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A W148R mutation in the human FOXD4 gene segregating
with dilated cardiomyopathy, obsessive-compulsive
disorder, and suicidality
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Abstract. The forkhead/winged helix box (FOX) gene
family comprises at least 43 different genes encoding
transcriptional factors with a highly conserved DNA-binding
domain. To date, mutations in members of the FOX gene
family have been causally linked to a variety of different
human diseases. We describe a three-generation Albanian
pedigree in which a complex phenotype consisting of dilated
cardiomyopathy, obsessive-compulsive disorder, and
suicidality is segregated with a missense mutation (W148R) in
the human FOXD4 gene. This mutation disrupts an extremely
highly conserved tryptophan residue in the forkhead domain of
FOXD4, possibly resulting in reduced DNA binding capacity
and altered transcriptional activity. Our present findings widen
the spectrum of diseases associated with genetic aberrations
in the forkhead gene family.

Introduction

The human forkhead/winged helix box (FOX) gene family
comprises at least 43 different genes encoding transcription
factors, which are crucially involved in the regulation of gene
expression during ontogenesis (1). Members of the FOX
family are characterized by the presence of a highly
conserved DNA-binding forkhead domain, which is also
termed ‘winged-helix’ due to its butterfly-like appearance (2).
Mutations in different human FOX genes have been
implicated in a variety of different genetic diseases (3-9),
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including some neuropsychiatric phenotypes such as speech
and language disorders (10) and schizophrenia (11).

The human FOXD#4 is an intronless gene located at 9p24
(1,12). It has been shown to be highly expressed in the heart
and skeletal muscle, as well as in the adult and fetal brain
(13,14). In the present study, we describe a three-generation
Albanian pedigree in which a complex phenotype consisting
of dilated cardiomyopathy (DCM), obsessive-compulsive
disorder (OCD), and suicidality is segregated with a missense
mutation (W148R) in FOXD4.

We reasoned that FOXD4 could be a plausible biological
candidate gene for the complex phenotype displayed by this
family in light of its cerebral and cardiac expression (13,14),
and because it maps to a chromosomal region which has been
previously linked to OCD (15,16).

Patients and methods

Case report. We describe an Albanian family (Family B, Fig. 1)
showing a complex phenotype consisting of dilated
cardiomyopathy (DCM), obsessive-compulsive disorder
(OCD), and suicidality. The proband (III-1) was a 24 year-
old male who was brought to our attention in May 2002 for
dyspnea occurring during normal daily activities, as well as
persistent chest discomfort upon exertion. He underwent a
medical evaluation, including clinical history, physical
examination, 12-lead electrocardiography, 2-dimensional
echocardiography, and laboratory testing to screen for
asymptomatic skeletal muscle disease. Echocardiographic
examination revealed concentric left ventricular hypertrophy
with diastolic dysfunction. Ejection fraction was estimated to
be 33%. Laboratory tests were negative for skeletal muscle
disease. His personal history revealed eutocic delivery with a
birth weight of 4,100 g and a normal psychomotor
development. At the age of 16, coinciding with personal
crisis, moderate obsessive-compulsive symptomatology
(touching objects and making others repeat phrases he
claimed he had not understood) was shown, and a DSM-IV
diagnosis of OCD was made by a private psychiatrist.
Although he still complained to be haunted by some
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Figure 1. Pedigree of the affected family, including three generations.
Unaffected individuals (open symbols), and suicidal subjects (filled
symbols) are shown. Arrow indicates proband. The proband (III-1) and his
father (II-1) harbored the FOXD4 mutation and had DCM and OCD. The
proband's deceased paternal grandfather (I-1) was also reported to have
committed suicide, but no information was available on his cardiac or
psychiatric phenotype.

‘unanswerable questions’ and recognised them to be
‘irrational’, he reported not to receive any therapy for his
obsessionality. He also rejected any possibility of referral to
our psychiatry department for more in-depth evaluation.
Similarly, though accepting to participate in molecular
genetic analyses and scheduling for regular cardiac visits, he
refused the possibility to be included in a heart transplant list.
The patient's compliance to medical therapy for heart failure
was poor, and he was soon lost to follow-up. In January
2003, it was brought to our attention that he had committed
suicide, leaving a suicide note referring to financial trouble.

