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Abstract Understanding gene regulationmechanisms has been
a serious challenge in biology. As a novel mechanism, small
non-coding RNAs are an alternativemeans of gene regulation in
a specific and efficient manner. There are growing reports on
regulatory roles of these RNAs including transcriptional gene
silencing/activation and post-transcriptional gene silencing
events. Also, there are several known small non-coding RNAs
which all work through RNA interference pathway.
Interestingly, these small RNAs are secreted from cells toward
targeted cells presenting new communication approach in cell–
cell or cell–organ signal transduction. In fact, understanding
cellular and molecular basis of these pathways will strongly
improve developing targeted therapies and potent and specific
regulatory tools. This study will review some of the most recent
findings in this subject and will introduce a super-pathway RNA
interference-based small RNA silencing network.
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Introduction

RNA interference (RNAi) is a highly conserved pathway
responsible for transcriptional and post-transcriptional regulation
of gene expression and triggered through double strand RNA
(dsRNA) and small RNAs (Azimzadeh Jamalkandi and
Masoudi-Nejad 2009, 2011). MicroRNAs (miRNAs), small
interference RNAs (siRNAs), and piwi-interacting RNAs
(piRNAs) are all examples of these small RNAs that comprise
a variety of functions from gene expression regulation to viral
defense and also transposon inactivation. Each of these pathways
has critical roles in human physiology and disease, and these are
mentioned in more detail in the sections below.

The pathway itself is derived from two major steps which
are controlled by two core proteins. During the first key step,
Dicer protein (Endoribonuclease) recognizes dsRNAs as its
substrate and generates small RNAs. In the second step,
Argonaut (Ago) takes the small RNAs and screens
complementary target mRNAs. Target mRNA will be
degraded or its translation will be suppressed during a process
called post-transcriptional gene silencing (PTGS). DsRNAs
can be generated from different pathways and with different
names. MiRNAs are transcribed from host or viral genome
and piRNAs are generated from germline cell’s genome, while
siRNAs are generated during viral replication that produces
dsRNA. Each pathway will be examined separately, and their
crosstalk, or interchange, will be assessed in order to
understand the complexity of the pathway.

MiRNA pathway

miRNA origination and classification

Within the human genome, miRNAs spatio-temporally
modulate gene expression. They are transcribed from various
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regions (intergenic and intragenic) by RNA polymerases II/III
(Zhou et al. 2008; Corcoran et al. 2009; Monteys et al. 2010).
Usually, intergenic miRNAs have their own expression
system including promoter and terminators and are located
between protein coding genes. But, about one third of
miRNAs are located within the introns of protein coding and
non-coding sequences and are transcribed from their host
promoter (intragenic miRNAs or mirtrons).

Besides their complex classification, these pathways are
divided into twomain pathways, including canonical and non-
canonical pathways. The former is started by biogenesis of
special stem-loop structure called primary miRNA (pri-
miRNA) which should be processed to precursor miRNA
(pre-miRNA) (Fig. 1). The latter joins to the canonical
pathway from various branches (Fig. 2). For example,
mirtrons (short intronic microRNA) (Parsi et al. 2012;
Gokhale et al. 2012; Yan et al. 2011) and simtrons (splicing-
independent mirtron-like miRNAs) (Havens et al. 2012;
Curtis et al. 2012), shRNAs (short hairpin RNA) (Mueller
et al. 2012; Dallas et al. 2012), snoRNAs (small nucleolar
RNAs) (Scott and Ono 2011; Ono et al. 2011), and tRNAs
(Schopman et al. 2010; Lee et al. 2009) which will be
discussed in more details may join as alternative pathways to
pri-miRNA/pre-miRNA steps (Fig. 1).

The different sources and mechanisms of miRNA
generation show their high flexibility of complex regulatory
functions. Additionally, a single miRNA can hit several
targets or several miRNAs may target a single mRNA
(Bartel 2004). In the first case, miRNA is probably a critical
regulatory element which controls several targets in various

conditions or even simultaneously. But in the second case, the
target mRNA is a critical transcript that should be controlled in
different conditions or its tight regulation is critical (Perron
and Provost 2009).

MiRNAs have a variety of roles in normal cell growth and
developments including apoptosis, development, cell
proliferation, and signaling. In addition to these normal
functions, they are implicated in many diseases such as cancer
and hepatitis. Therefore, among all small RNAs, miRNAs are a
special case which, besides gene expression control, are
involved in cell–cell and cell–organelle signaling phenomenon
(Ro et al. 2013; Lung et al. 2006).

Interestingly, somemiRNAs are located within nucleus and
can bind to other pre-miRNAs and inhibit its downstream
processing (Tang et al. 2012). This means that miRNAs can
control another miRNA’s biogenesis in the nucleus (Fig. 2).

Canonical miRNA pathway

While transcribing microRNA genes (MIR genes), the transcript
starts to fold to a hairpin like secondary structure called pri-
miRNA. This long stem loop motif is specified by a terminal
loop and single stranded RNA extension at both 3′ and 5′ ends
which are critical for an enzymatic complex called
microprocessor complex (Fig. 1). In fact, two large and small
complexes bind to pri-miRNAs. The large complex is comprised
of RNA processing and RNA transportation proteins (Gregory
et al. 2004;Wada et al. 2012), but the small one is critical for pri-
miRNA processing and is called microprocessor complex.
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Fig. 1 miRNA generation. Pri-microRNA is cleaved through
microprocessor complex including Drosha and DGCR8. The resulted
molecule is called pre-miRNA which has 3′-2 nt overhangs. After
transporting via Exportin-5, pre-miRNA will be recognized with Dicer,

a ribonuclease, and will be cleaved to about 21 nt molecules called mature
miRNAs. These miRNAs are proper for Ago protein and target mRNA
finding and induction of PTGS
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The microprocessor complex recognizes, binds to, and
cleaves pri-miRNA and then releases an ∼60–70-nt-long stem
loop fragment called pre-miRNA in which mature miRNA/
miRNAs is buried within its arms. Drosha (RNase III family
nuclease), DGCR8 (DiGeorge critical region 8: a double-
cysteine-ligated Fe (III) heme protein), and HDAC1 (histone
deacetylase 1) are the main components of microprocessor
complex. DGCR8 is a highly stable protein and has two
dsRNA-binding domains that achieve the best conformation
for dsRNA by heme binding (Barr et al. 2011, 2012). The
heme-bound DGCR8 is more active than its free form which
recognizes pri-miRNAs and then binds to Drosha. Also, it has
also been reported that HDAC1 binds to, deacetylates, and
increases the affinity of DGCR8 to pri-miRNA (Wada et al.

