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ABSTRACT

Forkhead box (FOX) proteins are an evolutionarily
conserved family of transcription factors that play
numerous regulatory roles in eukaryotes during de-
velopmental and adult life. Dysfunction of FOX pro-
teins has been implicated in a variety of human
diseases, including cancer, neurodevelopment dis-
orders and genetic diseases. The FOX family mem-
bers share a highly conserved DNA-binding domain
(DBD), which is essential for DNA recognition, bind-
ing and function. Since the first FOX structure was
resolved in 1993, >30 FOX structures have been re-
ported to date. It is clear now that the structure and
DNA recognition mechanisms vary among FOX mem-
bers; however, a systematic review on this aspect is
lacking. In this manuscript, we present an overview of
the mechanisms by which FOX transcription factors
bind DNA, including protein structures, DNA bind-
ing properties and disease-causing mutations. This
review should enable a better understanding of FOX
family transcription factors for basic researchers and
clinicians.

INTRODUCTION

Gene expression is a highly ordered and extremely complex
process. This process is tightly controlled by transcription
factors (TFs). TFs usually bind DNA regulatory elements
upstream or downstream of the transcription start sites of
target genes to modulate the level of gene transcription,
thereby controlling protein synthesis and thus altering cel-
lular function (1). To date, >1600 TFs have been annotated

in the human genome (1). Among them, the evolutionar-
ily conserved FOX proteins compose one of the largest TF
families and play key regulatory roles in both embryonic
and adult life (2-4).

The first member of the FOX protein family was iden-
tified in Drosophila in connection with the forkhead mu-
tation phenotype (5,6). Subsequently, hundreds of FOX
genes have been identified from various species. The FOX
gene family is now known to be an evolutionarily an-
cient transcription family that is widely distributed in eu-
karyotes, from unicellular eukaryotes to mammals. How-
ever, FOX genes have not been discovered in the plant
kingdom so far (7,8). The number of FOX genes varies
largely among species. Fungi genomes encode only four
FOX genes, whereas mammalian genomes typically encode
dozens of members (9). All FOX proteins share an evolu-
tionarily conserved DNA-binding core, while other parts of
FOX proteins are poorly conserved. For example, the DBD
of yeast forkhead protein 1 (FHL1) has 62% sequence sim-
ilarity to human FOXP1-DBD. In the human genome, 50
members have been identified and can be classified into 19
subgroups (FOXA to FOXS) based on sequence conserva-
tion (10). These family members display large functional di-
versity in key biological processes, including development,
proliferation, differentiation, apoptosis, and immune func-
tion (3,11,12). Many FOX TFs, especially FOXA, FOXO
and FOXI subgroup members, are regarded as pioneer fac-
tors which open compacted chromatin and facilitate the
binding of other transcription factors (13,14). Usually, each
FOX TF possesses its own specific regulatory roles, and its
expression is tissue- and cell type-specific (3). For example,
FOXGT1 is mainly expressed in forebrain and is essential for
brain development (15); FOXOI1 is highly expressed in B
cells and dominates B-cell differentiation (16,17), whereas
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FOXO4 is highly expressed in muscle and FOXO6 is primar-
ily expressed in the brain and liver (18). Meanwhile, FOX
proteins also exhibit a degree of functional redundancy. For
example, ovarian physiogenesis is regulated by three fork-
head proteins, FOXL2, FOXCI1 and FOXO3 (19,20). This
functional redundancy may enhance the tolerance to de-
creased function of a specific FOX protein (21).

Genetic alterations and misregulation of FOX genes are
closely associated with human diseases, especially cancers
(22,23). The alterations, including deletion, point mutation,
translocation and gene fusion, of FOX genes have been
identified in a variety of cancers (24,25). Alterations and
misregulation of almost all the 19 FOX subgroups have been
shown to associate with tumorigenesis. Among them, the
roles of FOXM1 (23.26), FOXO (22) and FOXA1 (27) in
cancer have perhaps attracted the most attention from re-
searchers. FOXM1 overexpression has been detected in a
broad range of cancer types, such as glioblastoma (28) and
chronic myelogenous leukemia (CML) (29), and it is critical
for the initiation, progression and drug resistance of these
cancers (26,30). Therefore, FOXM1 has been considered as
a prognostic marker and an attractive drug target for some
cancers. FOXOs are mostly considered as tumor suppres-
sors, due to the involvement of FOXO gene activation in cell
cycle arrest and apoptosis in both normal and cancer cells
(31-33). However, increasing evidence suggests FOXO TFs
also act as oncogenic regulators. The carcinogenic effects
of FOXOs have been demonstrated in breast cancer, hep-
atocellular carcinoma and leukemia, among other cancers
(31,34,35). More recently, the role of FOXA1 in prostate
cancer has been intensively investigated. Mutations in the
coding and non-coding sequences of the FOXA1 gene have
been found to drive the development and progression of
prostate cancer (36-40). The close relationship between dys-
function of FOX TFs and cancer suggests that targeting
FOX proteins could be an effective anti-cancer therapeutic
strategy.

The regulatory functions of FOX family TFs involve spe-
cific DNA sequence recognition. To accomplish this, all
FOX proteins share a highly conserved DBD, also known
as the forkhead domain (FKH) or winged-helix domain
(41). Most pathogenic missense mutations reported in FOX
TFs are located in the DBD region (37,39,42-46), empha-
sizing the importance of this domain in the function of FOX
TFs. In this review, we aim to provide an overview of the
biological features of the FOX DBD. The structural char-
acteristics, DNA-binding mechanism, DNA-binding speci-
ficity and consequences of point mutations of FOX-DBD
are summarized.

