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Abstract
Nature is replete with examples of diverse cell types, tissues and body plans, forming very different creatures from
genomes with similar gene complements. However, while the genes and the structures of proteins they encode
can be highly conserved, the production of those proteins in specific cell types and at specific developmental time
points might differ considerably between species. A full understanding of the factors that orchestrate gene expres-
sion will be essential to fully understand evolutionary variety. Transcription factor (TF) proteins, which form gene
regulatory networks (GRNs) to act in cooperative or competitive partnerships to regulate gene expression, are
key components of these unique regulatory programs. Although manyTFs are conserved in structure and function,
certain classes of TFs display extensive levels of species diversity. In this review, we highlight families of TFs that
have expanded through gene duplication events to create species-unique repertoires in different evolutionary lin-
eages.We discuss how the hierarchical structures of GRNs allow for flexible small to large-scale phenotypic changes.
We survey evidence that explains how newly evolved TFs may be integrated into an existing GRN and howmolecular
changes in TFs might impact the GRNs. Finally, we review examples of traits that evolved due to lineage-specific
TFs and species differences in GRNs.
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LINEAGE-SPECIFIC EXPANSION
OF TRANSCRIPTION FACTOR
FAMILIES
The existence of complex multicellular organisms

presents us with a profound challenge: How, mech-

anistically, did they evolve from their single celled

precursors? What drives their continued diversifica-

tion? What underlies the ability to create a myriad of

cell types that interact and cooperate in countless

different ways? Answering these great puzzles will

require a focus on the issue of genome orchestra-

tion—that is, the mechanisms through which ini-

tially identical cells can generate the unique protein

and functional profiles that define different cell types.

Transcription factors (TFs) are key players in this

process, serving as early gatekeepers in the steps

that determine each cell’s unique protein comple-

ment. TFs therefore play critical roles in essentially

every function throughout development, from the

proliferation and differentiation of stem cells to the

maintenance of differentiated cells and tissues in the

adult organisms.

TFs typically cooperate to activate or repress the

expression of target genes, creating gene regulatory

networks (GRNs) that vary in identity in different

cells. Because they regulate fundamental processes,

TFs are often assumed to be highly conserved

across species. This is indeed the case for many of

the best-studied TF proteins [1]. However, certain

TFs—particularly those encoded by large and
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evolutionarily active gene families—provide dra-

matic exceptions to this general rule. Because of

their interconnectivity, small differences in the iden-

tity and interplay of TFs can have substantial impact

on GRNs. Therefore, although cis-regulatory muta-

tions clearly contribute in significant ways to species-

specific differences [2] alterations in the structure or

expression patterns of TF proteins are also likely to

be major determinants of evolution and biodiversity

[3]. In the discussion to follow, we focus on the

properties and evolutionary histories of TFs and on

studies that provide a basis for understanding the

potential role their variation plays in determining

GRNs and organismal phenotypes. We will use

the term ‘transcription factor’ to refer to proteins

that bind directly to DNA thereby affecting the

expression of target genes. We should point out

that transcriptional regulators, such as co-activators

or—repressors exist, that do not directly bind to

DNA but rather assemble to other TFs bound to

DNA.

An overview of TF family evolution
TFs act by binding to specific sites in genomic DNA,

typically in or near the genes whose expression

they control. Most TFs are composed of multiple

sub-structures or ‘domains’, each specialized to

make a different contribution to the TF’s overall

function. Most importantly, each TF contains one

or more specific type(s) of DNA-binding domain

(DBD) that determine(s) its recognition of specific

DNA target sequences. TF proteins can therefore

be usefully classified on the basis of DBD type.

Although TF numbers vary substantially from

genome to genome, the number of distinct DBD

types is relatively small, and most DBDs are ancient

[4]. For instance, ‘winged-helix’ and ‘zinc ribbon’

domains are found in all three of life’s superking-

doms (bacteria, archaea, eukarya). Other DBDs are

specific to certain evolutionary lineages; examples

include the ribbon–helix–helix domain (which is

specific to bacteria and archaea) and C2H2-ZNFs,

Homeobox box, and T-Box domains which are

found only in eukaryotic species (Figure 1). Within

the eukaryotes, TF families that are specific to, or

prevalent in, certain lineages can also be found. For

example, the glucocorticoid receptor-like DBD (a

domain of nuclear hormone receptors) is massively

expanded in Caenorhabditis elegans, the SRF like DBD

is almost exclusively found in plants, and ZN2/Cys6
zinc fingers are fungi-specific [4]. Unfortunately,

the incomplete annotation of TFs and DBDs in

most sequenced genomes prevents a full assessment

of their prevalence and evolutionary histories. In fact,

the complete repertoire of TF genes in the human

genome was only recently determined [5], and the

TF content of other deeply sequenced model organ-

isms is still not entirely known. Nevertheless, an

overall picture of TF gene structure, representation

and evolution can be gleaned from available EST and

genome sequence data.

Over the course of evolution, different types of

DBDs have partnered with other protein domains

to create new TFs with distinct functionalities.

C2H2-ZNF proteins, for instance, have partnered

with one or more KRAB domains in vertebrates,

which allows them to interact with the co-factor

KAP1 to recruit histone deactelylase complexes to

their target genes [6]. The basic helix–loop–helix

(bHLH) TFs provide a second example. Their

helix–loop–helix motif enables them to form

homo- or heterodimers, but some TFs of this class

have incorporated additional dimerization domains

that can inhibit partnering with other proteins [7].

