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REVIEWS I

The evolution of gene regulation by
transcription factors and microRNAs

Kevin Chen* and Nikolaus Rajewsky **

The emergence of complex, multicellular organisms
was accompanied, and perhaps facilitated, by dramatic
increases in the complexity of gene regulatory mecha-
nisms'?. At the level of transcriptional regulation, this
can be clearly seen in the massive expansions of
transcription-factor families and the pervasive com-
binatorial control of genes by multiple transcription
factors in higher organisms"? (BOX 1). At the level of post-
transcriptional control, entirely new mechanisms of gene
regulation arose, typified by a large and growing class
of ~22-nucleotide-long non-coding RNAs, known as
microRNAs (miRNAs), which function as repressors in
all known animal and plant genomes*® (BOX 1). Although
transcription factors and miRNAs are two of the best-
studied gene regulatory mechanisms, there are many
other layers of gene regulation, including: cell signal-
ling; mRNA splicing, polyadenylation and localization;
chromatin modifications; and mechanisms of protein
localization, modification and degradation (FIC. 1).

But why have higher plants and animals evolved
such complex, multilayered gene regulatory systems?
Is combinatorial transcriptional regulation alone insuf-
ficient to specify a developmental programme? What
are the relative contributions of the various mechanisms
of gene regulation to changes at the phenotypic level?
Do all the different modes of gene regulation evolve in
the same manner and at the same rate? Despite half a
century of research on gene regulation, such questions
have yet to be tackled seriously, because most of the
effort in the field so far has been devoted to studying
the evolution of transcriptional regulation. Although the

Abstract | Changes in the patterns of gene expression are widely believed to underlie
many of the phenotypic differences within and between species. Although much
emphasis has been placed on changes in transcriptional regulation, gene expression is
regulated at many levels, all of which must ultimately be studied together to obtain a
complete picture of the evolution of gene expression. Here we compare the evolution

of transcriptional regulation and post-transcriptional regulation that is mediated by
microRNAs, a large class of small, non-coding RNAs in plants and animals, focusing on the
evolution of the individual regulators and their binding sites. As an initial step towards
integrating these mechanisms into a unified framework, we propose a simple model that
describes the transcriptional regulation of new microRNA genes.

primacy of transcription as the necessary first step in
gene expression is undeniable, this does not imply that
transcriptional regulation has the largest effect on the
final concentration of the active gene product, which is
the most relevant quantity to the phenotype.

An important goal for future research is to eluci-
date how complex gene regulatory networks evolve and
how their evolution results in phenotypic change
and speciation. However, a necessary first step towards
this goal is to understand the basic principles that
underlie the evolution of the individual regulators and
their regulatory interactions with their target genes.
Recent computational and experimental work has made
it possible to begin to study the evolution of transcrip-
tion factors, miRNAs and their binding sites, and to
compare the rate and manner in which these two
important regulatory mechanisms evolve. Here we
mainly focus on animal evolution because most of the
work on gene regulatory evolution has been carried out
in animal systems, although we refer to plant evolution
whenever possible.

Ultimately, a complete picture of the evolution of gene
regulation will require a synthesis of information about
all the diverse components of gene regulatory networks.
As an initial step, we propose a simple model in which
the evolution of transcriptional control of animal miRNA
genes themselves is an important step in the successful
acquisition of a novel miRNA. A corollary of this model
is that there are miRNAs that are transcribed at low
levels and in specific cell types, which might have little
biological function in regulating target genes in trans.
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Transcription factors and miRNAs in development
No discussion of the evolution of gene regulation is com-
plete without a consideration of the developmental roles
of the regulators themselves, because these roles imply
certain constraints on the evolvability of the regulatory
relationships®’. Furthermore, if we accept that develop-
ment is the consequence of the unfolding of precise and
robust spatio-temporal patterns of gene expression, then
it is in the context of development that the evolution of
gene regulation is most closely related to the evolution
of organismal form>”.

In complex multicellular organisms, transcription
factors generally do not work in isolation, but instead,
together with co-regulators, they form large networks
of cooperating and interacting transcription factors®®.
It is widely believed that the rate of evolution of regula-
tory relationships is not homogeneous over the entire
network. For example, in one model that was proposed
by Davidson and colleagues, animal developmental net-
works can be decomposed into subnetworks, including:
highly conserved ‘kernels’ that specify the spatial domain
in which a particular body part will develop; ‘plug-in’

Box 1| Transcription factors and microRNA genes — an overview
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Transcription factors are proteins that either activate or repress transcription of other genes by binding to short
cis-regulatory elements called transcription-factor binding sites that lie in the vicinity of the target genes. Transcription-
factor binding sites, especially in developmental regulatory networks, are often organized into clusters called
cis-regulatory modules (CRMs)?, which typically span a few hundred nucleotides and can contain dozens of binding sites
for ~3-10 transcription factors. CRMs produce the initial spatio-temporal expression pattern of the target gene by
‘reading out’ the concentrations of multiple transcription factors that are present in a particular cell at a particular time.
So, dependence on cellular context and combinatorial control are common themes in transcriptional regulation.
Transcription factors are usually grouped into families on the basis of shared DNA-binding domains, which are an
important determinant of transcription-factor binding specificity.

