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MicroRNAs (miRNAs) are small non-coding RNAs that control a multitude of critical processes in mammalian
cells. Increasing evidence has emerged that host miRNAs serve in animal cells to restrict viral infections. In
turn, many viruses encode RNA silencing suppressors (RSS) which are employed to moderate the potency of
the cell's miRNA selection against viral replication. Some viruses also encode viral miRNAs. In this review, we
summarize findings from human immunodeficiency virus type 1 (HIV-1) and human T-cell leukemia virus
type 1 (HTLV-1) that illustrate examples of host cell miRNAs that target the viruses, of RSS encoded by viruses,
and of host cell miRNA profile changes that are seen in infected cells. This article is part of a Special Issue
entitled: MicroRNAs in viral gene regulation.

Published by Elsevier B.V.

1. Introduction

MicroRNAs (miRNAs) are small noncoding RNAs with approxi-
mate lengths of 21 to 22 nucleotides. The expression and biogenesis of
miRNAs have been reviewed well elsewhere [1,2] (Fig. 1). In brief,
miRNAs are first transcribed as a long primary miRNA (pri-miRNA) by
RNA polymerase I (Pol II). This pri-miRNA is processed sequentially
by the RNase Il enzymes Drosha in the nucleus and Dicer in the
cytoplasm to generate an ~22 nucleotide duplex RNA that is incor-
porated into the RNA-induced silencing complex, RISC. The duplex
miRNA is loaded into the RNA-induced silencing complex, RISC, where
one strand will become the guide strand and will be incorporated
to regulate the translation and/or degradation of target mRNA via
incomplete base-pairing recognition [3]. The other passenger strand is
discarded. The RISC complex is composed of a multitude of proteins
including TAR RNA-binding protein (TRBP; [4,5]) and TRBP-associated
factors [6].

Based on computational analyses of miRNAs and their putative
mRNA targets, it has been speculated that mammalian miRNAs can
regulate up to 30% of the protein-coding mRNAs. Accordingly, it is not
surprising that functional studies on miRNAs have implicated their
involvement in the regulation of almost all cellular processes and have
documented changes in miRNA expression profiles in most human
pathologies. The importance of miRNAs to vertebrate development is
substantiated by the engineered loss of Dicer function resulting in
profound developmental defects in both the zebrafish and the mouse
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[7,8]. Additionally, the use of conditional Dicer knockout mice has
verified the role of Dicer in limb morphogenesis [9], lung develop-
ment [10], hair follicle generation [11], and T cell differentiation [12].

Dysregulated miRNAs are thought to be involved in the biology of
cancers. The initial link between miRNAs and cancer arose from a
study which showed that a chromosome deletion associated with
chronic lymphocytic leukemia (CLL) led to the loss of miR-15a and
miR-16-1 which were later shown to function as tumor suppressors
[13]. Indeed, miRNA genes appear to be frequently perturbed in
cancers [14], and increasing numbers of miRNAs that function as
tumor suppressors or oncogenes are being described [15].

2. miRNAs and mammalian viruses

Given the importance of miRNAs in cellular development, metab-
olism and proliferation, what is the likelihood that miRNAs might also
play a role in cellular regulation of pathogens? Although this area
remains debated, many findings increasingly converge to suggest that
the cell's RNAi-response, and in particular miRNAs, participates in host—
virus interactions that can pivotally influence viral replication [16-21]
(Table 1). The first clue for this idea came from the observation that
human miR-32 could limit the replication of primate foamy virus type 1
(PFV-1) [22] in cells. Next, the liver-specific miR-122 was unexpect-
edly found to enhance the replication of hepatitis C virus [23], while
miR-199a-3p and miR-210[24] and miR-125a-5p [25] were reported to
suppress HBV replication. In other virus systems, miR-101 was shown to
suppress HSV-1 propagation [26], and miR-323, miR-491, and miR-654
inhibited influenza virus [27].

