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Abstract

The past two decades have seen an explosion in research on noncoding RNASs and their
physiological and pathological functions. Several classes of small (20-30 nucleotides) and long
(>200 nucleotides) noncoding RNAs have been firmly established as key regulators of gene
expression in myriad processes ranging from embryonic development to innate immunity. In this
review, we focus on our current understanding of the molecular mechanisms underlying the
biogenesis and function of small interfering RNAs (SiRNAs), microRNAs (miRNAs), and Piwi-
interacting RNAs (piRNAs). In addition, we briefly review the relevance of small and long
noncoding RNASs to human physiology and pathology and their potential to be exploited as
therapeutic agents.

Introduction

For decades, the major cellular function of RNA was considered to be an intermediate

molecule in the transfer of genetic information from DNA to proteins. While transcription is

a pervasive process and the majority of the genome is transcribed (Clark et al., 2011), the
scientific community was caught by a surprise when human genome sequencing revealed

~21,000 protein coding genes (Lander et al., 2001), a number that is similar to less complex

species such as Caenorhabditis elegans. With the advent of robust HTS (High throughput
sequencing) technologies and advances in bioinformatics, the ENCODE project has
provided a detailed landscape of transcription in human cells (Frazer, 2012,
Stamatoyannopoulos, 2012, Djebali et al., 2012). The human genome encodes tens of
thousands of small and long RNA transcripts that do not code for proteins suggesting a
notion that this non-coding “dark matter” of genome plays a role in physiological

complexity of human and mammals. Biological functions of non-coding small RNAs started
to emerge at a fast pace after the role of RNAs in gene silencing was discovered (Fire et al.,

1998). In addition to small RNAs, recent genome-wide surveys have revealed that many
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regions encode long noncoding RNAs (IncRNAS) that may have important biological
functions (Derrien et al., 2012). Here we discuss the molecular mechanisms of non-coding
RNAs, their regulation of gene expression under physiological settings, and their
involvement in the initiation and progression of disease. We will end with a brief summary
of recent progress in exploiting ncRNAs as therapeutic agents.

Small noncoding RNAs

Small ncRNAs (~20-30 nucleotides [nt]) are central components of RNA interference
(RNAI), an ancient gene regulation program that operates in a wide variety of organisms
ranging from fission yeast to humans (Fire et al., 1998, Ambros, 2004, Cogoni and Macino,
1997, Hamilton and Baulcombe, 1999). Small ncRNAs can be grouped into three main
categories based on their length, mode of biogenesis, and effector proteins: small interfering
RNAs (siRNAs), microRNAs (miRNAS) and Piwi-interacting RNAs (piRNAS). By serving
as guides for recognition of target RNAs, these molecules play a key role in modulating
gene expression in a sequence-specific manner. In the following sections, we discuss the
biogenesis and biological functions of these small regulatory RNAs.

Small interfering RNAs

Small interfering RNAs (siRNASs) are derived from long double-stranded precursor RNAS
(dsRNAs). Endogenously formed dsRNAs are exported to the cytoplasm where they are
cleaved into 20-25-nt duplexes by Dicer, a member of the dSRNA-specific ribonuclease
(RNase) I11 family (Bernstein et al., 2001). Mammals and the nematode Caenorhabditis
elegans each possess a single Dicer protein, whereas the Drosophila genome encodes two:
Dicer-1 (Dcr-1) and Dicer-2 (Dcr-2) (Hutvagner et al., 2001, Grishok et al., 2001, Ketting et
al., 2001, Knight and Bass, 2001, Lee et al., 2004b). In contrast to mammals and C. elegans,
where the single Dicer is responsible for generating both siRNA and miRNAs, Drosophila
Dcr-1 and Dcr-2 are dedicated to the production of miRNAs and siRNAs, respectively (Lee
et al., 2004b). The siRNA duplexes formed by Dicer activity bear 5’ phosphates and 3’
hydroxyl groups on both strands, which are paired in a manner that leaves 2-nt overhangs at
the 3’ ends (Figure 1). siRNAs are incorporated into multiprotein RNA-induced silencing
complexes (RISCs) comprised of one of a family of Argonaute (AGO) proteins together
with auxiliary proteins that extend or modify the function of the AGO protein (Hammond et
al., 2001, Caudy et al., 2002, Ishizuka et al., 2002, Zhou et al., 2008). One strand of the
siRNA duplex, the guide strand, is selectively retained in the siRISC and the second
‘passenger’ strand is discarded (Miyoshi et al., 2005, Rand et al., 2005, Matranga et al.,
2005). AGO proteins contain a PAZ (Piwi, Argonaute, Zwille) domain and a Piwi domain.
The PAZ domain accommodates the protruding 2-nt overhang of the siRNA duplex, and the
PIWI domain, which is structurally similar to the catalytic domain of RNase H, carries
endoribonuclease (or slicer) activity (Song et al., 2003, Ma et al., 2004, Parker et al., 2005,
Song et al., 2004, Wang et al., 2009, Wang et al., 2008b). The AGO-bound siRNA guide
strand directs the siRISC to target mMRNAs through complementary base pairing, and the
AGO PIWI domain endonuclease activity precisely cuts the target RNA at the
phosphodiester linkage between the nucleotides base paired to the 10" and 11t residues of
the siRNA guide strand. Among the four mammalian AGO proteins, only AGO2 possesses
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such slicer activity, whereas the Drosophila Agol and Ago2 proteins carry weak and robust
slicer activities, respectively. AGO-mediated cleavage of target mMRNAS generates products
with 5 monophosphates and 3’ hydroxyl termini, which are further degraded by
exoribonucleases. This frees the siRISC, still containing the siRNA guide strand, to engage
and cleave additional target mRNAs. This sequence of events is shown schematically in
Figure 1. Chemical modification and mutational analyses of siRNAs have established the
essential role of A-helical geometry in siRNA-mediated gene silencing (Chiu and Rana,
2002, Chiu and Rana, 2003, Chu and Rana, 2007, Rana, 2007). High-resolution crystal
structures of Ago bound to a guide strand and its target RNA further highlighted the
significance of the A-form helix in RISC catalysis (Wang et al., 2009). Since RNA can fold
into complex secondary and tertiary structures, rates of RISC catalysis can be affected by the
structure of target mMRNA sequences because mMRNA regions with strong secondary
structures, such as hairpin and stem loops, are resistant to targeting by RISCs (Brown et al.,
2005, Schubert et al., 2005, Overhoff et al., 2005).

