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ABSTRACT

MicroRNAs (miRNAs) mark a new paradigm of RNA-
directed gene expression regulation in a wide spec-
trum of biological systems. These small non-coding
RNAs can contribute to the repertoire of host-
pathogen interactions during viral infection. This
interplay has important consequences, both for the
virus and the host. There have been reported evi-
dences of host-cellular miRNAs modulating the
expression of various viral genes, thereby playing
a pivotal role in the host–pathogen interaction net-
work. In the hide-and-seek game between the
pathogens and the infected host, viruses have
evolved highly sophisticated gene-silencing
mechanisms to evade host-immune response.
Recent reports indicate that virus too encode
miRNAs that protect them against cellular antiviral
response. Furthermore, they may exploit the cellular
miRNA pathway to their own advantage.
Nevertheless, our increasing knowledge of the
host–virus interaction at the molecular level should
lead us toward possible explanations to viral tro-
pism, latency and oncogenesis along with the devel-
opment of an effective, durable and nontoxic
antiviral therapy. Here, we summarize the recent
updates on miRNA-induced gene-silencing mecha-
nism, modulating host–virus interactions with a
glimpse of the miRNA-based antiviral therapy for
near future.

INTRODUCTION

MicroRNAs (miRNAs) are small �22 nucleotide (nt)
non-coding RNAs (ncRNAs) that play an important
role in the post-transcriptional regulation of gene
expression in a wide range of organisms from unicellular

eukaryotes to multicellular eukaryotes by a variety
of mechanisms. Initially, these were discovered in
Caenorhabditis elegans (1,2), but now they are known to
be widespread in nature (3–8). It therefore comes as no
surprise that viruses, which typically employ many com-
ponents of the host gene expression machinery, also
encode miRNAs (9–16). Thus far, 8619 miRNA genes
have been annotated from 87 organisms of which Homo
sapiens top the list with 695 miRNA genes identified till
date. These data are available at microRNA Registry
database managed by researchers at University of
Manchester and the Wellcome Trust Sanger Institute
(http://microrna.sanger.ac.uk/sequences) (17). Over the
course of evolution, viruses have developed highly sophis-
ticated mechanisms to exploit the biosynthetic machinery
of host cells and elude the cellular defense mechanisms
(18,19). Present research advances reveal that the complex
interaction between viruses and host cells also involves
miRNA-mediated RNA-silencing pathways (20).
Viruses have a more intricate interaction with the host

cell, which creates problem in inactivating a virus without
doing any harm to the host cell. Combating viral infection
by targeting viral proteins and pathways unique to the
viral life cycle has become possible for a few viruses with-
out unacceptable host cell toxicity (21). Hence, only a few
effective antiviral drugs exist. Viral resistance, sequence
diversity and drug toxicity are significant problems for
all antiviral therapies. This has lead toward harnessing
the potential of RNA interference (RNAi) as an innate
antiviral defense mechanism (22,23).
RNAi represents a vital component of the innate anti-

viral immune response in plants and invertebrate animals.
Furthermore, it serves as a host gene-regulation mecha-
nism that is triggered by the expression of highly struc-
tured miRNA molecules. However, role of cellular
miRNAs in the defense against viral infection in mamma-
lian organisms has thus far remained elusive. Hence, it is
important to understand the intricate details regarding the
influence of viral replication on the abundance and
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distribution of miRNAs within the host cell. It has been
proposed that cellular miRNAs may have a substantial
effect on viral evolution and have the potential to regulate
the tissue tropism of viruses in vivo (20). Viruses too
exploit miRNA-induced gene-silencing pathway by encod-
ing their own miRNAs (9,16,24–27). Thus, studying the
changes in miRNA landscape during viral replication may
help us understand the molecular regulation of host
defenses and the attempt by viruses to overcome host
defense during infection. A wide range of complex inter-
actions is possible through miRNA–mRNA coupling
during host–virus interaction (21). In this game of patho-
gen-host interaction, viruses strive to succeed by effective
usage of host machinery and expressing viral proteins,
whereas efficient hosts limit viral invasion by putting up
innate and adaptive antiviral defenses.
The present review discusses the existing intricate details

about the role of miRNAs in virus–host interaction.
Furthermore, it discusses its therapeutic implications
along with the existing resources needed to study such
interaction.

VIRAL miRNAs

Thomas Tuschl and his group at Rockefeller University
reported the existence of viral miRNAs for the first time in
Epstein-Barr virus (EBV) (9). Till now, 141 miRNA genes
have been identified in 15 viruses from three viral families,
herpesvirus, polyomavirus and retrovirus. Herpesvirus
family with three subfamilies, viz., a-, b- and g-herpesvir-
inae express a large number of distinct miRNAs. Among
these, g-herpesvirus encodes maximum number of
miRNAs (9,28,29). EBV of g-herpesvirus subfamily has
the highest number of miRNAs (17). Kaposi’s sarcoma-
associated viruses (KSHV), a member of the g-herpesvirus
subfamily encodes an array of 13 distinct miRNAs, all of
which are expressed at readily detectable levels in latently
KSHV-infected cells. The remaining three members
encoding miRNAs are murine g-herpesvirus 68
(MHV68) (10,30), Rhesus monkey rhadino virus (RRV)
(31) and Rhesus lymphocryptovirus (rLCV) (28).
Furthermore, reports have been published on identifica-

tion of miRNAs encoded by polyomaviruses, viz., BK
polyomavirus (BKV), JC polyomavirus (JCV) and
simian virus 40 (SV40) (11,32), Human cytomegalovirus
(HCMV) (10,25,33); Herpes Simplex virus-1(HSV-1)
(16,26), HSV-2 (34), Murine cytomegalovirus (MCMV)
(13,35) and Marek’s disease virus type 1 and 2 (MDV-1
and MDV-2) (36–38). The details about the viruses, their
pathogenicity in host and miRNAs encoded by them are
provided in Table 1.
miRNA-biogenesis pathway (Figure 1) poses some seri-

ous problem for RNA viruses and a group of DNA
viruses (poxviruses) to encode miRNAs (4). However, it
is possible to overcome these problems by adopting non-
conventional ways. Omoto et al. (46) have reported the
presence of miRNAs in HIV-1 (which is an RNA virus)
infected cells, although extensive studies by Pfeffer et al.
(10) as well as Lin and Cullen (47) have failed to confirm
the existence of viral miRNAs in HIV. Recently, Ouellet

et al. (15) have also identified miRNAs within HIV-1
trans-activation responsive (TAR) element. It is definitely
essential and still needs further investigation to find
whether the expression of TAR miRNAs influences viral
replication or the efficiency of host-antiviral defenses.

BIOGENESIS OF miRNAs

Any understanding of the potential role of miRNAs in
viral pathogenesis and studies into the entire spectrum
of host–virus interactions at the miRNA level requires
an appreciation of the genomic location, transcription
and processing of miRNAs (48,49).