If miRNAs can serve to restrict viral replication, then one might
expect that viruses would evolve stratagems to counter this negative


http://dx.doi.org/10.1016/j.bbagrm.2011.05.009
mailto:lhouzet@mail.nih.gov
mailto:kj7e@nih.gov
http://dx.doi.org/10.1016/j.bbagrm.2011.05.009
http://www.sciencedirect.com/science/journal/18749399

L. Houzet, K.-T. Jeang / Biochimica et Biophysica Acta 1809 (2011) 686-693 687
Nucleus Cytoplasm
Pol Il
miRNA gene
X I ocer
os Nuclear,
DROSHA . Maturation
Processing export
—_ —_
AAA I miRNA
dupl
DGCRS8 TRBP e
Pri-miRNA Pre-miRNA

Fig. 1. miRNA biogenesis and function. A miRNA gene is transcribed by RNA polymerase II

Translation inhibition
and/or mRNA degradation

(Pol 1I) to generate the primary miRNA (pri-miRNA). In the nucleus, the pri-miRNA is

cleaved by the RNase IIl endonuclease Drosha to produce a ~70 nt precursor miRNA (pre-miRNA). Exportin-5 transports the pre-miRNA to the cytoplasm, where it is cleaved by

another RNase III endonuclease, Dicer, together with TRBP, to produce the mature miRNA

duplex. The miRNA duplex is then loaded on the Argonaute-containing RNA-induced

silencing complex (RISC) where one strand is retained as a guide strand to regulate the translation and/or degradation of target mRNA via imperfect basepairing recognition while

the other passenger strand is discarded.

selection. Indeed, in response to the cell's RNAi mediated antiviral
defense many mammalian viruses have developed viral proteins or
RNA molecules that can function as RNA silencing suppressors (RSS)
(Table 2). RSS in human viruses exert their activities using different
mechanisms (reviewed in [28]). For example, the NS1 protein of
influenza A virus [29] and the VP35 protein of Ebola virus [30]
sequester small RNAs, while the HCV core [31], the HIV Tat proteins
[32], and the HTLV-1 Rex protein [33] may interact with RNA and
attenuate Dicer function; and the adenovirus VA 1 RNA, which is
expressed at a very high amount during infection, exerts its RSS
activity by saturating exportin-5 and Dicer [34]. Many RSS proteins
encoded by viruses also suppress interferon-mediated antiviral
defenses (e.g. the Tat protein also suppresses PKR [35,36]) suggesting
that viruses have evolved and maintain proteins that possess
multifaceted host defense-neutralizing activities.

3. HIV and miRNAs
3.1. Multiple HIV-1-host RNAi interactions

For human retroviruses, it is instructive to examine the multitude
of interactions between miRNAs and HIV. A hint that an RNAi-related

Table 1
Host miRNAs that have been experimentally demonstrated to target mammalian
viruses.

Virus Host miRNAs References

HIV-1 See Table 4

Influenza miR-323, miR-491, and miR-654 [27]

HCV miR-122 [23]
miR-196 and miR-448 [111]

PFV-1 miR-32 [22]

VSV miR-24 and miR-93 [110]

HBV miR-125a-5p [25]
miR-199a-3p and miR-210 [24]

mechanism might be employed by cells to regulate HIV-1 came from
an observation that the knockdown of Dicer and Drosha, the two
RNases involved in RNA silencing, increased HIV expression in
infected cells [37]. The mechanistic explanation for this finding is in
part due to miRNA mediated silencing [38], as well as an increase in
HIV-1 mRNA translation following Dicer knockdown [39]. That the
cell's RNAi machinery negatively modulates the HIV-1 lifecycle is
consistent with an earlier suggestion that the HIV-1 RRE RNA is
susceptible to processing into a short non-coding RNA (ncRNA) [32]
by cellular RNAse. Indeed, a subsequent report found that the related
HTLV-1 RXRE RNA motif is similarly sensitive to cellular RNase III
cleavage [33]. Moreover, using next generation pyrosequencing,
Yeung et al. reported that multiple RNA regions of HIV-1 can be
found as processed viral ncRNAs in infected cells [40]. While the
implications of many of these viral ncRNAs remain unknown, a small
PBSncRNA, which likely resulted from Dicer-mediated processing of
an RNA hybrid formed between cellular Lys3tRNA and the viral PBS
sequence, was found to possess an anti-HIV-1 property [40,41].
Similar to approaches that have been applied to other viruses,
using multiple target prediction software [42], Hariharan et al. were