2012). In fact, it indirectly increases the rate of miRNA
generation. In general, HDAC1 is involved in transcriptional
suppression of gene expression via promoter histone dea-
cetylation and increasing miRNA production by increasing
DGCR8 affinity, respectively (Wada et al. 2012).

Drosha is responsible for recognizing and polishing pri-
miRNAs by cleaving it with special structure. This binding is
called a conserved structural functionality since no conserved
sequences are found on pre-miRNA for Drosha (Ohrt et al.
2006). Furthermore, Drosha binds and cleaves various pri-
miRNAs in different efficiencies and specificities. As reports
show, conserved substrates are processed more efficiently
(Feng et al. 2011). Besides regulatory effects of heme and
HDAC1, there are two hairpin regions at 5′ UTR and one at
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Fig. 2 MiRNA generation and its
mechanism of action. Different
originations, different regulatory
levels, and different target
locations are illustrated
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of DGDR8 transcript (pre-miRNA like structure) that is a
cleavage site for microprocessor complex (Triboulet et al.
2009; Han et al. 2009). This strategy prevents DGCR8
accumulation and its non-specific binding (Triboulet et al.
2009; Shenoy and Blelloch 2009). Interestingly, caspases
cleave DGCR8 at heme-binding domain to stop miRNA
generation in apoptotic cells (Gong et al. 2012). This may
describe the low level of miRNA concentrations within the
apoptotic cells. In summary, DGCR8 is a regulatory
intermediate in the microprocessor complex. In the tri-
merization model, a higher-order structure of trimerized
DGCR8 cooperatively recognizes one or two pri-miRNAs
(Faller et al. 2010). This composition can prepare the substrate
profit for Drosha binding and cleavage. Then, bring in mind
that these events happen co-transcriptionally (Shenoy and
Blelloch 2009) (Fig. 2). Surprisingly, it has been reported that
in some cells, DGCR8 promoter is under regulation of ING1
(inhibitor of growth) (Gomez-Cabello et al. 2010). This tumor
suppressor protein regulates diverse pathways such as cell
cycle and apoptosis. It can recognize histone marks and recruit
histone modifiers to the targeted promoters (Gomez-Cabello
et al. 2010). Then, it is environmentally controlled by heme,
transcriptionally by ING1, and post-transcriptionally by
HDAC1 and its insider miRNAs.

Shipping pre-miRNA to cytoplasm

After microprocessor cleavage, released pre-miRNA has 2 nt 3′
overhang which is a motif recognized by Exportin-5 in the
nuclear membrane and then Dicer in the cytoplasm. The 3′
overhang and the length of stem (>16 bp) are critical for this
binding (Zeng and Cullen 2004). Exportin-5 was first reported
as a dsRNA karyopherin (proteins involved in cytoplasm–
nucleus transportation in eukaryotic cell) (Brownawell and
Macara 2002) that can specifically bind to RanGTP (GTP-
binding nuclear protein Ran (RAs-related nuclear protein))
which interact with nucleoporins and then shuttles between
the nucleus and cytoplasm. Exportins need RanGTP proteins
for efficient loading and export of RNAs (Calado et al. 2002)
(Figs. 2 and 5). This binding is structure dependent and
sequence independent (Bohnsack et al. 2004). So, it may export
host pre-miRNAs or viral hairpin RNAs and some tRNAs
(Chen et al. 2004) or shRNAs with structural similarity to
pre-miRNAs (Yi et al. 2005). In addition, ILF-3 (interleukin
enhancer binding factor), a dsRNA binding protein, interacts
with Expotrin-5 in a RanGTP dependingway (Brownawell and
Macara 2002; Yi et al. 2003). ILF-3, Exportin-5, RanGTP, and
pre-miRNAs are assembled together in a quaternary complex
in which pre-miRNA makes an interaction bridge between
Exportin-5 and ILF-3 (Gwizdek et al. 2004). This quaternary
complex besides exporting pre-miRNA keeps it preserved of
exonucleases. Interestingly, Exportin-5 transports Dicer mRNA
to cytoplasm and regulates Dicer expression. Inhibition of

exportin-5 also downregulates Dicer expression (Bennasser
et al. 2011). Also, Exportin-5 saturation by pre-miRNA
overload causes export loss of Dicer mRNA (Bennasser et al.
2011). Interestingly, viral-associated RNA-1 (VA1 RNA) of
adenoviruses overexpression saturates Exportin-5 and therefore
decreased cellular pre-miRNA export competitively but with
no effect on siRNA basal silencing power (Perron and Provost
2009).

Pre-miRNA arrives in the cytoplasm

After the directional transportation of pre-miRNA toward the
cytoplasm, dicer takes it. This protein is crucial for organism
survival indicating deep functions of miRNAs and other dicer
dependent small RNAs in differentiation and development of
the cells (Perron and Provost 2009; Koscianska et al. 2011).
This enzyme catalyzes small RNA excision from various
substrates including long dsRNAs and pre-miRNAs. Dicer
fidelity and length specificity and processing several different
substrates are achieved by its various domains and cofactors
(Ma et al. 2012). Size of Dicer-diced products depends on its
PAZ and RNase III domains onDicer (Ma et al. 2012) (Fig. 2).
Furthermore, more interestingly, Dicer can discriminate poor
functional substrates from highly functional by 2 nt 3′
overhangs and thermodynamic properties (Sakurai et al.
2011). So, Dicer has a role in pre-selection of active
siRNAs.

