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Abstract

Peters anomaly is a rare form of anterior segment ocular dysgenesis, which can also be associated
with additional systemic defects. At this time, the majority of cases of Peters anomaly lack a
genetic diagnosis. We performed whole exome sequencing of 27 patients with syndromic or
isolated Peters anomaly to search for pathogenic mutations in currently known ocular genes.
Among the eight previously recognized Peters anomaly genes, we identified a de novo missense
mutation in PAX6, ¢.155G>A, p.(Cys52Tyr), in one patient. Analysis of 691 additional genes
currently associated with a different ocular phenotype identified a heterozygous splicing mutation
€.1025+2T>A in TFAP2A, a de novo heterozygous nonsense mutation ¢.715C>T, p.(GIn239%*) in
HCCS, a hemizygous mutation ¢.385G>A, p.(Glu129Lys) in NDP, a hemizygous mutation c.
3446C>T, p.(Pro1149Leu) in FLNA, and compound heterozygous mutations ¢.1422T>A, p.
(Tyrd74*) and ¢.2544G>A, p.(Met848lle) in SLC4A11; all mutations, except for the FLNA and
SLC4A11 ¢.2544G>A alleles, are novel. This is the frst study to use whole exome sequencing to
discern the genetic etiology of a large cohort of patients with syndromic or isolated Peters
anomaly. We report five new genes associated with this condition and suggest screening of
TFAP2A and FLNA in patients with Peters anomaly and relevant syndromic features and HCCS,
NDP and SLC4A11 in patients with isolated Peters anomaly.

Introduction

Peters anomaly (PA) is a rare form of anterior segment dys-genesis characterized by corneal
opacity with or without iridocorneal and/or corneolenticular adhesions with associated
defects in the posterior layers of the cornea. These abnormalities may obstruct the visual
axis leading to visual impairment. Peters anomaly is often associated with glaucoma due to
maldevelopment of the trabecular mesh-work (Reis and Semina 2011; Bhandari et al. 2011).
Peters anomaly occurs between the 4th and 7th week of embryonic development as a result
of faulty separation of the lens from the surface ectoderm or aberrant reattachment of the
lens/iris to the cornea during development of the anterior chamber (Matsubara et al. 2001).
Peters anomaly can be found in isolation or in association with systemic features (Ito and
Walter 2014). Systemic features are highly variable and may include craniofacial defects
(cleft lip/palate, low-set ears, micrognathia, dental defects, abnormal upper lip), central
nervous system anomalies (developmental delay, intracranial calcifications, agenesis of the
corpus callosum), skeletal defects (brachydactyly, clinodactyly, short limbs, vertebral
anomalies, short stature), congenital heart disease, or renal, genital and other anomalies
(Ozeki et al. 2000; Weh et al. 2014).

A majority of cases of Peters anomaly lack a genetic diagnosis. To date, mutations in PAX6,
PITX2, PITX3, FOXC1, FOXE3, CYP1B1, B3GLCT (formerly B3GALTL) and COL4A1
have been associated with this disorder (Hanson et al. 1994; Reis et al. 2012; Semina et al.
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1998; Honkanen et al. 2003; Ormestad et al. 2002; Vincent et al. 2006; Deml et al. 2014).
Although mutations in these genes have been shown to occasionally cause Peters anomaly,
they all are predominantly responsible for other phenotypes such as aniridia (PAX6),
Axenfeld—Rieger spectrum (FOXC1 and PITX2), cataract and microphthalmia (PITX3),
primary aphakia (FOXE3), primary congenital/ infantile glaucoma (CYP1B1), and brain
small vessel disease (COL4A1) (Reis and Semina 2011). Mutations in B3GLCT have been
shown to explain 100 % of classic Peters plus syndrome (PPS) (Lesnik Oberstein et al.
2006; Reis et al. 2008; Weh et al. 2014). This syndrome includes anterior segment
abnormalities (Peters anomaly in 85 % of cases) in combination with short stature,
brachydactyly, dysmorphic facial features, and mental retardation (Weh et al. 2014;
Maillette de Buy Wenniger-Prick and Hennekam 2002). Mutations in B3GLCT have not
been found in cases of isolated Peters anomaly or atypical PPS (Reis et al. 2008; Weh et al.
2014).

