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Abstract: Axenfeld-Rieger syndrome (ARS) is a rare autosomal dominant disorder characterized by ocular, dental,
and other systemic developmental defects. Four genetic loci have been found to be associated with ARS, but no
causative gene defect has been found for 40% of the cases of ARS investigated. In this study, the clinical and mo-
lecular characteristics of a five-generation Chinese family with ARS were investigated. The pathogenic variant was
investigated with specific hereditary eye disease enrichment panels including 369 known genes of inherited ocular
disease, based on targeted exome capture technology. The identified variant was confirmed with Sanger sequenc-
ing. A novel heterozygous variant ¢.191C > A (p.P64 Q) in PITX2 gene was identified to be disease-causing mutation
in this pedigree. These results may be useful for better understanding of the spectrum of PITX2 mutations and the

role of PITX2 in the development and progression of ARS.
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Introduction

Axenfeld-Rieger syndrome (ARS; OMIM 180-
500) is a rare disorder of development, which
includes a spectrum of ocular defects and mul-
tisystem anomalies. The classic ocular defects
of ARS include a posterior embryotoxon, peri-
pheral iridocorneal adhesion, and ultrastruc-
tural abnormalities of the trabecular meshwork,
iris hypoplasia, corectopia, polycoria, and other
less frequent features such as cataracts,
microcornea, and retinal detachment. Because
of the severe changes in eye structure, approxi-
mately half of the individuals affected with ARS
develop glaucoma and corneal opacity, which
cause severe damage to visual acuity. In addi-
tion to the ocular defects, defects in dental
development are well-recognized, which include
microdontia, anodontia, enamel hypoplasia,
misplaced teeth, and maxillary hypoplasia.
Other systemic findings can be observed
include a redundant periumbilical skin, hearing
defects, congenital cardiac or kidney abnormal-
ities. These systemic features are incomplete
penetrance and variable expressivity [1-3].

Axenfeld-Rieger syndrome is a genetically
developmental disorder and the mode of inheri-
tance is autosomal dominant. Currently, four,
genetic loci have been found to be associated
with ARS, which include PITX2 (paired-like
homeodomain transcription factor 2; 4q25-
g26; OMIM 601542), FOXC1 (forkhead box C1;
6p25; OMIM 601090), PAX6 (paired box gene
6; 11p13; OMIM 607108), and a yet to be iden-
tified gene at 139q14 (OMIM 601499). For 40%
of the cases of Axenfeld-Rieger syndrome
investigated, no causative gene defect has
been found [1-6].

The clinical and genetic characters in individu-
als affected with ARS are rarely reported in
China [7-10]. The purpose of this study was to
investigate the clinical and molecular charac-
teristics of a Chinese family affected by ARS.

Material and methods
Study participants

A five-generation family with Axenfeld-Rieger
syndrome from the Guangdong province in
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Figure 1. Pedigrees of Axenfeld-Rieger syndrome in this study. Circles represent females and squares represent
males. Closed symbols represent affected patients and open symbols indicate unaffected subjects. The proband

(IV:14) is indicated with an arrow.

southern part of China was studied (Figure 1).
Written informed consent was obtained from all
subjects, and the study was approved by the
Ethics Committees of the lJinan University
Affiliated Shenzhen Eye Hospital and conduct-
ed in accordance with the Declaration of
Helsinki. Ophthalmic examinations by a refer-
ring ophthalmologist included corrected visual
acuity, slit lamp biomicroscopy, gonioscopy,
funduscopy, measurement of intraocular pres-
sure (IOP) by Goldmann applanation tonometer,
measurement of corneal diameter and axial
length, ocular A scan and B scan. An individual
was determined to be affected if multiple of the
characteristic ocular findings associated with
Axenfeld-Rieger syndrome were observed.

Full examination of dental developmental
condition was performed by a dental specialist,
including general oromaxillo-facial examina-
tion, intraoral examination, panoramic radiog-
raphy, buccal lateral radiography, and cone
beam computed tomography (CBCT).

