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Summary
RNA interference (RNAi) and related pathways involving small interfering RNAs (siRNAs), microRNAs (miRNAs), and
PIWI-interacting RNAs (piRNAs) regulate processes such as anti-viral defense, genome surveillance, heterochromatin
formation, and gene expression in animals, plants, and fungi. Studies on RNAi have revealed a two-step mechanism: (i)
Degradation of dsRNA into small interfering RNAs (siRNAs), 21 to 25 nucleotides long, by an RNase III-like activity. (ii)
The siRNAs join an RNase complex, RISC (RNA-induced silencing complex), which acts on the mRNA and degrades it.
Molecular structures of Dicer, Argonaute proteins, and RNA-bound complexes have offered insights into the underlying
mechanisms of RNA-silencing pathways. Sequence-specific gene silencing using small interfering RNA (siRNA) is now
being evaluated as a novel therapeutic strategy. Recently, promising data have been obtained from clinical trials for the
treatment of respiratory syncytial virus and age-related macular degeneration. The exact mechanism of the RNAi
pathways is still unclear. Our review summarizes the RNAi pathways and the known functions of siRNAs, miRNAs, and
piRNAs in lower and higher organisms (mostly focusing on mammals) and discusses the potential applications of RNAi.

I. Introduction
Only 2% of the human genome actively encodes proteins.
Most transcripts are noncoding RNAs, functional RNA
molecules that are not translated into proteins (Morris, B J
at al., 2012, Sijen, T at al., 2001). Recently, a large number
of diverse small non-coding RNAs have been discovered
and characterized in plants and eukaryotic RNA
interference (RNAi) pathways. RNAi is involved in the
regulation of epigenetic modifications, gene expression,
heterochromatin formation, and hostparasite interactions.
Over a billion years ago, the common ancestor of all
eukaryotes had a functional RNAi pathway that is widely
distributed across the eukaryotic phylogeny (Cerutti, H at
al., 2006). Most small RNAs can be classified into the
following three types: short-interfering RNAs (siRNAs),
microRNAs (miRNAs), and PIWI-interacting RNAs
(piRNAs) (Carthew, R W at al., 2009, Shi, Z at al., 2013).
In animals, these three classes regulate development and
defense processes (Yigit, E at al., 2006). Xia et al., based
on the distinct genomic origins of miRNAs and siRNAs,
suggested that a small subset of annotated miRNAs should,
in fact, be defined as siRNAs (Xia, J at al., 2013).

siRNA are derived from short double-stranded RNA
molecules with both endogenous and exogenous (derived
from infection by a RNA viruses or artificial siRNAs)
origins. Gene silencing by RNAi is mediated via two main
steps. Briefly, the dsRNA is initially recognized by Dicer (a
member of the RNase III superfamily) and processed into
small double-stranded molecules, termed siRNA. Then,
siRNAs are bound by the RNA-induced silencing complex
(RISC) with RNase activity which guides the targeted RNA
towards degradation (Bantounas, I at al., 2004). Notably,
despite the siRNAs that plants produce against viruses,
pathogenic viruses have also developed a molecular
defense mechanism for their survival against the host antiviral system and RNAi, known as RNA silencing
suppression phenomenon (RSS) (Bivalkar-Mehla, S at al.,
2011).
Many studies have shown that miRNAs play an important
role in cellular processes, such as growth, differentiation,
proliferation, and death. miRNAs are initially transcribed as
hairpin-like structures (pre-miRNA) by RNA polymerase
II, and then processed to yield mature (single-stranded)
miRNAs by two enzymes, Drosha (Class 2 RNase III