Exo-siRNAs

Depending on the source of dSRNA precursor, siRNAs can be further divided into
exogenous and endogenous siRNAs (exo- and endo-siRNAS, respectively). The siRNA
pathway is best understood in flies, where exogenous dsRNAs are introduced
physiologically as genomic replication intermediates of invading RNA viruses. In
Drosophila, exo-siRNA duplexes are produced from the long dsRNAs through a series of
cleavage events by Dcr-2 and its partner dsRNA binding protein (dsRBP), R2D2 (Liu et al.,
2003, Miyoshi et al., 2010, Marques et al., 2010). The Dcr-2/R2D2 heterodimer gauges the
thermodynamic stability of the 5" ends of the siRNA duplex and binds asymmetrically
(Tomari et al., 2004). The strand with lower 5’ thermodynamic stability becomes the guide
strand. The Dcr-2/R2D2 complex then associates with Ago2 and the siRNA duplex is
transferred, forming the pre-siRISC (Pham et al., 2004). This process requires ATP
hydrolysis and is aided by the chaperone proteins Hsc70/Hsp90 (lwasaki et al., 2010). Ago2
cleaves the siRNA passenger strand, which is then degraded by C3PO, a ribonuclease
complex composed of Translin and Trax (Matranga et al., 2005). After removal of the
passenger strand, the guide strand is 2’-O-methylated at the 3’ end by the S-adenosyl
methionine-dependent methyl transferase HEN1 (Horwich et al., 2007, Pelisson et al., 2007,
Saito et al., 2007). These steps convert the pre-RISC to a mature RISC, which then engages
target MRNASs by complementary base-paring with the guide strand, leading to
destabilization of target RNAs.

In contrast to flies, sSiIRNA biogenesis and RISC assembly in mammals involves three
proteins: DCR-1, Transactivation response element RNA-binding protein (TRBP), and
AGO2, which form a complex even in the absence of the dsSRNA trigger (Chendrimada et
al., 2005, Gregory et al., 2005, Maniataki and Mourelatos, 2005, Lee et al., 2006). The
complex cleaves long dsRNAs into duplex siRNAs, discards the passenger strand, and
assembles into a functional RISC with the guide strand. Interestingly, Dcr-1-null mice can
still assemble functional RISCs, suggesting that DCR-1 may be dispensable for RISC
loading in mammals (Kanellopoulou et al., 2005, Murchison et al., 2005).
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In flies, worms, and plants, the siRNA pathway is a key constituent of the antiviral defense
mechanism. Infection of host cells by a wide array of RNA viruses initiates viral genome
replication and the formation of long dSRNA intermediates that are specifically recognized
and processed into virus-derived siRNAs (vsiRNAS) by Dicer proteins (Hamilton and
Baulcombe, 1999, Wang et al., 2006, Li et al., 2002, Lu et al., 2005b). In addition to
destroying key viral replication intermediates, this process also results in incorporation of
vsiRNAs into AGO-containing siRISCs to further target viral genomic RNAs for
degradation (Wang et al., 2006, van Rij et al., 2006). This two-pronged strategy to destroy
viral RNA provides specific and effective defense against invading viral pathogens. Indeed,
flies, worms, and plants that carry mutations in selected Dicer or Ago genes are
hypersensitive to infection by RNA viruses and carry higher viral titers than do the wild-
type organisms (Wang et al., 2006, van Rij et al., 2006). As a counterdefense mechanism,
many viral genomes encode suppressors of RNAI that inhibit various steps of SIRNA
biogenesis and function (van Rij et al., 2006, Li et al., 2002, Nayak et al., 2010). vsiRNAs
have also been identified in mammalian cells infected with RNA viruses (Schopman et al.,
2012); however, it is not yet known whether such RNAs have gene silencing functions or
whether the siRNA pathway is required for antiviral immunity in mammals.

Endo-siRNAs

SiRNAs can also be derived from long dsRNAs transcribed from plant or animal genomes.
Such endo-siRNAs were first detected in plants and C. elegans but were later found in flies
and mammals, suggesting that they are common to most eukaryotes.

Three classes of plant endo-siRNAs have been described that originate from different
sources: cis-acting siRNAs (casiRNA), trans-acting siRNAs (tasiRNAs), and natural
antisense-derived siRNAs (natsiRNAS) (Axtell, 2013). casiRNAs comprise the bulk of plant
endo-siRNAs and are derived from transposons, repetitive elements, or tandem repeats such
as 5S rRNA genes (Xie et al., 2004). These RNAs are predominantly 24-nt long, are
methylated by HEN1, and are produced through the action of DCL3, RDR2, POL IV, and
either AGO4 or AGOG. casiRNAs promote the formation of heterochromatin by directing
histone modifications and DNA methylation at the loci from which they are derived.
tasiRNAs are produced through a convergence of the miRNA and siRNA pathways
(Vazquez et al., 2004, Peragine et al., 2004, Yoshikawa et al., 2005, Williams et al., 2005,
Allen et al., 2005). In this process, miRNA-directed cleavage of certain transcripts recruits
the RNA-dependent RNA polymerase RDR6, which copies the cleaved transcript into
dsRNAs. The dsRNAs are then processed by DCL4 into tasiRNAs, which are capable of in
trans repression of target transcripts distinct from the tasiRNA locus of origin. natsiRNAs
are produced as part of the stress response in plants (Katiyar-Agarwal et al., 2006, Borsani et
al., 2005). They are derived from a pair of cis-antisense transcripts in which one transcript is
expressed constitutively and the other is expressed in response to environmental stress. In
some cases, hybridization of pairs of transcripts derived from non-overlapping genes can
give rise to dsRNA precursors. natsiRNA synthesis requires DCL1 and/or DCL2, RDRS,
SGS3 (suppressor of gene silencing 3), and Pol 1V (Katiyar-Agarwal et al., 2006, Borsani et
al., 2005). natsiRNAs then direct the cleavage of one of the mRNAs of the pair and trigger
the DCL1-dependent production of 21-nt secondary siRNAs.
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Drosophila endo-siRNAs were identified by high-throughput sequencing of small RNAs
from germline and somatic cells. They are derived primarily from transposon transcripts,
long RNA transcripts with extensive dsSRNA structures, and selected mRNAs (Ghildiyal et
al., 2008, Czech et al., 2008, Okamura et al., 2008, Kawamura et al., 2008). Drosophila
endo-siRNAs are 21-nt long, phased, and present in both sense and antisense orientations.
Their production generally requires Dcr-2 and the dsRBP Loquacious (Logs)-PD (Zhou et
al., 2009, Hartig et al., 2009, Hartig and Forstemann, 2011). Drosophila endo-siRNAs are
primarily loaded into Ago2-containing siRISCs and are modified by the methyltransferase
DmHenl at their 3’ ends (Horwich et al., 2007, Saito et al., 2007). The primary function of
these endo-siRNAs is to control retrotransposon expression in the Drosophila soma and, in
concert with piRNAs, the germline. In addition, a small group of cellular mMRNAs are
subject to regulation by endo-siRNAs (Czech et al., 2008).