Mature microRNAs (miRNAs) are short (~22-nucleotide), non-coding ssRNAs that repress mRNAs post-transcriptionally
by binding to partially complementary sites, called miRNA binding sites, in their target mRNAs. In animals, miRNA-
mediated repression is often relatively weak, whereas transcription-factor-mediated repression can be much stronger.
Mature miRNAs are cleaved from ~70-nucleotide hairpin structures, called precursor miRNAs (pre-mRNAs), by the
enzyme dicer. Pre-miRNAs are in turn excised from a primary miRNA (pri-mRNA) transcript by the enzyme drosha.
Pri-miRNAs are typically transcribed by RNA polymerase 11! and seem to possess promoter and enhancer elements that
are similar to those of protein-coding genes (for example, REFS 105,106). They can be thousands of nucleotides long and
contain multiple pre-miRNAs. In some cases, however, pre-miRNAs are contained in introns of protein-coding genes
and are excised by the splicing machinery. In metazoans, pre-mRNAs are exported into the cytoplasm where they are
processed into mature miRNAs, whereas in plants, miRNA maturation occurs within the nucleus. miRNAs are grouped
into families on the basis of their target recognition motifs (BOX 3).

The predominant regulatory effect of miRNAs is to repress their target MRNAs; mechanisms for this include translational
repression, mRNA cleavage, mRNA deadenylation or alteration of mRNA stability (reviewed in REF. 107,126). miRNA-
mediated cleavage of mRNAs seems to be the exception in animals. By contrast, it is believed to be the dominant regulatory
mode in plants. DCL1, dicer-like 1; miRNA*, the rapidly decaying strand that is complementary to the mature miRNA.
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components, such as signal transduction cassettes, which
are re-used in multiple developmental contexts; termi-
nal differentiation gene batteries that consist of all the
genes that define a particular cell type; and ‘input-output
switches, such as Hox genes, which allow or disallow the
action of particular developmental processes in specific
spatio-temporal contexts®”. The authors proposed that
each of these types of subnetwork has its own set of
evolutionary constraints, and that changes in different
subnetworks result in qualitatively different types of
change at the phenotypic level. For example, kernels are
by definition highly conserved, and their consistency
over long periods of evolutionary time might provide an
explanation for the high degree of conservation of body
plans within animal phyla. By contrast, differentiation
gene sets, being the least pleiotropic of all the regulatory
relationships, are easiest to alter, and such changes might
result in species-level phenotypic differences (for details,
see REFS 3,7).

Various studies have demonstrated that miRNAs
have important roles in animal and plant development
(see REFS 1014 for a consideration of the developmental
roles of miRNAs). Some well known examples include
miRNAs with switch-like roles, such as lin-4 and let-7 in
Caenorhabditis elegans developmental timing'>'¢ or the
miRNAs that are involved in plant leaf or flower devel-
opment (reviewed in REF. 13), and miRNAs that confer
more general tissue or temporal identity, such as miR-1
in Drosophila melanogaster muscle development'” and
miR-430 in the zebrafish maternal-zygotic transition'.

Much of the current evidence for an early develop-
mental role for miRNAs is conflicting or difficult to
interpret!!. First, zebrafish embryos that lack maternal
dicer, a protein that is required for miRNA biogenesis
(BOX 2), progress through axis formation and regionaliza-
tion", a fact that strongly argues against a role for miRNAs
in early zebrafish development. But dicer knockout mice*
and Arabidopsis thaliana that carry hypomorphic alleles
of the dicer homolog DCL-1 die in early embryogenesis?..
Second, although miRNAs have not been detected in
early zebrafish and medaka embryos**, mature miRNAs
have been detected in mice* and D. melanogaster
embryos®. Primary miRNA transcripts are spatially
regulated in early D. melanogaster embryogenesis?,
with the caveat that the processing of primary miRNAs
into mature miRNAs (BOX 2) can be regulated®. Third,
on the basis of miRNA knockdowns using 2’-O-methyl
antisense oligoribonucleotides, it has been reported that
miRNAs are involved in patterning the D. melanogaster
embryo?, although a number of these results disagree
with experimental data from genetic knockouts®.

The prevailing opinion (for example, REFS 3,29 and
the references therein) seems to be that miRNAs as a
class tend to function as lock-down mechanisms for
already-differentiated states, or confer an additional
layer of robustness or ‘noise’ reduction®**! on the devel-
opmental processes, rather than having fundamental
roles in body-plan patterning. However, because the
functions of only a few miRNAs have been dissected in
detail, we believe that this point has not yet been proven
unambiguously, at least not as a general principle.
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Post-transcriptional control
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Figure 1 | Gene regulation by transcription factors and
microRNAs. One or more transcription factors activate
transcription by binding to cis-regulatory sites, which

are often, although not always, situated upstream of
protein-coding genes. After transcription, one or more
microRNAs bind to cis-regulatory sites, usually in the

3" UTR of the mRNA, and repress protein translation.

