not forget
to distinguish among the membrane protein, cytosolic protein and nuclear protein
samples for your particular need. In addition to Western blot and immunostaining,
functional assays should also be employed when needed, such as enzyme activity
assay (Xu et al. 2007), cell growth and death (Xu et al. 2007) and patch-clamp
recordings for ion channels as target genes (Yang et al. 2007; Luo et al. 2007, 2008;
Xiao et al. 2007a, b).

3.2.2.3 Quantification of mRNA and miRNA

The purposes of RNA quantification described in this section are twofold: one for
verifying overexpression of the SC-miRNA introduced into cells and the other for
measuring the possible alterations of the cognate target mRNA produced by the
SC-miRNA. The traditional method of validation has been Northern blotting analy-
sis. Northern blotting is an effective method to visualize both the precursor and the
mature miRNA. The sensitivity of Northern blotting, however, is not sufficiently
high for detecting some low-abundance miRNAs. As an alternative to North-
ern blotting, real-time quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) has been extremely effective in these validation studies. The methods
can be used for quantifying both the precursor and mature miRNAs. Another type
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of validation is to visualize the expression of the miRNA to locate the cellular and
subcellular distribution using in situ hybridization.

Northern Blotting Analysis

The following protocols for Northern blot can be found in Protocol Online –
your Lab’s Reference Book (Contributed by Zuyuan Qian) [http://www.protocol-
online.org/prot/Molecular Biology/RNA/Northern Blotting/].

1. Agarose/Formaldehyde Gel Electrophoresis

(a) Prepare gel: Dissolve 0.75 g agarose in 36 ml water and cool to 60◦C in a
water bath. When the flask has cooled to 60◦C, place in a fume hood and add
5 ml of 10×E running buffer and 9 ml formaldehyde. Pour the gel and allow
it to set. Remove the comb, place the gel in the gel tank and add sufficient
1×E running buffer to cover to a depth of ∼1mm.

(b) Prepare sample: Adjust the volume of each RNA sample to 6μl with water,
then add 2.5× 6μl freshly prepared sample denaturation mix. Mix by vor-
texing, microcentrifuge briefly to collect liquid and incubate 15 min at 55◦C.
Cool on ice for 2 min, then add 2μl loading dye mix.

(c) Run gel: Run the gel in 1×E running buffer at 100 V for 10 min, then at 65 v
for 90 min

2. Transfer of RNA from Gel to Membrane

(a) Prepare gel for transfer: Place the gel in an RNase-free dish and rinse with
sufficient changes of deionized water to cover the gel for 4 ×20min.

(b) Transfer RNA from gel to membrane:
– Fill the glass dish with enough 20 ×SSPE.
– Cut 2 pieces of Whatman 1MM paper, place it on the glass plate and wet

it with 20 ×SSPE.
– Place the gel on the filter paper and squeeze out air bubbles by rolling

with a glass pipet.
– Cut four strips of plastic wrap and place over the edges of the gel.
– Cut a piece of nylon membrane (MSI, Catalog #N00HY320F5) just large

enough to cover the gel and wetted in water. Place the wetted mem-
brane on the surface of the gel. Try to avoid getting air bubbles under
the membrane.

– Flood the surface of the membrane with 20 ×SSPE. Cut 5 sheets of what-
man 3MM paper to the same size as the membrane and place on top of
the membrane.

– Place paper towels on top of the whatman 3MM paper to a height of ∼6cm
and add a weight to hold everything in place.

– Leave overnight.
(c) Prepare membrane for hybridization: Remove paper towels and filter papers

and recover the membrane and flattened gel. Mark in pencil the position of
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the wells on the membrane and ensure that the up-down and back-front ori-
entation are recognizable. Rinse the membrane in 5 ×SSPE, then place it on
a sheet of Whatman 3MM paper and allow to dry. Place RNA-side-down on
a UV transilluminator (254 nm wavelength) and irradiate for an appropriate
length of time.

3. Hybridization Analysis

(a) Prepare DNA or RNA probe (>108 dpm μg−1):
The probe labeled with Ridiprimer DNA labelling system (Amersham LIFE
SCIENCE):
– Dilute the DNA to be labeled to a concentration of 2.5–25 ng in 45 μl of

sterile water.
– Denature the DNA sample by heating to 95–100◦C for 5 min in a boiling

water bath.
– Centrifuge briefly to bring the contents to the bottom of the tube and put

on ice for 10 min.
– Add the denatured DNA to the labeling mix and reconstitute the mix by

gently flicking the tube until the blue color is evenly distributed.
– Add 5 μl of Redivue [32P] dCTP and mix by gently pipetting up and down.

Centrifuge briefly to bring the contents to the bottom of the tube, then
incubate at 37◦C for 30 min.

– The probe is purified using ProbeQuantTMG-50 micro columns (Amer-
sham Pharmacia Biotech):

– G-50 micro column preparation. Resuspend the resin in the column by
vortexing, loosen the cap one-fourth turn and snap off the bottom closure.
Place the column in a 1.5 ml screw-cap microcentrifuge tube for support,
then pre-spin the column for 1 min at 3,000 rpm in an Eppendorf model
5415C.

– Place the column in a new 1.5 ml tube and slowly apply 50μl of the sample
to the top-center of the resin, being carful not to disturb the resin bed.
Spin the column at 3,000 for 2 min. The purified sample is collected in the
bottom of the support tube.

(b) Hybridization:
– Pre-hybridization: Wet the membrane in the 5×SSPE and place it RNA-

side-up in a hybridization tube and add 5 ml pre-hybridization solution,
then place the tube in the hybridization oven and incubate with rotation
6 hr at 42◦C for DNA probe or 60◦C for RNA probe.

– Hybridization: Double-stranded probe was denatured by heating in a
water bath for 10 min at 100◦C, then transferred to ice. Pipet the desired
volume of probe into the hybridization tube and continue to incubate with
rotation overnight at 42◦C for DNA probe or 60◦C for RNA probe.

(c) Autoradiography:
– The membrane was washed twice for 5–10 min with wash-buffer at room

temperature and twice for 15 min at 65◦C with prewarmed (65◦C) wash-
buffer.
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– Remove final wash solution and rinse membrane in 5× SSPE at room
temperature. Blot excess liquid and cover in UV-transparent plastic wrap.
Do not allow membrane to dry out if it is to be reprobed.

– Blot was exposed at −80◦C unsing Kodak XAR film and x-ray intensify-
ing screens.

Real-Time qRT-PCR

The first real-time PCR method to quantify miRNA precursors was developed by
Schmittgen and colleagues (Schmittgen et al. 2004). Shortly thereafter, Chen and
colleagues (Chen et al. 2005) developed a real-time PCR assay to quantify mature
miRNA. Mature miRNA is the active species and exerts its activity by binding to the
3′UTR of mRNA. Quantification of the active, mature miRNA, rather than the inac-
tive, pre-miRNA, is generally preferred. The methods described below are mainly
based on those reported by Schmittgen et al. (2004, 2008) and Chen et al. (2005).
TaqMan-based real-time quantification of miRNAs includes two steps, stem–loop
RT and real time PCR. Stem–loop RT primers bind to the 3′ portion of miRNA
molecules and are reverse transcribed with reverse transcriptase. Then, the RT prod-
uct is quantified using conventional TaqMan PCR that includes miRNA-specific
forward primer, reverse primer and dye-labeled TaqMan probes. You can either sim-
ply use the TaqMan PCR kit for miRNA provided by Applied Biosystems Inc or run
the PCR using your own primers and reagents. If you chose the latter, you may want
to follow the brief instructions below. I encourage readers to consult the original
research articles for more detailed information about the procedures.

1. Primer design. Obtain pre-miRNA sequences from the miRNA registry [http://
microrna.sanger.ac.uk/registry/; the Wellcome Trust Sanger Institute]. Precursor
sequences listed in the miRNA registry do not represent the identical pre-miRNA
sequence and contain additional nts that are 5′ and 3′ of the hairpin. Please
follow the instructions presented in the article by Schmittgen et al. (2008) to
acquire more precise pre-miRNA sequences. For pre-miRNAs, both forward
and reverse primers must be located within the hairpin sequence of the pre-
miRNAs. For mature miRNAs, a stem-loop RT primer must be used. Primer
Express version 2.0 (Applied Biosystems, Foster City, CA) is convenient for
the task;

2. TaqMan probe design. The probes should be designed to anneal to the loop por-
tion of pre-miRNAs and are typically designed to have a Tm that is 10◦C higher
than the primers;

3. Reverse transcription;
4. Real-time PCR. relative quantification, absolute quantification.
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In Situ Hybridization (ISH)

The protocols described below are essential from those reported by Thompson
et al. (2007).

1. Probe design and controls. In most cases, synthetic RNA oligonucleotide probes
with 20 nt of complementarity to a specific target miRNA can be used and the
conditions presented here are optimized for this probe size. However, probes
with 21 or 22 nt complementary to a target miRNA appear to function similarly
(Deo et al. 2006). The fluorescein-labeled RNA probes include two additional
nucleotides at the 5′ end that do not match the target miRNA. These bases are not
required for probe function but they are included to potentially improve access
of the anti-fluorescein antibody to the 5′ end fluorescein. Since the TMAC-based
wash conditions are not sensitive to sequence composition, the choice of which
20 nt sequence within a miRNA longer than 20 nt should be used for probe gener-
ation appears to be arbitrary. Since many miRNAs are part of gene families that
are composed of miRNAs that differ at only one or a few positions, all probe
designs should be compared against miRBase (http://microrna.sanger.ac.uk/)
(Griffiths-Jones 2006) to identify potential unanticipated miRNA matches. In
general, if it is desirable to distinguish between closely related miRNAs, probes
should be positioned on the target miRNAs so as to maximize the number of
mismatches with non-target miRNAs and so that potential duplexes between
probe and non-target miRNAs will be as short as possible (to reduce cross-
hybridization). However, the short length of miRNAs limits the opportunities
for probe specificity optimization. In addition, it is unlikely that any miRNA ISH
procedure will be able to distinguish between miRNAs that differ by only a single
nucleotide at one end (e.g., miR-128a and miR-128b).

To confirm the sequence specificity of ISH, control probes can include mutations
that create mismatches with the target miRNA at 1 to 3 internal positions (Wien-
holds et al. 2005; Deo et al. 2006). It is important to avoid mismatch mutations
that would allow a probe to hybridize to other members of a miRNA gene family
unintentionally.

To detect probe trapping or other types of sequence-independent probe binding
that can lead to elevated background, a reversed or scrambled sequence RNA probe
can be used (after comparison to miRBase to check for unanticipated targets). One
limitation of reversed or scrambled sequence controls is that it is not easy to verify
that they are functional probes, since they have no endogenous target.

An alternative is to use a probe that detects a known miRNA that is not expressed
in the tissue of interest (or which is expressed in a distinct pattern within the tissue
of interest). In this case, the integrity and function of the control probe can be con-
firmed by ISH using the appropriate tissue. When comparing ISH using control
probes to ISH with probes for miRNAs of interest, it is important to use identical
processing for all probes, including the duration of AP staining or autoradiography.
In all cases, comparing and contrasting a probe-specific hybridization signal with
the non-specific hybridization signal from one or more control probes provides the



3.2 Protocols 85

user with some level of confidence in the anatomical pattern of gene expression
observed.

Beyond probe sequence design, anatomical replication of hybridization results
within and across tissue sections/slides is also important. Multiple tissue sections
are placed per microscope slide and if the anatomy is replicated in these tissue sec-
tions, then replicate hybridization signals should be detected in each section/slide,
suggesting that the hybridization results are representative of cells expressing the
miRNA being evaluated. Similarly if there is symmetry of gene expression (e.g.,
right and left brain hemispheres), one would predict that hybridization results
would display similar anatomical symmetry thereby demonstrating an anatomical
consistency of spatial expression patterns.

It is also possible to compare the expression patterns of mature miRNAs deter-
mined by miRNA ISH with the expression patterns of the corresponding miRNA
primary transcripts, as detected by conventional ISH methods (Deo et al. 2006).
The expression of the mature miRNA and the primary transcript should overlap,
although identical miRNAs can be encoded by multiple genes, potentially com-
plicating ISH analysis of the primary transcripts. In addition, recent observations
indicate that miRNA maturation or stability may be regulated independently of
primary transcript synthesis (Wulczyn et al. 2007; Obernosterer et al. 2006; Thom-
son et al. 2006), so that the mature miRNA expression pattern may not match the
primary transcript pattern in all cases.

2. RNA oligonucleotide probe preparation. RNA oligonucleotide probes can be
custom synthesized commercially (Invitrogen). For nonradioactive ISH, RNA
oligonucleotides are synthesized with a 5′ end fluorescein modification. In most
cases, gel purification of fluorescein probes as described below is essential to
reduce background on tissue sections (apparently from unincorporated fluo-
rescein-labeled nucleotide). For radioactively-labeled ISH, RNA oligonucleotides
are custom synthesized without any 5′ end modification (5′ hydroxyl) and are
enzymatically labeled at the 5′ end with 33P using T4 DNA Kinase, as described
below. Note that 5′ fluorescein-modified RNA oligonucleotides cannot be enzy-
matically labeled with T4 DNA Kinase.

3. Gel purification of fluorescein-labeled RNA oligonucleotides. Load 20μg of
fluorescein-labeled RNA oligonucleotide onto an 18% polyacrylamide/TBE gel.
After electrophoresis, identify the RNA oligonucleotide band by fluorescence
from the incorporated fluorescein (using a standard UV transilluminator). Iso-
late the highest molecular weight band. Cut out RNA in smallest band possible
and transfer to 100μl of diethyl pyrocarbonate (DEPC)-treated 1X phosphate
buffered saline (PBS; see section 3 for descriptions of solutions). Crush gel into
as small pieces as possible and transfer to a microfuge tube. Incubate overnight
at 37◦C. Centrifuge at ∼11,000g for 15 min and collect supernatant. To pre-
cipitate probe: add 1/10 volume DEPC-treated 3 M NaOAc, 2.5 volumes 100%
ethanol and store at −20◦C for 1 h. Centrifuge at ∼11,000g for 15 min. Remove
ethanol and allow pellet to air dry. Pellet will be visibly yellow. Resuspend in
10μl of RNase-free water and store at −20◦C. Integrity of the purified probe can
be confirmed by gel elecrophoresis using a small amount of the purified probe
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on an 18% polyacrylamide/TBE gel (the unpurified probe can be used for size
comparison).

4. 5′ end labeling of RNA oligonucleotides with 33P. Incubate 5–10 pmol of RNA
oligonucleotide and ∼100μCi of 1,000 Ci/mmol 33P − γATP with T4 DNA
Kinase according to the enzyme manufacture’s recommendations (typically
30–45 min at 37◦C). 33P-labeled RNA oligonucleotides are purified from
unincorporated 33P − γATP using P6 BioRad Spin columns according to the
manufacture’s directions. Typical incorporation percentages are ∼50%. Since
incorporation rates are similar across different RNA oligonucleotides, we rou-
tinely use ∼0.5− 1.0 × 106 cpm of labeled RNA oligonucleotide per 40μl of
hybridization buffer.

5. Preparation of tissue sections for miRNA ISH. As with conventional mRNA ISH,
tissue can be fixed at the time of collection by immersion or perfusion, or fresh-
frozen tissue sections can be used. Embryos or small pieces of tissue can be
fixed by overnight immersion in 4% paraformaldehyde (PFA) in PBS at 4◦C.
It is better to fix large adult tissues such as brain by perfusion with PFA. After
fixation, rinse tissues in 1X PBS, dehydrated in 15% sucrose until the tissue
sinks and embedded in OCT (Fisher). Cut tissue sections (12μm) using a cryo-
stat and transfer to SuperFrost/plus slides (Fisher). Store slides at −20◦C until
ISH. Alternately, for fresh-frozen tissue, collect tissues as quickly as possible
and immediately freeze them in dry ice-chilled isopentane baths (−35◦C). Store
the frozen tissues at −80◦C until sectioning. Frozen tissue sections (10–14μm
thick) are thaw mounted onto clean, SuperFrost microscope slides and stored at
−80◦C until ISH.

6. Preparation of Cultured Cells for miRNA ISH. Place cells on poly-L-Lysine and
laminin-coated microscope slides. This coating helps retain cells during the ISH
processing steps. Coat microscope slides with poly-L-Lysine (10μgml−1) in 1X
PBS for 3.5 h, followed by air drying in a laminar flow hood. Then rinse slides
three times with distilled water and store them at 4◦C (for up to two weeks). Prior
to use, coat slides with mouse Laminin (2μgml−1, Invitrogen) overnight, wash
with 1X PBS twice prior to plating cultured cells onto the slides in appropriate
media. At the desired time, wash cells with 1X D-PBS (Invitrogen) for 5 min and
fix in PFA for 20 min. Rinse the fixed cells three times with DEPC-treated 1X
PBS and store in DEPC-treated 1X PBS at 4◦C until in situ hybridization (cells
can be stored for a few days).

3.3 Principle of Actions

The mechanism for the action of SC-miRNAs is straightforward; SC-miRNAs sim-
ply act as endogenous miRNAs through interacting with Argonaute proteins in
miRISC and guiding miRISC to the target genes via partial base-pairing between
the guide strand of SC-miRNA and the cognate target mRNA (mainly the 3′UTR of
mRNAs). SC-miRNAs can then work by two modes-mRNA cleavage or translational
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repression without RNA cleavage. A single SC-miRNA has the potential to recog-
nize several target sequences in the 3’UTR and cause translation inhibition of many
different genes.

3.4 Applications

1. To achieve “miRNA-gain-of-function”. Perturbation of miRNA expression, both
overexpression and silencing, is a powerful approach to study miRNA func-
tions and to validate miRNA targets. Transient overexpression of miRNAs in
cell-based assays can be achieved by transfection and in tissues by in vivo
gene transfer techniques. This “miRNA-gain-of-function” strategy has become
indispensable and most essential in fundamental research of miRNAs and of
miRNA-related biological processes. SC-miRNA is a direct and straightforward
approach to achieve miRNA-gain-of-function. Indeed, ever since the discovery
of the first miRNA in 1993 (Lee et al. 1993), SC-miRNAs have been utilized in
nearly all experiments involving miRNAs.

2. To achieve “miRNA replacement therapy”. Some miRNAs are decreased in their
expression levels in certain diseased tissues. Correction of deregulated expres-
sion of these endogenous miRNAs by ‘replacement therapy’ may be an efficient
approach for management of the disorders. Introduction of synthetic miRNAs
into cells as a “gain-of-function” approach has proven feasible under many con-
ditions. There has already been a suggestion that replacement of miRNAs may
be therapeutically beneficial in some cancers and other therapeutic opportunities
will certainly be discovered in the future.

One way to achieve this is through the introduction of SC-miRNAs. For instance,
miR-34a has recently attracted tremendous attention owing to its ability to medi-
ate p53-induced apoptosis (Chang et al. 2007; Corney et al. 2007; He et al. 2007;
Rokhlin et al. 2008) and its expresson is downregulated in cancer cells (Guglielmelli
et al. 2007; Lodygin et al. 2008; Izzotti et al. 2008; Tryndyak et al. 2008). Data have
now been available indicating that miR-34a directly targets the E2F3 mRNA and
significantly reduces the levels of E2F3 protein in neuroblastoma (Welch et al. 2007;
Tryndyak et al. 2008). Similar results were obtained by an independent group in two
colon cancer cell lines, HCT 116 and RKO. The authors showed that introduction
of miR-34a into the cells elicits a profound inhibition of cell proliferation accom-
panying the downregulation of the E2F family (Tazawa et al. 2007). In addition, the
same group also found that miR-34a causes upregulation of the HBP1 gene, which
is associated with oncogenic RAS-induced premature senescence. A recent study
further demonstrated that ectopic expression of miR-34a reduces the expression of
cyclin D1 (CCND1) and cyclin-dependent kinase 6 (CDK6) at both mRNA and
protein levels (Sun et al. 2008).
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3.5 Advantages and Limitations

The SC-miRNA approach has the advantages of being simple, straightforward and
cost-effective.

This approach for therapeutic miRNA replacement will face all the same hurdles
that siRNA therapeutics currently face, primarily the problem of systemic delivery
to tissues.
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Chapter 4
miRNA Mimic Technology

Abstract The miRNA Mimic technology (miR-Mimic) is an innovative approach
for gene silencing. This approach generates non-natural double-stranded miRNA-
like RNA fragments. Such a RNA fragment is designed to have its 5′ end bearing
a partially complementary motif to the selected sequence in the 3′UTR unique
to the target gene. Once introduced into cells, this RNA fragment, mimicking an
endogenous miRNA, can bind specifically to its target gene and produce post-
transcriptional repression, more specifically translational inhibition, of the gene.
Unlike endogenous miRNAs, miR-Mimics act in a gene-specific fashion. The miR-
Mimic approach belongs to the “miRNA-targeting” and “miRNA-gain-of-function”
strategy and is primarily used as an exogenous tool to study gene function by target-
ing mRNA through miRNA-like actions in mammalian cells. The technology was
developed by my research group (Department of Medicine, Montreal Heart Insti-
tute, University of Montreal) in 2007 [Xiao J, Yang B, Lin H, Lu Y, Luo X, Wang Z,
J Cell Physiol 212:285–292, 2007; Xiao J, Lin H, Luo X, Chen G, Wang Z, Mol
Cell, 2008]

4.1 Introduction

A general and unique feature of the miRNA-target RNA interaction is its imperfect
complementarity between the miRNA guide strand and its target mRNA. Hence,
miRNA guide strands usually form bulge structures due to mismatches with its tar-
get sequence. The sequence specificity for target recognition by the guide miRNA
strand is determined by nucleotides 2–8 of its 5′ region, referred to as the “seed
site” (Doench and Sharp 2004; Lewis et al. 2003). This short seed site, required for
miRISC function, raises the potential for a single miRNA to target multiple mRNAs.
Indeed, it has been confirmed that unlike a non-natural siRNA that targets a partic-
ular gene, each single endogenous miRNA has the potential of regulating multiple
protein-coding genes, as many as 1000. On the other hand, each individual gene
may be regulated by multiple miRNAs. This implies that the actions of miRNAs are
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not gene-specific but sequence-specific as they can act on any genes carrying motifs
matching their seed sites. Thus, when aiming to silence a particular gene using a
naturally occurring miRNA, one may actually knockdown a group of genes. This
property of miRNAs creates a hurdle for exploiting miRNA function and targets.

The RNAi pathway of siRNA-directed mRNA cleavage and the miRNA-mediated
translational repression pathway are genetically and biochemically distinct. In addi-
tion to different outcomes, the two pathways have differential requirements for
Paz-Piwi domain (PPD) proteins in C. elegans. Translational repression by lin-4
and let-7 depends on alg-1 and alg-2 for miRNA processing and/or stability, yet
these genes are not required for RNAi (Grishok et al. 2001; Kiriakidou et al. 2007),
whereas rde-1 is needed in RNAi but is not necessary for translational repression
(Tabara et al. 1999). Intriguingly, miRNAs capable of translational repression can be
conferred the ability to cleave targets with 3′UTRs engineered to contain completely
complementary sequences (Hutvágner et al. 2002; Doench et al. 2003). Conversely,
functional siRNAs can repress translation of reporter genes containing multiple
imperfect binding sites in their 3′UTRs (Doench et al. 2003; Zeng et al. 2003;
Martin & Caplen, 2006). The latter mimics the action of endogenous miRNAs.
The findings from these elegant experiments indicate a possibility of generating
non-natural artificial miRNAs simply by converting siRNAs into miRNAs.

To this end, we have developed a novel technology called microRNAs Mimics
or miR-Mimics technology. The miR-Mimics generated using this approach act by
miRNA mechanisms in a gene-specific manner.

4.2 Protocols

A key issue in creating functional miR-Mimics is to ensure the specificity of their
interactions with their target mRNAs and to direct each interaction to discrete
downstream consequences. Some key principles of this interaction have emerged
based on several key studies (Doench and Sharp 2004; Lewis et al. 2003; Bren-
necke et al. 2005). When designing a miR-Mimic, several points should be seriously
considered.