The proband's father (II-1) displayed a very similar
clinical phenotype. He manifested symptoms of dyspnea
from the age of 45 years and was diagnosed with DCM.
After experiencing severe economic difficulties, he began to
worry excessively about money and expressed a number of
financial concerns. He then started repeating obsessively
what other people said and touching various objects. He
committed suicide in February 2003 soon after his son's self-
inflicted death.

Strikingly, the proband's deceased paternal grandfather (I-1)
was also reported to have committed suicide after personal
crisis. Unfortunately, no information or clinical chart was
available on his potential cardiac or psychiatric symptoms,
and there was no material for genetic analysis. The other
members of this family, including the proband’s mother
(IT-2) and the two younger sisters (III-2 and III-3), have had
no history of cardiac or psychiatric disease.

Mutation analysis. Venous blood samples were drawn, after
written informed consent, from the proband (III-1), younger
sisters (ITI-2 and III-3), parents (II-1 and II-2), and paternal
grandmother (I-2). Genomic DNA was purified by using a
commercially available kit (Qiagen, Hilden, Germany)
according to the manufacturer's protocol. The entire coding
sequence of FOXD4 (GenBank Entry: NM_207305) was
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amplified by using two overlapping couples of primers
designed with Primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi). The primers used were as
follows: FOXD4-1-sense, 5'-CTAGCGTTCCTGCTTCTTG
C-3"; FOXD4-1-antisense, 5'-GTAGGTAGCGAGGAGG
ATGC-3' (product size 910 bp; annealing temperature 62°C);
FOXD4-2-sense, 5'-CCCTTCCCTCTACCTGCTG-3";
FOXD4-2-antisense, 5'-AACCATTTTGCAGGGAACAG-3'
(product size 804 bp; annealing temperature 59°C). DNA
template (100 ng) were mixed in a solution containing 1X
PCR buffer (100 mM Tris-HCI pH 8.3; 500 mM KCI), 1.5
mM MgCl,, 50 uM dNTPs, 10 pmol of each primer, and 2 U
of Pfu DNA polymerase (Promega, Madison, WI, USA) in a
final reaction volume of 30 ul. The PCR reaction consisted
of 35 cycles. PCR samples contained 5% dimethyl sulfoxide
to amplify both fragments. The products were purified by
Wizard miniprep kit (Promega) and directly sequenced using
an ABI Prism 377 DNA sequencer (Applied Biosystems,
Foster City, CA, USA).

Genotyping of the WI48R variant in unrelated DCM
patients, OCD patients and healthy comparison subjects. To
rule out the possibility that the W148R mutation in FOXD4
could be a polymorphic site, we genotyped three distinct
cohorts consisting of 90 unrelated patients with DCM, 88
subjects with a DSM-IV diagnosis of OCD, as well as in 188
healthy control subjects. Genotyping was performed by means
of PCR-RFLPs. PCR was carried out with the upstream
primer 5'- TTTGGCACCGAGTTCAGG-3', and the down-
stream primer 5’-GTCCAGGCTCCAGTAGTTGC-3', in a
final volume of 30 pl. PCR conditions consisted in an initial
denaturation at 95°C for 90 sec, 35 cycles of a 94°C denaturing
step for 30 sec, a 58°C annealing step for 45 sec, and a 72°C
extension for 60 sec, followed by a final extension at 72°C
for 5 min, resulting in a 300 bp fragment. PCR products
(10 pl) were digested using 2U of the endonuclease BstOI
(Promega) for 16 h at 60°C. The digested products were
subjected to a 3% agarose gel electrophoresis and visualized
under ultraviolet light after ethidium bromide staining. The
wild-type 148W allele yielded two distinctive fragments of
198 and 74 bp (as well as two short fragments of 23 and 5 bp,
which were undetectable as discrete bands on agarose gels),
while the mutant 148R allele yielded an unrestricted fragment
of 272 bp (as well as the two short fragments of 23 and 5 bp).
All genotyping was done by laboratory personnel blinded to
the case-control status of the samples, which included quality
control samples for validation. Concordance for quality control
samples was 100%.

Results

Genomic sequencing of FOXD4 in the index patient (III-1)
of the Albanian family revealed a heterozygous missense
mutation in FOXD4 (W148R; 743T>C, Fig. 2A). The mutation
was also found in the proband's father (II-1), but was not
present in other unaffected members of this kindred (Fig. 2B).
Thus the mutation segregated with the disease and was
transmitted to the proband by the father.