PACT (protein kinase R-activating protein; a protein
activator of the interferon-induced protein kinase) and TRBP
(HIV-1 TAR RNA-binding protein) directly interact and then
bind to Dicer and make a triplex complex (Kok et al. 2007).
Dicer-TRBP electron microscopy (20 Å resolution) revealed L-
shaped interaction that prepares a putative site for dsRNA
binding (Lau et al. 2009). Dicer and TRBP cut pre-miRNA to
miRNA duplex with 2 nt 3′ overhangs (Perron and Provost
2009). TRBP has interactions in RNA modifications,
processing, and with several transcription factors (Chi
et al. 2011). TRBP can directly bind to Dicer between its
ATPase and helicase domains probably through its C4
domain (Daniels et al. 2009). Dicer is much faster in the
presence of TRBP on both miRNA and siRNA substrates.
Moreover, TRBP increases Dicer-substrate stability
(Chakravarthy et al. 2010).

The characteristics by which Dicer recognizes its targets
are in summary (Park et al. 2011):

& 3′ anchoring and counting: measuring the specific distance
from 3′

& 5′ anchoring and counting
& Terminal loop which is important for Dicer processing

(Zhang and Zeng 2010)
& 5′ pocket in Dicer that recognizes 5′ phosphate
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& dsRNA binding proteins such as TRBP, PACT, and
RBM3 (putative RNA-binding protein 3)

PACT and TRBP have strong homology (44 % similarity)
and make heterodimers localized in specific areas within the
cytoplasm in the absence of dsRNAs (Perron and Provost
2009; Laraki et al. 2008). PACT and TRBP are both
dsRNA-binding proteins that can also bind to interferon-
induced protein kinase R (PKR). PKR is a critical component
in the switching on/off interferon antiviral defense pathway.
Basically, in the absence of dsRNA molecules, the TRBP–
PACT heterodimer cannot activate PKR but dsRNA (minimal
length of 30 bp) or PACT homodimes can both bind to PKR
and induce its dimerization. Subsequently, PKR is auto-
phosphorylated and activated (Sarkar and Sen 2004;
Lemaire et al. 2008). Eventually, activated PKR can
phosphorylate eIF2a (alpha subunit of eukaryotic initiation
factor 2) and NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells) further inducing translation
arrest but interferon expression, respectively. Stopping protein
synthesis in infected cells and local spreading viral infection
signal are two main consequences of PKR activation.
Apoptosis induction is also reported through caspase 8. In
summary, however TRBP inhibits PKR activation but PACT
induces it (Laraki et al. 2008). This is the exciting story of
RNAi viral control and signaling in mammals which is able to
induced interferon signaling and cell death in response to long
dsRNAs recognition. Interestingly, during stresses PACT is
phosphorylated and then binds to PKR to activate it. PACT-p
has a weak affinity to bind to TRBP which can escape from
TRBP and bind to PKR (Singh et al. 2011). Then, generated
miRNAs should be delivered to another complex called RISC
(RNA induced silencing complex) (Fig. 2).

RISC takes mature miRNA and finds target mRNA

After first cleavage, Dicer hands off small RNA to RISC and
starts next cleavage (Ando et al. 2011). Dicer repositioning on
the dsRNA following the dicing helps in directional and
orientated delivery of the products to RISC (Noland et al.
2011). RISC selects one strand of the small RNA. Ago, PACT,
TRBP, and siRNA/miRNA are core components of RISC.
Ago-2 forms the catalytic complex of silencing (Chendrimada
et al. 2005), and TRBP is necessary for its recruitment and
physical association to Dicer–TRBP (TAR RNA-binding
protein). Ago-2 directly received double stranded-miRNA
and then cleaves the passenger strand (Matranga et al. 2005).
Dicer–TRBP prepares a platform for Ago-2 recruitment and
loading and therefore RISC assembly (Chendrimada et al.
2005). Target site features are critical for Ago selection and
binding (Hausser et al. 2009). Also, poly-A tail length is
important for Ago function (Iwasaki and Tomari 2009). There
is a report on Ago-3 involvement in translational inhibition and

Ago-2 in cleavage of the targets, most (Omel’ianchuk et al.
2011).

Loading of siRNA/miRNA into RISC activates it as it can
bind target mRNAs mostly at their 3′ UTR (Wightman et al.
1993; Lee et al. 1993). Many factors affect miRNA specificity
and activity including seed sequence, G:U wobble, and pivot
nucleotide (Brodersen and Voinnet 2009; Brennecke et al.
2005; Doench and Sharp 2004; Stefani and Slack 2012). After
RISC binding to target mRNA, target cleavage, or target
translation, repression will happen. The former is irreversible
phenomenon (Meister et al. 2004; Liu et al. 2004), but the latter
is reversible (Maroney et al. 2006). In fact, cleavage is a very
secure method, but reversibility of silencing could be more
important which indicates flexibility of the system during target
degradation. During activated Ago binds and recruits poly-A
removal, and exosomes with 3′ to 5′ exonuclease activity
degrade tailless mRNAs. It is not fully understood how Ago-
2 is inhibited from cleaving, but imperfect matching/bulge
formation may regulate slicer activity of it.

P-bodies (processing body) (Franks and Lykke-Andersen
2008) are located in the cytoplasm of yeast to human. These
dynamic bodies respond to temperature, osmotic pressure,
glucose level, and also infection (Kedersha et al. 1999).
Reversible mRNA silencing may happen in these bodies.
These miRNA–mRNA–RISC complexes are transported to
p-bodies or transported back towards the cytoplasm.