1. The key for effective miRNA action is the 5′ portion complementarity of a
miRNA to its target mRNA. Complementarity of seven or more bases to residues
2–8 from the 5′ end of a miRNA, the so-called “seed site”, is sufficient to confer
regulation, even if the target 3′UTR contains only a single site. Sites with weaker
“seed site” complementarity require compensatory pairing to the 3′ portion of
the miRNA in order to confer regulation and extensive pairing to the 3′ portion
of the miRNA is not sufficient to confer regulation on its own without a minimal
element of 5′ complementarity;

2. The 3′ portion of the miRNA can contribute to efficiency of repression, as a
modulator of suppression (Doench and Sharp 2004; Kiriakidou et al. 2004;
Kloosterman et al. 2004). Thus, in addition to seed-site complementarity, appro-
priate 3′-end base-pairing can strengthen the effectiveness of miRNAs;
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3. If efficient endonuclease cleavage is not required, then base-pairing at the site
of cleavage, between bases 10 and 11, should be avoided (Elbashir et al. 2001;
Haley and Zamore 2004; Martinez and Tuschl 2004);

4. To achieve efficient translational repression, multiple binding sites in the 3′UTR
of a target gene may be required and for direct repression by cleavage of target
mRNA, only one binding site is generally sufficient (Doench et al. 2003; Zeng
et al. 2003; Doench and Sharp, 2004; Kiriakidou et al. 2004);

5. Under certain circumstances, some specific conformations, such as a bulge, in the
miRNA:mRNA duplex may help in function as effective repression of the Lin-14
mRNA by the Lin-4 miRNA appears to require a bulge in the miRNA:mRNA
duplex (Ha et al. 1996). The exact mechanisms are unknown, perhaps to allow
the recruitment of additional RNA-binding proteins in specific contexts.

The detailed protocols are described below with the miR-Mimics for a cardiac
pacemaker channel gene HCN2 and an oncogene Mdm2 as examples.

4.2.1 Designing miR-Mimics

1. Defining a unique sequence in the target gene. A fundamental requirement to
be satisfied is that the 3′UTR of the target gene must contain a unique sequence
distinct from other genes to elicit gene-specific action. Similar to designing
a siRNA, the first step to design a miRNA mimic is to identify a stretch of
sequence in the 3′UTR unique to the gene of interest (target mRNA). But
unlike the full complementarity between a siRNA and its target in any region of
the gene, a miRNA mimic partially base-pairs with the target sequence in the
3′UTR. The length of the sequence should be long enough for miRNA action,
which is at least 8 nts and ideally >14 nts;

2. Based on the unique sequence, design a 22-nt oligonucleotides that at the 5′
portion has 8 nts (nucleotide positions 1–8 from 5′-end) fully complementary
to the target mRNA;

3. To ensure the specificity of binding to the target mRNA, the oligonucleotides
should have at least additional 5–6 nts complementary to the target mRNA at
the 3′ portion. The base-pairing in this region may not necessarily be continuous
and can be grouped into 3-nts clusters;

4. Add an “AU” to the 3′ end of the fragment. As such, a 22-nt miR-Mimic should
have at least 14 complementary nucleotides to the target gene plus an “AU”
overhand;

5. Design an antisense strand fully complementary to the fragment;
6. Both of the two oligonucleotide fragments need to be artificially synthesized.

Many companies provide excellent services for nucleic acids research, such as
Integrated DNA Technologies, Ambion, Invitrogen, etc;
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7. Anneal the sense and antisense strands of the oligonucleotides to form a duplex
miR-Mimic. First mix the two synthetic oligonucleotides at an equal molar con-
centration in an Eppendorf tube, then incubate the sample in a heat block at
95◦C for 5 min and gradually cool the sample to room temperature (22–23◦C);

8. Store the miR-Mimic construct at –80◦C for future use;
9. Construct a negative control miR-Mimic (NC miR-Mimic) for verifying the

effects and specificity of the effects of the miR-Mimic. This NC miR-Mimic
should be designed based on the sequence of the miR-Mimic; simply modifying
the miR-Mimic sequence to contain ∼5-nt mismatches at the 5′-end “seed site”.
Such modified or mutated miR-Mimic is expected to lose the ability to bind to
the target mRNA with sufficient affinity and is thus rendered incapable of elic-
iting repressive action. To form an NC miR-Mimic, the annealing procedures
described above need to be repeated;

10. Synthesize an anti-miRNA inhibitor (AMO) against the miR-Mimic as an
additional negative control. An AMO is designed to be an exact antisense to
its target miR-Mimic. An AMO is a single-stranded oligonucleotide (ON) or
oligodeoxynucleotide (ODN) fragment (see detail in Chap. 7);

11. As for SC-miRNAs, chemical modification should be done for miR-Mimic.
The type of modification should be determined based on your particular need
(Fig. 4.1).

4.2.2 Validating miR-Mimics

The functional activities of miR-Mimics can be verified in almost the same way as
for SC-miRNAs described in Chap. 3. The detailed protocols will not be repeated in
this chapter.

4.2.2.1 Luciferase Reporter Assay

Please See Chapter 3.2.2.1.

4.2.2.2 Verification of Downregulation of Target Protein

Please See Chapter 3.2.2.2.

4.2.2.3 Quantification of mRNA and miRNA

Please See Chapter 3.2.2.3.
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Select a gene/mRNA of  interest

Serch for a gene-specific region > 14 nts
in the 3 UTR of the target gene

Design
an antisense strand

Synthesize the sense and antisense
strands of oligonucleotides

Anneal the sense and antisense strands
to form a duplex miR-Mimic

Luciferase
assay

Western blot analysis
of target protein

Quantification
of target mRNA

Other
functional assays

Design a negative control
oligonucleotides with

mismatches in "seed" site

Design a 22-nt fragment
with 5 end  seed  site 8 nts
matching the target gene

Design
an antisense strand

2 -0 -methyl modified
to form an AMO

2 -0 -methyl modified
to form an AMO

Fig. 4.1 Flowchart of miR-Mimic design and validation

4.3 Principle of Actions

The miR-Mimic technology utilizes synthetic, non-natural nucleic acids that can
bind to the unique sequence of target genes (mRNAs) in a gene-specific manner
and elicit post-transcriptional repressive effects in the same way as an endogenous
miRNA. That is, a miR-Mimic can act only on its particular target gene but a native
miRNA does can act on any gene that carries its binding sequence.

Additionally, the miR-Mimic technology produces artificial miRNAs that act by
the miRNA mechanism. Thus, it will not lead to changes of expression levels of any
endogenous miRNAs.

The differences among miR-Mimics and natural miRNAs and siRNAs are sum-
marized in Table 4.1 and illustrated in Fig. 4.2.
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Table 4.1 Comparisons among miR-Mimic, miRNA and siRNA

miR-Mimic miRNA siRNA

Origin Artificial, synthetic Natural, endogenous Artificial, synthetic
Targeting Single mRNA Multiple mRNAs Single mRNA
Specificity Gene-specific Non-gene-specific

Sequence-specific
Gene-specific

Complementarity Partial (complementary
degree upon design)

Partial (complementary
degree by nature)

Full

Mechanism Translation inhibition
mRNA cleavage

Translation inhibition
mRNA cleavage

mRNA cleavage

Note: miRNA and mRNA are underlined to highlight the difference

TFIIF

CTD

m7G AAAA

RISC RISC

m7G AAAAORF

RISC

RISC

miR-Mimic

miR-Mimic-RISC

miRISC

Passenger Strand

miRNA
Pre-miRNA

RISC

RISC

Synthetic miR-Mimic

Transfection

Synthetic siRNA

Transfection

Degradation

Degradation

Degradation

5’5’ 3’3’

siRISC

mRNA Cleavage Translation

~ ~  ~  ~  ~  ~

3’UTR

siRNA

Fig. 4.2 Schematic presentation of actions of miRNA mimic (miR-Mimic) compared with the
miRNA and small interference RNA (siRNA). Synthetic miR-Mimic and siRNA are introduced
into the cells and endogenous miRNA is synthesized by the cell. siRNAs bind to the coding region
of target miRNAs and cause mRNA cleavage; miRNAs bind to 3′UTR of multiple target mRNAs
and produce non-gene-specific post-transcriptional repression to inhibit translation; miR-Mimics
bind to 3′UTR of unique target mRNAs and produce gene-specific post-transcriptional repression
to inhibit translation

4.4 Applications

1. To achieve gene silencing by miRNA mechanism in a gene-specific manner. As
already mentioned in the previous chapter, miRNA action is not gene-specific.
Thus, the gene-silencing action through SC-miRNA strategy is not gene-specific
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either. The miR-Mimic technology was developed to circumvent this limita-
tion. This property of miR-Mimics can be advantageous over SC-miRNAs when
specific-genes need to be knocked down, which happens in many situations.

2. To complement the loss of endogenous miRNAs under certain conditions. In
some abnormal conditions, some miRNAs are downregulated in their expression,
leading to aberrantly enhanced expression of some protein-coding genes causing
diseased phenotypes. Replacement of these miRNAs may reverse this process.
Alternatively, application of miR-Mimics targeting the disease-causing genes to
prevent their upregulation may be an efficient maneuver to tackle the problem.
For example, in the development of cancer, expression of oncogenes is overex-
pression, partially as a result of the downregulation of their regulating miRNAs.
Under such a situation, use of miR-Mimics to knock down the oncogenes may
help to slow the tumorigenesis.

3. Examples of applications. We have examined the application of the technique
to cardiac pacemaker genes HCN2 and HCN4 (Xiao et al. 2007). Following
the protocols described above, we first identified a stretch of sequence in the
3′UTR unique to the HCN2 (or HCN4) gene that is expectedly long enough
for miRNA action. Based on the unique sequence we designed a 22-nt miR-
Mimic that at the 5′ end has eight nucleotides (nucleotides 2–8) and at the 3′-end
has seven nucleotides, complementary to the HCN2 (or HCN4) sequence. These
miR-Mimics produced substantial repression of HCN channel protein expression
with concomitant depression of pacemaker activities and reduction of beating
rate of cultured neonatal myocytes but with minimal effects on their mRNA lev-
els. These cardiac automaticity-targeting miR-Mimics are expected to act like
heart rate-reducing agents that have been shown to be beneficial to cardiac func-
tion during infarction and to be able to suppress ectopic beats that can be elicited
by abnormal automaticity. The results demonstrated promise in utilizing the tech-
nology for gene-specific repression of expression at the protein level based on the
principle of miRNA actions.

Additionally, we have also applied the miR-Mimic strategy to repress the oncopro-
tein Mdm2 and to suppress cancer cell growth in culture (Xiao et al. 2009).

4.5 Advantages and Problems

As an alternative to SC-miRNA technology, miR-Mimic strategy offers a couple of
advantages that supplement the limitations of the former.

1. miR-Mimics can be designed to direct to solely translational process repression
by sole “seed site” base-pairing or to both translational process repression and
target mRNA degradation by larger degree of complementarity;

2. miR-Mimic strategy offers gene-specific targeting through miRNA mechanisms
of action. This unique property makes it differ from miRNA and siRNA;
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3. For a target gene, one can create many miR-Mimics at will to enhance the post-
transcriptional repression, as long as the target sequence contains sufficient gene-
specific stretches for designing that many miR-Mimics.

It should be noted that it is unclear yet as to what advantages the miR-Mimic
technology may have over the siRNA approach. And it should also be recognized
that finding gene-specific stretches of sequences restricted in the 3′UTR of protein-
coding genes for designing miR-Mimics may represent a difficult task and in some
cases may even be unrealistic.
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Chapter 5
Multi-miRNA Hairpins and Multi-miRNA
Mimics Technologies

Abstract Multi-miRNA Hairpins technology refers to a single artificial construct
that can produce multiple mature miRNAs, improving gene knockdown over sin-
gle miRNAs and offering expression silence of multiple genes. This technology
was concurrently developed in 2006 by Zhu’s laboratory (Department of Devel-
opmental and Molecular Biology, Albert Einstein College of Medicine) [Sun D,
Melegari M, Sridhar S, Rogler CE, Zhu L, Biotechniques 41:59-63, 2006] and by
Xu’s laboratory (Department of Biochemistry and Molecular Pharmacology, Uni-
versity of Massachusetts Medical School) [Xia XG, Zhou H, Xu Z, Biotechniques
41:64-68, 2006a]. Similar principle was later applied by my laboratory (Department
of Medicine, Montreal Heart Institute, University of Montreal) in 2008 to miR-
Mimics to establish the Multi-miRNA Mimics technology that is able to silence
multiple genes [Chen G, Lin H, Xiao J, Luo X, Wang Z, Biotechniques 2009].
Both Multi-miRNA Hairpins and Multi-miRNA Mimics technologies belong to
the “miRNA-targeting” and “miRNA-gain-of-function” strategy. These technolo-
gies were developed based on the concept ‘One-Drug, Multiple-Target’ described
in Sect. 2. 3.

5.1 Introduction

The SC-miRNA and miR-Mimic technologies introduced in Chaps. 3 and 4 are
highly effective miRNA-gain-of-function or miRNA-targeting approaches. How-
ever, these technologies offer gain-of-function of only a singular miRNA at a time;
in many circumstances, gain-of-function of multiple miRNAs is desirable (Xia et al.
2005). For instance, we may need to supply multiple miRNA tumor suppressors to
suppress growth of a tumor. Use of the SC-miRNA and miR-Mimic technologies
may be effective but may not be complete in terms of tumor suppression. One way
to improve thorough miRNA-gain-of-function is simply to supply multiple indi-
vidual SC-miRNAs or miR-Mimics. But the problems associated with this maneu-
ver are possible unequal cellular uptake, different efficiencies of action, different
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stabilities or rates of metabolism, etc., which can make control of efficacy difficult.
For this reason, several new technologies have been developed in recent years to
gain the power of multiple miRNA-targeting.

The method developed by Zhu’s laboratory (Sun et al. 2006) takes advantage of
natural miRNA hairpins existing in clusters of multiple identical or different copies
(Lagos-Quintana et al. 2001; Lau et al. 2001). miRNAs in clusters suggest that poly-
cistronic transcripts might be naturally used to enhance the efficiencies of target
gene repression or to achieve linked multigene repression. The idea is that poly-
cistronic transcripts could be generated artificially to achieve better knockdown and
linked multi-gene knockdown by modified miRNAs.

A recent advance in gene silencing methodology is to modify the stem sequence
of pre-miR-30 hairpin structure to achieve knockdown of artificially targeted genes
(Zeng et al. 2002; Zhou et al. 2005; McManus et al. 2002; Boden et al. 2004;
Stegmeier et al. 2005; Silva et al. 2005; Dickins et al. 2005).

5.2 Protocols

5.2.1 Construction of Multi-miRNA Hairpins

5.2.1.1 Lentivirus-CMV-GFP Method (Zhu’s Protocols) (Sun et al. 2006)

1. Select a miRNA for your study and select the hairpin precursor sequence of
that miRNA from miRBase (Griffiths-Jones, 2006; http://microrna.sanger.ac.uk/
registry/; the Wellcome Trust Sanger Institute);

2. Designing hairpin units. To ensure efficient processing of the hairpin, add flank-
ing sequences to both the 5′-end and 3′-end of the precursor miRNA. The length
of the flanking sequence can vary from 10 to 150 nts; It was reported that the
pre-miR-30 hairpin can be generated correctly and efficiently in vitro when it is
flanked by a minimum of 22 nts of its natural flanking sequences at its 5′ side
and 15 nts at its 3′ side (Zeng and Cullen 2005; Zeng et al. 2005; Lee et al.
2003). In the study reported by Sun et al. (2006), a 118-nt extension was used for
pre-miR-30.

Then add a short artificial sequence containing restriction enzyme sites to both 5′-
and 3′-ends of the flanking-fragment-carrying precursor. As many appropriate and
needed precursor units can be linked together but each unit should carry a unique
set of restriction enzyme sites. For example, three hairpin units with four different
restriction enzyme sites (XbaI, SpeI, BamHI, and KpnI for a lentivirus vector) were
used in the study reported by Sun et al. (2006). The first unit carries 5′-Xbal and
3′-Kpnl, the second unit has 5′-Kpnl and 3′-SpeI and the third unit contains 5′-SpeI
and 3′-BamHI.

Thus, each of the hairpin units carries a pre-miRNA, the extension portions and
the artificial linkers with restriction enzyme sites.
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3. Synthesis of hairpin units. Synthesize the hairpin units using the service provided
by companies or by PCR method in your own laboratory;

4. Construction of Multi-miRNA Hairpins. Link the precursor units to form a Multi-
miRNA Hairpins structure by mixing all the hairpin units (Note that because of
the restriction enzyme sites carried in the units, the units are able to connect with
each other according to their enzyme sites);

5. Construction of lentivirus vector. Insert the multi-hairpin constructs into XbaI
and BamHI sites of lenti-CMV-GFP about 70 nt downstream from a cytomegalovirus
(CMV; i.e., promoter), followed by a GFP open reading frame (ORF) to mark
hairpin-expressing cells (Follenzi et al. 2002; Sun et al. 2006). Lentiviruses can
achieve high-efficiency gene transduction in both dividing and quiescent cells;

6. Functional tests. Deliver the effect of the lentiviruses into cells by infection
and test the target-gene knockdown effects of the multi-miRNA hairpins using
luciferase activity assay and Western blot analysis. Alternatively, the multi-
hairpin constructs can be delivered into cells by transfection using lipid carriers
without being cloned into a lentivirus vector.

Note: (1) The total length of each hairpin unit should not exceed 100 nts. (2) There
should be an inverse relationship between the intensity of GFP fluorescence and
hairpin copy numbers. Since processing of hairpins leads to destruction of the pri-
mary transcript from which GFP is translated, this inverse relationship may suggest
that the multi-hairpin transcripts are processed more efficiently than the single-
hairpin transcript. Sun et al. (2006) confirmed that the amounts of one-, two-, and
three-hairpin transcripts are all significantly reduced compared with the amount of
the hairpin-less GFP transcript. (3) Most strikingly, knockdown efficiency of a sin-
gle hairpin can be significantly improved by the presence of a second hairpin even
when it does not target the same gene. Indeed, the degree of mature small RNA pro-
duction and gene knockdown efficiency achieved by the two-hairpin construct over
the single-hairpin construct is clearly disproportionably larger than one fold increase
in hairpin copy number, suggesting that the addition of a second hairpin provides
robust stimulation to the miRNA processing process. (4) The multiple hairpins in
the construct are all functionally active and the relative position of a hairpin in the
multi-hairpin cluster is flexible, not restricted by a particular order (Fig. 5.1).

5.2.1.2 Tetracycline-Regulated Pol II Promoter Method (Xu’s Protocols)
(Xia et al. 2006a)

1. Construction of tetracycline-regulatable human ubiquitin C (UbC) promoters.
Insert the tetracycline-responsive element (TRE) into two sites: one within the
promoter region and the other in the first noncoding exon of the human UbC
gene. For this, introduce a restriction site for XhoI at the position 5 nucle-
otides (nts) downstream of the TATA box by changing the sequence
5′-. . . TATATAAGGACGCGCCGG . . .-3′ to 5′ . . . TATATAAGGACGCtCgaG . . .
-3′. Then, to insert the TRE in the first exon, create an XhoI site at the position
26 nts downstream from the transcription start site by changing the sequence
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5’LTR Pre-miRNA Hairpin Unit GFP Wpre 3’SIN LTRCMV

Xbal BamHI

GATCC CTACGATNNNNNGATCC CTACGAT NNNNNGATCC CTACGATNNNNN
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Multiple Homogenous pre-miRNA Hairpin Units

Multiple Heterogeneous pre-miRNA Hairpin Units

Lentivirus-CMV-miRNAs-GFP Vector
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Linker Linker Linker

Pre-miRNA(1)

Pre-miRNA(1) Pre-miRNA(1) Pre-miRNA(1)

Pre-miRNA(2)
Pre-miRNA(3)

Fig. 5.1 Schematic illustration of design of multi-miRNA hairpin vector based primarily on the
study reported by Sun et al. (2006), showing the arrangement of a multiple hairpin structure con-
taining three identical (upper) or three different (lower) pre-miRNAs. “NNNNNN” accommodates
various restriction enzyme sites as needed. The hairping unit structure is cloned into lentivirus
vector to form a lentivirus-CMV-miRNAs-GFP vector

5′-. . . GGGTCGCGGTTC TT . . .-3′ to 5′-. . . GGGTCtCGagTCTT . . .-3′. One or
two TRE sites (5′-TCCCTATCAGTGATAGAGA-3′) are then inserted at the
XhoI site;

2. Construction of a self-regulatable UbC vector (Shi 2003). PCR clone a coding
sequence for tetracycline-controlled transcriptional silencer (tTS) from pTeTtTS
vector (Clontech Laboratories, Mountain View, CA, USA). Then replace tTS for
the green fluorescent protein (EGFP)-coding sequence of the UbC-EGFP vec-
tor. Digest the newly constructed UbC-tTS vector sequentially with restriction
enzymes XhoI and NotI. Digest the pIRES2-EGFP vector (Clontech Labora-
tories) with XhoI and NotI to release the internal ribosome entry site (IRES)
of the encephalomyocarditis virus and the EGFP coding region. Finally, ligate
the IRES-EGFP into the UbC-tTS vector to generate a UbC-tTS-IRES-EGFP
vector;

3. Chemically synthesize the fifth intron of the human actin gene with a 5-nt
flanking sequence at each end. Then, insert the fragment at the EcoRI site,
which is 10 nts from the 3′-end of the first intron of the human ubiquitin
C gene in the UbC-TRE4 vector. The EcoRV site will be destroyed by this
insertion;
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4. Chemically synthesize the fourth intron of human actin gene with a 5-nt flank-
ing sequence. Then, insert the fragment at the XhoI site (inactivated by insertion)
downstream of the EGFP coding region;

5. Select target genes and define gene-specific sequence for study. Chemically syn-
thesize the individual hairpins targeting the selected genes. In a study reported
by Xia et al., (2006a), the hairpins were designed to mimic human miR-30 that
targets the human superoxide dismutase-1 (sod1);

6. Then, insert these hairpins sequentially into the EcoRI site within the first
intron of the human UbC gene, the PstI site (introduced during the chemical
synthesis) in the fifth intron of the human actin gene and the XhoI site (also
introduced during the chemical synthesis) inside the fourth intron of the human
actin gene;

7. Finally, for functional test, construct a target vector based on the pGL2-luc vector
(Promega, Madison, WI, USA), which synthesizes firefly luciferase. Insert syn-
thetic oligonucleotides containing the target sequences 100 bp downstream from
the firefly luciferase opening reading frame (ORF) in the 3′UTR. All constructs
should be sequence verified (Fig. 5.2).

Note: (1) Human UbC promoter is a ubiquitous promoter that works well in
transgenic animals (Li et al. 2003; Lois et al. 2002; Xia et al. 2006b). By incorpo-
rating TRE into the promoter, it becomes regulatable by doxycycline. Because UbC
drives the expression of tTS, one expects that the expression level of EGFP should
be low in the absence of doxycycline for the construct UbC-TRE-tTS-IRES-EGFP,
which has a TRE in the first exon. By addition of doxycycline, the expression will be
induced. (2) Xia et al. (2006a) compared the construct that carries hairpins against
all three different protein-coding genes (human sod1, mouse Sod2, or mouse Dj-1)
with that carry only one hairpin for one specific target. They found that the degree
of silencing is comparable between the single and multiple hairpin constructs.
(3) Xia et al. (2006a) confirmed that their multi-hairpin construct can silence mul-
tiple targets simultaneously in the same cells. (4) According to the inventors of the
method (Xia et al. 2006a), a tetracycline-regulated pol II promoter construct allows
the expression of up to only three miRNA hairpins.

5.2.2 Construction of Multi-miRNA Mimics (Chen et al. 2009)

While the above approaches utilized hairpins that can generate a particular canonical
miRNA (miR-30), these methods can also be applied to engineer multiple hairpins
that can produce artificial miR-Mimics (Xiao et al. 2007) to give rise to gene-specific
miRNA actions. Taking this advantage, my laboratory developed Multi-miR-Mimic
technology for this purpose (Chen et al. 2009).

1. Defining unique motifs in the target gene. Follow the same protocols for design-
ing miR-Mimics, the first step to design a multi-miRNA mimic is to identify
a few stretches of sequence in the 3′UTR of a gene that are unique/specific to
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Fig. 5.2 Flowchart for designing a tetracycline-regulated Pol II promoter based on the study
reported by Xiao et al. (2006)

the gene of interest (target mRNA) for gene-specific targeting. Alternatively,
if multiple genes are needed to be interfered with simultaneously, define the
gene-specific sequences in the 3′UTRs of the selected target genes and design
multi-miRNA mimics for these genes;

2. Based on the unique motifs, design 22-nt oligonucleotide fragments that at the
5′-portion has 8 nts (nucleotide positions 1 to 8 from 5′-end) fully complementary
to the target mRNA;
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3. To ensure the specificity of binding to the target mRNA, the oligonucleotides
should have at least additional 5–6 nts complementary to the target mRNA at the
3′-portion. The base-pairing in this region may not necessarily be continuous and
can be grouped into 3-nts clusters;

4. Then insert each of these fragments (miR-Mimics) into the pre-miR-30 by
replacing the mature miR-30 sequence. You then have chimeric fragments each
carrying a miR-Mimic and a pre-miR-30 sequence minus mature miR-30;

5. Follow the procedures (4)–(6) in Sect. 5.1.1 to construct multi-miR-Mimic
hairpins in a lentivirus-CMV-GFP vector;

6. Test the efficacy of the construct in using a luciferase activity reporter vector.

A simpler way to construct a Multi-miR-Mimic is to link multiple individual
miR-Mimics together by a linker sequence (TGUUUTUGUTUGUTUUUTUGGC),
which does not contain any miRNA binding sites. But the disadvantage of this
simple approach is a less intracellular stability of constructs.