The first mammalian endo-siRNA was identified against one of the retrotransposons, L1, a
long interspersed nuclear element (LINES) (Yang and Kazazian, 2006). Bidirectional
transcription from the L1 loci is thought to yield dsSRNAs that are processed into sSiRNAs by
DCR-1. endo-siRNAs have also been identified in mouse oocytes (Tam et al., 2008,
Watanabe et al., 2008). They originate from long dsRNAs derived from transposon
transcripts or from hybridization between genic and pseudogenic transcripts. Similar to their
Drosophila counterparts, the mouse endo-siRNAs are also 21-nt in length, depend on
DCR-1 for biogenesis, and associate with AGO2.

microRNAs

The first miRNA to be discovered, lin-4, was identified in a screen for genes involved in
post-embryonic development of C. elegans (Lee et al., 1993). The lin-4 locus produces a 22-
nt RNA that is partially complementary to sequences in the 3’ UTR of its target mMRNA,
lin-14. Although lin-4 is specifically found in C. elegans, the second C elegans miRNA
discovered, let-7, is conserved from flies to humans (Reinhart et al., 2000, Pasquinelli et al.,
2000). Further studies using a combination of computational and genomic approaches have
identified thousands of mMiRNAs in a variety of organisms, including humans, flies, worms,
and plants (Aravin et al., 2003, Lau et al., 2001, Ghildiyal and Zamore, 2009). miRNAs are
thought to be expressed in all cell types of higher organisms.

The miRNA genes are mainly clustered in the genome and are transcribed as polycistronic
primary transcripts, although some animal miRNAs are produced from individual
transcription units (Kim et al., 2009, Ambros, 2011, Li and Rana, 2012). In addition,
miRNAs may be embedded in the exonic or intronic regions of host transcripts. miRNA
genes are transcribed by RNA Pol 11 to generate primary miRNAs (pri-miRNA) that carry
stem-loop structures containing the future mature miRNA. These transcripts resemble
protein-coding transcripts in that they contain a 5’ 7-methylguanosine (m’G) cap and a 3’
poly(A) tail, and often contain introns (Cai et al., 2004, Lee et al., 2004a). Pri-miRNAs are
cleaved into ~60-70-nt stem-loop precursor miRNAs (pre-miRNAS) in the nucleus by the
microprocessor complex (Denli et al., 2004, Han et al., 2004, Han et al., 2006, Gregory et
al., 2004), which consists of the RNase 111 endoribonuclease Drosha, its dSRBP DGCR8
(also known as Pasha in flies and worms), and auxiliary proteins (Lee et al., 2003, Denli et
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al., 2004). The Drosha—DGCR8 complex cleaves pri-miRNAs at the base of the stem
structure to produce pre-miRNASs having a 5’ phosphate, a 3’ hydroxyl group, and a 2-nt
overhang at the 3’ end (Han et al., 2006). The pre-miRNAs are then exported to the
cytoplasm by the nuclear export factor Exportin-5 (EXPO-5) which partners with the GTP
binding protein Ran to form a nuclear transport complex (Yi et al., 2003, Lund et al., 2004).
In the cytoplasm, the pre-miRNAs are further processed by Dicer to generate 22—24-nt
miRNA duplexes composed of the mature miRNA strand (containing the less thermostable
5’ end) and a partner strand (known as the miRNA star strand or miRNA*) with a 2-nt
overhang at the 3’ terminus. Dicer is assisted by a number of dsRBPs to achieve a high
degree of precision and efficiency in miRNA processing. For example, Dcr-1 interacts with
the Logs-PB dsRBP in flies (Zhou et al., 2009, Forstemann et al., 2005, Saito et al., 2005,
Hartig et al., 2009) and with TRBP or PACT in mammals (Chendrimada et al., 2005, Lee et
al., 2006). In addition to the canonical biogenesis pathway, a subset of miRNAs is derived
from transfer RNAs, small nucleolar RNAs, and group Il introns via non-canonical
mechanisms (Yang and Lai, 2011).

Once the miRNA duplex is produced, only the mature strand is loaded into the RISC
complex, whereas the miRNA* strand is typically degraded. However, in Drosophila, select
miRNA* strands are loaded into Ago2 and repress the expression of reporter mMRNASs
containing perfectly complementary sequences (Czech et al., 2009, Okamura et al., 2009).
Imperfectly base-paired miRNA duplexes are sorted so that the strand perfectly paired at
nucleotide positions 9 and 10 associate with Ago2, whereas the strand that is mismatched in
the central region predominantly associates with Agol (Czech et al., 2009, Okamura et al.,
2009, Ghildiyal et al., 2010). The identity of the 5" terminal nucleotide of the miRNA
strands also affects the sorting process, with Agol favoring U and Ago2 C. In mammals,
where miRNA sorting into Ago proteins is less well defined, the miRNA strands appear to
be randomly partitioned among the four Ago proteins, all of which are equally competent to
perform miRNA-mediated gene silencing (Li and Rana, 2012). Once the miRISC is formed,
the miRNA imperfectly base pairs with the target mRNA, resulting in mismatch-induced
bulges. Target recognition is primarily determined by the “seed sequence” (nucleotides 2-8)
at the 5’ end of the miRNA guide strand (Doench and Sharp, 2004, Lewis et al., 2003) and
the complementary sequences located predominantly in the 3’ UTR of the target mMRNA.
Accumulating evidence suggests that miRNA binding sites may also be present in the
coding region and possibly the 5 UTR of mMRNAs. miRISC silencing of target mRNAs
occurs by repressing protein translation, enhancing mRNA degradation, and/or sequestering
target mMRNAS to specific cellular compartments such as P bodies and stress granules (Chu
and Rana, 2006, Chu and Rana, 2007, Fabian et al., 2010, Krol et al., 2010) (Figure 2). More
than 50% of cellular mMRNAs are thought to be regulated by miRNAs, emphasizing the far-
reaching effects of miRNA-mediated gene regulation.

Piwi-interacting RNAs

One of the most recently identified classes of small RNAs are piRNAs, which are the
longest known (24-29 nt) small ncRNAs and are found mainly in the animal germline.
piRNAs were initially identified in Drosophila by Aravin and coworkers during a study
profiling small RNAs expressed at various developmental stages (Aravin et al., 2003). In
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addition to the 22-nt miRNAs, they identified a fraction of longer RNAs that lacked the
complementary star strand sequences generally found in the miRNA/miRNA* precursor
structure, suggesting they were a novel class of small ncRNA. The majority of piRNAs
mapped to genomic repeats or transposons in Drosophila and hence were initially named
repeat-associated small interfering RNAs (rasiRNASs). Later, these RNAs were shown to be
involved in defending the germline genome against the deleterious effects of
retrotransposons (Vagin et al., 2006). Soon after the discovery of rasiRNAs, several groups
identified similar types of RNA in the gonads of many other organisms. Since all of these
RNAs were found to associate with the Piwi subfamily of Ago proteins, they were
collectively renamed as Piwi-interacting RNAs (piRNAS) (Brennecke et al., 2007, Aravin et
al., 2007, Gunawardane et al., 2007, Houwing et al., 2007, Lau et al., 2006, Malone et al.,
2009, Saito et al., 2006). piRNAs are produced from long single-stranded RNA precursors in
a Dicer-independent manner and thus their biogenesis is quite distinct from that of SiRNAs
or miRNAs (Vagin et al., 2006, Houwing et al., 2007). To highlight the importance of
piRNAs in safeguarding genomic integrity, mutations in genes encoding many components
of the piRNA pathway affect fertility in animals (Pek et al., 2012b).

