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MicroRNAs (miRNAs), an endogenous type of small RNAs of ~22 nucleotides (nt), have long resided in the
cells of plants and animals including humans, constituting an ancient pathway of gene regulation in
eukaryotes. They have a simple structure in their mature form but carry enormous information that may
regulate up to 90% of the human transcriptome. Furthermore, the multi-facets of a miRNA are tightly
associated with diverse cellular proteins that make it broadly connected to various physiological and
pathological processes. This review aims to examine miRNAs briefly from their biogenesis to their general
functions with an emphasis on working mechanisms in regulation of their target mRNAs.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) are nature's gifts that biologists are just
realizing play an important role in our cells. The last decade has
witnessed a major paradigm shift regarding gene regulation by small
RNAs with the discovery of RNA interference (RNAi) [1]. RNAi has now
revolutionized modern biology theoretically, technologically, and
practically, without which miRNAs would have remained obscure for
a longer period. Biologists have fortunately accumulated enormous
knowledge and approaches for the coming of the miRNA era since the
elucidation of double-strand DNA helix in 1953 [2]. In just a few years,
the lineage of a miRNA pathway has been extensively investigated in
various species of both the plant and the animal kingdoms.

The coming of the miRNA era has brought a fortune to many medical
scientists who intentionally or unintentionally found that this type of
small RNA relates to research topics such as developmental timing,
neuronal cell fate, apoptosis, proliferation, hematopoiesis, cancer devel-
opment, neurological disorders, insulin secretion or exocytosis of the
secretory pathway, metabolic disorders, B-cell development, adipocyte
differentiation, cardiovascular disease, liver diseases, immune dysfunc-
tion, viral infection, and stem cell differentiation [3-6]. As a result, billions
of dollars have been invested in human health research in association with
miRNAs through the National Institute of Health, local governments and
many private companies.
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MiRNAs are also invaluable to plant scientists. Plant development
has a tight relationship with miRNAs [7]. Many gene transcription
factors that were previously revealed to control cell division,
expansion, growth, differentiation, aging, organ identities, develop-
mental phase transition, and plant hormone signaling turned out to be
under the control of miRNAs [8,9]. Thus, miRNAs are indispensible to
agricultural crops, because crop yield and quality in domestication
[10] are directly or indirectly controlled by the miRNA-directed
regulation of these transcription factor genes, some of which were
implicated to be part of quantitative trait loci (QTL) in relation to crop
production [10,11]. This review discusses the making of a miRNA, their
intrinsic information, their modes of actions, and finally their wide
variety of connections with cellular processes.

2. Silencing trigger: The biogenesis of a miRNA
2.1. The biogenesis of a canonical miRNA

Although the biogenesis process of a miRNA is a little different
between plants and animals, the overall structures of their gene
transcripts are similar. Most miRNA genes are located at intergenic
regions [12], some are located inside introns of protein-coding genes
[13,14]. MiRNA genes are transcribed into RNAs mostly by RNA
polymerase II (pol-II) and in a few cases by RNA polymerase III (pol-III)
[15,16]. The primary transcripts of a miRNA are usually termed primary
miRNAs (pri-miRNAs). The processing of pri-miRNAs into miRNA
precursors (pre-miRNAs) differs between plants and animals. In animals,
pre-miRNAs are transported into cytoplasm before being processed into
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mature miRNAs by completely different sets of enzyme complexes. In
contrast, plant pre-miRNAs remain in the nucleus and are processed by
the same enzyme complex, resulting in mature miRNA duplexes inside
the nucleus [17]. MiRNA duplexes are then transported into the
cytoplasm to be assembled into RNA silencing effector complexes.

2.2. The biogenesis of a mirtron

Recently, it has been reported that the biogenesis of some pre-
miRNAs in Drosophila, Caenorhabditis elegans, or even mammals can
bypass the nucleus Drosha/Microprocessor by directly adopting spliced
introns, and the mature miRNAs from these introns are thus termed
“mirtrons” [18-20]. In the biogenesis of mirtrons, the primary miRNA
transcripts are shared with the transcripts of specific protein-coding
genes. The same promoter and terminator elements thus control the
expression of both the coding genes and the mirtrons. After transcrip-
tion, the spiced introns are debranched and folded back into “stem-loop”
structures or “mirtronic pre-miRNAs (pre-mirtrons)” that are character-
istic of the canonical pre-miRNA produced by Drosha/Microprocessor
[18-20]. Pre-mirtrons are exported from nucleus into cytoplasm by
sharing the same nuclear pre-miRNA transporter termed “Exportin-5” in
Drosophila [19]. Mirtron pathway is an alternative route for miRNA
biogenesis, but it is unclear whether mirtrons are widespread in
evolution. The limited numbers of mirtrons in limited organisms suggest
that mirtron pathway might be a prototype avenue for miRNA biogenesis
before Drosha emergence in some organisms [18].

