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Abstract MicroRNAs (miRNAs), widely distributed,
small regulatory RNA genes, target both messenger RNA
(mRNA) degradation and suppression of protein translation
based on sequence complementarity between the miRNA
and its targeted mRNA. Different names have been used to
describe various types of miRNA. During evolution, RNA
retroviruses or transgenes invaded the eukaryotic genome
and inserted in the non-coding regions of DNA, conceiv-
ably acting as transposon-like jumping genes, providing
defense from viral invasion and fine-funing of gene
expression as a secondary level of gene modulation in
eukaryotes. 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.
Recently, miRNAs have been found to play an important,
but not life-threatening, role in embryonic development.
They might play a pivotal role in diverse biological sys-
tems in various organisms, facilitating a quick response and
accurate plotting of body physiology and structures. Based
on these unique properties, man-made intronic miRNAs
have been developed for in vitro evaluation of gene func-
tion, in vivo gene therapy and generation of transgenic
animal models. The biogenesis and identification of
miRNAs, potential applications, and future directions for
research are presented, hopefully providing a guideline for
further miRNA and gene function studies.
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Abbreviations

Dicer RNaselll-familial endoribonucleases
dsRNA Double-stranded RNA

Id-miRNA Intronic miRNA

miRNA MicroRNA

ncRNA Non-coding RNA

PTGS Post-transcriptional gene silencing
RdRp RNA-directed RNA polymerases
RISC RNA-induced silencing complex
RNAIi RNA interference

shRNA Short hairpin RNA

siRNA Short interfering RNA

smRNA Small modulatory RNA

snoRNA Small nucleolar RNA

stRNA Small temporal RNA

tncRNA Tiny non-coding RNA
Introduction

The microRNA (miRNA) is a form of small, single-
stranded RNA, 18-25 nucleotides long. It is transcribed
from DNA, instead of being translated into protein, and
regulates the functions of other genes in protein synthesis.
Therefore, miRNAs are genes that modulate other protein-
coding genes.

Even after considering the thousands of new putative
genes identified from sequencing of human genome as well
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as the genes encoding tRNAs, ribosomal RNAs (rRNAs),
and snoRNAs, still, nearly 95% of the genome is non-
coding DNA, a percentage which varies from species to
species. Changes in these sequences are frequently asso-
ciated with clinical and circumstantial malfunction. Some
of these non-coding sequences are responsible for RNA-
mediated gene silencing through an RNA interference
(RNAI)-like mechanism. One potentially important class of
genes corresponding to RNAs that lack significant open
reading frames and appear to encode RNA as their final
product is the miRNAs. These miRNAs can play critical
roles in development, protein secretion, and gene regula-
tion. Some of them are naturally occurring antisense
RNAs, whereas others have more complex structures. To
understand the diseases caused by dysregulation of these
miRNAs, a tissue-specific expression system is needed to
recreate the function and mechanism of individual miRNA
in vitro and in vivo.

This article provides a simple and general view of the
concept that RNAs can directly regulate gene functions,
with particular attention to a step-by-step approach to the
study of miRNA. Hopefully, this information will help
researchers who are new to this field to overcome problems
encountered in the functional analysis of miRNA.

Small RNAs or Non-coding RNAs

A non-coding RNA (ncRNA) is any RNA molecule that
functions without being translated into a protein. An
ncRNA is also called small RNA (sRNA). Less frequently,
it is called non-messenger RNA (nmRNA), small non-
messenger RNA (snmRNA), tiny ncRNA (tncRNA), small
modulatory RNA (smRNA), or small regulatory RNA.
Broadly speaking, the DNA sequence from which an
ncRNA is transcribed can be considered to be an RNA
gene.

In this article, we will confine our discussion to small
RNAs; that is, transcripts of less than 300 nucleotides (nt)
that participate directly in RNA processing and degrada-
tion, but indirectly in protein synthesis and gene regulation.
Because RNA polymerases type II (Pol-II) are inefficient in
generating small RNAs of this size, the small RNAs are
either directly transcribed by RNA polymerases type III
(Pol-III) or indirectly processed from a large transcript of
Pol-II.

Transfer RNA
The most prominent example of ncRNA is transfer RNA

(tRNA), which is involved in the process of translation and
is the first type of small RNA identified and characterized

[1]. Transfer RNA is RNA that transfers a specific amino
acid to a growing polypeptide chain at the ribosomal site of
protein synthesis during translation. The tRNA is a small
RNA, 74-93 nucleotides long, consisting of amino-acid
attachment and codon recognition sites, allowing transla-
tion of specific amino acids into a polypeptide. The
secondary and tertiary structure of tRNAs are cloverleaves
with 4-5 domains and an L-shaped 3D structure,
respectively.

Nucleolar RNA

Another example of ncRNA is rRNA, which is the primary
constituent of ribosomes. TRNA is transcribed from DNA
and in eukaryotes it is processed in the nucleolus before
being transported through the nuclear membrane. This type
of RNA may produce small nucleolar RNA (snoRNAs), the
second type of small RNA. Many of the newly discovered
snoRNAs are synthesized in an intron-processing pathway.
Several snoRNAs and snoRN proteins (RNPs) are known
to be needed for processing of ribosomal RNA, but precise
functions remain to be defined. In principle, snoRNAs
could have several roles in ribosome synthesis including
folding of pre-rRNA, formation of rRNP substrates, cata-
lyzing RNA cleavages, base modification, assembly of pre-
ribosomal subunits, and export of product rRNP particles
from the nucleus to the cytoplasm.

