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Since their discovery in 1993 and the introduction of the term microRNA in 2001, it has become evident that microRNAs (miRNAs) are
involved in many biological processes, including development, differentiation, proliferation and apoptosis. The function of miRNAs is
the control of protein production in cells by sequence-specific targeting of mRNAs for translational repression or mRNA degradation.
Interestingly, immune genes are apparently preferentially targeted by miRNAs compared to the average of the human genome, indicating
the significance of miRNA-mediated regulation for normal immune responses. Here, we review what is known about the role of miRNAs
in the pathogenesis of immune-related diseases such as chronic inflammatory skin diseases, autoimmunity and viral infections.
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Introduction

Since the discovery of the first microRNA (miRNA) lin-4, as a reg-
ulator of developmental timing in Caenorhabditis elegans [1], it
has become evident that this short non-coding RNA was only the
first member of a huge gene family with potentially enormous
importance in the regulation of fundamental biological processes
(Fig. 1). In 2000 there were only two miRNAs known (lin-4 in C.
elegans and let-7 in H. sapiens), and even the term ‘microRNA’
was introduced only in 2001 in a set of three articles in Science
(October 26, 2001) [2]. Barely 8 years later there are 6396 miRNA
entries (as of July 2008), out of which 678 were discovered in
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H. sapiens (Fig. 1). Indeed, miRNAs are implicated in virtually
every biological process in multicellular organisms — including the
onset and progression of many diseases.

MiRNAs are small, single-stranded RNA molecules (~22
nucleotides in length) that are encoded in the genomes of animals,
plants and viruses. MiRNAs are one of the largest known gene
families, consisting of hundreds or, in higher life forms, more than
a 1000 genes. MicroRNAs play important roles in regulating the
amount of proteins in the cells in order to maintain homeostasis.
This is achieved by their negative influence on the synthesis of
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Fig. 1 The number of identified microRNAs (miRNAs) based on the num-
ber of entries listed in the miRBase sequence database, which is the pri-
mary repository for published miRNA sequence and annotation data.
Each column represents new public releases of the database, from v1.0
to the latest version, v11.0.

corresponding proteins by targeting mRNAs for translational sup-
pression or degradation. The sequences of many of the miRNAs
are highly conserved among organisms, suggesting that miRNAs
represent a relatively old and important regulatory pathway [3].
Their importance is demonstrated by the fact that mice lacking the
Dicer enzyme, which is required for the processing of the precur-
sor miRNA into the mature form, are not viable [4-6].

Since the discovery of miRNAs, the number of publications
about miRNAs is increasing exponentially (Fig. 2) and significant
progress has been made in dissection of biogenesis and functions
of miRNAs. To date, more than 600 individual miRNAs have been
identified in the human genome, which are estimated to regulate
the vast majority of protein coding RNAs (mRNAs) and each
mRNA is likely to be regulated by several miRNAs simultaneously
[7, 8]. In total, miRNAs my comprise 5% of all human genes
making them the most abundant class of regulators. Experimental
evidence suggested that most miRNAs are present at very high
steady-state levels — more than 1000 molecules per cell, with some
exceeding 50,000 molecules per cell [9].

Although we are only at the beginning of understanding the
specific roles of individual miRNAs in cellular functions, several
reports have provided evidence that miRNAs act as key regulators
of processes as diverse as early development [10], proliferation,
differentiation, cell fate determination, apoptosis, signal transduc-
tion and organ development [5, 11-20]. These known functions
probably represent only a small part of a much bigger picture.
With the continuing discovery of new miRNA functions, it is pos-
sible that miRNAs will be associated with the regulation of almost
every aspect of cell physiology.

Abnormal miRNA expression may lead to the development of
diseases; compelling studies have implicated miRNAs in various
human diseases such as cancer [17, 18, 21-24], developmental
abnormalities [5], muscular [25, 26] and cardiovascular disorders
[27, 28], schizophrenia [29] and most recently inflammatory
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Fig. 2 The number of microRNA publications each year from 1993 to
present based on search for scientific articles by the keyword
‘microRNA’. Note that the term ‘microRNA" was introduced in 2001, and
publications before the introduction of the official term were retrieved by
manual search for articles about lin-4 and let-7 the ‘prototype’ miRNAs
that were described first. Source: NCBI PubMed. *, as of July 2008.

diseases [30-32]. In this review, we aim to summarize about our
knowledge about miRNAs related to inflammatory and immune-
mediated diseases. Since the role of miRNAs in the normal immune
system (i.e. development of immune cells and regulation of innate
and acquired immune responses) have been extensively discussed
elsewhere [31-36], in this review we will not discuss it in detail, but
focus on what is currently known about the role of miRNAs in the
pathogenesis of immune-related diseases such as chronic inflam-
matory skin diseases, autoimmunity and viral infections.

The hiogenesis of miRNAs

Similar to ordinary protein-coding RNAs, miRNAs are encoded in
the genomic DNA. To date, more than 600 miRNAs have been
identified in the human genome and computational predictions
suggest that there are more than 1000 miRNA genes in the human
genome [37]. Approximately half of all human miRNA genes are
contained within the introns of protein-coding genes or in the
exons of untranslated genes, while others reside apart from
known genes in intergenic regions [38]. Some miRNA primary
transcripts encode only a single mature miRNA (e.g.: mir-203),
while other loci contain clusters of miRNAs that appear to be pro-
duced from a single primary transcript (mir-17-92 cluster) [39].
The generation of functional single-stranded miRNAs from
miRNA genes occurs through a multi-step process that involves
several different enzymes first in the cell nucleus and finally in the
cytoplasm (Fig. 3).The genes encoding miRNAs are much longer
than the processed, biologically active, mature miRNA molecule
and transcribed by the RNA polymerase Il as long primary tran-
scripts termed primary miRNAs (pri-miRNAs) [40], which can be
several hundred or thousand nucleotides long. Like other pol Il
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Fig. 3 The biogenesis of miRNAs. Most MiRNAs are transcribed by RNA polymerase Il from the genomic DNA as long (several 100-1000 nt)
primary transcripts (pri-miRNA) that are poliadenylated and capped. Next, the RNase Ill-type enzyme Drosha processes pri-miRNAs in the nucleus,
yielding a hairpin precursors (pre-miRNA) consisting of approximately 70 nt. The pre-miRNA hairpins are exported to by a process that involves Exportin
5. In the cytoplasm, pre-miRNAs are further processed by the RNase IlI protein Dicer into an unstable, 19-25 nt miRNA duplex structures consisting
of the ‘guide strand’ (miR) and the ‘passenger strand’ (miR*). The less stable of the two strands in the duplex will become the mature. Single stranded
miRNA and it is incorporated into a multiple-protein nuclease complex, the RNA-induced silencing complex, which regulates protein expression.

transcripts, the primary transcripts (pri-miRNAs) are capped and
polyadenylated (Fig. 3).

Pri-miRNAs contain a local stem—loop structure that encodes
miRNA sequences in the arm of the stem. This stem-loop struc-
ture is cleaved in the nucleus by the dsRNA-specific ribonuclease
Drosha in a process known as ‘cropping’ [41, 42] to release the
precursor miRNA (pre-miRNA) [43] (Fig. 3). Pre-miRNAs are
approximately 70 nt RNAs with 1-4 nt 3’ overhangs, 25-30 bp
stems and relatively small loops. Drosha generates either the 5’ or
3’ end of the mature miRNA, depending on which strand of the
pre-miRNA is selected by RNA-induced silencing complex (RISC)
[43, 44]. The pre-miRNAs are then actively transported from the
nucleus to the cytoplasm via a mechanism that involves exportin-
5 (Exp5). Exp5 has been shown to bind directly and specifically to
correctly processed pre-miRNAs [44, 45].

Pre-miRNAs are subsequently cleaved by the cytoplasmic
RNase Il Dicer into ~22-nt miRNA duplexes [43, 44] (Fig. 3). One
strand of the short-lived miRNA duplex is degraded (miRNA* or
‘passenger’ strand), whereas the other strand (miR or ‘guide’) will
be incorporated into the RISC and serve as a functional, mature
miRNA (Fig. 3). Selection of the active strand from the dsRNA
appears to be based primarily on the stability of the termini of the
two ends of the dsRNA [46, 47]. The strand with lower stability
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base pairing of the 2—4 nt at the 5" and 3’ end of the duplex pref-
erentially associates with RISC and thus becomes the functionally
active miRNA [46]. The potential function — if any —of the miRNA*
strand of the miRNA duplex is unclear at present (Fig. 3). After the
mature, single-stranded miRNA is selectively loaded into the RISC,
this miRNA-programmed RISC (miRISC) carries out the repres-
sion of gene expression (Fig. 3).

Interestingly, the complex containing active miRNAs and the
RISC involved in RNA interference mediated by siRNAs are simi-
lar if not identical, as endogenous miRNAs can cleave mRNAs with
perfect complementarity [48], and exogenously introduced
SiRNAs can translationally repress mRNAs bearing imperfectly
complementary binding sites [49-51].