Overall domain organization of FOX proteins

The FOX TF family proteins exhibit a wide range of func-
tional diversity. This functional diversity is partially con-
ferred by different spatio-temporal expression patterns. In
addition, differences in protein size, structural domain com-
position and architecture also contribute significantly. The
common functional domains or motifs present in FOX fam-
ily TFs include, but are not limited to, nuclear export se-
quence (NES), transcriptional repressor domain (TRD),
nuclear localization sequence (NLS), transactivation do-

main (TAD), negative-regulatory domain (NRD) and DBD
(Figure 1A). The typical lengths of FOX TFs range from
300 to 800 residues, the differences in length often reflect-
ing different domain compositions. For instance, FOXP3
lacks the transactivation domain (TAD), which is often
linked with chromatin opening in FOX family TFs (Fig-
ure 1A). Nonetheless, FOXP3 possesses a transcription re-
pressor domain, the presence of which is consistent with its
well-known role as a transcription repressor (47,48). Fur-
thermore, compared to FOXP3, FOXAI1 has two TADs,
one in its N-terminus and the other in the C-terminus. The
two TADs confer FOXAI1 a strong activity in promoting
transcription. Indeed, the pioneering role of FOXA1 in the
regulation of gene transcription has been well established
(49,50).

The organization of structural domains varies largely
among FOX subfamilies, whereas they are similar within
the same subfamily. For example, the four FOXO subgroup
members (FOXO1, FOXO03, FOX04 and FOXO6) have the
same structural architecture, although they are of different
lengths (Figure 1B). Interestingly, two NES have been re-
ported for FOXO3, while the NES described in FOXO6 is
under debate (51).

Although the domain arrangement of FOX TFs varies
widely, all FOX members possess a DNA binding domain.
As its name implies, the FOX-DBD is essential for DNA
binding and is the core component for the regular function
of FOX TFs. The position of DBD is different among fam-
ily members; however, it is highly conserved in sequence and
is why these proteins are grouped into the same family (52).
The FOX-DBD is approximately 100 amino acids (aa) in
length, with the residues in the N-terminal portion highly
conserved, while the conservation of C-termini residues is
limited (Supplementary Figure S1). According to the mul-
tiple sequence alignment, a consensus sequence for human
FOX-DBD is proposed (Figure 1C). For descriptive conve-
nience, the numbering schedule in the consensus sequence
(position plus letter ¢) will be used throughout the text.

Structure of FOX-DBD

Since the first structure of FOX-DBD (FOXA3) determined
in 1993 (41), the structure of forkhead domain has been
extensively studied during the last 30 years. To date, >30
FOX-DBD structures have been deposited in the protein
data bank (PDB, see table 1). These structures provide a
thorough structural understanding of the core of FOX TFs.
All FOX-DBDs adopt a similar overall compact folding,
with three a-helices (H1, H2 and H3) forming a core that
packs against an antiparallel three-stranded B-sheet (S1, S2
and S3); there are two flanking wing-like loops (wing 1 and
wing 2) (Figure 2A). This folding pattern has been named
as winged-helix fold, which is often found in DNA-binding
proteins (41,53,54). In addition to the three typical helices,
several structures show that the residues between H2 and
H3 helix can also fold into a 3;(-helix (H4) (Figure 2A) (55—
59). Topologically, the FOX-DBD is arranged as H1-S1-
H2-H4-H3-S2-wingl-S3-wing2 (Figure 2B). Interestingly,
the S1 strand is not observed in most of the reported FOX-
DBD structures; instead, this region has been shown to be
a flexible loop in these structures.
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Figure 1. Domain organization of FOX TFs. (A) Major functional domains and motifs present in selected human FOX proteins; ZF, zinc finger; LZ,
leucine zipper; CR1, conserved region 1. (B) Domain organization of human FOXO subgroup. (C) Conservation of human FOX-DBDs. The sequence
logo was generated with WebLogo (http://weblogo.berkeley.edu/logo.cgi) by using a multiple sequence alignment profile of all the 50 human FOX-DBDs.
The consensus sequence was provided by JalView based on the multiple sequences aligemnt file. Each residue in the consensus sequence represents the most
frequent residue in each postion. If the highest frequency is shared by more than one residues, a ‘+’ symbol is used in the display. Resides that involved in

DNA recognition and protein—protein interaction are indicated accordingly.

The conformation of wing2 is the most variable region in
the FOX-DBD, which is consistent with the fact that wing2
shows only limited sequence conservation (Figure 1C). In
some structures, wing?2 is not observable due to the flexibil-
ity of this region (60,61). However, biochemical assays in-
dicate that the wing?2 is important for optimal DNA bind-
ing by enhancing protein—-DNA interaction (60,61). In some
structures, such as FOXC2 (59), FOXO3 (62) and FOXD3,
the wing2 presented as a loop (58). In contrast, in the struc-
ture of FOXP2 (63), FOXP3 (64), FOXK1 (65), FOXNI
(66) and FOXN3 (67), the wing?2 folds into an a-helix. More
recently, our reported FOXGI1-DBD structure shows that
FOXGI1-DBD wing? folds into two antiparallel B-strands
(44) (Figure 2C). Thus, wing2 of FOX TFs can adopt vari-
ous conformations and perhaps is a source of DNA binding
specificity and functional diversity of FOX TFs.

