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Abbreviations Logs loquacious
AIDS acquired immuno deficiency miRISC miRNA-induced silencing complex
syndrome miRNA microRNA
ALL acute lymphoblastic leukemia miRNP miRNA ribonucleoprotein
AML acute myeloid leukemia MZdicer maternal and zygotic dicer
bHLH basic helix-loop-helix NCBI National Center for Biotechnology
BIC B cell integration cluster Information
CLL chronic lymphocytic leukemia nt nucleotide
cmv cytomegalovirus PACT protein activator of the interferon-
DEAD Asp-Glu-Ala-Asp induced protein kinase
DGCRS8 DiGeorge syndrome critical region PAZ Piwi-Argonaute-Zwille
gene 8 PIWI P-element included wimpy testis
dsRBD dsRNA-binding domain pre-miBRNA  precursor miRNA
ES embryonic stem pri-miRNA  primary miRNA
EWS Ewing sarcoma RIID RNase Il domain
FMRP fragile X mental retardation protein Ran-GTP RAs-related nuclear protein-
FSTL1 follistatin-like 1 Guanosine
GIST gastrointestinal stromal tumor RISC RNA-induced silencing complex
HIV human immunodeficiency virus RNAi RNA interference
HsAgo2 human Argonaute 2 siRNA small interfering RNA

LMS leiomyosarcoma snoRNA small nucleolar RNA
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SRF
TRBP

serum response factor
transactivating response
RNA-binding protein

Introduction

p0005 MicroRNA (miRNA) is a class of small noncoding

RNA molecules that regulate gene expression post-
transcriptionally. This chapter summarizes recent
advances in our understanding of mammalian
miRNA functions in physiology and pathology, as
well as the implications of these advances in toxicology.

miRNAs are 19- to 26-nucleotide (nt) RNAs that
negatively regulate gene expression in animals and
plants (Bartel 2004). The first miRNA, lin-4, was
discovered in the nematode Caenorbabditis elegans in
1993 (Lee er al. 1993; Wightman ez al. 1993), while the
second, let-7, was identified 7 years later (Reinhart ez 4.
2000). Since then, numerous miRNAs have been found
in all metazoans (vertebrates, flies, worms, and plants)
and in viruses. Over 700 human miRNA genes have
been identified, and one report predicts that the
number is close to 1000 (Berezikov er /. 2005). This
makes miRNA genes one of the most abundant classes
of regulatory genes in mammals. Recent computational
methods for predicting miRNA targets indicate that up
t0 92% of human genes may be regulated by miRNA
(Miranda er al. 2006). The physiological and patholo-
gical functions of these important regulatory RNA
molecules are currently under intense investigation.
In this chapter, we summarize recent progress in
understanding miRNA biology and the role of
miRNAs in human disease development.

s0010 2.22.2 miRNA Biology
s0015 2.22.2.1

miRNA Genes and Their Genomic
Organization

p0015 miRNAs are a large family of 19- to 26-nt single-

stranded noncoding RNAs present in nematodes to
human (Lagos-Quintana er a/. 2001; Lee and Ambros
2001). Most miRNAs are evolutionarily conserved in
related species and some are even conserved between
invertebrates and vertebrates (Lagos-Quintana ez al.
2001; Lau er al 2001; Lee and Ambros 2001).
Currently, about 5400 miRNA genes have been dis-
covered in a variety of organisms. Among these, 564
are from human, 461 are from mouse, and 293 are

UTR
VIG

untranslated region
vasa intronic gene

from rat (reported in the miRBase Sequence
Database, Release 10.1, December 2007 (Griffiths-
Jones er al. 2006)). The miRBase collects known
miRNA genes and lists their sequences, genomic
positions, and related miRNAs. Most of the miRNA
genes have been discovered by direct cloning and
sequencing of small RNA fractions extracted from
cells and tssue samples (Hirsch er 4/ 2001). The
cloned sequences are computationally analyzed for
their genomic location and their ability to form a
potential - hairpin-like precursor miRNA (pre-
miRNA) with the sequences flanking the mature
RNA ends before they are finally registered as
novel miRNA entries in miRBase. Recently, compu-
tational approaches have been developed to find new
miRNA genes, based on the detection of evolutiona-
rily conserved candidates and pre-miRNA structure
(Lindow and Gorodkin 2007; Weber 2005).
However, experimental verification of the mature
form of miRNAs is required to provide direct evi-
dence that the predicted miRNA genes are authentic.

The genomic organization of miRNA genes var-
ies: miRNA genes are either within the introns/exons
of other nonprotein-coding or protein-coding genes,
or they have their own independent transcription
units (Figure 1). Rodriguez er al. (2004) analyzed
the positions of known mammalian miRNAs in
human and mouse genomes and concluded that
~40% of mammalian miRNAs are within introns in
protein-coding genes, ~10% within introns in
nonprotein-coding genes, ~10% are within exons,
~30% have uncertain transcriptional units, and the
rest are derived from genomic repeats. A recent study
of Xenopus miRNA genome structure indicated that
~77% of frog miRNA genes are positioned within
the introns of RNA polymerase II-transcribed genes,
~7% within pre-mRNA exons, and ~15% within
intergenic regions (Tang and Maxwell 2007).