Gene Therapy & Molecular Biology – Volume 18

Dr. Hossein Hosseinkhani et. al.
enzyme) in the nucleus and Dicer in the cytoplasm. The
mature miRNA attaches to the RISC and acts as a guide
strand that recognizes target mRNAs (Lee, Y at al., 2004).
Based on their sequences so far, miRNAs are the most
highly conserved class of small RNAs (Shi, Z at al., 2013).
Between Caenorhabditis elegans and humans, there are
many conserved miRNAs, including let-7 and miR-1,
which share 100% sequence identity across species (Lee, R
C at al., 2001).
piRNAs in C. elegans are 21 bp long and contain a uracil
at their 5' termini (Das, P P at al., 2008). Currently, two
pathways are known for piRNAs in mice and flies, the
primary processing pathway and the ping-pong
amplification loop (Mikiko, C S at al., 2011). The primary
piRNA pathway produces primary piRNAs, whereas the
ping-pong cycle, shapes the piRNA population from the
initial pool of piRNAs, which associate with specific PIWI
proteins, to target and cleave multiple Transposable
Element (TE) transcripts (Bamezai, S at al., 2012). PIWI
proteins are a subset of Argonaute proteins. Unlike siRNAs
and miRNAs, piRNAs bind to two PIWI-clade Argonautes
(Bamezai, S at al., 2012, Cecere, G at al., 2012).
The important difference between mammalian RNAi and
RNAi in flies and other lower eukaryotes, is that
mammalian cells lack an amplification system for longterm persistence of RNAi (Chiu, Y L at al., 2002). There
are three factors that affect the amplification in flies and
other lower eukaryotes: (i) The production of smaller 21–
23-nt siRNAs from long trigger dsRNAs by Dicer, whereas,
in mammalian cells, long trigger dsRNAs invoke interferon
response and activates the Protein kinase RNA-activated
response (PKR) (Stark, G R at al., 1998). (ii) RNAdependent RNA polymerase (RdRP) is present in worms,
flies, fungi, and plants (Cogoni, C at al., 1999, Dalmay, T at
al., 2000, Sijen, T at al., 2001).
It has been suggested that RdRP amplifies target mRNA
into dsRNA, through a random and degradative PCR model
(Lipardi, C at al., 2001, Sijen, T at al., 2001), that can be
targeted by Dicer, whereas no RdRP homologs have been
found in mammalian cells (Chiu, Y L;Rana, T M at al.,
2002, Schwarz, D S at al., 2003). (iii) The high enzymatic
turnover rate of RISC affects amplification during targeting
and cleavage of mRNAs, which it is possible to add a
degree of amplification to RNAi induction in all eukaryotes
(Hutvagner, G at al., 2002). In human cells, persistence of
RNAi occurs for only a short time period approximately 66
h before the siRNA is diluted out over the course of several
cell Divisions (Chiu and Rana 2002). In this review, the
latest studies of human RNAi pathways and their
applications are described collectively.
Endo-small interfering RNAs (Endo-siRNAs)
Endogenous siRNAs were first identified in plants,
yeasts, and C. elegans (Cogoni, C at al., 2000, Sijen, T at
al., 2001). Further research in mammals showed that
endogenous siRNAs were expressed in murine oocytes,
embryonic stem cells, and spermatogenic cells, and play
critical roles in normal development of oocytes and
embryonic stem cells (Billy, E at al., 2001, Song, R at al.,
2011). siRNA or post transcriptional gene silencing (PTGS)
pathway is a major arm of the anti-viral immune response

in plants, Drosophila, and other insects (Ding, S W at al.,
2007, Marques, F Z at al., 2012) (Figure 1).

Figure 1: Sources of siRNA. Different sources of
processing siRNA by Dicer into siRNAs. An siRNA
consists of a guide strand (red), which assembles into
functional siRISC, and a passenger strand (blue), which is
ejected and degraded (Carthew, R W;Sontheimer, E J at al.,
2009).