In Drosophila, the Piwi clade proteins associated with piRNAs are Piwi, Aub, and Ago3
(Brennecke et al., 2007, Gunawardane et al., 2007, Li et al., 2009, Malone et al., 2009). The
mouse genome encodes three Piwi clade proteins, MIWI, MIWI2, and MILI (Kuramochi-
Miyagawa et al., 2001), and piRNAs are classified as pre-pachytene or pachytene piRNAs
based on the stage at which they are expressed and the specific Piwi proteins with which
they associate (Aravin et al., 2006, Girard et al., 2006). MILI is broadly expressed in
embryonic male germ cells at 12.5 dpc to postnatal haploid round spermatids, while MIWI
and MIWI2 are expressed transiently during spermatogenesis. MIWI2 is expressed from
14.5 dpc to postnatal day 3 and MIWI is expressed during meiosis at pachytene
spermatocytes and spermatid stage(Kuramochi-Miyagawa et al., 2004, Aravin et al., 2008,
Aravin and Bourc’his, 2008). Pre-pachytene piRNAs are enriched in repeat-derived
sequences and mainly associate with MIWI2 and MILI, whereas pachytene piRNAs are
predominantly derived from intergenic unannotated sequences and associate with MIWI
(Reuter et al., 2011, Aravin et al., 2006, Girard et al., 2006). The function of the pachytene
piRNAs remains to be established.

A number of studies have identified C. elegans 21U RNAs to be the functional equivalents
of fly and vertebrate piRNAs (Ruby et al., 2006, Batista et al., 2008, Das et al., 2008, Wang
and Reinke, 2008). Although shorter than typical piRNAs, 21U RNAs bear many of the
same characteristics: they associate with the Piwi protein PRG-1, start with a 5’ uridine,
have modified 3’ ends, and are required for the maintenance of germline integrity and
fertility (Ruby et al., 2006, Batista et al., 2008, Das et al., 2008, Wang and Reinke, 2008).

Biogenesis of piRNAs

The biogenesis of piRNAs is best understood in Drosophila, where they are produced from
active transposons and piRNA clusters, the specific genomic regions that are populated with
fragmented transposon sequences incapable of mobilization (reviewed in (Malone and
Hannon, 2009)). The majority of transposons in the piRNA cluster are bidirectionally
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transcribed (reviewed in (Pek et al., 2012b). piRNA biogenesis occurs by two pathways;
primary processing occurs in both somatic and germline cells and secondary processing,
which occurs via a feed-forward loop called the ping-pong amplification cycle, occurs only
in germline cells (reviewed in (Malone and Hannon, 2009). The primary processing pathway
takes place predominantly in follicle cells, a thin layer of somatic cells surrounding the
oocytes in the Drosophila ovary. The piRNAs are derived from long single-stranded
antisense precursor RNAs that are loaded into Piwi, the only Piwi clade protein expressed in
Drosophila follicle cells. Further processing is performed by Trimmer, a 3’/ to 5’ progressive
exoribonuclease (Kawaoka et al., 2011). piRNAs derived from the flamenco locus are
generated via this pathway. Upon biogenesis of primary piRNAs and the formation of Piwi-
containing piRISCs, primary piRNAs control the expression of sense transposon-derived
transcripts, probably through the slicer activity of Piwi. Piwi-bound primary piRNAs can
also silence the expression of transposons by forming heterochromatic structures at the
transposon loci (Le Thomas et al., 2013). Primary piRNAs also serve to initiate the ping-
pong amplification cycle described below. Most of our current understanding of the primary
processing pathway comes from studies with somatic follicle cells, and the primary
processing pathway in germ cells remains elusive (Figure 3). Genome-wide RNAI screens
both in whole flies and in cultured ovarian follicle cells have recently identified a collection
of proteins involved in primary piRNA biogenesis and function (Muerdter et al., 2013,
Handler et al., 2013).

The ping-pong amplification pathway operates exclusively in the germline. Two groups
(Brennecke et al., 2007, Gunawardane et al., 2007) concurrently proposed the model based
on the following observations: 1) Piwi and Aub bind antisense piRNAs and Ago3 binds
sense piRNAs. 2) Piwi- and Aub-bound piRNAs carry a U at the 5’ end, whereas Ago3-
bound piRNAs carry A at the 10th nucleotide from the 5’ end. 3) The first 10 nt of Aub- and
Ago3-associated piRNAs are complementary to each other. 4) All three Piwi family proteins
retain their slicer activity allowing them to cleave an RNA substrate opposite to position ten
of the bound piRNA. Aub-bound antisense piRNAs initiate the ping-pong amplification
cycle by triggering the cleavage of the sense transposon transcript to produce sense piRNAs.
The sense piRNASs are in turn loaded into Ago3, engage antisense transposon transcripts via
complementary base pairing, and slice the antisense transposon transcript via the slicer
activity of Ago3. Ago3-mediated cleavage defines the 5’ end of antisense piRNAs, whereas
3’ end maturation is mediated by a yet-to-be-identified ribonuclease(s) (Brennecke et al.,
2007, Gunawardane et al., 2007, Malone et al., 2009, Li et al., 2009). Upon biogenesis,
Ago3-bound sense piRNAs in turn engage with antisense transposon transcripts, thereby
sustaining the feed-forward amplification loop. The piRNAs derived from the 42AB cluster
are generated in an Aub- and Ago3-dependent manner via the ping-pong cycle (Malone et
al., 2009, Li et al., 2009). Interestingly, piRNAs can be transmitted vertically through
maternal inheritance, thereby providing a consistent defense against retrotransposons
(Brennecke et al., 2008).

Protein components of the piRNA pathway

Although PIWI proteins form the core of the piRNA biogenesis pathway, additional
proteins, including Tudor domain-containing proteins, RNA helicases, and nucleases, also
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play a key role in the piRNA pathway. Indeed, loss of function mutations in these genes
often results in severe defects in gametogenesis and piRNA production. Many of these
proteins interact with each other both genetically and physically (reviewed in (Pek et al.,
2012a, Pek et al., 2012b). In particular, several piRNA pathway components localize to
nuage/chromatoid bodies, unique germline-specific structures found at the perinuclear
region of germ cells. Several studies have suggested that the nuage is the probable site of
ping-pong amplification (reviewed in (Pek et al., 2012a, Pek et al., 2012b).

