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1. ABSTRACT  
  

Encoded in the genome of most eukaryotes, 
microRNAs (miRNAs) have been proposed to regulate 
specifically up to 90% of human genes through a process 
known as miRNA-guided RNA silencing. The aim of this 
review is to present this process as the integration of a 
succession of specialized molecular machines exerting well 
defined functions. The nuclear microprocessor complex 
initially recognizes and processes its primary miRNA 
substrate into a miRNA precursor (pre-miRNA). This 
structure is then exported to the cytoplasm by the Exportin-
5 complex where it is presented to the pre-miRNA 
processing complex. Following pre-miRNA conversion 
into a miRNA:miRNA* duplex, this complex is assembled 
into a miRNA-containing ribonucleoprotein (miRNP) 
complex, after which the miRNA strand is selected. The 
degree of complementarity of the miRNA for its messenger 
RNA (mRNA) target guides the recruitment of the miRNP 
complex. Initially repressing its translation, the miRNP-
silenced mRNA is directed to the P-bodies, where the 
mRNA is either released from its inhibition upon a cellular 
signal and/or actively degraded. The potency and 
specificity of miRNA biogenesis and function rely on the 
distinct protein•protein, protein•RNA and RNA:RNA 
interactions found in different complexes, each of which 
fulfill a specific function in a well orchestrated process. 

2. THE MICRORNA-GUIDED RNA SILENCING 
PATHWAY 
 

The microRNA (miRNA)-guided RNA silencing 
pathway is a recently discovered process found to regulate 
gene expression at the messenger RNA (mRNA) level. 
Observation of this phenomenon was first reported in the 
nematode Caenorhabditis elegans, when Lee et al. (1) 
noted that the lin-4 transcript encoded for a small RNAs of 
approximately 22 nt, which was found to contain sequences 
complementary to a repeated sequence element in the 3' 
nontranslated region (NTR) of lin-14 mRNA (1). This 
finding suggested that the lin-14 mRNA could be regulated 
by RNA:RNA interaction. Evidence of this observation was 
obtained when the Nobel laureates Fire and Mello reported 
that a small double-stranded (ds) RNA can induce a more 
potent genetic interference compared to single-stranded (ss) 
antisens species (2). Since then, significant advances have 
been made to elucidate the mechanistic basis of this 
important regulatory process, mainly through the 
identification of the components involved in the biogenesis 
and action of miRNAs.  
 

In human, RNA interference (RNAi) refers to the 
inhibition of gene expression induced by exogenous small 
interfering RNA (siRNAs), which take advantage of their 
similarities with miRNAs to hijack the endogenous 
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miRNA-guided RNA silencing pathway. Both miRNAs 
and siRNAs are 21- to 23-nt long RNA species that act as 
guides that mediate downregulation of their specific mRNA 
target. Either synthetic or episomally expressed in vivo, 
siRNAs are currently used in several spheres of the 
research community mainly to study the function of their 
genes of interest. Expanding our understanding of the 
endogenous miRNA machinery will further improve the 
design and therapeutic potential of these potent and specific 
inhibitors of gene expression. The focus of this review will 
be mainly on the human miRNA-guided RNA silencing 
machinery, in which the main components or functional 
entities seem to be relatively conserved among eukaryotic 
organisms, such as fungi, plants and animals.   
 

MiRNAs are encoded in the genome of most 
eukaryotic organisms and are conserved throughout the 
evolution. Bioinformatic predictions indicate that miRNA 
genes constitute about 2% of the predicted genes in 
mammals. They are constitutively or developmentally 
expressed, and some are tissue-specific or expressed at 
different levels. Increasing efforts to identify the specific 
targets of miRNAs lead us to speculate that miRNAs can 
regulate more than 90% of human genes (3). The 
importance of an intact synthetic process is mandatory for 
the regulation of a wide variety of mRNAs implicated in 
development, cell growth, apoptosis and other cellular 
processes (for a recent review, see Ouellet et al. (4)). A 
dysfunctional miRNA-guided RNA silencing pathway can 
thus lead to important genetic disorders, exemplify by some 
components of the machinery that have now been linked to 
specific diseases (for a recent review, see Perron et al. (5)).  

 
The potency and specificity of the miRNA-

guided RNA silencing pathway is strikingly correlated to 
the protein•protein, protein•RNA and RNA:RNA 
interactions involved. In fact, when considered from a 
mechanistic point of view, the most notable feature of this 
process is the orchestrated yet complex, interplay involving 
specific protein and RNA species. Remarkably, miRNAs 
can be recognized only by a few proteins through specific 
structural determinants, so that the machinery in place can 
generate, process and mediate the action of miRNAs of 
diverse sequences, their sequences confer all the specificity 
required for accurate gene regulation through imperfect 
pairing to their mRNA targets (see Figure 1).  
 
