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Strategies to determine the biological function of

microRNAs

Jan Kriitzfeldt, Matthew N Poy & Markus Stoffel

MicroRNAs (miRNAs) are regulators of gene expression

that control many biological processes in development,
differentiation, growth and metabolism. Their expression levels,
small size, abundance of repetitive copies in the genome and
mode of action pose unique challenges in studies elucidating
the function of miRNAs. New technologies for identification,
expression profiling and target gene validation, as well as
manipulation of miRNA expression in vivo, will facilitate the
study of their contribution to biological processes and disease.
Such information will be crucial to exploit the emerging
knowledge of miRNAs for the development of new human
therapeutic applications.

miRNAs are short noncoding RNAs that have been identified in the
genomes of a wide range of multicellular life forms as well as viruses'®.
Like conventional mRNAs, miRNAs are transcribed by polymerase
IT as long primary transcripts that are capped, polyadenylated and
spliced’. Unlike mRNAs, miRNAs are processed into duplexes of 19-22
nucleotides (nt) by a two-step process involving nuclear and cytosolic

=ve» RNase ITI-type endonucleases, known as Drosha and Dicer, to yield the

‘mature’ miRNA. In a final step, this RNA duplex is loaded into the RNA-

= induced silencing complex (RISC), one of the strands is eliminated, and

the remaining strand engages in imperfect base pairing with specific
sequences in target mRNAs. This induces either degradation of the tar-
get mRNA or translational repression®. This mechanism resembles the
process of RNA interference triggered by double-stranded RNA and
uses similar molecular machinery?. The elucidation of the mechanism
of miRNA function in the regulation of gene expression suggests a gene
regulatory model: nuclearly encoded genetic information is not only
transcribed and translated into proteins but at the same time regulates
these processes through noncoding miRNA by way of sequence-guided
interactions with the cognate mRNA. This paradigm adds a new level of
regulation and fine-tuning of gene expression that is likely to be impor-
tant for the maintenance of many, if not all, cellular functions.

In spite of our ability to identify miRNA and elucidate their bio-
genesis and basic mechanisms of action, very little is known regarding
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miRNA function in animals. The first known miRNA, lin-4, was discov-
ered in 1993 and was shown to have important roles in developmental
timing of stage-specific cell lineages'”. Since then, genetic studies in
Caenorhabditis elegans, Drosophila melanogaster and Danio rerio have
identified important functions of specific miRNAs in the coordination
of cell proliferation and death during development, stress resistance,
fat metabolism and brain morphogenesis'=1%, Relative to less complex
model organisms, our knowledge of miRNA function in mammals is
much more limited. For the past few years, one primary focus of the
investigators studying mammalian miRNAs has been to identify and
catalog the complete miRNA inventory and its expression pattern using
cloning, bioinformatics and gene expression approaches. With these
efforts nearing completion in the near future, the focus is shifting to
the elucidation of miRNA function. Several technological advances
including bioinformatic prediction algorithms, reporter assays, in situ
hybridizations, overexpression and silencing technologies, have been
developed to deduce miRNA function. Here we address current and
future technologies to study miRNA function in mammals, discuss
their limitations, and point out their relevance to modern medicine
and potential as therapeutic targets for small-molecule inhibitors.

Analyzing the expression of miRNAs

The three approaches most commonly used to identify new miRNAs
are forward genetics, directional cloning and bioinformatic analyses.
Forward genetics has been used in C. elegans and D. melanogaster and
mandates a mutant phenotype to establish a functional role of small
RNAs. Large-scale identification of miRNAs from various cell lines and
diverse tissues of mouse, human, fly and zebrafish was made possible
when directional cloning techniques were developed!>!¢. To overcome
the difficulty of identifying miRNAs expressed in specific (rare) cell
types or at low levels, computational algorithms implementing
phylogenetic conservation and the structural characteristics of miRNA
precursors have been developed!”.

