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ABSTRACT

The FOXC family of transcription factors (FOXC1 and

FOXC2) plays essential roles in the regulation of em-

bryonic, ocular, and cardiac development. Mutations

and abnormal expression of FOXC proteins are im-

plicated in genetic diseases as well as cancer. In this

study, we determined two crystal structures of the

DNA-binding domain (DBD) of human FOXC2 pro-

tein, in complex with different DNA sites. The FOXC2-

DBD adopts the winged-helix fold with helix H3 con-

tributing to all the base specific contacts, while the

N-terminus, wing 1, and the C-terminus of FOXC2-

DBD all make additional contacts with the phos-

phate groups of DNA. Our structural, biochemical,

and bioinformatics analyses allow us to revise the

previously proposed DNA recognition mechanism

and provide a model of DNA binding for the FOXC

proteins. In addition, our structural analysis and ac-

companying biochemical assays provide a molecular

basis for understanding disease-causing mutations

in FOXC1 and FOXC2.

INTRODUCTION

The Forkhead box (FOX) family of transcription factors,
characterized by a conserved ‘forkhead’ or ‘winged-helix’
DNA-binding domain (DBD), regulate a wide variety of bi-
ological functions, including cell proliferation, differentia-
tion, apoptosis, immunity, and metabolism (1,2). The FOX
gene was originally identi�ed in Drosophila melanogaster,
and hundreds of members have been found subsequently
in various species (3,4). So far, about 49 FOX genes have
been identi�ed in the human genome and categorized into
19 subgroups (FOXA to FOXS) (5).
The FOXC subgroup proteins, FOXC1 and FOXC2,

share 90% full-length sequence identity, with 98% consen-

sus in the forkhead domain (Supplementary Figure S1).
FOXC1 is an essential component in embryonic develop-
ment of brain (6), eye (7) and bone (8). FOXC1 knock-
out mice die at birth with hydrocephalus, eye defects, and
multiple skeletal abnormalities (9). FOXC2, the other mem-
ber of FOXC subfamily, is a key regulator of adipocyte
metabolism (10), skeletal tissue development (11), lym-
phangiogenesis, (12) and lung maturation (13). In addition,
FOXC1 and FOXC2 cooperatively control developmental
processes such as cardiovascular, renal and somite devel-
opment (14–16). FOXC1 is recently identi�ed as a critical
regulator for the niche formation of haematopoietic stem
and progenitor cells (17), as well as hair follicle stem cells
(18). FOXC2 is also required for maintaining murine sper-
matogonial stem cells (19). Furthermore, accumulating ev-
idence identi�ed emerging roles of FOXC proteins in initi-
ation and development of cancers (20,21). Elevated expres-
sion of FOXC1 or FOXC2 occur in a variety of cancers such
as breast carcinoma, hepatocellular carcinomas, lymphoma
and so on (20,22). They promote cancers throughmediating
cell proliferation, metastasis, epithelial–mesenchymal tran-
sition (EMT), angiogenesis and lymphangiogenesis (23–
26).
FOXC transcription factors play critical roles in many

gene regulatory pathways, consistent with the fact that mu-
tations of FOXC proteins result in developmental anoma-
lies. A lot of mutations in FOXC1 and FOXC2 have been
reported, includingmissense and nonsensemutations, small
deletions and insertions. Mutations of FOXC1 are associ-
ated with Axenfeld–Rieger syndrome (ARS), an eye disease
with autosomal dominant genetic changes primarily in an-
terior segment dysgenesis (27). About 31 missense FOXC1
mutants have been identi�ed in ARS patients, with 29 mu-
tations in its forkhead domain (22). Mutations in the DNA
binding domain of FOXC2 have also been reported to cause
Lymphoedema distichiasis syndrome (LDS), an inherited
primary lymphedema (28).

*To whom correspondence should be addressed. Tel: +86 731 84327542; Fax: +86 731 84327542; Email: yonghenc@163.com
†The authors wish it to be known that, in their opinion, the �rst two authors should be regarded as Joint First Authors.

C© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License

(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work

is properly cited. For commercial re-use, please contact journals.permissions@oup.com

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
7
/7

/3
7
5
2
/5

3
0
6
5
7
7
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://orcid.org/0000-0001-8139-6892


Nucleic Acids Research, 2019, Vol. 47, No. 7 3753

Though all FOX proteins possess highly conserved
DBDs, they have divergent DNA-binding properties and
functions. Several three-dimensional structures of FOX-
DBD proteins have revealed that the DNA binding domain
is composed of three �-helices, three �-sheets and two less
conserved winged loops (29–32). The main DNA recog-
nition region is located in the third helix (H3). A previ-
ous solution NMR structure of FOXC2-DBD indicated its
classic FOX DNA-binding domain, but the wing regions,
which are divergent from other FOX proteins, are �exi-
ble without DNA interaction(33). In addition, the detailed
mechanisms by which FOXC proteins bind DNA remain
unknown. Hence, it is necessary to solve the structure of
FOXC-DNA complex.
Here, we report the crystal structures of the FOXC2-

DBD bound to two different DNA recognition elements at
2.40 and 2.32 Å respectively. Our structural, biochemical,
and bioinformatics analyses not only provide the molecu-
lar basis of DNA recognition by FOXC proteins, but also
help understand the mechanism by which disease-causing
mutations affect protein function.

