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Abstract

Micro- and short-interfering RNAs represent small RNA family that are the recognized as
critical regulatory species across the eukaryotes. Recent high-throughput sequencing have
revealed two more hidden players of the cellular small RNA pool. Reported in mammals and
Caenorhabditis elegans respectively, these new small RNAs are named piwi-interacting RNAs
(piRNAs) and 21U-RNAs. Moreover, small RNAs including miRNAs have been identified in
unicellular alga Chlamydomonas reinhardtii, redefining the earlier concept of multi-cellularity
restricted presence of these molecules. The discovery of these species of small RNAs has
allowed us to understand better the usage of genome and the number of genes present but
also have complicated the situation in terms of biochemical attributes and functional genesis
of these molecules. Nonetheless, these new pools of knowledge have opened up avenues for
unraveling the finer details of the small RNA mediated pathways.
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Introduction

The basic research in molecular biology started
with DNA, a molecule accommodating all the infor-
mation required to generate new organism of its own
kind. This was followed by an era of studies on pro-
teins, the molecules conferring functionality to the
cell. However, RNA largely remained ignored as a
meager intermediate of the molecules carrying in-
formation and performing functions. On realization
of the immense regulatory potential of these species
recently, there has been a spurge in the study of the
biology of RNA. Though different classes of RNA viz.
mRNA, tRNA and rRNA had been identified earlier,
the discovery of small RNAs (~19-30 nts), which once
thought to be the degradation products of larger
RNA molecules, led to the establishment of an inde-
pendent class of RNA. This class of RNAs is now
considered to govern diverse cellular processes across
the eukaryotic kingdom.

The discovery of double stranded RNA
(dsRNA) mediated transgene silencing by Fire et al.
[1] captivated the focus of many, that consequently
triggered, in a relatively short period, the emergence
of specific classes of small RNAs viz., small interfer-
ing RNAs (siRNAs) [2, 3, 4] and microRNAs
(miRNAs) [5, 6]. In spite of being different, these
molecules have overlapping requirement of dsRNA
as precursor and association with Dicer [7, 8, 9] and
Ago-subfamily proteins [10, 11, 12, 13]. With the ad-
vent in the field, different types of siRNAs e.g.
trans-acting small interfering RNAs (tasiRNAs) [14,
15], repeat-associated small interfering RNAs (ra-
siRNAs) [16, 17] and scan RNAs (scnRNAs) [18, 19]
were discovered. These small RNAs are described in
detail later in the text.

Two newly discovered small RNAs, wviz.
piwi-interacting RNAs (piRNAs) [20, 21] and 21-U
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RNAs [22] have been shown to regulate various cel-
lular pathways and behaving in a manner analogous
to the earlier defined miRNA and siRNA species.
While mi- and si-RNAs (including its classes) have
been identified both in plants and animals, the pres-
ence of piRNAs and 21-U RNAs is, so far, known to
be limited to animals alone.

The small RNA biogenesis involves the follow-
ing major steps: (a) The genomic locus is transcribed
by pol II / pol III/ pol IV enzymes leading to the
formation of double stranded RNA structure [23, 24,
25]; (b) These dsRNAs are sequentially acted on by
RNase III type endonucleases (Drosha and Dicer) to
generate duplex RNAs of size range 19-28 nts that are
unwound by Argonaute proteins; (c) The single
stranded mature small RNAs thus formed act as
guide molecules to multi protein complex called RNA
Induced Silencing Complex (RISC) or RNA Induced
Transcriptional Silencing Complex (RITS) [26, 27], the
category being dependent on the downstream effect;
(d) The whole process culminates with either the
cleavage or the translational repression of the ho-
mologous message(s) that is determined by the de-
gree of complementarity. Alternatively, the RISC in-
duces transcriptional silencing of corresponding locus
by recruiting specific proteins [27].

The discussion below focuses on the biogenesis
and the functions of four classes of small RNAs viz.
siRNA, miRNA, piRNA and 21-U RNA. Along with
the small RNA pool characterized in algae, the newly
emerging pathway for miRNA biogenesis viz. the
mirtron pathway is also highlighted.

Short-interfering RNAs (siRNAs)

siRNAs are ~20-24 nt long regulatory mole-
cules that besides protecting cell from intrusion of
any exogenous nucleic acid (like viruses), are in-
volved in maintaining genome integrity by silencing
transcription from undesired loci (retrotransposon,
repeat sequences).

siRNA biogenesis

The foremost requirement for siRNA generation
is a long double-stranded (ds) RNA molecule. These
dsRNAs are formed from any transcription event
generating messages with complementary sequences
or by some enzymatic activity capable of converting
RNA from single strand to double strand (Figure 1,
steps a, b). The prime molecule in siRNA generation
is Dicer, an RNaselll type endonuclease. Animals
usually encode a single type of Dicer to generate
various classes of small RNAs with exceptions of
Drosophila and C. elegans each encoding two dicers
[28]. Plants on the other hand require multiple dicers.

For example, Arabidopsis and Rice possess four and
six different Dicer Like proteins (DCLs), respectively.
In Arabidopsis, DCL 2, 3, 4 are involved in the genera-
tion of different siRNA species while DCL1 is solely
responsible for miRNA biogenesis. The activity of
each dicer produces siRNAs of characteristic length,
e.g. DCL2, DCL3 and DCL4 generate 22, 24 and 21 nt
long siRNA species, respectively [29, 30, 31]. Studies
carried on Dicer mutants, in both plants and fungi,
have allowed us to conclude that these proteins are
functionally redundant. The functional redundancy
among dicers has been studied in finer details in
Arabidopsis, where different combinations of dicer
mutants were analyzed on the basis of the size of
siRNAs [32, 33]. The siRNA species associated with
specific dicer were detected even when the parent
dicer was debilitated by mutation. In such a case
other dicer(s) may take over the function of the pa-
rental dicer, albeit with reduced activity. For instance,
in Arabidopsis, DCL1 can produce 21 nt long tasi-
RNAs in dcl2dcl3dcl4 mutant and DCL2 can generate
tasi-RNAs in dcl4 mutant. Another interesting out-
come of these mutant studies was the observation of
the existence of functional hierarchy among dicers.
This was exemplified by the work on dcl2 and dcl4
mutants, both capable of generating viral siRNAs.
However, Arabidopsis dcl4 mutant analysis, where
viral siRNA accumulation was observed although to
a lesser extent, clearly demonstrated that the efficacy
of DCL4 to generate viral siRNAs was significantly
higher compared to that of DCL2 [32, 33]. Analysis of
the data available till date strongly suggests that the
hierarchy among dicers probably confers stringency
to the siRNA mediated pathway.

Another important protein involved in siRNA
biogenesis in plants, fungi and C. elegans (but not
humans) is RNA dependent RNA polymerase
(RARP). The major function of this protein is to gen-
erate secondary siRNAs, a step termed signal ampli-
fication in siRNA pathway. RARP can recognize ab-
errant RNA molecules to produce dsRNAs either in a
primer dependent or an independent manner. The
dsRNA molecules thus formed are later cleaved by
downstream dicer activity.