Organization of miRNA genes

Viral miRNA genes are found as single or clustered tran-
scription units (50–52). The genomic location of the virus-
encoded miRNAs is very important and to some extent
linked with their function. miRNAs of a-herpesviruses,
namely HSV-1, MDV-1 and 2 and those of the g-herpes-
viruses, namely KSHV, are located closed to and within
the latency-associated transcript. These miRNAs are asso-
ciated with latent transcription (16,36,38,41). The organi-
zation of viral miRNA genes within their genomes is
provided in Table 1.

Maturation and processing of miRNAs

miRNA biogenesis initiates with the transcription of a pri-
miRNA precursor, typically of length ranging from
�200 nt to several thousand nts by RNA polymerase II
(Pol II) (53). On the contrary, work of Borchert et al. (54)
showed a miRNA cluster (C19MC) in the human chro-
mosome 19, interspersed among Alu repeats requires
RNA polymerase III (Pol III) for transcription
(54).Viral miRNAs too undergoes similar processing by
Pol II except in a few cases, namely MHV68 miRNAs,
which are transcribed by Pol III (10).

Next step in miRNA processing involves the recogni-
tion and nuclear cleavage of pri-miRNAs by RNase III
enzyme Drosha acting in concert with the double-stranded
RNA-binding protein DGCR8 (DiGeorge-syndrome
critical-region protein 8) in vertebrates (55,56). This gen-
erates �60-nt pre-miRNA hairpin, which is transported
into the cytoplasm by exportin-5 complexed with Ran-
GTP (Figure 1). Here, GTP hydrolysis results in the
release of the pre-miRNA.

Drosha-mediated processing of miRNA genes located
within the open-reading frames and translation of these
protein-coding transcripts must be mutually exclusive. As
in the case of KSHVmiRNAs, processing of miR-K10 and
miR-12 within the nucleus must be modulated in such a
way, so that a substantial percentage of KSHV mRNA is
able to exit the nucleus before Drosha cleavage (40). Hence,
it is possible that the regulation of viral mRNA expression
by modulation of Drosha cleavage efficiency has a role in
several different virus replication cycles.

Drosha independent miRNA processing has been pre-
viously observed in the case of mirtrons (57). The TAR
element in HIV-1 having structural similarities with
human pre-miRNA let-7a-3 (15) is too short for Drosha

1036 Nucleic Acids Research, 2009, Vol. 37, No. 4



T
a
b
le

1
.
L
is
t
o
f
v
ir
u
se
s
en
co
d
in
g
m
ic
ro
R
N
A
s,

th
ei
r
g
en
o
m
ic

lo
ca
ti
o
n
,
h
o
st
s
a
n
d
d
is
ea
se
s
ca
u
se
d
b
y
th
es
e
v
ir
u
se
s

D
N
A

v
ir
u
s
fa
m
il
ie
s

S
p
ec
ie
s

D
is
ea
se
s

H
o
st

N
o
s.

m
iR

N
A
s

G
en
o
m
ic

lo
ca
ti
o
n

F
u
n
ct
io
n
s

R
ef
er
en
ce
s

a-
H
er
p
es
v
ir
u
se
s

H
er
p
es

S
im

p
le
x
V
ir
u
s-
1

C
o
ld

so
re
s

H
u
m
a
n

6
h
sv
1
-m

iR
-H

1
4
5
0
-b
p
u
p
st
re
a
m

o
f

T
S
S
o
f
L
A
T

re
g
io
n

M
a
in
te
n
a
n
ce

o
f
v
ir
a
l

la
te
n
cy

1
6
,2
6

h
sv
1
-m

iR
-H

(2
-6
)

F
o
u
r
a
re

en
co
d
ed

in
L
A
T

re
g
io
n
a
n
d

fi
ft
h
o
n
e
in

u
n
k
n
o
w
n

tr
a
n
sc
ri
p
t

H
er
p
es

S
im

p
le
x
V
ir
u
s-
2

G
en
it
a
l
h
er
p
es

H
u
m
a
n

1
h
sv
2
-m

iR
-I

E
n
co
d
ed

in
L
A
T

ex
o
n
-2

C
o
n
tr
o
ls

v
ir
a
l
re
p
li
-

ca
ti
o
n
in

n
eu
ro
n
s

3
4

M
a
re
k
’s

d
is
ea
se

v
ir
u
s

M
a
re
k
’s

d
is
ea
se

(M
D
);

N
eu
ro
ly
m
p
h
o
m
a
to
si
s;

O
cu
la
r
ly
m
p
h
o
m
a
to
si
s

C
h
ic
k
en

1
4

m
d
v
1
-m

iR
-M

(1
–
1
3
)

C
lu
st
er
ed

in
M
E
Q

a
n
d
L
A
T

re
g
io
n
s

N
eo
p
la
st
ic

tr
a
n
sf
o
r-

m
a
ti
o
n
,

a
n
ti
a
p
o
p
to
ti
c

3
6
,3
8

M
a
re
k
’s

d
is
ea
se

v
ir
u
s
ty
p
e
2

N
o
n
o
n
co
g
en
ic
;

N
eu
ro
ly
m
p
h
o
m
a
to
si
s;

O
cu
la
r
ly
m
p
h
o
m
a
to
si
s

C
h
ic
k
en

1
7

m
d
v
2
-m

iR
-M

(1
4
–
3
0
)

S
ix
te
en

a
re

cl
u
st
er
ed

in
a
lo
n
g
re
p
ea
t

re
g
io
n
,
en
co
d
in
g

R
-L
O
R
F
2
to

R
-L
O
R
F
5
.
T
h
e

si
n
g
le

m
iR

N
A

is
w
it
h
in

th
e

C
-t
er
m
in
a
l
re
g
io
n

o
f
th
e
IC

P
4

h
o
m
o
lo
g
.

3
7

b-
H
er
p
es
v
ir
u
se
s

H
u
m
a
n
C
y
to
m
eg
a
lo
v
ir
u
s

C
o
n
g
en
it
a
l
C
M
V

in
fe
ct
io
n
;

C
M
V

m
o
n
o
n
u
cl
eo
si
s;

C
M
V

p
n
eu
m
o
n
it
is
;