Mechanism of action of miRNAs

MiRNAs bind to complementary sequences in the 3'UTR of target
mRNA (s) and can prevent protein synthesis by two modes of
action: (1) in cases where the miRNA is only partially complemen-
tary to its corresponding mRNA, translation inhibition occurs [7]
and (2) in cases where there is a near-perfect complementarity
between the miRNA and the mRNA, deadenylation and subsequent
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degradation of the target mRNA occurs [52, 53]. In the first case,
miRNA represses translation without affecting mRNA levels, while
in the second the miRNA prevents protein synthesis by an siRNA-
like effect resulting in the degradation of its target mRNAs. The first
mechanism (translational repression) is thought to be more general
in the animal kingdom, although animal miRNAs can also act viathe
degradation of their target mRNA, as demonstrated by findings of
Lim et al. showing that transfected miRNAs induced the degradation
of a large number of mRNAs containing the binding sites [8].
However, the inhibition of translation is probably sufficient to
account for the majority of the repression of protein production
observed in mRNAs that harbour miRNA target sites, and it was
recently shown that miRNA repression occurs before mRNA desta-
bilization [54-56]. Comprehensive studies analysing global changes
in protein production after overexpression or inhibition of a miRNA
resulted in the conclusion that miRNAs alter the expression of most
of the proteins at a relatively low extent and that miRNA action
involves detectable changes at the mRNA levels in approximately
70% of all regulated proteins [57, 58]. However, it is not entirely
clear whether the alteration in the mRNA level is a cause or a con-
sequence of miRNA-mediated translation inhibition. Results from
studies conducted in different systems and different laboratories
have often been contradictory regarding the mechanistic details of
the function of miRNAs in repressing protein synthesis. At present
it is unclear which mechanisms or pathways miRNAs choose to
silence their targets. It could depend on the specific miRNA, specific
targets, other RNA binding proteins, or specific tissue and cell types
and be under the control of signalling pathways [59].

Each miRNA is thought to regulate multiple genes, and since
hundreds of miRNA genes are predicted to be present in higher
eukaryotes [20, 60, 61] the potential regulatory circuitry affected
by miRNA is enormous. Moreover, instead of ‘randomly’ targeting
several hundred genes for suppression, miRNA-target genes are
frequently part of a gene network, or pathway regulating a biolog-
ical process such as proliferation, cytokine signalling or differen-
tiation. Interestingly, many miRNA targets are transcriptions
factors [61, 62]. By regulating both transcription factors and ordi-
nary protein coding genes, miRNAs can exert a massive regula-
tory effect in cells in which they are expressed.

MiRNAs, similar to transcription factors, can act in combina-
tion (or cooperatively) by binding to the same mRNA in a concen-
tration-dependent manner [7]. Computational predictions as well
as experimental evidence shows that a protein-coding gene is
potentially regulated by several if not several dozen miRNAs
simultaneously which may act in combination and exert synergis-
tic effect [7]. Thus, predicted miRNA : mRNA interactions must be
viewed in the context of other potential interactions.

Identification of miRNA targets

The function of a miRNA can be interpreted as the sum of the
function of the genes it regulates within a cell. Thus, a central goal
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for understanding miRNA functions has been to understand how
they recognize their target mRNAs and identify miRNA targets.

As a general rule, the ability of an miRNA to translationally
repress a target mRNA is largely dictated by the free energy of
binding of the first eight nucleotides in the 5" and 3’ region of the
miRNA (from base 2 to base 8 or 9) often referred as ‘seed
nucleotides’) [7]. The 3’ region of the miRNA can modulate activ-
ity in certain circumstances but is considered to be less critical [7].
Many target prediction algorithms rely on the presence of the com-
plementary match between the seed nucleotides of the miRNA and
the corresponding targets sites in the mRNA. However, these seed
matches are not always sufficient for repression, indicating that in
addition to an exact Watson-Crick base paring other characteristics
help specify targeting. To explore these mechanism, Grimson et al.,
combined computational and experimental approaches, and
uncovered five general features of site context that boost site effi-
cacy: (1) AU-rich nucleotide composition near the target site,
(2) proximity to sites for coexpressed miRNAs (which leads to
cooperative action), (3) proximity to residues pairing to miRNA
nucleotides 13-16, (4) positioning within the 3'UTR at least 15 nt
from the stop codon and (5) positioning away from the centre of
long UTRs [63]. In addition to providing insights and constraints
for mechanistic models, these context features provide valuable
information for the researcher who is facing the difficult task of
trying to select the most promising miRNA-target genes for experi-
mental follow-up [63] (http://www.targetscan.org).

Despite the rapid progress in the understanding of
miRNA-mRNA interactions and computational target predictions,
the currently available miRNA target-prediction algorithms are
likely to have high false positive and false negative discovery rates.
Some of the verified miRNA targets do not fulfil the criteria of the
above-listed criteria, while others fulfil them but cannot be exper-
imentally validated. In fact, in most miRNA articles authors identi-
fied only a single miRNA target and used that target as an entry
point into the understanding of miRNA function. Unfortunately,
this approach implies that a miRNA exerts its function via regulat-
ing a single gene (or few genes) only, which is probably far from
being true.

Since miRNAs may regulate their target proteins without
changing the mRNA level, cDNA microarray studies with cells
transfected with miRNA precursors (although widely used in the
search for potential targets) are not ideal for identifying the
whole range of targets for a miRNA. Sensitive and specific large-
scale protein expression analyses methods could facilitate exper-
imental identification of miRNA targets. The first example for
such a systematic approach appeared at the time of writing this
review (July 2008). Two compelling studies published in the same
issue of NMature demonstrated that miRNAs cause widespread but
mild changes in protein synthesis [57, 58]. These studies
suggest that miRNA may act as rheostats to make fine-scale
adjustments to protein output acting on several hundred genes
simultaneously. The new proteomic approach (SILAC quantita-
tive mass-spectrometry) used in these studies can reveal impor-
tant insights into the function of miRNAs by identifying their
global impact on the proteome.
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Multi-level control of miRNA expression

Similar to regular mRNAs, in principle, miRNA expression could
be controlled at any step of its processing. The level of transcrip-
tion, enzymatic processing of the pri- and pre-miRNAs, subcellu-
lar localization, stability and finally the selective loading of the
mature miRNA strand onto the RISC complex all may be subject
to some kind of regulation though as yet not all of them have been
observed [64].

Many miRNA genes are located within introns of protein-
coding genes and are transcribed by RNA polymerase Il as part of
their hosting transcription units. Hence, the regulation of tran-
scription of these miRNAs is dependent on the same signalling
pathways and transcription factors as the host gene. It is generally
believed that intronic miRNAs are released by Drosha from
excised introns after the splicing reaction has occurred and
thereby both mRNA and miRNA can be coexpressed from a single
primary transcript molecule [65].

Most miRNA genes that are located in intergenic regions are
also transcribed by RNA polymerase Il [42, 66, 67], the same RNA
polymerase that transcribes protein-coding genes. Therefore it is
reasonable to think that many of the signalling pathways and tran-
scription factors that regulate protein-coding genes may regulate
the transcription of miRNAs. Although the precise transcriptional
control of most miRNAs has been unknown there are more and
more examples for the transcription factor mediated regulation of
miRNA expression. An interesting example for immunologists is
the NF-xB-mediated induction of several immune-related miRNAs
(miR-155 and miR-146) that have been recently described in
monocytes and macrophages [68].

For many miRNAs, the level of the mature miRNA in the cell is
not simply determined by the level of transcription. Comparison of
tumour-specific mature miRNA expression with pri-miRNA tran-
script levels showed poor correlation indicating that also the mat-
uration of the pri-miRNA transcript is a regulated process [64].

In addition to regulation at the transcriptional and post-
transcriptional levels, several independent studies have shown
that epigenetic mechanisms also affect the expression of miRNA
genes [69-72]. In the human genome, DNA methylation can occur
at CpG dinucleotides and methylation of CpGs in the promoter of
a gene can induce stable changes in gene expression by affecting
chromatin structure and the accessibility of the promoter to tran-
scription factors. In order to identify miRNA genes that are con-
trolled by epigenetic alterations Saito ef al. have treated human
bladder cancer cells with the DNA methyltransferase inhibitor
5-aza-23’'-deoxycytidine followed by miRNA expression analysis
[69]. Expression profiling revealed that seventeen out of 313
human miRNAs became up-regulated more than threefold demon-
strating that many miRNA genes are methylated (inactivated) in
tumour cells. Since these first investigations, a number of articles
demonstrated that aberrant methylation of miRNA genes leads to
deregulated miRNA expression in cancers [73, 74]. Aberrant DNA
methylation may contribute to the deregulated expression of
miRNAs also in inflammatory diseases.
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The regulation of the biogenesis any given miRNA is likely to
be different for each miRNA and may depend on the specific tis-
sue, developmental stage or cell type and be under the control of
signalling pathways. Investigation of the regulation of miRNA
expression represents an important subject of study since the acti-
vation or down-regulation of miRNAs by drugs could be a novel
strategy for the prevention and treatment of diseases associated
with deregulated miRNA expression.

Interestingly, mRNAs can and do avoid miRNA-mediated
repression of translation by the selective usage of alternative,
shorter 3’UTR isoforms. This phenomenon was identified
recently by Sandberg et al. who found that activation of T lym-
phocytes resulted in increased abundance of mRNA isoforms
with shorter 3’"UTRs relative to those with longer 3'UTRs as
measured 48 hours after activation [75]. Shorter 3’"UTRs lacked
regulatory elements, such as miRNA target sites, through which
translation is inhibited. The production of mRNAs with shorter
3’'UTRs to avoid miRNA-mediated suppression in activated cells
may serve as a global cellular mechanism to increase protein
abundance as the cells begin to proliferate. This mechanism
apparently is a characteristic of gene expression during immune
cell activation and correlates with proliferation across diverse cell
types and tissues [75]. It is likely that we will see an increased
attention on the selective usage of alternative 3'UTRs in diseases
characterized by abnormal proliferation, including immune-medi-
ated diseases.

