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Cleft lip and cleft palate (CLP) are common disorders that occur either as part of a syndrome, where struc-
tures other than the lip and palate are affected, or in the absence of other anomalies. Van der Woude syn-
drome (VWS) and popliteal pterygium syndrome (PPS) are autosomal dominant disorders characterized by
combinations of cleft lip, CLP, lip pits, skin-folds, syndactyly and oral adhesions which arise as the result
of mutations in interferon regulatory factor 6 (IRF6). IRF6 belongs to a family of transcription factors that
share a highly conserved N-terminal, DNA-binding domain and a less well-conserved protein-binding
domain. To date, mutation analyses have suggested a broad genotype–phenotype correlation in which mis-
sense and nonsense mutations occurring throughout IRF6 may cause VWS; in contrast, PPS-causing
mutations are highly associated with the DNA-binding domain, and appear to preferentially affect residues
that are predicted to interact directly with the DNA. Nevertheless, this genotype–phenotype correlation is
based on the analysis of structural models rather than on the investigation of the DNA-binding properties
of IRF6. Moreover, the effects of mutations in the protein interaction domain have not been analysed. In
the current investigation, we have determined the sequence to which IRF6 binds and used this sequence
to analyse the effect of VWS- and PPS-associated mutations in the DNA-binding domain of IRF6. In addition,
we have demonstrated that IRF6 functions as a co-operative transcriptional activator and that mutations in
the protein interaction domain of IRF6 disrupt this activity.

INTRODUCTION

Orofacial clefting (OFC) is a common developmental genetic
disorder that occurs with a prevalence which has been estimated
at between 1 in 500 and 1 in 2500 live births depending on geo-
graphic origin, racial and ethnic variation, and socio-economic
status (1,2). Individuals who exhibit OFC may experience pro-
blems with eating, speaking, hearing and facial appearance

which can be corrected to varying degrees by surgery, dental
treatment, speech therapy and psychosocial intervention. On
the basis that the lip/primary palate and the secondary palate
have distinct developmental origins, OFC can be divided into
cleft lip occurring either with or without cleft palate (CLP) and
isolated cleft palate in which the lip is not affected (CPO). This
division is validated on the basis that, under most circumstances,
CLP and CPO do not segregate in the same family (3). Although
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OFC may occur as part of a syndrome, where structures other
than the lip and palate are affected, over 70% of cases of CLP
and 50% of cases of CPO arise in the absence of other abnorm-
alities and are collectively classified as non-syndromic (4).
Recent data have been demonstrated that mutations in PVRL1,
MSX1, TBX22, IRF6 and FGFR1 are responsible for syndromic
forms of OFC (5–9) and that variation within these genes is a
contributory factor to their non-syndromic counterparts (10–16).

Van der Woude syndrome (VWS; MIM 119300) is an auto-
somal dominant disorder of facial development which is
characterized by cleft lip, CLP and paramedian lower lip
pits (17). VWS is the most common form of syndromic
OFC, accounting for �2% of all cases, and has the phenotype
that most closely resembles the more common non-syndromic
forms. Popliteal pterygium syndrome (PPS; MIM 119500) has
a similar orofacial phenotype to VWS; however, PPS also
exhibits additional anomalies that include popliteal webbing,
pterygia, oral synychiae, adhesions between the eyelids, syn-
dactyly and genital anomalies (18,19). The VWS and PPS
loci were initially mapped to human chromosome 1q32–q41
(20–25) and both phenotypes were subsequently demonstrated
to result from mutations in the gene encoding interferon regu-
latory factor 6 (IRF6; Ref. 8). IRF6 belongs to a family of
transcription factors that share a highly conserved N-terminal,
penta-tryptophan, helix-turn-helix DNA-binding domain and a
less well-conserved protein-binding domain (8).

Initially, 46 mutations in IRF6 were identified in VWS
patients, with a further 13 being detected in families with a
history of PPS (8). Mutations that introduced a termination
codon into IRF6 were found to be significantly more common
in VWS than in PPS consistent with haploinsufficiency being
the mechanism that underlies VWS (20,22,26). The missense
mutations that were observed in VWS and PPS fell into two dis-
tinct categories. Whereas the missense mutations underlying
VWS were almost evenly divided between the DNA-binding
and protein-binding domains, the vast majority of the missense
mutations found to be associated with PPS arose in the DNA-
binding domain. Moreover, comparison of the sequence of
IRF6 with that of IRF1 suggested that in the case of PPS every
amino acid residue mutated contacted DNA directly, whereas
only a small minority of the residues mutated in VWS individ-
uals made direct contact with DNA. While this genotype–
phenotype correlation has broadly been supported by subsequent
studies, it is based solely on the analysis of structural models
rather than on a systematic investigation of the DNA-binding
properties of IRF6. Moreover, the effects of mutations in the
protein interaction domain have not been investigated.