As mentioned above, Ago proteins are one of the critical
proteins in target cleavage. Among eight human Ago proteins,
just four of them are expressed in the vast majority of the cells
(Meister et al. 2004). Ago-1–4 proteins are core components of
RNAi machinery in which only Ago-2 has slicer activity
but others can just load miRNAs. Ago-2, Ago-1, and Ago-3
interact with 60, 30, and 10 % of cellular miRNAs,
respectively. Shotgun proteomics data indicate the similar
abundance of these proteins within cells (Valdmanis et al.
2012). Ago-2 that has the highest expression rate can cleave
target mRNA, but all Ago proteins can role in non-
cleavage-mediated inhibition. The function of other Ago
proteins remains uncertain.

Ago-2 and Ago-3 are mostly immunopurified with
miRNAs, and Ago-3 is localized in P-bodies without cleavage
activity (Azuma-Mukai et al. 2008). All four Ago proteins
contribute to miRNA pathway (Su et al. 2009). Moreover,
crystal structures show that Ago-2 is a bilobed molecule and
can bind to guide miRNA (nucleotides 2 to 6) and target
mRNA via a central cleft (Schirle and MacRae 2012). N
domain of Ago-2 initiates the unwinding and assembly of
miRNA duplex into the RISC (Kwak and Tomari 2012).
Loading miRNA duplex, unwinding, and removing passenger
strands are three steps for mature and active RISC formation.
Binding to miRNA increases Ago stability and locks its
flexibility in a specific conformation (Elkayam et al. 2012).
Also Ago-2 is physically bond to Dicer–TRBP critical for

Funct Integr Genomics

https://www.researchgate.net/publication/8250232_Novel_functions_of_proteins_encoded_by_viral_stress-inducible_genes?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/282058465_Revisiting_the_principles_of_microRNA_target_recognition_and_mode_of_action?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/26321113_Argonaute-mediated_translational_repression_and_activation?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/277491947_Kedersha_NL_Gupta_M_Li_W_Miller_I_Anderson_PRNA-binding_proteins_TIA-1_and_TIAR_link_the_phosphorylation_of_eIF-2_alpha_to_the_assembly_of_mammalian_stress_granules_J_Cell_Biol_147_1431-1442?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/221899273_The_nucleotide_sequence_features_of_the_mature_microRNA_seem_to_be_responsible_for_the_affinity_to_human_Ago2_AND_Ago3_proteins?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/221899273_The_nucleotide_sequence_features_of_the_mature_microRNA_seem_to_be_responsible_for_the_affinity_to_human_Ago2_AND_Ago3_proteins?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/6426717_MicroRNAs_mRNAs_and_translation?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/51465011_SiRNA_Repositioning_for_Guide_Strand_Selection_by_Human_Dicer_Complexes?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/51465011_SiRNA_Repositioning_for_Guide_Strand_Selection_by_Human_Dicer_Complexes?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/24215356_Protein_Components_of_the_microRNA_Pathway_and_Human_Diseases?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/24215356_Protein_Components_of_the_microRNA_Pathway_and_Human_Diseases?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/14945914_Wightman_B_Ha_I_Ruvkun_G_Posttranscriptional_regulation_of_the_heterochronic_gene_lin-14_by_lin-4_mediates_temporal_pattern_formation_in_C_elegans_Cell_75_855-862?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3
https://www.researchgate.net/publication/14945914_Wightman_B_Ha_I_Ruvkun_G_Posttranscriptional_regulation_of_the_heterochronic_gene_lin-14_by_lin-4_mediates_temporal_pattern_formation_in_C_elegans_Cell_75_855-862?el=1_x_8&enrichId=rgreq-0a0ef37e3abcce53123adcf75d107267-XXX&enrichSource=Y292ZXJQYWdlOzI1ODU2NzM5NztBUzo5OTA3NzI5MTI0OTY4MUAxNDAwNjMzMjc1OTk3


RISK assembly (Chendrimada et al. 2005). It is stated that heat
shock protein 90 (HSP90) is also involved in Ago regulation.

Accordingly, HSP90 is necessary for free Ago stability
(without RNA) as its inhibition results Ago destabilization
(Johnston et al. 2010; Suzuki et al. 2009). This protein is
effective in stable interaction of Dicer and Ago-2 for miRNA
hand-off (Tahbaz et al. 2004). InhibitingHSP90 resulting toAgo
and GW182 decrease and consequently resulting to P-bodies
size decrease may be due to GW182 instability (Suzuki
et al. 2009; Pare et al. 2009). Furthermore, HSP90 has more
affinity to free Ago-2 than its activated form indicating its
function on efficient loading of miRNA on Ago-2 (Johnston
et al. 2010).

Ago-2 can recruit GW182 that has three Ago-2 binding
sites (Takimoto et al. 2009; Han et al. 2004). Expression of
GW182 and Ago-2 is upregulated after siRNA delivery
(Jagannath and Wood 2009). These small molecules together
with Ago-2 are rapidly localized to p-bodies, and then, Ago
proteins are regulated by phosphorylation at specific residues
as serine-387 phosphorylation mediated by p38 MAPK
pathway which increases Ago-2 P-body localization (Rudel
and Meister 2008; Rudel et al. 2011; Zeng et al. 2008).
However, Ago proteins are distributed within the cytoplasm,
but they accumulate within new bodies called stress granules.
Also, after the stress miRNAs are necessary for P-body
localization but not for stress granules (Detzer et al. 2011;
Leung et al. 2006). Ago-1 and Ago-2 proteins are located and
concentrated in the p-bodies (Sen and Blau 2005). Some
reports states that Ago-2 is diffused in cytoplasm and nucleus
(Rudel et al. 2008) and has also interactions with GW182
(known as P-body marker) (Ikeda et al. 2006).