By incorporating these types of protein interaction

domains, the TFs form new dimerization or ‘inter-

actome’ networks in which combined TFs, or TFs

and co-factors, determines target choice and regula-

tion [8].

Different types of these novel TFs have been

maintained and expanded into large gene families

in specific taxonomic orders. The pairing of

the C2H2-ZNF DBD with different types of

chromatin-interacting motifs provides an excellent

example. For instance, the combination of the

C2H2 domains with a ZAD motif is found only in

insects [9], proteins consisting of C2H2 partnered

with FAX motifs predominate in amphibians [10],

and the pairing of C2H2-ZNFs with a KRAB

domain dominates in vertebrate genomes [11].

In each of these three cases, once the successful

domain partnership was established, gene numbers

were expanded to create large families of similarly

structured genes.

Expansion of TF families
A substantial fraction of genes in every genome that

has been studied encode TF proteins, ranging from

�300 TF genes in E. coli to �2000 in the human

genome [5, 12]. The genomes of multi-cellular

organisms tend to have more TFs per gene [12],

suggesting more complex regulatory systems. This
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dramatic evolutionary increase in TF number cannot

yet be entirely reconstructed. However, it is clear

that most TF genes are members of gene families

that have expanded through DNA sequence dupli-

cation events of several different types.

In the history of vertebrate evolution, evidence

suggests that two whole-genome duplications

(WGD) took place [13, 14], each leading to an initial

complete doubling of all genomic information.

In some vertebrate lineages (for instance in certain

amphibians), further WGDs occurred, creating

multiploid species [15]. Subsequent deletions or

smaller-scale duplications, however, eliminated

many of the new gene copies or created additional

copies leading to very complicated family histories.

Segmental duplications (SDs), in which smaller seg-

ments of DNA are duplicated, and retrotransposi-

tion, in which DNA copies of processed gene

transcripts are inserted into the genome, have also

played roles in gene family expansions. SDs are

often generated in tandem, creating arrays of similar

genes that are concentrated in specific chromosome

regions [16]. Once generated, these tandem duplica-

tions provide templates for further duplication and

deletion events, via mechanisms involving illegiti-

mate recombination [16]. A recent study has demon-

strated accelerated rates of gene duplications and

deletions compared to nucleotide substitution in pri-

mates, suggesting that this mode of gene family

expansion and evolution may have been particular

important during human evolution [17].

Indeed, genes that reside in tandem SDs are fre-

quently lineage-specific, and many encode protein

functions that are known to be subject to positive

selection. Genes involved in immune defense, repro-

duction, intercellular communication, neural devel-

opment and transcription are particularly enriched

in families that have expanded through tandem

SD [18]. These families include genes encoding

immunoglobulin G receptors, protocadherins, Cyto-

chrome P450 enzymes, olfactory receptors, RAB,

PRAME, the primate-specific FAM90A protein

family, as well as the NANOG, homeobox (HOX)

and KRAB-ZNF families of TFs [19]. Some TFs

have been added to the human TF repertoire by

duplication during the last 35-40 million years

(Myr) of primate history including predicted

FOXD4-, STAT5-, TGIF2L-, RHOXF2- and

GTF2-like genes (Nowick et al., in preparation;

Table 1). One of the most prolific classes of

SD-borne gene families, which has also given rise

to a disproportionate large number of recently

evolved primate TF genes, encode proteins of the

KRAB-ZNF type [20].

An interesting question is if these recent gene

copies are functional. If complete open reading

frames including at least part of the regulatory ele-

ments are duplicated it is likely that the copy can be

translated into protein. Newly generated gene copies

are typically redundant, and in some cases the extra

gene dosage could be harmful to the organism. As a

result, most gene duplicates degenerate to become

pseudogenes within a few million years [21–23].

To escape elimination from the genome new genes

must therefore improve organismal fitness within a

very short period of evolutionary time. Therefore,

Figure 1: DBD repertoire in different taxa. The examples shown correspond to the largest mammalian domain
families. For bacteria and archaea, mean numbers are given. All metazoan genomes from which these data were
taken are completely sequenced with the exception of Ciona intestinalis, which is currently a draft assembly at 11�
coverage. Data are taken from Pfam, Superfamily and ref. [20]. Note that the scale of the x-axis corresponding to
the number of proteins of each type in different genomes varies between plots.
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gene copies can follow two general paths: they may

subfunctionalize (specialize in a subset of functions

performed by the ancestral gene), or they may even-

tually neofunctionalize (take on novel biological

roles).

A common path to functional divergence of

gene duplicates involves structural change in pro-

tein-coding sequence. For example, coding

sequences of about 10% of the lineage-specific dupli-

cates in the human genome show signs of positive

selection [24], indicating a drive for the evolution

of new protein functions in the duplicated genes.

In the case of TFs, new functions can be acquired

by changes in the DBD, which can alter the affinity

of the TF for DNA binding sequences. Another pos-

sibility is sequence divergence in the protein inter-

action domains, which can affect partnerships with

other TFs, cofactors, or chromatin modifying pro-

teins. Some types of TF genes give rise to alternative

splice forms that encode distinct domain composi-

tions, and gain or loss of splice sites in these genes can

generate isoforms that are unique to particular para-

logs [20] or to orthologous genes in different species

[25]. Like other types of gene duplicates, new copies

of TF genes can also gain or lose functional roles

through regulatory changes that alter either the pat-

tern or timing of their expression, translation or the

stability of RNA or protein in different tissues. Such

alterations in TF expression can substantially reshape

the GRNs in which that TF participates. These facts

raise the question: how are new or diverged TFs

integrated into existing GRNs and what are the

functional consequences of that integration for the

organism?