2.3. Proteins and their complexes for miRNA biogenesis

The protein components that process miRNA precursors to mature
miRNAs are correspondingly different between plants and animals. In
animals, the enzyme responsible for the production of pre-miRNA is the
nuclear protein complex Microprocessor, composed of Drosha, a major
catalytic enzyme of RNAse-IIl family that cleaves pri-miRNA into pre-
miRNA [21], and its partner “Pasha”, a dsRNA-binding protein that may
stabilize the Drosha in the Microprocessor. Human Pasha was previously
identified in the study of the human disease DiGeorge Syndrome (DGS)/
Conotruncal Anomaly Face Syndrome (CAFS)/Velocardiofacial Syndrome
(VCFS) and thus has a different name “DiGeorge Critical Region-8”
(DGCR8) [22-24]. Pre-miRNAs are then transported from nucleus to
cytoplasm by Exportin-5 [25-29]. Pre-miRNAs are further processed by
Dicer enzyme complex into miRNA duplexes in cytoplasm. Similar to
Drosha, human Dicer also has two alternative partners namely “trans-
acting responsive (TAR) RNA element (from HIV-1)-binding protein”
(TRBP) [30,31] and protein activator of interferon-induced protein kinase
(PKR), PACT [32], to help process pre-miRNAs into mature miRNAs and
deliver them to downstream proteins.

The nature of miRNA processing protein complexes and their
components is reflected by the structures of their substrate pri-miRNA
or pre-miRNA. Pri-miRNA and pre-miRNA are characterized by their
shared double-stranded (ds) “core” region or “stem-loop” structure.
Indeed, both Drosha and Dicer belong to double-stranded RNA (dsRNA)
specific enzymes of RNAse III family that cut the double-stranded “stem”
region successively to produce the mature miRNA duplex.

Although Dicer and Drosha contain dsRNA-binding domain(s), these
RNAse Il enzymes need additional dsRNA-binding protein partners to
function. The interaction between RNAse IIl enzymes (Dicer or Drosha)
and their partners appears to be conserved from plants to animals. In
Drosophila, Dicer 2 (DCR-2) and its partner R2D2 [33], a dsSRNA-binding
protein having 2 dsRNA-binding domains and associated with DCR-2,
form complexes to function in the RNAi pathway [34]. On the other hand,
Drosophila Drosha interacts with its partner dsRNA-binding protein
Pasha [35] in the nucleus, and Dicer 1 (DCR-1) interacts with its partner
R1D3 (also named logs) [36-38], a dsRNA-binding protein having 3
dsRNA-binding domains and associated with DCR-1 in cytoplasm,
forming complexes to function in the miRNA pathway.

C. elegans has only one Dicer that functions in both RNAi and miRNA
pathways. Worm Dicer interacts with its partner dsRNA-binding
protein named RNAi deficient 4 (RDE-4) in the cytoplasm [39-40]
functioning in siRNA pathway. However, RDE-4 does not seem to be
required for the biogenesis of miRNAs since no apparent develop-
mental defect was observed in rde-4 mutant and no miRNA predicted
target genes seemed upregulated in the mutant by microarray analysis
[42]. The presence of dsRNA-binding protein as Dicer partner for
miRNA biogenesis in worms needs further investigation. Nevertheless,
it is clear that worm Drosha does require its partner Pasha in nucleus
for the miRNA biogenesis [35]. Similarly, mammals also have only one
Dicer. However, mammalian Dicer does have its dsRNA-binding
protein partner TRBP/PACT for miRNA biogenesis [30-32,43], in
collaboration with Drosha and Drosha partner DGCR8 [23,24].