Strikingly, statistical analysis of all transcript expression pat-
terns reveals that genes containing miRNA target sequences seem
to avoid being expressed in tissues that express those particular
miRNAs [76]. This finding also raises basic questions about the
real function of miRNAs: are miRNAs regulating gene expression
similar to transcription factors in order to maintain the physiolog-
ical concentration of proteins in the cell or are they part of a kind
of ‘noise-removal’ machinery in the cell to prevent the synthesis of
proteins from transcripts that are not needed? The answer proba-
bly depends on the specific miRNA, its targets and specific tissue
and cell types [76].

How c¢an miRNAs contribute
to diseases?

Malfunction of miRNA regulation is associated with a wide variety
of human diseases, including cancer, diabetes, inflammation and
viral infection. In principle, miRNAs may contribute to or cause
diseases, developmental abnormalities by the following ways [76]:
(1) Loss or down-regulation of miRNA expression due to
mutation, epigenetic inactivation, aberrant processing or
transcriptional down-regulation. Down-regulation of
miRNAs is a common phenomenon in cancers. For exam-

ple, miR-15a and miR-16—1 can target the anti-apoptotic

BCL2, and they are often down-regulated in chronic lym-
phocytic leukaemia and other tumours [77]. Members of
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the human let-7 family of miRNAs are also frequently lost
in solid tumours, allowing the uncontrolled expression of
their targets, including Ras oncogene, which, in turn pro-
motes tumour growth. Many miRNAs are down-regulated
in inflammatory diseases. For example, miR-125b is down-
regulated in psoriasis. miR-125b is a known regulator of
the NF-xB pathway, whose activation is a characteristic of
psoriasis [30, 78].

(2) Overexpression of a miRNA due to gene amplification or
mutations in its promoter region, or due to transcriptional
up-regulation may result in the suppressed production of
its target proteins. Overexpression of oncogenic miRNAs
(oncomirs) suppresses the expression of tumour suppres-
sor genes and contribute to the increased survival and pro-
liferation of tumour cells. For example, the overexpression
of miR-155, miR-21 and the miR17-92 cluster has been
described in a wide variety of solid tumours and
leukaemias [79, 80].

(3) A mutation in the 3'UTR of an mRNA may affect a miRNA
binding site and the miRNA may no longer be able to bind
to it. This would result in the overexpression of the target
gene. For example, an SNP in the 3’UTR of HLA-G, a known
asthma-susceptibility gene, disrupts the binding sites of
three miRNAs (e.g. miR-148) targeting this gene [81] and
thus might contribute to susceptibility to asthma.

(4) A mutation in the 3'UTR of a gene may generate a new
miRNA binding site. The function of this gene may be sup-
pressed in the cells or tissues in which the miRNA whose
target site was accidentally created happens to be expressed
constitutively.

In fact, many natural sequence polymorphisms (SNPs) result
in the creation or disruption of a miRNA binding site [82], sug-
gesting this as a general phenomenon that could be relevant to
many disease states. Recently Saunders and coworkers identified
approximately 250 SNPs that potentially create novel target sites
for miRNAs [82]. If some variants have functional effects, they
might confer phenotypic differences among human beings and
contribute to common diseases. Thus, the investigation of SNPs
in miRNA genes as well as in the 3'"UTR of miRNA target genes
represents an upcoming field of research aiming to explore the
genetic background of common diseases.

miRNAs in immunological
and inflammatory disorders

With the discovery of miRNAs, intensive research focused on delin-
eating their roles in the immune system. These investigations
revealed that different haematopoietic organs and cell types have
distinct miRNA expression profiles and that the expression of spe-
cific sets of miRNAs is dynamically regulated during immune cell
development (reviewed in: [31-36]). In addition to haematopoiesis,
miRNAs are also involved in the regulation of innate as well as

© 2009 The Authors

J. Cell. Mol. Med. Vol 13, No 1, 2009

acquired immune responses (as reviewed in: [31-33, 36]). Given
the role of miRNAs in the development of immune cells, the fine
tuning of T-cell sensitivity to antigens and antibody response, it is
conceivable that deregulation of one or more miRNAs may lead to
reduced tolerance against self-antigens and the development of
autoimmune diseases. Moreover, deregulation of miRNAs fine-
tuning the immune response may lead to sustained inflammation
which is a hallmark of common chronic inflammatory diseases.
Some examples for miRNAs that have been implicated in immune-
related and inflammatory disorders are listed in Table 1.

Psoriasis and atopic eczema

The first report implicating miRNAs in human inflammatory dis-
eases appeared in 2006 and identified miRNAs deregulated in the
two most common chronic inflammatory skin diseases, psoriasis
and atopic eczema [30]. A systematic, genome-wide analysis of
miRNA expression revealed that psoriasis and atopic eczema dis-
play miRNA expression profiles distinct from healthy skin as well
as from each other. While miRNAs specifically deregulated in pso-
riasis (e.g. miR-146a) or atopic eczema may be associated with
the specific type of immune reaction in these diseases, miRNAs
that are deregulated in both diseases (e.g. miR-125b) might have
a more general role in inflammation. Some of the inflammation-
associated miRNAs seem to be involved in the regulation of
inflammatory pathways and cytokine signalling (unpublished data
and [30]). For example, both miR-146a, a miRNA specifically up-
regulated in psoriasis, and miR-125b, a miRNA down-regulated in
both psoriasis and atopic eczema, have been shown to regulate
the activity of inflammatory pathways in mouse macrophages
[36, 78]. Of note, miR-125b has been implicated in the negative
regulation of the TNF-« pathway [78], which is of crucial impor-
tance in the development of psoriasis, as demonstrated by the
effectiveness of anti-TNF-« therapies [68]. Further studies are in
progress to identify the specific roles of these miRNAs in the
altered immune responses in psoriasis and atopic eczema.

In addition to miRNAs previously implicated in immune func-
tions, the study identified several inflammation-associated
miRNAs whose function and expression was unknown, such as
miR-203. MiR-203 showed a strikingly specific expression pat-
tern, being expressed exclusively in skin and oesophagus, and
within cells types of the skin, exclusively in keratinocytes [30].
The authors identified suppressor of cytokine signalling-3
(SOCS-3) as a potential target of miR-203, showing mutually
exclusive expression pattern with miR-203 and showing sup-
pressed expression in psoriasis lesional skin compared with
healthy skin. SOCS-3 is a negative regulator of the interleukin
(IL)-6 and interferon (IFN)-y induced signalling pathways [30]
and SOCS-3 deficiency leads to sustained activation of STAT3 in
response to IL-6 [83]. Therefore, the suppression of SOCS-3 by
miR-203 may result in an increased or elongated inflammatory
response in the skin. Direct regulation of SOCS-3 by miR-203
was also confirmed using luciferase 3'UTR assays (unpublished
data). In a recent study, SOCS-3 protein levels were not suppressed
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Table 1 MiRNAs implicated in inflammatory and immune-mediated diseases

MicroRNA Disease Expression  Targets References

miR-155 :?]?lzl:nmn?;(t)iignarthritis (RA), vascular 1 ,:Ei,i;ﬁ?;gs-s;f:fMMP-S; FADD, IKKe, (78, 86, 96, 114, 115]

miR-146a RA, psoriasis T TRAF6, IRAK1 [30, 68, 86, 87]

miR-125b Psoriasis, atopic eczema l N/A [30]

miR-21 Psoriasis, atopic eczema 0 N/A [30]

miR-203 Psoriasis 0 S0CS-3, p63 [30, 84, 85]
Primary biliary cirrhosis (PBC), sys-

miR-17-92 cluster  temic lupus erythematosus, idiopathic J PTEN and BIM; suggested TNFRSF21 [89, 90]
thrombocytopenic purpura

miR-296 Idiopathic thrombocytopenic purpura 4 N/A [88]

miR-198 Systemic lupus erythematosus T N/A [88]

o SumGwsemmeds oy,

o Smelsstedes oLy

let-7b PBC = suggested IL-6 [89]

miR-346 PBC l N/A [89]

miR-20a PBC l N/A [89]

miR-451 PBC T N/A [89]

miR-129 PBC T N/A [89]

miR-126 Vascular inflammation VCAM-1 [95]

in primary mouse keratinocytes overexpressing miR-203 [84];
this may reflect a difference between human and mouse,
although it is more likely that detection of SOCS3 by Western
blotting is less reliable due to the low level of SOCS-3 expression
in unstimulated cells. Suppression of SOCS-3 by miR-203 may
lead to sustained STAT-3 activation and an increased and elon-
gated inflammatory response in the skin. Interestingly, the
murine orthologue of miR-203 has been demonstrated to play an
important role in epidermal morphogenesis [85]. Transgenic
mice overexpressing miR-203 are characterized by thinner
epidermis and impaired proliferative potential (repression of
‘stemness’) [85], whereas psoriasis is characterized by epidermal
hyperproliferation. These seemingly conflicting findings may
reflect the dysfunction of miR-203 in psoriatic patients, for exam-
ple by mutations that affect some of its target genes.
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In conclusion, miRNAs deregulated in psoriasis and atopic
eczema have the potential to become targets for future therapeutic
interventions to treat chronic skin inflammatory diseases, and
potentially even inflammatory diseases affecting other organs.

Asthma

Recently, an indirect evidence for the potential involvement of
miRNAs in asthma appeared, in a report describing that an SNP
in the 3'UTR of HLA-G, a known asthma-susceptibility gene,
disrupts the binding sites of three miRNAs (miR-148a,
miR-148b and miR-152) targeting this gene [81]. Although
direct evidence is missing, it is likely that earlier observations
on the association of the HLA-G gene to asthma susceptibility
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may, at least in part, be due to the allele-specific regulation of
this gene by miRNAs [81].