3. THE MICROPROCESSOR COMPLEX 
 

MiRNA genes are initially transcribed by RNA 
polymerase (pol) II, which is responsible for the 
transcription of protein-coding mRNAs (6). In vitro 
processing assay using 293 cell extracts had revealed that 
miRNA genes were expressed as long RNA transcripts, 
called primary miRNA (pri-miRNAs) that were processed 
into miRNA precursors (pre-miRNAs) (7). The resulting 
pri-miRNA forms a long, non-translated RNA harboring a 
hairpin-loop structure that can be several kilobases long, 
and possesses the RNA pol II signature, i.e. a 5’ 7-methyl 
guanylate (m7G) cap and a 3’ poly (A) tail (7-9). Following 
its transcription, the pri-miRNA is recognized by the 
nuclear microprocessor complex, which is composed of 

Drosha and the DiGeorge syndrome critical region gene 8 
(DGCR8) protein (10-13). 
 
3.1. Drosha 
 Initially found to be involved in preribosomal 
RNA processing and formerly known as the human RNase 
III (14), Drosha was characterized as the founding member 
of the class 2 RNase III proteins (14). The RNases III 
enzyme family regroups endoribonucleases specific for 
dsRNA substrates. The dsRNA cleavage products of 
RNAses III bear characteristic termini consisting of a 5’ 
phosphate group and a 2-nt 3’ overhang hydroxylated end. 
As recently reviewed in  MacRae and Doudna (15), RNases 
III are divided into 3 classes. Class 1 RNases III, of which 
bacterial RNase III remains the best documented enzyme, 
are composed of a single RNase III domain and a C-
terminal dsRNA binding domain (dsRBD). Class 2 
enzymes, to which Drosha belongs, possess two RNase III 
domains and a C-terminal dsRBD domain. Class 3 RNases 
III, represented by Dicer, are the largest enzymes that 
contain two RNase III domains, a C-terminal dsRBD and a 
putative N-terminal DExD/H-box helicase domain 
accompanied by a domain of unknown function (DUF283) 
and a central PIWI/Ago/Zwille (PAZ) domain.  
 

In a study aimed to identify the proteins involved 
in miRNA biogenesis, the RNase III Drosha was identified 
as the core nuclease that executes the initiation step of 
miRNA processing in the nucleus (8). Drosha was shown to 
bind to the pri-miRNA and excise the ~70-nt pre-miRNA. 
Downreglation of Drosha expression by RNAi indicate of 
its requirement for miRNA biogenesis, as its absence was 
correlated with a diminution of mature miRNA production 
(8). A structural model of the protein proposed that Drosha 
functions as a monomer, with its RNase III domains 
forming an internal dimer structure able to recognize its 
substrate and cleave it into a pre-miRNA (12). Surprisingly, 
purified recombinant Drosha can not cleave the pri-miRNA 
with precision (11), indicating that the specificity of 
substrate recognition and proper positioning of Drosha 
RNase III catalytic center must be conferred by DGCR8, a 
Drosha binding partner (11, 15). In fact, Drosha was found 
to be part of two protein complexes, the smaller one with 
DGCR8, and a larger one with multiple classes of RNA-
associated proteins, including RNA helicases, ds RNA 
binding proteins, novel heterogeneous nuclear 
ribonucleoproteins (RNPs) and the Ewing's sarcoma family 
of proteins (11). Accessory domains present in the different 
RNase III proteins are determinants of substrate selectivity, 
which in turn governs their specific biological function. 
The accessory domains in Drosha are a proline-rich region 
(PRR) and an arginine/serine (RS)-rich region in its N-
terminal region. DGCR8 possesses a WW domain that may 
be responsible of its interaction with the PRR domain of 
Drosha (11). Other interacting proteins may confer distinct 
functionalities to Drosha in the nucleus (15). 
 
3.2. DiGeorge syndrome critical region gene 8 (DGCR8) 
protein  
 The DGCR8 gene is present in a common 
monoallelic deleted genomic region containing ~30 genes 
located in the q11.2 region of the human chromosome 22