Different TF families appear to vary quite dramat-

ically in their inherent susceptibility to evolutionary

changes of all kinds. In mammalian genomes,

KRAB-ZNFs are on an exceptional evolutionary

‘fast lane’ that sets them apart from most other

TFs—and indeed most other types of genes. This

distinction can be seen clearly even in comparisons

between closely related species. For instance,

KRAB-ZNF genes exhibit particularly striking

copy number differences in different mammals [26,

27] and display substantial protein sequence diver-

gence even in comparisons between humans and

chimpanzees [26]. Our recent studies have confirmed

and extended these findings, providing specific

examples of species-specific changes in KRAB-

ZNF copy number, DBD-sequence divergence and

gene expression patterns between the two primate

species ([28, 29]; Nowick etal., in preparation). What

makes some TF families so much more flexible than

others? As we will discuss in the next sections, the

position of a TF in the GRN and its evolutionary

history dramatically influence it’s susceptibility to

change.

STRUCTURE, CHARACTERISTICS
ANDEVOLVABILITYOF GRNs
The ‘network’ structure of GRNs
Many different types of networks exist in natural and

manmade systems, ranging from the biological (e.g.

protein–protein interaction networks, GRNs and

metabolomic networks) to the technical (e.g. the

World Wide Web, citations of scientific publications,

or Facebook). The players (nodes) are different in

Table 1: Recently duplicated humanTFs

Class Number Name

KRAB-ZNF 54 PRDM7, PRDM9, ZFP112, ZKSCAN3, ZKSCAN4, ZNF100, ZNF135, ZNF181, ZNF208, ZNF254, ZNF28,
ZNF285A, ZNF286A, ZNF300, ZNF302, ZNF320, ZNF321, ZNF33A, ZNF33B, ZNF354A, ZNF354B,
ZNF37A, ZNF417, ZNF419, ZNF440, ZNF443, ZNF468, ZNF479, ZNF493, ZNF552, ZNF585A, ZNF585B,
ZNF587, ZNF600, ZNF611, ZNF658, ZNF676, ZNF679, ZNF688, ZNF69, ZNF705A, ZNF705D, ZNF705F,
ZNF720, ZNF733, ZNF734, ZNF738, ZNF761, ZNF765, ZNF773, ZNF799, ZNF845, ZNF98, ZNF99

other ZnF-C2H2 7 ZBTB12, ZC3H11A, ZNF322A, ZNF322B, ZNF834, ZXDA, ZXDB
Other 7 MLL3, PRKRIR, RHOXF2, RHOXF2B, TERF1, TGIF2LX, TGIF2LY
Forkhead 6 FOXD4, FOXD4L1, FOXD4L3, FOXD4L5, FOXD4L6, FOXO3
bHLH 3 GTF2H2,GTF2IRD2,GTF2IRD2B
Beta-scaffold-STAT 2 STAT5A, STAT5B
Beta-scaffold-HMG 2 HMG1L1, SP100

Locations of the complete set of humanTFs [5] were intersected with coordinates of recent segmental duplications in the human genome ([81];
http://humanparalogy.gs.washington.edu, 30 March 2007). OnlyTFs with an official gene symbol (HGNC symbol) are listed.
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each type of network, but many of these networks

have small-world characteristics, in that every node

is connected to every other node by only a

small number of links (or edges). This property is

commonly achieved by a small number of central

nodes (hubs) with many connections [30]. Networks

typically grow over time by adding nodes. Interest-

ingly new nodes seem to prefer to connect to nodes

that already have many connections [30] (e.g. pub-

lications that are already famous tend to be cited

more frequently by new ones).

The nodes in a GRN represent the genes coding

for TFs or TF target genes while the links indicate

the transcriptional regulation of the target by a

TF. Like many biological networks GRNs have a

hierarchical and modular organization (Figure 2).

Different scientific fields have developed their own

concepts and classification systems for the description

of network elements and focus on different aspects of

the networks. This section gives a brief overview of

these elements (without attempting to be complete)

to provide a basis for the discussion of the evolution-

ary outcome of molecular GRN changes in the

following section.

The field of network theory focuses, among other

issues, on the definition of patterns in a network and

mechanisms for network growth and topology

change. The investigation of different natural and

man-made networks has revealed that certain pat-

terns of connections between nodes occur more fre-

quent than expected by chance [31]. Such so-called

‘network motifs’ form the simplest building blocks

of networks and different types of networks are

characterized by certain sets of motifs. In GRNs

for example the feed forward loop and the bi-fan

motif are overrepresented [31]. Feed forward loops

consist of two TFs, one regulating the other and

both regulating the same target gene, and can func-

tion to accelerate or delay the gene regulation of the

target [32]. Bi-fan motifs are pairs of TFs that regu-

late the expression of two common target genes by

binding cooperatively to their promoters [33]. Larger

subsets of nodes and links are organized into mod-

ules. All modules then collectively constitute the

network. Modules can be thought of fulfilling one

function [34], but many modules are interconnected

and nested within each other [4].