Table 2

Mammalian viruses with identified RNA silencing suppressors.
Virus Viral suppressors References
HIV-1 Tat protein, TAR RNA [30,32,39,50-52]
HTLV-1 Rex protein [33]
Influenza NS1 protein [29,109]
HCV Core protein, Envelope E2 protein [31,107]
Ebola VP35, VP30 and VP40 proteins [30,105]
Vaccinia E3L protein [109]
PFV-1 Tas protein [22]
LACV NSs protein [108]
Adenovirus VA RNA [34]
SARS-CoV 7a protein [106]




688 L. Houzet, K.-T. Jeang / Biochimica et Biophysica Acta 1809 (2011) 686-693

the first to deduce 5 miRNA target sites in the HIV-1 genome [43]
(Table 3). Thereafter, other investigators, using computational miRNA
target site prediction followed by experimental validation, have
substantiated the concept that cellular miRNAs can indeed act to
modulate HIV expression and replication (Table 4). Among the
initially identified 5 target sites, a miR-29a targeted site in the
HIV-1 nef gene was shown by two independent research groups to
interfere functionally with HIV replication in human cells [44,45].
Separately, Huang et al. demonstrated that 5 other miRNAs, miR-28,
miR-125b, miR-150, miR-223 and miR-382, converge to target the 3’
ends of HIV messenger RNAs to confer proviral latency in resting
CD4* T cells [46]. These “anti-HIV” miRNAs are also likely involved
in the differential susceptibility of monocytes and differentiated
macrophages to HIV infection [47]. Accordingly, when the expres-
sion of 4 of these anti-HIV miRNAs (except miR-223) was inhibited,
HIV infection of monocytes was enhanced [48].

Cellular miRNAs can influence HIV replication in two ways — direct
targeting of HIV-1 RNA sequences or indirect targeting of a cellular
factor involved in HIV replication (Table 4). In the latter category,
Triboulet et al. described a role for the miR-17/92 cluster via the
production of miR-17-5p and miR-20a that target the mRNA coding
for PCAF. PCAF is a cellular transcriptional cofactor of the viral Tat
protein. Because Tat is required for productive transcription from the
HIV-1 long terminal repeat (LTR) promoter, miR-17-5p and miR-20a
enforced repression of PCAF results in reduced viral transcription and
replication [37]. Another example of a miRNA-regulated factor linked
to HIV-1 replication was reported by Sung et al. They described a
miR-198 restriction of HIV infection in monocytes via its repression
of another Tat co-factor, Cyclin T1 [49].

3.2. Viral RNA silencing suppressors (RSS)

How does HIV-1 replicate in the face of the various RNAi-
restrictions as outlined above? One idea is that the virus can appar-
ently weaken RNAi-restriction by encoding RNA silencing suppressors
(RSS). The HIV-1 RSS can come in two forms. First, its Tat protein, an
avid RNA-binding moiety, has RSS activity [30,32,39,50,51]. Second,
the virus' TAR RNA is capable of acting as a miRNA-decoy. Thus, an RSS
activity has been described by Bennasser et al. for the HIV-1 TAR RNA
which obstructs RNAi by binding and sequestering TRBP, an essential
Dicer-cofactor [52]. There are other ways that the virus could suppress
RNAi-attack. For example, the viral core proteins sheath the incoming
viral RNA genome and make it inaccessible to cellular RNAi protecting
the RNA during the early phase of the infection [53] and ensuring that
HIV-1 can reach the strategic step of establishing a stably integrated
provirus. Thus, by using Tat, TAR RNA and other means (reviewed in
[18]), HIV-1 has evolved ways to evade RNAi-mediated restriction
somewhat analogous to the manner that the virus maintains Vif and

Table 3
Human miRNA target sites predicted in the HIV and HTLV genomes using computational
analysis.