C
M
V

re
ti
n
it
is

H
u
m
a
n

1
1

h
cm

v
-m

iR
-U

L
2
2
A
,

h
cm

v
-m

iR
-U

L
3
6
,

h
cm

v
-m

iR
-U

L
7
0
,

h
cm

v
-m

iR
-U

L
1
1
2
,

h
cm

v
-m

iR
-U

L
1
4
8
D
,

h
cm

v
-m

iR
-U

S
4
,

h
cm

v
-m

iR
-U

S
5
-1
,

h
cm

v
-m

iR
-U

S
5
-2
,

h
cm

v
-m

iR
-U

S
2
5
-1
,

h
cm

v
-m

iR
-U

S
2
5
-2
,

h
cm

v
-m

iR
-U

S
3
3

In
te
rg
en
ic

a
n
d

in
tr
o
n
ic

A
ct

a
s
im

m
u
n
e-

re
sp
o
n
se

in
h
ib
it
o
r,

h
el
p
in

v
ir
a
l

re
p
li
ca
ti
o
n

1
0
,2
5
,3
0
,3
3
,3
9

M
o
u
se

C
y
to
m
eg
a
lo
v
ir
u
s

M
u
ri
n
e

1
8

m
cm

v
-m

iR
-M

2
3
-1
,

m
cm

v
-m

iR
-M

2
3
-2
,

m
cm

v
-m

iR
-M

4
4
-1
,

m
cm

v
-m

iR
-M

5
5
-1
,

m
cm

v
-m

iR
-M

8
7
-1
,

m
cm

v
-m

iR
-M

9
5
-1
,

m
cm

v
-m

iR
-m

0
1
-1
,

m
cm

v
-m

iR
-m

0
1
-2
,

m
cm

v
-m

iR
-m

0
1
-3
,

m
cm

v
-m

iR
-m

0
1
-4
,

m
cm

v
-m

iR
-m

2
1
-1
,

m
cm

v
-m

iR
-m

2
2
-1
,

m
cm

v
-m

iR
-m

5
9
-1
,

m
cm

v
-m

iR
-m

5
9
-2
,

m
cm

v
-m

iR
-m

8
8
-1
,

m
cm

v
-m

iR
-m

1
0
7
-1
,

O
rg
a
n
iz
ed

in
to

fi
v
e

g
en
o
m
ic

re
g
io
n
s

a
n
d
th
re
e
cl
u
st
er
s

C
o
u
ld

in
fl
u
en
ce

v
ir
a
l

in
fe
ct
io
n
a
n
d

la
te
n
cy

1
3
,3
5

(c
o
n
ti
n
u
ed
)

Nucleic Acids Research, 2009, Vol. 37, No. 4 1037



T
a
b
le

1
.
C
o
n
ti
n
u
ed

D
N
A

v
ir
u
s
fa
m
il
ie
s

S
p
ec
ie
s

D
is
ea
se
s

H
o
st

N
o
s.

m
iR

N
A
s

G
en
o
m
ic

lo
ca
ti
o
n

F
u
n
ct
io
n
s

R
ef
er
en
ce
s

m
cm

v
-m

iR
-m

1
0
8
-1
,

m
cm

v
-m

iR
-m

1
0
8
-2

g-
H
er
p
es
v
ir
u
se
s

K
a
p
o
si
’s

sa
rc
o
m
a
-a
ss
o
ci
a
te
d

H
er
p
es
v
ir
u
s

K
a
p
o
si
’s

sa
rc
o
m
a
,
p
ri
m
a
ry

eff
u
si
o
n
ly
m
p
h
o
m
a

(P
E
L
),

m
u
lt
ic
en
tr
ic

C
a
st
le
m
a
n
’s

d
is
ea
se

H
u
m
a
n

1
3

k
sh
v
-m

iR
-K

1
2
-(
1
-9
),

k
sh
v
-m

iR
-K

1
2
-1
0
(a
,b
),

k
sh
v
-m

iR
-K

1
2
-(
1
1
-1
2
)

L
o
ca
te
d
w
it
h
in

3
.6
-k
b
in
te
rg
en
ic

re
g
io
n
a
n
d

K
a
p
o
si
n
g
en
e

M
a
y
re
g
u
la
te

k
a
p
o
-

si
n
g
en
e;

d
o
w
n
-

re
g
u
la
te
s

th
ro
m
b
o
sp
o
n
d
in

1
,
w
h
ic
h
h
a
s
a
n
ti
-

p
ro
li
fe
ra
ti
v
e,

a
n
ti
-a
n
g
io
g
en
ic

a
ct
iv
it
y

1
0
,2
7
,4
0
–
4
2

E
p
st
ei
n
-B
a
rr

V
ir
u
s

P
fe
iff
er
’s

d
is
ea
se
;
B
u
rk
it
t’
s

ly
m
p
h
o
m
a
;
g
a
st
ri
c
ca
rc
i-

n
o
m
a
;
N
a
so
p
h
a
ry
n
g
ea
l

ca
rc
in
o
m
a

H
u
m
a
n

2
3

eb
v
-m

iR
-B
A
R
T
(1
-2
0
),

eb
v
-m

iR
-B
H
R
F
1
-(
1
-3
)

T
w
en
ty

g
en
es

a
re

w
it
h
in

th
e
in
tr
o
n
s

o
f
B
A
R
T
s
a
n
d

re
m
a
in
in
g
in

B
H
R
F
1

T
u
m
o
ri
g
en
es
is

o
f

E
B
V
a
G
C
s;

re
g
u
-

la
te
s
L
M
P
1

ex
p
re
ss
io
n

(N
a
so
p
h
a
ry
n
g
ea
l

C
a
rc
in
o
m
a
);

d
o
w
n
-r
eg
u
la
te

th
e

v
ir
a
l
D
N
A

p
o
ly
-

m
er
a
se

B
A
L
F
5
;

9
,2
8
,2
9
,4
3
–
4
5

R
h
es
u
s
L
y
m
p
h
o
cr
y
p
to
v
ir
u
s

L
y
m
p
h
a
d
en
o
p
a
th
y

S
im

ia
n

1
6

rl
cv
-m

iR
-r
L
1
-(
1
-1
6
)

C
lu
st
er
ed

in
B
A
R
T

a
n
d
B
H
R
F
1

2
8

R
h
es
u
s
M
o
n
k
ey

R
h
a
d
in
o
v
ir
u
s

M
u
lt
ic
en
tr
ic

ly
m
p
h
o
p
ro
li
-

fe
ra
ti
v
e
d
is
o
rd
er

S
im

ia
n

7
rr
v
-m

iR
-r
R
1
-(
1
-7
)

L
o
ca
te
d
w
it
h
in

a
si
n
g
le

cl
u
st
er

a
t

th
e
sa
m
e
g
en
o
m
ic

lo
ca
ti
o
n
a
s
o
f

K
S
H
V

3
1

M
o
u
se

G
a
m
m
a
H
er
p
es
v
ir
u
s
6
8

In
fe
ct
io
u
s
m
o
n
o
n
u
cl
eo
si
s

9
m
g
h
v
-m

iR
-M

1
-(
1
-9
)