Expression analysis of miRNAs by oligonucleotide microarrays is, in
theory, a powerful tool to monitor the whole genome for tissue-specific
miRNA expression and regulatory changes in developmental, physi-
ological and disease states, if the method is both sensitive and discrimi-
natory between related miRNAs. Many commercially available miRNA
microarrays include the content found in Sanger mirBase 7.0 (http://
microrna.sanger.ac.uk), making it possible to measure most expressed
miRNAs. Although cross-hybridization and specificity impose impor-
tant caveats for the first generation of reagents, miRNA microarrays have
been used successfully by many groups to study miRNA expression. First
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Figure 1 Hypothetical model for the regulation of miRNA expression and
function. The schematic indicates how miRNA activity may be regulated by
environmental and genetic factors. Extracellular signals could modify activity
of an miRNA by affecting its expression, stability (by controlling synthesis

or degradation) or cellular localization. Supportive evidence for the model is
described in refs. 58-64.

reports using oligonucleotide microarrays to analyze miRNA profiles
in multiple tissues confirmed the existence of several tissue-specific mi-
RNAs!8-21 The restriction of miRNAs to certain tissues may sug-
gest that some sequences have an organ- or cell type—specific func-
tion. The factors that control the expression of miRNAs are largely
unknown. Promoter elements that could contribute to the expression
of the muscle-specific miR-1/miR-133 cluster have been identified?223,
and several transcription factors have been shown to regulate specific
microRNAs (Fig. 1). In addition to transcriptional regulation, however,
the miRNA biogenesis pathway could be altered at several post-tran-
scriptional levels (Fig. 1). It will be important to determine whether

have also been used to study miRNA profiles during differentiation of

la.l any of these regulatory steps are affected in disease states. Microarrays

=" cells, such as myoblasts?? or preadipocytes?4. Levels of miR-143, for

example, increase when preadipocytes differentiate; this process can
be inhibited when miR-143 function is abolished?*. Abnormal patterns
of miRNA expression have been found in many disease states, most
notably human cancer. Both increased and decreased expression of
miRNAs have been described in neoplastic tissues. For example, the
expression of miR-15 and miR-16 is decreased in most B cell chronic
lymphocytic leukemia?>; miR-143 and miR-145 are downregulated
in colon carcinomas?®; and let-7 expression is reduced in small lung
carcinomas?”?8, Furthermore, restoration of the steady state levels of
let-7 can inhibit cell replication in a lung cancer cell line (A549)28.
Examples of increased expression of miRNAs in cancer include marked
upregulation of miR-155 (ref. 29) and the miR-17-92 cluster in B cell
lymphoma??. miRNAs are frequently located in chromosomal regions
that are altered in human malignancies owing to genetic instability,
deletion and DNA amplification®!, suggesting that miRNAs may have
a broad role in cancer. Although microarrays and bead-based flow
cytometry have substantially extended our knowledge of miRNA
profiles in human cancer, the causal contribution of miRNA in the
etiology of malignancies is still uncertain. But increasing evidence
suggests that miRNA profiling could contribute to more precise tumor
classifications and predict therapeutic outcomes in the future?. Taken
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together, these findings highlight the important role of genome-wide
miRNA expression profiling in the functional analysis of cellular dif-
ferentiation, proliferation, and inherited and acquired disease states.

Although miRNA expression techniques such as northern blot-
ting, tissue-specific RNA cloning and microarrays have proven to
be powerful in determining expression signatures in many organs
and cell types, these methods cannot distinguish miRNA expres-
sion between cell types in close proximity. Therefore, several tech-
niques have been developed to visualize miRNA expression in vivo.
Transgenic approaches that use transcriptional fusions of miRNA
promoter regions and reporter cassettes driving GFP or 3-galactosi-
dase expression have been successfully used in C. elegans. A similar
method to detect the presence of specific miRNAs in tissues has been
the development of ‘sensor’ transgenes, which constitutively express
a reporter gene that contains sequences that are complementary to a
given miRNA in the 3" untranslated region (UTR)3%. Cells lacking the
miRNA that the sensor is designed to detect will express the transgene
and allow reporter expression. In contrast, cells expressing the miRNA
will lack expression of the reporter gene (for instance, GFP), owing
to the perfect complementarity of the miRNA to sequences in the 3’
UTR of the sensor mRNA, which targets it to the RNA interference
pathway. This method has potentially excellent spatial and temporal
resolution, but it is not known whether it can be used for miRNAs
that are expressed at low levels or whether high transgene expres-
sion could ‘overwhelm’ endogenous miRNA expression. The most
frequently applied method for visualizing miRNA expression to date
is in situ hybridization. It has been extensively used to map protein-
coding mRNAs, although it does not provide quantitative informa-
tion. In situ hybridization remains challenging with regard to the
short sequences of miRNAs, but recent advances in protocols (such
as using LNA-modified probes) could help overcome these problems
and have already provided information about previously unidentified
miRNA expression in mouse embryos®.