A distinguishing feature of miRNA genomic orga-
nization is that ~50% of miRNAs are polycistronic and
are cotranscribed and then subsequently cleaved to
yield multiple miRNAs (Baskerville and Bartel 2005;
Lagos-Quintana er a/. 2001; Landgraf er 4l. 2007; Lau
eral. 2001; Lee et al. 2004a; Mourelatos ez al. 2002; T'ang
and Maxwell 2007). Clustered miRNAs generally
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Imnng Figure 1 Genomic organization of miRNA genes. miRNA

genes are positioning in different genomic loci. (a) The
majority of miRNA genes are located within the introns of
either protein-coding or nonprotein-coding transcription
units. For example, miR-10b is embedded in the intron 4 of
HOX4B in mice and humans (Rodriguez et al. 2004). (b) A
very small number of miRNA genes overlap with exons of
known genes and are located mainly in the noncoding 5'- or
3'-UTRs. For example, miR-198 is in exon 11 of FSTL1
(follistatin-like 1) (Cullen 2004). (c) A few miRNA genes are
within an exon of a noncoding RNA. This type of miRNA
gene could be transcribed independently from their own
promoters and enhancers. For example, miR-155 is
embedded in exon 2 of the B cell integration cluster (BIC)
transcript in human (Rodriguez et al. 2004). The genomic
location of miRNA genes is shown by a blue triangle, exons
are shown by yellow rectangles, and introns are shown by
blue lines. The red arrow represents promoters.

possess similar seed sequences and those clusters iden-
tified early included two or three miRNA genes.
However, more clusters are now known to contain
mulaple miRNA genes. Examples are the human mir-
17 cluster comprised of seven miRNA genes (He ¢ /.
2005b; Ota er al. 2004) and the human mir-302 cluster
comprised of five miRNA genes (Landgraf ez a/. 2007).
The human mir-134 cluster has 37 miRNA genes
(Landgraf er /. 2007), while the human mir-371 cluster
contains 46 miRNA genes (Landgraf eza/. 2007). Thus,
clustering of miRNA genes is greater than originally
envisioned (Landgraf ez #/. 2007), and this finding sug-
gests important evolutionary and  functional
implications. miRNAs within a cluster might work
synergistically to affect the same developmental and/
or physiological process. For example, miR-1 and miR-
133 in the mir-1=133 cluster are specifically expressed
in cardiac and skeletal muscle tissues and they are
required for proper heart and skeletal muscle develop-
ment (Chen ez al. 2006). The zebrafish mir-430 cluster is
expressed to accelerate the deadenylation and clear-
ance of several hundred maternal transcripts at the
onset of zygotic transcription and regulates morpho-
genesis during early development (Giraldez ez al. 2005,
2006). In comparison, the miR-143 and miR-145 in the
mir-143—145 cluster is downregulated in colon adeno-
carcinoma as well as in some B-cell lymphomas (Akao

etal. 2007a,b; Michael e al. 2003). The mir-17-92 cluster
1s found to be in a region of DNA that is amplified in
human B-cell lymphomas (Ota e 4l. 2004), and genes
within the cluster are associated with various human
cancers (Esquela-Kerscher and Slack 2006; Hayashita
et al. 2005; He er al. 2005b; Hossain ez al. 2006; Hwang
and Mendell 2006; Thomson e a/. 2006). The Xenopus
laevis miR-15 and miR-16 within the mir-15 cluster
restrict the size of the organizer by targeting the
Nodal type II receptor Acvr2a, and the expression of
mir-15 cluster members is under negative control of
Whnt/B-catenin signaling (Martello er . 2007), as
human mir-15 cluster can act as a tumor suppressor
and induce leukemia cell apoptosis by targeting BCL2
(Cimmino e al. 2005). This genomic organization
of miRNAs in clusters provides a mechanism for
coordinated function. Thus, it is reasonable to foretell
that clustered miRNAs might compose a dedicated
regulatory network that functions by targeting a set of
specific mRNAs for a biological process.

2.22.2.2 miRNA Gene Expression

Some miRNA genes have their own promoters and
enhancers and therefore they can be expressed inde-
pendently. Such genes might still be located in the
introns of protein-coding genes, but often in an anti-
sense orientation. These miRNA genes are often
directly regulated by related transcription factors. For
example, the mir-1-133 gene cluster in vertebrates is
specifically expressed in cardiac and skeletal muscle
cells. This miRNA gene cluster is believed to be
expressed independently with its own promoter and
is transcriptionally regulated by myogenic differentia-
ton factors, such as serum response factors (SRFEs),
MyoD, and Mef2 (Chen er al. 2006; Liu er al. 2007,
Niu er al. 2007; Rao er al. 2006; Zhao and Srivastava
2007, Zhao et al. 2005). SRF activates transcription of
the mir-1-133 genes, and SRF knockout mice lack
endogenous miR-1 expression in the heart (Niu er a/.
2007; Zhao and Srivastava 2007; Zhao ez 4l. 2005). In
skeletal muscle, MyoD and Mef2 directly regulate
miR-1 and miR-133 expression (Chen ez 4/ 2006; Liu
etal. 2007, Rao eral. 2006). Transcription factor binding
sites are conserved in fruit flies and worms, where an
SRF-like site is essential for cardiac expression and the
basic helix—loop—helix (bHLH) transcription factors
twist and mef2 regulate somatic muscle expression of
miR-1 (Kwon ezal. 2005; Sokol and Ambros 2005; Zhao
and Srivastava 2007). Another muscle-specific miRNA
gene, mir-206, 1s also directly activated by MyoD
(Rosenberg ez al. 2006).
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miRNA genes are often coexpressed with their host
protein-coding genes (Baskerville and Bartel 2005).
The majority of mammalian miRNA genes are located
within the intronic regions of either coding or non-
coding genes and are transcribed as part of their host
transcription units (Rodriguez er al. 2004). As is the
case with intronic small nucleolar RNAs (snoRNAs)
(Filipowicz and Pogacic 2002), it has generally been
assumed that Drosha/DGCRS8 recognizes miRNA-
containing introns excised during the splicing reaction
as pre-miRNAs and thus both mRNA and miRNA
can be coexpressed from a single primary transcript.
However, a recent study indicates that intronic
miRNAs can also be processed by Drosha/DGCRS
from unspliced pre-mRNAs (Kim and Kim 2007).

