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Synopsis

Transcription factor binding differences can contribute to organismal evolution by altering
downstream gene expression programmes. Recent genome-wide studies in Drosophila and
mammals have revealed common quantitative and combinatorial properties of in vivo DNA-
binding, as well as significant differences in the rate and mechanisms of metazoan transcription
factor binding evolution. Here, we review the recently-discovered, rapid re-wiring of in vivo
transcription factor binding between related metazoan species and summarize general principles
underlying the observed patterns of evolution. We then consider what might explain genome
evolution differences between metazoan phyla, and outline the conceptual and technological
challenges facing the field.

Complex, multicellular organisms require a means to create hundreds of distinct tissue types
from a single genome. Most (if not all) of these tissues are shared among all known
vertebrates! 2; for instance, two tissues with distinctive morphologies and evolutionarily
conserved functions are the heart, controlling blood flow, and the liver, controlling blood
detoxification and circulating lipids. Vertebrate tissues have broadly conserved
transcriptional programmes: 4, and are often known to be controlled by a highly conserved
set of tissue-specific DNA binding transcription factors®. Such tissue-specific master
regulators include the transcription factors MYOD1 in muscle, HNF4A in liver or NKX2-5
in heart, which have functional roles both in development to establish tissue identity and in
adulthood to maintain tissue-specific functions.

It would be reasonable to suppose that the protein-DNA contacts that connect conserved
transcription factors and (downstream) conserved tissue-specific gene expression programs
are under strong constraint--a paradigm which has prompted the use of many diverse model
organisms to model human regulatory and developmental processes. On the other hand,
differences in gene regulation have long been recognized as major contributors to
phenotypic diversity®8, especially between closely related species®. Only recently, and
mainly due to the advent of functional genomics approaches such as ChIP-Seq, have we
been able to experimentally test how widely TF binding differs between species and how
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rapidly these differences accumulate, thus fundamentally reshaping our understanding of
how transcription factor binding evolves and the potential consequences for how complex
eukaryotic tissues are created.

Here, we will review recent advances in evolutionary analysis of transcription factor
binding, with a focus on genome-wide studies in metazoans. We start by briefly discussing
current views on how gene expression is controlled by transcription factors. We discuss the
early studies that revealed how regulatory sequences controlling specific genes evolved, and
the insights gained by sequence-based comparisons of substantial collections of genomes
from diverse metazoans. Next, we summarize key findings from experimental ChIP-Seq
studies on transcription factor binding evolution and highlight their novel conceptual
contributions to models of regulatory evolution and gene expression control. Finally, we
discuss how the differences in extent and rate of regulatory evolution among different
eukaryotes likely reflect how population genetics acts as a driving force in genome
evolution.

(1) Transcription factors and tissue identity

In all multicellular eukaryotes, cellular phenotype is largely dictated by the activity of
tissue-specific transcription factors (TFs). Classical gain- and loss-of-function studies
demonstrate that tissue-specific TFs often orchestrate the identity of the tissues in which
they are selectively expressed. For example, genetic knock-down of MYOD1 and MYF5
(both muscle-specific TFs) in mice completely stalls skeletal muscle development; and
forced MYOD1 expression in other cell types is sufficient to induce a muscle-specific gene
expression profilel®. Accordingly, mutations affecting either the sequence of tissue-specific
TFs or sequences directly bound by TFs can cause disease!!: 12: well-studied examples are
mutations in HNF1A, HNF1B and HNF4A that cause maturity onset diabetes of the young
(MODY)13,

Determining the genomic regions bound by tissue-specific transcription factors and how
they direct gene expression in a specific tissue and developmental time remains a daunting
challenge. Classical transgenic studies in fruit flies and mammals have established a central
paradigm of tissue-specific regulatory elements, namely, how specific regulatory elements
in metazoans can drive transcription in a tissue-specific manner (reviewed in14). These
studies have often been combined with bioinformatic predictions of TF binding locations in
analyzed cis-regulatory modules (CRMs), often revealing clusters of likely recognition
sequences. The recent approach to combine genome-wide computational and experimental
analyses has complemented and extended site-directed studies---and thus led to refined
models of gene regulation (Box 1).

(2) Sequence-based approaches

Site-directed transcription factor binding evolution

Because of the complexity in metazoan transcriptional regulation (Box 1), evolutionary
analysis of regulatory sequences and their functional conservation (or lack thereof) has
emerged as a powerful approach to infer gene control mechanisms. Several seminal studies
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analyzed the evolution of transcription factor recognition motifs by sequence comparison of
known cis-regulatory modules between species (primarily at strongly conserved
developmental enhancers), often in combination with in vivo analysis of the resulting gene
expression patterns. Well-studied examples are the endo16 promoter of sea urchins!® 16 and
even-skipped enhancers in fruit flies1”-19. Although selective constraint was often inferred
for some transcription factor binding sites, comparative sequence analyses suggested
significant turnover of TF binding positions, even between closely related species. Despite
this lack of sequence conservation in orthologous enhancers'’- 18, transgenic studies of even-
skipped revealed conserved expression patterns, arguing for the occurrence of functionally
compensatory mutations. Nevertheless, more detailed manipulation of these enhancers by
functional complementation also suggested functional divergence. Similar studies in fish and
mammals20: 21 reported a poor correlation between sequence conservation and regulatory
function. For example, RET human and zebrafish enhancers drove very similar expression
patterns in zebrafish embryos, despite no detectable sequence conservation. These studies
have collectively shown that regulatory function can be maintained in the complete absence
of sequence conservation, raising the question of how transcription factor binding
divergence can be reconciled with functional conservation.

Using collections of well-characterized CRMs, in which transcription factor binding sites
have been inferred using alignment of orthologous noncoding sequences, signatures of both
(i) neutral evolution and (ii) positive and purifying selection have been found in
Drosophila?2 23, This result suggests that accumulation of regulatory sequence differences
reflects a complex mixture of mechanisms. In mammals, the alignment of validated human
CRMs to the mouse genome suggested large-scale, functional turnover of TF binding: where
experimental data was available for both species, 30-42% of the human regions were not
functional in rodents24,

Complementary whole-genome approaches have recently been used to address two key
limitations of the above studies: firstly, the bias towards previously-known CRMs, and
secondly the absence of direct, experimental mapping of transcription factor binding in
different species.

