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Does every transcript originate from a gene?
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Outdated gene definitions favored regions corresponding to mature messenger RNAs, in particular, the open reading
frame. In eukaryotes, the intergenic space was widely regarded nonfunctional and devoid of RNA transcription.
Original concepts were based on the assumption that RNA expression was restricted to known protein-coding genes
and a few so-called structural RNA genes, such as ribosomal RNAs or transfer RNAs. With the discovery of introns
and, more recently, sensitive techniques for monitoring genome-wide transcription, this view had to be substantially
modified. Tiling microarrays and RNA deep sequencing revealed myriads of transcripts, which cover almost entire
genomes. The tremendous complexity of non-protein-coding RNA transcription has to be integrated into novel gene
definitions. Despite an ever-growing list of functional RNAs, questions concerning the mass of identified transcripts
are under dispute. Here, we examined genome-wide transcription from various angles, including evolutionary
considerations, and suggest, in analogy to novel alternative splice variants that do not persist, that the vast majority
of transcripts represent raw material for potential, albeit rare, exaptation events.
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No correlation between genome size and
organismal complexity

Before high-throughput genome and RNA sequenc-
ing became standard in molecular genetic research,
the immense contribution of non-protein-coding
DNA to mammalian genome architecture remained
mostly unnoticed. Common views postulated that
entire genomes are assemblies of building blocks
of protein-coding genes. Hence, the respective
genome sizes would correlate proportionally to the
actual number of protein-coding genes.

For a long time, it was suggested that biologi-
cal complexity would relate to the actual number
of protein-coding genes per genome. Genome size
would provide accurate approximation of organis-
mal complexity.

However, consensus of what biological com-
plexity might be is hard to establish. Most often,
the actual number of different tissues or cell
types is considered.1,2 Therefore, multicellular

species display higher complexities than unicellular
organisms.1,2

Today, the de facto sizes of many genomes
are known.1,3 The genomic data, when analyzed
across species, revealed contradicting results. The
genome size of many amphibians is extraordinary
high and ranks well above that of most mammals.
Amoebas, for example, would be assigned higher
complexity than humans. With genome sizes in
excess of 10 times that of the human genome,
these unicellular eukaryotes render the underlying
concept doubtful. Species that are likely to display
comparable organismal complexities exhibit very
different genome sizes;1 for example, the sizes of the
plant genomes of Arabidopsis thaliana (!125 Mb)
and Zea mays (!2.3 Gb) vary by a factor of !20.4,5

In general, results of interspecies comparisons are
significantly influenced by polyploidy, experimen-
tal error, and non-protein-coding DNA content.1

However, even when corrected for polyploidy, a
general connection6 between genome size and
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organismal complexity might be debatable and hard
to establish.7

No correlation between protein gene
numbers and organismal complexity

Before the first human genome sequence draft
became available, predictions of the actual gene
number often ranked near 100,000 protein-coding
genes. The results of the human genome sequenc-
ing project suggested something entirely different.
Even lower estimates of about 50,000 protein-
coding genes by far exceed real numbers;4,8–10 and
generous predictions delivered fewer than 30,000
protein-coding genes.11 Interestingly, the number
of human protein-coding genes is in the range of
the roundworm Caenorhabditis elegans.11,12 Com-
parisons of various mammalian genomes supported
the initial results.8,13,14 The intuitive assumption
that elevated organismal complexity would relate to
increasing numbers of protein-coding genes had to
be rejected entirely.6,12 Furthermore, most protein-
coding genes display high degrees of sequence con-
servation across species. De novo generation of
novel mRNA-encoding genes out of the neutral,
nonfunctional sequence space is relatively rare.
Unlike what was expected, speciation events appar-
ently are not accompanied by bulk de novo gen-
eration of species-specific protein genes. However,
expansion of gene families, as well as exaptations of
novel exons by alternative splicing or co-optation
of novel regulatory modules, might play more sig-
nificant roles for protein diversity and differential
expression.15–18

Genome-wide transcription and change of
the protein-centric view of genome
evolution

The idea that the vast majority of intergenic “junk”
DNA might provide transcriptionally competent
templates for RNA polymerase was difficult to com-
prehend because the bulk of non-protein-coding
DNA was widely regarded to be devoid of function.

Apart from the functional transfer RNAs
(tRNAs), small nuclear RNAs (snRNAs), and
ribosomal RNAs (rRNAs), the vast majority of
intergenic non-protein-coding RNA (npcRNA)
remained unrecognized for a long time.19,20 Even the
identification of functional small npcRNAs did not
lead to substantial changes of existing paradigms:

for many investigators, proteins remained the only
relevant molecules.