In the current investigation, we have determined the DNA-
binding sequence to which wild-type IRF6 binds and used this
sequence to determine the effect of VWS- and PPS-associated
mutations in the DNA-binding domain of IRF6. In addition,
we have demonstrated that IRF6 functions as a co-operative
transcriptional activator and that VWS-causing mutations in
the protein interaction domain of IRF6 disrupt this activity.

RESULTS

Identification of an IRF6 DNA-binding site

To investigate the effects of disease-causing mutations in the
IRF6 DNA-binding domain (IRF6-DBD), we first sought to

identify a DNA-binding sequence to which the wild-type
protein would bind. Various IRF6 constructs (amino acids
1–113; 1–225; 1–401; 1–467), all of which contained the
DNA-binding domain (amino acids 13–113), were expressed
as N-terminal, His-tagged fusion proteins in E. coli and puri-
fied to homogeneity using a single-step, Ni-affinity column
(Fig. 1A). Members of the IRF family of transcription
factors are known to bind to a number of consensus sites, as
shown for the DNA-binding domain of IRF1 (Fig. 1B). To
determine whether IRF6 could bind to a subset of these
sites, electrophoretic mobility shift assays were performed
using degenerate, double-stranded oligonucleotides corre-
sponding to three potential response elements. Only the
IRF6 construct composed of amino acids 1–113 caused a
gel shift, demonstrating that each pool of sites contains
sequences to which IRF6-DBD can bind (Fig. 1B, lanes
7–9). An identical result was obtained using in vitro translated
proteins (data not shown).

To identify the consensus DNA-binding site for the
IRF6-DBD, all permutations of the IRF-E pool of sequences
were subsequently synthesized and one site was selected to aid
isolation of additional sites using an unbiased, PCR-based, site-
selection assay. After four rounds, the selected pool of DNA was
cloned and 23 sequences determined (Fig. 2A and B). The
sequences were subsequently used to derive the consensus
binding site for the IRF6-DBD (Fig. 2C). To confirm that the
selected sites were a true reflection of the IRF6 binding speci-
ficity, several individual sequences were tested in electrophore-
tic mobility shift assays; all sites tested were bound efficiently by
IRF6 (Fig. 2D). To analyse the specificity of the identified core
consensus sequence –AACCGAAACC/T, single base pair
changes in the S17 sequence were investigated using EMSA
(Fig. 2E). Whereas an A.T substitution at position 7 permitted
binding, an A.C substitution at this position abrogated DNA
binding (Fig. 2E, lanes 1–3). Similar approaches indicated that
while substitution of cytosine at position 4, which was invari-
ant in the site selection assay, could not be tolerated (Fig. 2E,
lane 4), a C.G substitution at position 9 of the extended core
sequence permitted DNA binding, albeit with lower affinity
(Fig. 2E, lane 5). Collectively, these data indicate that the

Figure 1. IRF6 DNA-binding domain binds to ISRE sites. (A) SDS–PAGE
gel showing purification of the IRF6 DNA-binding domain (IRF6-DBD).
The protein was purified by Nickel-affinity chromatography. Fractions from
each of the purification stages are shown as indicated above the lanes. Lane
5 contains the pure protein which was subsequently used to select the IRF6
consensus sequences. (B) EMSA showing DNA binding to the three pools
of degenerate ISRE sequences as indicated above the lanes. The IRF6-DBD/
DNA complexes are indicated by the arrow.
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IRF6-DBD possesses specific, high affinity binding to the con-
sensus sequence AACCGAAACC/T in vitro.

The majority of the mutations found in the IRF6
DNA-binding domain of VWS/PPS patients inhibit
DNA binding

To determine the effect of VWS- and PPS-associated
mutations that arise in the DNA-binding domain of IRF6,
the ability of IRF6 mutant proteins to bind to the derived
IRF6 DNA-binding site was investigated. Specific disease-

causing mutations were introduced into the IRF6-DBD and
their ability to affect DNA binding was determined using
both purified protein and in vitro translated protein; an equal
amount of each mutant protein, as determined by Coommassie
Blue staining or phosphorimaging, respectively, being incu-
bated with radio-labelled DNA containing the IRF6 binding
site (Fig. 3B). When compared to the wild-type protein, 12
of the 13 disease-causing mutations tested abrogated DNA
binding; notably, the Gly70Arg mutation, which underlies
VWS, had little effect on DNA binding (Fig. 3B). These find-
ings suggest that the majority of mutations in VWS and PPS