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease char-
acterized by irreversible joint damage, caused by the inflammation
of synovial tissue. Synovial fibroblasts are thought to have a critical
role in joint destruction in RA patients. Two recent studies investi-
gated the expression of miRNAs in RA [86, 87]. Stanczyk et al. iden-
tified miR-155 as a miRNA regulated by TNF-« in synovial fibrob-
lasts from RA patients (RASFs) [86]. Similar to TNF-«., other inflam-
matory mediators involved in joint destruction such as the TLR lig-
ands LPS, poly (I-C) and bLP markedly induced miR-155 in RASFs.
Although miR-146a was not among the TNF-a-regulated miRNAs,
the authors included this miRNA in their analyses intrigued by
previous observations showing the regulation of miR-146a by TLR
ligands in monocytes [68]. In synovial fibroblasts, miR-146a was
up-regulated by IL-18 and LPS but not by TNF-« or other TLR lig-
ands. Both miR-155 and miR-146a were found to be overexpressed
in synovial tissues of RA patients, compared with patients with
osteoarthritis. Interestingly, both miRNAs were already overex-
pressed in untreated synovial fibroblasts from RA patients, suggest-
ing either permanent changes (epigenetic regulation) of miRNA
expression by inflammatory mediators, or the presence of genetic
alterations in RA patients leading to increased miRNA expression.
Among the markers of joint destruction, MMP-3 was suppressed by
enforced expression of miR-155 [86]. An independent group also
identified miR-146a as a miRNA overexpressed in synovial tissue of
RA patients in comparison to both osteoarthritis and normal syn-
ovium [87]. MiR-146b showed a similar expression pattern [87].
Double in situ hybridization/immunohistochemistry showed that
miR-146a was primarily expressed in CD68" macrophages, CD3*
T cell subsets and CD79a™ B cells.

These findings suggest that miR-146a/b and miR-155 may
have a role in the inflammatory process in the joints of RA
patients. However, it is still not clear exactly how these miRNAs
are regulated and what is the functional consequence of their up-
regulation in the different cells of the inflamed joint. Nevertheless,
these findings suggest that miRNAs have the potential to become
biomarkers for the inflammatory process and therapy response,
as well as targets for RA therapy.

Systemic lupus erythematosus

The first indication that miRNA deregulation might play a role in
autoimmunity was a report by Dai et al. in 2007 [88], analysing
miRNA expression profiles in the peripheral blood cells from
patients with systemic lupus erythematosus (SLE), a systemic
autoimmune disease and ITP (idiopathic thrombocytopenic pur-
pura), an organ-specific autoimmune disease, as well as healthy
controls. The study indentified 16 SLE-related miRNAs and 19
ITP-related miRNAs. 13 miRNAs showed a similar expression
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pattern in SLE and ITP (among others miR-17-5p, miR-196a,
miR-383, miR-409-3p were down-regulated, while miR-142-3p
and miR-342 were up-regulated). These miRNAs may be generally
associated with autoimmunity, while miRNAs specifically regu-
lated in SLE (e.g. miR-184, miR-198, miR-21) or ITP (e.g. miR-214,
miR-296, miR-513) may be involved in systemic inflammation/
organ-specific tissue destruction. Interestingly, several miRNAs
had different expression between two groups of SLE patients
with different disease activity (SLEDAI < 12 or SLEDAI > 15).
Although these results are interesting and implicate miRNAs in the
pathogenesis of SLE and ITP, a limitation of this study is that RNA
was pooled in each sample group, not allowing for comparison of
different groups by statistical methods; moreover, functional stud-
ies demonstrating the involvement of these miRNAs in immune
functions are lacking (with the exception of miR-17-5p, see
below). MiRNAs specifically associated with SLE may potentially
serve as biomarkers useful in differential diagnosis and follow-up
of disease activity, and as targets for therapy.

Primary biliary cirrhosis

A very recent study implicated miRNAs in primary biliary cirrhosis
(PBC), an autoimmune disease characterized by lymphocytic infil-
trates in the portal tracts and anti-mitochondrial antibodies [89].
Comparison of miRNA expression profiles using oligonucleotide
arrays in peripheral blood cells of PBC patients and healthy controls
revealed down-regulation of 23 miRNAs (e.g. let-7b, miR-17-5p,
miR-346 and miR-20a) and up-regulation of 2 miRNAs (miR-451
and miR-129). The functional significance of the miRNA deregula-
tion in PBC was demonstrated by transfection of anti-let-7b, anti-
miR-346, anti-miR-17-5p (inhibition of miRNAs) and pre-miR-129
(overexpression of miRNAs) into autoantigen-specific T cells. The
transfected cells showed a significant increase in proliferation and
IFN-y production. Hence, aberrant expression of these miRNAs may
contribute to autoimmunity by affecting the proliferation and activa-
tion of autoreactive immune cells. Overexpression of miR-17-5p in
PDC-E2-specific T cells led to decreased protein (but not mRNA)
expression of one of its predicted targets, TNFRSF21 (death recep-
tor 6 (DR6)), while inhibition of miR-17-5p increased TNFRSF21
expression, suggesting that miR-17-5p might target TNFRSF21 for
translational repression. In the same setting, the authors showed
that let-7d might target IL-6. However, it has not been confirmed
whether these genes are targeted directly by miR-17-5p and let-7d.

miR-17-5p and miR-101 in autoimmunity

Interestingly, down-regulation of miR-17-5p was observed in
peripheral blood cells from patients with SLE, ITP and PBC, three
autoimmune diseases targeting different organs, pointing to an
important role of this miRNA in human autoimmune disorders
[88, 89]. miR-17-5p is part of the miR-17-92 polycistronic miRNA
gene cluster, encoding 6 miRNAs. The sequences of these miRNAs
and their organization is highly conserved in all vertebrates. The
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miR-17-92 cluster has been linked to carcinogenesis as well as
tumour angiogenesis [39, 80], and recent data point to a func-
tional role in the development of the immune system. Surprisingly,
transgenic overexpression of the miR-17-92 cluster in T and B
cells of mice resulted in lymphoproliferative disease and in
autoimmunity, with increased IgG and IgM levels, increased titres
of anti-ds-DNA and anti-ss-DNA and massive infiltration of lym-
phocytes into non-lymphoid tissues [90]. The authors identified
PTEN and Bim as direct targets of miRNAs in the miR-17-92 clus-
ter, both proteins important in maintaining central and peripheral
tolerance; down-regulation of these proteins could therefore cause
breakdown of these tolerance mechanisms. However, these results
contrast with the finding that miR-17-5p was down-regulated in
peripheral blood cells in three human autoimmune diseases;
therefore, the proposed mechanism is not likely to be relevant in
autoimmune diseases in human beings. At present it is not clear
whether the autoimmune syndrome is a direct consequence of the
overexpression of miR-17-92 cluster, or a by-product of the lym-
phoproliferative effect. An alternative explanation for the discrep-
ancy between these observations can be the differences between
the human and the murine immune system.

Another recent report using a mouse model for autoimmunity
revealed a novel pathway that prevents autoimmunity by limiting
the levels of a co-stimulatory receptor, the inducible T-cell stimu-
lator (ICOS) on T lymphocytes, [91]. The novel pathway involves
the gene called Roguin, which can undergo a specific mutation
(M199R) that results in instructing T cells to react against the self,
as previously shown by the same group in 2005 [92]. The san-
roque mice homozygous for the M199R mutation develop a lupus-
like autoimmune syndrome, with lymphadenopathy, splenomegaly
and accumulation of T cells. In their new study, the authors show
that in these mice, ICOS overexpression is an essential contribu-
tor to the phenotype, indicating that tight regulation of ICOS by
Roquin is critical to prevent T- and B-cell accumulation [91]. The
authors demonstrate that binding of miR-101 (and potentially
other miRNAs) to the unusually long 3'UTR of ICOS is essential
for this regulation as disruption of the miR-101 binding site dis-
rupts the repressive activity of Roquin. However, it is still unclear
whether Roquin binds to the target mRNA or to the complemen-
tary miRNA(s). It will be interesting to see whether natural
sequence polymorphisms in miR-101 or in the 3'UTR of ICOS can
be associated with autoimmune diseases.

Vascular inflammation

Inflammation is thought to contribute to multiple acute and
chronic vascular diseases, including atherosclerosis, which is
considered as a chronic inflammatory disease. In the formation of
early lesions (fatty streaks), leucocyte activation and their infiltra-
tion to the vascular wall is an important step [93]. To date, only a
few studies assessed the role of miRNAs in vascular inflammation
and diseases [94].

A recent study provided evidence that miRNAs control vascular
inflammation [95]. Harris et al. identified miR-126 as a miRNA
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highly and selectively expressed in endothelial cells. MiR-126 was
found to regulate the expression of vascular cell adhesion molecule 1
(VCAM1), which is an intracellular adhesion molecule mediating
leukocyte adherence to endothelial cells. Resting endothelial cells
do not express VCAM-1, but pro-inflammatory cytokines such as
TNF-« activate the transcription factors NF-xB and IRF-1, which
induce VCAM-1 transcription. Inhibition of miR-126 increased
TNF-a-stimulated VCAM-1 expression. Moreover, functional exper-
iments measuring the adhesion of labelled leucocytes to HUVEC
cells demonstrated that TNF-a-induced leucocyte adherence was
decreased when HUVEC cells overexpressed miR-126. Conversely,
antisense inhibition of miR-126 in HUVEC cells increased leucocyte
adherence. Since miR-126 is constitutively expressed in endothe-
lial cells, its function may be the suppression of leukocyte adhesion
and inflammation in resting endothelial cells.