Later, identification of transcribed genomic
regions by tiling microarrays and RNA deep
sequencing allowed establishment of entire tran-
scriptional landscapes on open platforms.19,21,22

The data impressively demonstrated that equation
of RNA transcription chiefly with protein-coding
RNAs was wrong.21–24 To date, the distinction
between functional RNA and by-products of leaky
expression or RNA degradation still remains non-
trivial. In any case, the original preconceptions,
namely that genomes express RNAs most cost
effectively and confine transcription to regions for
protein-coding and “structural RNAs,”a had to be
revised.21,22,24

A major consequence of genome-wide RNA
expression is the formation of interleaved transcrip-
tional units.25,26 The borders, which would ideally
define the local extension of exons, genes, and other
functional modules, are fuzzier than anticipated.25

Accordingly, pervasive transcription demands
refined criteria to connect different transcripts to
identical genes.27 One primary transcript can be
processed into multiple mRNAs by alternative splic-
ing, yielding variants of one protein, or, in extreme
cases, when the open reading frame (ORF) changes
at the beginning of transcript, almost completely

aThe term “structural RNA” is unfortunate and should
be discontinued. It originated during the dark ages when
most investigators assumed that, for example, ribosomal
RNA (rRNA) had no catalytic function, but merely was
the coat hanger or rack for ribosomal proteins (i.e., pro-
vided a structure). Also, it was used to distinguish non-
protein-coding RNAs from messenger RNAs (mRNAs),
as the then known examples of RNAs had intricate struc-
tures (transfer RNA and rRNA), while mRNAs by and
large were thought to be devoid of structure. Unfortu-
nately, this term persisted up to this day and is used for
known non-messenger RNAs, usually those with estab-
lished function. Ideally, the term RNA should be used for
all bona fide RNAs, the term mRNA qualifies those that
are templates for translation, and transcript designates
all RNA macromolecules including leftovers of RNA pro-
cessing and degradation. Also, this would dispense of the
need for yet another unfortunate term, namely noncod-
ing RNA (ncRNA), as most RNAs bear a code. In order to
avoid confusion, we did not implement this terminology
throughout the manuscript.
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different protein products.28 Are we still talking
about a single gene or are there two different genes
residing and even partially overlapping in the same
locus? Therefore, the simple criterion of overlap-
ping exons for assignment of different transcripts
(encoding products with fundamentally different
properties and functions) as a single gene unit is not
always straightforward.26,27 Examples of alternative
mRNAs that encode protein variants of different
functionalities are known.29 However, ultra-deep
sequencing methods revealed, in addition to func-
tional RNAs, many transcripts that originate from
aberrant processing. Often, they share exons with
known RNA(s). Accordingly (see above), one has
to consider these transcripts as variants of identical
genes. Obviously, there is need to separate transcrip-
tional noise or aberrant processing products from
functional RNAs, which is difficult to ascertain.

In case of species-specific RNAs, evolutionary
analysis usually fails to distinguish novel functional
RNAs from transcriptional noise. Low persistence
rates further question the functional significance
of species-specific RNA candidates and, hence,
such transcripts must be considered with caution.
Unlike the causal role concepts that were applied by
the ENCODE consortium, we questioned whether,
for example, identification of transcribed frag-
ments alone is sufficient to indicate function.30–32

Beyond doubt, transcribed regions might relate
to some sort of biochemical mechanism, such
as transcriptional interference33 (see below).
However, assigment of biological function requires
more, such as––ideally—discernible phenotypes
in appropriate knockout (or knockdown) cell or
animal models.34–37

In summary, alternative protein variants with dif-
ferent functions or even identical proteins with mul-
tiple functions (moonlighting) exist.38 The majority
of young transcripts merely represent raw material
with the potential to generate evolutionary nov-
elties that, in rare instances, might be recruited
(exapted) into a new function.16,18,39,40 In any
event, the distinction between functional genetic
novelties and aberrant transcripts is extremely
difficult.