Whole-genome comparisons and regulatory constraint

Tremendous technological progress over the last decade has resulted in the sequencing of
hundreds of metazoan genomes2>: 26, Comparative analysis of whole genomes can identify
specific sequences that have undergone evolutionary selection, such as protein-coding
sequences and, to a lesser extent, putative regulatory control sequences?® 27: 28, As a tool to
identify regulatory control sequences, this analytical strategy relies on the assumption that
conserved non-coding sequences have been evolutionarily maintained to control specific
gene expression patterns; in several cases, this assumption has been confirmed
experimentally29-31,

These studies have greatly improved our understanding of aspects of the sequence and
functional constraints in metazoan genomes?® 32-34_ |nferences from a recent comparison of
29 mammalian genomes estimate that 3-8% of the human genome is under negative
(purifying) selection25, most of which is presumed to correspond to non-coding regions with
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regulatory function. Constraint can be inferred in genetic sequences as short as 36 bp, which
is comparable to the resolution of experimental ChlP-based TF binding maps. However,
sequence-based annotation of constraint cannot resolve spatiotemporal patterns of
transcription factor binding, and has limited power to detect novel sequence changes such as
lineage-specific regulatory regionss3®.

In contrast to mammals, similar analyses of collections of the more compact genomes of
Drosophila, C. elegansand S Cerevisiae species have predicted considerably larger
fractions of the genomes to be under evolutionary constraint (37-53% for fruit flies, Table
1)36-38, When both the large variations in accessible genome size3% 40 and the presence of a
similar repertoire of genes®0 are considered, it is clear that different metazoans such as
mammals and fruit flies have very different genome architectures (Figure 1).

There are two major reasons for the difference in the density of constrained DNA (Figure 1).
First, almost a fifth of the fly genome codes for proteins38, versus approximately 2% for
mammalsZ®. Second, mammalian genomes typically contain twice as many genes in
approximately twenty times as much DNA, much of which is packaged into
heterochromatin“0,

(3) Direct global mapping of TF binding

Transcription factor binding patterns can be compared at the whole-genome level by
obtaining data from ChIP experiments in matched tissues or cells of different species (Table
1). This approach complements site-directed and computational studies by addressing
specific transcriptional contexts such as developmental processes and tissue specificity.
Chromatin immunoprecipitation methods also have the specific advantage of providing a
quantitative estimate of TF binding, since a linear relationship exists between in vivo
crosslinking efficiency and occupancy levels on DNA*1-43, Moreover, in their genome-wide
adaptations, ChIP approaches are unbiased as all regulatory regions are interrogated and thus
can be included in downstream analyses. However, it is important to note that ChIP-Seq is
extremely sensitive and can detect TF binding across a wide range of occupancy levels*3.
Regions bound at low occupancy likely include background binding, thought to be driven by
relatively high concentrations per cell of many transcription factors**. Nearly all peak
calling methods thus employ a statistical cutoff to differentiate biologically meaningful
signal from experimental/technical noise, which limits precise cross-study comparisons.
Furthermore, both statistical and biological evidence*? suggests that chromatin
immunoprecipitation captures a continuum of functional and nonfunctional TF binding
events. It remains challenging to establish the functionality of a specific in vivo TF binding
event, and we are currently unable to clearly differentiate functional from putatively non-
functional/background binding, especially for weakly occupied sites*°.

The first studies taking this approach used oligonucleotide microarrays designed against
orthologous regions of different species to evaluate TF binding conservation (reviewed
in%6). In an experiment specifically designed to measure conserved tissue-specific TF
binding between mouse and human, profiling of four tissue-specific transcription factors
revealed large-scale turnover of in vivo TF binding in livers of both species with 41 to 89%
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of binding regions found to be species-specific*’. Sequencing-based experiments have
rapidly superseded DNA microarrays in interspecies comparisons of TF binding, and
numerous recent studies have greatly increased our understanding of the rate and underlying
mechanisms of transcription factor binding evolution in metazoans. Although similar
analyses have begun to explore the evolutionary stability of histone marks (Box 2), this
review focuses on recent discoveries in understanding the rate and mechanisms of TF
binding evolution.

Developmental TF binding evolution in Drosophila embryos

A number of recent studies have examined transcription factor binding in embryos of related
fruit fly species*8-30, mainly focusing on TFs involved in mesoderm development, such as
Twist, Hunchback, Bicoid, and Zelda. Complete gains and losses of TF binding were
relatively rare among Drosophila species, though pervasive quantitative differences in
strength of binding at orthologous loci occurred frequently. In the closely related D.
melanogaster and D. yakuba, 85-98% of binding positions were conserved in the two
species®® for a collection of six developmental regulators. Moreover, binding intensities of
six TFs were strongly correlated, suggesting that indirect effects such as chromatin state or
cooperativity significantly influence binding patterns within and between species (elements
of this are reviewed in*4).

In an independent study, 60% of the binding peaks for the mesodermal transcription factor
Twist were found to be conserved between D. melanogaster and D. pseudoobscura, at an
evolutionary distance estimated to be as divergent as human and chicken by dN/dS ratios*®.
This remarkably high conservation of Twist binding also included lower-occupancy peaks.
Fully a third (34%) of Twist binding events were conserved at the exact same syntenic
location in six highly divergent Drosophila species, and were preferentially located near
known functional target genes. A recent report examining the binding of developmental TFs
Bicoid, Giant, Hunchback and Krueppel across four Drosophila species found similar
proportions (15-38%) of binding locations conserved across all species®, and these were
correlated with peak height, location proximal to genes and clustered binding of the other
profiled factors. Turnover of binding locations between species was also apparent in this
study, and contrasted with higher conservation of gene expression levels®C.

In these studies, a linear relationship was found between quantitative changes in binding and
evolutionary distance, with a large proportion of altered binding being associated with
turnover in transcription factor recognition sequences. For example, 19% of Twist binding
losses were explained by genetic changes to specific motifs directly bound by Twist, and up
to 50% of lost Twist events could potentially be explained when mutations in the motifs for
partner transcription factors were considered.