Protein complexes in microRNA biogenesis and function 

2539 

 
Figure 1. The protein complexes of the microRNA (miRNA)-guided RNA silencing pathway. Both miRNA and messenger RNA 
(mRNA) encoding genes are transcribed by RNA polymerase II (RNA pol II). Whereas the latter yields a translatable mRNA 
transcript, the miRNA genes generate a non-translated RNA transcript known as the primary miRNA (pri-miRNA), which is 
recognized by the microprocessor complex composed of the ribonuclease III (RNase III) Drosha and the accessory DiGeorge 
syndrome critical region gene 8 (DGCR8) protein. DGCR8 binds to the dsRNA-ssRNA junction at the base of the pri-miRNA 
and acts as a molecular caliper that mesures the distance of 11 bp, where the two RNase III domains of Drosha form an 
intramolecular structure with each domain cleaving one strand to produce the miRNA precursor (pre-miRNA). This structure is 
then exported into the cytoplasm by the Exportin-5 complex in a sequence of events involving RanGTP hydrolysis. The pre-
miRNA processing complex, which is composed of Dicer, TRBP and PACT, recognizes and processes the pre-miRNA substrate 
into a miRNA:miRNA* duplex. The PAZ domain of Dicer has been proposed to act as an anchor for the 3’hydroxylated 2-nt 
overhang extremity. The connector helix is responsible of the measurement of the 21-23 bp length from the extremity and 
determines the positioning at the cleavage site of its two RNase III domains that form, as in Drosha, an intramolecular dimer with 
a unique catalytic site (36). The resulting miRNA:miRNA* loaded complex then joins the miRNA-containing ribonucleoprotein 
(miRNP) complex that contains Ago2, after which the miRNA strand is selected. The complementarity of the miRNA to its target 
brings the miRNP complex on a specific mRNA to negatively regulate it, and ultimately direct it to the P-bodies. These punctuate 
foci in the cell contain silenced mRNAs, which can be either released from their inhibition upon a cellular signal, or simply 
degraded. 
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(16). Heterozygous deletion of this locus leads to the most 
common human genetic deletion syndrome known as the 
DiGeorge syndrome. The patients carrying this deletion 
demonstrate various conditions, ranging from congenital 
heart defect and characteristic facial appearance to 
immunodeficiency and behavioral problems (17).  
 
 The DGCR8 protein was identified in Flag 
immunoprecipitates prepared from HEK293 cells stably 
expressing the Flag-Drosha fusion protein (11). In similar 
experiments using cells stably expressing Flag-DGCR8, 
Drosha was found in Flag immunoprecipitates, which were 
also found to convert pri-miRNAs into pre-miRNAs (11). 
Individual knockdown of Drosha or DGCR8 by RNAi 
decreased the level of mature miRNAs, indicating that both 
proteins are essential for miRNA biogenesis (11). These 
findings were confirmed in DGCR8 knockout embryonic 
stem (ES) mouse cell (18). 
 

DGCR8 possesses two dsRBDs that are 
complemented by a WW domain. Since Drosha lacks 
specificity in substrate processing in its absence, DGCR8 
has been proposed to guide Drosha by functioning as a 
molecular anchor that mesures the distance from the 
dsRNA-ssRNA junction in the pri-miRNA (11, 12). By 
creating and testing deletion mutants of pri-miR30a by in 
vitro processing assay, Lee et al. (8) demonstrated that the 
sequence flanking the miRNA-to-become duplex is 
important for efficient miRNA biogenesis. More 
specifically, the sequences ~20-nt upstream and ~25-nt 
downstream of the expected cleaving site are important for 
the recognition by the microprocessor complex (8).  
 

Recently, Han et al. (19) proposed a new model 
for substrate recognition by the Drosha•DGCR8 complex. 
Based on the fact that Drosha is the only enzyme that can 
cleave a wide variety of pri-miRNAs in the cell, they 
estimated that the Drosha•DGCR8 complex must recognize 
common structural features in these RNA species. To 
establish this model, they divided the structure of a pri-
miRNA into four parts: the terminal loop, the upper stem, 
the lower stem and the basal segments. By combining 
computational and biochemical approches, the authors 
determined that the terminal loop does not seem to be 
essential for the cleavage by the microprocessor complex, 
while the flanking ssRNA segments appear critical. As for 
the cleavage site, it is determined mainly by the distance 
(~11 bp) from the stem-ssRNA junction. They also 
observed that the immunopurified Flag-DGCR8, but not 
Flag-Drosha, interacts with pri-miRNAs both directly and 
specifically, and that the flanking ssRNA segments are 
required for this binding to occur (19). Crucial in defining 
the miRNA sequence-to-be, the Drosha•DGCR8 complex 
is responsible for generating one extremity of the miRNA 
duplex, whereas the opposite end will be created upon 
cleavage by the other RNase III of the miRNA pathway, 
Dicer.  
 