Dicer, in general, possess six domains viz.,
DExH Helicase, DUF283, PAZ, RNase IIIa, RNase IIIb
and RNA Binding Domain (RBD, Figure 2, a). The
crystal structures for few individual domains have
been solved providing us opportunity to predict
model for dicer activity. The role played by each do-
main is mentioned in the figure 2 along with the ex-
panded form of the abbreviation used. RBD recog-
nizes the duplex RNA structure while the PAZ do-
main binds to the 3-2nt overhangs of the cleaved
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RNA substrate [34]. Dicer has been proposed to actas  come close to form an intra-molecular dimer [35].
a single processing centre, where the RBD and the  These RNase III domains juxtapose in a manner to
PAZ domains participate in association with RNA  cleave the ~21 nt duplex RNA molecules from the ds
molecule and assist both the RNase IIl domains to =~ RNA precursors.
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Figure |: siRNA pathway: Precursor dsRNA are generated by either (a) RNA dependent RNA polymerase (RdRP) activity
on aberrant transcripts or (b) transcript having full or partial complementarity. (c) These are recognized and processed by
nuclear Dicer (different from the one involved in microRNA pathway) and this siRNA-Dicer complex is then exported to
cytoplasm. (d) The siRNA- Dicer complex then recruits Argonaute that unwind the duplex to form si-RISC/RITS. (e)
Transcripts bearing complementary sequences to guide siRNA strand are cleaved by RNase activity of Argonaute2. (f) To
confer immunity, siRNAs-Dicer complex may also traffic in systemic fashion (g) that is achieved by Systemic RNA Inter-
ference-Defective (SID-I; in animals)/ Phloem Small RNA binding protein-1 (PSRPI; in plants). (h) The exogenous siRNA
pathway follows parallel to endogenous pathway, but differs in the fact that the cytoplasmic Dicer generates the siRNA
duplexes. The RITS complex lead to transcriptional gene silencing that involves various proteins.
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Figure 2: The general domain organization of (a) Dicer and (b) Argonaute proteins. The functions of few domains that have
been predicted through crystal structures and mutant analysis are mentioned.
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The duplex siRNAs are then unwound by heli-
case activity of Argonaute (Figure 1, step d), a protein
recruited by Dicer. This protein has three well char-
acterized domains namely, PAZ, MID and PIWI do-
mains (Figure 2, b). Both, animals and plants encode
multiple Argonautes that participate in different
RNAIi pathways [36]. Although not all the Argonaute
proteins are characterized, the function of few mem-
bers have been elucidated. For example, AGO2 and
AGO1 are prominent members of si- and miRISC,
respectively, in the plants and animals [37]. In Arabi-
dopsis, AGO4 plays a crucial role in generating
rasi-RNAs that participate in RNA-directed DNA
methylation [37], AGO6 is involved in DNA methyla-
tion and transcriptional gene silencing [38] while
AGO7 has been shown to participate in both
tasi-RNA and long siRNAs biogenesis [39]. Similar to
dicer, evidences suggest for the functional redun-
dancy among these proteins. This was observed in
Arabidopsis agol and agol10 mutant where both were
found to share similar phenotypes [40, 41]. Further
support came from the studies demonstrating AGO10
performing similar function in agol mutant. Here,
AGO10 was shown to cleave the PHB transcripts un-
der miR165 guidance and thereby establishing the
leaf polarity in the agol mutants.

Together with the accessory proteins, Argonaute
senses the thermal stability of duplex siRNA ends
and initiates unwinding from the end with relatively
lower thermal energy [42, 43, 44]. Of the two strands,
one that is retained with the protein complex (siRISC)
is called guide strand while the other (passenger
strand) is destined to undergo degradation by exonu-
cleases [45, 46]. In Arabidopsis, the single stranded
mature siRNAs are methylated by HEN1 activity
thereby rendering stability to these [47]. The single
stranded small RNA loaded onto effector complex
can be considered analogous to the prokaryotic re-
striction enzymes that act against any foreign nucleic
acid. However, unlike the prokaryotic cellular de-
fense mechanisms which are mediated by restriction
enzymes, the small RNAs in eukaryotes can regulate
even when the foreign DNA is transcribed to RNA,
thus providing a molecular basis to the fact that eu-
karyotes are evolutionary superior to prokaryotes. On
attaining the double-stranded conformation the guide
strand of si-RISC activates Argonaute, the RNase ac-
tivity of which acts specifically on the target sequence
at the position complementary to 10 and 11 nt count-
ing from the 5’ end of the siRNA (Figure 1, step e).

Together with the accessory proteins, Argonaute
senses the thermal stability of duplex siRNA ends
and initiates unwinding from the end with relatively

lower thermal energy [42, 43, 44]. Of the two strands,
one that is retained with the protein complex (siRISC)
is called guide strand while the other (passenger
strand) is destined to undergo degradation by exonu-
cleases [45, 46]. In Arabidopsis, the single stranded
mature siRNAs are methylated by HEN1 activity
thereby rendering stability to these [47]. The single
stranded small RNA loaded onto effector complex
can be considered analogous to the prokaryotic re-
striction enzymes that act against any foreign nucleic
acid. However, unlike the prokaryotic cellular de-
fense mechanisms which are mediated by restriction
enzymes, the small RNAs in eukaryotes can regulate
even when the foreign DNA is transcribed to RNA,
thus providing a molecular basis to the fact that eu-
karyotes are evolutionary superior to prokaryotes. On
attaining the double-stranded conformation the guide
strand of si-RISC activates Argonaute, the RNase ac-
tivity of which acts specifically on the target sequence
at the position complementary to 10 and 11 nt count-
ing from the 5' end of the siRNA (Figure 1, step e).

Classes of siRNAs

Depending on the nature of loci and biogenesis
of dsRNA precursor different versions of siRNAs
have been identified:

(i) Trans-acting short interfering RNAs (ta-
siRNA) are ~21 nt long small RNAs that require en-
dogenous transcript as template [48, 49] that are con-
verted to dsRNA by RNA dependent RNA poly-
merase (RARP) activity and subsequently requires the
downstream activity of DCL4 and AGO?7 to generate
functional tasiRNAs [50]. Animals like humans, flies
etc., which lack RARP, are devoid of these small RNA
species. Tasi-RNAs resemble miRNAs both in size
and function and are involved in targeting
non-identical mRNAs. It has been demonstrated that
miRNA primed transcripts recruit RARP that conse-
quently generate tasiRNAs, thereby setting an exam-
ple of small RNAs mediated regulation of other small
RNAs. For instance, miR390 binds to and induces the
RdARP activity on primary transcripts and convert
them to long dsRNA [50]. In Arabidopsis, the six ta-
siRNA genes are present that target Auxin Response
Factors (ARFs) and MYB transcription factor [15, 51].
One of the recently identified tasiRNA locus, TAS4,
has been demonstrated to generate siRNA that tar-
gets the transcript at a site which is different from the
miR828 cleavage site [51]. This indicates towards the
possibility of parallel evolution of tasiRNA, miRNA
and their common target in plants.

In an alternate pathway, RdRP can also act on
aberrant transcripts (usually viral transcripts) con-
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verting them to dsRNA and this mechanism is likely
to be responsible in preventing cell from any errone-
ous transcription event that might affect cellular in-
tegrity.

(if) Repeat-associated short interfering RNAs
(rasi-RNAs) are ~24-26 nt long products of DCL3 ac-
tivity on dsRNAs formed during unchecked tran-
scription event, usually retro-transposon loci [52, 53].
These loci are generally methylated which prevent
transcription through such regions. Like tasiRNA,
these also require RARP for amplifying small RNA
pool. Rasi-RNAs play important role(s) during ga-
metogenesis in flies, worms and mammals by modu-
lating the chromatin status, and silencing viral tran-
scripts by recruiting histone modifying proteins (Fig-
ure 1, step h) [20, 54-56].

(iif) Scan RNA (scn RNA), another type of rela-
tively long (~29 nts) siRNAs have been reported from
protozoan Tetrahymena thermophila. This organism
exhibits nuclear dimorphism differing by ~15% at the
sequence level. During conjugation, scn RNAs de-
rived from micro-nucleus are generated (reproduc-
tive nuclei) and eliminate corresponding loci from its
own genome while giving birth to macro-nucleus.
This phenomenon requires Argonaute like Twil pro-
tein, and seems to be an ultimate form of RNA inter-
ference wherein organism can efficiently utilize small
RNA to produce modified versions of genome from
the existing ones [18, 19].

