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Non-coding RNAs (ncRNAs) in eukaryotes have recently developed to a very active research area in RNA
biology, opening up new strategies for diagnosis and therapies of human disease. Here we introduce and
describe the most important classes of eukaryotic ncRNAs: microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), and circular RNAs (circRNAs). We further discuss new RNA-based diagnostic and therapeutic

concepts.

1. Introduction: Coding and non-coding RNAs in
eukaryotes

The deciphering of the human genome sequence in 2000 marked
a unique breakthrough in modern molecular biology. An impor-
tant insight was the unexpectedly low number of protein-coding
genes (about 20,000), which lagged far behind previous esti-
mates. This number revealed that only approximately two
percent of the human genome is transcribed into messenger RNA
(mRNA).

However, the human genome sequence itself did not provide an
explanation for the enormous complexity of the human organ-
ism compared with, for example, the more primitive worm
Caenorhabditis elegans (C. elegans) that carries a similar num-
ber of protein-coding genes. Only in the following years, we
gradually learned more about the human transcriptome, which
is defined as the total ensemble of RNA transcripts. This resulted
in the surprising finding that much more of the human genome
is actively transcribed than initially assumed, a phenomenon
called “pervasive transcription” (Jensen et al. 2013).

The rapid development of high-throughput sequencing (“deep
sequencing”) techniques was essential for this progress, in par-
ticular the so-called RNA-Seq method, by which the total RNA
of a cell is transcribed into complementary DNA (cDNA), fol-
lowed by DNA amplification via the polymerase chain reaction
(PCR) and massive parallel sequencing. Thereby, a quantita-
tive overview on all transcribed sequences at single-nucleotide
resolution can be obtained within a single experiment, thus cre-
ating a snapshot of all RNAs in a certain cell, tissue or entire
organism. As a consequence, transcriptomes of cells in differ-
ent developmental stages, or from pathological versus healthy
control samples, can be directly compared with each other in a
quantitative and qualitative manner.

This opened up a new chapter in RNA biology. In addition to the
classical RNA species known for decades, which are mRNAs,
ribosomal RNAs (rRNAs), and transfer RNAs (tRNAs), multi-
ple groups of RNAs with new functions were discovered, most
prominently microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), and circular RNAs (circRNAs), which will be intro-
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Fig. 1: Non-coding RNAs as an emerging field. The rapid development of the
non-coding RNA field can be inferred from the number of PubMed-cited
publications (http://www.ncbi.nlm.nih.gov/pubmed), using non-coding RNA
as a keyword in searches for publications between 1983 and 2013.

duced in the following. Single representatives had been known
already before 2000, but only after the introduction of high-
throughput sequencing these few examples were recognized
as members of entire classes of ncRNAs, each consisting of
hundreds to thousands of different RNA species (see Fig. 1).
The rapid development of the last few years, also called “Non-
coding RNA revolution” will likely continue or even intensify
(Cech and Steitz 2014), concomitantly with a shift in human
genome research activities, that is, from the focus on mRNAs
and their protein products to functional studies on the cellular
networks of all RNAs including ncRNAs. Despite all enthusi-
asm one should keep in mind that our knowledge on ncRNAs
currently increases mainly on a descriptive level, owing to the
massive data output of deep sequencing studies. More and more
new classes of ncRNAs are currently discovered that await their
functional investigation. This includes the very basic question
of how many of the thousands of new ncRNAs are biologi-
cally relevant at all. On the other hand, even without knowing or
understanding their functions, new RNA species are interesting
and relevant as potential biomarkers.
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Fig. 2: Functional mechanism of microRNAs (miRNAs). The figure illustrates the characteristic binding of a miRNA within the 3’-untranslated region (3’-UTR) of a typical
eukaryotic mRNA, consisting of a 5’-cap structure (5’-cap), 5’ and 3’-UTRs, and the protein-coding open reading frame (ORF). MiRNA:mRNA recognition minimally
proceeds through base-pairing of the seed region (nucleotides 2-8) of the miRNA, resulting in inhibition of translation or mRNA degradation.

This review will first introduce miRNAs and IncRNAs, followed
by circRNAs as an example of a very recently discovered class
of ncRNAs. Finally, we will discuss how these new RNA classes
may be utilized for novel diagnostic and therapeutic concepts.

