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ABSTRACT A transcription reaction relies on the
specific recognition of cisregulatory regions containing
short DNA motifs. Such sequences are bound by tran-
scription factors (TFs) involved in the recruitment,
direct or not, of the transcriptional machinery. A eu-
karyotic genome can contain tens of genes encoding
TFs that recognize very similar consensus DNA target
sequences. In this review, we explore in a simple way
how TFs coexpressed in the same cells and recognizing
generic consensus sites with generic DNA-binding do-
mains can achieve a specific modulation of target gene
expression. We dissect the strategy followed by eu-
karyotes, which involves the formation of complex
nucleoprotein structures involving many TFs and their
cognate binding sites. This multiplicity of actors in-
creases the effective length of the target DNA recog-
nized by the TFs and might help paralogous TFs
establish specific interactions. From this perspective,
eukaryotic gene regulation implies the cooperation of
several TFs, which is also the basis of information
integration. Such cooperative TFs are likely to form a
combinatorial partner code whose ultimate molecular
hallmark is the assembly of enhanceosome-like struc-
tures ensuring the formation of an activation surface
that is complementary to other coactivators and to the
transcriptional machinery itself.—Georges, A. B.,
Benayoun, B. A., Caburet, S., Veitia, R. A. Generic
binding sites, generic DNA-binding domains: where
does specific promoter recognition come from? FASEB
J- 24, 346-356 (2010). www.fasebj.org
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GENE EXPRESSION AND ITS REGULATION are dependent,
to a great extent, on transcription. An elementary
transcription reaction is initiated by the recognition of
cisregulatory regions and especially promoters. These
regions contain a series of short DNA sequence motifs
that are bound by general and/or specific transcription
factors (TFs) (1). To achieve a well-modulated gene
expression (z.e., the right gene expressed at the right
place, at the right moment, at the right level), it is
mandatory to achieve a rather high degree of specificity
in the recognition events that will allow the recruit-
ment, direct or not, of the transcriptional machinery
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(2). A eukaryotic genome typically contains hundreds
to thousands of genes encoding transcription factors,
often grouped in families according to the structure of
their DNA-binding domains. For instance, more than
80% of TFs in higher eukaryotes contain a helix-turn-
helix domain, a basic helix-loop-helix, a zinc finger
domain, or a leucine zipper. Helix-loop-helix and
leucine zipper domains allow dimerization of factors
that contain an N-terminal o helix that ensures inter-
actions with DNA (1). This is linked to the fact that
eukaryotic genome evolution has involved a series of
whole-genome/gene duplication events, which has fa-
vored the emergence of large families of paralogous
genes encoding TFs sharing structural (and functional)
properties. As a consequence, it is common that many
TFs within a family recognize either the same, or very
similar, consensus DNA target sequences. Interestingly,
whereas prokaryotic TFs recognize quite long target
sequences (as long as 25 bp in Escherichia coli) in
eukaryotes, TFs recognize shorter sequences (for in-
stance, the average TF binding site (TFBS) in Drosophila
melanogaster is ~13 bp long) (3). The emergence of
these TFs binding short target sequences, coupled with
aneed for tight gene expression in multicellular organ-
isms, demands the existence of mechanisms generating
specificity, especially in the case of related TFs. For
instance, the many members of the Forkhead box
(Fox) TF family, share a highly conserved DNA-binding
domain, known as the “forkhead box” or “winged
helix” domain and a well-conserved target consensus
sequence (refs. 4, 5 and references therein). High-
affinity binding sites for 14 Forkhead proteins have
been identified (Table 1), and their consensus se-
quence is 5'-(G/A)(T/C)(A/C)AA(C/T)A-3" (ref. 5
and references therein). Fox factors are involved in
processes as diverse as eye organogenesis [FoxCl-2
(6)], language acquisition [FoxP2 (6)], stress response,
aging regulation, and tumor suppression [FoxO (7)],
and liver development [FoxAl-2 (8)]. Thus, the high
conservation of the Forkhead domains and of their
binding sites on the one hand and the diversity of the
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TABLE 1. Described high-affinity binding sites of various Forkhead transcription factors

FOX factor name  Name in original description

High-affinity binding site described

Original description (ref.)

FOXF2 FREAC-2 G/A T
FOXC1 FREAC-3 G T
FOXDI1 FREAC4 G/A T
FOXL1 FREAC-7 G/A T/C
FOXQ1 HFH-1 A/C T
FOXD3 HFH-2 A/T T
FOXA3 HNF-3 G/A T/C
FOXI1 N/A G/A C
FOXK2 ILF-1 G T
FOXO1 FKHR G T
FOXO3A FKHRIL1 G T
FOXO0O4 AFX G T
FOXP1 N/A A T/C
FOXI1.2 N/A G T
Forkhead General consensus G/A T/C

A A A C/T A A 54
A A A C/T A A 54
A/C A A C A N 54
A/C A A C/T A N 54
A A A C A A/T 55
A A A C A A/T 55
A/C A A C/T A A/T 55
C A A T C/G A 56
A A A C A A 57
A A A C A A 58
A A A C A A 58
A A A C A A 58
A A A C A A 35
cC/G A A G G T 5
A/C A A C/T A N

N/A, not available.

biological processes the FOX genes are involved in on
the other hand imply that a high degree of specificity
must exist to ensure that different family members can
successfully play their different (paralog-specific) roles.
Another well-known family of TFs with close DNA-
binding specificity involves the Homeobox (Hox) fac-
tors. Indeed, the in vitro DNA-binding specificity of Hox
TFs is poor, because they recognize highly similar
sequences centered around a 5'-TAAT-3' core (9)
(Table 2). However, in vivo, Hox proteins demonstrate
a high degree of target specificity, and ectopic expres-
sion of any Hox protein has severe consequences on
the developmental program (9).