MATERIALS AND METHODS

Protein expression and puri�cation

The DBD of human FOXC2 (amino acids 72–171) wild
type or mutants were cloned into modi�ed pET-28a vector,
which contains a PreScission protease-cleavable N-terminal
6×His tag (34). Plasmids were con�rmed byDNA sequenc-
ing (Genewiz, Suzhou, China) and then transformed into
Escherichia coliRosetta BL21 (DE3) cells and induced with
0.5 mM isopropyl �-D-1-thiogalactopyranoside for 12 h at
25◦C. Protein was puri�ed by nickel af�nity chromatog-
raphy (GE healthcare) according to standard protocol. In
order to crystallize, the His-tag of wild type was removed
by incubation with PreScission protease at 4◦C overnight.
Then protein was further puri�ed using cation-exchange
chromatography (Mono S 5/50GL,GEhealthcare) and size
exclusion chromatography (superdex 75 10/300 GL, GE
healthcare). Peak fractions were collected and concentrated
to 28mg/ml. The �nal protein was stored in 10mMHEPES
(pH 7.5), 200 mM NaCl, 10 mM MgCl2, 1 mM TCEP at
−80◦C until use.
For isothermal titration calorimetry (ITC) measure-

ments, the DBD of human FOXA2 (amino acids 163–264)
was cloned to pGEX-6P1 vector and puri�ed as described
previously (35). The DBD of human FOXM1 (amino acids
222–360) was cloned to pET-28a vector, expressed and pu-
ri�ed as FOXC2-DBD.

Duplex DNA preparation

All single-stranded DNA oligonucleotides were purchased
from Genewiz (SuZhou, China). Complementary oligonu-
cleotides were annealed and puri�ed as described previ-
ously (36). The DBE2 contains strands 5′-CAAAATGT
AAACAAGA-3′ and 5′-TCTTGTTTACATTTTG-3′ (30).
The PC DNA of the palindromic sequence was 5′-ACAC
AAATATTTGTGT-3′. DNA3 sequence was 5′-ATTTGT
GTACACAAAT-3′. For ITC measurements, all DNA mo-
tifs had the same �anking sequence with DBE2 (GTAAAC

A site). The other two motifs were as follows: GTACACA
site: (5′-TGCAAAATGTACACAAGACT-3′), ACAAAT
A site: (5′-TGCAAAATACAAATAAGACT-3′).

Crystallization

FOXC2-DNA complexes were prepared bymixing FOXC2-
DBD protein with DBE2 at 1:1.2 molar ratio or with PC
at 5:3 molar ratio. The �nal concentration for crystalliza-
tion was 10 mg/ml. Crystals of FOXC2-DBD/DBE2 were
grown by hanging drop vapor diffusion in 3 days at 4◦C
using a well solution containing 50 mM Bis–Tris propane
(pH 6.68), 14% PEG4K (w/v), 200 mM NaCl, 10 mM
MgCl2, 1 mM TCEP. Crystals of FOXC2-DBD/PC DNA
were grown under 50 mM sodium acetate (pH 4.7), 14%
PEG4K (w/v), 200mMNaCl, 10mMMgCl2, 1 mMTCEP.
For data collection, single crystal was soaked in well solu-
tion plus 20% glycerol (v/v) and �ash-frozen in liquid ni-
trogen for cryo-crystallography. FOXC2-DBD/DBE2 crys-
tal data were collected in our lab. FOXC2-DBD/PC crys-
tal data were collected in BL17U1beamline of Synchrotron
Radiation Facility (SSRF) at Shanghai.

Data collection and structure determination

The structures were solved by molecular replacement
(MR) using phaser from PHENIX package (37). The re-
cently solved FOXA2/DBE2 structure (PDB ID: 5x07)
was used as a search model to solve the FOXC2/DBE2
and FOXC2/PC structures, which takes the space group
P212121, by molecular replacement using Phaser (the se-
quence identity between the forkhead domains of FOXA2
and FOXC2 is 60%). The structures were then re�ned in
PHENIX. Models were initially re�ned with simulated an-
nealing, XYZ positional re�nement, group B-factor. For
late stages of re�nement, individual atomic B-factors were
re�ned, and solvent or ion molecules were added to the
model. The statistics and geometries of the two re�ned
structures are presented in Table 1. Figures were generated
using Pymol (38).

DNA structure analysis

DNA structure of unbound DBE2 was predicted by
DNAshape (39). Structures of DNA bound to FOXC2,
FOXO1 (PDB: 3CO7) and FOXA2 (PDB: 5x07) were an-
alyzed with CURVES (40). For comparison, we renamed
the FOXO1 and FOXA2 chains to align the structures and
performbinding site analysis in the same strand orientation.