4. THE EXPORTIN-5 COMPLEX 
 

After its production in the nucleus, the pre-
miRNA is subsequently exported to the cytoplasm, through 

a mechanism known as a rate-limiting step in the miRNA-
guided RNA silencing pathway (20). Pre-miRNA export is 
achieved by the transporter Exportin-5 (Exp-5) which was 
shown to bind specifically a typical pre-miRNA substrate 
in the presence of RanGTP by gel-shifted retardation assay 
(21). Exp-5 is a member of the nuclear karyopherin ß 
transporter family, which can mediate nuclear export of 
dsRNA binding proteins (22). The initial model stipulates 
that Exp-5 and RanGTP associate with a dsRBD-containing 
protein in the nucleus and that this export complex 
translocates through the nuclear pore complex (NPC) to the 
cytoplasm (22). Then, RanGTP hydrolysis releases in the 
cytoplasm the dsRBD-containing protein that will allow it 
to interact with regulatory elements of its mRNA target. 
Further release or degradation of the mRNA target would 
permit import of the dsRBD-containing protein back to the 
nucleus (22).        

 
Experiment using RNAi showed that Exp-5 is 

required for efficient inhibition of gene expression induced 
by a pre-miRNA or a pre-miRNA mimetic short hairpin 
RNA (shRNA), but not by a siRNA, in dual luciferase 
reporter gene assay in 293T cells (21), suggesting that the 
pre-miRNA or shRNA export precedes their processing. 
Entering in the RNAi pathway downstream of Exp-5, 
siRNAs do not required Exp-5 for their activity. Moreover, 
miRNA biogenesis is dependent on the presence of Exp-5 
in HeLa cells (23). Indeed, upon depletion of Exp-5 by 
RNAi for 48 to 72 hours, the levels of mature miRNAs was 
reduced by 40 to 60% (23). On the other hand, episomal 
overexpression of Exp-5 enhances the capacity for RNAi 
induced either by miRNAs or shRNAs, but not siRNAs 
(20). The expression of endogenous pre-miRNAs and 
mature miRNAs is also enhanced by Exp-5 overexpression, 
indicating that the presence of Exp-5 is a rate-limiting step 
in miRNA biogenesis. Achilles heel of the miRNA 
pathway, the Exp-5 transporter is saturated by structural 
VA1 RNA overexpressed by adenoviruses (24). 
 
5. THE PRE-MICRORNA PROCESSING COMPLEX 
 
 First protein component of the miRNA pathway 
to be characterized in its recombinant form (25, 26), Dicer 
is known to be part of the pre-miRNA processing complex. 
Acting together with TAR RNA binding protein (TRBP), 
Dicer accepts the pre-miRNA product issued from the 
microprocessor complex and converts it into a miRNA 
duplex of ~21 to 23 pb. The complex is then incorporated 
into an effector miRNA-containing ribonucleoprotein 
(miRNP) complex. 
 
5.1. Dicer 
 The enzyme responsible for the generation of 
~21-23 nt RNA guide sequences from dsRNA substrates 
that initiate RNAi in Drosophila S2 cells was identified as 
Dicer (27). In fact, miRNA duplexes bear the signature of 
RNases III, i.e. a 5’phosphate and a 3’hydroxylated end 
with 2-nt overhang (28). Dicer has been reported to be 
localized in the cytoplasm (29) and/or associated with the 
endoplasmic reticulum (ER) (25). Although its localization 
remains a matter of debate its positioning at the ER would 
be strategic in term of proximity to the Exp-5 complex and 
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the translational machinery. Dicer thus acts as the core 
nuclease within the pre-miRNA processing complex, 
converting pre-miRNAs into miRNA:miRNA* duplexes.  
 
 In mammals, the presence of Dicer is essential, as 
Dicer-deficient mice die at the embryonic stage, suggesting 
that Dicer is required for mammalian development (30, 31). 
Dicer-deficient mouse ES cells are defective in 
differentiation and centromeric silencing. The role of 
miRNAs in ES cell differentiation has been recently studied 
by generating a Dicer knockout model (32). Analysis of 
Dicer-null ES cells revealed an impairement in miRNA 
biogenesis and a severe defect in differentiation both in 
vivo and in vitro. Epigenetic silencing of centromeric repeat 

sequences and concomittant expression of homologous 
small dsRNAs were also markedly reduced. Noticeably, the 
phenotype was rescued by the re-expression of Dicer in 
these cells (32). Their results suggest that Dicer participates 

in multiple, fundamental biological processes in mammals, 
ranging from stem cell differentiation to the maintenance of 
centromeric heterochromatin structure and centromeric 
silencing (32). Deregulation of Dicer expression has also 
been observed in cases of cancer. A reduced expression of 
Dicer in non-small cell lung cancer (33) and an 
overexpression in prostate adenocarcinoma and in 
precursor lesions of lung adenocarcinoma (34, 35) have 
been reported, indicating that an adequate level of Dicer 
expression is required for maintaining normal cell 
functions.  
 