In the field of transcriptional regulation, a higher

order structural classification for the hierarchy of TFs

in a GRN has been developed [34]. The model is

based on experimental evidence in yeast and

organizes TFs in a stratified nature of three distinct

layers: the top, core, and bottom layers. TFs within a

layer are highly interconnected and share similar

properties. While the TFs of the different layers reg-

ulate distinct sets of targets genes, the three layers are

also connected by a central skeleton, a feed-forward

structure that utilizes the TFs of the top layer to

regulate TFs of the core layer, and TFs of the core

layer to regulate TFs of the bottom layer. The core

layer is characterized by the highest number of TFs

and hubs and is important for signal propagation

for the regulation of almost all targets. Another

study on TF networks in yeast demonstrated that

bi-fan motifs typically form extended structures,

bi-fan arrays, in which the TF pair regulates a large

number of common targets [33]. One major source

for the evolution of these bi-fan arrays are TF dupli-

cations [33].

Figure 2: Schematics of a GRN. Illustration of a typi-
cal GRN structure. The nodes represent TFs (orange,
large circles) and their targets (blue, small circles). The
links represent the regulation of target genes by TFs,
indicated by the direction of the arrow. Links between
TFs are shown in bold. TFs usually regulate multiple
target genes and targets can be regulated by several
TFs. Examples for a feed-forward loop (left) and for a
bi-fan motif (right) are shown by black-green double
arrows. Nodes with many links are called hubs.
Subsets of highly interconnected nodes form distinct
but interconnected network modules (shaded). GRNs
are hierarchically organized. Tiers are labeled according
to the different concepts used in the text.Top layer, ker-
nels or initial TFs affect most other modules in the net-
work and are often involved in initiating certain
functions or pathways. Bottom layer, differentiation bat-
teries, or terminal TFs act more downstream and usu-
ally function in differentiation programs.

Lineage-specificTFs and evolution of GRNs 69



Developmental biologists have proposed a con-

cept that concentrates on the aspect of the timely

order of events in developmental pathways. In this

system modules are classified as kernels, plug-ins,

input-output switches and differentiation batteries

[35]. Modules can be thought of fulfilling one spe-

cific function [36]. Kernels are the initial modules of

the network that impact most other parts of the net-

work. They are, for instance, involved in the initia-

tion of the development of certain body parts. In

contrast, differentiation batteries may play a role in

terminal steps of the differentiation of body parts and

do generally not affect other parts of the network.

Further, the concept of ‘terminal selector genes’ (ter-

minal TFs) and ‘terminal selector motifs’ (referring

to cis-regulatory motifs) has been suggested [37].

These terminal features represent the distal ends of

a developmental network that determines, for

instance, the exact identity of a neuron during the

post-mitotic differentiation step.

Interactions in networks can be directional: links

going into a node are called incoming edges, while

links going out of a node are referred to as outgoing

edges. Some TFs (‘hub TFs’) are characterized by a

relatively high number of outgoing but a smaller

number of incoming edges. This property reflects

the fact that these TFs regulate a large number of

targets but are themselves regulated by only a small

number of other TFs. For instance in the yeast

GRN, <5 TFs regulate 93% of all target genes

[38]. Other TFs, which regulate fewer targets,

serve as ‘fine tuners’. Target genes can possess a

few to many incoming links. The sum of the incom-

ing edges on a target gene defines the combinatorial

effect of TFs on the target’s overall regulation.

Another important aspect of biological networks

is their dynamics. In a given network, the activity of

and the connections between nodes can be quickly

adjusted if conditions change. This has been demon-

strated nicely for the yeast GRN [39]. While some

TFs were expressed in all five of the conditions

investigated in this study, about half of the TFs in

this network were uniquely expressed in only one

condition. Moreover, depending on the conditions,

extensive rewiring took place so that only 10% of the

links (‘hot links’, mostly regulating house keeping

functions) were found active in all conditions. The

authors showed further that endogenous processes,

such as cell cycle or sporulation, are regulated in a

more complex way, involving more cross-talk and

feed forward loops between the TFs. Processes in

response to external stimuli, such as stress response,

on the other hand are optimized for speed. In these

pathways, the GRN changes such that each target is

regulated by a smaller number of TFs, which trans-

mit their regulatory signals more directly with fewer

intermediate regulators [39].

In addition to these short-term network changes,

biological networks can further change over longer

evolutionary time periods. A comparison of GRNs

across different prokaryotes revealed that TFs are less

conserved than their targets and that lineage-specific

TFs are constantly added to form species-specific

GRNs [40]. Both, phylogenetic distance and similar-

ity in the lifestyle of the organisms determine how

similar the networks are between the species [40]. A

detailed discussion of evolutionary changes in net-

work structure will follow in the next chapters.

However, we wish to emphasize that in the context

of GRNs TFs can fulfill different functions depend-

ing on the conditions, and that TFs that serve as hubs

in one condition might not be hubs in another.

Hierarchical structure of a network
increases adaptability
The hierarchical organization of GRNs predicts dis-

tinct classes of mutational outcomes. Mutations of

the most central players (e.g. hub or core TFs) and

of initial modules (e.g. kernels or top TFs), are

expected to have the most dramatic impact because

they influence many other genes in the network [30,

35]. Computational modeling supports this predic-

tion, and bolsters the inference that hub TFs evolve

more slowly because their mutation tends to disrupt

critical features of the network [41]. In agreement

with these findings, core and ‘top-layer’ TFs are gen-

erally more highly conserved [34] and the removal of

hub genes from the yeast network is often lethal [42].