To complicate matters, similar high-affinity TFBSs
may also be shared by TFs coming from families with
seemingly independent evolutionary origins. This is the
case with the Forkhead TF FOXL2, the nuclear estro-
gen receptors (ERs) ERa and ERB, and other nuclear
receptors, including steroidogenic factor SF1 and
NR4A1 (b, 10-15). Moreover, recall that any TF and its
competitors, from the same family or not, have to
locate cisregulatory regions in a sea of DNA sequence.
If we consider a 6-mer binding site and assume a
random sequence composition, it will be represented
>700,000 times in the human genome just by chance.

TABLE 2.

However, this would be an underestimation because a
TF can recognize degenerate sequences. Obviously,
only a small subset of such sites is occupied, and
chromatin modification may play an important role,
because it can partition the genome into open/ex-
pressed and closed/nonexpressed compartments,
which reduces the chromatin space to be explored by
any TF (16).

How can TFs recognizing similar binding sites achieve a
specific modulation of target gene expression? Several
nonexclusive mechanisms can help in providing specific-
ity: I) differences in expression patterns (as demonstrated
for Fox and Hox TFs), 2) limited, but existing, specificity
in TFBS recognition, and 3) existence of different
cofactors (either because they are tissue-specific, be-
cause the relevant TFs contain different protein/pro-
tein interaction domains, or because distinct signals will
modify their molecular behavior, through post-transla-
tional modifications). Here, we further explore these
issues. However, we do not attempt to provide a com-
prehensive review on the mechanisms of promoter
recognition and transcription. We focus on the partic-
ular question of how specific sequence recognition and
hence specific gene expression can be achieved by
paralogous TFs coexpressed in the same cells. We

Described high-affinity binding sites of various Homeobox transcription factors

Homeobox factor name  Homeobox factor species

High-affinity binding site described

Original description (ref.)

vnd/NK-2 Drosophila melanogaster T T/C A
Engrailed Drosophila melanogaster G T A
OTXb Drosophila rerio N T A
DIx3 Xenopus tropicalis A T A
Xom Xenopus tropicalis C T A
CdxA (CTO) Gallus gallus A T A
CdxA (CTS) Gallus gallus A T T
CDX3 Gallus gallus C T A
CAD Gallus gallus A T A
HOXA13 Homo sapiens A T A
TGIF Homo sapiens T C A
SHOX Homo sapiens N T A
Homeobox General consensus A T A

~
>

A G T G G/C 59
A T G A C 60
A G A C T 61
A T T G/A C/G 62
A T T A/G G/C 63
A A T/G N N 64
A T/A T N N 64
A T T N N 64
A A N N N 64
A A C/G C/G N 65
A/T T/A A/T C N 66
A T G N N 67
A T T N N
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illustrate our points with theoretical and experimental
examples of increasing complexity.

RECOGNITION OF TARGET DNA BY
HOMODIMERS: TWO IS BETTER THAN ONE

Recognition of DNA by a preassembled homodimer

The ability of TFs to form homodimers is a fairly
common property (1). This is the basis of the existence
of a first layer of recognition specificity, even when a TF
is in competition with other proteins for similar se-
quence elements on DNA. How can the formation of
homodimers increase recognition specificity compared
with that of a monomer? This strategy basically implies
an increase in the total effective length of the recog-
nized sequence. Effective length should be understood
in terms of informational content to foster specific
interactions (which is, of course, linked to physical
length). The informational content of TFBSs is low
because of their short lengths, which leads to spurious
occurrences in the genome. Thus, use of two (or more)
close binding sites increases the reliability of a recogni-
tion event.

To understand how this strategy works, let us focus on
the simple case of a preassembled homodimer (Fig. 14).
The dimer TF-TF will recognize its target with an
affinity constant Ky, ... As a first approximation, the
energy of the interaction between the dimer and DNA
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Figure 1. Promoter specificity in dimeric TFs. Effects of
binding site orientation and spacing. A) Binding of a preas-
sembled TF dimer (green proteins) on the red binding sites
in the promoter is required to induce a transcriptional
response of the corresponding gene (red arrow). B) Pro-
moter specificity provided by TFBS orientation. Tandem
orientation of two identical binding sites in one promoter
(red gene) will enable binding of one type of TF, here the
green TF1-TF1 dimer, but not of the symmetric blue TFs. The
palindromic orientation of the binding site in the promoter
of another gene (purple) will allow binding of the blue
dimer. C) Promoter specificity provided by TF binding-site
spacing. The proximity of two identical binding sites will
enable the binding of one type of TF, here the green TF1-TF1
dimer, but not of the too voluminous blue TF2-TF2 dimer
recognizing the same half site (i.e., belonging to the same TF
family), because of steric hindrance.