In
te
rg
en
ic

a
n
d

cl
u
st
er
ed

1
0
,3
0

P
o
ly
o
m
a
v
ir
u
se
s

S
im

ia
n
V
ir
u
s
4
0

T
u
m
o
rs

S
im

ia
n

1
sv
4
0
-m

iR
-S
1

D
o
w
n
-r
eg
u
la
te

th
e

ex
p
re
ss
io
n
o
f
v
ir
a
l

ea
rl
y
g
en
es

1
1

B
K

P
o
ly
o
m
a
v
ir
u
s

P
o
ly
o
m
a
v
ir
u
s-
a
ss
o
ci
a
te
d

n
ep
h
ro
p
a
th
y

H
u
m
a
n

1
b
k
v
-m

iR
-B
1

-d
o
-

3
2

JC
P
o
ly
o
m
a
v
ir
u
s

P
ro
g
re
ss
iv
e
M
u
lt
if
o
ca
l

L
eu
k
o
-e
n
ce
p
h
a
lo
p
a
th
y

H
u
m
a
n

1
jc
v
-m

iR
-J
1

-d
o
-

3
2

R
N
A

v
ir
u
s
fa
m
il
ie
s

H
IV

H
u
m
a
n
im

m
u
n
o
d
efi
ci
en
cy

v
ir
u
s
1

A
ID

S
H
u
m
a
n

3
h
iv
1
-m

iR
-H

1
,

h
iv
1
-m

iR
-N

3
6
7
,

h
iv
1
-m

iR
-T
A
R

F
o
u
n
d
in

n
ef

g
en
e

a
n
d
T
A
R

el
em

en
t

S
u
p
re
ss

N
ef

fu
n
c-

ti
o
n
;
su
p
re
ss

H
IV

-
1
v
ir
u
le
n
ce

1
5
,4
6
,4
7

T
S
S
:
tr
a
n
sc
ri
p
ti
o
n
st
a
rt

si
te
;
L
A
T
:
la
te
n
cy
-a
ss
o
ci
a
te
d
tr
a
n
sc
ri
p
t;
B
A
R
T
:
B
a
m
A

ri
g
h
tw

a
rd

tr
a
n
sc
ri
p
t;
B
H
R
F
1
:
B
a
m
H
1
fr
a
g
m
en
t
H

ri
g
h
tw

a
rd

o
p
en

re
a
d
in
g
fr
a
m
e
1
;
T
A
R
:
tr
a
n
s-
a
ct
in
g
re
sp
o
n
si
v
e

el
em

en
t;

n
ef
:
n
eg
a
ti
v
e
fa
ct
o
r.

1038 Nucleic Acids Research, 2009, Vol. 37, No. 4



processing whose pri-miRNA substrates contain a
stem of approx. three helical turns (�33 bp).
Therefore, experimental evidences suggest Drosha inde-
pendent processing of HIV-1 TAR miRNAs.

The pre-miRNA resulting from Drosha processing is
cleaved thereafter by cytoplasmic RNase III enzyme
Dicer acting in concert with its cofactor TRBP (transacti-
vating region RNA-binding protein) (58). The terminal
loop is removed, generating the miRNA duplex intermedi-
ate. Dicer facilitates assembly of the miRNA strand
(having weaker 50 bp) of the duplex into the miRNA effec-
tor complexes, called RNA-induced silencing complexes
(RISCs) (58). The unincorporated strand termed as ‘pas-
senger strand’ is released and degraded. Although the
composition of RISC is not completely defined, the key
constituents of it are miRNA and one of the four
Argonaute (Ago) proteins (59). The miRNA then directs
RISC to complementary mRNAs (60), which is either
cleaved or undergone translational repression depending
on the degree of complementarity between the RISC-
bound miRNA and the target mRNA. A seed sequence
within the miRNA (nts 2–8) is known to be critical for
binding and target recognition. Perfect complementarity
results in mRNA degradation/cleavage, which is rare in
animals but not in plants. Such an example is exhibited by
the polyoma virus SV40 miRNAs, which are perfectly
complementary to early mRNAs transcribed antisense to
the pre-miRNA and direct the RISC-mediated cleavage of
these early transcripts, responsible for generating strong
cytotoxic T-cell (20). In major instances, imperfect/partial
complementarity with the target is observed, leading to

translational repression of the mRNA transcripts by
miRNA-RISC (61,62). In addition to repressing transla-
tion, miRNA interactions can lead to deadenylation or
target decapping, leading to rapid mRNA decay (63–66).

miRNA editing influences processing pathway

The levels of mature miRNAs expressed within a cell are
not simply determined by the transcription of miRNA
genes; rather it depends on one or more steps in the pro-
cessing pathway (67) like RNA editing of pri-/pre-
miRNAs. Edited pri-/pre-miRNAs do not undergo
Drosha or Dicer cleavage, which eventually reduces the
production of mature miRNAs. In certain cases, pri-
miRNAs are transported out of the nucleus into the cyto-
plasm where Drosha fails to process them and they are
destroyed (68). Adensosine deaminase editing of specific
pri-miRNAs has been reported. This A-I editing event
leads to decreased processing of the miRNA by Drosha
and increases turnover by the Tudor-SN nuclease, a com-
ponent of RISC and also a ribonuclease specific to
inosine-containing dsRNAs (69). The human and mouse
pre-miRNAs of miR-22 are edited at several positions,
including sites in the mature miRNA, which are predicted
to influence its biogenesis and function (70). Notably, the
viral miRNA, kshv-miR-K12-10, with a single adenosine
residue substituted by guanosine (miR-K12-10b) is fre-
quently detected among cDNA isolates identified by the
small RNA-cloning method. The editing of this particular
site does not inhibit pri-miR-K12-10 RNA processing, but
leads to expression of mature miRNA with the edited
sequence (10). Evidence of RNA editing has also been
observed in miR-M7 of MDV, although its effect is
unknown (38). However, RNA editing in the seed
sequence of a miRNA could re-direct it to a new set of
targets (71). All these indicate that the miRNAs originated
from the same pre-miRNA may target more correspond-
ing complementary mRNA, making the fine-tuning of the
virus-host interaction network more complicated.

EVOLUTIONARY ASPECTS OF CELLULAR
VERSUS VIRAL miRNA GENES

Cellular miRNAs and their target sequences are fre-
quently conserved (72), which facilitate computational
biologists toward in silico prediction of cellular miRNAs
and their targets. Interestingly, viral miRNAs, unlike their
vertebrate counterparts do not share a high level of
homology, even within members of the same family or
with that of the host. However, miRNAs of closely related
viruses such as RRV and KSHV are encoded in the same
genomic region but do not exhibit sequence homology
(31). The miRNAs encoded by chicken a-herpesviruses
MDV-1 and MDV-2 are clustered in homologous regions
of the viral genomes, which are transcribed during viral
latency, but are not homologous in sequence (36–38). In
contrary to these, Cai et al. (28) have shown that eight of
EBV miRNAs are conserved with rLCV miRNAs, thus
arguing for their importance in viral life cycle.
The lack of conservation in viral miRNA sequences

attributes to the higher rate of mutations and faster

Figure 1. Biogenesis of microRNAs. Processing of both host miRNAs
(violet) and virus-encoded miRNAs (blue) is assumed to occur through
the same pathway. The arrows (pink) indicate the effects of cellular
miRNAs on their own cellular transcripts as well as on viral transcripts.
The violet arrow shows the effects of virus-encoded miRNAs on both
cellular and viral transcripts. Both these arrows suggest possible
miRNA-mediated interactions between viruses and their hosts.
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evolution in viruses when compared to eukaryotes.
This would mean an evolutionary advantage for rapid
adaptation to the host and environmental conditions.
However, it offers a challenge to computational biologists
as most of the algorithms for miRNA prediction rely
heavily on conservation and would prove inadequate in
case of viruses. Even a single-point mutation in the seed
region can lead to a dramatic shift in miRNA function due
to the loss or acquisition of a large number of cellular or
viral mRNA targets.

