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Abstract

For a long time, molecular evolutionary biologists have been focused on DNA
and proteins, whereas RNA has lived in the shadow of its famous chemical
cousins as a mere intermediary. Although this perspective has begun to
change since genome-wide transcriptional profiling was successfully extended
to evolutionary biology, it still echoes in evolutionary literature. In this mini-
review, new developments of RNA biochemistry and transcriptomics are
brought to the attention of evolutionary biologists. In particular, the
unexpected abundance and functional significance of noncoding RNAs is
briefly reviewed. Noncoding RNAs control a remarkable range of biological
pathways and processes, all with obvious fitness consequences, such as
initiation of translation, mRNA abundance, transposon jumping, chromosome
architecture, stem cell maintenance, development of brain and muscles,

insulin secretion, cancerogenesis and plant resistance to viral infections.

Introduction

Since their introduction in the mid-1990s, microarrays
have rapidly become established as an essential method of
gene expression analysis in relation to physiology, devel-
opment and disease. Beside high-throughput methods of
DNA sequencing and analysis, the emergence of microar-
rays and transcriptomics is an event probably most
commonly associated with the transition from conven-
tional genetics to genomics. Recently, genome-wide sur-
veys of transcription have made their appearance in
evolutionary biology and ecology as well (reviewed by
Gibson, 2002 and Stearns & Magwene, 2003; Ranz &
Machado, 2006). New developments of transcriptomics,
such as tiling arrays for whole genome analyses (Mockler &
Ecker, 2005), are capitalizing on and - at the same time-
largely contributing to the spectacular findings in the area
of RNA molecular biology and RNA biochemistry.

There is a widespread view among biologists that all
that really matters in the functional landscape shaping
fitness is proteins, and transcript abundance can be useful
as a mere proxy for the activity of the corresponding
proteins, as exemplified by a recent review about
limitations of transcriptomics (Feder & Walser, 2005).
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This conviction originates from the central dogma of
molecular biology: information flows from DNA to
protein through its intermediary-RNA. From there, it is
easy to generalize that ‘genes’ are ‘synonymous’ with
proteins. Generally, it holds true in prokaryotes whose
genomes consist of tightly packed protein-coding
sequences. But there is increasing evidence that complex
eukaryotes, whose genomes contain relatively rare
coding sequences, have dramatically different patterns
of programming and functional regulation.

We are closer than ever before to doing away with the
central dogma, or at least its common generalization that
‘one gene equals one protein, one function’.

In 1969, Britten & Davidson (1969) suggested that
RNA specifies which genes are turned on or off in
eukaryotic cells. However, their idea that the gene
regulation could be based on the complementarity rules
of Watson and Crick and driven by diverse arrays of
RNAs was abandoned after the subsequent discovery of
protein transcription factors. But in fact RNAs, specifi-
cally various noncoding RNAs, do control plant and
animal gene expression. The meaning of ‘gene expres-
sion” and ‘gene’ themselves await a major reevaluation.
To truly understand eukaryotic gene expression, a great
deal more is involved than just transcription factors:
noncoding RNAs (microRNAs, associated small interfer-
ing RNAs, small interfering RNAs and other unclassified
non-translated RNAs), epigenetic memory (e.g. CpG
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dinucleotide methylation, histone acetylation and
deacetylation), and mRNA transcript variation (e.g.
alternative promoters, alternative 3’ polyadenylation,
differentially spliced exons and introns; e.g. Moore,
2005).

This review is by no means comprehensive. Instead, it
focuses on selected examples of noncoding RNAs and
their genome regulation roles; more comprehensive
reviews may be found elsewhere, including a special
issue of Science (vol. 309, September 2, 2005; see also
Mattick, 2001, 2003, 2004; Costa, 2005). The paucity of
the evolutionary context here reflects real scarcity of
studies (but see Andolfatto, 2005) rather than the
author’s disinterest in evolution.