Most substrates required producing endo-siRNAs in flies
and mice are derived from transposable elements, long
‘fold-back’
transcripts,
or
hairpin
RNAs
and
complementary annealed transcripts. The precise
mechanism of how the dsRNA substrates of siRNAs are
derived from transposable elements is still unknown.
siRNAs that are derived from hairpin RNAs are long and
inverted repeat transcripts. siRNAs derived from cis-natural
antisense transcripts (cis-NATs) involve bidirectional
transcription of the same genomic DNA. Cis-NATs can be
convergent, divergent, or involve internal exons or
annotated introns. siRNA derived Trans-NAT dsRNAs
form between transcripts are usually comprise mRNA and
an antisense transcribed pseudogene (Okamura, K at al.,
2008, Watanabe, T at al., 2008).
siRNAs can elicit RNAi in mammalian cells without
producing an interferon response (Elbashir, S M at al.,
2001). siRNAs are usually short nucleotides (20–25 bp in
length) double-stranded RNA with phosphorylated 5′ ends
and hydroxylated 3′ ends, along with 2 overhanging
nucleotides. Long dsRNAs are cleaved by Dicer into short
dsRNA duplexes or siRNAs in the cytoplasm. Endogenous
and exogenous siRNAs obtained from their precursors are
sorted by a protein complex composed of Dicer-2 (Dcr-2)
in association with a dsRNA-binding protein (dsRBP)
called R2D2 and loaded onto Argonaute-2 (Ago2)
(Marques, J T at al., 2010). One strand of the siRNA duplex
is ejected by Ago2 to generate a mature RISC, containing
only the guide strand of the siRNA (Kim, K at al., 2007).
The mature Ago2-RISC then cleaves complementary
ssRNAs into the guide siRNA (Carthew, R W;Sontheimer,
E J at al., 2009).
Billy et al. exploited Entero chromaffin (EC) cells to gain
some insight into the RNAi machinery in mammals. They
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found 23-nt siRNAs, the RNaseIII-like enzyme, and Dicer
localized to the cytoplasm of P19, F9, and HeLa cells. The
observation confirmed previous findings that these cells are
deficient in some of the dsRNA and interferon (IFN)
activated enzymes (Billy, E at al., 2001, Harada, H at al.,
1990). Recent studies indicate that siRNAs produced in
mammalian cells (Song, R at al., 2011) and Drosophila
embryos (Zamore, P D at al., 2000) belong to the 21-nt
class, while siRNAs in plants and fungi are divided into
two distinct classes, including a short (21-nt) and a long
(24-nt) size class (Llave, C at al., 2002, Tang, G at al.,
2003). Endogenous siRNA sequences are generally not
conserved between species and their identification requires
experimental approaches (Sunkar, R at al., 2005).
In eukaryotes, various naturally occurring siRNA-like
molecules have been described, including (i) animal
microRNAs (miRNAs) (Lee, R C at al., 1993, Pasquinelli,
A E at al., 2000), (ii) scanRNAs in Tetrahymena
thermophila (Mochizuki, K at al., 2002), centromeric
repeat-originating siRNAs in Schizosaccharomyces pombe
(Reinhart, B J at al., 2002), (iii) siRNAs produced by
viruses in plants (Alvarado, V at al., 2009, Hamilton, A at
al., 2002), and transposons in C. elegans (Sijen, T at al.,
2003).
Viral RNA Silencing Suppressors (RSSs)
Pathogenic viruses have developed a molecular defense
mechanism for their survival against the host anti-viral
system or RNA interference, known as RNA silencing
suppression phenomenon (Bivalkar-Mehla, S at al., 2011),
which was first discovered in plants infected with
the potato virus and the cucumber mosaic virus
(Alvarado, V;Scholthof, H B at al., 2009).
Investigations on RSSs showed that viral proteins
and non-coding viral RNAs could inhibit the RNAi
(miRNA/siRNA) pathway through different
mechanisms. Most of the pathogenic viruses use
viral proteins to perform the RSS activity, except
adenovirus, which uses its non-coding RNA (VA)
(McKenna, S A at al., 2006). Other viruses such as
human influenza A virus uses the NS1 protein to
interact with various types of RNA (Hatada, E at
al., 1997). In mammalian cells, HIV-1
transactivator of transcription (Tat) protein has
been reported to block the mi/siRNA processing
step performed by Dicer (Bennasser, Y at al.,
2006). Similar to HIV and the Influenza virus, the
hepatitis C virus (HCV) core and envelope (E2)
proteins act as RSSs (Wang, Y at al., 2006, Yasui,
K at al., 1998). E2 protein has the ability to interact
with the Argonaute 2 (Ago 2) protein and make it
non-functional. In the cytoplasm, Ago2 forms the
effector complex called RISC, along with Dicer
and the mature siRNA or miRNA (Bivalkar-Mehla, S at al.,
2011). dsRNA-binding regions and GW/WG motifs of
mammalian viruses appear to have a high chance of
conferring RSS activity. Data showed that the GW/WG
motifs in viral proteins act as Ago hooks and play critical
roles in disabling RISC by sequestering Ago proteins in
plant viruses. The GW/WG motifs are conserved in the Cterminal domains of plant viruses, but were found in the Nterminal domains as well (Bivalkar-Mehla, S at al., 2011).

The miRNA pathways in plants and animals
MicroRNAs or miRNAs are conserved across species and
expressed across cell types. They are short non-coding
RNAs that regulate gene expression post-transcriptionally
and generally bind to the 3′-UTR of their target mRNAs
and decrease protein production by destabilizing the mRNA
transcripts resulting in translational silencing (Cannell, I G
at al., 2008). More than 60 % of human protein-coding
genes are possibly regulated by miRNAs. So far, more than
700 human miRNAs have been cloned (Friedman, R C at
al., 2009).
MicroRNAs are transcribed by RNA polymerase II as
part larger fold-back transcripts (pri-miRNA). These
transcripts are processed in the nucleus of vertebrates by
the DGCR8 (also known as Pasha). DGCR8 binds to the
RNase III enzyme, DROSHA, to form short stem-loops
(pre-miRNAs), which are then exported to the cytoplasm
by Exportin five (Exp5). In the cytoplasm, pre-miRNAs are
processed by the RNase III enzyme, Dicer-1, complexed
with TRBP, and transformed into a duplex consisting of a
guide strand (miRNA) and a passenger star strand
(miRNA* strand). The mature miRNA is loaded onto an
Argonaute-containing effector complex (RISC) and acts as
a guide strand that recognizes target mRNAs based on
sequence complementarity. The RISC subsequently
represses targets by inhibiting translation or promoting
destabilization of target mRNAs (Castel, S E at al., 2013,
Gurtan, A M at al., 2013, Pillai, R S at al., 2007, Pritchard,
C C at al., 2012, Yeom, K H at al., 2006) (Figure 2).