 A functional model of Dicer catalytic activity 
proposed by Zhang et al. (36), based on an X-ray structure 
of the Aquifex aeolicus RNase III and biochemical data 
obtained from recombinant human Dicer (26), stipulates 
that Dicer contains a single catalytic center. In this model, 
Dicer would function by the intramolecular dimerization of 
its two RNase III domains, like Drosha, assisted by the 
PAZ and dsRBD. Its central PAZ domain specifically 
recognizes the 2-nt 3’ overhang present in the pre-miRNA 
and generated upon cleavage by Drosha. The PAZ and 
RNase IIIa domains may then act as a caliper in generating 
similarly-sized miRNAs. Each RNase III domain is 
responsible of the cleavage of a single strand of the miRNA 
duplex after approximately two turns of α-helices, at the 
opposite end of the extremity produced by Drosha. The 
distance from the PAZ domain to the RNase III domains 
determines the length of the miRNA produced by Dicer. 
Precious structural information emanated from the 
elucidation of the crystal structure of Dicer from Giardia 
intestinalis, which is of special interest because this 
Giardial enzyme is considered as a “minimal” Dicer. The 
structure prediction of this Dicer form containing only the 
PAZ and tandem RNase III domains is thus transposable to 
the C-terminal half of human Dicer (37). When viewed 
from the front, the molecule resembles the shape of a 
hatchet, with the RNase III domains making up the blade 
and the PAZ domain at the base of the handle. The PAZ 
and RNase III domains are connected by a long helix that 
runs along the length of the handle. The N-terminal 
residues of the protein encompass the connector helix, 
forming a flat platform on the face of the molecule. For 
Giardia Dicer, the length of the connector helix seems to 

be longer than human Dicer, which can explained that 
dsRNAs produced by Giardia Dicer are ~25 to 27 nt in 
length as compared to only ~21 to 23 nt long for human 
Dicer (15, 37).  
 
5.2. TAR RNA binding protein (TRBP)  
 Initially discovered in 1991, TRBP was found to 
be a cellular factor acting in synergy with the viral TAT 
protein in the transactivation of the long terminal repeat 
(LTR) of human immunodeficiency virus type 1 (HIV-1), a 
process that results in the transcription of viral genes (38). 
TRBP possesses three dsRBD and is found in two isoforms 
in the cell, as TRBP2 is 21 amino acids longer than the 
TRBP1 isoform (39-41). TRBP is also known  to interact with 
the protein Tax encoded by the human T-cell leukemia virus 
type 1 (HTLV-1) and inhibits its function of activation of the 
transcription from the long terminal repetition via the 
association with host cellular factors (42). TRBP exerts other 
functions, including inhibition of the interferon (IFN)-induced 
dsRNA regulated protein kinase R (PKR) (40), as well as a 
growth promoting role with oncogenic potential activity (43). 
Acting as a tumor suppressor, Merlin regulates the oncogenic 
activities of TRBP through a direct interaction (44).  
 

TRBP was identified by mass spectroscopy 
analysis of Dicer complexes prepared by anti-Flag 
immunoprecipitation of HEK293 cells stably expressing 
Flag-Dicer (45). Conversely, a cell line expressing Flag-
TRBP allowed to find Dicer in Flag immunoprecipitates. 
The region in TRBP that was found to interact with Dicer 
comprises the third dsRBD domain located at the C-
terminal end (46).  Both recombinant Dicer and TRBP 
proteins interact with each other, as evidenced by their 
cosedimentation in gel filtration assay. Furthermore, the 
TRBP•Dicer complex interacts with Argonaute 2 (Ago2) in 
a sequence of events in which TRBP is required for the 
recruitment of Ago2 to the siRNA bound by Dicer (45). 
Depletion studies have shown that TRBP is required for 
optimal RNA silencing mediated by siRNAs and 
endogenous miRNAs (46). Despite its important role in 
miRNA biogenesis and function, its exact role in miRNA-
guided RNA silencing pathway is not completely 
understood (47, 48). Whether the interaction between Dicer 
and TRBP is reminiscent to that occurring between Drosha 
and DGCR8 remains to be investigated.  

