
Introduction

The initial interest in analyzing single genes and

complete nuclear genomes was closely followed

by mRNA expression profiling and elucidating the

processes of transcriptional regulation, splicing,

and RNA editing. In the last decade, a new area of

research arose due to the discovery of another

class of small, non-coding RNA molecules. These

short RNAs (ca. 20-22 nucleotides in animals and

ca. 20-24 nucleotides in plants) are termed

microRNA or miRNA. They are abundant, coded

by genes that encompass around 1% of the studied

genomes at any level of animal evolution, like

worms, insects, fish or humans (Lau et al. 2001,

Lai et al. 2003; Lim et al. 2003a). This new class of

ribonucleic acids was at first discovered in

Caenorhabditis, in connection with developmen-

tal regulation (Lee et al. 1993, Wightman et al.

1993). Only several years later, miRNAs were rec-

ognized as evolutionarily conserved regulatory

molecules (Lee and Ambros 2001, Lau et al. 2001,

Ruvkun et al. 2004). Some of them display high

sequence conservation throughout the animal

kingdom (Pasquinelli et al. 2000, Bartel 2004).

Since they are obviously involved in processes

like cell proliferation, development (e.g.

homeobox gene regulation), stress response, and

fat metabolism, several of them (e.g. miR-15a or

miR16-1) are widely expressed (Calin et al. 2002,

Chen et al. 2004), while others show distinct tissue

specificity, like miR-1 in mammalian heart (Lee

and Ambros 2001, Lagos-Quintana et al. 2002).

To distinguish miRNA from other shorter ribo-

nucleic acids, 4 criteria are applied: (1) all

miRNAs are non-coding and short, composed of

19-24 nucleotides; (2) all miRNA precursors dis-

play a stem-loop (hairpin) structure, and this spe-

cific fold-back structure can be predicted using

various software; (3) as described above, many
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miRNAs show evolutionary conservation. Inter-

estingly, in animals, miRNA precursors display

such conservation, whereas in plants it is rather the

mature miRNA that is usually conserved (Bartel

2004); (4) all miRNAs are biogenic. For correct

identification of a new miRNA candidate, none of

the criteria by itself is considered sufficient, but

the combination allows safe prediction (Ambros

et al. 2003).

According to a recent data compilation, the

number of known miRNAs in Homo sapiens ex-

ceeds 700, whereas in rodents it is slightly lower

(about 500) (miRBase Release 14.0) (8 in 7). That

data collection in September 2009 contained ap-

proximately 11,000 miRNA entries, with over

7,700 animal sequences, while the latest release

(15.0) lists over 14,000 entries in 133 species. The

ever-growing interest in miRNAs is also docu-

mented by more than 1,100 publications in Janu-

ary-May 2010. While our knowledge of these

interesting ribonucleic acids is extensive in some

exemplary species or specific organs, the contri-

bution of the miRNA transcriptome to many regu-

lar cellular processes and pathologic conditions

still awaits detailed investigations. Within the next

paragraphs, the current technical approaches to

determining miRNA coding genes, profiling of the

expressed miRNA, and describing miRNA targets

will be discussed. We will pay special attention to

examples from the animal kingdom, to allow a

broader view on the intriguing regulatory network

of gene expression.

Approaches to identify miRNA transcriptomes

Identification of a mutation in the nematode
Caenorhabditis elegans, which disrupted its de-
velopment from the larval to adult stage, was the
first but important step in discovering this new
class of ribonucleic acids. A small RNA derived
from the lin-4 gene was modulating lin-14 protein
expression (Lee et al. 1993) and, starting from this
point, a new functional family of molecules was
detected. The regulatory process was later termed
RNA interference, and the new RNAs defined as
miRNA (Lee and Ambros 2001). Presently several
approaches are being used to determine miRNAs:
3 methods focusing on wet lab techniques and one
in silico strategy: (1) exon trapping or EST screen-
ing, which relies on the observation of sequence
conservation and allows searching for
orthologues; (2) genetic screening, which is a stan-
dard method in identifying traditional genes and
can be extended to miRNA genes as well, al-
though it is labour-consuming; and (3) isolation