On the whole, these studies found that developmental transcription factor binding must be
under strong constraint in divergent Drosophila species (Figure 2)—and contrasted with TF
binding evolution results obtained in mammals4’: 31,
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Tissue-specific TF binding evolution in mammals

In mammals, studies of transcription factor binding evolution focusing on tissue- or cell-type
specific transcription factors have revealed both similarities with the mechanisms driving
regulatory evolution in insects, as well as surprising differences in the rate and extent of TF
binding divergence—and the forces shaping these differences.

To address how OCT4 and NANOG binding varies between human and mouse embryonic
stem cells®, ChIP-Seq occupancy data was compared with gene expression profiles
obtained after OCT4 depletion: although the binding of OCT4 and NANOG was enriched in
the vicinity of genes downregulated upon OCT4 depletion in both human and mouse, the
precise location of these binding events was often not conserved. In agreement with data
from Drosophilal’, this study indicates that compensatory changes in TF binding must
occur through evolution to maintain similar transcriptional outputs, and further suggests that
TF binding may co-evolve combinatorially. Moreover, a similar relationship has been
observed in mammals and fruit flies between TF binding variation and changes in the
directly bound sequences. Comparison of ChlP-Seq data for the liver-specific TFs CEBPA
and HNF4A in human, mouse and dog found 60-85% of binding losses associated to
sequence changes in the underlying sequence, and one third of these events had nearby
binding events that could be compensatory®2.

Closer evolutionary distances across five mouse species (1-6 MY) were analyzed in a recent
report for the genomic binding of CEBPA, HNF4A and FOXA1%3, The higher resolution
and quantitative nature of this data revealed that, as in Drosophila, combinatorial TF binding
in mammals co-evolves in clusters, and there exists a clear correlation between binding
intensity and evolutionary conservation. Moreover, genetic deletion of CEBPA or HNF4A
led to loss of co-bound partner TFs in one third of co-bound clusters. Clusters that were
more sensitive to genetic deletion also showed sensitivity to evolutionary changes in TF
binding motifs across mouse species; for instance, clusters lost after HNF4A deletion were
often lost via sequence variant in the HNF4A binding motif in one of the examined species.
Furthermore, when compared to Mus musculus, a quarter of TF binding peaks that were
absent in Mus caroli could be associated with genetic variation in the directly bound
sequences. On the whole, the features of TF binding evolution—such as strong association
with genetic changes, putatively compensatory turnover, combinatorial co-evolution of
binding intensity—shared between Drosophila and mammals likely reflect the underlying
biochemistry and biophysics of protein-DNA interactions.

Contrast in regulatory evolution between mammals and insects

Cross-species studies in Drosophila and mammals have also highlighted two perhaps
surprising differences that strongly differentiate the activity of mammalian TF evolution
from the high-conservation found in Drosophila. First, studies on mammalian evolution of
tissue-specific TFs have consistently reported much more rapid turnover of binding
positions compared to Drosophila developmental TFs (Table 1). In liver tissue from five
vertebrates (human, macaque, mouse, opossum and chicken), less than fifty CEBPA binding
events were ultraconserved in orthologous locations in all five species out of the tens of
thousands identified in each species®. Even over closer evolutionary distances, mammalian
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TF binding variation accumulates rapidly: an exponential relationship was found between
evolutionary distance and conservation of TF binding locations for the liver-specific TFs
CEBPA, HNF4A and FOXAL1 in five closely-related mouse species®3. Second, the
association between conservation of TF binding and regulatory function reported in
Drosophila®* 49 seems considerably weaker in mammalian tissues. Across five vertebrates,
shared binding events occurring in at least two species were found enriched near functional
targets of these factors (as determined by loss-of-function studies), but the bound genomic
regions did not show a corresponding increase in sequence constraint®2, Over closer
evolutionary distances, no clear association was found between binding intensity or
conservation and functionality for three liver-specific TFs°3: conserved intensity binding
events showed no enrichment at known target genes nor obvious association with liver-
related functions.

In summary, genome-wide studies of tissue-specific TF binding evolution in mammals has
found concordant biophysical principles with those described in Drosophila, but have
simultaneously revealed significant differences in the evolutionary stability of TF binding
locations (Figure 2) and their association with functionality (see also discussion in Box 3).

CTCF binding evolution in metazoans

Certain transcriptional regulators, such as CTCF, thought to be involved in genome
insulation and chromatin loop formation across all tissues, are shared between mammals and
fruit flies. Recent studies in each phylum have been published comparing the genome-wide
binding in multiple species, providing a useful (and direct) comparison of TF binding
evolution between mammals and insects>* 55,

In contrast to the restricted expression of developmental and tissue-specific transcription
factors like Bicoid and HNF4A from above, CTCF is ubiquitously expressed across tissues
and developmental states (reviewed in°®). Notably, in fruit flies, CTCF is one of several
known insulator proteins®’: 58 whereas in mammals it is the sole known factor known to
regulate genome insulation®®. Together with cohesins, CTCF>9 60 (reviewed in%1) is a
central component of chromatin organization that has been the subject of extensive
investigation using integrative approaches®2-64,

High-throughput interrogation of CTCF binding locations in different cell types® and
tissues® found that most binding events are tissue-invariant, a property that contrasts with
tissue-specific transcription factors (however, see also®7). Studies focusing on inter-
mammalian comparisons®L: 52 54. 68 revealed that CTCF genomic locations are also more
conserved across species than those of most site-specific TFs investigated to date. These
findings likely reflect the essential, conserved functions of CTCF, whose binding can often
demarcate regulatory domains68. 69,

In mammals, the most evolutionary diverse inter-species comparison to date profiled CTCF
binding in six mammalian species®*. In agreement with previous reports, this study found
highly conserved binding. For example, in human, dog and mouse, CTCF binding events
were shared five times more often than binding locations for the tissue-specific TF
CEBPAS32, while 60-70% of CTCF binding sites in each of six primates were observed in
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human?C. The general mechanism to create new CTCF binding events appears to be via its
carriage by specific repeat families (see below), as previously suggested in mouse®s: 71,

Analysis of CTCF binding in four Drosophila species®® found signatures of both purifying
and positive selection in the evolution of CTCF binding, and new-born CTCF binding
events were correlated with changes in gene expression. In contrast to mammalian data,
somewhat higher binding divergence was found for CTCF than for previously-studied
Drosophila developmental TFs*8: 49, The differing patterns of CTCF evolution in these two
metazoan phyla could be due, at least partially, to different mechanisms of evolution: no
clear association was found between CTCF binding evolution in Drosophila and the
expansion of transposable elements, while compelling evidence points to this mechanisms in
mammalian systems®L: 54 72. 73 Moreover, the additional presence of multiple insulators in
Drosophila other than CTCF (such as BEAF or CP190)>7: 58 might relax evolutionary
constraint of CTCF binding evolution compared to mammals.

