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The atonal homolog 7 (ATOH7) gene encodes a transcription factor involved in determining the fate of retinal pro-
genitor cells and is particularly required for optic nerve and ganglion cell development. Using a combination of
autozygosity mapping and next generation sequencing, we have identified homozygous mutations in this gene,
p.E49V and p.P18RfsX69, in two consanguineous families diagnosed with multiple ocular developmental defects,
including severe vitreoretinal dysplasia, optic nerve hypoplasia, persistent fetal vasculature, microphthalmia,
congenital cataracts, microcornea, corneal opacity and nystagmus. Most of these clinical features overlap with
defects in the Norrin/b-catenin signalling pathway that is characterized by dysgenesis of the retinal and hyaloid
vasculature. Our findings document Mendelian mutations within ATOH7 and imply a role for this molecule in the
development of structures at the front as well as the back of the eye. This work also provides further insights into
the function of ATOH7, especially its importance in retinal vascular development and hyaloid regression.

INTRODUCTION

The development of the vertebrate retina has been extensively
studied as a simple and accessible model for neurogenesis.
This work has shown that the seven major retinal cell types
arise from a single population of progenitor cells through a
tightly controlled sequential program of migration and differ-
entiation (1). Basic helix-loop-helix (bHLH) transcription

factors homologous to Drosophila achaete-scute and atonal
have been shown to play key roles in specifying the neuronal
fate of these multipotent retinal progenitors (2). One of the
best characterized members of this family is ATOH7 (atonal
homolog 7 [MIM ∗609875]), also known as Math5 in the
mouse and Ath5 in other vertebrates.

ATOH7 is a single exon gene that encodes a 152-amino acid
protein with a bHLH domain spanning residues 41–96 (3).
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The basic motif (residues 41–52) is essential for specific
deoxyribonucleic acid (DNA) binding and the HLH domain
(residues 53–96) forms homo- or hetero-dimers with other
family members (4,5). It is one of the first transcription
factors to be expressed in retinal progenitor cells and this
expression coincides with the onset of neurogenesis (6).
Loss-of-function and over-expression experiments in animals
have shown that this protein is vital for retinal ganglion cell
(RGC) development (7–10), but is also associated with differ-
entiation of progenitors into photoreceptors, horizontal and
amacrine cells (11,12). Given the hierarchical nature of
retinal growth, with RGCs the first cell type to be specified,
we might expect that removal of this protein would grossly
disrupt eye development. However, studies in animal models
have shown this is not the case. For example, ATOH7-deficient
mice have normal sized eyes but have a .95% reduction in
RGC number, and lack an optic nerve and chiasm. They
also retain the overall retinal laminar structure though they
are slightly thinner as a result of ganglion cell loss, and
have an increased number of cone photoreceptors through a
switch in cell specification (7,8). Similarly, zebrafish with a
mutation in Ath5 have a comparable loss of RGCs and an
increase in amacrine, bipolar and Muller cells which are
consistent with cell fate differences in fish (9).

More recently, there has been increased interest in ATOH7
following several genome-wide association studies which
have implicated variants in this gene as significantly

associated with optic disc area (13–15) and open angle glau-
coma (16,17). However, to date no human disease phenotype
has been linked to Mendelian mutations within this gene. In
this report, we have used a combination of autozygosity
mapping and next generation sequencing to identify patients
with homozygous mutations in ATOH7, and widen the
reported role of this protein to include the development of
the hyaloid and retinal vasculature as well as the anterior
segment of the eye.

RESULTS

Clinical details and autozygosity mapping

We recruited and sampled a consanguineous family, MEP57,
from the Punjab province of Pakistan, with multiple affected
members that segregated dense corneal opacity, microphthal-
mia and microcornea (horizontal diameter , 11 mm) in a
recessive manner (Fig. 1A). Affected individuals also had nys-
tagmus and severely reduced visual function permitting per-
ception of light only. We have previously reported this
family and mapped the gene involved by autozygosity
mapping to a 36.8 Mb interval flanked by microsatellite
markers D10S1208 (35.3 Mb) and D10S676 (72.1 Mb) on
chromosome 10cen (Supplementary Material, Fig. S1) (18).
This family was initially assessed in a rural Pakistan village,
near Lahore, so examination of the posterior eye was not

Figure 1. Analysis of MEP57. (A) Pedigree structure for family MEP57. The individuals from whom DNA is available are numbered. (B) B-scan ultrasound
examination of the right (1) and left (2) eyes from patients 2298 (aged 33 years) and 2299 (aged 24 years). Note a reduced axial length (microphthalmia) together
with disorganization of the vitreous and chronic retinal detachments. (C) Sequence chromatograms highlighting the ATOH7 mutation in an affected patient from
MEP57 and the corresponding wild-type sequence from a normal individual. (D) Molecular modelling of the bHLH domain of human ATOH7 wild-type and
p.E49V. Ribbon representation of the bHLH domain in ATOH7 (in green) dimerized with the transcription factor E2-alpha (in grey) and bound to double-
stranded DNA (purple and orange helix) as a lateral (1) and, following a 908 rotation, frontal (2) view. Note residue E49 in the wild-type sequence is in
close connection with the DNA helix. The proximity of the E49 (3) and V49 (4) residues to the DNA helix shows that the V49 is more distant and so is
less likely to interact with the DNA.
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possible due to the severity of the anterior eye abnormalities.
However, several patients in the family have subsequently
undergone ultrasound examination of the eyes which showed
a retrolental mass consistent with severe dysplasia of the
retina and vitreous (Fig. 1B).