As mentioned, many FOX TFs exhibit a pioneering role
in transcription regulation. The structural comparison re-
veals a highly similar architecture between histone H1 glob-
ular domain and FOX-DBD (Figure 2D). The linker his-
tone H1 is an important component of chromatin. Histone
H1 is essential for maintaining chromatin in a compact and
transcription-repressed conformation (68). The DNA bind-
ing region (globular domain) of histone H1 also adopts a
typical winged-helix fold (69,70). The structural similarity
may help FOX protein displace histone H1 to open chro-
matin and function as a pioneer transcription factor.

DNA recognition by FOX-DBD

Through its DBD, FOX TF binds to specific DNA motifs
in the genome and regulates gene expression. Most FOX
TFs recognize the canonical forkhead (FKH) sequence,
oRYAAAYA¢ (R = purine, Y = pyrimidine) (71,72). A
FKH PWM (Positional weight matrix) is shown in Figure 3.
The binding of FOX-DBD to FKH DNA site has been well
established. Upon binding to DNA, the H3 helix of FOX-
DBD inserts into the DNA major groove and mediates most
of the base-specific recognition (Figure 3). Therefore, the
H3 helix has been considered as the recognition helix (41).
Usually, only the conserved N54c and H58c from the so-
called “s4cN(S/A)IRHsg.” motif (see Figure 1C) of recogni-
tion helix form direct H-bonds with DNA bases. In addition
to direct H-bonds, water-mediated interactions and van der
Waals contacts are also involved in H3-DNA interactions
(44,60). Functional assays have shown that all direct and in-
direct contacts are important for DNA binding (44,59,62).

Other regions of FOX-DBD also participate in DNA
binding outside the core-site. The N-terminal, H4 helix,
wingl and wing2 are involved in DNA binding by form-
ing direct H-bonds, water-mediated H-bonds and van de
Waals contacts with DNA. Interestingly, though wing?2 is
important for DBD-DNA contacts, it is invisible in some of
FOX/DNA complex structures. Furthermore, in the struc-
tures where wing? is well ordered, such as FOXM1 (56),
FOXP2 (63) and FOXNI (66), no direct wing2-DNA in-
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Table 1. Determined FOX-DBD structures

PDB entry Protein DNA Core motif Method Resolution (A) Assembly Reference
5X07 FOXA2 GTAAACA X-ray 2.80 Monomer (61)
IVTN FOXA3 TAAGTCA X-ray 2.50 Monomer (41)
1D5V FOXC2 Protein alone NMR n/a Monomer (81)
6AKO FOXC2 GTAAACA X-ray 2.40 Monomer (59)
6AKP FOXC2 GTACACA X-ray 2.32 Monomer (59)
603T FOXC2 TGTTTATAAACA X-ray 3.06 Dimer, lack PPI (82)
6LBM FOXC2 GTAAACA X-ray 2.84 Monomer (83)
2HFH Foxd3 (mouse) Protein alone NMR n/a Monomer (84)
2HDC Foxd3 (mouse) GCTTAAAATAACAATAC NMR n/a Monomer (58)
7CBY FOXGl1 GTAAACA X-ray 1.65 Monomer (44)
2A3S Foxk1 (mouse) Protein alone NMR n/a Monomer n/a
2C6Y FOXK1 GTAAACA X-ray 2.40 Dimer, lack PPI (65)
3G73 FOXM1 TGTTTATAAACA X-ray 2.21 Dimer, weak PPIs (56)
6EL8 FOXNI1 GACGC X-ray 1.61 Monomer (66)
SOCN FOXNI1 Protein alone X-ray 2.70 Monomer (66)
6NCE FOXN3 AGTAAACA X-ray 2.60 Monomer (67)
6NCM FOXN3 GACGC X-ray 2.70 Monomer (67)
3CO7 FOXO1 GTAAACA X-ray 291 Monomer (60)
3CO6 FOXOl1 GTAAACA X-ray 2.10 Monomer (60)
3COA FOXO1 CAAAACAA X-ray 2.20 Monomer (60)
SDUI FOXO1 ATGATTTACGTAAAATAGAAA X-ray 2.31 Dimer, lack PPI (85)
4LGO FOXO1/ETSI AAACAATAACAGGAAACCGTG X-ray 2.19 Heterodimer, no PPI (5)
6QVW FOXO1 Protein alone NMR n/a Monomer (86)
6LBI FOXO1 GTAAACATGTTTAC X-ray 3.07 Dimer, with PPIs (83)
2UZK FOXO03 GTAAACA X-ray 2.70 Monomer (62)
2K 86 FOXO03 Protein alone NMR n/a Monomer 87)
1E17 FOX0O4 Protein alone NMR n/a Monomer (88)
3L2C FOX04 CTATGTAAACAAC X-ray 1.87 Monomer (55)
2KIU FOXP1 Protein alone NMR n/a Monomer (89)
2A07 FOXP2 AACTATGAAACAAATTTTCCT X-ray 1.90 Domain-swapped (63)
dimer
2ASS5 FOXP2/NFAT AACTATGAAACAAATTTTCCT X-ray 2.70 Heterodimer, with (90)
PPIs
3QRF FOXP3/NFAT AACTATGAAACAAATTTTCCT X-ray 2.80 Heterotrimer, With (64)
PPIs
4WKS FOXP3 AACTATGAAACAAATTTTCCT X-ray 3.40 Domain-swapped 91)
dimer

teraction is observed. These observations may indicate the
binding between wing2 and DNA is highly dynamic and dif-
ficult to be captured during crystallizing. Interestingly, in
addition to DBD, the LZ motif immediately adjacent to the
N-term of FOXP3-DBD may also take part in DNA bind-
ing. The presence of the LZ motif largely enhances the DNA
binding ability of FOXP3 in vitro (73,74).