 
5.3. PACT 

Recently, the PKR-activating protein (PACT) has 
been reported to be associated with a complex containing 
Dicer, Ago2, and TRBP. PACT interacts with Dicer, and 
the interaction involves the third dsRBD domain of PACT 
and the N-terminal region of Dicer containing the helicase 
motif (49). The depletion of PACT strongly affects the 
accumulation of mature miRNAs in vivo and moderately 
reduces the efficiency of siRNA-induced RNAi (49). An 
independant group confirmed these findings in shRNA-
induced RNAi, but not when using siRNAs, suggesting that 
TRBP and PACT function primarily in siRNA production 
(50). Moreover, the presence of both TRBP and PACT 
increased the ability of Dicer to cleave a 566-bp long 
dsRNA in vitro, as compared to TRBP and PACT added 
individually (50). 
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Sharing 44% of identity, both PACT and TRBP 
possess three similar dsRBD domains and bind to PKR, 
although exerting opposing effects, i.e. as PACT activates 
PKR, TRBP inhibits it (51-53). PKR is a dsRNA-
dependent serine/threonine protein kinase, which 
phosphorylates the translation initiation factor eIF2 to 
cause a general reduction of protein synthesis (54). The 
third dsRBD of PACT and TRBP, which is devoid of any 
detectable dsRNA binding activity (53), mediates their 
interaction with Dicer as well as their regulation of PKR 
(45, 46, 53). The C-terminal domain of PACT can also 
mediate homomultimerization (55). Interestingly, a recent 
study demonstrated that PACT directly interacts with 
TRBP and that this complex associates with Dicer to 
facilitate siRNAs production (50). PACT and TRBP may 
establish an interesting, but intriguing redundant link 
between the miRNA-guided RNA silencing pathway and 
the PKR signaling pathway.   
 
6. THE MICRORNA-CONTAINING 
RIBONUCLEOPROTEIN (MIRNP) COMPLEX  
  
 The miRNP complex is the effector complex of 
the miRNA-guided RNA silencing pathway. Guided by a 
miRNA of imperfect complementarity, the miRNP 
recognizes a specific mRNA target, inhibiting its 
translation (56). However, if the miRNA bears a perfectly 
complementary with its mRNA target, degradation will be 
induced. For instance, miR-196 induces degradation of 
HOXB8 mRNA, to which it is perfectly complementary 
(except for the presence of a G:U wobble base pairing) 
(57). Loaded with a siRNA (siRNP), the RNA-induced 
silencing complex (RISC) is the best characterized RNP 
that also induces cleavage of its mRNA target (58). 
 
 MiRNAs usually exhibit an imperfect 
complementarity with their natural mRNA targets. 
Elucidation of the architecture of the well-studied 
interaction between let-7 and lin41 in C. elegans have 
allowed a better understanding of the pairing determinants 
of a miRNA with its mRNA target (59, 60). The let-7 
miRNA forms an imperfect duplex with six complementary 
sites present in the lin-41 3' NTR, and the occupancy of 
only two of the sites, separated by a 27-nt sequence, are 
sufficient to induce silencing of lin-41. Perfect pairing of 
the miRNA seed, referred to as nucleotides 2 to 8 from the 
5’ end, to a sequence usually located in the 3’ NTR region 
of an mRNA is extremely important in target recognition 
(60). The 27-nt sequence between the two binding sites for 
let-7 also seems to be important, as mutational deletion or 
nucleotides substitution in the sequence prevent lin-41 
silencing (60). However, the characteristics of an 
experimentally validated miRNA:target pair are not 
sufficient by themselves to establish the rules governing 
mRNA recognition by miRNAs, which may require more 
elaborated studies of several different miRNA:mRNA 
combinations. 
 
 A large multiprotein RNP effector complex of 
~150 kDa to 500 kDa was isolated from Drosophila cells 
and found to have a sequence specific nuclease activity: 
this RNP was named RISC (61-63). In 2002, a miRNP 

complex was identified and found to share several 
characteristics with the RISC (64). The miRNP complex 
was composed of a wide variety of miRNAs forming a 
complex with three major proteins: Gemin3, Gemin4 and 
EIF2C2 (Ago2). Gemin3 is a DEAD-box putative helicase 
which is probably involved in the unwinding of the 
miRNA:miRNA* duplex, releasing the miRNA for its 
binding to its binding site on the mRNA. Three studies 
published in 2005 in the same issue of Cell provided 
additional insight on the composition and function of the 
human RISC (65-67) through the identification of Dicer, 
TRBP, and Ago2 as protein constituants of the human 
RISC (65). Recently a role in that complex for PACT (49), 
the Fragile X mental retardation protein (FMRP) (68, 69) 
and the RNA helicase A (RHA) (70)  has been proposed.  
 

The functional role of the miRNP complex in the 
miRNA-guided RNA silencing pathway is to receive the 
miRNA:miRNA* duplex, select the miRNA guide based 
the relative stability of the duplex extremities, destroy the 
miRNA* or passenger strand, recognize the mRNA target 
with its loaded miRNA guide,  exert its inhibitory effects 
on mRNA translation, and possibly carry it into the P-
bodies. 
 