Next generation sequencing

Given that the number of genes located in the mapped locus is
nearly 160, we used a NGS approach to identify the pathogen-
ic mutation in family MEP57. A customized liquid-phase
target enrichment reagent was created to capture all the
coding exons and flanking splice sites within the critical
region. In total, 1490 of 1492 exons were covered, amounting
to 278 kb of DNA sequence. Only 201 bp of exonic sequence
could not be targeted due to homology with repetitive
sequences. Genomic DNA from patient 2298 (IV:2 in
Fig. 1A) was enriched using this reagent, and the resulting
library was sequenced on an Illumina GAIIx sequencer. The
processed sequencing files were aligned to the human refer-
ence sequence and polymerase chain reaction (PCR) dupli-
cates were removed. Before their removal, the mean depth
of coverage for targeted regions was 383 reads, but after dupli-
cate removal the mean depth amounted to 110 reads with base
phred quality scores of at least 17. In summary, 98% of the tar-
geted bases were covered by at least five reads with this
quality threshold. A total of 203 variants were detected
within the locus but after exclusion of all those annotated as
single nucleotide polymorphisms (SNPs) in dbSNP131 only
13 changes remained. Five were intronic (not splice site) var-
iants, three were synonymous and five were non-synonymous
variants. Of the five non-synonymous variants (Table 1), two
were considered to be non-pathogenic or artefactual, as they
were also identified in seven unrelated DNAs that were run
in a parallel experiment, leaving three potentially pathogenic
variants that were unique to MEP57; a homozygous G to
A nucleotide change in FRMPD2 (ferm and pdz
domains-containing protein 2 [MIM ∗613323]) that substitutes
an arginine for a glycine residue (c.1051G.A; p.G351R), a
homozygous A to T nucleotide change in ATOH7 that substi-
tutes a valine for a glutamic acid residue (c.146A.T; p.E49V;
Fig. 1C) and a homozygous G to T nucleotide change in PBLD

(phenazine biosynthesis-like protein domain-containing
protein [MIM ∗612189]) that substitutes an isoleucine for a
serine residue (c.185G.T; p.S62I).

Segregation of each potentially pathogenic missense variant
with the disease phenotype was confirmed by direct sequen-
cing in all available family members. We then sequenced
the variants in a cohort of 170 ethnically matched control indi-
viduals (340 chromosomes). The FRMPD2 variant was
present in three control DNAs (and has now been entered
into dbSNP132) and was therefore excluded as a pathogenic
mutation. The ATOH7 and PBLD variants were not present
in the control panel and were therefore assessed for functional
impact with the PolyPhen-2 algorithm. Using a HumVar
model, scores of 0.758 and 0.985 predicted that both variants
were possibly damaging. However, alignment of orthologous
protein sequences reveals that the E49 residue in ATOH7 is
fully conserved, while the S62 residue in PBLD is conserved
through mammals and birds but not in zebrafish (Danio
rerio) and worm (Caenorhabditis elegans) (Supplementary
Material, Fig. S2). The E49 residue lies within the basic
motif of the bHLH domain that is responsible for binding
the transcription factor to DNA at the consensus hexanucleo-
tide sequence known as the E box (19). In silico modelling
shows that the missense mutation is likely to prevent DNA
binding and abolish transcription factor activity (Fig. 1D).

Screening for further mutations by direct sequencing

ATOH7 is predominantly expressed in the eye and has a well-
documented role in eye development, while PBLD is a ubiqui-
tously expressed putative hydroxylase with no known function
in the eye (20). This together with evolutionary conservation
pointed to ATOH7 E49V as the causative mutation in family
MEP57. We therefore screened ATOH7 in a cohort of 93
patients with anterior segment dysgenesis by direct sequen-
cing. Since the observed phenotype in MEP57 included both
anterior (corneal opacity and microcornea) and posterior
(vitreoretinal dysplasia) segment abnormalities, a further 12
patients with retinal dysplasia or severe familial exudative
vitreoretinopathy (FEVR) were also screened. A homozygous
1 bp deletion of a C nucleotide in the coding sequence of
ATOH7 that created a frameshift and premature protein

Table 1. Summary of the non-synonymous variants identified following targeted capture and next generation sequencing for MEP57 (2298; IV.2)

CHROM: POS REF MEP57 Gene cDNA, protein Exon Frequency in controls Evolutionarily conserveda

chr10:49440275 G A FRMPD2 c.1051G.A, p.G351R 10 3/340 chromosomes NA
chr10:51768674 CAA Cb AGAP6 c.790_791del, p.K264RfsX10 NA Not determined NA
chr10:62547870 T T/Gc CDC2 c.371T.G, p.V124G NA Not determined NA
chr10:69991289 A T ATOH7 c.146A.T, p.E49V 1A 0/340 chromosomes Yes
chr10:70056121 G T PBLD c.185G.T, p.S62I 4 0/340 chromosomes No

