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Summary

MicroRNAs are recently discovered small endog-
enous non-coding RNAs. These small RNAs of ~22
nucleotide length are crucial post-transcriptional
regulators of gene expression in a wide spectrum of
normal and abnormal biological processes including
antiviral defence, oncogenesis and development in
higher eukaryotes. Of late, a number of viruses have
also been shown to encode for microRNAs. The host-
and virus-encoded microRNAs and their targets
together thus form a novel regulatory layer of genetic
interactions between the host and the virus. Recent
reports have thrown light on this new regulatory layer.
A clear understanding of the cross-talk between the
host and virus would not only enable us to under-
stand the molecular basis of viral pathogenesis,
but also enable us to develop better therapeutic
strategies. This review discusses the intricacies
of host–virus cross-talk mediated by microRNAs.
Recent trends in this field and the challenges that
need to be addressed are also discussed.

Introduction

MicroRNAs (miRNAs) are endogenous small non-coding
RNAs, which have recently attracted immense attention
as tiny regulators with profound impact on eukaryotic
gene expression. MicroRNA-mediated repression, initially
discovered in Caenorhabditis elegans about a decade
ago, was initially thought to be an unusual form of gene
regulation. The discovery of conserved let-7 homologues
(Lee et al., 1993; Reinhart et al., 2000) in a number of
animal species 7 years ago paved the way for discovery

of new miRNAs in higher eukaryotes including humans.
Recent studies have demonstrated that microRNAs are
involved in several major biological processes.

Apart from higher eukaryotes, very recently, viruses
have also been shown to encode for microRNAs (Nair and
Zavolan, 2006). As per miRBase (Griffiths-Jones, 2006),
the registry of microRNAs, at least eight viral species
encode for microRNAs and majority of them are her-
pesviruses. The number of miRNA sequences encoded
also varies widely, ranging from 23 in Epstein–Barr
virus (EBV) to one in herpes simplex virus (HSV). The
count of virus-encoded microRNAs is expected to
go up with better computational methods for prediction of
putative microRNA precursor candidates and high-
throughput experimental validation of the candidates.

The present understanding of the biological functions of
virus-encoded microRNAs remains sketchy, with evi-
dence mainly derived from studies on individual or a small
set of microRNAs encoded by the viruses and their
cognate hosts. Survival strategies of the virus and counter
strategies of host cells through miRNAs of host and viral
origin and their respective targets form the crux of host
virus interactions mediated by microRNAs. Thus microR-
NAs form a complex link between the regulatory networks
of the host and the pathogen. A thorough understanding of
the microRNA-mediated host–pathogen interaction is
essential in understanding the basic pathophysiological
changes associated with viral infections

Each report of host–virus interaction through miRNA
action till date has presented a different scenario ranging
from pro-viral and antiviral host microRNAs to viral
defence strategies (Table 1). Therapeutic strategies
cannot be effective without addressing all these possibili-
ties in totality. In this review we discuss four logical models
of miRNA-mediated host–virus interaction to understand
the relevance of miRNA in viral diseases in a comprehen-
sive fashion. Based on the model we suggest likely strat-
egies that can be explored for development of diagnostics
and therapeutics. Potential challenges and grey areas
that need to be addressed are also discussed. Emerging
areas like artificial microRNAs, microRNA engineering,
etc. which would have therapeutic applications are also
discussed.
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MicroRNA biogenesis and action

MicroRNAs are classically thought to be derived from
non-coding RNA, either transcribed as non-coding tran-
scripts or spliced off from introns of coding RNA [see
Du and Zamore (2005) for an overview of microRNA
biogenesis]. Vertebrate microRNAs seem to be tran-
scribed by RNA Polymerase II as long primary microRNA
(pri-miRNA) harbouring a single microRNA or a cluster of
microRNAs analogous to an operon in prokaryotes.
Recently it has been shown that some microRNAs, espe-
cially those associated with repeats, could be transcribed
by Polymerase III (Borchert et al., 2006) The nuclear
RNase III enzyme, Drosha, along with its partner DGCR8
identifies and cleaves hairpin precursors (Han et al.,
2006). The identification and cleavage by Drosha DGCR8
complex is determined by structural features which differ-
entiate microRNA precursors from other hairpins. The
resulting stem-loop structures (pre-miRNAs) are then
exported out of the nucleus by the Exportin class of
nuclear transporters (Yi et al., 2003; Kim, 2004; Zeng and
Cullen, 2004; Yi et al., 2005).

In the cytoplasm, the hairpins undergo further process-
ing, and are chopped into duplex RNA of ~22 nucleotides
in length by a cytoplasmic RNase III enzyme Dicer (Tijs-
terman and Plasterk, 2004). The duplex is then unwound,
and a single strand selected for incorporation into a
protein complex termed as the miRNA–Ribonuleo–protein
complex (miRNP). One of the strands in the duplex is
selected preferentially over the other, based on structural
and thermodynamic features like stability of the ends. The
strand with the least stability at the 5′ end (guide strand)
would be preferentially selected to be associated with
RNA-induced silencing complex (RISC) (Krol et al., 2004).
Besides the highly conserved Argonaute (Liu et al., 2004;
Okamura et al., 2004) protein which binds to the miRNA–
mRNA duplex, miRNPs are expected to contain other
uncharacterized protein components (Sontheimer and
Carthew, 2004). The structure–function relationship of
small RNAs (Rana, 2007) and mechanism of microRNA
function (Pillai et al., 2007) have been recently reviewed.

The mature ~22-nucleotide microRNA in association
with the RISC then binds to 3′ untranslated region (UTR)
of transcripts and causes translational block. Although
the mechanism by which microRNAs mediate post-
transcriptional regulation is not known, it has been shown
that complete complimentarity causes target degradation
while imperfect complimentarity causes translational
block. Recent evidence suggests that a microRNA may be
employed to clear large number of target RNAs during
critical developmental stages (Giraldez et al., 2006) by
affecting transcript stability through de-adenylation.
MicroRNA-mediated de-adenylation has also been
reported independently (Wu et al., 2006) suggesting
de-adenylation as one distinct way of post-transcriptional
regulation mediated by microRNAs.

Recent studies also reveal that microRNA-mediated
post-transcriptional regulation is indeed reversible.
Bhattacharyya et al. (2006) reported stress-associated
reversibility of miR-122-mediated repression of cationic
amino acid transporter 1 (CAT-1) mRNA in hepatocarci-
noma cells. The overall implication of this is striking as it
supports the role of microRNAs as dynamic regulators
responding to external and internal cues. Figure 1
summarizes the steps of microRNA biogenesis and
action.