In metazoans, mutations in kernel TFs, are typically

highly consequential and often lethal [35]. These

observations explain why kernels are highly con-

served between species and metazoans have broadly

similar body plans [35].

However, if mutations in hub TFs are not detri-

mental, they can serve as drivers of species differ-

ences. This was nicely demonstrated by Crombach

and Hogeweg [43] by computational modeling of

digitally simulated organisms. Starting with reason-

able assumptions about network behavior they

showed that hub genes, or genes with direct input

to a hub, act as ‘evolutionary sensors’, and that dupli-

cations or deletions of those genes can impact the
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GRN substantially, allowing the digital organisms to

adapt to a changing environment. Further, compar-

isons between orthologous TFs in two yeast species

demonstrated that TFs with high connectivity or

‘betweenness’ (which is an indicator of a central loca-

tion in the network) have higher dN/dS values [44],

pointing to positively selected change in central net-

work nodes. In another study, higher variability in

gene expression levels were observed for top-layer

TFs compared to their counterparts in the core or

bottom layers between individual yeasts and inter-

preted as favorable for triggering phenotypic adapta-

tions (27).

While the importance of hub TFs seems intuitive

and has been supported by several studies (as dis-

cussed above) this view has been challenged by a

study by Evangelisti and Wagner [45]. These authors

compared the frequency of different types of changes

between highly connected TFs and sparsely con-

nected TFs in yeast. They observed no differences

in dN/dS values or duplication rates of the TFs, nor

differences in the duplication rate of the TF’s target

genes, arguing that the network is not more sensitive

to changes in highly connected TFs. Another study

compared GRNs across different prokaryotes and

found no correlation between the degree of connec-

tiveness of a TF and its conservation [40]. Therefore,

these concepts remain a matter of intense debate, and

worthy subjects of further experimentation.

In contrast to hubs, mutations in TFs with fewer

connections or involved in terminal differentiation

processes, can be predicted to have more subtle

effects because they do not affect other modules

[35]. Loss or gain of a terminal TF could lead, for

instance, to loss of a specific neuron-type or the evo-

lution of a novel one, but would unlikely compro-

mise other viable functions of the organism [37].

Such changes appear to occur more frequently than

changes in central or initial network components and

can also be a source for individual or species differ-

ences. For example, when genes of the olfactory

pathways were compared between three worm spe-

cies, developmental TFs showed the highest diversity

and divergence [46].

Do orthologous TFs regulate orthologous targets?

Studies in yeast, worm and fly suggest that they do, if

sequence similarity is high [42]. Despite this fact,

GRNs of distant taxa can differ dramatically. For

example, a recent analysis of gene co-expression net-

works in humans and mice revealed that only the

global aspects of network architecture are conserved

between these species [47]. Less than 10% of

co-expressed gene pairs are shared between the

human and mouse network, and genes that are

hubs in one species are not necessarily hubs in the

other [47]. This dramatic flux in the co-expressed

gene sets that make up local network features

could not occur without extensive changes in net-

work integration. Altered network integration has

even been observed between orthologous human

and chimpanzee genes [48] and TFs [29] in brain

co-expression networks.

The hierarchical organization of the GRN there-

fore allows for both drastic and subtle phenotypic

changes via modification of central and terminal

TFs, respectively. But, has this organization evolved

by natural selection or is it simply a by-product of

the mechanisms by which networks grow and

change? Models based on the simple reasonable

assumptions that duplications are the major force

for network growth and that divergence of dupli-

cated genes leads to re-wiring, have demonstrated

that modules and hubs can emerge spontaneously

from these simple dynamical rules alone [49].

However, no matter which forces underlie network

architecture, GRN evolvability seems to benefit

from it [49]. Furthermore, it is not the identity,

but the position of a TF in the network that is the

main determinant of its effects on the organism.

While many changes might be neutral and have no

affect on the GRN, a few small changes in a

top-layer or hub TF might completely alter GRN

architecture and possibly lead to speciation as at least

one modeling study has shown [50]. Or, as Oliveri

and Davidson [36] put it: TFs are in principle inter-

changeable, the architecture of their connections in

the network is the critical issue for function.

IMPACTOFMOLECULAR
CHANGESONGRNs
Types of molecular changes
Different molecular changes affect network structure

in different ways (Figure 3). It is typically assumed

that a duplicated TF initially inherits all links of its

parent TF which will lead to a stronger regulation of

all the target genes. Deletion of a TF interrupts the

transcriptional regulation of downstream genes by

this TF. Protein sequence changes in a TF (trans)
can be consequential for all genes regulated by this

TF. In contrast, a sequence change in the promoter

of a target gene (cis) affects only the link between the
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TF and this target. Expression change of a TF (caused

by cis change in its promoter or trans change upstream

of this TF) can in turn alter the expression of all its

target genes.

However, since genes are typically regulated by

the combinatoric effect of several TFs [51], in most

cases the outcome of a TF change of any type will be

an altered instead of a complete breakdown of the

regulation of downstream genes. Genes regulated by

many other TFs are expected to be less affected than

genes regulated by a fewer number of TFs. GRNs

may be particularly sensitive to hub TF mutations,

since any change in the balance between cooperating

and competing TFs could affect the expression of

hundreds of downstream target genes.

