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Abstract

MicroRNAs (miRNAs) are ∼21–24 nucleotide RNAs that mediate repression of messenger RNA (mRNA) translation through recognition of
specific miRNA binding sites usually located in the 3′ non-translated region. Designed to simulate miRNAs, small interfering RNAs represent a
powerful genetic approach to potently inhibit gene expression by mediating cleavage of the intended mRNA target. This strategy has been applied
successfully to suppress replication of several viruses, including human immunodeficiency virus type 1 (HIV-1). However, recent evidences indicate
that viral RNAs may themselves be processed, to some extent, by the endogenous miRNA biosynthetic machinery in mammalian cells, extending

previous observations in plants. The resulting viral miRNAs may exert regulatory effects towards host and/or viral genes that may influence viral
replication and modulate the course of infection. Viral miRNA generation and/or action may be limited by counteraction through inhibitory viral
RNAs and/or proteins. This review article will focus on the relationship between HIV-1 and miRNA-guided RNA silencing, and discuss the different
aspects of their interaction. As we learn more about the mechanism and importance of small RNA-based antiviral systems, a more intricate picture

of the interaction between HIV-1 and a proven antiviral defense mechanism in lower eukaryotes is emerging.
© 2006 Elsevier B.V. All rights reserved.
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miRNA-containing ribonucleoprotein (miRNP) complexes,
ntaining Argonaute 2 (Ago2), TRBP and Dicer (Chendrimada
al., 2005), and guiding them towards specific messenger
As (mRNAs) (see Fig. 1F). The opposite miRNA* strand is
encountered much less frequently and is presumably degraded
(Matranga et al., 2005). miRNA assembly on specific mRNA
sequences may be facilitated by the fragile X mental retarda-
tion protein, which can accept and use miRNAs derived from
Dicer (Plante et al., 2006). The targeted mRNA will be primar-
ily subjected to translational repression (see Fig. 1G), although
mRNAs containing partial miRNA complementary sites may
also be targeted for degradation in vivo (Bagga et al., 2005).
These regulatory events may occur at specific cytoplasmic foci
referred to as processing bodies (P-bodies) (Liu et al., 2005;
Teixeira et al., 2005), or GW182-containing bodies (GW-bodies)
(Eystathioy et al., 2002), that are enriched in proteins involved
in mRNA degradation (Eystathioy et al., 2003), such as Ago2
(Liu et al., 2005).

3. Biological roles of miRNAs

miRNAs have been shown to control various processes, such
as cell proliferation and apoptosis in flies, and hematopoietic
cell differentiation in mice (Bartel, 2004). Their biological role
is linked to their ability to repress translation of specific mRNAs.
This is accomplished through recognition of specific miRNA
binding sites usually located in the mRNA 3′ non-translated
region (NTR), thereby inhibiting translation initiation (Pillai et
al., 2005). Because recognition by miRNAs is mainly based
on imperfect sequence complementarity, the identification of
their physiological mRNA targets is difficult to predict and is
rather arduous. Characterization of a few experimentally vali-
dated miRNA:mRNA interactions (e.g., let-7 and lin-41) (Vella
et al., 2004), allowed to establish a context in which this interac-
tion is favored. For example, the critical miRNA:mRNA pairing
region, referred to as the “miRNA seed”, involves nt 2–8 of the
miRNA in the 5′ to 3′ orientation. Pairing of the miRNA 3′ region
appears to be less important, but may compensate a weaker bind-
ing of the 5′ region (Vella et al., 2004). A better understanding of
mRNA recognition by miRNAs helped develop bioinformatic
approaches that have proven to be instrumental for identify-
ing potential miRNA targets and initiating characterization of
miRNA function.
1. A new family of small regulatory RNAs

MicroRNAs (miRNAs) are short ∼21–24 nucleotides (nt)
RNA species expressed in most eukaryotes examined to date,
such as fungi, plants and animals, and known as key regula-
tors of gene expression (Kim, 2005; Zamore and Haley, 2005).
According to the latest update of miRBase (release 8.2, July
2006), the repository of miRNA data on the web, there were
462 human miRNA sequences among a total of 4039 entries
(Griffiths-Jones, 2004; Griffiths-Jones et al., 2006). A recent
study suggested that the number of miRNAs, which may regu-
late as much as 30–50% of the human genes (Lewis et al., 2005;
Xie et al., 2005), may reach up to 1000 (Berezikov et al., 2005)!