The variants remaining after filtering against dbSNP131 are summarized. The chromosome and the position of the variant in base pairs based on the UCSC
Genome Browser hg19 (CHROM: POS), reference sequence at this position (REF), MEP57 sequence at this position (MEP57), gene ID, cDNA and protein
sequence for the variation, the exon harbouring the variant (the corresponding primer pairs for PCR amplification and direct DNA sequencing are depicted in
Supplementary Material, Table S1), the frequency of the variant in ethnically matched control DNAs and whether the normal amino acid residue at the position of
the variation is evolutionarily conserved are shown.
NA, not applicable; b and c likely represent false positives as b was detected in 2/7 and c detected in 7/7 unrelated DNAs that were processed with the same
enrichment reagent.
aEvolutionary conservation is illustrated in Supplementary Material, Figure S2.
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truncation (c.53delC; p.P18RfsX69) was identified in a con-
genital blind brother and sister from Turkey who were born
to healthy consanguineous parents (Fig. 2). Segregation of
this mutation was confirmed in the family and it was excluded
from 170 ethnically matched control DNAs. The PBLD gene
was also screened for mutations in this family but none were
found.

Clinical examination of these patients revealed corneal opaci-
ties, microphthalmia, nystagmus, bilateral retinal detachments
and vitreous degenerations, as in MEP57, but also cataracts, per-
sistent fetal vasculature, hypoplastic optic nerves and calcifica-
tions present on the hyaloid membranes, retina and in the
vitreous. The clinical phenotype was considered similar to that
observed in Norrie disease (MIM #310600), but pedigree struc-
ture ruled out an X-linked condition. Both children had no
microcephaly or mental retardation and no hearing problems, al-
though the younger child made some sterotypic movements of
the head. Fluorescein angiography examination of both
parents showed no abnormalities. The patients were therefore
given a diagnosis of recessive FEVR.

DISCUSSION

Here we report the identification of recessive human mutations
within ATOH7 in two families with global eye developmental
defects comprising severe vitreoretinal dysplasia,

microphthalmia, corneal opacity, microcornea and nystagmus.
Additional features reported in one of the families include
congenital cataracts, optic nerve hypoplasia and persistent
fetal vasculature. However, it is likely that both families
have the same disorder and that the additional findings in
NE1 were not observed in MEP57 due to the limited clinical
data that was available. Our findings also support a recent
study which identified a �6.5 kb homozygous deletion of an
evolutionarily conserved remote enhancer located 20 kb up-
stream of ATOH7 in an inbred community of Kurdish
descent from Iran in which 1% of the population had non-
syndromic congenital retinal non-attachment as well as optic
nerve aplasia, nystagmus and progressive corneal opacification
(21). Although the authors used transgenic animal models with
reporter constructs to show that the enhancer was required for
ATOH7 expression, evidence that deletion of the enhancer
region caused the disease phenotype remained circumstantial.
However, the clinical features described in the Iranian patients
show substantial overlap with that of the patients described in
this study (Table 2). This study therefore provides further
support for the assertion by those authors that the enhancer
deletion is pathogenic in those patients. Furthermore, a locus
for autosomal recessive persistent fetal vasculature has previ-
ously been mapped in a single family to a chromosomal region
overlapping ATOH7 (22). Like the patients reported in this
study, affected individuals in that family had retrolental
masses, peripheral anterior synechiae, corneal opacities and

Figure 2. Analysis of NE1. (A) Pedigree structure for family NE1. The individuals from whom DNA is available are numbered. (B) Current photos of the an-
terior segment of affected family members F475 (aged 16 years) and F476 (aged 14 years). Detailed views of the right eye of patients F475 (1) and F476 (2) as
well as the left eye of patient F476 (3) are shown. Note reduced globe size (microphthalmia), diffuse corneal haze with additional superficial, predominantly
interpalpebral, discrete opacity secondary to calcium deposition (band keratopathy). The observed ocular deviation (strabismus) is a result of the poor
vision. There are no signs associated with significant anterior segment inflammation. (C) Sequence chromatograms highlighting the ATOH7 mutation in an
affected patient from NE1 and the corresponding wild-type sequence from a normal individual. (D) Diagrammatic representation of ATOH7 (NP_660161).
The position of the bHLH domain and the mutations relative to the full-length 152 amino acid protein are shown.
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cataracts. Examination of the youngest affected subject in that
family, a 5-year-old boy, highlighted persistent fetal vasculature
and retinal folds but no detachment suggesting that the other
features are a consequence of disease progression. It therefore
seems highly likely that this family will also harbour mutations
in ATOH7. These studies highlight the varied clinical diagnoses
assigned to patients who may be suffering from the same
genetic disorder and emphasizes the need to interrogate thor-
oughly the phenotypic data presented in each case rather than
focus on the label given at initial diagnosis.

Many of the ocular features for both the anterior and poster-
ior segment described above in patients with ATOH7 muta-
tions are also found in severe FEVR, osteoporosis
pseudoglioma syndrome and Norrie disease (23–28). A
recent study reported reduced optic nerve head size in a
cohort of FEVR patients compared with controls (29). All of
these disorders are known to be caused by mutations in
genes which encode components of a signalling complex
which activates the Norrin/b-catenin signalling pathway
(30–32). This pathway is similar to the Wnt/b-catenin signal-
ling pathway with the exception that the Wnt ligand is
replaced by Norrin. Studies in human patients and mouse
models have shown that the primary ocular defect in these

disorders is insufficient development of the retinal vasculature
(25,33–38), although dysgenesis of the ganglion cell layer was
also noted in the Norrin knockout mouse (39). It is interesting
to note that although Atoh7-deficient mice lack optic nerves
and have a drastic reduction in ganglion cell abundance,
they also have ectopic blood vessels within the posterior
chamber that could represent persistent hyaloid vessels or
reflect choroidal neovascularization, although a detailed exam-
ination of the vasculature in these mice was not performed (7).
In addition to its role in the development of the retinal vascu-
lature, Wnt signalling has also been shown to play a key role
in the regression of the hyaloid vasculature. Wnt7b secreted by
macrophages in the eye activates Wnt signalling in vascular
endothelial cells to initiate cell death and hyaloid regression
(40). This regression of the hyaloid vasculature precedes the
development of the retinal vasculature, although the precise
mechanism of this interaction is not known yet.