(iv) Long siRNAs (IsiRNAs) constitute the more
recently introduced class of siRNAs that are 30-40 nt
in length and are induced in response to bacterial in-
fection or growth conditions [39]. Discovered in
Arabidopsis, the generation of 1siRNAs require DCL1,
DCL4 and AGO? proteins and depend on other es-
tablished members of both siRNA and miRNA path-
way e.g. RDR6, HYL1, HEN1 etc. One of the IsiRNAs
targets a protein that confers resistance against bacte-
rial infection. Interestingly, these IsiRNAs unlike
other siRNAs are believed to mediate target degrada-
tion by a mechanism previously known in animals
but not in plants.

Systemic nature of silencing

siRNAs are believed to be a primitive form of
immune response evoked against any foreign nucleic
acid molecule. Therefore, by corollary, they ought to
emanate from the production site to confer rapid cel-
lular defense (Figure 1, steps £, g). This hypothesis is
supported from the genetic studies carried out in
animals, where import of siRNAs into cells has been
demonstrated through a membrane protein called
Systemic RNA Interference - Defective (SID-1) [57].
Their work on the ectopic expression with cells lack-

ing SID1 shed light on the probable mechanism of the
phenomenon. To their interest, they found that SID-1
mediated uptake of dsRNAs was length dependent,
with larger molecules (~500 bps) being imported at a
faster rate than the smaller (~30 bps) molecules.
Moreover, observation that siRNA import is not af-
fected by either cold treatment to cells or ATP deple-
tion suggested towards a passive diffusion mode of
this uptake. How the SID-1 protein discriminates
between siRNA and miRNA while importing, still
remains an open question to the researchers.

Phloem, a vascular tissue in land plants, has
been implicated in the distribution of sugars, nutri-
ents and other biomolecules across the plant. Re-
cently, Yoo et al. [58] provided evidence for another
class of molecules that are mobilized through this
route i.e. small RNA (Figure 1, step g). Studies with
phloem sap of different plant (rich in sap) species like
cucurbits, yucca, and lupin revealed the presence of
si- and miRNAs. Further they discovered a novel
protein, Phloem Small RNA binding protein-1
(PSRP1), which was functionally similar to SID1 in
animals and binds to the small RNA species. This was
confirmed by studying viral coat protein silenced and
non-silenced lines where authors could find accumu-
lation of Coat Protein (CP) siRNAs in the silenced but
not in the non-silenced lines. Nonetheless, the sig-
nificance of miRNA transport across the phloem still
remains to be elucidated. However, the PSRP1 pro-
tein is not conserved among the plants.

Although the systemic nature of silencing is a
well-accepted phenomenon, the underlying mecha-
nism is still ill-defined and demands efforts to resolve
the differences between the animal and plant proteins
reported till date.

Functions of siRNAs

The functionality of siRNA is the consequence
following its binding to target sequences and this is
governed by a critical region within the siRNA se-
quence called “seed region” [59]. The ribonucleotides
encompassing the 2-7 positions (with reference to 5'
end) of siRNA constitute the “seed region” and are
critical to confer siRNAs their target specificity. It is
through the “seed region” that RISC lands onto, an-
neals and consequently brings about target cleav-
age/repression. Since siRNAs bind to the sequences
from which they are derived, they are not under any
kind of selection pressure. It may be noted that al-
though the seed region is important in target recogni-
tion, the complementarity in other region of siRNA is
critical during the cleavage event.

siRNAs have been involved in almost all possi-
ble nucleic acid regulatory pathways like target
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cleavage [60, 61], transcriptional gene silencing [52,
62-64] and DNA elimination [18, 19]. Moreover,
IsiRNAs from plants have been shown to behave
functionally similar to animal miRNAs where the
siRNA binding rather than the cleavage leads to the

decapping of target transcripts [39]. The exonuclease
(XRN4) then acts on decapped mRNAs and bring
about target cleavage. siRNAs with lesser comple-
mentarity has been demonstrated to suppress the
targets at translation level [65].

Table 1. Proteins (other than DCL and AGO) involved in small RNA biogenesis and their downstream function(s).

Organism RNAI players Location & Function Refs.
known
Drosha Nuclear; RNase III type enzyme that binds dsRNA with characteristic struc- 66
tures and generates pre-miR forms by cleaving pri-miRs.
DGCRS8/Pasha Nuclear; dsRNA binding protein assists Drosha function 67
PIWI Nuclear; Ago subfamily protein generating piRNAs 68, 69
MILI Nuclear; Ago subfamily protein generating piRNAs 70
Exportin Nucleo-cytoplasmic; Transports pre-miR to cytoplasm 71,72
/RanGTPase
Swi6/ HP1 Nuclear; Heterochromatin formation 53,73
Chpl/ Twi Nuclear; Heterochromatin formation 74
PSRP1 Cytoplasmic; Binds and Transports small RNAs across phloem 58
HYL1 Nuclear; Interacts with DCL1 and confer stability to miR precursors 75
HEN1 Nuclear; protects duplex small RNAs by 3' end methylation 76
HASTY Nuclear-membrane; export of duplex small RNAs to cytoplasm 77
Plants SDE3/ RDR Nucleo- c¥toplasmic; Performs catalysis of ds long RNA generation that can 78, 79
initiate ditferent RNAi pathways
Serrate Nuclear; Binds to pri-miRs in association with Dcll and Hyll and helpsin 80
processing.
TUDOR-SN Cytoplasmic, ds RNA binding putative helicase 81
C. elegans SID1 Transmembrane protein, responsible for systemic nature of RNAi 57
RDE-4 Cytoplasmic; Interact with Dicer1, R2D2-like protein 82
VIG, Fmrl Cytoplasmic; component of RISC 83
Loquacious Cellular; dsRNA bindingbprotein, associates with dicer and participatesin 84
miRNA maturation and believed to play crucial role in maintaining
D hil germ-line stem cells
rosopiita R2D2 Cytoplasmic; binds to siRNAs with Dicer help in processing and confers 85
asymmetry to siRNAs.
Armitage Cytoplasmic; Arabidopsis SDE-3 homolog that acts as helicase during cleav- 44
ing process.
Pimet Nuclear; Homolog of Arabidopsis HEN1 methyltransferase 86

MicroRNAs (miRNAs)

The discovery of microRNA dates back to 1993,
when Lee et al. [5] elucidated the function of a
non-coding transcript in C. elegans, the expression of
which varied spatio-temporally and the mutants
showed developmental abnormalities. These genes
were later recognized as precursor molecules of yet
another important class of endogenous small RNA
viz. microRNA that, unlike siRNAs, target messages
different from that of the parent. MicroRNA genes
constitute ~1% of the total coding genes [87-89] and
form the largest class of regulatory molecules.