In addition to these two mechanisms, many more gene
regulatory mechanisms work at either the transcriptional
or post-transcriptional level, including: cell signalling;
mRNA splicing, polyadenylation and localization;
chromatin modifications; and mechanisms of protein
localization, modification and degradation (not shown).
TF, transcription factor.

trans-factor evolution

Independent evolution of transcription factors and miRNAs
in the plant and animal kingdoms. It is widely believed
that the last common ancestor of plants and animals was
unicellular, and therefore that animal and plant devel-
opment evolved independently (for example, REF. 32).
Both animal and plant development depends on ‘master’
transcription-factor regulators, perhaps most famously
the MADS-box proteins in plants and homeodomain
proteins in animals®*>. Both of these transcription-
factor families, and most of the other transcription-factor
families that are found in plants or animals, predate
the divergence of the two kingdoms. However, at the
sequence level, these ancient transcription-factor families
are typically poorly conserved beyond the DNA-binding
domain that defines the family. More importantly, their
developmental functions seem to be different. For exam-
ple, MADS-box proteins do not seem to have the same
fundamental roles in animals as they do in plants; the
opposite is true for homeodomain proteins. Furthermore,
a substantial proportion of transcription-factor families
are in fact kingdom-specific (for example, >45% in
C. elegans and A. thaliana)®. So, despite the fact that
many ancient transcription-factor families predate the
divergence of plants and animals, the overall picture of
plant and animal transcription-factor evolution involves
the acquisition of novel transcription-factor families
and the diversification of existing families.

Similarly, it is generally accepted that miRNAs have
evolved independently in the animal and plant king-
doms, because there are no known homologous miRNAs
between plants and animals (but see REF. 127 for some
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Box 2| MicroRNA gene discovery: bioinformatics and experimental methods

The two general approaches to microRNA (miRNA) gene discovery are bioinformatics and
experimental methods (reviewed in REFS 108,109). Generally, bioinformatics methods
use RNA-folding algorithms (for example, REFS 110,111) to search for approximate
hairpin structures in non-coding and non-repetitive regions of the genome, and filter
them using patterns of evolutionary conservation. Known examples of miRNA
precursors are used as training examples for machine learning algorithms to
discriminate between true predictions and false positives (reviewed in REFS 108,109).
Predictions are generally verified by northern blots, PCR or microarray analysis.
Naturally, bioinformatic predictions have false-positive rates and can miss species-
specific miRNAs, as many, but not all**?, of the current methods use evolutionary
conservation as an indicator of biological function.

The traditional experimental approach to miRNA discovery is cloning and
sequencing (for example, REF. 113). This approach successfully detects species-specific
miRNAs, but tends to miss miRNAs that are expressed at low levels, in a small number
of cells or only under particular cellular conditions. More recently, high-throughput
sequencing methods, especially 454 sequencing®*, have become popular for surveying
small RNA populations (for example, REF. 115).

Currently, 328 miRNAs have been annotated in the human genome and 199 in
Arabidopsis thaliana, the metazoan and plant species in which their small RNA
complements have been well surveyed''®. Several groups have shown that metazoan
miRNAs probably regulate thousands of genes in mammals**”18, flies®>!*°, and
nematodes'?’. For example, in humans, known miRNAs make up >1% of the gene
repertoire and are thought to regulate >30% of all protein-coding genes.

Both computational and sequencing approaches indicate that there are likely to be
many more miRNAs, many of which are lineage-specific (for example, REFS 86,92).

Bilaterians

Members of the animal
kingdom that have bilateral
symmetry — the property of
having two similar sides, with
definite upper and lower
surfaces, and anterior and
posterior ends.

Acoel flatworms

A basal bilaterian clade that
diverged from the rest of
bilaterians before the split
between protostomes and
deuterostomes.

Synteny

Collinearity in the order of
genes or other DNA sequences
in chromosomal regions of two
species or in the same species.

Clade

A group of organisms that
includes a common ancestor
and all of its descendants,
representing a distinct branch
on a phylogenetic tree.

Cnidarians

Radially symmetrical animals
that have sac-like bodies with
only one opening. They include
jellyfish, corals, hydra and
anemones.

evidence to the contrary) and miRNA biogenesis and the
mechanism of miRNA-mediated gene repression are sig-
nificantly different between plants and animals (BOX 1).
Further evidence for this comes from the phylogenetic
distribution of miRNAs, specifically the apparent lack
of miRNAs in sponges and fungi, as discussed below.
To a first approximation then, miRNA genes and most
transcription-factor families have evolved independently
in the animal and plant kingdoms.

Deep conservation of transcription factors and miRNAs.
It is well known that many transcription factors are
highly conserved over large evolutionary distances, and
some have similar developmental roles in diverse spe-
cies. Hox genes, which regulate development along the
anterior—posterior axis in most animals, are the textbook
example of this phenomenon. Other examples in verte-
brates and many invertebrates include the paired box 6
(Pax6) genes, which direct eye and anterior nervous
system development, and Csx/Nkx2-5/Tinman genes,
which direct visceral mesoderm and heart development
(reviewed in REF. 8). Although such broad similarities in
function are intriguing, it is worth noting that they do
not necessarily imply complete functional redundancy
between distant homologues, or even evolutionarily
conserved developmental roles™.

Likewise, many miRNAs seem to be extremely well
conserved. The best known example is let-7, which is
phylogenetically conserved in all bilaterians that have
been tested so far, with the single exception of acoel
flatworms®¢, Furthermore, the exact sequence of the
mature form of let-7, its temporal expression pattern
and in some cases its syntenic position in the genome
are conserved®*. Some other well known examples are
muscle-specific miR-1, which is conserved in nematodes,

mammals and flies (REF 17 and the references therein)
and miR-7, the mature form of which is perfectly con-
served between mammals and flies, and which lies in an
intron of the same host gene in both clades.