The main differences between the pathologies of the Atoh7-
deficient mice and human patients with homozygous ATOH7
mutations described in this study are that the mice failed to
demonstrate complete retinal detachment and any obvious
anterior segment abnormalities were absent (7,8). The dispar-
ity in retinal detachment between both species most likely

Table 2. Comparison of the clinical features of patients with homozygous ATOH7 mutations

MEP57 (c.146A.T, p.E49V) NE1 (c.53delC, p.P18RfsX69) Ghiasvand et al.21 (�6.5 kb
deletion of ATOH7
enhancer)

2298 2299 2301 2303 F475 F476

Age 33 24 ? ? 10 8 3–49
Cornea

Corneal diameter Small^ Small^ Small^ Small^ Small^ Small^ Small^
Opacity c.p c.p c.p c.p c.p c.p c.p
Secondary band
keratopathy

2 2 2 2 + + ?

Globe
Microphthalmia
OD/OS (mm)

10/12 8/7 ++^ ++^ 15/10 +^ ?

Iris
Irido-corneal
adhesion

p p p p 2 2 +

Iris coloboma 2 2 2 2 2 2 2

Irido-lenticular
adhesions

2 2 2 2 2 2 2

Iris hypoplasia 2 2 2 2 2 2 2

Lens
Kerato-lenticular
touch

2 2 2 2 2 2 2

Cataract ? ? ? ? + + 2

Vitreous
Vitreousa Multifocal dot,

retrolental mass
Multifocal dot,

retrolental mass
? ? Linear opacity,

retrolental mass
Linear opacity,

retrolental mass
Linear opacity, retrolental

mass
Retina

Detacheda ++ ++ ? ? ++ ++ ++
Optic nerve

Sizea ? ? ? ? Small^ Small^ Absent/small^
Function

Nystagmus + + + + + + +
Vision NPL/NPL NPL/NPL PL/PL PL/PL PL/PL PL/PL NPL/NPL

All patients in families MEP57 and NE1 as well as the general features of the Iranian patients that were recently reported by Ghiasvand et al. (21) are depicted. The
meanings of the symbols used in the table are as follows; ^, exact measurement unavailable; c, central; p, peripheral; 2, absent; +, present; ++, present in a
severe form; ?, unknown; PL, perception of light; NPL, no perception of light.
aThe descriptions for vitreous, retina and optic nerve were based on ultrasound or orbital MRI measurements.

780 Human Molecular Genetics, 2012, Vol. 21, No. 4



reflects differences between the relative volume of the lens
and vitreous chamber, the retinal architecture and timing of
neuronal and vascular development. The anterior segment
discrepancies reflect the dissimilarities in the posterior
segment, which show a milder phenotype in the mutant
mice. Nevertheless, it is interesting to note that dominant
mutations in the master eye control gene PAX6 (paired box
6), which is an upstream regulator of ATOH7 (6,41), also
causes both anterior segment and retinal abnormalities
(42,43). However, unlike ATOH7 which is restricted to
developing neuronal cells and is required for RGC develop-
ment (6–10), PAX6 is not only involved in mediating
retinal progenitor cell fate (44) but also has a role in very
early development in the migration of neural crest cells to
form the lens placode (45,46). Our data on the human
ATOH7 mutant phenotype extends the primarily retinal obser-
vations noted previously to include both anterior segment and
vascular abnormalities. Despite these observations, given that
retinal neurogenesis precedes the development of the vascula-
ture during early development (47–50) and the previously
reported findings in transgenic animal models (7–9), it is
likely that the absence of RGCs may be the primary cause
of disease pathogenesis in the patients described in this study.

In summary, we have identified homozygous mutations in
ATOH7 as a cause of global eye developmental defects in
human patients. This finding will benefit patients with
ATOH7 mutations and their families by facilitating accurate
diagnosis and counselling as well as help in the development
of future therapies. Furthermore, in addition to the established
function of ATOH7 in retinal progenitor cell specification,
these findings reveal wider roles in the regression of the
hyaloid vasculature, the development of the retinal vasculature
as well as the anterior segment structures of the eye.

MATERIALS AND METHODS

Subjects

This study was performed using a process approved by the
Pakistan Medical Foundation in Lahore and the Leeds Teach-
ing Hospitals Trust Research Ethics Committee. Informed
consent was obtained from all participants in accordance
with the tenets of the Declaration of Helsinki. Clinical exam-
ination involved a detailed eye inspection and ultrasound
examination in selected patients. In addition, affected
members of NE1 underwent orbital MRI and cranial CT
imaging. Peripheral blood was taken from available family
members and genomic DNA was extracted according to stand-
ard procedures. Control subjects were normal individuals who
were recruited as siblings of patients subject to genetic testing.
None of the families involved had any member with an inher-
ited eye abnormality and all the individuals were of Asian sub-
continent extraction.