In Drosophila, nuage components display genetic hierarchy with respect to their localization
to the nuage (Patil and Kai, 2010, Lim and Kai, 2007, Anand and Kai, 2012). Similarly,
localization of the Tudor domain proteins Tdrd1, Tdrd6, and Tdrd7 to the nuage depends on
the mouse Vas homolog, mvh (Hosokawa et al., 2007). The same set of proteins was also
found to colocalize with either one or all of the Piwi family proteins Miwi/Mili/Miwi2, and
Mvh (Vagin et al., 2009, Shoji et al., 2009, Hosokawa et al., 2007). In mili mutants,
localization of Tdrd1 and Tdrd9 to nuage/chromatoid bodies is compromised, while in miwi
mutants the localization of Tdrd1, Tdrd6, Tdrd7, Tdrd9, and Mvh remains normal (Vagin et
al., 2009, Shoji et al., 2009). Tdrd7 colocalizes with Vas in zebrafish (Strasser et al., 2008).
Biochemical studies showed that many of these proteins physically interact with each other
(Pek et al., 20123, Pek et al., 2012b). Taken together, these reports suggest that such genetic
hierarchy underlying the assembly of protein (sub)complexes is necessary for piRNA
biogenesis and function and the phenomenon might be conserved across species. Biogenesis
and functions of piRNAs have been recently reviewed (Guzzardo et al., 2013, Ishizu et al.,
2012).

Long noncoding RNAs

The first reported example of a long noncoding RNA (IncRNA) was the H19 transcript,
which lacked large open reading frames and was not translated into protein (Pachnis et al.,
1988, Brannan et al., 1990). Later work revealed the existence of thousands of IncRNAs in
the human genome. This unexpected abundance was initially thought to be transcriptional
noise arising from the low fidelity of RNA polymerase (Struhl, 2007). However, the precise
expression of INCRNAs at particular developmental stages and specific subcellular
localization patterns argue otherwise. INCRNAs are typically >200-nt in length and bear
several features of typical protein-coding transcripts, such as a 5’ cap, poly(A) tail, and
introns (Carninci et al., 2005). Although some IncRNAs are located within intergenic
sequences, the majority is transcribed as complex, interlaced networks of overlapping sense
and antisense transcripts that often include protein-coding genes (Kapranov et al., 2007).
Genomic sequences within these transcriptional foci are often shared within a number of
different coding and noncoding transcripts in the sense and antisense directions giving rise
to a complex hierarchy of overlapping isoforms (Derrien et al., 2012, Harrow et al., 2012).

IncRNAs have been implicated in the regulation of diverse biological processes including
transcription, splicing, translation, chromosome gene dosage compensation, imprinting,
epigenetic regulation, cell cycle control, cytoplasmic and nuclear trafficking, and cell
differentiation (Lee and Bartolomei, 2013). For example, Air plays a key role in imprinting
of the Igf2r locus, and Xist is critical for X chromosome inactivation. HOTAIR and HOTTIP
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affect the expression of HOXD and HOXA respectively. INcRNA-RoR affects
reprogramming efficiency, whereas NRON influences the activity of the transcription factor
NFAT. Tugl is involved in retina development through regulation of the cell cycle
(reviewed in (Guttman and Rinn, 2012)). In the following section we discuss in detail a few
examples that highlight the various functions of IncRNAs.

InNcRNASs in transcriptional and post-transcriptional regulation

IncRNAs regulate transcription by targeting transcriptional activators or repressors
(Goodrich and Kugel, 2006), complexing with components of the transcriptional machinery,
acting as cofactors for transcription factors, or by regulating the association and activity of
transcription factor coregulators. One example is regulation of the cell cycle protein Cyclin
D1 (CCND1) (Wang et al., 2008b). In human cell lines, DNA damage induces the
expression of INcCRNAs associated with the CCND1 gene promoter, which function
cooperatively to modulate the activity of the RNA-binding protein TLS. In turn, TLS
inhibits the histone acetyltransferase activities of CREB-binding protein and p300 to repress
CCNDZ1 transcription. In another example, the InNcRNA Evf2 functions as a co-activator for
the homeobox transcription factor DIx2, which plays a key role in forebrain development
and neurogenesis (Feng et al., 2006, Panganiban and Rubenstein, 2002). IncRNAs have also
been shown to regulate RNA Pol |1 activity. In humans, a IncRNA transcribed from an
upstream promoter of the dihydrofolate reductase gene (DHFR) forms a stable RNA-DNA
triplex in the major promoter of DHFR to prevent binding of the transcriptional cofactor
TFIID (Martianov et al., 2007). The IncRNA lincRNA-p21 is transcribed as a 3.1 kb
transcript with two exons and is located ~15 kb upstream of the cell cycle regulator gene
p21/Cdknla, a canonical target of p53. lincRNA-p21 functions as an inhibitor of the p53-
dependent transcriptional response by repressing genes that interfere with apoptosis (Huarte
et al., 2010). DNA damage caused by doxorubicin induces lincRNA-p21 transcription in a
p53-dependent manner in mouse embryonic fibroblasts and several tumor-derived cell lines
(lung tumor, sarcoma, and lymphoma). RNA pull-down experiments indicated that lincRNA-
p21 interacts through its 5” terminal region with heterogeneous nuclear ribonucleoprotein K
(hnRNP-K). hnRNP-K binds to the promoters of genes that are corepressed by lincRNA-p21
and p53 (Huarte et al., 2010), suggesting that lincRNA-p21 acts as a transcriptional repressor
of the p53 response genes by recruiting hnRNP-K to the promoters of target genes (Figure
4).

IncRNAs have also been reported to regulate various aspects of post-transcriptional RNA
processing, including pre-mRNA splicing, cytoplasmic transport, translation, and
degradation, which often involve base pairing between INcCRNAs and the target mMRNAs.
One example is the IncRNA MALAT-1, which interacts with and influences the
phosphorylation state of serine/arginine rich (SR) splicing proteins (Ji et al., 2003, Bernard
etal., 2010, Tripathi et al., 2010) (Figure 5).

Translational regulation by IncRNAs

Several studies have demonstrated the involvement of INcRNAs in control of mMRNA
translation. The IncRNAs BC1 and BC200 are transcribed in the central nervous system of
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mice and humans, respectively, by RNA Pol Il1. BC1 controls the efficiency of dopamine
D2 receptor-mediated transmission in dendrites in the striatum, and BC1-deficient mice
display reduced exploration behavior and increased anxiety (Centonze et al., 2007,
Lewejohann et al., 2004). BC1 shows some sequence complementarity with various neuron-
specific MRNAS, suggesting a possible role for this IncRNA in targeted translational
repression (Wang et al., 2005).

BACE1-AS (3-site amyloid precursor protein (APP)-cleaving enzyme) is an antisense
IncRNA transcribed from the opposite strand of BACEL, an aspartyl protease that cleaves
APP at the $-site to produce amyloid B-peptide (AB). AR accumulates in the brains of
patients with Alzheimer’s disease, highlighting the importance of regulation of BACE1
expression for normal brain function (Faghihi et al., 2008) (Figure 5).