2. MiRNAs

Mature miRNAs are short single-stranded ncRNAs of 19-24
nucleotides in length that are incorporated into larger protein
complexes in the cytoplasm of eukaryotic cells (Zamore and
Haley 2005). The first examples of miRNAs, lin-4 and let-
7, have been known as ncRNAs since the early 1990s. They
were discovered in C. elegans through their essential role in the
larval development and guide the miRNA-associated protein
complexes to their specific mRNA target sites via Watson-
Crick base pairing with the mRNA (Reinhart et al. 2000).
These initially identified miRNA species already exemplified
the most important characteristics of miRNAs: (1) their target
sequences normally resides in the 3’-untranslated region (3’-
UTR) of mRNAs; (2) miRNA-mRNA pairing does not cover the
entire length of the miRNA strand; (3) miRNAs are evolution-
arily conserved; (4) multiple targets are recognized, i.e. a single
miRNA can specifically recognize several target sites in different
mRNAs or even within the same mRNA; (5) miRNA binding to
mRNAs negatively regulates protein biosynthesis (translation);
and (6) mature miRNAs are processed from longer precursor
RNAs (Fig. 2).

Genome-wide systematic searches since 2000 by use of miRNA-
tailored sequencing approaches, as well as functional studies,
quickly extended these few miRNA representatives to large
classes of evolutionarily conserved miRNAs in all investigated
eukaryotic systems. It became clear that miRNA-mRNA interac-
tions in animal systems essentially involve a short, perfect base
pairing between the mRNA and the so-called seed sequence
at the 5’ end of the miRNA (nucleotides 2-8). Additional base
pairing between the 3’-proximal region of the miRNA and the
mRNA may occur, but is not essential (Filipowicz et al. 2008).
By today, more than 28,000 miRNAs have been identified in var-
ious eukaryotic organisms, ranging from C. elegans, Drosophila,
the human system to plants, such as Arabidopsis. This informa-
tion is documented in databases that are constantly updated,
a prominent example being the miRBase (www.mirbase.org/).
Therelatively well-characterized human system contains around
2,500 individual miRNAs, many of which are embedded in reg-
ulatory networks. It is estimated that one third of all human
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protein-coding genes are regulated by miRNAs, which explains
why miRNAs are sometimes called micromanagers of gene
expression.

The biogenesis pathway leading to mature miRNAs requires
several ordered processing stages, which take place in the
eukaryotic nucleus and subsequently in the cytoplasm. First,
starting from long, partially double-stranded precursor RNAs
(pri-miRNAs), the RNase DROSHA generates intermediates of
60-80 nucleotides in length (pre-miRNAs) in the nuclear com-
partment. Second, after export of these pre-miRNAs into the
cytoplasm, the DICER complex produces short, double-stranded
RNAs (19-24 nucleotides per strand). One of the strands, the
so-called guide strand, is loaded onto an effector complex,
called RISC (RNA-induced silencing complex). This enables
RISC complexes to find their specific target sites in cytoplasmic
mRNAs. Numerous detailed studies have revealed that miRNAs
can either mediate inhibition of translation (translational silenc-
ing) or induce degradation of the specific mRNA (mRNA decay;
Huntzinger and Izaurralde 2011). During target recognition,
RISC-bound miRNAs are associated with so-called Ago pro-
teins, particularly Ago2 (also called slicer). If miRNA:mRNA
base pairing is perfect over the entire miRNA length, Ago2
can endonucleolytically cleave the mRNA target sequence, thus
mimicking the siRNA-mediated cleavage mechanism (see arti-
cle by Griinweller and Hartmann in this issue).

Since miRNAs show cell type- and tissue-specific expression
patterns and perform multiple regulatory roles in differentia-
tion and development, it is not surprising that more and more
examples are discovered where aberrant expression of miRNAs
turns out to be a major cause of disease states (Garzon et al.
2009), including diabetes, neuro- and immunodegenerative dis-
eases, immune defects and cancer. In the case of tumor tissues,
pathologically overexpressed miRNAs can promote tumor pro-
gression and thus function as oncogenes (“oncomiRs”); on the
other hand, miRNAs with tumor-suppressive activity may be
downregulated in tumor tissues. This explains why miRNAs
and their expression profiles are intensely studied and applied
as tumor-specific biomarkers.

3. Long non-coding RNAs (IncRNAs)

Long non-coding RNAs (IncRNAs) constitute another large
class of ncRNAs which are functionally and structurally more
diverse than miRNAs. LncRNAs are defined by their size
exceeding 200 nucleotides (often several kb and up to 100 kb
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in extreme cases) and their lack of protein-coding potential
(Nagano and Fraser 2011; Rinn and Chang 2012). The latter
criterion, however, has recently been questioned as short open
reading frames within IncRNAs may be utilized for the expres-
sion of peptides (Andrews et al. 2014; Anderson et al. 2015).
As described for miRNAs (see above), a few representatives of
the IncRNA family had been known already since 1991, such as
IncRNAs Xist, H19 and AIR.