Virus Human miRNA target sites References

HIV-1 Plus strand: miR-29a, miR-29b, miR-149, [43]
miR-324-5p, miR-378

HTLV-1 Plus strand: miR-653, miR-648, miR-596, [83]
miR-644, miR-496, miR-431, miR-326
Plus strand: miR-125b, miR- 432, miR-125a, [82]

miR-663, miR-939, miR-1538, miR-1908
Minus strand®: miR-150, miR-24, miR-20b,
miR-337, miR-432, miR-125a, miR-324-3p,
miR-766, miR-1913

2 Minus strand corresponds to the antisense HBZ primary transcript.

Vpu proteins to combat APOBEC- and tetherin-mediated restrictions
[54].

How RSS proteins like Tat and Rex might work mechanistically is
worth some discussion because while many studies have reported
their activity [30,32,33,39,50] some investigators have measured weak
to no effect [55]. Like many plant virus RNAi suppressors [56-58], both
the viral Tat and Rex polypeptides are double stranded RNA-binding
proteins. Double-stranded RNA-binding proteins as a general class
of polypeptides have been characterized to be capable of acting as
RNAi-suppressors that ameliorate cellular antiviral defenses [59]. A
recent study has clarified that the mechanism of these RSS proteins is
to bind reversibly siRNAs or miRNAs in multiple turnover reactions to
outcompete cellular Dicer and RISC constituents [60]. Given that the
mechanism of this class of RNAi suppressors is based on competitive
binding with multiple turnovers, it is not surprising that in settings
when siRNAs, miRNAs, Dicer and RISC constituents are in excess
no measurable RSS activity can be observed from these viral RNAi-
suppressors. Such results are compatible with the fundamental
competitive mechanism of RNA-binding RSS proteins [60]. Indeed,
the recent identification of a small poly-L-lysine peptide as a potent
miRNA suppressor in an unbiased screen of a chemical library [61] is
consistent with double-stranded RNA-binding [60] as an RSS mecha-
nism for lysine- and arginine-rich proteins like Tat and Rex. It is
also likely that the competitive binding of HIV-1 TAR RNA [52] or
adenovirus VA RNA [62] to RNAi-pathway constituents explains their
RSS activities. In such a mechanistic scenario, there will be settings
where TAR and VA RNAs outcompete siRNAs and miRNAs for binding
to Dicer and RISC, and other settings where they do not. However, in
HIV-1 infection, one notes that TAR RNA is the single most abundant
viral RNA motif in virus-infected cells since it is always present in two
copies (at the 5’ end and at the 3’ end) in all HIV-1 transcripts [52,63].
TAR RNA is also transcribed from the HIV-1 LTR promoter in large
abundance as short abortive transcripts in infected cells [64].

3.3. Mutational escape from RNAi-restriction

An RSS-independent way for the virus to adapt to RNAi-restriction
would be to mutate its nucleic acid sequence. Because RNAi is a
basepairing-complementarity driven process, the high propensity for
mutations could help HIV escape miRNA-mediated silencing. That
HIV-1 can remedy RNAi-restriction through sequence mutation is
supported by the observation that early attempts to repress HIV-1
replication using a single synthetic siRNA or a single sShRNA-expressing
vector rapidly selected for RNAi-escape genomes with changes within
[65,66] or without [67,68] the targeted sequence. This finding suggests
that constant ambient RNAi exerted by cellular miRNAs could provide
a selective force that continuously shapes the nucleotide sequence
evolution of the HIV-1 genome.

3.4. miRNA profile changes in HIV-1 infection

Several studies have reported changes in the profile of cellular
miRNAs following viral gene expression [37,69]. Using a high through-
put microarray method, Yeung et al. described that the expression of
transfected HIV-1 molecular clones in HeLa cells downregulated more
than 43% of the 312 miRNAs which were assayed [69]. Triboulet et al.
also observed altered miRNA expression profiles in HIV-1 infected cells
and found that the observed downregulation of the polycistronic miRNA
cluster mir-17/92 was responsible for an increase in PCAF expression.
PCAF is an important cofactor for Tat in HIV-1 gene expression, and its
upregulation promotes more efficient viral replication [37]. Separately,
Houzet et al. compared the miRNA profiles of 36 HIV-1 positive and 12
non-infected individuals and documented changed expression in 62
miRNAs [70]. Currently, the processes that regulate miRNA profile
changes after virus-infection are unknown. Perhaps some of the in vivo
changes are consequences of activation of signal pathways by innate or
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Table 4
Human miRNAs experimentally shown to be involved in the regulation of HIV-1 expression.
Human miRNAs Direct (viral position)/indirect (targeted factor)  Involved in References
miR-29a Direct (nef) Decrease HIV infectivity [44,45]
miR-28, miR-125b, miR-150, miR-223 and miR-382 Direct (3’ LTR) Latency in primary resting CD4" T cells [46]
Increase monocyte/macrophage infection by HIV-1 [47]
Induced by opioid [48]
miR-17-5p; miR-20a Indirect (PCAF) Decrease HIV infection [37]
miR-198 Indirect (Cyclin T1) Restrict HIV-1 replication in monocytes [49]