and cloning of RNA fractions, which can enhance
this experimental approach, e.g. discovering 72
out of 92 available Arabidopsis miRNAs by Lu S.
et al. (2005); (4) computational approach, which is
based on growing data collections and improved
software applications. While any computationally
predicted miRNA will finally need an experimen-
tal confirmation, several computer tools are in use:
MIRscan (Lim et al. 2003b), MiRAlign (Wang
et al. 2005), TarBase (Sethupathy et al. 2006),
TragetScreen (Mavrakis and Wendel 2010), or
MultiTar (deGuire et al. 2010). Further tools, like
miRanda, RNAhybrid, TargetScan, and GEO,
were combined to deliver computational resources
to accumulate miRNA gene maps (miRNAMap
2.0; Hsu et al. 2008) and biochemical pathway da-
tabases (GeneTrail; Backes et al. 2010), respec-
tively. MiRExpress and mirTools have been
developed to extract expression profiles from
high-throughput sequencing (Friedländer et al.
2008, Wang et al. 2009; Zhu et al. 2010). Despite
this progress, in many species and in many spe-
cific tissues, the question remains: which miRNAs
are connected with which mRNA targets, and
which transcriptome patterns are specific for phys-
iologic and pathologic conditions?

miRNAs and examples of their regulatory

function

As miRNAs are one of the most abundant classes
of regulatory molecules in the cell, it is not surpris-
ing that they are believed to regulate approxi-
mately 1/3 of all mammal protein-coding genes
(Ambros and Chen 2007). Several experimental
approaches have been pursued to determine the
pattern of miRNA expression and its influence on
regulating the cell’s genetic activity.

One technical way was to assess developmen-

tal and cell-specific miRNA profiles of zebrafish

Danio rerio by large-scale sequencing of small

RNA libraries prepared from developmental

stages, and classifying the distinct miRNA genes

into families. In addition, this study revealed a

prominent class of repeat-associated small inter-

fering RNA (rasiRNA). The data showed that zy-

gotes are devoid of miRNA and that these genes

become activated in the blastula stage (Chen et al.

2005). A similar procedure of isolating small

RNAs to differentiate between testes of fertile and

sterile Xenopus laevis males was reported

(Michalak and Malone 2008), while Xenopus

tropicalis females specifically displayed a number

of miRNAs in the germline, in particular the

oocyte-enriched miR-202-5p (Armisen et al.

2009). With the rapid progress in DNA sequenc-
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ing by the so-called next-generation platforms,

suitable genome-wide transcriptomes can be iden-

tified, including entirely novel transcripts (Vaz

et al. 2010).

Another experimental approach applies

immunoprecipitation to analyse systematically

miRNA-mRNA interactions and thus the regula-

tory complexes during C. elegans development.

Three sets of miRNAs were identified with dis-

tinct stage-specificity, and over 1500 miRNA-

-mRNA target pairs were characterized. They

showed a preference for genes expressed in signal-

ling processes, rather than in housekeeping func-

tions (Zhang et al. 2009).

The presently most popular procedure in

miRNA profiling is the application of microarray

technology. These first-generation data are then

usually confirmed by computational support, like

in profiling the developing mammalian brain

(Miska et al. 2004) or rabbit retina (Yan et al.

2010) with up- or down-regulated miRNA, sug-

gesting their role in regulatory cascades.

Microarray screening also revealed that miR-27

may influence key proteins of intermediate metab-

olism in Ames dwarf mice, thus assumed to con-

tribute to the animals’ remarkably delayed onset

of aging (Bates et al. 2010). Moreover, such

screening yielded over 300 porcine miRNAs, of

which over 200 represented assumed novel

miRNAs (Sharbati et al. 2010). In 24 different hu-

man organs the profile data imply that (a) closely

neighbouring miRNA genes are transcribed in a

coordinated way; and (b) intronic miRNAs are de-

rived from their host gene mRNA (Baskerville and

Bartel 2005). Microarray miRNA profiling has

also been substantiated by quantitative RT-PCR

(Q-PCR), as performed in bovine embryos ob-

tained from in vitro fertilization (Castro et al.