MicroRNA biogenesis

Micro RNA biogenesis is now believed to be
operative by more than one pathway, as described
below:

Canonical miRNA pathway: MiRNAs are
~19-23 nt long single-stranded RNAs generated from
single-stranded transcript having local-hairpin struc-

ture (Figure 3, step a) [6, 89]. These transcripts are
generated by pol I and therefore possess 5' cap and 3’
poly-A tail hallmarks [90, 91]. Unlike the maturation
of large RNA classes that occurs in the nucleus,
miRNA maturation begins in the nucleus and termi-
nates in the cytoplasm. In animals, the nuclear proc-
essing initiates with the endonucleolytic activity of
Drosha, an RNase III enzyme, which in association
with Pasha (92), recognizes and generates the stem-
loop structure (pre-miR) from the pri-miR (Figure 3,
step b). Mediated by Exp-5 and Ran-GTPase [93-95],
pre-miR are transported out to cytoplasm where
these are acted upon by Dicer (Figure 3, step c). Ex-
cept for the different proteins that participate in
miRNA pathway, plants follow almost similar
miRNA biogenesis (Table 2). However, an important
difference between the miRNA biogenesis pathways
of plants and animals lies in the fact that in plants the
DCL1 acts on the pre-miRs in the nucleus (Figure 3)
[96].
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Figure 3: MicroRNA pathway: (a) After being transcribed, the pri-miRNAs stem-loop structure is acted upon by (b) Drosha
(that also confers to miRNA strand and target specificity) and generates pre-miRNA. Sometimes, these precursors are
edited by Adenosine Deaminase Acting on RNA (ADARs) at specific positions (generally +4 and +44) changing adenine to
inosine. In plants, the DCLI generates miR duplex in the nucleus that is methylated at terminal bases by HENI. (c) These are
then transported to cytoplasm with the assistance of Exportin-5/ HASTY. From here (d) Dicer comes into play (in animals)
and generates miRNA duplexes that will be incorporated into micro Ribo-Nucleo-Protein (mi-RNP) complex. After the
removal of passenger strand mature miRNA then guides the functional protein complex to the targets. (€) In mammals,
miRNAs bearing nuclear signal sequences can traffic back to the nucleus. Depending upon the proteins associated with
miRNA leads to either (f) cleavage of target mMRNA or modulate the translation turnover by (g) translation activation or
repression of respective mMRNAs. The repressed mRNAs are transferred to structures called P-bodies.

Table 2: Comparison between siRNAs and miRNAs among plants and animals.

Animals Plants

Usually, single dicer involved in all types of siRNA generation  Different dicers required in Arabidopsis (4), Rice (10)

Redundancy at functional level not observed Major proteins (dicer, argonaute) are functionally redundant

siRNAs Systemic spread requires SID-1 protein Systemic spread requires PRSP1 (cucurbits) and SNF2 (Arabi-
dopsis) protein

Target cleavage, DNA methylation Target cleavage, DNA methylation

siRNAs can participate in genomic DNA elimination No such role attributed here

Generally, target repression Generally, target cleavage

More than one miR can reside on pri-miR Strictly one miR from one pri-miR

Target various mRNAs More biased towards TF transcripts

Multiple miRNA binding sites per target Usually single with one exception

More than one miRNA can bind target No report
miRNAs Duplex miRs are formed in cytosol Duplexes miRs are formed inside nucleus

Mature miRNAs can be trafficked back to nucleus No such validated report

Pri- or pre-miR are subjected to editing No such phenomena observed

Repressed mRNAs are stored in special organelles called P-bodies No such structure observed
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In Arabidopsis and Drosophila, the duplex small
RNAs are acted upon by methyl transferases that add
methyl group at the 2'-hydroxyl residues of the ter-
minal ribose sugars. Such end-modification protects
these RNA species from any kind of degradation or
uridylation [47, 97]. Duplex miRs are then unwound
by Argonautel, a prominent member of miRNA-
RISC assembly (miRNP) [11], generating mature
miRs (Figure 3, step d). The mi-RISC/ miRNP thus
formed, under the influence of miRNA and the asso-
ciated protein(s) achieves its function or follow dif-
ferent fates.

Mirtrons, an emerging concept of microRNA
biogenesis: In addition to the canonical miRNA
pathway, animals have been shown to follow yet an-
other mode of miRNA biogenesis where intron se-
quences can produce miRNAs. The hypothesis had
emerged  through  analyses derived from
pyro-sequencing of the small RNA pool from Droso-
phila S2 cell lines where some miR and miR* reads
were mapped to the intronic regions. Such miRNAs
originating from introns were termed mirtrons [98,
99]. Fourteen mirtrons from Drosophila and four mir-
trons from C.elegans have been identified so far.
Given that both protein-coding and non-coding genes
possess introns, it is predicted that >80% of miRNA
are derived from such sites [100, 101].

Introns denote the region of the transcript, gen-
erally flanked by few conserved nucleotide residues,
which are removed during RNA processing. The
conserved GU-AG along with other sequences brings
multiple proteins mediating the removal

104

formed within the intron during splicing result in the
formation of lariat like structures. Such structures are
acted upon by lariat de-branching enzyme to release
the single stranded RNA that is consequently de-
graded by various nucleases present. However, in-
tron sequences having potential to form hairpin like
structures might recruit proteins of miRNA pathway
viz., Dcrl.

Mirtron generation deviates from the canonical
miRNA pathway mainly in the non-requirement of
DROSHA/DGCRS8 proteins that remove the se-
quences flanking stem region of pri-miR (Figure 4)
[102, 103]. The unavailability of such sequences leads
mirtronic pri-miRs to bypass the DROSHA step. This
finding is contrary to the previous observation where
Drosha was shown to act on intron prior to its splic-
ing [101]. The knock down experiments with different
transcripts involved in canonical miRNA biogenesis
viz. Dicerl, Loquacious and Argonautel, clearly
supports that mirtron pathway do not require these
proteins for their precursor generation. Moreover, the
observation that Dcr-2 and RDR-2 (proteins partici-
pating in siRNA generation) knock down do not in-
fluence the expression of mirtrons, further ruled out
any connection existing between the mirtron and
siRNA biogenesis. The expression studies demon-
strated that such introns can independently give rise
to mature miRNAs, as is the case with miRNA genes.
Moreover, like miRNAs, mirtrons also require AGO1
for maturation and follow cell-type specific expres-
sion [98].

of the intron from the transcript. The
characteristic 2'-5' phosphodiester bond
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The splicing rules guided by the protein com-
plex spliceosome, mediates appropriate release of the
structure, termed lariat [104, 105]. These lariats are
subsequently effected by another enzyme, called lar-
iat de-branching enzyme [106] which provides an
opportunity for this intronic RNA to assume a
fold-back structure. The 3'-2 nt overhang of a mirtron
forms a substrate for Exportin-5 mediated nuclear
exit. The pre-mirtrons thus produced then merge into
the mainstream pre-miR pool and follows similar
pathway as that of canonical miRNA. In spite of the
fact that Drosha is required for mirtron generation,
the experiments with Drosha knock down did not
show complete inhibition of pre-mirtron biogenesis.
Combining the models proposed by Okamura et al.
[98], Ruby et al. [99] and Kim et al. [101], it appears
that probably both the models are functional and
contribute independently to the miR flux.

Though these studies have revealed an alterna-
tive pathway for miRNA generation, the underlying
intrinsic details of the mechanism, e.g., whether large
lariat-turned-miR generating RNA can be substrate
for DROSHA/PASHA, are yet to be unraveled. In-
terestingly, though the mirtrons have not yet been
identified in plants and other organisms, the presence
of introns of pre-miR length directs to the possibility
of similar pathway being operative.

Since the introns are not subjected to selective
pressure it is logical to assume that they are unlikely
to preserve their sequences. In light of the above, the
mirtron concept might explain the species specificity
alongwith the rapid evolution that is observed in
miRs. Why an alternate pathway for increasing miR
flux has been specifically evolved, poses another in-
teresting puzzle to solve.

MicroRNA functions

MicroRNAs show high tissue-specific and tem-
poral expression and are believed to have evolved to
take intensive care of developmental pathways that
can be achieved by translation suppression (occurring
mainly in animals) or target cleavage (occurring
mainly in plants) [107, 108, 109]. However, there are
exceptions to the general functions assigned to ani-
mal and plant miRNAs. For example, in animals,
miR-196 governs the cleavage of HOXB transcript
[110], and in plants, e.g. Apetala, a transcription fac-
tor, is translationally repressed by miR-172 [111]. Re-
cently microRNAs have been elucidated to play criti-
cal role in conferring immunity to both animals and
plants [112].