Figure 2. Selection of a consensus DNA-binding site for IRF6. (A) EMSA analysis of the selected pools of binding sites using bacterially expressed IRF6-DBD.
The starting double-stranded DNA is shown in lane 0. The free DNA represents the DNA pool after the indicated number of rounds of selection. The position of
the protein-DNA complex is shown (arrow). The DNA from the complexes in lane 3 was amplified and cloned for sequence analysis. (B) Sequences of the
DNA-binding sites selected by IRF6 after three rounds of selection. Nucleotides derived from the random sequence (upper case) and the constant flanking
primers (lower case) are indicated. The IRF core sequence is underlined in each sequence. Sites are aligned and orientated according to this IRF core sequence.
(C) A schematic sequence representation for IRF6 binding sites after three rounds of selection. (D) EMSA showing IRF6-DBD binding to individual sequences
obtained in the site selection. Lane 1 contains the initial sequence obtained from the IRF-E pool. The identity of each of the selected sites is shown above the
lanes. (E) EMSA showing specific binding of IRF6-DBD to the S17 site and its variants containing specific point mutations. The identity of each of the sites is
shown above the lanes. The core sequences are shown below the panel and the mutated bases are underlined.
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patients exert their effect by inhibiting the DNA-binding
function of IRF6; however, this appears not to be the only
mechanism by which mutation of the IRF6 DNA-binding
domain can cause disease since the Gly70Arg mutant binds
DNA avidly.

The effect of missense mutations on the structure of the
IRF6 DNA-binding domain

The distribution of missense mutations in the IRF6 DNA-
binding domain differs significantly between PPS and VWS
(8; unpublished data), suggesting that different mutations
confer different effects on the function of IRF6. To establish
whether there is a simple correlation between the disease phe-
notype and the extent to which a mutation disrupts the struc-
ture of the DNA-binding domain, we performed protein
modelling and biochemical analyses of mutant isoforms.
We performed protein modelling for the wild-type and
Arg84 and Gly70 mutant isoforms of the DNA-binding
domain. In wild-type IRF6, the side chain of Arg84 is
involved in two hydrogen bonds with the DNA phosphate
backbone (Fig. 4A). Mutating this arginine residue to
glycine, proline, cysteine or histidine ablated these hydrogen
bonds (Fig. 4A). In addition to the disruption of hydrogen
bonding, proline, cysteine and glycine possess much smaller
amino acid side-chains than arginine; therefore, the area of
the DNA-protein interface was reduced with these mutations.

While the glycine, cysteine and histidine mutations were not
likely to have a large effect on the tertiary structure of the
DNA-binding domain, the Arg84Pro mutation has the poten-
tial to disrupt the secondary structure of helix three of IRF6.
Proline residues are frequently associated with distortion of
alpha-helices, as predicted above. Gly70 is not involved in
the DNA-binding interface and is in loop region (L2)
between helices 2 and 3 (Fig. 4B). Mutation of Gly70 to argi-
nine made no obvious alterations to the protein structure
although effects on inter- and intra-molecular interactions
cannot be excluded (Fig. 4B).

As a direct test for differences in structural effects
between PPS- and VWS-associated mutations, we per-
formed circular dichromism (CD) analysis on mutant iso-
forms of the IRF6-DBD. Arg84Cys and Arg84His
mutations are found in both VWS and PPS patients,
whereas Arg84Pro and Arg84Gly occur in patients affected
by VWS. The CD spectra of the Arg84Cys, Arg84His and
Arg84Gly proteins were almost identical to that of the wild-
type protein (Fig. 5). In contrast, the spectrum of the
Arg84Pro mutant was consistent with a severely disrupted
structure. To test whether the loss of structure in the
Arg84Pro was due to inherent instability or simply an
inability of this mutant isoform to refold in vitro, we per-
formed CD analyses on a second set of IRF6-DBD proteins
that were purified directly from bacteria without a denatura-
tion/renaturation protocol. In this case, the CD spectra for

Figure 3. DNA binding of VWS and PPS mutants. (A) The amino acid sequence of the IRF6 DNA-binding domain; a subset of mutations found in VWS and PPS
patients are shown above the wild-type residue. (B) EMSA showing DNA binding of the mutant IRF6-DBD proteins depicted in (A). In vitro translated proteins
were incubated with the consensus sequence shown above the panel. Lane 1 contains the wild-type IRF-DBD protein (WT). The identity of each mutant protein
is indicated above the lanes; V18A, V18M, G70R, P76S, R84G, R84P, D98H and D98V are VWS-causing mutations: L22P and W60G are PPS-causing
mutations; R84C, R84H and K89E underlie both VWS and PPS.
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all four Arg84 missense mutations were nearly identical to
wild-type (data not shown). To test for subtle differences
in stability, we performed a thermal titration curve for
each. The inflection points for the four mutants were
similar, and all were slightly higher than the wild-type (Sup-
plementary Material, Fig. S1), suggesting that all the mutant
isoforms are more stable, not less stable, than the wild-type.
These data suggest that the extent to which a mutation dis-
rupts the overall structure of the IRF6 DNA-binding domain
does not simply correlate with the disease phenotype. Intri-
guingly, the Gly70Arg mutation, which was the only
mutation examined that does not abrogate DNA binding,
also exhibited a similar spectrum to the wild-type protein
(Fig. 5).