Likewise in plants, HYPONASTIC LEAVES1 (HYL1), another dsRNA-
binding protein, interacts with plant Dicer 1 (DCL1) [17,44-47]. DCL1,
HYL-1, and other proteins, such as the zinc-finger-domain protein
Serrate (SE) [48], colocalizing in discrete nuclear bodies termed nuclear
dicing bodies (D-bodies) [17,45] that are similar to animal Micropro-
cessors in miRNA biogenesis but different from the previously reported
Cajal bodies in which the biogenesis of Argonaute 4 (AGO4)-associated
siRNAs was implied [49,50]. Thus, dsRNA-binding proteins either
stabilize Dicer proteins for small RNA production (e.g., miRNA biogen-
esis) or help the small RNAs to be delivered to downstream protein
complexes, such as RNA-induced silencing complexes (RISCs) [34,36].

In addition to the role of Dicer and its dsRNA-binding partner in
miRNA biogenesis, recent data suggests that AGO proteins may also be
involved in miRNA biogenesis before the second step of miRNA
maturation. Evidence came from the observation that AGO2 is recruited
before the Dicer cleaves the pre-miRNA into mature miRNA, resulting in
the production of AGO2-cleaved pre-miRNA (ac-pre-miRNA) [51]. The
AGO2 cleavage site on the pre-miRNA is comparable to the cleavage
position of the passenger strand of a siRNA duplex by the guide-
associated RISC in RNAi [52-56]. Interestingly, Ac-pre-miRNA is still a
good substrate for Dicer to produce mature miRNA that can be further
assembled into miRNA-associated RISC. This observation further demon-
strates that proteins of the miRNA pathway may interact with each other
much earlier than appreciated and miRNA biogenesis involves both
upstream (e.g., Dicer) and downstream (e.g., AGO) proteins.

2.4. Methylation of miRNAs in plants

Different from animal miRNAs, plant mature miRNAs are further
methylated on the 2’ hydroxyl group of the 3’ terminal ribose by Hua
Enhancer (HEN1), a plant miRNA or siRNA methyltransferase [57-59)].
Methylation of miRNAs was not found in animals, whereas 2’-O-
methylation of PIWI-associated siRNA (piRNA) by HEN1 homologs was
similarly observed in Drosophila and mice [60-62]. The function of the
methyl group at the 3’ end of miRNAs in plants was proposed to
stabilize miRNAs or prevent the miRNA serving primers for RNA-
dependent RNA polymerase in cells [59]. Mutation of HEN1 led to
oligouridylation generated by an unidentified enzyme at the 3’ end of
the miRNAs, which was thought to trigger the degradation of the
uridylated miRNAs in plants [63].

3. Effector complex: The making of a miRNA associated protein
complex (miRNP)

3.1. Functional miRNA and miRNA* are protected by miRNPs

A single-stranded miRNA may not be stable without forming a
complex with cellular proteins. MiRNA duplexes (miRNA/miRNA*) are
produced by Dicer complexes and also need Dicer complexes to be
assembled into effector complexes commonly termed miRNPs or
sometimes miRNA associated RISCs (miRISCs) that contain at least a
single-stranded miRNA and an AGO protein. Due to evolutionally



G. Tang et al. / Biochimica et Biophysica Acta 1779 (2008) 655-662 657

formed asymmetric structures (thermodynamic stability of the miRNA
duplex structures) of pre-miRNAs, the majority of miRNA duplexes
have a preference for the miRNA strand to be assembled into and
protected by the miRNP, while the miRNA* strand is excluded from
miRNP and subsequently degraded [64,65].

Small RNA cloning and deep sequencing showed that both strands
of many miRNA duplexes actually exist in specific type of cells and
many of the miRNA*s are assembled into miRNPs and target
endogenous gene transcripts for regulation [66-68]. This phenomenon
is likely due to the symmetric structures of some miRNA/miRNA*
duplexes or a switch of asymmetric arms of different specific miRNA
family members in RISC assembly in different tissues. In some cases,
the abundance of miRNA and miRNA* populations in different tissues
may not always follow the asymmetric structures of the miRNA/
miRNA* duplexes [67]. This suggests that other unidentified cellular
proteins may function as catalytic factors for such unconventional
strand selection. Alternatively, miRNA/miRNA* duplex intermediates
are somehow stabilized in cells/tissues waiting for asymmetric
unwinding for miRNP assembly and are thus caught by small RNA
deep sequencing. In summary, miRNA* assembly into miRNPs may still
be largely governed by thermodynamic rules [64,65] and the gene
regulation directed by miRNA* strands seemly constitutes a more
significant part of miRNA biology than previously appreciated [68].