Electrophoretic mobility shift assay (EMSA)

Binding reactions were performed in a total volume of 6 �l
in 20 mMHEPES (pH 7.5), 200 mMNaCl, 10 mMMgCl2,
1 mM TCEP. Both protein and DNA were prepared at the
concentration of 45 �M. DNA was incubated with protein
at room temperature for 20 min. To resolve the free DNA
from the protein/DNA complex, we used a native 8% (w/v)
polyacrylamide gel in 0.5× TBE buffer. The gel was visual-
ized using 0.5 �g/ml goldview.
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Table 1. Data collection and re�nement statistics for FOXC2/DNA complexes

FOXC2/DBE2 DNA FOXC2/PC16 DNA

Data collection

Wavelength (Å) 1.5870 0.97915
Space group P 21 21 21 P 21 21 21
a, b, c (Å) 42.54, 72.92, 99.05 41.84, 80.21, 101.15
�, �, � (◦) 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (Å) 50.00–2.40 (2.48–2.40) 50.00–2.32 (2.41–2.32)
Unique re�ections 11 726 (780) 15 111 (1366)
Rsym or Rmerge 0.04 (0.30) 0.13 (0.92)
Redundancy 12.10 (9.70) 13.40 (10.70)
Completeness (%) 92 (63) 98 (92)
Mean I/sigma(I) 29.51 (4.97) 11.30 (2.80)
Re�nement

Resolution (Å) 36.46–2.40 32.24–2.32
Wilson B-factor 52.11 57.45
R-work /R-free 0.23/0.25 0.22/0.25
Number of non-hydrogen 1473 1464
Macromolecules 1462 1447
Protein residues 97 94
RMS(bonds) 0.006 0.005
RMS(angles) 0.69 0.73
Ramachandran favored (%) 95 99
Rotamer outliers (%) 1.1 2.3
Average B-factor 70.16 82.90
Macromolecules 70.27 83.10
Ligands 61.03 82.61
Solvent 55.86 64.15

Isothermal titration calorimetry assays (ITC)

Tomeasure the binding af�nities ofDNAswith FOX-DBD,
ITC measurements were performed (41). The puri�ed pro-
tein sample was dissolved in ITC buffer (20 mM HEPES
(pH 7.0), 300 mM NaCl, 10 mM MgCl2, 1 mM TCEP)
at 20–50 �M, and the duplex DNAs were dissolved in
ITC buffer at 80∼200 �M. To remove any protein precip-
itate, the samples were centrifuged before the experiments.
All measurements were performed at 25◦C using a NANO
ITC (TA Instruments). Duplex DNAs were titrated into
the experimental cell that contained FOX-DBD protein
in twenty-�ve 2�l-injection increments. The titration data
were analyzed using the launch NanoAnalyze software.

Bioinformatics analysis

Brie�y, reads from the FOXC1 IIBA ChIP-seq
data (ERP006190) were mapped to mouse genome
(GRCm38/mm10) using BFAST (42). Then peaks were
called by using MACS2 (43) and the peak sequences were
extracted. The core sequences RYAAACA and RYACACA
were searched in the ChIP-seq peak sequences.

Site-directed mutagenesis

All mutants of FOXC2-DBD were generated according
to the QuikChange mutagenesis protocol (Stratagene, La
Jolla, CA, USA) using the pET-28a-FOXC2 plasmid as the
template. These mutants were con�rmed by DNA sequenc-
ing (Genewiz, Suzhou, China). These mutant proteins were
expressed and puri�ed as wild type.

Differential scanning �uorimetry assay

To detect the stability of FOXC2-DBD wild type and mu-
tants, a differential scanning �uorimetry (DSF) assay was
carried out using a LightCycler 480 real-time PCR instru-
ment (Roche, Switzerland) (44). SYPRO Orange (Sigma,
USA) was used as the �uorescent dye, which contacts with
the hydrophobic portion of a protein to greatly enhance
its �uorescence emission. The proteins (�nal concentration
of 1.0 mg/ml) and dye (�nal concentration of 5.0 mg/mL)
were mixed, and then was sealed and placed in the in-
strument. To measure melting curves of samples, the tem-
perature was increased gradually with a heating rate of
1.8◦C/min. The �uorescence intensity from each tube ver-
sus temperature (melt curve) was measured, and a melting
temperature (Tm) was calculated from the maximum value
of the �rst derivative of the melt curve. The data were ana-
lyzed using the LightCycler 480 software and graphics were
produced using the program Excel.

RESULTS

Overall structures of the FOXC2-DNA complex

Most FOX proteins have been reported to bind the canon-
ical DNA response element 5′-RYAAAYA-3′ (R = A/G,
Y = C/T) (45,46). However, the molecular mechanism by
which FOXC protein binds DNA is not well understood.
To address this question, we determined two crystal struc-
tures of FOXC2-DBD (residues 72–171) bound to two dif-
ferent 16-bp double-stranded DNAs at 2.40 and 2.32 Å re-
spectively (Table 1 and Figure 1). One contained the Daf-
16 family binding element 2 (DBE2) with the recognized
consensus motif GTAAACA. The other DNA is derived
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Figure 1. Overall structures of FOXC2-DBD/DNA complex. (A) Overall structure of FOXC2-DBD/DBE2 complex. FOXC2-DBD is colored in cyan,
and DBE2 is colored in wheat. Secondary structure elements are labeled. The sequence of the 16-bp DNA duplex DBE2 used in crystallization is listed
below. (B) Overall structure of FOXC2-DBD/DNA3 complex. FOXC2-DBD is colored magenta, and DNA targets are colored in forest green and gray
in the symmetry unit. The pseudocontinuous 16-bp DNA sequence is listed below, and the core sequences are colored red.

from the promoter of protein C gene with a putative fork-
head motif ACAAATA, which was reported as a recogni-
tion site for FOXA1 (47). BothDNAs contain the canonical
response element 5′-RYAAAYA-3′ (R = A/G, Y = C/T).