The snoRNA acts as a guide to direct pseudouridylation
and 2'-O-ribose methylation of ribosomal RNA (rRNA) in
the nucleolus. Consequently, the snoRNA guides the
snoRNP complex to the modification site of the target
rRNA via sequence hybridization. The proteins then cata-
lyze the modification of bases in the rRNA. Therefore, this
type of RNA is also called guided RNA.

The snoRNA is also associated with proteins forming
part of the mammalian telomerase as well as with proteins
involved in imprinting on the paternal chromosomes. It is
encoded in introns of genes transcribed by RNA poly-
merase II (pol II), even when some of the host genes do not
code for proteins. As a result, the intron, but not the exon,
of these genes is evolutionarily conserved in vertebrates. In
this way, some of the introns of the genes employed in
plants or invertebrates are still functioning in vertebrates.

The structure of snoRNAs consists of conserved
sequences base-paired to their target RNAs. Nearly all
vertebrate guide snoRNAs originate from introns of either
protein-coding or noncoding RNAs transcribed by pol II,
whereas only a few yeast guide snoRNAs derive from
introns, suggesting that introns accumulated during evo-
lution reflect the conservation of transgenes incorporated
into the introns, as mentioned above [2—4]. These introns
are processed through pathways involving endonucleolytic
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cleavage by RNase IlIl-related enzymes, exonucleolytic
trimming and possibly RNA-mediated cleavage, which
occur in large complexes called exosomes [5, 6].

Nuclear RNA

Nuclear RNA (snRNA) is a class of small RNA molecules
that are found within the nuclei of eukaryotic cells. They
are involved in a variety of important processes such as
RNA splicing (removal of introns from hnRNA) and
maintaining the telomeres. They are always associated with
specific proteins, and the complexes are referred to as small
nuclear ribonucleoproteins (snRNP). Some examples of
small nuclear RNA are U2 snRNAs, pre-5S rRNAs, and U6
snRNAs. U2 snRNAs in embryonic stem (ES) cells and
pre-5S rRNAs in Xenopus oocytes facilitate cell survival
after UV irradiation by binding to conserved protein Ry,.
Eukaryotic U6 snRNAs are the five types of spliceosomal
RNA involving in mRNA splicing (U1-U6). These small
nuclear RNAs have a secondary structure consisting of a
stem-loop, internal loop, a stem-closing internal loop, and
the conserved protein binding site [7].

Phage and Viral RNA

Another form of small Ranks is 30 ribonucleotides in
length and functions as a priming initiator for bacterio-
phage F1 DNA replication [8, 9]. This function is solely to
initiate a given site on the phage DNA, suggesting a
primitive defense against foreign pathogen invasion. The
phage T4-derived intron is involved in an RNA-RNA
interaction in the inhibition of protein synthesis [10].

Small Interfering RNA

The small interfering RNA (siRNA) is a small double-
stranded RNA (dsRNA) molecule, 20-25 nt in length, that
interferes with the expression of genes via a part of RNAi
involving the enzyme Dicer. The story of siRNAs began
with the observation of pigment expression in the Petunia
plant. van der Krol et al. [11] tried to intensify flower
pigmentation by introducing additional genes, but unex-
pectedly observed reduced floral pigmentation in some
plants, suggesting that gene silencing may be involved in
naturally occurring regulation of gene function. This
introduction of multiple transgenic copies of a gene into the
Petunia plant resulted in gene silencing of not only the
transgenic, but also the endogenous gene copy, as has been
observed by others [12]. This suggests co-suppression of
homologous genes (the transfer gene and the endogenous

gene) and possible methylation are involved [12, 13]. This
phenomenon is termed RNAi. Note that the transgene
introduced to the Petunia plant is a dsSRNA, which is per-
fectly complementary to the target gene.

When dsRNA was injected into Caenorhabditis elegans,
Fire et al. [14] noticed gene silencing and RNAi. RNAi is a
mechanism by which small regulatory RNAs possessing a
sequence complementary to that of a portion of a target
gene interferes with the expression of that gene. It is
thought that the dsRNA, once it enters the cells, is cut up
by an RNAselll-familial endonuclease, known as Dicer.
Dicer consists of an amino terminal helicase domain, a
PAZ domain, two RNAse III motifs, and a dsSRNA binding
motif. Therefore, Dicer binds to the dSRNA and excises the
dsRNA into siRNA. These siRNAs locate other single-
stranded RNA molecules that are completely complemen-
tary to either strand of the siRNA duplex. Then, the
RNA-degrading enzymes (RNAses) destroy the RNAs
complementary to the siRNAs. This phenomenon is also
named post-transcriptional gene silencing (PTGS) or
transgene quelling. In other words, gene silencing can be
activated by introducing transgenes, RNA viruses, or
dsRNA sequences that are completely complementary to
the targeted gene transcripts.