Several groups have used bioinformatic sequence
comparisons or northern blots to study the conserva-
tion of miRNAs across many animal species”’**. They
found that 18-30 miRNA families seem to be conserved
in all bilaterians that have been studied, depending on
the stringency of the bioinformatic methods used.
Three of these miRNA families were also found in
cnidarians, but none was found in sponges®*. As previ-
ously discussed, this supports the idea of independent
evolution of miRNAs in plants and animals. One of
the cnidarian miRNAs, miR-10, has been detected by
northern blots, and is particularly interesting because
it is present in a Hox cluster and regulates Hox genes
in Drosophila and vertebrates®®*. Overall, the level of
sequence conservation of many miRNAs is generally
high, although sequence conservation need not imply
functional conservation®.

Further evidence for deep conservation of animal
miRNA genes at a genome-wide level can be found in
cross-clade comparisons of highly conserved motifs
(HCMs) in 3" UTRs. Xie et al. showed that HCMs in
vertebrates are highly enriched in miRNA-binding
sites*!. We and others have extended these results to
nematodes and flies*>*}, and have shown that HCMs are
highly conserved between vertebrates, nematodes and
flies (Supplementary information S1 (figure)). Because
many HCMs are expected to represent miRNA recogni-
tion motifs, these analyses provide indirect evidence for
deep conservation of miRNA genes.

The sampling of miRNAs in plants is less extensive
than in animals, with most of the plant miRNAs that
are known so far having been discovered in A. thaliana
(for example, REF. 44). Nevertheless, several examples
of deeply conserved plant miRNAs are known from
sequencing of miRNAs in moss*~*’. Some of these
examples are particularly impressive because their regu-
latory relationships with their targets also seem to be
conserved, a point we return to below.

Lineage-specific expansions of transcription factors
and miRNAs. Lineage-specific expansions of tran-
scription-factor families are common and are widely
believed to have an important role in both plant and
animal diversification and complexity"*’. Interestingly,
there is evidence that the expansion of transcription-
factor families is greater in plants than in animals*->°.
In principle, this could reflect a fundamental difference
between plant and animal biology. However, an alter-
native explanation is that A. thaliana has undergone a
recent whole-genome duplication, whereas the putative
whole-genome duplications in animal lineages are more
ancient: immediately after a large-scale duplication
event, a transcription-factor loss might be deleterious
if it changes the relative concentrations of the set of
transcription factors that are expressed in a cell®’, lead-
ing to increased rates of transcription-factor retention
in plants compared with animals.
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ChlIP-chip analysis

A method that combines
chromatin immunoprecipitation
with microarray technology

to identify in vivo targets of a
transcription factor.

Several detailed studies in plants® and animals®***
have shown that miRNA families can expand by the same
processes of tandem, segmental and whole-genome dupli-
cation as protein-coding genes. Plant miRNA families
tend to be larger and their members more similar to each
other than animal miRNA families (reviewed in REF. 55).
This indicates that the expansion of plant families is more
recent, and that the main effect of having multiple paralo-
gous copies of the same miRNA in plants is to increase
dosage. By contrast, family members of animal miRNAs
might tend to have synergistic but functionally distinct
roles, as shown for the let-7 family in C. elegans™*’.

cis-element evolution

Large-scale rewiring of miRNA-mediated regulatory
relationships over large evolutionary distances in animals,
but deep conservation in plants. Although miRNAs them-
selves seem to be highly conserved, there are only a few
miRNA-target regulatory relationships that are known
to be conserved over large evolutionary distances in ani-
mals (for example, between vertebrates and Drosophila
species). There are two cases, namely let-7:lin-41
and let-7:let-60-RAS, in which the target relationship
has been experimentally dissected in C. elegans, and for
which there is evidence for conservation in mammals that
was obtained from computational target predictions and
reciprocal expression patterns of the miRNA and mRNA
in cell lines*®*. Another miRNA-target relationship, lin-4:
lin-28, has been established experimentally in C. elegans,
and there is computational and gene-expression evidence
that it is conserved in a number of other animal species,
including mammals®*¢'. However, even in these cases, cau-
tion in interpretation is warranted, as the existence of the
same regulatory relationship in highly diverged species
does not always imply that it is evolutionarily conserved as
opposed to independently evolved. For example, the well
known Pax6 transcription factor is involved in mammalian
and Drosophila eye development, and ectopic expression
of the mouse homologue in Drosophila can induce the
development of ectopic Drosophila eyes, but it is not clear
whether even this regulatory relationship represents
conservation or convergent evolution®.

These isolated examples aside, the conservation of com-
putationally predicted miRNA targets between vertebrates,
Drosophila and nematodes seems to be close to what is
expected by chance?®*>%*2, These results seem to be robust,
even when accounting for the false-positive and false-
negative rates of the target prediction algorithms and
possible errors in assignments of homologous genes
and miRNAs*. Together with the high level of conservation
that is observed for the miRNA genes themselves, this indi-
cates that miRNA regulatory networks have undergone
extensive rewiring during animal evolution.

In plants, a number of miRNA regulatory relation-
ships are known to be conserved between A. thaliana
and moss***, which diverged over 400 million years ago.
These relationships are supported by strong experimental
evidence, with verification by 5’-RACE (rapid amplifi-
cation of cloned ends) of the cleavage products of the
target mRNA (BOX 2). Because many of these regulatory
relationships are involved in crucial biological processes

REVIEWS

(for example, auxin signalling) this indicates that at least
some miRNAs have held central positions within plant
developmental regulatory networks for a long time.