The FOXC2-DBD in both structures displayed a winged-
helix fold, composed of three stacking helices (H1, H2, H3),
three strands (S1, S2, S3), two wings and two additional
small 310-helices (H4, H5) (Figure 1 and Supplementary
Figure S1). The H4 helix connected H2 and H3 as seen
in several other FOX proteins (31,32,48–50). The H5 he-
lix within the C-terminal region was followed by a coiled
wing 2 (Figure 1). Previous reported structures of FOXP2
(49), FOXD3 (50) and FOXK1a (51) have also shown a C-
terminal helix conformation, but the length and sequences
are quite different. The superposition of the two FOXC2-
DBD structures gave a 0.18 Å root mean square deviation
(RMSD) for C� atoms, indicating little structural difference
in these two protein/DNA complexes (Supplementary Fig-
ure S2). When our structure of FOXC2-DBD was superim-
posed with the previous NMR structure in the absence of
DNA (33), theRMSDofC� atomswas∼0.98 Å. The struc-
tural variations mainly locate at wing 1 and the C-terminal
region, where conformations were highly disordered with-
out DNA in the NMR structure (Supplementary Figure
S2).
In the structure of FOXC2/DBE2 complex (Figure 1A),

the recognition helix H3 docked into the major groove
roughly perpendicular to the DNA axis and made nu-
merous interactions with core sequence GTAAACA. The
typical wing 1, between the S2 and S3, interacted with
the phosphate group of the 3′ �anking region of the
consensus sequence. The wing 2 interacted with the mi-
nor groove of DNA. Surprisingly, the FOXC2-DBD did
not bind the ACAAATA sequence in the other complex
structure. Instead, FOXC2 bound sequence GTACACA at
the pseudocontinuous DNA helix in the symmetry unit
by a slightly different interaction pattern (for comparable

description, the 16-bp pseudocontinuous DNA sequence
ATTTGTGTACACAAAT was named DNA3, Figure 1B).

DNA recognition in FOXC2/DBE2 structure

DNA recognition by FOXC2 was dominantly mediated by
the helix H3 as observed in other FOX proteins. Residues
Asn118, Arg121, His122 and Ser125 within helix H3 made
extensive contacts with the major groove through hydro-
gen bonds and van der Waals contacts (Figure 2A, Sup-
plementary Figure S3A). Asn118 recognized A10 through
bidentate hydrogen bonds. The side chain of His122 pro-
truded into the major groove and formed hydrogen bonds
with the bases of T8 and T9′. Themain chain and side chain
atoms of Arg121 made extensive van der Waals contacts
with the bases of T11′, G12′ and T13′. Besides base recog-
nition, Ser125 bound the phosphate backbone of T11′ to
further stabilize the complex structure.
In addition to major groove recognition, wing 1 of

FOXC2-DBD contributed to DNA binding through inter-
acting with the phosphate backbone at the minor groove
of the 3′ �anking core sequence (Figure 2B, Supplemen-
tary Figure S3A). Both Ser144 and Trp146 recognized the
phosphate group of G12′ through hydrogen bonds. At the
stem of wing 1, Lys132 contacted the phosphate groups of
T11′. However, the electron density for residues 136–141
and the side chain of Lys142 within wing 1 was not clear
in the FOXC2-DBD/DBE2 structure. Compared to helix
H3, wing 1 of FOXC2-DBD lacked direct roles in speci�c
base recognition; it helped to stabilize DNA binding.
The C-terminal region of FOXC2-DBD in complex

structure consists of a charged wing 2 and a helix H5.
Tyr153 within the H5 formed an intra-molecular hydrogen
bond with Gln86 of H1 to stabilize the C-terminal confor-
mation (Figure 2C). The basic residues (RRRR) at the end
of wing 2 pointed toward the DNA minor groove and con-
tacted the phosphate backbones of upstream nucleotides
from the core sequence. Speci�cally, the guanidino group
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Figure 2. Detailed contacts in the FOXC2-DBD/DBE2 interface. (A) Recognition of the GTAAACA core sequence by helix H3 of FOXC2-DBD. (B, C)
Hydrogen bond interactions between DNA and wing 1 (B) or C terminus (C) of FOXC2-DBD. All hydrogen bonds are shown as black dotted lines.

of Arg163 and Arg164 formed hydrogen bond and van der
Waals contacts with phosphate groups of T2′ and T6, re-
spectively (Figure 2C). Similar to wing 1, wing 2 of FOXC2-
DBD was not involved in base-speci�c interaction, but sta-
bilized the DNA binding through its interaction with DNA
phosphate backbones.
The FOXC2-DBD/DBE2 structure showed that residues

from the N-terminus were also involved in DNA binding.
Residues Lys72 and Ser76 respectively formed direct hydro-
gen bonds or van der Waals contacts with the phosphate
backbones (Supplementary Figure S3). In addition, these
contacts were further stabilized by the hydrogen bond be-
tween residue Tyr77 fromhelixH1 and the phosphate group
of T8 andG7. Therefore, helix H3 of FOXC2 provides all of
the base-speci�c contacts withDBE2, while theN-terminus,
wing 1 and C-terminus of FOXC2-DBD make additional
contacts with the phosphate groups.