The target-miRNA recognition, like in case of
siRNA, is initiated by seed region sequence. In ani-
mals however, the target transcript may possess more

than one miRNA recognition site, allowing some
miRNAs to bind target at multiple locations in prox-
imity. This probably enhances the silencing effect in a
cumulative manner and also confers redundancy to
the phenomena, thereby making it more stringent [89,
113]. Plants miRs, on the other hand, have single tar-
get binding sites through which they achieve the tar-
get fate. However, complex relationship exist be-
tween plants miRs and their targets as most of the
target transcripts falls under the category of tran-
scription factors and can thus regulate many down-
stream processes. Interestingly, miRNAs are found to
negatively regulate the expression levels of prime
RNAIi enzymes, viz. dicer and Argonaute (114, 115).
This adds another layer of intricacy to the regulatory
network achieved by these molecules.

In animals, studies suggest that miRNA binding
promotes either deadenylation or decapping of the
target which is probably achieved by interaction of
RISC associated proteins with cap or poly-A tail asso-
ciated proteins [107, 116, 117]. However, questions
like how miRNA binding employs altogether differ-
ent mechanisms (translational suppression or activa-
tion) is poorly understood. Recent studies have elu-
cidated that miRNAs can bring about translational
activation and a probable mechanism has been pro-
posed [118, 119]. Previous studies by Pillai et al. (Fig-
ure 3, step g) [107] had hinted on the possible cross-
talk existing between RNAi and translation activation
machinery. These authors showed that AGO2 bind-
ing, which is guided by miRNAs (let7 in this case),
can relieve the translation arrest of corresponding
messages. Lending strong support to these findings,
two back-to-back publications from same lab have
shed light on our understanding of miRNA and asso-
ciated proteins in exerting target translation upregu-
lation [118, 119].The observation that expression of
TNF-a, a clinically important protein, vary signifi-
cantly under starved and nutrient sufficient condi-
tions allowed these authors to hypothesize on the
involvement of ARE elements on the mRNA in its
stabilization or directly activating translation from
the mRNA. Interestingly, the authors found that these
AREs bear sequences complementary to miRNAs.
Further investigation revealed that two proteins,
AGO2 and FXR1 associates, under guidance of
miRNAs land onto these sites and exclusively during
starved (low glucose) conditions [119]. Importantly,
the authors observed similar phenomenon with other
miRNAs as well, that led them to hypothesize that
miRNAs generally act as repressors during active
cellular growth while they tend to behave like trans-
lation activator when the conditions are limiting for
cell growth. These studies demonstrating the associa-
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tion of miRNAs in translation activation of target
mRNAs have provided an altogether new dimension
to the functional attributes of miRNAs.

Moreover, as against normal localization, mi-
croRNAs have been demonstrated to be channeled
back to the nucleus in a sequence-dependent manner
(Figure 3, step e) [120]. This phenomenon allows
miRNAs to extend their regulatory roots into other
territory, namely the nucleus, thereby providing
them an opportunity either to target many un-
der-processed transcripts or bringing about silencing
of genomic region(s). Interestingly, this was specu-
lated by Bao et al.121] where they studied Arabidopsis
PHB and PHV mutants that govern the organ polarity
and are regulated by miR-165 through degradation
pathway. The authors observed that mutants resistant
to miR degradation had significantly reduced extent
of methylation when compared to wild plants and
that there was no impact of other RNAi machinery
proteins as a consequence. Studies from Hwang et al.
[120] and Bao et al. [121], although with different
systems clearly support the notion that miRNAs play
role(s) in RNAi mediated gene silencing.

In plants, the miRNA expression pattern is be-
lieved to be driven by multiple interacting feedback
loops that involve various phytohormones, in par-
ticular auxins and gibberellins [122, 123]. Phytohor-
mones regulate transcription of various genes by
binding to cis elements and these transcripts possess
sites for certain miRNAs. In contrast, transcription of
some miRNAs is directly regulated by phytohor-
mones. Such intricate tuning between miR and phy-
tohormones is central to several biological processes.

Modulation of miRNA target range

Animal miRNA, as a general rule, binds to the 3’
UTR region of the target [59, 124, 125] while in case of
plants, binding occurs in the coding region [126].
Usually, no compromise (maximum of single mis-
match) is accepted in the seed region which otherwise
would modulate the target range altogether. Recently
another aspect pertaining to gene regulation has
come to light in the form of miRNA editing [127].
Nuclear localized editing enzymes Adenosine
deaminase acting on RNA (ADARs) [128, 129], edits
adenosine to inosine at specific positions on the long
dsRNAs (Figure 3). The over-expression of human
ADARs reveals that two isoforms (ADAR 1 and 2) are
involved in miRNA editing in vivo. Although the
editing efficiency of ADAR1 was found to be more
than ADAR?2, the latter, unlike ADAR1, performed
editing at only one particular position on the
precursor [130]. This changes the seed region
sequence and ultimately modulates the target range

of the parent precursors [131]. Such editing of
miRNA precursors (both pri- or pre-miRNA) may
explain why some miRNAs elicit tissue specificity.
Besides the editing, the miRNA biding to its
target can be prohibited by the presence of flanking
sequences that are also strikingly conserved and
might serve as docking site for certain proteins. The
well known HuR proteins (the Hu family of proteins
was identified as target antigens in a paraneoplastic
neurological syndrome, viz.,, Hu syndrome) and re-
cently reported Dnd1 (Dead End 1), an RNA binding
protein, are among these class of proteins [132, 133].
Both, HuR and Dnd1 proteins, bind to the AU- rich
elements (ARE) in the 3'-UTR and modulate the
miRNA function. Dnd1 has been demonstrated to
relieve miR122 repression on p27 in human cell lines
and similar effect was seen with zebrafish miR430.
These results clearly suggest the possibility of other
post-transcriptional mechanisms being operative
during the modulation of miRNA functionality.

P-bodies as the storage house of repressed messages

MicroRNA-repressed transcripts in animals are
engulfed into dynamic vesicles called P (Process-
ing)-bodies (GW1 or cytoplasmic bodies, Figure 3,
step g) that carry out active mRNA degradation via
nonsense mediated decay and gene silencing [134,
135]. The translationally suppressed mRNA, via in-
teraction between one of the RISC member (AGO1)
and the P-body proteins (GW1 and AIN1) gain entry
into these structures [136, 137]. These bodies act as
storage sites for translationally suppressed mRNA
that are released when required and can actively
translate [138]. P-bodies have been shown to be asso-
ciated with various components of translation ma-
chinery (except ribosomes) and RNAi components
like AGO1, GW182, miRNAs and CCR4 [138-140]. In
spite of having homologs for P-bodies associated
proteins, such structures are yet to be discovered in
plants but some similar nuclear foci called Cajal bod-
ies have recently been reported from Arabidopsis
[141]. However, the IsiRNA mediated silencing
mechanism that overlaps with P-bodies pathway
suggests a similar pathway operating in plants.