One of the first studies indirectly implicating miRNAs in cardio-
vascular disease [96] showed that the angiotensin Il type | recep-
tor (AT1R) is translationally repressed by miR-155. AT1R is the
main receptor for angiotensin Il and its activation initiates a cas-
cade of pathological events, including altered vascular tone,
endothelial dysfunction, structural remodelling and also vascular
inflammation, all of which may significantly contribute to the
development of cardiovascular and kidney disease [97]. Therefore
it is conceivable that decreased levels of miR-155 might contribute
to these disorders, including vascular inflammation. Although
there is no evidence showing decreased miR-155 levels in these
diseases, decreased miR-155-mediated translational repression
by another mechanism has been implicated in cardiovascular dis-
eases. Another study from the same group showed that a silent
polymorphism (+1166 A/C) in the 3’UTR of the AT1R gene that
has been associated with cardiovascular disease disrupts the
binding site for miR-155 [98]. Hence, the presence of this poly-
morphism leads to decreased translational repression, and
thereby increased AT1R densities in endothelial cells and vascular
smooth muscle which in turn might lead to vascular inflammation
and cardiovascular disease.

MiRNAs in antiviral immunity
and viral immune escape

Given the broad regulatory roles of miRNAs in cellular functions,
it is not surprising that these tiny molecules are also part of the
cat-and-mouse game known as virus-host co-evolution. The
usage of miRNAs encoded in the viral genome is advantageous
form the viral perspective: they can specifically down-regulate
host cell genes, they occupy less than 200 nucleotides of the viral
genome and they are not antigenic [99]. One can predict that viral
miRNAs probably interfere with various aspects of the host’s anti-
viral immune responses, including antigen presentation, or innate
immune responses, including the IFN system [99]. The first study
showing that miRNAs can be encoded in the viral genome was
published in 2004 [100], and since then several DNA viruses
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Table 2 MiRNAs involved in virus-host interactions

J. Cell. Mol. Med. Vol 13, No 1, 2009

MiRNA mRNA target Virus Function References
Viral Viral
miR-S1-5p . . -
and miR-S1-3p T antigen SV40 Decreased susceptibility to CTL killing [107, 108]
miR-UL-112-1 IE72 hCMV tLiJ(r:In(;]own (may promote transition to latent infec- [109]
miR-H2-3p ICPO HSV-A May facilitate the establishment and maintenance [107]

of viral latency
miR-H6 CP4 HSV-A May facilitate the establishment and maintenance [107]

of viral latency
Viral Host
miR-UL-112 MICB hCMV Decreased susceptibility to NK cell killing [101]
.10 MiRNAS Thrombospondin-1 (THBS-1) KSHV Reduced TGF-b activity [102]
in a cluster
miR-K12—-11 BACH-1 and other genes KSHV B-cell lymphoma development [103, 104]
Host Viral
miR-122 5’UTR of HCV genomic RNA HCV Facilitates HCV replication [110]
miR-196, miR-448 HCV genomic RNA HCV Inhibits HCV accumulation in hepatocytes [113]

have been shown to encode viral miRNAs, mostly from the her-
pesvirus family. Viral miRNAs can regulate viral or host genes to
manipulate immune responses and cellular functions for the ben-
efit of the virus. Additionally, viruses can regulate and use host
miRNAs to facilitate their own replication. Host miRNAs may on
the other hand also limit viral replication or modulate cellular
processes to the disadvantage of the virus; however, viruses have
their countermeasures to evade such restriction. Examples for
viral and host miRNAs affecting host-viral interactions are listed in
Table 2. Studying the intricate relationship between viruses and
their host is not only important for understanding viral pathogen-
esis but may also contribute to our understanding about the role
of miRNAs in immune functions.

Viral miRNAs regulating host genes

A recent study demonstrated that viral miRNAs can suppress host
cell genes to evade antiviral immune response. miR-UL112, a
miRNA encoded in the human cytomegalovirus (hCMV) genome
suppresses the expression of the host protein major histocompat-
ibility complex class 1-related chain B (MICB) [101]. Since MICB
is a ligand of the NK cell activating receptor NKG2D, its suppres-
sion by miR-UL112 leads to reduced killing of the virus-infected
cell by NK cells. Another example for viral miRNAs regulating host
genes is a cluster of miRNAs encoded in the Kaposi’s sarcoma
herpesvirus (KSHV) genome that regulate thrombospondin
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(THBS1) [102]. THBS1 is a multifunctional extracellular matrix
glycoprotein that activates TGF-B; hence reduced THBS1 levels
might lead to reduced TGF-B activity, and reduced apoptosis as a
consequence. KSHV-1 also encodes a miRNA, miR-K12-11, that
uses an existing system of regulatory networks in the host: this
miRNA has a seed sequence identical to that of miR-155, as
demonstrated by two independent groups [103, 104].
Accordingly, several targets are shared between the two miRNAs.
It is tempting to speculate that miR-K12—11 might contribute to
Kaposi sarcoma tumourigenesis, since miR-155 has been impli-
cated in many types of haematological malignancies.

Another viral miRNA that was suggested to protect infected
cells from apoptosis by regulating the TGF-g pathway is the HSV-1
encoded miR-LAT processed from the latency-associated tran-
script (LAT) [105]. Although the mechanism of viral miRNA-medi-
ated apoptosis inhibition seemed logical this report was recently
retracted since other groups could not detect miR-LAT [106].
Interestingly, a recent study demonstrated that the assumption
that LAT serves as a precursor for miRNAs was right; however,
LAT-derived miRNAs seem to regulate viral genes instead of host
genes (see below) [107].

Viral miRNAs regulating viral genes

Viral miRNAs can also target viral genes and thereby interfere
with host antiviral responses [108]. The polyoma virus simian
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virus 40 (SV40) encodes miRNAs accumulating at late times in
infection which target early viral mRNAs for cleavage. By down-
regulating the early transcripts encoding large and small T anti-
gens, which are dominant targets of cytotoxic T-cell (CTL)
response, these viral miRNAs switch the virus into ‘stealth mode’
to avoid detection of infected cells by CTLs [99, 108]. Ironically,
the existence of these viral auto-regulatory miRNAs indicates that
viruses can hijack the host RNAi machinery, which is often spec-
ulated to have evolved as an anti-viral mechanism, to generate
small RNAs for their own purposes.

In addition to contributing to viral immune escape, viral
miRNAs can also facilitate latent infection. Umbach and colleagues
reported the discovery of five latently expressed HSV-1-derived
miRNAs processed from the LAT, two of which (miR-H2-3p and
miR-H6) targets genes expressed during productive infection
[107]. MiR-H2-3p targets the immediate-early gene ICPO, which
promotes viral replication and may facilitate reactivation from
latency, while another miRNA, miR-H6 suppresses the expression
of ICP4, a gene required for the expression of most HSV-1 genes
during early infection [107]. A hCMV miRNA miR-UL-112, has
also been suggested to promote viral latency by suppressing the
immediate early gene IE72 (and other genes involved in viral repli-
cation) during the later stage of viral replication [109]. Hence, late
expressed miRNAs may facilitate establishment and maintenance
of viral latency.

Host miRNAs regulating viral genes

In the evolution of host-virus interactions, not only viral miRNAs
have evolved to regulate host genes to their benefit, but viral
mRNAs have also appeared that can be targeted by miRNAs con-
stitutively expressed in the target cells of the virus. In 2005, a
striking observation was made by Jopling et al. that a liver-specific
miRNA known as miR-122 is actually required for hepatitis C virus
(HCV) replication, without known beneficial effect for the host
[110]. Mutational analysis of a predicted miR-122 binding site in
the HCV genome provided evidence for the direct role of miR-122
for HCV replication. The effect of miR-122 on HCV seems to be a
novel mechanism of miRNA action; however, the mechanism is
still unknown. MiR-122 might facilitate HCV replication by aiding
RNA folding or RNA accumulation into replication complexes, and
an indirect effect can also not be excluded [111]. These findings
demonstrating the requirement of miR-122 for HCV replication are
not only of special interest because of the novel and unusual
action of a miRNA but also because these provided the first link of
miRNAs to a major infectious disease. Pharmaceutical develop-
ment of drugs interfering with miR-122 is underway as it is hoped
that inhibition of miR-122 expression in the liver could interfere
with the replication of HCV [112].

Host miRNAs are not always beneficial for the virus but can
also inhibit viral replication. A recent report demonstrated that
IFN-B, an antiviral cytokine, induces numerous cellular miRNAs
(such as miR-196, miR-296, miR-351, miR-431 and miR-448),
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with sequence-predicted targets within the HCV genomic RNA
[113]. Overexpression of these miRNAs in infected liver cells sub-
stantially attenuated viral replication demonstrating the impor-
tance of miRNAs in anti-viral immunity. Elegantly, miR-122, which
has a positive effect on HCV replication in liver cells, was sup-
pressed by IFN-B, thereby contributing to the antiviral effect of
this cytokine [113]. Thus, host miRNAs may have evolved to tar-
get viral genes and thereby inhibit viral replication and represent a
part of the host’s antiviral immune response.

Understanding how cellular and viral miRNAs influence viral-
host interactions have important implications not only for infec-
tious diseases but also for carcinogenesis, since several viruses
are associated with carcinogenesis. Therefore, miRNAs have the
potential to become novel drug targets in virally induced infectious
or malignant diseases.

Perspectives

Even in 2000 there were only two miRNAs described. Barely 8
years later there are 6396 miRNA entries, out of which 678 were
discovered in H. sapiens (Fig. 1). Computational analysis of the
human genome suggest that the total number of miRNAs may be
more than 1000 not considering other short, non-coding RNAs
that were discovered only recently. Although the number of
miRNA publications is increasing rapidly (Fig. 2), the functions are
still unclear for the majority of identified miRNAs.