Some IncRNAs have been implicated in chromatin association
and modification, such as Xist, which is responsible for tran-
scriptional silencing of one X-chromosome in female mammals
by associating over the entire length of the X-chromosome.
Since several IncRNAs are chromatin-associated, the model of a
global RNA-chromatin network has been put forward in which
IncRNA s play a central regulatory role.

Based on the multiple functions of various IncRNAs in chro-
matin structure and activation it is not too surprising that IncRNA
expression is deregulated in many tumor types (Cheetham et al.
2011). A relatively well characterized IncRNA, MALATI, is
involved in alternative splicing through regulating the phospho-
rylation of certain alternative splicing factors to control their
localization and activity (Tripathi et al. 2010). The MALATI
IncRNA provides a nice example how various levels of RNA-
mediated regulation are linked with each other.

The functions of IncRNAs may be summarized and grouped as
follows: (1) a so-called decoy function, whereby the IncRNA
serves as a bait to prevent specific proteins from DNA binding,
thus blocking their normal activity; (2) a scaffold function for
the assembly of multiple protein components on the IncRNA,
including proteins with or without RNA-binding activity; (3) a
guide function: many IncRNAs with bound protein factors (for
example, with chromatin organization and modification roles)
are guided via certain proteins of the IncRNP complex to specific
genome regions (Fig. 3).

4. Circular RNAs (circ-RNAs)

Circular RNAs (circ-RNAs) represent the most recently discov-
ered ncRNA class, and they perfectly illustrate how a few single
representatives, some already known for decades, suddenly (in
2013) opened up a large new ncRNA class. Already in 1976,
the plant-pathogenic so-called viroid RNAs were discovered,
representing the first examples of naturally occurring circular
RNAs (Sénger et al. 1976). In the following decades a num-
ber of circ-RNAs were found in diverse biological systems, for
example the SRY RNA in mouse, which is important for testis
development (Capel et al. 1993), various circRNASs in Archaea
(Kjems and Garrett 1988; Danan et al. 2012), and the human
CcANRIL circRNA (Burd et al. 2010).

With the advent of tailored RNA-Seq technologies applied to
genome-wide investigations, circRNAs emerged as a novel and
wide-spread ncRNA class (Hansen et al. 2013; Memczak et al.
2013; Jeck et al. 2013; Glazar et al. 2014; summarized by
Hentze and Preiss 2013; Lasda and Parker 2014). CircRNAs are
released from primary transcripts of protein-coding mRNAs,
when a single exon or two adjacent exons circularize in an
alternative splicing process (Starke et al. 2015; see Fig. 4).
As numerous pre-mRNAs give rise to circRNAs, hundreds to
thousands of such different circRNAs coexist in cells and accu-
mulate primarily in the cytoplasm. Several studies have shown
that circRNAs are expressed in a cell type- and tissue-specific
manner, immediately suggesting their potential use as novel
RNA-based biomarkers in human diseases. Another feature
beneficial to their use as biomarkers is the high metabolic
stability of circRNAs, because they are protected from exori-
bonucleolytic degradation due to the absence of 5’ and 3’ ends.
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Fig. 3: Functions of long non-coding RNAs (IncRNAs). LncRNAs can compete with
genomic DNA regions for binding to protein complexes. Some IncRNAs
sequester proteins or protein complexes, thereby impeding their normal
function (A; “decoy”). In addition, there are examples for IncRNAs acting as
a scaffold for proteins and/or for guiding bound proteins to specific cell areas
(B; “scaffold”/“guide”). As shown here, both functions may also be
combined within the same IncRNA molecule, whereby IncRNA-associated
proteins are delivered to certain DNA or chromatin regions.

At present, little is known about circRNA functions. At least
for one human circRNA, ciRS-7 (= circular RNA sponge for
miR-7; Hansen et al. 2011), a role as miRNA sponge was con-
vincingly demonstrated: ciRS-7 contains a cluster of around 70
miR-7 binding sites, which can efficiently sequester and inacti-
vate this miRNA (Hanssen etal. 2013). A similar miRNA sponge
function is suggested for circRNA SRY and miR-138 (Hansen
et al. 2013; Memczak et al. 2013). A recent study revealed
that circRNAs may also be integrated in autoregulatory loops,
as demonstrated for the muscleblind circRNA (circMbl) from
Drosophila: the muscleblind protein (Mbl) regulates the circu-
lar processing pathway of its own muscleblind pre-mRNA as a
splicing factor by binding to its own pre-mRNA in the region of
the circularizing exon (Ashwal-Fluss et al. 2014). The cytoplas-
mic localization of circRNAs, observed in numerous studies,
raises questions as to the mechanism of circRNA export from
the nucleus.