3.2. The making of a miRNP is a sequential process

The making of a RISC is not an isolated process. Initially, RISC
activity was biochemically purified from Drosophila S2 cells and
subsequent protein sequencing of the active complex resulted in the
discovery of a key RISC component AGO2 [69]. T7/His tagged
recombinant AGO2 was found to be associated with ~ 22 nt luciferase
siRNAs by Western and Northern blot analyses [69]. Later, biochemical
results from various organisms indicated RISC assembly as a fairly
instant process that could be understood only in the context of
upstream and downstream biochemical processes [43,70-74].

As mentioned above, Dicer does not always need its partner, dSRNA-
binding protein, to produce siRNAs and/or miRNAs [33,34,36-38].
However, the dsRNA-binding protein functions as an important sensor
in determining the strand selection of small RNA duplexes in RISC
assembly [74]. This strand selection and subsequent asymmetric
assembly of RISCs, as determined by R2D2, was beautifully demon-
strated in Drosophila RNAi pathways [74]. This work further implied
that miRNA associated RISC assembly might also follow a similar rule
[38,75].1tis now known that a RISC assembly needs the upstream Dicer
proteins and their partners, and the downstream “core” proteins, the
AGOs. Biochemical evidence indicates that such a RISC assembly
process can be simplified into two steps: the RISC loading process that
forms a RISC loading complex (RLC) and the RISC maturation process
that forms a mature RISC [74,76]. RLC is a premature RISC, components
of which have not been fully characterized.

3.3. “Core” RISCs and “holo” RISCs

UV-crosslinking, gel filtration, gel electrophoresis, and immunopre-
cipitation analyses have revealed the existence of both simple and
complicated RISC complexes in cells [43,71,72,74,77]. The smallest or
minimal RISC, sometimes named “core” RISC [ 76], may be constituted of
only two components, an AGO protein and a small RNA [73,78]. In
contrast, the largest RISC termed “holo” RISC is often composed of most
RNAi or miRNA pathway proteins including Dicer, dsRNA-binding
protein, RNA helicase, AGO, and proteins from other pathways, such as
ribosomal proteins and specific disease pathway proteins [71]. With
detailed dissection of mechanisms of miRNA-directed gene silencing,
increasing evidence suggests that “holo” and “core” RISCs may play
differential roles in miRNA-directed translational regulation and inter-
actions between miRNA and many other pathways.

4. The gene regulator: a simple structure containing enormous
information

4.1. “miRNA code” and its difference between plants and animals

The prediction that one-third of the human transcriptome is under
the control of miRNAs, via a “seed” region to target the 3’ UTRs of
transcripts [79,80], points to the fascinating information a miRNA
carries. The puzzling information of a miRNA of ~21 nt is preferably
referred to as a “miRNA code” in this article. The “miRNA code”
embedded in the miRNA sequences is apparently different between
plants and animals. In plants, a full or extensive sequence comple-
mentarity between a miRNA and the target mRNAs is necessary for
miRNAs to regulate their target genes [9,81]. Thus, plant miRNAs
encode very specific information to target limited numbers of their
target genes.

In contrast, a miRNA code embedded in an animal miRNA is
overwhelmingly determined by the “seed” region of 7 nucleotides
between positions 2 and 8 from the 5’ end of the miRNA [79,80]. This
feature greatly enlarges the intrinsic information of a miRNA in
animals. Consequently, an animal miRNA is estimated to regulate
about 200 target genes through translational repression mechanisms
via the regulatory regions on the 3’ UTRs of the transcripts [79,80,82].
If the 5’ UTRs and coding regions are considered as targeting sites by
miRNAs, up to about 90% of the human transcriptome will be
regulated by the miRNAs [83]. To make it more complex, the same
target gene transcripts can have more than one miRNA targeting sites
that can be regulated by the same or different miRNAs [82].

4.2. The complexity of a “miRNA code” in animals

Not all the predicted miRNA targets are actually the bona fide targets;
this suggests that information other than that from the “seed” region
also contributes to the recognition between a miRNA and its targets.
Additional determinant information could be found from regions other
than the “seed” on a miRNA, from targets outside the miRNA binding
regions, or from cellular protein factors that interact with miRNAs or
miRNA targets. A well-studied example of this case is the miRNA let-7
mediated down regulation of its target gene lin-41 in C. elegans [84].