The DNA-binding potential of FOX-DBD can be mod-
ified by various post-translational modifications (PTMs),
including phosphorylation, acetylation and methylation
(27,75). For example, the FOXO-DBD is frequently phos-
phorylated by various kinases. Kinase MST1 mediates
phosphorylation of FOXO3-DBD at S207 (S55c: the corre-
sponding residue in the consensus sequence), S213 (S61c¢),
S229 (G83c: the amino acid sequence may be different from
the consensus sequence in some cases because the con-
sensus sequence only shows the residue with highest fre-
quency) and S230 (S84c) to promote apoptosis (76). In
vitro assay showed phosphorylation of the four correspond-
ing serine residues in FOXO1-DBD blocks its binding to
DNA because these residues are involved in DNA back-
bone interactions (direct or water-mediated) (60). Inter-
estingly, the phosphorylation of FOXO1-DBD at S249 by
CDK1/CDK2 (77,78) can impact its subcellular localiza-
tion without disturbing its DNA-binding ability (60).

In addition to phosphorylation, two acetylation sites,
K245 (K94c) and K248 (S104c) have been identified within
the wing2 of FOXO1-DBD. These two sites can be specifi-
cally acetylated by CBP/p300 (60). Since acetyl groups are
negatively charged, acetylation introduces charge repulsion
between wing2 and DNA, thus reducing the DNA-binding
affinity. Several acetylation sites in the wingl or wing2 re-
gions of FOXA1 and FOXP3 have also been reported.
Acetylation of FOXA1-DBD decreases its DNA-binding
and ability to remodel chromatin (79). Similarly, acetylation
of FOXP3 K382 (Q53c) and K393 (D64c) impairs the DNA
binding and inhibits Treg suppressive function (80). Collec-
tively, FOX-DBD is often subjected to PTM and the phos-
phorylation sites in FOX-DBD are highly conserved, which
may be a regulatory mechanism adopted by FOX family
TFs. However, the acetylation sites of FOX proteins are pri-
marily localized in the variable wingl or wing2 region, thus
these sites are less conserved compared to phosphorylation
sites. The variable acetylation sites may indicate different
regulatory mechanisms of individual FOX proteins.

In summary, the conserved recognition helix of FOX-
DBD dominates base-specific DNA recognition, while less
conserved regions, including the N-terminus, H2-H3 re-
gion, wingl and wing2, make adjustable but essential con-
nections with DNA. In addition, the DNA-binding capabil-
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Figure 2. Structure of FOX-DBD. (A) Overall structure of FOX-DBD. The figure shows the structure of FOXM1 (PDB code: 3G73). Structural cartoons
are colored by conservation. (B) Topology of FOX-DBD. Both the S1 and H4 are only presented in certain FOX-DBDs. (C) Different wing2 conformations
of FOX-DBDs. The PDB codes for FOXO3, FOXNI1, FOXK1 and FOXG1 are 2UZK, 6ELS, 2C6Y and 7CBY, respectively. (D) Structural comparison
between human FOXA3-DBD (PDB code: 1VTN) and human histone H1 globular domain (PDB code: 6HQ1).

ity of FOX-DBD is frequently modified by various PTMs,
such as phosphorylation and acetylation.

Mechanisms for DNA binding diversity

The functional diversity of FOX TFs is usually associated
with the diversity of their DNA binding. In addition to
the canonical FKH site, FOX TFs have been shown to
bind other DNA motifs, including AHAACA (60,92,93),
GTACACA (59) and GACGC (66,67,72). The AHAACA
(H=A, C, T) motif was first reported to be a lower affinity
binding site of FOXO1, compared to the FKH site (94,95).
Crystal structures of FOXO1 in complex with FKH and
AHAACA sites, respectively, reveal that FOXO1 rearranges
histidine (H58c) and asparagine (N54c¢) in the N(S/A)IRH
motif to bind different DNA bases (60) (Figure 4).
Interestingly, in vitro DNA-binding analysis demon-
strates that FOXC2 prefers to bind the GTACACA DNA
sites rather than a canonical RYAAAYA site, ACAAATA
(59). When bound to the GTACACA site, FOXC2 engages
R57c other than N54c in the s4.N(S/A)IRHsg. motif to
carry out base recognition (Figure 4). Furthermore, this
mechanism also applies to the cases where the A3 in FKH
motif is substituted by other nucleotides (59,65). These ob-
servations suggest the FOX TFs may have specific prefer-
ences within the core motif. Moreover, flanking bases out-

side the core motif are reported to be important for optimal
DNA-binding bases (61,62,96).