VIRUS-ENCODED miRNAs—ORTHOLOGS OF
CELLULAR miRNAs

In general, viral miRNAs and cellular miRNAs do not
bear seed homology. But presumably, due to the presence
of highly evolved gene-regulatory networks, some viral
miRNAs have seed homology with cellular miRNAs.
Recent report suggests that miR-K12-11 encoded by
KSHV shares the first eight nts with hsa-miR-155
(27,73) (refer Figure 2). MiR-155 is processed from a pri-
mary transcript, termed as BIC gene (B-cell Integration
Cluster), whose upstream region was identified as a
common site of integration of the avian leucosis virus
(ALV) (74) in lymphomas. miRNA-profiling studies

have shown increased expression of miR-155 in a wide
range of cancers including lymphomas (75). Gottwein
et al. (73) reported that miR-155 and miR-K12-11 regulate
similar set of targets including genes with known roles in
cell-growth regulation. It has been shown that BACH-1 is
one of the predicted mRNAs, targeted by both miR-155
and miR-K12-11 (27). Transient expression of miR-155
occurs in macrophages, T and B lymphocytes and miR-
155 knockout mice revealed defects in adaptive immune
responses. Furthermore, overexpression of miR-155 in
B-cells is associated with the development of B-cell lym-
phomas in humans, mice and chickens (74) although the
mechanism is unknown. Given the apparent role of miR-
155 in tumorigenesis and miR-K12-11 being an ortholog
of miR-155, it is tempting to speculate that miR-K12-11
may contribute to the development of B-cell tumors seen
in KSHV-infected individuals. Inspite of being a distantly
related g-herpesvirus, EBV miRNAs do not bear homol-
ogy to miR-155 (76). However, previous reports have
shown the expression of BIC during EBV infection expres-
sing the full repertoire of EBV latency genes, which
implies the role of EBV latency genes in inducing BIC
gene (77).

Analyzing the entire set of viral miRNAs known till
today, such seed homology is observed in a few more
cases. One of the interesting cases is the MDV-1 miRNA
miR-M4, which bears the same 5/terminal 8 nts as miR-
K12-11 and hence might function as an ortholog of miR-
155. Since MDV-1 encodes meq oncogene apart from
other proteins, miR-M4 might contribute to tumorigenesis
in chickens. Furthermore, miR-M1-4 of MHV68 shares
5/terminal 9 nts with murine miR-151. The function of
this cellular miRNA is still unknown. Potential cellular
orthologs of other viral miRNAs having limited seed
homology (nts 2–7) (refer Figure 2), corresponding to
the minimal miRNA seed region, include ebv-miR-
BART5, rlcv-miR-rL1-8 and mghv-miR-M1-7-5p, which
have miR-18a and miR-18b as their cellular counterpart.
These two cellular miRNAs are encoded in the miR-17-92
cluster, which has oncogenic function (78).

VIRAL miRNAs-REGULATING GENE EXPRESSION

Regulatory impact on viral transcripts

Viral miRNAs have a regulatory effect on their protein-
coding genes. The level of regulation depends on the
degree of complementarity of the viral miRNAs with the
3/UTR (untranslated region) of the regulated mRNAs
(79). These regulations are beneficiary to the virus
toward maintaining its replication, latency and evading
the host-immune system (Figure 3).

MiR-BART2 of EBV exhibits perfect complementarity
to the 3/UTR of BALF5, which encodes the viral DNA
polymerase (9). Recently, Barth et al. (14) have shown that
miR-BART2 down-regulates BALF5. Induction of the
lytic viral replication cycle results in a reduction of
the level of miR-BART2. Hence, there is a decrease in
cleavage of the BALF5 3/UTR. Forced expression
of miR-BART2 during lytic replication resulted in a
40–50% reduction of the level of BALF5 protein and

Figure 2. Virus-encoded microRNAs as orthologs of cellular
microRNAs. Encircled boxes show sequence homology of viral
miRNAs to human/mouse miRNAs. The homologous bases are
shown in blue. (a) Orthologs of cellular miR-155; (b) orthologs of cel-
lular miR-151; (c) orthologs of cellular miR-18a and miR-18b.
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a 20% reduction of the amount of virus released from
EBV-infected cells. It might be the situation that latently
expressed miR-BART2 specifically has evolved to target
BALF5, and such an interaction may be essential for
maintaining EBV latency. The other EBV miRNAs
miR-BART-1p, miR-BART16 and miR-BART17-5p
(having imperfect match with the targets) target 3/UTR
of the mRNA coding for the latency-associated membrane
protein LMP-1 and repress its expression. This regulation
decreases LMP-1-mediated activation of nuclear factor-
kappa B (NF-kB) as well as apoptosis resistance (44).
Hence, these miR-BART miRNA-mediated regulations
on LMP1 may explain the discrepancy between LMP1
transcript and protein detection in nasopharyngeal carci-
noma. This further highlights the role of the EBV
miRNAs in regulating LMP1 downstream signaling to
promote cancer development (44).

Grey et al. (79) predicted that miR-UL112-1 of
HCMV targets the viral immediate-early protein 1(IE1)
mRNA, a transcription factor required for the expression
of many viral genes. To test this prediction, mutant viruses
were generated that were unable to express miRNA or
encoded an IE1 mRNA lacking its target site. Analysis
of RNA and protein within infected cells demonstrated
that miR-UL112-1 inhibits expression of the major IE1
protein. Such miRNA-mediated suppression of IE genes
might be a part of the strategy of these viruses to enter the
host and maintain latency.

SV40 miRNAs (miR-S1-5p and miR-S1-3p) are per-
fectly complementary to early viral mRNAs and target
the mRNAs for a protein known as T antigen, leading

to its cleavage. On entering into the cell, viral replication
is triggered by the production of this T antigen.
Furthermore, T antigen serves as a target for host
immune (T) cells, which destroys infected cells and pre-
vents the virus from spreading. Thus, the corresponding
miRNAs (targeting T antigenic mRNA) accumulate at
late times in infection when enough viral replication has
been done. Furthermore, it has been shown that cells
infected with a mutant virus (that does not produce
SVmiRNAs) are more likely to get killed by cytotoxic
immune cells rather than the wild-type ones (11). Thus,
it is shown that viral evolution has taken advantage of the
miRNA pathway to generate effectors that enhance the
probability of successful infection.
MDV latency-associated transcripts include miR-M6 to

miR-M8 and miR-M10 and miR-M13, which maps to a
large intron at the 50 end (38,80). This is presumably
derived from a large 10-kb transcript that maps antisense
to the ICP4 gene, which implies a probable role of these
miRNAs toward modulating ICP4 transcript to inhibit
entry of the virus into the lytic cycle.
In HIV-1-infected and nef-transduced cells, nef-

derived miRNA miR-N367 inhibits HIV-1 transcription
in human T cells (46), thus facilitating both viral replication
and disease progression. Recently, annotated HSV-1
miRNAs, miR-H2-3p and miR-H6 are reported to down-
regulate the expression of ICP0 and ICP4 proteins, respec-
tively. Such miRNA-induced down-regulation helps HSV-
1 to maintain latency (16). Furthermore, miR-I of HSV-2
regulates expression of a key viral neurovirulence
factor, thereby affecting the establishment of latency (34).

