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Abstract. Gene expression is a complex process that is essen-
tial to living organisms. Gene expression plays the important
role of converting information that is encoded in a gene into
a functional product. The primary regulators of gene expres-
sion are transcription factors (TFs). TFs are proteins that can
bind specific DNA sequences and regulate gene expression.
Their evolution is influenced by a large number of factors,
including epigenetic mechanisms, gene regulatory elements
and molecular cofactors. These molecular mediators, along
with transcription factors, form a network that governs gene
expression. Elucidating the mechanisms through which TFs
have evolved and how they influence the evolution of other
regulatory molecules can provide information on organism
evolution and on the development of phenotypic variations.
The aim of this review article was to provide a summary of the
current literature on transcription factor evolution, function
and how such evolution has played an important role in the
emergence of complex organisms.
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1. Introduction

Understanding evolution requires the elucidation of the
mechanisms through which phenotypic variation is generated
and its subsequent consequences. In early studies of genetics,
genes were considered as trait-causing elements that are
linearly arrayed on chromosomes (1). Extensive studies on
developmental biology, though, have implied that a variety of
elements control the actions of genes, and these actions can
subsequently be altered (2,3). It is now accepted that various
elements regulate the actions of genes and, subsequently,
phenotypic variation. Therefore, the manner in which gene
information is expressed has become an important scientific
topic. Gene expression is defined as a process through which
the information encoded in a gene is used to direct the
synthesis of a functional gene product (4). As a process, it
may explain why organisms containing mostly the same DNA
exhibit different cell types and functions (5). Gene expres-
sion is an intricate process and involves the coordination of
multiple dynamic events, which are subject to multi-level regu-
lation (6). Those regulatory levels include the transcriptional
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level, the post-transcriptional level, the translational level and
the post-translational level. Regulating gene expression is
crucial in living organisms (7). Gene regulation is essential in
cellular differentiation in multicellular organisms, since it can
contribute to the function and the structure of a specific cell,
and is an integral part of organism development (4).

All of the above prove that apart from inherited genetic
information, cell function and structure are influenced by
information that is not encoded in the DNA sequence. This
information has also been termed epigenetic information (5).
Epigenetics is defined as both heritable alterations in gene
activity and expression and also stable, long-term alterations
in the transcriptional potential of a cell that may not be heri-
table (8). Epigenetics comprises of a number of mechanisms,
which include DNA methylation, histone modification,
post-translation modifications, chromatin remodeling and
various forms of regulatory RNA molecules. These mecha-
nisms seem to influence gene expression (5).

Gene transcriptional regulation is a fundamental part
of both tissue-specific gene expression and gene activity in
response to stimuli (9). The main regulators of gene tran-
scription are transcription factors (TFs). TFs are defined as
proteins that can bind specific DNA sequences to control
transcription (10). Each cellular life form follows different
strategies for the initiation and regulation of transcription.
Prokaryotes use a single RNA polymerase, while eukaryotes
exhibit multiple specialized RNA polymerases (11). Bacteria
have two distinct mechanisms for the initiation of transcrip-
tion, the promoter-centric mechanism, in which specific
TFs interact with the promoter in order to alter its ability to
bind RNA polymerase or RNA-centric mechanism, in which
TFs interact with RNA in order to alter its promoter prefer-
ence (12). In eukaryotes, a number of TFs interact with their
cognate DNA motifs and recruit transcriptional cofactors to
alter the chromatin environment. These TFs can also facili-
tate the assembly of a pre-initiation complex (PIC), which is
composed of general TFs (GTFs) and RNA polymerase II (13).
Lastly, the archaea transcriptional mechanism can be summa-
rized as a simplified version of the eukaryotic transcriptional
mechanism (14). Archaea feature a transcriptional apparatus
that includes additional RNA polymerase subunits and basal
TFs that direct transcription initiation and elongation. TFs in
the case of archaea recruit the RNA polymerase to the specific
DNA domain.