In worms, let-7 molecules imperfectly bind to the 3’ UTR of lin-41 at
two regions termed let-7 complementary sites (LCS1 and LCS2) linked
by 27 nt intervening sequence (abbreviated as LCS1-27-LCS2). Point
mutation and LCS swamp and recombination experiments demon-
strated that residues outside of the “seed” region of the let-7 binding
site and the context of the LCSs are critical for let-7 mediated
suppression of lin-41 [84]. First, a modification of the endogenous
architecture “LCS1-27-LCS2” to “LCS1-27-LCS1” or “LCS2-27-LCS2” on
the 3’ UTR of lin-41 disrupted the regulatory role of let-7. Second,
mutations of Non-Seed region, including the 5’ and 3’ base pairs, the
bulged and looped residues, and 5’ overhangs, disrupted let-7 directed
down regulation of lin-41. Finally, either shortening the length of the 27
nt spacer to 4 nt or 12 nt linker or changing the 27-nt specific sequence
without altering the spacer length disrupted the down regulation of the
reporter gene by let-7. Thus, the specific LCS1-27-LCS2 architecture
including Non-Seed regions and the 27 nt spacer, is important for
miRNA-directed target gene regulation at least in the case of let-7::lin-
41 interaction [84]. This case also seems true in humans [85].

5. Actions: All paths lead to a silencing destination

5.1. Two basic modes of action: miRNA-directed mRNA cleavage/
instability and translational repression

The actions of miRNAs on their targets are most fascinating. Early
studies have generalized two basic modes of actions of miRNAs on
their targets: target cleavage and target translational repression.
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Fig. 1. Various strategies of regulation of gene expression by miRNAs. MiRNA-directed regulations of gene expression are from nucleus to cytoplasm. MiRNA associated RISCs are the
key players in these processes: (1) transcriptional activation, (2) transcriptional gene silencing, (3) target mRNA cleavage, (4) compartmentation, mRNA catabolism, and stress
regulation, (5) productive protein translation without miRNA regulation, (6) ribosome drop-off and cotranslational protein degradation, (7) Cap-dependent translational initiation
repression, and (8) ribosome assembly dependent translational initiation repression. RISC, RNA-induced silencing complex; MC, a motif at the AGO Middle domain (Mid); Pol-II, RNA
polymerase II; Cap, the 5’ end structure of a mRNA; PABP, poly(A) binding protein; elF4G, eukaryotic translation initiation factor 4G; elF4E, eukaryotic translation initiation factor 4E;
408, ribosome small subunit; 60S, ribosome large subunit; CBD, Cap binding domain; elF6, eukaryotic translation initiation factor 6.

There are several factors that determine whether a target mRNA will
be cleaved or repressed for translation by a miRNA (for reviews see
[76]). First, the cleavage of a miRNA target mRNA is executed by AGO
proteins. AGO proteins have endonuclease or “slicer” activities
conferred by the PIWI domain [56,86,87]. Some AGOs retain the
slicer activities but others lose the activity during evolution [86].
Thus, only miRNAs assembled into AGOs that have slicer activities
will have the potential to direct their target mRNAs for cleavage,
while miRNAs associated with AGOs without slicer activities will
likely function to suppress the target mRNA translation. Second, even
if miRNAs are associated with AGOs with slicer activities, the
cleavage of the target mRNAs will still depend on the complementary
conditions between the miRNAs and their targets. Only full or
extensive complementarity will result in a cleavage of the target
mRNAs, while partial complementarity, especially no complementar-
ity around the slicer cleavage site (a position between the nucleotides
paired to base 10 and 11 of the miRNA from the 5’ end), will likely
mediate target mRNA translational repression [88].

Although translational repression was reported in a few cases [89-
91] and recent data demonstrated it to be widespread and genetically
separable from target cleavage [92], the majority of plant miRNAs
were thought to mediate the cleavage of their target mRNAs. In

contrast, animal miRNAs act on, in most cases, target translational
repression with so far only one case showing miRNA-directed target
cleavage [93]. Yet, the action of miRNAs on their targets in animals is
not that simple. Emerging evidence indicates that animal miRNA can
induce the instability of the target mRNAs, which may be mediated by
specific RNAse (e.g., exonuclease xrn-1 in C. elegans [94]) or by
sequestering the target mRNAs into a cytoplasmic processing body (P-
body) for temporary storage or degradation [95-97]. These indicate
that animal miRNA-mediated target translational repression is
mediated by complex mechanisms (Fig. 1).