Autozygosity mapping

DNA from the affected individuals was genotyped using SNP
arrays (Affymetrix 6.0, AROS Applied Biotechnologies,
Aarhus, Denmark) and regions of homozygosity highlighted
using IBD finder software as described before (51). Linkage was

confirmed using polymorphic microsatellite markers on a
genetic analyser according to the manufacturer’s instructions
(3130xl Genetic Analyser, Applied Biosystems, Warrington, UK).

Next generation sequencing

A customized liquid-phase ‘SureSelect Target Enrichment’
biotinylated cRNA bait was designed using the Agilent
Technologies eArray platform (Agilent Technologies Ltd.,
Edinburgh, UK). This reagent was designed against all the
UCSC Genome Browser coding exons and flanking 20 bp
from the known genes within the critical interval. Three
micrograms of patient DNA was sheared by sonication and
ligated onto adaptors using standard procedures. This
mixture was hybridized against the customized baits and
eluted to capture the enriched DNA library which was
sequenced for 80 bp single-end reads on a single lane of the
Illumina Genome Analyzer GAIIx (Illumina Inc., CA, USA).

The raw data files were processed by the Illumina pipeline
(version 1.3.4) and the sequencing reads were aligned to the
human reference sequence (hg19/GRCh37) with Novoalign
software (Novocraft Technologies, Selangor, Malaysia).
Alignments were processed in the SAM/BAM format (52)
using Picard and The Genome Analysis Toolkit (GATK)
(53) java programs in order to correct alignments around
indel sites and mark and remove potential PCR duplicates.
Variants for the coding regions were reported in the VCF
format using the Unified Genotyper and DINDEL (54) func-
tions of GATK, before filtering against variants recorded in
dbSNP131.

Direct DNA sequencing

Primers for the amplification of ATOH7, PBLD and FRMPD2
are depicted in Supplementary Material, Table S1. For all
primers pairs, amplification was performed using HotShot
Diamond PCRTM mastermix according to the manufacturer’s
instructions (Clent Life Science, Stourbridge, UK). PCR pro-
ducts were digested using ExoSAP-IT (USB Corporation,
Cleveland, OH, USA) and sequenced using the Big Dye ter-
minator cycle sequencing Kit v.3.1 (Applied Biosystems) on
the ABI 3130XL DNA analyser (Applied Biosystems). The
results were analysed using SeqScape version 2.5 software
(Applied Biosystems).

Bioinformatic analysis

For the prediction of the impact of an amino acid substitution
on the structure and function of a protein, PolyPhen-2 (Poly-
morphism Phenotyping v.2) scores were calculated at
http://genetics.bwh.harvard.edu/pph2/ under a HumVar
model (55). For evolutionary conservation, the protein
sequences were downloaded from the NCBI (http://www.
ncbi.nlm.nih.gov/protein) and the alignments calculated
using ClustalW (http://www.ebi.ac.uk/clustalw2/).

Protein modelling

The structural model of the mutant and wild-type bHLH
domain of human ATOH7 (accession number NP_660161)
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was derived by homology modelling using the M4T server
(56,57). The crystal structure of the mouse Neurogenic differ-
entiation factor 1 bound to DNA (PDB code 2ql2), which
shares 61% sequence identity to the bHLH domain of
human ATOH7, was used as template. The quality and stereo-
chemistry of the model was assessed using ProSA-II (https://
prosa.services.came.sbg.ac.at/prosa.php) and PROCHECK
(http://www.ebi.ac.uk/thornton-srv/software/PROCHECK/),
respectively, and the figures were generated using PYMOL
(http://pymol.sourceforge.net/).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.

ACKNOWLEDGEMENTS

The authors would like to thank the patients and their families
for their help with this study. We would also like to thank
Professors Bart Leroy and Elfride de Baere (Department of
Ophthalmology and Centre for Medical Genetics, Ghent
University, Ghent, Belgium) for sending DNA samples from
patients with retinal dysplasia for mutation screening.

Conflict of Interest statement. None declared.

FUNDING

This work was supported by the Wellcome Trust (grant
number 090224; K.K. is a Clinical Research Training
Fellow), Yorkshire Eye Research (grant number 022), The
Royal Society (C.T. is a URF) and The Sir Jules Thorn
Charitable Trust (grant number 09/JTA). Funding to pay the
Open Access publication charges for this article was provided
by the Wellcome Trust.

REFERENCES

1. Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M. and Ezzeddine, D.
(1996) Cell fate determination in the vertebrate retina. Proc. Natl Acad.
Sci. USA, 93, 589–595.

2. Tomita, K., Moriyoshi, K., Nakanishi, S., Guillemot, F. and Kageyama, R.
(2000) Mammalian achaete-scute and atonal homologs regulate neuronal
versus glial fate determination in the central nervous system. EMBO J.,
19, 5460–5472.

3. Brown, N.L., Dagenais, S.L., Chen, C.M. and Glaser, T. (2002) Molecular
characterization and mapping of ATOH7, a human atonal homolog with a
predicted role in retinal ganglion cell development. Mamm. Genome, 13,
95–101.