Identification of the transcriptional activation
domain of IRF6

Initial experiments established that the expression of IRF6 in
COS-7 cells did not activate a luciferase reporter plasmid con-
taining five copies of the IRF6 binding site (data not shown).
Subsequent analysis of the sub-cellular localization of an

EGFP-IRF6 fusion protein demonstrated that it resides in the
cytoplasm (Supplementary Material, Fig. S2); this is analogous
to the situation with IRF3, which is also cytoplasmic and
requires viral infection to induce its nuclear translocation
(27). Since we have so far been unable to determine the acti-
vation signal for IRF6, we used the GAL4-DBD reporter
system to investigate the functional effects of disease-causing
mutations within the protein-binding domain of IRF6. IRF6
was fused to the GAL4-DBD, and its ability to regulate tran-
scription from the LEXA-VP16/GAL4 reporter plasmid was
determined (Fig. 6A). The LEXA-VP16/GAL4 reporter con-
struct has been used previously to assess the ability of a tran-
scription factor to activate or repress transcription; it contains
multiple GAL4 and LEXA binding sites upstream of the
SV40 promoter. Transcriptional activation can be determined
by co-transfection with a GAL4 fusion protein alone;
however, if the GAL4 fusion protein is a repressor then this
can be assessed by activating the reporter with the
LEXA-VP16 activator. When the expression plasmid encoding
the full-length IRF6 protein fused to the GAL4-DBD,
GAL-IRF6-(1–467) was co-transfected with the luciferase
reporter plasmid and activation was observed (Fig. 6B);

Figure 4. (A) Homology model of IRF6-DBD shown in red cartoon representation revealing a close-up of helix 3 after energy minimization The DNA is shown
in green. Panel (i) shows the position of Arginine 84 in blue; panels (ii), (iii), (iv) and (v) show the mutations R84H, R84C, R84P and R84G, respectively. In each
case, the Van der Waals surface around residue 84 is indicated with blue dots. (B) The position of the G70R mutation is shown, highlighting the distance of this
residue from the DNA. Colour scheme as in (A).
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however, GAL-IRF6-(1–467) did stimulate transcription in the
presence of the LEXA-VP16 activator (Fig. 6B). These obser-
vations suggest that IRF6 acts as a co-operative transcriptional
activator.

To map the activation domain of IRF6, a series of
N-terminal deletions were generated and their ability to acti-
vate transcription determined (Fig. 6A and B). Deletion of
the N-terminal region to residue 113 resulted in a 4-fold
increase in transcriptional activation, while deletion to
residue 226 resulted in greater than a 5-fold increase
(Fig. 6B). Additional deletions into the protein-binding domain
resulted in a reduction in activity. These data suggested that
the transcriptional activation domain resides between residues
226 and 467; this was supported further by the observation
that titration of increasing amounts of GAL-IRF6-(226–467)
resulted in increased transcriptional activation (Fig. 6C).

Mutations found in the IRF6 transcriptional activation
domain of VWS and PPS patients inhibit
transcriptional activation

Numerous mutations have been found in the protein-binding
domain of IRF6 in VWS patients. To determine the effect of a
subset of these mutations on the transcriptional activation func-
tion of IRF6, specific mutations were introduced into
GAL-IRF6-(226–467) and their ability to affect transcriptional
activation was determined using a luciferase reporter assay
(Fig. 7). Of the seven mutations tested, six (Arg250Gln,
Arg250Gly, Leu294Pro, Cys374Arg and Gly376Arg) inhibited
transcriptional activation completely, while one (Lys320Glu)
stimulated activation above that of the wild-type (Fig. 7). The
polymorphism Val274Ile, which has been demonstrated to be
significantly associated with non-syndromic cleft lip and
palate but which is not the disease-causing variant (14), had
little effect on transcriptional activity.