2. The endogenous miRNA-based RNA silencing
machinery

Encoded by the genome of most eukaryotes examined so
far, miRNA genes are transcribed by RNA polymerase (pol)
II into stem–loop structured primary miRNAs (pri-miRNAs)
(see Fig. 1A). As illustrated in Fig. 1B, these pri-miRNAs are
then trimmed into miRNA precursors (pre-miRNAs) by the
nuclear ribonuclease (RNase) III Drosha (Lee et al., 2003), act-
ing in concert with the DiGeorge syndrome critical region 8
(DGCR8) protein within the microprocessor complex (Denli et
al., 2004; Gregory et al., 2004; Han et al., 2004; Landthaler
et al., 2004). The resulting ∼60–70 nt pre-miRNAs are then
exported via Exportin-5 (Bohnsack et al., 2004; Brownawell
and Macara, 2002; Lund et al., 2004; Yi et al., 2003) to the
cytoplasm (see Fig. 1C), where they are cleaved at the base of
the loop by the RNase III Dicer to generate miRNA:miRNA*

duplexes (Bernstein et al., 2001; Provost et al., 2002; Zhang et
al., 2002, 2004). Dicer was recently shown to operate together
with the transactivating response RNA-binding protein (TRBP)
(Gatignol et al., 1991) within a pre-miRNA processing complex
(Chendrimada et al., 2005; Haase et al., 2005) (see Fig. 1D).
Following a strand selection and separation step (see Fig. 1E),
which is based on the thermodynamic stability of the RNA
duplex (Schwarz et al., 2003), the miRNA strand (∼21–24 nt)
with the least stable 5′ end pairing is incorporated into effec-
4. A role for small RNAs in antiviral host defenses

In addition to fulfilling important gene regulatory functions in
their eukaryotic hosts, small RNAs may also help defend against
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Fig. 1. Schematic representation of the possible interactions between HIV-1 and the host miRNA-guided RNA silencing pathway. miRNA genes are transcribed into
primary miRNAs (pri-miRNAs) (A), which are trimmed into miRNA precursors (pre-miRNAs) by the microprocessor complex (B). Pre-miRNAs are then exported
via Exportin-5 to the cytoplasm (C), where they are cleaved by the pre-miRNA processing complex to generate miRNA:miRNA* duplexes (D). Following a strand
selection and separation step (E), the mature miRNA is incorporated into effector miRNA-containing ribonucleoprotein (miRNP) complexes to mediate recognition
(F) and translational repression (G) of specific mRNA targets. Secondary structures in HIV-1 mRNAs may themselves be recognized and processed by Dicer into
viral miRNAs or siRNAs (H). TAR is the target for the viral transactivating protein Tat (I), which has been suggested to inhibit Dicer activity (D). Conversely, cellular
transactivating response RNA-binding protein (TRBP), which cooperates synergistically with Tat function (I), was recently reported to assist Dicer function in RNA
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ilencing complex (RISC) that will cleave HIV-1 mRNAs (J).

nvasion of the host genome by RNAs of foreign origin, such
s viruses. Initial evidences for such a role came from obser-
ations made by plant biologists. Indeed, while investigating
he natural antiviral defense mechanism known as posttranscrip-
ional gene silencing (PTGS), Hamilton and Baulcombe (1999)
etected the presence of antisense viral RNA of ∼25 nt in virus-
nfected plants by Northern blot. The authors noted that these
mall RNAs, which were later found to originate from viral
ouble-stranded RNA (dsRNA) processing by Dicer, or DICER-
IKE 1 (DCL1 in Arabidopsis) (Reinhart et al., 2002), were

ong enough to convey sequence specificity and suggested their

robable role in limiting virus infection in plants. The antivi-
al function of small RNAs and their biosynthetic machinery in
lants has recently been extended to insects (Li et al., 2002),
ematodes (Lu et al., 2005; Wilkins et al., 2005) and mammals.
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e accommodated by the endogenous machinery to form a mature RNA-induced