4. Murre, C., McCaw, P.S., Vaessin, H., Caudy, M., Jan, L.Y., Jan, Y.N.,
Cabrera, C.V., Buskin, J.N., Hauschka, S.D., Lassar, A.B. et al. (1989)
Interactions between heterologous helix-loop-helix proteins generate
complexes that bind specifically to a common DNA sequence. Cell, 58,
537–544.

5. Ferre-D’Amare, A.R., Prendergast, G.C., Ziff, E.B. and Burley, S.K.
(1993) Recognition by Max of its cognate DNA through a dimeric b/HLH/
Z domain. Nature, 363, 38–45.

6. Brown, N.L., Kanekar, S., Vetter, M.L., Tucker, P.K., Gemza, D.L. and
Glaser, T. (1998) Math5 encodes a murine basic helix-loop-helix
transcription factor expressed during early stages of retinal neurogenesis.
Development, 125, 4821–4833.

7. Brown, N.L., Patel, S., Brzezinski, J. and Glaser, T. (2001) Math5 is
required for retinal ganglion cell and optic nerve formation. Development,
128, 2497–2508.

8. Wang, S.W., Kim, B.S., Ding, K., Wang, H., Sun, D., Johnson, R.L.,
Klein, W.H. and Gan, L. (2001) Requirement for math5 in the
development of retinal ganglion cells. Genes Dev., 15, 24–29.

9. Kay, J.N., Finger-Baier, K.C., Roeser, T., Staub, W. and Baier, H. (2001)
Retinal ganglion cell genesis requires lakritz, a Zebrafish atonal Homolog.
Neuron, 30, 725–736.

10. Liu, W., Mo, Z. and Xiang, M. (2001) The Ath5 proneural genes function
upstream of Brn3 POU domain transcription factor genes to promote
retinal ganglion cell development. Proc. Natl Acad. Sci. USA, 98,
1649–1654.

11. Yang, Z., Ding, K., Pan, L., Deng, M. and Gan, L. (2003) Math5
determines the competence state of retinal ganglion cell progenitors. Dev.

Biol., 264, 240–254.
12. Feng, L., Xie, Z., Ding, Q., Xie, X., Libby, R.T. and Gan, L. (2010) Math5

controls the acquisition of multiple retinal cell fates. Mol. Brain, 3, 36.
13. Macgregor, S., Hewitt, A.W., Hysi, P.G., Ruddle, J.B., Medland, S.E.,

Henders, A.K., Gordon, S.D., Andrew, T., McEvoy, B., Sanfilippo, P.G.
et al. (2010) Genome-wide association identifies ATOH7 as a major gene
determining human optic disc size. Hum. Mol. Genet., 19, 2716–2724.

14. Ramdas, W.D., van Koolwijk, L.M., Ikram, M.K., Jansonius, N.M., de
Jong, P.T., Bergen, A.A., Isaacs, A., Amin, N., Aulchenko, Y.S., Wolfs,
R.C. et al. (2010) A genome-wide association study of optic disc
parameters. PLoS Genet., 6, e1000978.

15. Khor, C.C., Ramdas, W.D., Vithana, E.N., Cornes, B.K., Sim, X.,
Tay, W.T., Saw, S.M., Zheng, Y., Lavanya, R., Wu, R. et al. (2011)
Genome-wide association studies in Asians confirm the involvement of
ATOH7 and TGFBR3, and further identify CARD10 as a novel locus
influencing optic disc area. Hum. Mol. Genet., 20, 1864–1872.

16. Ramdas, W.D., van Koolwijk, L.M., Lemij, H.G., Pasutto, F., Cree, A.J.,
Thorleifsson, G., Janssen, S.F., Jacoline, T.B., Amin, N., Rivadeneira, F.
et al. (2011) Common genetic variants associated with open-angle
glaucoma. Hum. Mol. Genet., 20, 2464–2471.

17. Fan, B.J., Wang, D.Y., Pasquale, L.R., Haines, J.L. and Wiggs, J.L. (2011)
Genetic variants associated with optic nerve vertical cup-to-disc ratio are
risk factors for primary open angle glaucoma in a US Caucasian
population. Invest. Ophthalmol. Vis. Sci., 52, 1788–1792.

18. Khan, K., Al-Maskari, A., McKibbin, M., Carr, I.M., Booth, A.,
Mohamed, M., Siddiqui, S., Poulter, J.A., Parry, D.A., Logan, C.V. et al.

(2011) Genetic heterogeneity for recessively inherited congenital cataract
microcornea with corneal opacity. Invest. Ophthalmol. Vis. Sci., 52,
4294–4299.

19. Blackwell, T.K. and Weintraub, H. (1990) Differences and similarities in
DNA binding preferences of MyoD and E2A protein complexes revealed
by binding site selection. Science, 250, 1104–1110.

20. Iriyama, C., Matsuda, S., Katsumata, R. and Hamaguchi, M. (2001)
Cloning and sequencing of a novel human gene which encodes a putative
hydroxylase. J. Hum. Genet., 46, 289–292.

21. Ghiasvand, N.M., Rudolph, D.D., Mashayekhi, M., Brzezinski, J.A.,
Goldman, D. and Glaser, T. (2011) Deletion of a remote enhancer near
ATOH7 disrupts retinal neurogenesis, causing NCRNA disease. Nat.

Neurosci., 14, 578–586.