The gene definition is growing in
complexity

The original gene definition was chiefly based on
the structure of bacterial mRNA, and limited to

protein-coding genes.15 In particular, identifica-
tion of important cis-regulatory elements encoded
within untranslated regions (UTRs) and in silico
identification of small npcRNAs lagged behind. This
is mainly due to the high diversity of npcRNA-
encoded structures. Apart from the entire spectrum
of npcRNAs, even promoters and enhancers, which
are important regulatory modules for RNA expres-
sion, were entirely neglected in the original gene
definitions.15,41

Introns are parts of genes
The identification of introns ultimately leads to
novel gene definitions.15 The understanding that
mature mRNA is a product of primary RNA pro-
cessing indicated that mRNAs represent stable but
derived products of heterogeneous nuclear RNA
(hnRNA) transcription. It is intellectually impos-
sible to consider only the final product of RNA
processing for gene definition and to exclude large
parts of the precursor molecule from which it is
derived.15 Eventually, introns had to be accepted
as integral parts of the modern gene concept.15

In addition, splicing enhancers, which regulate
alternative splicing and therefore influence the
relative abundance of different protein isoforms,
are frequently located within introns and under-
score the functional significance of (the originally
neglected) non-protein-coding sequence space.42,43

Alternative splicing might be considered a pro-
cess that enables the acquisition of initially non-
protein-coding intronic sequences into coding DNA
sequence (CDS) of mRNAs. Therefore, the strict
separation of protein-coding exons and introns is
perhaps inappropriate, since this definition fails to
account for dynamic exchange between both types
of gene modules. In fact, categorical assignments
of coding appear to be rather interchangeable, and
a priori separation does more harm than good.
A prominent example of how junk DNA is con-
verted into novel functional elements is displayed by
exonizations of parts of short interspersed repeats
(SINEs), such as Alu elements, in primates.39 Reg-
ulated by alternative splicing, non-protein-coding
sequences located within introns are potentially
exapted as novel exons. Most often, the correspond-
ing new splice variant initially has weak splice sites,
and contributes only little to the actual level of
gene expression, where the variant is likely neu-
tral or slightly deleterious.39 However, exceptional
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cases where alternative splice variants lead to selec-
tive disadvantage have been reported.39,42 It has to
be stressed that this is by no means unique to Alu
or any SINE exonization but is rather valid for all
hitherto neutrally evolving sequences.

Exaptation events leading to novel mRNA vari-
ants by exonization are not irreversible.16,39 Evo-
lution of novel splice variants is divided into at
least two periods of different constraint. Novel
exons, shortly after exaptation and incorporation
into a preexisting ORF, are mostly devoid of any
associated function and subject to loss or posi-
tive selection with subsequent purifying/negative
selection.16,39 The second period of exon evolution
is likely accompanied by substantially lower muta-
tion rates.18,39,40 Alternative splicing might poten-
tially increase isoform diversity, but only a minute
fraction may persist over time to encode novel or
altered functions.18,39,40 The interplay among exap-
tation, loss, and persistence illustrates the high flex-
ibility of alternative splicing in novel isoform gen-
eration. In cases where alternative splicing would
lead to exon combinations that do not provide a
suitable ATG start codon to initiate translation, the
corresponding transcripts would resemble bona fide
candidates for non-protein-coding RNAs. However,
RNAs that encode alternative reading frames or even
transcripts devoid of any protein-coding capacity
are very likely to be involved in different or only
marginally related molecular functions. The rele-
vance of alternative transcripts might be best valued
when challenged by phylogenetic analysis to delin-
eate signals of selection.28,30,44 Indeed, increased
conservation (negative selection) of sequence ele-
ments or alternative ORFs would seemingly argue
in support of the hypothetical molecular function.30

Interestingly, a detailed investigation of mRNAs that
harbor dual coding capacity indicated bias toward
recent evolution.28 Therefore, the true functional
significance of the overprinted mRNAs is difficult
to evaluate.28,30

Certainly, the detection of selected function by
sequence conservation enriches for relevant candi-
dates and significantly increases the signal-to-noise
ratio30 (see above). Of course, not every regula-
tory mechanism displays sequence conservation in
nucleic acid alignments (see below). In cases where
RNA is a rather consequential product of gene reg-
ulation, the RNA sequence might not display any
conservation. This includes processes that involve

promoter occlusion or transcriptional interference
(see below).

UTRs and promoters: non-protein-coding
regions contribute to genes
Inclusion of non-protein-coding introns in the gene
concept also emphasizes the importance of cis-
acting elements located outside ORF exons.15 UTRs
and upstream promoter elements are considered
in current gene definitions. They contain impor-
tant cis-regulatory elements, which enable control
of mRNA expression and subcellular localization as
well as RNA stability and translation.15,45–49 Motifs
that are located within the UTRs of mRNAs con-
tribute regulatory modules for gene expression.
Obviously, the corresponding exons must there-
fore be included in appropriate gene definitions. As
an aside, 5′ UTRs controlled by alternative splic-
ing often might contribute to ORFs and there-
fore encode not only cis-regulatory motifs but also,
potentially, functional protein domains.50