adaptive immune responses to the virus; other changes may be
triggered by viral factors that alter the cellular transcriptome after
infection.

3.5. Is TAR RNA a viral miRNA?

Viral miRNAs were first discovered in EBV by Pfeffer et al. [71].
Currently, more than 200 viral miRNAs have been identified in
herpesviruses which have large genomes while viral miRNAs have
been rarely reported in DNA viruses with smaller genomes [72,73]. In
the case of RNA viruses, some have suggested that viral RNA genomes
that contain a miRNA would be labile and that the processing of the
miRNA would be incompatible with viral replication. However, when
miRNAs were deliberately positioned into lentiviral vectors, they
created only very minor reductions in viral titers, suggesting that
miRNA-processing in the context of an RNA genome remains
compatible with viral replication [74].

Early in silico analyses of HIV-1 genome sequence suggested the
possible existence of several candidate viral miRNAs [75]. Subsequently,
a miRNA derived from the nef gene at the 3’ end of the HIV-1 genome,
miR-N367, was reported experimentally [76,77]. The HIV-1 TAR element
is a stem loop RNA present at the 5’ extremity of the HIV genome and
was predicted as a potential viral miRNA [75]. Interestingly, the TRBP
protein which is a Dicer cofactor for miRNA biogenesis and which serves
generally to bind miRNAs, facilitating their loading into the RISC
complex, was originally cloned and identified based on its strong
association with TAR RNA [5]. Accordingly, it is perhaps not surprising
that several investigators have described and/or cloned small non-
coding RNAs containing TAR RNA sequence from HIV-1 infected human
cells [40,78,79]. One group has reported that TAR could be bound and
processed by Dicer in vitro, and that a TAR derived RNA can be detected in
chronically infected T cells [ 79]. These investigators detected TAR miRNA
in both latent and productively infected cells and showed that it is
involved in the downregulation of viral gene expression via the re-
cruitment of chromatin remodeling components to the LTR [79]. More
recently, TAR miRNA has been suggested to downregulate cellular
apoptotic genes, protecting HIV-1 infected cells from apoptosis [80].

4. HTLV-1 and non-coding RNAs
4.1. HTLV-1 and miRNAs

Like HIV-1, human T cell leukemia virus type 1 (HTLV-1) also
infects CD4% T cells [81]. HTLV-1 encodes two major regulatory
proteins, Tax and Rex. As mentioned above, it was shown recently that
the Rex protein of HTLV-1 has an RSS activity, and that Rex interacts
with RNA and Dicer to suppress the latter's ribonuclease activity [33].
This finding suggests that HTLV-1 may also have biological in-
teractions with the host cell's RNAi machinery (Table 3).

Compared to HIV-1, less is known about HTLV-1 interaction with
host cell RNAI activities. Two computational studies have predicted
several host miRNA target sites in the HTLV genome [82,83] (Table 3).
These predictions provide a biological rationale for why the viral Rex
protein might have an RSS function in order to quell miRNA-mediated

restriction. To further understand HTLV-1-host miRNA interactions,
two miRNA-profiling studies have been performed in infected cell
lines and ATL (adult T-cell leukemia) cells [84,85]. The two studies
showed many divergent results, but they did find two common
miRNAs that are consistently downregulated in the context of HTLV-1
infection [82]. These are interesting initial findings which need more
investigation in order to understand the biological relevance of the
downregulation of these miRNAs by HTLV-1 infection.