In mammals, dsRNAs longer than 30 nt will activate an
antiviral response, which will lead to the nonspecific deg-
radation of RNA transcripts, the production of interferon,
and the overall shutdown of host cell protein synthesis [15].
As a result, long dsRNA will not produce gene-specific
RNAI activity in mammalian cells [16].

Several terms have been used to describe the same or
similar phenomenon in different biological systems of
different species, including short interfering (si) RNAs
[17], small temporal (st) RNAs [18], heterochromatic
siRNAs [19], and small modulatory dsRNAs [20].

MicroRNA

miRNAs are small single-stranded RNA genes possessing
the reverse complement of another protein-coding gene’s
mRNA transcript. These miRNAs can inhibit the expression
of that target protein-coding gene. MiRNA was first
observed in C. elegans as RNA molecules of 18-23 nt that
are complementary to the 3’ untranslated regions of the target
transcripts, including lin-4 [21] and let-7 [22] genes. As a
result, the development of the worm was regulated by these
RNA genes. Subsequently, miRNAs were found to occur in
diverse organisms ranging from worms, to flies, to humans
[23], suggesting these molecules represent a gene family that
has evolved from an ancient ancestral small RNA gene.
The miRNA is thought to be transcribed from DNA that
is not translated but regulates the expression of other genes.
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Primary transcripts of the miRNA genes, pri-miRNAs, are
long RNA transcripts consisting of at least a hairpin-like
miRNA precursor. Pri-miRNAs are processed in the
nucleus to pre-miRNAs by the ribonuclease Drosha with
the help of microprocessor [24] and exported from the
nucleus by Exportin-5 [25]. The 60-90 nt miRNA pre-
cursors form the stem and loop structures, and the
cytoplasmic RNaselll enzyme Dicer excises the miRNA
from the pre-miRNA hairpin stem region. MiRNAs and
siRNAs seem to be closely related, especially taking the
dsRNA and hairpin structures into account. The siRNA can
be considered as a duplex form of miRNA in which the
RNA molecule contains both miRNA and its reverse
complement. Therefore, one can consider siRNAs as a kind
of miRNA precursor.

miRNAs suppress gene expression based on their com-
plementarity to a part of one or more messenger RNAs
(mRNAs), usually at a site in the 3’ UTR. The annealing of
the miRNA to the target mRNA inhibits protein translation.
In some cases, the formation of dsSRNA through the binding
of miRNA triggers the degradation of the mRNA transcript
through a process similar to RNAi, though in other cases it
is believed that the miRNA complex blocks the protein
translation machinery or otherwise prevents protein trans-
lation without causing the mRNA to be degraded.

Because most of the miRNA suppresses gene function
based on partial complementarity, conceivably one miRNA
may target more than one mRNA, and many miRNAs may
act on one mRNA, coordinately modulating the intensity of
gene expression in various tissues and cells. Therefore,
miRNAs may have a broad function in fine-tuning the
protein-coding genes. Indeed, the discovery of miRNAs
has revolutionized our understanding of gene regulation in
the post-genome era.

Intronic miRNA

Some small regulatory RNAs are produced from intronic
RNA fragments. For example, snoRNAs are produced from
intronic segments from genes encoding ribosomal proteins
and nucleolar proteins. In addition, some small RNAs are
produced from genes in which exons no longer have the
capacity to encode proteins. This type of intron processing
involves RNase Ill-related enzymes, exonucleolytical
trimming, and possibly RNA-mediated cleavage. There-
fore, intronic miRNA is a new class of miRNAs derived
from the processing of introns of a protein-coding gene.
The major difference between the intronic miRNAs and
previously described intergenic miRNAs is the requirement
of type II RNA polymerases (Pol-II) and spliceosomal
components for the biogenesis of intronic miRNAs [26].
Both intronic and intergenic miRNAs may share the same

assembly process, namely the RNA-induced silencing
complex (RISC), the effector of RNAi-related gene
silencing. Although siRNA-associated RISC assembly has
been used to predict miRISC assembly, the link between
final miRNA maturation and RISC assembly remains to be
determined. The characteristics of Dicer and RISC in
siRNA versus miRNA mechanisms are distinctly different
[27, 28].

The intronic miRNAs need to fulfill the following
requirements. First, they must share the same promoter
with their encoding gene transcripts. Second, they are
located in the non-protein-coding region of a primary gene
transcript (the pre-mRNA). Third, they are co-expressed
with the gene transcripts. Lastly, they are removed from the
transcript of their coding genes by nuclear RNA splicing
and excision processes to form mature miRNAs.

Certain of the currently identified miRNAs are encoded
in the genomic intron region of a gene, but they are of an
orientation opposite to that of the protein-coding gene
transcript. Therefore, these miRNAs are not considered to
be intronic miRNAs because they do not share the same
promoter with the gene and they are not released from the
protein-coding gene transcript by RNA splicing. The pro-
moters of these miRNAs are located in the antisense
direction to the gene, probably using the gene transcript as
a potential target for the antisense miRNAs. A good
example of this type of miRNA is let-7c, which is an
intergenic miRNA located in the antisense region of the
intron of a gene.