Identification of miRNA targets

In stark contrast to the accumulation of validated miRNA sequences
is the lack of experimental evidence identifying their corresponding
targets. Several independent groups have established computational
algorithms designed to predict target genes of miRNA sequences®*#’. In
general, the basis for these prediction programs is the degree of sequence
complementarity between a miRNA and a target UTR, including the
presence of a consecutive string of base pairs at the 5" end of the miRNA
known as a ‘seed’ or ‘nucleus’, and the cross-species conservation of this
binding site. On average, 200 genes are predicted to be regulated by a
single miRNA3$40, Reviewing the data provided by these algorithms
determining candidate targets uncovers the entire gamut of gene catego-
ries, such as transcription factors, protein kinases, vesicular trafficking
molecules and membrane receptors, suggesting that there is no appar-
ent bias towards one particular function. Predictions of miRNA targets
could become even more extensive as recent experimental evidence
suggests that binding sites of miRNAs to 3" UTRs do not necessarily
have to be conserved among different species*!*2. Binding of multiple
miRNAs to one target could further increase the complexity of target
predictions?®. To date, several methods have been established to show
miRNAs regulating their putative target genes. Most commonly used
are luciferase reporter constructs containing the target 3" UTR with the
putative binding site downstream of the reporter coding region. These
constructs are used to transfect cells expressing the relevant miRNA,
along with vectors carrying mutant versions of binding sites. Evidence
for miRNA activity can be established when wild-type reporters have less
activity than their respective mutants. A complementary approach is to
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Figure 2 Schematic representation of chemically modified single-stranded RNAs that have been shown to silence miRNAs in vivo. Antagomirs#! are
cholesterol-conjugated RNAs with a partially modified phosphorothioate backbone (red) and 2’-O-methyl oligoribonucleotide modifications (green).
ASO0s®5 are 2’-0-methoxyethyl phosphorothioate—modified antisense oligonucleotides.

use loss-of-function studies in which the miRNA can be inhibited using
antisense 2’-O-methyl-modified oligoribonucleotides?>#>*4, Increased
luciferase activity in reporter assays or upregulated gene expression
of the endogenous target protein indicates inhibition of miRNA acti-
vity. Another approach taken to determine miRNA targets has been to
increase the intracellular concentration of a miRNA by transfection of
homologous synthetic short interfering RNAs or recombinant adenovi-
ral infection and measure gene expression by microarray. This approach
was shown to be effective as many predicted genes were regulated on
the array*14.

Overexpression of miRNAs in vitro and in vivo

Induced expression of miRNAs was the initial step in many studies
that identified miRNA function in model organisms or mamma-
lian cell systems. Transient overexpression of miRNAs in cell-based
assays can be achieved by transfection of double-stranded RNA
molecules that mimic the Dicer cleavage product. But long-term
studies in cultured cells or mouse tissues depend on DNA plasmids
that continuously generate functional miRNA from endogenous or
viral promoters. The design of these vector constructs is relatively
simple. miRNAs are transcribed by RNA polymerase II, and their

overexpression of miRNAs using the same vector constructs that

la.l primary transcripts contain a 5" cap and poly(A) tail. This allows

= are used for protein-coding mRNAs. Introducing miRNA sequences

that were flanked by at least 40 nt from their precursor into DNA
plasmids was, in general, sufficient to yield mature miRNAs*®. Such
constructs are being widely used in cultured cells and have even
allowed overexpression of different miRNAs from a single precur-
sor%47_Several groups have introduced miRNA-expressing plasmids
into adenovirus*'*3 or retrovirus systems>®#° to overcome the low
transfection efficiency of primary cells or to deliver miRNA to mouse
tissues in vivo. The systemic delivery of miRNAs into mice by intrave-
nous injection of viruses is mostly limited to the liver tissue. Several
groups have circumvented this limitation by ex vivo gene transfer
into hematopoetic stem cells or fetal liver cells and reconstitution
into recipient mice3%40, Tissue-specific overexpression of a miRNA
in vivo can also be achieved by generation of transgenic mice. This
approach was used to study the function of miR-1 in cardiogenesis®>.
Studies that are based solely on overexpression of miRNAs must
be interpreted with caution. Misexpression of mRNAs could target
genes that would otherwise not be affected in a physiologic context,
because of either low expression levels of the endogenous miRNA
or spatial differences between the miRNA and its target. Therefore,
results that are based on induced expression of miRNAs should ide-
ally be confirmed by loss-of-function experiments.