INcRNAS in epigenetic regulation

Many IncRNAs have been implicated in epigenetic regulation of gene expression. In flies,
IncRNAs induce the expression of the homeotic gene Ubx by recruiting the trithorax protein
Ashl and directing its chromatin modifying functions to Hox regulatory elements (Sanchez-
Elsner et al., 2006). Certain mammalian Hox genes are also regulated by IncRNAs (Mazo et
al., 2007, Rinn et al., 2007). The expression of these InNcCRNAs is spatially and temporally
regulated throughout human development and defines chromatin domains of differential
histone methylation and accessibility by RNA polymerase (Rinn et al., 2007). The 40 kb
IncRNA HOTAIR originating from the HOXC locus represses transcription across the
HOXD locus in trans by associating with the Polycomb repressive complex 2 (PRC2) and
directing its recruitment to the target loci, where it influences heterochromatin formation
(Tsai et al., 2010) (Figure 6).

The IncRNA ANRIL transcriptionally represses the tumor suppressor gene INK4a in cis
through a PRC1 member, CBX7 (Pc/chromobox7). INK4a maps to a locus that
encompasses two additional tumor suppressor genes linked to various types of cancers,
INK4p and ARF. Both INK4p and INK4a are involved in cell cycle regulation while ARF in
apoptotic pathway and cell cycle arrest by promoting MDM2 degradation. The ANRIL
transcript is antisense to INK4p and correlates with INK4a epigenetic regulation (Yap et al.,
2010). Increased levels of ANRIL and CBX7 and decreased levels of INK4a have been
reported in prostate cancer tissues (Yap et al., 2010) (Figure 6).

INcRNA in imprinting

Imprinting is the phenomenon by which genes are expressed from only one of the
maternally or paternally inherited alleles and the second allele is inactivated. Many
imprinted genes are clustered on the chromosome and are often associated with INcRNAs. A
possible role for these INcRNASs in imprinting was suggested by the observation that
IncRNA expression correlates with repression of the imprinted genes (Pauler et al., 2007).
Two examples are the IncRNAs Kcngotl and Air (Braidotti et al., 2004). Most of the genes
at the Kenqgl locus are inherited maternally, the exception being the antisense INcRNA
Kengotl (Mitsuya et al., 1999). Genetic studies in mice expressing a truncated Kcngotl
transgene show that it is crucial for imprinting of genes on the paternal chromosome
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(Mancini-Dinardo et al., 2006). Kcngot1 is thought to direct the trimethylation of lysine 9
and 27 of histone 3 (H3K9me3 and H3K27me3) at an imprinting center that overlaps with
the Kengotl promoter and resides within a Kengl sense exon (Umlauf et al., 2004). The
PRC2 components Eed and Ezh2 are recruited to the Kengl locus on the paternal
chromosome, possibly by Kcngotl, where they may mediate gene silencing through
repressive histone methylation (Umlauf et al., 2004). A differentially methylated imprinting
center also overlaps with the promoter of the long antisense ncRNA Air, which is
responsible for silencing of neighboring genes at the 1gf2r locus on the paternal chromosome
(Sleutels et al., 2002, Zwart et al., 2001). The Igf2r locus displays an allele-specific histone
methylation pattern, suggesting that Air also mediates silencing via chromatin modification.

INcRNAs in cell cycle regulation and apoptosis

Several IncRNAs contribute to regulation of the cell cycle and apoptosis. One example,
described above, is lincRNA-p21, which regulates the cell cycle through its interaction with
hnRNP-K and p53 (Mourtada-Maarabouni et al., 2009, Huarte et al., 2010) (Figure 4).
Another example is the IncRNA Gasb (growth arrest specific 5), which regulates the activity
of glucocorticoids in response to nutrient starvation and sensitizes cells to apoptosis (Smith
and Steitz, 1998). Gasb binds to glucocorticoid receptors (GR) and prevents them from
associating with glucocorticoid response elements in GR target genes such as clAP2
(cellular inhibitor of apoptosis 2), which inhibits caspase activity and suppresses apoptosis.
Thus, Gasb promotes apoptosis by blocking transcription of clAP2 (Webster et al., 2002)
(Figure 4).

Disease relevance of ncRNAs

Given the array of essential biological processes influenced by long and short ncRNAs, it is
not surprising that dysregulation of ncRNA biogenesis and function is associated with a
number of pathological conditions in humans.

mMiRNAS in disease

miRNAs are thought to regulate the expression of ~50% of cellular mMRNAs, and each
miRNA can potentially regulate hundreds of target genes. Thus, dysregulation of the
expression of specific miRNAs or of genes encoding canonical miRNA factors has a
profound effect on cell homeostasis.

Studies in Drosophila S2 cells have shown that FMR1, the fly ortholog of human fragile X
mental retardation protein (FMR1P in human) binds to the RNAi components Ago2 and
VIG in the RISC complex (Caudy et al., 2002). Fragile X syndrome (FXS) is one of the
most common inherited mental retardations. The disease is associated with expansion of a
CGG trinucleotide repeat in the 5 UTR of the FMR1 gene, leading to hypermethylation and
loss of FMR1 expression (Jin et al., 20044, Jin et al., 2004b). Studies using human HelLa
cells revealed that Ago2 associates not only with FMR1P but also with the fragile X-related
proteins FXR1P and FXR2P. FMR1P, FXR1P, and FXR2P form complex(es) with miRNA-
sized nucleotides in cells from control subjects but not from FXS patients (Jin et al., 2004a,
Jin et al., 2004b). The proteins are thought to act as acceptor molecules for Dicer-processed
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miRNAs and facilitate miRISC formation and engagement of target mMRNAs (Plante et al.,
2006). In addition, DGCRS, the regulatory subunit of the miRNA microprocessor, has been
implicated in DiGeorge syndrome, a congenital disease characterized by facial
dysmorphology, cardiac defects, and thymic aplasia in humans (Sullivan, 2004a, Sullivan,
2004b).

Several miRNA pathway components are reported to be differentially expressed in multiple
neoplasias compared with normal tissues, and may serve as potential biomarkers for those
diseases. For example, reduced DCR-1 and Drosha expression are associated with poor post-
operative prognosis in non-small cell lung cancer (NSCLC) patients (Karube et al., 2005). In
addition, the miRNA pathway components Ago2, XPO-5, Agol, Mov10, and TNRC6B are
upregulated in metastatic prostate cancer (Chiosea et al., 2006).

A high-throughput miRNA profiling study revealed differential expression of ~21 miRNAs
in tumor samples (Lu et al., 2005a, Volinia et al., 2006). Some miRNAs, such as miR-21,
miR-17-5p, and miR-191 are overexpressed in tumors of embryonic origin (Volinia et al.,
2006). In many tumors, individual miRNAs that reside in the same cluster are not
concordantly expressed, suggesting they may be differentially regulated at the post-
transcriptional level. For instance, of the six miRNAs contained in the miR-17-92 cluster,
two are upregulated (miR-19 and miR-92-1) and two are downregulated (miR-17 and
miR-20) in chronic lymphocytic leukemia (Calin et al., 2004).