A recent study by Prokudin and coauthors utilized whole exome sequencing to determine the
genetic cause of developmental eye diseases including isolated PA in three patients;
causative mutations were identified in two of the patients with PA including a novel PAX6
mutation and compound heterozygous mutations in CYP1B1 (Prokudin et al. 2014). In this
study, we have analyzed whole exomes of 27 patients with syndromic or isolated Peters
anomaly. We utilized a candidate gene list to identify mutations in genes which are known
to result in Peters anomaly when mutated as well as genes currently associated with other
ocular phenotypes. Our data expand the list of genes associated with Peters anomaly to
include TFAP2A, HCCS, NDP, FLNA and SLC4A11.

Materials and methods

Human patients

The human study was approved by the Institutional Review Board of the Children’s Hospital
of Wisconsin with written informed consent obtained from each participant and/or their
legal representative. DNA was extracted from blood or buccal samples using standard
protocols. The quantity/ quality of DNA was assessed using a NanoDrop 1000
spectrophotometer (Thermo Fisher, USA) and by agarose gel electrophoresis. The study
included 20 patients with syndromic Peters anomaly (two or more non-ocular features) and 7
patients with isolated Peters anomaly; three probands had a family history of an ocular
condition, two had a family history of non-ocular features, and the remaining cases were
sporadic (Supplementary Table 1). Of note, most of the probands were previously examined
for B3GLCT, CYP1B1, FOXC1, FOXE3, PITX2 and PITX3 variants by Sanger sequencing
with no pathogenic mutations identified (Weh et al. 2014; Reis et al. 2012; data not shown).

Whole exome sequencing and data analysis

Genomic DNA was processed for whole exome sequencing by either Axeq (Rockville, MD)
or Perkin Elmer, Inc (Branford, CT). Exome capture was performed with the Agilent Sure
Select v4 or v4+ UTR platforms (Santa Clara CA) and 100 base pair paired end sequencing
was executed using the lllumina HiSeq 2000 platform (San Diego, CA). The raw reads were
aligned by the sequencing company using the Burrows—Wheeler Aligner (BWA) and
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variants were called using the Genome Analysis Toolkit (GATK v2.20) pipeline available
through Perkin Elmer (Branford, CT) or the Sequence Alignment/Map (SAMtools) pipeline
through Axeq (Rockville, MD).

The whole exome data were analyzed for mutations in 8 genes previously associated with
Peters anomaly (Table 1) and other ocular genes (635 genes from the NEIBank list of
Human Eye Disease Genes (http://neibank.nei.nih.gov) and 56 additional genes which have
recently been reported in association with ocular phenotypes; Supplementary Table 2) using
the SNP & Variation Suite (SVS; Golden Helix, Bozeman, MT). Polymorphic variants that
showed more than 1 % allele frequency in general populations (based on the Database of
Single Nucleotide Variants (dbSNP, http://www.ncbi.nlm.nih.gov/snp/), 1000 genomes
sequencing project (http://www.1000genomes.org/) or the National Heart Lung and Blood
Institute Exome Variant Server database (EVS, http://evs.gs.washington.edu/EVS/) were
excluded from further analysis. Variants were then classified as either coding or non-coding.
Coding variants were further characterized by their predicted impact on the transcript and
protein product (insertion, deletion, frameshift indels, nonsense, missense and synonymous).
Among non-coding variants, splicing site mutations that alter canonical sequences were
considered. The MaxEntScan program (http://genes.mit.edu/burgelab/maxent/
Xmaxentscan_scoreseqd.html) was utilized to predict the functional consequences of
identified splicing variants. The SIFT, PolyPhen, MutationTaster, Mutation-Assessor, and
FATHMM prediction algorithms as well as GERP++ and PhyloP conservation scores were
accessed through SVS utilizing data from dbNSFP (Liu et al. 2013) to assist in predicting
the functional impact of identified missense variants. Nonsense, splicing, frameshift, or
missense variants that were predicted to be damaging by at least 4/5 programs and
demonstrated high conservation scores (GERP++ higher than 4 and PhyloP greater than 1.5)
were considered to be likely pathogenic mutations. For recessive genes, if one likely
pathogenic mutation was identified by these criteria, the criteria to be considered pathogenic
were relaxed for the second allele (predicted to be damaging by at least 2/5, GERP ++ score
higher than 3 and PhyloP greater than 1).