Because transcription-factor binding sites are diffi-
cult to predict computationally, it is harder to decipher
the global dynamics of transcription-factor binding site
turnover over large evolutionary distances using com-
putational methods. However, the recent emergence of
large-scale experimentally defined transcription-factor
binding-site data (reviewed in REF. 63), particularly
from ChIP-chip analysis, might make this problem trac-
table in the near future. Towards this end, an interesting
study that compared the targets of the RNA-binding
protein Pumilio in D. melanogaster and yeast® found
that, although the binding affinity of the regulator had
remained virtually the same in these two species, its
targets had diverged almost completely. Therefore, the
high conservation of trans-acting factors and low overall
conservation of cis-regulatory sites might be common to
many regulatory mechanisms.

High turnover of binding sites even over short evolu-
tionary distances. A number of groups have studied the
turnover of experimentally verified transcription-factor
binding sites between humans and mice®, and between
various Drosophila species®®*. The general conclusion is
that sequence conservation for known binding sites is sur-
prisingly low (for example, ~50% for D. melanogaster and
Drosophila pseudoobscura®), although this picture is com-
plicated by the fact that selection is more likely to work at
the level of an entire cis-regulatory module than on an
individual binding site (80X 1). In particular, cis-regulatory
modules often contain redundant binding sites and, as
elegantly demonstrated by Ludwig et al.”®"", there can be
compensatory mutations that maintain the function of
the enhancer despite the loss of individual binding sites.

Similar studies have not been carried out for miRNAs
due to the paucity of experimentally verified miRNA
binding sites. However, several recent microarray-based
studies have indicated that the rate of binding-site con-
servation is also around 50% (between humans and
mice or between zebrafish, Tetraodon and Fugu)'7>7.
Furthermore, computational miRNA target predictions
indicate that many lineage-specific miRNA binding
sites exist in Drosophila and vertebrates (N.R., unpub-
lished observations). Finally, we have used human SNP
data and population-genetics techniques to show that
30-50% of non-conserved miRNA binding sites in the
human genome might be functional when the mRNA
and miRNA are expressed in the same tissue’. It should
be noted that terms such as ‘non-conserved binding sites’
generally refer to cases in which a binding site cannot be
aligned to its homologous sequence. Because these align-
ments often suffer from technical problems (for example,
almost all alignment algorithms are unable to deal
with genomic rearrangements on various scales), ‘non-
conserved’ sites might actually turn out to be conserved
in a strict evolutionary sense. Nevertheless, these studies
together indicate that both miRNA and transcription-
factor binding sites are gained and lost quickly over short
evolutionary distances.
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Taking these observations to the species level, it has
been shown that human promoter regions harbour a
surprisingly high amount of variation that significantly
affects expression levels, presumably by interfering with
transcriptional control (reviewed in REF. 75). Examples
of functional polymorphism have also been identified
recently in miRNA binding sites in humans and sheep”’,
and sets of SNPs in predicted miRNA binding sites in
the human and mouse genomes have been collected by
several groups’*”’. By contrast, resequencing of miRNA
genes in humans showed almost no polymorphism in the
sequences of mature miRNA genes’, consistent with
the higher levels of constraint on trans-acting regulators
compared with cis-regulatory sites.

Rates of evolution

It has been suggested that repressors should evolve
faster than activators, as there are many ways to repress
a gene but relatively few ways to activate it”. As tran-
scription factors can function as activators or repressors,
but all known miRNAs work as repressors, one might
expect miRNA binding sites to evolve faster than
transcription-factor binding sites.

However, a more fundamental difference between
transcription factors and miRNAs is that transcription-
factor binding sites are typically ‘fuzzy’ (that is, the same
transcription factor can bind to many similar DNA

sequences, possibly with different binding affinities),
whereas many miRNA binding sites exhibit almost
exact Watson-Crick complementarity, either to the
first 6-8 bases from the 5" end of the mature miRNA
in animals, or to the entire mature miRNA in plants
(BOX 3). Therefore, under neutral evolution, one would
expect that it is more difficult to destroy a functional
transcription-factor binding site than to create a new
one, whereas the converse would be expected for miRNA
binding sites.

Plant and animal miRNA binding sites might also
evolve at different rates. Plant miRNA binding sites are
typically found in coding regions, and if we assume that
non-synonymous sites are highly constrained and syn-
onymous sites are neutrally evolving, then approximately
one-third of the ~22 bases in a plant miRNA binding
site can accommodate a substitution without highly
deleterious consequences for the organism. Therefore,
the sizes of the mutational target for plant and animal
miRNA binding sites are comparable, implying that the
probabilities of losing a plant or animal miRNA bind-
ing site are similar under simple neutral evolutionary
models. On the other hand, the length of a plant miRNA
binding site means that in theory it would be virtually
impossible for a plant gene to gain a new miRNA bind-
ing site by point mutation, whereas the same is not
true for animals.

Box 3 | MicroRNA target prediction: bioinformatics and experimental methods

Most microRNA (miRNA) targets have been identified using bioinformatics methods (reviewed in REFS 88,109,121).

In fact, miRNAs are one of the few classes of trans-acting regulatory factors for which computational approaches can,
with reasonable confidence, successfully predict a large number of cis-regulatory binding sites. This is primarily owing
to the fact that miRNAs recognize their targets at least partly on the basis of simple sequence complementarity
between the miRNA and its binding site. In other words, pure knowledge of the sequence of a miRNA is sufficient to
predict many targets. This is typically not yet possible for transcription factors, for which large training data sets or
other experimental information are needed to accurately identify targets computationally'?2!%,

In plants, miRNA binding sites are usually contained in coding regions and have extensive complementarity to the
mature miRNA. Therefore, many plant miRNA binding sites have been successfully discovered using relatively
straightforward bioinformatics screens®*'?. Because the usual mechanism of repression in plants is mRNA cleavage,
predicted binding sites can be verified with confidence using 5’-RACE (rapid amplification of cloned ends) to identify
the cleavage products. In addition, smaller off-target effects are also possible®’.