Also, they are mRNA decay and deposition center, include
mediators of mRNA transportation, degradation, and release
decapping, deadenylation, and RNA degradation/repression
enzymes which are induced here. Active Ago-1–4 localization
have been shown in theses bodies. Actually, it is a functional site
for mRNA turnover. Blocking these bodies by GW182
depletion impairs miRNA-based silencing. Also, there are
possibility of RISC assembly and activation within these bodies.
P-body can be sectioned into three parts including decapping,
deadenylation, and nucleases. Also, Gem-associated protein 5
(Gemin5), RNA-associated protein 55 (Rap55), p54, and fragile
X mental retardation protein (FMRP) are needed for mRNA
storage and translational repression. Interestingly, what can
control mRNA return into the cytoplasm is unknown. miRNAs
are detected within P-bodies when co-precipitating Let-7 with
GW182 (Perron and Provost 2009) (Fig. 2).

Non-canonical miRNAs

The microprocessor complex which was introduced earlier is
not necessary for generation of all miRNAs. Mirtrons and
simtrons (splicing-independent mirtron) are example of such

pathways. Mirtrons are derived from introns in a splisosome-
dependent and microprocessor-independent manner (Havens
et al. 2012; Ruby et al. 2007). But, simtrons are derived from
introns and are splisosome independent and microprocessor
dependent (Havens et al. 2012). Interestingly, some like miR-
451 are generated by Ago-2 prior to Dicer cleavage (Dallas
et al. 2012; Yang et al. 2010). This molecule is highly
conserved in vertebrates and is processed by Drosha as a short
hairpin which can directly load onto Ago-2 (Yang et al. 2010).
We may classify this as a simtrons that contributes in several
pathways (Bandres et al. 2009; Tsuchiya et al. 2009; Cheloufi
et al. 2010). Additionally, some mirtrons have their own
promoters (polymerase II or III binding sequences) and some
are transcribed from their host gene’s promoter sequences
(Monteys et al. 2010; Li et al. 2007). They may transcribe
co-dependently expression with their host genes (Ma et al.
2011); miRNA-mimicking RNAs were also observed.

Viral miRNAs

Organisms tend to have tightly controlled expression systems,
but viruses have acquired many interesting strategies to
misuse the host expression system or to circumvent the
defense system of the cell. One such strategy is the miRNA
system (Skalsky et al. 2012; Wu et al. 2011). It is clear now
that dsRNA viruses encode MIR genes (vi-miRNA) which
make them capable to control viral or host expression system.
No vi-miRNA is identified in RNAviruses yet (Meckes et al.
2010), but in Simian polyomavirus 40 (SV40), Epstein–Barr
virus (EBV), human immunodeficiency virus (HIV-1), and
Herpes simplex virus-1 (HSV-1) genome, they are identified.
They can enter into the miRNA pathway from various
branches; some bypass the microprocessor complex and some
are derived from degraded viral tRNAs (Bogerd et al. 2010);
some directly load into Dicer and some hijack the host
microprocessor and effector complexes of silencing (Lin and
Sullivan 2011). In some cases, there is a competition between
host and vi-miRNA nuclear-2-cytoplasm export by Exportin-
5 (Bennasser et al. 2011). Transiently some viRNAs can
directly load into Ago-2 (Perron and Provost 2009) (Fig. 5).
Generally, they can control apoptosis (Gupta et al. 2006),
immune system (Stern-Ginossar et al. 2007), cancer, etc.

miRNA circulation

MiRNA horizontal transfer through blood circulation system
and various body fluids (about 12 body fluids) is reported
repeatedly in saliva (Courts and Madea 2011; Gallo et al.
2012; Michael et al. 2010; Park et al. 2009; Patel et al. 2011;
Zhang et al. 2009), semen and urine (Gidlof et al. 2011; Hanke
et al. 2010; Scian et al. 2011; von Brandenstein et al. 2012),
amniotic fluids, tear, and milk (Iguchi et al. 2010;
Fleischhacker and Schmidt 2007). Presence ofmobilemiRNAs
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is also demonstrated in human plasma with a remarkable
stability against RNase-A/T and RNase H enzymes (El-
Hefnawy et al. 2004) and sensitivity against proteases. This
means that circulating miRNA acquires a system by which it
can escape from degradation. Intravascular transportation
system (exosomes, apoptotic bodies, and microparticles) and
extravesicular transport (protein complexes and lipoprotein
complexes) are both observed. There are two facts about
circulatingmiRNAs that should be answered: (1) do cells really
produce circulating miRNAs or the reports are technically
biased? And if yes, (2) do circulatingmiRNAs induce silencing
signal in recipient cells?

It is known that some cells secrete miRNAs as cell–cell
signaling molecules (intercellular/interorgan). Circulating
miRNAs were separated in protein complexes (Ago-2 co-
purified with miRNAs) more than in vesicles in the first study
(Arroyo et al. 2011) (Fig. 5). Also, some researchers stated that
there were technical limitations and Ago-stuck miRNAs were
released from lysed cells (Mitchell et al. 2008). Eventually, a
proficient research showed that human THP-1 cells selectively
package miR-150 into active microvesicles in vitro. These
secreted microvesicles are delivered specifically into human
HMEC-1 cells and induce their migration as an inflammatory
response (Zhang et al. 2010). Moreover, repeated experiments
in vitro and in vivo indicated similar miRNA patterns,
especially in disease and cancer (Zhang et al. 2010). Circulating
miRNAs are actively and specifically secreted in response to
different stimuli (Zhang et al. 2010). Eventually, secreted
miRNAs could be called extracellular miRNAs or exogenous
miRNA for recipient cells. In this landing, donor cells can be
blood cells or any other tissue cells (Chen et al. 2008), but
regulation of recipient cell expression is unclear. However, it is
demonstrated that released miRNAs deliver precisely and
regulate the targets genes specifically (Valadi et al. 2007). This
means that miRNAs cells can interact with specific target cells.
But, the boarding and landing of these miRNAs are not
understood yet. The pathways that induce silencing are not
understood yet, but in plants a signal intensification process
called silencing amplification is used to produce secondary
siRNAs (Azimzadeh Jamalkandi and Masoudi-Nejad 2009,
2011). HDL (high-density lipoprotein) also transfers and
delivers miRNAs toward recipient cells (Regazzi and
Widmann 2012; Zampetaki et al. 2012; Vickers et al. 2011).
Delivered circulating miRNAs are functional on target cells,
too (Vickers et al. 2011). Scavenger receptor BI may be
necessary for delivery (Vickers et al. 2011), but how a single
miRNA can spark regulatory action in the recipient cells in the
case of small RNA amplification pathway is not reported in
human. Direct binding of protein complexes also are reported
for stable miRNA transportation. Circulating bodies such as
exosomes interact with recipient cells using receptor–ligand
interactions and then fuse to their membrane (Zampetaki
et al. 2012; Cocucci et al. 2009).