Evolution of miRNA targets and sequences

Deep sequencing of Arabidopsis small RNA pool
revealed an interesting fact that miRNA genes
emerge and are lost frequently along evolution. In-
verted duplications are attributed to the birth of new
miR genes [142, 143]. MiRNAs face constant selection
pressure and loss of any nucleotide especially within
seed region of miRNA or complementary sequence
on the target itself may increase their vulnerability
[144]. On the contrary, considering the facts that >
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80% of the miRNAs are generated from introns and
that intron sequences are not amenable to stringent
selection pressure, it seems likely that only a small
fraction of miRNAs can be effected by such phe-
nomenon. Moreover, a number of mRNAs are pre-
sent among the transciptome, the sequence of which
differs with that of existing miRNA targets by one or
only a few nucleotides. All these observations to-
gether hints on the dynamic changes in the miRNA
and its target range that can be achieved by introduc-
tion of few nucleotides in either’s sequence.

In both plants and animals, some miRNA fami-
lies are conserved across species while others are spe-
cies-specific [145-147] which suggests that both target
and miRs are evolving in parallel.

Small RNAs from unicellular eukaryote

Research carried out by two independent
groups has revealed that contrary to popular beliefs,
miRNAs are not restricted merely to multi-cellular
organisms. Unicellular alga, Chlamydomonas reinhard-
tii, has been shown to generate various types of pre-
viously described small RNAs in multi-cellular forms
i.e. mi- and siRNAs [148, 149]. Sequence analysis of
small RNA pool read outs indicated that majority of
these are 21-nt long with preference for uridine at 5'
terminal. Most of the sequences studied fall on
unique genomic regions (including intergenic, pro-
tein coding, non-protein coding, and repetitive loci)
thereby, making the pool more complex.

|
5 yjj 3 s TL’ 3! 5. Ly

(i) (iif)

Figure 5: Schematic representation of the pri-miRNA
transcripts of (i) animal, (ii) plant, and (iii) alga showing
differences in the miRNA biogenesis. Note that not all
animal and algal pri-miRNAs follow this structural repre-
sentation but it holds for plants where single miRNA resides
within pri-miRNA stem.

Few (~4) sequences dominated the pool hinting
on the absolute requirement of those species and
were later found to reside in proximity of each other.
Surprisingly, no significant homology was found
among known miR sequences. Of the SRNA pool that
falls in the intergenic and intronic regions, Zhao et al.
[149] looked for the flanking region and selected

those capable of generating stem-loop structures.
Approximately 200 such loci were predicted by the
algorithm. Unlike plant and animal miRs, significant
proportions of these sequences were lying in intronic
regions. Careful analysis of the stem loop structures
revealed interesting fact about these unicellular miR
precursors. They can generate more than one mature
miR thus making them different from multicellular
pri-miR precursors (Figure 5). Although in animals
there are loci co-transcribing multiple pri-miRs, each
generating single mature miR, plants however, al-
ways produce pri-miR with single miR with one ex-
ception where a single pre-miR generates more than
one miR [150].

Target prediction and function of algal miRs

Targets with diverse biological functions have
been predicted and the binding sites were predomi-
nant in the protein-coding regions with few falling in
Untranslated Regions (UTRs) as well. Interestingly,
most of the targets belong to the Flagella- Associated
Proteins (FAPs), suggesting that miR might transduce
signals received by flagella. Unlike plants, transcrip-
tion factors were under-represented as targets of algal
miRs. However, paucity of annotated alga genome
forbids concluding the functional bias of the miR tar-
gets and the target prediction per se.

In view of the presence of two AGO proteins
and a Dicer, it is logical to assume that alga must be
utilizing them for pathway(s) similar to RNAi, which
indeed was found to be the case. In order to deter-
mine whether the downstream mode of function of
algal miRs is similar to that in plants or animals, the
biochemical activity was tested using different eluted
protein fractions. The target cleavage studies support
the notion that algal miR are more akin to plant miRs
in terms of function [148]. Further, resistance to
3-elimination confirms the close similarity between
algal miR with that of higher plants. Expression pro-
filing of randomly selected miR demonstrated cell
type specific expression, suggesting their role in de-
velopmental and tissue patterning as is the case with
animal and plant miRs.

Algal siRNA species

After categorizing microRNAs, analysis of re-
mainder of sequences characterized those as endo
siRNAs. These sequences mapped to protein-coding
and intergenic regions and similar to plant
ta-siRNAs, were found to be phased relative to each
other reflecting that algal small RNAs show more
resemblance to plants than animals. But, the paucity
of evidence for the presence of protein possessing
activity similar to RNA-dependent RNA polymerase
(RdRP), raises doubt on the similarity in the mecha-
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nisms of their biogenesis. Besides, sequences origi-
nating from repeat regions were also obtained, but
significantly low reads of such species raise suspicion
about their need in transposon silencing. However,
the possibility of these RNAs acting as guide to
modulate chromatin status cannot be completely re-
futed. Similar to the scan RNAs [18], these species of
siRNA may accumulate during reproductive stage
that needs careful evaluation.

Collectively, the analysis of small RNA pool
from alga as well as other organisms suggests that
these species have evolved independently in all the
three existing lineages viz., plants, animals and algae
to provide suitable cellular milieu when required
during critical events like development, cell death,
etc.

Small RNA as therapeutic and diagnostic
agents

In view of their diverse roles, attempts were
made to exploit the practical applications of si- and
miRNAs as therapeutic and diagnostic molecules.
Attributing function to a gene has been a great and
incessant challenge for the past decade of research.
This was revolutionized by the knock-down of almost
all the desired messages in vivo using designed
siRNAs and allowed researchers to extensively study
various pathways including signaling, in both ani-
mals and plants. Besides, siRNAs has been shown to
be successfully used as anti-viral and anti-cancer
agents [151]. One major advantage of utilizing
siRNAs relies on its selective (sequence specific) ef-
fects. The biggest hurdle encountered in the process
was the siRNA delivery that was soon resolved with
the advent of delivery molecules like plasmid vectors,
transfection agents etc. The delivery of siRNAs was
further improved significantly by modification of
these molecules by adding some moieties like 2-O
methyl, phosphothiorates etc that increase the stabil-
ity of small RNAs [152, 153]. This was followed by
series of studies demonstrating the potent knock
down of pathogenesis related viral and endogenous
undesired transcripts through siRNAs, in different
animal models. For instance, Soutschek et al. [154]
demonstrated the knock down of apoB messages at
the desired site in mice model while Hu et al. [155]
used siRNAs to clear EWS-FLI1 transcripts that are
upregulated in particular sarcoma. The advance-
ments in siRNA mediated viral resistance against
different diseases were achieved almost in parallel.
For example, inhibition of Herpes Simplex Virus 2
[156], Hepatitis B virus [157] and Respiratory
Syncitial Virus [158] infection are representative ex-
amples. Studies to achieve similar resistance are un-

der progress in case of other important viruses like
HIV, EBV, etc.

Similar to animals, in plants too, viruses are the
major targets where siRNA therapy is being utilized
with considerable success to gain resistance. Trans-
genics generating siRNAs against a particular tran-
script of a pathogen has been demonstrated to confer
increased resistance compared to wild-types, when
challenged with viruses. Considering the facts that
miRNAs are functionally equivalent to siRNAs in
plants and that they are involved in different devel-
opmental processes, it seems logical to capitalize their
potential in plant system. Interestingly, artificially
designed miRNAs (that are not present endoge-
nously) are rather being much more frequently used
in plants nowadays both to confer pathogen resis-
tance and study developmental pathways [159-161].