Animal miRNA binding sites usually lie in 3" UTRs of target mRNAs and exhibit imperfect complementarity to the
mature miRNA (reviewed in REFS 88,109,121). Many target prediction methods are based on a model in which miRNA-
mRNA binding is nucleated by an exact Watson-Crick complementary match to the first 6-8 bases from the 5" end of
the mature miRNA. Estimates of false-positive rates on the basis of comparative genomics (see REF. 88 and references
therein), population genetics’ and experimental assays® all indicate that the accuracy of these algorithms is high.
For example, the estimated accuracy for targets that are conserved in humans, chimpanzees, mice, rats and dogs is
50-85% (REFS 74,88). However, other classes of miRNA sites have also been predicted, such as imperfect miRNA sites
without an exact Watson—Crick match to the first 6-8 bases of the miRNA (reviewed in REFS 88,109,121).

Various assays have been developed to verify predicted animal miRNA targets, for example, by expressing the
miRNA in a localized domain in vivo while simultaneously expressing and monitoring the target mRNA in a broader
domain (for example, REF. 119). However, the number of target sites that have been validated in vivo under
endogenous conditions and by mutagenesis of the predicted sites is extremely small. An entirely different approach
from computational methods is to assay the expression levels of mRNAs directly, using the observation that miRNAs
can not only downregulate protein levels, but also downregulate mRNA levels of their targets (for example, REF. 125).
Therefore, a direct approach to target discovery is to knockout or overexpress the miRNA and use microarrays to
identify the genes that show expression changes (for example, REFS 18,72,73), and to correlate these changes with
3’ UTR sequence motifs, for example, by a linear regression model’®. Because of the additional information, evolutionary
conservation filters on the target-site predictions can be relaxed. Therefore, this method is expected to have a higher
sensitivity than approaches that are purely sequence-based, although it suffers from the possibility of indirect effects.

Several databases and web resources have been developed to store and maintain predicted target sites and sites

with experimental support (reviewed in REF. 88,121).
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Quantitative models of transcription-factor and miRNA
binding-site evolution. One promising way of making
the qualitative arguments of the previous section more
quantitative involves developing models of binding-site
evolution on the basis of point substitutions. Note that
this approach does not accommodate the acquisition of
new binding sites by large-scale rearrangements such
as transpositions (for example, REF. 80), or small-scale
rearrangements such as tandem duplications®.

Stone and Wray*? calculated the expected time for
the appearance of a new transcription-factor bind-
ing site by neutral point substitution and concluded
that this time was short (for example, 55,000 years
for two 6-bp sites to evolve within a 200-bp region in
D. melanogaster®?), assuming that all members of the
population evolve independently. The problem was
revisited under the more realistic assumption that the
members of the population are related by descent®-*.
Although the methods and models differed, the three
studies arrived at similar conclusions. First, neutral
mutation is too slow to efficiently evolve new binding
sites by point substitutions. Second, positive selection on
partial binding sites can effectively speed up the rate of
evolution, making it feasible to evolve new binding sites.
Third, the time taken to create new sites scales linearly
with the length of the regulatory region (for example, the
promoter or enhancer regions for a transcription-factor
binding site, or the 3’ UTR for a miRNA binding site) but
exponentially with the length of the binding site. Fourth,
the base composition of the region is important, par-
ticularly the presence of ‘pre-sites’ that are a single point
mutation away from being a functional binding site.

As a specific example, consider a 1-kb region of non-
coding DNA with equal base composition in the human
genome. Assume that the binding sites for a miRNA and
a transcription factor are each 8 bp long, but a miRNA
requires exactly eight matches, whereas a transcription
factor requires any seven matches out of eight. Durrett
and Schmidt calculated that, given neutral point substi-
tutions, it would take ~650 million years for the miRNA
binding site to appear in the absence of a pre-site, and
~375,000 years in the presence of a pre-site. By contrast,
the transcription-factor binding site would take ~60,000
years to appear®.

The rate of acquisition of miRNA genes versus transcrip-
tion factors. As more genome sequences are completed,
it emerges that few novel transcription-factor families
have arisen since the divergence between animals and
plants*” (although the number of transcription factors in
each family can be different in individual genomes). The
situation seems to be different for miRNAs. As a result of
a combination of bioinformatics and sequencing efforts,
it is now apparent that the process of miRNA creation is
both active and ongoing (for example, REFS 37,38,86,87)
(BOX 2). For example, it seems that the human genome
alone might contain more than 1,000 miRNAs®,
of which many have been proposed to be primate-
specific or even human-specific?. It should be noted that
this global picture of transcription-factor-gene versus
miRNA-gene acquisition ignores important issues such
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as combinatorial transcriptional control, co-factors and
mutations outside of the DNA-binding domain that can
affect transcription-factor binding specificity, as well as
difficulties in computational identification of homolo-
gous miRNAs in different genomes. Nevertheless, even
taking these points into account, the difference in the
rates of creation of transcription-factor families and
miRNA families remains striking, and it seems reason-
able to propose that the speed of creation of new miRNA
families has been faster in animal evolution than that of
new transcription-factor families.