(4) Sources of metazoan TF binding divergence

Cross-species comparisons of TF binding in metazoans have afforded a number of general
insights into the evolutionary origins of TF binding differences between species and
individuals and the rules governing TF binding divergence (Figure 3).

Cross-species sequence differences and TF binding

How often are genetic differences in the known motifs that are directly bound by
transcription factors responsible for differences in TF binding between species? The
comparisons done to date in closely related insect and mammalian species (Table 1) suggest
that, at best, a substantial minority of TF binding differences can be attributed to alterations
in directly-bound genetic sequences. Other studies in yeast’# and human cell lines”: 76 have
indicated similar results: namely, that many differences in TF binding can occur in the
absence of proximal sequence changes.

However, evidence does exist that the complete ensemble of regulatory sequences may well
be ultimately responsible for TF binding differences. Comparison of human chromosome 21
in human liver and in liver tissue from an aneuploid mouse model of trisomy 21 allowed
dissection of the relative contributions of genetic sequence versus cellular environment to
tissue-specific transcription’’. The binding locations of three transcription factors (HNF1A,
HNF4A and HNF6/ONECUT1) in livers from these mice, carrying a segregating copy of
human chromosome 21, were compared with matched experiments in human liver. Almost
all transcription factor binding on human chromosome 21 in normal human hepatocytes is
recapitulated in the mouse environment by the orthologous transcription factors encoded in
the mouse genome. Thus, sufficient information must be encoded in the genetic sequence of
human chromosome 21 to recreate transcription factor binding in the corresponding mouse
tissues, indicating that differences in the cellular environment between human and mouse
tissues contribute significantly less than the DNA sequence itself to transcription factor
binding. Other mechanistic studies in yeast and humans have also suggested that the
majority of TF binding variation stems from genetic sequence differences, rather than
environmental or trans effects (reviewed in%®: 78). Moreover, complementary work on

Nat Rev Genet. Author manuscript; available in PMC 2014 October 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Villar et al. Page 9

chromatin accessibility changes within’® and between species® implicate variations in
chromatin status, such as allele-specific changes in TF binding, in mediating that at least
part of the observed TF binding differences.

Mutation of bound sequences and TF binding differences

Most transcription factors bind short and degenerate sequences, and theoretical models
based on neutral evolution show that binding sites can arise on relative short timescales
upon accumulation of base pair substitutions in a similar sequence 81. The studies discussed
above have shown that a substantial fraction, but probably not most, binding divergence in
metazoans can be associated with differences in the underlying sequence, including base-
pair substitutions, indels and gaps in the alignment (Figure 3A). For example, the tissue-
specific TFs CEBPA and HNF4A bind 10 nucleotide recognition sequences (the average
length for binding sequences of eukaryotic TFs), and similar proportions (40-50%) of their
in vivo binding regions presented underlying point mutations in a second species that could
explain the observed absence of binding®2. Studies looking at the effect of human genetic
variation on TF binding”>: 76 also suggest that TF binding divergence partially stems from
sequence changes in the bound genetic sequence, as evidenced by an enrichment of TF
motif-disrupting mutations in differentially bound sites (whether across species#8-50. 53) or
individuals’>: 76,

However, these studies also indicate that sequence changes in the canonical TF binding
motif only explain a minority (12-40%) of TF binding variation. Direct interrogation of
several transcription factors (often known to bind combinatorially) in the same

study8: 49. 53,82 indicates that a substantial fraction of TF binding variation can be
explained by disruption in proximal, but not directly bound, TF binding motifs (Figure 3B).
For example, a recent study focusing on strain-specific PU.1 and CEBPA binding in
macrophages from two mouse inbred strains82 showed that, while 41% of strain-specific PU.
1 binding associated with strain-specific mutations in the PU.1 motif, an additional 15% of
strain-specific PU.1 binding could be explained by proximal mutations in CEBPA or AP-1
motifs. Furthermore, and as discussed in the previous section, ChIP-Seq experiments in
CEBPA and HNF4A knock-out mice®3 provided direct genetic evidence that TF binding
diverge is often a result of altered binding in proximally bound genetic sequences. The effect
of genetically knocking-out one factor (i.e. CEBPA) had a strong effect on associated
combinatorial binding of the other assayed factors (HNF4A and FOXAL), and the sensitivity
to genetic knock-down of a particular TF binding cluster correlated with its evolutionary
stability across mouse species.

Repeat-driven expansion of TF binding sites

Whereas point mutations are expected to rapidly create and disrupt shorter TF binding
motifs, longer binding sequences could be disrupted, but rarely born, in this manner8.
Stronger protein-DNA contacts occurring at longer motifs are predicted to be more resilient
to genetic drift83. 84,

A second mechanism to introduce TF binding motifs into large and complex metazoan
genomes is the expansion of transposable elements (TEs) (reviewed in8%), and TE-derived
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genome content is particularly high in mammals’®: 86, For instance, two studies have
highlighted the role that ERV1 repeats have played in the evolution of transcriptional
regulation. The detailed analysis of the repeat content of in vivo TP53 binding sites in
human cells showed that 30% of occupied regions contained primate-specific ERV1
repeats®’. In addition, OCT4 and NANOG bound regions in human and mouse ES cells also
showed significant repeat-element association, which appeared to account for 7-28% of the
total TF binding sites®l. For OCT4 and NANOG, these repeat-associated binding events
were mostly species-specific, and ERV1 repeats were the largest contributor of TF binding
sequences.

SINE elements have also been implicated in large-scale genome and transcriptional
regulatory evolution. A recent study on CTCF binding evolution in six mammalian species®*
found specific sets of motif words bound by CTCF in vivo to be embedded in lineage-
specific SINE transposons in rodents (mouse and rat), carnivores (dog), and

Didel phimorphia marsupials (opossum), representing 180 million years of divergence. This
observation, combined with the identification of fossilized repeats around some
ultraconserved CTCF binding events, suggested that repeat-driven birth for novel CTCF
binding events is a shared and ancient mechanism among mammals, although this
mechanism has been largely quiescent in primates’. Important support for this idea is the
observation that newborn motifs appeared to demarcate chromatin and transcriptional
domains with a similar frequency as ancient, deeply conserved binding events. The recurrent
expansions of retrotransposons has sculpted the CTCF binding landscape over hundreds of
millions of years of mammalian (and, most likely, vertebrate) evolution.