2010) or in situ hybridization like in zebrafish em-

bryos (Wienholds et al. 2005). Most recently, a la-

borious combination of Illumina sequencing with

Agilent miRNA microarrays and Q-PCR have

demonstrated the accuracy to identify novel

miRNAs and to assign specific profiles to

miR-320, miR-378, miR-451 and miR-486 in con-

nection with a peculiar physiological process:

mammalian hibernation (Liu et al. 2010)

MicroRNA and pathology

The field of miRNA research has been reviewed

extensively (more than 1500 reviews in the pres-

ent PubMed database). Several most recent re-

views dealt with miRNA and human pathology,

mainly focussing on neoplasia (Waldman and

Terzic 2009, Agami 2010, Ryan et al. 2010,

Dileva and Croce 2010, Shah et al. 2010), so only a

few examples from human disease shall be dis-

cussed here. Additional examples presented will

be taken from more recent mouse studies con-

nected with our own work.
Beside cancer development, miRNA is obvi-

ously involved in multiple pathogenic situations.
Thus miR-21 and miR-29 families regulate fibro-
sis in diverse organs, including the heart, lung,
kidney, and liver (reviewed in Jiang et al. 2010).
Normal myogenesis requires a specific signal
pathway, and miR-146a targets one such a regula-
tory protein (Numb). After deleting the gene for
miR-146a (chromosomal band 5q33.3), the result-
ing 5q syndrome represents a subtype of
myelodysplastic syndrome (reviewed in Li et al.
2010). Contribution of miRNAs to neurode-
generative, metabolic, and chronic inflammatory
diseases has also been recently summarized
(Kanwar et al. 2010).

The molecular function of the hearing appara-

tus, contributing genes, their mutations and modes

of regulating their activity have also been research

targets. The cochlea and vestibular organ, how-

ever, are complex entities including various cell

types, therefore their miRNA expression patterns

result from mixed backgrounds. Thus the develop-

mental stages of the hearing apparatus did not

yield highly differential patterns (Weston et al.

2006, Friedman et al. 2009) when using

microarrays. Only the sensitive Q-PCR allowed

characterization of several miRNAs with

stage-specificity. Thus, for example, miR-18a was

connected with embryonic, miR-99a with neona-

tal, and miR-30b with adult and fully-developed

inner ear (Friedman et al. 2009). Members of the

miR-183 family appear to be of significance in co-

chlea at the pre-hearing onset stage, as well as in

spiral and vestibular ganglia, as demonstrated by

in situ hybridization (Weston et al. 2006).

The peptide Tff3, acting protectively in epithe-

lial cells, is also expressed in the mouse inner ear.

Its depletion leads to progressive hearing impair-

ment (Lubka et al. 2008). While the precise contri-

bution of Tff3 to the hearing process still awaits

elucidation, most recent miRNA profiling showed

a significant difference between the wild type and

Tff3 knock-out animals. For example,

mmu-miR-669f is up-regulated in deficient mice

(unpubl. data).

It is finally worth mentioning that, next to

miRNA profiling from cancer cells (see the re-

views listed above), the source for informative

miRNA can be the patient’s blood, without prob-
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ing the malignant tissues themselves. Because of

their inherent stability, miRNA become accessible

from such body fluids (Keller et al. 2009, Huang

et al. 2010), thus opening new venues for molecu-

lar diagnosis.