Although there are many examples of TFs with

deeply conserved expression patterns, changed tim-

ing, levels, or location of TF gene expression are

clearly linked to morphology differences between

species. For example, variation in the onset and

amplitude of BMP4 expression is one of the major

determinants of beak morphology in Darwin finches

and other birds [52, 53]. Another dramatic example

is provided by the varied Pitx1 gene expression on

pelvic development in three-spined sticklebacks and

other vertebrate species [54]. Many other examples

support the importance of subtle changes of TF

gene expression on the evolution of morphological

traits [2].
Another level of complexity in gene regulation is

added by the fact that TFs can dimerize via interac-

tion domains. TF families that frequently form

homo- or heterodimers to bind DNA include the

bHLH, bZIP, and nuclear receptors (NRs) [8].

Gene duplication events have added family members

to each of these groups in different taxa. Subsequent

divergence of the paralogs by loss or gain of interac-

tion domains, as well as the evolution of new alter-

native splice forms that include (or miss) specific

interaction domains have altered the ability of the

proteins to dimerize with different partners [8]. For

example, the protein SHP is one of the hubs in

the NR interactome network. SHP is a member

of the NR family but has lost its DBD, and SHP-

containing dimers are therefore not able to bind to

DNA. In this way, SHP has evolved as a negative

switch that can shut down gene regulation by the

NR interactome network [55]. Similar mechanisms

to quickly interfere with gene regulation if condi-

tions change have been postulated for the bHLH

interactome network [7].

Network growth and integration of
newTFs into existing networks
As outlined above, some TF families have expanded

by gene duplication events throughout evolution, or

specifically in certain lineages. These duplications

play a major role in network growth [56] and con-

tribute significantly to species-specific topologies of

the network [40]. How are these novel TFs inte-

grated into an existing network? Since the new

‘daughter’ TF inherits all of the parent’s interactions,

daughters of TFs with many connections are more

likely to have many connections as well. In yeast and

Escherichia coli more than two-thirds of the TFs have

at least one target in common with their paralog

Figure 3: Predicted impact of molecular changes on
GRN.Variations of a simple model of a network consist-
ing of two TFs (orange/red/yellow, large circles), four
target genes (blue/green/gray, small circles) and their
interactions (black arrows). (A) Putative ancestral
GRN. (B) Duplication of a TF. NewTF inherits all links
of parent TF which leads to a stronger regulation of
the target genes. (C) Deletion of a TF. Two targets of
this TF are not regulated anymore, while the third
target is now only regulated by the other TF. (D)
Protein sequence change in a TF (trans). Regulation of
all targets is changed and can be stronger or weaker.
Targets also regulated by other TFs are less affected.
(E) Sequence change in the promoter of one target
gene (cis). Only the link between theTF and this target
is affected and leads to different regulation. (F)
Expression change of one TF (caused by cis change in
its promoter or trans change upstream of this TF).
Expression of all target genes is affected. The effect on
targets regulated also by otherTFs is smaller.
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[56]. However, for most duplicated genes, the dupli-

cation event is followed by a period of rapid DNA

sequence [24] and gene expression divergence [57].

In fact, it has been shown computationally that,

starting from two connected nodes, these two basic

assumptions—gene duplication and divergence—are

sufficient to produce networks with very similar char-

acteristics to real biological networks (Duplication–

Divergence model [58]).

Duplications can range from small-scale (encom-

passing single genes), over SDs (encompassing geno-

mic regions up to several megabases) to whole

genome duplications. The fate of the duplicated

gene seems to depend, at least partially, on the

type of duplication through which it was created

[59] and on its functional class [60, 61]. While

genes created by small scale or SD need to be selec-

tively advantageous for the organism to become

fixed in the population, and functionally diverge

for both parent and daughter copies to be preserved,

genes created by WGD duplications must survive

rearrangements and gene loss rather than be fixed

as an individual gene [59]. Due to these distinct char-

acteristics of the two different duplication modes, it

can be predicted that functional groups of genes

might differ in their preference for one or the

other duplication mode. For example, dosage-

sensitive genes and genes that encode members of

protein complexes are unlikely to get fixed after

SD [59]. Accordingly, TFs were significantly under-

represented among SD genes in yeast [59, 60]. In

contrast to this finding, our recent studies demon-

strated that one family of TFs, KRAB-ZNFs are

overrepresented in SDs in the human genome

(Table 1; Nowick et al., manuscript in preparation).

These findings suggest that KRAB-ZNFs have prop-

erties that distinguish them from the bulk of TF

genes; for example, it seems likely that proteins of

this type may be able to bind DNA targets without

the need to partner with other, stabilizing TFs.

While still speculative, this possibility is supported

by the fact that most proteins of this class have

long DBDs and, in cases where target genes

are known, exceptionally long DNA recognition

sequences [20].

The different modes of duplications further differ

in their evolutionary impact on the GRN. In case of

WGD, the complete GRNs with all of their genes

and links are duplicated. In general, it was observed

in yeast that WGD paralogs more frequently than SD

paralogs share the same interaction partners [60]. On

the other hand, WGD paralogs share fewer TF bind-

ing sites and diverge more quickly in expression pat-

tern [60, 62]. The WGD that occurred in yeast about

100 million years ago, was followed by extensive

rewiring of the daughter GRNs that gave rise to

two relatively independent sub-networks with dif-

ferent functionalities [63]. The duplicated modules

typically show evidence of subfunctionalization, or

a ‘division of labor’, rather than behaving as redun-

dant copies. For example, one daughter pathway

may react under high glucose while the other one

operates under low glucose levels [63]. Additional

examples of such functional innovations are

described in the following chapter.