Information about protein structure was obtained using UniProtKB (http://www.uniprot.org)
or published reports as specified; records of previously identified mutations in the genes of
interest were obtained from publicly available mutation databases [ClinVar (http://
www.ncbi.nlm.nih.gov/clinvar); HGMD (http://www.hgmd.cf.ac.uk/ac); LOVD (http://
Isdb.hgu.mrc.ac.uk/home.php)] and published reports as indicated.

Variant confirmation

Oligonucleotides flanking the genomic locations of identified variants were designed using
the Primer3Plus browser (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). PCR was
performed using genomic DNA from probands and available family members to confirm the
variant and assess segregation within the family. Where possible, available family members
carrying a variant were also examined clinically. The primers and conditions utilized for the
identified mutations are summarized in Supplementary Table 3. PCR products were
sequenced bidirectionally using Big Dye Terminator chemistry v3.1 and sequenced using an
ABI 3730XL sequencer (Applied Biosystems/Life Technologies, Carlsbad, CA, USA).
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Sequences were reviewed manually and using Mutation Surveyor (SoftGenetics, State
College, PA) and compared to the following reference sequences: NM_000280.3 (PAX6),
NM_001032280.2 (TFAP2A), NM_001122608.2 (HCCS), NM_000266.3 (NDP),
NM_001456.3 (FLNA), NM_032034.3 (SLC4A11).

Results and discussion

The whole exomes of 27 probands affected with either syndromic (20) or isolated (7) Peters
anomaly were analyzed for causative mutations. The average read depth was 54.7 + 10.8 and
on average 94.7 + 1.8 % of targets were covered by greater than 10x and 99 + 0.4 % of
target nucleotides were covered by 1x or greater. Our initial analysis of the exome data
included eight genes known to cause isolated or syndromic Peters anomaly: B3GLCT,
CYP1B1, COL4A1, FOXCL1, FOXE3, PAX6, PITX2, and PITX3 (Table 1). Using the known
gene list for Peters anomaly, a causative mutation in PAX6 was discovered in one case
(Table 2). We then expanded our search to include all other genes which have been
associated with human ocular phenotypes (NEIBank list of Human Eye Disease Genes and
Supplementary Table 2). We identified five additional pathogenic and likely pathogenic
variants in genes from this list (Table 2). No pathogenic/likely pathogenic variants were
identified in the remaining 21 patients [69 alleles, all heterozygous, were identified based on
criteria outlined above; the variants were concluded to be of unknown significance because
of their presence in control databases, unclear functional consequences, inconsistency with
the known mode of inheritance (heterozygous variants for recessive conditions) and/or a
distinctly different phenotype known to be associated with the corresponding genes;
Supplementary Table 4].