Models of miRNA-mediated host–virus interaction

Understanding the intricacies of microRNA-mediated
host–virus cross-talk would not be possible without a
comprehensive view of the entire set of interactions
encompassing microRNAs encoded by the host, virus,
their respective targets and their regulatory mechanisms
(Scaria et al., 2006). Here we try to explore the intricacies
of microRNA-mediated host–virus cross-talk through a
simplistic model as summarized in Fig. 2. The possible
interactions are discussed in detail with evidence derived
from recent reports, besides an overview of virus-
encoded RNA interference (RNAi) silencers which have
recently been explored in detail.

Table 1. Summary of microRNA-mediated host–virus interaction models.

Interaction Host Virus Mechanism Reference

Host→virus Human Human immunodeficiency virus Antiviral defence mechanism Hariharan et al. (2005)
Human Hepatitis C virus Tissue tropism Jopling et al. (2005)
Human Primate foamy virus Antiviral defence mechanism Lecellier et al. (2005)
Human Influenza virus A/H5N1 Antiviral defence mechanism V. Scaria et al., unpub. results

Virus→host Human Human immunodeficiency virus Latency Couturier and Root-Bernstein (2005);
Weinberg and Morris (2006)

Human Herpes simplex virus Latency Gupta et al. (2006)
Human Epstein–Barr virus Latency, oncogenesis V. Scaria et al., unpub. results

Virus→virus Human Human immunodeficiency virus Latency Omoto et al. (2004);
Omoto and Fujii (2005)

Monkey Simian virus 40 Evasion of immune response Sullivan et al. (2005)
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Host microRNAs targeting viral transcripts

This is one of the most explored mechanisms of microRNA-
mediated antiviral defence. The mammalian viruses for
which host microRNA targets have been discovered
include primate foamy virus (PFV), hepatitis C virus (HCV)
and human immunodeficiency virus (HIV). Each case by
itself brought to light one or another interesting aspect of
microRNA-mediated host–virus interaction.

The first instance of a cellular microRNA mediating anti-
viral defence was seen in PFV (Lecellier et al., 2005). It
also brought to light counter strategies evolved by viruses
to silence the miRNA pathway. PFV replication is efficiently
restricted by the cellular microRNA miR-32 targeting viral
transcripts. Interestingly the virus encodes for a suppres-
sor of RNAi (Tas), which enhances the accumulation of
viruses by offsetting the effects of the cellular microRNA.

In the case of hepatitis C, a cell type-specific microRNA
(miR-122) targeting the 5′UTR of the viral transcript has

been shown to modulate the viral levels. This is also an
elegant example of how tissue or cell type-specific
microRNAs can influence tropism of viruses. Using com-
putational predictions involving consensus prediction, we
have shown five cellular microRNAs could potentially
target a set of accessory genes in HIV including nef
(Hariharan et al., 2005). nef is not only known to be auto-
regulated by its own microRNA, but also implicated as a
major determinant of long-term non-progression of the
disease (Joseph et al., 2005). The microRNAs targeting
the viral transcripts were variable in individuals, suggest-
ing that variation in expression levels may define the
prognosis of infection. We have also experimentally vali-
dated the finding using reporter constructs fused to the
target site in the 3′UTR (our unpublished results). Simi-
larly many human microRNAs would have antiviral effect
against a number of viruses. Results of a large computa-
tional screen for host microRNAs targeting viruses have
been recently made available online (Hsu et al., 2007).

Fig. 1. Schematic overview of the biogenesis and action of microRNAs. The pri-miRNAs transcribed from Pol-II DNA-dependent RNA
polymerases are processed to pre-miRNAs. The hairpin-shaped structures are recognized by Drosha-DGCR8/Pasha RNase III enzymes to
trim the pri-miRNAs. These pre-miRNAs are transported to the cytoplasm by the enzyme Exportin-5 where they are further acted upon by
another class of RNase enzymes called the Dicer which chops off the loop region of the pre-miRNA to release an imperfectly complementary
double-stranded structure called miRNA–miRNA*. This duplex is unwound by a helicase to release the strands. One of them (the guide
strand) gets incorporated to a protein complex whose individual components include Ago, and a host of yet to be discovered proteins. This
complex is now termed as the RNA-induced silencing complex (RISC). The RISC attaches itself to the 3′UTR of other transcripts in two
different modes: (i) by binding perfectly with the target transcript, which results in the transcript degradation in the P-bodies, and (ii) by
imperfect complementarity due to which the translational efficiency is reduced.

2786 V. Scaria et al.

© 2007 Institute of Genomics and Integrative Biology (CSIR)
Journal compilation © 2007 Blackwell Publishing Ltd, Cellular Microbiology, 9, 2784–2794



Viral microRNAs targeting host transcripts

The regulatory role of virus-encoded microRNAs on cellu-
lar transcripts was initially explored by computational
means in HIV (Bennasser et al., 2004). Computational
analysis showed that HIV-encoded microRNAs could
potentially target critical genes involved in the pathophysi-
ological changes associated with HIV infection (Couturier
and Root-Bernstein, 2005). Another recent study also sug-
gests the role of HIV-encoded microRNAs in establishing
latency in HIV infection (Weinberg and Morris, 2006).

Another elegant example of virus-encoded microRNAs
effectively modulating cellular defence mechanisms to its
benefit has been reported in simian virus 40 (SV40).
SV40-encoded microRNAs are produced during the late
phase in the life cycle and help the virus to evade cyto-
toxic T cells by targeting early transcripts including those
encoding T cell antigens (Sullivan et al., 2005). Although
computational predictions span various classes of viruses
(Pfeffer et al., 2005) currently most of the experimentally
validated microRNAs encoded by viruses arise from the

Herpesvirus family of viruses (Pfeffer et al., 2005; Grund-
hoff et al., 2006), including a unique set of human patho-
gens like EBV, cytomegalovirus (CMV), Kaposi sarcoma
herpesvirus (KSHV) (Cai et al., 2005; Samols et al., 2005;
Cai and Cullen, 2006) which are all gamma-herpesviruses
and recently HSV-1 (Cui et al., 2006) which is an
alpha-herpesvirus. The only two functionally validated
microRNA from HSV arise from the latency-associated
transcript (LAT) (Cui et al., 2006; Gupta et al., 2006) and
one of them is thought to target transcripts associated
with apoptosis in the host (Gupta et al., 2006).