Circulating miRNAs are nominated as fingerprints of
various diseases and promising biomarkers (Zhou et al.
2012a; Zhao et al. 2012; Zen and Zhang 2012; Zahm et al.
2012; Yang et al. 2012; Wang et al. 2012a). Also, natural
delivery of circulating miRNAs via physiological carriers is
an encouraging method for improvement of specific drug
delivery systems. So, there is huge commercial interest on
these small molecules as an ideal biomarker attributing non-
invasive, rapid, highly sensitive, and specific characteristics.

Transcriptional gene silencing vs. activation

RNAa

It was first believed that small RNAs especially miRNAs can
only induce transcriptional and post-transcriptional silencing
levels. During PTGS, unceasing gene expression occurs and
just target mRNA is degraded, but in the case of epigenetic
silencing (also called transcriptional gene silencing (TGS))
expression is thoroughly inhibited in a potent and long lasting
method. Technically, both ways are available for scientists, but
what about inducing or increasing transcription rate of target
genes by a very similar method? Fascinatingly, it is identified
that small RNAs can also induce expression of target genes.
Many mature miRNAs translocate back to the nucleus for
TGS or activation-targeted promoter sequences (Liao et al.
2010; Younger et al. 2009; Kim et al. 2008).

RNA activation (RNAa) is a process that small dsRNAs
(called saRNA) complementary to promoter region can
upregulate gene expression in cis , nominating it as a new tool
for gene overexpression studies (Wang et al. 2012b). This novel
mechanism is reported in several organisms including
mammals (Huang et al. 2010). Some human saRNAs are
functional in other organisms indicating conserved RNAa
pathway. Therefore, small RNAs especially miRNA may
induce (RNAa) or inhibit (RNAi) gene expression (Place
et al. 2008; Li et al. 2006; Janowski et al. 2007). It is clear
now that RNAa utilizes epigenetic modifications during
transcriptional activation (Portnoy et al. 2011; Place et al.
2010). Discriminately, RNAi and RNAa kinetics are distinct,
but both are Ago-2 dependent. Universally, Ago-1 and Ago-2
downregulations decreased RNAa via promoter interaction (Li
et al. 2006; Kim et al. 2006; Janowski et al. 2006; Chu et al.
2010). Ago-1 and Ago-2 are abundant in the nucleus as Ago-1
is placed on proximal cis sequences interacting with RNA pol
II and histone H3 trimethyl Lys4 (H3K4me3) (Huang et al.
2012). Also, HDAC1 may be recruited to the activation
complex at the promoter region. There are evidences that pol
II and Ago-1,2 are required (Kim et al. 2006; Janowski et al.
2006; Weinberg et al. 2006). The transcript which has 3′ UTR
overlapping with promoter region is also required for siRNA-
directed silencing (Han et al. 2007). In neuron-specific genes,
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there is a motif called neuron-restrictive silencer element
(NRSE) which small dsRNAs including this sequence can
trigger NRSE gene expression. This sequence is also
recognized by special transcription factors (NRSF/REST),
too. This emphasizes that a specific interaction between
dsRNA, proteins, and DNA is required (Kuwabara et al.
2005). Furthermore, histone H3 Lys9 (H3K9) methylation is
associated with Ago-2 and miRNA in the nucleus, confirming
that epigenetic modifications can be inherited during
proliferation (Li et al. 2006). Therefore, RNAa is correlated
to histone modification, too.

Within this sequence-specific puzzle, there should be other
components matching miRNAs to genome and screening it,
and then identifying and modifying the target site. RNAa can
stably induce gene expression as its 5′ end of seed sequence
which is critical for active binding and silencing. As target
sequence cleavage is not reported in RNAa phenomenon,
Ago-2 may react with complementary DNA sequence in a
similar way by targeting promoter sequences. However, the
miRNA target recognition is very similar to RNAi-based
mRNA target recognition roles (matches and mismatches)
(Doench and Sharp 2004; Place et al. 2008). However, it is
not clear as to why some promoters are resistant against
RNAa, yet (Li et al. 2006).

In summary, RNAa is like RNAi, reproducible, specific,
and potent. Actually, Ago should play an RNA-dependent
DNA-binding role in RNAa unlike what is seen during RNAi.
Also, there are many transcribing small RNAs from genome
which are promoter components (Younger and Corey 2009).
Linking sequence specific silencing or activation needs:

& Special cis elements on DNA;
& A component that recognizes a specific sequence (siRNA,

miRNA and a transcription factor) and binds to;
& A small dsRNA binding protein (Ago-2);
& Other proteins (for DNA or histone modification, polyme-

rization, modification maintenance). During transcription
activation, RNA polymerase should be recruited, but in
silencing methylation-related enzymes should be recruited.

Usually, omitting CpG islands and inverted repeat se-
quences from the upstream of the specific genes and then
utilizing siRNA-directed silencing boasted expression about
2–10 folds. RNAa lasting for more days than RNAi may be
due to epignenetic modifications and their inheritance
(Morris et al. 2004). Also, IFN response had not been
activated indicating a specific activation mechanism
(Morris et al. 2004).