In most cases, polycistronic miRNAs display the
same expression pattern (Baskerville and Bartel
2005); however, relative levels of miRNAs within a
single cluster might be regulated in a developmental
and homeostatic manner. Recently, Yu ez 4l (2006)
analyzed the expression of miRNA clusters in human
leukemia cell lines and found that 39 miRNA clusters
had members that displayed the same expression pat-
tern, whereas 12 clusters had members with different
levels of expression. Boggs ez al. (2007) quantified the

ri-miRNA

transcription
by pel II/111 Cl
eavage
Step 1 to pre-miRNA
5’ 3

2 Cytoplasmic
Aep 2

export

expression levels of seven miRNAs in the mir-17-92
canine cluster and found that not only the expression of
the cluster varies in different tissues, but also the levels
of individual miRNA within the cluster vary in the
same tissue. For example, the expression of miR-17-3p
and miR-17-5p is relatvely low compared to other
miRNAs in the cluster (Boggs ez 4/ 2007). In addition,
although the human miR-127 gene is located within a
cluster with miR-136 and eight other miRNAs on
chromosome 14q32.31 (Altuvia e 4/l 2005; Landgraf
et al. 2007), miR-127 and miR-136 have different
expression patterns in human cancers (lorio er al.
2005; Lu er al. 2005), suggesting that the expression of
miR-127 and miR-136 is differentally regulated, at
least in certain types of human cancers. Further studies
revealed that miR-127 is subject to epigenetic silencing
in cancer cells, butis expressed from an miRNA cluster
in normal fibroblasts (Saito ez a/. 2006).

2.22.2.3 miRNA Biogenesis

In animals, at least five steps are required for miRNA [EE

maturation, as shown in Figure 2. First, miRNA
genes are transcribed by RNA polymerase I or I
(Borchert er al. 2006; Lee er al. 2004a), generating

TRBP/PACT

ep3 ‘ Cleavage to miRNA
duplex

Step4 IITITITTITT.

Loading of mature

miRNA‘o miRISC

Step 5

Delivery of miRNA-RISC
complex to 8-UTR of mRNA

f0010 Figure2 miRNA biogenesis pathway. Step 1: miRNA genes are transcribed by RNA polymerase Il and/or Ill as long primary

miRNAs (pri-miRNAs). Step 2: pri-miRNAs are recognized and cleaved by the nuclear Drosha/DGCR8 complex in the
nucleus, generating pre-miRNAs. Step 3: pre-miRNAs are transported to the cytoplasm by Exportin-5. Step 4: pre-miRNAs
are recognized and processed by Dicer, yielding an imperfect miRNA duplex. Step 5: miRNA duplex is unwound, and the
mature miRNAs are asymmetrically incorporated into an effector complex called the miRNA-induced silencing complex
(miRISC). Then the miRNA/RISC complex represses protein translation by binding to sequences in the 3'-UTR of specific
mRNAs. The exact mechanism of translation repression is still undefined.
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primary transcripts (pri-miRNAs) as unclustered
monocistronic or clustered polycistronic RNAs,
which may be several hundred nucleotides to several
thousand nucleotides long. Second, pri-miRNAs are
recognized and cleaved by the nuclear Drosha com-
plex that consists of ribonuclease (RNase) III family
member Drosha and its cofactors (Denli er /. 2004;
Gregory et al. 2004; Han er al. 2004). This cleavage
occurs in the nucleus and liberates 60-70 nt stem-loop
miRNA intermediates, known as pre-miRNAs, from
pri-miRNAs (Lee ez al. 2002; Zeng er al. 2003). Like all
RNase IIT enzymes, Drosha leaves 2 nt 3" overhangs
and 5’ phosphates in the products (Carmell and
Hannon 2004). Third, pre-miRNAs are transported to
the cytoplasm by the nuclear export factor Exportin-5
in a RAs-related nuclear protein-guanosine tripho-
sphate (Ran-GTP)-dependent manner (Lund er 4l
2004; Yi er al. 2003; Zeng and Cullen 2006). Fourth,
pre-miRNAs are recognized and processed by the cyto-
plasmic RNase III endonuclease Dicer, yielding a 20—
25 nt imperfect miIRNA duplex (miRNA":miRNA)
with characteristic 5" phosphates and 2 nt 3" overhangs.
Dicer alone is sufficient for processing pre-miRNAs
and double-stranded RNAs (dsRNAs), while some
dsRNA-binding partners are required for efficient
miRNA/small interfering RNA (siRNA) production,
such as the human immunodeficiency virus (HIV)
transactivating  response  RNA-binding ~ protein
(TRBP) and/or the protein activator of the inter-
feron-induced protein kinase (PACT) in humans
(Chendrimada er a/. 2005; Kok er al. 2007; Lee et al.
2006) or Loquacious (Logs) in flies (Forstemann er /.
2005; Jiang er al 2005; Saito e al. 2005). Finally,
miRNA":miRNA duplexes are unwound, and the
mature miRNAs are asymmetrically incorporated into
an effector complex called miRNA ribonucleoprotein
(miRNP) particles or miRNA-induced silencing
complex (miRISC)." This complex consists of
Argonaute family proteins and the miRNA and regu-
lates gene expression by mRNA degradaton or
translational repression. The miRNA* is quickly
degraded (Chendrimada er 4/ 2005; Gregory et .
2005; Maniataki and Mourelatos 2005; Martinez ez 4.
2002). It appears that strand selection might be deter-
mined by the relative thermodynamic stability of the
miRNA duplex ends (Khvorova er al. 2003; Schwarz
et al. 2003):

Two members of the RNase III family, Dicer and
Drosha, play crucial roles in the RNA silencing path-
ways (Carmell and Hannon 2004). This family of
enzymes has major functions in RNA processing
(Robertson er al. 1968), posttranscriptional gene