. Biology of HIV-1

The genome of HIV-1 is composed of two identical single-
tranded 9.6 kb RNA molecules. The viral genetic material must
e reverse transcribed into DNA and integrated into the host
enome before directing viral gene expression. HIV-1 relies
eavily on the cellular transcription and translation machiner-
es for the synthesis of viral genomic RNA and proteins. The
ull-length RNA is transcribed by RNA pol II and serves both as
enomic RNA and as a template for expression of the structural
roteins Gag and Gag-Pol. It is also spliced into multiple 4 and

kb mRNA species encoding the envelope (Env) proteins as well
s several non-structural proteins. All these RNA species adopt
omplex and dynamic secondary structures that may resemble
iRNA precursors and thus could potentially be targeted by the
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ost miRNA-guided RNA silencing machinery (see Fig. 1H).
lthough the high variability of the HIV-1 genome gives rise

o a multitude of RNA folding possibilities, a number of struc-
ures are very well conserved because of their essential function
n the virus life cycle. Among these are the dimerization site,
rans-Activation Responsive (TAR) region and Rev-Responsive
lement (RRE). These elements all have in common dsRNA
tructures (dimerization or stem–loop), which may potentially
e processed into miRNAs. Whether these structures are recog-
ized and processed by the Drosha·DGCR8 complex remains to
e determined.

. HIV-1 dimerization site

In virus particles, the genome consists of two identical
olecules of RNA that are non-covalently linked near their

′ ends. The dimerization process involves a series of confor-
ational changes of the untranslated leader region in which a
rst structure referred as the kissing-loop complex is rearranged

nto a more extended molecular duplex (Huthoff and Berkhout,
002). These conformations possess a number of dimer RNA
olecules and stem–loop structures that could potentially be

ecognized by Drosha and/or Dicer, whereby the latter prefer-
ntially cleaves dsRNAs at their termini (Zhang et al., 2002), to
enerate miRNAs.

. HIV-1 TAR

The TAR region is a 59-nt stem–bulge–loop structure located
t the 5′ end of all HIV-1 transcripts found in the nucleus and
ytoplasm, which is essential for efficient viral transcription.
AR is the target for the viral transactivating protein Tat that is
nown to act at the RNA level to enhance virus gene expres-
ion by more than 100-fold (see Fig. 1I). Upon binding to
AR, Tat recruits the positive transcription-elongation factor b
P-TEFb), a complex made of cyclin Tl and the cyclin depen-
ent kinase 9 (CDK9), to the initiation complex. The CDK9
hen phosphorylates the RNA pol II carboxy-terminal domain,
hich promotes the formation of an efficient elongation tran-

cription complex (Bannwarth and Gatignol, 2005). Apart from
his nuclear-based function, TAR is also important after RNA
xport to the cytoplasm since it inhibits translation by two mech-
nisms, i.e. through a direct block of translation initiation by its
econdary structure and by activation of the dsRNA binding pro-
ein kinase R (PKR) which in turn phosphorylates the eukaryotic
nitiation factor 2 alpha (eIF2�) leading to an arrest of trans-
ation initiation. Both of these negative effects are alleviated
y TRBP, which inhibits PKR (Park et al., 1994) and releases
he translational block due to the TAR structure (Dorin et al.,
003).

. HIV-1 RRE
The RRE domain is a large RNA structure present in all 9 and
kb RNAs, located within the Env intron. Through its interaction
ith the Rev protein, RRE is responsible for the nuclear export
f these unspliced or singly spliced RNAs. In the absence of Rev,
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hese RNAs are sequestered in the nucleus and only the multiply
pliced 2 kb RNA encoding the regulatory proteins Tat, Rev and
ef are exported in the cytoplasm and translated. The interac-

ion between Rev and RRE promotes the transition between this
arly phase of the viral life cycle and the late phase where struc-
ural proteins are produced (Pollard and Malim, 1998). The RRE
s a 351-nt complex structure that comprises several stem–loop
tructures on which Rev assembles as a multimeric complex.
his structure may resemble pri-miRNAs, which are often com-
osed of multiple stem–loop structures, and represent a very
ood candidate for a source of viral miRNA. Of real interest for
hat matter is the observation that like TAR, RRE interacts with
RBP (Park et al., 1994).

