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Short Report

Exome sequencing in 32 patients with
anophthalmia/microphthalmia and
developmental eye defects
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Anophthalmia/microphthalmia (A/M) is a genetically heterogeneous birth
defect for which the etiology is unknown in more than 50% of patients. We
used exome sequencing with the ACE ExomeTM (Personalis, Inc; 18 cases)
and UCSF Genomics Core (21 cases) to sequence 28 patients with A/M and
four patients with varied developmental eye defects. In the 28 patients with
A/M, we identified de novo mutations in three patients (OTX2, p.(Gln91His),
RARB, p.Arg387Cys and GDF6, p.Ala249Glu) and inherited mutations in
STRA6 in two patients. In patients with developmental eye defects, a female
with cataracts and cardiomyopathy had a de novo COL4A1 mutation,
p.(Gly773Arg), expanding the phenotype associated with COL4A1 to
include cardiomyopathy. A male with a chorioretinal defect, microcephaly,
seizures and sensorineural deafness had two PNPT1 mutations,
p.(Ala507Ser) and c.401-1G>A, and we describe eye defects associated with
this gene for the first time. Exome sequencing was efficient for identifying
mutations in pathogenic genes for which there is no clinical testing available
and for identifying cases that expand phenotypic spectra, such as the PNPT1
and COL4A1-associated disorders described here.
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Anophthalmia, microphthalmia and coloboma are
important structural birth defects because of the medical
significance of severely reduced vision (1, 2). A minority
of individuals with anophthalmia/microphthalmia (A/M)
receive an identified genetic cause for their birth defect.
Array comparative genomic hybridization (array CGH)
found pathogenic chromosome aberrations in 3–13%
of A/M patients in two small studies of 32 and 37 indi-
viduals (3, 4). Loss of function mutations in SOX2, the
most commonly mutated gene, have been identified in
10–20% of A/M patients and ALDH1A3 mutations have
been estimated to occur in up to 10% of patients with
A/M (5, 6). Screening of 150 A/M patients for mutations
in SOX2, OTX2, RAX, FOXE3, VSX2, GDF6 and PAX6
by direct sequencing and semi-quantitative multiplex
polymerase chain reaction (PCR) detected mutations in
21% patients (7). One study used exome sequencing
to examine 11 unrelated patients with developmental
eye disorders, including cataracts/microcornea, Peter’s
anomaly and microphthalmia, and found causative
mutations in GJA8, CRYGC, PAX6 and CYP1B1 in four
individuals (8). In this study, we provide the results
of exome sequencing in 25 trios (affected patient with
unaffected biological parents), two duos with affected
parent and child, and five single probands with A/M or
other developmental eye defects.

Materials and methods

Patient MCA399 (COL4A1)

The pregnancy was complicated by mild pre-eclampsia.
Growth retardation was noted from 28 weeks of gesta-
tion. A female baby was delivered by a C-section for
premature labor at 34 weeks of gestation and weighed
1300 g (<10th percentile). She had respiratory distress,
requiring continuous positive airway pressure. She was
diagnosed with congenital cataracts and microcornea at
5 weeks of age. She was scheduled for elective cataract
extraction at 10 weeks of life, but in surgery, she suffered
ventricular fibrillation and asystole. After resuscitation,
she was placed on extracorporeal membrane oxygena-
tion. An echocardiogram on the day following her arrest
showed poor left and right ventricular function. Cranial
ultrasound showed patchy periventricular white matter
echogenicity consistent with hemorrhage or ischemic
injury. She developed status epilepticus and multiple
organ dysfunction and her parents opted for comfort care.
TORCH screening was negative. Array CGH revealed
a small, maternally inherited deletion of unknown
significance [arr 7q21.1(87,530,062-87,804,618)x1].
At autopsy, congenital cataracts were confirmed and
the brain showed multifocal, intraparenchymal hem-
orrhages up to 2 cm in size that were interpreted as

diffuse hypoxic ischemic encephalopathy. Examination
of the heart revealed a hypertrophic cardiomyopathy
involving both ventricles (Fig. 1a,b) and microscopy
showed abnormal mitochondria with collapsed cristae.
The appearance of the skeletal muscle was consistent
with a chronic metabolic myopathy, with endomysial
fibrosis, inflammation and abnormal mitochondria.

Patient MCA350 (PNPT1)

Intrauterine growth retardation was noted at 35 weeks of
gestation and a male infant weighing 1900 g (3rd–10th
percentile), was delivered by C-section. His early med-
ical problems included hypotonia and developmental
delays. He had a left-sided peripheral chorioretinal
defect (Fig. 2b,c), optic atrophy and an electroretino-
gram showed a mild reduction in outer retinal func-
tion affecting rods. He was diagnosed with cortical
visual impairment. He manifested infantile spasms and
his electroencephalogram revealed hypsarrhythmia. He
developed myoclonic epilepsy with daily seizures that
were uncontrolled despite medications and a ketogenic
diet. He had bilateral severe to profound sensorineu-
ral hearing loss. At 13 months of age (Fig. 2a), length
was 69.5 cm (just below third percentile), weight was
7.8 kg (third percentile) and occipitofrontal circumfer-
ence was 39.5 cm (<3rd centile). He had a sloping fore-
head with a ridged metopic suture, reduced central tone
and he was unable to visually fix, follow or track. His
investigations included normal metabolic testing and
array CGH revealed a normal male karyotype. A mag-
netic resonance imaging (MRI) scan of the brain at
6 months of age showed diminished white matter, sim-
plified gyri and thinning of the corpus callosum and
optic tracts.