Enhancers are parts of genes
Unlike the core promoter region, enhancer elements
often reside at large distances from the regulated
transcript. However, the actual three-dimensional
genome organization also depends on chromatin-
mediated interactions and might differ remark-
ably from the linear arrangement of DNA primary
sequence. Elements located distantly within the pri-
mary sequence space might be closely juxtaposed
during transcriptional initiation. Genome struc-
tures, as established by various epigenetic regulatory
interactions, make important contributions to gene
expression. Given the extreme impact of such distal
interactions, one must consider enhancer elements
as integral parts of genes.15,51

Arguably, concepts that include enhancers in
existing gene models are complicated by the fact that
enhancers often participate in regulation of several
genes. But uncoupling of protein-encoded function
and gene transcription would be contraindicative.15

Spatiotemporal control of RNA expression is essen-
tial to gene function. Excluding enhancers as gene
modules would be as artificial as barring core pro-
moters from genes.15

In summary, we would like to put forward
that not only the translated or transcribed por-
tions of RNA elements of modern gene definitions
but also the entire cis-regulatory circuits control-
ling gene expression must be included in refined
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concepts. Certainly, such a widened approach might
encounter intellectual inconsistencies when taken
to the extreme: cis-antisense–encoded npcRNA
transcription or even promoter-associated npcR-
NAs might exert regulatory impact on sense gene
expression.52–55 It is debatable whether or not such
entities of riboregulation might have to participate
in gene definitions in analogy to enhancers.

Genes are always coding

A valid perquisite of what we call a gene is its inher-
ent coding capacity.15 “Coding” is utilized synony-
mously with “functional.”15,56 As the initial analysis
of RNA focused on the investigation of mRNAs,
the term “coding” became limited to protein-coding
only.15,41,56

To date, many instances of functional (small and
long) non-protein-coding loci, which participate
in the regulation of various biological processes,
have been reported.52,57,58 However, because they
are devoid of any detectable protein-coding poten-
tial, the corresponding RNAs would not fulfill gene
definitions. This, however, causes the intellectual
dilemma that introns are readily included, but func-
tional RNAs devoid of ORFs would have to be
rejected as (part of) a gene.15 Hence, novel gene
definitions also facilitate inclusion of npcRNAs, as
already implemented in case of rRNA, tRNA, SRP
RNA (signal recognition particle RNA), and others.

What is coding? The semantic approach of
Barbieri

Barbieri suggests that, in biology, there are many
more organic codes than the best exemplified case
of tRNA-encoded functions. Briefly, transfer RNAs
are capable of carrying out adaptor functions in
translation; they establish linkage between mRNA
codons and amino acids, connecting two different
molecular entities.59 Obviously, without adaptor-
mediated reactions, mRNA codons would remain
entirely meaningless.59 Barbieri also includes signal
transduction and splicing and argues that there are
many more organic codes in nature.59

Like mRNA codons, words, or for that matter
any kind of strings, are per se devoid of meaning.
Molecular processes that establish sense in codified
reactions are replaced by convention in the case of
spoken languages. The adaptor concept enables free
evolution of either entity, which is connected via
codified reaction. The latter requires that molecular

recognitions proceed independently between adap-
tor and either molecular entity of codified reactions
(see below).

Interestingly, even mRNA (alternative) splicing is
considered to be a codified reaction.59,60 The molec-
ular adaptor to ensure coordinated intron removal
is the multicomponent spliceosomal machinery.59

Splice donor and acceptor sites, which represent
the two independent molecular entities and are
linked through spliceosomal action, unlike trans-
lation, reside within the same hnRNA molecule.59

Conceptually, even the degeneration of the
genetic code is readily incorporated: just as many
different words in spoken languages have identical
meaning, different codons relate to identical amino
acids. On the other hand, mutations of mRNA
codons, usually within the first or second positions,
generally alter the selected tRNA and lead to malin-
corporation of amino acids.59

Finally, catalyzed reactions are considered dif-
ferent from codified reactions. DNA replication or
RNA transcription, for instance, rely on simple poly-
mer matrixes to determine the respective nucleotide
to be incorporated. This, however, is different from
the bridging-like function of tRNA molecules dur-
ing translation.59

What is coding? The relaxed definition of
Trifonov

Trifonov applied more relaxed requirements to
define organic codes: any kind of functional
sequence motif is regarded to be coding; for
instance, rather simple nucleotide strings like
miRNA seed sequences or snoRNA antisense boxes,
both participating in molecular target recogni-
tion, would fully agree with his concept.15,61,62 The
respective motifs are not necessarily organized in
the form of linearly encoded sequence strings, but
even more complex RNA secondary structures and
tertiary interactions within npcRNAs would be con-
sistent with this concept.