Small scale duplications may include a gene with

only an incomplete set of regulatory sequences, or can

be dispersed in that the paralog locates to a different

genomic location. Consequently, such paralogs fre-

quently demonstrate different expression patterns

than parental genes [61]. Rapid expression divergence

of genes duplicated by such small-scale events has

been found in several taxonomic groups. For

instance, it has been demonstrated that recently gen-

erated paralogs diverge quickly in their expression

patterns in human tissues, presumably gaining and

losing co-expressed partners during this process [64].

This study also found that one gene copy was typi-

cally distinguished by many connections, while the

other paralog had only a few. Because loss of function

is more likely than gain, it can be presumed that this

pattern usually reflects the loss of connections by one

paralog. In yeast and flies, duplicated genes have been

observed to change more often in expression between

species compared to single copy genes [57] and

lineage-specific duplications are thought to contrib-

ute disproportionately to expression divergence

between human and mouse [57].

Recent studies on KRAB-ZNF genes provide

examples for rapid sequence divergence of TFs

([28, 65]; Nowick et al., manuscript in preparation).

These genes, that primarily duplicate within SDs also

diverge rapidly in expression patterns and therefore

represent an exception to the general rule mentioned

above. We have shown that KRAB-ZNFs located

in neighboring positions within genomic clusters

(typically, tandemly duplicated paralogs) display

different expression patterns in human tissues ([20];

but see [66, 67]) and even recently duplicated

KRAB-ZNF gene copies can display distinct expres-

sion patterns (Nowick et al., manuscript in prepara-

tion). We have also demonstrated that the most
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recently duplicated human KRAB-ZNFs (generated

during the last 35–40 million years) show signs of

positive selection, specifically in the DNA binding

domains ([28, 68], Nowick et al., manuscript in prep-

aration). These sequence variations predict that some

parent and recent daughter genes encode proteins

with distinctly different DBDs, and therefore very

likely have different network connections.

Evolutionary rates of duplicated genes also

depend on their interaction partners. If both paralogs

interact with the same proteins via the same binding

domain in the other protein (the same interface),

their interactions are mutually exclusive. In this

case, paralogs often evolve different expression pat-

terns, or they acquire sequence changes to gain new

interaction partners [69]. On the other hand, pro-

teins that can interact with multiple proteins at the

same time (multi-interface) typically evolve more

slowly [69].

EXAMPLES OF PHENOTYPIC
CHANGES DRIVEN BY TFAND
GRNCHANGES
Analysis of species differences at a system biology

level (e.g. GRN-based analysis), is still a new endea-

vor. However, system-level approaches will be

essential to understanding how changes in DNA

sequence or gene expression patterns contribute to

the process through which new species evolve and

how changes in the transcription factor repertoire

might translate into species-specific biology. In the

following sections, we discuss examples for the evo-

lution of species differences due to TF duplication

and GRN changes.

New traits originating fromTF
duplication
The role that gene duplication can play in the evo-

lution of new traits is nicely illustrated by recent

studies of the fate of duplicate copies of the TF,

Runt. The network connection between Runt and

hedgehog existed in the common ancestor of cepha-

lochordates and vertebrates and is important for

cartilage formation. The duplication of Runt
and acquisition of new network partners of this

new gene copy early during vertebrate evolution

opened the door for development of teeth and skel-

eton in fish and tetrapods [70].

Both sub- and neofunctionalization are seen in

recently duplicated members of the nuclear hormone

receptor family of TFs [71]. One example is the

mineralocorticoid receptor (MR, encoded by the

gene NR3C2) and the glucocorticoid receptor

(GC, NR3C1), which originated by duplication

from an ancestral corticoid receptor �450 million

years ago. The ancestral receptor can be activated

by the hormones aldosterone and cortisol. It can be

shown that a few protein sequence mutations in GC

resulted in loss of its sensitivity to aldosterone, giving

rise to a cortisol-specific receptor. Interestingly, MR

has a strong preference for the tetrapod-specific hor-

mone aldosterone that was not around at the time of

the ancestral corticoid receptor. This indicates that

once aldosterone evolved it co-opted the old recep-

tor into a new functional partnership that controls

electrolyte homeostasis.

Although it involved a study of protein–protein

interaction networks and not a GRN, another inter-

esting example involves the evolution of the apop-

tosis pathway. Mining existing eukaryotic genomes

for orthologous genes, Castro and colleagues [72]

tracked the origin of the human apoptosis pathway.

They make a compelling case for the recruitment of

BCL2 and the caspase gene family from evolutiona-

rily older DNA repair and chromosome stability

pathways around the time of origin of metazoa. In

this way, a pathway was born that allowed multi-

cellular organisms to eliminate damaged cells that

threaten the health of the organism. Lineage-specific

duplications then added individual genes creating

increasing complexity and species diversity in the

apoptosis pathway. This study provides an exemplary

model for future studies to investigate the evolution

of other pathways.