Both AHAACA and GTACACA are variants of the
FKH site, and the binding of FOX TFs to these vari-
ants typically involves the rearrangement of contacts in
the recognition helix while maintaining similar overall
DNA deformation (17,44,59). However, compared to the
RYAAAYA site, the GACGC (FHL) site is different in
length and base composition. The FHL site was first re-
ported as a binding site of yeast Fhll (97). Later stud-
ies revealed that the FHL site was an alternative binding
site for FOXN subgroup members, and thus, FOXNs have
been regarded as bispecific FOX TFs (72,98,99). Rogers et
al. showed FOXN3 adopted an almost identical structure
to contact the FKH and FHL sites and utilized the same
amino acid residues for base-specific recognition (67). How-
ever, the binding-induced DNA shape deformation is strik-
ingly different, suggesting an indirect DNA-shape readout
mechanism (Figure 4). A similar DNA conformation was
observed in the FOXNI-FHL structure, indicating the un-
usual FHL conformation is unlikely to be induced by crystal
packing (66).

Subdomain swap experiments suggest the two wings
(wingl and wing2) are necessary but not enough to deter-
mine the bispecificity of FOXN3 (67). The two-wing switch
between FOXNI1 and monospecific FOXJ3 abolished the
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consensus sequence of Figure 1C are shown in parentheses (and hereafter). Water molecules are represented by green balls. Van der Waals contacts are not
shown. The figures were prepared from the FOXG1/DBE2 complex structure (PDB code: 7CBY, resolution at 1.6 A).

FHL site binding ability of FOXNI, but did not confer
FOXJ3 the ability to bind the FHL site (67). Further, it has
been shown that the H2-H3 region has a dominant role in
determining the FHL site binding ability of FOXNI1 (67).
Interestingly, another study of the DNA-binding properties
of a series of FKH protein chimeras also suggests that the
less conserved region between H2 and H3 helices plays an
important role in regulating the binding specificity of the
forkhead domain (92). The H2-H3 region, where H4 helix is
located, does not participate in direct DNA binding, show-
ing only water-mediated interaction with DNA in some
structures. These observations suggest water-mediated in-
teractions may be important for DNA binding specificity.
Furthermore, even when bound to the same DNA site,
FOX-DBDs exhibit considerable variations in DNA recog-
nition. The differences occurred both in the recognition he-
lix and other less conserved regions (44,59-61) (and the ref-
erences hereafter). In base-specific recognition, FOXA?2 en-
gages H54c to bind a single base of the DBE2 (A FKH
DNA) site, while the numbers of base contacts mediated
by the same residue in FOXC2, FOXO1 and FOXGI are
two, three and four, respectively (Supplementary Figure
S2). In addition, FOXA2 also employs R208 (G51c) and

S212 (S55¢) of the H3 helix to bind the DBE2 phosphate
backbone; however, these interactions are not observed in
FOXC2, FOXOI1 and FOXGI. DNA recognition by the
N-terminal segment is different among the four structures.
FOXC2 binds Thy1 with its K72 (K3c), while FOXO1 uti-
lizes N158 (P1c) to contact Gua0. Nevertheless, no direct in-
teraction is observed in the other two structures. Although
the wing2 has been included in all four proteins for crys-
tallizing, it has been observed only in FOXG1 and FOXC2
structures. Again, the observed wing2-DNA interactions
are different in the two structures. FOXC2 wing2 contacts
the DBE2 site with R163 (R107¢) and R164 (R108c), while
FOXG1 wing2 binds the DNA with K272 (R107c) and
R274 (R109c). The mentioned interactions do not include
water-mediated contacts, the observation of which depends
largely on the diffraction resolution. Notably, this does not
mean that water-mediated interactions are not important.
On the contrary, water-mediated hydrogen bonds may play
a key role in FOX-DNA interaction (44,60). In addition,
the reported differences may arise from the fact that dif-
ferent groups used different protein constructs (with differ-
ent lengths of N- and C- terminal segments) in their DNA-
binding studies.
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Altogether, the DNA-binding specificity of FOX-DBDs
is determined by rearranging base-specific contacts of the
H3 helix, DNA shape recognition and the regulation of the
less conserved regions, especially wingl, wing2 and the H2-
H3 region. In addition, flanking bases outside the core se-
quence also affect the binding of FOX-DBD. Due to the
plasticity and complexity of DNA recognition by FOX-
DBDs (different FOX-DBDs bind to the same DNA with
varied interactions and the same FOX-DBD often behaves
differently when binding to different DNA sites), it is dif-
ficult to come up with an overarching model to explain
the different binding specificities of FOX-DBDs. Compared
to most sequence-specific transcription factors, an unusual
feature of forkhead protein binding to DNA is its extensive
use of van der Waals contacts and relatively few hydrogen
bonds to bases within the major groove. This shape recog-

nition may allow forkhead proteins to bind a wide range of
sequences if the DNA maintains a few hydrogen bonding
determinants in the core region of the binding site and has
a shape that is complementary to the DNA binding surface
of the forkhead protein.