4.2. HTLV-1 HBZ antisense RNA

Human cells have a surfeit of non-coding RNAs that cannot be
classified into known small RNA families (e.g. siRNA, piRNA, miRNA)
[86]. In vertebrate viruses, it is apparent that many small non-coding
viral RNAs (ncvRNAs) that are not siRNAs nor miRNAs are increasingly
being documented [40,87]. Currently, while there is no evidence for
HTLV-1 encoded ncvRNAs, studies on HTLV-1 have firmly established
the existence of a long antisense transcript that codes for an HBZ
protein [88]. This antisense transcript is fully complementary to viral
sense transcripts that are transcribed from the 3’ end of the HTLV-1
genome. Conceivably, long double stranded viral RNAs could form
between viral sense and antisense transcripts, providing a substrate
for Dicer-mediated production of multiple non-coding RNAs. Prelimi-
nary analyses by next generation pyrosequencing of small RNAs in
HTLV-1 cell lines have identified many such small viral non-coding
transcripts (Yeung, Chen and Jeang, unpublished). The functions of
these non-coding HTLV-1 small transcripts, like human cell “dark
matter” RNAs [86], await further clarification.

4.3. HTLV-1 and oncogenic miRNAs (oncomiRs)

HTLV-1 transforms T cells in vivo and etiologically causes ATL [89].
The virus encodes a Tax oncoprotein which has pleiotropic effects on
several signaling pathways [90-93]. An emerging concept is that small
miRNAs can function as tumor suppressors and oncogenes, and
therefore these entities could be termed oncogenic miRNAs or
oncomiRs [15,94]. To date, whether oncomiRs are important cofactors
for HTLV-1 transformation of cells is poorly understood. Two miRNAs
that are upregulated in HTLV-1 infected/transformed cells, miR-93
and miR-130b, have recently been shown to be instrumental in
repressing a cellular tumor suppressor protein, TP53INP1 [84]. These
two miRNAs have been proposed as the first examples of host
oncomiRs that could be cofactors for HTLV-1 cellular transformation.

Integrating extant knowledge, a plausible biological scenario could
be that the virus employs Tax-mediated protein signaling pathways
[95] and Tax-induced oncomiR changes [96] to create oncogene-
addicted and oncomiR-addicted stages of HTLV-1 cellular transforma-
tion [97]. The existence of oncomiR-addicted cellular transformation
in tissue culture was recently supported by the discovery through
an unbiased screening of a chemical library of two small molecule
compounds that can suppress miRNA activities; and the finding that
these compounds can successfully treat miR-93- and miR-130b-
dependent tumorigenesis in a tissue culture/animal model [61]. The
notion of oncomiR-addiction has been recently extended in vivo by
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Medina et al. who showed that mice overexpressing miR-21 develop
tumors that can regress completely when miR-21 is inactivated [98].

5. Concluding remarks

What are some general implications that one might learn from
studying the interactions between human retroviruses and host cell
RNAI? First, the existence of miRNAs that target human retroviral
sequences can teach us about some of the selective pressures on the
evolution of viral nucleotide sequences. For example, many of the
miRNA-mRNA duplexes seen for HIV-1 [43-46] and HTLV-1 [82,83]
are imperfect with three or more mispairings within a 21-22 stretch.
Could it be that basepair complementarities at an earlier time were
more perfectly matched? Could the current imperfect complemen-
tarities be RNAi-driven sequence “escapes” engineered by viruses to
evade the otherwise more severe restriction enforced by perfect
miRNA-mRNA basepairing? The biology of mammalian cells and their
viruses may reflect an equilibrium whereby viral genomes change
sequences that were originally perfect targets for miRNAs to se-
quences that are less perfectly complementary in order to ameliorate
RNAi-based restriction. Viral genomes generally cannot change
without some fitness cost; thus the currently maintained moderate
miRNA-mRNA target pairings may represent a compromise between
escape from RNAi and tolerable fitness loss from such nucleotide
changes. Interestingly, unlike that seen in animal cells, plant cell
miRNA-mRNA effector-target pairs are generally perfectly comple-
mentary without any mispairing [99]. It is unclear why this difference
exists between animal and plant cells, but one explanation could be
that RSS in animal cells may be less potent than their plant RSS
counterparts. In a setting of less effective RSS function, RNAs that are
targeted by highly complementary miRNAs may choose to mutate the

No RSS r\/mm
viral RNA

Strong RSS

Weak RSS

Sequence
mutation

1 silencing

sequence to avoid strong silencing (Fig. 2). On the other hand, when
there is a strong RSS function, the selection pressure of highly
complementary miRNA-mRNA basepairing is blunted; and thus there
may be no need to evolve mRNA sequence changes in order to evade
RNAi-restriction (Fig. 2).