FOXC2 bound DNA containing GTACACA motif

In the other crystal structure of FOXC2-DBD/DNA3 com-
plex, FOXC2 bound the core sequence GTACACA at the
pseudocontinuous DNA helix in the symmetry unit. The
contact pattern of the major groove recognition is differ-
ent from that of DBE2. Similarly, H3 docked into the ma-
jor groove of the pseudocontinuous DNA and contributed

the major base contacts. Interestingly, the residue Asn118,
which formed bidentate hydrogen bonds with A10 in the
FOXC2/DBE2 structure (Figure 3B), did not form any
hydrogen bond with DNA in the FOXC2/DNA3 struc-
ture (Figure 3A). On the other hand, the residue Arg121,
which did not form any hydrogen bond with DNA in the
FOXC2/DBE2 structure, made a hydrogen bond with the
base of G12′ in the FOXC2/DNA3 structure (Figure 3).
The residue His122 retained its interaction with T8 through
a hydrogen bond in both structures (Supplementary Fig-
ure S3). Apart from the differences in direct base recogni-
tion, the backbone interactions also had some deviations
between the two structures (Supplementary Figure S3).
Arg121 seemed to play key roles in the maintenance of

local protein conformation, as well as DNA recognition by
FOXC2protein. In both structures, the side chain ofArg121
was stabilized by the side chains of Tyr99 and Asn118
through direct hydrogen bonds (Figures 3C and D). As for
DNA recognition, Arg121 made a hydrogen bond with the
base of G12′ and extensive van der Waals contacts with the
bases of T11′, G11′, and T13′ in the FOXC2/DNA3 struc-
ture (Figure 3C); in the FOXC2/DBE2 structure, although
Arg121 did not form any hydrogen bond with the base of
G12′, it made extensive van der Waals contacts with the
bases of G12′ and its neighboring T11′ and T13′ (Figure
3D).
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Figure 3. The comparison of DNA recognition by FOXC2-DBD in different structures. (A) R121 forms a hydrogen bond with the base of G12′ in
the FOXC2/DNA3 structure. (B) N118 forms bidentate hydrogen bonds with the base of A10 in the FOXC2/DBE2 structure. (C) Role of R121 in the
FOXC2/DNA3 structure. (D) Role of R121 in the FOXC2/DNA3 structure. The 2Fo – Fc electron density map contoured at 1.0� is colored yellow in the
FOXC2/DNA3 structure, and gray in the FOXC2/DBE2 structure. FOXC2-DBD and DNAs are colored as in Figure 1. Hydrogen bonds are shown as
black dotted lines, and van der Waals contacts are shown as red dashed lines.

DNA binding speci�cities of forkhead domains

To facilitate our understanding of DNA binding speci�ci-
ties by the highly conserved forkhead recognition helix,
we systematically analyzed structures of FOXC2 and other
FOX proteins bound to various sequences. The major con-
tributors for FOX proteins to make direct base-speci�c in-
teractions with target DNA are three nearby conserved
residues in H3.We termed it ‘N(S/A)IRH’ motif here (Sup-
plementary Figure S1). We analyzed the DNA recognition
pattern of this motif in FOXC2, and many other FOX pro-
teins, such as FOXM1 (32), FOXK1a (51) and so on (29–
31,51,52). In all structures, the histidine within this motif
forms hydrogen bonds with DNA bases in a similar man-
ner. However, the contribution of the asparagine and argi-
nine residues could be classi�ed into three categories. (i)
In FOXC2/DBE2 structure, the asparagine forms bidentate
hydrogen bonds with TAAACA motif (the interacting nu-

cleotide is underlined) (Figure 3A). The same bidentate hy-
drogen bonds are also formed in the case of FOXO1 bound
to TAAATC (5), and FOXP3 bound to CAAATT (53)
(Figure 4A). (ii) If this adenine is substituted by other nu-
cleotides, this bidentate hydrogen bond will not form, as in
the case of FOXC2bound toTACACA (Figure 4B, left) and
FOXK1a bound to AATACA (Figure 4B, right) (51). Un-
der this circumstance, the arginine within the ‘N(S/A)IRH’
motif will make hydrogen bond contact with G12′ of the
complementary chain (Figure 4B, left). Similarly, the corre-
sponding arginine of FOXK1a-DBD2plays the same role in
AATACA recognition (Figure 4B, right). (iii) In some cases,
both asparagine and arginine within the ‘N(S/A)IRH’ mo-
tif contribute to hydrogen bonding with DNA (Figure 4C).
In conclusion, although most FOX proteins have been re-
ported to bind RYAAAYA motif preferentially, FOX pro-
teins may bind similar sequences with �exibility.
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Figure 4. DNA base recognition by FOX proteins. Asparagine and Argi-
nine of the ‘N(S/A)IRH’ motif involved in various DNA core sequence
recognition are shown as stick and labeled. The DNA binding motif is
listed below, with A10 colored red and G12′ colored green. Hydrogen
bonds are shown as black dotted lines.