We used exome sequencing with the ACE ExomeTM

(Personalis, Inc; 18 cases with 12 trios, one autosomal
dominant pedigree and five single probands) and UCSF
Genomics Core (21 cases with 20 trios and one auto-
somal dominant pedigree) to sequence 28 patients with
A/M and four patients with developmental eye defects.
For the exomes processed by the UCSF Core, sequenc-
ing and analysis were performed as described (8). Addi-
tional analyses were undertaken to search for de novo
mutations. Raw sequence data was processed using the
FastX (http://hannonlab.cshl/edu/fastx_toolkit) suite of
utilities, BWA_MEM algorithm and SAMtools mpileup
utility (9). The DeNovoGear program (10) was used to
calculate the likelihood of de novo mutation at each site
in the proband’s exome. Sites that had a likelihood of
being de novo >0.75 and had a mapping quality score
>30 were selected for further analysis. Variants were
then assessed for their potential to be deleterious and
mutations that had a SIFT score <0.05 or a PolyPhen-2
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Fig. 1. A female with congenital cataracts and cardiomyopathy with p.(Gln773Arg) in COL4A1. (a) Photograph of gross pathology of heart
muscle from a female with p.(Gln773Arg) in COL4A1, showing hypertrophy of the left and right ventricles consistent with cardiomyopathy.
(b) Photograph of histology of heart muscle stained with trichrome to show fibrosis (indicated by blue staining), indicating long-standing
cardiomyopathy. (c) Chromatogram showing c.2317G>A, predicting p.(Gly773Arg) in COL4A1. The mutation is present in the patient and not inherited
from either parent.

score>0.909 were retained. Variants were excluded from
consideration if they were not in exons, were present in
dbSNP135, or had a minor allele frequency of greater
than 0.01 in the 1000 Genomes database.

For the exomes sequenced by Personalis, coverage
across all medically relevant genes was improved
through high depth augmented exome sequencing
(Personalis, Inc., Menlo Park, CA, USA) using their
ACE (Accuracy and Content Enhanced) whole exome
sequencing methods. Sequencing was performed to
high depth, attaining a mean sequence read depth of
∼×200. ACE Exome data was aligned and variants
were called and annotated using the Personalis Pipeline
and the trio data were analyzed through the Personalis
Disease Variant Discovery Service. For both meth-
ods of exome sequencing, mean coverage for SOX2
was greater than 30X for all samples with bilateral
anophthalmia.

Results

We identified mutations that we classified as pathogenic
in eight individuals (Table S1, Supporting Information).
A female with bilateral anophthalmia, growth delays,
intellectual disability and autism had a de novo, novel
mutation in OTX2, c.273G>C, predicting p.(Gln91His)

(MIM 600037; NM_001270525; Fig. S1a). A Hispanic
female with bilateral severe microphthalmia and uni-
lateral coloboma, left diaphragmatic hernia, cleft palate
and an Arnold Chiari I malformation had a published,
de novo mutation in RARB, c.1159C>T, predicting
p.Arg387Cys (MIM 180220; NM_000965; Fig. S1b)
(11). A Caucasian male with bilateral anophthalmia
had a de novo mutation in GDF6, c.746C>A, pre-
dicting p.Ala249Glu (MIM 613094; NM_001001557.2;
Fig. S1c) that was described in three probands with
coloboma, microphthalmia, post-axial polydactyly and
Klippel-Feil syndrome (12).

A male with bilateral microphthalmia was a com-
pound heterozygote for two STRA6 (MIM610745)
mutations – a maternally inherited, frameshift mutation,
c.52delT, predicting p.(Tyr18Thrfs*54), and a pater-
nally inherited, splice-site mutation, c.1684+1G>A
(NM_022369.3; data not shown). In a patient with
bilateral microphthalmia and coloboma, unilateral
retinal detachment, right-sided aortic arch, vascu-
lar ring and intellectual disability, a single STRA6
mutation was identified, c.1223G>A, predicting
p.(Arg408Gln) (data not shown). This mutation was
inherited from the patient’s mother, who also had
bilateral microphthalmia. A second mutation was not
found.
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Fig. 2. A male with developmental delays, seizures, sensorineural hearing loss and a unilateral chorioretinal defect with two inherited PNPT1 mutations.
(a) Frontal photograph of the patient at 22 months of age. (b,c) Photographs of left retina, showing chorioretinal defect. (d) Photograph of right retina
showing normal morphology. (e) Chromatogram showing splice mutation c.401-1G>A in PNPT1. The mutation is inherited from the patient’s unaffected
mother. (f) Chromatogram showing c.1519G>T, predicting p.(Ala507Ser) in PNPT1. The mutation was inherited from the patient’s unaffected father.