expression control (Oppenheim er al. 1993; Wu er al.
2000), and defense against viral infection (Saleh er 4.
2004; van Rij and Andino 2006). Compared to their
bacterial counterparts, Drosha and Dicer are much big-
ger and more complicated. Bacterial RNase III is
composed of an RNase III domain (RIIID) followed
by a dsRNA-binding domain (dsRBD) (Robertson
et al. 1968), whereas Drosha possesses an extended
N-terminus that contains a proline-rich region and a
serine/arginine-rich region of unknown function and
two RIIIDs and a dsRBD in the C-terminus (Blencowe
et al. 1999; Lee er al. 2003). The Dicer protein has a long
N-terminus containing an RNA helicase/adenosine
triphosphatase (ATPase) domain, a DUF283 domain,
and a Piwi-Argonaute-Zwille (PAZ) domain apart from
tandem RIIIDs and a dsRBD (Bernstein er 4/ 2001;
Provost er al. 2002; Zhang er al. 2002). The DUF283
and PAZ domains, but not the RNA helicase/ATPase
domain, are required for 7z vitro Dicer actvity (Ye ez al.
2007). The PAZ domain is also found in Argonaute
family proteins that have been implicated in RNA
interference (RNAI) function. In fact, PAZ was defined
from the three Argonaute family proteins Piwi,
Argonaute, and Zwille (Bernstein er 4l 2001; Cerutti
et al. 2000). The domain appears to bind to the end of
dsRNA to mark a specific distance from the sites
cleaved by either Argonaute’s slicer activity or Dicer’s
dicing activity (Lingel er /. 2004; Macrae er al. 2006;
Song er al 2003; Yan er al. 2003). Similar to Dicer,
bacterial RNase II1, containing a single RIIID, functions
as a dimer and the dimeric RIIIDs form an intermole-
cular active center that cleaves two strands of dsSRNA
simultaneously (Gan ez a/. 2006), while human Dicer is
suggested to work as a monomer with its tandem RIIIDs
forming one processing center and cleaving the oppo-
site strand of dsSRNA (Zhang ez /. 2004). This model 1s
supported by the X-ray crystal structure of Giardia
Dicer that carries only a PAZ domain followed by
tandem RIIIDs (Macrae ezal. 2006). Drosha also appears
to form an intramolecular dimer of two RIIIDs with two
closely placed catalytic sites to cleave the 3" and 5’
strands of the stem, respectively (Han ez /. 2004).
Dicer is essential for miRNA biogenesis (Jiang
et al. 2005; Lee er al. 2004b; Saito er al. 2005). Loss of
function of der-1 disrupted miRNA processing and
blocked the miRNA pathway of gene expression in
flies (Lee er al 2004b; Liu er al. 2007). Zebrafish
embryos deficient for maternal and zygotic Dicer
(MZdicer) activity cannot generate mature miRNAs
(Giraldez er al. 2005; Wienholds ez al. 2003). In addi-
tion, Dicer is also essential for the processing of
dsRNAs into siRNAs and for producing siRNAs for
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RNAI pathways (Bernstein er al. 2001; Ketting e al.
2001). Moreover, biochemical analysis revealed that
Dicer interacts directly with Argonaute family pro-
teins, which are the core components of the RNA-
induced silencing complex (RISC), implicating a role
of loading of small RNA molecules with Argonaute
protein (Meister er al. 2005). Indeed, Dicer, as well as
its cofactors TRBP and PACT in humans
(Chendrimada er al. 2005; Kok er al. 2007; Lee et 4.
2006) or Logs and R2D2 in flies (Forstemann ez 4/.
2005; Jiang ez al. 2005; Liu et al. 2003; Saito ez al. 2005;
Tomari eral. 2004), is required for the assembly of the
effector miRNA-containing miRISC complexes or
siRNA-containing siRNA-induced silencing com-
plex (siRISC). Probably due to its indispensable
roles in both miRNA and siRNA production, loss of
function of dicer results in animal death and develop-
mental abnormalities (for details, see Section 2.22.2.5)
(Bernstein er al. 2003; Harris er al. 2006; Lee er .
2004b; Muljo er al. 2005; Wienholds er 4/ 2003; Yang
et al. 2005).

Drosha is crucial to the precise processing of pri-
miRNA that can be hundreds to thousands of nucleo-
tdes long into 60—70 nt pre-miRNA intermediates. It
appears that Drosha, on its own, is not sufficient to
accomplish pri-miRNA cleavage and requires some
RNA-associated factors to carry out the processing.
Two types of functional Drosha complexes have
been biochemically identified: the smaller one is a
di-subunit complex consisting of Drosha and a
dsRNA-binding protein encoded by the DiGeorge
syndrome critical region gene § (DGCRS) in humans
(known as Pasha in Drosophila melanogaster and
C. elegans) (Denli er al. 2004; Gregory et al. 2004;
Han er 4l 2004, Landthaler ez 4l 2004); the larger
one contains Drosha and nearly 20 polypeptides.
These polypeptides represent multiple classes of
RNA-associated proteins, including an RNA heli-
case, DDXI17/P72, ~a heterogeneous nuclear
ribonucleoprotein, hnRNPM4, and the Ewing sar-
coma (EWS) family of proteins containing an RNA
recognition motif and a zinc-finger domain (Gregory
et al. 2004). The Drosha/DGCRS di-subunit complex
appears to be necessary and sufficient for processing
pri-miRNA into pre-miRNA. However, a recent
report - suggested that p68—p72 ATP-dependent
Asp-Glu-Ala-Asp (DEAD)-box RNA helicases are
required for recognition of a subset of pri-miRNAs
in mouse Drosha-mediated processing (Fukuda er /.
2007), suggesting that generation of miRNA inter-
mediates from pri-miRNA with diverse structures
might require additional RNA-associated factors for

Drosha-mediated processing. In addition, Drosha
complexes are also required for processing 12§ pre-
cursor ribosomal RNA (pre-rRNA) to 5.8S rRNA
and may also be involved in the cleavage of 328
pre-tRNA to 12§ pre-rRNA and 185 rRNA
(Fukuda er al. 2007; Lee er al. 2003; Wu er al. 2000).
Remarkably, a Drosha-bypass alternative miRNA
biogenesis pathway was recently identified in flies
and nematodes, in which Drosha is not required for
the biogenesis of some miRNAs from a type of intro-
nic pre-miRNAs called mitrons. For these mitrons,
splicing by the spliceosome, rather than Drosha,
defined the mirtronic pre-miRNAs. Mirtronic pre-
miRNAs are of comparable size to pre-miRNAs after
they have been excised by the splicing reaction and
the intronic pre-miRNAs are directly exported from
the nucleus to the cytoplasm by Exportin-5 and
cleaved by Dicer-1, that is, Logs. As expected, knock-
down of drosha had little effect on mature mirtronic
miRNA accumulation and a modest effect on mir-
tronic pre-miRNAs, while knockdown of dicer-1 or
its partner, /ogs, increased the ratio of mirtronic pre-
miRNA to mature mirtronic miRNA (Ruby ez 4/
2007).