Genetic approaches to silencing miRNAs

The development of recombinant technologies to generate loss-of-func-
tion mutations in mice has been invaluable in the elucidation of gene
function. Several complementary approaches can be used to disrupt
miRNA-mediated gene regulation: (i) conditional alleles of the miRNA-
processing gene Dicerl, leading to deficiency of all mature miRNAs;
(ii) knockout of miRNA genes in mice; and (iii) mutation of miRNA
target sites in protein-encoding genes. Several mutated alleles of
Dicerl have been generated in mice, and analysis of their pheno-
types indicates that miRNAs maintain an important functional role
in many developing tissues. Data showing that DicerI-null embryos
arrest early in development (at embryonic day 7.5) with reduced
expression of embryonic stem cell markers such as Oct4 suggest that
miRNAs are essential for the maintenance of stem cells in the early
embryo*8. Furthermore, conditional inactivation of Dicer by site-
specific Cre recombination in the mouse limb bud mesenchyme led
to the observation that mature miRNAs are required for cell survival
and formation of limb skeletal elements*. In the developing lung,
Dicer has a key role in regulating lung epithelial morphogenesis>C.
Although these examples highlight the important collective role of
mature miRNAs, this approach falls short of providing information
on the exact role of each unique miRNA. One approach to study the
contribution of individual miRNAs is to restore the expression of
specific miRNAs, miRNA families or miRNA clusters in a Dicer-null
background. This method has recently been demonstrated in Dicer
mutant zebrafish with abnormal morphogenesis during gastrulation,
brain formation, somitogenesis and heart development. Injection
of miR-430 miRNA duplexes into developing embryos rescued the
brain defects, indicating that this miRNA has an essential role during
morphogenesis'.

miRNAs often exist in families of highly related or even identical
sequences. This high degree of redundancy poses unique challenges for
the generation of simple loss-of-function approaches. One example, the
let-7 gene family, has been evolutionarily expanded from 1 member in
nematodes to 11 members in mice and humans. Also, many miRNAs are
clustered together, and the deletion or disruption of individual members
may interfere with proper folding and processing of the polycistronic
transcript, thereby affecting the expression of neighboring miRNAs.
Similar limitations could apply to miRNAs that are located in introns
of protein-coding genes’'.

Finally, mutating the miRNA binding sites in a target gene can
disrupt miRNA-mediated gene regulation in mice. This approach is
applicable when the contribution of specific miRNAs to the expres-
sion of a particular target warrants investigation. For example, knock-
in mouse models could be generated such that mutations in the
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targeted 3" UTRs confirm the role of the miRNA-target interaction for
a miRNA-associated phenotype. This approach will be less viable for
simultaneously investigating a larger number of target genes.

miRNA silencing using antisense targeting

Nongenetic approaches have been used to silence miRNA function in cell
lines>?, C. elegans®® and D. melanogaster>* using 2’-O-methyl-modified
oligoribonucleotides that are complementary to the targeted miRNA.
These oligos act as irreversible, stoichiometric inhibitors of small RNA
function. But additional modifications are needed to deliver miRNA
inhibitors to mouse tissues in vivo. Silencing of miRNAs in mice has
recently been achieved by administration of cholesterol-conjugated
single-stranded RNAs complementary to miRNAs, called ‘antagomirs™!,
that are stabilized with a partial phosphorothioate backbone in addi-
tion to complete 2’-O-methyl modifications (Fig. 2). When antagomir-
122, selective to miR-122, a highly enriched miRNA in the liver, was
administered to mice by intravenous injection with normal pressure,
a marked reduction of endogenous miR-122 levels was observed in
the liver. This technology was also able to reduce the expression of a
ubiquitously expressed miRNA, miR-16, in most tissues, including liver,
lung, kidney, heart, intestine, fat, skin, bone marrow, muscle, ovaries and
adrenals. The silencing of miRNAs using antagomirs is dose-dependent,
can be observed within 24 h and lasts for at least 3 weeks. Therefore, this
technology can assess the effect of acute and long-term miRNA silenc-
ing. Antagomirs do not affect the expression of miRNAs in a polycis-
tronic cluster that are not targeted*!, thereby enabling the study of single
microRNAs within a common precursor. Four nucleotide mismatches
prevented antagomir-122 from affecting miR-122 levels; it remains to
be determined whether antagomirs can discriminate between members
of miRNA families that differ by less than 4 nt (as in the let-7 family).
The mechanism by which antagomirs are taken up by cells is currently
unknown. Antagomirs have no activity in the brain, suggesting that
they may not be able to cross the blood-brain barrier. Furthermore,
when injected into female mice late in pregnancy they do not silence
miRNAs in embryos, indicating that antagomirs do not readily cross the
blood-placental barrier (J.K. & M.S., unpublished data). Future stud-
ies will need to assess the matter of whether direct administration of

the study of miRNA function in the brain or during development.