DNA-binding induced conformational change of FOX-DBD

Some of the FOX-DBD structures are determined both in
the presence and absence (apo) of DNA, including FOXC2,
FOXNI1, FOXO1, FOXO3 and FOXO4 (Table 1). These
structure pairs allow a close inspection of the conforma-
tional changes induced by the binding of DNA (Figure 5).
Superimposing the DNA-bound DBD to unbound DBD
of the five structure pairs, the root mean square deviation
(rmsd) values range from 0.64 to 3.1 A, indicating no sig-
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msd=12A msd=3.1A

N-term |

rmsd =0.92 A

Figure 5. DNA-binding-induced conformational change of FOX-DBD. DNA-bound structures are shown in color and apo FOX-DBD structures are
shown in gray. Major conformational differences are indicated by red arrows. The PDB codes are FOXN1, 6EL8 (DNA-bound) and SOCN (apo); FOXC2,
6AKO (DNA-bound) and 1D5V (apo); FOXO1, 3CO7 (DNA-bound) and 6QVW (apo); FOXO3, 2UZK (DNA-bound) and 2K86 (apo); FOXO4, 3L.2C

(DNA-bound) and 1E17 (apo).

nificant rearrangements (Figure 5). However, mild struc-
tural changes are presented, which mainly occurred in re-
gions around the DNA-binding surface (H3 helix, H4 he-
lix, N-terminal segment, wingl and wing2). These regions
may function through structural plasticity, adopting or-
dered conformations when bound to DNA.
DNA-binding-induced conformational changes are ob-
served at the N-terminal segment, H1-H2 loop and wing2
for FOXN1-DBD (rmsd, 0.64 A). The orientations of
FOXC2 N-term, H1 helix, H4 helix, wingl and wing2 are
rearranged when bound to DNA. The C-terminus of H1
helix shifts by 2 A toward the S3 strand when bound to
DNA. Similar H1 orientations have also been observed in
the DNA-bound FOXO3 and FOXO4 structures, but not
for FOXO1. The interactions between wing2 and DNA in-
duce a ~180° flip of wing2 compared to apo FOXC2 struc-
ture. FOXO3 wing?2 also interacts with DNA and adopts
a similar orientation as FOXC2 wing2 when compared to
its DNA-unbound conformation. The N-terminal part of
H3 helix shifts by about 2 A toward the H1 helix in the
DNA-bound forms of all four FOX-DBDs, except FOXNI1.

Accordingly, the H2-H3 region (H4 helix) undergoes some
deformations upon DNA binding in these four structures.
Therefore, we speculate that the H2-H3 region may act as
a regulatory element that allows the H3 helix to rearrange
upon binding to DNA. Of course, it cannot be excluded that
some of the observed differences may arise due to crystal
packing, but we can expect most of them are induced by
DNA binding.

These observations show that the DNA binding-induced
conformational changes are varied in different FOX mem-
bers, which may partially explain the observed differences in
binding affinity to similar or identical DNA sites of individ-
ual FOX proteins (44,59,60,83). Furthermore, the plasticity
of FOX-DBD conformation in DNA recognition may con-
fer FOX TFs the ability to bind DNA sites of vastly different
sequences.

Various DNA-binding modes of FOX-DBD

In vertebrate genomes, clustering of multiple binding sites
for the same transcription factors is widely distributed



(100-102). Increasing data also suggests that FOX TF bind-
ing sites are often arranged in a tandem fashion in the
genome, which allows two or more FOX members to bind
(72,103). For example, recent studies suggest that both
FOXAT1 and FOXOL1 are capable of binding the compact
DIVO (termed ‘DIV’ for its diverging half-sites) site as a
homodimer in a highly cooperative manner, where the first
monomer binding facilities the binding of the second one
(83,103,104). In addition, FOX TFs also recruit other part-
ners to cooperatively recognize DNA. For instance, FOXOs
interact with transcription factors like p53, STAT3 and
retinoic acid receptors to cooperatively regulate gene tran-
scription (105,106). The homotypic or heterotypic complex
can enhance the specificity of DNA recognition as they in-
crease the criteria for the binding (107). By analyzing the
current available FOX-DNA complex structures, the DNA-
binding modes of FOX TFs can generally be classified into
four types: Monomer, homodimer, DNA-mediated homod-
imer and DNA-mediated heterodimer (Figure 6).

Almost all FOX-DBD bind the consensus forkhead
recognition site as monomer (Figure 6A), except FOXPs.
The FOXP subgroup members can bind two separate
DNA sites and form domain-swapped dimer (Figure 6B).
The domain-swap dimer interface is mediated by residues
from HI, H2, H3 and H4 helixes (Figure 1C). More-
over, the FOXP homodimer is formed prior to DNA bind-
ing (64,91,73); thus, the dimer is formed on the protein
level independent of DNA. Autoimmune disease (IPEX)-
associated mutations have been identified in the domain-
swap interface. These mutations have been shown to elimi-
nate T cell-suppressive activity conferred by FOXP3, both
in vitro and in a murine model of autoimmune diabetes
in vivo (63,64). The special DNA-binding pattern of the
FOXP subgroup is believed to have relevance in chromatin
bridging and long-range transcriptional regulation. In ad-
dition, it has been found that Saccharomyces cerevisiae FOX
proteins Fhll and FhI2 may adopt a similar domain-
swapped binding mechanism as FOXPs to loop DNA (108).
With the high conservation of the DBD among FOXP sub-
group members, FOXPs may form hetero-domain-swapped
dimer to bind DNA.

