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Evolution of transcription factor function

Cheryl C Hsia and William McGinnis

Functional assays in Drosophila melanogaster with orthologous
transcription factors from other species suggest that changes in
the protein-coding sequence may play a larger role in the
evolution of transcription factor pathways than was previously
believed. Interestingly, recent studies provide evidence that
changes in transcription factor protein sequence can affect the
regulation of only a subset of target genes, even in the same cells
of a developing animal.
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Abbreviations

Becd  bicoid

CNS central nervous system
Ftz fushi tarazu

Zen  zerknillt

Introduction

T'ranscription factors regulate the spatio-temporal expres-
sion of thousands of genes, ensuring the proper develop-
ment and functioning of the organism. Until recently,
studies on the evolution of transcription factor pathways
have focused largely on the apparent functional changes
in ¢s-regulatory elements [1,2]. This focus is sensible if
one accepts the common belief that the functional evolu-
tion of transcription factors would result in alterations in
the expression of many genes and would therefore be
likely to be disastrous for the organism. But with the
knowledge that transcription factors have modular struc-
tures, sequence comparisons alone have permitted
informed speculation on how the functions of transcrip-
tion factors could be altered during evolution [3,4].

In the recent past, a few experimental studies, almost all
on homeodomain proteins, have tested how sequence
changes affect transcription factor functions in different
animal lineages. The data suggest that changes in a
transcription factor’s coding sequence can alter the
expression of a subset of downstream target genes with-

out wholesale disruption of the entire downstream gene
hierarchy. These changes can result in transcription fac-
tors acquiring new functions while retaining their overall
role [5°,6°], or acquiring an entirely new role; in some
cases this is correlated with the gain or loss of known
cofactor interaction motifs [7°,8,9°,10°]. Here we focus on
the evolution of new functions by orthologous transcrip-
tion factors in different lineages.

Evolutionarily conserved roles of
transcription factors — just how conserved
are they?

Despite their variations in shape and complexity, most
bilateral animals possess a core set of transcription factors
that were inherited from a common ancestor > 500 million
years ago and whose functions in controlling embryonic
development have largely been conserved. For example,
in both vertebrates and many invertebrates Hox transcrip-
tion factors specify where different morphological
features will develop on the head—tail axis of embryos,
MEF-2 transcription factors specify skeletal muscle, Csx/
Nkx2-5/Tinman transcription factors specify visceral
mesoderm/heart, and Pax-6 transcription factors specify
eye and anterior nervous system development [11]. The
level of fine functional variation within orthologous fac-
tors that conserve broadly similar roles has been carefully
studied in only a few instances.

The most convincing experiments evaluating the extent
of functional conservation versus functional variation of
distantly related transcription factors would come from
studies in which orthologous coding sequences from, for
example, a fly precisely replace endogenous coding
sequences in a distantly related animal, for example a
mouse. This would nearly guarantee that the distantly
related orthologue would be expressed in the same pat-
terns and levels as the endogenous gene. This experi-
ment has not yet been accomplished in the precise
manner described above, but this precision has been
closely approached. For example, the Drosophila engrailed
gene was introduced by homologous recombination into
the locus of one of its mouse orthologues, £#7 [12]. In this
instance, part of the endogenous En/ gene remained at
the recombined locus, and some FKE#nl/ regulatory
sequences were not at the same positions relative to
the promoter for Drosophila engrailed as they were before
relative to the endogenous Kzl promoter. Nevertheless,
Drosophila engrailed was expressed in mouse embryos in a
pattern that was very similar to that of its £/ orthologue.
In mice homozygous for Drosophila engrailed, EEnl mutant
phenotypes in the midbrain and cerebellum were largely
rescued and most mice survived to adulthood, in contrast
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to the early post-natal lethality observed in £#/ mutants.
However, in the distal limbs, where Enl function is
required for normal dorsal-ventral polarity, the Drosophila
engrailed allele did not rescue the Ez/ mutant phenotype
even though it was expressed in the normal pattern and at
approximately normal levels. There have been other
similar rescue experiments; for example, the chicken
Hoxb1 gene partially rescues the function of its Drosophila
orthologue, /abial [13], and mouse Pax3 partially rescues
the function of a Drosophila paired mutation [14].