Other diagnoses were obtained from the pa-
tients’ attending specialists. Peripheral venous
blood samples were obtained from all study
participants.

Genetic analysis

DNA library preparation: Each DNA sample was
qualified by agarose gel electrophoresis and
Nanodrop (Thermo). Libraries were prepared
using lllumina standard protocol. Briefly, 3
microgram of genomic DNA was fragmented by
nebulization, the fragmented DNA was repaired,
an ‘A’ is ligated to the 3’ end, lllumina adapters
were then ligated to the fragments, and the
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sample was size selected aiming for a 350-400
base pair product. The size selected product
was then PCR amplified (Each sample is tagged
with a unique index during this procedure), and
the final product was validated using the Agilent
Bioanalyzer.

Targeted genes enrichment and sequencing

The amplified DNA was captured with three
ocular-disease related Gene Panels using bioti-
nylated oligo-probes (MyGenostics GenCap
Enrichment technologies). The probes were
designed to tile along 369 ocular-disease relat-
ed genes, containing congenital ocular devel-
opmental defects, glaucoma, and congenital
cataract related genes, including the three
known ARS genes (PITX2, FOXC1, and PAX6).
The capture next generation sequencing
(CNGS) experiment was conducted according
to manufacturer’s protocol. In brief, 1 yg DNA
library was mixed with Buffer BL and GenCap
gene panel probe (MyGenostics, Beijing, China),
heated at 95°C for 7 minutes and 65°C for 2
minutes on a PCR thermocycler. Then 23 ul of
the 65°C pre-warmed Buffer HY (MyGenostics,
Beijing, China) was added to the mix, and the
mixture was held at 65°C with the PCR lid heat
on for 22 hours for hybridization. Then 50 pl
MyOne beads (Life Technology) were washed in
500 pL 1X binding buffer 3 times and resus-
pended in 80 yl 1X binding buffer. Then 64 ul
2X binding buffer was added to the hybrid mix,
and transferred to the tube with 80 yl MyOne
beads. The mix was rotated for 1 hour on a
rotator. The beads were then washed with WB1
buffer at room temperature for 15 minutes
once and WB3 buffer at 65°C for 15 minutes
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Figure 2. A, B. Clinical examination of ocular anterior
segment structure. A. Slit-lamp photograph of opac-
ity in the cornea of right eye in the pro-band (IV:14).
B. Slit-lamp photograph of opacity in the cornea of
right eye in the pro-band (1V:14).

three times. The bound DNA was then eluted
with Buffer Elute. The eluted DNA was finally
amplified for 15 cycles using the following pro-
gram: 98°C for 30 seconds (1 cycle); 98°C for
25 seconds, 65°C for 30 seconds, 72°C for 30
seconds (15 cycles); 72°C for 5 minutes (1
cycle). The PCR product was purified using SPRI
beads (Beckman Coulter) according to manu-
facturer’s protocol. The enrichment libraries
were sequenced on lIllumina HiSeq 2000
sequencer for paired read 100 bp [11, 12].

Bioinformatics analysis

After HiSeq 2000 sequencing, high-quality
reads were retrieved from raw reads by filtering
out the low quality reads and adaptor sequenc-
es using the Solexa QA package and the
cutadapt program (http://code.google.com/p/
cutadapt/), respectively. SOAPaligner program
was then used to align the clean read sequenc-
es to the human reference genome (hg 19).
After the PCR duplicates were removed by the
Picard software, the SNPs was identified using
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the SOAPsnp program (http://soap.genomics.
org.cn/soapsnp.html). Subsequently, the reads
were realigned to the reference genome using
BWA and identified the insertions or deletions
(InDels) using the GATK program (http://www.
broadinstitute.org/gsa/wiki/index.php/Home_
Page). The identified SNPs and InDels were
annotated using the Exome-assistant pro-
gram (http://122.228.158.106/exomeassista-
nt). MagicViewer was used to view the short
read alignment and validate the candidate
SNPs and InDels. Nonsynonymous variants
were evaluated by four algorithms, Ployphen,
SIFT, PANTHER, and Pmut, as described previ-
ously to determine pathogenicity [11, 12].