6.1. Argonaute 2 (Ago2) 
 Since the pre-miRNA processing complex is 
connected to the downstream effector complex, it is not 
surprising to find proteins involved in these two steps of 
miRNA biogenesis, such as Dicer and TRBP. In fact, both 
proteins were found to bind to Ago2 (45), thereby linking 
the initiation and effector steps of the miRNA pathway. 
Additionnal Ago2-binding proteins include PACT (49) and 
RHA, which was recently found to interact with the human 
RISC and to function in RISC loading (70). Robb and Rana 
(70) showed that RHA interacts with siRNA, Ago2, TRBP, 
and Dicer in human cells. In functional assays, RNAi was 
reduced in RHA-depleted cells as a consequence of 
decreased levels of active, Ago2-containing RISC 
assembled with the guide-strand RNA (70).  

Ago2 is a member of the PAZ and PIWI domain 
(PPD) protein family expressed in metazoans and fungi, but 
not apparently in the budding yeast Saccharomyces 
cerevisiae (71, 72). Among the eight members of the 
family present in humans, Ago isoforms 1 to 4 are the most 
closely related and bind to siRNAs and miRNAs, although 
only Ago2 is found within miRNP complexes (73, 74). In 
fact, coincubation of recombinant Ago2 protein with an 
siRNA is sufficient to form a minimal RISC that accurately 
cleaves target RNAs (75). The crystal structure of the 
Pyrococcus furiosus Ago protein (76) have led to the 
discovery that human Ago2 possesses the slicer activity of 
the RISC (74).  
 

Ago2 is essential for mouse development, and 
cells lacking this protein are unable to mount an 
experimental response to siRNAs (74). Ago2 possesses a 
central PAZ domain and a C-terminal PIWI domain. The 
PIWI domain and the RNase H share a common catalytic 
DDE motif and, like RNase H, the catalytic activity of 
Ago2 requires divalent cations such as Mg2+ or Mn2+ (74, 
76, 77). Mutations of the DDE motif within the PIWI 
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domain of Ago2, as identified by comparison with the 
structure of P. furiosus protein, inactivate RISC activity, 
indicating that this activity resides within the PIWI domain 
of the protein (74). The PIWI domain consists of a 5-
stranded ß-sheets surrounded by three helices (76) and 
mediates siRNA binding (77, 78). The crystal structure of 
the Archaeoglobus fulgidus PIWI domain, in complex with 
an siRNA duplex, indicates that this domain may function 
as the receptor site for the obligatory 5' phosphate of 
siRNAs and specify the cleavage site on the target mRNA 
(79). The target mRNA is cleaved at the position 
corresponding to the phosphodiester bond linking nt 10 and 
11 from the 5’ end of the siRNA located in close proximity 
to the PIWI catalytic site (79).  
 

The structure of the D. melanogaster Ago1 PAZ 
domain has been solved by nuclear magnetic resonance 
(80, 81). The determined structure consists of a left-handed, 
six-stranded ß-barrel capped at one end by two α-helices 
and wrapped on one side by a distinctive appendage 
comprised of a long ß-hairpin and a short α-helix. The PAZ 
domain contributes to the specific recognition of siRNAs 
by providing a binding pocket for their characteristic 2-nt 3' 
overhangs (76, 80-82). Thus, the 3’end of the guide siRNA 
strand is anchored in the PAZ domain, whereas the PIWI 
domain, acting in concert with the PAZ, cleaves the mRNA 
strand between the siRNA nt 10 and 11, as discussed 
above. An active RISC can then be regenerated and initiate, 
armed with the same siRNA, a new round of mRNA 
cleavage (83). When a miRNA perfectly complementary to 
its mRNA target is loaded into a miRNP, the cleavage 
occurs at precisely the same site as that seen for siRNA-
guided cleavage (84). After cleavage of the mRNA, the 
miRNA remains intact and can guide the recognition and 
destruction of additional mRNAs (84).  

 
Pertaining to the translational repression induced 

by miRNAs, the most attractive hypothesis relates to the 
presence of a bulge in the miRNA:target duplex that 
prevents the cleavage by Ago2 by moving the nts 
complementary to nt 10 and 11 of the miRNA away from 
the catalytic site. The mechanism underlying translational 
inhibition likely involves multiple binding sites for the 
same or different miRNAs in the mRNA 3’ NTR and 
cooperation among the different miRNPs attached to these 
binding sites in the targeted message. These miRNPs may 
prevent initiation of translation or block active translation 
through combinatorial control and steric hindrance of the 
ribosomal machinery (85, 86). This scenario is supported 
by the relatively high degree of conservation among the 
different miRNAs recognizing the same target throughout 
the evolution. Some computational approaches do exploit 
this characteristic in order to identify potential miRNA 
targeted genes. 