Computational prediction of miRNA targets has become an
important tool in the investigation of miRNA functions but its
reliability needs further improvements. Although it is now known
that certain factors — seed match, evolutionary conservation —
may be important for the miRNA : mRNA binding, their relevance
to the repression of protein production is largely unknown.
Understanding of miRNA functions has been hindered by the
lack of high-throughput protein expression analysis. However,
the recent appearance of new, high-throughput proteomic
approaches can in the future aid the identification of targets on a
global scale.

Deregulation of miRNAs in diseases have been only partially
understood and can be explained by genetic (mutations, deletions,
translocation) and epigenetic mechanisms (methylation) or by
aberrations in the miRNA-processing machinery. Most studies
investigating the role of miRNAs in diseases have been focusing
on cancer, and still little is known about the effect of miRNAs on
normal immune functions and immune-related diseases. However,
miRNAs are undoubtedly required for the development of the
immune system as well as for normal innate and acquired immune
response. An increasing body of evidence shows deregulation of
miRNAs in autoimmune, chronic inflammatory and other immune-
mediated diseases, although their role in the pathogenesis of
these diseases still awaits discovery.

The emergence of miRNAs will not make the understanding of
regulatory networks easier. Each miRNA acts by suppressing the
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expression of hundreds of protein-coding genes and each gene is
regulated by more than one miRNA that may act in a cooperative
fashion. The complexity of the full picture about gene regulation in
health and disease apparently exceeds our wildest dreams.
However, regulation of whole pathways instead of single genes

References

10.

1.

Lee RC, Feinbaum RL, Ambros V. The C.
elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementar-
ity to lin-14. Cell. 1993; 75: 843-54.
Ruvkun G. Molecular biology. Glimpses of
a tiny RNA world. Science. 2001; 294:
797-9.

Grosshans H, Slack FJ. Micro-RNAs:
small is plentiful. J Cell Biol. 2002; 156:
17-21.

Bernstein E, Kim SY, Carmell MA,
Murchison EP, Alcorn H, Li MZ, Mills AA,
Elledge SJ, Anderson KV, Hannon GJ.
Dicer is essential for mouse development.
Nat Genet. 2003; 35: 215-7.

Kloosterman WP, Lagendijk AK, Ketting
RF, Moulton JD, Plasterk RH. Targeted
inhibition of miRNA maturation with mor-
pholinos reveals a role for miR-375 in pan-
creatic islet development. PLoS Biol. 2007;
5: e203.

Wienholds E, Koudijs MJ, van Eeden FJ,
Cuppen E, Plasterk RH. The microRNA-
producing enzyme Dicer1 is essential for
zebrafish development. Nat Genet. 2003;
35:217-8.

Doench JG, Sharp PA. Specificity of
microRNA target selection in translational
repression. Genes Dev. 2004; 18: 504-11.
Lim LP, Lau NC, Garrett-Engele P,
Grimson A, Schelter JM, Castle J, Bartel
DP, Linsley PS, Johnson JM. Microarray
analysis shows that some microRNAs
downregulate large numbers of target
mRNAs. Nature. 2005; 433: 769-73.

Lim LP, Lau NC, Weinstein EG,
Abdelhakim A, Yekta S, Rhoades MW,
Burge CB, Bartel DP. The microRNAs of
Caenorhabditis elegans. Genes Dev. 2003;
17: 991-1008.

Reinhart BJ, Slack FJ, Basson M,
Pasquinelli AE, Bettinger JC, Rougvie
AE, Horvitz HR, Ruvkun G. The 21-
nucleotide let-7 RNA regulates develop-
mental timing in Caenorhabditis elegans.
Nature. 2000; 403: 901-6.

Kapsimali M, Kloosterman WP, de Bruijn
E, Rosa F, Plasterk RH, Wilson SW.
MicroRNAs show a wide diversity of
expression profiles in the developing and

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

20.

21.

22.

23.

24.

mature central nervous system. Genome
Biol. 2007; 8: R173.

Kloosterman WP, Plasterk RH. The
diverse functions of microRNAs in animal
development and disease. Dev Cell. 2006;
11: 441-50.

Huppi K, Volfovsky N, Mackiewicz M,
Runfola T, Jones TL, Martin SE, Stephens
R, Caplen NJ. MicroRNAs and genomic
instability. Semin Cancer Biol. 2007; 17:
65-73.

McManus MT. MicroRNAs and cancer.
Semin Cancer Biol. 2003; 13: 253-8.

He L, Hannon GJ. MicroRNAs: small
RNAs with a big role in gene regulation.
Nat Rev Genet. 2004; 5: 522-31.

Ke XS, Liu CM, Liu DP, Liang CC.
MicroRNAs: key participants in gene regu-
latory networks. Curr Opin Chem Biol.
2003; 7: 516-23.

Alvarez-Garcia I, Miska EA. MicroRNA
functions in animal development and
human disease. Development. 2005; 132:
4653-62.

Lu J, Getz G, Miska EA, Alvarez-
Saavedra E, Lamb J, Peck D, Sweet-
Cordero A, Ebert BL, Mak RH, Ferrando
AA, Downing JR, Jacks T, Horvitz HR,
Golub TR. MicroRNA expression profiles
classify human cancers. Nature. 2005;
435: 834-8.

Miska EA. How microRNAs control cell
division, differentiation and death. Curr
Opin Genet Dev. 2005; 15: 563-8.

Bartel DP. MicroRNAs: genomics, biogen-
esis, mechanism, and function. Cell. 2004;
116: 281-97.

Makunin IV, Pheasant M, Simons C,
Mattick JS. Orthologous microRNA genes
are located in cancer-associated genomic
regions in human and mouse. PLoS ONE.
2007; 2: e1133.

Calin GA, Croce CM. MicroRNA signa-
tures in human cancers. Nat Rev Cancer.
2006; 6: 857-66.

Croce CM, Calin GA. miRNAs, cancer, and
stem cell division. Cell. 2005; 122: 6-7.
Volinia 8, Calin GA, Liu CG, Ambs §,
Cimmino A, Petrocca F, Visone R, lorio
M, Roldo C, Ferracin M, Prueitt RL,

J. Cell. Mol. Med. Vol 13, No 1, 2009

25.

26.

27.

28.

29.

30.

31.

also makes miRNAs excellent candidates for gene therapy. There
are promising results from the first experiments with drugs based
on, or targeting miRNAs which can give rise to radically new
therapies for the treatment of common immune-mediated and
malignant diseases in the next decades.

Yanaihara N, Lanza G, Scarpa A,
Vecchione A, Negrini M, Harris CC, Croce
CM. A microRNA expression signature of
human solid tumors defines cancer gene
targets. Proc Natl Acad Sci USA. 2006;
103: 2257-61.

Eisenberg I, Eran A, Nishino I, Moggio
M, Lamperti C, Amato AA, Lidov HG,
Kang PB, North KN, Mitrani-Rosenbaum
S, Flanigan KM, Neely LA, Whitney D,
Beggs AH, Kohane IS, Kunkel LM.
Distinctive patterns of microRNA expres-
sion in primary muscular disorders. Proc
Natl Acad Sci USA. 2007; 104: 17016-21.
lkeda S, Kong SW, Lu J, Bisping E, Zhang
H, Allen PD, Golub TR, Pieske B, Pu WT.
Altered microRNA expression in human
heart disease. Physiol Genomics. 2007;
31: 367-73.

Care A, Catalucci D, Felicetti F, Bonci D,
Addario A, Gallo P, Bang ML, Segnalini
P, Gu Y, Dalton ND, Elia L, Latronico MV,
Hoydal M, Autore C, Russo MA, Dorn
GW, 2nd, Ellingsen 0, Ruiz-Lozano P,
Peterson KL, Croce CM, Peschle C,
Condorelli G. MicroRNA-133 controls car-
diac hypertrophy. Nat Med. 2007; 13:
613-8.

Cheng Y, Ji R, Yue J, Yang J, Liu X, Chen
H, Dean DB, Zhang C. MicroRNAs are
aberrantly expressed in hypertrophic heart:
do they play a role in cardiac hypertrophy?
Am J Pathol. 2007; 170: 1831-40.
Hansen T, Olsen L, Lindow M, Jakobsen
KD, Ullum H, Jonsson E, Andreassen 0A,
Djurovic S, Melle I, Agartz I, Hall H,
Timm S, Wang AG, Werge T. Brain
expressed microRNAs implicated in schizo-
phrenia etiology. PLoS ONE. 2007; 2: €873.
Sonkoly E, Wei T, Janson PC, Saaf A,
Lundeberg L, Tengvall-Linder M,
Norstedt G, Alenius H, Homey B,
Scheynius A, Stahle M, Pivarcsi A.
MicroRNAs: novel regulators involved in
the pathogenesis of Psoriasis? PLoS ONE.
2007; 2: e610.

Sonkoly E, Stahle M, Pivarcsi A.
MicroRNAs: novel regulators in skin
inflammation. Clin Exp Dermatol. 2008;
33:312-5.

35



32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

36

Sonkoly E, Stahle M, Pivarcsi A.
MicroRNAs and immunity: novel players in
the regulation of normal immune function
and inflammation. Semin Cancer Biol.
2008; 18: 131-40.

Lindsay MA. microRNAs and the immune
response. Trends Immunol. 2008; 29:
343-51.

Chen CZ, Lodish HF. MicroRNAs as regu-
lators of mammalian hematopoiesis.
Semin Immunol. 2005; 17: 155-65.
Lodish HF, Zhou B, Liu G, Chen CZ.
Micromanagement of the immune system
by microRNAs. Nat Rev Immunol. 2008; 8:
120-30.