Transposon and Intronic miRNA

The intronic and other ncRNAs may have evolved to
provide a second level of gene expression in eukaryotes,
enabling a fine-tuning of the complex network of gene
activity. In bacterial and organellar genomes, group II
introns contain both catalytic RNAs and retrotransposable
elements. The retrotransposable elements make this type of
intron mobile. Therefore, these introns are reversely
spliced directly into a DNA target site and subsequently
reverse transcribed by the intron-encoded gene. After
inserting into the DNA, the introns are spliced out of the
gene transcript to minimize the damage to the host.

There is a potential evolutionary relationship between
group II introns and both eukaryotic spliceosomal introns
and non-LTR-retrotransposons. Taking advantage of this
feature, it is feasible to design mobile group II introns to be
incorporated into gene-targeting vectors as “targetrons,” to
specifically target various genes [29]. There is evidence
that introns in Caenorhabditis genes are recently gained
and some of them are actually derived from “donor”
introns present in the same genome. Further, a few of these



Mol Biotechnol (2008) 38:257-268

261

new introns apparently derive from other introns in the
same gene [30]. Perhaps the splicing machinery determines
where introns are added to genes. On the other hand, some
newly discovered brain-specific snoRNAs of unknown
function are encoded in introns of tandem repeats and the
expression of these introns is paternally imprinted.

From an evolutionary vantage, transposons are probably
very old and may exist in the common ancestor genome.
They may enter the host multiple times at some point for
selfish parasitical reasons. This feature of transposons is
similar to that of retroviruses. Too much transposon
activity can destroy a genome. To counterattack the
activity of transposons and viruses, some organisms
developed a mechanism to remove and/or silence the
activity of transposons and viruses. For example, bacteria
frequently delete their genes so that transposons and ret-
roviruses incorporated in the genome are removed. In
eukaryotes, miRNA is a way of reducing transposon
activity. Conceivably, miRNA may be involved in resis-
tance against viruses, similar to the diversity of antibody
production in an immune system, or in a to-be-identified
mechanism for fighting disease.

Identical twins derived from the same zygote have the
same genetic information in their nuclear DNA. Any dif-
ferences between monozygotic twins later in life are mostly
the result of environmental influences rather than genetic
inheritance. But monozygotic twins may not share all of
their DNA sequences. Female monozygotic twins can dif-
fer because of differences in X-chromosome inactivation.
Consequently, one female twin can have an X-linked
condition such as muscular dystrophy and the other twin
can be free of it. Monozygotic twins frequently demon-
strate slightly, but definitely distinguishing, disease
susceptibility and physiology more generally. For example,
myotonic dystryophy (DM) is a dominantly inherited,
multisystemic disease with a consistent constellation of
seemingly unrelated and rare clinical features including
myotonia, muscular dystrophy, cardiac conduction defects,
posterior iridescent cataracts, and endocrine disorders [31].
DM2 (Type 2) is caused by a CCTG expansion (mean
~5,000 repeats) located in intron 1 of the zinc finger
protein 9 (ZNF9) gene [32]. It is possible that monozygotic
twins with this disorder display symptom heterogeneity
because of miRNAs or different levels of insertion of
intronic genes.

Class II transposons can cut and paste. The enzyme
transposase binds to the ends of the transposon, which are
repeats, and the target site on the genome, which is cut to
leave sticky ends. These two components are joined toge-
ther by ligases. In this way, transposons increase the size of
the genome because they leave multiple copies of them-
selves in the genome. It is highly possible that transposons
are selectively advantageous for the genome to modulate

gene regulation via miRNAs. It is not be too far-fetched to
suggest that when transposons are inserted in the introns of
the protein-coding gene, under appropriate conditions,
they, a part of them, or their secondary structures, may
become intronic miRNAs.

Piwi-interacting RNAs

PiwiRNAs (Piwi-interacting RNA, piRNA) are a class of
small, 29-30 nt, RNA molecules that are expressed
uniquely in mammalian testes and forms RNA-protein
complexes with Piwi proteins such as MIWI and MILI,
members of the argonaute family. These piRNA complexes
(piRCs) have been linked to transcriptional gene silencing
of retrotransposons and other genetic elements in germ line
cells, particularly those in spermatogenesis. PiwiRNAs
silence gene expression via the formation of an RISC
[33-39].

RasiRNAs

RasiRNAs (the repeat-associated siRNAs) are new mem-
bers of the piwiRNA family that interact with a class of
short regulatory RNAs, Piwi-interacting RNAs (piRNAs).
This type of miRNAs uses a different biogenesis of
miRNAs in which certain debranched introns mimic the
structural features of pre-miRNAs to enter the miRNA-
processing with Drosha-mediated cleavage. This type of
pre-miRNA-like introns is referred to as mirtrons, which
are selectively maintained and conserved during evolution,
probably plays an important regulatory role in the animal
[40].

Biogenesis and Mechanism of miRNAs

The investigation of the biogenesis and mechanism of
miRNAs still is in its infancy. SiRNA appears to be a form
of miRNA duplex predominantly occurring in plants and
lower animals. The biogenesis and mechanism of siRNAs
are very similar to those of miRNA. However, there are
some differences between these two pathways.