An alternative strategy to target miRNAs in vivo has recently been
reported using antisense oligonucleotides (ASOs)>>. ASOs are uncon-
jugated single-stranded RNAs that carry complete phosphorothioate
backbones and 2’-O-methoxyethyl modifications (Fig. 2). In this study,
miR-122 was efficiently inhibited in the liver after a 4-week treatment
period and miR-122levels were markedly reduced. It is currently unknown
whether ASOs allow for acute studies on miRNA function in vivo as time
kinetics have not yet been reported. It also remains to be determined
whether ASOs can inhibit miRNA function in extrahepatic tissues. But
studies using either antagomirs or ASOs show notable similarities in terms
of target identifications of miR-122, and both studies suggest that endog-
enous miR-122 has a role in lipid metabolism of the liver.

la.l antagomirs into the central nervous system or into the embryo will allow

Unbiased approaches to study miRNA function

The technologies described above provide the framework in which
miRNA function can now be studied in vitro and in vivo. Genome-wide
expression profiling of cells and tissues in different stages of develop-
ment or differentiation, metabolic conditions, and disease models using
miRNA-specific microarrays may uncover clues about specific miRNAs
that are intrinsically involved in these processes. Collective silencing
of miRNAs by conditional Dicer mutants can furthermore provide
important phenotypic information. Perturbation of miRNA expres-
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Figure 3 Experimental strategies to study miRNA function using molecular,
genetic and bioinformatic techniques. (a) Identification of miRNAs in
distinct cell types can be achieved by microarray expression profiling

or random sequencing of miRNAs. The effect of collective silencing of
miRNA expression can be studied by inactivation of Dicer. Alternatively, the
expression of specific miRNAs can be manipulated by either overexpression
or gene silencing. Gene-expression analysis can then be used to validate
miRNA targets and analyze phenotypes. (b) Strategies to study miRNA
function in disease states. Expression profiling can be used to test whether
miRNA levels are altered in specific disease states. miRNA profiles can
then be restored in vivo by overexpression or silencing of specific miRNAs.
The effect on the disease phenotype and gene expression levels can then be
assessed.

sion, including overexpression and silencing, is a powerful approach to
study miRNA function. These studies should ideally be done in primary
cells or in vivo and coupled to phenotypic and gene-expression studies
(Fig. 3). It has been suggested that miRNAs modulate translational gene
expression, but recent evidence has shown that miRNAs also regulate
the steady-state mRNAs of many targets*/#>3¢, The effects of miRNAs
on the target mRNA levels are usually modest but can be measured
reliably using state-of-the-art microarray gene-expression technologies.
Silencing of miR-122 in the liver using antagomirs identified a large
number of transcripts that were upregulated compared with controls
using a scrambled antagomir*!. Many of these transcripts had at least
one miR-122 recognition motif that corresponded to nucleotides 2—7 of
the miRNA, suggesting that they could represent direct miRNA targets.
Most of these genes were not predicted by existing target prediction
algorithms, a finding that can be explained by stringent criteria concern-
ing the evolutionary conservation of putative binding sites. Therefore,
genome-wide expression analysis of loss-of-function and overexpression
models constitutes an unbiased approach of identifying miRNA targets
and has the advantage of not relying on a prespecified computational
model. In addition to identifying direct targets, this analysis can also
uncover a positive relationship between the expression of protein-
coding genes and miRNAs. For example, silencing of miR-122 in the liver
identified a substantial number of genes that were downregulated*!. The
annotation of these genes in Gene Ontology categories identified choles-
terol biosynthesis as the top group and comprised a total of eight genes,
including the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-CoA-
reductase, which was markedly downregulated. Silencing of miR-122
in these mice also lowered plasma cholesterol levels*!. Overexpression
of miR-122 in the liver using a recombinant adenovirus resulted in
increased expression of cholesterol biosynthesis genes. Even though
the precise mechanism by which miRNAs activate gene expression is
not understood, this example shows that manipulation of miRNA gene
expression, coupled with gene-expression profiling, computational
approaches and phenotyping, can uncover effects of miRNAs that are
likely indirect (such as inhibition of a transcriptional repressor).
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Future directions and challenges