An emerging common feature in these studies is a long binding motif for the associated TFs
(Figure 3C), likely because longer recognition sequences cannot readily arise by simple
point mutations®L. Such a repeat-carried expansion mechanism, however, may well be active
for TFs that bind short motifs as well”2 88, Repeat expansions can potentially create highly
complex TF binding sequences when a near-perfect match of a TF recognition sequence
exists within a repeat family. As has been documented for NSRF89, transposable elements
can carry a low-affinity consensus sequence that can be refined into a high-affinity site with
a few key mutations (Figure 3C). The exaptation of selfishly expanding nucleic acids into
regulatory sequences that are thus integrated into the functional mammalian genome is a
remarkable example of how a host can productively repurpose the selfish DNA of repetitive
sequences® (for related discussion see®1).

In comparison to mammals, the contribution of TE expansions to TF binding divergence in
Drosophila has not been analyzed in detail. Although a few studies have tested the
association between experimentally bound regions and specific repeat classes®®, no clear
correlations have been conclusively reported. This is likely a reflection of the lower TE
genome content in Drosophila and other invertebrates versus vertebrate genomes®2, which
has been proposed to be a consequence of more efficient selection against transposons in
Drosophila compared to vertebrates92-95 (see also discussion in Box 3).
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Evolutionary forces and TF binding divergence

What evolutionary forces contribute to these sequence differences? As discussed in the
previous section, signatures of both purifying and positive selection have been found
through site-directed or whole-genome comparisons of non-coding regions23, as well as in
genome-wide ChIP-Seq studies across species*3: 49, However, whole-genome interrogation
of TF binding evolution has also suggested that many genetic differences in these directly
bound sequences are likely a result of nonadaptive forces of evolution such as genetic drift,
mutation and recombination—in agreement with the neutral theory of evolution originally
proposed by Kimura®.

(5) Conclusions and future perspectives

The application of high-throughput technologies to comparatively map binding positions of
regulatory proteins across related species in different phyla (Table 1) has provided unbiased
novel insights into the genomic and molecular complexity of tissue-specific transcriptional
programmes and the evolutionary mechanisms that drive regulatory divergence (Figure 3).
Comparative genomics studies in diverse metazoans have revealed how the interplay of the
continuous genetic drift, mutation, recombination, and retroelement expansion, shaped by
natural selection, results in a rapidly evolving regulatory landscape.

From a population genetics perspective, the smaller effective population sizes in mammals
should increase their susceptibility to accumulation of neutral--and potentially deleterious--
DNA, while selection may overcome drift in insects with considerably larger breeding
populations. Ultimately, the lower constraint on mammalian genomes likely explains the
different rates of TF binding evolution that have been observed in these two phyla (Figure 2
and Table 1). The rapid evolution of tissue-specific TF binding sites in mammals has also
important implications for identifying and understanding human disease-associated non-
coding variants. Extensive turnover of TF binding sites suggests that many functional sites
will have migrated into lineage-specific sequences that are largely invisible to phylogenetic
footprinting3®, potentially undermining attempts to prioritize GWAS hits by underlying
sequence constraint. Direct experimental data, ultimately in the correct cell types relevant to
a specific disease, will be needed to interpret the molecular disease mechanisms of human
genomic variants?7-99,

Despite significant advances in our understanding of metazoan regulatory evolution and its
mechanistic basis, many questions remain unresolved. A daunting challenge in the field
arguably comes (especially for mammals) from the vastness of metazoan regulatory
genomest®0 as well as the combinatorial complexity of tissue-specific transcriptional
programs (Box 1).

First, further comparative studies will be needed to address outstanding questions, including:
How extensive is regulatory divergence across different classes of regulatory proteins? What
are the molecular mechanisms driving these evolutionary differences across different
lineages and phyla? How do these mechanisms vary between tissues? These questions
remain poorly explored in most species, but fortunately, new technological developments
make more detailed studies feasiblel01,
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Second, despite the major insights that comparative ChlP-Seq analysis of TF binding has
provided on regulatory evolution, complementary approaches are needed. For instance, only
a few studies exist that disrupt or (more interestingly) genetically re-engineer metazoan
regulatory elements (reviewed inl4 102, While functional screening of CRMs is
comparatively well developed in Drosophila and other invertebrates, newly reported
genome engineering methodologies in mammals could revolutionize our ability to
understand and test the genetic features that differentiate functional from non-functional
regulatory elements103-106 perhaps the greatest challenge will be to integrate new
experimental methods, such as high-throughput functional perturbations and synthetic
biology107-109 together with an understanding of the regulatory networks active in
homologous tissues in multiple species. Such an integrated synthesis would be a powerful
approach to mechanistically dissect, quantitatively understand, and successfully manipulate
the connections between genetic regulatory sequences and metazoan phenotypes.
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Highlighted references

Ref #15 (Romano and Wray 2003 Development)

Focusing on a well-characterized promoter in sea urchins, the authors showed a largely
conserved transcription pattern despite extensive divergence in the promoter sequences of
the two species analyzed.

Ref #25 (Lindblad-Toh 2011 Nature)

Sequenced and aligned the genomes of 29 carefully selected mammals, implementing earlier
theoretical models to infer, at high resolution and confidence, the constraint of sequence
elements in the human genome.

Ref #29 (Pennachio 2006 Nature)

Exploiting human-pufferfish and human-mouse-rat sequence conservation, this study
experimentally evaluated the regulatory potential of conserved non-coding sequences in a
transgenic mouse enhancer assay.

Ref #36 (Siepel 2005 Genome Res)

A uniform method for estimation of evolutionary conserved elements across groups of
related metazoan species, highlighting varying degrees of genome compaction and
constraint in metazoans ranging from mammals to yeast.

Ref #45 (Fisher 2012 PNAS)
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Convincingly argued that Drosophila genomic regions bound at low occupancy by a set of
developmental transcription factors show low functional activity and may not be involved in
cis-regulation of transcription.