Apart from miRNA sponge and autoregulatory functions we can
currently only speculate on the functional relevance and diver-
sity of circRNAs. Some might act as protein sponges (Fig. 4) to
inactivate specific proteins, possibly combined with a controlled
release option, for example through the regulated degradation of
the circRNA component. Other (hypothetical) features of circR-
NAs include regulatory antisense activities, circRNA-mediated
assembly of protein complexes, a role as transport vehicles or
allosteric regulation of proteins or other RNAs via aptamer
domains as part of circRNAs (aptamer vector, see Fig. 4 and
summary by Hentze and Preiss 2013). Whether the numerous
circRNAs identified by deep sequencing in fact exist in biologi-
cally significant copy numbers, which circRNAs are functional
in which cell types and tissues, and how broad the functional
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Fig. 4: Biogenesis and functions of circular RNAs (circRNAs). CircRNAs are generated by an alternative splicing process, in which single exons, or adjacent multiple exons, of a
pre-mRNA circularize, instead of being spliced in a linear manner to produce a protein-coding mRNA. Such exon-derived circRNAs normally accumulate in the
cytoplasm, where they could act as miRNA sponges, if they carry a cluster of miRNA binding sites. By binding to the circRNA, the miRNA would be inactivated. Other
potential functions, still completely hypothetical, include roles as vectors for antisense sequences or as vectors for aptamer RNAs, which may allosterically regulate the

function of an RNA-binding protein or another RNA (aptamer vector).

spectrum of circRNAs will turn out to be are currently open
questions.

5. New targets for diagnosis and therapy?

How can we utilize ncRNAs as biomarkers for the diagnosis of
human diseases and for stratifying patient groups in personalized
medicine? Animportant criterion for the suitability as biomarker
is a cell type- or tissue-specific expression pattern, which indeed
applies to many ncRNAs. Numerous well-characterized miR-
NAs and also some IncRNAs have already been implemented as
disease-specific biomarkers. Due to their high metabolic stabil-
ity, circRNAs are particularly attractive as biomarkers in body
fluids with considerable ribonuclease activities, such as blood,
urine or liquor. Note that RNA-based biomarkers do not require
any prior knowledge on the RNA’s detailed function or biologi-
cal role. The high suitability of RNA-based biomarkers is based
on the following features:

(a) Simple and rapid development of assays: inexpensive high-
throughput screening approaches can easily be set up, since
DNA oligonucleotides for RT-PCR assays can be rapidly and
cost-effectively synthesized. This is, for example, an advantage
over antibody-based protein detection assays, which require a
more cost-intensive development of specific antibodies. Fur-
thermore, RNA-based RT-PCR assays require only minimal
amounts of biological material.

(b) High specificity and sensitivity of assays as well as simple
quantification of specific RNAs by real-time PCR assays, even
allowing determination of absolute copy numbers.

(c) Localization: Specific ncRNAs are detectable by in situ
hybridization, either in tissue samples (e.g. derived from tumor
biopsies) or even in single cells and at the single-molecule level.
NcRNAs are embedded in regulatory networks and strongly
participate in developmental and differentiation processes, such
that their altered expression often potentiates disease progres-
sion. Therefore, understanding the functions of ncRNAs opens
up new perspectives for therapeutic interventions. For miR-
NAs, a relatively well characterized class of ncRNAs, specific
therapeutic strategies have already been developed and are
about to enter the clinic. An example is miR-122, a miRNA
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specifically expressed in the liver, which stimulates (instead of
suppressing) translation of hepatitis C virus (HCV) RNA. In
this case, modified antisense oligonucleotides were designed
to specifically block miR-122 and thereby HCV replication.
Miravirsen, an LNA (locked nucleic acid)-modified antisense
oligonucleotide that functions as a miR-122 antagonist (gener-
ally termed “antimiR”), is presently in advanced clinical testing
phases (Janssen et al. 2013; Conrad and Niepmann 2014). Other
variants of miRNA-specific antisense oligonucleotides devel-
oped for therapeutic applications are the so-called antagomiRs
(see article by Griinweller and Hartmann in this issue).
CircRNAs might as well be utilized for therapeutic applications.
One may envision “designer” circRNAs, either expressed in
vivo or chemically synthesized, which serve as sponges for spe-
cific miRNAs or RNA-binding proteins. Conversely, by using
antisense nucleic acids, one may even be able to induce the
linearization of circRNAs to trigger their degradation and the
release of bound miRNAs or RNA-binding proteins. Finally, cir-
cRNAs also appear suitable as new antisense vectors, designed to
block or modulate translation of specific mRNAs or alternative
splicing processes.
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