miRNAs, like transcription factors, are an abundant class of gene-
regulatory molecules in animal cells. Their unique mode of action requires
new analytical strategies. The technology to systematically identify the
miRNA target genes and to study the biological effects of overexpression
or silencing of specific miRNAs is now available. It will also be important
to elucidate signaling pathways that affect miRNA function as well as
environmental or genetic factors that affect miRNA expression. Once
this information is available, a rational approach can be taken to design
new therapeutic strategies that aim to correct inherited and acquired
diseases. Because the effect of single miRNAs on gene expression and
other phenotypic traits may be modest, an important future step will
be to study combinatorial effects of multiple miRNAs on target gene
expression. Many 3” UTRs of mRNAs contain multiple ubiquitous as
well as tissue-specific miRNA target sites. I vitro experimental evidence
suggests that different miRNAs can act synergistically to inhibit gene
expression’®. The elucidation of how global miRNA expression con-
tributes to phenotypic outcomes will be important to interfere with
disease-relevant pathways. The use of chemically modified RNAs may
be an effective strategy to manipulate miRNA expression. Modified short
interfering RNAs have been shown to silence target gene expression in
mice®’, and such synthetic short interfering RNAs that are homolo-
gous to miRNAs may also prove effective for ectopic miRNA expres-
sion or increasing miRNA activity. Conversely, miRNA function can be
inhibited by chemically modified RNA analogs with complementary
sequence to miRNAs. These compounds selectively reduce the detect-
able steady-state abundance of miRNAs and inhibit their function*!>>.
A molecular understanding of how double- and single-stranded RNA
are taken up by cells will be important to develop drugs that can enhance
or inhibit miRNA function. For instance, it may be possible to conjugate
modified RNAs to ligands that recognize specific cell surface receptors
and mediate selective delivery to certain cells. This may also result in a
reduction of the dose that is required to silence miRNA expression by
chemically modified RNAs. In addition, different routes of application
may help directing miRNA inhibitors to tissues (e.g., brain) that have
been difficult to target.

COMPETING INTERESTS STATEMENT

YO The quthors declare competing financial interests (see the Nature Genetics website

for details).

Published online at http://www.nature.com/naturegenetics
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/

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

2. Lau, N.C., Lim, L.P., Weinstein, E.G. & Bartel, D.P. An abundant class of tiny RNAs with
probable regulatory roles in Caenorhabditis elegans. Science 294, 858-862 (2001).

3. Lee, R.C. & Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans.
Science 294, 862-864 (2001).

4. Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B. & Bartel, D.P. MicroRNAs
in plants. Genes Dev. 16, 1616-1626 (2002).

5. Bentwich, I. et al. |dentification of hundreds of conserved and nonconserved human
microRNAs. Nat. Genet. 37, 766-770 (2005).

6. Berezikoy, E. et al. Phylogenetic shadowing and computational identification of human
microRNA genes. Cell 120, 21-24 (2005).

7. Lee, Y. et al. MicroRNA genes are transcribed by RNA polymerase Il. EMBO J. 23,
4051-4060 (2004).

8. Bartel, D.P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116,
281-297 (2004).

9. Kim, V.N. MicroRNA biogenesis: coordinated cropping and dicing. Nat. Rev. Mol. Cell

Biol. 6, 376-385 (2005).

Lee, R.C., Feinbaum, R.L. & Ambros, V. The C. elegans heterochronic gene /in-4

encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843-854

(1993).

11. Wightman, B., Ha, I. & Ruvkun, G. Posttranscriptional regulation of the heterochronic
gene /in-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 75,

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

2

~

28.

29.

30.

3

—

32.

3

w

IS

3

35.

36.

37.

38.

39.

40.

4

—

4

N

43.

4

IS

45,

4

[}

4

~

855-862 (1993).

Brennecke, J., Hipfner, D.R., Stark, A., Russell, R.B. & Cohen, S.M. bantam encodes
a developmentally regulated microRNA that controls cell proliferation and regulates
the proapoptotic gene hid in Drosophila. Cell 113, 25-36 (2003).

Xu, P., Vernooy, S.Y., Guo, M. & Hay, B.A. The Drosophila microRNA Mir-14 sup-
presses cell death and is required for normal fat metabolism. Curr. Biol. 13, 790-795
(2003).

Giraldez, A.J. et al. MicroRNAs regulate brain morphogenesis in zebrafish. Science
308, 833-838 (2005).

Lagos-Quintana, M. et al. Identification of tissue-specific microRNAs from mouse.
Curr. Biol. 12, 735-739 (2002).

Ambros, V. & Lee, R.C. Identification of microRNAs and other tiny noncoding RNAs by
cDNA cloning. Methods Mol. Biol. 265, 131-158 (2004).