. siRNAs directed against HIV-1

Small interfering RNAs (siRNAs) are synthetic 21-nt RNA
uplexes that have been designed to mimic the endogenous miR-
As or DICER-generated siRNAs. Their efficiency in downreg-
lating expression of specific genes in cultured mammalian cells
Elbashir et al., 2001) established the basis for the use of siRNAs
r RNA interference (RNAi) technology in therapeutics. This
trategy was exploited successfully to inhibit the replication of
everal viruses, including HIV-1 (see Fig. 1J and Supplementary
able S1). Approaches based on siRNA targeting of host genes
ave been also used to restrict HIV-1 production (Martinez et
l., 2002).

Although RNAi-based antiviral therapies are promising,
IV-1 has been shown to escape RNAi induced by a specific

iRNA. In these cases, the emergence of mutants was observed,
ither showing nucleotide substitutions or deletions within the
argeted sequence (Das et al., 2004), or evolving an alterna-
ive structure in its RNA genome occluding the siRNA binding
ite (Westerhout et al., 2005). A single substitution in the tar-
eted sequence is sometimes sufficient to abolish the antiviral
ctivity of siRNAs (Sabariegos et al., 2006). Such problem may
e circumvented by targeting the most conserved sequences at
ultiple locations in the HIV-1 genome (Leonard and Schaffer,

005).

0. Viral miRNAs

The observed sequence-specific HIV-1 RNA degradation
nduced by siRNAs implies that certain HIV-1 RNA sequences
re accessible to the RNA silencing machinery in vivo. This
oncept, which is applicable to other viruses, is supported by
he demonstrated improvement of RNA-induced silencing com-
lex (RISC)-mediated target RNA cleavage when the target site
ccess is increased (Brown et al., 2005). This raises the following
uestion: Is the RNA silencing machinery capable of process-
ng HIV-1 RNA, or other viral RNAs, into miRNAs or siRNAs
aturally, thereby playing a role in antiviral defense against
iruses?
Several laboratories, mostly working in collaboration, have
tarted to address that issue from different angles. A research
roup led by Thomas Tuschl was the first to investigate the
ole of RNA silencing in human cells. Recording the small
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NA profile of a Burkitt’s lymphoma cell line latently infected
ith Epstein-Barr virus (EBV), they found that this large DNA
irus expresses several miRNAs (Pfeffer et al., 2004). Bioin-
ormatic analysis of the genomic sequences flanking the cloned
NAs, which were detectable by Northern blot, unveiled fold-
ack structures characteristics of miRNA precursors. As for
lant virus-derived siRNAs (Molnar et al., 2005), EBV miRNAs
ay originate predominantly from Dicer processing of highly

tructured single-stranded RNA. However, despite the recent
dentification of 18 new EBV miRNAs (Grundhoff et al., 2006),
heir biological roles can only be deduced from computational

RNA target predictions (Pfeffer et al., 2004) and remain to be
ully appreciated.

Using similar approaches, the same group investigated sev-
ral other viruses and identified miRNAs encoded in the
aposi’s sarcoma-associated herpesvirus (KSHV or HHV8),
ouse gammaherpesvirus 68 and human cytomegalovirus (also

alled HHV5) (Pfeffer et al., 2005). However, viral miRNAs
erived from HIV-1 were neither predicted (using an algorithm
dentifying genomic regions that may assume a secondary struc-
ure similar to that of pri- or pre-miRNAs) nor found among
60 cloned miRNA sequences derived from HeLa cells stably
xpressing CD4 and CXCR4, and infected by HIV-1, isolate
ru (LAV-1) (Pfeffer et al., 2005). These findings suggested

hat HIV-1 may effectively hide its highly structured RNA from
Nase III cleavage.