PAX6 mutation

Patient 1, a 9-month-old Caucasian (Serbian/Italian/lIrish), had isolated bilateral Peters
anomaly. This patient was found to be heterozygous for a novel missense mutation, c.
155G>A,; p.(Cys52Tyr) that affects the paired domain of the PAX6 gene (Fig. 1). This
variant was not found in 13,002 alleles (8,598 European Americans, 4,404 African
Americans; mean coverage depth 88 reads) in EVS and not reported in dbSNP or 1,000
genomes, and was predicted to be damaging by 4 out of 5 functional effect prediction
programs. In addition, this nucleotide was found to be well conserved with a GERP score of
5.35 and a PhyloP score of 2.49. As neither of the unaffected parents was found to carry this
mutation, it is likely a de novo change; however, low-level/gonadal mosaicism in one of the
parents cannot be ruled out. Interestingly, a mutation involving the same amino acid has
been previously reported in a case of aniridia with cataracts and her mother was affected
with juvenile cataracts and glaucoma (Chao et al. 2003), however, that missense variant
changed the conserved cysteine to an arginine. The cysteine 52 has been shown to directly
contact the phosphate backbone of DNA (Xu et al. 1999), thus changes to this cysteine may
affect the ability of PAX6 to properly bind DNA.

Mutations in PAX6 are associated with autosomal dominant forms of anterior segment
dysgenesis, most often aniridia (Reis and Semina 2011), and occasionally other phenotypes
including Peters anomaly (Hanson et al. 1994; Zhang et al. 2011). Approximately, one-third
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of heterozygous Pax6 mutant mice showed Peters anomaly with incomplete separation of
the lens from the cornea in one study (Baulmann et al. 2002). Analysis of the previously
reported PAX6 mutations identified ten changes associated with Peters anomaly: seven
missense mutations in the paired domain, one missense change in the linker domain and two
mutations, nonsense and missense, affecting the C-terminal transactivation domain (Fig. 1).
Including patient 1 reported here, eight out of the ten missense mutations (80 %) associated
with Peters anomaly occur in the paired domain region of PAX6 which appears to be only
slightly higher than the overall distribution (68 % of all missense mutations in the PAX6
gene are found in this domain). In contrast, 10 out of the 11 (91 %) Peters anomaly-
associated alleles are missense mutations, while among all PAX6 mutations only 28 % are
missense.

TFAP2A mutation

Patient 2, a 9.5-year-old Caucasian (mixed European) male, presented with unilateral Peters
anomaly and infantile glaucoma in the right eye; he underwent numerous ocular surgeries
including corneal transplant but ultimately the right eye had to be enucleated at 18 months of
age. His left eye was normal. This patient also had systemic defects including low-set ears
with a right preauricular pit and mild mixed hearing loss with the right ear more severely
affected, thin upper lip, and velopharyngeal insufficiency. The patient is of mildly short
stature (127 cm, 5-10th percentile) and exhibits global parenchymal hypoplasia of the right
kidney. The patient also had an accessory left nipple and showed Bell’s palsy diagnosed at 6
months of age which resolved shortly thereafter. He was found to be heterozygous for a
mutation affecting the donor splice site of exon 6 of TFAP2A, ¢.1025+2T>A. The nucleotide
affected by this mutation is well conserved with a GERP score of 5.15 and a PhyloP score of
1.93. The change was absent in 13,006 (8,600 European Americans, 4,406 African
Americans; mean coverage depth 131 reads) alleles in EVS and was not present in other
control databases. A maternal sample was available and tested positive for the mutation (Fig.
2). The proband’s mother has myopia and minimally low-set ears; her facial features are
reported to resemble the patient. Further examination of family history revealed the
following congenital/pediatric conditions: a 3-year-old maternal half-brother with congenital
multicystic dysplastic left kidney and a maternal aunt who required replacement of a heart
valve at age 9 and has a daughter with kidney reflux and poor vision in one eye (Fig. 2). The
family was lost to follow-up and no other family members were available for testing or
examination.