Comparison with FOXA2/DBE2 and FOXO1/DBE2 struc-
tures

Above we described the structural basis of FOXC2-DBD
binding to two different DNA sequences, and analyzed
the speci�city of the recognition helix bound to vary-
ing core sequences. Then we tried to compare the struc-
tural variations of different FOX proteins bound to the
same DNA sequence. We superimposed the FOXC2/DBE2

structure with the previously reported FOXO1/DBE2
and FOXA2/DBE2 structures. They share similar overall
winged-helix structures withRMSDs forC� atoms of about
0.44 and 0.52 Å, respectively (Figure 5A). The three FOX
proteins show similar manners of speci�c base interactions.
The conserved asparagine and histidine form direct hydro-
gen bonds with the core sequence. Some other residues de-
vote numerous van derWaals contacts to the targetDNA.A
major difference in DNA binding lies in backbone interac-
tions with the 5′ �anking core sequence. N-terminal residue
Lys72 of FOXC2 makes a direct hydrogen bond with G7
(Figure 5C). FOXO1 also utilizes Arg157 and Asn158 in
the N-terminal tail to interact directly with G7 (Figure 5D).
Lys159 of FOXA2, which shares the same sequence with
FOXC2 (Supplementary Figure S1), is not involved in di-
rect DNA binding. Nevertheless, helix H3 residue Ser206
of FOXA2 forms additional hydrogen bond contact with
phosphate groups of T8 (Figure 5E). Another major struc-
tural deviation maps to the C-terminal region. The wing
2 region of FOXA2 and FOXO1 are �exible and not ob-
served in previously solved structures (Figure 5A), though
the truncatedmutation assay showed that the wing 2 was es-
sential for DNA binding (30,35). However, the C terminus
of FOXC2-DBD has well de�ned electron density that al-
lows for clear construction of themodel in this area (Supple-
mentary Figure S4). The structure exhibits that the guani-
dino group of Arg163 and Arg164 make direct hydrogen
bonds with the phosphate backbones of T2′ and T6, respec-
tively (Figure 2C, Figure 5C). Wing 1 region of these three
proteins exhibits slightly different contacts with the back-
bone of the 3′ �anking region, corresponding to a small
DNA deviation.
DNA structure and deformability may also contribute to

binding speci�city (54), so we also analyzed the DNA struc-
tural features for the three complexes, as well as unbound
DBE2 B-DNA. The three FOX proteins induce somewhat
different deformation on the same DNA sequence (Fig-
ure 5A, B). Compared with standard B-DNA conforma-
tion, the minor groove width of DBE2 bound by FOX pro-
teins widens at the center of the core binding site (Figure
5B). DBE2 bound by FOXC2 and FOXO1 has its maximal
value of minor groove width at T8, while DBE2 bound by
FOXA2 has its maximal minor groove width shifted by one
nucleotide position (at A9). DNA deformation induced by
each of the FOX proteins deviates most from each other at
the 5′ �anking sequence (T6 to T8). This might be related
to the different backbone interactions at this region (Figure
5C, D). In addition, this deviation might, in some cases, be
due to crystal packing.

DNA binding af�nity

To further characterize the DNA-binding properties of
FOXC2-DBD, we tested its binding ability to several dif-
ferent DNA sequences (Figure 6). Three sequences were
tested: DBE2 containing GTAAACA core sequence, PC
containing the element ACAAATA, and DNA3 containing
motif GTACACA. First, the capacity to formDNA-protein
complexes were determined using electrophoretic mobility
shift assays (EMSAs). As shown in Figure 6A, FOXC2-
DBD bound to both DBE2 and DNA3, with slightly better
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Figure 5. Structural comparison of FOXC2-DBD/DBE2 with FOXO1-DBD/DBE2 (PDB: 3CO7) and FOXA2-DBD/DBE2 (PDB: 5x07). (A) Super-
position of FOXC2 structure (cyan) with previous FOXO1 (green) and FOXA2 (orange). (B) DNA minor groove widths of bound and unbound DNAs.
DBE2 bound by FOXC2 is shown as cyan line. DBE2 bound by FOXA2 is shown as green line. DBE2 bound by FOXA2 is shown as orange line. Unbound
DBE2 is shown as a dotted brown line. (C–E) Detailed comparison of the interactions between FOXC2 (C), FOXO1 (D) and FOXA2 (E) with DNA.

af�nity with DBE2. However, FOXC2-DBD showed only
very weak binding with sequence PC, with a higher shift.
The higher shift could be due to the presence of a palin-
dromic sequence ‘ACAAATATTTGT’ with two putative
forkhead binding sites (one site underlined, the other site
in italics).
To quantitatively analyze DNA binding af�nity with

these three DNA binding motifs (DBE2, DNA3 and
DNA4), isothermal titration calorimetry (ITC) was carried
out. Since sequence PC have two putative forkhead bind-
ing sites, we replaced sequence PC with DNA4 (contain-
ing only one ‘ACAAATA’ site). The representative bind-
ing isotherm of DBE2 (containing GTAAACA motif) is
presented in Figure 6B. The Kd values of FOXC2-DBD
bound toGTAAACAandGTACACAwere estimated to be
0.79 and 2.22 �M, respectively (Figure 6C). An estimated
Kd value of FOXC2-DBD toward ACAAATA was larger
than 100 �M. These results indicated that FOXC2-DBD
bound GTACACA with a 3-fold lower af�nity than that of
GTAAACA, while it could hardly bind to the ACAAATA
site.
In order to provide more mechanistic insights into the

basis for sequence speci�city of different FOX proteins, we
studied the DNA binding af�nity of two other FOX pro-
teins (FOXA2 and FOXM1) towards motifs GTAAACA,