Figure 2: The miRNA processing pathway. In the
nucleus, the production of the primary miRNA transcript
(pri-miRNA) by RNA polymerase II or III and cleavage of
the pri-miRNA by the microprocessor complex Drosha–
DGCR8. Result, produced precursor hairpin (the premiRNA) that is exported from the nucleus by Exportin-5–
Ran-GTP. Then, in the cytoplasm, the RNase Dicer in
complex with the dsRNA-binding protein TRBP cleaves
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the pre-miRNA hairpin to its mature length. The functional
strand of the mature miRNA is loaded together with
Argonaute (Ago2) proteins into the RISC, where it guides
RISC to silence target mRNAs through mRNA cleavage,
translational repression, whereas the passenger strand
(black) is degraded(Winter, J at al., 2009).

In animals, miRNAs usually pair imperfectly with one or
more targets in the 3′-UTR, and do not induce mRNA
endonucleolytic cleavage. In contrast, in plants, miRNAs
usually match exactly with their messenger RNA targets
and cause the cleavage and degradation of the target
transcript. (Pillai, R S at al., 2007).
The piRNA pathways
In addition to siRNAs and miRNAs, a third RNA
interference system has been uncovered that prevents the
invasion of selfish genetic elements such as transposons
and exogenous retroviruses, which are threats for the host
genome especially in germline cells (Kawaoka, S at al.,
2013, Malone, C D at al., 2009). piRNAs are part of a
complex class of small non-coding RNAs with 24-31 bp in
length, which are associated with PIWI proteins (Beyret, E
at al., 2012).
piRNAs arise from intergenic repetitive elements in the
genome known as piRNA clusters (Brennecke, J at al.,
2007). The biogenesis of piRNA was initially described in
the D. melanogaster germ line and is known as ‘the pingpong cycle (Brennecke, J at al., 2007, Gunawardane, L S at
al., 2007).
In the Drosophila melanogaster, many aspects of piRNA
biogenesis remain unclear. The primary antisense
transcripts that are transcribed from transposons or piRNA
clusters are converted into piRNAs by unknown
mechanisms, and are loaded onto Aubergine (AUB) or
PIWI (Mikiko, C S at al., 2011). Saito et al. determined that
piRNAs in Drosophila are 2′-O-methylated at their 3′ ends,
as in mouse and rat (Saito, K at al., 2007). piRNAs derived
from the flamingo locus are exclusively loaded onto PIWI.
piRNA-RISCs produced through this mechanism act as a
'trigger' for the amplification loop (Siomi, M C at al.,
2011). Studies showed that fish and mammals may have
similar mechanisms (Aravin, A A at al., 2007, Houwing, S
at al., 2007) (Figure 3).

Figure 3: Ping-pong amplification in the germline.
Transcripts from piRNA clusters (blue and red) and
functional transposons (blue) are exported from the
nucleus. Aubergine (Aub), preprogrammed with piRNAs
generated through the primary biogenesis pathway, cleaves
complementary transposon and cluster transcripts (blue),
yielding randomly sized RNA fragments that bind to Ago3.
3'-end trimming produces mature Ago3-sense strand
piRNA complexes, which cleave anti-sense cluster
transcripts (red). The resulting fragments bind to Aubergine
(Aub), and 3'-end processing generates anti-sense piRNAs,
completing the amplification cycle(Khurana, J S at al.,
2010).
MILI (PIWI-like protein 2) and MIWI2 (PIWI-like
protein 4) are two PIWI proteins that are engaged in pingpong cycle in the mouse primordial germ cells of 16.5 dpc
testes (Aravin et al 2008) , where MIWI2 piRNAs are
produced in the presence of MILI (located in pi-bodies).
However, MIWI2 (located in cellular bodies) expression
can be detected at 4 dpp (Kuramochi-Miyagawa, S at al.,
2008). Furthermore, high production of piRNA occurs at 14
dpp (Beyret, E at al., 2012, Lau, N C at al., 2006). Primary
piRNAs in mouse prospermatogonia are processed from
TEs and cluster transcripts, associated with MILI. MILI,
loaded with sense piRNA, cleaves antisense transcripts,
generating 5′ ends of secondary piRNAs, which are then
transferred into MIWI2. MIWI2 subsequently cleaves sense
transcripts (producing new sense piRNAs) that are loaded
into MILI (Beyret, E at al., 2012).
Dicer protein in Humans
Dicer protein is an endoribonuclease from the RNase III
family. This protein is responsible for generating short,
non-coding interfering RNAs and microRNAs duplexes
from dsRNA fragments about 20–25 bp long, with a twobase overhang at the 3′ end, which leads to gene silencing
(Koscianska, E at al., 2011, Macrae, I J at al., 2006). In
human cells, Dicer acts with protein partners such as
members of the AGO family (MacRae, I J at al., 2008), a
protein activator of PKR (PACT) (Kok, K H at al., 2007),
HIV-1 TAR RNA-binding protein (TRBP) (Sanghvi, V R
at al., 2011), and possibly other accessory proteins. Human
Dicer contains an N-terminal DExH-box RNA helicase-like
domain, originally termed the domain of unknown function
(DUF283), a PAZ domain, two RNase III domains (type A
and B), and a doublestranded
RNA-binding
domain (dsRBD) (MacRae,
I J at al., 2008).
Dicer protein contains
two different RNA-binding
sites including: (i) a position
for cleavage of long dsRNA,
and (ii) a position for the
rejoining of cleaved siRNA
after cleavage via TRBP
(Meister et al 2013). The
RNase III type A domain
cleaves the 3′-arm of premiRNA and the RNase III
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type B domain cleaves its 5′-arm, and both domains must
exhibit their activity to generate a miRNA-miRNA*
duplex. (Zhang, H at al., 2004). In humans, Dicers interact
with TRBP proteins. These partner proteins could be
involved in determining the substrate specificity of Dicer
proteins (Cenik, E S at al., 2011).