Ref #48 (Bradley 2010 PLoS Biology)

Documented the high conservation of TF binding locations for five developmental TFs in
two Drosophila species, as well as the striking co-evolution of their binding intensities.

Ref #49 (He 2011 Nat genetics)

A demonstration of very high conservation of Twist binding across five fruit fly species,
with evolutionary distances estimated to be as divergent as those between human and
chicken.

Ref #51 (Kunarso 2010 Nature Genetics)

Combined comparative ChlP-Seq analysis of TF binding in human and mouse embryonic
stem cells with gene expression and perturbation studies to show the rapid evolution of TF
binding locations and their potentially compensatory turnover.

Ref #52 (Schmidt 2010 Science)

Compared TF binding across divergent vertebrates, revealing extensive turnover of
regulatory elements and few deeply shared TF binding sites in vivo.

Ref #54 (Schmidt 2012 Cell)

An extensive analysis of mechanisms of CTCF binding evolution in mammals, showing the
large contribution of transposable elements to changes in CTCF binding.

Ref #55 (Ni 2012 PLoS Biology)

Analyzed CTCF binding evolution in fruit fly species and showed rapid evolution of its
binding locations, compared to cross-species studies of the same protein in mammals.

Ref #77 (Wilson 2008 Science)

Demonstrated that regulatory sequences are largely sufficient to direct transcriptional
programs, even when the cellular environment changes using an unusual mouse model.
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Glossary terms

Accessible genome

Average genomic
diversity

ChlIP-Seq

Cis-regulatory
modules (CRMs)

Effective
population size

Segments of DNA sequence that lie in an open chromatin
environment, based on the biophysics of protein-DNA interactions
that can occur in these regions. Open or accessible chromatin can
be readily bound by transcription factors and other effectors of the
transcriptional machinery. Accessible regions are both ubiquitous
and tissue-specific and can be inferred from experimental
approaches such as DNAse | hypersensitivity or ChlP-Seq.

Average synonymous nucleotide heterozygosity, a measure of the
number of heterozygotes in a population and, hence, of genomic
diversity. It is predicted to decrease in populations with smaller
effective population size (e.g. is higher in Drosophila compared to
mammals).

Chromatin immunoprecipitation coupled to high-throughput
sequencing. This technique identifies potential regulatory
sequences that are bound by a protein of interest, and is based on
immunoprecipitation of covalently-crosslinked chromatin
complexes using antibodies against a specific DNA-binding
protein.

discrete arrangements of transcription factor binding sites in the
DNA sequence, often containing motifs for several transcription
factor proteins. These can be defined using computational
predictions and also be investigated through experimental
approaches such as ChlP-Seq. Definition of CRMs is often very
useful to pinpoint functional regulatory elements.

effective number of gametes sampled per generation. The effective
population size determines the rate of change in the composition of
a population caused by genetic drift.
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Exaptation

Fossilized repeat

Genetic drift

Neutral evolution

Non-adaptive
evolutionary
forces

Non-synonymous
to synonymous
polymorphisms
ratio

Positive selection

Purifying
(negative) selection
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evolutionary co-option of a functionally unrelated DNA sequence
for a novel function. This process has been specifically studied for
transposable elements, which (in spite of their exogenous origin)
are often functionally adopted by the host genome, e.g. as
regulatory sequences.

ancient repeat events that are (at least partially) visible based on
their consensus sequence. Exapted repeat instances (e.g. regulatory
elements) derived from transposable elements often become
fossilized and have been identified among evolutionarily conserved
sequences.

evolutionary change involving random sampling of genetic variants
in a finite population, causing the composition of the offspring and

parental generations to differ. This process constitutes a ubiquitous

source of evolutionary stochasticity.

a pattern of evolutionary change consistent with random drift of
mutant alleles that are neutral or nearly neutral. The neutral theory
of evolution states that the dynamics of the majority of changes
observed at the molecular level are governed by nonadaptive
evolutionary forces, rather than Darwinian (i.e. Positive) natural
selection.

features of the population-genetic environment that operate in a
stochastic manner. These include random genetic drift,
recombination and mutation, and the relative power of these forces
conditions the types of evolutionary changes that are possible in
various contexts.

Lower in larger populations. Reflects the lower probability of
segregation of slightly deleterious mutations versus adaptive ones
(in other words, the increased efficiency of selection versus drift).

also termed directional selection, it is a mode of natural selection
that pushes the phenotype towards an extreme, causing the allele
frequency to shift over time towards that phenotype. Comparative
genomics approaches can often infer positive selection by detecting
directional patterns of nucleotide substitutions across species.

Natural selection against individuals that deviate from an
intermediate optimum; this process tends to stabilize the phenotype.
Genomics segments that have been subject to purifying selection
can be inferred from nucleotide substitution patterns in aligned
genomes of multiple species.
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Transposable A DNA sequence of exogenous origin that inserts itself and can
element/ change its position in the genome, thereby altering genome
retrotransposon structure and ultimately genome size. A large fraction of

mammalian genomes is thought to be derived from transposable
elements.
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Box 1
Current models of gene regulation by tissue-specific transcription factors

Two recent reviews have summarized our current models for eukaryotic gene
regulation*4 110, Eukaryotic transcription factors recognize short, partially degenerate
sequences (6-12 nucleotides long), and many appear to be expressed at high
concentrations (typically 1,000-100,000 molecules per cell)*4. They bind the genome
over a continuum of occupancy levels that includes many lowly-occupied regions, often
interpreted as background binding. TF binding in metazoans is also highly
combinatoriall1%, For example, the human genome codes for an estimated 2000-3000
TFs, hundreds of which are expressed in a typical somatic tissue®. Combinatorial binding
can be mediated by direct protein-protein interactions, often in a tissue-dependent
manner11, or via indirect cooperativity facilitated by co-binding of the same DNA112,
This combinatorial complexity occurs over vast regulatory regions, ranging from
hundreds to thousands of megabases of accessible genome sequence. These observations
have led to an interconnected, continuous model of transcriptional networks, where
biological significance of TF binding is proposed to correlate with combinatorial
complexity10 and occupancy levels#*: indeed, strongly bound regions have been
reported to be biologically relevant more often than those bound at low occupancy*®.
Mainly based on Drosophila studies, properties of low- and high-occupancy regions,
such as evolutionary conservation or distance to functional target genes, are additionally
correlated with regulatory function of TF binding locations. Interestingly, high
occupancy TF binding in mammals may not be as tightly correlated with TF function or
TF binding conservation®3 and this difference is an area of active investigation.
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Box 2
Comparative ChIP-Seq studies of histone modifications