A second lesson from studying natural virus-miRNA interactions is
that they could inform us on how to design better antiviral siRNAs.
Conceptually, siRNA therapy is now well considered and is mediated
using either synthetic siRNAs or vectors expressing small hairpin
RNAs (shRNAs) which can be processed intracellularly to yield
siRNAs. For HIV-1, one view is that siRNA-therapy could be an
important adjunct to Highly Active Antiretroviral Therapy (HAART)
which has documented toxicities and can quickly elicit the emergence
of viral resistance. As mentioned above, HIV-1 rapidly escapes siRNA-
restriction when the virus is targeted by only one siRNA [65-68]. This
viral escape can be countermanded when a combination of several
discrete siRNAs is employed. ter Brake et al. have shown that a
combination of four different shRNAs against highly conserved HIV-1
regions can minimize viral escape [100]. Similarly, a recent in silico
modeling of HIV gene therapy using shRNA expressing vectors also
illustrated that a combination of four shRNAs was required to
suppress HIV-1, in order to prevent the development of resistance
[101]. More recently, Schopman et al. showed that this viral escape
could also be minimized by using second generation shRNAs which
anticipate the viral escape by targeting the favored viral escape routes
[102]. Whether synthetic siRNAs or vector-expressed shRNAs can
be applied successfully toward future therapy remains unknown;
however, a recent phase Il gene therapy trial in HIV infected patients
using the infusion of hematopoietic stem cells transduced with a
plasmid expressing anti-HIV tat/vpr ribozyme does offer proof of
principle that RNA-based gene therapy can be performed safely [103].
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--------- > RNA
silencing

Strong
RNA

Weak
--------- » RNA
silencing

Fig. 2. Potential effects of RSS potency on the maintenance of miRNA-target site sequence complementarity. In the absence of RSS, miRNA-mRNA silencing is strong (No RSS). Strong
RSS will moderate the RNAi-mediated silencing effect. Thus, in the setting of strong RSS, a perfect miRNA-mRNA complementarity could be tolerated without selecting for mRNA
sequence changes (Strong RSS). In the case of weak RSS, the inhibition of the RNAi-mediated silencing by the RSS is modest and consequently will elicit a strong selection against
a perfect miRNA-mRNA target complementarity (Weak RSS, top). In this setting, the viral mRNA target sequence may be selected for mutations in order to reduce base
complementarity with the miRNA, thereby allowing the virus to evade an otherwise strong RNAi-mediated silencing (Weak RSS, bottom).
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There remain major complexities to the appropriate in vivo delivery of
RNAi effectors. Indeed, the challenges of these applications have
prompted at least one major pharmaceutical firm to withdraw from
RNAI research and development [104]. The quest for better under-
standing of the biology of retrovirus-RNAi interaction, therefore, holds
many promises and many obstacles.

One of the initial suggestions that mammalian viruses encode RSS
to combat functional RNAi-restriction was made for HIV-1 [32]. Many
independent studies have now reported the finding of similar RSS in
other mammalian viruses like the Ebola, hepatitis C, HTLV-1, SARS
corona virus, and influenza viruses among others [30,31,33,51,62,
105-109] illustrating that the RSS strategy to counteract cellular RNAi
may be common to many viruses. The finding of viral RSS proteins
complements a multitude of reports that animal viruses are restricted
by miRNAs in host cells [22-25,27,44-48,110,111]. From a therapeutic
perspective, future discoveries of small molecules that antagonize
viral RSS activities could enhance natural host RNAi defenses against
infection. The challenge in the coming years is to understand better
how RNA-mediated surveillance integrates with protein-mediated
and cell-mediated surveillances in defending humans against
pathogens.
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