Five steps are involved in miRNA biogenesis in verte-
brates. First, miRNA is generated as a long primary
precursor miRNA (pri-miRNA), most likely mediated by
RNA polymerases type II (Pol-II) [41, 42]. The pri-miRNA
is transcribed from the genome. Second, the long pri-
miRNA is excised by Drosha-like RNase III endonucleases
and/or spliceosomal components to form the ~60-70 nt
precursor miRNA (pre-miRNA). The pre-miRNA exhibits
considerable secondary structure including regions of



262

Mol Biotechnol (2008) 38:257-268

imperfectly paired dsSRNA, which are sequentially cleaved
to one or more miRNAs. This step depends on the origin of
the pri-miRNA, whether located in an exon or an intron
respectively [41, 42]. Third, the pre-miRNA is exported out
of the nucleus by Ran-GTP and a receptor, Exportin-5 [25,
43]. In the cytoplasm, Dicer-like endonucleases cleave the
pre-miRNA to form mature 18-25 nt miRNA. Lastly, the
mature miRNA is incorporated into a ribonuclear particle
(RNP) to form the RNA-induced gene silencing complex
(RISC) which executes RNAi-related gene silencing [44,
45]. Only one of the two strands is the miRNA; the other
counterpart is named miRNA*. The mature miRNA can
block mRNA translation based on partial complementarity
between the miRNA and the targeted mRNA, particularly
via base pairing with the 3’-untranslated region of the
mRNA. If there is a perfect complementarity between the
miRNA and the targeted mRNA, mRNA degradation
occurs similarly to that mediated by siRNA. Auto-
regulatory negative feedback via miRNAs regulates some
genes, including those involved in the RNA silencing
mechanism itself.

The assembly of RISC for siRNA has been reported
in an in vitro system, and a similar assembly probably
also occurs for miRNA. But the link between final
miRNA maturation and RISC assembly remains
unknown. However, there is evidence that the actions of
Dicer and RISC in siRNA and miRNA processing are
distinct [27, 28]. In recent studies using zebrafish, it was
demonstrated that the stem-loop structure of the pre-
miRNAs is involved in strand selection for mature
miRNA during RISC assembly. These findings further
suggest that the duplex structure of siRNA may not be
strictly required for the assembly of miRNA-associated
RISC in vivo. Proposed pathways for the biogenesis of
miRNA are based on the in vitro model developed for
siRNA. For these reasons, future work needs to focus on
distinguishing the individual properties and differences in
action of Dicer and RISC in siRNA and miRNA pro-
cessing. Conceivably, siRNA is a defence mechanism
against immediate insertion of viral genes or transposons
in plants and lower animals. In contrast, miRNA over
evolutionary time selects segments of transposons for
incorporation into the genome for fine-tuning of gene
regulation in vertebrates, including human beings. This
hypothesis for the differences between siRNA and
miRNA gene silencing may provide a clue toward
explaining the prevalence of native siRNAs in inverte-
brates but relative scarcity in mammals.

In plants, siRNAs and their dSRNA precursors trigger
DNA methylation as well as RNAi [46—48]. Another
function of siRNAs is a specialized ncRNA molecule,
which is X chromosome-encoded. This non-coding RNA is
named Xist. Xist is preferentially expressed from only one

of the two female X chromosomes and builds up in cis
along the chromosome from which it was transcribed. That
X chromosome is tightly packaged in transcriptionally
inactive heterochromatin; therefore, only one female X-
chromosome is active. This phenomenon is associated with
DNA methylation. By the same token, the viruses,
transgenes and transposons, which have been incorporated
into the introns of the mammalian genome during evolu-
tion, may take advantage of these characteristics by
splicing the pri-miRNAs and incorporating them into
Dicer-like proteins for gene silencing and mRNA
degradation.

AGO T is a key protein that is required for both the
siRNA and miRNA pathways and is likely the endonu-
clease that cleaves the mRNA targeted by the RISC [49,
50]. Elucidating the roles of the full complement of the
AGO protein family will reveal further modulation of the
RISC, and small RNA regulation more generally. Addi-
tional proteins involved in the RISC at the convergence of
the PTGS and miRNA pathways have been reported
[51, 52].

Introns account for the largest proportion of non-coding
sequences in the protein-coding DNA of the genome. The
transcription of the genomic protein-coding DNA generates
precursor messenger RNA (pre-mRNA), which contains
four major parts including the 5’-untranslated region
(UTR), the protein-coding exon, the non-coding intron and
the 3’-UTR. In broad terms, both 5’- and 3’-UTR can be
seen as a kind of intron extension; however, their pro-
cessing during mRNA translation is different from that of
the intron located between two protein-coding exons,
termed the in-frame intron. The in-frame intron was orig-
inally thought to be a huge genetic wasteland in gene
transcripts, but this stereotypic misconception was aban-
doned because of the finding of intronic miRNAs. To this
day, the biogenesis of intronic miRNAs remains to be
determined (Fig 1).

Identification

To this day, there are four major ways to identify miRNAs.
They are (a) direct cloning, (b) computer search of the
genome, (¢) miRNA microarray search in different species,
and (d) artificial preparation of intronic miRNA for tar-
geting known gene sequences.