22. Khaliq, S., Hameed, A., Ismail, M., Anwar, K., Leroy, B., Payne, A.M.,
Bhattacharya, S.S. and Mehdi, S.Q. (2001) Locus for autosomal recessive
nonsyndromic persistent hyperplastic primary vitreous. Invest.

Ophthalmol. Vis. Sci., 42, 2225–2228.
23. Ai, M., Heeger, S., Bartels, C.F. and Schelling, D.K. (2005) Clinical and

molecular findings in osteoporosis-pseudoglioma syndrome. Am. J. Hum.

Genet., 77, 741–753.
24. Sims, K.B. (1993) NDP-related retinopathies. In Pagon, R.A., Bird, T.D.,

Dolan, C.R. and Stephens, K. (eds), GeneReviews, Seattle, WA, USA.
25. Toomes, C., Bottomley, H.M., Scott, S., Mackey, D.A., Craig, J.E.,

Appukuttan, B., Stout, J.T., Flaxel, C.J., Zhang, K., Black, G.C. et al.

(2004) Spectrum and frequency of FZD4 mutations in familial exudative
vitreoretinopathy. Invest. Ophthalmol. Vis. Sci., 45, 2083–2090.

26. Robitaille, J.M., Wallace, K., Zheng, B., Beis, M.J., Samuels, M.,
Hoskin-Mott, A. and Guernsey, D.L. (2009) Phenotypic overlap of
familial exudative vitreoretinopathy (FEVR) with persistent fetal
vasculature (PFV) caused by FZD4 mutations in two distinct pedigrees.
Ophthal. Genet., 30, 23–30.

27. Downey, L.M., Bottomley, H.M., Sheridan, E., Ahmed, M., Gilmour,
D.F., Inglehearn, C.F., Reddy, A., Agrawal, A., Bradbury, J. and Toomes,
C. (2006) Reduced bone mineral density and hyaloid vasculature remnants

782 Human Molecular Genetics, 2012, Vol. 21, No. 4

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr509/-/DC1


in a consanguineous recessive FEVR family with a mutation in LRP5.
Br. J. Ophthalmol., 90, 1163–1167.

28. Riveiro-Alvarez, R., Trujillo-Tiebas, M.J., Gimenez-Pardo, A.,
Garcia-Hoyos, M., Cantalapiedra, D., Lorda-Sanchez, I., Rodriguez de
Alba, M., Ramos, C. and Ayuso, C. (2005) Genotype-phenotype
variations in five Spanish families with Norrie disease or X-linked FEVR.
Mol. Vis., 11, 705–712.

29. Boonstra, F.N., van Nouhuys, C.E., Schuil, J., de Wijs, I.J., van der Donk,
K.P., Nikopoulos, K., Mukhopadhyay, A., Scheffer, H., Tilanus, M.A.,
Cremers, F.P. et al. (2009) Clinical and molecular evaluation of probands
and family members with familial exudative vitreoretinopathy. Invest.

Ophthalmol. Vis. Sci., 50, 4379–4385.

30. Ye, X., Wang, Y. and Nathans, J. (2010) The Norrin/Frizzled4 signaling
pathway in retinal vascular development and disease. Trends Mol. Med.,
16, 417–425.

31. Clevers, H. (2009) Eyeing up new Wnt pathway players. Cell, 139,
227–229.

32. Toomes, C. and Downey, L. (1993) Familial exudative vitreoretinopathy,
autosomal dominant. In Pagon, R.A., Bird, T.D., Dolan, C.R. and
Stephens, K. (eds), GeneReviews. Seattle, WA, USA.

33. Xu, Q., Wang, Y., Dabdoub, A., Smallwood, P.M., Williams, J., Woods,
C., Kelley, M.W., Jiang, L., Tasman, W., Zhang, K. et al. (2004) Vascular
development in the retina and inner ear: control by Norrin and Frizzled-4,
a high-affinity ligand-receptor pair. Cell, 116, 883–895.

34. Xia, C.H., Liu, H., Cheung, D., Wang, M., Cheng, C., Du, X., Chang, B.,
Beutler, B. and Gong, X. (2008) A model for familial exudative
vitreoretinopathy caused by LPR5 mutations. Hum. Mol. Genet., 17,
1605–1612.

35. Richter, M., Gottanka, J., May, C.A., Welge-Lussen, U., Berger, W. and
Lutjen-Drecoll, E. (1998) Retinal vasculature changes in Norrie disease
mice. Invest. Ophthalmol. Vis. Sci., 39, 2450–2457.

36. Poulter, J.A., Ali, M., Gilmour, D.F., Rice, A., Kondo, H., Hayashi, K.,
Mackey, D.A., Kearns, L.S., Ruddle, J.B., Craig, J.E. et al. (2010)
Mutations in TSPAN12 cause autosomal-dominant familial exudative
vitreoretinopathy. Am. J. Hum. Genet., 86, 248–253.

37. Toomes, C., Bottomley, H.M., Jackson, R.M., Towns, K.V., Scott, S.,
Mackey, D.A., Craig, J.E., Jiang, L., Yang, Z., Trembath, R. et al. (2004)
Mutations in LRP5 or FZD4 underlie the common familial exudative
vitreoretinopathy locus on chromosome 11q. Am. J. Hum. Genet., 74,
721–730.