DISCUSSION

The IRFs are a family of nine transcription factors that share a
highly conserved, N-terminal, helix-turn-helix DNA-binding
domain and a more variable protein-binding domain. The sig-
nature motif of the DNA-binding domain is a tryptophan
repeat consisting of five residues spaced at 10–18 amino
acid intervals (28). In the current study, we have used a site-
selection assay to demonstrate that IRF6 binds to the core con-
sensus sequence 50-AACCGAAACC/T-30 which conforms to
the IRF-E (50-GAAAAG/C

T/CGAAAG/C
T/C-30), ISRE (50-A/GNG

AAANNGAAACT-30) and minimal core (50-AANNGAAA-30)
sequences to which other IRF family members bind (29–31).
Crystallization studies have shown that the DNA-binding
domain of IRF1 has a helix-turn-helix motif that latches
onto DNA through three of the five conserved tryptophan resi-
dues. The motif selects a short GAAA core sequence, binding
to which is mediated by four amino acid residues; Arg82,
Cys83, Asn86 and Ser87 (32); the equivalent residues in
IRF6 are Arg84, Cys85, Asn88 and Lys89. Intriguingly, the
substitution of serine by lysine at position 87 of IRF1, which
is also observed in IRF4, IRF5, IRF8 and IRF9, confers the
potential to reach over and mediate binding outside the
GAAA core sequence (32,33). In the current study, we have
demonstrated that the substitution K89S abrogates DNA
binding (data not shown) confirming that IRF6 is a member
of the same sub-group of IRFs as IRF4, IRF5, IRF8 and
IRF9; consequently, the modelling studies reported here
were based on the crystal structure of IRF4 rather than that
of IRF1 (8). Interestingly, only the IRF6 construct containing
amino acids 1–113 exhibited DNA binding. This situation
mirrors that of IRF3 which uses an auto-inhibitory mechanism
to suppress its transactivation potential, phosphorylation
resulting in the alteration of the IRF3 structure which sub-
sequently leads to unmasking of the hydrophobic active site
and realignment of the DNA-binding domain for transcrip-
tional activation (34).

Previous studies have demonstrated that mutations in IRF6
underlie VWS and PPS which are characterized by varying
degrees of cleft lip, CLP, lip pits, skin-folds, syndactyly and
oral adhesions (17–19). Murray and colleagues initially
demonstrated that the distribution of mutations in IRF6 was
non-random; for example, protein truncation mutations,
while common in VWS, were rare in PPS (8). Similarly,
while the missense mutations found in VWS were distributed
between the DNA-binding domain and the protein-binding
domain, those underlying PPS were predominantly found in
the DNA-binding domain. In addition, the distribution of
VWS/PPS mutations in the DNA-binding domain was
skewed with residues that were predicted to contact DNA
being mutated more commonly. Subsequently, these studies
have been extended with 219 mutations having been identified
in VWS families and 36 PPS-causing mutations being
described (unpublished data). Comparison of the position
and type of mutation with the clinical diagnosis in these
families has supported the broad genotype–phenotype corre-
lation; nevertheless, as outlined below, some exceptions to
the general principles have been noted.

In the current study, 12 of the 13 DNA-binding domain
mutations analysed were found to abrogate DNA binding,

Figure 5. Circular dichroism spectra of purified recombinant wild-type (WT)
and mutant IRF6 proteins. The identity of each mutant protein is indicated in
the key.
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the single exception being the mutation Gly70Arg which has
been demonstrated to underlie VWS in two unrelated families
and has not been reported to be a single nucleotide poly-
morphism (8). The CD spectra generated for the DNA-binding
domain containing the Gly70Arg mutation were very similar
to those of the wild-type polypeptide, indicating that no
gross conformational change is induced. It is, therefore, poss-
ible that this particular mutation exerts its effect by disrupting
the conformation of the full-length protein, perhaps via intra-
molecular interactions between domains, or by affecting the
interactions with a putative co-regulator.

The residue Arg84 is a clear mutational hotspot for PPS.
Initially, mutations in Arg84, particularly Arg84Cys and
Arg84His, which are predicted to result in a complete loss
of contact with the core consensus sequence GAAA (8),
were thought to cause solely PPS; however, recent evidence
has shown that these mutations may also result in VWS
(unpublished data). These combined results demonstrate that
while the association between the Arg84Cys and Arg84His
mutations and PPS is strong, it is not absolute. Moreover,
VWS has also been shown to result from the mutations
Arg84Gly and Arg84Pro (35; unpublished data). In the
current study, we have demonstrated that all four mutations
result in loss of DNA binding; consequently, the Arg84Gly
and Arg84Pro mutations challenge the hypothesis that PPS
results from a dominant negative mechanism via the formation
of inactive transcription complexes (8). Nevertheless, a direct
assessment of dominant-negative activity was not conducted
in the current study and it is also possible that different
mutations have template-specific effects. Despite these obser-
vations, it is notable that the residue Arg84 is located in the
middle of helix 3 of the DNA-binding domain of IRF6 and
that the amino acids proline and glycine are known to

disrupt alpha helices (36). The tolerance of the Arg84Gly
mutation in the alpha-helix, as demonstrated by CD analysis
(Fig. 5), may be the consequence of the surrounding sequence;
glycine is more readily tolerated in a helix than proline
depending on the local sequence environment. In addition,
longer helices having extensive intra-molecular hydrogen
bonding networks may compensate for the tendency of
glycine to break the helix. Conversely, proline as a helix
terminating motif is far less ambiguous than glycine, and the
Arg84Pro mutant DNA-binding domain was not able to
refold; in particular, proline residues flanked by polar amino