New era in transcriptomics

During the early phases of the Human Genome Project,
there was a race to see who could correctly count the
total number of genes, and online bids predicting the
number of human protein-coding genes ranged from
30 000 to 150 000 (Editorial, 2000, Nature Genetics). The
first bioinformatic estimates indicated-to the surprise of
many-no more than 35 000 human genes, an estimate
that has declined to the present 25 000 (IHGSC, 2004).
There has been a clear discrepancy between the numbers
of genes estimated from sequencing cDNA libraries and
those derived from annotations of genomic sequences
(Claverie, 2001, 2005). The genomics industry, in partic-
ular, has capitalized on sequencing millions of expressed
sequence tags (ESTs); for example, Incyte Genomics came
up with an estimate of 140 000 human genes, a number
that did not include an additional 200 000 ESTs that were
less common in the cDNA libraries (Claverie, 2005).
The solution to this paradox appears quite unexpected:
recent large-scale studies based on both ¢cDNA cloning
and the interrogation of genome tiling arrays suggest that
it is our traditional view of genome regulation in animals
and plants that is incorrect. The startling finding of the
new studies has been that a large proportion, if not a
majority, of the transcriptional output has been nonpro-
tein coding RNA (ncRNA). In Drosophila melanogaster,
molecular studies of well-known genes have long ago
demonstrated the existence of intronic expression (e.g.
the bithorax complex, Lipshitz et al, 1987; Sanchez-
Herrero & Akam, 1989). Such findings have been
regarded as exceptions to the rule that introns are
nonfunctional evolutionary debris until the application
of genomic tiling arrays to Arabidopsis, Drosophila and
humans revealed massive expression in intronic and
intergenic regions (Singh-Gasson et al., 1999; Wong
et al., 2001; Kapranov et al., 2002; Yamada et al., 2003;
Bertone et al., 2004; Cawley et al., 2004; Kampa et al.,
2004; Stolc et al., 2004; Cheng et al., 2005; Kapranov
et al., 2005). Whole-genome tiling arrays that allow
interrogation of genome sequences at fixed intervals
irrespective of predicted coding regions open a new era in
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transcriptomics. High density oligonucleotide tiling
arrays contain relatively short (<100-mer) probes synthe-
sized directly on the surface of the arrays by photolitho-
graphy using light-sensitive synthetic chemistry and
photolithographic masks, but mask-less methods are also
available (Singh-Gasson et al., 1999; Mockler & Ecker,
2005). The emergence of high-density DNA tiling arrays
enables not only unbiased characterization of the entire
transcriptome (including regulatory and other noncoding
RNAs), but also novel gene discovery, analysis of
alternative splicing, mapping of regulatory DNA motifs
using the chromatin immunoprecipitation assay (ChIP on
chip), genome-wide DNA methylation analysis, genotyp-
ing and resequencing (reviewed by Kapranov et al., 2003
and Mockler & Ecker, 2005).

Although protein encoding sequences constitute only
about 1.5% of the human genome, a very large propor-
tion of the genome is in fact expressed (Wong et al., 2001;
Bertone et al.,, 2004). For example, Cheng et al. (2005)
used a tiling array interrogating 10 human chromosomes
with 5-nucleotide resolution and found that an average
of 10% of the genome (compared with <2% of bona fide
exonic sequences) resulted in polyadenylated transcripts,
of which more than a half do not overlap with known
locations. The FANTOM 3 project (FANTOM 2005 and
RIKEN 2005) has revealed that as much as 62% of the
mouse genome is transcribed. The consortium has iden-
tified >181,000 transcripts, of which half consist of
ncRNA, including intronic sequences. It seems that
rather than post-splicing-degraded and recycled, as pre-
viously believed, intronic RNAs are active players in
RNA-mediated transactions within the cell (Mattick,
2003, 2004).

A brief history of small RNAs

Remarkably, it has been recognized that most small
nucleolar RNAs (snoRNAs) in higher eukaryotes are
derived from introns. For example, 203 of 212 snoRNAs
in Drosophila melanogaster analysed by Huang et al. (2005)
were intron-derived. There are two main families of
snoRNPs: the box C/D snoRNPs, which mediate the
formation of large numbers of 2’-O-methylated nucleo-
tides in ribosomal RNA (rRNA), and the box H/ACA
snoRNPs, responsible for the synthesis of large numbers
of pseudouridines (Bertrand & Fournier, 2004). Members
of both families are required for cleavage of pre-rRNA,
and they have also been implicated in processing mRNAs
and the control of epigenetic imprinting (Cavaille et al.,
2000, 2002).