Recent evidence has supported the hypothesis that
virus-encoded microRNAs can target critical genes asso-
ciated with disease pathogenesis. We predicted using
computational methods employing consensus predictions
(our unpublished results); the cellular targets of EBV-
encoded microRNAs. We observe that the target genes
are particularly enriched in pathways associated with
apoptosis and tumour suppression. This observation sub-
stantiates the proposed involvement of virus-encoded
microRNAs in mediating pathogenesis of conditions like

Fig. 2. Summary of microRNA-mediated host–virus interaction. The figure summarizes the complexity of microRNA-mediated host–virus
interactions in four logical models involving the host- and virus-encoded transcripts and microRNAs. The host transcript(s) could be targeted
by microRNAs expressed by either the host or virus (as in the case of microRNAs expressed by herpes simplex and Epstein–Barr viruses)
resulting in repression of a set of host proteins. Similar is the case of viral transcript(s) whereby a set of viral protein expression is repressed
(as in the case of human microRNAs and the nef-encoded microRNA which target the nef transcript of HIV). In the biological context, this
regulatory network is extremely complex as some of the proteins repressed by microRNAs are themselves modulators of gene expression
thus having widespread cascading effects through host and/or viral genes and microRNAs regulated by them.
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neoplasia. Many viruses like human papilloma virus, EBV,
human T lymphotropic virus, hepatitis B virus are very well
known to be linked to neoplasia. It would be worthwhile to
explore the role of microRNAs encoded by oncogenic
viruses in mediating oncogenesis. This would not only
provide a better understanding of the process, but would
also help in designing novel therapeutics based on
microRNAs (see below).

Viral microRNAs targeting viral transcripts

This model constitutes an elegant regulatory loop wherein
a virus-encoded microRNA generated with borrowed host
machinery regulates its own transcripts. This model of
gene regulation is seen in HIV where a nef-encoded
microRNA has been shown to target its own transcript in
in vivo and in vitro experiments (Omoto et al., 2004;
Omoto and Fujii, 2005). The role of nef in disease pro-
gression and the inability of nef mutants to establish
disease leading to long-term non-progression of disease
following HIV infection (Kirchhoff et al., 1995; Salvi et al.,
1998) suggest that anti-nef miRNAs may have a role in
delaying disease progression.

Host microRNAs targeting host transcripts

An elegant mechanism of viruses modulating host
microRNA expression and thereby modulate host genes
have been recently reported by Triboulet et al. (2007).
Analysis of microRNAs differentially expressed in HIV-
infected cells revealed that the miR-17/92 cluster of
microRNAs was downregulated following HIV infection.
The members of the cluster miR-17-5p and miR-20a were
also shown to repress the translation of PCAF protein
which has been previously shown to be a cofactor of Tat in
modulating HIV expression. A set of 11 microRNAs were
also shown to be upregulated during HIV infection but the
functional role of these microRNAs in modulating viral or
host expression is not yet known (Kumar, 2007). It is
possible that the host genes modulated by these micro-
RNAs may be important in latency and other pathophysi-
ological changes associated with HIV infection.

Another related example has also been recently
reported in Arabidopsis where a peptide derived from
the plant pathogen Pseudomonas syringae induces the
expression of host microRNAs which target auxin recep-
tor and thus inhibit the growth of the bacteria (Navarro
et al., 2006). Genomes of a number of human viruses
encode transcription factors, which potentially regulate
microRNA expression. The possibility of virus-encoded
transcription factors modulating microRNA expression in
the host has not been explored. Such a mechanism if
proven would provide immense insights and explanations
on how viruses can modulate complex regulatory net-

works in the host with their minimal genomes. This would
be possible by simultaneously monitoring the transcrip-
tional outputs of the host and virus during various stages
of infection.

Silencing the silencers: virus-encoded suppressors
of RNAi

Interestingly viruses have also devised methods to over-
come RNAi-mediated antiviral response initiated by the
host. The molecular mechanisms of many of these are yet
to be understood, and initial reports show the mechanisms
are diverse and often unique to the virus. The well-explored
mechanisms include secretion of proteins that bind to RNA
and thus interfere with the formation of RISC. Examples of
this type of regulation have been demonstrated in PFV
(Lecellier et al., 2005) and HIV (Browne et al., 2005) and
many other viruses. Another mechanism is to encode for
RNAs which mimic microRNA precursors in an attempt to
overwhelm the cellular microRNA processing machinery.
This mechanism has been extensively studied in adenovi-
ruses (Sano et al., 2006).

Discovery of novel microRNAs

Understanding the host–pathogen regulatory networks in
a comprehensive way would necessitate the discovery of
the entire repertoire of virus- as well as host-encoded
microRNAs, their expression profiles and high-throughput
validation of targets. Computational prediction (Yoon and
De, 2006) and experimental validation of novel micro-
RNAs (Bentwich, 2005) have been the mainstay in the
discovery of microRNAs. In the following section we
discuss the computational as well as experimental
methods for discovery of microRNAs, their expression
profiling and validation of targets.

Computational tools for ab initio prediction of microRNA

A major cause for the paucity of information on micro-
RNAs encoded by viruses was the lack of efficient
computational methods for prediction of candidates from
genomic sequences. This was primarily due to the fact
that virus-encoded microRNAs share little homology with
that of the host, and there is little conservation of microR-
NAs across viral classes. This proved to be a major chal-
lenge as most of the microRNA prediction algorithms
relied heavily on sequence conservation, which fared well
in discovering eukaryotic microRNAs. The first major
computational prediction and experimental validation of
virus-encoded microRNAs utilized a machine-learning
approach-based method to classify viral microRNA
hairpin precursors based on structural determinants of
human precursor sequences (Pfeffer et al., 2005).
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Recently ab initio prediction methods have emerged
which take into consideration structural (Hertel and
Stadler, 2006) as well as sequence determinants.

We recently developed a novel method for ab initio
prediction of microRNA precursors from genome
sequences. We created a machine-learning model based
on Support Vector Machine (SVM) algorithm trained to
discriminate human microRNA precursor hairpins and
sequences which have the potential to form hairpins but
does not encode for microRNAs. The SVM model is
based on a large number of sequence and structure fea-
tures which would enable to efficiently discriminate the
two data sets. As the prediction is not dependent on the
conservation of microRNA precursors, unlike the previ-
ously reported methods of microRNA precursor predic-
tion, this could predict microRNA precursors which share
very less homology between related species. We rational-
ized that as the model discriminates true microRNA pre-
cursors from other hairpin forming sequences based on
sequence and structure features rather than by conserva-
tion, this could be effectively used to predict viral
microRNA precursors as they share the same processing
machinery with that of the host and do not share homol-
ogy with that of the host. A comparison of the efficacy of
recently reported ab initio prediction methods on the data
set of experimentally validated viral microRNA precursors
in miRBase revealed that our algorithm offered very high
sensitivity and accuracy. A recent independent experi-
mental validation of microRNAs encoded by HSV-1 (Cui
et al., 2006; Gupta et al., 2006) also confirms our predic-
tions for that organism substantiating the usefulness of
our method for prediction of microRNAs in viral genomes.

High-throughput experimental validation and
expression profiling

Although the first miRNAs discovered from C. elegans
were identified by genetics, high-throughput methods of
detecting hundreds of miRNAs have become the major
route to miRNA discovery today. The methods employed
to identify large number of miRNAs simultaneously also
provide semi-quantitative information on their expression
levels in the source tissue. High-throughput methods of
miRNA identification, validation and expression analysis
therefore go hand in hand and cross-validate each other.