Non-protein-coding RNA, noncoding RNA,
and non-RNA

Molecular functions exerted by non-protein-coding
RNA often involve regulation of translation, RNA
stability, and chromatin organization, to name
but a few.52,57,63 Given the astonishing diversity
of RNA-encoded functions, general definitions
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face the problem of appreciating the abundance of
entirely different codes provided by npcRNAs.41

However, the term non-protein-coding RNA
(and, for that matter, even the widespread term
noncoding RNA (ncRNA)) does the opposite:
instead of trying to provide individual defini-
tions based on actual RNA-encoded functions
or to define specific sequence codes, it classifies
all RNAs devoid of larger (" 100 nt) ORFs
as npcRNA.40,57 On the other hand, the definition
suffers from the inherent need to arbitrarily assign
a minimal ORF length.40,57 In particular, products
of stochastic transcription (see below) or most
transcripts initiated at repetitive elements are
certainly devoid of any functional significance.

For example, antisense promoters in LINE1 ele-
ments, which transcribe into their loci of integra-
tion, have been reported.64 Such transcripts, devoid
of function and selective pressure, might not even be
considered as “noncoding” RNAs, but more appro-
priately as “non-RNAs,” despite their chemical RNA
identity (see also below). In addition, the function
of transcripts from many bidirectional promoters is
not evident.65

Finally, the term “npcRNA” serves the under-
lying concept probably better than anticipated.
In particular, the alternative terminology “non-
peptide-coding” might not withstand the test of
time, as examples of long npcRNAs, which at
least occasionally provide templates for active
peptide synthesis, have been reported.66 In that
case, the corresponding npcRNAs must be correctly
designated as mRNAs. The definitions closely link
methods for identification of ORFs and npcRNA
candidates.41,58 It might be worth emphasizing
that mRNAs almost always harbor both types of
RNA-related codes. Often they are regulated by
cis-regulatory elements (i.e., riboswitches or ther-
mometers, usually located in 5′ UTRs), which exert
riboregulation and integrate cellular stimuli. The
3′ UTRs are also crucial for regulation, including
RNA stability and/or translation.49,55

Interestingly, various data indicate that some-
times even conserved RNA secondary structures
reside within regions that encode functional
proteins.67 In agreement with Trifonov’s view, these
RNA-encoded motifs are ambiguous, as the same
sequence encodes various different functions.68

The overlap among various functional codes might
cause higher than average conservation and also

suggests that the actual distinction of coding and
non-protein-coding RNAs is fuzzier than initially
assumed.

NpcRNAs harbor sequence motifs or higher-
order structures, which relate to specific RNA-
encoded functions. Besides molecular functions
exerted by the RNA itself, many npcRNAs are
parts of functional ribonucleoprotein particles
(RNPs);59–61 the formation of RNA structural motifs
often requires productive RNA–protein interaction.

Conclusively, the entire spectrum of RNA tran-
scription is subdivided into npcRNAs, which col-
lectively comprise class I RNA transcripts and
polypeptide-coding class II RNAs. Also, in light of
evolutionary transitions, class II RNAs simply could
be considered class I RNAs with the added feature
of a translatable ORF.36,68,69

Class I RNA transcription encompasses various
subclasses of npcRNA. The class itself is further
subdivided according to size and RNA-processing
patterns.41 For instance, many long npcRNAs are
capped and polyadenylated, and even spliced.
Various functionally diverse subclasses of small
npcRNAs complete the cellular repertoire of class
I transcripts.41

A third class could be considered, namely macro-
molecules that chemically are RNA, yet as a prod-
uct are devoid of any function. These non-RNAs
or class III RNAs could be debris from all sorts of
RNA processing, such as intron leftovers, spurious
nonfunctional intergenic transcripts, or even prod-
ucts from regulatory processes, including transcrip-
tional interference where the act of transcription
itself confers function (e.g., blocking downstream
promoters), independent of RNA structure. As is the
case in most biological classifications, here, too, it is
difficult to define clear borders; rather, these three
RNA classes should be viewed as a continuum.