Several studies have focused on profiling miRNA expression in non-neoplastic diseases. For
example, 16 miRNAs were found to be differentially expressed in the prefrontal cortex of
patients with schizophrenia, with 15 being downregulated compared to normal control
samples (Perkins et al., 2007). Two of these miRNAs (miR-9 and miR-128a) were found to
be upregulated in the brains of Alzheimer’s disease patients (Lukiw, 2007). A microarray-
based approach to profile miRNA expression under stress conditions found that several
miRNAs are upregulated in response to low oxygen levels (Kulshreshtha et al., 20074,
Kulshreshtha et al., 2007b). In addition, several studies have been carried out to identify the
role of individual miRNAs in diseases using cell lines and mouse models (reviewed in
(Calin and Croce, 2006, Esquela-Kerscher and Slack, 2006, Soifer et al., 2007).

IncRNAS in disease

Recent studies have started to uncover roles for several INcRNAs in development and cell
biology. Although a few studies have shown the association of IncRNAs with specific
diseases, we have little understanding of their role in disease etiology. The expression of
IncRNAs has been shown to change in diseases such as various types of cancers,
neurodegenerative diseases, and coronary disease (Wapinski and Chang, 2011). Here, we
discuss selected examples.

IncRNAS in cancer

A number of IncRNAs have been reported to show aberrant expression in cancer. The
IncRNA MALAT-1 is abundantly expressed in NSCLC and is present at three-fold higher
levels in metastasizing than non-metastasizing tumors. Moreover, MALAT-1 expression
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correlates with poor prognosis in patients with stage | disease and thus serves as a prognostic
marker for survival (Ji et al., 2003). The mouse homolog of MALAT1 is highly expressed in
hepatocellular carcinoma (Lin et al., 2007). The INcRNA PCGEM1 is overexpressed in
prostate tumors and correlates with increased proliferation and colony formation, suggesting
its probable involvement in cell growth regulation (Fu et al., 2006). Elevated levels of the
IncRNA ANRIL have also been reported in prostate cancer tissues (Pasmant et al., 2011, Yap
et al., 2010). A large germline deletion of the INK4/ARF locus and IncRNA ANRIL has been
associated with hereditary cutaneous malignant melanoma and neural system tumors
syndrome (Pasmant et al., 2011). A recent study of leukemia and colorectal cancer identified
both germline and somatic mutations in IncRNA genes (Woijcik et al., 2010). The IncRNAs
HIS1 and BIC have been implicated in oncogenesis and growth control but their function in
normal cells is unknown (Eis et al., 2005, Li et al., 1997). The IncRNA HOTAIR shows
higher expression in breast cancer and is correlated with poor prognosis and metastasis
(Burd et al., 2010). Genome-wide profiling has revealed many transcribed noncoding
ultraconserved regions with distinct profiles in various human cancer states (Calin et al.,
2007). Colorectal carcinoma, chronic lymphocytic leukemia, and hepatocellular carcinoma
show aberrant expression profiles for ultraconserved ncRNAs compared to normal cells.
Further analysis of one ultraconserved ncRNA suggested it behaved like an oncogene by
mitigating apoptosis and subsequently expanding the number of malignant cells in colorectal
cancers (Calin et al., 2007). Many of the transcribed ultraconserved sites that exhibit distinct
signatures in cancer are found at fragile sites and genomic regions associated with cancer. It
seems likely that the aberrant expression of these ultraconserved ncRNAs within malignant
processes results from important functions they fulfill in normal human development. The
IncRNA GASE transcript is expressed at reduced levels in breast cancer compared to normal
breast epithelia (Huarte et al., 2010), and chromosomal translocations encompassing the
GASb locus are associated with melanoma, B cell lymphoma, and prostate and breast cancer
(Mourtada-Maarabouni et al., 2009). Although lincRNA-p21 has not been directly associated
with cancer, its association with p53 and putative role in regulation of the cell cycle suggest
it may be involved in cancer initiation.

Small RNA-based therapeutics

Although the clinical utility of RNA. is yet to be established, there are a number of ongoing
clinical trials that could indicate the potential for success (reviewed in (Davidson and
McCray, 2011)), many RNAi-based treatments for metabolic diseases, cancer, liver fibrosis,
and viral infection are in progress (Hu and Xie, 2009). Preclinical and clinical trials to lower
plasma LDLs are currently in progress with siRNAs targeting the expression of
apolipoprotein B (APOB) and proprotein convertase subtilisin/kexin type 9 (PCSK9). The
liver was one of the first organs to be tested for effectiveness of RNAI in vivo (Xia et al.,
2002, McCaffrey et al., 2002), and was also one of the first organs targeted for cancer.
Effective RNA-based therapies require identification of target-specific siRNA sequences
and development of efficient vehicles to deliver sSiRNA to the appropriate cells in vivo. RNA
delivery is by far the major roadblock in developing RNA-based drugs.

A number of approaches have been developed and tested for in vivo delivery of RNA drugs.
For example, in vivo delivery with SNALPs (stable nucleic acid lipid particles), in which
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SiRNA is complexed to carriers or embedded in liposomal particles effectively silences
target MRNAs. SNALPs were used to target PLK1, a cell cycle protein required for
phosphorylation of many cell cycle proteins. Hepatic tumor-bearing mice treated with such
SNALPs showed significant improvement in survival (Judge et al., 2009). Other strategies
employed synthesis of cholesterol-modified lipids (Ghosh et al., 2010), interfering
nanoparticles (iNOPs) (Baigude and Rana, 2012, Su et al., 2011, Baigude and Rana, 2009,
Baigude et al., 2007, Baigude et al., 2013), and functionalized nanotubes (McCarroll et al.,
2010) as new siRNA delivery agents. iNOPs can be quickly assembled by mixing siRNA
with functionalized poly-L-lysine dendrimers without the need for complex liposomal
formulation procedures or harsh covalent reaction to label RNA with lipids or other delivery
agents. At a clinically feasible dose of 1 mg kg1, apolipoprotein B (apoB) siRNA-iNOP
complexes achieved ~40-45% reduction of liver apoB mRNA and plasma apoB protein
levels within 48 h of administration to mice, without apparent toxicity (Baigude et al.,
2013).