Unlike the FOXP homodimer, other observed FOX ho-
modimers are mediated by DNA. In these binding modes,
intramolecular protein—protein interactions (PPIs) may or
may not be presented. For instance, FOXO1 binds the
glucose-6-phosphatase catalytic subunit 1 (G6PC1) gene
promoter as a homodimer in a cooperative manner (109).
However, crystal structure shows the two binding sites of
FOXO1 in G6PC1 promoter DNA are apart from each
other and no direct PP1 is presented (Figure 6C) (85). In an-
other case, FOXM1 forms a dimer on a tandem sequence,
where limited PPIs are observed (Figure 6D). However,
functional and bioinformatical research suggests that the
binding of FOXM1 on such DNA sites has no biological
significance (56). Our recent work shows that FOXO1 binds
to DIV2 sites (termed ‘DIV’ for its diverging half-sites) as
a dimer (Figure 6E) (83). The structure of FOXO1/DIV2
complex revealed that the two FOXOI1 monomers bind
DIV2 from the same side and form PPIs mediated by the
two wingls. The wingl residues R225 (K68c) and Q227
(P70c) play key roles at the dimer interface, and the PPIs
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greatly enhanced the FOXO1-DIV2 binding affinity and
thermal stability (83). The further bioinformatical analysis
found that the DIV2 motif is widespread in FOXO1 target
genes, indicating this motif is an important regulatory ele-
ment of FOXOs (83). However, the positions 68c and 70¢ in
FOX family DBD are not well conserved, suggesting that
the binding modes on DIV2 sites may vary in the FOX TF
family (Figure 1C). Indeed, FOXC2 has been shown only
able to bind DIV2 as a monomer (83).

The currently known interactions of FOX TFs with other
TF family proteins are mediated by DNA. It is known that
the FOX:Ets cis-acting element is synergistically activated
by FOX-Ets TF pairs (110). The FOXO1-EtsI-DNA struc-
ture shows the two TFs binding the DNA from opposite
sides without direct PPI exhibited (Figure 6F). Another
study revealed that the DNA shape is the driver for the
FOX-Ets pair’s cooperativity, as the binding of FOXOI1 to
the FOX:Ets element requires the presence of Etsl (111).
FOXP3 and nuclear factor of activated T cells (NFAT) form
a cooperative complex on DNA to control regulatory T-
cell function (112,113). Structural study shows that FOXP2
binds the DNA from the same side as NFAT and makes
interactions with NFAT through its wingl. Mutagenesis
experiments reveal that these interactions are essential for
the normal function of regulatory T cells (Figure 6G) (90).
Further, the FOXP3-NFAT-DNA structure suggests a com-
plex with more subunits, where FOXP3 forms a homodimer
and binds simultaneously with NFAT at the interleukin-2
promoter (Figure 6H) (64). In both FOXP2- and FOXP3-
NFAT-DNA structures, the intermolecular PPIs are pre-
dominately mediated by H2 and wingl residues at 25c, 27c,
28c 31c, 34c, 70c, 72¢ and 73c (Figure 1C). However, these
residues are not well conserved in the FOX family, suggest-
ing that this binding mode may be unique for the FOXP
subgroup. Furthermore, it has been reported that interac-
tions between FOX TF and other TF can occur at regions
besides the DBD (114). Therefore, it cannot be excluded
that the observed heterodimers may form prior to DNA
binding.

Collectively, cooperative DNA recognition is widely
adopted by FOX TFs. The cooperativity may arise by three
mechanisms. (i) The cooperative recognition is mediated
by PPIs, in which case, the TFs bind to each other in
the absence of DNA. For example, the domain-swapped
FOXP homodimer is formed prior to DNA binding; (ii)
the cooperativity is partially mediated by DNA, where the
presence of PPIs requires specific orientation- and spacer-
arrangements between the tandem binding sites. In turn,
DNA-mediated PPIs enhance the binding affinity and sta-
bility of the protein to DNA, for instance, the FOXO1 ho-
modimer formed on a DIV2 site and the FOXP-NFAT reg-
ulatory pairs in regulatory T cells; (iii) cooperativity is medi-
ated entirely by DNA, where no PPI is presented. One pos-
sible mechanism for DNA-mediated cooperativity may be
attributed to the shape of the DNA. DNA shape has been
shown to be a driving factor for Forkhead-Ets pairs (111).

Pathogenic mutations of FOX-DBD

Mutations of FOX proteins underlie many human diseases.
For example, mutation of FOXGI1 is linked to FOXGI
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Figure 6. DNA-binding modes of FOX TFs. (A) DNA recognition by the FOXG1 monomer. (B) DNA recognition by the FOXP2 domain-swapped dimer.
FOXP2 forms domain swapped-dimer to bind two separate DNA sites simultaneously. (C) DNA recognition by the FOXO1 homodimer. No PPl is present.
(D) DNA recognition by the FOXM1 homodimer. Weak PPIs are present. (E) DNA recognition by the FOXO1 homodimer. Extensive PPIs are present in
the dimer interface. (F) DNA recognition by the FOXO1-ETS1 heterodimer. No PPI is present. (G) DNA recognition by the FOXP2-NFAT heterodimer.
Extensive PPIs are present. (H) DNA recognition by the FOXP3-FOXP3-NFAT trimer. NFAT directly interacts with the domain-swapped FOXP3 dimer.
FOX-DBDs are colored in green or magenta. Etsl and NFAT are colored in yellow. DNA core sites are highlighted in red. DNA reading orientations are

indicated by arrows.

syndrome, a serious neurodevelopmental disorder
(115,116); FOXA mutations are frequently identified
in prostate and breast cancers (42,117-120); FOXC mu-
tations are associated with Axenfeld-Rieger syndrome
(ARS) and Lymphoedema distichiasis syndrome (LDS)
(43,121,122); and the inactivating mutations in FOXP3 re-
sult in IPEX (immune dysregulation, polyendocrinopathy,
enteropathy, X-linked) autoimmune syndrome (123,124).