In such gene-swapping experiments, evidence for near-
perfect rescue exists in only one case. Greer e7 a/. [15]
tested the mouse Hoxa3 and Hoxd3 paralogues, which
began diverging after a duplication event 400-500 million
years ago, for their ability to rescue each other’s function.
The coding regions of these two Hox paralogues were
precisely substituted for each other using homologous
recombination. Even in their normal chromosomal loca-
tions the two genes are expressed in nearly identical
patterns, so the differences in the expression patterns
of the swapped genes apparently amount to different
transcript levels. The mice in which Hoxa3 protein was
expressed in the amounts characteristic of Hoxd3 protein
and vice versa had no apparent mutant phenotypes.
However, in this case the two distantly related paralogues
are likely to have been expressed in nearly identical
patterns in the same animal for the past few hundred
million years and are required in tandem for the proper
development of many structures. This may have imposed
stronger selection pressure on Hoxa3 to coevolve with
Hoxd3 than is the case with paralogues expressed in
different patterns, or with orthologues in different phy-
logenetic lineages. In sum, the current gene-replacement
evidence for distant orthologues shows a great deal of
functional conservation in some tissues, but in no cases
are the functions identical, and in some cases an ortho-
logous gene provides no detectable rescue.

Depending on the phenotype(s) being scored, there is
another complication in the interpretation of orthologue
replacement experiments or experiments where a phylo-
genetically distant orthologue mimics a gain-of-function
phenotype produced by an endogenous gene. If only one or
two endogenous downstream genes need to be regulated to
achieve a specific phenotype, inducing that phenotype
with an orthologous factor does not provide strong support
for extensive functional conservation. In at least two cases,
there is evidence for such a scenario. It was shown that brief
ectopic expression of mouse Hoxb6 protein in a developing
fly will partially transform the antennae into legs, which is
quite similar to the phenotype seen after brief ectopic
expression of the fly orthologue Antennapedia [16]. How-
ever, loss of function in the antenna primordia for any of
three genes, Distal-less, homothorax, or spineless-aristapedia,
results in a similar phenotype, and it has been shown that
the homothorax gene is indeed transcriptionally repressed in

the antenna primordia by ectopic Antennapedia [17], as is
Distal-less (C Gross, W McGinnis, unpublished data).
Therefore it seems likely that the ability of the Hoxb6
orthologue to mimic ectopic Antennapedia function
resides in its ability to repress transcription of one or more
of these three genes. Distal-less, homothorax, and spineless-
aristapedia all encode transcription factors, and their loss
might result in a stable alteration of downstream gene
cascades. In this context, it is relevant that recent studies
have shown, at least in some cell types, that a Hox gene
need regulate only one target gene to accomplish its normal
morphogenetic function in those cells during Drosophila
development [18°,19°].

There is at least one more case where the conservation of
orthologous transcription factor function may have been
overestimated. When expressed in the imaginal disc
primordia of adult Drosophila structures, mouse Pax6
protein can induce the development of ectopic Droso-
phila eyes in a similar way to its Drosophila orthologue
Eyeless [20]. Later studies have shown that Drosoplila
Eyeless activates the expression of the other ‘eye’ tran-
scription factor genes sine oculis, eyes absent, and dachshund,
which in certain combinations can induce ectopic eye
development themselves [21,22]. So the ability of Pax6
to induce ectopic eyes may not indicate extensive con-
servation of the ability to regulate entire batteries of
downstream genes, as in this assay it would need to
activate only two downstream eye-promoting genes to
mimic the function of its orthologue Eyeless. Therefore,
the apparent similarity of distantly related transcription
factor functions in some ectopic expression assays (as
well as in some gene-swap assays) may not always indi-
cate amazing functional conservation, as complex phe-
notypes such as the development of a leg or an eye may
require very few endogenous downstream genes to be
activated or repressed.

Modest divergence in transcription factor
functions in different lineages

We know from the fossil record that proto-hexapods with
similar morphologies to modern silverfish appeared ~400
million years ago. Molecular evidence indicates that
these early insect-like creatures branched from a crus-
tacean lineage [23]. Two recent studies suggest that
mutations in the Hox transcription factor sequence con-
tribute to the difference in limb number between multi-
limbed crustaceans and hexapod insects. In Drosophila,
the Hox proteins Ultrabithorax and Abdominal-A are
required to repress limb development in the abdomen,
whereas in the crustacean Arzemia the orthologues of
these proteins apparently do not repress limbs [24].
One study found that the loss of serines and threonines
from the C-terminal region of Ultrabithorax proteins
during the transition from an Arzemia-like ancestor to
insects could explain how Ultrabithorax evolved a limb-
repression function, and suggested that the loss of serine/
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threonine phosphorylation sites — which are not found
in any insect Ultrabithorax orthologues, but which are
present in many multi-limbed arthropod Ultrabithorax
orthologues — contributed to the macroevolutionary
change in limb number between these two arthropod
lineages [5°]. Interestingly, this study suggested that a
modulatory domain for an existing repression function
rather than the repression function itself was evolving.
T'he Artemia Ultrabithorax protein — although unable to
repress the limb promoting gene Distal-less in Drosophila
embryos — still retained a transcription-repressive func-
tion on another target gene, Antennapedia, which is also
normally expressed in the epidermal limb primordia.