Most recently, Diederichs and Haber (2007) have p0065

reported that the RISC slicer Argonaute 2 cleaves the
pre-miRNA to an additional processing intermedi-
ate, termed Ago2-cleaved precursor miRNA or ac-
pre-miRNA, indicating that Argonaute plays a vital
role in miRNA biogenesis.

2.22.2.4 Mechanisms of miRNA-Mediated
Gene Regulation

After production by Dicer, miRNAs are directly BNl

assembled into effector miRISC complexes to direct
sequence-specific translational repression and/or
degradation of cognate mRNA. The essential core
components of the RISC are members of the
Argonaute family of proteins, which contain conserved
PAZ and P-element induced wimpy testis (PIWI)
domains. The PAZ domain forms a specific binding
module for the characteristic 2 nt 3" overhangs gener-
ated by RNase III-type enzymes such as Dicer, and the
PIWI domain folds similar to RNase H and interacts
with the miRNA/siRNA guide strand at its 5’ end
(Filipowicz 2005). Of the human Argonautes 1-4,
only RISC-containing human Argonaute 2 (HsAgo2)
1s cleavage-competent and is responsible for mRNA
cleavage in RISC (Liu er 4l. 2004; Meister er al. 2004).
Additional protein components in RISC have been
identified in various organisms, such as the vasa
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intronic gene (VIG), Tudor-SN, the fragile X mental
retardation protein (FMRP), gemin 4 and the DEAD-
box RNA helicase gemin, MOV 10, another putative
DEAD-box helicase, TNRC6B52, and PACT. The
precise order of RISC assembly, the proteins and fac-
tors involved, as well as the function of additional
proteins within the complex remain unclear.

Previous studies have suggested that Drosophila
Agol and Ago2 are restricted to the miRNA and
siRNA pathways, respectively (Okamura ez a/. 2004).
Such restriction of each class of small RNA to a
distinct Argonaute complex could occur because
miRNAs and siRNAs in flies are separately produced
by Dicer-1 and Dicer-2, respectively (Jiang er al.
2005; Lee er al. 2004b; Liu er al 2003; Saito er al.
2005). Since the two members of the Drosophila Ago
proteins are functionally specialized, Ago2 with sli-
cer activity in siRISC mediates cleavage of the target
mRNA, while Agol with inefficient nuclease in
miRISC represses the translation of an mRNA con-
taining partially complementary miRNA-binding
sites in its 3'-untranslated region (UTR).
Specifically, the Ago proteins in the RISC complexes
determine the regulatory mechanism that the guided
RNAs use to silence their targets. However, most
plant miRNAs and several animal miRNAs do
guide cleavage of their target mRNAs in a manner
similar to that of siRNAs. Remarkably, recent studies
indicated that miRNAs and siRNAs in flies partici-
pate in a common sorting step that partitions them
into Agol- or Ago2-containing effector complexes
(Forstemann ez al. 2007, Tomari ez al. 2007), providing
the feasibility of miRNA-mediated cleavage.

In fact, most animal miRNAs mediate transla-
tional repression rather than cleavage of their target
mRNAs. [tis believed, atleastin part, that the degree
of complementarity between an miRNA and its tar-
get determines the regulatory mechanism: miRNAs
with nearly perfect base pairing with their corre-
sponding targets are ~most likely to guide
endonucleolytic cleavage of their regulatory targets,
while those lacking sufficient complementarity pro-

mote sequence-specific repression of mRNA
translation and/or accelerate mRNA  decay.
Interestingly, ~extensive base pairing between

miRNA and mRNA is not always sufficient to induce
cleavage, suggesting that there can be additional
requirements for an RISC complex to catalyze endo-
nucleolytic cleavage (Chen ez a/. 2004). Only 6-7 nt,
usually nucleotides 2—8, the so-called ‘seed sequence’
of miRNAs, have been shown to be critical and, in
some cases, sufficient for target recognition and

silencing (Doench and Sharp 2004; Lewis e al.
2005). However, data on the exact mechanism of
translational repression are unclear due to the fact
that both the initation and elongation steps of trans-
lation are thought to be affected. Moreover, miRNAs
were found to direct rapid deadenylation and decay
of their target mRNAs (Wu ez al. 2006), and i vitro
studies showed that a 7-methyl G cap and a polyA
tail are required for translational gene repression of
the targets by miRNAs, whereas increasing polyA tail
length alone can increase miRNA silencing activity
(Wang er al. 2006). Further studies indicated that
miRISC-associated mRNAs are present in cytoplas-
mic foci called P-bodies, which are known sites of
mRNA destabilization or storage and release (Peters
and Meister 2007), suggesting that general mRNA
turnover pathways might play a role in miRNA-
mediated mRNA ‘decay (Liu er 4l 2005; Meister
et al. 2005; Rehwinkel er 4. 2005; Valencia-Sanchez
eral. 2006). Indeed, it has been reported that miRNA-
mediated silencing might have a profound impact on
target mRNA levels, most likely by directing dead-
enylation and decapping of the mRNA (Bagga er 4/.
2005; Giraldez er al. 2006; Lim er al. 2005; Valencia-
Sanchez er al. 2006; Wu ez al. 2006). In addition, Ago
proteins were also found to localize to the diffuse
cytoplasm and stress granules (SGs) under stresses
such as heat shock or oxidative stress, implicating
another type of miRNA-mediated gene regulation
(Leung er al. 2006). The physiological role of
miRISC-associated mRNA accumulation in SGs
during stress response remains unclear.