Note: (1) The beauty of our Multi-miR-Mimics approach is to use miR-30-less
pre-miR-30 hairpin structure to cheat the cells to process it to generate “mature”
miR-Mimics. (2) The gene-specific action, which may be highly desirable in many
cases, is another beauty of our Multi-miR-Mimics approach. (3) Like the Lentivirus-
CMV-GFP method and the Tetracycline-regulated Pol II promoter method, the
Multi-miR-Mimics method can host either multiple homogeneous miR-Mimics to
generate identical miR-Mimics for amplifying actions on a particular gene or multi-
ple heterogeneous miR-Mimics to generate distinct miR-Mimics for diverse actions
on multiple target genes.

5.3 Principle of Actions

The ideas behind the Multi-miRNA Hairpins and Multi-miRNA Mimics technolo-
gies are quite straightforward. They all take advantage of expression vehicles that
are able to give high efficiency and high fidelity of producing multiple mature
miRNAs or artificial miR-Mimics for any particular purpose, providing both an
enhanced single-gene knockdown and linked multi-gene knockdowns (Table 5.1).

5.4 Applications

1. In theory, these multi-silencing constructs can be used in investigations where
knockdown of multiple genes is required both for investigating whether genes
are in sequential or parallel pathways and whether genes are performing redun-
dant roles and acting synergistically or antagonistically and for targeting any
pathological processes involving multiple factors.

2. These multiple knockdown strategies can also be used in transgenic mice. These
technologies should improve the use of gene knockdown in laboratory research
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Table 5.1 Comparisons among SC-miRNA, multi-miR-Hairpins and multi-miR-Mimic

SC-miRNA Multi-miR-Hairpins Multi-miR-Mimics

Origin Natural, endogenous Natural, endogenous Artificial, synthetic
miRNA Single miRNA Multiple miRNAs Multiple

miR-Mimics
Specificity Non-gene-specific

Sequence-specific
Non-gene-specific

Sequence-specific
Gene-specific

Complementarity Partial
(complementary
degrees by nature)

Partial
(complementary
degrees by nature)

Partial
(complementary
degrees as
designed)

Mechanism Translation
inhibition or
mRNA cleavage,
depending on
complementarity

Translation
inhibition or
mRNA cleavage,
depending on
complementarity

Translation
inhibition or
mRNA cleavage,
as designed

Note: miRNA and mRNA are underlined to highlight the difference

and facilitate the development of more efficacious gene silencing-based
therapeutics.

3. Examples of applications. The Lentivirus-CMV-GFP method has been applied
to knockdown several genes, S-phase kinase protein 2 (SKP2), cyclin-dependent
kinase 2 (Cdk2) and androgen receptor (AR) (Sun et al. 2006). SKP2 is an
F-box protein targeting cell-cycle regulators including cycle-dependent kinase
inhibitor p27KiP1 via ubiquitin-mediated degradation and is frequently overex-
pressed in a variety of cancer cells and has been implicated in oncogenesis Cdk2
in maintaining and regulating cell cycle kinetics.

The Tetracycline-regulated Pol II promoter method has been used to target Dj-1,
human sod1 (soperoxide dismutase 1) and mouse sod2 genes (Xia et al. 2006a).
Dj-1 is a ubiquitous protein that was first described as an oncogene and later found
to be associated with monogenic Parkinson’s disease. Sod1 and sod2 encode the
endogenous antioxidant enzyme.

The Multi-miRNA Mimics method has been used to target antiapoptotic onco-
genic transcription factors E2F, NF-κB and Mdm2 (Chen et al. 2009).

5.5 Advantages and Limitations

1. The systems described in this chapter can achieve more effective miRNA-
targeting or knockdown of protein-coding genes than the conventional gene-
silencing methods, such as siRNA or antisense.

2. Knockdown efficiency of a single hairpin can be significantly improved by the
presence of a second hairpin even when it does not target the same gene or even
when it does not target any genes.
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3. Compared with the gene knockout approach in animals, the multiple miRNA
hairpin approaches can avoid having to carry out multiple crosses of individual
knockout lines, which is difficult if not impossible and, therefore, can accelerate
investigations of gene-gene interactions in vivo.
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Chapter 6
miRNA Transgene Technology

Abstract The miRNA-targeting or miRNA-gain-of-function technologies intro-
duced in Chaps. 3–5 can only create transient forced expression of miRNAs in
in vitro conditions, which may be inadequate when the research or therapy requires
long-lasting, stable overexpression of miRNAs for in vivo evaluation of function
consequent to miRNA-targeting. Transgenic mice models have been used to tackle
the problem. There are in general two different approaches for establishing miRNA
transgene animals. One is the conventional transgene approach that has been widely
used for protein-coding genes. This approach was first applied to miRNA research
in 2006 by Costinean et al. [Proc Natl Acad Sci USA 103:7024–7029, 2006] and
Peng et al. [Proc Natl Acad Sci USA 103:2252–2256, 2006], then in 2007 by Lu
et al. [Dev Biol 310:442–453, 2007], and recently by us as well Zhang et al. [Sci-
ence, 2009]. The second is a creative approach utilizing artificial intronic miRNAs
generated by inserting a transposon into the intron of a protein-coding gene, which
was originally developed by Ying’s laboratory in 2003 [Lin SL, Chang D, Wu DY,
Ying SY, Biochem Biophys Res Commun 310:754–760, 2003; Lin SL, Chang SJ,
Ying SY, Methods Mol Biol 342:321–334, 2006]. The miRNA-transgene technol-
ogy belongs to the “miRNA-targeting” and “miRNA-gain-of-function” strategy and
is primarily used for studying miRNA target genes, cellular function and pathologi-
cal role in animal models. This strategy is largely based on the concept of ‘miRNA
as a Regulator of a Cellular Function’ introduced in Sect. 2.1.2.

6.1 Introduction

The miRNA-targeting or miRNA-gain-of-function technologies introduced in the
preceding chapters primarily create transient overexpression of miRNAs in an in
vitro environment and may be inadequate to address the aspects where the research
or therapy requires long-lasting overexpression of miRNAs and/or in vivo evalua-
tion of function consequent to miRNA-targeting. To circumvent the obstacle, in vivo
animal models with stable expression of miRNAs of interest are needed. Transgenic
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mice meet this need and have been in use for the expression of “foreign” genes
for decades. The technology to generate such mice is well established and the
use of genetically engineered mice has allowed researchers to explore fundamen-
tal functions of genes in a mammal that shares substantial similarities with human
physiology and pathology. Genetically engineered mice are often used as animal
models of human diseases and are vital tools in investigating disease development
and in developing and testing novel therapies. Gene targeting in embryonic stem
cells allows endogenous genes to be specifically altered.

As knowledge regarding precise genetic abnormalities underlying a variety of
dermatological conditions continues to emerge, the ability to introduce correspond-
ing alterations in endogenous gene loci in mice, often at a single base pair level,
has become essential for detailed studies of these genetic diseases. In theory,
miRNAs can also be expressed in the same way as protein-coding genes to achieve
gene-silencing effects.

Indeed, recent studies have shown that short RNAs could be engineered into
introns (Ying and Lin 2006). This could easily translate into an effective labora-
tory tool for elucidation of miRNAs and repression of particular sets of genes. The
approach may also find its use as a regulator in engineered pathways in synthetic
biology and gene therapy. Ying’s group was the first to introduce the transgene
approach into miRNA research. In their elegant study published in 2003 (Lin
et al. 2003), they reported the development of a state-of-the-art transgenic strategy
for silencing specific genes in zebrafish, chicken and mice, using intronic miRNAs.
By insertion of a hairpin pre-miRNA structure into the intron region of a gene,
they made successful transcription of mature miRNAs by RNA polymerase II, co-
expressed with a protein-coding gene transcript and efficient excision out of the
encoding gene transcript by natural RNA splicing and processing mechanisms. In
conjunction with retroviral transfection systems, the hairpin pre-miRNA construct
was further inserted into the intron of a cellular gene for tissue-specific expression
regulated by the gene promoter.

In addition to the above artificial intronic miRNA approach, the conventional
transgene approach has also been used as a miRNA-targeting strategy in miRNA
research (Costinean et al. 2006; Peng et al. 2006; Lu et al. 2007; Zhang et al.2008).

A detailed description on the procedures for generating miRNA transgene mouse
models is provided below.

6.2 Protocols

6.2.1 Conventional Transgene Methods

To generate miRNA transgene mice, the general procedures for protein-coding
genes apply. These involve the following sequential steps: (1) construction of a vec-
tor carrying the stem-loop pre-miRNA, (2) introduction of the vector into fertilized
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mouse eggs, (3) egg transplantation into female mice and (4) verification of trans-
gene in the offspring. Successful and efficient delivery of the constructed vector into
eggs is a key step.

There are a number of methods for vector delivery: (1) micro-injecting the vector
into pronuclei of eggs; (2) introducing the construct into one-cell embryos through
lentiviral infection or direct injection of the viruses (Rubinson et al. 2003). However,
this method requires a high-titer viral stock, which is not easy to obtain. Retroviral
vectors will not work as transgenes since they will be silenced in mouse embryos;
and (3) transfecting mouse embryonic stem cells with a miRNA expression cassette
along with a drug selection marker via electroporation or lentiviral infection (Everett
et al. 1996; Peli et al. 1996; Kunath et al. 2003; Chen et al. 2006). Transfected clones
are selected through the drug resistance. The expression of the mature miRNA is
then analyzed to identify clones with the desired construct. miRNA-transgene mice
can then be generated via blastocyst injection or tetraploid aggregation.

6.2.1.1 Vector construction

1. Select a miRNA for your study. For example, we studied mmu-miR-328 trans-
gene (Zhang et al. 2009), in a study reported by (Costinean et al. 2006), mmu-
miR-155 transgene was created and in another study, the investigators established
mmu-miR-17–92 cluster Transgene (Lu et al. 2007);

2. PCR synthesize a fragment of around 300 bp long containing the precursor
miRNA (e.g., pre-miR-328) sequence using the mouse genomic DNA as a
template;

3. Subclone the fragment into the SalI and HindIII sites of Bluescript vector
(Promega) carrying the cardiac-specific α-myosin heavy chain (αMHC) pro-
moter and human growth hormone poly(A)+signal (Fig. 6.1).

(Alternatively, other plasmids can be used, such as the pBSVE6BK (pEμ) plas-
mid containing the Eμ nhancer VH promoter for Ig heavy chains, alongside the
3′UTR and the poly(A) of the human β -globin gene (Costinean et al. 2006) and
pKC4 plasmid containing the mouse 6.5 kb Sftpc promoter (Lu et al. 2007). Peng
et al. 2006) used a transgenic shRNA vector (pTshRNA) based on the original
pSUPER (Brummelkamp et al. 2002), in which the shRNA expression is driven by
H1 promoter. In pTshRNA vector, the 3′-end (∼1kb) of the H1 gene was included
to help the expression of shRNA. In addition, an EGFP cassette was added for easy
genotyping of the transgenic animals);

4. Digest the plasmid at the SpeI site to release the pre-miR-328 sequence flanked
by 5′-end αMHC promoter and 3′-end poly(A);

5. Separate the fragment on an agarose gel and purify it by phenol/chloroform
extraction;

6. Dialyze the fragment for 36 h against 150-ml injection buffer (0.1 mM EDTA,
5 mM Tris-HCl). Then filter the fragment through a 0.22-μm filter. Prepare the
DNA sample at a concentration of 3ng/μ l ready for injection;
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Fig. 6.1 Schematic illustration of engineering the vector carrying pre-miR-328 for generating
transgenic mice by pronuclear injection based on the study by Zhang et al. (2009). A fragment
(350 bp) containing pre-miR-328 sequence was PCR amplified from the mouse genomic DNA.
The fragment was subcloned into the Sal I and Hind III sites of Bluescript vector (Promega) car-
rying the cardiac-specific α myosin heavy chain (αMHC) promoter and human growth hormone
poly(A)+signal. The plasmid was digested at the Spe I site to release the pre-miR-328 sequence
flanked by 5′-end αMHC promoter and 3′-end poly(A). The DNA fragment was individually
micro-injected into the pronuclei of mouse one-cell embryos to generate heterozygous miR-328
transgene mice

6.2.1.2 Microinjection

7. Egg production for injections. Superovulate sexually immature female mice
(4–5 weeks of age) by consecutive premenstrual syndrome (PMS) hormone and
human chorionic gonadotropin (HCG) hormone injections to obtain sufficient
quantity (>250) of eggs for injection. Let these female mice be mated with stud
males immediately following the HCG injection;

8. Harvesting eggs. Harvest the eggs the next day from the ampulla of the oviduct
of the mated females and treat them with hyaluronidase to remove nurse cells.
Store the fertilized eggs in M16 media (37◦C, 5% CO2) until injection;

9. Injecting eggs. Remove 30–50 eggs at a time from the incubator for injection.
Micro-inject each of the eggs individually with the prepared DNA fragment
under a high magnification microscope. After microinjection, return the eggs to
the incubator. Remove the eggs that do not survive injection;
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6.2.1.3 Egg Implantation

10. Prepare pseudo-pregnant female mice by mating with the vasectomized males;
11. On the day of micro-injection, anesthetize the pseudo-pregnant females with

1% pentobarbital (16 mg/kg) and open the abdomen. Implant the injected eggs
in a group of 10–15 bilaterally into the oviduct of these mice. Allow the animals
to recover from anesthesia on a warming plate and then place them back to the
animal room. The animals must be kept under sterile conditions throughout
their pregnancy;

6.2.1.4 Verification of Transgene

12. Extract the genomic DNA from the tail of the transgenic mice;
13. Screen pups for the presence of the transgene by Southern blot on tail-extracted

genomic DNA;
14. Study transgenic hemizygous mice and compare with their wild-type coun-

terparts. Genotype mice by PCR amplification on tail-extracted DNA. For
mmu-miR-328 in Bluescript vector, one can use the forward primer recogniz-
ing αMHC (5250–5268): 5′-CCTTACCCCACATAGACCT-3′ and the reverse
primer for miR-328 (58–39): 5′-CTGTAGATACTTTCTCCCT-3′;

15. Northern blot analysis of transgenic offspring on total RNA extracted from
the tissues under test, to establish transgenic lines. For example, cardiac tis-
sue was used in our study, spleen was used in the study reported by (Costinean
et al. 2006) and lung was used by (Lu et al. 2007).

The whole procedure for generating miRNA transgene mouse models are illustrated
in Fig. 6.2.

6.2.2 Artificial Intronic miRNA Methods

The key to successful generation of miRNA transgene lines using the Artificial
Intronic miRNA methods is to construct an artificial splicing-competent intron
(SpRNAi) mimicking the natural structure of a pre-mRNA intron (Kramer 1996;
Mougin et al. 2002; Fairbrother et al. 2002). The SpRNAi consists of consensus
nucleotide elements representing: splice donor and acceptor sites, a branch-point
domain, a poly-pyrimidine tract and linkers for insertion into gene constructs. Addi-
tionally, an insert sequence that is either homologous or complementary to a targeted
exon is located within the artificial intron between the splice donor site and the
branch-point domain. This portion of the intron would normally represent a region
unrecognized by small nuclear ribonucleoproteins (snRNPs) during RNA splicing
and processing. To facilitate the accuracy of RNA splicing, the SpRNAi should
also contain a translation stop codon in its 3′-proximal region, which if present
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Fig. 6.2 Flowchart for generating miRNA transgene mouse model based on the study reported by
Zhang et al. (2008)

in a cytoplasmic mRNA would signal the diversion of the defective pre-mRNA to
the nonsense-mediated mRNA decay (NMD) pathway. For intracellular expression
of the SpRNAi, we further inserted the above construct into a red fluorescent
protein (rGFP) gene. Because the intronic insertion disrupts the expression of func-
tional rGFP, it becomes possible to determine the occurrence of intron splicing and
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Fig. 6.3 Flowchart for generating miRNA transgene mouse model based on the study reported
in the journal articles (Lin et al. (2003, 2006; Lin and Ying 2006a) and a book chapter (Lin and
Ying 2006b). SpRNAi: an artificial splicing-competent intron that can mimic the natural structure
of a pre-mRNA intron

rGFP-mRNA maturation through the reappearance of red fluorescent emission in
transfected cells (Figs. 6.3 and 6.4).

Readers are referred to the detailed step-by-step protocols for generating miRNA
transgene lines using the Artificial Intronic miRNA methods published by the
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Fig. 6.4 Strategy for constructing intronic miRNA transgene using artificial SpRNAi-rGFP-gene
vector, based on the study reported by Lin and Ying (2006b). The SpRNAi-rGFP vector is com-
posed of a promoter, an artificial SpRNAi intron flanked by red fluorescent protein exon1 (5′rGFP)
and exon2 (3′rGFP) and a translation termination codon (TS). The SpRNAi intron contains a
5′-splice donor site (DS), a 3′-splice acceptor site (AS), a poly-pyrimidine tract (PPT), a branch-
point domain (BrP) and an oligomer insert representing a pre-miRNA. During mRNA maturation,
the pre-miRNA spliced out of the SpRNAi intron and further processed into mature miRNA by
Dicer

inventors of the technology as journal articles (Lin et al. 2003, 2006; Lin and
Ying 2006a) and a book chapter (Lin and Ying 2006b).

6.2.2.1 Construction of SpRNAi-rGFP Plasmid Vector

1. A SpRNAi-rGFP artificial intron is formed by hybridization of a sense SpRNAi
sequence and its exact antisense. Sense SpRNAi sequence: 5′-dephosphorylated
GTAAGTGGTC CGATCGTCGC GACGCGTCAT TACTAACACTAT CAT-
ACTTATC CTGTCCCTTT TTTTTCCACA GCTAGGACCT TCGTGCA-3′;
Antisense SpRNAi sequence: 5′-dephosphorylated TGCACGAAGG TCCTAG-
CTGT GGAAAAAAAA GGGACAAGGAT AAGTATGATA GTTAGTAATG
ACGCGTCGCG ACGATCGGAC CACTTAC-3′.

2. Synthesize the two fragments using the commercial services. Then anneal the
two strands in a hybridization buffer (in mM: 100 KOAc, HEPEAS-KOH,
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MgOAC, pH7.4), by first heating to 94◦C for 3 min followed by cooling down
to 65◦C for 10 min to form a SpRNAi artificial intron.

3. Digest the pHcRed1-N1/1 plasmid with DraII to obtain two rGFP exons con-
taining an AG-GN nucleotide break with 5′-G(T/A)C protruding nucleotides at
the cleaved ends.

4. Blunt one end of the rGFP exons to remove the 5′-GTC protruding nucleotides
using T4 DNA polymerase. Keep the 5′-GAC protruding end intact in the other
rGFP exon.

5. Ligate the SpRNAi intron with the 5′-GAC-rGFP exon at the 3′-DraII-restricted
ends.

6. Purify the ligation product in 1% agarose gel to obtain the SpRNAi-rGFP
construct.

7. Digest the pHcRed1-N1/1 plasmid by NheI and BsmI.
8. Purify the digested sequences in 1% agarose gel.
9. Ligate the SpRNAi-rGFP and the pHcRed1-N1/1 digested by NheI/BsmI.

10. Purify the ligation product in 1% agarose gel to obtain the final SpRNAi-rGFP
gene cassette.

11. Clone the SpRNAi-rGFP gene cassette into the pHcRed1-N1/1 plasmid vector
by replacing the original HcRed site, in order for the SpRNAi-rGFP gene to
be able to express in transfected cells. The cloning is set at the XhoI and XbaI
restriction sites of both the pRNAi-rGFP gene cassette and the pHcRed1-N1/1
plasmid vector.

12. After purification of the ligation product to acquire the SpRNAi-rGFP plas-
mid vector, amplify the plasmid using DH5α transformation-competent E. coli
cells.

13. Recover the SpRNAi-rGFP plasmid in autoclaved ddH2O.

6.2.2.2 Insertion of Pre-miRNA Hairpin into the SpRNAi-rGFP Plasmid

14. Select a miRNA of your interest for your study and pull out the sequence of the
pre-miRNA. Add the restriction sites of PuvI (GTCCG) and Mlu1 (ATGAC) to
the 5′- and 3′-ends of the sense and its antisense strands.

15. Synthesize the sense and the antisense strands of the selected pre-miRNA in the
form of oligodeoxyribonucleotides or DNA using commercial services. Anneal
the two strands in the hybridization buffer described above.

16. Digest the SpRNAi-rGFP plasmid and the pre-miRNA construct, respectively.
Then purify the digested sequences in 1% agarose gel.

17. Ligate the digested SpRNAi-rGFP plasmid and the pre-miRNA construct to
acquire the SpRNAi-rGFP-pre-miRNA plasmid.

18. Amplify the ligation construct in DH5α transformation-competent
E. coli cells.

19. Recover the plasmid in autoclaved ddH2O.
20. For in vitro studies in cell lines, the SpRNAi-rGFP-pre-miRNA plasmid can be

transfected into cells in culture by liposome reagents.
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6.2.2.3 Construction of Retroviral Vector Carrying
the SpRNAi-rGFP-pre-miRNA Plasmid

21. Purchase the replication-competent avian sarcoma virus (RCAS) vector.
22. Digest the SpRNAi-rGFP-pre-miRNA plasmid and the RCAS retroviral vector,

separately. Purify the digested sequences in 1% agarose gel.
23. Ligate the two digested constructs and purify them.
24. Follow steps 7–15 in section 12.2.1 (Conventional Transgene Methods) to

establish a miRNA transgene line.

6.2.3 Cre-loxP Knock-in Methods

To better analyze miRNA and target gene function, it is desirable to establish
miRNA transgene in a temporally and spatially controllable manner. Cre-loxP sys-
tem offers a handy means to conditionally activate or inactivate miRNAi in an
irreversible manner (Coumoul et al. 2004; Kasim et al., 2003, 2004; Tiscornia
et al. 2004; Ventura et al. 2004).

In the conditional activation system (Cre-on), a loxP-flanked random stuffer
sequence is inserted between the Pol III promoter and the miRNA-encoding seq-
uence. On the introduction of Cre recombinase, the recombination of the two loxP
sites excises the stuffer sequence, allowing miRNA expression.

In the conditional inactivation system (Cre-off), a Pol III-miRNA expression cas-
sette along with an EGFP marker sequence is flanked by loxP sites. In the absence
of Cre, the miRNA and the adjacent EGFP marker can be expressed constitu-
tively. Upon the introduction of Cre, the miRNA cassette and the EGFP marker
are removed by Cre excision, leading to the termination of miRNA expression.

One can take advantage of the availability of various transgenic mouse lines that
express Cre conditionally to generate spatiotemporally controlled miRNA trans-
gene models. This approach has been used to conditionally express miR-155 and
an enhanced green fluorescent protein (EGFP) reporter in mature B cells, in a Cre-
dependent manner (Thai et al. 2007) and to generate mice carrying the miR-155
knock-in and the CD21-Cre alleles (Fig. 6.5).

6.3 Principle of Actions

Two different approaches of miRNA-transgene models are based upon different
mechanisms for overexpression of mature miRNAs as desired but give rise to the
same effects (gene silencing) by the same principle of actions (partial base-pairing
through miRISC). Thus, I will focus on the different mechanisms for overexpres-
sion between the conventional transgene methods and the artificial intronic miRNA
methods.
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Pre-miRNA Mature miRNA

Dicer
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Fig. 6.5 Conditional RNAi strategies using the Cre-loxP system modified from Gao and
Zhang (2007). (a) In the conditional activation (Cre-on) approach, the pre-miRNA-encoding
sequence and its promoter are separated by a buffer sequence flanked with two loxP sites. On
the introduction of Cre, the buffer sequence is excised and pre-RNA is expressed. (b) In the condi-
tional inactivation system (Cre-off), the pre-miRNA cassette along with an eGFP marker sequence
is flanked by two loxP sites. In the absence of Cre, the pre-miRNA as well as the adjacent eGFP
marker is expressed constitutively. Upon the introduction of Cre, both pre-miRNA cassette and the
eGFP marker are removed and the miRNAi effect is terminated

6.3.1 Conventional Transgene Methods

Expression of mature miRNAs in the transgene mice is driven by the promoter incor-
porated in the vector construct. This provides an opportunity to make tissue-specific
expression of the miRNA; for example, αMHC confers cardiac-specific expression.