TFAP2A is located on chromosome 6 and contains seven exons with an alternatively spliced
exon 5 and three unique transcription start sites; exons 2—7 are shared between the three
transcripts (Gestri et al. 2009). Therefore, the ¢.1025+2T>A mutation affecting the donor
site of exon 6 is likely to disrupt normal splicing of all known TFAP2A isoforms. The
mutation was analyzed using MaxEntScan to predict the effect on both 5" and 3’ splice sites
(YYeo and Burge 2004; Samuels et al. 2013; Pauws et al. 2013). This program calculates a
numerical score for the probability that a given 5’ (or 3’) splice site sequence is likely to be
recognized by the splicing machinery as a splice site with a larger score representing a
higher probability. The reference 5’ splice sequence of exon/intron 6 (AAAgtaagg) was
given a score of 6.60 while the variant sequence identified in this patient (AAAgaaagg) was
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given a score of —1.59, thus predicting that this nucleotide change is likely to eliminate the
donor splice site of intron 6. The abnormal splicing is likely to disrupt the DNA-binding
domain of this transcription factor, which is encoded by exons 6 and 7 (Fig. 2).

TFAP2A is a transcription factor, which is responsive to retinoic acid and essential for
normal development of ocular structures (lens and optic cup) and the craniofacial region
(Schorle et al. 1996; Pontoriero et al. 2008; Bassett et al. 2010). Heterozygous mutations in
TFAP2A have been shown to cause branchio-oculo-facial syndrome (BOFS) (Gestri et al.
2009). Most mutations are missense alleles (usually affecting its DNA-binding domain) or,
infrequently, whole or partial gene deletions (Milunsky et al. 2011; Gestri et al. 2009). Only
one frameshift mutation has been reported to date (Milunsky et al. 2011) and no splice
mutations have been observed. The phenotype of BOFS is variable: major features include
thinned erythematous cutaneous defects affecting the cervical or infra/supra-auricular
regions, ocular defects (most commonly microphthalmia and lacrimal duct obstruction, less
commonly coloboma, strabismus, cataract, and ptosis), and characteristic faces (cleft lip/
palate, dolichocephaly, thick nasal tip, upslanted eyes, “pseudo” cleft lip). Patients may also
present with short stature, hearing loss, renal anomalies, ectodermal anomalies,
supernumerary nipples, and facial weakness (Milunsky et al. 2011). The features of Patient 2
are consistent with an atypical presentation of BOFS. Peters anomaly has not previously
been reported in BOFS. The mother, who also carries the mutation, displays only mild
features and has another son with congenital kidney defects (who could not be tested for the
mutation). The observed phenotypic variability may be explained by the variable
expressivity of this mutation; however, the possibility of maternal mosaicism also cannot be
excluded.

The complete knockout of Tfap2a in mouse results in perinatal lethality due to incomplete
closure of the neural tube, skeletal defects and facial clefting (Schorle et al. 1996). Bassett
and colleagues performed a thorough analysis of the ocular anomalies in Tfap2a null mice
and found defects of optic cup formation, coloboma and other anomalies. Pontoriero et al.
(2008) generated a conditional knockout of Tfap2a in the lens of developing mouse
embryos. They found that homozygous conditional knockout mice had Peters anomaly due
to improper separation of the lens from the overlying surface ectoderm, which is consistent
with the human phenotype observed in our study.

HCCS mutation

Patient 3, a 5-month-old Caucasian (mixed European) female, demonstrated bilateral Peters
anomaly and mild microphthalmia (at 1 week of age, axial length measured 16.2 mm OD
and 18.9 mm OS) with an absent/ small residual lens in the left eye. No systemic anomalies
were present. Both parents are unaffected. Follow-up at 8 years of age confirmed normal
development and lack of skin defects. Due to severe microphthalmia, bilateral sclera shells
had been placed. A novel nonsense mutation, ¢.715C>T, p.(GIn239%*), in the HCCS gene
was identified. This mutation was not detected in 10,384 alleles (6,606 European
Americans, 3,778 African Americans; mean coverage depth 173 reads) available in EVS and
not reported in other control databases. This nucleotide is highly conserved with a GERP

Hum Genet. Author manuscript; available in PMC 2015 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weh et al.

Page 8

score of 6.05 and a PhyloP score of 2.57 and the mutation was absent in both unaffected
parents (Fig. 3).