1. HIV-1-derived miRNAs

However, this assertion is being challenged, as concurrent
tudies about HIV-1 miRNAs have been reported. Using a com-
utational method designed to uncover well-ordered folding
atterns in nucleotide sequences, five candidate pre-miRNAs
ncoded by different regions of the HIV-1 genome were flagged
Bennasser et al., 2004). Omoto et al. (2004) reported on a
iRNA (miR-N367) derived from the nef region, an acces-

ory gene partially overlapping with the 3′ long terminal repeat
LTR). This HIV-1 miRNA could be detected by Northern blot
nalysis of total RNA prepared from MT-4 T cells persistently
nfected with HIV-1 IIIB and cloned from a ∼25-nt RNA sub-
opulation. Overexpression of miR-N367, which shows perfect
omplementarity with nef seemed to suppress HIV-1 LTR-driven
ranscription in reporter gene assays performed in Jurkat T
ells (Omoto and Fujii, 2005), suggesting that this nef-derived
iRNA could act as a negative regulator of HIV-1 transcription.
he biogenesis and action of this particular miRNA require fur-

her investigations.
More recently, a study reported that the HIV-1 RNA genome

lso encodes an siRNA derived from the env gene (Bennasser et
l., 2005). The authors observed that two RNA strands forming
perfect 19-bp duplex, and joined by an extended 198-nt loop,

ould be converted into siRNAs upon incubation with recombi-
ant Dicer in vitro. A probe specific for the viral siRNA detected

∼24-nt signal not seen in mock-infected cells by Northern blot
nalysis (Bennasser et al., 2005). Overexpression of this viral
iRNA effectively reduced Env mRNA levels and viral replica-
ion, whereas its neutralization with complementary 2′O-methyl
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ligonucleotides led to a dose-dependent increase in HIV-1 repli-
ation in human cells (Bennasser et al., 2005). These results
uggest that an HIV-1-derived siRNA can reduce virus produc-
ion.

Whether or not HIV-1 miRNAs are effectively produced in
nfected cells and fulfill important biological roles warrants fur-
her experimental validation and confirmation. It may be that
hey are restricted to specific strains. Or, perhaps HIV-1 miRNAs

ay have escaped detection by small RNA cloning strategies,
ince methylation of the 2′ hydroxyl of the terminal ribose sig-
ificantly reduces the cloning efficiency of silencing-associated
mall RNAs (Ebhardt et al., 2005). This would explain some of
he discrepancies observed between laboratories using different
echniques to identify viral miRNAs.

2. Biosynthetic mechanism of HIV-1 miRNAs

HIV-1 miRNAs may also be expressed at levels barely
etectable using the techniques currently available. If their exis-
ence is proven unequivocally, their biosynthesis would merit
ue mechanistic considerations. For instance, are these viral
iRNAs processed by the successive action of Drosha and Dicer

ike cellular miRNAs, by Dicer only or, as in plants, by an
NAi pathway adapted to viruses? How does the cleavage of
n RNA substrate flanked by genomic single-stranded RNA
equences occur, knowing the preference of Dicer for RNA
uplexes bearing terminal 2-nt 3′ overhangs (Zhang et al., 2002)?
ow does the presence of an abnormaly extended loop in env

iRNA precursor influence its processing? Is the expression level
f viral miRNAs related to the relatively inefficient process-
ng of poor HIV-1 dsRNA substrates by RNases III and/or to
he limited access to a structure embedded within the HIV-1
NA? Although regions of the HIV-1 genome possess struc-

ures relatively close to that of pri- or pre-miRNAs, the fact that
hey are complexed with many cellular and viral proteins may
lso affect their recognition and processing by Drosha and/or
icer.

3. HIV-1, RNA silencing and RNA editing

The susceptibility of viral RNAs to RNases III may also be
odified by structural changes produced by adenosine deami-

ases that act on RNA (ADARs) (Knight and Bass, 2002; Tonkin
nd Bass, 2003). The predominant form of RNA editing in
uman converts adenosine (A) into inosine (I) within largely
ouble-stranded cellular and viral RNAs (reviewed in Bass,
002). A–I RNA editing may thus alter base pairing of a dsRNA
ubstrate and reduce its susceptibility to Dicer cleavage, pre-
enting it from initiating RNAi (Knight and Bass, 2002). Several
iral genomes or transcripts show sequence changes consistent
ith such modification, including HIV-1. Indeed, TAR was pre-
iously reported to be a substrate for ADAR in Xenopus oocytes
nd edited in a process dependent on Tat (Sharmeen et al., 1991).