The two main approaches to large-scale identification of
non-coding RNA molecules are, first, large-scale cloning
of size-restricted RNA subpopulations separated from
total RNA pools and, second, chip-based hybridization
methods. In the former method (Lee et al., 1993; Lagos-
Quintana et al., 2001; Pfeffer et al., 2005) total RNA iso-
lated from a source of interest is first size fractionated
usually by separating it in a polyacrylamide gel matrix.
However, the discovery of newer classes of non-coding

RNAs of larger than the conventional 21–23 nt limit (Lau
et al., 2006) may eventually prove that this restriction is
too arbitrary to be of functional significance. The RNA
subpopulations are tagged at either end through RNA
ligation or poly adenylation (Fu et al., 2005) to adaptors
which act as anchors for priming reverse transcriptase-
based complimentary strand synthesis. Libraries pre-
pared by large-scale cloning of the reverse-transcribed
products allow identification of novel miRNAs. The fre-
quency of occurrence of a miRNA in the library is an
estimate of its abundance in the original pool although
liable to be affected by factors like the clonability and
secondary structure of the RNA. Ligation of the reverse-
transcribed fragment into concatamers allows a certain
degree of parallelization in miRNA identification. Improve-
ments in sequencing technology like Massive Parallel sig-
nature sequencing is expected to support high-throughput
miRNA discovery. Currently, at least three high-
throughput methods have been applied to identify the
expression profiles of miRNAs, in addition to the informa-
tion on abundance generated indirectly from cloning.
These include microarray-based, RNA-primed, Array-
based, Klenow Enzyme (RAKE) assay (Nelson et al.,
2004; 2006) and Bead based assays.

A combination of computational prediction and
microarray-based validation was employed to discover
clusters of miRNAs in the BART and BHRF genes of
Herpesvirus (Grundhoff et al., 2006). miRNA profiles have
been generated using RAKE from HeLa cells transfected
with an infectious molecular clone of HIV-1. Forty-three
per cent of all miRNAs were downregulated in the infected
cells. However, the functional relevance of this downregu-
lation is not understood (Yeung et al., 2005). A subse-
quent microarray study (Triboulet et al., 2007) in HIV-
infected Jurkat cells revealed that upregulation of 11
miRNAs and downregulation of the cancer-associated
miR-17/92 cluster could influence virus replication.

MicroRNAs as biomarker

The potential of microRNAs as biomarkers has been
largely restricted to studies on cancers (Croce and Calin,
2005; He et al., 2005). microRNA expression profiles
have been shown to be discriminative of the cancer type
(Calin et al., 2004; 2005; Ciafre et al., 2005; Iorio et al.,
2005) and also of high prognostic value (Calin et al.,
2005) in a number of cancers (Caldas and Brenton, 2005;
Eder and Scherr, 2005; Gregory and Shiekhattar, 2005;
Esquela-Kerscher and Slack, 2006). For example, miR-
155 (BIC) expression is upregulated in Hodgkin’s lym-
phoma and is downregulated in Burkitt’s lymphoma
(Kluiver et al., 2006).

In viral infections, human microRNAs have been
thought to be of prognostic value on the basis of differ-
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ences in expression levels of a potential antiviral human
microRNA between individuals (Hariharan et al., 2005).
These microRNAs have the potential to target nef a criti-
cal determinant of progression of the disease.

Herpes simplex virus-1 LAT has been shown to encode
for microRNAs (Cui et al., 2006; Gupta et al., 2006). EBV,
a major oncogenic virus of the Herpesvirus family, also
has been shown to encode stage-specific microRNAs
(Cai et al., 2006). Of late, Marek’s disease virus (MDV),
an oncogenic alpha-herpesvirus of chickens, has been
shown to encode microRNAs from latency-associated
transcripts (Burnside et al., 2006). The stage-specific
expression of microRNAs by viruses could be effectively
exploited as a marker to delineate the stage of virus
infection especially in neoplastic transformation caused
by these viruses (Burnside et al., 2006).

All these reports suggest that microRNAs have good
potential to be biomarkers (Cummins and Velculescu,
2006). However, an exhaustive study of their susceptibility
to confounding factors would be necessary to critically
evaluate their potential as biomarkers. Improvements in
methodology have enabled high-throughput profiling of
very small quantities of microRNAs, and are a logical step
forward for its widespread application as a potential
diagnostic.

Anti-microRNAs

Anti-microRNAs emerged as a research tool to delineate
functional roles of microRNAs by selectively knocking
down microRNAs. The strategy was to design oligonucle-
otides which are perfectly complementary to the mature
miRNA sequence that could titrate away natural miRNAs
(Scaria et al., 2007). Backbone modified nucleotides
(see below) are a better choice to design the anti-miRNAs
which are not only more efficient in blocking the miRNA
than the non-modified anti-miRNAs, but also highly spe-
cific for specific microRNAs (Krutzfeldt et al., 2005). Anti-
microRNAs can be used effectively as a therapeutic and
more so against virus-encoded microRNAs as they share
little homology with those of human and thus offer few
chances for off-target events.

Artificial microRNAs

Artificial microRNAs form the logical next step as an anti-
viral therapeutic. This may also prove more advantageous
than siRNAs as a therapeutic strategy as microRNAs do
not need perfect complimentarity and can thus tolerate
mutations, which would be advantageous given the
extreme rate of variations in viral genomes. The strategy
would be to logically build microRNAs against ultra con-
served regions in the viral transcripts. We have recently
developed an algorithm which designs microRNAs for a

given sequence using iterative scoring and optimization
based on microRNA binding rules (our unpublished
results). The nucleotide level scoring and optimization
methodology helps in designing highly specific micro-
RNAs, which is a vital consideration while designing
therapeutics.

Recent reports on the use of siRNA (Haasnoot and
Berkhout, 2006) and short-hairpin RNAs (shRNAs)
against viral pathogens like HIV (Konstantinova et al.,
2007) show promising results thus opening up a bright
future for artificial microRNA therapeutics. Very recently
artificial microRNAs have been tried in plants to target
groups of genes (Schwab et al., 2006). They have also
been shown to be modulated by tissue-specific
promoters. Also shRNA libraries modelled on miRNA pre-
cursors have been made available encompassing almost
the whole transcriptome of human and mouse (Chang
et al., 2006) which could be employed as a versatile tool
for inducible silencing of particular sets of transcripts.

MicroRNA engineering

Viruses have been classically used for creating stable
transfects in gene therapy applications. In the era of
synthetic biology, viruses are becoming a promising can-
didate for microRNA engineering, i.e. to create stable
upregulation or downregulation of microRNA levels in
cells. The application of microRNA engineering is obvious
in stem cell research, especially as microRNAs are known
to be critical determinants of cell type (Cheng et al., 2005;
Palakodeti et al., 2006; Zhang et al., 2006).