RNA-induced silencing complex (RISC)
RNA-induced silencing complex (RISC) is a multiprotein
complex that incorporates one strand of siRNA or miRNA.
RISC uses the siRNA or miRNA strand as a template to
recognize complementary mRNA. When it finds a
complementary strand, it activates RNase and cleaves the
mRNA. The cytoplasmic RISC contains dsRNA binding
proteins, including: (i) protein kinase RNA activator
(PACT), or eukaryotic translation initiation factor 2-alpha
kinase 2 (EIF2AK2), which is an enzyme that is encoded
by the EIF2AK2 gene in humans (Feng, G S at al., 1992),
(ii) transactivation response RNA binding protein (TRBP)
that has a physiological role in spermatogenesis and growth
control during development, and Dicer, which processes
pre-microRNAs into mature microRNAs (miRNAs)
targeting specific mRNA species for regulation
(Koscianska, E at al., 2011, Redfern, A D at al., 2013).
Staphylococcal nuclease domain containing 1 (SND1) or
p100 co-activator, is a multifunctional protein. In the
cytoplasm, SND1 functions as a nuclease in the RNAinduced silencing complex (RISC) and facilitates RNAimediated gene silencing (Caudy, A A at al., 2003).
Argonaute proteins are the catalytic components of the
RISC, which bind to different classes of small non-coding
RNAs, including siRNAs, miRNAs, and piRNAs
(Ghildiyal, M at al., 2009).
Argonaute protein subfamilies
Argonaute proteins are key players in gene-silencing
pathways guided by small RNAs. They were first identified
in plants and their family members were subsequently
found in all eukaryotes. They are highly conserved between
species (Drinnenberg, I A at al., 2009). Argonaute proteins
typically have a molecular weight of ~100 kDa and are
highly specialized. These proteins contain amino-terminal
(N) PAZ (PIWI–ARGONAUTE–ZWILLE) (also common
in Dicer enzymes), MID (middle), and carboxy-terminal
PIWI domains. The PAZ domain forms a specific binding
pocket for the 3′-protruding end of the small RNA with
which it associates. The PAZ domain anchors the 3′ end of
the small RNA by bending it into a specific binding pocket
(Jinek, M at al., 2009, Meister, G at al., 2013).
Based on sequence homology, the Argonaute protein
family can be divided into the Ago subfamily (resembles
Arabidopsis AGO1) and the PIWI subfamily (related to the
Drosophila PIWI protein) (Meister, G at al., 2013, Peters, L
at al., 2007). AGO1, AGO2, AGO3, and AGO4 are
members of the human Ago subfamily that associate with
miRNAs and siRNAs (Ender, C at al., 2010). In humans,
only AGO2 has been shown to cleave the phosphodiester
bond of a target RNA (Meister, G at al., 2013). The
structure of the PIWI domain is similar to bacterial RNase
H, which has been shown to cleave the RNA strand of an
RNA-DNA hybrid (Jinek, M;Doudna, J A at al., 2009).