Another difficulty is apparent in the controver-
sial definition of RNAs by size only. Initially, for
small RNAs, a general size limit under 500 nt was
well accepted in eukaryotes.36,41 The correspond-
ing size fractions would include prominent small
RNAs, such as signal-recognition particle (SRP)
RNA (300 nt), small nuclear RNA from fraction K
(7SK) RNA (332 nt), and mitochondrial RNA-
processing (MRP) RNA (287 nt).36 The lower end
of size ranges is commonly represented by miRNAs,
initially classified as tiny RNAs.36,71 Introduced,
among others, by the ENCODE consortium,
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different size criteria to define long and small RNA
became increasingly popular.72 Here, RNAs smaller
than 200 nt would be regarded as small, and RNAs
that display sizes above 200 nt are referred to as
long. However, in the light of well-accepted small
npcRNAs, the newer definitions are unfortunate.
Now, numerous small npcRNAs designated as such
in many earlier publications have been shifted into
the longer size fraction.36,72

Pervasive transcription and transcriptional
noise

Based on tiling microarrays, the original analysis
aimed at deciphering cellular transcription globally
delivered strong indications that almost entire
genomes are pervasively transcribed.21,23,25,73 Unex-
pectedly, even the large intergenic sequence space
(i.e., gene deserts) that was initially considered to
be devoid of any functional relevance was subject to
active transcription. Literally, almost all nucleotides
of genomes are incorporated into at least one
primary transcript.74 In addition to dark matter
transcripts, which are initiated outside regions of
known genic content and for which no molecular
function was predictable, multitudes of cis-encoded
antisense transcripts add to further layers of
complexity.75–77 Ultimately, the de facto transcrip-
tome is twice the size of the genome. However,
questions regarding the functional relevance of
mass transcription remain.78–81 Two mouse knock-
out models covering a total of !2.35 Mb deletions
revealed no apparent phenotype.82,83 Notably,
such a region must produce at least hundreds of
transcripts using conservative measures. At least
under conventional laboratory conditions, many
dark matter transcripts appear to be nonfunctional.

Occasionally, it is emphasized that many of
these so-called dark matter transcripts display pat-
terns of tissue-specific expression and consequently
should be functional. Merely based on this observa-
tion, functionality of the RNA product is implied.
However, a recent study mapping transcriptional
start sites reports that few promoters are truly
housekeeping.84 There are numerous promoter-
trap studies that show cell-type specific or devel-
opmentally regulated expression of reporter genes
whose products (!-lactamase, firefly luciferase,
etc.) have no function in the respective cell or
organism whatsoever.85,86 Furthermore, stochastic

transcription does occur,87 and spurious transcrip-
tion factor binding underlying tissue-specific tran-
scription without function is at least equally likely
as low-level tissue-specific transcription of a func-
tional RNA.

Initial analysis of genome-wide transcription was
mainly carried out on tiling microarrays. Hence,
various transcripts might rather be attributed
to alternative 5′ UTRs or represent products of
alternative 3′ polyadenylation. As 5′ UTRs are
often subject to alternative splicing, the actual
site of transcriptional initiation could be located
distant from the actual CDS sequence. Given the
frequent incomplete annotation of RNA 5′ termini,
signals detected by tiling microarrays might be
misconstrued as intergenic dark matter transcripts.

Alternative polyadenylation of 3′ termini
is more prominent than assumed earlier, as
more than 60% of all known gene products
are alternatively polyadenylated.88 Novel meth-
ods based on deep sequencing confirmed the
enormous variation of mRNA polyadenylation dur-
ing differentiation or in response to environmental
stimuli.89 Occasional read-through beyond tran-
scription terminators could further contribute to
the phenomenon of genome-wide transcription
(dark matter transcripts or non-RNA).69,83,90 Inter-
estingly, and in contradiction to pervasive RNA
dark matter transcription, recent RNA-Seq data
revealed that most transcripts are derived from loci
that contain known mRNA-encoding genes.91 The
significance of dark matter transcription has been
questioned.20,91–93 However, various issues regard-
ing experimental design are controversial.91,94 In
any case, the debate emphasizes that a clear dis-
tinction between functionally relevant entities and
noise (class III/non-RNA) remains nontrivial. This
is particularly true when low-abundance transcripts
are considered. It is now accepted that RNA poly-
merase is frequently engaged in rather spurious
transcriptional processes, while the functional con-
tribution of stochastic transcription remains debat-
able. Spurious products might generate significant
levels of bulk transcripts. However, when moni-
tored at distinct loci, the abundance of individual
transcripts is very low.87 Genome-wide investiga-
tions of RNA polymerase occupancies make it pos-
sible to monitor transcribed regions ex vivo.87 One
would assume that experiments that record RNA
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polymerase occupancies allow more accurate mea-
surements of spurious transcription. This might be
the case because the chromatin immunoprecipita-
tion/sequencing (ChIP-Seq) analysis is devoid of
disturbing influences such as RNA degradation.
In addition, it is possible to specifically investi-
gate preinitiation complex formation in ChIP-Seq
experiments based on the genome-wide dis-
tribution of complexes containing TATA-box
binding protein.87,95,96 This is meaningful, as
initiation is usually the rate-limiting step of RNA
transcription.87 Therefore, it might be possible to
analyze the extent and sites of spurious transcrip-
tion more accurately. In any event, the distinction of
spurious transcript and functional young npcRNA
is difficult.