Figure 3. Effects of virus-encoded microRNAs on viral and cellular transcripts.
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Regulatory impact on cellular transcripts

It is most likely that viral miRNAs should have a mod-
ulatory effect on cellular transcripts in order to foster their
own agenda. Surprisingly, no viral miRNA exhibits com-
plete complementarity to a cellular transcript so as to
induce its degradation (73). Recently, Xia et al. (45) has
reported that the inverse effect of BHRF1-3 miRNA
expression of EBV is correlated with levels of the IFN-
inducible T-cell attracting chemokine CXCL-11/I-TAC,
which is a putative cellular target. EBV-miRNAs are
known to be expressed in primary lymphomas classically
linked to the virus and are associated with the viral latency
status. Negative modulation of CXCL-11/I-TAC by a
viral-encoded miRNA may serve as an immunomodula-
tory mechanism in these tumors (45). This may inhibit
the host-interferon response by suppressing the above-
mentioned target.
KSHV miRNAs downregulate the expression of a mul-

ticellular glycoprotein THBS1, having anti-angiogenic and
anti-proliferative activity (81). This aids in immune eva-
sion of KSHV-infected cells.
Major histocompatibility complex class I-related chain

B (MICB) gene is down-regulated by hcmv-miR-UL112
during viral infection (82). This leads to decreased binding
of the natural killer (NK) cell-activating receptor NKG2D
with its stress-induced ligand MICB and thus reduces kill-
ing of virus-infected cells and tumor cells by NK cells.
Thus, HCMV exploits a miRNA-based immunoevasion
mechanism for its own survival.
Although, Yao et al. (38) have identified the potential

miRNAs in MDV-1, a major challenge lies toward the
identification of potential targets for some of the
miRNAs overexpressed in these cells. The high level of
expression of miR-M2 to miR-M5 and miR-M9 and
miR-M12, which are part of same transcriptional unit in
the same orientation as Meq gene, suggests that these
miRNAs may have major roles in regulating expression
of viral and host genes in latent or transformed T cells.
Furthermore, this miRNA transcriptional unit being anti-
sense to RLORF8 may also have a regulatory role on
expression of RLORF8 transcript. Since miR-M6 to
miR-M8 and miR-M10 and miR-M13 are mapped to
the LAT region, it is tempting to speculate that they
might have antiapoptotic function.

CELLULAR miRNAs-REGULATING GENE
EXPRESSION

Cellular miRNAs play a role in building up direct or indi-
rect effect in regulating viral genes. They might be broadly
implicated in viral infection of mammalian cells, with
either positive or negative effects on replication (83,84).

Viruses exploiting cellular miRNAs to their own advantage

Hepatitis C virus (HCV) is an enveloped RNA virus of the
Flavivirus family, which is capable of causing both acute
and chronic hepatitis in humans by infecting liver cells. A
liver-specific cellular miRNA, miR-122 facilitates the rep-
lication of HCV, targeting the viral 50 non-coding region
(85). HCV replication is associated with an increase in

expression of cholesterol biosynthesis genes that are regu-
lated by miR-122 (86). This does not seem to occur by a
classical miRNA-type function. The virus seems to have
co-opted the miRNA in its replication cycle. Such a case
suggests the role of miR-122 as a target for antiviral inter-
vention and leaves an interesting issue to check whether
other RNA viruses do exhibit similar interactions with
cellular miRNAs. On the contrary, Pederson et al. (87)
have shown that interferon-modulated downregulation
of miR-122 contributes to antiviral effects (87).

Huang et al. (88) have shown that HIV uses miRNA-
mediated downregulation of viral protein expression to
its own advantage. In ‘latently infected’ resting CD4+

T-cells, HIV-1 is stably integrated into their genome, but
does not produce any viral proteins. Hence they cannot be
eliminated by the immune system or targeted by any exist-
ing anti-HIV drugs, but can rekindle the infection at any
time. Huang and colleagues observed that a cluster of cel-
lular miRNAs including miR-28, miR-125b, miR-150,
miR-223 and miR-382 are enriched in resting CD4+

T cells when compared with activated CD4+ T cells and
that the 30 ends of HIV-1 messenger RNAs are targeted by
this cluster. Inhibition of these miRNAs in resting T-cells,
derived from infected individuals on highly active antiret-
roviral therapy, increased HIV protein expression. This
suggests that the HIV-1 uses cellular miRNA to its own
advantage by recruiting the resting-cell-enriched miRNAs
to control the translation of viral mRNA into protein and
thus escapes the host–immune system.

Antiviral effects of cellular miRNAs

Cellular miRNAs effectively restricts the accumulation of
the retrovirus, primate foamy virus type 1 (PFV-1) in
human cells (83). This is a retro-transcribing virus and
has similarity with HIV. Lecellier and his colleagues
showed that replication of the wild-type viruses can be
inhibited by endogenous cellular miRNA miR-32
expressed in HeLa and BHK21 cells in cell culture through
an interaction with a poorly conserved region in the 30

portion of the PFV genome.
Otsuka et al. (89) observed that impaired miRNA pro-

duction in mice having variant Dicer1d/d allele makes them
hypersensitive to infection by vesicular stomatitis virus
(VSV) (89). Lack of cellular miRNAs, miR-24 and
miR-93 has been found to be responsible for enhanced
VSV replication in such cells. These miRNAs were found
to target viral large protein and phosphoprotein genes
resulting in Dicer1d/d-mediated suppression of VSV repli-
cation in wild-type macrophages. These showed that defect
in miRNA processing is responsible for the increased sus-
ceptibility to VSV infection in Dicer1d/d mice and hence
provides ample genetic evidence supporting the fact that
host miRNA can influence viral growth in mammals.

Hariharan et al. (90) have reported candidate targets of
various human miRNAs (miR-29a and miR-29b, miR-
149, miR-378 and miR-324-5p) to be critical genes of the
HIV-1 genome. The putative target genes include nef, vpr,
vpf and vpu, which correspond to the entire set of acces-
sory genes of HIV-1. Inspite of being accessory, these
genes are important components of the HIV-1 infection
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and replication cycles. They regulate viral infectivity (vif
and nef), viral gene expression (vpr) and progeny virion
production (vpu) (91). Gene expression profiles of
miRNAs, based on microarray experiments (92), revealed
that these miRNAs are expressed at detectable levels in
T-cells. Experimental validation of these targets shall
strengthen these findings.