PiRNAs

Inactivating RNAi machinery will result in hypersensitivity
against viruses. Otherwise, non-specific activation of RNAi

using long dsRNAs activates interferon responses which
cause general cellular translation inhibition in vertebrates
(Fig. 4). Among animals, two distinct classes of Ago and piwi
proteins exist that can bind to miRNAs/siRNAs and piRNAs,
respectively. In germlines, transposable elements (TE) can be
a source of genetic instability, as about 45 % of our genome is
TEs. Interestingly, human germ cells have a plan for
suppressing TEs. PiRNAs are produced in germ cells and
are responsible for TE suppression (Aravin et al. 2007a)
(Fig. 3). PiRNAs are the longest known small RNAs (24–
31 nt) which are Dicer independent and highly abundant in
germ cells responsible for TE suppression (Svoboda et al.
2004; Watanabe et al. 2006). They are processed by piwi
sub-family, and some of them are involved in heterochromatin
remodeling or RNA destabilization (Okamura and Lai 2008).
They were first reported in fly and are germline-specific and
endogenous small RNA (Aravin et al. 2001, 2003). When
responding to TEs, they may be called repeat associated small
RNAs (rasiRNA), too. They originate from intergenic
repetitive elements or piRNA clusters (Aravin et al. 2006).
They work independent from Dicer and Drosha and role
through ping-pong cycling.

Moreover, two classes of piRNAs are reported up to now:
pre-pachytene piRNAs and pachytene piRNAs (Watanabe
et al. 2006; Aravin et al. 2006). Pre-pachytene piRNAs derive
from TEs, but pachytene piRNAs originate from genomic
clusters. In our body, H3K9 is methylated in the centromeric
area (Rosenfeld et al. 2009) and is shown that centromere and
kinetokore integrity is critically affected by Dicer-related
RNAs (Chueh et al. 2009; Fukagawa et al. 2004). SiRNA
can induce methylation of DNA and H3K9 (Hawkins et al.
2009). piRNAs are critical for spermatogenesis (Gao and
Frohman 2012; Huang et al. 2011; Gu et al. 2010), TE
suppression and silencing, epigenetic regulation (Sigurdsson
et al. 2012), regulating mRNA stability, and translation
(Aravin et al. 2007b). During spermatogenesis, piRNAs are
associated with processing proteins and template RNAs in a
region close to mitochondria called intermitochondrial cement
in drosophila (Gao and Frohman 2012). PiRNAs are found in
intergenic and intragenic genomic regions including introns
and exons (Esposito et al. 2011). Interestingly, they are not
restricted only to germ cells. They are reported in the somatic
cells too (Esposito et al. 2011).

Transcriptional gene silencing

Besides dsRNAs which can make specific genes off via PTGS
in cytoplasm, promoter complement RNAs (transcription start
sites or more upstream sequences) can make gene expression
silence by associating to target DNA sequences, too (Janowski
et al. 2006). Small RNAs especially control epigenetic
modifications in the genome. Among these small RNAs,
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methylation of miRNA genes is a process of their transcription
tuning and regulation (Wong et al. 2012; Yu et al. 2012; Wee
et al. 2012; Minor et al. 2012). During TGS in human cells,
Ago-1 binds to RNA polymerase II and initiates dimethylation
of histone H3 Lys9 and heterochromatin formation. Other
components including Polycomb protein and TAR RNA-
binding protein-2 (TRBP2) co-localize with the mentioned
components (Kim et al. 2006).

Cancer studies looking for genetic and epigenetics of
deficient pathways have proved that there are many epigenetic
modifications due to RNAi pathway such as hemoglobin A2
(HBA2) methylation comparing with normal cells (Pauler et al.
2007). Some other reports have shown that the RNA-directed
gene silencing is also possible in mammals beyond plants, fly,
and nematodes. In fact, CpG dinucleotide islands are presented
within promoter sequences in which their dense methylation
(hypermethylation) can make them silent mostly observed in
cancer cells. It is also reported that small RNAs containing 5′-
CG-3′ dinucleotide and 5′-CNG-3′ trinucleotide can induce
promotermethylation. These small RNAs can inactivate several
genes containing similar promoter sequences simultaneously

(Galitskii 2008). Hypermethylated CpG islands within the
regulatory sequences result in silencing.

There are systems for maintenance of the silencing, too.
RISC, RNAmachinery of TGS, can silence both the host genes
and viral integrated genes (such as retroviruses). Successful
promoter-targeted TGS is repeatedly reported (Zhou et al.
2012b; Turner et al. 2012; Chu et al. 2012), and some reports
have stated the necessity of small RNA existence for silencing
maintenance (Mohammad et al. 2012). Promoter targeting
induces long-term TGS via histone methylation and DNA
methylation for 3 days. Maintenance of the silencing requires
Ago-1, DNA methyltransferase 3A (DNMT3a), and HDAC1
(Hawkins et al. 2009). During TGS, siRNA treatment increases
H3K9 and H3K27 methylation at target promoters which
depends on nuclear delivery of saRNAs. Just antisense strand
of siRNA (guide strand) is functional requiring active RNA pol
II transcription activity, histone methylation. The antisense
strand of siRNA hybridizes to antisense strand of target
promoter sequences (Weinberg et al. 2006; Han et al. 2007).
Central mismatches do not avoid silencing process unless
presented in both strands (Chu et al. 2012). TGS of some genes
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is reported that is in correlation with Dicer activity, as in Dicer
mutants reactivating gene expression (Galitskii 2008; Ting
et al. 2008). Ago-1 is co-localizedwith targeted siRNAs against
Simian immunodeficiency virus (SIV) and HIV-1 infection, but
Ago-2 is co-localized in the inner nuclear envelope as a novel
translocation behavior (Ahlenstiel et al. 2012; Younger and
Corey 2011). Ago-1 is distinguished in TGS associating with
RNA pol II, histone H3 Lys9 dimethylation, Polycomb, and
TRBP2 in silencing human immunodeficiency virus-1 co-
receptor CCR5 and tumor suppressor RASSF1A along with
siRNA-targeted Ras association domain-containing protein 1
(RASSF1A) promoter (Kim et al. 2006).