Structural RNA function and conservation

Selection detectable in interspecies comparisons
might be the best criterion for identification of func-
tional sequence elements.30,97–100 The actual func-
tional domain of RNA often depends on complex
secondary and tertiary structures, instead of the pri-
mary sequence alone.41

Novel RNA identification and validation requires
fast and accurate in silico RNA structure predic-
tions because experimental procedures to decipher
RNA secondary folds are (still) far too time con-
suming for high-throughput analysis. Dimethyl sul-
fate treatment in combination with subsequent deep
sequencing is a promising approach.101

Within living cells, various alternative RNA folds
coexist in free equilibrium. The relative abun-
dance of individual RNA secondary structures is
directly correlated with their thermodynamic sta-
bility. RNAs that populate secondary structures of
low free Gibbs energy accumulate in higher relative
concentration.

To date, RNA secondary structure predictions
based on the calculation of free Gibbs energy are
suitable for RNAs up to 700 nt.102 RNAs gener-
ally exist as RNP complexes, and protein–RNA
interactions inevitably affect in vivo folding. Also,
RNA secondary structure interactions form during
transcription. Therefore, RNA transcripts might
populate conformations that are favored in the more
limited sequence space of growing RNA chains.103

Finally, formation of complex RNA secondary
structures is time consuming, and one might
speculate that the kinetics of RNA polymerase

II–catalyzed transcription exerts influences on
RNA folds as well. Epigenetic landscapes indicate
that specific chromatin modifications are tightly
associated with RNA polymerase pausing.104 This
could suggest that even specific RNA secondary
structures are subject to co-transcriptional and
epigenetic regulation. In summary, actual RNA
secondary structures do not necessarily coincide
with the most thermodynamically stable conformer.

Detection of purifying selection is not biased
toward RNA conformers that display the lowest
free energy. Therefore, procedures that integrate
phylogenetic signals for identification of conserved
RNA structures are the most powerful. Compen-
sating nucleotide exchanges are indicative of RNA
secondary structure conservation.105 Changes that
preserve RNA secondary structure are most easily
identified in comparisons between RNA homologs
of different species.b This permits identification of
nucleotides engaged in RNA secondary structure
as well as domains that are conserved for other rea-
sons. Single-stranded regions of RNA, such as bulges
and loops, usually display higher conservation. Such
regions are often involved in complex interactions
with other RNAs or proteins. For instance, anti-
sense boxes of snoRNA or transacting bacterial small
npcRNAs might display compensatory changes in
regions involved in target recognition. Searches for
such structural constraints are a reliable tool for
identification of potential RNA interaction partners
and consequently for prediction of function.

Housekeeping npcRNAs and conservation
In particular, npcRNAs that serve important house-
keeping functions display higher levels of primary

bCompensatory base changes are defined by concomitant
alterations in two RNAs that interact with each other by
base pairing, or two regions in a single RNA, for mainte-
nance of a conserved higher-order structure. Changes in
target and regulatory RNA (e.g., rRNA and snoRNA, or 3′

UTR and miRNA) are being compensated by, for example,
replacing a U–A base pair with a C–G base pair. These base
exchanges thus preserve the RNA interactions and help to
identify potential target sites. Apart from several compu-
tational methods that identify regions involved in base
pairing interaction, PAR clip and related techniques pro-
vide experimental approaches to isolate target RNA. The
experimental approaches are of benefit when evolutionary
young, not-yet-conserved interactions are analyzed.106–108
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sequence and secondary structure conservation. In
fact, many of the most conserved sequence elements
are located within npcRNA.109 For instance, human
and Baker’s yeast ribosomal RNAs exhibit sequence
conservation of up to 75%.