lthough it has been speculated that editing of viral RNAs may

omehow lead to viral persistence (Bass, 2002), the possible
mplications of this modification in HIV-1 pathogenesis remains
nknown.
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4. Biological significance of HIV-1 miRNAs

It may be too early to discuss about the potential biological
unction of miRNAs derived from HIV-1. However, the possibil-
ty that they directly influence viral pathogenesis and persistence
n human cells is appealing. Cellular mRNAs that could poten-
ially be regulated by these viral miRNAs have been tentatively
dentified (Bennasser et al., 2004). Investigation of the human
nd viral genes and processes possibly regulated by HIV-1 miR-
As, which have been the subject of speculations, awaits their
rior experimental confirmation and validation.

5. Interaction between HIV-1 Tat and the
iRNA-based RNA silencing machinery

In addition to protein–RNA and RNA–RNA interactions,
ecent studies have revealed an intriguing link between protein
omponents involved in HIV-1 pathogenesis and RNA silencing,
uch as the virally encoded Tat protein and the cellular TRBP.

Overexpression of Tat in mammalian cells was shown to
ttenuate silencing of reporter genes induced by short hair-
in RNAs (shRNAs), but not siRNAs (Bennasser et al., 2005).
nowing that the former elicits RNAi upon Dicer processing,

he authors investigated and determined that Tat could inhibit
icer activity in vitro (see Fig. 1D). However, prior to qualify-

ng HIV-1 Tat as a proven inhibitor of Dicer function, it would
e prudent (i) to determine if the Dicer inhibitory effect of Tat
an be extended in vivo and occurs at physiological expression
evels, (ii) to confirm that the observed inhibitory effects of Tat
re specific and not due to random binding to dsRNAs, (iii) to
erify if RNAi proceeds normally in the context of HIV-1 infec-
ion, and (iv) to assess whether Dicer function is indeed inhibited
y HIV-1 in infected cells.

6. TRBP functions in RNA silencing

TRBP was originally discovered as a cellular protein that
ooperates synergistically with Tat function and enhances trans-
ctivation of the HIV-1 5′ LTR (see Fig. 1I) (Gatignol et al.,
991). Intriguingly, recent studies indicated a role for TRBP
n miRNA-guided RNA silencing, more specifically, in assist-
ng Dicer function within a pre-miRNA processing complex
see Fig. 1D) (Chendrimada et al., 2005; Haase et al., 2005).
mmunoprecipitation approaches, followed by mass spectrom-
try analysis of bound proteins, identified TRBP as a Dicer-
nteracting protein (Chendrimada et al., 2005; Haase et al.,
005). The Dicer-binding region on TRBP could be delineated
o its third C-terminal dsRNA-binding domain (dsRBD) by dele-
ional analysis in the yeast two-hybrid system (Haase et al.,
005). Depletion of TRBP was found to negatively affect pre-
iRNA processing using cell extracts in vitro (Haase et al.,

005). Similar findings were obtained in Drosophila S2 cells,
here the TRBP homolog Loquacious (Loqs) was found to inter-
ct with Dicer-1 and to be required for pre-miRNA processing
nto mature miRNA (Forstemann et al., 2005; Saito et al., 2005).
owever, no pronounced effects of TRBP (Haase et al., 2005) or
oqs (Forstemann et al., 2005; Saito et al., 2005) depletion were

l
r
b
s

ch 121 (2006) 107–115

bserved on mature miRNA levels in vivo, although contrasting
bservations were also reported (Chendrimada et al., 2005). The
pparent discrepancy between the observed effect of TRBP on
re-miRNA processing in cells and cell extracts may be read-
ly explained by incomplete depletion of the protein, allowing
or the manifestation of processing deficiency in vitro but not
n vivo (Haase et al., 2005). Whether incubated in the absence
r presence of TRBP, recombinant Dicer was equally effective
n processing pre-miRNAs in vitro (Chendrimada et al., 2005).
he stimulatory effects of TRBP that become apparent in cell
xtracts suggests the possible implication of another cellular
actor in vivo.