GTACACA and ACAAATA. The results are shown in Fig-
ure 6C. Similar to FOXC2-DBD, proteins FOXA2-DBD
and FOXM1-DBD bound motif GTAAACA with high
af�nity (0.29 and 2.45 �M, respectively), and bound mo-
tif GTACACA with 3–4 folds lower af�nity than motif
GTAAACA (0.99 and 8.3 �M, respectively). However, For
ACAAATA site, these FOX proteins exhibit quite differ-
ent binding af�nity. FOXA2 showed a 26-fold lower af�n-
ity (7.54 �M) than motif GTAAACA (0.29 �M), while
FOXC2 could barely bind motif ACAAATA. On the other
hand, FOXM1 had a similar af�nity with the ACAAATA
site (2.07 �M) as the GTAAACA site (2.45 �M). These re-
sults suggest that the RYAAAYA canonical motif does not
apply to all FOX proteins.

Identi�cation of endogenous FOXC binding motif
RYAAACA and RYACACA

Compared to the canonical forkhead binding motif
RYAAAYA (R = G/A, Y = T/C), FOXC2 seems to pre-
fer a C at the sixth position, while it is �exible at the
fourth position, in our biochemical studies. In order to de-
termine whether FOXC protein has the same binding pref-
erence in vivo, we tried to look for the occurrence of motifs
RYAAACA or RYACACA in the ChIP-seq database. How-
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Figure 6. DNAbinding af�nities of FOX proteins. (A) DNA-binding features of FOXC2-DBD aremeasured by EMSA. (B)Measurement of DNAbinding
af�nity by quantitative ITC. The graph represents the curve of FOXC2-DBD titrated by DBE2. Representative power-response curves (top) and heats of
reaction normalized to the moles of protein injected (bottom). (C) Thermodynamic parameters of the FOX/DNA interactions. Values represent mean and
standard deviation of at least three independent experiments.

ever, there is no FOXC2 ChIP-seq data available. Given the
high identity between FOXC2 and FOXC1, we analyzed a
deposited FOXC1 ChIP-seq dataset (ERP006190). For mo-
tif RYAAACA, 7721 peaks were found (Figure 7A), ac-
counting for 32.3% of total FOXC1 binding sites. It was
identi�ed in FOXC1 binding sites near the promoters of
genes such as Cd36, Sirt1, Per1, Akt1, Igf1 (Figure 7B). For
motif RYACACA, 3999 peaks were found, accounting for
16.7% of total FOXC1 binding sites (Figure 7A). Specif-
ically, motif RYACACA was identi�ed in FOXC1 bind-
ing sites near the promoters of genes such as Mdm4, Atf6,
Fgf7, Yes1, Foxp2 (Figure 7B). These data suggested that
FOXC protein indeed could bind both RYAAACA andRY-
ACACA sites in vivo.

Disease-causing mutations

FOXC1 and FOXC2 mutations are associated with ARS
or LDS, and most mutations locate in the DNA-binding
domain (Figure 8A). Since the DNA-binding domain of
FOXC2 and FOXC1 share 98% sequence identity (Supple-
mentary Figure S1), we also mapped the FOXC1mutations

on FOXC2 structure. These mutations include R121H and
S125L in helix H3, C129Y, K132E, G143D and W146G
in wing 1 region, R163P and R164W in C-terminal region
(corresponding to R127H, S131L, C135Y, K138E, G149D,
R169P and R170W in FOXC1) (Figure 8B).

We �rst performed differential scanning �uorimetry
(DSF) to analyze the protein stability. The melting Curves
of wild type FOXC2-DBD and its mutants are shown in
Figure 8C. The melting temperature (Tm) of wild type
FOXC2 was 56.1◦C. Three mutants, R121H, C129Y, and
R163P showed lower Tm than wild type. Among the three
mutants, the R121H mutant exhibited the most dramatic
decrease of Tm (46.2◦C), suggesting that R121H is a highly
destabilizing mutation. This result is consistent with our
structural observation that Arg121 plays key roles in main-
taining local protein conformation.
Then we tested the DNA binding of these mutants us-

ing EMSA. As shown in Figure 8D, compared with wild-
type FOXC2-DBD, all mutants showed somewhat reduced
DNA binding af�nities. Three mutants (S125L, K132E
and R121H) exhibited greatly reduced DNA binding af�ni-
ties. This is consistent with our structural observation that
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Figure 7. Occurrence of the FOXC2 binding motif in FOXC1 binding sites in human cells. (A) Analysis ratio of motif RYAAACA and RYACACA in
FOXC1 ChIP-seq data (ERP006190). (B) Representative gene promoters near FOXC1 binding sites containing motif RYAAACA or RYACACA.

Ser125, Lys132 and Arg121 all directly interact with DNA.
In particular, the R121H mutant showed no detectable
DNAbinding. The total loss ofDNAbinding of theR121H
mutant could also be due to the fact that this mutation is a
highly destabilizing mutation as shown in our DSF experi-
ments.