6.3.2 Artificial Intronic miRNA Methods

In humans, nearly 97% of the genome is non-coding DNA, which varies from
one individual to another and changes in these sequences are frequently noted to
manifest clinical and circumstantial malfunction. For instance, type 2 myotonic dys-
trophy and fragile X syndrome were found to be associated with miRNAs derived
from introns. Intronic miRNA is a new class of miRNAs derived from the processing
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of non-protein-coding regions of gene transcripts (Lin et al. 2006a, b). The intronic
miRNAs differ from previously described intergenic miRNAs in the requirement
of RNA polymerase (Pol)-II and spliceosomal components for its biogenesis. We
performed an analysis of the miRNAs registered in miRBase and identified 45%
of them as intronic miRNAs, indicating that nature favors expression of intronic
miRNAs. This provides an advantage for creating the artificial intronic miRNAs for
stable, endogenous expression and the associated gene silencing.

When a transposon is inserted in the intron, it becomes an intronic miRNA,
taking advantage of the protein synthesis machinery, i.e., mRNA transcription and
splicing, as a means for processing and maturation. Indeed, (Lin et al., 2003, 2006b)
confirmed that by packaging up human spliceosome-recognition sites along with
an exonic insert into an artificial intron, the splicing and processing of such an
exon-containing intron in either sense or antisense conformation produced equiv-
alent gene silencing effects, while a palindromic hairpin insert containing both
sense and antisense strands resulted in synergistic effects. Compared to the Con-
ventional Transgene Methods, the Artificial Intronic miRNA Methods make use of
the endogenous host gene promoters.

Moreover, the rGFP protein encoded by the SpRNAi-rGFP-pre-miRNA vector
can serve as a quantitative marker for measuring the titer levels of the pre-miRNA-
expressing RCAS virus using either flow cytometry or the lentivirus quantifica-
tion kit.

6.4 Applications

1. To achieve long-lasting gain-of-function of a target miRNA for studying develop-
mental issues and disease progression. The transgene effect is literally permanent
to an animal and can usually be transmitted down through generations. This
offers a platform for long-term investigation of development-related issues and
pathogenesis involving remodeling processes.

2. To allow for controllable or conditional overexpression of the target miRNA in
relation to particular pathophysiological states.

3. To study miRNA-gain-of-function in in vivo whole-animal context. Compared to
the miRNA-gain-of-function approaches introduced in Chaps. 3–5, one obvious
application of the transgenic model is to study miRNA functions in whole-animal
contexts.

4. Examples of applications. The miRNA transgene animal models have been used
for miRNA research in a number of occasions. And the outcomes from these
studies support a wide range of applications of the approach to understanding
miRNA function, target genes and pathological roles.

Lu et al. (2007) generated miR-17–92 cluster transgenic embryos that maintain a
high expression level in the epithelium throughout development. Using the model,
they were able to discover that high levels of miR-17–92 cluster help to maintain
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lung progenitor cells in a proliferative and undifferentiated state. They also indenti-
fied Rbl2 as a novel target gene for miR-17–5p, which provides a mechanistic link
between the miRNAs and the hyperproliferative growth in lung progenitor cells.

Peng et al. (2006) designed a transgenic shRNA vector (pTshRNA) based on the
original pSUPER and created a transgene mouse line using this vector. In a small-
scale screening for developmental defects in the kidney using the transgene model,
they uncovered a potential role of Id4 in the formation of the renal medulla.

Transgenic mice with overexpression of miR-155 develop a lymphoproliferative
disease resembling the human diseases, thus strongly suggesting that miR-155 is
directly implicated in the initiation and/or progression of these diseases (Costinean
et al. 2006). The disease is, for the most part, polyclonal, suggesting that only the
overexpression of miR-155 or additional few genetic changes is sufficient to induce
malignancy. Because malignancies are for the most part monoclonal, this finding
suggests that miR-155 could be the downstream target of signal transduction path-
ways activated in cancer. This is direct evidence that overexpression of a miRNA
results in the development of a neoplastic disease, highlighting their potential role
in human malignancies. Interestingly, we observed overexpression of miR-155 in
solid tumors such as breast, lung and colon cancer (in lung cancers, overexpression
of miR-155 was an indicator of bad prognosis) (Volinia et al. 2006). The Eμ-mmu-
miR-155 transgenic mouse will also be a useful tool to devise new therapeutic
approaches to treat different forms of acute lymphoblastic leukemia or high-grade
lymphomas in humans.

We recently used the conventional transgene model to elucidate the key role of
miR-328 in controlling experimental atrial fibrillation (Zhang et al. 2009). In this
study, we were also able to identify an array of gene encoding proteins critical to
cardiac intracellular Ca2+ handling, including L-type Ca2+ channel α1c subunit
(CACNA1C), L-type Ca2+ channel β 1 subunit (CACNB1), Na+/Ca2+ exchanger
(NCX1), Ca2+-ATPase (SERCA2) and Ca2+/calmodulin-depedent protein kinase
(CAMK2D) and ppp3CA/B (calcineurin).

The Artificial Intronic miRNA technology has been developed for in vitro
evaluation of gene function, in vivo gene therapy and generation of transgenic
animal models (Lin and Ying 2006a). Intron-derived miRNA is not only able to
induce RNAi in mammalian cells but also in fish, chicken embryos and adult
mice, demonstrating the evolutionary preservation of this gene regulation system
in vivo. These miRNA-mediated animal models provide useful means to reproduce
the mechanisms of miRNA-induced disease in vivo and will shed further light on
miRNA-related therapies.

6.5 Advantages and Limitations

The discovery that miRNAs can silence gene expression in mammalian cells has
revolutionized biomedical research. The most successful application of miRNAi
technologies has been to study gene function in cultured human or mouse cells.
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However, the knockdown effect of miRNA is only transient in these conditions.
To achieve a more sustained gene-silencing effect, hairpin RNA expressed from
a vector is preferred. An additional benefit is that miRNAi can now be applied
in vivo through delivering miRNA-expressing vectors by transgenic technology.
Transgenic miRNAi not only allows the study of biological processes not present
in cultured cells but also offers chronic therapeutic potentials. The transgene mod-
els offer enormous advantages in miRNA research and miRNAi applications, as
outlined below.

1. The development of transgenic technologies in mice has allowed us to manipulate
the mouse genome and to study the consequences of specific genetic alterations
on a global perspective and in in vivo system. Generated transgenic embryos that
maintain a high expression level of a miRNA can be transmitted for many gen-
erations in these transgenic animals for studying developmental and remodeling
processes.

2. Gao and Zhang (2007) stated “The beauty of transgenic miRNAi is that, unlike
gene knockouts, one does not have to breed the transgene into homozygosity
to see the effect.” In fact, one can even observe phenotypic consequences of
the miRNAi effect on transgenic embryos or mice at the F0 generation. Thus
miRNA transgenes behave like dominant-negative alleles of the genes of inter-
est. This feature, combined with the relatively inexpensive pronuclear injection
technique, makes it possible to perform genetic screenings in mice. For develop-
mental phenotypes, the screening can be done with little mouse cage costs, since
there is no breeding needed when the injected one-cell embryos can be scored
directly after they have developed to certain stages. Obviously, the screening
cannot have as high throughput as in lower organisms, such as C. elegans (Fraser
et al. 2000; Sonnichsen et al. 2005), since the constructs have to be injected
one by one. However, it is high throughput comparing with other mutagenesis
strategies in mice.

3. The transgenic models can be made inducible and ultimately allow both temporal
and spatial gene inactivation and are highly informative for studying a variety of
miRNA-related biological and pathological processes.

4. The transgenic animal models of human diseases serve as a front line for drug
evaluation. Transgenic animal models are valuable tools for testing gene func-
tions and drug mechanisms in vivo, providing reliable models for the pre-clinical
approval of therapy for human disease to develop more efficient compounds and
functional antibodies. They are also the best similitude of a human body for eti-
ological and pathological research of diseases. All pharmaceutically developed
drugs must be proven safe and effective in animals before approval by the Food
and Drug Administration to be used in clinical trials.
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Chapter 7
Anti-miRNA Antisense Oligonucleotides
Technology

Abstract One of the indispensable approaches in miRNA research as well as
in miRNA therapy is inhibition or loss-of-function of miRNAs. Multiple steps in
pathway for miRNA biogenesis could be targeted for inhibition of miRNA pro-
duction and maturation. Thus far, nonetheless, the anti-miRNA antisense inhibitor
oligoribonucleotides (AMO) technology used to target mature miRNAs has found
most value for these applications. Standard AMO is a single-stranded 2′-O-methyl
(2′-OMe)-modified oligoribonucleotide fragment exactly antisense to its target
miRNA. The AMO technology was initially established in 2004 by Tuschl’s labora-
tory (Laboratory of RNA Molecular Biology, The Rockefeller University)
[Meister G, Landthaler M, Dorsett Y, Tuschl T, RNA 10:544–550, 2004] and by
Zamore’s laboratory (Department of Biochemistry and Molecular Pharmacology,
University of Massachusetts Medical School) [Hutvágner G, Simard MJ, Mello
CC, Zamore PD, PLoS Biol 2:465–475, 2004]. The idea was however originated
from Boutla et al. (Nucleic Acids Res 31:4973–4980, 2003) who used antisense
2′-deoxyoligonucleotides to sequence-specifically inactivate miRNAs in microin-
jected D. melanogaster embryos. Since then, AMO technology has undergone
many important modifications to enhance the efficiency and specificity of miRNA
interference. These include cholesterol moiety-conjugated 2′-OMe modified AMOs
called antagomiR [Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T,
Manoharan M, Stoffel M, Nature 438:685–689, 2005], locked nucleic acid (LNA)-
modified AMOs [Ørom UA, Kauppinen S, Lund AH, Gene 372:137–141, 2006;
Davis S, Lollo B, Freier S, Esau C, Nucleic Acids Res 34:2294–2304, 2006],
2′-O-methoxyethyl (2′-MOE) [Esau C, Davis S, Murray SF, Yu XX, Pandey SK,
Pear M, Watts L, Booten SL, Graham M, McKay R, Subramaniam A, Propp S, Lollo
BA, Freier S, Bennett CF, Bhanot S, Monia BP, Cell Metab 3:87–98, 2006; Davis S,
Lollo B, Freier S, Esau C, Nucleic Acids Res 34:2294–2304, 2006], 2′-flouro (2′-F)
(Davis et al. 2006), phosphorothioate backbone modification and peptide nucleic
acid (PNA)-modified AMOs [Fabani MM, Gait MJ, RNA 14:336–346, 2008]. The
AMO technology belongs to the “targeting-miRNA” and “miRNA-loss-of-function”
strategy. For the sake of clarity and convenience, I here designate all different types
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of anti-miRNA antisense AMO and the conventional anti-mRNA antisense ASO,
though ASO has also been used to refer to anti-miRNA antisense by some authors.

7.1 Introduction

Multiple steps along the path of biogenesis of miRNAs can be interfered to achieve
miRNA knockdown. Targeted degradation of pri-miRNA transcripts in the nucleus
with RNaseH-based antisense oligodeoxynucleotide molecules offers an opportu-
nity of inhibiting production of multiple miRNAs from a polycistronic pri-miRNA
transcript. RNaseH recognizes RNA–DNA duplexes, cleaving the RNA strand (Wu
et al. 2004).

Inhibition of Drosha processing of the pri-miRNA with antisense oligodeoxynu-
cleotides that do not support RNaseH activity has been reported in zebrafish
(Kloosterman et al. 2007).

Antagonizing the endoribonuclease Dicer to block miRNA maturation using anti-
sense ODNs may be another feasible approach. Indeed, the efficacy of knocking
down miRNAs by destructing Dicer has been documented (Murchison et al. 2005;
Chen et al. 2008).

Alternative to the antisense strategy, RNAi technology may be applied for the
same purpose. However, one consideration for these strategies is that the timing
of inhibition of miRNA function may be delayed, as existing mature miRNA lev-
els must decay before inhibition will be observed. Several studies have suggested
that mature miRNA turnover is slow (Lee et al. 2003, 2006; Schaefer et al. 2007).
Therefore, these may not be effective strategies for short-term in vitro studies.

The base-pair interaction between miRNAs and mRNAs is essential for the func-
tion of miRNAs; therefore, a logical approach of silencing miRNAs is to use a
nucleic acid that is antisense to the miRNA. These anti-miRNA oligonucleotides
(AMOs) specifically and stoichiometrically bind and efficiently and irreversibly
silence their target miRNAs. This AMO approach has been used in numerous stud-
ies to identify many cellular functions of miRNAs (Boutla et al. 2003; Meister
et al. 2004; Hutvágner et al. 2004; Davis et al. 2006; Ørom et al. 2006; Ham-
mond 2006; Weiler et al. 2006; Esau 2008) and has been considered a plausible
strategy for miRNA therapy of human disease (Hammond 2006; Weiler et al. 2006;
Wang et al. 2008). It is the most straightforward and apparently most effective
strategy tested so far to block the function of miRNAs in RISC. It mediates
potent and miRNA-specific inhibition of miRNA function, providing a powerful
“loss-of-function” strategy for interfering miRNA expression.

Among the various forms of AMOs, antagomiR that has its end conjugated with
a cholesterol moiety has demonstrated most impressive effectiveness against tar-
get miRNAs, intracellular stability, particularly for in vivo applications (Krutzfeldt
et al. 2005). This particular form of AMO is discussed in more detail in a later
section of this chapter.
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7.2 Protocols

7.2.1 Designing AMOs

Designing AMOs is in general straightforward, involving only a few simple steps.
Below is a description of designing a standard AMO: 2′-OMe-modified anti-miRNA
antisense.

1. Select a miRNA of interest for your study. Obtain the mature sequence of
the miRNA from miRBase (http://microrna.sanger.ac.uk/registry/; the Wellcome
Trust Sanger Institute). Important: obtain the guide strand and discard the pas-
senger strand;

2. Design an oligonucleotide fragment (RNA) exactly complementary (base-pairing
or matching) to the guide strand of the mature miRNA (Fig. 7.1). Note that it
should be an RNA fragment. At micromolar concentration, antisense oligodeox-
ynucleotides (ODNs) may block miRNA function in Drosophila embryos (Boutla
et al. 2003) but the poor stability of DNA oligonucleotides in vivo may limit their
utility;

3. Chemically synthesize the designed oligoribonucleotide fragment with 2′-O-
methyl modification; this is your AMO. You may attach a C7 amino linker
to the 3′-end of AMO if you plan to introduce post-synthetic conjugation of
non-nucleotidic residues such as biotin succinimidyl esters for monitoring trans-
fection. In case you synthesize AMOs using your own equipment, the methods
described by Meister et al. (2004) can be followed. 2′-O-Methyl oligoribonu-
cleotides can be synthesized using 5′-DMT, 2′-O-methyl phosphoramidites (Pro-
ligo) on 1-μM synthesis columns loaded with 3′-aminomodifier (TFA) C7 ICAA
control pore glass support (Chemgenes). The aminolinker is added to also use the
oligonucleotides for conjugation to amino group reactive reagents. The synthesis
products are deprotected for 16 h at 55◦C in 30% aqueous ammonia and then
precipitated by the addition of 12 ml absolute 1-butanol. The full-length product
is then gel-purified using a denaturing 20% polyacrylamide gel;

4. For negative control, synthesize an oligonucleotide fragment complementary to
the passenger strand of the miRNA;

5. Transfection of AMOs (10–50 nM) in cultured cells or in tissues by in vivo gene
transfer techniques. If using cationic lipid, one generally cannot transfect more
than 100 nM AMO of any chemistry without non-specific toxicity.

AMOs designed in this way have been shown to be highly effective in silencing
miRNA function; it has been consistently documented in numerous studies that
AMOs are able to wipe out the level of the targeted miRNAs to virtually zero (less
than 0.1% of control levels).

However, a study reported by Vermeulen et al. (2007) claimed that extending the
AMO sequences attaching flanking elements dramatically increases overall potency.
This study demonstrated that the length and composition of sequences surrounding
an AMO have considerable effects on overall inhibitor potency. Increasing AMO
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Fig. 7.1 Flowchart for designing AMO

length by adding as many as 16 nt to each side of the miRNA-complementary core
increased AMO potency as much as tenfold. Incorporation of highly structured,
double-stranded flanking regions around an AMO significantly increases inhibitor
function and allows for miRNA inhibition at subnanomolar concentrations. AMO
molecules having symmetrical flanking regions of >10-nt can inhibit target miRNAs
to a much greater extent. The most potent AMO inhibitors contain hairpin structural
elements that flank the AMO. At present, it is not yet clear why and how the flanking
regions enhance AMO activities. One possible interpretation of this finding is that
secondary structure enhances miRNA–RISC interactions with AMOs.
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The procedures for designing such extended AMOs are described below.

1. Select a miRNA of interest;
2. Design an oligonucleotide fragment exactly complementary (base-pairing or

matching) to the guide strand of the mature miRNA;
3. Add 5′- and 3′-flanking sequences to the above-designed fragment according to

the following notes (Fig. 7.1).

(a) The flanking sequence at both sides should be equal in length;
(b) The optimal length of the flanking sequence is 16 nts;
(c) The flanking sequence can be complementary to regions adjacent to the

mature miRNA sequence in the target pre-miRNA or can be arbitrary;
(d) Oligonucleotides with polypyrimidine stretches are generally considered to

be less structured than sequences having an equal distribution of purines and
pyrimidines;

(e) Equal hairpin structures in the flanking sequences enhance the stability and
functionality of the antisense.

4. Chemically synthesize the designed oligoribonucleotide fragment with 2′-O-
methyl modification; this is your AMO. You may attach a C7 amino linker
to the 3′-end of AMO if you plan to introduce post-synthetic conjugation of
non-nucleotidic residues such as biotin for monitoring transfection;

5. For negative control, synthesize an oligonucleotide fragment complementary to
the passenger strand of the miRNA;

6. Transfection of AMOs (10–50 nM) in cultured cells or in tissues by in vivo gene
transfer techniques. If using cationic lipid, we generally cannot transfect more
than 100 nM AMS of any chemistry without non-specific toxicity.

Horwich and Zamore (2008) summarized that an effective AMO is (a) resistant
to nonspecific cellular ribonucleases, (b) resistant to miRNA-directed cleavage by
RISC and (c) binds miRNAs in RISCs with high affinity, effectively out-competing
binding to target mRNAs.

7.2.2 Modifying AMOs

Modification to stabilize AMOs to nuclease degradation and improve affinity for tar-
get miRNAs are necessary for their miRNA-antagonizing activities in cell culture
and animals. In addition to 2′-O-methyl (2′-OMe) modification as mentioned above,
other 2′-sugar modifications, including 2′-O-methoxyethyl (2′-MOE), 2′-flouro
(2′-F) and locked nucleic acid (LNA), as well as phosphorothioate backbone modifi-
cation, have also been examined (Leaman et al. 2005; Davis et al. 2006;
Meister et al. 2004; Hutvágner et al. 2004; Ørom et al. 2006; Krutzfeldt et al. 2005;
Kloosterman et al. 2007).

1. 2′-O-methyl (2′-OMe) modification. The first AMOs reported to inhibit miRNA
activity in vitro were 2′-OMe modified and these are commercially available
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from a variety of sources. 2′-O-Methyl modification is frequently used to protect
oligoribonucleotides from degradation in cell extracts or cultured cells because
of the resistance to cleavage by both RISC and other cellular ribonucleases
(reviewed in Lamond and Sproat 1993; Verma and Eckstein 1998; Hutvágner
et al. 2004; Meister et al. 2004; Inoue et al. 1987). 2′-O-Methyl oligoribonu-
cleotides are also well-known for their rapid and very stable hybridization to
single-stranded RNA (Cummins et al. 1995; Majlessi et al. 1998). Moreover,
2′-O-methyl-modified RNA–RNA hybrids are more thermodynamically stable
than either RNA–RNA or DNA–RNA duplexes (Inoue et al. 1987; Tsourkas
et al. 2002).

2. Other 2′ modifications. Other 2′ modifications, such as 2′-O-methoxyethyl AMOs
and AMOs incorporating pyrimidines bearing 2′-O-fluoro (Esau et al. 2006;
Davis et al. 2006), all have been shown to improve affinity to the targeted
miRNAs to some degrees, despite that their anti-miRNA activities have not cor-
related perfectly with affinity (Davis et al. 2006), suggesting there are other
variables to the interaction important for effective inhibition.

3. Phosphorothioate backbone. The phosphorothioate backbone is known to be the
primary determinant of oligonucleotide distribution in vivo and can be deliv-
ered to the liver, kidney, bone marrow and adipose tissue following parenteral
administration (Geary et al. 2001). Phosphorothioate modified antisense, while
reducing affinity to target RNA somewhat, confers significant stability to nucle-
ase degradation and may be necessary for long-term assays in cell culture.
In the absence of formulation, the phosphorothioate backbone modification is
essential for in vivo delivery of AMOs to tissues, as the phosphorothioate pro-
motes protein binding and delays plasma clearance (Geary et al. 2001). Esau
et al. (2006) demonstrated inhibition of miR-122, an abundant liver-specific
miRNA, implicated in fatty acid and cholesterol metabolism as well as hepati-
tis C viral replication, in normal mice using a 2′-MOe modified AMO with a
full phosphorothioate backbone. The AMO was delivered intraperitoneally, twice
weekly in saline. After four weeks of treatment at doses as low as 12.5mg/kg,
increased levels of miR-122 target gene mRNAs and reduced plasma cholesterol
levels were also observed, as well as a reduction in miR-122 levels.

4. Locked Nucleic Acid (LNA) modification. LNA modified AMOs, which are
commercially available, also showed significantly better activity than the 2′-OMe
(Elmén et al. 2005). LNA is defined as oligonucleotides containing one or more
LNA monomers, the 2′-O, 4′-C-methylene-β-D-ribofuranosyl nucleosides. A
major structural characteristic of LNA is the close resemblance to the natural
nucleic acids because methylene group-linked O2′ and the C4′ atoms introduce
a conformational lock of the molecule into a near perfect N-type conformation
adopted by RNA (Saenger 1984; Jepsen and Wengel 2004). This modification
tremendously enhances affinity to the target miRNA. A fully modified LNA
sequence has been reported to be fully resistant to the 3′-exonuclease (Frieden
et al. 2003). End-blocked sequence, i.e., LNA-DNA-LNA gapmers display a
high stability in human serum compared to similar 2′-OMe modified sequences
(Kurreck et al. 2002). Recently, Elmén et al. (2008) reported that a systemically
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administered 16-nt, unconjugated LNA-AMO towards miR-122 leads to specific,
dose-dependent silencing of miR-122 in the liver and shows no hepatotoxicity in
mice. Moreover, the efficacy of LNA/OMe eximer in anti-miRNA activity has
also been tested (Fabani and Gait 2008).

5. Cholesterol conjugation. When attached with cholesterol moieties to permit
easier entry into the cell, an AMO is called ‘antagomiRs’. AntagomiRs can
be used to bind with target miRNAs and have been shown to be capable of
in vivo silencing expression of miRNAs in the mouse liver and heart (Krutzfeldt
et al. 2005). Conjugation of a cholesterol to the 3′end of a 2′-OMe modified
AMO with two or three phosphorothioate modifications on each end has been
reported to facilitate in vivo delivery of the AMO targeting miR-122 into the
liver (Krutzfeldt et al. 2005). After three days of daily intravenous (i.v.) admin-
istration of 80mgkg−1 AMO to normal mice, increased levels of miR-122 target
gene mRNAs were observed in the liver, as well as reduced plasma choles-
terol and an apparent degradation of the miRNA. A more recent study claimed
that 3′-cholesterol-modified AMOs have enhanced potency, allowing miRNA
inhibition for at least 7 d from a single transfection (Horwich and Zamore 2008).

However, in a study reported by Vermeulen et al. (2007), AMOs containing an
assortment of chemical modifications (e.g., 2′-O-methyl, 2′-fluoro, phosphoroth-
ioate, or a combination of these modifications) failed to identify any pattern of
modifications that significantly enhanced function and in some cases, identified
modifications that greatly reduced the ability to inhibit RISC function.

7.2.3 Monitoring Delivery Efficiency of AMOs

A crucial step for effective inhibition of miRNAs activity in cultured cells is
optimization of AMO transfection. For most adherent cell types, a commercially
available cationic lipid (lipofectamine 2000 from Invitrogen) is usually an effec-
tive delivery method (Dass et al. 2002; Dass et al. 2002; Zimmermann et al. 2006).
Optimization of transfection should be done for each cell type, as there are a wide
range of optimal transfection reagents or delivery methods for different cell types.
For cells that are refractory to lipid transfection, electroporation is usually a good
alternative. Again, this will require optimization for each cell type.