The cross-species sequence alignment (Fig. 3) showed a
strong conservation of the mutated tryptophan residue, which
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Figure 2. DNA sequence electrophoretogram (arrow, panel A) of the heterozygous mutation W148R (743T>C; GenBank entry: NM_207305) of FOXD4 in
the proband (III-1). No equivalent mutation was detected in the proband’s mother (II-2, panel B).
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Figure 3. Protein alignment of the mutation conserved across different
species.

is located in the highly-conserved DNA-binding fork-head
region of FOXD4 (1). Importantly, this residue is also
strikingly conserved in all members of the human FOX gene
family (ref. 1; data not shown).

The T>C mutation was not detected in 90 unrelated
patients with DCM, 88 unrelated subjects with a DSM-IV
diagnosis of OCD, or in the 376 normal control chromosomes.

Discussion

In this study, we identified a missense mutation (W148R) in
the human FOXD4 associated with a complex phenotype
consisting of dilated cardiomyopathy, obsessive-compulsive
disorder, and suicidality in an Albanian family.

The present mutation is considered to be responsible for
our patients' syndrome for the following reasons. First, the
mutation is cosegregated with the disease in the present
family with autosomal dominant transmission. Second,
743T>C was not found in 376 normal control chromosomes.
Third, cross-species protein alignment showed a strong
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conservation of the mutated tryptophan residue in FOXD4.
Notably, this amino acid is also strikingly conserved in the
DNA-binding forkhead domain of all other human FOX
genes (1), thereby indicating its potential structural or
functional importance. These observations can be regarded as
pieces of evidence indicating that the mutation detected in
our family is pathogenic.

In future studies, it will be important to gain insights into
the molecular mechanisms whereby this FOXD4 mutation
alters protein function. Similar to other mutations in human
FOX genes (17,18), it is possible that the W148R variant
could perturb the nuclear localization of FOXD4, or
otherwise be severe enough to abolish FOXD4 DNA binding.
This hypothesis can be tested by in vitro assays investigating
nuclear localization of the mutant FOXD4, as well as its
DNA binding capacity and transactivation potential.

The clinical features of our kindred are consistent with
the tissue expression profile of FOXD4 in humans.
Accordingly, we chose to study FOXD4 in our family
because this gene is expressed at high levels both in the brain
and the cardiac muscle (13,14), as well as because FOXD4
maps to a region which has been previously linked to OCD
(15,16). On the other hand, of interest is also the observation
that no muscular atrophy could be demonstrated in this
family despite FOXD4 being abundantly expressed in
skeletal muscle (13).

Our current findings raise a number of important points
for both basic and clinical research. Firstly, the discovery of
FOXD4 as a gene that may be involved in dilated cardio-
myopathy and/or OCD will focus research efforts on
searching for other mutations in this gene as possible causes
for cardiac and/or psychiatric phenotypes. Although we were
unable to find the W148R mutation in two distinct cohorts of
unrelated patients with DCM or OCD, future studies
investigating FOXD4 as a candidate gene in such disease
conditions appear to be warranted. Confirming a role for
FOXD4 in human disease may also provide opportunities for
novel therapeutics and prevention, and contribute to a better
understanding of how alterations in the FOX transcription
factors may impact human diseases at a molecular level. The
most important finding from this study possibly is the
identification of FOXD4 as a potential candidate for suicidal
behaviour. Although it is well-known that suicide runs in
families and that genetic factors may contribute to suicidal
behaviour (19), the great majority of molecular genetic
studies has been focused on polymorphisms in serotonergic
genes (20). Nonetheless, in line with previous observations
(21), our present data indicate that molecular pathways other
than the cerebral neurotransmission systems may play a
pivotal role in the genetic vulnerability for suicidal
behaviour.

In conclusion, we have shown that a mutation in FOXD4
affecting a highly conserved residue of the forkhead domain
of this transcription factor cosegregates with dilated cardio-
myopathy, obsessive-compulsive disorder, and suicidality in
an Albanian kindred. This observation promises to offer novel
insights into the molecular processes mediating cardiac
hypertrophy, anxiety disorders and suicidality.
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