5.2. Diverse mechanisms for miRNA-directed translational repression

Several protein-protein and protein-RNA interacting mechanisms
have been proposed to explain miRNA associated RISC-directed target
mRNA translational inhibition from the upstream to downstream steps
of the protein translation machinery. These are roughly categorized into:
(1) RISC-directed translational repression at the stages of translation
initiation [98-101] or post-initiation [102-106]; (2) RISC-directed
relocation or sequestration of miRNA target mRNAs to P-bodies
[97,99,107] or stress granules (SGs) [108]; (3) RISC-guided mRNA decay
through a rapid deadenylation [94,95,109,110]; and (4) RISC-directed
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immediate and/or fast protein degradation following translation [106]
also termed cotranslational protein degradation [111].

5.2.1. miRNA-directed translational repressions before and after
translation initiation

Most early and a few recent studies demonstrated that miRNA-
directed translational repression happened at post-translational initia-
tion stages [102-104]. In these cases, the observations of translational
repression were accompanied by the presence of polysomes. It was
suggested that the translational repression might be due to ribosome
“drop-off” during the elongation of translation [ 102]. More recent studies
suggested that translational repression by miRNAs happened at the
translational initiation stage [98,99], as the blockage of translation by
miRNAs was shown in a m’G-cap-dependent manner. A recent study
supported that translational repression occurred through the interaction
between the mRNA cap and miRNA-associated RISCs. The binding of
eukaryotic initiation factor 4E (elF4E) to the m’G cap is essential for the
initiation of the translation of most eukaryotic mRNAs [112]. Kiriakidou
et al identified a cap-binding-like domain that is similar to the elF4E in
the middle domain (MC) of AGO2 and showed this MC domain binds to
the m’G cap and may be required for translational repression by miRNA-
associated RISCs [ 101]. The authors thus proposed that AGO represses the
initiation of mRNA translation by binding to and precluding elF4E from
the m’G cap of the mRNA targets. This mechanism was further supported
by direct evidence that increasing amount of purified eukaryotic
translation initiation factor 4F (elF4F) containing elF4E suppressed the
endogenous let-7 miRISC-directed translational repression in vitro [100].

Intriguingly, Thermann and Hentze showed evidence that Drosophila
miR-2 associated RISC inhibits m’G cap-mediated translation initiation,
accompanied by the formation of large RNPs, namely “pseudopoly-
somes” [113]. Though the biochemical components are unknown, the
pseudopolysomes could be distinguished from the bona fide polysomes
by applying the polysome disrupting agent puromycin. This demon-
strated that the formation of the pseudopolysomes was independent of
the formation of bona fide polysomes. That the pseudopolysomes
inhibited the formation of 80S ribosome but could not be distinguished
from polysomes in size, reminds us of the need for careful interpretation
regarding the miRNA-mediated translational repression mechanism.
The remaining questions are whether miR2-mediated translational
repression is pseudopolysome dependent or not, and what are the
components of pseudopolysome? In addition, it is not known if the
formation of pseudopolysomes associated with miR2 is a general
phenomenon. Similar methods applied to the analyses of other miRNAs,
such as miR6 that shares 8 nucleotides with miR2 at the 5’ end, will shed
light on the nature and the formation of such pseudopolysomes.

Quite a few investigations demonstrated that translational repres-
sion by miRNAs at the translational initiation stage is in m’G cap-
dependent manner as discussed above. Other experimental results
indicated that elF6, also termed p27BBP, was recruited by RISCs that
contain TRBP-like protein, Dicer and AGO, leading to translational
repression in both human and worm cells at the translation initiation
step [114]. Protein translation requires productive assembly of 80S
ribosome composed of the 40S and 60S subunits. In the cytoplasm, elF6
is bound to free 60S but not to 80S. Release of elF6 activates the 60S
subunits, leading to productive assembly of 80S [115]. Loading 60S
subunits with elF6 caused a dose-dependent translational block and
impairment of 80S formation. Interestingly, depletion of the protein
elF6 abrogates miRNA-mediated translational repression of the target
mRNAs. Thus, translational repression by a RISC may be mediated by
interaction between the 60S subunits and elF6 that is recruited by the
RISC, which is different from the mechanism of m’G cap-dependent
translational repression.