Evaluating transfection efficiency can be done by monitoring reduction of a
miRNA by an AMO or by measuring uptake of a fluorescently labeled AMO.
A phenotypic readout is not a reliable endpoint for optimizing transfection. We
used the following methods to monitor AMO transfection efficiency and subcellular
distribution (Gao et al. 2006; Yang et al. 2007).

7.2.3.1 Measurement of Uptake of Fluorescent AMOs

1. When designing an AMO, attach a C7 amino linker to the 3′-end of AMO.
FITC label the AMO. FITC is a small fluorescein isothiocyanate molecule and is
typically conjugated to proteins via primary amines (i.e., lysines);



134 7 Anti-miRNA Antisense Oligonucleotides Technology

2. One day before treatment, plate cells in 24-well format with 1×105 cells/well in
500μl;

3. On the day of treatment, incubate the cells with FITC-labeled AMO at a desired
concentration (i.e., 100 nM), in the presence of Lipofectamine 2000 for 4 h;

4. Following incubation, harvest the cells with PBS-EDTA and wash them twice
with PBS and then soak them in TBS+50 mM glycine for 10 min;

5. Determine the amount of internalized AMO by flow cytometry at selected time
points after transfection;

6. At last, the percentage of cells with successful uptake of FITC-labeled AMO can
be determined by counting cells with clear yellow staining. The values are plot-
ted as a function of time after transfection to obtain an AMO uptake curve. The
concentration of AMO associated with the cells can be estimated by interpolation
from a standard curve of known FITC (Molecular Probes, Eugene, OR).

7.2.3.2 Subcellular Localization of Transfected AMOs

1. When designing an AMO, attach a C7 amino linker to the 3′-end of AMO;
2. Label AMOs with Alexa Fluor 488 using ULYSIS Nucleic Acid Labeling kits

(Invitrogen);
3. Purify the labeled AMOs with Micro Bio-Spin 30 columns (Bio-Rad

Laboratories);
4. Transfect the cells grown on sterile coverslips in 12-well plates with the AMOs.

At the selected time points after transfection, wash the cells twice with phosphate-
buffered saline (PBS) and fix them with 2% paraformaldehyde for 20 min;

5. To visualize nuclear DNA, equilibrate the fixed cells in 2x SSC solution (0.3 M
NaCl and 0.03 M sodium citrate, pH 7.0) and incubate with 100gml−1 DNase-
free RNase in 2x SSC for 20 min at 37◦C;

6. Rinse the sample three times in 2xSSC and incubate with 5μM propidium iodide
for 30 min at RT;

7. Mount the coverslips onto slides with DABCO medium. Examine the samples
under a laser scanning confocal microscope with Alexa Fluor 488 (excitation at
492 nm and emission at 520 nm) or with PI (excitation at 535 nm and emission at
617 nm).

7.2.4 Evaluating Functional Effectiveness of AMOs

Measuring functional outcomes produced by AMOs, such as developmental events,
cell proliferation, apoptosis and other phenotypic readouts as appropriate, is a key to
determine the functional effectiveness of AMOs. However, experimental validation
of AMOs must also be done at different levels to ensure non-toxicity and specificity
of actions.
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1. Knockdown of targeted miRNAs. Quantifying the level of the targeted miRNAs by
Northern blotting analysis or real-time RT-PCR methods. The level or detectability
is expected to be reduced by at least 95% to be considered effective;

2. Upregulation of protein expression by AMO. Monitoring changes of expres-
sion at the protein level of the target gene of the targeted miRNAs by Western
blotting analysis or other protein quantification assays such as enzyme activity
assays. The protein level is expected to increase by at least 30% to be considered
effective;

3. Heterologous reporter assay. Measuring the efficacy of AMOs using a luciferase
reporter (or other reporter genes) bearing miRNA target sequences cloned into its
3′UTR. An AMO is expected to inhibit the repression effect of its endogenous
target miRNA on the reporter activities or in other words, to enhance the reporter
activities by reliving repression by its endogenous target miRNA. It is also nec-
essary to determine if an AMO is able to antagonize the repressive effect on
luciferase activities produced by an exogenously applied target miRNA through
cotransfection process;

4. Immobilized 2′-O-methyl oligonucleotide capture of RISC. If RISC activity
needs to be assessed, the procedures described by Hutvágner et al. (2004),
Elbashir et al. (2001) and Nykänen et al. (2001) are useful.

(a) Incubate biotinylated AMO (10 pM) for 1 h on ice in lysis buffer contain-
ing 2 mM DTT with 50μl of Dynabeads M280 (as a suspension as provided
by the manufacturer; Dynal, Oslo, Norway) to immobilize the oligonu-
cleotide on the beads. To ensure that the AMO remained in excess when
more than 50 nM target miRNA was used, 20 pM of biotinylated AMO was
immobilized;

(b) For RISC capture assays, pre-incubate miRNA in a standard 50μl in vitro
RNAi reaction for 15 min at 25◦C;

(c) Add the immobilized AMO to the reaction and incubate for another 1 h;
(d) Collect beads after incubation using a magnetic stand (Dynal). Recover the

unbound supernatant and an aliquot assayed for RISC activity to confirm that
RISC depletion is complete;

(e) Wash the beads three times with ice-cold lysis buffer containing 0.1% (w/v)
NP-40 and 2 mM DTT, followed by a wash without NP-40. To determine
the amount of RISC formed, input and bound radioactivity is determined by
scintillation counting (Beckman Instruments);

5. Negative control experiments. It is essential to have a negative control AMO
of the same chemistry, as different chemical modifications may have different
thresholds for toxicity.

7.3 Principle of Actions

AMOs are artificially designed 2′-O-methyl oligonucleotides fully complementary
to their target miRNAs. Once introduced into cells, AMOs bind efficiently by
base-pairing with the guide strand of their target miRNAs in miRISC. In this way,
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they mediate potent, irreversible, miRNA-specific inhibition of miRNA function,
providing a powerful “loss-of-function” strategy for miRNA interference. Typically,
AMOs are transiently transfected into cells, correspondingly providing a transient
derepression of miRNA targets. An AMO inhibits the function of its targeted
miRNA through multiple mechanisms.

1. Breaking down the targeted miRNAs. The most fundamental and widely observed
mode of action of AMOs is to cause degradation of their targeted miRNAs with
unknown mechanisms (Esau et al. 2006; Krutzfeldt et al. 2005, 2007). Sev-
eral observations indicate that the phenotypic outcomes resulting from antisense
injection are rescued by genomic overexpression of the cognate miRNAs.

2. Sequestering target miRNAs. By binding to the guide strand of the target miRNA,
an AMO can effectively prevent the binding of its targeted miRNA from binding
to the target gene, as a competitive inhibitor to block the function of the targeted
miRNA. This is in pretty much the same way as the blocking actions on transcrip-
tion factors by decoy oligodeoxynucleotides (Gao et al. 2006; Lin et al. 2007).
It has indeed been observed that with some modified AMOs, potent inhibition of
miRNA activity can be elicited without a decrease in miRNA levels in vivo, sug-
gesting that AMOs can sequester the miRNA without causing degradation (Chan
et al. 2005; Esau et al. 2006). Therefore, measuring miRNA levels is sometimes
not a reliable measure of miRNA inhibition.

3. Disrupting RISC-mediated targeting in the cytoplasm. AMOs can act as non-
cleavable substrates (antisense) of RISC by replacing the passenger strand of
the targeted mature miRNA to disrupt the RISC-mediated targeting (Meister
et al. 2004; Hutvágner et al. 2004).

4. Disrupting Drosha processing in the nucleus. Treatment of whole cells with flu-
orescently labeled molecules shows a predominant nuclear localization pattern.
This observation suggests that AMOs may be able to act by inhibiting miRNA
function in the nucleus by disrupting Drosha processing, as an alternative to other
mechanisms.

7.4 Applications

AMOs have become a necessary and most commonly used tool for miRNA research
and have been proposed to be potential therapeutic agents as well. Since the
invention of this technology in 2004, no less than 90% of published experimen-
tal studies have used AMOs in one form or the other as a ‘miRNA-loss-of-function’
approach to delineate miRNA targets and function or to rescue miRNA-repressed
gene expression and reverse pathological processes.

Modified AMOs are currently the most readily available tools for miRNA inhi-
bition and several groups have used different backbone modifications of these
antisense oligos to successfully inhibit miRNAs in cell culture. Two independent
groups have also shown successful miRNA inhibition in the liver following systemic
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and intraperitoneal delivery. In addition, a recent study showed that 2′-O-methyl-
modified AMOs flanked by hairpin sequences give enhanced inhibition of miRNAs
in cell culture (Vermeulen et al. 2007). Esau et al. (2006) focused on the miRNA
pathway itself as a potential target for pharmacological intervention in an ani-
mal model. They injected a miR-122 AMO (an antisense oligonucleotide with
2′-O-methoxyethyl phosphororothiate) into mice that resulted in decreased plasma
cholesterol levels and hepatic fatty acid and cholesterol synthesis. Nevertheless, the
same limitations encountered with the application of synthetic miRNA duplexes are
encountered in the applications of antagomiRs, namely their effective delivery into
target tissues.

1. To validate the miRNA targets. Understanding the biological function of
miRNAs requires knowledge of their mRNA targets. To validate the theoretically
predicted miRNA targets, new and rapid methods for sequence-specific inactiva-
tion of miRNAs are needed. The ability of an AMO to block the binding of its
targeted miRNA to a gene helps determining whether this gene is a target of that
miRNA. The method thus provides a means of connecting miRNA target identi-
fication with biological function and of distinguishing phenocritical from neutral
targets.

2. To validate miRNA function. The AMO technique can be used not only for
genome-wide phenotypic screening but also for a detailed subsequent character-
ization of phenotypes using markers and epistasis experiments, thereby placing
miRNAs more precisely within biological processes and pathways. Use of AMOs
can aid to define the cause-effect relationship between a miRNA and a biological
event, thereby the cellular function of miRNAs.

Cheng et al. (2005) synthesized over 90 miRNA inhibitors and used these to screen
for miRNAs that were involved in cell growth and apoptosis processes that are
among the widely studied gene cell pathways, which have direct relevance to cancer
and development. From these experiments, they identified a complexity of activ-
ity for miRNAs in two different types of cancer-derived cell lines, HeLa and A549
cells. In HeLa, they found that inhibition of miR-95, 124, 125, 133, 134, 144, 150,
152, 187, 190, 191, 192, 193, 204, 211, 218, 220, 296 and 299 caused a decrease
in cell growth and that inhibition of miR-21 and miR-24 had a profound increase
in cell growth. On the other hand, miR-7, 19a, 23, 24, 134, 140, 150, 192 and 193
downregulated cell-growth and miR-107, 132, 155, 181, 191, 194, 203, 215 and
301 increased cell growth when inhibited in A549 cells. Common miRNAs that
decreased cell growth include miR-134, 192 and 193. They also used screening to
identify miRNAs involved in induction or inhibition of steady state levels of apop-
tosis in HeLa cells. For this study, the authors identified miR-1d, 7, 148, 204, 210,
218, 296 and 381 as hits that increased the level of apoptosis and miR-214 that
decreased apoptosis. In another case, miR-218 caused a decrease in cell growth in
HeLa but its inhibition increased the level of apoptosis, suggesting that inhibition of
miR-218 may be inhibiting cell growth by inducing apoptosis.

3. To achieve upregulation of the cognate target protein. The AMO technology
is unique in its action and outcome of action. AMOs act on miRNAs in a
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‘loss-of-function’ manner to silence these miRNAs but they result in ‘gain-of-
function’ of target protein-coding genes via relieving the post-transcriptional
repressive effects of their targeted miRNAs on these protein-coding genes. In
this way, AMOs upregulate gene expression.

This property of AMOs can be utilized in many situations for the benefits of treating
human disease in cases when upregulation of gene expression is desirable. One most
obvious application of the AMO approach is to upregulate expression of tumor sup-
pressors or apoptotic molecules that are repressed by miRNAs in cancer cells. It has
been demonstrated that knockdown of miR-21 in cultured glioblastoma cells and in
MCF-7 human breast cancer cells resulted in a significant drop in cell number. This
reduction was accompanied by increases in caspase-3 and -7 enzymatic activities
and TUNNEL staining (Chan et al. 2005; Corsten et al. 2007). miR-21 knock-
down also has been shown to decrease expression of antiapoptotic Bcl-2 protein (Si
et al. 2007). Knockdown of the muscle-specific miRNA miR-1 by its specific AMO
has also been reported to enhance expression of connexin-43 and improve cardiac
conduction so as to limit arrhythmogenesis in infarct heart (Yang et al. 2007).

‘Gain-of-function’ of target protein-coding genes produced by AMOs can also be
used to validate the cellular function and target gene of miRNAs. If an AMO upreg-
ulates tumor suppressor gene, then it is very likely that the counterpart of this AMO,
the targeted miRNA, acts to repress the expression of this tumor suppressor gene.

4. To reverse the pathological process. Many miRNAs have been implicated in
human disease or in animal models of disease, such as cancer, cardiovascular
disturbances (e.g., ischemic arrhythmogenesis, cardiac hypertrophy and heart
failure), metabolic disorders (e.g., type 2 diabetes), viral diseases, Alzheimer’s
disease, etc. Targeting pertinent miRNAs with AMOs has been shown to be
effective in reversing these pathological processes. For example, we have demon-
strated the ability of AMOs to antagonize the ischemic arrhythmias induced by
miR-1 (Yang et al. 2007), to abolish the abnormal QT prolongation caused by
miR-133 in diabetic hearts (Xiao et al. 2007a) and to reverse miR-1-induced
heart rate-reducing effects (Xiao et al. 2007b).

7.5 Advantages and Limitations

The AMO approach as a miRNAi technology or targeting-miRNA technology has
many advantages over other available gene-interference strategies, such as the con-
ventional antisense (ASO) technique, siRNA technique, decoy ODN technique, etc.
It shows stoichiometric and reliable inhibition of the targeted miRNA and can thus
be applied to studies of miRNA functions and validation of putative target genes.

1. Easy to design and produce. An AMO is simply a 2′-OMe oligonucleotides frag-
ment fully antisense to the guide strand of target miRNA. There is no need to
search for the gene-specific sequences for actions like conventional ASO and
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siRNAs and there are no concerns about the secondary structures of the frag-
ment. A few companies provide service for synthesis of AMO with one fragment
for as little as $20.

2. Reasonable specificity of targeting miRNA. An AMO is entirely complemen-
tary to its target miRNA and thus has a highest binding affinity to this miRNA
than to any other sequence. AMOs have been used to inhibit exogenously
introduced miRNAs and endogenous miRNAs. The AMO approach is suffi-
ciently specific to distinguish between more distantly related miRNAs, as in the
case of miRNA families: family members show distinct phenotypes and target
interaction profiles.

3. High efficiency of targeting miRNA. We and others have consistently observed
virtually knockout degree of suppression of miRNA expression by AMOs in
cell lines; an AMO is able to achieve nearly 100% knockdown of its targeted
miRNA, as determined by quantitative real-time RT-PCR (Xiao et al. 2007a, b;
Yang et al. 2007; Matsubara et al. 2007).

4. Upregulation of gene expression. An interesting and important point about the
AMO approach is that unlike other forms of gene interference (siRNA, con-
ventional antisense, etc.) that are used to silence gene expression, the action of
AMOs is to silence miRNAs but to upregulate gene expression by relieving the
repressive effect of miRNAs on their target protein-coding genes. In some cases,
upregulation of gene expression is desirable. For instance, enhancing expression
of tumor suppressor genes is one of the strategies for cancer therapy.

5. Knockout versus knockdown. Difficulty of generating miRNA knockout animals
due to multicopy nature of many miRNAs. For example, the miR-1 family is
comprised of the miR-1 subfamily and miR-206, with the former consisting of
2 transcripts, miR-1-1 and miR-1–2 that possess an identical mature sequence but
are encoded by distinct genes located on chromosomes 2 and 18, respectively.
The miR-133 family is comprised of miR-133a-1, miR-133a-2 and miR-133b,
with miR-133a expressed from bicistronic units together with the miR-1 sub-
family and miR-133b together with miR-206 (Chen et al. 2006; Rao et al. 2006).
The resulting mature products from the miR-133 family are either identical or
have only 1-nt difference.

The obvious alternative to inhibiting miRNA function by AMOs is to generate
genomic mutants. However, reverse genetic analysis on a large-scale is laborious
and particularly challenging in the case of many miRNAs, due to redundancy and
complex genomic organization (e.g., clustering of unrelated miRNAs and dispersal
of multicopy miRNAs among different regions of the genome) (Lai 2003). While the
generation of genomic knockouts remains the biological gold standard desirable for
an in-depth study of individual miRNAs, its technical difficulty paired with the com-
plex organization of miRNA genes makes it a high-risk, time-consuming approach.
Application of AMOs can entirely inhibit the function of targeted miRNAs no
matter how many genomic copies as AMOs act on mature miRNAs. I believe
that AMO-mediated depletion provides a powerful means for the investigation
of miRNA function. At present, AMO perhaps is the first choice of ‘loss-of-
function’ approach in miRNA research. Compared with gene knockout approaches,
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miRNA-knockdown also has the advantage of being simple, quick and low cost and
can be used for rapid functional studies of individual miRNAs.

It should always be cognizant that the AMO technology has some innate limita-
tions, which must be vigilantly considered when using it.

1. Unlike conventional antisense acting on protein-coding genes, AMOs are des-
igned against miRNAs. As the effects of miRNAs are not gene-specific, the
effects of AMOs cannot be either. An important concept is that the action of
AMOs is miRNA-specific but not specific towards a particular protein-coding
gene; by knocking down a miRNA, an AMO is deemed to affect all target genes
of its targeted miRNA. Under certain circumstances when actions directed to a
particular gene are desirable, AMOs may not be the choice.

2. A potential limitation of a hybridization-based approach is cross-reactivity. While
an AMO may be sufficiently specific to distinguish between more distantly
related miRNAs, it might cross hybridize to miRNAs with very close sequence
similarity. In this way, an AMO might cause some non-specific unwanted effects.

3. An AMO directs to a specific miRNA. Unfortunately, a large number of miRNA
exist in a cell and many of them share similar sequences. The miRNAs with
similar sequences, particularly in their seed sites, are likely to have very similar
target interactions and may in fact have to be removed as a group to reveal their
function. With respect to the mode of action, AMOs are incapable of simultane-
ously targeting a group of miRNAs. Providentially, other miRNAi technologies
related to AMO have been developed to compensate this weakness, including the
Multiple-Target AMO technology (MT-AMO technology) and MiRNA Sponge
technology, as described in Chaps. 7 and 8, respectively.

From a therapeutic standpoint, however, manipulating the levels of one miRNA may
have only a limited effect on the expression of the desired target gene.
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Chapter 8
Multiple-Target Anti-miRNA Antisense
Oligonucleotides Technology

Abstract The multiple-target AMO technology or MT-AMO technology is an
innovative strategy that confers a single AMO fragment the capability of targeting
multiple miRNAs. These modified AMOs are single-stranded 2′-O-methyl-modified
oligoribonucleotides carrying multiple AMO units that are engineered into a sin-
gle unit and are able to simultaneously silence multiple target miRNAs or multiple
miRNA seed families. Studies suggest the MT-AMO is an improved approach for
miRNA target finding and miRNA function validation; it not only enhances the
effectiveness of targeting miRNAs but also confers diversity of actions. It has been
successfully used to identify target genes and cellular function of several oncogenic
miRNAs and of the muscle-specific miRNAs [Lu Y, Xiao J, Lin H, Bai Y, Luo X,
Wang Z, Yang B, Nucleic Acid Res. 2009]. This novel strategy may find its broad
application as a useful tool in miRNA research for exploring biological processes
involving multiple miRNAs and multiple genes and potential as a miRNA therapy
for human disease such as cancer and cardiac disorders. This technology was devel-
oped by my research laboratory in collaboration with Yang’s group (Lu Y, Xiao J,
Lin H, Bai Y, Luo X, Wang Z, Yang B 2009). The MT-AMO technology belongs
to the “targeting-miRNA” and “miRNA-loss-of-function” strategy. The MT-AMO
technology is based on the ‘One-Drug, Multiple-Target’ concept (see Sect. 2.1.3 for
detail).

8.1 Introduction

Anti-miRNA antisense inhibitors (AMOs) have demonstrated their utility in miRNA
research and potential in miRNA therapy. However, it has become clear that a par-
ticular condition may be associated with multiple miRNAs and a given gene may
be regulated by multiple miRNAs. For example, a study directed to the human heart
identified 67 significantly upregulated miRNAs and 43 significantly downregulated
miRNAs in failing left ventricles vs. normal hearts (Thum et al. 2007). No less than
five different miRNAs have been shown to be critically involved in cardiac hyper-
trophy. Similarly, Volinia et al. (2006) conducted a large-scale miRNA analysis
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on 540 solid tumor samples including lung, breast, stomach, prostate, colon and
pancreatic tumors. Their survey revealed 15 miRNAs upregulated and 12 downregu-
lated in human breast cancer tissues. Similar changes of multiple miRNAs were also
found in five other solid tumor types. Many of these miRNAs have been reported to
regulate cell proliferation or apoptosis and some of them have been considered onco-
genic miRNAs or tumor suppressor miRNAs. These facts raise two questions. Is
targeting a single miRNA sufficient for tackling a particular pathological condition?
Does simultaneously targeting multiple miRNAs relevant to a particular condition
offer an improved outcome than targeting a single miRNA using the regular AMO
techniques?

This observation has led many in the field to speculate that miRNAs work
in a combinatorial fashion and act in concert to target a single transcript (Krek
et al. 2005). Moreover, many miRNAs are members of families that share a seed
sequence but may have one or more nucleotide changes in the remaining sequence.
These related miRNAs are expected to regulate similar target mRNAs and if co-
expressed in a tissue it may be necessary to inhibit all of them at once to observe
phenotypic effects. There are few examples where overexpression or knockdown of
a single miRNA results in a measurable phenotype (Esau et al. 2004; Poy et al. 2004;
Yekta et al. 2004; Johnson et al. 2005; Lee et al. 2005; Lim et al. 2005; Chen
et al. 2006; Schratt et al. 2006; Yang et al. 2007).

These properties of miRNA regulation may well create some uncertainties of out-
comes by applying the AMO technology to silence miRNAs since knocking down
a single miRNA may not be sufficient to achieve the expected interference of cel-
lular process and gene expression, which are regulated by multiple miRNAs. Tools
that allow multi-miRNA knockdown will be essential for identification and vali-
dation of miRNA targets. For such applications, cotransfection of multiple AMOs
targeting various isoforms is possible (Bommer et al. 2007). In this respect, genetic
approaches are superior for studying individual miRNA family members, whereas
miRNA sponges (introduced in the next chapter) or multiple AMOs are appropri-
ate for studying miRNA families whose members only contain a common seed
sequence; single AMO studies may simplify the study of nearly identical miRNA
paralogs. Combinations of AMOs targeting unrelated miRNAs have also been used
to disrupt more than one miRNA in the same transfected cells, obviating the need
to make and combine multiple genetic knockouts. Because combinatorial control of
targets by miRNAs may be common (Bartel and Chen 2004), this approach may
prove particularly important for uncovering networks of miRNAs that act together.
Vermeulen et al. (2007) showed that cotransfection of a six-AMO mixture can
effectively derepress reporters for each individual miRNA. Functional studies also
suggest that cotransfection of AMOs is effective. For instance, Pedersen et al. (2007)
tested the efficacy of five interferon-β induced miRNAs with seed matches to Hep-
atitis C genes in antiviral activity; indeed, simultaneous cotransfection of all five
AMOs but not controls, significantly enhanced Hepatitis C RNA production.

Co-application of multiple AMOs while effective in some cases may be prob-
lematic in that control of equal transfection efficiency is difficult, if not impossible.
To tackle the problem, an innovative strategy, the multiple-target AMO technology
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or MT-AMO technology, which confers a single AMO fragment the capability of
targeting multiple miRNAs has been developed in our laboratories (Lu et al. 2009).
This modified AMO carries multiple antisense units that are engineered into a single
unit, which is able to simultaneously silence multiple target miRNAs. Studies sug-
gest the MT-AMO is an improved approach for miRNA target-gene finding and for
studying the function of miRNAs. This novel strategy may find its broad applica-
tion as a useful tool in miRNA research, for exploring biological processes involving
multiple miRNAs and multiple genes and potential as a miRNA therapy for human
disease such as cancer and cardiac disorders.