A complementary study involved swaps of protein domains
between an onychophoran (a proto-arthropod) version of
Ultrabithorax and its Drosophila orthologue followed by
tests of limb repression in Drosophila embryos [6°]. The
authors found evidence that a C-terminal region from
Drosophila Ultrabithorax, which contained a glutamine/
alanine-rich motif present in all insect Ultrabithorax pro-
teins, provides a transcriptional repression function that is
missing from its onychophoran ancestor. Some non-insect
arthropods conserve a portion of the glutamine/alanine rich
motif, but in none of these is it as extensive as the motif
found in insect Ultrabithorax orthologues. This study
suggested that a new repression domain evolved in the
insects that was not present in ancestral versions of Ultra-
bithorax. Therefore it seems that the evolution of amino
acids involved in transcriptional-repression functions — by
mutations that abolished a repression-modulatory domain
and in the same region apparently generated an additional
repression domain — may explain one step in the evolu-
tion of the hexapod body plan from arthropod ancestors
with limbs on more body segments. (See also Update.)

Another recently reported case of apparent transcription
factor evolution was in the forkhead class protein FOXP2.
Mutations in humans that reduce the dose of FOXP2 are
correlated with defects in verbal articulation. Enard ez a/.
[25] analyzed the sequence of FOXP2 orthologues from
gorillas, chimpanzees, orangutans, rhesus monkeys, and
mice, and found that at some point after the divergence
of the gorilla and human lineages a two-amino-acid
sequence variation in FOXP2 was fixed and maintained
only in the human lineage. The authors speculate that
this event in the evolutionary branch leading to humans
may have contributed to their acquisition of speech and
language compared to other primates [25]. This specula-
tion seems highly unlikely given the minimal evidence,
but it is not completely impossible.

Complete divergence of transcription factor
function

Studies of Zerkniillt (Zen) and Bicoid (Bcd) orthologues
in different insect lineages indicate that they are home-
odomain proteins that have undergone rapid evolution. In
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fact, the evolution of the d¢d gene has been so rapid in
cyclorraphan Dipterans that its derivation from Hox
genes was unrecognized until recently. In Drosophila,
bcd 1s maternally expressed and functions as an anterior
determinant, whereas ez is expressed in extra-embryonic
tissues and functions in dorsal-ventral patterning.
Although the bed and zen genes of Drosophila have
diverged greatly in function, analysis of their counterparts
in non-cyclorraphan Dipterans indicates that they are
paralogues [8] and that the complete divergence of bcd
from zen in expression and function occurred within the
Dipteran lineage [7°,26°,27]. The zen gene, in turn, has
been found to be a derivative of a Hox3 orthologue.
Phylogenetic analysis of the homeodomain sequences
of Zen from Tribolium and Schistocerca groups them with
Hox3 genes, but they also share motifs outside the home-
odomain with Drosophila Zen [28]. Evidence for zen’s
ancestral homeotic function comes from expression stu-
dies of the Hox3/zen orthologue in three chelicerates and a
myriapod [29-31,32°]. These studies show a Hox-like
expression pattern for Hox3/zen along the anterior-poster-
ior axis, suggesting that it has a role in segment identity.
Like the non-Dipteran insect orthologues, chelicerate
Hox3/zen genes group more closely, in phylogenetic ana-
lyses, to chordate Hox3 even though chelicerates are
more closely related to Drosophila than to chordates
[29-31]. Whether the Hox3/zen orthologues from these
other arthropods also have extra-embryonic expression is
not known. Functional assays to test for potential homeo-
tic functions of the basal arthropod Hox3/zen orthologues
are still needed, but it seems likely that Hox3/zen had a
Hox-like function in the early arthropods that is still
retained in some lineages but that is lost in the insect
lineage (Figure 1). Taken together, these findings pro-
vide indirect evidence that cis-regulatory changes were
involved in Hox3/zen functional evolution.