Pre-assembled dimers

(Transcription
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involves the additive free energies of the interactions of
each monomeric TF with their target sites. Basic phys-
icochemical rules indicate that Ky;,., is on the order of
(K. onomer) 2 This huge difference between Ky;,., and

onomer 15 the elementary basis of discrimination
between a random monomeric DNA sequence resem-
bling a TFBS (genomic noise), recognized with an
affinity K, and a true bipartite TFBS (signal) bound
with a much higher affinity, ~K2 A particularly strik-
ing, naturally occurring, example of this is provided by
the atypical E2F proteins. Several typical E2F proteins
involved in the regulation of the cell cycle, apoptosis,
and differentiation have been described. They possess
an N-terminal DNA-binding domain followed by a
dimerization domain, which allows interactions with a
dimerization partner (DP) protein (that brings a simi-
lar DNA-binding domain). Dimerization is required for
high-affinity, sequence-specific DNA binding. Interest-
ingly, atypical E2F members have a duplicated DNA-
binding domain. For the reasons outlined above, the
presence of two DNA-binding domains allows DNA
recognition in a DP-independent fashion and DNA
binding is abolished by a mutation in either of the two
DNA-binding domains (17). Thus, the ability of TFs in
competition for the target sequences to form dimers, or
not, can make a difference in the strength of protein-
DNA interactions. For instance, if TF1 forms dimers and
TF2 does not, dimers of TF1 will be active even at very low
concentrations, and TF2 would not be an important
source of interference. However, all of these arguments
are valid for any homodimeric TF and cannot explain by
themselves how different homodimers will lead to specific
target regulation. The simplest ingredient ensuring target
discrimination is the fine-tuning of the spacing between
similar monomeric DNA-binding sites, which should be
mirrored by the quaternary structure of the relevant
dimers.

There are two main ways of forming homodimers.
Most frequently, each monomer has a domain that
interacts with the same domain of the other monomer
(e.g., a leucine zipper). In these cases, the resulting
dimers are symmetric, and the ideal arrangement of the
two binding sites should then be a palindrome, a
geometry that also displays a central symmetry (Fig.
1B). This is the case, for example, of the ER and its
bipartite TFBS (18, 19). The other way occurs when
one domain of one monomer recognizes a different
domain of the other monomer. In such cases some
allosteric change should occur to prevent further asso-
ciation of new monomers and stabilize the dimeric
form (avoiding polymerization). A TF complex formed
according to such a pattern would preferably recognize
half-binding sites arranged in a head-to-tail configura-
tion, as shown in Fig. 1B. Examples of such a configu-
ration have been shown to occur in vivo and can be
found in the literature (15, 20). As displayed in Fig. 1C,
the structure of dimers TFI-TF1 (i.e., green TF) and
TF2-TF2 (i.e., blue TF) can be such that they cannot
cross-recognize their bipartite binding sites. This strat-
egy is easily conceivable because even though TF1 and
TF2 share the same DNA-binding domain, the rest of
these proteins can be (and usually are) very divergent.
As a result, the dimers TF1-TF1 and TF2-TF2 can have
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different quaternary structures. Thus, differences in
the distance between the two DNA-binding domains
in the dimer correlating with different spacings
between the TFBSs in a promoter are a key parame-
ter of DNA-binding specificity. This has been shown
in the case of the thyroid hormone, vitamin Dg, and
retinoic acid response elements, which share similar
half-sites (15). Indeed, the spacing between the half-
sites is instrumental for the generation of specific
responses: a thyroid hormone response element can be
converted into a retinoic acid response element or a
vitamin Dy response element by varying half-site spac-
ing (15).

Cooperativity in DNA recognition, specificity, and
promoter activity

In some cases, homodimers are not preassembled but
are formed during the recognition event. This implies
that monomers are virtually unable to interact in solu-
tion owing to their low concentration and to their
relatively low dimerization constant. Homodimer for-

mation directly onto the promoter is linked to the idea
of cooperativity, which postulates that the binding of
one monomer can facilitate binding of a second one to
a nearby TFBS (Fig. 2) (21). Where does cooperativity
come from? One possibility is that on DNA recognition,
a newcomer TF molecule is attracted synergistically by
both the bound TF and the neighboring free TFBS (i.e.,
DNA would make possible a protein-protein interaction
not favored in solution). Another explanation is that
the interaction of the first monomer with DNA induces
an allosteric change in the protein, which in turn
increases its affinity for an incoming one. In any case,
the interaction between two monomers is enhanced
and stabilized by DNA. By favoring efficient binding of
the right dimer (matching a particular promoter geom-
etry), even at low monomer concentration, cooperativ-
ity is a key component of binding specificity. It is also
possible that, in the absence of direct protein-protein
interactions, binding of one monomer to DNA may
lead to a conformational change in the neighboring
binding site, thereby increasing its affinity for a new-
comer monomer. Such a mechanism does not imply
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Figure 2. Promoter specificity provided by cooperativ- Lo
ity. A) Cooperativity usually implies a physical contact 0
0.0E+00 1.0E-09 2.0E-09

between the two TFs and therefore a correct spacing of
the two TFBS. Cooperativity in binding enhances spec-
ificity by inducing the fast formation of the correct