Figure 6. IRF6 activates transcription. (A) Wild-type IRF6 and a series of N-terminal deletions were fused to the C-terminus of the GAL4 DNA-binding domain
as depicted. The DNA-binding and the protein interaction domains are indicated. The positions of the N- and C-terminal amino acids are shown for each of the
IRF6 derivatives. (B) The graph shows activation of the luciferase reporter by the GAL-IRF6 proteins in the presence and absence of a fixed amount of
LEXA-VP16 as indicated by þ and 2, respectively. The identity of the GAL fusion proteins in each transfection is indicated below the x-axis. All transfections
were performed in triplicate; luciferase activities are presented as means with standard errors shown. All values are relative to the activity of the reporter plasmid
alone. (C) Titration of increasing amounts of GAL-IRF6-(226-467). The graph shows activation of the luciferase reporter by the GAL-IRF6-(226-467) protein in
the presence and absence of a fixed amount of LEXA-VP16 as indicated by þ and 2, respectively. 0, 10, 100 and 300 ng of GAL-IRF6-(226-467) were trans-
fected. All transfections were performed in triplicate; luciferase activities are presented as means with standard errors shown. All values are relative to the
activity of the reporter plasmid alone.

Figure 7. The effect of VWS and PPS mutations on the function of the IRF6
transactivation domain. (A and B) The graphs show activation of the luciferase
reporter by the wild-type (WT) and mutant GAL-IRF6-(226-467) proteins in
the presence and absence of a fixed amount of LEXA-VP16 as indicated
by þ and 2, respectively. The identity of each mutation is indicated below
the x-axis. All transfections were performed in triplicate; luciferase activities
are presented as means with standard errors shown. All values are relative to
the activity of the reporter plasmid alone.
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acids have a very strong tendency to terminate helices.
However, CD data generated with the native Arg84Pro
mutant isoform showed CD spectra and thermal stability that
were similar to wild-type. It appears that the stabilization
energy when using a correctly folded domain as the starting
point was too great to disrupt the domain in silico and
in vivo. Consequently, if Arg84Pro and Arg84Gly mutations
cause VWS by disrupting the secondary structure of IRF6
leading to a complete loss of IRF6 function, then that
change is not detectable in the context of the DNA-binding
domain alone; rather, future experiments must be designed
to interrogate the effect of altered secondary structure in the
context of the whole protein.

Despite these observations, the mutation L22P, which
affects an amino acid residue that is not predicted to contact
DNA, has been shown to result in VWS or PPS in members
of the same family (37). These findings indicate that the
genotype–phenotype correlation in man is not absolute and
suggest that a clinical continuum exists with the precise phe-
notype being determined by a combination of the causative
mutation, genetic background and stochastic factors. Intrigu-
ingly, this situation is mirrored in mice carrying either an
Arg84Cys mutation, in which IRF6 protein while generated
lacks the ability to bind DNA, or mice carrying a null mutation
in Irf6 (38,39). While in both lines, homozygous mutant
mice display an identical phenotype comprising a hyper-
proliferative epidermis that fails to undergo terminal differen-
tiation resulting in multiple soft tissue fusions, the phenotype
of the Irf6þ/R84C mice, which exhibited mild intra-oral adhe-
sions, is more severe and displays greater penetrance than
that reported for the Irf6-null mice, despite both mutations
being on the same genetic background (38,39).

As a prelude to examining the effect of disease-causing
mutations in the protein-binding domain of IRF6, we have
analysed the ability of IRF6 to act as a transcriptional regula-
tor. Our initial experiments demonstrated that IRF6 localized
to the cytoplasm and, consequently, was unable to activate a
luciferase reporter containing multiple copies of its consensus
binding site. The cytoplasmic localization of IRF6 has been
reported previously (40). This situation parallels that of
IRF3 which also localizes in the cytoplasm as an inactive
monomer maintained by auto-inhibitory domains that flank
the protein-interaction domain until virus-induced phosphoryl-
ation converts IRF3 into an active monomer that enters the
nucleus to activate transcription of its target genes (27,34).
While we have not, as yet, identified the signal that results
in phosphorylation of IRF6 with subsequent nuclear transloca-
tion, transforming growth factor b3 is a potential candidate for
this role, at least in the secondary palate where Irf6 has been
shown to be down-regulated in the medial edge epithelia of
the developing palatal shelves in both Tgfb3 and Tgfbr2
mutant mice (41,42). As a consequence of these findings, we
used the GAL4-DBD reporter system to demonstrate that
IRF6 acts as a co-operative transcriptional activator. In this
study, we have used the minimal VP16 activation domain in
a standard synergy assay; however, VP16 is unlikely to be a
natural co-operative partner of IRF6 such partners remaining
to be identified. This situation has also been described for
the ETS family member PU.1 and IRF4 which co-operatively
bind to composite elements found in the promoters and