However, there is also evidence suggesting that protein
sequence changes played a role in the transition of Hox3
to zen, and from zen to bed. The homeodomain of the Hox3
orthologue from the spider Cupiennius salei is located
towards the C terminus of the protein, a position more
similar to that observed in the chordate Hox3 (and other
Hox) proteins than to Zen proteins, where the DNA-
binding domain is located towards the N-terminus [30].
Additionally, the basal insect Hox3/Zen protein acquired
motifs outside the homeodomain that are similar to motifs
in the Drosophila Zen protein and lost the YPWM motif
that is conserved only in Hox proteins and their close
relatives [28]. So it appears that there has been a dramatic
change in expression pattern that is correlated with an
apparent loss of Hox-like protein function, as evidenced
by the loss and gain of protein motifs (Figure 1).

The divergence between Zen and Bced protein coding
sequences was also apparently accompanied by a diver-
gence of ¢is-regulatory sequences during the period when
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Evolution of Hox3/Zen/Bcd protein motifs and function. The embryonic expression patterns and protein diagrams denoting sequence motifs in Hox3/
Zen orthologues are depicted on a phylogenetic tree. At some point before or during the early insect divergence, Hox3 lost its Hox-like expression and
acquired extra-embryonic and maternal expression. During this period, the FPWM motif was lost from the Hox3 precursor, the homeodomain
acquired a more N-terminal position and Zen-like motifs were acquired. The arrow marking the Hox3-Zen divergence indicates the most recent
possible divergence of Zen from Hox3 on the basis of known data, but this could have occurred before this time and after divergence of the clade
which include myriapods, crustaceans, and insects. Then, in the insect lineage, maternal expression of zen was lost and the bcd gene was acquired
through duplication and divergence of zen in the Drosophilids. During the evolution of the Bed protein, amino acid number 50 of the homeodomain
mutated to a lysine (K). The residue is glutamine (Q) in all of the Hox3 and Zen proteins. On the tree, the phylogenetic relationship of the animals is
simplified and the length of the lines is not indicative of relative divergence times.

cyclorraphan Dipterans evolved, although in this and the
other cases described in this review it is unknown
whether the novel expression pattern or the protein
sequence changes evolved first. Rapid changes in the
Bed protein sequence, including a change within the
homeodomain thatled to the acquisition of RNA-binding
ability [33], resulted in a Bed that was highly divergent

from Zen, and in Bed eventually acquiring an anterior
embryonic polarity function. Interestingly, Bed is a clear
example of a protein acquiringa DNA-binding specificity
that differs strikingly from its Hox ancestors as a result of
a substitution of lysine for glutamine at residue 50 of the
homeodomain. This change does not result in a novel
homeodomain binding specificity, as it converts the
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binding specificity of Bed to that of Orthodenticle/Otx
family members, which are ancient pre-existing anterior
transcription factors in the homeodomain class [34]. This
conversion of DNA-binding specificity would have altered
the expression of all Bed targets. It is possible that this
dramatic change may not have been strongly selected
against if Bcd was only transiently present in early
embryos, as it is in present-day Drosophila embryos, and
if it could bind new targets but initially had little regulatory
effect on them. Then, as other domains in Bed evolved,
the protein acquired the ability to regulate downstream
enhancers that could bind lysine-50 homeodomains.

Evolution of transcription factor function
linked to cofactor interactions

At present, the best evidence for a direct relationship
between protein sequence changes and changes in cofac-

Figure 2
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tor interactions can be found in the evolution of the pair-
rule gene, fushi tarazu (f1z). Like zen and bed, frz maps in the
Hox cluster in insects, encodes a homeodomain protein,
and is thought to have duplicated from a Hox gene and
undergone a complete divergence in function [35].

Functional assays of Ftz protein orthologues in Drosophila
[9°,10°] and expression studies of fiz genes in different
arthropods [32°,35,36] indicate that f7z genes in different
lineages have one, two or three different functions. CNS
or CNS-like expression is found for f7z orthologues in a
myriapod [32°], a crustacean [36], and several insects
[37,38], suggesting that one ancient function of f#z might
be in CNS development. Functional evidence for this
conservation lies in the ability of Schistocerca Ftz to rescue
Drosophila frz CNS function via activation of even-skipped
in neuronal precursors [10°]. It is not yet known though
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Evolution of Ftz protein function in arthropods. Expression studies of ftz in various arthropods suggest that Hox-like and CNS functions are ancestral
functions of Ftz protein that are still retained in extant arthropods. Functional assays in Drosophila embryos show a correlation between the
acquisition of segmentation function and the loss of homeotic function with the acquisition of an LXXLL motif and the loss of a YPWM maotif,

respectively, in the insect lineage.

www.current-opinion.com

Current Opinion in Genetics & Development 2003, 13:199-206



204 Chromosomes and expression mechanisms

which sequences are required for CNS function and
whether these are conserved in the arthropods.