TF concentration

dimer, even for low levels of TF concentrations. Thus, cooperativity increases the proportion of promoter occupied by
functional dimers as a function of the monomeric TF concentration. This mechanism leads to a sharp transcriptional
response for a slight increase of monomeric TF concentration (see absence of cooperativity for comparison). B) Another
spacing of the same TFBS in another promoter (purple) allows cooperative binding of TF2 monomers, while imposing a
noncooperative binding to TF1. The sigmoidal curves were derived using Eq. 1 from Veitia and Nijhout (33). Quantitative

details are available from the authors.
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formation of a dimer and is apparently less likely to
account for discrimination between two TFs (i.e., TF1
and TF2). However, if binding of TF1 and TF2 to DNA
does not lead to the same conformational change, the
distance and orientation of the TFBSs (and of the
bound proteins) may be such that some kind of long-
range discrimination can emerge. This will become
clearer if we include another ingredient—transcrip-
tional synergy—that we discuss below.

As shown by the graphs in Fig. 2, cooperativity leads
to higher-than-additive responses so that a small change
in activator concentration may elicit dramatic changes
in binding and most likely in promoter activity (and gene
expression). Such systems generating an S-shaped (sig-
moidal) response can be used as molecular switches,
because TF concentrations just below the threshold are
unable to substantially stimulate transcription, whereas
concentrations above the threshold can induce strong
responses.

Affinity, availability, and specificity: closer to reality

Up to now, we have considered that all members of a
family have similar affinities for the available TFBSs.
The known consensus site for a TF is often derived
from in vitro experiments and is an average sequence
representing many different sites that are recognized
with strong, yet different, affinities. For instance, al-
though the members of the Fox family are able to bind
to the general forkhead consensus sequence, it does
not mean that they all have the same absolute affinity
for it and that variants of the site are not recognized
with even higher affinities. Consider, for instance, the
case of FOXL2, whose high-affinity binding site (FLRE)
diverges from the general binding consensus. However,
it is also known to transactivate through a TFBS closer
to the general consensus (mFLRE in ref. 5). Moreover,
it has been shown that FOXL2 can transactivate in vivo
using binding sites close to the general forkhead con-
sensus present in the target GnRHR and FST promot-
ers (22, 23).

Intrinsic affinity variations may elicit different re-
sponses after cell- or signal-dependent changes in the
relative concentrations of the members of the TF
family. Indeed, the relative availability of the TFs in
potential competition for the same binding sites is a
very important parameter. To illustrate this point, let us
consider two dimeric TFs (TF1-TF1 and TF2-TF2) using
the same sites in a target promoter and binding DNA
with global affinities K; and K, respectively, being K; <
K,. Because binding efficiency is a function of both
affinity and TF concentration, variations of TF1 and
TF2 concentrations can switch promoter preference
from TF2 to TF1 (i.e., after a strong increase in TFI
concentration in response to a signal, for instance).
Moreover, a TF can activate expression of a specific
gene in a given cell lineage, but not in another, because
of variations of its availability compared with that of its
competitors. In a cell lineage in which TF2 is poorly
expressed, TF1 will activate a target promoter specifi-
cally, which will not be the case in another cell lineage
in which TF2 is highly expressed. Although neither TF1
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nor TF2 is, in this case, specifically required to activate
this target, experiments will show that gene expression
is TF1-dependent in one lineage and TF2-dependent in
the other. An example is provided by the FOXO factors
(FOXOLI, 3a, and 4), as many of their targets have been
shown to be regulated by any of them, through a
common regulatory sequence (the DBE) (24). Al-
though FOXO factors are fairly ubiquitous, according
to UniGene EST profiles (Hs.370666, Hs.220950, and
Hs.584654) their abundances differ among tissues. For
instance, FOXO3a is the only one expressed in adipose
tissue, FOXO4 prevails in placenta, and FOXO1 dom-
inates in lymph nodes, which suggests that FOXO
target regulation could be driven by one member or
another according to the tissue of interest. This finding
is consistent with the differences in phenotypes of the
three separate knockout-mouse models, which show
that Foxo TFs, although often working through regu-
lation of identical targets, have a degree of specificity
(owing, at least in part, to preferential tissue expres-
sion) (25-27). In the case of Hox proteins, Goff and
Gabin (28) proposed that they might modulate the
expression of the same targets involved in growth.
However, some Hox proteins would be more effective
on some promoters than others, depending on their
relative concentrations. The overall rate of growth in a
given embryonic region would be the result of a
competition of the Hox genes expressed in that region
for the same targets (28).