Berezikov, E., Cuppen, E. & Plasterk, R.H.A. Approaches to miRNA discovery. Nat.
Genet. 38, S2-S7 (2006).

Baskerville, S. & Bartel, D.P. Microarray profiling of microRNAs reveals frequent coex-
pression with neighboring miRNAs and host genes. RNA 11, 241-247 (2005).
Barad, O. et al. MicroRNA expression detected by oligonucleotide microarrays: system
establishment and expression profiling in human tissues. Genome Res. 14, 2486-2494
(2004).

Nelson, P.T. et al. Microarray-based, high-throughput gene expression profiling of
microRNAs. Nat. Methods 1, 155-161 (2004).

. Thomson, J.M., Parker, J., Perou, C.M. & Hammond, S.M. A custom microarray platform

for analysis of microRNA gene expression. Nat. Methods 1, 47-53 (2004).

Chen, J.F. et al. The role of microRNA-1 and microRNA-133 in skeletal muscle prolif-
eration and differentiation. Nat. Genet. 38, 228-233 (2006).

Zhao, Y., Samal, E. & Srivastava, D. Serum response factor regulates a muscle-specific
microRNA that targets Hand2 during cardiogenesis. Nature 436, 214-220 (2005).
Esau, C. et al. MicroRNA-143 regulates adipocyte differentiation. J. Biol. Chem. 279,
52361-52365 (2004).

Calin, G.A. et al. Frequent deletions and down-regulation of micro-RNA genes miR15
and miR16at 13q14 in chronic lymphocytic leukemia. Proc. Natl. Acad. Sci. USA 99,
15524-15529 (2002).

Michael, M.Z. SM, 0.C., van Holst Pellekaan, N.G., Young, G.P. & James, R.J. Reduced
accumulation of specific microRNAs in colorectal neoplasia. Mol. Cancer Res. 1,
882-891 (2003).

. Johnson, S.M. et al. RAS is regulated by the /et-7 microRNA family. Cell 120, 635-647

(2005).

Takamizawa, J. et al. Reduced expression of the /et-7 microRNAs in human lung can-
cers in association with shortened postoperative survival. Cancer Res. 64, 3753-3756
(2004).

Eis, P.S. et al. Accumulation of miR-155 and B/C RNA in human B cell lymphomas.
Proc. Natl. Acad. Sci. USA 102, 3627-3632 (2005).

He, L. et al. A microRNA polycistron as a potential human oncogene. Nature 435,
828-833 (2005).

. Calin, G.A. et al. Human microRNA genes are frequently located at fragile sites and

genomic regions involved in cancers. Proc. Natl. Acad. Sci. USA 101, 2999-3004
(2004).

Lu, J. et al. MicroRNA expression profiles classify human cancers. Nature 435, 834—
838 (2005).

.Johnson, S.M., Lin, S.Y. & Slack, F.J. The time of appearance of the C. elegans let-7

microRNA is transcriptionally controlled utilizing a temporal regulatory element in its
promoter. Dev. Biol. 259, 364-379 (2003).

. Mansfield, J.H. et al. MicroRNA-responsive ‘sensor’ transgenes uncover Hox-like and

other developmentally regulated patterns of vertebrate microRNA expression. Nat.
Genet. 36, 1079-1083 (2004).

Kloosterman, W.P., Wienholds, E., de Bruijn, E., Kauppinen, S. & Plasterk, R.H. In situ
detection of miRNAs in animal embryos using LNA-modified oligonucleotide probes.
Nat. Methods 3, 27-29 (2006).

John, B. et al. Human MicroRNA targets. PLoS Biol. 2, 1862-1879 (2004).
Kiriakidou, M. et al. A combined computational-experimental approach predicts human
microRNA targets. Genes Dev. 18, 1165-1178 (2004).

Krek, A. et al. Combinatorial microRNA target predictions. Nat. Genet. 37, 495-500
(2005).

Rajewsky, N. microRNA target predictions in animals. Nat. Genet. 38, S8-S13
(2006).

Lewis, B.P., Shih, I.H., Jones-Rhoades, M.W., Bartel, D.P. & Burge, C.B. Prediction of
mammalian microRNA targets. Cell 115, 787-798 (2003).

. Krutzfeldt, J. et al. Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438,

685-689 (2005).

. Farh, K.K. et al. The widespread impact of mammalian MicroRNAs on mRNA repression

and evolution. Science 310, 1817-1821 (2005).
Poy, M.N. et al. A pancreatic islet-specific microRNA regulates insulin secretion. Nature
432, 226-230 (2004).