enhancers of b-lymphoid and myeloid genes (43–45). Impor-
tantly, while all seven of the VWS-causing mutations analysed
either decreased (Arg250Gln, Arg250Gly, Leu294Pro,
Cys374Arg, Gly376Arg) or increased (Lys320Glu) the tran-
scriptional activation function of IRF6, the neutral polymorph-
ism Val274Ile had no effect on this activity. In the case of
Lys320Glu, it is important to note that this mutation has
been described in two unrelated families (8), the mutation
arising as a de novo event in one of these families thereby sup-
porting the hypothesis that Lys320Glu is pathogenic rather
than a polymorphism.

One of the goals of our research is to dissect the molecular
pathway in which IRF6 functions during development of the
lip and palate. To date, a combination of human genetic ana-
lyses and developmental studies has led to the identification of
two transcription factors which act upstream of IRF6.
Recently, Murray and colleagues identified a common func-
tional variant in an AP-2a binding site within an IRF6 enhan-
cer that showed highly significant linkage disequilibrium with
isolated cleft lip, but not with cleft lip and palate or isolated
CLP (46). Electrophoretic mobility shift assays and chromatin
immunoprecipitation subsequently demonstrated that the risk
allele disrupts binding of AP-2a to the IRF6 enhancer (46).
Importantly, TFAP2A, which encodes AP-2a, maps to
human chromosome 6p24 within a region where chromosomal
anomalies have been associated with OFC (47,48) and
mutation of Tfap2a in mice results in facial anomalies
(49,50). Similarly, the transcription factor P63 has been
demonstrated to bind to a consensus P53-response element
within IRF6 while Tp63 and Irf6 interact genetically during
development of the secondary palate (unpublished data).
Although these studies have identified transcription factors
that lie upstream of IRF6 during craniofacial development,
the downstream targets of IRF6 remain uncharacterized; in
this context, delineation of the consensus IRF6 binding site
detailed in the current study will facilitate the identification
of putative transcriptional targets of IRF6.

MATERIALS AND METHODS

Plasmid construction and site-directed mutagenesis

Fragments of Irf6 were amplified from embryonic day 14
mouse cDNA using the primers listed in Supplementary
Material, Table S1 and cloned into either pET-14b for electro-
phoretic mobility shift assays or pSG424 for luciferase assays.
Disease-causing mutations were generated using the primers
listed in Supplementary Material, Table S2 and the ‘Quick
Change’ site-directed mutagenesis kit (Stratagene) according
to manufacturer’s instructions. All constructs were verified
using sequence analysis.

Electrophoretic mobility shift assays

The radio-labelled DNA was subjected to electrophoresis on a
10% non-denaturing polyacrylamide gel, excised and purified
using a G-50 micro-column according to the manufacturer’s
instructions (Probe Quant). The probe was incubated at
room temperature for 30 min with IRF6 protein in the pre-
sence of binding buffer [20 mM Tris, pH 7.5; 50 mM NaCl;
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1 mM EDTA; 5% glycerol; 5 mM dithiothreitol; 1 mg bovine
serum albumin and 100 ng poly(dI:dI)-poly(dI:dC)]. The
DNA-protein complexes were resolved on a 5% polyacryl-
amide gel in 1� TBE for 3 h at 180 V. The resulting gels
were fixed in 10% acetic acid/20% methanol solution for
20 min, dried and subjected to autoradiography.