TRANSCRIPTIONAL SYNERGY:

AN UNDERESTIMATED INGREDIENT OF
SPECIFIC CISREGULATORY SEQUENCE
RECOGNITION

The previous discussion was based on the idea that two
occupied sites will promote a much stronger gene
transactivation than a single site. This idea is supported
by a model in which transcription activation is expo-
nentially dependent on the number of TF molecules
bound to the promoter, which are able to attract in a
concerted fashion the transcriptional machinery (or an
intermediary mediator complex) (29-32). In other
words, if we suppose that the transcriptional machinery
binds a TF molecule in contact with DNA with an
affinity K, then its interaction with a complex involvin
two DNA-bound TFs is supposed to imply an affinity K%,
and so on. This is the molecular explanation of tran-
scriptional synergy (i.e., homosynergy if only one type
of TF is involved) and means, in practical terms, that
the species contributing the most to transcription is the
promoter with all its TFBSs occupied (33).

The existence of homosynergy allows, in principle,
sequence-specific recognition even in the absence of
classic cooperativity. Where would specificity come
from in this case? As shown in Fig. 3, the transcriptional
machinery (or the mediator complex (ref. 34 and
references therein) might interact, through generic
domains, with TF molecules bound to DNA on sites that
have a characteristic spacing. Synergy will ensure dis-
crimination between TF1 and TF2 molecules bound to
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Figure 3. Promoter specificity provided by transcriptional
synergy. Synergy stems from the concerted attraction of the
transcriptional machinery, or the mediator complex, by TFs
bound to DNA. In this simplified example, a multimeric
complex (mediator? the RNA polymerase itself?) is supposed
to bind differently to various couples of TFs, therefore
ensuring specific activation of the transcription when the
relevant TFs are present on the promoter at the right spacing.
Colored regions in the mediator complex are supposed to be
generic protein-protein interaction domains able to recog-
nize activation domains of the TFs.

DNA irrespective of how the TF-DNA interaction took
place (i.e., cooperatively or not). Of course, the exis-
tence of cooperativity in the binding of the monomers
would provide a further layer of specificity.

Thus far we have focused on only two DNA-binding

sites, but this paradigm can be extended to cisregula-
tory regions containing multiple TFBSs for the same
TF. Indeed, it is known that increasing the number of
sites available for binding dramatically increases the
responsiveness of the promoter to even very low con-
centrations of the relevant TF (see refs. 31, 32 for
mathematical models).

BIPARTITE INTERACTIONS:
HETERODIMERIZATION AND HETEROSYNERGY

Heterodimers and specificity

Although TFs of the same family have a well-conserved
DNA-binding domain, the remaining domains of these
proteins are often highly divergent. For instance, fork-
head TFs only share the DNA-binding domain (4), and
no good sequence alignment is possible outside the
forkhead, although subsets of FOX proteins can share
other domains. Namely, FOXP subfamily members
have zing finger domains and FOXK subfamily mem-
bers have FHA domains (35, 36). Similar observations
can be made for the Hox factors. Thus, different TFs
can establish specific and unambiguous interactions
with other TFs, through their more variable domains.
The differential formation of heterodimers, in solution
or upon DNA binding, with other TFs can turn a
generalist TFBS into a specific one (Fig. 4). As in the
case of cooperativity described previously, there is no
need for very strong protein-protein interactions to
ensure a spectacular gain of specificity. An example of
this heterotypic cooperation is provided by the interac-
tion between NFAT and FOXP3 in the control of regula-

A

—

Figure 4. Promoter specificity provided by TF heterodimerization. An iden-
tical binding site (red) can be bound specifically by the correct TF if a specific
partner allows the formation of heterodimers (preassembled in solution or
assembled in situ on the promoter itself). A) For similar spacings of the
binding sites, in the first promoter (red gene), the binding of TF3 on the
nearby binding site will allow TF1 binding and prevent binding of TF2. A
different heterodimer will be formed between another partner (TF4, dark
blue) and TF2 on the promoter of another gene. B) As in homodimer
formation, the spacing between the two TFBSs can discriminate between
heterodimers. Here, an identical partner will interact, through different
dimerization domains, either with TF1 because of the proximity of their
respective binding site (expression of the red gene) or with TF2 as their
binding site are further apart in the promoter of the second gene (purple).
C) Specificity can also be achieved by stabilizing a transcription complex
through a linking factor.
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tory T cell function (37). Another interesting example
involves members of the Hox family that bind DNA by
making nearly identical contacts with the major groove.
However, in vivo, their specificity often depends on
extended regions flanking the homeodomain that link
the latter to a cofactor [i.e, Extradenticle (Exd)].
Indeed, a HOX-binding site in the promoter of the
forkhead gene is recognized in vivo and in vitro by the
protein Scr (Sex combs reduced) in combination with
Exd. However, other Hox-Exd heterodimers fail to
properly recognize this sequence. Interestingly, when a
mutation is introduced in this target element, it will be
bound by a different Hox-Exd heterodimer. It has been
shown that amino acid residues located outside the
homeodomain help Hox proteins recognize specific
Hox-Exd binding sites via interactions with the minor
groove and that different target sequences elicit differ-
ent conformational changes of these extrahomeodo-
main protein segments. Thus, these residues, which are
conserved in a paralog-specific manner, might confer
specificity (ref. 38 and references therein). This obser-
vation can be rationalized as follows. Let us consider
that the constants of the interaction between factors
TF1, TF2, and TF3 and a target DNA are K, K,, and Kj.
The constants of the interaction between the stable
heterodimers TF1-TF3 and TF2-TF3 with DNA will be
aK,K; and bK,K;, where a and b are connected to the
free energy released by protein and DNA conforma-
tional changes on binding. The gain in global affinity
provided by the interaction with the common partner
TE3 (i.e., Exd) is the same for both heterodimers and
cannot explain any increased discrimination power or
specificity. Thus, the most plausible source of discrim-
ination should come from differences in the intrinsic
affinities between TF1 and TF2 and their targets but
above all from differences in the free energies spent in
conformational changes undergone by the interacting
partners (i.e., aK; and bK, should be very different).