Tumor suppressor miRNAs are mostly hypermethylated
and inactivated (Kozaki and Inazawa 2012; Wang et al.
2011). MiRNAs can contribute in DNA methylation by
modulating DNA methylation machinery (Pan et al. 2010).
Promoter-associated small RNA + Ago-1 + DNMT3a +
HDAC1 are critical for transcriptional silencing, and DNMT1
is required for silencing maintenance (Weinberg et al. 2006;
Hawkins et al. 2009). Ago-1 is introduced as major effector
component of this process (Kim et al. 2006). Ago-1 and RNA
polymerase II association is requisite for histone H3 Lys9

dimethylation and TGS induction (Kim et al. 2006). During
senescence Ago-2, retinoblastoma-1 (RB1) and miRNAs
physically and functionally interact to transcriptionally
silencing of the target gene. Ago-2 directs miRNA toward the
target (Benhamed et al. 2012).

Non-specific general silencing

During specific delivery of dsRNAs, non-specific silencing
was also observed indicating a general regulatory pathway
controlling dsRNA entrances in mammals. DsRNA induced
interferon and inflammatory cytokines. Early works indicated
that more than 30-bp-long dsRNAs induce the immune
system, but later it was observed that some smaller dsRNAs
can induce it, too. The secretome analysis shows that after
dsRNA sensing in the cytoplasm, exosomal and lysosomal
proteins are secreted as inflammasome activation and caspase
activation (Rintahaka et al. 2011). Actually, any non-specific
binding that is able to induce innate immune systems can kill
the cell. Some of the reason is concealed under non-specific or
off-target effects of delivered siRNAs.
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Innate immune system is always on even before infection. It
is non-specific and is considered as the first line of immune
defense layer. One aspect of this defense system is its sensitivity
to viral proteins and nucleic acids distinguishing them from host
components. Pattern recognition receptors are important
proteins that can distinguish host and foreign components. They
are located in the cytoplasm and in the cell membrane. In this
system, there is a report on “dsRNA induced general silencing
pathway”which senses viral or similar dsRNAs and induces cell
death (Fig. 4). Retinoic-acid-inducible gene-1 (RIG-1) is one of
those that recognize dsRNAs. After binding this substrate, it
induces cytokine secretion causing primary signaling molecules
in inflammation. Likewise, Toll-like receptors (TLRs) can
identify ssDNA, dsRNA, and glycoproteins. Both RIG-1 and

TLRs result in cytokine secretion but via different pathways
including interferon-alpha, interferon-beta, TNF-alpha, IL-6, IL-
12, and IFN-gamma. Locally, cytokines can initiate pathways by
diffusing and systemically by entering to the blood circulation
system. Systemic signaling will be observed phenotypically as
pain, fever, loss of appetite, etc. Cytokines released by infected
cells will be sensed by dendritic cells and macrophages and
induce more cytokine release and secretion.

After detecting special dsRNAs (viral blunt-ended dsRNA
with or without 5′ triphosphate, single-stranded RNA marked
by a 5′-ppp and by polyuridine sequences), RIG-1 is activated
and triggers interferon expression, and the general result was
protein synthesis block and cell death. The RIG-1 conformation
is changed after binding to dsRNA and ATP making it able to
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induce a cascade of innate immune response including defense
and inflammation (Kowalinski et al. 2011; Jiang et al. 2011).

PKR and interferon are also a component of viral dsRNA-
induced pathway (Espada-Murao and Morita 2011; Boon-
yaratanakornkit et al. 2011). Early after viral infection, released
dsRNA activates PRK (PKP-p) which phosphorylates
translation transcription factor-2 (decreasingmRNA expression)
and induces the expression of IFN. Many proteins including
TRBP inhibits PKR, but PACT activates PKR, too (Daher et al.
2009). Some tricky viruses like HIV type 1 produce PKR
inhibitors escaping RNAi monitoring system (Daher et al.
2009). Researches show that dsRNA can activate p38 and
ERK1/2 which control IFN-beta autocrine secretion and cell
death effect. Viral dsRNAs can do the same (Yu et al. 2011).

Conclusions

An updated RNAi-related pathway in the form of a super-
pathway to show missing points and also indicating the
plasticity of the pathway in human is provided in Fig. 5.
Dysregulation of these pathways can be expected to be
observed as complex diseases such as cancer and neuro-
degeneration. Currently, more than 2,200 unique miRNAs
reports are registered for human. The link between RNA
silencing, RNA activation, and uncovering their connection
and migration into with organelles and near/far cells are
exciting research areas in the future. Surprisingly, the
secretion of miRNA into milk and the reports of the existence
of cross-kingdom miRNAs in human serum samples can
make this super-pathway more complex.

Beyond their regulatory role within cytoplasm and nucleus,
they can transmit into mitochondria (Ro et al. 2013; Lung
et al. 2006). Surprisingly, they are released from the donor
cells toward specific cells. This is a new horizon in RNA
biology in which small RNAs are nominated as new multi-
way cell–cell signaling strategies totally different from
hormone–receptor or cytokines signaling. Scientists are trying
to find out more about this mystified process to shed light on
new drugs and also drug delivery systems. This is why there
are huge investments in RNAi-based drug developments by
giant companies. Recent reports are trying to find a relation
among RNAi pathway components as an evidence of a
specific pathobiology (biomarkers) such as various cancers
in human (Papachristou et al. 2012). They can be reliable
diagnostic, prognostic, and therapeutic biomarkers.

However, there are many unanswered questions regarding
small RNAs biology, but there are promising standpoints about
a new generation of drugs, strong and specific deliverymethods,
and ideal biomarkers. Growing reports on exon-skipping
strategies to bypass genetic mutations in dystrophin mutations
and restore its natural function in vitro (Fletcher et al. 2012;
Adkin et al. 2012) indicate that many drugs and drug delivery

strategies are developing based on small non-coding RNAs and
also mimicking their mechanism of action. Therefore, every
new finding in this area can guide us toward therapeutics which
tries to mimic the small RNA inter- and intracellular spreading
mechanisms as oligonucleotide drugs (Mitrpant et al. 2013).
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