Expanded validation

DNA samples of all the family members were
taken for the same targeted exome sequencing
and filtering strategy. To validate all likely patho-
genic variants, conventional Sanger sequenc-
ing was performed on all the affected and unaf-
fected subjects, and to perform familial segre-
gation analyses whenever possible. Purified
PCR products were cycle-sequenced on an ABI
3500 Genetic Analyzer (Applied Biosystems,
CA). The results of Sanger sequencing were
analyzed by Mutation Surveyor (Softgenetics,
PA).

Results
Clinical findings

The proband (IV:14) was a 19 year-old girl who
had experienced defective vision since child-
hood. Her corrected visual acuity was 20/100
in the right eye and hand moving in the left eye.
Ocular examination displayed opacity in the
peripheral part of the cornea, closure of the
anterior chamber angle, glaucomatous atrophy
of the optic nerve one the right eye, and opacity
in the total part of the cornea and prevented
examination of the lens and ocular fundus on
the left eye (Figure 2A, 2B). The I0Ps were 32
mmHg on the right eye and 22 mmHg on the
left eye. The axial lengths were 25.47 mm on
the right eye and 30.10 mm on the left eye. The
diameters of the cornea were 10 mm on the
both eyes. Ocular B scan showed no detach-
ment of the retina on both eyes.

Dental examination displayed multiple denti-
tion defects, porcelain bridge repair of lost
anterior teeth, dental caries, residual roots,
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Figure 3. A-C. Examinations revealed dental anoma-
lies. Dental examination displayed multiple dentition
defects, porcelain bridge repair of lost anterior teeth,
dental caries, residual roots, retained deciduous
teeth.

and retained deciduous teeth (Figure 3A-C).
The other nonocular abnormalities of the pro-
band consisted of redundant periumbilical skin
(Figure 4). She had no cardiac, kidney or hear-
ing defect.

The other affected individuals I:1, 1I:2, lI:4, 1II:5,
8, 1I:15, 1V:3, IV:10 all had similar positive
signs as with the proband, except that indi-
vidual 1V:3 hadn’t the ocular and dental
abnormality.

Mutation analysis

The capture next generation sequencing
(CNGS) results were then calculated for quality.
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Figure 4. Photograph of the redundant periumbilical
skin.

The average sequencing depths and coverage
of the target regions were 200 reads and more
than 98.0%, respectively. After processing of
raw data through the BWA program, variants
were called and annotated using GATK.
Numerous non-synonymous variants were
identified by the GATK program. The mutations
identified were searched in multiple databases,
including the 1000 Genome (1000G, http://
www.1000genomes.org/), ESP6500 (http://
evs.gs.washington.edu/EVS/) and 702 sample
in-house exome database as normal controls.
The candidate mutations were not present or
present at extremely low frequency in these
databases. Any variants that were reported in
the HapMap 28 and the SNP release of the
1000 Genome Project with a MAF > 0.05 were
removed. To evaluate the pathogenicity of the
variants, bioinformatics tools were used to
analyze potential impacts on the function or
structure of the encoded proteins. By employ-
ing this stepwise analyses approach, a list of
30 selected candidate variants were obtained
for the proband. Finally, there was only one
heterozygous variant in PITX2 gene was identi-
fied as the potential disease-causing mutation
in the pedigree. Sanger sequencing validation
and segregation analysis were then performed,
which demonstrated that the heterozygous
variant ¢.191C > A (p.P64 Q) in PITX2 gene was
disease-causing mutation in this pedigree
(Figure 5A, 5B).