Lohr er al. [9°] tested the homeotic and segmentation
abilities of Ftz proteins from Drosophila, Tribolium and
Schistocerca. 'Their findings suggest that T7ibolium Ftz and
Schistocerca Ftz possess some Hox-like functions whereas
Drosophila Ftz does not. Among the insects, with the
exception of Abdominal-B orthologues, homeotic func-
tion correlates with the presence of a YPWM motif. The
YPWM motif is part of an interaction domain for the Hox
cofactor Extradenticle/Pbx and is conserved in Hox pro-
teins [39]. Ftz protein sequences from crustaceans [36]
and chelicerates [35] reveal the presence of a slightly
altered YPWM motif, FPWM (Figure 2), whereas
sequence data from centipede Ftz, which exhibits
Hox-like expression, is inconclusive with regard to the
presence of a YPWM domain. Whether these Ftz proteins
from non-insect arthropods also have Hox-like functions
is unknown, although it secems very likely.

Assays for segmentation function in Drosophila embryos
indicate that 77ubolium Ftz possesses similar functions to
Drosophila Ftz, but that Schistocerca Ftz shows little or no
segmentation function. Again, Léhr ¢z @/. [9°] found that
segmentation ability is correlated with a specific protein
sequence, an LXXLL motif. The LXXLL motif has been
implicated as a domain that enables cofactors to facilitate
interactions with nuclear hormone receptors [40], and Ftz
protein has been shown to interact with the nuclear
hormone receptor Ftz—F1 through an LXXLIL motif in
order to carry out its segmentation function in flies
[41,42,43°44°]. Lohr e al. [9°] further propose that com-
petition of cofactors resulted in an exchange of homeotic
function for segmentation function via the loss of the
YPWM motif, allowing Drosophila Ftz to act solely in
segmentation during early embryogenesis.

The evolution of the Ftz protein in arthropods appears to
be an example of a transcription factor that has altered the
set of target genes it regulates from genes involved in
segmental identity to genes involved in segmentation.
Although not as well studied, this transition has also
occurred in the evolution of even-skipped/Evx orthologues.
In many vertebrates, Evx genes map adjacent to the most
posterior genes in Hox complexes, are expressed in the
posterior termini of developing embryos, and are essen-
tially Hox-cluster genes required for posterior identities.
Orthologues of even-skipped are also expressed at the
posterior termini of some arthropod embryos [45°]. Thus,
it seems likely that, like f7z, the even-skipped-like Hox
genes diverged and acquired a pair-rule segmentation
function at some point during insect evolution, although
they retain an ancestral Hox function in many other taxa
[46]. To what extent the batteries of downstream seg-
mentation and segment-identity genes overlap is not yet
known, but recent results suggest that some Hox proteins

within the canonical complexes have roles in maintaining
segment boundaries [18°,47], in addition to their well-
known segment-identity roles.

Conclusions

Cis-regulatory sequence mutations have been thought to
be pre-eminent in the evolution of transcription factor
pathways. This is in part because ¢/s-regulatory evolution
was the only variation that was widely assayed until
recently and in part because the conservation of transcrip-
tion factor functions, although real, has been overempha-
sized. The advent of detailed assays for the role of
homeodomain protein sequence variations, accompanied
by comparison of orthologue expression patterns in dif-
ferent taxa, has shown that both protein expression pat-
tern changes and protein sequence mutations in these
proteins have contributed to their functional evolution in
developmental pathways. It will be fascinating to deter-
mine whether changes in expression pattern have typi-
cally occurred before protein functional divergence or
vice versa.

Update

Evolutionary variation in Hox repression evolution may
have also occurred within the crustacean lineage. Study-
ing the development of the crustacean Daplnia, Shiga
et al. [48°] found that the diversification of anterior
appendage morphology and Distal-less expression pat-
terns was associated with evolutionary variation in the
expression pattern of the Daphnia Antennapedia Hox
protein. When the Daphnia Antennapedia protein was
tested in Drosophila embryos, it possessed a much stron-
ger limb-suppressing activity than its Drosophila cognate.
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