Genome-wide mapping of other aspects of chromatin structure (in addition to TF
binding) can elucidate regulatory regions. Particular histone modifications preferentially
mark promoter regions (e.g. H3K4me3), distal enhancers (e.g. H3K4mel or H3K27Ac)
and actively transcribed regions (H3K36me3). Comparative studies in human cells
lines®9 and mouse tissues®® have shown that these epigenetic modifications often show
tissue-specific patterns, and can be used as a proxy to functionally annotate a species’
genome without prior knowledge of what TFs are active in a particular tissue. Recent
analysis of promoter (H3K4me3) and enhancer marks (H3K4mel and H3K27Ac) in a
panel of adult and embryonic mouse tissues found a large fraction of marked regions to
be tissue-specific®®. H3K4 monomethylated regions were the most tissue-specific,
probably due to the high tissue-specificity of enhancers; whereas most regions occupied
by H3K4me3 were so across many tissues. Similar conclusions regarding the tissue-
specificity of histone modifications were reported in a recent study across human
tissues13. Many tissue-specific regulatory regions are enhancers, leading to the question
of how chromatin modifications evolve in different species (Table 1).

In primary human and mouse lung fibroblasts, typically 55-68% of syntentic regions in
human and mouse are similarly enriched for H3K4 di- and trimethylation119: 114, High
conservation of H3K4me3 locations was also found in lymphoblastoid cell lines from
closely related primate species (human, chimpanzees and rhesus macaques), where 65%
of orthologous regions were occupied in all three species!®. At locations proximal to
transcriptional start sites, 90% overlap was found between human and macaque, which is
similar to the epigenetic conservation found in orthologous mouse and human proximal
promoters occupied by H3K4me377. These chromatin differences between species were
(partly) predictive of changes in nearby gene expression? 113,

During the dynamic remodelling of histone modifications in human and mouse
adipogenesis models, the majority of chromatin marks were species-specific and only
15-30% of orthologous genomic locations shared histone marks in human and mouse!16.
Consistent with other studies, though, the divergence was far higher among distal histone
modifications, such as regions enriched for the enhancer mark H3K27Ac. A more
detailed view of chromatin differences among mammals was recently obtained through
extensive comparison of eight histone modifications and DNA methylation in human,
mouse and pig pluripotent stem cells!1?. In contrast to previous observations? 114 and
with the exception of the repressive mark H3K9me3, genomic regions occupied by
histone modifications were correlated with conserved genomic sequences. However,
reference 117 found no direct correlation between sequence similarity and epigenomic
conservation, and most modifications showed conservation in both rapidly and slowly
evolving sequences. Finally, a recent study where H3K27Ac profiles in human, rhesus
and mouse embryonic limb were used to infer human gains of regulatory activity118,
most of the identified regions did not involve highly conserved elements, further
suggesting rapid evolution of H3K27Ac locations. Moreover, comparison of the ChlP
signal in orthologous locations across the three species indicated that most H3K27Ac
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BOX 3
Population genetics and metazoan transcription factor binding evolution

Natural selection operates at the level of a single organism’s fitness, which manifests in
the population as enhanced reproductive success. Thus selection influences the rate of
evolutionary change in a species, the types of paths that are open to evolutionary
exploration and, ultimately, expansions or contractions in genome size%2. In particular,
the effective size of a population (N,) directly influences the rate of evolutionary change
due to genetic drift (reviewed in1%). Furthermore, the effective breeding population of a
species is related to the rates of non-adaptive evolutionary processes, with smaller
effective population sizes displaying elevated drift, higher mutation rates and lower rates
of recombination. Because estimated effective population sizes vary widely across
metazoan and eukaryotic phyla, species with smaller population sizes are thought to have
reduced intensity of selection simultaneous with an increasing accumulation of mildly
deleterious mutations via genetic drift®2. Because there is a mutational bias towards
insertions versus deletions, smaller effective population sizes of multicellular eukaryotes
allow accumulation of putatively non-functional DNA and thus the observed expansion
in genome sizel20, Therefore, effective population differences between vertebrates and
invertebrates could underlie the observed differences in TF binding evolution between
Drosophila and mammals, whose estimated N, values differ by two orders of magnitude
(1,15*106 121 and 104 122, respectively). According to population genetics theory,
genomes in Drosophila species are under stronger selective pressures, which has led to
genome compression®3. Indeed, it is possible that very few (if any) nucleotides in the
compact genomes of Drosophila species evolve completely free of selection!19.
Furthermore, multiple selective sweeps are likely to occur simultaneously in Drosophila
populations, possibly interfering with each other.

In sum, large effective population sizes probably underlie key features of Drosophila TF
binding evolution: stronger conservation of TF binding found in fruit flies*8: 49,
signatures of selection across TF binding regions in multiple Drosophila species?3 123
and lack of consistent evidence on the involvement of TEs in fruit fly TF binding
evolution®®. Conversely, mammals have much lower effective population sizes and much
larger genomes, where genetic drift likely dominates over selection. This situation leads
naturally to rapid evolution of TF binding in mammals and may mask signatures of
natural selection.

A population genetics hypothesis is an attractive way to reconcile the differing evolution
rates of TF binding observed in mammals and fruit flies, yet more data is needed--both to
confirm these differences across a wider range of DNA binding proteins and to prove the
dependence of such differences on effective population size. A recent population
genomics study analyzed RNA-Seq data in a collection of (mainly) non-model vertebrate
and invertebrate species and reported findings that were partially consistent with a
vertebrate/invertebrate divide. Consistent with effective population size estimates,
average genomic diversity was higher in invertebrates than in vertebrates, but the
expected differences in the non-synonymous to synonymous polymorphisms ratio
appeared to be absent!24, Unfortunately, TF binding evolution has only been explored in
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Online summary

Transcription factors orchestrate tissue-specific gene expression and thus tissue
identity. Metazoan gene regulation is highly complex and comparative analyses
of TF binding across species have revealed mechanisms underlying both
genome evolution and gene regulation.