The conventional direct cloning of short RNA mole-
cules, as in the cloning of let-7 and lin-4, is still the method
of choice to identify new miRNAs. Conceivably, one can
isolate the small RNAs and sequence them individually. So
far, results have been dominated by a few highly expressed
miRNAs. But, once the miRNA is identified, its role in
other organisms, including human beings, can be explored.
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Fig. 1 Comparison of biogenesis and RNAi mechanisms among
siRNA, intergenic (exonic) miRNA, and intronic miRNA. SiRNA is
likely formed by two perfectly complementary RNAs transcribed
from two different promoters (remains to be determined) and further
processing into 19-22 bp duplexes by the RNase III-familial endo-
nuclease, Dicer. The biogenesis of intergenic miRNAs, e.g., lin-4 and
let-7, involves a long transcript precursor (pri-miRNA), which is
probably generated by Pol-II or Pol-IIl. RNA promoters, while
intronic miRNAs are transcribed by the Pol-II promoters of its
encoded genes and co-expressed in the intron regions of the gene
transcripts (pre-mRNA). After RNA splicing and further processing,
the spliced intron may function as a pri-miRNA for intronic miRNA
generation. In the nucleus, the pri-miRNA is excised by Drosha

For example, let-7 was originally identified in C. elegans.
Subsequently, reduced expression of the let-7 miRNA [53]
and Dicer [54] in human lung cancers suggested that the
alteration of let-7 expression is associated with clinical and
biological effects.

There are numerous new computational methods that
provide ways to estimate the total number of miRNA
genes in different animals [55-58]. Fundamentally, each
program identifies highly conserved genomic non-coding
regions that possess stem-loop structures with specific
“seed” sequences, and complenentarity of the first 8-
10 nt. Then, the secondary structure is examined in terms
of both the forward and reverse complements of the
sequence. In addition, the following criteria help to iden-
tify miRNAs: the longest helical arm, free energy of the
arm, short internal loops, and asymmetric and bulged
loops. The identified miRNAs usually are more heteroge-
neous than those discovered experimentally, suggesting

RNase to form a hairpin-like pre-miRNA template and then exported
to the cytoplasm for further processing by Dicer* to form mature
miRNAs. The Dicers for siRNA and miRNA pathways are different.
All three small regulatory RNAs are finally incorporated into an
RNA-induced silencing complex (RISC), which contains either strand
of siRNA or the single-strand of miRNA. The effect of miRNA is
considered to be more specific and less adverse than that of siRNA
because only one strand is involved. On the other hand, siRNAs
primarily trigger mRNA degradation, whereas miRNAs can induce
either mRNA degradation or suppression of protein synthesis
depending on the sequence complementarity to the target gene
transcripts

traditional cloning has a high false negative or miss rate.
However, computational techniques may suffer from a
high false alarm rate. Therefore, validation of the identified
miRNAs by Northern blot analysis and functional study is
critical. These methods are still evolving and there is a
possibility of one-to-many and many-to-one relationships
between the miRNAs and their targets. Potentially thou-
sands of mammalian targets may be identified with this
approach.

To facilitate such investigations, an oligonucleotide
microchip for genome-wide miRNA profiling in diverse
tissues of various species was developed [59-62]. Some of
these chips use locked nucleic acid (LNA)-modified oli-
gonucleotides so as to allow both miRNA in situ
hybridization and miRNA expression profiling [63]. Again,
this approach can identify regulation via a large class of
miRNAs. A good example is the studies of miRNAs reg-
ulating brain morphogenesis in zebrafish [64].
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Applications

Application of miRNA is common in plants. The first
experimentally observed RNAi was demonstrated by the
discoloration of flowers after introduction of dsRNAs.
MiRNAs do not just mediate gene regulation in flowering
plants; the regulation of a similar type of plant gene can be
utilized to silence a fruit-ripening gene. The latter approach
has been applied to create hardier tomatoes by engineered
repression of the tomato-ripening gene through homology-
based silencing.

The following areas are potential applications of
miRNAs in vertebrates: (a) analysis of gene function,
(b) evaluation of function and effectiveness of miRNA,
(c) design and development of novel gene therapy, (d)
design and development of anti-viral vaccines, and (e)
development of loss-of-function transgenic animals.

Analysis of Gene Function

The human genome contains more than 22 billion bases.
Analyzing and understanding these sequences is a chal-
lenge to all of natural science. Numerous high-throughput
screening programs have been developed in the post-gen-
ome-era. Good examples of the utility of such programs are
the discoveries that lin-4 and let-7 miRNAs, originally
identified in C. elegans, control the timing of fate specifi-
cation of neuronal and hypodermal cells during larval
development. Subsequently, these miRNAs were found to
be conserved in mammals with potential functions in
development and disease [65, 66]. Although most programs
are focused on global computational screens, others aim at
screening or isolating all miRNAs with a specific function
in the genome. For instance, retroviral insertional muta-
genesis in mouse hematopoietic tumors provides a potent
cancer gene discovery tool in the post-genome-sequence
era. The multiple high-throughput insertional mutagenesis
screening projects were thus designed for identifying new
cancer genes. Using an shRNAIi expression library against
the whole human transcriptome, attempts were made to
screen for small RNAs in the genome [57].

With the completion of genome-sequencing projects, a
major challenge will be to understand gene function and
regulation. Achieving this goal will require determining
how miRNAs modulate gene expression. The various gene-
silencing mechanisms based on complete or partial com-
plementarity and their intertwined actions are beginning to
reveal the sensitive control mechanisms that modify gene
expression at the post-transcriptional and RNA turnover
levels.