2.22.2.5 miRNA in the Regulation of
Cellular Processes

s0035

Increasing evidence indicates that animal miRNAs p0085

play a pivotal role in a variety of cellular processes,
including cell proliferation, cell differentiation,
developmental timing, fat metabolism, apoptosis,
insulin secretion, stem cell maintenance, neuronal
patterning, and hematopoietic lineage differentiation
(Table 1). The function of unique miRNAs in ani-
mals has been analyzed either genetically or by
delivery of synthetic pre-miRNAs to knock in or
antagomirs to knock down (Krutzfeldt er al. 2006).
Many computational methods have also been devel-
oped to define miRNA regulatory networks
(Rajewsky 2006); yet most molecular targets of
miRNAs  remain  experimentally  undefined.
Normally, a single miRNA is predicted to repress
and destabilize 100-200 target mRNAs (Krutzfeldt
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10 Physiological and Pathological Functions of Mammalian MicroRNAs

et al. 2005; Legendre et al. 2006; Lim et al. 2005;
Linsley er al 2007). Table 1 summarizes the
miRNAs that are associated with biological processes
and some of the target genes through which they
exert their regulatory function in animals.

Since Dicer is an essential enzyme in miRNA bio-
genesis (Jiang er al. 2005; Lee er al. 2004b; Saito er al.
2005), a good approach to study the global role of
miRNAs in animal development is to use dzcer mutants.
Evidence in various organisms indicates that loss of
function of dicer results in animal developmental
abnormalities and death. For example, loss of function
of dicerin zebrafish results in defects during gastrulation
and brain morphogenesis (Giraldez er a/. 2005) and in
developmental arrest around day 10 (Wienholds ez 4/.
2003). Loss of function of dicerin mice led to lethality at
embryonic day 7.5, with embryos being small, appearing
morphologically abnormal and devoid of pluripotent
stem cells (Bernstein e a/ 2003). As expected, Dicer-
deficient mouse embryonic stem (ES) cells are defective
in differentiation both 7 vitro and i vive and do not
form the three germ layers normally found in embryoid
bodies derived from ES cells (Kanellopoulou ez /. 2005).
Furthermore, conditional inactivation of Dicer to cir-
cumvent the embryonic lethality of Dicer-null mutants
suggested that miRNAs are essential for morphogen-
esis of the vertebrate limb (Harfe er a/ 2005), skin
(Andl er 4. 2006; Y1 er al. 2006), and respiratory epithe-
lium (Harris ez al. 2006). In addition, Dicer deficiency
revealed that miRNAs might play an integral role in
germline maintenance and organization and control
of postmeiotic male germ cell differentiation in many
organisms (Hatfield er 4/ 2005; Jin and Xie 2007;
Kotaja er al. 2006). Recent studies indicate that
mouse oocytes lacking Dicer arrest in meiosis | with
multiple disorganized spindles and severe chromo-
some congression defects, suggesting that miRNAs
are indispensable for mouse oogenesis (Murchison
et al. 2007; Tang ez al. 2007).

Likewise, depletion in mouse ES cells of DGCRS,
essential for ~Drosha processing of pri-miRNA,
severely impaired miRNA biogenesis and the
resulting embryos were arrested early in development.
However, unlike Dicerl knockout ES cells, DGCRS-
deficient ES cells do retain pluripotency under induc-
ton and continue to grow and differentate even after
16 days (Wang er al. 2007). This different phenotype
might be explained by miRNA-independent functions
of Dicer, such as siRNA production (Bernstein ez 4/.
2001; Ketting era/. 2001), and /or the Drosha/DGCRS-
independent mirtronic miRNA functioning (Okamura
et al. 2007, Ruby ez al. 2007).

2.22.3 Pathological Roles of Human
miRNAs

Aberrant expression of miRNA appears to be a
pathological feature of numerous diseases, including
cancer, cardiovascular diseases, viral infection, meta-
bolic disorders, response
disorders. The majority of human miRNA genes are
located at fragile sites and genomic regions involved
in cancers (Calin er 4/ 2004), and dysfunctional
expression of miRNA is frequently observed in
many human malignancies. Accumulating data sug-
gest that miRNAs play pivotal roles in tumorigenesis,
classification, diagnosis, treatment response, and
prognosis predication. Additionally, several studies
have shown that miRNAs are involved in the patho-
genesis  of miRNA
represents a vital component of the innate antiviral

and innate immune

cardiovascular  disorders.
immune response in plants, invertebrates, and mam-
mals. Evidence shows that numerous viruses interact
with the miIRNA machinery and that a number of
viruses encode their own miRNAs. Virus-encoded
miRNAs seem to evolve rapidly and regulate both
the viral life cycle and the interaction with their
hosts. Recently, miRNAs have been found to be
directly involved in the fine-tuning of innate immu-
nity responses and transduction signaling by toll-like
receptors the ensuing cytokine
Therefore, mimicking or inhibiting miRNA activity
could have an impact on disease progression and

and response.

suggests that miRNAs have potential as therapeutics.

2.22.3.1 miRNAs in Cancer

Studies of miRNA expression profiles in cancer sam-
ples have identified a group of miRNAs that are
differentally regulated in tumors, suggesting a pos-
sible link between miRNAs and tumorigenesis (Lim
et al. 2005). Croce and colleagues first identified two
miRNA genes, mir-152 and mir-16-1, that are located
on chromosome 13q14, a region deleted in more than
half of chronic lymphocytic leukemia (CLL) patients.
They demonstrated that the expression of mir-15a
and mir-16-1 is inversely correlated with the expres-
sion of BCL2. The BCL2 gene produces B-cell
lymphoma 2 protein, which is antiapoptotic. It was
found that these two miRNAs induce apoptosis by
repressing BCL2 in a leukemia cell line model, sug-
gesting that miRNAs may contribute to CLL
development (Cimmino e a/. 2005).

s0040

p0100

s0045

p0105
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The studies of the molecular oncology of lung
cancer have traditionally concentrated on protein-
coding genes such as RAS, p53, and R/ (Meuwissen
et al. 2003). It 1s only recently that investigations have
revealed a correlation between miRNA and lung can-
cer. First, a group of Japanese scientists found that let-
7 miRNA (a homolog of the C. elegans let-7 miRNA)
was downregulated in human lung cancer and the
reduced expression of /er-7 is associated with shor-
tened postoperative survival (Takamizawa er al.
2004). Frank Slack (one of the authors who discovered
the let-7 miRNA in C. elegans) and colleagues reported
that the C. elegans mIRNA miR-84 negatively regulates
the RAS gene (called /er-60 in C. elegans) (Figure 3a).
miRNA miR-84 is a member of the C. elegans let-7
miRNA family consisting of miR-48, miR-84, miR-
241, and let-7 (Abbott ez #/. 2005). This family displays
high sequence identity, with particular conservation at
the 5’ end of the mature miRNAs. Overexpression of
mir-841n C. elegans suppresses let-60/ RAS gene function

(a) Vulval development in C. elegans

let-60
q-. AAA

=k miR-84

s

(b) Lung tissues in human

RAS
AAA

and induces precocious seam cell terminal differentia-
tion (Abbott ez al. 2005).