In patients without A/M, two patients with cataracts
had previously reported mutations in GCNT2
(MIM110800) and COL4A1 (MIM120130), whereas one
patient with a unilateral chorioretinal defect was com-
pound heterozygous for two novel mutations in PNPT1
(MIM 176885). In a Hispanic female with congenital
cataracts and unilateral microtia, we detected homozy-
gosity for c.1040A>C, predicting p.(Tyr347Cys) in
GCNT2 (NM_001491.2) (13). A female infant with
congenital cataracts and cardiomyopathy had a de

novo mutation, c.2317G>A, predicting p.(Gly773Arg)
(NM_001845.4; Fig. 1c) in COL4A1 that has also
previously been described (14–16). In a male with
severe delays, seizures, microcephaly, sensorineural
deafness and a chorioretinal defect, we found com-
pound heterozygosity for two PNPT1 sequence
variants – a mutation affecting the acceptor splice-site
for exon 5, c.401-1G>A, that was maternally inherited
(NM_033109.4; Fig. 2e) and c.1519G>T, predicting
p.(Ala507Ser) (Fig. 2f) that was paternally inherited.
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Although eye manifestations have not been described
in patients with PNPT1 gene mutations, the remaining
phenotypic features were consistent with the clinical
presentations seen in other patients (17, 18) and as both
sequence variants were predicted to be deleterious, we
consider them to be disease-causing.

We found four variants in known A/M genes that were
of uncertain significance because of non-penetrance or
inheritance in a state not known to be associated with
disease (Table S1). In an Hispanic male with bilateral
anophthalmia, a lateral facial cleft and syndactyly born
to consanguineous parents, we found homozygosity for
a Fibulin-1 (FBLN1 MIM135820) mutation, c.1607C>T,
predicting p.(Thr566Ile) (NM_006486.2; Fig. S2d). This
mutation has been detected in the NHLBI exome vari-
ant server cohort, but the frequency of the mutant
allele is low at 0.002 and the allele was predicted to
be possibly damaging by PolyPhen-2 (probability of
0.507). Haploinsufficiency for FBLN1 was described in
a pedigree with complex synpolydactyly (19), but the
significance for eye development is unknown.

Discussion

We report eight pathogenic mutations and four sequence
variants of unknown significance in 32 patients with
developmental eye defects, showing the utility of
exome sequencing to efficiently identify mutations in
pathogenic genes, several of which currently have no
clinical genetic testing available.

PNPT1 mutations have previously been described.
Two siblings with severe sensorineural hearing loss
without any other associated features were homozy-
gous for p.(Glu475Gly) in the PNPase residue (17) and
two siblings with severe encephalopathy, choreoathetotic
movements and dystonia with a presentation similar
to a respiratory-chain deficiency were homozygous for
p.(Gly387Arg) (18). PNPT1 is a polynucleotide phos-
phorylase (PNPase) that is located in the mitochondrial
intermembranous space and facilitates the importation
of mRNAs, such as 5SRNA, MRP RNA, RNAse P and
RNA, into cells. No patient has previously been reported
with eye findings.

In a female with congenital cataracts, hypertrophic
cardiomyopathy, skeletal myopathy and evidence
of abnormal mitochondria, we found a reported de
novo, COL4A1 mutation, c.2317G>A, predicting
p.(Gly773Arg) as found in three case reports (14–16).
COL4A1 mutations have primarily been associated with
cerebral malformations. The phenotype can be broad and
supraventricular arrhythmias, structural heart defects
and skeletal muscle myopathy have been recorded,
although we found no prior mention of cardiomyopa-
thy as found in this child (20). The eye phenotype
in patients with COL4A1 mutations includes retinal
arteriolar tortuosity, congenital or juvenile cataracts,
Axenfeld Rieger syndrome, glaucoma, microcornea and
microphthalmia (20).

We became interested in FBLN1 because haploin-
sufficiency for this gene resulting from an autosomal
chromosome translocation was described in a family

with synpolydactyly, a limb malformation related
to the syndactyly seen in our patient (19). FBLN1
was expressed in sclerae obtained from human adult
(35–68 years) donor eyes and is also found at the
sites of epithelial–mesenchymal interaction and in
mesenchymal tissue in the central nervous system,
the endocardium of the heart, perichondrium and
perineurium of peripheral nerves. FBLN1 expression
in cultured human scleral fibroblasts is regulated by
retinoic acid, a molecule that is involved in the regula-
tion of eye growth (21). However, the relationship with
anophthalmia in our patient is unknown.

In conclusion, exome sequencing efficiently identified
the genetic etiology of eye defects in patients for whom it
would have otherwise been difficult to arrive at a diagno-
sis, because of mutations in genes that are not included
in clinical panels or available as single gene tests. The
genetic etiologies of the eye defects identified through
exome sequencing in this study expands the phenotypic
spectra of PNPT1, COL4A1 and FBNL1-associated dis-
orders. This study highlights the genetic heterogene-
ity and broad phenotypes underlying developmental eye
defects and the challenges associated with genetic testing
for these conditions.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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