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and Multiple Congenital Heart Diseases
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Laboratory of Medical Genetics, Central South University, Changsha, China

Axenfeld-Rieger syndrome (ARS) is a rare autosomal
dominant disease mainly characterized by maldevel-
opment of the anterior segment of the eyes, accom-
panied with dental anomalies and redundant
periumbilical skin.1 Some patients have cranial
abnormalities with hypoplasia of the midface and an
underdeveloped premaxilla, while a few others have
hypospadias and growth retardation. A variety of
other abnormalities such as heart, hearing and limb
defects have also been reported in ARS patients.2

Several transcription factor-encoding genes under-
lying classic ARS have been identified, among which
the pituitary homeobox 2 gene (PITX2) and the
forkhead box C1 gene (FOXC1) are most studied.3

FOXC1 is located at 6p25 and is a member of a large
superfamily of Forkhead transcription factors, which
can recognize and bind to specific DNA sequences
through its forkhead domain (FHD). Extraocular
anomalies are considered more often in intragenic
PITX2 than in intragenic FOXC1 mutations, and larger
numbers of individuals with PITX2 mutations have
systemic malformation affecting parts of the body
other than the eye.2,4 Rare cases of ARS with heart
defects caused by the mutation of FOXC1 were
reported.

A family from Central-South China with three
affected members across three generations partici-
pated in the present study. Three patients were
diagnosed with ARS and congestive heart abnormal-
ities (Figure 1). The proband of the family was
diagnosed by transthoracic echocardiograms of
having congestive heart failure and by gonioscopy
of having ARS. No other malformations were
observed in the three affected members, indicating
this family is an oligosymptomatic ARS family with
autosomal dominant pattern. Therefore we examined
the possibility of known causative genes that cause
ARS. By sequencing analysis of FOXC1 and PITX2, a
novel non-synonymous sequence variant, c.380T4G
(p.R127L) in the exon of FOXC1 was detected and co-
segregated with the ARS phenotye. This newly
identified mutation was not found in our 200 control
cohorts5 and not presented in the dbSNP and Exome
Variant Server database (http://evs.gs.washingto-
n.edu/EVS/). Alignment of FOXC1 amino acid
sequences from human, mouse, rat, zebrafish etc
revealed that the affected amino acid was evolution-
arily conserved. Three programs for analyzing protein
functions – Polyphen2, SIFT and MutationTaster –
predicted that the variants p.R127L are probably
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damaging, deleterious and disease causing respect-
ively (Table 1).

The forkhead box (FOX) proteins are multifa-
ceted transcription factors that are responsible for
fine-tuning the spatial and temporal expression of a
wide range of genes both in adult tissues and
during development, especially in arterial cell spe-
cification, angiogenesis and cardiac outflow tract
development. All forkhead transcription factors
share a highly conserved forkhead DNA-binding
domain (FHD) which binds to conserved sequences
in the target genes. This domain is composed of
one minor and three major alpha-helixes, and two
beta-sheets, giving the FHD its characteristic wing-
like structure. Now we find the novel mutated
p.R127L is just located at the FHD. The mutation
from alkaline amino acid Arginine positive charge
to neutral amino acid Leucine will reduce the
positive electrostatic potential on protein surface
and disrupt the structure and function of FHD
(Figure 2). Since a host of FOX family proteins are

shown to be connected with some heart develop-
ment-related transcription factors, e.g. NKX2.5,
GATA4 etc, we reviewed all of the known mutated
sites of FOXC1 (Figure 3, Table 1),6–16 and noted the
sites of heart disease-related mutations, finding
some possible common features among them.
Interestingly, almost all the heart disease-related
mutations are located at the FHD, suggesting that
FOXC1 may take an important part in heart
development-related pathways through FHD, and
any functional damage to FHD is likely to disturb
normal heart development.

In conclusion, we report a novel FOXC1 mutation
(p. R127L) in a three-generation family with three ARS
and heart defect patients. The present identification of
a novel mutation not only further supports the
important role of transcription factor FOXC1 in
CHD and ARS, but also expands the spectrum of
FOXC1 mutations and will provide insight into
genetic diagnosis and counseling of families with
ARS and CHD.

FIGURE 1. Clinical features of the family affected with ARS. (A) Symbols for affected individuals are colored in. The proband (III4)
has congenital glaucoma and accompanying congenital heart disease due to PDA. His father (II3) only has glaucoma. His sister (III3)
who died in 2010 due to dilated cardiomyopathy, heart failure, cardiogenic shock and accompanying pulmonary edema. (B) Sequence
chromatogram indicates a G to T transition of nucleotide 127 in the proband (III4) and his father (II3). (C) The proband’s father has a
congenital detachment of the retina as well as glaucoma. (D) The proband also suffers from glaucoma but neither of them have other
facial anomalies.
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FIGURE 2. Molecular models of the FOXC1 R127L mutation. (A, B) Diagrams displaying the position of Arg127 and Leu127 (both in
yellow), respectively. Red dashed lines show hydrogen bonds. (A) Arg127 linked with Tyr105, Gln123 and Asn124 (both in green) by
hydrogen bonds. But (B) Leu127 can only link with Asn124 and Leu130 (both in green) by a hydrogen bond. (C, D) Surface electrostatic
charge distribution of FOXC1. As the color legend indicates, the red color (negative potential) arises from an excess of negative charges
near the surface and the blue color (positive potential) occurs when the surface is positively charged. Obviously, the alteration of Arg
to Leu in 127 reduces the positive potential. Molecular diagrams were drawn with PyMOL (http://www.pymol.org).

FIGURE 3. Overview of all known and novel FOXC1 mutations, deletions or duplications. The FOXC1 coding region is shown, with
all known FOXC1 mutations associated with (red lettering) and not associated with heart disease (blue lettering). Green rectangle: The
DNA-binding FHD.
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