Species differences in GRNwiring
The so-called ‘micromer’ cells, which form the larval

skeleton of sea urchins, provide an example of the

origin of a new cell type. These cells form a meso-

dermal cell lineage that is unique to sea urchin larvae,

but they are also involved in endomesoderm speci-

fication. How then, do other echinoderms without

micromere cells form endo- and mesoderm? A com-

parison of the GRN responsible for endomesoderm

specification in sea urchin and sea star reveals that

even though the same TFs are involved, extensive

re-wiring has taken place [73]. For example in sea

urchin, the TF, Tbrain, is exclusively expressed in

micromeres, while in sea star it is expressed in the

endomesoderm. The Otxb1/2 promoter has under-

gone sequence changes between the two species and
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is regulated by Tbrain in sea urchin but by Blimp1 in

sea star. In the sea urchin, FoxA represses mesoderm

formation, whereas in sea star, this function is ful-

filled by GataE. These TFs were already in place in

the ancestor of both species, but have been co-opted

to fulfill the same function in different developmen-

tal contexts.

In the last case discussed, closely related species

changed the way TFs are wired into GRNs in

order to achieve similar developmental outcomes,

but such changes can also generate the kinds of

phenotypic differences that distinguish species.

For example, while many components of the

GRN necessary for embryonic stem cell differentia-

tion are conserved between humans and mouse,

the WNT and BMP pathways show species-specific

differences [74]. Differences in the identity of

co-expressed genes, (which point to altered TF

interactions), support the inference that the WNT

pathway is involved in maintenance of pluripotency

and stem cell differentiation in mouse, while the

human WNT pathway contributes more strongly

to the differentiation of these cells. Similarly,

mouse BMP is necessary for maintenance of pluri-

potency, while human BMP induces trophoecto-

derm differentiation. Pluripotency in human stem

cells is in turn maintained through signaling of

ACTIVIN/NODAL.

Important clues to network evolution can be

gleaned from the comparison of homologous

GRNs in closely related species. For example,

differences in modules of co-expression networks

between humans and chimpanzees have been iden-

tified in several brain regions [29, 48]. Interestingly,

consistent with the different evolutionary histories of

the brain regions examined, the largest number of

differences in connections between the human and

chimpanzee modules were found in the cerebral

cortex, while other brain areas were more similar

between both species [48]. Prominent among the

genes that have gained connections in the human

compared to the chimpanzee prefrontal cortex net-

work are genes that influence energy metabolism

[48]. Our recent study has linked a specific TF

module to the upregulation of brain energy metab-

olism genes in humans [29]. This module is enriched

for recently duplicated KRAB-ZNF genes, raising

the intriguing possibility that the newly evolved

TFs reshaped the primate GRN in a way that sup-

ported increased energy metabolism in the human

prefrontal cortex. These findings are especially

interesting in the light of the exceptional energy

demands of the larger human brain [75, 76] and

the critical role that the prefrontal cortex plays in

behaviors and skills that are especially developed in

humans.

Differences in GRN modules can also define dif-

ferences between related cell types in the same spe-

cies. The differentiation into different neuronal cell

types, e.g. of the 118 anatomically defined classes of

neurons in C. elegans, is probably determined by sim-

ilar but cell type-specific modules of very simple

structure and logic [37]. Similarly, Winden et al.
[77] suggest that cell diversity, for instance differ-

ences between major cell types in the human

brain, astrocytes, microglia, oligodendrocytes and

GABAergic and glutamatergic neurons, is achieved

by several quantitative, continuous characteristics

like the expression ratio of co-expressed genes.

Differences in hub genes have been characterized as

the most important factors for this cell type determi-

nation. It is likely that similar mechanisms support

the differentiation other cell types. It is easy to imag-

ine that the modular structure of GRNs makes it

relatively easy to incorporate new lineage-specific

TFs with the potential of altering or creating new

cell types, and enabling diversity, for example of

neuronal subtypes, immune system cell types and

novel cell–cell interactions. The rapidly evolving

KRAB-ZNF genes, many of which are expressed

in immune and neuronal cells [20], are excellent

candidate TFs that could play key roles in shaping

cell-type diversity in these systems.

CONCLUSIONS
Ultimately, the phenotypic consequences of changes

in TF genes can only be understood in the context of

regulatory networks. Due to the complex architec-

ture and dynamics of GRNs, there is no simple map-

ping from genome to phenotype. A network change

can be either drastic or imperceptible, depending

on the nature of the change and the position of

the TF within the network. While the hubs and

kernels of GRNs are usually relatively conserved,

terminal genes and differentiation batteries are evo-

lution’s playground. It seems likely that the most

rapidly evolving classes of TFs, like the KRAB-

ZNF family in mammals [20, 65], the ZAD-ZNF

family in insects [9, 78] and the nuclear receptor

family in nematodes [4], all of which have experi-

enced extensive expansion, pruning and divergence
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during the course of evolution, perform critical but

flexible roles at the periphery of regulatory networks.

Many studies have demonstrated a surprising lack

of conservation of network links across species [29].

Are these links indeed species-specific links or arti-

facts? The functional importance of any given link in

a GRN is difficult to determine, and it is often hard

to infer how many nodes or links could be removed

before a GRN would break down. Just as most

mutations leading to protein sequence [79] and

gene expression [80] changes are neutral or nearly

neutral, it may turn out that most mutations affecting

network structure are also neutral. In the future it

will be necessary to develop statistical instruments

that can detect positive or negative selection on net-

work links. But progress will also depend on

improved annotation of TF genes in a larger

number of species, together with high-throughput

experimental methods to determine their target

genes, partnerships, competitions, as well as their

expression and variation between species.

Progress on each of these fronts will bolster our

understanding of the functions of each player in a

given GRN, and allow us to develop and test

improved models of network structure and function

that will illuminate the connections between evolu-

tionary changes in biological networks and species-

specific biology.
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