The partnership strategy outlined in this section
(and discussed further below) makes sense in the light
of evolution. The number of protein/DNA-binding
pairs that can emerge by molecular evolution is limited.
However, binary (and higher-order) combinations of
subsets of protein/DNA-binding pairs decrease the
number of innovations necessary to increase the
complexity of regulatory patterns. It should be noted
that, once again, the TFs in question do not have to
interact directly but may form a higher-order com-
plex through an intermediary linking (not DNA-
binding) factor (Fig. 4C).

Finally, note that the effect of a DNA-binding event
on gene transcription might not necessarily be gene
activation through direct recruitment of the transcrip-
tional machinery. A TF may also recruit histone modi-
fiers or induce local chromatin conformation changes.
This is, for instance, the case of FOXO1, which was
shown to be able to induce local chromatin deconden-
sation at the insulin growth factor-binding protein 1
(IGFBP1) promoter consequent to binding (39) and
that of the glucocorticoid receptor, whose binding has
been shown to also induce local chromatin remodeling
(40). Despite the varying underlying mechanisms, the
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basic principles of sequence recognition outlined
above remain valid for these cases.

Heterosynergy: heterotypic interactions with the
transcriptional machinery

We can now consider the case of transactivation by
recruitment of the transcriptional machinery by two
different TFs (directly interacting or not) sitting close
to each other on a promoter. Heterosynergy (i.e., the
simultaneous recruitment of the transcriptional ma-
chinery by both bound TFs) is a way to obtain a strong
transcriptional response (Fig. 5). Indeed, heterosyn-
ergy implies that if K; and K, are the affinities of the
transcriptional machinery (or the mediator complex)
for DNA-bound TF1 and TF2, the overall affinity for the
target protein-DNA complex will be on the order of K; * K.
The ability of the transcriptional machinery (or an
intermediate complex) to bind TF1 and TF2 simulta-
neously must depend on the geometry of the promoter
(intervening distance and relative orientation of the
two TFBS), on the shapes of the transactivation do-
mains of both TFs, and on the ability of each of them to
recruit the transcriptional machinery in concert. Alter-
ations in the structure of the transactivation domain of
several TFs, including the glucocorticoid receptor, have
been found to specifically modulate synergy (41).

HIGHER-ORDER INTERACTIONS:
A COMBINATORIAL PARTNER CODE?

We have thus far considered simple cases involving only
two generic TFs. However, when one is considering TF
families such as those of FOX or HOX TFs, dozens of
members are generally available simultaneously in the

Figure 5. Promoter specificity provided by heterosynergy. As
in homosynergy, heterosynergy occurs when the mediator
complex is more efficiently recruited by two or more (here,
different) factors, instead of only one. Specificity would be
ensured by the binding of the multimeric mediator to the
relevant DNA-bound TFs (with an appropriate spacing).
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cell. This scenario is rendered even more complex if we
consider the existence of different post-translational mod-
ification (PTM) variants. Indeed, PTM may induce func-
tional modulation by allowing differential recruitment of
partners, interfering with TF availability (i.e, nuclear
exclusion or shuttling) (42), inducing shifts in DNA-
binding affinity and site preference (43, 44), and/or
changing TF behavior with respect to transactivation/
transrepression (ref. 45 and references therein). For
instance, while studying the transcriptional activity of
FOXIL2, we have noticed that its transactivation capacity is
modulated in a promoter-dependent fashion by its acety-
lation status (ref. 45 and references therein). FOXIL.2
regulates the activity of the promoters of SIRTI and
MnSOD (mitochondrial superoxide dismutase) genes.
This regulation, which relies on FOXL2 acetylation, is
enhanced on oxidative stress. However, SIRT1-deacety-
lated FOXL2 is virtually inactive on the MnSOD promoter,
but is more efficient than normal FOXL2 on the SIRTI
promoter. This finding shows that highly acetylated or
deacetylated FOXL2 forms are not functionally inter-
changeable. Moreover, this correlates with the fact that
the high-affinity DNA-binding sites that we have derived in
vitro for a highly modified FOXL2 (from AT29C cells)
and for recombinant FOXL2, expressed in bacteria, are
rather different downstream of the AAGG core region
[i.e, GTCAAGG-TCA vs. GT(C/G)-AAGG-GTG, respec-
tively] (46). One is tempted to assume that, somehow, the
sequences flanking the core modulate the type of FOXL2
that is recruited to a particular site (along with as yet
unknown partners?).