8.2 Protocols

8.2.1 Designing MT-AMOs

1. Select a particular gene, a particular cellular function or a particular disease for
your study. Then determine, based on published studies, the miRNAs that can
target the gene under test or that are known to be associated with or implicated
in this gene or cellular function or disease;

2. Design anti-miRNA oligonucleotides fragments (AMOs) exactly antisense to the
selected miRNAs for your study. Then link these AMOs in the orientation of
5′-end to 3′-end together to form a long MT-AMO. Note that an AMO can be
a RNA or a DNA (ODN, oligodeoxynucleotide); for commercial synthesis, an
ODN is less costly than a RNA fragment;

3. A linker (CTTAAATG) may be inserted in-between every two AMOs. This
design gives you a MT-AMO that contains all the AMOs needed to knockdown
the miRNAs relevant to the gene or cellular function or disease of your interest;

4. Synthesize the designed MT-AMO fragment with chemical modifications as
described in Chap. 7;

5. Store the MT-AMO construct at −80◦C for future use;
6. Construct a negative control MT-AMO (NC MT-AMO) for verifying the effi-

cacy and specificity of the effects of the MT-AMO. This NC MT-AMO should
be designed based on the sequence of the MT-AMO; simply modifying the
MT-AMO to contain ∼5-nts mismatches at the 5′-end “seed site” to make it
expectedly able to destruct the binding to the target miRNAs (Fig. 8.1).

8.2.2 Validating MT-AMOs

Readers are referred to the steps described in Sect. 7.2.4 for validating the effective-
ness of MT-AMOs.
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MT-AMO1/2/3/4/n

MT-AMO21/155/17-5p

        AMO21

5'-TCAACATCAGTCTGATAAGCTACTTAAATG

AMO155

CCCCTATCACGATTAGCATTAACTTAAATG

AMO17-5p

ACTACCTGCACTGTAAGCACTTTG-3'

AMO4AMO1 AMO2 AMO3 AMOn

linker

Fig. 8.1 Design of Multiple-Target Anti-miRNA Antisense Oligomers (MT-AMO). Upper:
Schematic illustration of a MT-AMO. A MT-AMO incorporates multiple AMO units targeting
different miRNAs. The number of AMO units in a MT-AMO is in theory unlimited; but longer
sequence of a MT-AMO may create unfavorable secondary structure and may also increase the
difficulty of being uptaken into a cell. Lower: Example of a MT-AMO designed to carry 3 AMOs
targeting miR-21, miR-155 and miR-17-5p used in our previous study (Lu Y, Xiao J, Lin H, Bai Y,
Luo X, Wang Z, Yang B 2009). The sequences corresponding to the seed sites of the miRNAs are
in red boldface and are highlighted in yellow. To enhance the stability and affinity, MT-AMO
is chemically modified to have 5 nts at both ends locked with methylene bridges (LNA). An
eight-nucleotide linker (highlighted by blue) is inserted to connect the two adjacent AMO units

8.3 Principle of Actions

Most human diseases are multifactorial and multistep processes. Targeting a single
factor (molecule) may not be adequate and certainly not optimal in disease therapy,
because single agents are limited by incomplete efficacy and dose-limiting adverse
effects. If related factors are concomitantly attacked, better outcomes are expected
and the current combination pharmacotherapy was developed for this reason: a
combination of two or more drugs or therapeutic agents given as a single treat-
ment that successfully saves lives. The “drug cocktail” therapy of AIDS is one
example of such a strategy (Henkel 1999) and similar approaches have been used
for a variety of other diseases, including cancers (Konlee 1998; Charpentier 2002;
Ogihara 2003; Kumar 2005; Nabholtz and Gligorov 2005). However, the current
drug-cocktail therapy is costly and may involve complicated treatment regimen,
undesired drug-drug interactions and increased side effects (Konlee 1998). There
is a need to develop a strategy to avoid these problems and a “one-drug, multiple-
target” strategy is highly desirable. However, it is nearly impossible to confer to
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single compounds the ability to act on multiple target molecules with the traditional
pharmaceutical approaches or the currently known antigene strategies.

The MT-AMO technology was developed to enable an AMO to target multi-
ple miRNAs in order to effectively interfere with expression of a protein-coding
gene that is regulated by these multiple miRNAs so as to effectively alter a rele-
vant cellular function and physiological process. The basic mechanism of action of
MT-AMOs is identical to the single AMOs described in Chap. 7.

8.4 Applications

In addition to the applications of regular AMOs stated in Chap. 7, our MT-AMO
technology, a ‘one-drug, multiple-target’ strategy, bears further superiority. In the-
ory, it mimics the well-known drug cocktail therapy. But it is devoid of the weak-
nesses of the drug cocktail therapy, involving complicated treatment regimens,
undesirable drug-drug interactions and increased side effects. The MT-AMO tech-
nology offers resourceful combinations of varying AMOs for concomitantly tar-
geting multiple miRNAs for studying or treating biological and pathophysiological
processes involving multiple factors.

We have validated the technique with two separate MT-AMOs: anti-miR-21/
anit-miR-155/anti-miR-17-5p (MT-AMO21/155/17) and anti-miR-1/anti-miR-133
(MT-AMO1/133) (Lu et al. 2009).

miR-21, miR-155 and miR-17-5p are proven oncogenic miRNAs overexpress-
ing in several solid cancers (Iorio et al. 2005; Volinia et al. 2006) and miR-1 and
miR-133 are muscle-specific miRNAs crucial for myogenesis. We first tested the
ability of MT-AMO21/155/17 and MT-AMO1/133 to inactivate their respective tar-
get miRNAs by luciferase reporter assays. We then evaluated the effects of the two
MT-AMOs on the protein levels of predicted target genes tumor suppressor genes
TGFBI, APC and BCL2L11 for miR-21, miR-155 and miR-17-5p, respectively and
HCN2 (a subunit of pacemaker channel) and Cav1.2 (α-subunit of L-type Ca2+

channel encoded by CACNA1C) for miR-1 and miR-133, respectively. We fur-
ther demonstrated that MT-AMO21/155/17 induced MCF-7 human breast cancer cell
death with a greater efficacy and potency than the regular singular AMOs (Lu et al.
2009).

8.5 Advantages and Limitations

The MT-AMO technology is a simple and efficient approach to study a complicated,
multifactorial cellular process that is regulated by multiple miRNAs. When contain-
ing AMO units towards miRNA seed families, MT-AMOs are capable of knocking
down members of multiple miRNA seed families.
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However, many important issues remain unresolved in validating the MT-AMO
technology as a gene therapy strategy. The optimal combination of targets for an
MT-AMO remains unknown. In the example study described above, we tested
“three-in-one” MT-AMOs. In theory, “N-in-one” MT-AMOs (N could be any num-
ber of AMO units) can be designed to include more relevant target TFs; however,
larger MT-AMOs may hinder their penetration into the cells and compromise the
effectiveness. More rigorous studies are warranted to define the optimal combina-
tion of length and accessibility of MT-AMOs to optimize desired effectiveness. Our
previous work did not allow us to draw any conclusions as to what the optimal orga-
nization is for multiple AMO units to be placed in a single MT-AMO molecule.
Moreover, efficient delivery of MT-AMOs into a cell is another challenge to using
MT-AMOs as therapeutic agents, as in other nucleotide-based technologies such
as siRNA, antisense, ribozyme, aptamers, etc. Another difficulty is to maintain an
effective concentration of MT-AMO within a cell for a sufficient period of time. At
present, investigation on modifications of MT-AMOs to enhance efficiency of trans-
fection and to strengthen the stability within a cell so as to prolong the duration of
actions is an active field of research. Constructing MT-AMO into virus vectors, such
as adenovirus, lentivirus, etc., might be a reasonable approach to offset the weakness
of the nucleotide technologies.
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Chapter 9
miRNA Sponge Technology

Abstract MiRNA Sponge technology is an innovative approach used to gener-
ate RNAs containing multiple, tandem binding sites for a miRNA seed family of
interest and able to target all members of that miRNA seed family. When vectors
encoding the miRNA sponges are transiently transfected into cultured cells, they
depress miRNA targets as strongly as the conventional AMOs described in Chap. 6.
The major advancement of this technique over the AMO technique is that it can bet-
ter inhibit functional classes of miRNAs than do AMOs that are designed to block
single miRNA sequences. The main principle of the miRNA Sponge technology
is identical to the MT-AMO technology described in Chap. 7: targeting multiple
miRNAs. The miRNA Sponge technology was established by Sharp’s laboratory in
2007 [Ebert MS, Neilson JR, Sharp PA, Nat Methods 4:721–726 2007; Hammond
SM Nat Methods 4:694–695, 2007]. Similar to the AMO approach, miRNA Sponge
technology belongs to the “targeting-miRNA” and “miRNA-loss-of-function” strat-
egy. The miRNA Sponge technology complies with the ‘Single-Drug, Multiple-
Target’ [Gao H, Xiao J, Sun Q, Lin H, Bai Y, Yang L, Yang B, Wang H, Wang Z,
Mol Pharmacol, 70:1621–1629, 2006] and ‘miRNA Seed Family’ concepts (see
Sect. 2.1.4 for detail).

9.1 Introduction

As reasoned in Sect. 2.1.4 and Chap. 8, many miRNAs are members of families that
share a seed sequence but may have one or more nucleotide changes in the remain-
ing sequence (Bommer et al. 2007; Pedersen et al. 2007; Vermeulen et al. 2007).
Moreover, many miRNAs are expressed from multiple genomic loci (Wang 2008).
To achieve adequate miRNA-loss-of-function for elucidating a certain cellular pro-
cess, the conventional AMO strategy falls short in dealing with multiple miRNAs.
On the other hand, creating genetic knockouts to determine the function of miRNA
families is difficult, as individual miRNAs expressed from multiple genomic loci or
from multiple members of a same miRNA seed family may repress a common set
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of targets containing a complementary seed sequence. Thus, a method for inhibiting
these functional classes of paralogous miRNAs in vivo is needed.

For this reason, Ebert et al. (2007) invented an innovative anti-miRNA approach
termed ‘miRNA sponges’. The idea behind it is to produce a single specie of RNAs
containing multiple, tandem binding sites for a miRNA seed family of interest, in
order to target all members of that miRNA seed family, taking advantage of the fact
that the interaction between miRNA and target is nucleated by and largely depen-
dent on base-pairing in the seed region (positions 2–8 of the miRNA). The authors
constructed sponges by inserting tandemly arrayed miRNA binding sites into the
3′UTR of a reporter gene encoding destabilized GFP driven by the CMV promoter,
which can yield abundant expression of the competitive inhibitor transcripts.

9.2 Protocols

The miRNA Sponge technology shares many similarities with the AMO and the
MT-AMO technologies in that they are all antisense to miRNAs acting on their
target miRNA by base-pairing mechanisms and producing miRNA-loss-of-function
effects. There is therefore no surprise that the protocols involved in the generation
and application of the miRNA inhibitors with these distinct technologies are more
or less the same. The procedures described in this chapter are primarily based upon
the studies reported by Ebert et al. (2007).

9.2.1 Designing miRNA Sponges

1. Select a particular miRNA seed family of your interest for study and further
select a member from this seed family for designing a miRNA sponge. For exam-
ple, miR-17-5p, miR-20 and miR-17–92 are within the same seed family and
miR-30c, miR-30d and miR-30e are within another seed family. Pick any one
member from a seed family as a template for designing a miRNA sponge;

2. Determine a binding site for the selected miRNA that is a sequence perfectly
complementary to the selected member of the miRNA seed family, just like
designing an AMO described in Chap. 7. But this AMO or binding site carries
mismatches in the middle portion to create a bulge (4–7 A:G/G:A wobble pairs)
at positions 9–12 when binding to its target miRNAs. Each of such an AMO is
considered one unit that can be recognized as a binding site by multiple miRNAs
that share the seed;

(The bulge is for preventing RNA interference–type cleavage and degradation of the
sponge RNA through endonucleolytic cleavage by Argonaute 2. For both sponge
classes, sponges with 4–7 bulged binding sites will produce stronger derepressive
effects than sponges with two perfect binding sites. This difference may be due to
the availability of more binding sites in the bulged sponges and/or to the greater
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Fig. 9.1 Design of miRNA sponges according to the protocols by Ebert et al. (2007). (a) Construc-
tion of GFP sponges by inserting multiple identical miRNA binding sites (AMO units) into the
3′UTR of a 2-h destabilized GFP (d2eGFP) reporter gene driven by the CMV promoter. (b) Con-
struction of U6 sponges by subcloning multiple identical AMO units into a vector containing a U6
snRNA promoter with 5′ and 3′ stem-loop elements. (c) The imperfect pairing between a miRNA
and a sponge with bulged binding sites. An example is shown for miR-21. The bulge is designed
to protect against endonucleolytic cleavage by Argonaute 2

stability expected of bulged sponge RNAs compared to sponge RNAs that can be
cleaved by miRNA–loaded Argonaute 2. The imperfect pairing between a miRNA
and a sponge with bulged binding sites is diagrammed for miR-21 in Fig. 9.1);

3. Connect the AMO units in tandem to construct multiple miRNA binding sites
in a single fragment. The 5′-end AMO unit and the 3′-end AMO unit should
each carry restriction enzyme recognition sequence for cloning (e.g., 5′-XhoI
and 3′-ApaI in the study by Ebert et al. (2007)).

4. Ebert et al. (2007) examined 7 miR-20 binding sites in their study. Addition
of more miRNA binding sites to the sponge might increase the potency of the
inhibitor. These authors also tested miRNA sponges with 6, 10 and 18 sites. How-
ever, they found only a marginal increase in activity above 6 sites, with apparently
saturating effect. A spacer with an irrelevant sequence might be inserted in-
between binding sites to optimize the binding of miRNPs to every possible
binding site. But previous results suggest that nearby sites are fully functional
(Doench and Sharp 2004);

5. Design a complementary strand. Synthesize both strands. Anneal the two strands
to form a double-stranded construct;
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6. Construct a miRNA sponge containing RNA polymerase II promoter plasmid
(pcDNA5-CMV-d2eGFP vector, Invitrogen) by inserting the fragment into the
3′UTR (at XhoI and ApaI cloning site) of a reporter gene encoding destabilized
GFP driven by the CMV promoter.

7. Alternatively, one can construct a Pol III plasmid (RNA polymerase III pro-
moter) carrying miRNA sponges to take advantage of strong Pol III promoters,
which are known to drive expression of the most-abundant cellular RNAs. Sub-
clone the fragment carrying tandemly arrayed miRNA binding sites from the
GFP sponge construct described in (3) into a modified U6 small nuclear RNA
promoter-terminator vector, which produces short (<300nt) RNAs with stem-
loop elements (Paul et al. 2003). As construct lacks an open reading frame,
the U6 sponges become substrates for miRNA binding but not for translation
or translational repression;

8. As a negative control, construct a sponge with repeated binding sites com-
plementary to an artificial miRNA based on a sequence from genes but not
complementary to any known miRNA;

9. Perform functional assays to validate the miRNA sponges, as outlined below.

9.2.2 Validating miRNA Sponges

1. Transfect the sponge plasmids into selected cell lines. Ideally, the cells for trans-
fection should contain abundant endogenous target miRNAs, otherwise target
synthetic miRNA (SC-miRNA; see Chap. 3) must be cotransfected. Measure
the levels of targeted miRNAs using real-time qRT-PCR methods or Northern
blot. The levels of miRNA members within the targeted miRNA seed family are
expected to be knocked down as strongly as the conventional AMOs;

2. Construct a miRNA binding site–carrying luciferase reporter gene vector by
inserting the binding site of the target miRNA seed family into the multiple
cloning sites downstream the luciferase gene (3′UTR region). For example, you
can insert a 22-nt fragment containing the 5′ portion 1–8 nts of the miR-17-5p
seed family and an arbitrary sequence of 16 nts. Then, cotransfect a sponge plas-
mid and the luciferase vector at a ratio of 8:1, sponge plasmid to target plasmid,
in a selected cell line. 24∼48h after transfection, measure luciferase activity. The
luciferase activity is expected to increase with application of the miRNA sponge
but not with cotransfection of negative control sponges;

3. The GFP gene in the plasmid can be used for monitoring the transfection effi-
ciency of the sponge plasmids and for tracking those cells that express high
levels of the inhibitor RNA. Simply conduct quantification of GFP transcripts
by real-time PCR in relation to GFP plasmid standards. It was estimated that
GFP mRNAs in transiently transfected 293T cells were at least 1,000–2,000
per cell. Then, this level of expression of a miRNA sponge containing seven
binding sites targeting a miRNA seed family allows inhibition of approximately
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104 miRNAs per cell, which would be sufficient to inhibit most miRNAs in most
cell types;

4. Test the ability of sponges to derepress natural miRNA target genes using West-
ern blot and qRT-PCR methods. The target genes of the selected miRNA seed
family are expected to be upregulated in their expression at the protein level.
The transcript level of miRNA target genes may or may not be altered depending
upon the overall complementarity between the sponge sequence and the target
mRNA sequence.

9.3 Principle of Actions

miRNA sponges are transcripts expressed from strong promoters, containing multi-
ple, tandem binding sites to a selected member of a miRNA seed family of interest.
miRNA sponges act by mechanisms similar to AMO and MT-AMO; they can
sequester targeted miRNAs, disrupt miRISC-mediated targeting in the cytoplasm
and disrupt Drosha processing in the nucleus. But unlike AMO and MT-AMO,
miRNA sponges with bulges are in theory not able to induce degradation of their
targeted miRNA. Detailed comparisons among the miRNA Sponge, AMO and
MT-AMO technologies are given in Table 9.1.

9.4 Applications

Like the AMO and the MT-AMO approaches, the miRNA Sponge technology is
able to interfere with the function of natural, endogenous target miRNAs, the target
genes of the miRNAs and therefore can be used for target validation and phenotypic
analysis.

Table 9.1 Comparisons of major characteristics among the miRNA Sponge, AMO and MT-AMO
technologies

miRNA sponge MT-AMO AMO

Composition mRNA containing
a 3′UTR

DNA or RNA oligos RNA or DNA oligo

Number of Multiple Multiple Single
binding sites (homogenous) (homogenous or

heterogeneous)
Complementarity Seed site (8 nts)

complementarity
Full (22 nts)

complementarity
Seed Full (22 nts)

complementarity
Targeted miRNA Targeted miRNAs

intact
Targeted miRNAs

degradation
Targeted miRNA

degradation
Specificity miRNA-specific &

miRNA seed
family-specific

miRNA-specific &
miRNA seed
family- specific

miRNA-specific

Outcome Derepression
of proteins

Derepression
of proteins

Derepression
of proteins
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A potential extension of the miRNA Sponge technology would be to express
sponges from stably integrated transgenes in vivo. This can be applied to studying
long-term effects of miRNA-loss-of-function in cell lines, drug-inducible miRNA
sponges in xenograft models to investigate miRNA contributions to tumorigenesis
and to treat cancer; bone marrow reconstitution approaches to investigate miRNAs
roles in immune cell development; and maybe germline transgenic sponge mice to
ascertain the functions of miRNAs families at cell, tissue, organ and organism levels.

9.5 Advantages and Problems

1. miRNA sponges are at least as effective as the AMO technology in antagonizing
their target miRNAs;

2. As an alternative to AMOs, miRNA sponges can be expressed in cells, as RNAs
produced from transgenes; these competitive inhibitors are transcripts expressed
from strong promoters, containing multiple, tandem binding sites to a miRNA of
interest;

3. They specifically inhibit miRNAs with a complementary heptameric seed, such
that a single sponge can be used to block an entire miRNA seed family;

4. miRNA sponges can be made stably expressed in cell lines from multicopy chro-
mosomal insertions (by cotransfecting 293T cells with linearized GFP sponge
plasmids and a puromycin selection marker) Ebert et al. (2007) reported that the
stable miR-16 sponge–expressing cell line allowed threefold higher expression
of a miR-16 target, relative to cells transiently transfected with sponge plasmids.

In terms of the limitation of the approach, the same concept that is applied to
AMOs and MT-AMOs is also applicable to miRNA sponges; that is, the action of
miRNA sponges is miRNA-specific but not specific towards a particular protein-
coding gene; by knocking down a miRNA or a miRNA seed family, a miRNA
sponge is deemed to affect all target genes of its targeted miRNAs. In many situa-
tions, this action generates undesirable effects. In such a case, a different approach,
MiRNA-Masking Antisense Oligonucleotides (miR-Mask) technology (Chap. 10)
can be employed instead.
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Chapter 10
miRNA-Masking Antisense Oligonucleotides
Technology

Abstract miRNA-Masking Antisense Oligonucleotides Technology (miR-Mask)
is an AMO approach of a different sort. A standard miR-Mask is a single-stranded
2′-O-methyl-modified oligoribonucleotide (or other chemically modified), which is
a 22-nt antisense to a protein-coding mRNA as a target for an endogenous miRNA of
interest. Instead of binding to the target miRNA like an AMO, a miR-Mask does not
directly interact with its target miRNA but binds to the binding site of that miRNA
in the 3′UTR of the target mRNA by a fully complementary mechanism. In this
way, the miR-Mask covers up the access of its target miRNA to the binding site
to derepress its target gene (mRNA) via blocking the action of its target miRNA.
The anti-miRNA action of a miR-Mask is gene-specific because it is designed to be
fully complementary to the target mRNA sequence of a miRNA. The anti-miRNA
action of a miR-Mask is also miRNA-specific as well because it is designed to target
the binding site of that particular miRNA. The miR-Mask approach is a valuable
supplement to the AMO technique; while AMO is indispensable for studying the
overall function of a miRNA, the miR-Mask might be more appropriate for studying
the specific outcome of regulation of the target gene by the miRNA. This technology
was first established by my research group in 2007 [Xiao J, Yang B, Lin H, Lu Y,
Luo X, Wang Z, J Cell Physiol 212:285–292, 2007b] and a similar approach with the
same concept was subsequently reported by Schier’s laboratory [Choi WY, Giraldez
AJ, Schier AF, Science 318:271–274 2007]. Similar to the AMO approach, miR-
Mask technology belongs to the “targeting-miRNA” and “miRNA-loss-of-function”
strategy.

10.1 Introduction

Each single miRNA may regulate as many as 1,000 protein-coding genes and each
gene may be regulated by multiple miRNAs. This implies that the action of miRNAs
is binding sequence-specific but not gene-specific; similarly, the action of AMO,
thereby MT-AMO and miRNA Sponge, is miRNA-specific but not gene-specific
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either. These properties of miRNAs and AMOs may present obstacles for develop-
ment as therapeutic agents, since they may elicit unwanted side effects and toxicity
through their non-gene-specific functional profiles. For example, the muscle-specific
miRNA miR-1 has the potential to post-transcriptionally repress a number of ion
channel genes including cardiac sodium channel gene SCNCA5, pacemaker chan-
nel gene HCN4, gap junction channel connexin 43, inward rectifier K+channel
KCNJ2 and voltage-dependent K+channel KCND2. Based on this targeting, miR-1
is expected to affect cardiac electrophysiology. Taking the concept of “miRNA as
a Regulator of a Cellular Function”, one can just focus on what miR-1 does on
the cardiac electrophysiology. However, if one wants to understand the mechanisms
using miR-1 loss-of-function strategy, the AMO, MT-AMO and miR-Sponge tech-
nologies will all fall short due to their lack of gene specificity. By knocking down
miR-1, one will potentially alter the expression of all miR-1 target genes mentioned
above.

To emasculate the problem, we have developed the miRNA-Masking Antisense
Oligonucleotides Technology (miR-Mask), which provides a gene-specific strategy
for studying miRNA function and mechanisms. Using the miR-Mask approach, one
is now able to dissect the role of each of the target genes of a miRNA, say the
ion channel genes for miR-1. For instance, one can use a miR-Mask on SCNCA5
to explore the role of miR-1 regulation of this sodium channel on cardiac elec-
trophysiology. Soon after our publication on this technology, Choi et al. (2007)
published a study using essentially the same strategy and they named the technology
“Target Protector”. For convenience and clarity, I suggest using miR-Mask as a
unified name.

10.2 Protocols

1. Analyze sequences to identify the binding site(s) for an endogenous miRNA of
interest, in the 3′UTR of the target mRNA. For example, we have shown that
the muscle-specific miRNA miR-133 represses the protein expression of HERG
K+channel gene KCNH2, contributing to the increased risk of pathologic long
QT syndrome in diabetic cardiomyopathy (Xiao et al. 2007a). We performed
a study to see if we could relieve the repression to reduce the arrhythmogenic
potential in diabetic hearts. For this end, the first step is to analyze the 3′UTR of
KCNH2 around the region containing the binding sequence for miR-133;

2. Design an oligonucleotide fragment of around 22 nts or longer, fully antisense to
the region covering the binding sequence of the miRNA of interest;

3. Blast search to verify the uniqueness of the fragment to ensure the gene-
specificity. Once confirmed, the fragment is considered a miR-Mask;

4. Chemical synthesize the miR-Mask using services provided by commercial com-
panies such as IDT Technologies or Ambion. Remember to chemical modify the
oligonucleotide as described in Chap. 6;
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5. Transfect the miR-Mask into cells to study the enhancing effects on protein
expression of the target gene. In the case of a miR-Mask for KCNH2 and
miR-133, we expect to see an increase in the HERG protein level.