Intronic miRNA also represents a new frontier in
genetics research. The evidence of intronic miRNA-

induced silencing of gene expression in cell lines, zebra-
fish, chicken embryos, and mouse skin demonstrates that
this ancient intron-mediated gene regulation system is
highly conserved in eukaryotes. Intronic regulation of gene
expression is mediated through the activation of miRNA-
mediated RNAi effects. From an evolutionary vantage
point, the genome exhibits a remarkable increase in the
complexity and variety of introns in higher plants and
animals; therefore, the influence of intronic gene regulation
to facilitate genome stability and gene coordination pro-
gressively increases phylogenetically. Conceivably,
dysregulation of intronic miRNAs is highly likely to reveal
the interwined actions between intronic miRNA and gene
expression, leading to a better understanding of the genetic
etiology of human diseases. The success of intronic
miRNA generation by artificial means in vivo may provide
a powerful tool to study the mechanism by which miRNAs
induce diseases and will hopefully provide novel gene
therapies.

Evaluation of miRNA Function and Effectiveness

Prediction of miRNA candidates using analytical software
has identified thousands of genomic hairpin sequences. For
instance, the human DGCRS, the DiGeorge syndrome
critical region gene 8, and its Drosophila melanogaster
homolog were identified in this fashion [67]. The bio-
chemical and whole cell-based data demonstrating the
requirement of DGCRS for the maturation of miRNA pri-
mary transcripts has been acquired. Further, RNAi
knockdown experiments with fly and human DGCRS
showed both accumulation and reduction of pri-miRNAs
as well as mature miRNAs. In this manner, the function
of, effectiveness of, and interaction between miRNAs
and enzyme processing complexes can be demonstrated
[67].

To date, the function of the vast majority of miRNAs so
identified remains to be determined. Because direct trans-
fection of hairpin-like miRNA precursors (pre-miRNAs) in
mammalian cells is not always sufficient to trigger effec-
tive RISC assembly, a key step for RNAi-related gene
silencing, our intronic miRNA-expressing system was
developed to overcome this problem and indeed success-
fully increased the efficiency and effectiveness of
miRNA-associated RNAi induction in vitro and in vivo.
Nevertheless, there are still problems in the efficient use of
miRNA. Indeed, evaluating the function and effectiveness
of the miRNAs so far identified may contribute greatly to
our understanding of gene regulation and the control of the
differentiation and development of cells.

Based on the strand complementarity between the
designed miRNA and its target gene sequence, we have
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also developed a miRNA isolation protocol to purify and
identify the mature miRNAs generated by the intronic
miRNA-expressing system. Several intronic miRNAs have
been confirmed active in vitro and in vivo. As shown by
this proof-of-principle method, we now have the necessary
knowledge to design more efficient and effective pre-
miRNA inserts for the intronic miRNA-expressing
system.

Design and Development of Novel Gene Therapy

We are undergoing an epoch-marking transition into the
post-genome era, which opens up data sources of unprec-
edented scale. This information can be used for designing
and developing potential drugs as novel gene therapies.
Furthermore, the elucidation of genomic control of gene
activities mediated via miRNA may play a crucial role in
the characterization and treatment of disease at the
molecular level. At the same time, our still very limited
knowledge of the biological functions of genes and pro-
teins at different levels of cellular organization is
preventing full exploitation of the available data. We
believe that the recent discovery of miRNAs will fill the
gap and lead to unlimited functional prediction based on
the DNA-miRNA and RNA-miRNA paradigm. In theory,
oncogene and transgene expression could be inhibited by
synthetic miRNAs, a simple, effective gene therapy. Thus,
miRNAs or their machineries are now known to be
involved in several human diseases, including cancer and
neurological disorders. Specific removal of the target genes
by miRNAs or their associate mediators can be developed
as a simple gene therapy [68].

Design and Development of Anti-viral Vaccines

By the same token, anti-viral vaccines can be developed.
The problems in preventing viral infections such as HIV
are as follows: first, the global prevalence of epidemic
proportions is mainly caused by the high mutation rate of
the HIV genome that gradually generates more resistant
strains to highly active antiretroviral therapies. Second, the
HIV provirus is capable of integrating into a host cellular
genome to escape from the inhibitory effects of the treat-
ment, thus inactivating the viral replication cycle rather
than destroying the latent viral genome, resulting in an
increased number of HIV carriers. Such an increase of
drug-resistant HIV strains and their carriers has posed great
challenges and financial burdens for the AIDS prevention
programs. To alleviate such problems, miRNAs can trig-
ger either translation repression or RNA degradation

depending on their degree of complementarity with the
target genes. Our approach, using vector-based miRNA, to
overcome the complications of HIV mutation is a break-
through in the field. We believe the knowledge obtained
from this research will facilitate the development of anti-
viral drugs and vaccines against HIV infections [69, 70].
Similar approaches for the treatment of viral diseases will
target avian flu, SARS, HBV, human papillomavirus, and
polio.

Development of Loss-of-function Transgenic Animals

The ability to utilize miRNA and its machinery for
silencing target-gene expression has created a lot of
excitement as a novel and simple means to develop loss-of-
function transgenic animals. To define the function of
a critical molecule in miRNA processing, zebrafish models
have been developed that carry loss-of-function mutations.