The human RAS gene is a well-defined oncogene p0115

that 1s commonly mutated in lung and other cancers
(Malumbres and Barbacid 2003). Overexpression of
RAS results in oncogenic transformation of human
cells (McKay er al. 1986; Pulciani er al. 1985). The
Slack laboratory showed that significantly higher
levels of RAS proteins correlated with lower /Jer-7
gene expression in human lung tumors. Moreover,
let-7 miRNA downregulated RAS genes (KRAS,
HRAS, and NRAS) by partially complementing their
3'-UTRs in a cultured cell model (Johnson er al.
2005) (Figure 3b). These results emphasize the
importance of miRNA in the pathogenesis of lung
cancer and the potential to target miRNA expression
as an effective approach for therapeutic intervention.

The pioneering work on let-7 and RAS, and stu- p0120

dies on other cancer-related miRNAs (Ambion 2005;
Chan er al. 2005; Cimmino er /. 2005) have led to a

Precocious seam cell

terminal differentiation

[

Oncogenic transformation

— > and lung tumorigenesis

f0015 Figure3 miRNA-mediated regulation of RAS expression in Caenorhabditis elegans and human. In specific vulval precursor

cells from worms (a) and in normal human lung tissue (b), mir-84, a member of the let-7 miRNA family, and let-7 are
transcribed, respectively, and the transcripts, which have characteristic hairpin structures, are processed into mature
miRNAs. These transcripts are then incorporated into RISC. miRNA species guide miRNA-associated RISC to target mMRNAs
by hybridizing to complementary sequences in the 3’-UTRs of mMRNAs and thereby prevent their translation. Slack and
colleagues showed that members of the let-7 family repress the expression of RAS genes and that this mechanism is

potentially relevant to the pathogenesis of lung cancer.
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miRNA

—

(b)

588 84

;»é

(© >

%_

Genetic alteration or
4 transcriptional regulation

Tumor suppressor or oncogene

Normal gene expression

P Downregulation of tumor suppressors

. \
~

Cancer

Upregulation of oncogenes

0020 Figure 4 A model of miRNA involvement in cancer by modulation of expression of tumor suppressor genes or oncogenes.

(@) miRNA regulates its target gene expression. (b) Overexpression of miRNAs, for instance, by amplification of the miRNA-
encoding locus, could decrease expression of a target, such as a tumor suppressor gene. (c) Underexpression of miRNAs, for
instance, by deletion or methylation of an miRNA locus, could result in increased expression of a target such as an oncogene.

suggested framework for understanding the role of
miRNAs in cancer: miRNA-mediated tumorigenesis
results from either downregulation of tumor suppres-
sor or upregulation of oncogenes (Figure 4). The
relationship between /er-7 and RAS 1s a paradigm of
the suppressor (/er-7) and the oncogene (RAS). The
opposite scenario is also equally intriguing: an
miRNA acts as an oncogene to repress gene expres-
sion of a tumor suppressor. miRNA dysregulation in
various cancers is summarized in Table 2.

s0050 2.22.3.2 miRNAs in Cardiovascular

Diseases

p0125 Studies of miRNAs in cardiovascular biology and

disease have been limited compared to that in cancer.
Nevertheless, there have been some groundbreaking
results since 2005. miR-1 was found to be specifically
expressed in cardiac and skeletal muscle precursor
cells and the mir-1 gene was a direct transcriptional
target of muscle differentiation regulators including
SRFs (Zhao er al. 2005). Excess miR-1 in the devel-
oping heart leads to a decreased pool of proliferating

ventricular cardiomyocytes, suggesting that miR-1
modulates the effects of critical cardiac regulatory
proteins to control the balance between differentia-
tion and proliferation during cardiogenesis (Zhao
et al. 2005). The role of miR-1 in the regulation of
cardiac morphogenesis, electrical conduction, and
cell cycle control was further confirmed in a mouse
knockout model (Zhao and Srivastava 2007). Ensuing
articles reported that another miRNA, miR-133,
which is in the same polycistron as miR-1, enhances
myoblast proliferation by repressing SRF (Chen ez /.
2006) and controls cardiomyocytic hypertrophy
(Care er al. 2007). A large number of miRNAs (113
out of 140 that are expressed in normal rat carotid
arteries) are aberrantly expressed on rat vascular
walls within the neointimal lesion using microarray
analysis in a balloon injury rat model. This pheno-
type is believed to be a common and early
pathological feature of atherosclerosis (Ji ez al. 2007).
Downregulation of miR-21, the most upregulated
miRNA in balloon-injured rat carotid arteries, inhib-
ited neointimal lesion formation after angioplasty
(Ji er al. 2007). Readers interested in miRNA biology
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in cardiovascular diseases are referred to a compre-
hensive review by Latronico ez 4. (2007) published by
Circulation Research.