  
6.2. Fragile X mental retardation protein (FMRP) 
 FMRP, encoded by the FMR1 gene, has been 
identified in a miRNP complex containing Dicer and Ago2 
proteins in mammalian cells in vivo (87). In human, loss of 
expression of the FMR1 gene product is the etiologic factor 
of the fragile X syndrome, the most frequent cause of 
inherited mental retardation (88, 89). FMRP is an RNA-

binding protein, containing two K-homology (KH) domains 
and an RGG box, known to be involved in the regulation of 
mRNA translation, mRNA transfer and local modulation of 
synaptic mRNA translation (90-94). FMRP has been 
reported to behave as a negative regulator of translation 
both in vitro and in vivo (90-94).  
 

Recently, the fact that human FMRP can act as a 
miRNA acceptor protein for the RNase III Dicer and 
facilitate assembly of miRNAs on specific target RNA 
sequences has been demonstrated (68). The requirement of 
FMRP for efficient RNAi in vivo was unveiled by reporter 
gene silencing assays using various small RNA inducers, 
which also supports its involvement in an siRNP effector 
complex in mammalian cells. From these results, a model 
has been proposed in which FMRP could facilitate miRNA 
assembly on target mRNAs. Functioning within a duplex 
miRNP, FMRP may also mediate mRNA targeting through 
a strand exchange mechanism, in which the miRNA* of the 
duplex is swapped for the mRNA (69). Furthermore, FMRP 
may contribute to the relief of miRNA-guided mRNA 
repression through a reverse strand exchange reaction, 
possibly initiated by a specific cellular signal, that would 
liberate the mRNA for translation (69). Although the 
intracellular sites hosting these events remain to be 
determined, we cannot exclude the possible involvement of 
the P-bodies.  
 
7. THE P-BODIES  
 
 Characterized only recently (95, 96), the P-bodies 
are specific cytoplasmic foci of aggregated mRNA-
containing RNP (mRNP) complexes associated with the 
translation repression and mRNA decay machinery. P-
bodies are referred to as the GW182-containing bodies, 
because they contain the GW182 RNA-binding protein as 
well as other proteins implicated in protein degradation (97, 
98). Recently, a link between these bodies and the miRNA-
guided RNA silencing pathway has been established. In 
fact, Ago proteins have been localized to these protein 
complexes (95) and found to interact directly with GW182 
(99). Indeed, silencing of GW182 delocalizes resident P-
body proteins and impairs silencing of a miRNA reporter 
system. Moreover, mutations that prevent Ago proteins 
from localizing to P-bodies also prevent translational 
repression of mRNAs (99).  
  
 MiRNAs are present in P-bodies, as the 
formation of this structure seems to be a consequence, 
rather than be the cause, of miRNA genesis (100). The 
authors reported that endogenous let-7 miRNA co-
precipitates with a GW182 protein complex. In addition, 
knockdown of two proteins, Drosha and DGCR8, which are 
essential for the generation of mature miRNAs, results in a 
loss of the P-bodies (100). P-bodies thus represent the 
cellular site where repressed mRNAs accumulate and are 
ultimately either degraded or rescued and redirected to the 
translational machinery.  
 

MiRNA-guided mRNA repression appears to be a 
reversible process. Recently, Bhattacharyya et al. (101) 
observed that upon a specific stress, a repressed mRNA can 
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be released and translated back into proteins. The authors 
showed that cationic amino acid transporter 1 (CAT-1) 
mRNA and reporter genes bearing its 3' NTR can be 
relieved from miR-122-induced inhibition in human 
hepatocarcinoma cells subjected to various stress 
conditions. The derepression of CAT-1 mRNA is 
accompanied by its release from cytoplasmic processing 
bodies and its recruitment to polysomes. mRNA 
derepression seems to require binding of HuR, an AU-rich 
element (ARE) binding protein, to the 3' NTR of CAT-1 
mRNA. They proposed that proteins interacting with the 3' 
NTR will generally act as modifiers, altering the potential 
of miRNAs to repress gene expression (101). 
 
8. CONCLUSION 
 
 As reflected from the nature of its main steps and 
components, the miRNA-guided RNA silencing pathway is 
a highly organized process well orchestrated by a variety of 
protein•protein, RNA•protein and RNA:RNA interactions. 
Although the main steps and components have been 
identified and the complexity of this gene regulatory 
process being unreveiled, our comprehension of the 
mechanism underlying miRNA biogenesis as well as the 
translational repression of specific mRNAs guided by 
miRNAs remains incomplete. A better understanding of 
this process will help identify of miRNA-regulated mRNAs 
and determine importance of this regulation in health and 
diseases.   
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