38. Ye, X., Wang, Y., Cahill, H., Yu, M., Badea, T.C., Smallwood, P.M.,
Peachey, N.S. and Nathans, J. (2009) Norrin, frizzled-4, and Lrp5
signaling in endothelial cells controls a genetic program for retinal
vascularization. Cell, 139, 285–298.

39. Berger, W., van de Pol, D., Bachner, D., Oerlemans, F., Winkens, H.,
Hameister, H., Wieringa, B., Hendriks, W. and Ropers, H.H. (1996) An
animal model for Norrie disease (ND): gene targeting of the mouse ND
gene. Hum. Mol. Genet., 5, 51–59.

40. Lobov, I.B., Rao, S., Carroll, T.J., Vallance, J.E., Ito, M., Ondr, J.K.,
Kurup, S., Glass, D.A., Patel, M.S., Shu, W. et al. (2005) WNT7b
mediates macrophage-induced programmed cell death in patterning of the
vasculature. Nature, 437, 417–421.

41. Riesenberg, A.N., Le, T.T., Willardsen, M.I., Blackburn, D.C., Vetter,
M.L. and Brown, N.L. (2009) Pax6 regulation of Math5 during mouse
retinal neurogenesis. Genesis, 47, 175–187.

42. Hanson, I.M., Seawright, A., Hardman, K., Hodgson, S., Zaletayev, D.,
Fekete, G. and van Heyningen, V. (1993) PAX6 mutations in aniridia.
Hum. Mol. Genet., 2, 915–920.

43. Azuma, N., Yamaguchi, Y., Handa, H., Tadokoro, K., Asaka, A., Kawase,
E. and Yamada, M. (2003) Mutations of the PAX6 gene detected in
patients with a variety of optic-nerve malformations. Am. J. Hum. Genet.,
72, 1565–1570.

44. Marquardt, T., Ashery-Padan, R., Andrejewski, N., Scardigli, R.,
Guillemot, F. and Gruss, P. (2001) Pax6 is required for the multipotent
state of retinal progenitor cells. Cell, 105, 43–55.

45. Matsuo, T., Osumi-Yamashita, N., Noji, S., Ohuchi, H., Koyama, E.,
Myokai, F., Matsuo, N., Taniguchi, S., Doi, H., Iseki, S. et al. (1993) A
mutation in the Pax-6 gene in rat small eye is associated with impaired
migration of midbrain crest cells. Nat. Genet., 3, 299–304.

46. Zhang, X., Friedman, A., Heaney, S., Purcell, P. and Maas, R.L. (2002)
Meis homeoproteins directly regulate Pax6 during vertebrate lens
morphogenesis. Genes Dev., 16, 2097–2107.

47. Alon, T., Hemo, I., Itin, A., Pe’er, J., Stone, J. and Keshet, E. (1995)
Vascular endothelial growth factor acts as a survival factor for newly
formed retinal vessels and has implications for retinopathy of prematurity.
Nat. Med., 1, 1024–1028.

48. Stone, J., Itin, A., Alon, T., Pe’er, J., Gnessin, H., Chan-Ling, T. and
Keshet, E. (1995) Development of retinal vasculature is mediated by
hypoxia-induced vascular endothelial growth factor (VEGF) expression
by neuroglia. J. Neurosci., 15, 4738–4747.

49. Fruttiger, M., Calver, A.R., Kruger, W.H., Mudhar, H.S., Michalovich, D.,
Takakura, N., Nishikawa, S. and Richardson, W.D. (1996) PDGF
mediates a neuron-astrocyte interaction in the developing retina. Neuron,
17, 1117–1131.

50. Watanabe, T. and Raff, M.C. (1998) Retinal astrocytes are immigrants
from the optic nerve. Nature, 332, 834–837.

51. Carr, I.M., Sheridan, E., Hayward, B.E., Markham, A.F. and Bonthron,
D.T. (2009) IBDfinder and SNPsetter: tools for pedigree-independent
identification of autozygous regions in individuals with recessive inherited
disease. Hum. Mutat., 30, 960–967.

52. Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,
Marth, G., Abecasis, G. and Durbin, R. (2009) The Sequence Alignment/
Map format and SAMtools. Bioinformatics, 25, 2078–2079.

53. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K.,
Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M. et al.
(2010) The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res., 20,
1297–1303.

54. Albers, C.A., Lunter, G., MacArthur, D.G., McVean, G., Ouwehand,
W.H. and Durbin, R. (2011) Dindel: accurate indel calls from short-read
data. Genome Res., 21, 961–973.

55. Adzhubei, I.A., Schmidt, S., Peshkin, L., Ramensky, V.E., Gerasimova,
A., Bork, P., Kondrashov, A.S. and Sunyaev, S.R. (2010) A method and
server for predicting damaging missense mutations. Nat. Methods, 7,
248–249.

56. Fernandez-Fuentes, N., Madrid-Aliste, C.J., Rai, B.K., Fajardo, J.E. and
Fiser, A. (2007) M4T: a comparative protein structure modeling server.
Nucleic Acids Res., 35, W363–W368.

57. Fernandez-Fuentes, N., Rai, B.K., Madrid-Aliste, C.J., Fajardo, J.E. and
Fiser, A. (2007) Comparative protein structure modeling by combining
multiple templates and optimizing sequence-to-structure alignments.
Bioinformatics, 23, 2558–2565.

Human Molecular Genetics, 2012, Vol. 21, No. 4 783