Multiple signalling pathways regulated by a

single miRNA

A single miRNA can be involved in modulating
various cellular functions. We used GeneTrail
(Backes et al. 2010) to predict gene targets and
signalling pathways for each miRNA in our Tff2
knock-out mouse model. GeneTrail is a
web-based software that supports 2 common sta-
tistical approaches: Over-Representation Analysis
(ORA), comparing a reference set of genes to a
test set, and Gene Set Enrichment Analysis
(GSEA), scoring sorted lists of genes. Although
GeneTrail can be applied to many biological cate-
gories, we focused our analysis on KEGG (Kyoto
Encyclopaedia of Genes and Genomes) pathways
(http://www.genome.jp/kegg/). We found that one

of our deregulated miRNAs (mmu-miR-329) is
up-regulated in Tff2 knock-out mice, and is con-
nected with 4 pathways: basal cell carcinoma,
notch signalling pathway, aldosterone-regulated
sodium reabsorption, and PPAR (peroxisome
proliferator-activated receptor) signalling path-
way (unpublished data). Among those, the notch
signalling pathway is an evolutionarily conserved,
intracellular signalling pathway essential for
proper embryonic development in all metazoan or-
ganisms in the animal kingdom (Figure 1). This
example indicates that a single miRNA has the po-
tential to regulate multiple cellular functions.

Conclusions and outlook

The possible future success in developing new

therapies using miRNAs as new molecular tools

will depend on a series of factors. These key re-

quirements are: (1) successful translation from in

vitro settings to human therapy; (2) correct predic-
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Figure 1. Graphic representation of the notch signalling pathway by using GeneTrail. The murine miRNA

mmu-miR-329 is targeting 2 protein families (dishevelled, DVL, and deltex, DTX; boxes highlighted by grey shading).

Arrows denote stimulation, while � denotes inhibition. Adam17 = ADAM metallopeptidase domain, CIR = corepressor

interacting with RBPJ1; CTBP = C-terminal binding protein; EP300 = E1A binding protein p300.



tion of targets of the applied miRNAs (specific-

ity); (3) targeting of therapeutic RNA to specific

organs (delivery); (4) stability and controlled met-

abolic turnover (efficacy of the drug). While some

progress in vector technologies (organotropic vi-

ral vectors) and regulating in vivo expression of

miRNA sequences have been made, other obser-

vations indicate how complex the regulatory envi-

ronment for miRNA activity can be.

Dysregulation of miRNA is obviously con-

nected with the development of drug resistance:

chemoresistant and chemosensitive cancer cells

display different miRNA profiles (reviewed in Ma

and Dong 2010). For example, in glioblastoma pa-

tients responding to chemoradiotherapy,

miR-181b and miR-181c were down-regulated in

comparison to advanced cases (Slaby et al. 2010).

Moreover, miR-21 was identified as a biomarker

for chemoresistance and clinical outcome in pan-

creatic cancer, as its low expression associates

with positive response to treatment (Hwang et al.

2010). Here, anti-miRNA therapy becomes imag-

inable.

Polymorphisms in miRNA coding sequences

can affect miRNA-mRNA binding. Methotrexate

response and resistance are changed when the ac-

tivity of dihydrofolate reductase (an enzyme in-

hibited competitively by methotrexate) is altered.

While miR-24 was shown to target this mRNA, in-

terestingly, a polymorphism in the miRNA se-

quence affects methotrexate metabolism (Mishra

and Bertino 2009). A more global approach to ge-

netic variants of 15 miRNAs was performed in

breast cancer, and polymorphism in miR-196a-2

was associated with a decreased breast cancer risk.

The same effect was noted when a promoter CpG

island was hypermethylated in the gene of the

miR-196a-2 precursor (Hoffman et al. 2009),

showing that genetic and epigenetic can both con-

tribute to regulation of miRNA effects. By the

same token, miRNA can be target and effector in

gene hypermethylation. Additionally, miR-29b

was shown to induce global DNA hypome-

thylation (and tumour suppressor gene re-expre-

ssion) by targeting DNA methyltransferases. This

effect was observed in 2 very different diseases:

acute myeloid leukaemia and systemic lupus

erythematosus (Garzon et al. 2009; Pan et al.

2010).
Bioinformatic data suggest that each miRNA

can possibly regulate hundreds of gene targets,
thus offering an attractive approach to studies of
gene regulation in vitro. Moreover, the manifold

data discussed above prove that this new class of
ribonucleic acids holds promise for adding new di-
agnostic tools and, quite likely, novel therapies.
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