Synthetic siRNAs or expressed sShRNAs can be used to inhibit viral infections, including
influenza A, respiratory syncytial virus, severe acute respiratory syndrome coronavirus
(SARS), and parainfluenza virus (Bitko et al., 2005, Tompkins et al., 2004, Ge et al., 2004a,
Ge et al., 2004b, Li et al., 2005). RNAi-based treatment strategies have also been exploited
to target HIV. A clinical trial has been performed with lentiviral vectors expressing sShRNA
targeting an exon shared by HIV tat and rev genes combined with HIV specific RNA-based
inhibitors. Hematopoietic progenitor cells were transduced ex vivo and then reinfused into
patients. The phase | trial showed that the cells were successfully engrafted within 11 days
and there were no treatment-related toxicities (DiGiusto et al., 2010). Some neurological
diseases may also benefit from RNAI treatments. The mutant genes that have gained
undefined properties that harm cells in the nervous system cause a number of inherited
neurodegenerative diseases, leading to neurodegeneration and clinical phenotypes. Some
examples of these diseases include Huntington disease and subset of Alzheimer disease,
Parkinson disease, and amyotrophic lateral sclerosis. Thus, RNAI can be used to lower the
concentration of mutant proteins. A chemically stabilized siRNA against human Cu,Zn-
superoxide dismutase (SOD1) in a mouse model for amyotrophic lateral sclerosis have been
reported to knocked down the mutant SOD1 expression, slowed the disease progression, and
extended the survival (Wang et al., 2008a). Work in Huntington’s disease animal models
showed that partial knockdown of both huntingtin alleles by targeting SNPs with RNAi was
tolerated and provided clinical benefit (Boudreau et al., 2009). Recently, chemically
modified single stranded siRNAs have been employed to potently and allele-selectively
inhibit mutant huntingtin expression (Yu et al., 2012, Lima et al., 2012, Davidson and
Monteys, 2012). It is quite feasible that in coming years, we will witness RNA-based
therapies in a number of disease indications.

MiRNAs as therapeutic targets

miRNA expression profiles are likely to become important diagnostic and prognostic tools.
Identification of these misregulated miRNAs in cellular transformation and malignant states
has tremendous implications in cancer therapy. Inhibition of oncogenic miRNAs known to
regulate multiple targets might switch off several cancer-promoting signals. While some
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approaches have used siRNA to target misregulated miRNAS, others have used miRNA
sponges that sequester miRNASs and inhibit their ability to bind and suppress their targets
(Brown and Naldini, 2009). A number of strategies utilizing miRNA-based anticancer
therapies are being developed including combinations with current anti-cancer therapies
(Garzon et al., 2010). These approaches may improve the efficacy or rates to cure various
cancers. Antagomirs or anti-miRs, chemically modified RNA oligonucleotides antisense to
miRNAs, are being developed to treat a variety of disease states (Pedersen et al., 2007,
Krutzfeldt et al., 2005). Similar to siRNAs, these anti-miRs can also be assembled with
nanoparticles to inhibit miR functions in vivo (Baigude and Rana, 2012, Su et al., 2011).
Anti-miRs, has sparked enthusiasm for miRNAs as novel therapeutic targets. Indeed, in a
primate model of HCV infection, oligonucleotides aimed at sequestering miR-122 inhibited
virus replication (Lanford et al., 2010). An anti-miR-122 drug, miravirsen, is being
evaluated in Phase Ila trial clinical Santaris Pharma in a number of countries. In addition,
anti-miRs targeting a number of miRNAs are being developed and tested in cardiovascular
indications (reviewed in (van Rooij and Olson, 2012)). Given these anti-miRs exhibit
favorable pharmacokinetic and pharmacodynamic properties, they can provide new
therapeutic modalities to treat disease where no efficacious small molecule drugs are
available.
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Figure 1. sRNA-mediated generegulation
siRNAs can be introduced experimentally into the cell or processed by Dicer and partners

from long dsRNAs or shRNAs. siRNAs interact with Ago2 and other proteins to form the
RISC complex. During RISC assembly the siRNA guide strand is loaded onto Ago2 while
the passenger strand is degraded. Once the active RISC is formed, the siRNA guide strand
pairs with, cleaves, and degrades the target mMRNA, and. the RISC complex is recycled.
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Figure 2. Biogenesis of miRNAs and their rolein genesilencing
miRNAs are transcribed by RNA Pol Il as long hairpin structures called primary miRNAs

(pri-miRNAs), which are then processed into ~60-70-nt precursor miRNAs (pre-miRNAS)
by the Drosha-DGCR8 complex. The pre-miRNAs are exported out of the nucleus by
Exportin-5, and are processed into ~22-nt miRNA/mMiRNA* duplexes by Dicer and its
partners. The 22-nt RNA duplexes associate with Ago and other proteins to form the
miRISC complex. miRISCs bind at the 3’ UTR of the target mMRNA, in which results
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translational repression of the target gene. The imperfect base pairing between the miRNA
and the target mMRNA leads to bulge structures that cannot be cleaved by Ago proteins.
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Figure 3. piRNA biogenesis pathway

An unknown primary processing event generates antisense piRNAs from the piRNA loci
and/or from active transposons. Antisense piRNAs associate with Aub or Piwi, which cleave
and process the target mMRNA to generate sense piRNAs. Sense piRNAs associate with
Ago3, which then binds the antisense transcripts. This form of repetitive binding and
cleavage creates an amplification loop that maintains a constant level of sense and antisense
piRNAs. The flamenco-derived piRNAsS, on the other hand, are generated by an unknown
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primary processing pathway that does not involve an amplification cycle. Flamenco piRNAs
appear to be restricted to somatic follicle cells and are associated with Piwi.
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Figure 4. Transcriptional control mediated by INcRNAs Gas-5 and lincRNA-p21.
The IncRNA Gas-5 functions as a molecular decoy to prevent binding of the nuclear

transcription factor GR to response elements in the cl AP2 promoter region. LincRNA-p21
acts as a repressor at both the transcriptional and translational levels.
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Splicing regulation

Figure5. Post-transcriptional and translational regulation mediated by the INcRNAs MALAT-1
and BACE1-AS, respectively

MALAT-1 is retained in the nucleus and modulates alternative splicing by forming an RNP
complex with serine/arginine (SR) splicing factors and their recruitment to the transcription
site. BACEL and BACE1-ASform RNA duplexes that stabilize the mRNA. Altering
expression of BACE1-ASdecreases or increases the stability of BACEL mRNA.
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Figure 6. Epigenetic regulation mediated by the IncRNAsHOTAIR and ANRIL.
HOTAIR, one of the best-characterized INcCRNAs, is a 2.2 kb antisense transcript residing in

the HOXC locus. HOTAIR mediates epigenetic silencing by interacting with the PRC2 and
LSD1-CoREST complexes via its 5’ and 3’ domains, respectively. The EZH2 subunit of
PRC2 has histone methyltransferase activity and trimethylates histone 3 at lysine 27,
whereas LSD1 demethylates H3K4me2 and H3K4mel. The IncRNA ANRIL is located
within the INK4b/ARF/INK4a locus that encodes three tumor suppressor genes: INK4b
encodes p15/CDKN2B (cyclin-dependent kinase inhibitor 2B), ARF encodes p14/ARF
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(alternative reading frame), and INK4a encodes p16/CDKN2A (cyclin-dependent kinase
2A). ANRIL regulates transcriptional silencing of INK4a by recruiting the PcG protein
Chromobox 7 (CBX7) to the INK4b/ARF/INK4a locus. CBX7 is a component of PRC1,
which binds to the H3K27me3 repressive mark and is required for maintenance of
epigenetic gene silencing.
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