Another abundant family of short (20-25 nucleotides)
ncRNAs, known as microRNAs, provides an even more
spectacular example of regulatory transcripts. The
microRNAs originate from sequences that are antisense
to known genes and they are sourced from ‘intergenic
regions’ (i.e. sequences between annotated protein-
coding genes), introns, and precursors that have been
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previously identified as ncRNA (Lau ef al., 2001; Lagos-
Quintana et al.,, 2002). Genes encoding microRNAs are
typically transcribed by RNA polymerase II, then proc-
essed into hairpins, and exported to the cytoplasm, where
they are cleaved by a double-stranded RNA-specific
endonuclease, Dicer, and RDE homologs, critical enzymes
of the RNA interference (RNAi) pathway (Ambros, 2004;
Bartel, 2004). In animals, microRNAs are thought to
target partially complementary binding sites at mRNAs
and repress their translation. Mainly in plants, the
microRNA-RISC (RNA-induced silencing complex) indu-
ces silencing through specific mRNA cleavage. When
microRNAs pair only partially with their targets, they
cannot direct mRNA cleavage. Instead, translation is
repressed through recruitment of mRNA to so-called
processing bodies (P bodies) where they are either stored
or degraded (Pillai ef al., 2005; Zamore & Haley, 2005).
There are more than 1500 known human microRNAs and
the number of newly discovered ones is growing rapidly
(Bentwich et al., 2005; Mattick & Makunin, 2005; Zamore
& Haley, 2005). Three independent studies based on
cross-species comparisons of eight vertebrates predicted
that microRNAs regulate at least 20-30% of all genes
(Krek et al., 2005; Lewis et al., 2005; Xie et al., 2005).

The discovery of microRNAs has been preceded by the
characterization of small interfering RNAs (siRNAs),
which along with the Dicer endonuclease and small
RNA-binding proteins called Argonauts are the key
players in the RNAi pathway shared with microRNAs
(Tabara et al., 1999; Hammond et al., 2001). In contrast to
microRNAs that originate from long intergenic tran-
scripts, siRNAs derive from shorter (hundreds to thou-
sands of base pairs) double-stranded RNA. In addition to
mRNA breakdown, siRNAs can affect the chromatin
structure of targeted genes, resulting in transcriptional
silencing through the formation of heterochromatin.
How do siRNAs convert DNA to heterochromatin? Thus
far, there has been no convincing evidence that siRNAs
directly pair with DNA. Instead, it seems that they guide
DNA-modifying enzymes through a larger protein com-
plex including the Argonaute family (Volpe et al., 2002;
Zamore & Haley, 2005).

A briefer history of larger RNAs

Yet, there are reasons to believe that snoRNAs, micro-
RNAs and siRNAs are just the tip of an iceberg. Around
97-98% of the transcriptional output of the human
genome is predicted to consist of ncRNAs that largely
elude easy classification (Mattick, 2001). Those ncRNAs
include both polyadenylated and nonpolyadenylated
transcripts, often comprising intertwined and overlap-
ping networks from both strands, whereby the same
sequences may produce differently processed sense and
antisense transcripts (Cheng et al, 2005; Frith et al.,
2005; Kapranov et al., 2005). For example, Kampa et al.
(2004) have shown that 11% of the transcriptional

output from known exons of human chromosomes 21
and 22 was antisense. The distinction between mRNA
and ncRNA becomes fuzzy; so, inevitably, does the
concept of a ‘gene’. Many ncRNAs are unprocessed
primary transcripts. Some originate from the exons of
spliced transcripts that may also be alternatively spliced,
and polyadenylated (or not) in a developmentally regu-
lated manner (Mattick, 2003). A substantial proportion
of exonic sequences were shown to exhibit antisense
transcription in parallel to the production of exonic-
encoded proteins.

A number of examples of functional ncRNA other than
small RNAs (snoRNAs, microRNAs, and siRNAs) is
presented in Table 1 (see Costa, 2005, for a more
comprehensive review). An elegant example of large-
scale screening of ncRNAs has recently been provided by
Willingham ef al. (2005). They analysed 512 ncRNAs
from the RIKEN Fantom2 mouse cDNA library (Okazaki
et al., 2002; Numata et al.,, 2003) that showed significant
conservation with human sequences, and created an
arrayed library of short hairpin RNAs (shRNAs) directed
against these sequences. Via cell-based assays, they
identified eight functional ncRNAs: six essential for cell
viability, one repressor of Hedgehog signalling and one
(NRON) that acts as a repressor of a transcription factor
(NFAT) that is critical in T-cell receptor-mediated
immune response and the development of various
tissues. A previous screening of the RIKEN collection
(Okazaki et al., 2002) of 60 777 tull-length cDNAs pro-
vided 33 409 transcription units, of which 15 815 did not
contain sizable open reading frames, and thus most likely
represented ncRNAs. Among those there were 2400 pairs
of overlapping sense—antisense transcripts, of which
nearly 1600 had not previously been known (Okazaki
et al., 2002).