Argonaute proteins bind different classes of small noncoding RNAs, including siRNAs, miRNAs, and piRNAs
(Jinek,
M;Doudna,
J
A
at
al.,
2009).http://en.wikipedia.org/wiki/Argonaute
cite_note-Zamore-2 The degree of complementarity
between the small RNA and the target mRNA is the key for
the regulatory mechanism of RNA silencing. Perfect
complementarity
promotes
AGO2-mediated
endonucleolytic cleavage, whereas mismatches in the
middle region of the small RNA lead to repression of gene
expression at the translational level (Filipowicz, W at al.,
2008, Pillai, R S at al., 2007).
GW182 protein was identified in human cells as the
antigen that is recognized by the serum from a patient
suffering from motor and sensory neuropathy (Eystathioy,
T at al., 2002). In animal cells, GW182 family proteins are
essential for microRNA-mediated gene silencing through
direct interactions with Argonaute proteins. Studies show
that GW182 proteins interact with the multiprotein
complex, including the cytoplasmic poly (A)-binding
protein (PABP), CCR4-NOT deadenylase complexes, and
PAN2-PAN3, which silences miRNA targets (Eulalio, A at
al., 2009, Huntzinger, E at al., 2013). There are two
domains in the GW182 protein that play essential roles in
silencing. One is the N-terminal domain, which provides
multiple binding sites for Argonaute proteins and
contributes to the assembly of silencing complexes in the
D. melanogaster protein. The other is a bipartite C-terminal
silencing domain that promotes translational repression and
decay of mRNA targets (Eulalio, A at al., 2009). Some GW
motifs, known as Ago ‘hooks’, form Ago-interaction
platforms connecting with the MID domain of Ago
proteins. GW-repeats outside of the N-terminal region do
not contribute to Argonaute binding (Eulalio, A at al., 2009,
Takimoto, K at al., 2009, Zipprich, J T at al., 2009). A
phylogenic analysis of Argonautes from Homo sapiens
(Hs), C. elegans (Ce), C. briggsae (Cb), Drosophila
melanogaster (Dm), Arabidopsis thaliana (At), and
Schizosaccharomyces pombe (Sp) showed that there are
three distinct clades within the Argonaute family,
including: Ago-like, Piwi-like, and Wago. The AGO and
the PIWI subfamilies apply different mechanisms for small
RNA loading (Czech, B at al., 2011). Humans have eight
Argonaute-like proteins, four within the eIF2C/AGO
subfamily
(EIF2C1/hAGO1,
EIF2C2/hAGO2,
EIF2C3/hAGO3, and EIF2C4/hAGO4) and four within the
PIWI subfamily (PIWIL1/HIWI, PIWIL2/HILI, PIWIL3,
and PIWIL4/HIWI2) (Li, L at al., 2010, Sasaki, T at al.,
2003).
The Ago-like subfamily proteins were defined based on
their similarity to Ago1, which are present in animals,
plants, and fission yeast, with genes expressed ubiquitously
(Joshua-Tor, L at al., 2006, Kawaoka, S at al., 2008). In
mammals,
miRNAs
usually
bind
to
partially
complementary sites. AGO clade proteins preferentially use
a portion of the guide to identify targets from this region,
known as the “seed sequence” of the miRNA that
encompasses two to eight nucleotides of the small RNA
(Braun, J E at al., 2013).
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The Piwi subfamily is an animal-specific clade. In
contrast to the AGO subfamily, the PIWI subfamily has
been identified only in animals and the genes are expressed
mainly in germ cells, where they form the core of animal
transposon silencing pathways (Aravin, A A at al., 2007,
Kawaoka, S at al., 2008, Reddien, P W at al., 2005). The
human genome encodes four Piwi proteins, including
HIWI, HILI, HIWI3, and HIWI2. In mice, there are three
Piwi proteins, known as MIWI, MILI, and MIWI2 (Ender,
C;Meister, G at al., 2010, Peters, L;Meister, G at al., 2007).
The Wago clade is entirely constituted of worm
Argonautes. In the nematode C. elegans, WAGO proteins
are important for endogenous and exogenous RNAi
pathways (Yigit, E at al., 2006). The Wago proteins are
generally occupied by “secondary siRNAs”, which bear 5′
triphosphate and 3′OH termini, and they are paramount for
silencing responses to exogenously delivered dsRNAs,
small RNA-based regulation of endogenous genes, and
chromosome structure and segregation (Conine, C C at al.,
2010, Tabara, H at al., 1999, Yigit, E at al., 2006).
Loading AGO clade members:
Recent biochemical studies described the loading events
of AGO clade in humans (Noland, C L at al., 2011). First, it
was confirmed that human TRBP functions similar to R2D2
in D. melanogaster and helps Dicer rebind the cleaved
siRNA after the first cleavage. Double-stranded siRNA or
miRNA transfer to the AGO protein through mediation by
multi-proteins, including: chaperone complex Hsp70–
Hsp90 (heat shock cognate protein 70 kDa–heat shock
protein 90) in D. melanogaster, or Hsp90 in plants and
humans; these complexes hydrolyze ATP to keep AGO
proteins in an open state, allowing them to accommodate
the RNA duplex (Iki, T at al., 2010, Johnston, M at al.,
2010). In miRNA and the siRNA pathways, the strand with
the less stable paired 5′ end is preferentially loaded into
AGO proteins. The principle governing these
thermodynamic differences between small RNA ends is
known as the asymmetry rule (Khvorova, A at al., 2003,
Schwarz, D S at al., 2003).
In the next step, with the support of the N domain of
AGO proteins, the duplex is unwound, and the passenger
strand of the siRNA or the miRNA* strand of the miRNA
is removed (Kwak, P B at al., 2012). A study showed that
human putative helicases, such as RNA helicase A (RHA),
MOV10, or Armitage, are involved in duplex unwinding
(Robb, G B at al., 2007). Next, perfectly paired siRNA or
miRNA duplexes are cleaved by catalytically active AGO2
proteins (Leuschner, P J at al., 2006). In humans, the
passenger strand nicked by AGO2 is removed from the
RISC-loading complex by the endonuclease C3PO. The
interaction between C3PO and AGO2 activated RISC then
stops, enabling the latter to fully cleave complementary
target RNAs (Liu, Y at al., 2009, Ye, X at al., 2011).
Loading PIWI clade members:
The piRNA-loading mechanisms are still largely
unknown. piRNAs are associated with members of the
PIWI clade (Das, P P at al., 2008), whereas miRNAs are
associated with Argonautes from the AGO clade (Czech,
B;Hannon, G J at al., 2011). In eukaryotes, Argonaute
proteins have been found in high concentrations in