. Schratt, G.M. et al. A brain-specific microRNA regulates dendritic spine development.

Nature 439, 283-289 (2006).
Lim, L.P. et al. Microarray analysis shows that some microRNAs downregulate large
numbers of target mRNAs. Nature 433, 769-773 (2005).

.Chen, C.Z., Li, L., Lodish, H.F. & Bartel, D.P. MicroRNAs modulate hematopoietic

lineage differentiation. Science 303, 83-86 (2004).

. Hayashita, Y. et al. A polycistronic microRNA cluster, miR-17-92, is overexpressed

in human lung cancers and enhances cell proliferation. Cancer Res. 65, 9628-9632
(2005).

VOLUME 38 | JUNE 2006 | NATURE GENETICS SUPPLEMENT



48.

4

O

50.

5

—

52.

5

w

l@y © 2006 Nature Publishing Group  http://www.nature.com/naturegenetics

54,

55.

56.

Kanellopoulou, C. et al. Dicer-deficient mouse embryonic stem cells are defective in
differentiation and centromeric silencing. Genes Dev. 19, 489-501 (2005).

.Harfe, B.D., McManus, M.T., Mansfield, J.H., Hornstein, E. & Tabin, C.J. The

RNaselll enzyme Dicer is required for morphogenesis but not patterning of the
vertebrate limb. Proc. Natl. Acad. Sci. USA 102, 10898-10903 (2005).

Harris, K.S., Zhang, Z., McManus, M.T., Harfe, B.D. & Sun, X. Dicer function is
essential for lung epithelium morphogenesis. Proc. Natl. Acad. Sci. USA 103,
2208-2213 (2006).

.Ying, S.Y. & Lin, S.L. MicroRNA: fine-tunes the function of genes in zebrafish.

Biochem. Biophys. Res. Commun. 335, 1-4 (2005).
Meister, G., Landthaler, M., Dorsett, Y. & Tuschl, T. Sequence-specific inhibition
of microRNA- and siRNA-induced RNA silencing. RNA 10, 544-550 (2004).

. Hutvagner, G., Simard, M.J., Mello, C.C. & Zamore, P.D. Sequence-specific inhibi-

tion of small RNA function. PLoS Biol. 2, E98 (2004).

Leaman, D. et al. Antisense-mediated depletion reveals essential and specific func-
tions of microRNAs in Drosophila development. Cell 121, 1097-1108 (2005).
Esau, C. et al. miR-122 regulation of lipid metabolism revealed by in vivo antisense
targeting. Cell Metab. 3, 87-98 (2006).

Bagga, S. et al. Regulation by /et-7 and /in-4 miRNAs results in target mRNA
degradation. Cell 122, 553-563 (2005).

57.

58.

59.

60.

6

—

62.

63.

64.

PERSPECTIVE

Soutschek, J. et al. Therapeutic silencing of an endogenous gene by systemic
administration of modified siRNAs. Nature 432, 173-178 (2004).

Fazi, F. et al. A minicircuitry comprised of microRNA-223 and transcription fac-
tors NFI-A and C/EBPalpha regulates human granulopoiesis. Ce/l 123, 819-831
(2005).

O’Donnell, K.A., Wentzel, E.A., Zeller, K.I., Dang, C.V. & Mendell, J.T. c-Myc-regu-
lated microRNAs modulate E2F1 expression. Nature 435, 839-843 (2005).

Vo, N. et al. A cAMP-response element binding protein-induced microRNA regu-
lates neuronal morphogenesis. Proc. Natl. Acad. Sci. USA 102, 16426-16431
(2005).

.Conaco, C., Otto, S., Han, J.J. & Mandel, G. Reciprocal actions of REST and a

microRNA promote neuronal identity. Proc. Natl. Acad. Sci. USA 103, 2422-2427
(2006).

Liu, J. et al. A role for the P-body component GW182 in microRNA function. Nat.
Cell Biol. 7, 1161-1166 (2005).

Liu, J., Valencia-Sanchez, M.A., Hannon, G.J. & Parker, R. MicroRNA-depen-
dent localization of targeted mRNAs to mammalian P-bodies. Nat. Cell Biol. 7,
719-723 (2005).

Yang, W. et al. Modulation of microRNA processing and expression through RNA
editing by ADAR deaminases. Nat. Struct. Mol. Biol. 13, 13-21 (2006).

NATURE GENETICS SUPPLEMENT | VOLUME 38 | JUNE 2006




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