DISCUSSION

FOX proteins share conserved DNA binding domains with
a winged-helix fold, but have diverse DNA recognition fea-
tures and functions (1). FOXC subfamily proteins play im-
portant roles in the embryonic development and develop-
ment of multiple organs such as eye, heart, etc (4). Mu-
tations and deregulation of FOXC proteins are associated
with developmental abnormalities, and tumors (20,21). In
this study, we report the crystal structures of FOXC2-DBD
bound to two different DNA sequences, and its binding
properties using EMSA and ITC assays.
FOX proteins have conserved amino acid sequences

‘N(S/A)IRH’ in the recognition helix H3, and recognize a
similar DNA sequence binding site (5′-RYAAAYA-3′, R =
A/G,Y=C/T)with respective preference nucleotides at the
R andY positions (45,46). FOXC2 recognizes the DBE2 se-
quence containing consensus sequence GTAAACA at the
highest af�nity. It also binds sequence GTACACA with a
3-fold lower af�nity than that of GTAAACA (Figure 1B,
Figure 6C), but can hardly bind to a DNA duplex contain-
ing ACAAATA (Figure 6C). It seems that the canonical
RYAAAYA (R = G/A, Y = T/C) motif does not �t well
with the FOXC2 protein. Based on our results, we de�ne

the FOXC2 binding motif as RYAMACA (R = G/A, Y =
T/C, M = A/C).

Other FOX proteins, FOXA2 and FOXM1, also showed
similar binding patterns to motifs GTAAACA and GTAC
ACA (Figure 6C). However, these FOX proteins showed
very different binding af�nities to ACAAATA site: (i)
FOXC2 can hardly bind the ACAAATA site; (ii) FOXA2
can still bind the ACAAATA site, but with a much lower
af�nity than that of the GTAAACA site; (iii) FOXM1 can
bind the ACAAATA site with a similar af�nity to that of
the GTAAACA site. We carefully examined the protein se-
quences and crystal structures of these proteins; however,
we could not explain the mechanisms by which these fork-
head proteins bind very differently to ACAAATA site.
Analysis of FOXC-binding sites using ChIP-seq data re-

vealed that 32.3% of FOXC1-binding sites follow the con-
sensus motif RYAAACA (Figure 7A). The number is ∼2-
fold higher than 16.7% for motif RYACACA, consistent
with the higher binding af�nity of GTAAACA than GT
ACACA (Figure 6C). The fact that FOXC can bind motifs
GTAAACA and GTACACA with different binding af�ni-
ties suggests a mechanism of transcriptional regulation by
FOXC proteins. At low expression level, FOXCmay prefer-
entially bind to the high-af�nity site GTAAACA; while at
high expression level, FOXC may bind both high-af�nity
and low-af�nity sites. Thus, depending on the expression
level, FOXC proteins may regulate different sets of genes,
leading to different biological functions.
We noticed that about half of the ChIP sites do not con-

tain the RYAMACAmotif (R=G/A,Y=T/C,M=A/C)
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Figure 8. The effect of disease-causing mutations. (A) The location of mutations in the DNA binding domain of FOXC1 (gray) and FOXC2 (black). (B)
Surface representation of FOXC2-DBD bound to DBE2 displaying mutated residues. (C) Melting curves of FOXC2 wild-type and mutants in DSF assays.
(D) DNA binding ability of FOXC2 wild-type and mutants is measured using EMSA.

as we described. There could be several possibilities: (i) in
addition to these sequences, FOXC protein could also bind
other sequences. For example, FOXO1 and FOXP3 bind
GTAAATC and ACAAATT respectively (5,53); FOXA3
binds GTCAACC, and was shown to be similar to globular
domain of histone H5 (29). In our study, FOXC2 can bind
GTACACA. Moreover, a recent report showed that FOX
proteins could bind completely distinct DNA sequences,
such as GACGC, GATGC, CGCAC sites (55). From a
structural point of view, FOXC proteins use extensive van
der Waals contacts and a relatively small number of hydro-
gen bonds in the major groove, therefore it may bind a va-
riety of sequences as long as the sequences maintain a few
hydrogen bond determinants and has shape complementary
to the DNA binding surface. (ii) FOXC protein may use do-
mains other than forkhead domain to bind DNA. In addi-
tion to the forkhead domain, FOXC protein also has two

activation domains and an inhibitory domain. It is possible
that these domains can also contribute to binding site selec-
tion. iii, FOXC protein could bind DNA indirectly. FOXC1
has been shown to interact with several other transcription
factors, such as GLI2 (8), PITX2 (56), and PBX1 (57).
In summary, we have determined crystal structures of two

FOXC2-DBD/DNAcomplexes, and revealed the structural
mechanisms by which FOXC2 binds DNA. The helix H3
provides all the base-speci�c contacts, while theN-terminus,
wing 1, and the C-terminus of FOXC2-DBD all make ad-
ditional contacts with the phosphate groups of DNA. Our
structural, biochemical, and bioinformatic analyses also re-
veal that FOXC2 binds DNA sequences slightly different
from the consensus forkhead motif. We de�ne the FOXC
binding motif as ‘RYAMACA’ (R = G/A, Y = T/C, M =
A/C). In addition, our crystal structures and accompany-
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ing biochemical assays provide a molecular basis for under-
standing disease-causingmutations in FOXC1 andFOXC2.
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