Long npcRNAs and conservation
Absence of high levels of conservation cast doubt
on the functional relevance of many long npcRNAs
that in general reveal weak or no conservation.58 In
addition, long npcRNAs are often transcribed at low
levels in comparison to mRNAs.109,110 Apart from
the obvious explanation that long npcRNA candi-
dates are transcriptional noise (non-RNAs), one has
to consider that the corresponding transcripts are
evolutionary young, or that functions of long npcR-
NAs do not always require high levels of expression
and/or conservation.83 Well-established regulatory
processes such as transcriptional interference
or promoter occlusion do not entail conserva-
tion of RNA primary sequence or secondary
structure.33,54,111 Rather, it is the process of tran-
scription itself that would be subject to purifying
selection. Promoter occlusion was originally identi-
fied to exert transcriptional control within tandemly
arrayed promoters of bacteria and yeast.33 Even the
involvement of long npcRNAs in transcriptional
interference was recently reported.112,113 Elongating
RNA polymerases, initiated at promoter upstream
sites, proceed through regulatory elements located
within downstream promoters.33 The act of tran-
scription itself limits the productive interaction of
RNA polymerase or transcription factors with DNA
templates. Overlapping transcription might impair
the rate-limiting step of preinitiation complex
formation. Obviously, the impact of promoter
occlusion is a direct function of relative promoter
strength. Suppression is most effective, if mediated
by strong, frequently initiating regulatory upstream
promoters.33 In addition, it is suggested that tran-
scriptional pausing at downstream promoters might
increase the impact of promoter occlusion.114,115

Obviously, it is difficult to find regions of tran-
scriptional co-regulation via sequence alignments.
However, identification of conserved promoters
would permit in silico enrichment of trustworthy
candidates. The corresponding cis-acting elements
are often too small in size to ensure meaningful
analysis. High levels of genome-wide transcription
suggest that regulation by promoter occlusion is

more prominent than anticipated. Therefore, reg-
ulatory mechanisms do not depend on the RNA
itself and consequently are not detectable in regions
of increased conservation.

Apart from promoter occlusion, various reports
emphasize that many promoters initiate transcrip-
tion in a bidirectional manner. Such transcripts ini-
tiating on the opposite strand, away from bona
fide genes, are less likely to represent functional
RNA entities and are considered to be transcrip-
tional noise–generating non-RNAs. Spurious non-
functional transcripts or those that are generated
for transcriptional interference (see above) are
clearly RNAs in a biochemical sense, yet they are
without function. Nevertheless, such non-RNAs
are raw material for potential, albeit rare, future
exaptations.16

Conservation and/or function?

It has to be emphasized that conservation is not nec-
essarily synonymous with function: for example, an
Mb-sized mouse knockout model, where thousands
of multispecies conserved regions were deleted, did
not reveal detectable phenotypes.82,83 Of course,
there are many possible explanations why knock-
out mouse models fail to display visible effects. For
example, phylogenetically conserved snoRNA genes
were deleted in yeast, but only mild phenotypes
were observed.116 Phenotypical effects might only
become obvious after several generations.117 Alter-
natively, it is known that genomes often encode
functional redundancy. Hence, severe phenotypes
might only be detectable in a multiple-knockout
model. In addition, screens conducted under lab-
oratory conditions often are inappropriate for the
identification of many physiological or behavioral
effects.118 On the other hand, various npcRNAs
that display very weak conservation serve important
functions. The X chromosome–specific Xist RNA
participates in transcriptional inactivation of one
X chromosome and compensates for the higher X
chromosome–linked gene dosage in female mam-
mals. Although this long RNA (17 kb in humans)
is rather weakly conserved, it nonetheless exerts an
important molecular function.119

Various reports emphasize the importance of
widespread cis-antisense transcription in bacteria
and eukaryotes.54,76 Mechanistically, this type of reg-
ulation might be involved in some form of transcrip-
tional interference.54,75 The regulatory potential
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relies on the process of RNA transcription and does
not depend on any RNA structural codes. Alterna-
tively, RNA duplexes, which are the theoretical prod-
ucts of sense and antisense RNA interaction, might
represent molecular targets for endonucleolytic pro-
cessing. The latter mechanism has been demon-
strated to act in various bacteria.54 Ultimately,
irrespective of either pathway, the corresponding
target RNA is downregulated. Mutational analysis
of such interactions is almost impossible, as each
change is automatically compensated for on the
opposite strand. In addition, the function of the
sense RNA might be affected by mutational change.
Therefore, phylogenetic analysis also fails to estab-
lish functional significance of cis-antisense tran-
scripts. Searches for signals of evolutionary con-
servation might miss a large number of functional
RNAs, but certainly this strategy offers strong sup-
port for the validation of npcRNA candidates.

Indeed, there are no ultimate criteria that would
enable identification of functional RNAs beyond
doubt.83 RNAs might be conserved or display more
patchwork-like conservation, as is the case for many
functional long npcRNAs (see above). The most
appropriate criterion for functional RNA candidates
is evolutionary persistence even though it would
exclude young, yet functionally significant RNAs.30

Similar to what has been argued in case of exapted
exons, nonfunctional or neutral elements or RNAs
are unlikely to persist over time.39,40 In fact, the vast
majority of novel exons or transcripts might be lost
over time.39,40,69,83
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