As already stated, sequences similar to true binding sites
are present thousands of times in the genome, and
intracellular concentrations of TFs, promoters, and the
transcriptional machinery are low. Therefore, regulation,
even in the simplest eukaryotes, is expected to imply the
cooperation of several TFs (ensuring discrimination of
signal from noise). Cooperation is also the basis of infor-
mation integration flowing from different signal transduc-
tion pathways (45). This general feature can be exploited
to ensure specificity via a combinatorial TF partner code
that should mirror particular combinations of TFBS,
which is an extension of what we have outlined earlier.
The idea of code has to be understood as a system of
elements (sequence motifs and the corresponding bind-
ing proteins) involving a rule for converting a piece of
information (occupancy of DNA features) into another
form of representation or response (regulated gene ex-
pression). With the use of a code, combinations of a
limited set of motifs/proteins lead to a wide variety of
different meanings or responses. Namely, combinations
of a few DNA motifs (eg, FKH-binding sites, HOX-
binding sites, GC boxes, and CAAT-boxes), separated by
specific intervening distances, give rise to a wild variety of
different promoters.

When a TF in competition for a site with other TFs is
able to establish specific interactions with its neighbors,
either directly or through an intermediary bridge, its
effective affinity for the tri/multipartite site will be much
higher than that of its competitors. For instance, as shown
in Fig. 6, if TF1, but not TF2, forms a complex with TF3
and TF5, only TF1 (along with its partners) will be able to
drive transcription efficiently. This can also be a way to

BASES OF SPECIFIC PROMOTER RECOGNITION

Figure 6. Promoter specificity provided by combinatorial TF
binding. A) Formation of heterotrimeric protein complexes
(in solution or directly on the promoter through heterotypic
cooperation) can dictate selection of target promoters. Bind-
ing of TF1 to TF3 and TF5, on their respective binding sites,
dictates the activation of the red gene, whereas the same TF1,
when interacting with TF6 and TF7, is directed to another
promoter (purple). B) Combinatorial binding of heterotri-
meric TF can also lead to the selection of the relevant TF on
a promoter, by its binding to proper helper cofactors. Here,
the specificity of the binding of TF1 on its binding site is
ensured by the binding of both TF3 and TF5. The same
binding site in another promoter is specifically bound by TF2,
because TF2 interacts with its helper TF4 and TF8. Here, the
change of interacting cofactors results in the selection of
another TF bound to the common site.

activate different target subsets in the same or different
cells. For instance, if TF1 can also interact with TF6 and
TF7 in an exclusive way, the complexes TF1.3.5 and
TF1.6.7 will be assembled on (and will activate) different
target promoters (Fig. 6A). From this perspective, pro-
moter recognition is a trial-and-error process in which
recognition of the same promoter in different cells might
be started by different factors of the same family even with
low affinities. The firstlanding factor will try to recruit a
partner. When two true partners interact with the pro-
moter, the complex becomes much more stable and
interaction with other partners will further increase its
stability, locking on the complex. This increases the
fraction of time the transcription complex exists as such
and therefore the probability of a transcription initiation
reaction.

Can such a combinatorial mechanism fully explain
specific binding for a whole family of related factors? For
the sake of simplicity, let us speculate that a TF will
establish at most two direct interactions with neighboring
TFs (hence, the following reasoning is valid for the central
TF). According to this assumption, interactions with only
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6 different helper partners will allow the existence of 36
theoretically different tripartite sites, sharing a common
central consensus site for the TF of the family in question.
This number might be enough to ensure specific interac-
tions for a whole TF family. Figure 6B shows the hypothet-
ical example of TF1 and TF2, belonging to the same
family, whose specificity in promoter recognition depends
on the interaction with different helper cofactors. We
have provided an operational definition of helper TFs as
those surrounding the central one. Of course, the central
TF in a set of promoters can become, in turn, helper for
other promoters. This combinatorial strategy is also appli-
cable to cases in which the three interacting TFs belong to
families of paralogs. Such proteins can interact with each
other in different ways. Thus, the combination of binding
sites and intervening distances can lead to an important
number of specific tripartite binding sites. This discussion
assumes that the idea of classic/homotypic cooperative
binding can be extended to include interactions of several
different factors, each of them facilitating (and stabiliz-
ing) the binding of others (heterotypic cooperativity).
This combinatorial mechanism can be further extended
to convey specific cell- or signal-dependent transcriptional
outputs elicited by the binding of different complexes to
the same promoter, as shown in Fig. 7.