Second application of microRNA engineering would be
in synthetic biology to create modular regulatory loops. As
microRNAs effects are dependent on nucleotide compli-
mentarity, and could be easily included in introns, this
offers a new tool to create a simplified protein-free regu-
latory loop. Recent studies have shown that short RNAs
could be engineered into introns (Ying and Lin, 2006).
This could easily translate to an effective laboratory tool
for elucidation of microRNAs and repression of particular
sets of genes as well as may find use as a regulator in
engineered pathways in synthetic biology and gene
therapy.

Stabilized oligonucleotides

During last couple of decades, exploration and examina-
tion of novel structurally modified oligonucleotides, acting
as potent and selective therapeutic agents, has gained
momentum and led to the development of analogues with
desired properties and minimum toxicity. Backbone modi-
fications of nucleic acids offer flexibility in the design and
utility of these molecules (Karkare and Bhatnagar, 2006).
Among the most widely used modified oligonucleotide
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analogues is phosphorothioate (PS) representing an
important class of synthetic oligonucleotides where one
of the non-bridging oxygens is replaced by sulfur. The
sulfurization of the internucleotide bond considerably
reduces the action of endo- and exonucleases (Dias and
Stein, 2002).

Another class of widely studied modified DNA ana-
logues are the peptide nucleic acids (PNAs) (Nielsen,
2000) that consist of a synthetic peptide backbone formed
from N-(2-amino-ethyl)-glycine units, resulting in an
achiral and uncharged molecules. Nevertheless, PNAs
can bind to RNA to form sequence-specific hydrogen-
bonded structures that are chemically stable and resistant
to enzymatic cleavage (Elayadi and Corey, 2001). Another
strategy to synthesize modified oligonucleotides is to
modify the sugar chemistry. These mainly comprise of
nucleotides with alkyl modification at the 2′ position of the
ribose, e.g. 2′-O-methyl and 2′-O-methoxy ethyl RNA.
These are less toxic than PS-oligodeoxynucleotides,
possess a higher binding affinity to respective target
sequence, can effectively mediate antisense effects by
steric block hindrance of translation but lack the ability
to activate RNase H (Crooke and Bennett, 1996).
Morpholino oligonucleotides (MF), examples of non-ionic
DNA analogues in this category, have ribose replaced by
a morpholino moiety and phosphoroamidate intersubunit
linkages instead of phosphodiester bonds. Most work on
morpholino compounds has focused on gene regulation
during the development of zebrafish (Nasevicius and
Ekker, 2000). MFs do not activate RNase H but can be
targeted towards the 5′UTR, or the first 25 bases down-
stream of the start codon, to block translation by pre-
venting ribosome binding. Because their backbone is
uncharged, MFs are unlikely to form unwanted interac-
tions with nucleic acid-binding proteins. One of the most
promising candidates of chemically modified nucleotides
developed in the last few years is the locked nucleic acid
(LNA) (Kauppinen et al., 2006). LNA bases are ribonucle-
otide analogues containing a methylene linkage between
2′-oxygen and 4′-carbon of the ribose ring. The constraint
on the sugar moiety results in a locked 3′-endo conforma-
tion that prepares the base for high-affinity hybridization
(Alvarez-Garcia and Miska, 2005; Castoldi et al., 2006).
Its close structural resemblance to DNA, high affinity and
specificity towards the target strand, high in vivo stability,
lack of toxicity, ease of transfection into cells have con-
tributed to its success as a promising tool in therapeutics
and functional genomics.

The applications of these backbone modified oligo-
nucleotides in microRNA research are multiple. Backbone
modified oligonucleotides have been extensively used as
probes for microRNAs. For example, LNA-based probes
have been used in Northern blot for efficient detection of
microRNAs. DNA oligonucleotides with several positions

substituted by LNA residues significantly increased the
detection of low abundant miRNAs by at least one order of
magnitude. Second, they have been used as stable anti-
sense microRNAs (antagomirs) to specifically downregu-
late one or a set of closely related microRNAs (Krutzfeldt
et al., 2005). The third potential application would be in
designing therapeutics.

RNA delivery and cell/tissue type-specific targeting

Targeting of RNA is a major challenge in the way of
exploiting the full potential of microRNA-mediated regula-
tion as a therapeutic target (Scaria et al., 2007). The
present scenario offers two major methods of targeting
small RNAs, which can be effectively exploited in two
types of viral infection. Viral vectors could be used to
target microRNA or anti-microRNAs in the cell in the case
of chronic viral infections and in oncogenic viruses asso-
ciated with latency as this needs stable and continuous
expression, while in the case of other viruses like HIV,
HSV, etc., RNA could be targeted to the site of entry of the
organism, more so the mucosal membrane.

Retroviral vectors (Brummelkamp et al., 2002) has
emerged the mainstay for effective delivery of RNA
hairpin precursors compared with plasmid-based vectors
as the former has been shown to have stable expression
levels in the cell. Recent HIV-based viral transfection
vectors can infect both dividing as well as non-dividing
cells. Adenovirus-based vectors have been thought to be
more safe than HIV-based vectors as they integrate spe-
cifically in the AAVS1 region of chromosome 19 (Hamilton
et al., 2004).

Recent reports have suggested novel ways to deliver
small molecules into the cell. RNA mixed with cationic
lipids (Zelphati and Szoka, 1996) has been suggested to
be effective enough as they would be easily absorbed
through mucosal surfaces (Porteous et al., 1997; Kim
et al., 2005). This would be even more advantageous as a
large number of human pathogenic viruses infect through
mucosal surfaces and could be exploited effectively. For
example, in mice models, HSV-2 infection has been
shown to be abrogated by topical application of RNAi
(Palliser et al., 2006).

Conclusions

The role of microRNAs in cross-talks between the host
and the virus is just emerging. A better understanding of
the models of the host–virus interaction would enable us
not only to have a deeper insight into the complexity of
host–virus interaction, but also would aid in designing
potential strategies to counter viral infections and their
consequences like neoplasia. This would necessitate the
integration of better, accurate and fast computational
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algorithms as well as highly accurate and high-throughput
techniques for experimental validation. A comprehensive
understanding of host–virus interactions mediated by
microRNAs would also enable us to make rapid strides
into emerging fields like synthetic biology.

Acknowledgements

Authors apologize to all authors whose work could not be cited
due to space restrictions. Authors thank Gajinder Pal Singh for
reviewing the manuscript and providing valuable suggestions.
This work is supported by the Council of Scientific and Industrial
Research (CSIR). V.S. and M.H. are recipients of Senior
Research Fellowships from CSIR.

References

Alvarez-Garcia, I., and Miska, E.A. (2005) MicroRNA func-
tions in animal development and human disease. Develop-
ment 132: 4653–4662.