Early studies focused on individual loci, and showed both conservation and
divergence of putative TF binding sites across metazoan species.

Direct global mapping of TF binding locations in multiple mammalian and fruit
fly species discovered that tissue-specific TF binding evolves rapidly in
mammals, whereas developmental TF binding in fruit flies appears under
substantially greater constraint.

Comparative studies in mammals and fruit flies have also highlighted common
properties of metazoan TF binding evolution, such as dependence on genetic
sequence changes, combinatorial co-evolution of binding, and partially
compensatory turnover.

Observed differences in TF binding evolution and densities of conserved non-
coding elements among different metazoan families may be the result of
different pressures from extreme differences in effective population sizes.

In mammals, cross-species ChlP-Seq studies have further revealed how
transposable element-derived sequences help generate novel lineage-specific TF
binding.
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Figure 1. Insects and mammals have dramatically different densities of conserved elements
The central panel (white background) compares sequence constraint (Conserved elements

tracks) in a 100 kb window around the tgo gene in Drosophila melanogaster (top) and the
homologous ARNT gene in Homo sapiens (bottom); the difference in constraint density in
this window is representative of whole-genome differences36. A higher fraction of the fruit
fly genome is conserved (across fifteen insect genomes) compared to the human genome
(across 33 placental mammals): at the whole-genome level, 37-53% of the D. melanogaster
genome lies in conserved elements, compared to 3-8% of the human genome. Grey
background panels show gene annotations in these regions (Ensembl tracks). For the gene-
dense region in Drosophila, forward strand genes are on the top track and reverse strand
genes on the bottom. Figure adapted from Ensembl Genome Browser, with conserved
elements from phastCons/UCSC36. See main text for further discussion.
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Figure 2. Genome-wide TF binding profiling in Drosophila and Mammals
Percentage binding overlaps are shown for the developmental TF Twist in whole embryos

from divergent Drosophila species?® (A) and for the tissue-specific TF CEBPA in livers
from mammalian species (B). In B, the main graph shows overlaps for 6 vertebrate
species®, while the inset data®3 is for four mouse species and rat. In all cases, species are
ordered by their evolutionary relationships as shown in the phylogenetic trees below each
graph. Species in bold were used as the reference genome for comparison of the
corresponding ChlIP-Seq data. Where name abbreviations are used in the main graph, full
species names are shown in the phylogenetic trees below.
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Figure 3. Sources of metazoan TF binding divergence
A. Random genetic drift. Point mutations, indels and genomic rearrangements can lead to

binding events from non-bound sequences in the last common ancestor. This mechanism is
most efficient for transcription factors with short binding sequences, such as CEBPA
(binding motif logo shown on the left). From top to bottom, the examples in the diagram
exemplify the birth of CEBPA binding events from the ancestor sequence by a point
mutation, an insertion, or a genomic rearrangement with a different chromosome. B.
Repetitive element expansions. Expansion of repetitive sequences carrying binding motifs
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by transposable elements can give rise to numerous binding events across mammalian
genomes. This mechanism is especially relevant for transcriptional regulators such as CTCF,
whose long binding sequence cannot easily arise by genetic drift. The diagram depicts birth
of multiple CTCF binding sites through expansion of SINE transposable elements. The
central inset contains a partial B2 element sequence harbouring a high-affinity CTCF
binding event. C. Capture of ancient repeat events. In contrast to B, some repetitive
elements contain low affinity binding motifs that differ in a few key mutations from high-
affinity binding sequences. Once expanded throughout the genome by transposable
elements, these binding sequences can easily mutate to high-affinity binding events by
genetic drift. This mechanism is exemplified in the diagram for the transcriptional repressor
NRSF. The hERV family of transposons contains low-affinity, non-binding motifs for
NRSF89 that can be exapted as high-affinity binding sites upon a few key mutations.
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Cross-species ChIP-Seq studies in metazoans
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(Sub)phylum

Insecta

Vertebrata

Category Species Sample
D. melanogaster Whole embryo
D. yakuba

D. melanogaster
Transcription factors  D. simulans
D. yakuba Whole embryo
D. erecta
D. ananassae
D. pseudoobscura
D. melanogaster
D. simulans Whole embryo
D. yakuba
D. pseudoobscura
Human ES cells

Mouse

Human Primary hepatocytes

Mouse

Human Assorted tissues
Mouse
Human
Mouse
Dog Liver tissue
Opossum
Chicken
Human
Mouse Liver tissue
Dog
Transcription factors ~ Human ES cells

Mouse

Human Assorted cell lines
Mouse

Chicken

Human

Macaque

Mouse Liver tissue

Rat

Dog

Evolutionary distance (MY)

6-15

2.5-30

2.5-30

80

80

80

80-300

80

80

80-300

23-80
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Antibody
Bicoid
Hunchback
Krippel
Giant
Knirps
Caudal

Twist

CTCF

OCT4
NANOG
HNF4A
HNF1A
HNF6
FOXA2
E2F4

CEBPA

HNF4A

OCT4
NANOG
CTCF
CTCF

CTCF

Reported binding conservation
99-98%

94-86%

97%

99-97%

99.7-97%

98%

80-60%

85-30%

9.1%
13%
48-29%
32-7%
32-19%
32-15%
20%

14-2% (0.3% utrashared in all
five)

22-12%

2%

1.9%
16.7%
16.8-6.8%

60-38%
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(Sub)phylum

Category

Species Sample Evolutionary distance (MY)
M. musculus domesticus

M. castaneus Liver tissue 0.5-20

M. spretus

M. caroli

Rat

Human Primary lung fibroblasts 80

Mouse

Human Lymphoblastoid cell lines  6-23

Chimpanzee

Macaque

Histone marks Human Assortment of cell lines

Polymerases

Mouse 80

Human

Macaque Limb buds 23-80
Mouse

Human Immortalized B cell line 6
Chimpanzee

Human

Macaque

Mouse Liver tissue 23-80
Rat

Dog

Antibody

CEBPA

FOXA1

HNF4A

H3K4me3

H3K4me3

H3K4me3

H3K4mel

H3K27Ac

H3K27Ac

pol 11

pol 11

Reported binding conservation

74-29%

77-28%

74-28%

68-55%

69.5-63.2%

75-50%

40-30%

70-50%

79-40%

68%

52-23%
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