Interferon-mediated modulation

Pederson et al. (87) demonstrated interferon (IFN)-
mediated modulation of the expression of numerous cel-
lular miRNAs in the treatment of hepatocytes (87) caused
by HCV. Expression levels of 30 cellular miRNAs were
found to be influenced by IFN a/b or IFNg. Sequence
complementarity analysis of these miRNAs against viral
transcripts or viral genomic RNAs revealed matches
among several viruses, mostly RNA viruses. Specifically,
eight of the miRNAs (miR-1, miR-30, miR-128, miR-196,
miR-296, miR-351, miR-431 and miR-448), having nearly
perfect complementarity in their seed sequences with HCV
RNA genomes, were up-regulated. These miRNAs are
capable of inhibiting HCV replication and infection.
Similar analysis of the DNA virus, hepatitis B yielded
no significant matches.

This has opened the door toward novel host–defense
mechanisms that exist in mammalian cells as well as add
to the antiviral mechanisms employed by interferons.
Furthermore, it might be interesting to check whether sim-
ilar case exists in other RNA viruses.

Indirect antiviral response of cellular miRNAs

A recent work of Triboulet et al. (93) argues that RNAi
limits the replication of HIV-1 in human cells and that
cellular miRNAs indirectly contributes to this antiviral
response by repressing cellular factors that influence
these processes. Type III RNases Dicer and Drosha,
responsible for miRNA processing, inhibit virus replica-
tion both in peripheral blood mononuclear cells from
HIV-1-infected donors and in latently infected cells.
They have shown how viral infection overcomes the lim-
itations imposed on virus life cycle by the host miRNA-
mediated defenses. HIV-1 actively suppressed the expres-
sion of the polycistronic cellular miRNA cluster, miR-17/
92, comprising miR-17-5p, miR-17-3p, miR-18, miR-19a,
miR-20a, miR-19b-1 and miR-92-1, which limit its repli-
cation. Their results suggest that miR-17-5p and miR-20a
of this cluster target the 3/UTR of histone acetyltransfer-
ase Tat cofactor PCAF to inhibit mRNA translation (93).
Furthermore, PCAF has been proposed to promote HIV-
1 transcriptional elongation (94). Hence, HIV-1 down-
regulates the expression of these cellular miRNAs for
efficient replication. On the contrary, they may also
up-regulate cellular miRNAs that is beneficial to them.
Several miRNAs such as miR-122, miR-370, miR-373
and miR-297 have been reported to be up-regulated by
HIV-1 infection, with unknown consequences (93,95).

Human papilloma virus (HPV) causes cervical cancer,
which is one of the most common cancers in women
worldwide (96). miRNA-expression analysis revealed
that three miRNAs were overexpressed and 24

underexpressed in cervical cell lines containing integrated
HPV-16 DNA compared to the normal cervix.
Furthermore, nine miRNAs were found to be overex-
pressed and one underexpressed in integrated HPV-16
cell lines in comparison with the HPV-negative CaCx
cell line C-33A. Analysis of Marinez et al. (97) showed
that miR-218 was specifically underexpressed in HPV pos-
itive cell lines, cervical lesions and cancer tissues contain-
ing HPV-16 DNA compared to both C-33A and normal
cervix. Furthermore, miR-218 targets the epithelial cell-
specific marker LAMB3, and it is well observed that
LAMB3 is expressed more in the presence of the HPV-
16 E6 oncogene, and this effect is mediated through miR-
218 (97). These findings may lead toward better under-
standing of the molecular mechanisms involved in cervical
carcinogenesis, which can be helpful in the development of
both cancer therapeutics and diagnostics.
Highly pathogenic avian influenza A virus (HPAIV) of

subtype H5N1 cause infection in the lower respiratory
tract and severe pneumonia in humans (98).
Computational procedures predict the role of two
human miRNAs miR-507 and miR-136 in modulating
the expression of virulent viral (PB2 and HA) genes,
respectively (99). Furthermore, microarray data on
miRNA gene expression in different tissues have shown
that miR-136 is expressed in lungs (100). These miRNAs
were found to be absent in the chicken genome, which
might be the cause of making a difference in infectivity
and lethality of the virus in chicken and human.

Resources facilitating the study of miRNA-mediated
virus–host interaction

Inspite of very little information about miRNA gene
structures and selectivity constraints regarding choosing
their target genes, several computational approaches
have been used to identify these important molecules
and their targets (101,102).

Computational tools to predict miRNAs and their targets

Computational approaches have been an efficient strategy
for predicting miRNA genes and their targets (5). The
prediction algorithms range from custom-made programs
for searching hairpin loops and energetic stability to
advanced algorithms using machine-learning approaches
(103–105). Most of these algorithms rely mainly on
sequence homology and conservation of seed matches
(106), which reduce their prediction accuracy in the case
of viral miRNAs and their targets as they do not share
close homology. Although there have been some notable
exceptions of viral miRNAs having cellular orthologs,
their cellular targets may not be conserved. Furthermore,
considering the imposition of the constraint regarding
accessibility of the predicted sites (targets) due to
mRNA folding, application of matching criterion only
could result in a large number of false positive predictions.
A better understanding of the sequence and structural

components of precursor hairpins involved in miRNA
biogenesis (107) has improved the miRNA gene-
prediction algorithms. Scaria et al. (99) have developed a
miRNA prediction method in viruses based on Support
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Vector Machines. They rationalized that virus-encoded
pre-miRNA hairpins would share the sequence and struc-
ture features with that of host as they share the same
miRNA-processing machinery. Target prediction algo-
rithms too have improved considerably on incorporating
certain novel constraints. In addition to seed pairing,
3/miRNA-mRNA pairing at nts 13–16 and few more
determinants have been reported by Bartel and his
group (108). Such determinants have been shown to
enhance site efficacy in mammals. Some of the widely
used target prediction algorithms are Targetscan, PicTar,
RNAhybrid and MiRanda (72,108–111). Recently, Bartel
and Rajewsky laboratories have established proteomics
approaches termed as SILAC (stable isotope labeling
with amino acids in cell culture) and pSILAC (pulsed
SILAC), respectively, to detect and quantify miRNA-
induced changes in protein accumulation. Such approach
proves a powerful tool for the identification of miRNA
targets (112,113).
Microarray analysis of cellular gene expression upon

ectopic expression of individual or multiple miRNAs or
after inhibition of miRNA function using antisense
reagents has been suggested as an alternative approach
toward target identification (114,115). Inspite of certain
disadvantages, this approach has the potential to reveal
indirect downstream consequences of miRNA-mediated
regulation on cellular gene expression.

Sources of miRNA data

Several databases related to miRNAs and their targets
have been developed, which act as a constant resource
for daily experimental research in the biological labora-
tories. Table 2 lists some of the available important
miRNA databases.

MicroRNAexpressionprofile—abiomarker forviral diseases

Recent advances in miRNA research have initiated the
development of novel technologies that enable the mea-
surement of expression levels for all known miRNAs,
thereby providing an opportunity for global miRNA pro-
filing. This helps in classifying cancer subtypes more accu-
rately compared to transcriptome profiling of entire sets of
known protein-coding genes. Characterizing abnormal
miRNA-expression signatures can lead toward develop-
ment of tissue and biofluid-specific diagnostic
markers and new types of oligonucleotide-based drugs.
Golub and his colleagues were the first to publish their

results on the comparison of global-expression profiling
for human miRNA in multiple cancers. They used
microbead technology and obtained expression data on
several common human cancers (100). Their results pres-
ent the groups of miRNAs that were differentially
expressed in each type of cancer. They showed that each
cancer type could be classified based on the expression
signature of a relatively small number of miRNAs. Lee
et al. (116) have reported a miRNA-expression signature
for pancreatic cancer (116).