5.2.2. miRNA-directed translational repressions via compartmentation
In addition to the above-mentioned mechanisms of protein-protein
and protein-RNA interactions mediated translational repression,

cellular compartment is another factor that contributes to miRNA-
directed protein translational repression. The AGO proteins and the
repressed mRNAs are often enriched in a special cytosolic compart-
ment, the processing bodies (P-bodies, also known as GW-bodies)
[97,99,107]. P-bodies represent discrete cytoplasmic foci that are
enriched in proteins/enzymes involved in mRNA decay and transla-
tional repression. These proteins include deadenylases, decaping
enzymes (e.g., DCP1 and DCP2), and 5'—3’ exonucleases (e.g. Xrn1)
[116]. On the other hand, P-bodies are physically separated from
ribosomes and lack protein translation machinery. In P-bodies, mRNAs
can either undergo decapping and degradation [117] or be stored
temporarily, thus leading to the proposition that miRNA-associated
RISCs have dual functions: mediating mRNA degradation and storing
the mRNA in P-bodies. Under certain conditions (e.g. stress) [118],
miRNA target mRNAs can be released from the P-bodies and re-
recruited by ribosomes, and thus resume the translation.

However, evidence also suggests that formation of a P-body is not
required for miRNA-directed mRNA translational repression, but rather, a
consequence of translation repression [119]. Chu and Rana showed that in
some human cells miRNA function requires RCK/p54, a DEAD-box helicase
that contains ATP-dependent RNA-unwinding activity and is known to be
essential for translational repression. RCK/p54 interacts with AGO1 and
AGO2 in vitro and in vivo, facilitates formation of P-bodies, and serves as a
general repressor of translation [119]. Disrupting P-bodies did not affect
interactions of RCK/p54 with AGO proteins and its function in miRNA-
mediated translation repression. Depletion of RCK/p54 disrupted P-bodies
and dispersed AGO2 throughout the cytoplasm but did not significantly
affect RISC functions.

Theoretically, translational repression mediated by miRNAs does
not affect the level of mRNAs. In reality, this is not always the case.
Recent experimental evidence clearly suggests that miRNA-directed
translational repression is also associated with a substantial degrada-
tion of target mRNAs in some cases [94,120-122]. In Drosophila
Schneider 2 (S2) Cells, mRNAs targeted by miRNA-associated RISCs are
first deadenylated, decapped, and subsequently degraded, which
needs CCR4:NOT1 (a deadenylase complex), GW182, and the DCP1:
DCP2 decapping complexes [94,95,109,123].

6. MiRNA-induced gene activation: A common or a rare
phenomenon?

6.1. MiRNA-directed translational activation via mRNA translocation

Most intriguingly, while miRNAs have been generally identified as
negative regulators of expression of the target mRNAs, in most cases
there is now accumulating evidence that in some circumstances
miRNAs are found to enhance protein translation from their target
mRNAs. In some cases (e.g. under stress conditions), miRNA associated
RISCs simply help the repressed target mRNAs be released from the P-
body and recruited by ribosomes resuming protein translation
[118,124]. This derepression of the target mRNA translation by
miRNA needs protein cofactors that are likely induced by stresses
and are able to release translational repression by interacting with the
3’ UTR of the target mRNA or by helping the target mRNA to re-
associate with polysomes. The currently identified protein cofactors
include AU-rich-element binding protein HuR [118,124] and apolipo-
protein B mRNA-editing enzyme catalytic polypeptide-like 3G
(APOBEC3G or A3G) [125].

6.2. miRNA-directed transcriptional activation

Moreover, synthetic siRNAs targeting the promoter regions of the
human genes E-cadherin, cyclin kinase inhibitor p21 (WAF1/CIP)
(p21), and vascular endothelial growth factor (VEGF) induced the
expression of these genes through a chromatin remodeling related
mechanism that requires the human AGO2 protein [126]. It seems
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that siRNA-AGO2-programmed RISC can mark the gene promoter
region and modify the structure, resulting in an activation of the
gene transcription (Fig. 1). The mechanism, though not yet known, of
siRNA-induced gene transcription by targeting the gene promoter
seems conserved also in the case of miRNA-induced gene up-
regulation. By scanning gene promoters for potential targeting
regions by known miRNAs, miR-373 was identified to target
promoters of E-cadherin and cold-shock domain-containing protein
C2 (CSDC2), respectively [127]. Introduction of synthetic miR-373 or
its precursor pre-miR-373 into PC-3 cells readily induced both gene
expressions. The induction of E-cadherin expression by pre-miR-373
required Dicer, indicating that mature miR-373, rather than its
precursor, plays a role in gene activation. MiR-373 targeting gene
promoter was found to induce enrichment of RNA polymerase II
(pol-II) at the promoters via an unidentified mechanism.