From an experimental point of view, a myriad of TF-TF
interactions have been described. For instance, >24 bind-
ing partners have been uncovered for FOXO TFs, includ-
ing nuclear hormone receptors, Hox factors, and other
Fox factors, allowing specific transcriptional modulations
(47). For instance, formation of a FOXO/Smad3-4 com-
plex leads to specific up-regulation of the p21“P! gene in
response to transforming growth factor- cytostatic sig-
nals. This action is counteracted by an increase in FOXGI
levels, which competes with Smads for interaction with
FOXO on the p21P! gene promoter (47). Members of
another family of heterodimeric TFs, the Fos-Jun family,
have been shown to interact with >55 different TFs (48).
For example, AP-1, a complex involving a cFos-cjun
heterodimer, interacts with the functional heterodimer

%y
e c
K ¥

Figure 7. Signal- or cellspecific response provided by a
combinatorial TF code on a single promoter. Both TF1
(green) and TF2 (blue) are able to bind to their common
binding site (in red), but specificity is achieved by the binding
of specific partners to their respective binding site and the
formation of distinct complexes. Therefore, a single pro-
moter can be bound alternatively by different transcriptional
complexes in response to different signals.
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FoxI2-Smad3 to promote transcription of the gonado-
tropin-releasing hormone receptor in pituitary cells (23).

Joint regulation of targets by directly interacting HOX
and FOX factors has been suggested previously as a
potential conserved mechanism of gene regulation. For
instance, Foxa2 and Engrailed antagonize each other to
regulate the MAPIB promoter, which contains overlap-
ping homeoprotein and FOX binding sites. In Foxa2 the
interacting domain is the Forkhead, whereas in Engrailed,
one of the interacting domains is the homeobox itself.
Interestingly, Foxa2 binds other homeoproteins such as
Liml, Gsc, and Hoxab by, at least, the homeodomain.
This finding suggests that interactions between Fox and
homeoproteins are a general phenomenon (49). How-
ever, from our perspective other cofactors are required to
improve specificity of promoter selection (otherwise any
promoter having HOX-FOX TFBS would respond). In-
deed, the fact that identical HOX-FOX functional het-
erodimers can lead to different regulatory responses in
different contexts might result from the existence of yet
unknown interactors and/or potential effects owing to
cell- or signal-dependent modifications. This could, for
instance, explain why the HOXA5FOXO complex in-
duces repression of IGFBPI in hepatocytes but coopera-
tive activation in fibroblasts (47, 50).

An example of more complex (multipartite) TF-DNA
interactions involving FOX and homeobox proteins is
provided by Fox]1 and Pitx2, which exhibit overlapping
expression patterns in the dental and oral epithelium.
The Fox]1 promoter is regulated by Pitx2, Lef-1, and
B-catenin. Interestingly, Fox]1 physically interacts with
the PITX2 homeodomain to synergistically regulate its
own expression in concert with PITX2, Lef-1, and
B-catenin, thus generating positive feedback (51).

All in all, heterotypic cooperative binding to DNA
and heterosynergy ensuring the joint recruitment of
the transcriptional machinery, but also of chromatin
modifiers, is another important potential way to specif-
ically regulate transcription.

BACK TO REALITY: THE INTERPLAY OF
DIFFERENT STRATEGIES

Multiple strategies can help differentiate TFs with closely
related binding domains and ensure specific responses,
and all have gained more or less experimental support.
There is no obvious reason that evolution would have
favored one of these mechanisms over the others. The
effects of geometry (e.g, spacing of TFBS or their orien-
tation), of homo- and heterodimerization, and of interac-
tion with many protein partners are complementary.
Indeed, they rely on the recognition of multiple TFBS on
DNA, which increases the surface of protein/DNA inter-
action, hence increasing both global affinity and specific-
ity. Each one of these effects taken separately may not be
able to fully explain specificity, and their interplay is most
probably required to achieve a highly specific gene ex-
pression regulation in eukaryotes. This strategy has led to
the emergence of enhanceosomes, which are defined as
higher-order nucleoprotein complexes, cooperatively as-
sembled, that work as transcription preinitiation/stimula-
tory complexes. Enhanceosomes contain multiple
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TFBS for different effectors involved in combinato-
rial interactions. An enhanceosome is believed to
ensure the formation of a specific activation surface
that is complementary to other coactivators (e.g., the
mediator complex) or to the transcriptional machin-
ery itself. Interestingly, assembly of an enhanceo-
some is enhanced (often in a nonsequence-specific
way) by architectural proteins that bend DNA, such as the
high-mobility group proteins, which allow otherwise energet-
ically forbidden interactions (28, 52).

Before we close this section, it is interesting to
mention that seemingly nonspecific (promiscuous) re-
sponses may also be important in defined contexts,
because different, although closely related, TFs may, by
this means, have redundant functions. This would allow
these TFs to act as fail-safe mechanisms and ensure
robustness of a response when a key component is
damaged. This kind of functional redundancy is illus-
trated quite well by the FoxO TFs, which have largely
been characterized as tumor suppressor genes. Surpris-
ingly, single knockout mice are not more tumor-prone
than wild-type mice (25-27). However, the combined
triple Foxo knockout leads to an increase in tumor
development (53). This result suggests that the absence
of tumor development in single knockouts results from
functional overlap and redundancy, ensuring robust-
ness in tumor suppression by the FoxO subfamiliy of
TFs. Therefore, a partial lack of specificity can some-
times foster an evolutionary advantage.
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