Discussion

Axenfeld-Rieger syndrome is known to be asso-
ciated with four genetic loci, which include
PITX2, FOXC1, and PAX6 gene. Additionally,
40% of the cases of ARS investigated haven’t
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an important role in orches-
trating normal embryonic de-
velopment. PITX2 is expressed
very early during tooth develop-
ment. From experimental data
it seems likely that the molecu-
lar basis of tooth anomalies in
ARS is the inability of mutant

Figure 5. A, B. Partial nucleotide sequence of PITX2 gene. A. The sequence

PITX2 to activate DLX2 gene
which is required for tooth and
craniofacial development, and
it has been shown that expres-
sion of PITX2 in the neural
crest is also necessary for
optic stalk and anterior seg-
ment structure development
[1-7, 14-18].

in an affected subject shows a heterozygous G > T transversion (indicated

by the arrow). The nucleotide substitution at codon 64 results in a change
from proline to glutamine. B. Unaffected family members and the general

population lack this nucleotide change.

been found causative gene defect. ARS is char-
acterized by complete penetrance, but disease
severity shows variability. There was no obvious
correlation between the gene defect and the
severity of the phenotype. But there was a
trend to be observed that ARS patients who dis-
play defects in anterior segment abnormalities
(anterior segment dysgenesis, ASD) of the eye
and other organ systems had mutations of the
PITX2 gene. Additionally, in patients with iso-
lated ASD, mainly FOXC1 mutations were
detected [1-7, 13-15]. In this study, a mutation
¢.191C > A (p.P64 Q) in PITX2 gene in a south-
ern Chinese pedigree with ARS was detected.
Full-spectrum ARS including ocular abnormali-
ties: opacity in the cornea, closure of the ante-
rior chamber angle, atrophy of the optic nerve,
increased I0P; dental defects: multiple denti-
tion defects, loss of anterior teeth, dental car-
ies, residual roots, retained deciduous teeth,
and redundant periumbilical skin were found in
affected individuals in this pedigree. This result
was consistent with those of previous studies
showing that ARS patient who display defects
in ASD of the eye and other organ systems had
mutations of the PITX2 gene.

The PITX2 gene encodes a homeodomain-con-
taining developmental transcription factor
which regulates expression of downstream tar-
get genes through binding to specific DNA
sequences and activating transcription, playing
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PITX2 is a 60 amino acid
homeodomain protein with a
lysine at residue 50 that is
characteristic of the bicoid-
related proteins. The homeodomain is respon-
sible for recognizing specific DNA sequences to
bring the transcription factors to proper target
genes. This 60 amino acid domain is composed
of three helices and a flexible NH2-terminal
arm. Its integrity is essential for binding DNA
and is critical for PITX2 to act as a transcription
factor. To date, 104 mutations of the PITX2
gene have been associated with ARS and other
cases of anterior segment malformations, such
as iridogoniodysgenesis, iris hypoplasia, and
Peters’ anomaly [1-7, 19-21]. Except a few
intronic mutations, most of the mutations
detected in human PITX2 are point mutations
in the homeodomain or COOH-terminal domains
(The Human Gene Mutation Database, HGMD).
In this study, a novel mutation, ¢.191C > A
(p.P64Q) point mutation, changing proline to
glutamine in codon 64 of the protein was found
in a southern Chinese family with ARS.

The mutations in this position, missense
mutations P64L and P64R have been reported
before in pedigrees with ARS, but this particu-
lar change P64Q has not been reported yet.
Experimental data show that mutant PITX2
proteins that harbor missense mutations in
their homeodomain demonstrated reduced or
even abolished DNA binding. Amino acid
position 64 is located in the loop between heli-
ces 1 and 2 of the homeodomain and is
conserved considerably between homeodo-
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main-containing proteins. Because of the rigid
structure, proline residues provoke the orienta-
tion of helices and are therefore often found in
loops. It may be that a replacement of this pro-
line residue with leucine, arginine, or glutamine
changes the orientation of the first and third
helices and subsequently alters the stability of
the homeodomain [15, 22, 23]. In summary,
this is a report of a novel mutation P64Q in
PITX2, which expands our knowledge of the role
of PITX2 in genetic causes of ARS.
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