The above underline the importance of TFs in both the
initiation and regulation of gene transcription. The activation
of TFs is quite complex and may involve multiple intracellular
transduction pathways or direct activation through specific
molecules that bind, known as ligands (15). TFs mostly regu-
late gene activity by binding to specific short DNA base pair
patterns termed motifs or cis-regulatory elements (CREs) in
upstream, intron, or downstream regions of target genes. They
can also act by interacting with other genomic locations that
may be distant to the primary DNA sequence (16). These
are defined as gene regulatory regions. (17) CREs include
promoters and sequences called enhancers in cases of tran-
scriptional activation and silencers in cases of transcriptional
repression (18). The specific domain TFs have that can bind
DNA is termed DNA binding domain (DBD). TFs use a variety
of DNA-binding structural motifs to recognize their target

sequences, which include homeodomain (HD), helix-turn-helix
(HTH) and high-mobility group box (HMG). Such DBDs can
be used to classify TFs. The interaction between DNA and TFs
goes beyond the structural and sequence level since several
other factors participate in the process, such as the influence
of cofactors, epigenetic modifications and the cooperative
binding of other TFs (19). Thus, gene regulation involves a
large number of molecular mechanisms. Therefore, an in-depth
examination of the evolution of TFs, which takes into account
the interaction with all the molecular factors mentioned above,
and the manner through which TFs influence the evolution of
other molecular mediators, is essential to the understanding of
organism evolution.

2. Transcription factor evolution amongst life domains

TF function involves two basic features: i) The ability to
recognize and bind short, specific sequences of DNA within
regulatory regions; and ii) the ability to recruit or bind proteins
that participate in transcriptional regulation (20). Consequently,
the evolution of TFs mainly depends on alterations in binding
sites, binding partners and expression patterns (10). Moreover, as
an integral part of gene expression, they are closely related to the
evolution of epigenetic mechanisms (5). The current literature on
TF evolution provides a broad range of information. Firstly, gene
duplication and gene loss as crucial drivers of evolution (21,22)
are subsequently important drivers of TF evolution. Regardless
of organism complexity, they are present in all domains of life.
Duplication and deletion can influence transcriptional regula-
tory networks by increasing or reducing the number of TFs with
specific binding preferences (23,24). Following the duplica-
tion of a TF gene, the two resulting gene copies are likely the
same. Since they share the same sequence, including the DBD
sequence, they bind to the same target genes. Ensuing muta-
tions in the DNA binding domain sequence can lead to one of
the TF copies to switch to regulating different target genes. On
a more lineage-specific level, TFs display several differences.
Although the basal transcription machinery has long been
considered universally conserved, it is currently accepted that it
too diversifies during evolution. The size and subunit composi-
tion of the basal transcription machinery increase highly during
evolution, consisting of roughly 6 subunits in bacteria, up to
15 in the archaea, and a large number in eukaryotes, which
have at least 3 different RNA polymerases (25). Significant
differences are apparent between prokaryotes and eukaryotes.
Firstly, some DBDs are specific to evolutionary lineages;
e.g., the ribbon-helix-helix domain is specific to bacteria and
archaea while C2H2-ZNfs, Homeobox box, and T-box domains
are specific to eukaryotes (26). Moreover, eukaryotic TFs are
relatively longer than other eukaryotic proteins with a different
function, while this association is reversed in prokaryotes. This
phenomenon may be due to the fact that eukaryotic TFs have a
number of long intrinsic disordered segments that are needed to
leverage the formation of a multi-protein transcription protein
complex (27). Another characteristic specific to eukaryotes are
the repeats of the same DBD family in one polypeptide chain.
This characteristic may be the result of a mechanism eukary-
otes use that increases the length and diversity of DNA binding
recognition sequences using a limited number of DNA binding
domain families (27).
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3. cis-Regulatory elements

Changes in CREs may influence TF evolution and function
and vice versa (28,29). TFs can bind a single DNA binding
site or full promoter/enhancer/silencer regions that feature
multiple binding sites. Several factors seem to affect the evolu-
tion, emergence, disappearance and function of CREs. These
factors include insertion and deletion mutational mechanisms,
slippage processes, tje large rearrangement of promoter
regions, co-operation amongst TFs and the existence of initial
sequence distributions that are biased towards the muta-
tional neighborhood of strongly binding sequences (30,31).
Insertion and deletion mutational mechanisms can lead to the
slow emergence of binding sites out of a random sequence,
while factors that accelerate these processes may include
the already sufficient genomic sequence from which sites
can evolve and the possible co-operativity between adjacent
TFs (30). Furthermore, since the interaction of TFs' with TF
binding sites is integral in gene regulation, a mutation in either
TF or binding site hinders that interaction and may lead to
dysfunctional gene expression. Therefore, in order to maintain
proper gene expression levels, TF evolution and CREs evolu-
tion are closely intertwined (32). They specifically bear a
co-evolutionary association, where in order to sustain proper
interaction, a mutation in one interacting partner could be
compensated by a corresponding mutation in its' interacting
partner during the course of evolution (32).