6.3. miRNA-directed cell-cycle dependent translational activation

In addition to the above-mentioned translational up-regulation via
miRNA-direct mRNA translocation to different compartmentations or
transcriptional up-regulation via miRNA-directed enrichment of pol-II
at the promoter region, miRNA-directed translational up-regulation has
also been reported in cell-cycle-arrest dependent manner [128,129].
AU-rich elements (AREs) and miRNA targeting sites are often located at
the 3’ UTRs of the target mRNAs and play an important role in control of
post-transcriptional gene regulation. Upon cell-cycle arrest, the AREs
are readily transformed into a translation activation signal, recruiting
AGO and fragile X mental retardation-related protein 1 (FXR1)
associated miRNPs or RISCs. For example, Human miR369-3 associated
miRNPs/RISCs interact with the AREs and activate protein translation.

Previous report showed that miR16, a human miRNA that contains
an UAAAUAUU sequence and binds to the ARE sequence, and ARE
binding protein tristetraprolin (TTP) that interacts with AGO/elF2C
and forms complex with miR16, are required for ARE-mediated mRNA
degradation [130]. A recent study suggested that miR16/ARE-
mediated degradation of mRNAs can be inhibited by stimulating
cells with different stresses, which was mediated by inhibiting mRNA
deadenylation [131]. Thus, distinct miRNA-associated miRNPs/RISCs
are able to switch post-transcriptional gene regulation to both
directions: up- and down regulation of the target gene expressions.

Interestingly, a single Let-7 can control its target mRNA translation
both ways during the cell cycle: up-regulation of the target mRNA
translation upon cell-cycle arrest and down regulation the process in
proliferating cells [132]. It was thus hypothesized that miRNP/RISC-
directed translation regulation may oscillate between repression and
activation during the cell cycle. This kind of novel dual regulation has
not been observed for siRNA-direct post-transcriptional gene regula-
tion in the cell cycle [132]. These findings suggest a more diverse role
for miRNAs and siRNAs in the regulation of gene expression than
previously appreciated.

7. Concluding remarks: the art of miRNA is about connections

If lin-4 [133,134] was initially shaped in worms just as a tiny RNA
orphan with no specific role of regulation in heterochronic pathway,
there would be no sense of the art of miRNAs as we appreciate so
much today. The discovery of RNAi made the long obscured miRNAs
known to us with a sense of their essential roles in gene regulation via
an ancient pathway. After being born with the help of “Drosha” and
“Dicer”, and then coupled with “Slicer”, miRNAs execute their
extensively regulatory roles in a wide variety of biological processes.
To date, miRNAs have been implicated in wiring many biological
processes, deregulation of which will result in various physiological
and pathological consequences.

First, the expression of ~30% human coding gene is wired primarily
with a few hundred miRNAs via the interaction between miRNAs and

their target mRNAs on the 3’ UTR [79,80,82]. If the expression of these
30% human coding genes is considered to have a direct or indirect
impact on expression of the remaining human genes, or if miRNA
target regions are extended to the 5’ UTR and the coding region [83],
miRNAs are likely regulating the entire human transcriptome. Second,
due to their widely regulatory roles, miRNAs have been wired with
many biological, physiological, and pathological processes, showing
their regulatory roles in development, cellular metabolism and
development of various diseases. Finally, the connection of miRNAs
to various kinds of biological processes is remarkably reflected by their
multiple action mechanisms from simple cleavage of miRNA-targeted
mRNAs to complicated translational repression of their target mRNAs.
In particular, the regulatory roles of miRNAs in various biological
processes in animals are probably mediated through the more and
more complex and puzzling protein translational regulation. Shortly,
we shall be able to fully appreciate the art of miRNAs in the ancient
pathway of gene regulation.
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