However, in animals, knock down of genes via
miRNA cannot be achieved due to lack of complete
homology between miRNA and its target(s). None-
theless, miRNAs can be successfully utilized for di-
agnostic purposes in animals. In view of their tem-
poral and spatial expression, it is apparent that de-
regulation of miRs might lead to diseased state. Evi-
dently, the miRNA profilings have been shown to be
better indicators of many diseases, especially cancers,
where strategies to cure rely on the early disease de-
tection [162]. There is growing evidence that certain
cancerous tissues express miRNAs in altered fashion
thus supporting miRNAs as promising therapeutic
agents [163-165]. In this regard miRNAs can be con-
sidered as tumor-suppressors [166]. Similarly, certain
other diseased states were also found to be linked
with modulated expression levels of miRNAs. For
instance, reduced levels of miR-375 in diabetes [167],
miR-133 in cardiac hypertrophy [168], and miR-122
and miR-143 in obesity [169] have been reported.
Several studies clearly indicate that host encoded mi-
croRNAs act as anti-viral molecules targeting patho-
gen transcripts. Recently, miRNAs associated with
viral infection have come into light and the tissue re-
stricted miR expression might explain the viral tissue
biasedness. This is supported by occurrence of low
levels of miR-122 in HCV infection [170] and miR-32
in Foamy virus infection [171]. Moreover, some vi-
ruses (e.g. EBV, HIV etc), especially herpes viruses,
have been demonstrated to encode miRNAs that
confer virulence to the pathogen [172, 173]. These
studies provide us with realistic situation during in-
tricate host-pathogen interaction. Interestingly, an-
tagomiRs (amiR) targeting tumor associated tran-
scripts have been utilized in curing animal tumors,
thereby promising new opportunities to tackle a
number of animal diseases.
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Recent attempts to utilize small RNAs for gene
therapy for diseases like macular degeneration,
Parkinson’s disease, etc. are also underway and
hopes are high to achieve success in the field. The
insights gained from the applications of si- and
miRNAs would significantly contribute towards our
understanding of eukaryotic functional genomics and
diverse biological pathways.

The new nodes of regulatory network

More recently, the discovery of two new species,
viz., piRNA and 21-U RNA, has led to the addition to
the existing list of small RNA classes. These were as-
signed to different small RNAs from the previously
established classes on the basis of their origin and
biogenesis. Nonetheless, they share some overlapping
features shown by the previous small RNA classes as
well.

Piwi-interacting RNAs (piRNAs)

Argonaute  family of proteins is a
well-established member of executor RNAi complex
[12] and is highly conserved amongst various species
[69]. Based on amino acid sequence homology, argo-
naute family has been categorized into two subclades
viz AGO and PIWI (P element-induced wimpy tes-
tes). While the AGO members are ubiquitous and
associate with both the existing classes of small
RNAs, ie. siRNA and miRNA, the expression of
PIWI proteins is restricted to germline cells alone.
Genetic studies revealed that mutants for these pro-
teins lead to male sterility suggesting its probable role
in spermatogenesis [174, 68]. However, the exact cor-
relation between the over-expression of PIWI and
gametogenesis remained unanswered till recently.
The independent works of Lau et al. [175], Aravin et
al. [176], Grivna et al. [21] and Girard et al. [69]
showing that PIWI proteins associate with ~25-31 nt
RNA species which are germline-specific have added
new dimensions to our knowledge about the varied
nature of small RNA world.

While Lau et al. [175] and Watanabe et al. [55]
focused on purifying the protein complexes followed
by cloning of the associated small RNAs, as men-
tioned above. Cloning and sequencing of the germ-
line small RNA population revealed that majority of
the piRNA sequences were mapped to the genomic
regions previously thought to be non-transcribed,
while others corresponded to intergenic, exonic, in-
tronic and repeat regions. These piRNAs were found
to fall in two distinct size categories (24-28 nt and
29-31 nt). These are dispersed throughout the genome
and reside in clusters ranging from 1 to 100 kilobases
each generating 10 to 4500 piRNAs, eliciting strong

bias to either DNA strand. Characterization of the
protein complexes revealed the presence of two pro-
teins viz. PIWI and Rec Q1 [175]. However, one can-
not rule out the possibility of other proteins being
loosely bound to the complex which would have
subsequently lost during the process. This pro-
tein-RNA complex is termed piwi interacting RNA
complex (piRC). The presence of RecQl as complex
constituent was confirmed through its intrinsic
ATP-dependent helicase activity.

Expression studies have clearly demonstrated
that MILI and MIWI (mouse orthologs of PIWI) fol-
low different temporal patterns: while the expression
of MILI lasts till pachytene, MIWI expresses till round
spermatid stage. Intriguingly, the expression of two
different populations of piRNA (24-28 nt and 29-31
nt) follow similar temporal pattern, indicating that
each of these proteins might interact with specific
PiRNA species (177) (Figure 6).
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Figure 6: Schematic representation of time-point specific
expression each piRNA species follows during spermato-
genesis.

In Drosophila, another protein, Pimet (piRNA
methylase), has been demonstrated to be involved in
piRNA biogenesis. This protein is homologous to
Arabidopsis HEN1, a methyltransferase, and mediates
methylation at the 2'-O of 3' ends of piRNAs. How-
ever, unlike HEN1, this protein transfers methyl
group to single stranded piRNAs [86]. Interestingly,
the in vitro experiments with recombinant Pimet
showed that it participates in methylation of piRNA
but not miRNAs and this biasedness is conferred by
interaction with Aubergine (Aub) protein.

piRNA biogenesis

Based on the mapping analysis of piRNA se-
quences onto genome it is postulated that these
piRNA precursors are derived either from the
non-overlapping transcripts generated from diver-
gent promoter [175] or from a promoter giving rise to
long single stranded RNA. The former postulate was
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based on the analysis that few piRNA clusters pos-
sess gap of few hundred base pairs between tran-
scripts emerging from opposite DNA strands. How-
ever, this could not explain the generation of piRNAs
from unidirectional promoters.

A better understanding of piRNA biogenesis has
emerged from the studies conducted by Gunawar-
dane et al. [178] and Brennecke et al. [179] where they
proposed a mechanism parallel to secondary siRNA
generation, termed as ping- pong model. It was ob-
served that sense piRNAs associate with AGO3 while
antisense associate

Figure 7: piRNA biogenesis pathway. (a) Usually a poly-
cistronic transcript, driven by mono- or bidirectional
promoter, generates piRNAs by an unknown mechanism.
Since the precursor lacks any tendency to achieve dou-
ble-stranded form, the piRNA biogenesis seemed to be
different from other small RNAs. (b) The biogenesis re-
quires template to catalyze generation of desired small
RNAs which further cleave corresponding target messages
with another set of proteins. These piRNA may either
regulate genome organization by checking transposon mo-
bility or move to cytoplasm to take care of cognate mes-
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between 10 and 11 bases. Subsequently, AGO3 binds
and guide the cleaved transcript to the piRNA cluster
transcript where it follows the hallmark endonu-
cleolytic cleavage after 10th residue (usually ade-
nine). This feed forward loop can rapidly generate
sufficient piRNA to take care of any aberrant tran-
scription event especially from retroelements (Figure
7). The cycle can be regulated by sensing reduced
production of target transcript and consequently the
piRNAs themselves. Whether the piRNA species in
an organism are generated following the ping-pong
model or by other pathways similar to the biogenesis
of si- and miRNAs remains an open question. More-
over, as trigger- target availability is an absolute re-
quirement for the activation of piRNA mediated de-
fense, how these small RNAs take care of recently
evolved selfish transposable elements or whether
their evolution follows the birth of selfish sequences,
still remains obscure.

Functional attributes of piRNAs

Previous studies have shown that PIWI per-
forms multiple functions ranging from epigenetic
programming and repression of transposition to post
transcriptional regulation [68, 174, 180]. However, in
contrast to negative PTGS regulation of si- and
miRNAs, piRNAs promote stability of target mRNA
and probably enhance the translation as well. Having
loci spread throughout the genome, the most impor-
tant role that could be conferred upon piRNAs would
be the patronage of their respective loci [18]. How-
ever, in view of the ability of piRC to cleave the cog-
nate transcript [21], the involvement of piRNA at
post-transcriptional level cannot be overruled.