Protein production

The coding region of the IRF6 DNA-binding domain
(IRF6-DBD; amino acids 1–113) was amplified by PCR
from mouse cDNA derived from embryonic day 14 using
primer pairs 50-GATCCATATGGCCCTCCACCCTCGAAG
AG-30 and 50- GATCGGATCCTCACACTTGATAGATCTT
CACAGG- 30. The PCR amplified product was cloned into
pET-14b in order to fuse a hexahistidine tag to the N-terminus
of the expressed protein. The resultant plasmid,
pET-IRF6-DBD, was used to transform E. coli BL21 cells
and expression was induced using 1 mM IPTG for 3 h. The
recombinant protein was expressed in the insoluble fraction
and purified under denaturing conditions using the Ni-NTA
spin kit according to the manufacturer’s instructions
(Qiagen). The purified protein was visualized by SDS–
PAGE to determine the molecular size, protein integrity and
yield. Protein refolding was achieved by dialysing 100 ml of
purified protein against solutions of decreasing denaturant
using a 7000 MW Slide-A-Lyzer mini dialysis unit (Pierce).
Dialysis was performed for 24 h against each of the following
solutions: 2 M GuHC1, 50 mM HEPES, 500 mM KCl, 10 mM

DTT; 1 M GuHCl, 50 mM HEPES, 500 mM KCl, 10 mM DTT;
0.5 M GuHCl, 50 mM HEPES, 500 mM KCl, 10 mM

DTT. Final dialysis was against 50 mM HEPES, 500 mM

KC1, 10 mM DTT for 12 h. In vitro translated IRF6 proteins
were generated using a TNT kit and T7 polymerase according
to the manufacturer’s instructions (Promega).

Determination of IRF6 binding sequence

The putative core binding sequence for IRF members is pro-
posed to be AANNGAAA (31). Three IRF consensus binding
sites containing this sequence were synthesized; ISRE1:
GAAANNGAAANN; IRF-E: GAAAG/C

C/TGAAAG/C
T/C and

ISRE3: A/GNGAAANNGAAACT (29,30) and used in electro-
phoretic mobility shift assays with the His-tagged IRF6-DBD.
Subsequently, all 16 possible sequence combinations of the
IRF-E site were synthesized and tested for their ability to
bind to IRF6-DBD. The consensus DNA-binding sequence
of IRF6 was determined as described previously (51). DNA
isolated from the final round of selection was ligated into
the pDrive cloning vector using the PCR Cloningplus kit
(Qiagen) according to the manufacturer’s instructions. Plas-
mids containing the 76 bp insert were sequenced and aligned
using WebLogo (52).

Circular dichroism analysis

Far-UV CD spectra were obtained using a Jasco J-810 spectro-
polarimeter equipped with a temperature-controlled quartz cell
with a path-length of 50 mm. Spectra were obtained between
190 and 260 nm at 208C obtaining an average of eight scans

for IRF6-DBD and mutants at concentrations ranging from
0.4 to 0.6 mg/ml. Buffer scans were subtracted, and concen-
trations normalized before analysis of the data using the
CDSSTR deconvolution algorithm in the software suite
Dichroweb (53).

Protein modelling

The structure of the DNA-binding domain from human
IRF4 (33) was used as the starting point for homology model-
ling of the IRF6 DNA-binding domain. All molecular
modelling was performed on a Linux workstation using the
Quanta2005 program (Accelrys Ltd). The model of the IRF6
DNA-binding domain was built based on the co-ordinates of
the IRF4 DNA-binding domain. The model was energy mini-
mized using steepest descents followed by the conjugate
gradient algorithm to convergence, removing bad steric and
electrostatic contacts. The Protein Health module was used
to check the integrity of the model using a Ramachandran
plot, and to identify buried hydrophilic or exposed hydro-
phobic residues and close contacts. Point mutations corre-
sponding to Arg84Cys, Arg84His, Arg84Pro, Arg84Gly and
Gly70Arg were inserted into the IRF6 structure and molecular
dynamics performed using CHARMm.

Luciferase assays

COS-7 cells were maintained in DMEM containing 10% foetal
bovine serum. Once the cells had reached 80% confluence,
they were transfected with 1 mg DNA (total) using Lipofecta-
mine 2000 according to the manufacturer’s instructions
(Invitrogen). Briefly, 300 ng pSG424-IRF6 construct, 300 ng
LEXA-VP16, 300 ng firefly luciferase reporter and 100 ng
Renilla luciferase control pRL-CMV (Promega) were trans-
fected for 24 h. The cells were then lysed and luciferase
activity measured using the dual luciferase reporter assay
system following manufacturer’s instructions (Promega). All
transfections were performed in triplicate and standard errors
calculated. To ensure that appropriate IRF6 protein had been
expressed, equal amounts of COS-7 cell lysates were subjected
to electrophoresis on a 10% SDS–PAGE gel and subjected to
western blotting. The resulting nitrocellulose membrane was
incubated with a polyclonal anti-GAL4 antibody (Santa Cruz)
followed by an ECL peroxidase-labelled, anti-rabbit secondary
antibody (Amersham Biosciences) for the detection of the
IRF6-Gal4 complexes. Immunecomplexes were detected
using the ECL plus Western Blotting Detection System accord-
ing to the manufacturer’s instructions (Amersham Biosciences)
and exposed to x-ray film.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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