Do animals need so many miRNAs, and if so, why?
Also, given that an animal miRNA can apparently
target easily hundreds of genes (BOX 3) (reviewed in
REF. 88), how can new miRNAs be acquired with such
apparent ease without seriously disrupting the existing
regulatory network of the organism? Even in plants
in which the specificity of miRNA-mRNA binding is
higher than in animals, significant off-target effects
can occur and so similar issues can arise®. To address
these questions, we next consider models of how new
transcription factors and miRNAs evolve.

Creating new trans-factors

Transcription factors typically contain multiple functional
domains, which mediate binding to DNA, interactions
with other proteins and the subcellular localization of
the transcription factor. A transcription factor with a
new binding specificity can be created by duplication of
an existing transcription factor followed by mutations,
often, although not always, in the DNA-binding domain.
Transcription factors can also evolve by the acquisition or
loss of one of its other functional domains. For example,
the loss of a transcriptional activation domain could turn
an activator into a repressor, whereas the acquisition of a
new protein—protein interaction domain that facilitates
heterodimerization with a novel binding partner could
significantly alter the targets of the transcription factor.
It is often assumed that mutations in the coding sequence
of the transcription factor itself are likely to be highly
deleterious because they potentially affect the expres-
sion of many downstream target genes. However, recent
examples of transcription factors that are important in
Drosophila development that have significantly diverged
in sequence and function indicate that this assumption
might be worth revisiting (reviewed in REF. 34).

A duplication-mutation model accounts also for the
evolution of at least some miRNA genes. For example,
human miR-10a and miR-100 are homologues but
differ by a single nucleotide insertion-deletion in the
predicted target recognition region of the respective
mature miRNAs. If this were the predominant mode of
miRNA-family creation, one might expect that miRNA
target recognition motifs would not be randomly dis-
tributed in sequence space, but would show a propensity
to cluster in groups of similar sequences. Although this
problem has not been fully studied, preliminary bioin-
formatic analyses indicate that the distribution of these
sequences seems to be close to random (K.C. and N.R,,
unpublished observations). If true, this would indicate
that a duplication-mutation process accounts for a
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Deep sequencing

Sequencing to high coverage,

where coverage (or depth)
corresponds to the average
number of times that a
nucleotide is sequenced.

relatively small fraction of miRNAs, and that instead
most new miRNA families arise de novo.

One model of de novo miRNA acquisition, the
inverted duplication model, suggests that new miRNAs
evolve by inverted duplication of a stretch of coding
sequence followed by subsequent erosion of the sequence
into an imperfect hairpin structure®. In some cases, part
of the coding sequence itself might be duplicated before
the creation of the miRNA, so the miRNA shows homol-
ogy to two regions of the target gene'*. This model is
attractive for plant miRNAs because it accounts for the
long stretches of sequence similarity that are required
between the miRNA and its target.

The inverted duplication model seems less appropriate
for animal miRNAs, because the length of complemen-
tary sequence in miRNA binding sites is much smaller in
animals than in plants, and no examples of newly formed
miRNAs arising in this manner are known in animals. A
second model, the random creation model, proposes that
new miRNAs simply arise randomly from existing hairpin
structures in the genome***'. Hairpin structures are gen-
erally abundant in eukaryotic genomes — for instance,
Bentwich et al.”? identified 11 million hairpins in the human
genome in a bioinformatic screen. Therefore, the problem
of creating a new miRNA in animals might be less
involved with creating a new hairpin structure, but rather
with appropriately transcribing an existing hairpin struc-
ture in the genome and providing the prerequisite signals
for biogenesis of the new miRNA (for example, signals for
processing by the RNase III Drosha) (BOX 1).

A model of transcriptional control of new miRNAs.
Because the minimal binding site of an animal miRNA
is short, a new miRNA should be able to target many
mRNAs simply by chance, and many of these interactions
are likely to be selectively deleterious, as is the case for all
types of mutations. Indeed, the existence of many genes
for which the presence of a miRNA binding site would
be deleterious (‘anti-targets’) was proposed” and later

a Neutral or advantageous targets b

Deleterious targets

—
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Neutral or advantageous targets

Deleterious targets
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Figure 2 | A model of the acquisition of a new microRNA. a| Initially, a new microRNA
(miRNA) is expressed at low levels and in a specific spatio-temporal domain. It has many
targets that appear at random in the genome, many of which are selectively slightly
deleterious and a few of which are selectively neutral or advantageous. b | At a later
pointin time, natural selection has purged many deleterious targets from the genome
while preserving many of the neutral or advantageous targets, and the expression

of the miRNA can increase without being highly deleterious to the organism.

demonstrated by several groups in various species using
microarray data and computational studies™”>%94%,

These observations raise the question of how a new
miRNA could ever be acquired without seriously impair-
ing the fitness of the organism. We propose that one way
this could happen is if the miRNA were initially tran-
scribed only weakly, and in a specific tissue or at a specific
developmental stage. Current studies indicate that mul-
tiple sites for the same miRNA in the same target mRNA
are needed to generate a strong regulatory effect of the
miRNA on this target (REF. 88 and references therein). If
this is true, natural selection can eliminate slightly delete-
rious miRNA sites over time — recall that it is easier for
an mRNA to lose a miRNA site than to gain one — while
also maintaining or creating beneficial binding sites for
the new miRNA. Once this elimination process is com-
plete, the expression level of the miRNA can be increased
and its tissue-specificity can be relaxed (FIC. 2).