Bennasser, Y., Le, S.Y., Yeung, M.L., and Jeang, K.T. (2004)
HIV-1 encoded candidate micro-RNAs and their cellular
targets. Retrovirology 1: 43.

Bentwich, I. (2005) Prediction and validation of microRNAs
and their targets. FEBS Lett 579: 5904–5910.

Bhattacharyya, S.N., Habermacher, R., Martine, U., Closs,
E.I., and Filipowicz, W. (2006) Relief of microRNA-
mediated translational repression in human cells subjected
to stress. Cell 125: 1111–1124.

Borchert, G.M., Lanier, W., and Davidson, B.L. (2006) RNA
polymerase III transcribes human microRNAs. Nat Struct
Mol Biol 13: 1097–1101.

Browne, E.P., Li, J., Chong, M., and Littman, D.R. (2005)
Virus–host interactions: new insights from the small RNA
world. Genome Biol 6: 238.

Brummelkamp, T.R., Bernards, R., and Agami, R. (2002)
Stable suppression of tumorigenicity by virus-mediated
RNA interference. Cancer Cell 2: 243–247.

Burnside, J., Bernberg, E., Anderson, A., Lu, C., Meyers,
B.C., Green, P.J., et al. (2006) Marek’s disease virus
encodes MicroRNAs that map to meq and the latency-
associated transcript. J Virol 80: 8778–8786.

Cai, X., and Cullen, B.R. (2006) Transcriptional origin of
Kaposi’s sarcoma-associated herpesvirus microRNAs.
J Virol 80: 2234–2242.

Cai, X., Lu, S., Zhang, Z., Gonzalez, C.M., Damania, B., and
Cullen, B.R. (2005) Kaposi’s sarcoma-associated herpes-
virus expresses an array of viral microRNAs in latently
infected cells. Proc Natl Acad Sci USA 102: 5570–5575.

Cai, X., Schafer, A., Lu, S., Bilello, J.P., Desrosiers, R.C.,
Edwards, R., et al. (2006) Epstein–Barr virus microRNAs
are evolutionarily conserved and differentially expressed.
PLoS Pathog 2: e23.

Caldas, C., and Brenton, J.D. (2005) Sizing up miRNAs as
cancer genes. Nat Med 11: 712–714.

Calin, G.A., Liu, C.G., Sevignani, C., Ferracin, M., Felli, N.,
Dumitru, C.D., et al. (2004) MicroRNA profiling reveals dis-
tinct signatures in B cell chronic lymphocytic leukemias.
Proc Natl Acad Sci USA 101: 11755–11760.

Calin, G.A., Ferracin, M., Cimmino, A., Di, L.G., Shimizu, M.,

Wojcik, S.E., et al. (2005) A MicroRNA signature associ-
ated with prognosis and progression in chronic lymphocytic
leukemia. N Engl J Med 353: 1793–1801.

Castoldi, M., Schmidt, S., Benes, V., Noerholm, M., Kulozik,
A.E., Hentze, M.W., et al. (2006) A sensitive array for
microRNA expression profiling (miChip) based on locked
nucleic acids (LNA). RNA 12: 913–920.

Chang, K., Elledge, S.J., and Hannon, G.J. (2006) Lessons
from nature: microRNA-based shRNA libraries. Nat
Methods 3: 707–714.

Cheng, L.C., Tavazoie, M., and Doetsch, F. (2005) Stem cells:
from epigenetics to microRNAs. Neuron 46: 363–367.

Ciafre, S.A., Galardi, S., Mangiola, A., Ferracin, M., Liu, C.G.,
Sabatino, G., et al. (2005) Extensive modulation of a set of
microRNAs in primary glioblastoma. Biochem Biophys Res
Commun 334: 1351–1358.

Couturier, J.P., and Root-Bernstein, R.S. (2005) HIV may
produce inhibitory microRNAs (miRNAs) that block produc-
tion of CD28, CD4 and some interleukins. J Theor Biol 235:
169–184.

Croce, C.M., and Calin, G.A. (2005) miRNAs, cancer, and
stem cell division. Cell 122: 6–7.

Crooke, S.T., and Bennett, C.F. (1996) Progress in antisense
oligonucleotide therapeutics. Annu Rev Pharmacol Toxicol
36: 107–129.

Cui, C., Griffiths, A., Li, G., Silva, L.M., Kramer, M.F.,
Gaasterland, T., et al. (2006) Prediction and identification
of herpes simplex virus 1-encoded microRNAs. J Virol
80: 5499–5508.

Cummins, J.M., and Velculescu, V.E. (2006) Implications of
micro-RNA profiling for cancer diagnosis. Oncogene 25:
6220–6227.

Dias, N., and Stein, C.A. (2002) Antisense oligonucleotides:
basic concepts and mechanisms. Mol Cancer Ther 1: 347–
355.

Du, T., and Zamore, P.D. (2005) microPrimer: the biogenesis
and function of microRNA. Development 132: 4645–4652.

Eder, M., and Scherr, M. (2005) MicroRNA and lung cancer.
N Engl J Med 352: 2446–2448.

Elayadi, A.N., and Corey, D.R. (2001) Application of PNA and
LNA oligomers to chemotherapy. Curr Opin Investig Drugs
2: 558–561.

Esquela-Kerscher, A., and Slack, F.J. (2006) Oncomirs –
microRNAs with a role in cancer. Nat Rev Cancer 6: 259–
269.

Fu, H., Tie, Y., Xu, C., Zhang, Z., Zhu, J., Shi, Y., et al. (2005)
Identification of human fetal liver miRNAs by a novel
method. FEBS Lett 579: 3849–3854.

Giraldez, A.J., Mishima, Y., Rihel, J., Grocock, R.J., van
Dongen, S., Inoue, K., et al. (2006) Zebrafish MiR-430
promotes deadenylation and clearance of maternal
mRNAs. Science 312: 75–79.

Gregory, R.I., and Shiekhattar, R. (2005) MicroRNA biogen-
esis and cancer. Cancer Res 65: 3509–3512.

Griffiths-Jones, S. (2006) miRBase: the microRNA sequence
database. Methods Mol Biol 342: 129–138.

Grundhoff, A., Sullivan, C.S., and Ganem, D. (2006) A com-
bined computational and microarray-based approach
identifies novel microRNAs encoded by human gamma-
herpesviruses. RNA 12: 733–750.

Gupta, A., Gartner, J.J., Sethupathy, P., Hatzigeorgiou, A.G.,

2792 V. Scaria et al.

© 2007 Institute of Genomics and Integrative Biology (CSIR)
Journal compilation © 2007 Blackwell Publishing Ltd, Cellular Microbiology, 9, 2784–2794



and Fraser, N.W. (2006) Anti-apoptotic function of a
microRNA encoded by the HSV-1 latency-associated
transcript. Nature 442: 82–85.