Tili E, Michaille JJ, Calin GA. Expression
and function of micro-RNAs in immune
cells during normal or disease state. /nt J
Med Sci. 2008; 5: 73-9.

Berezikov E, Guryev V, van de Belt J,
Wienholds E, Plasterk RH, Cuppen E.
Phylogenetic shadowing and computa-
tional identification of human microRNA
genes. Cell. 2005; 120: 21-4.

Saini HK, Griffiths-Jones S, Enright AJ.
Genomic analysis of human microRNA
transcripts. Proc Natl Acad Sci USA. 2007,
104: 17719-24.

He L, Thomson JM, Hemann MT,
Hernando-Monge E, Mu D, Goodson S,
Powers S, Cordon-Cardo C, Lowe SW,
Hannon GJ, Hammond SM. A microRNA
polycistron as a potential human onco-
gene. Nature. 2005; 435: 828-33.

Lee Y, Jeon K, Lee JT, Kim S, Kim VN.
MicroRNA maturation: stepwise process-
ing and subcellular localization. EMBO J.
2002; 21: 4663-70.

Smalheiser NR. EST analyses predict the
existence of a population of chimeric
microRNA precursor-mRNA transcripts
expressed in normal human and mouse
tissues. Genome Biol. 2003; 4: 403.

Cai X, Hagedorn CH, Cullen BR. Human
microRNAs are processed from capped,
polyadenylated transcripts that can also
function as mRNAs. RNA. 2004; 10:
1957-66.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim
J, Lee J, Provost P, Radmark 0, Kim S,
Kim VN. The nuclear RNase Il Drosha ini-
tiates microRNA processing. Nature. 2003;
425: 415-9.

Yi R, Qin Y, Macara IG, Cullen BR.
Exportin-5 mediates the nuclear export of
pre-microRNAs and short hairpin RNAs.
Genes Dev. 2003; 17: 3011-6.

Lund E, Guttinger S, Calado A, Dahlberg
JE, Kutay U. Nuclear export of microRNA
precursors. Science. 2004; 303: 95-8.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Schwarz DS, Hutvagner G, Du T, Xu Z,
Aronin N, Zamore PD. Asymmetry in the
assembly of the RNAi enzyme complex.
Cell. 2003; 115: 199-208.

Khvorova A, Reynolds A, Jayasena SD.
Functional siRNAs and miRNAs exhibit
strand bias. Cell. 2003; 115: 209-16.
Hutvagner G, Zamore PD. A microRNA in
a multiple-turnover RNAi enzyme complex.
Science. 2002; 297: 2056-60.

Doench JG, Petersen CP, Sharp PA.
siRNAs can function as miRNAs. Genes
Dev. 2003; 17: 438-42.

Zeng Y, Yi R, Cullen BR. MicroRNAs
and small interfering RNAs can inhibit
mRNA expression by similar mecha-
nisms. Proc Natl Acad Sci USA. 2003;
100: 9779-84.

Saxena S, Jonsson Z0, Dutta A. Small
RNAs with imperfect match to endogenous
mRNA repress translation. Implications for
off-target activity of small inhibitory RNA
in mammalian cells. J Biol Chem. 2003;
278: 44312-9.

Giraldez AJ, Mishima Y, Rihel J, Grocock
RJ, Van Dongen S, Inoue K, Enright AJ,
Schier AF. Zebrafish MiR-430 promotes
deadenylation and clearance of maternal
mRNAs. Science. 2006; 312: 75-9.

Wu L, Fan J, Belasco JG. MicroRNAs
direct rapid deadenylation of mRNA. Proc
Natl Acad Sci USA. 2006; 103: 4034-9.
Mathonnet G, Fabian MR, Svitkin YV,
Parsyan A, Huck L, Murata T, Biffo S,
Merrick WC, Darzynkiewicz E, Pillai RS,
Filipowicz W, Duchaine TF, Sonenberg N.
MicroRNA inhibition of translation initia-
tion in vitro by targeting the cap-binding
complex elF4F. Science. 2007; 317:
1764-7.

Meister G. miRNAs get an early start on
translational silencing. Cell. 2007; 131:
25-8.

Kong YW, Cannell IG, de Moor CH, Hill K,
Garside PG, Hamilton TL, Meijer HA,
Dobbyn HC, Stoneley M, Spriggs KA,
Willis AE, Bushell M. The mechanism of
micro-RNA-mediated translation repres-
sion is determined by the promoter of the
target gene. Proc Natl Acad Sci USA. 2008;
105: 8866-71.

Baek D, Villen J, Shin C, Camargo FD,
Gygi SP, Bartel DP. The impact of
microRNAs on protein output. Nature.
2008;455: 64-71.

Selbach M, Schwanhausser B,
Thierfelder N, Fang Z, Khanin R,
Rajewsky N. Widespread changes in pro-
tein synthesis induced by microRNAs.
Nature. 2008; 455: 58-63.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Liu J. Control of protein synthesis and
mRNA degradation by microRNAs. Curr
Opin Cell Biol. 2008; 20: 214-21.

Farh KK, Grimson A, Jan C, Lewis BP,
Johnston WK, Lim LP, Burge CB, Bartel
DP. The widespread impact of mammalian
MicroRNAs on mRNA repression and evo-
lution. Science. 2005; 310: 1817-21.
John B, Enright AJ, Aravin A, Tuschl T,
Sander C, Marks DS. Human MicroRNA
targets. PLoS Biol. 2004; 2: e363.
Asirvatham AJ, Gregorie CJ, Hu Z,
Magner WJ, Tomasi TB. MicroRNA tar-
gets in immune genes and the
Dicer/Argonaute and ARE machinery com-
ponents. Mol Immunol. 2008; 45:
1995-2006.

Grimson A, Farh KK, Johnston WK,
Garrett-Engele P, Lim LP, Bartel DP.
MicroRNA targeting specificity in mam-
mals: determinants beyond seed pairing.
Mol Cell. 2007; 27: 91-105.

Thomson JM, Newman M, Parker JS,
Morin-Kensicki EM, Wright T, Hammond
SM. Extensive post-transcriptional regula-
tion of microRNAs and its implications for
cancer. Genes Dev. 2006; 20: 2202-7.
Kim YK, Kim VN. Processing of intronic
microRNAs. EMBO J. 2007; 26: 775-83.
Zhou X, Ruan J, Wang G, Zhang W.
Characterization and identification of
microRNA core promoters in four model
species. PLoS Comput Biol. 2007; 3: €37.
Lee Y, Kim M, Han J, Yeom KH, Lee S,
Baek SH, Kim VN. MicroRNA genes are
transcribed by RNA polymerase Il. EMBO
J. 2004; 23: 4051-60.

Taganov KD, Boldin MP, Chang KJ,
Baltimore D. NF-kappaB-dependent
induction of microRNA miR-146, an
inhibitor targeted to signaling proteins of
innate immune responses. Proc Nat/ Acad
Sci USA. 2006; 103: 12481-6.

Saito Y, Liang G, Egger G, Friedman JM,
Chuang JC, Coetzee GA, Jones PA.
Specific activation of microRNA-127 with
downregulation of the proto-oncogene
BCL6 by chromatin-modifying drugs in
human cancer cells. Cancer Cell. 2006; 9:
435-43.

Lujambio A, Ropero S, Ballestar E, Fraga
MF, Cerrato C, Setien F, Casado S,
Suarez-Gauthier A, Sanchez-Cespedes
M, Git A, Spiteri 1, Das PP, Caldas C,
Miska E, Esteller M. Genetic unmasking
of an epigenetically silenced microRNA in
human cancer cells. Cancer Res. 2007; 67:
1424-9.

Brueckner B, Stresemann C, Kuner R,
Mund C, Musch T, Meister M, Sultmann

© 2009 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

H, Lyko F. The human let-7a-3 locus con-
tains an epigenetically regulated microRNA
gene with oncogenic function. Cancer Res.
2007; 67: 1419-23.

Han L, Witmer PD, Casey E, Valle D,
Sukumar 8. DNA methylation regulates
MicroRNA expression. Cancer Biol Ther.
2007; 6: 1284-8.

Datta J, Kutay H, Nasser MW, Nuovo GJ,
Wang B, Majumder S, Liu CG, Volinia S,
Croce CM, Schmittgen TD, Ghoshal K,
Jacob ST. Methylation mediated silencing
of MicroRNA-1 gene and its role in hepato-
cellular carcinogenesis. Cancer Res. 2008;
68: 5049-58.

Lehmann U, Hasemeier B, Christgen M,
Muller M, Romermann D, Langer F,
Kreipe H. Epigenetic inactivation of
microRNA gene hsa-mir-9-1 in human
breast cancer. J Pathol. 2008; 214: 17-24.
Sandberg R, Neilson JR, Sarma A, Sharp
PA, Burge CB. Proliferating cells express
mRNAs with shortened 33’ untranslated
regions and fewer microRNA target sites.
Science. 2008; 320: 1643-7.

Plasterk RH. Micro RNAs in animal devel-
opment. Cell. 2006; 124: 877-81.

Calin GA, Croce CM. Genomics of chronic
lymphocytic leukemia microRNAs as new
players with clinical significance. Semin
Oncol. 2006; 33: 167-73.

Tili E, Michaille JJ, Cimino A, Costinean
S, Dumitru CD, Adair B, Fabbri M, Alder
H, Liu CG, Calin GA, Croce CM.
Modulation of miR-155 and miR-125b lev-
els following lipopolysaccharide/TNF-alpha
stimulation and their possible roles in reg-
ulating the response to endotoxin shock. J
Immunol. 2007; 179: 5082-9.