This type of animal model has provided an unprece-
dented resource for miRNA research because this approach
can be used to create miRNAs for use in loss-of-function
studies. It is clear that miRNAs also hold great promise as
therapeutic tools because of their sequence-specific tar-
geting, particularly against infectious diseases with
frequent mutations. Another potential use of transgenic
animal models using miRNAs is the testing of gene func-
tions and drug mechanisms in vivo.

Using the intronic miRNA described above, one can
establish loss-of-function in zebrafish, chicken and mice.
The loss-of-function transgenic zebrafish could not have
been achieved with siRNAs due to promoter incompati-
bility, but have been developed with intronic miRNAs. The
zebrafish, possessing numerous features similar to human
biological systems, is most suitable for etiological and
pathological studies of human diseases, particularly
mechanisms by which the loss of a specific signal molecule
causes a disease or disorder. All pharmaceutically devel-
oped drugs can be screened with this approach in loss-of-
function transgenic zebrafish. In addition, this approach
may shed light on the effects of miRNAs on embryonic
development, environmental impacts, and micro-modula-
tion of gene functions, particularly brain and heart
functions. Indeed, insight regarding structure-function
features of a candidate gene involved in pathobiology and
the mechanisms in which the candidate gene operates can
be illuminated with the help of miRNA transgenic animal
models carrying a loss-of-function mutation within the
candidate gene.
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Glossary

Argonaute
(AGO):

Cosuppression:

Dicer:

Drosha:

Epigenetics:

Exportin-5:

Microprocessor:

A large protein family that constitutes

key components of RISCs. AGO
proteins are characterized by two
unique domains, PAZ and PIWI,
whose functions are not fully

understood. Current evidence suggests
that the PAZ domain binds the 3’-end
two-nucleotide overhangs of the siRNA
duplex, whereas the PIWI domain of
some AGO proteins confers slicer
activity. PAZ and PIWI domains are
both essential to guide the interaction
between the siRNA and the target
mRNA for cleavage or translational
repression. Distinct AGO members
have distinct functions. For example,
human AGO2 programs miRNA-
associated RISCs to cleave the mRNA
target, whereas AGO1 do not.

A phenomenon similar to PTGS but
silencing multiple homologous genes
via a transgene or dsRNA.

An enzyme of the RNase III
endonuclease family consisting of
multiple domains and cleaves dsRNA
or stem-loop structured RNA precursors
into small RNAs and form siRNAs and
miRNAs, respectively. It possesses a
potential helicase activity and an
additional domain of undetermined
function and is essential for RNAi in
Drosophila and C. elegans.

A nuclear RNase III endonuclease
that is implicated in the cleavage of
pri-miRNA into pre-miRNA prior to
the nuclear export of miRNA
precursors.

Changes in gene expression not caused
by the DNA code and that occur across
at least one generation.

A nuclear transmembrane protein that

transports  precursor miRNA  (pri-
miRNA) from the nucleus to the
cytosol.

A nuclear complex composed of Drosha
and Pasha that functions in miRNA
biogenesis from the primary miRNA
(pri-miRNA) to the precursor miRNA
(pre-miRNA).

MicroRNA
(miRNA):

Post-
transcriptional
gene
silencing
(PTGS):

Pseudogene:

RNA-induced
silencing
complex
(RISC):

RNA
interference
(RNAI):

Small hairpin
RNA:

Small
interfering
RNA
(siRNA):

A type of non-coding small RNA
(~21-23 nucleotides) produced by
DCR from a stem-loop structured
RNA precursor. miRNAs are widely
expressed in animal and plant cells as
RNA-protein complexes (RNPs) termed
miRISCs, and have been implicated in
the control of development because
they target specific gene transcripts for
destruction or translational suppression.
An intracellular gene regulation
mechanism in which a transgene or
double-stranded RNA (dsRNA) triggers
the degradation or the translational
suppression of a gene transcript
containing high complementarity to
the transgene or dsRNA.

A defective segment of DNA that
resembles a gene but cannot be
transcribed into RNA.

An RNA-protein complex that targets its
perfectly or partially complementary
mRNA for cleavage or translational
repression. siRNA programs a siRISC
and miRNA programs a miRISC. RISCs
(both siRISC and miRISC) can be
divided into two types: cleaving and
non-cleaving. Current evidence suggests
that the type of AGO protein, an essential
RISC component, determines whether a
RISC is cleaving or non-cleaving. An
RNP complex that is the effector of RNAi
mechanism consisting of AGO familial
proteins, Dicer endonuclease, RNA
helicase, and other accessory factors.

A post-transcriptional gene silencing
phenomenon induced by either single-
stranded (ssRNA) miRNA or double-
stranded (dsRNA) siRNA.

A single-stranded  oligonucleotide
containing two complementary regions
which form a duplex structure with a
short hairpin loop.

A type of small RNA (~21-25
nucleotides) produced by DCR, a
double-stranded RNA-specific enzyme
of the RNAse III family. The siRNA is
the key component of siRISCs and
triggers  the  silencing of its
complementary mRNA.
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Transgene: Double-stranded DNA or DNA-RNA
hybrid duplex capable of being
transcribed by RNA polymerases and
affecting the expression of an
intracellular gene.
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