Haasnoot, J., and Berkhout, B. (2006) RNA interference: its
use as antiviral therapy. Handb Exp Pharmacol 173: 117–
150.

Hamilton, H., Gomos, J., Berns, K.I., and Falck-Pedersen, E.
(2004) Adeno-associated virus site-specific integration and
AAVS1 disruption. J Virol 78: 7874–7882.

Han, J., Lee, Y., Yeom, K.H., Nam, J.W., Heo, I., Rhee, J.K.,
et al. (2006) Molecular basis for the recognition of primary
microRNAs by the Drosha-DGCR8 complex. Cell 125:
887–901.

Hariharan, M., Scaria, V., Pillai, B., and Brahmachari, S.K.
(2005) Targets for human encoded microRNAs in HIV
genes. Biochem Biophys Res Commun 337: 1214–1218.

He, H., Jazdzewski, K., Li, W., Liyanarachchi, S., Nagy, R.,
Volinia, S., et al. (2005) The role of microRNA genes in
papillary thyroid carcinoma. Proc Natl Acad Sci USA 102:
19075–19080.

Hertel, J., and Stadler, P.F. (2006) Hairpins in a Haystack:
recognizing microRNA precursors in comparative genom-
ics data. Bioinformatics 22: e197–e202.

Hsu, P.W., Lin, L.Z., Hsu, S.D., Hsu, J.B., and Huang,
H.D. (2007) ViTa: prediction of host microRNAs targets on
viruses. Nucleic Acids Res 35: D381–D385.

Iorio, M.V., Ferracin, M., Liu, C.G., Veronese, A., Spizzo, R.,
Sabbioni, S., et al. (2005) MicroRNA gene expression
deregulation in human breast cancer. Cancer Res 65:
7065–7070.

Jopling, C.L., Yi, M., Lancaster, A.M., Lemon, S.M., and
Sarnow, P. (2005) Modulation of hepatitis C virus RNA
abundance by a liver-specific MicroRNA. Science 309:
1577–1581.

Joseph, A.M., Kumar, M., and Mitra, D. (2005) Nef: ‘neces-
sary and enforcing factor’ in HIV infection. Curr HIV Res 3:
87–94.

Karkare, S., and Bhatnagar, D. (2006) Promising nucleic acid
analogs and mimics: characteristic features and applica-
tions of PNA, LNA, and morpholino. Appl Microbiol Bio-
technol 71: 575–586.

Kauppinen, S., Vester, B., and Wengel, J. (2006) Locked
nucleic acid: high-affinity targeting of complementary RNA
for RNomics. Handb Exp Pharmacol 173: 405–422.

Kim, V.N. (2004) MicroRNA precursors in motion: exportin-5
mediates their nuclear export. Trends Cell Biol 14: 156–
159.

Kim, T.W., Chung, H., Kwon, I.C., Sung, H.C., Shin, B.C., and
Jeong, S.Y. (2005) Airway gene transfer using cationic
emulsion as a mucosal gene carrier. J Gene Med 7: 749–
758.

Kirchhoff, F., Greenough, T.C., Brettler, D.B., Sullivan, J.L.,
and Desrosiers, R.C. (1995) Brief report: absence of intact
nef sequences in a long-term survivor with nonprogressive
HIV-1 infection. N Engl J Med 332: 228–232.

Kluiver, J., Haralambieva, E., de Jong, D., Blokzijl, T.,
Jacobs, S., Kroesen, B.J., et al. (2006) Lack of BIC and
microRNA miR-155 expression in primary cases of Burkitt
lymphoma. Genes Chromosomes Cancer 45: 147–153.

Konstantinova, P., ter Brake, O., Haasnoot, J., de Haan, P.,
and Berkhout, B. (2007) Trans-inhibition of HIV-1 by a long

hairpin RNA expressed within the viral genome. Retrovirol-
ogy 4: 15.

Krol, J., Sobczak, K., Wilczynska, U., Drath, M., Jasinska,
A., Kaczynska, D., et al. (2004) Structural features of
microRNA (miRNA) precursors and their relevance to
miRNA biogenesis and small interfering RNA/short hairpin
RNA design. J Biol Chem 279: 42230–42239.

Krutzfeldt, J., Rajewsky, N., Braich, R., Rajeev, K.G., Tuschl,
T., Manoharan, M., et al. (2005) Silencing of microRNAs in
vivo with ‘antagomirs’. Nature 438: 685–689.

Kumar, A. (2007) The silent defense: Micro-RNA directed
defense against HIV-1 replication. Retrovirology 4: 26.

Lagos-Quintana, M., Rauhut, R., Lendeckel, W., and Tuschl,
T. (2001) Identification of novel genes coding for small
expressed RNAs. Science 294: 853–858.

Lau, N.C., Seto, A.G., Kim, J., Kuramochi-Miyagawa, S.,
Nakano, T., Bartel, D.P., et al. (2006) Characterization of
the piRNA complex from rat testes. Science 313: 363–367.

Lecellier, C.H., Dunoyer, P., Arar, K., Lehmann-Che, J.,
Eyquem, S., Himber, C., et al. (2005) A cellular microRNA
mediates antiviral defense in human cells. Science 308:
557–560.

Lee, R.C., Feinbaum, R.L., and Ambros, V. (1993) The
C. elegans heterochronic gene lin-4 encodes small RNAs
with antisense complementarity to lin-14. Cell 75: 843–
854.

Liu, J., Carmell, M.A., Rivas, F.V., Marsden, C.G., Thomson,
J.M., Song, J.J., et al. (2004) Argonaute2 is the catalytic
engine of mammalian RNAi. Science 305: 1437–1441.

Nair, V., and Zavolan, M. (2006) Virus-encoded microRNAs:
novel regulators of gene expression. Trends Microbiol 14:
169–175.

Nasevicius, A., and Ekker, S.C. (2000) Effective targeted
gene ‘knockdown’ in zebrafish. Nat Genet 26: 216–220.

Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N.,
Estelle, M., et al. (2006) A plant miRNA contributes to anti-
bacterial resistance by repressing auxin signaling. Science
312: 436–439.

Nelson, P.T., Baldwin, D.A., Scearce, L.M., Oberholtzer, J.C.,
Tobias, J.W., and Mourelatos, Z. (2004) Microarray-based,
high-throughput gene expression profiling of microRNAs.
Nat Methods 1: 155–161.

Nelson, P.T., Baldwin, D.A., Kloosterman, W.P., Kauppinen,
S., Plasterk, R.H., and Mourelatos, Z. (2006) RAKE and
LNA-ISH reveal microRNA expression and localization in
archival human brain. RNA 12: 187–191.

Nielsen, P.E. (2000) Antisense peptide nucleic acids. Curr
Opin Mol Ther 2: 282–287.