2.22.4 miRNAs in Toxicology

Though many miRNA studies in health and disease
are relevant to toxicology, there are few reports that
directly address miRNA expression or function in
molecular toxicology. A National Center for
Biotechnology Information (NCBI) PubMed search
of ‘microRNA’ and ‘toxicology’ returns only one
original research paper, in which Horii and collea-
gues (Pfizer Japan, Inc.) have investigated miRNA
expression and roles of gene regulation in rat livers
treated with two hepatotoxicants (Fukushima er 4/
2007). These investigators exposed male rats to a
single dose of acetaminophen (the active ingredient
of the blockbuster drug Tylenol) or carbon tetra-
chloride via gavage and rat livers were then
removed for miRNA expression profiling. These
studies found that six miRNAs were upregulated by
both toxicants, while eight were downregulated.
miR-298 and miR-370 (both of which were down-
regulated) were chosen for further analyses as these
two miRNAs were predicted to target a gene coding
for thioredoxin reductase 3, an enzyme responsive to
oxidative stress (Sun er al. 1999). It was found that
miR-298 and miR-370 were suppressed around the
time when mitochondria were severed prior to cell
collapse, indicating that miRNA dysregulation
occurs at the early stages of toxicity. The mechanism
of miRNA dysregulation under toxicant treatment
needs further investigation; yet this report suggests
the importance of miRNA in toxicity.

A large number of miRNAs listed in Tables 1 and
2 should be considered as potential players in cellular
response to toxin insults. For example, miR-34a,
miR-34b, and miR-34c are regulated by p53 and
they would be expected to be induced should p53
become activated. He er 4l (2007a) reported that
upon DNA damage by adriamycin treatment, a
large number of miRNAs are dysregulated in epithe-
lial ovarian cancer TOV21G cells with miR-34a,
miR-34b, and miR-34c being among the highest
upregulated. This result suggests that when cells are
subjected to genotoxic agents, miR-34a, miR-34b,
and miR-34c may be induced by activated p53
protein.

2.22.5 Perspectives on miRNA-
Based Therapeutics

Rapid advances have revealed the physiological and
pathological functions of miRNA, while miRNA dys-
regulation has been found in many diseases and
pathological states, particularly in neoplastic and
cardiovascular diseases. Though miRNAs represent
a class of regulatory genes with great potential for use
in diagnosis, prognosis, and therapy, further studies
are needed to advance the basic research of miRNA
biology and to apply the knowledge of scientific
discoveries to clinical diagnosis, classification, pre-
diction for prognosis, and treatment response.
Particularly, there are several critical questions that
need to be answered before we ponder the use of
miRNA in therapeutic intervention.

2.22.5.1 Multiple Targets

An miRNA normally consists of an average of ~22 nt.
The seed sequence (position 2—8) is the most impor-
tant region for target recognition. Given that the last
nucleotide can be mutated, the specificity of these
seed nucleotides is about 1/4° = 1/4096 (without
considering the G:U or U:G wobble base pairs), that
1s for any UTR that is over 4 kb, there will be a target
site for azy miRNA. Other general features of site
context that boost site efficacy such as AU-rich
nucleotide composition near the site, proximity to
sites for coexpressed miRNAs (which leads to coop-
erative action), proximity to residues pairing to
miRNA nucleotides 13-16, positioning within the
3’-UTR at least 15 nt from the stop codon, and posi-
tioning away from the center of long UTRs have been
reported recently (Grimson er 4l 2007). However,
even these seed matches are not always sufficient for
repression, and the above-mentioned features are
unlikely to improve the specificity of miRNA target-
ing to another 1/1000. Current computational
predictions indicate that each miRNA targets hun-
dreds if not thousands of genes (Grimson ez 4. 2007;
Krek er al. 2005; Miranda ez al. 2006). Experimentally,
however, most targets have not been validated.

2.22.5.2 Multiple miRNA Genes

The let-7 genes in human include let-7a to let-71
(eight miRNAs), of which let-7a has three copies
and let-7f has two copies (11 in total). The mouse
let-7 genes include the same eight miRNAs, of which
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let-7a, let-7¢, and let-7f each have two copies (11 in
total). Knocking out any let-7 gene or gene cluster in
the mouse did not generate any tangible phenotype.
Interestingly, most publications on let-7 have not
explicitly identified which let-7 is dysregulated
beyond let-7a. Also, mammalian let-7s have the
same seed sequence as miR-98, further complicating
the study of this gene family.

2.22.5.3 miRNA Functions In Vivo

miRNAs, siRNAs, or antsense oligonucleotides that
target mIRNA are RNA molecules that may or may
not be modified. RNA-based drug development has
not been highly successful and only one drug has been
approved by the Food and Drug Administration
(FDA) for use in clinics (Vitravene, ie., fomivirsen, is
the first and only antisense drug to achieve marketing
clearance; Vitravene treats a condition called cytome-
galovirus (CMV) retinitis in people with acquired
immunodeficiency syndrome (AIDS); Isis
Pharmaceuticals (Carlsbad, CA, USA) developed the
drug and licensed the worldwide commercial rights to
Novartis Ophthalmics). Small molecules work by
binding to a target protein and prevent it from func-
toning, ensure it functions better, or allow it to
function at different times. The promise of antisense
or RNA drugs is that they might prevent proteins from
ever being produced. However, the complexities of
the inhibitory mechanism(s) and off-target effects i
vivo have not been fully appreciated. In addition, it
remains unclear how many genes are targeted by a
given miRNA or antisense.

2.22.5.4 Conclusions

To summarize, in this chapter we have focused on
recent discoveries that elucidate miRNA biological
functions as well as their crucial roles in human
diseases, particularly in neoplastic and cardiovascular
diseases. miRNA-based therapy is anticipated to
become a new technology of choice for treating a
wide range of human diseases. We are cautiously
optimistic - about miRNA-based therapeutics. As
most miRNA genes are transcribed by RNA poly-
merase [l and controlled by transcription factors
(such as miR-34a/b/c by p53), they are undoubtedly
important players and harbor significant potential for
applications in molecular and cellular toxicology.
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Abstract

MicroRNAs (miRNAs) are 19- to 26-nucleotide RNAs that regulate gene expression. Over 700 human miRNA
genes have been identified, with one report predicting close to 1000. Recent computational methods indicate
that up to 92% of human genes may be regulated by miRNA. In this chapter, we discuss recent progress in

miRNA biology and their roles in human disease pathogenesis, as well as opportunities and challenges of
miRNA-based therapies.