Lawrie CH. MicroRNAs and haematology:
small molecules, big function. Br J
Haematol. 2007; 137: 503-12.

Mendell JT. miRiad roles for the miR-17-
92 cluster in development and disease.
Cell. 2008; 133: 217-22.

Tan Z, Randall G, Fan J, Camoretti-
Mercado B, Brockman-Schneider R, Pan
L, Solway J, Gern JE, Lemanske RF,
Nicolae D, Ober C. Allele-specific target-
ing of microRNAs to HLA-G and risk of
asthma. Am J Hum Genet. 2007; 81:
829-34.

Saunders MA, Liang H, Li WH. Human
polymorphism at  microRNAs and
microRNA target sites. Proc Natl Acad Sci
USA. 2007; 104: 3300-5.

Croker BA, Krebs DL, Zhang JG, Wormald
S, Willson TA, Stanley EG, Robb L,
Greenhalgh CJ, Forster I, Clausen BE,
Nicola NA, Metcalf D, Hilton DJ, Roberts

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

AW, Alexander WS. SOCS3 negatively
regulates IL-6 signaling in vivo. Nat
Immunol. 2003; 4: 540-5.

Lena AM, Shalom-Feuerstein R, di Val
Cervo PR, Aberdam D, Knight RA, Melino
G, Candi E. miR-203 represses ‘stemness’
by repressing DeltaNp63. Cell Death Differ.
2008; 15: 1187-95.

Yi R, Poy MN, Stoffel M, Fuchs E. A skin
microRNA promotes differentiation by
repressing ‘stemness’. Nature. 2008; 452:
225-9.

Stanczyk J, Pedrioli DM, Brentano F,
Sanchez-Pernaute 0, Kolling C, Gay RE,
Detmar M, Gay S, Kyburz D. Altered
expression of MicroRNA in synovial fibrob-
lasts and synovial tissue in rheumatoid
arthritis. Arthritis Rheum. 2008; 58: 1001-9.
Nakasa T, Miyaki S, Okubo A, Hashimoto
M, Nishida K, Ochi M, Asahara H.
Expression of microRNA-146 in rheuma-
toid arthritis synovial tissue. Arthritis
Rheum. 2008; 58: 1284-92.

Dai Y, Huang YS, Tang M, Lv TY, Hu CX,
Tan YH, Xu ZM, Yin YB. Microarray analy-
sis of microRNA expression in peripheral
blood cells of systemic lupus erythemato-
sus patients. Lupus. 2007; 16: 939-46.
Qian C, Yao D, Jiang T, Chen S, Wu C,
Zhou Y, Gu M, Chen B, Chen Y, Zhang L,
Deng A, Zhong R. MicroRNA profile in
peripheral blood T cells of patients with
primary biliary cirrhosis. Clin Sci. 2008.
Xiao C, Srinivasan L, Calado DP,
Patterson HC, Zhang B, Wang J,
Henderson JM, Kutok JL, Rajewsky K.
Lymphoproliferative disease and autoim-
munity in mice with increased miR-17-92
expression in lymphocytes. Nat Immunol.
2008; 9: 405-14.

Yu D, Tan AH, Hu X, Athanasopoulos V,
Simpson N, Silva DG, Hutloff A, Giles
KM, Leedman PJ, Lam KP, Goodnow CC,
Vinuesa CG. Roquin represses auto-
immunity by limiting inducible T-cell co-
stimulator messenger RNA. Nature. 2007;
450: 299-303.

Vinuesa CG, Cook MC, Angelucci C,
Athanasopoulos V, Rui L, Hill KM, Yu D,
Domaschenz H, Whittle B, Lambe T,
Roberts IS, Copley RR, Bell JI, Cornall
RJ, Goodnow CC. A RING-type ubiquitin
ligase family member required to repress
follicular helper T cells and autoimmunity.
Nature. 2005; 435: 452-8.

Ross R. Atherosclerosis — an inflamma-
tory disease. N Engl J Med. 1999; 340:
115-26.

Urbich C, Kuehbacher A, Dimmeler S.
Role of microRNAs in vascular diseases,

J. Cell. Mol. Med. Vol 13, No 1, 2009

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

inflammation, and angiogenesis. Cardio-
vasc Res. 2008; 79: 581-8.

Harris TA, Yamakuchi M, Ferlito M,
Mendell JT, Lowenstein CJ. MicroRNA-
126 regulates endothelial expression of
vascular cell adhesion molecule 1. Proc
Natl Acad Sci USA. 2008; 105: 1516-21.
Martin MM, Lee EJ, Buckenberger JA,
Schmittgen TD, Elton TS. MicroRNA-155
regulates human angiotensin Il type 1
receptor expression in fibroblasts. J Biol
Chem. 2006; 281: 18277-84.

Kim S, Iwao H. Molecular and cellular
mechanisms of angiotensin [l-mediated
cardiovascular and renal diseases.
Pharmacol Rev. 2000; 52: 11-34.

Martin MM, Buckenberger JA, Jiang J,
Malana GE, Nuove GJ, Chotani M,
Feldman DS, Schmittgen TD, Elton TS.
The human angiotensin Il type 1 receptor
+1166 A/C polymorphism attenuates
microrna-155 binding. J Biol Chem. 2007;
282: 24262-9.

Cullen BR. Viruses and microRNAs. Nat
Genet. 2006; 38: S25-30.

Pfeffer S, Zavolan M, Grasser FA,
Chien M, Russo JJ, Ju J, John B, Enright
AJ, Marks D, Sander C, Tuschl T.
Identification of virus-encoded microRNAs.
Science. 2004; 304: 734-6.
Stern-Ginossar N, Elefant N,
Zimmermann A, Wolf DG, Saleh N,
Biton M, Horwitz E, Prokocimer Z,
Prichard M, Hahn G, Goldman-Wohl D,
Greenfield C, Yagel S, Hengel H,
Altuvia Y, Margalit H, Mandelboim 0.
Host immune system gene targeting by a
viral miRNA. Science. 2007; 317:
376-81.

Samols MA, Skalsky RL, Maldonado AM,
Riva A, Lopez MC, Baker HV, Renne R.
Identification of cellular genes targeted by
KSHV-encoded microRNAs. PLoS Pathog.
2007; 3: e65.

Skalsky RL, Samols MA, Plaisance KB,
Boss IW, Riva A, Lopez MC, Baker HV,
Renne R. Kaposi's sarcoma-associated
herpesvirus encodes an ortholog of miR-
155. J Virol. 2007; 81: 12836-45.
Gottwein E, Mukherjee N, Sachse C,
Frenzel C, Majoros WH, Chi JT, Braich R,
Manoharan M, Soutschek J, Ohler U,
Cullen BR. A viral microRNA functions as
an orthologue of cellular miR-155. Nature.
2007; 450: 1096-9.

Gupta A, Gartner JJ, Sethupathy P,
Hatzigeorgiou AG, Fraser NW. Anti-
apoptotic function of a microRNA encoded
by the HSV-1 latency-associated tran-
script. Nature. 2006; 442: 82-5.

37



106.

107.

108.

109.

38

Gartner JJ, Sethupathy P, Hatzigeorgiou
AG, Fraser NW. Anti-apoptotic function of
a microRNA encoded by the HSV-1
latency-associated transcript. Nature.
2008; 451: 600.

Umbach JL, Kramer MF, Jurak |,
Karnowski HW, Coen DM, Cullen BR.
MicroRNAs expressed by herpes simplex
virus 1 during latent infection regulate viral
mRNAs. Nature. 2008; 454: 780-3.
Sullivan CS, Grundhoff AT, Tevethia S,
Pipas JM, Ganem D. SV40-encoded
microRNAs regulate viral gene expression
and reduce susceptibility to cytotoxic T
cells. Nature. 2005; 435: 682-6.

Grey F, Meyers H, White EA, Spector DH,
Nelson J. A human cytomegalovirus-

110.

111.

112.

encoded microRNA regulates expression of
multiple viral genes involved in replication.
PLoS Pathog. 2007; 3: e163.

Jopling CL, Yi M, Lancaster AM,
Lemon SM, Sarnow P. Modulation of
hepatitis C virus RNA abundance by a
liver-specific MicroRNA. Science. 2005;
309: 1577-81.

Girard M, Jacquemin E, Munnich A,
Lyonnet S, Henrion-Caude A. miR-122, a
paradigm for the role of microRNAs in the
liver. J Hepatol. 2008; 48: 648-56.

Pan QW, Henry SD, Scholte BJ, Tilanus
HW, Janssen HL, van der Laan LJ. New
therapeutic opportunities for Hepatitis C
based on small RNA. World J
Gastroenterol. 2007; 13: 4431-6.

113.

114

115.

Pedersen IM, Cheng G, Wieland S,
Volinia S, Croce CM, Chisari FV, David
M. Interferon modulation of cellular
microRNAs as an antiviral mechanism.
Nature. 2007; 449: 919-22.

0’Connell RM, Taganov KD, Boldin MP,
Cheng G, Baltimore D. MicroRNA-155 is
induced during the macrophage inflamma-
tory response. Proc Natl Acad Sci USA.
2007; 104: 1604-9.

Rodriguez A, Vigorito E, Clare S, Warren
MV, Couttet P, Soond DR, van Dongen S,
Grocock RJ, Das PP, Miska EA, Vetrie D,
Okkenhaug K, Enright AJ, Dougan G,
Turner M, Bradley A. Requirement of
bic/microRNA-155 for normal immune
function. Science. 2007; 316: 608—11.

© 2009 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