processing bodies (P-bodies) of the cell's cytoplasm and
participate in mRNA decay pathways (Parker, R at al.,
2007, Sen, G L at al., 2005). In humans, the Argonaute-like
and PIWI-like proteins are required for the miRNA and
PIWI-interacting RNA (piRNA) pathways (Hutvagner, G at
al., 2008). The Armitage ortholog in mice (MOV10L1) is a
germ cell–specific putative RNA helicase associated with
PIWI proteins. The detailed mechanism is still unclear
(Zheng, K at al., 2010).
Therapeutic applications of RNAi
Synthetic siRNAs are new tools towards nucleic acid
therapeutics for treatments of various infectious and genetic
diseases, including cancer. RNAi, like other forms of gene
therapy in systemic diseases, is challenged by the method
of delivery and stability in vivo (Hammond, S M at al.,
2000). Numerous anticancer gene therapy strategies had
proven their efficacy in experimental animal models and
some of them have already been tested in clinical trials
(Azzam, T at al., 2004).
siRNA technology enables selective gene knockdown
which is used to identify critical genes or pathways. This
outcome provides a new insight into innovation in drug
development for the treatment of various diseases and
cancers (Gewirtz, A M at al., 2007). In oncology, the
applications of RNAi have been focused on amplifying and
translocating dominant mutant oncogenes and targeting
viral oncogenes (Chen, J at al., 2004). siRNA technology
has been applied to DNA repair through knockdown of the
Ataxia-Telangiectasia and Rad3-related interacting protein
(ATRIP). Three different siRNAs, targeting different
regions of the ATRIP mRNA, were used for gene silencing.
The results showed that ATRIP were phosphorylated by
Ataxia-Telangiectasia and Rad3-related protein kinase
(ATR) and was an essential component of the DNA
damage checkpoint pathway (Cortez, D at al., 2001).
Researchers have demonstrated that many oncogenes are
potential molecular targets for siRNAs. For example, one of
the normal cellular genes, with the potential to enhance cell
growth and tumor formation, is cellular oncogene (c-onc).
Many proteins, such as signal transducers and transcription
factors associated with tumor initiation and progression,
and growth factors and their receptors, are encoded by conc. C-onc siRNAs/cationic lipid complexes have been
transfected into different types of cells such as lung
adenocarcinoma, HeLa, ovarian carcinoma, melanoma, and
hepatoma cells. The results demonstrated that siRNAs
suppressed the proliferation of these cells (Yin, J Q at al.,
2003).
Over-expression of CXCR4 was associated with lymph
node metastases in breast cancer, oral squamous cell
carcinoma, and other cancers (Kato, M at al., 2003). It was
shown that silencing of CXCR4 in MDA-MB-231 human
breast cancer cells resulted in significant inhibition of in
vitro breast cancer cell migration (Chen, Y at al., 2003,
Schimanski, C C at al., 2005). Shimanski et al. also
reported that expression of CXCR4 and CCR7 were
elevated in 96 patients with histologically confirmed
colorectal cancers and in four colorectal cancer cell lines by
immunohistochemical staining. Their results showed that
strong expression of CXCR4 in colorectal cancer cells was
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significantly associated with lymphatic and distant
dissemination in patients with colorectal cancer and a
migratory phenotype in vitro (Schimanski, C C at al.,
2005).
Researchers demonstrated that inhibiting the signaling by
CXCR4 and its ligand, CXCL12, either by antibodies,
peptide analogs, or siRNA knockdown, reduced metastasis
in various metastatic models of breast and colorectal cancer
(Abedini, F at al., 2011, Abedini, F at al., 2012, Abedini, F
at al., 2011, Liang, Z at al., 2005).
Tabernero et al. initiated the first Phase I trial utilizing
ALN-VSP, a lipid nanoparticle (LNP) formulation of
siRNAs targeting vascular endothelial growth factor
(VEGF) and kinesin spindle protein (KSP), on 41 patients
with endometrial cancer metastases to the liver. Their
results demonstrated clinical benefits with the cancer either
stabilized after six months or regresses metastasis in some
patients. Pharmacodynamic analysis of biopsy samples
from the patients revealed the presence of drug in tumor
biopsies, siRNA-mediated mRNA cleavage in the liver and
antitumor activity including complete regression of liver
metastases in endometrial cancer. For the first time, their
research showed that RNAi is effective in the treatment of
cancer patients (Tabernero, J at al., 2013).
Another phase I clinical trial involving systemic
administration of siRNA was conducted by Davis et al. on
patients with solid cancers (Melanoma). They generated
nanoparticles comprising a synthetic delivery system
containing a linear cyclodextrin-based polymer (CDP), a
human transferrin protein (TF), polyethylene glycol (PEG),
and an siRNA targeting RRM2. They observed a reduction
in both the specific mRNA (M2 subunit of ribonucleotide
reductase (RRM2)) and the RRM2 protein levels as
compared with those in the pre-dosed tissue (Davis, M E at
al., 2010).
The role of piRNAs in cancer is just beginning to be
investigated. Piwi family members are commonly
expressed in germline stem cells and lose their expression
during development. Researchers have found that human
Piwi orthologs known as Hiwi and Hili can be
overexpressed in a variety of human cancers (Sun, G at al.,
2011, Taubert, H at al., 2007). Hiwi plays an important role
in tumorigenesis by increasing DNA methylation levels and
consequently, silencing the cyclin-dependent kinase
inhibitor (CDKI). Furthermore, treatment with a DNA
methyltransferase inhibitor could reduce DNA methylation
levels and tumor formation (Siddiqi, S at al., 2012).
The RNAi pathway is present in all mammalian cell
types. The primary challenge for effective systemic gene
silencing is delivery of the siRNA or miRNA to the
appropriate organ(s) with productive cellular uptake leading
to engagement of RISC in the cytoplasm (Gollob, J A at al.,
2011). Polymers such as dextran-spermine and lipid
nanoparticles have proven effective in delivery of siRNAs
to the colon, liver, and lung, in animals (Abedini, F at al.,
2011, Abedini, F at al., 2012, Tabernero, J at al., 2013).