It is becoming increasingly obvious that this wvast
contribution of ncRNA to the genomic output is not just
a transcriptional ‘background noise’ or even an accessory
toolkit of idiosyncratic functions. Rather, it constitutes a
highly organized regulatory network of RNA signalling
that works in concert with the protein network. Many
transcription factors have been shown to exert affinity
for RNA or for higher order nucleic acid structures
containing RNA. For example, the zinc finger house-
keeping Spl has comparable or higher affinity for RNA-
DNA hybrids than for double-stranded DNA (Shi & Berg,
1995). RNA signalling also intersects with epigenetic
memory and controls chromatin configuration. There is a
clear link between antisense RNA and epigenetic gene
regulation in eukaryotes; DNA methylation in plants and
imprinting in animals is RNA-guided (Kelley & Kuroda,
2000; Wassenegger, 2000; Gallagher et al., 2002). RNA
signalling is also involved in the proper regulation of
mitosis and meiosis (Hall et al., 2003), heterochromatin
formation (Taverna et al., 2002; Volpe etal, 2002),
initiation of transcription (Lanz et al., 2002) and alter-
native splicing (Mattick, 2003). In the light of the new
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Table 1 Examples of functional noncoding RNAs.
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Gene Organism Function References

Pgc Drosophila Germ cell formation and migration Nakamura et al. (1996), Martinho et al. (2004)
7SK Mammals Negative regulation of pol Il transcription Zieve & Penman (1976), Blencowe (2002)
roX1/2 Insects X chromosome dosage compensation Franke & Baker (1999)

Xist Mammals X chromosome dosage compensation Lee et al. (1999)

DISC1 Human Schizophrenia related Hodgkinson et al. (2004)

ncR-uPAR Human Regulation of protease-activated receptor-1 gene Madamanchi et al. (2002)

FGF-AS Mammals Regulation of fibroblast growth factor-2 Li & Murphy (2000)

H19 Human Tumour suppressor features Scott et al. (2005)

BORG Mouse Bone differentiation Takeda et al. (1998)

RIAN Mouse Genomic imprinting Hatada et al. (2001)

GADD7 Hamster Tumour suppressor features Hollander et al. (1996)

KHPS1a Human DNA demethylation Imamura et al. (2004)

SRA Human Transcription co-activator Lanz et al. (2002)

AR Human Genomic imprinting Sleutels et al. (2002)

findings, it should perhaps not be surprising that a large
fraction of the nontranslated genome in Drosophila
melanogaster has been found to be subject to both
puritying and positive selection (Andolfatto, 2005).

The emerging model of genome regulation implies that
transcriptional and post-transcriptional silencing occurs
through interactions between small RNAs and mRNA,
where ‘messenger’ RNA acquires a dramatically different
meaning compared with its traditional understanding.
This model requires transcription across genomic regions
that were thought to lie untranscribed, such as promoters,
intronic and intergenic regions. Unexpectedly, there is a
lot of RNA polymerization that happens just to destroy
other RNA. In plants, transcriptionally silenced DNA is
transcribed by a unique type of DNA-dependent RNA
polymerase, RNA polymerase IV (Herr et al., 2005; Kanno
et al., 2005; Onodera et al, 2005). This polymerase
appears to transcribe ‘silent’” heterochromatic regions,
thus providing a steady-state source of primary transcripts
used to manufacture siRNAs.

What implications do these new findings have for
evolutionary biology? First, the prevailing view that
adaptations are mostly due to amino acid changes will
need reevaluation. For example, Andolfatto (2005) esti-
mated that as much as 83% of nucleotides in Drosophila
UTRs have functional importance and 58% of the
observed sequence divergence in UTRs was positively
selected. The fact that a single sequence can give rise to
both translated and untranslated functional products
may necessitate a reinterpretation of tests based on the
nonsynonymous rate (dy) to synonymous rate (ds) ratios.
Although modifications of statistical tests for selection
detection have been applied with success to noncoding
sequences (Wong & Nielsen, 2004; Andolfatto, 2005),
development of a new theoretical framework might be
useful. Quantitative trait loci (QTL) mapping is another
field likely to be affected by the new developments.
There is accumulating evidence from high-resolution
mapping that QTL may correspond to noncoding rather
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than coding regions (Lyman et al, 1999; Wang et al.,
1999; Maloof, 2006). For example, Oliver et al. (2005)
resolved a body mass-affecting QTL in mice to a 660-kb
region containing only two genes of known function,
Gpc3 and Gpc4, and two other putative genes of
unknown function. However, they found no nonsynon-
ymous polymorphism in any of those genes; instead, they
identified 3" UTRs as strong candidates of functional
importance.

Conclusions

In this brief review, I have presented evidence that
although never translated, a large proportion of the
transcriptome (at least in higher eukaryotes) constitutes a
layer of tunctional regulation parallel to proteins, and as
such it cannot be ignored by evolutionary biologists.
Clearly, there is a long road ahead of genomics, with
transcriptomics deservedly staying in its central part.
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