4. Co-operation among transcription factors

Although prokaryote individual TFs can recognize long
DNA motifs that are alone capable of defining the genes they
may regulate, organisms with larger genomes are character-
ized by TFs that recognize sequences too short to be able to
define unique genomic positions. Moreover, the development
of multicellular organisms requires molecular systems that
are complex and able to execute combinational processes.
In an effort to overcome these obstacles, organisms have
evolutionary developed co-operative recognition of DNA by
multiple TFs (33). TFs can collaborate through a variety of
mechanisms, with each co-operative mechanism determining
the specifics of the regulatory interaction. Some of the mecha-
nisms through which TFs cooperate include protein-protein
interaction and indirect co-operation (33). A prime example
of protein-protein interaction among TFs is the formation
of functional dimers. A number of eukaryotic TFs proteins
are not able to bind DNA sequences as monomeric proteins
and require physical interaction with an identical molecule
or one within the same family to form functional dimers
that are able to bind targeted DNA sequences. It has been
suggested that, at first, TFs function as monomers, something
supported by the fact that TFs in less complex organisms can
sufficiently bind target sequences as monomers (34). Several
promoters that include symmetrical palindromic repeats of
the DNA-recognition motif could have potentially brought
two or more copies of the same TF protein into proximity. If,
by chance, an interaction domain with only one interaction
sequence appeared, then this would help establish the forma-
tion of a TF complex on DNA because this specific complex
would recognize a larger DNA motif (34). These events would
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lead to more relaxed evolutionary constraints on the TF DBD
within a redundant duplicate gene and would allow the emer-
gence of a DNA-binding domain that binds with less affinity,
but is still functional. Once such evolutionary steps are taken,
the TF must function as an obligate dimer. Consequently,
further duplication and changes in specificity gave rise to the
appearance and diversification of the various TFs' dimerizing
families (34). The Co-operative binding of TFs to DNA can
also occur without direct protein-protein interactions. This
co-operation is achieved through a process known as indirect
co-operativity or collaborative competition, in which a cohort
of TFs collectively competes with the same histone octamer for
access to the underlying DNA (35). Collaborative competition
arises automatically from the close juxtaposition of binding
sites for arbitrarily chosen TFs (36). Therefore, collaborative
competition may play an important role in the evolution of
gene regulatory modules, since molecules that undergo combi-
natorial regulation may be assembled from randomly selected
components, with no requirement for coevolution. Following
the coevolution of the required partners can increase the
co-operativity through the aforementioned protein-protein
contacts or bridging proteins, and may thus increase the
magnitude of combinational control (36).

5. Transcriptional cofactors
modifications

and post-translational

A number of co-activator and co-repressor proteins are compo-
nents of multi-subunit coregulator complexes that exhibit
diverse enzymatic activities (37). Specifically, TF activity is
regulated via post-translational modifications (PTMs) by such
modification enzymes as a response to cellular stimuli (38).
Modification enzymes directly interact with TFs and modify
specific residues of the TF protein and alter subcellular local-
ization, stability, interaction with more cofactors and other
transcriptional activities (39). Some of the modifications those
enzymes undertake are phosphorylation, acetylation, methyla-
tion and glycosylation (38). It is, therefore, likely that PTMs
of histones, TFs, or polymerase II and its associated proteins
at the PIC are involved in enhancer-core-promoter commu-
nication and potentially, in the combinatorial regulation of
transcription activation (40). Thus, it is not unexpected that
recent research has demonstrated connections between novel
PTMs sites within TFs and the evolution of new features (20).
A prime example is the evolution of pregnancy in mammals, in
which amino-acid changes in the TF CCA AT/enhancer-binding
protein beta (CEBPB) change the manner in which it responds
to cyclic AMP/protein kinase A ((AMP/PKA) signaling (41).
Such amino-acid changes reorganize the location of key phos-
phorylation sites and may change the response of CEBPB to
phosphorylation from repression to activation (41).