Figures and Legends
Figure 1: Sources of siRNA. Different sources of
processing siRNA by Dicer into siRNAs. An siRNA
consists of a guide strand (red), which assembles into

functional siRISC, and a passenger strand (blue), which is
ejected and degraded (Carthew, R W;Sontheimer, E J at al.,
2009).
Figure 2: The miRNA processing pathway. In the nucleus,
the production of the primary miRNA transcript (primiRNA) by RNA polymerase II or III and cleavage of the
pri-miRNA by the microprocessor complex Drosha–
DGCR8. Result, produced precursor hairpin (the premiRNA) that is exported from the nucleus by Exportin-5–
Ran-GTP. Then, in the cytoplasm, the RNase Dicer in
complex with the dsRNA-binding protein TRBP cleaves
the pre-miRNA hairpin to its mature length. The functional
strand of the mature miRNA is loaded together with
Argonaute (Ago2) proteins into the RISC, where it guides
RISC to silence target mRNAs through mRNA cleavage,
translational repression, whereas the passenger strand
(black) is degraded(Winter, J at al., 2009).
Figure 3: Ping-pong amplification in the germline.
Transcripts from piRNA clusters (blue and red) and
functional transposons (blue) are exported from the
nucleus. Aubergine (Aub), preprogrammed with piRNAs
generated through the primary biogenesis pathway, cleaves
complementary transposon and cluster transcripts (blue),
yielding randomly sized RNA fragments that bind to Ago3.
3'-end trimming produces mature Ago3-sense strand
piRNA complexes, which cleave anti-sense cluster
transcripts (red). The resulting fragments bind to Aubergine
(Aub), and 3'-end processing generates anti-sense piRNAs,
completing
the
amplification
cycle(Khurana,
J
S;Theurkauf, W at al., 2010).
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