TRBP also may form a ternary complex with Dicer and Ago2
Chendrimada et al., 2005), thereby coupling the initiation and
ffector steps of RNA silencing. This may explain the impor-
ance of TRBP in mRNA cleavage mediated by miRNAs (Haase
t al., 2005) or siRNAs (Chendrimada et al., 2005; Haase et al.,
005) acting downstream of Dicer. The function of TRBP within
he effector complex remains to be elucidated.

7. A dual role for TRBP—implications for HIV-1

TRBP may thus exert a dual role in HIV-1 pathogenesis and
NA silencing, as recently discussed (Gatignol et al., 2005).
he requirement of TRBP to achieve a higher virus production
ay have forced the virus to evolve under selective pressure

rom the RNA silencing machinery. There is a possibility that
AR and RRE RNA structures could also compete with Dicer
or TRBP binding, and thus inhibit RNA silencing (Gatignol
t al., 2005). The delicate balance thereby created may have
onferred to HIV-1 the ability to replicate in TRBP-expressing
ells and be responsible, to some extent, for the low virus load
nd persistence in HIV-1-infected individuals. Pharmacological
nterventions aimed at dissociating TRBP functions may repre-
ent a relevant therapeutic area to combat the HIV-1 pandemic.

8. Perspectives for HIV-1

A number of studies published recently have provided key
nsights into the increasingly complex interaction between HIV-

and host RNA silencing machineries. It has been known for
ome time that HIV-1 induces drastic changes in gene expres-
ion programming of infected cells. With the recent idea that
IV-1 may encode miRNAs, the identification and validation of

he complete HIV-1 miRNA array as well as their cellular and
iral mRNA targets, which pose a considerable challenge, may
ignificantly improve our understanding of HIV-1 pathogenesis.
n particular, it may help determine to what extent the perturbed
ene expression profiles in HIV-1-infected cells (Chun et al.,
003; Corbeil et al., 2001; van’t Wout et al., 2003) can be related
o virus-derived miRNAs and how it ultimately influences viral
eplication as well as the efficiency of host defenses. This raises
he attractive hypothesis that HIV-1 replication may result, at

east in part, from a delicate balance between the structural
equirements to support HIV-1 replication versus the potential
eneficial role of HIV-1 miRNAs in blocking host gene expres-
ion.
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More recently, candidate HIV-1 genes that could be con-
rolled by host miRNAs have been predicted in view of ther-

odynamically favorable miRNA:target pairing (Hariharan et
l., 2005). In addition, changes in miRNA expression profiles,
here a large pool of miRNAs is downregulated, have been
bserved in human HeLa cells transfected with the infectious
olecular clone pNL4-3 (Yeung et al., 2005). This suggests that

he virus may counteract the biosynthesis and action of cellular
iRNAs. To what extent do these changes contribute to HIV-1

eplication remains to be appreciated.

9. Applicability to other viruses

The various aspects of the interaction between HIV-1 and
he RNA silencing machinery may also be applicable to other
iruses of global importance for human health. In turn, mecha-
isms described for other viruses may ultimately be transposed
o HIV-1. A few examples that may be relevant include (i) her-
esvirus KSHV, which encodes as much as 11 distinct miRNAs
hat may play critical roles in establishment and/or mainte-
ance of KSHV latent infection (Cai et al., 2005), (ii) simian
irus 40 (SV40), which encodes miRNAs that regulate viral
ene expression and reduce susceptibility to cytotoxic T cells
Sullivan et al., 2005), (iii) a cellular miRNA, miR-32, that was
ecently shown to restrict the accumulation of the retrovirus pri-
ate foamy virus type 1 (PFV-1) (Lecellier et al., 2005), and,

n contrast, (iv) an abundant miRNA specifically expressed in
he human liver, miR-122, that has been shown to assist hep-
titis C virus (HCV) replication through a genetic interaction
ith the 5′ noncoding region of the viral genome (Jopling et al.,
005).

0. Conclusion

Further investigation on the relationship between HIV-1 and
NA silencing pathways may unveil key aspects of viral patho-
enesis, provide new insights into the persistence of the virus in
nfected patients and offer novel basis for anti-HIV-1 therapies.
ndoubtedly, the intersection of the virus and RNA silencing

esearch avenues offers new perspectives on host-pathogen inter-
ctions and promises to be much more frequented, enhancing the
hances to discover additional close encounters.
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