Okamura, K., Ishizuka, A., Siomi, H., and Siomi, M.C. (2004)
Distinct roles for Argonaute proteins in small RNA-directed
RNA cleavage pathways. Genes Dev 18: 1655–1666.

Omoto, S., and Fujii, Y.R. (2005) Regulation of human immu-
nodeficiency virus 1 transcription by nef microRNA. J Gen
Virol 86: 751–755.

Omoto, S., Ito, M., Tsutsumi, Y., Ichikawa, Y., Okuyama, H.,
Brisibe, E.A., et al. (2004) HIV-1 nef suppression by virally
encoded microRNA. Retrovirology 1: 44.

Palakodeti, D., Smielewska, M., and Graveley, B.R. (2006)
MicroRNAs from the Planarian Schmidtea mediterranea:
a model system for stem cell biology. RNA 12: 1640–
1649.

Host–virus genome interactions 2793

© 2007 Institute of Genomics and Integrative Biology (CSIR)
Journal compilation © 2007 Blackwell Publishing Ltd, Cellular Microbiology, 9, 2784–2794



Palliser, D., Chowdhury, D., Wang, Q.Y., Lee, S.J., Bronson,
R.T., Knipe, D.M., et al. (2006) An siRNA-based microbi-
cide protects mice from lethal herpes simplex virus 2
infection. Nature 439: 89–94.

Pfeffer, S., Sewer, A., Lagos-Quintana, M., Sheridan, R.,
Sander, C., Grasser, F.A., et al. (2005) Identification of
microRNAs of the herpesvirus family. Nat Methods 2: 269–
276.

Pillai, R.S., Bhattacharyya, S.N., and Filipowicz, W. (2007)
Repression of protein synthesis by miRNAs: how many
mechanisms? Trends Cell Biol 17: 118–126.

Porteous, D.J., Dorin, J.R., McLachlan, G., Davidson-Smith,
H., Davidson, H., Stevenson, B.J., et al. (1997) Evidence
for safety and efficacy of DOTAP cationic liposome medi-
ated CFTR gene transfer to the nasal epithelium of patients
with cystic fibrosis. Gene Ther 4: 210–218.

Rana, T.M. (2007) Illuminating the silence: understanding the
structure and function of small RNAs. Nat Rev Mol Cell Biol
8: 23–36.

Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E.,
Bettinger, J.C., Rougvie, A.E., et al. (2000) The
21-nucleotide let-7 RNA regulates developmental timing in
Caenorhabditis elegans. Nature 403: 901–906.

Salvi, R., Garbuglia, A.R., Di, C.A., Pulciani, S., Montella, F.,
and Benedetto, A. (1998) Grossly defective nef gene
sequences in a human immunodeficiency virus type
1-seropositive long-term nonprogressor. J Virol 72: 3646–
3657.

Samols, M.A., Hu, J., Skalsky, R.L., and Renne, R. (2005)
Cloning and identification of a microRNA cluster within the
latency-associated region of Kaposi’s sarcoma-associated
herpesvirus. J Virol 79: 9301–9305.

Sano, M., Kato, Y., and Taira, K. (2006) Sequence-specific
interference by small RNAs derived from adenovirus VAI
RNA. FEBS Lett 580: 1553–1564.

Scaria, V., Hariharan, M., Maiti, S., Pillai, B., and Brahma-
chari, S.K. (2006) Host–virus interaction: a new role for
microRNAs. Retrovirology 3: 68.

Scaria, V., Hariharan, M., Brahmachari, S.K., Maiti, S., and
Pillai, B. (2007) microRNA: an Emerging Therapeutic.
Chem Med Chem 2: 789–792.

Schwab, R., Ossowski, S., Riester, M., Warthmann, N., and
Weigel, D. (2006) Highly specific gene silencing by artificial
microRNAs in Arabidopsis. Plant Cell 18: 1121–1133.

Sontheimer, E.J., and Carthew, R.W. (2004) Molecular
biology. Argonaute journeys into the heart of RISC. Science
305: 1409–1410.

Sullivan, C.S., Grundhoff, A.T., Tevethia, S., Pipas, J.M., and
Ganem, D. (2005) SV40-encoded microRNAs regulate
viral gene expression and reduce susceptibility to cytotoxic
T cells. Nature 435: 682–686.

Tijsterman, M., and Plasterk, R.H. (2004) Dicers at RISC; the
mechanism of RNAi. Cell 117: 1–3.

Triboulet, R., Mari, B., Lin, Y.L., Chable-Bessia, C.,
Bennasser, Y., Lebrigand, K., et al. (2007) Suppression
of microRNA-silencing pathway by HIV-1 during virus
replication. Science 315: 1579–1582.

Weinberg, M.S., and Morris, K.V. (2006) Are viral-encoded
microRNAs mediating latent HIV-1 infection? DNA Cell Biol
25: 223–231.

Wu, L., Fan, J., and Belasco, J.G. (2006) MicroRNAs direct
rapid deadenylation of mRNA. Proc Natl Acad Sci USA
103: 4034–4039.

Yeung, M.L., Bennasser, Y., Myers, T.G., Jiang, G.,
Benkirane, M., and Jeang, K.T. (2005) Changes in
microRNA expression profiles in HIV-1-transfected human
cells. Retrovirology 2: 81.

Yi, R., Qin, Y., Macara, I.G., and Cullen, B.R. (2003)
Exportin-5 mediates the nuclear export of pre-microRNAs
and short hairpin RNAs. Genes Dev 17: 3011–3016.

Yi, R., Doehle, B.P., Qin, Y., Macara, I.G., and Cullen, B.R.
(2005) Overexpression of exportin 5 enhances RNA inter-
ference mediated by short hairpin RNAs and microRNAs.
RNA 11: 220–226.

Ying, S.Y., and Lin, S.L. (2006) Current perspectives in
intronic micro RNAs (miRNAs). J Biomed Sci 13: 5–15.

Yoon, S., and De, M.G. (2006) Computational identification of
microRNAs and their targets. Birth Defects Res C Embryo
Today 78: 118–128.

Zelphati, O., and Szoka, F.C., Jr (1996) Intracellular distri-
bution and mechanism of delivery of oligonucleotides
mediated by cationic lipids. Pharm Res 13: 1367–1372.

Zeng, Y., and Cullen, B.R. (2004) Structural requirements for
pre-microRNA binding and nuclear export by Exportin 5.
Nucleic Acids Res 32: 4776–4785.

Zhang, B., Pan, X., and Anderson, T.A. (2006) MicroRNA:
a new player in stem cells. J Cell Physiol 209: 266–
269.

2794 V. Scaria et al.

© 2007 Institute of Genomics and Integrative Biology (CSIR)
Journal compilation © 2007 Blackwell Publishing Ltd, Cellular Microbiology, 9, 2784–2794