Although this model is clearly a simplified picture
of a complex process, it makes the testable prediction
that more-recently evolved miRNAs should be expressed
weakly and in specific spatio-temporal domains. Indeed,
this prediction is generally supported by the available
miRNA expression data (for example, REFS 87,96), which
indicate that more-recently acquired human miRNAs
are more likely to be weakly expressed than ancient con-
served miRNAs. A recent study by Berezikov et al.¥, in
which miRNA expression in the human and chimpanzee
brain was determined using deep sequencing (BOX 2), is
also consistent with this prediction.

The model puts the enormous number of putative
small RNA transcripts that are being revealed by deep
sequencing efforts in perspective: it suggests that a
number of them are randomly transcribed hairpins that
might not have a significant biological role as trans-acting
regulators, although it does not preclude the possibility
that they could acquire such functionality in the future.
The model is consistent with the hypothesis proposed
by Sempere et al.*® and Prochnik et al.* that the acquisi-
tion of new miRNAs contributed to the acquisition of
novel tissue types and organs in animal development.
It is also consistent with an intriguing idea put forward
by Davidson’ that it is relatively easy to evolve a new
miRNA gene that targets a specific sequence motif, but
the same is not true of transcription factors, because the
sequence specificity of a protein is a complex function of
its amino-acid sequence. So, if a transcription factor were
to acquire a new domain of expression (for example, in a
new tissue), it would be expected to regulate genes that
it already regulates in its original domain of expression,
probably leading to deleterious effects. However, assum-
ing that a miRNA with an arbitrary target sequence can
evolve easily, such complications can be avoided, and
consequently it might be easier to insert a miRNA into a
developmental network than a transcription factor.

The expression and conservation of miRNAs are not
as well understood in plants compared with animals. The
correlation between the age of a miRNA and its expression
level is expected to be weaker in plants than in animals
for two reasons. First, a newly arising plant miRNA is
expected to have relatively few targets compared with
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an animal miRNA, and if these are either highly benefi-
cial or highly deleterious, then selection can drive up or
down the expression level of the miRNA more quickly.
Second, a single plant miRNA molecule can target and
cleave many mRNAs, whereas it seems that animal
miRNAs must be bound to their targets to confer repression,
a process that is reversible under specific conditions®”.
Nonetheless, it is likely that some plant miRNAs that
are weakly expressed or tissue specific have little or no
biological function as trans-acting regulators'?.

Conclusion

With our rapidly advancing knowledge of the different
mechanisms of gene regulation in higher eukaryotes, we
can begin to consider the evolutionary implications of
these different mechanisms within a unified framework.
In the past, much work focused on a synthesis between
transcriptional regulation and cell signalling mecha-
nisms>”’; here we have concentrated on the evolution of
transcription factors and miRNAs. Ultimately, all other
mechanisms of gene regulation should be brought into
the discussion in order to form a holistic picture of the
evolution of gene regulation.

Many open questions and directions for future research
remain. This Review gives a local view of the evolution of
individual regulators and binding sites as a necessary first
step to understanding the evolution of gene regulation as
awhole. In the future, it will be necessary to move towards
the broader view of the evolution of developmental regu-
latory networks, and from there, towards the even bigger
picture of changes in organismal form. The model of
Davidson and colleagues that is discussed above is one
promising way of thinking about the evolution of network
structure and body plans on a global scale. Our current
knowledge of how transcription factors, miRNAs, signal-
ling pathways and other regulators are wired together
into developmental networks is much too rudimentary to
make any sensible statements about the effect of different
regulatory mechanisms on global network evolution.
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However, as our knowledge of the developmental roles
of these regulatory mechanisms increases, it should be
possible to extend the model to account for these differ-
ent components. For example, if it indeed turns out that
miRNAs tend to work at the periphery of developmental
networks to confer additional layers of robustness, and
not as the primary agents of developmental patterning,
then this might lead us to postulate a certain amount of
evolutionary pliability for miRNA-mediated regulation.
It will also be interesting to investigate whether different
eukaryotic lineages, particularly plants and animals, use
different regulatory mechanisms in similar ways or not.
Such global trends in network evolution have a natu-
ral counterpart in local subnetwork motifs that exist
within the overall network. One particularly interesting
example of such a motif is a feedback loop that involves
multiple transcription factors and miRNAs. Examples
of this motif have been identified in recent work on
neuron cell-fate determination'” and vulval develop-
ment'® in C. elegans, and granulocytic differentiation
in humans'®, Whether multicomponent feedback loops
and other complex subnetwork motifs are common fea-
tures of developmental networks, and whether they have
any significance for organismal traits and evolution,
are intriguing questions for future research. Within the
Davidson model, signalling cassettes function as plug-in
components that are re-used repeatedly in regulatory
networks. Likewise, certain subnetwork motifs could
also potentially form re-usable plug-in components.
Since the work of Mary-Claire King and Allan Wilson
three decades ago'®, scientists have asked whether changes
in gene regulation or protein sequence have made bigger
contributions to phenotypic differences between species.
Today, we are well positioned to broaden the question to
ask about the relative contributions of the evolution of
different mechanisms of gene regulation to the evolution
of phenotypic diversity in animals and plants. The long
journey towards a comprehensive understanding of the
evolution of gene regulation is only beginning.
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