10.3 Principle of Actions

The miR-Mask strategy was developed to interfere with function of the endogenous
miRNAs in a gene-specific and miRNA-specific manner. The idea is to use a miR-
Mask to regulate the protein expression of the target gene (mRNA) by interfering
with the action of a particular miRNA on this gene. Two prerequisites must be ful-
filled: (1) the presence of a recognition motif for a miRNA within the 3′UTR of the
target gene and (2) the presence of a fragment with unique sequences containing the
miRNA-biding motif, which is sufficiently long (∼22 nts) for miR-Mask binding.
The first prerequisite ensures the miRNA specificity of miR-Mask action and the
second the gene specificity of miR-Mask action.

A miRNA-mask is designed to fully base-pair with the binding motif of an
endogenous miRNA in the 3′UTR of the target mRNA. Upon delivery into the
cell, the miR-Mask is expected to bind itself to the region to block the access of
that endogenous miRNA to the site of action. In this way, the miR-Mask disrupts
miRNA:mRNA interaction to relieve the repressive action of the miRNA on the
target gene to promote the protein expression of that gene.

The miR-Mask approach defers from the AMO approach in several aspects,
despite that they both can result in enhancement of gene expression by removing the
repressive effects of a particular miRNA on protein translation of the target mRNA
(Table 10.1).

Table 10.1 Comparisons among miR-Mask, AMO, and conventional antisense oligomer (ASO)

miR-Mask AMO ASO

Structure RNA or DNA RNA or DNA DNA
Targeting mRNA (3′UTR) miRNA mRNA (CdR)
Specificity mRNA-specific

(Gene-specific)
miRNA-specific

(Non-gene-specific)
mRNA-specific

(Gene-specific)
Mode of action miRNA intact mRNA

intact
Cleaving target miRNA Cleaving target mRNA

Mechanism Masking miRNA
binding site in target
mRNA

Relieving translational
repression

Blocking translational
process

Outcome Protein expression ➡

(mRNA level no
change)

Protein expression

➡

(mRNA level

➡

)
Protein expression

➡

(mRNA level no
change)

Note: CdR represents coding region; miRNA and mRNA are underlined to highlight the difference
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1. An AMO is designed to entirely base-pair with the sequence of the target
miRNA, whereas a miR-Mask is designed based on the sequence of the target
site for a miRNA in the 3′UTR of the target mRNA. In other words, miR-Mask
acts like a protector of the gene from being inhibited by miRNA.

2. An AMO interacts with (binds to) its target miRNA and may well cause degra-
dation of that miRNA such that all functions of that miRNA are deemed to be
eliminated, whereas a miR-Mask interacts with (binds to) its target mRNA and
does not induce miRNA degradation such that the function of that miRNA on
other genes is intact. In this sense, a miR-Mask is not only a target protector but
also a miRNA protector.

3. The action of an AMO is miRNA-specific but not gene-specific and it may well
induce enhancement of expression of multiple genes regulated by the same target
miRNA, whereas a miR-Mask is expected to be gene-specific because it is fully
complementary to the target mRNA sequence and is miRNA-specific as well
because it is designed to target the binding site of that miRNA. Hence, a miR-
Mask is expected to derepress only the target gene.

4. An AMO acts to disrupt miRNA:mRNA interaction by creating an AMO:miRNA
interaction, whereas a miR-Mask disrupts miRNA:mRNA interaction by creating
an ASO:mRNA interaction (ASO: anti-mRNA antisense oligomer).

The miR-Mask approach also defers from the conventional antisense technique in
the following two aspects, despite that they are both entirely complementary to the
target sequences.

1. A conventional antisense oligodeoxynucleotide (ASO) can in theory be designed
to target any part of the protein-coding region of a gene (though the sequences
from the translation start codon are frequently used), whereas a miR-Mask is
limited to the target site of a miRNA in the 3′UTR of a protein-coding gene.

2. The efficacy of a miR-Mask on gene expression depends on the basal activity of
the endogenous miRNA on the target mRNA, while that of a conventional ASO
depends on the interaction between the ASO and the target gene.

3. A conventional antisense ODN binds to its target site in the coding region of a
gene and hinders the protein translation process. Conversely, a miR-Mask binds
to the 3′UTR and masks the target site of a miRNA to block the action of the
endogenous miRNA and enhance protein translation. Thus, the two techniques
produce exactly opposite outcomes: one inhibits but the other enhances gene
expression.

A comparison of the miR-Mask, the AMO and the conventional antisense ODN
techniques is summarized in Fig. 10.1.

10.4 Applications

The miR-Mask technology is an alternative to the AMO approach. But unlike AMO
that acts in a non-gene-specific manner, the miR-Mask finds its particular value in
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Fig. 10.1 Schematic presentation of actions of miRNA-masking antisense oligonucleiotide (miR-
Mask) compared with the conventional antisense oligodeoxynucleotide (ASO) and anti-miRNA
antisense inhibitor oligonucleotide (AMO) technologies. Synthetic nucleic acids are introduced
into the cells. ASO binds to the coding region of the target mRNA and hinders the translation
process; AMOs bind to the target miRNA, resulting in miRNA cleavage; miR-Masks bind to the
binding site of miRNAs in 3′UTR of the target mRNA and prevent miRNAs from binding to the
target mRNA, leading to a relief of translational repression without affecting miRNAs.

targeting miRNA in a gene-specific fashion. It is particularly useful when inhibiting
miRNA action on a particular protein-coding gene without affecting the level of this
miRNA and its silencing effects on other genes is retained.

We have validated the miR-Mask technology by testing its application to the car-
diac pacemaker channel-encoding genes HCN2 and HCN4 (Xiao et al. 2007b). We
created miR-Masks that are able to bind to HCN2 and HCN4 and prevent the repres-
sive actions of miR-1 and miR-133. These miR-Masks resulted in enhanced protein
expression of the pacemaker channels and increased pacemaker activities revealed
by whole-cell patch-clamp recordings. Functionally, the miR-Masks for HCN chan-
nels cause acceleration of heart rate in rats, simulating “biological pacemakers”
(Xiao et al. 2007b).

This technology has also been validated by a recent study in which the authors
investigated the role of zebrafish miR-430 in regulating expression of TGF-β Nodal
agonist squint and antagonist lefty, the key regulators of mesendoderm induction
and left-right axis formation (Choi et al. 2007). They designed miR-Masks, which
they called target protector morpholinos, complementary to miRNA binding sites in
target mRNAs in order to disrupt the interaction of specific miRNA:mRNA pairs.
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Protection of squint or lefty mRNAs from miR-430 resulted in enhanced or reduced
Nodal signaling.

10.5 Advantages and Limitations

The miR-Mask approach is a valuable supplement to the AMO technique; while
AMO is indispensable for studying the overall function of a miRNA, the miR-Mask
might be more appropriate for studying the specific outcome of regulation of the tar-
get gene by the miRNA. (1) The major advantage of this technology is that it offers a
gene-specific miRNA-interfering strategy, which in many situations is highly desir-
able. (2) This expression-enhancing action of miR-Mask is unique and could have
many applications. (3) The characteristic dual specificities (miRNA-specificity and
gene-specificity) of miR-Mask may be particularly useful for the miRNA:mRNA
interactions consequent to polymorphisms in the protein-coding genes that create
new binding sites for miRNAs.
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Chapter 11
Sponge miR-Mask Technology

Abstract Sponge miR-Mask technology combines the principle of actions of
miRNA Sponge and miR-Mask technologies. Like a miR-Mask but unlike a miRNA
Sponge, a Sponge miR-Mask does not directly interact with a miRNA but is
designed to bind to the binding site of a miRNA seed family in the 3′UTR of
all target mRNAs; like a miRNA Sponge but unlike a miR-Mask, a Sponge miR-
Mask binds by a partial complementary mechanism only with its seed site 8 nts
base-pairing to its target genes. In this way, a Sponge miR-Mask is able to block
access of all members of a miRNA seed family of interest to their binding sites or
a particular miRNA to their multiple binding sites in a gene to target the actions
of all members of that miRNA seed family, leading to derepression of the proteins
from the miRNA seed family. This technology was established by my laboratory in
2008 (unpublished observations). The Sponge miR-Mask technology belongs to the
“targeting-miRNA” and “miRNA-loss-of-function” strategy. The miRNA Sponge
technology complies with the ‘miRNA Seed Family’ concept (see Sect. 2.1.4 for
detail).

11.1 Introduction

miRNAs can be classified into families by their seed sequences (5′-end2–8nts);
miRNAs with the same seed site belong to the same seed family. The members of
the same seed family likely have the same set of target genes or same cellular func-
tions. In other words, a single target gene is regulated by multiple miRNAs sharing
the same seed site. For instance, 19 miRNAs: miR-17-5p (Cloonan et al. 2008;
Matsubara et al. 2007; Volinia et al. 2006), miR-20a-b, miR-93, miR-106(a-b)
(Garzon et al. 2006), miR-198 (Zhao et al. 2009), miR-372 (Voorhoeve et al. 2006),
miR-520a-e,g-h (Bentwich et al. 2005) and miR-519b-e (Bentwich et al. 2005)
all have a seed sequence CAAAGUGCU or AAAGUGCU. The members of this
seed family can all repress STAT3 protein. Moreover, a single target gene (mRNA)
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may bear multiple binding sites in its 3′ UTR for a miRNA or a miRNA seed
family.

In many circumstances, thorough inhibition of target gene repression by a miRNA
is highly desirable. To achieve this goal, inhibition of a whole seed family may be
required. However, none of the miRNAi technologies described in previous chapters
gives us the capability of antagonizing all members of a seed family. The miRNA
Sponge technology was developed for this purpose, as detailed in Chap. 9 (Ebert
et al. 2007; Hammond 2007). Unfortunately, in some cases, miRNA Sponges, while
being able to effectively antagonize the target miRNA when fully antisense to this
miRNA, are ineffective in inhibiting the other members of the same seed family
that have variations in their sequences at 3′-end regions. Moreover, we have experi-
mentally excluded the effectiveness of a truncated AMO that has only 8 nts exactly
antisense to the seed sequence of a target miRNA (eg. miR-1). These results clearly
indicate that full length with full complementarity of an AMO toward its target
miRNA is required for an effective knockdown of the miRNA. An AMO with par-
tial complementarity or partial sequence (e.g., only the seed site) against a miRNA
will not lead to effective knockdown of the target miRNA. This has actually been
demonstrated (Vermeulen et al. 2007).

One approach to tackle this problem is to use the MT-AMO technology devel-
oped in our laboratory (see Chap. 8) (Lu et al. 2009). With this technology, we can
incorporate multiple AMO units with each of them directed against one member of
a seed family of interest.

Alternatively, if one requires removing the function of a seed family but keep-
ing the target miRNAs intact, one can focus on the protein-coding genes (mRNAs),
instead of on miRNAs. This concept is essentially the same as that of our miR-Mask
strategy (Xiao et al. 2007; Choi et al. 2007). One can design an oligodeoxynu-
cleotide fragment with is 5′-end 8 nts exactly the same as or equivalent to (to be
more accurate), the seed sequence of a seed family under test and with the rest of
the region devoid of any seed sites for other miRNAs. This new technology, we
have named Sponge miR-Mask, unites the concepts of miRNA Sponge and miR-
Mask into one entity. The Sponge miR-Mask technology acts to mask or protect the
binding sites of a selected seed family in the 3′UTR of a target mRNA.

11.2 Protocols

1. Select a miRNA seed family to begin your study. For example, the miR-17-5p
family including miR-17-5p, miR-20(a-b), miR-93, miR-106(a-b), miR-198,
miR-372, miR-520(a-e,g-h) and miR-519(b-e) (see Fig. 11.1);

2. Design an oligodeoxyribonucleotide (ODN) fragment exactly the same as the
seed sequence 5′-AAAGUGCU-3′ of this seed family: 5′-AAAGTGCT-3′;

3. Then attach to the 3′-end of this fragment a 22-nt universal ODN fragment
to form a 30-nt Sponge miR-Mask: Seed – ACTTTATCTATCTATTTATCGG.
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Seed Site Seed-free Universal ODN

5’-AAAGUGCUACTTTATCTATCTATTTATCGG-3’

’3--’5

Seed site
(for miR-17-5p family)

Seed site-free
Universal ODN

Fig. 11.1 Diagram illustrating the construction of a Sponge miR-Mask. To enhance the stability
and affinity, the Sponge miR-Mask is chemically modified to have 5 nts at both ends, locked with
methylene bridges (LNA)

For the miR-17-5p seed family, we have AAAGTGCT ACTTTATCTATCTATT-
TATCGG. This universal ODN does not contain any seed sequences for other
miRNAs;

4. Chemical synthesize the Sponge miR-Mask using services provided by commer-
cial companies such as IDT Technologies or Ambion. Remember to chemical
modify the oligonucleotide as described in Chap. 6. We found that LNA mod-
ification yields high affinity to the binding sites and high stability in cells
(unpublished observations);

5. Transfect the Sponge miR-Mask into cells to study the enhancing effects on, or
upregulation of, protein expression of the expected target genes (e.g., STAT3).

11.3 Principle of Actions

The Sponge miR-Mask technology integrates the strategies of miRNA Sponge
(Ebert et al. 2007; Hammond 2007) and miR-Mask Xiao et al. 2007,; Choi et al.
2007) to generate unique oligodeoxribonucleotide (ODN) fragments for interfering
with miRNA function (Xiao et al. 2007; Choi et al. 2007). Each Sponge miR-
Mask ODN contains two parts: 5′-end seed sequence of 8 nts and a 3′-end random
sequence of 22 nts; the seed sequence varies depending on the miRNA seed family
under study whereas the random sequence can be a universal fragment that is sure
of bearing no seed sites for any miRNAs. When introduced into cells, a Sponge
miR-Mask will bind with its seed sequence to any genes containing the correspond-
ing binding sites. When binding, the seed site of a Sponge miR-Mask will entirely
base-pair with the target gene but the universal fragment will only partially base-pair
with the target gene. In this way it blocks the accessibility of endogenous miRNAs
carrying the same seed sequence, the target miRNAs you selected for your study,
to abrogate the actions of those miRNAs resulting in relief of repression of tar-
geted genes (Fig. 11.2). Hence, the Sponge miR-Mask technology belongs to the
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Fig. 11.2 Schematic illustration of the principle of action of Sponge miR-Mask, as compared to
that of miR-Mask. A Sponge miR-Mask, once introduced into a cell (e.g., by transfection), binds
with its seed sequence to the target site in the 3′UTR of the target gene. This binding blocks the
access of all endogenous miRNAs belonging to a same seed family. By comparison, a miR-Mask
blocks only a particular miRNA. The outcome is upregulation of expression of the target gene at
the protein level due to derepression of the translation process

“targeting miRNA” and “miRNA-loss-of-function” strategy. On the other hand, it
targets multiple members of a same seed family, thus it is miRNA seed-specific but
not miRNA-specific. Additionally, as far as the target gene is concerned, the Sponge
miR-Mask technology is not gene-specific.

Sponge miR-Mask and miRNA Sponge share three similarities (Table 11.1).

1. They both are designed to target the members of same miRNA seed families.
2. They both result in relief of repression or upregulation of the target protein-

coding genes.
3. Moreover, they both are non-gene-specific but miRNA seed-specific.

Sponge miR-Mask differs from miRNA Sponge in three aspects.

1. A miRNA Sponge is antisense to its target miRNA and can bind to this miRNA
(AMO:miRNA interaction), whereas a Sponge miR-Mask carries the same seed
sequences of the target miRNAs or is antisense to the binding sites of the target
miRNAs in the 3′UTR of the protein-coding genes (mRNA); they therefore bind
to the protein-coding genes (ASO:mRNA interaction), not the target miRNAs.

2. A miRNA Sponge contains multiple identical AMO units, while a Sponge miR-
Mask contains only one seed site.
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Table 11.1 Comparison of three different miRNAi technologies

miRNA Sponge miR-Mask Sponge miR-Mask

Target Interaction miRNA mRNA carrying the
binding site of an
miRNA

mRNA carrying the
binding sites of a
miRNA or a
miRNA seed
family

Complementarity Seed site (8 nts)
complementarity

Full (22 nts)
complementarity

Seed site (8 nts)
complementarity

Targeted miRNA miRNA degradation miRNA intact miRNA intact
Specificity miRNA seed

family-specific
miRNA-specific

mRNA-specific
miRNA seed

family-specific
Outcome Derepression of

proteins
Derepression of

proteins
Derepression of

proteins

3. A miRNA Sponge may cause degradation of targeted miRNAs, whereas a
Sponge miR-Mask keeps both targeted miRNAs and protein-coding genes intact.

Comparing with a miR-Mask, a Sponge miR-Mask also has similarities and
differences. The similarities include the following points (Table 11.1).

1. Both a miR-Mask and a Sponge miR-Mask directly interact with target protein-
coding genes by binding to sites of endogenous miRNAs in the 3′UTRs of the
genes.

2. Both a miR-Mask and a Sponge miR-Mask upregulate expression of protein-
coding genes by interrupting the miRNA:mRNA interaction.

3. Both a miR-Mask and a Sponge miR-Mask are anti-mRNA antisense ODNs.

The differences between a miR-Mask and a Sponge miR-Mask are indicated by the
following aspects.

1. A miR-Mask is designed to bind to a particular site of a selected target gene by
full base-pairing; it is therefore gene-specific. By comparison, a Sponge miR-
Mask is designed to interact with multiple binding sites for a miRNA or a seed
family by a partial complementary mechanism. The Sponge miR-Mask technol-
ogy is thus non-gene-specific and is able to target any genes carrying the binding
sites for that miRNA seed family.

2. A miR-Mask may carry more than one seed sequence. For instance, in the 3′UTR
of human KCND3 gene (encoding Kv4.3 voltage-dependent K+channel subunit),
there is a region containing the sequence: 5′-AAACCACTGGACAGAGGGC-
CAG-3′, where it carries binding sites for the seed sequences of three dif-
ferent miRNAs. “AGGGCCAG” contains the binding sequence for miR-328,
“CACTGGAC” for miR-145 and “CAGUGGUU” for miR-140. If one designs
a miR-Mask for miR-328, then the fragment actually covers miR-140 and miR-
145 and can possibly affect the effects of these two non-target miRNAs. To avoid
this undesirable effect, one must search for other parts of the 3′UTR sequence to
see if the miR-328 binding site is available for creating a miR-Mask. However,
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if one is to use a Sponge miR-Mask, then one will not have this problem because
a Sponge miR-Mask is able to mask only one binding site.

3. A miR-Mask can normally act to protect only one binding site of a miRNA,
whereas a Sponge miR-Mask is able to act on all binding sites for a miRNA seed
family existing in the 3′UTR of a protein-coding gene. The effect of a Sponge
miR-Mask is expected to be more thorough in case a gene carries multiple
binding sites for a miRNA.

11.4 Applications

The Sponge miR-Mask technology can be used to target a whole miRNA seed fam-
ily aiming at upregulating gene expression of genes at the protein level. We used this
approach to establish STAT3 as a target gene for and the consequent proapoptotic
actions of, the miR-17-5p seed family in cardiac cells (unpublished observations). In
response to oxidative stress, the members of the miR-17-5p seed family are upreg-
ulated in their expression. This upregulation results in repression of STAT3 and
apoptotic cell death. Application of a Sponge miR-Mask to the cells abrogated the
repression of STAT3 and apoptosis by 85 and 77%, respectively. By comparison,
application of a miRNA Sponge toward miR-17-5p produced much smaller effects:
33 and 24% reduction of repression of STAT3 and apoptosis, respectively. This
is explained by the fact that the miRNA Sponge is effective in antagonizing only
miR-17-5p and much less effective in inhibiting other members of the seed fam-
ily. Blockade of miR-17-5p does not prevent the binding of other members of the
seed family to STAT3 to elicit the repressive effect. Similarly, a miR-Mask was also
found to be less effective in reversing the repression of STAT3 and apoptosis (41 and
32%, respectively), compared with the Sponge miR-Mask. This is because there are
three binding sites in the 3′UTR of STAT3 and protection of only one site by the
miR-Mask is insufficient to abolish the post-transcriptional repression of STAT3
by endogenous miR-17-5p seed family members. By comparison, the Sponge miR-
Mask is able to protect all three binding sites to produce greater masking effects. In
such a case, the Sponge miR-Mask demonstrates its superiority over other miRNAi
technologies.

11.5 Advantages and Limitations

The major advantage of the Sponge miR-Mask approach is its ability to simultane-
ously relieve the repressive actions of all members of a same seed family, an effect
highly desirable under many situations. This goal could hardly be achieved by any
other miRMAi technologies.

One obvious limitation of the Sponge miR-Mask technology is associated with
its poor gene-specificity; it is specific to all genes carrying the same seed binding
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site but not to a particular gene. Taking our Sponge miR-Mask for the miR-17-5p
seed family as an example, the Sponge miR-Mask is expected to not only act on
STAT3 but also on any other gene carrying the binding sites for the miR-17-5p seed
family. This can also produce unwanted actions.
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Chapter 12
miRNA Knockout Technology

Abstract The miRNA Knockout (miR-KO) technology aims to generate mouse
lines with genetic ablation of specific miRNAs or targeted disruption of miRNA
genes. This approach allows for investigations of miRNA function related to the
development of particular biological processes and/or pathological conditions in an
in vivo context and in a permanent setting. For some applications, this knockout
strategy has demonstrated its superiority over knockdown strategies such as anti-
sense to miRNA, which are primarily in vitro, transient, local targeting-miRNA
or miRNA-loss-of-function approaches. The first applications of knockout mod-
els to study miRNA function in development were performed in flies in 2005 by
Kwon C, Han Z, Olson EN, Srivastava D [Proc Natl Acad Sci USA 102:18986–
18991, 2005] and by Sokol and Ambros [Genes Dev 19:2343–2354, 2005]. Later,
the miR-KO techniques were introduced to mouse models by Zhao et al. [Cell
129:303–311, 2007] and Thai et al. [Science 316:604–608, 2007]. It seems that
this strategy is increasingly appreciated and favored by recent studies [Kuhnert F,
Mancuso MR, Hampton J, Stankunas K, Asano T, Chen CZ, Kuo CJ, Development
135:3989–3993, 2008; Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, Hill
JA, Richardson JA, Bassel-Duby R, Olson EN, Dev Cell 15:261–271, 2008], though
important limitations exist.

12.1 Introduction

The Targeting-miRNA or miRNA-loss-of-function technologies described in the
preceding chapters are primarily in vitro, transient, local miRNA knockdown strate-
gies, despite that the antagomiR approach offers an opportunity for reasonably
long-lasting, global loss-of-function of specific miRNAs. Often, to understand thor-
oughly the function of miRNAs in the development of biological processes and
pathological conditions, it is highly desirable to have an efficient means of dis-
rupting miRNA genes in an in vivo context and in a permanent and tissue-specific
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manner. Targeted miRNA deletion or miRNA-gene knockout (miR-KO) techniques
meet the requirements for this type of study.

There are in general two ways to disrupt the expression of a protein-coding gene:
targeted homologous recombination or the insertion of gene trap cassettes. Similar
approaches can be applied to miRNA genes.

Intriguingly, in light of the fact that currently about half of the genes in a
mouse have been knocked out and over 50% of known miRNAs are located within
introns of coding genes, a study investigated the possibility that intronic miRNAs
may have been coincidentally deleted or disrupted in some of these mouse mod-
els (Osokine et al. 2008). The authors searched published murine knockout studies
and gene trap embryonic stem cell line databases for cases where a miRNA was
located within or near the manipulated genomic loci. They found almost 200 cases
where miRNA expression may have been disrupted along with another gene. The
results draw attention to the need for careful planning in future knockout studies
to minimize the unintentional disruption of miRNAs. These data also raise the pos-
sibility that many knockout studies may need to be re-examined to determine if
loss of a miRNA contributes to the phenotypic consequences attributed to loss of a
protein-encoding gene.

12.2 Protocols

12.2.1 Homologous Recombination Methods

The neomycin (Neo) resistance cassette using homologous recombination method
has been mostly used for generating specific miRNA knockout mice. It has been
used for miR-1 (Zhao et al. 2007), miR-126 (Wang et al. 2008; Kuhnert et al. 2008),
miR-223 (Johnnidis et al. 2008) and miR-155 (Thai et al. 2007).