21U-RNAs

In an attempt to redefine the small RNA profile
in C.elegans, Ruby et al. [22] encountered a novel class
of small RNAs, viz., 21U-RNAs. In all the reads ana-
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lyzed, these molecules were found to be exactly 21
nucleotides long with uridine at its 5" end. Of the
~5454 sequences obtained, majority were mapped to
two major regions on chromosome IV, with few reads
lying in between the major regions.

Biogenesis of 21 U-RNAs

Though not much has been explored about the
factors associated with the biogenesis of these species,
the biochemical assays performed with 21-U RNAs
have provided us with some of their characteristic
features. It was elucidated that these species are sen-
sitive towards alkaline hydrolysis and phosphatase
treatment and their capacity to act as substrate for
RNA ligase confirms these to be RNA molecules.
Similar to small RNAs in plants and rasiRNAs in
flies, 21U-RNAs also seemed to be modified at either
27 or 3" oxygen [22]. Extrapolating such resemblance
to the functionality of these entities suggest that they
might play some role(s) in chromatin reorganization
and genome stability. In the absence of any evidence
for the existence of dsRNA precursor, the biogenesis
of 21-U RNAs seems to be dependent on some fac-
tor(s), which could sense the uridine residue as the
reference point to count the bases. 21U-RNAs show
no particular strand biasedness and majority were
mapped to intergenic or intronic regions. Because
authors used mixed-stage libraries, they could not
conclude, as to which stage these species starts ac-

cumulating most, which would provide some clues of
their functionality. The presence of 21U-RNAs during
L1 and dauer stages suggests their role during worm
development.

Motifs for 2 1U-RNA transcription

Taking closer look at the sequences flanking
21U-RNAs Ruby et al., [22] predicted two upstream
elements, large and small motifs. While the large mo-
tif are ~34 nt long with 8-nucleotide core consensus
sequence CTGTTTCA, the small motifs were ~4 nt
long having YRNT as the core sequence. These two
motifs were separated by linker sequences of ~19-27
bps in all the cases (Figure 8). Further analysis re-
vealed that these motifs were highly conserved, sug-
gesting for the requirement of these sequences during
the transcription. In contrast, the 21U-RNA sequences
were not at all conserved even within the same spe-
cies.

Each 21U-RNA is transcribed autonomously
suggests that they are independent genes and that 5'
flanking sequences may act as promoter clearly sup-
ports the hypothesis (Figure 9). The consideration of
the above fact would dramatically influence the cur-
rent scenario where it is believed that there are ap-
proximately 25,000 genes, at least in worms (these
small RNAs are not yet reported in other organisms).
This number may increase up to 1.5 times the existing
figure.

ot 2ore Spacer ~20 nt
SEGUENCE = H
et : [ ZIU-RNA
Large motif ~34 nt Small matif
~4 it

Figure 8: General structure of 21U-RNA locus
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Figure 9: 21U-RNA pathway. Dictated by their own promoters, the independent transcripts are made that may involve
specific factors to sense the terminal U residue and the 21 nt, thereby releasing mature 21-U RNAs.
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Function of 21-U RNAs

Considering the fact that 21-U RNA sequences
show no homology with any transcript point towards
their possible role in genome stability. However, in
view of the earlier findings that sSRNAs responsible
for genome stability generally are of 224 nt, the pos-
sible role of 21U-RNAs (size 21nt) in genome stability
remains doubtful. Moreover, since 21U-RNAs
seemed to undergo maturation in the nucleus itself,
their likely involvement in splicing cannot be
over-ruled.

Prokaryotic RNAi

Though the prokaryotes encode few proteins
having domains similar to proteins that participate in
RNAIi pathways, there are still no reports supporting
this prediction. The sequence analysis of bacteria

Table 3: Comparison between different small RNA species.

suggested that these organisms incorporate se-
quences from the parasite genome called Clustered
regularly interspaced short palindromic repeats
(CRISPR). These sequences, from foreign genome, are
multiple noncontiguous direct repeats with spacer
sequences and contribute resistance to the bacteria
via RNAi pathway [181, 182]. The incorporation of
spacer sequences is critical in achieving “adaptive”
immunity which is evident from the studies chal-
lenging bacterial strains with phages [182]. Interest-
ingly, the presence of spacers alone was not found to
be sufficient rather their arrangement within genome
is critical. But how these sequences help bacteria to
gain resistance and the underlying mechanisms are
yet to be explored and which will provide us impor-
tant information regarding bacterial evolution.

siRNAs miRNAs
Length (in nts) 21-24 ~22
Requirement of Yes Yes
dsRNA precursor

Genomic location
Frequency (in %) of 5' U
Monophophate
Location of Biogenesis
Nature of gene

Proteins strictl
associated wit
biogenesis (animals)
Detected in

Expression

Downstream effects

3” end modification
Mode of transcription

Strand biasedness
Selection pressure
Nature of transcript

Potential tool without
adverse effects

Dispersed throughout
~80%

Cytoplasm/Nucleus
Autonomous /clustered
Dcr 2, AGO2

All eukaryotes studied
All tissues

Target cleavage,
Chromatin remodeling,
Translation repression,
Genome reorganization

Yes

Divergent but partial
overlapping Convergent

Yes
No
Polycistronic

Yes

Dispersed throughout
~76%

Nucleus and Cytoplasm
Autonomous

Dcr 1, AGO1, Drosha/ Pasha,
Exportin-5

All eukaryotes but S. cereve-
seae

Every tissue but few shows
tissue specificity
Translation repression,
Target cleavage,

Chromatin remodeling?

Yes
Autonomous

Yes

High
Polycistronic/
Monocistronic
In plants

PiRNAs 21U-RNAs
25-31 21

No No

Discrete loci Chromosome IV
~94% 100%

Nuclear? Nucleus

Tightly clustered Autonomous
Piwi/ Aubergine, ?

AGO3

Worms, Zebrafish C. elegans, C. briggsae
mammals

Male germ line cells

Genome Organization,
Enhances translation and
mRNA stability

Yes
Divergent
High

No

Polycistronic

No

All tissues

Nucleosome phasing

Yes
Autonomous

Yes
No
Monocistronic

No

Conclusions

The discovery that genomic regions, previously

are not conserved suggest that evolution has taken

place even at the lowest classification level.

thought to be untranscribed, generates huge amount
of small RNAs that participates actively in genome
regulation allows us to redefine the concept of what
regions shall be annotated as able-to-transcribe and
also tempt us to ponder what actually is C-value
paradox. That these piRNAs and 21U-RNA sequences

However many question still remains unan-
swered, for example, what could be the evolutionary
significance of having autonomously expressed se-
quences on chromosome 1IV? How could the birth of
such highly diversified transcripts be explained?
What is the significance of mirtron pathway other
than adding to miRNA flux? Can we expect similar
pathways operating in prokaryotes? It would be in-
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teresting to determine the order in which all the four
existing classes of small RNA have evolved. More-
over, with more reports supporting the RNAi like
pathway in prokaryotes, we hope of connecting the
missing links during the evolution of the phenome-
non.

In future we expect diverse forms of these enti-
ties getting added to the list to get a complete picture
of how organisms differ at the regulatory level and
what roles do these small RNA play to achieve the
goal. The discovery of diverse hitherto unknown
phenomenon involving small RNAs tempts us to ex-
plore these enigmatic species. Though rigorous ef-
forts for about more than a decade have gathered
significant information on small RNAs, scientists are
still trying to unleash the complete mechanisms un-
derlying the origin, biogenesis and functions of this
small RNA world.
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