6. Transcription factors and their expression patterns

TFs in eukaryotes are functionally divergent between different
species and paralogs, which proves that they can evolve new
functions (42). In eukaryotes, 5 groups of TFs with distinct
expression patterns have emerged through periodic expansion
in the TF repertoire. These include groups that are present
only in primates, those that are generally found in mammals,
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vertebrates, or metazoan and those found in most eukary-
otes, including yeast (43). A mechanism that can drive such
evolutionary alterations in TF function is tissue-specific gene
expression (42). Tissue-specific gene expression as a mecha-
nism can enhance the specificity of TFs through minimizing
the pleiotropic effects of mutations that could lead to the gain
of novel regulatory links via TF evolution, while simultane-
ously restricting the effects of loss of function mutations
that break important regulatory links (42). A more thorough
understanding of the association between TFs and tissue
specificity can be achieved by studying the expansions that
occur in the TF repertoire in conjunction with the evolution of
tissue-specific mechanisms. The expansions mentioned above
seem to have occurred unevenly for TFs containing different
types of DNA-binding domains. Some DBDs have expanded
rapidly through evolution, while others have not expanded
significantly since their emergence. These expansions could
have provided evolution with the means through which to
modify or create different expression patterns for transcrip-
tional factors, including tissue-specific ones, by duplication
followed by promoter divergence (43).

7. Transcription factors and histone modifications

Human cell DNA is wrapped around histone protein octamers.
This protein complex is known as the ‘nucleosomal core
particle’ (44). Histone proteins have tails which include resi-
dues that can be post-translationally modified and influence
transcription. This effect on transcription is regulated by
changes in histone modification patterns that surround TF
binding motifs (45). It is speculated that TFs with evolutionary
related DNA binding domains sample putative binding sites
with similar histone modification pattern environments (45).

8. Transcription factors and miRNAs

MicroRNAs (miRNAs or miRs) are small regulatory
non-coding RNAs that influence gene regulation (46). Along
with TFs, they play an important role in gene regulatory
network evolution (47). It seems that gene expression is mainly
regulated by TFs at the transcriptional level and miRNA at
the post-transcriptional level, with both expression regulators
having the ability to regulate each other. The interplay between
TFs and miRNAs provides specific constraints and innova-
tions for the evolution of such networks. It is thus expected
that they also exhibit some form of coevolution. Coevolution
seems to exist in TF and miRNAs pairs that are connected
by transcriptional activation signals but not in pairs that are
connected by transcriptional repression signals (48). This
association may be explained by the fact that TFs that trigger
miRNA expression can subsequently function together with
the activated miRNAs, while TFs that repress the expression
of specific miRNAs will not function with them later and thus
be under their evolutionary influence (48).

9. Ligand-dependent transcription factors: The case of
nuclear receptors

Asithas been already stated,a number of transcriptional factors
may be activated through ligand binding. In such cases, ligands

are essential to TF function and are expected to be an integral
part of their evolution. Prime examples of ligand-dependent
TFs are nuclear receptors (NRs), which modulate gene tran-
scription in direct response to small lipophilic molecules (49).
Apart from the characteristic DBD of all TFs, NRs feature a
structural domain that binds ligands, termed ligand-binding
domain (LBD). Ligand binding induces a conformational
change that activates the receptor and stimulates the activity
of its' target gene (50). NR ligands are product intermediates
of various metabolic pathways. This fact means that they have
been evolutionary established through genetic modulations
on the components of particular metabolic pathways but not
through modification of a single gene. Consequently, this fact
indicates that NR evolution is heavily influenced not only by
selective genes but by the ever-expanding interaction among
gene networks (51).

10. Conclusions

Studying the evolution of developmental processes is essential
in shedding light on how morphological diversity emerged (52).
TFs have a major role in multicellular eukaryotes development,
and they are the main regulators of embryonic development in
embryophytes and metazoans (53). This role is expected since
development is controlled mainly by gene regulatory networks,
which in turn are controlled by TFs (52). TFs appear to regulate
up to hundreds of genes that are related to organism devel-
opment and hint at the existence of vast transcription-factor
regulated networks. These networks include a large number of
components. The evolution of these networks, which includes
both TFs and their components, provides a snapshot of how
complex organisms emerged and a basis for the study of evolu-
tionary developmental biology.
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