The high conservation of the DBD emphasizes its crit-
ical role in the regulatory activity of FOX TFs. There-
fore, it is not surprising that missense mutations in FOX-
DBD are poorly tolerated and lead to dysfunctional FOX
TFs. Many of the disease-causing point mutations have
been found to occur in this domain (Figure 7 and Supple-
mentary Table S1). Early functional studies characterized
that the mutations in FOXC1-DBD can affect almost every
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Figure 7. Mutations identified among selected FOX-DBDs and possible mutational hotspots in FOX-DBD. Mutation data are sourced from COSMIC

database or literatures (see Supplementary Table S1 for details).

aspect of its function, including reduced DNA binding,
blocking nuclear localization, impairing transactivation,
and so on (125-128). Recent biochemical studies demon-
strate that the mutations in FOX-DBD usually affect its
DNA binding affinity, protein thermal stability, or both
(44,59). Furthermore, the mutations in the DBD may di-
rectly affect the interaction with other co-factors. For exam-
ple, some mutations in FOXP3 do not affect its DNA bind-
ing but disrupt the interaction with NFAT, thereby elimi-
nating its T cell-suppressive activity (64). Interestingly, bio-
chemical studies revealed that some point mutations that
reduce DNA binding are not involved in direct DNA inter-
actions, and circular dichroism spectra showed that these
mutations do not affect the folding of the DBD (44). The
underlying mechanism of such dysfunction-inducing muta-
tions of FOX TFs is elusive.

Some of the pathogenic mutation residues have been
found in the same positions in different FOX members and
could be potentially FOX family mutational hotspots (Fig-
ure 7), including K3c, P4c, P5c, S7c, 19c, A10c, F37c, Y39c,
Y40c, I56¢, R57¢, S61c, C65¢, K68c, V69¢, G83¢c, M98c,
F100c, R107¢ and R109¢c. Specifically, K3c, S7¢c, R57c,
S6lc, K68c, R107¢c and R109c are shown to participate in
DNA backbone interaction, and mutation in these sites may
impact the DNA binding; R57c is involved in base-specific
DNA recognition; F37c, Y39c and Y40c are located at the
end of H2. These residues form extensive hydrophobic con-
tacts with other buried non-polar resides; hence, mutation
in these positions may impact the overall folding of FOX-

DBD. The other residues (P4c, P5c, 19¢, A10c¢, C65c¢, 156c,
V69c, G83c and M98c) are involved with neither binding to
DNA nor contact with partner TFs. We have shown that the
mutations in some of these sites impact the DNA binding
or protein thermal stability of FOXC2 and FOXG1 (44,82).
The consequences may be caused by impairing the struc-
tural dynamics of FOX-DBD when mutated.

SUMMARY AND FUTURE PERSPECTIVES

FOX family TFs are central regulatory players in eukary-
otic cells. The functional diversity of FOX TFs relies on the
binding of FOX members to specific genomic loci. Struc-
tural studies of FOX-DNA complexes have provided an in-
formative insight into the DNA recognition by FOX TFs in
vitro. DNA binding outside the recognition helix of FOX-
DBD is highly variable, which leads to the preferences on
DNA sequences in and outside the core motif of FOX
TFs. However, the recognized motifs are too short to de-
fine unique genomic binding sites. To compensate, FOX
TFs usually collaboratively bind DNA with other families
of TFs (129). Therefore, the cooperative DNA recognition
by FOX TFs s still poorly studied and should be given more
attention in the future. Accumulating evidence highlights
the important role of FOX TFs in tumorigenesis and pro-
gression, making this family of proteins an attractive drug
target. Designing modifiers that can modulate FOX func-
tion through its DBD is common sense in developing FOX
TF-targeted drugs. However, the high sequence conserva-
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tion and structural similarity of FOX-DBD makes targeting
DBD challenging, as unpredictable off-target effects may be
raised. Since other regions outside the DBD can impact the
DNA binding properties of FOX TFs (87,130,131), target-
ing less conserved regions to regulate FOX-DBD function
may be an alternative option. As current structural studies
focus on the isolated DBD, the structure of other regions
outside the DBD remains largely unknown, and the study of
the DNA recognition of FOX-DBD in the context of other
FOX domains is urgently needed.

Many FOX proteins have been reported to function as pi-
oneer transcription factors, especially FOXA 1, which binds
to DNA sites on nucleosomes and induces an open chro-
matin conformation to allow the binding of other TFs
(49,50). The high structural similarity between FOXAI1-
DBD and linker histone H1 globular domain suggests
FOXAI1 may displace histone H1, open the local chro-
matin and allow other transcription factors to bind and
regulate transcription. However, it is still a mystery how
FOXAT1 binds the tightly compact chromatin and which
DNA sequence is engaged by FOXAI to initiate the
binding. Recently, nucleosome-bound pioneer transcription
factors SOX2, SOX11 and OCT4-SOX2 structures have
been solved using cryogenic electron microscopy (cryo-EM)
(132,133). It will be exciting to have a structure of an FKH
domain bound to a nucleosome, which will reveal the mech-
anism by which Forkhead proteins function as pioneer tran-
scription factors.
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