1. Select a miRNA to be targeted;
2. PCR amplify a fragment spanning the target miRNA from the mouse genomic

DNA or use restriction enzymes to cut out a fragment covering the target miRNA.

For example, in a study reported by Johnnidis et al. (2008), 5′ and 3′ sequences
flanking the endogenous 110-bp miR-223 locus on the X chromosome were ampli-
fied by PCR from a C57BL/6 genomic BAC clone (BACPAC Resource Center),
generating 6.8-kb and 1.5-kb fragments, respectively. In the study reported by Wang
et al. (2008), a 5.7kb fragment (5′ arm) extending upstream of the miR-126 coding
region and a 1.8-kb fragment (3′ arm) downstream of the miR-126 coding region
was obtained;

3. Clone these homology arms into a vector incorporating both a neomycin resis-
tance cassette for positive selection and a diphtheria toxin (DTA) gene for
negative selection. Alternatively, they can be cloned into the pGKneoF2L2dta
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targeting plasmid upstream and downstream of the loxP sites and the Frt-flanked
neomycin cassette, respectively;

4. Linearize the targeting vector and transfect it into V6.5 embryonic stem (ES)
cells by electroporation (Eggan et al. 2001) or by liposome reagent;

5. Isolate recombinant ES clones after culturing in medium containing G418 antibi-
otic and screen for proper integration by means of PCR amplification of the
interval between the neo cassette and the junction of the short 3′ homology arm
with downstream genomic sequence. Sequencing: verify the sequence;

6. Micro-inject the positive colonies into 3.5 day post-coitus blastocysts to generate
high-percentage chimeras that are to be bred to recover heterozygous mice with
germline transmission;

7. Cross the resulting chimeric offspring (miRNAneo/+mice) to C57BL/6 mice (or
to CAG-, CMV- or HPRT-Cre transgenic mice) to obtain the mutant miRNA
allele;

8. Backcross the male offspring for four generations to C57BL/6 mice congenic for
CD45.1 (Figs. 12.1 and 12.2).

12.2.2 Cre-loxP Methods

A brief description of loxP methods is given below based on the study reported by
Kuhnert et al. (2008).

1. Select a target miRNA for study and obtain the gene encoding this miRNA;
2. Analyze the sequence flanking the precursor miRNA to identify the restriction

sites for NheI at 5′- and NsiI at 3′-regions;
3. Clone a loxP site (Pl452) and a neomycin selection cassette plus a loxP site

(Pl451) into an NheI site 5′ of the miRNA and an NsiI site 3′ of the miRNA,
respectively;

4. Generate delta alleles by crossing to CMV- or HPRT-Cre mice;
5. Analyze the mutant mice in a mixed 129sV/C57Bl/6 genetic background.

12.2.3 FLP-FRT Deletion Methods

Below is an introduction of Drosophila miRNA-1 (dmiR-1) locus deletion using
piggyBac insertion lines, reported in the studies of Kwon et al. (2005) and Sokol
and Ambros (2005).

1. Select transposon elements flanking the region (target miRNA) to be deleted;
2. Maintain fly stocks at 22 or 25◦C on standard media;
3. Let males carrying one element with females carrying a FLP recombinase

transgene;
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Fig. 12.1 Flowchart of using homologous recombination methods to generate miRNA knockout
(miR-OK) mice

4. Then let progeny males carrying both the element and FLP recombinase mate to
females carrying the second element;

5. After two days, subject parents and progeny (progeny contain both the FRT-
bearing elements in trans and FLP recombinase) to a 1 h heat shock by placing
the bottles into a 37◦C water bath. Then remove parents after 72 h of total
egg-laying time and subject the bottles to daily 1 h heat shocks for 4 more days;
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Fig. 12.2 Strategy to generate miRNA mutant mice by homologous recombination, based on the
study reported by Wang et al. (2008). The pre-miRNA sequence in the mouse genomic region is
replaced with a neomycin resistance cassette (NEO) flanked by loxP sites. NEO is removed in
the mouse germline by crossing heterozygous mice to CAG-Cre transgenic mice. DTA:diphtheria
toxin A

6. Raise progeny to adulthood, collect virgin females and cross them to males
containing marked balancer chromosomes;

7. Cross individual progeny males (five w – males for a w – deletion; 50 males for a
w + deletion) pairwise to virgin females to generate additional progeny for PCR
confirmation analysis and to balance the stocks in an isogenic background;

8. PCR confirm FLP-FRT-based deletions using purified genomic DNA from homog-
enized flies from each isolate line. In general, it is sufficient to test 5 putative lines
for each w – deletion and 50 putative lines for each w+ deletion.

12.3 Principle of Actions

The miR-KO silences expression of a particular miRNA with concomitant derepres-
sion of the target protein-coding genes of that miRNA, via a complete, miRNA-
specific and may be temporal- and tissue-specific, genetic ablation of the target
miRNA.
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12.4 Applications

miR-KO technology has increasingly found its value in miRNA research. More and
more studies using this approach are appearing in the literature. Its future application
to the field is expected to be more and more appreciated.

1. To acquire a conclusive evidence for the role of a target miRNA through perma-
nent removal of a target miRNA.

2. To allow for controllable or conditional miRNA silencing (Vong et al. 2005).
3. To allow for studying miRNA-loss-of-function at both in situ cellular level and

in vivo whole-animal context.

miR-KO technology has been applied to studying the consequences of loss-of-
function of particular miRNAs on a few occasions.

In Drosophila, deletion of the single miR-1 gene (dmiR-1), expressed specifi-
cally in cardiac and somatic muscle, results in a defect in muscle differentiation or
maintenance (Kwon et al. 2005; Sokol and Ambros 2005).

To define the in vivo function of a specific miRNA in mammals, Zhau et al. (2007)
targeted the miR-1-2 sequence for deletion by homologous recombination in mouse
embryonic stem (ES) cells.

Targeted deletion of miR-126 in mice suggests that miR-126 functions as an
endothelial cell-specific regulator of angiogenic signaling (Wang et al. 2008). The
knockout model results in vascular leakage, hemorrhaging and embryonic lethal-
ity in a subset of mutant mice. These vascular abnormalities can be attributed to a
loss of vascular integrity and defects in endothelial cell proliferation, migration and
angiogenesis. The subset of mutant animals that survives is prone to cardiac rup-
ture and lethality following myocardial infarction with defective vascularization of
the infarct. The proangiogenic actions of miR-126 correlate with its repression of
Spred-1, a negative regulator of MAP kinase signaling.

Another study explored the functions of both Egfl7 and its embedded miRNA,
miR-126, using floxed alleles to selectively disrupt each gene without reciprocal
perturbation (Kuhnert et al. 2008). The endothelial expressed Egfl7/miR-126 locus
contains miR-126 within Egfl7 intron 7 and angiogenesis deficits have been pre-
viously ascribed to Egfl7 gene-trap and lacZ knock-in mice. Selectively floxed
Egfl7 and miR-126 alleles revealed that Egfl7-floxed mice are phenotypically nor-
mal, whereas miR-126-floxed mice bearing a 289-nt microdeletion recapitulate
previously described Egfl7 embryonic and postnatal retinal vascular phenotypes.
Regulation of angiogenesis by miR-126 was confirmed by endothelial-specific dele-
tion and in the adult cornea micropocket assay. Furthermore, miR-126 deletion
inhibits VEGF-dependent Akt and Erk signaling by derepression of the p85β subunit
of PI3 kinase and of Spred1, respectively. These studies demonstrate the regu-
lation of angiogenesis, by an endothelial miRNA, attribute previously described
Egfl7 vascular phenotypes to miR-126 and document the inadvertent disruption of
miRNA expression by conventional deletion and gene-trap knockout approaches in
mice, as recently predicted in a bioinformatics analysis by McManus and colleagues
(Osokine et al. 2008).
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Using genetic deletion in conjunction with transgenic approach, Thai et al. (2007)
showed that the evolutionarily conserved miR-155 has an important role in the
mammalian immune system, specifically in regulating T helper cell differentiation
and the germinal center reaction to produce an optimal T cell–dependent anti-
body response. miR-155 exerts this control, at least in part, by regulating cytokine
production.

Johnnidis et al. (2008) reported that the myeloid-specific miR-223 negatively reg-
ulates progenitor proliferation and granulocyte differentiation and activation, acting
as a fine-tuner of granulocyte production and the inflammatory response. miR-223
mutant mice have an expanded granulocytic compartment resulting from a cell
autonomous increase in the number of granulocyte progenitors. They further iden-
tified MEF2c, a transcription factor that promotes myeloid progenitor proliferation,
is a target of miR-223 and that genetic ablation of MEF2c suppresses progenitor
expansion and corrects the neutrophilic phenotype in miR-223 null mice. In addi-
tion, granulocytes lacking miR-223 are hypermature, hypersensitive to activating
stimuli and display increased fungicidal activity. As a consequence of this neu-
trophil hyperactivity, miR-223 mutant mice spontaneously develop inflammatory
lung pathology and exhibit exaggerated tissue destruction after endotoxin challenge.

Nonetheless, it should be noted that miR-KO will hardly be used for therapeutic
purpose.

12.5 Advantages and Limitations

Genetically modified mouse models in which a specific gene is removed or replaced
have proven to be powerful tools for identification/validation of target gene and
scientific understanding of molecular mechanisms underlying gene expression reg-
ulation through mechanistic studies. If properly designed and appropriately applied,
miRNA-knockout approach offers a most clean and complete loss of function of
miRNAs. Yet in spite of all these advantages, there are significant limitations of
genetically modified mouse models.

1. One drawback to disrupt a single miRNA gene is that many miRNAs are mem-
bers of a family of closely related miRNAs encoded by more than one gene
located on different chromosomes and often display redundancy in the primary
coding sequence with the functions of which being redundant but yet can be dif-
ferentially regulated at the transcriptional and post-transcriptional levels. This
makes genetic knockout of miRNAs difficult, if not impossible.

2. Another challenge in phenotypic discovery using miRNA gene disruption tech-
niques is the unknown manner in which multiple miRNAs interact to carry out
functions in the cell.

3. Modification of a given gene does not always result in the anticipated phenotype.
In some instances, phenotypes of targeted mouse mutants may not be those pre-
dicted from the presumed function of the given genes, while other null mutants
demonstrate no apparent defects.
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4. Furthermore, the phenotypic outcome can be influenced by many environmental
and genetic factors. Therefore, interpretation of the significance of the findings
from studies using genetically modified mouse models is not always as straight-
forward as one would expect, especially when desire is to extrapolate the findings
to humans.

5. Compared to available miRNA-knockdown approaches, miRNA-knockout is a
relatively difficult, complicated, time-consuming, costly procedure.
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Chapter 13
Dicer Inactivation Technology

Abstract Targeting miRNAs via interrupting the miRNA biogenesis pathway has
become an important alternative to directly targeting mature miRNAs. In the-
ory, every single one of the components along the miRNA biogenesis could be
manipulated to disrupt the pathway. Dicer, which is critical for processing of pre-
miRNAs into their mature form, has been a popular target helping to assess the
global requirement for miRNAs in mammalian biology. Numerous studies using
the Dicer inactivation approach have been documented. While this approach pro-
vides an invaluable means of studying the global requirement of miRNA for certain
biological and pathophysiological processes, it has its inherent limitations. The
Dicer inactivation technology is in general a miRNA-loss-of-function strategy;
nonetheless, as will be pointed out, it can give rise to paradoxical gain-of-function
outcomes.

13.1 Introduction

An alternative to the miR-KO or targeted miRNA knockdown described in previous
chapters is to disrupt the biogenesis pathway of miRNAs.

DGCR8 is an RNA-binding protein that assists the RNase III enzyme Drosha in
the processing of miRNAs, a subclass of small RNAs. A Dgcr8 knockout model has
been created to study the role of miRNAs in ES cell differentiation by generating.
Analysis of mouse knockout ES cells shows that DGCR8 is essential for biogenesis
of miRNAs (Wang et al. 2007).

Deficiency in Ago2 impairs miRNA biogenesis from precursor miRNAs fol-
lowed by a reduction in miRNA expression levels. In mice, disruption of Ago2
leads to embryonic lethality early in development after the implantation stage
(Morita et al. 2007). Another study showed that Ago2 controls early development
of lymphoid and erythroid cells (O’Carroll et al. 2007).

Specific deletion of Drosha throughout the T cell compartment results in sponta-
neous inflammatory disease and autoimmunity (Chong et al. 2008).
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Even though, a majority of studies taking the approach of miRNA biogenesis
disruption targets Dicer. Dicer, being critical for processing of pre-miRNAs into
their mature form, has become the most popular and efficient target for studying the
global requirement of miRNA for various biological processes. The expression of
Dicer in several adult tissues demonstrated that Dicer is strongly expressed in the
heart, liver and kidney (Yang et al. 2005), suggesting that Dicer may have a more
specialized function in these organs. Lower levels of Dicer expression are observed
in the brain, spleen, lung, skeletal muscle and testis.

13.2 Protocols

Dicer is an RNase III; all currently available gene knockdown and knockout tech-
niques could be applied to render Dicer inactivation. These include knockdown
techniques such as siRNA and antisense and knockout techniques such as homol-
ogous recombination and gene insertion. The procedures for establishing Dicer
knockout mouse models are essentially the same as those already described in
Chap. 12 for miRNA knockout. Below, I give an example of Dicer knockout using
the homologous recombination methods.

13.2.1 Neomycin-Expression Cassette Methods (Homologous
Recombination)

1. Digest the mouse CITB BAC library BamHI-XhoI to obtain a fragment of
∼10-kb long. Then ligate this fragment into a pBluescript plasmid (Stratagene);

2. Replace the 1.2-kb HindIII-PmlI fragment containing exons 1 and 2 of Dicer by
a neo expression cassette to construct a Dicer-targeting vector;

3. Introduce the vector into Bruce-4 ES cells derived from C57BL/6 mice to estab-
lish Dicerneo/+ ES cell clone as described (Kanellopoulou et al. 2005). Verify
recombination by PCR assays of DNA from tail biopsies, using a 3′-flanking
probe, a 5′-flanking probe and a neo probe. Both the 3′- and 5′-probes can be
generated by PCR reaction off the BAC clone. The PCR primers are 3′-probe:
5′-TCTTCGTCGAAACGTACAAG-3′ and 5′-TGGAAAGACCCTCATTCC-
AAG-3′ and 5′-probe: 5′-GTTATTACCACTAAATATCACG-3′ and 5′-CT-GCC-
AAGGCTTTGTTTCAC-3′. The neo probe is a 259-bp PstI fragment from a
plasmid containing the neo cassette;

4. Then inject a heterozygous Dicerneo/+ ES cell clone into blastocysts to derive
chimeric mice and implant into pseudopregnant females;

5. The neomycin-resistance cassette (neo) is flanked by Flp recognition target sites
and can be removed from the conditional Dicer allele by Flp recombinase. Thus,
to generate DicerFlp/+offspring, a founder Dicerneo/+chimeric mouse needs to
be bred to a Flp deleter transgenic mouse (Rodriguez et al. 2000) to yield
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heterozygous F1 offspring, which will be then intercrossed to produce +/+,
+/−, −/− offspring;

6. Confirm genotypes of mice by PCR reaction using the primers KOF (5′-AGCCA-
TCTCCCCAGAAGTCC-3′), which is the forward primer common for both the
wild-type and the targeted allele, KOR2 (5′-CCAAAGAACGGAGCCGGTTG-
3′) and KOR1 (5′-CGTGTAGGGTTCAGTCATTCGT-3′), which are designed
for the amplification of the wild-type and the targeted alleles, respectively;

7. To generate T cell–specific KO mice, CD4cre transgenic mice (Srinivas et al.
2001) need to be bred to DicerFlp/+mice and progeny need to be intercrossed.
Then, breed R26R-YFP mice to DicerFlp/+

13.2.2 Cre-loxP Methods

The detailed information regarding the knockout mice carrying the Dicer floxed
allele has been described previously (Yi et al. 2006).

1. Flox exon 23 of the Dicer locus by two loxP loci (referred to as DicerFlox);
2. Let the DicerFlox/Flox mice mate with Zp3-Cre transgenic mice, which express

Cre recombinase under the control of the Zona pellucida glycoprotein 3 promoter
(de Vries et al. 2000; Sohal et al. 2001);

3. Then let the DicerFlox/+/Zp3-Cre female mice mate with DicerFlox/Flox male
mice. This mating will generate Dicer−/Flox/Zp3-Cre mice;

4. Following the deletion of the floxed allele in the oocyte, we generate oocytes that
are the null mutants for Dicer.

13.3 Principle of Actions

The application of Dicer inactivation technology is fairly simple and straightfor-
ward: to disrupt miRNA biogenesis for exploring the role of Dicer or miRNA in
certain biological or pathophysiological processes.

Disrupt the Dicer gene via homologous recombination in embryonic stem cells.
Because exon 1 contains the putative translation initiation codon AUG, an elimina-
tion of the first two exons of the mouse dicer gene with a neo expression cassette is
deemed to abolish the expression of a functional Dicer protein.

13.4 Applications

Dicer inactivation is a powerful approach to defining the global requirement of
miRNAs in virtually any kind of biological process of organisms. It has the fol-
lowing applications in miRNA research.



186 13 Dicer Inactivation Technology

1. To achieve a global loss-of-function of literally all cellular miRNAs.
2. To create permanent loss-of-function of the miRNA population.
3. To allow for controllable or conditional upregulation of protein-coding genes in

a non-specific fashion.
4. To allow for studying miRNA-loss-of-function at both in situ cellular level and

in vivo whole-animal context.

Application of the Dicer Inactivation Technology has been realized on a number
of occasions. Below are a few examples to give readers an idea of what we know
about miRNA function using this approach.

miRNAs are required for cell-lineage decisions (Gu et al. 2008). Dicer germline
null allele results in embryonic lethality. Dicer inactivation homozygous embryos
displayed a retarded phenotype and died between days 12.5 and 14.5 of gestation
(Yang et al. 2005). To avoid this problem, a floxed Dicer allele was deleted using
a myocardium-restricted, temporally regulated Cre deleter strain in one study (da
Costa Martins et al. 2008). Inactivation of Dicer in the postnatal heart results in
severe cardiac malfunction and failure regardless of the timing of gene deletion.
The malfunction includes spontaneous cardiac remodeling, impairment of cardiac
function and premature death within 1 week. Dicer ablation in 8-week-old mice
provokes a remarkably rapid and spontaneous myocardial growth, accompanied by
a severe histopathology. In the adult myocardium, loss of Dicer induced rapid and
dramatic biventricular enlargement, accompanied by hypertrophic growth of car-
diomyocytes, myofiber disarray, ventricular fibrosis, strong induction of fetal gene
transcripts and functional defects. The apparent phenotypic difference between post-
natal Dicer ablation in juvenile and adult myocardium likely reflects the different
maturing states of the postnatal myocardium and could point toward relative differ-
ences between overall miRNA biogenesis and biological contribution in the juvenile
versus adult myocardium. Clearly, Dicer depletion in the juvenile heart provoked an
overall tendency toward arrhythmogenesis and less marked myocyte hypertrophy,
whereas in the adult myocardium pronounced myocyte hypertrophy and angiogenic
defects were observed.

miRNAs are required for lung development. Conditional deletion of Dicer in
embryonic lung epithelium leads to inhibition of branching and increased apop-
tosis (Harris et al. 2006), suggesting that miRNAs play an important role in lung
development.

miRNAs are required for lymphocyte development. (1) Deletion of Dicer at
an early stage of T cell development compromised the survival of alphabeta lin-
eage cells, whereas the numbers of gammadelta-expressing thymocytes were not
affected (Cobb et al. 2005). In disease-free mice lacking Dicer in all T cells or har-
boring both Dicer-deficient and -sufficient T reg cells, Dicer-deficient T reg cells
were suppressive, albeit to a lesser degree, whereas their homeostatic potential was
diminished as compared with their Dicer-sufficient counterparts. However, in dis-
eased mice, Dicer-deficient T reg cells completely lost suppressor capacity. Thus,
miRNA preserve the T reg cell functional program under inflammatory conditions
(Liston et al. 2008). (2) To explore the role of Dicer-dependent control mechanisms
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in B lymphocyte development, we ablated this enzyme in early B cell progenitors
(Koralov et al. 2008).

miRNAs are required for cell-lineage decisions (Gu et al. 2008). (1) Using a
transgenic line in which Cre recombinase is driven by the anti-Müllerian hormone
receptor type-2 promoter, Nagaraja et al. (2008) conditionally inactivated Dicer in
the mesenchyme of the developing Müllerian ducts and postnatally in ovarian gran-
ulosa cells and mesenchyme-derived cells of the oviducts and uterus. Deletion of
Dicer in these cell types results in female sterility and multiple reproductive defects
including decreased ovulation rates, compromised oocyte and embryo integrity,
prominent bilateral paratubal (oviductal) cysts and shorter uterine horns. (2) A study
analyzed function of miRNA biogenesis in germ cell development by using condi-
tional Dicer-knockout mice in which Dicer gene was deleted specifically in the germ
cells. Dicer-deleted PGCs and spermatogonia exhibited poor proliferation. Retro-
transposon activity was unexpectedly suppressed in Dicer-deleted PGCs but not
affected in the spermatogonia. In Dicer-deleted testis, spermatogenesis was retarded
at an early stage with proliferation and/or early differentiation (Hayashi et al. 2008).
(3) Mice lacking functional miRNAs in the developing podocyte were generated
through podocyte-specific knockout of Dicer. These results suggest that miRNA
function is dispensable for the initial development of glomeruli but is critical to
maintain the glomerular filtration barrier (Ho et al. 2008; Harvey et al. 2008; Shi
et al. 2008).

miRNAs are required for development and function of other organs and tis-
sue (Suarez et al. 2008; Zhang and Nuss 2008; Zhao et al. 2007, Davis et al.
2008; Giraldez et al. 2005). (1) In mice, interference with miRNA biogenesis by
tissue-specific deletion of Dicer revealed a requirement of miRNA function dur-
ing limb outgrowth (Harfe et al. 2005) and in development of skin progenitors (Yi
et al. 2006). (2) Ablation of Dicer in embryonic fibroblasts was found to upregulate
p19(Arf) and p53 levels, inhibit cell proliferation and induce a premature senescence
phenotype that was also observed in vivo after Dicer ablation in the developing
limb and in adult skin (Mudhasani et al. 2008). (3) In newborn mice carrying an
epidermal-specific Dicer deletion, hair follicles were stunted and hypoproliferative.
These results reveal critical roles for Dicer in the skin and implicate miRNAs in key
aspects of epidermal and hair-follicle development and function (Andl et al. 2006).
(4) Retinal Dicer knock-out mice displayed a reproducible inability to respond to
light (Damiani et al. 2008). (5) To test the requirement for Dicer in cell-lineage
decisions in a mammalian organism, a conditional allele of dicer-1 (dcr-1) in the
mouse was generated (Muljo et al. 2005).

13.5 Advantages and Limitations

After a number of applications to various conditions, Dicer inactivation technology
has reached its mature stage for miRNA research, although it is bound by a few
inherent limitations:
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1. Dicer inactivation technology can be applied to study the global requirement
of miRNA for certain biological and pathophysiological processes. But it does
not allow for identification of key miRNAs to the processes; and does not
even provide any information as to what particular miRNAs are involved in the
processes.

2. The idea behind Dicer ablation is to interrupt biogenesis of miRNAs to reduce
miRNA levels. That is, it is perceived by concept as a “loss-of-function” approach.
However, in reality this aim may not be achievable in some circumstances. The
opposite outcome, “gain-of-function”, might be seen with this approach. For
example, in a study reported by da Costa Martins et al. (2008), the authors failed
to observe a preponderance of miRNA repression, despite efficient genetic Dicer
deletion in the adult heart. While this may reflect the slow turnover or long half-
life of certain endogenous miRNAs (Kim 2005), the observation that a subset of
miRNAs was unexpectedly upregulated remained unexplained.

3. Dicer depletion can well result in lethality of animals rendering failure of fur-
ther investigation. For instance, somatic Dicer loss results in embryonic lethality
(Bernstein et al. 2003; Yang et al. 2005). Embryos or newborn mice lacking Dicer
in developing heart succumb at embryonic day 12.5 or day 4 after birth with
pericardial edema and a very poorly developed ventricular myocardium (Zhao
et al. 2005; Chen et al. 2008).

The most important caveat regarding those experiments that disrupt miRNA bio-
genesis is the unknown extent to which other disrupted cellular functions contribute
to the phenotype and to what extent the organism can circumvent a single gene
knockout or knockdown.
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