Furthermore, miRNA-expression profile serves as a
useful biomarker for virus-infected cells. Using high-
throughput microarray method, it has been shown that
the expression of HIV-1 genes changes the miRNA pro-
files in human cells (95). miRNA expression in EBV is
distinct for different stages of infection. Differential regu-
lation of EBV miRNA expression implies distinct roles
during infection of different human tissues (28).
Furthermore, recent reports suggest the role of miRNA-
expression profiles to prognosticate disease outcomes in
virus infected (117,118). Current miRNA research has
posed a serious challenge to decipher the code of
miRNA regulation in normal and cancerous cells in
order to find a connection between miRNA profiling
results and specific phenotypic changes caused by these
aberrations.

Hence, comprehensive miRNA databases serve as a
source of latest information available about miRNA
genes, their structure, function, potential target genes
and expression data. This serves as a valuable platform
for quick and efficient access to important information
about the miRNAs of virus-infected cells. Table 3 lists
the available miRNA-expression profile resources.

THERAPEUTIC IMPLICATIONS

The discovery of RNAi has resulted in the development of
a broad new class of targeted therapeutics called ‘short
interfering RNAs’ (siRNAs). Commercialization of
siRNA-based therapeutics has been taken up by different
companies, which can be extended to miRNAs, which are
naturally occurring counterparts of siRNAs. An intense
activity in the biomedical research community is witnessed
due to an increasing awareness of the importance
of miRNAs. It is presumed that miRNAs are the next
breakout class of therapeutic molecules following
closely behind siRNA. Furthermore, miRNAs will have

Table 2. Database resources on virus-encoded microRNAs

Resources Websites Descriptions

ViTa http://vita.mbc.nctu.edu.tw/ Database of viral microRNAs and predicted host targets
miRBase http://microrna.sanger.ac.uk/ Comprehensive miRNA resource including virus-encoded microRNAs
Vir-Mir db http://alk.ibms.sinica.edu.tw/ Viral miRNA prediction database
MicroRNAdb http://bioinfo.au.tsinghua.

edu.cn/micrornadb/
Comprehensive database for MicroRNAs

Ambion microRNA Resource http://www.ambion.com/
techlib/resources/miRNA/

Resource for microRNA and their targets

siVirus http://sivirus.rnai.jp/ Website for efficient antiviral siRNA design
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significant advantages over siRNAs in many applications
(23). Professor Eugenia Wang at the University of
Louisville has already developed miRNA microarrays tar-
geting viral-specific miRNAs. Huang and his colleagues
demonstrate that HIV uses miRNA-mediated down-regu-
lation of viral protein expression to its own advantage.
They have shown that strategies based on antisense
miRNA constructs may provide therapeutic benefit against
HIV (88,119). The novel concept of ‘miRNA Replacement
Therapy’ has recently evolved, which involves synthetic
miRNAs or miRNA mimetics toward treatment of dis-
eases. With RNAi therapeutics on the cusp of entering
the clinic, lots of companies have launched commercial
venture toward development of miRNA-based drugs
through the steps of feasibility testing to preclinical studies
(120). Although there remain many obstacles to achieve
success in targeting all latently infected cells in viral infec-
tions, that day is not too far when miRNA-mimics and
miRNA antisense constructs could help in designing a
new generation of antiviral drugs.

CONCLUSIONS

Past few years have witnessed tremendous progress
towards understanding various aspects of miRNAs. The
integral role of miRNAs in controlling various complex
regulatory networks within a cell is gradually coming into
limelight. It is seen that host-encoded miRNAs have both
positive and negative modulatory effect on viral replica-
tion. On the contrary, virus uses their own miRNA-
induced gene-silencing machinery to protect them against
the cellular antiviral RNAi response and may even affect
cellular gene expression. Furthermore, they often use the
cellular miRNA pathway to their own advantage.

Discovery of the first virally encoded miRNA has been
a recent event and essential information regarding
miRNA-induced virus-host interaction related to viral
pathogenesis is gradually coming up. Although miRNA-
biogenesis pathway poses some serious problem for RNA
viruses along with a group of DNA viruses (poxviruses) to
encode miRNAs (4), it is possible to circumvent these
problems by adopting arcane ways. The advent of mir-
trons revealed the process of miRNA biogenesis that
uses the splicing machinery to bypass Drosha cleavage

in initial maturation (57). A thorough study of these mir-
trons and their initial maturation process may lead us
toward those nonconventional processes these RNA and
poxviruses may adopt to process their miRNAs. However,
presence of miRNAs in HIV-1(RNA virus) encoded by
the TAR element makes it an attractive problem to find
the impact of the HIV-1 TAR miRNAs on gene-expres-
sion programming of infected cells and elucidating their
role in viral pathogenesis. Furthermore, identification of
these miRNAs leads us to think in a new way to investi-
gate the presence of miRNAs in other RNA viruses.
Viral miRNAs can function as orthologs of cellular

miRNAs and thereby regulates the expression of numer-
ous cellular mRNAs by means of target sites that are gen-
erally evolutionarily conserved. Like KSHV miR-K12-11,
being an ortholog of cellular miR-155, the other suggested
orthologs need to be investigated further for their func-
tional analysis, which might contribute to more informa-
tion regarding virus-host interaction.
Relentless effort is being incorporated to make advance-

ment for elucidating miRNA-mediated virus-host interac-
tion so as to develop certain therapeutic approaches to
deliver antagomirs into cells for tackling a variety of dis-
eases. Since certain viral miRNAs help them to evade host
immune system, related antagomirs might influence viral
tropism and viral replication.
All these reveals that miRNA-induced gene-silencing

approach holds great promise for selectively inhibiting
virus-specific genes or host genes for the treatment of
viral infections. Hence, the most fundamental challenge
lies toward understanding the entire landscape of the
miRNA-mediated host–virus interaction at the molecular
level, which will lead toward the development of effective
non-toxic antiviral therapy.
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Table 3. MicroRNA expression profile resources

Resources Websites Descriptions

microRNA.org http://www.microrna.org A resource for predicted microRNA targets and expression
miRAS (miRNA Analysis
System at Tsinghua
University)

http://e-science.tsinghua.edu.cn/miras A data processing system for miRNA-expression profiling study.

miRNAMap http://miRNAMap.mbc.nctu.edu.tw/. Collection of experimental-verified microRNAs and experimental-
verified miRNA target genes in human, mouse, rat and other
metazoan genomes and expression profiles of human miRNAs
in 18 major normal tissues in human.

Argonaute http://www.ma.uni-heidelberg.de/apps/zmf/
argonaute/interface

A database for gene regulation by mammalian microRNAs

miRGator http://genome.ewha.ac.kr/miRGator/ Differential expression analysis for a compendium of miRNA-
expression data
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