Mutations in HCCS have been associated with microphthalmia with linear skin defects
(MLS) (Wimplinger et al. 2006). MLS is an X-linked dominant, male lethal phenotype
characterized by microphthalmia or other ocular features, including corneal opacities in
approximately 35 % and lesions of the skin that heal with age. MLS has also been associated
with other variable systemic defects including short stature, congenital heart disease, central
nervous system defects including developmental delay, genitourinary anomalies and hearing
defects (Sharma et al. 2008). The HCCS gene has 7 exons with exons 2—7 encoding for the
protein holocytochrome ¢ synthase (HCCS). HCCS is a conserved heme-binding protein that
has been shown to catalyze the attachment of a heme group to apocyctochrome ¢ (Moore et
al. 2011). Mutations that affect the C-terminal part of HCCS have been shown to abolish its
function while amino acid changes in the N-terminus do not appear to be damaging,
consistent with the locations of pathogenic mutations identified in humans (Moore et al.
2011). The mutation identified in patient 3 of this study is the most C-terminal change
identified to date. The mutation occurs in the final exon of the gene and is not predicted to
be subject to nonsense mediated decay. The translated protein product is predicted to lack 30
highly conserved C-terminal amino acids. Deletions of HCCS are common in MLS,
however, missense and a nonsense variant have also been reported (Wimplinger et al. 2006).
Involvement of HCCS in the Peters anomaly phenotype may relate to its role in promoting
apoptosis (Indrieri et al. 2013) which is thought to play a role in the separation of the lens
vesicle from the overlying surface ectoderm.

NDP mutation

Patient 4, a 5-month-old Hispanic (El Salvador) male, had isolated bilateral Peters anomaly
with no other ocular or systemic anomalies reported. The right eye showed central corneal
opacity with iridocorneal strands, an irregular pupil edge, and superior corneal opacification.
The central anterior chamber was mildly shallow suggesting anterior displacement of the
lens. The left eye had more extensive corneal opacity extending from the inferior to superior
limbus with iridocorneal adhesions and some central shallowing of the anterior chamber.
There was no evidence of cataract or glaucoma in either eye. Corneal diameters and axial
lengths were mildly small for age (10.5 mm OD, 9.75 OS and 19.52 mm OD, 18.86 OS).
Cornea removed for transplantation showed central thinning due to absence of Descemet’s
membrane and endothelial consistent with Peters anomaly as well as some mild stromal
corneal edema. The retina in each eye was viewed to the midperiphery after corneal
transplant and showed no vascular abnormalities or macular drag; the periphery has not been
viewed. The patient also presented with nystagmus and alternating esotropia. Intravenous
fluorescein angiography and audiology evaluation have not been performed. This patient
was found to be hemizygous for a novel missense mutation, ¢.385G>A, p.(Glul29Lys), in
the NDP gene (Fig. 4); this change has not been seen in 10,511 alleles (6,693 European
American, 3,818 African American; mean depth coverage 26 reads) in EVS and was not
reported in other control databases. The mutation is predicted to be damaging by 4 of 5
functional effect prediction programs. The nucleotide is well conserved with a GERP score
of 5.96 and a PhyloP score of 2.52. Using the 46 species alignment in the UCSC genome
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browser, the glutamic acid at position 129 in NDP is 100 % conserved. Family history
includes an unaffected sister and a male cousin (son of one of his mother’s sisters) who was
blind from 1 year of age from unknown cause. Unfortunately, no family members were
available for testing.

NDP has been identified as the cause of Norrie Disease, an X-linked recessive disorder
characterized by retinal dysplasia with hearing loss in most patients and cognitive
impairment and/or behavioral/psychiatric abnormalities in some patients (Smith et al. 2012).
Mutations in NDP have also been identified in X-linked familial exudative vitreoretinopathy
(EVR2), characterized by variable abnormal vascularization of the peripheral retina
(Nikopoulos et al. 2010). NDP is divided into three exons, with the coding region contained
in the second and third exon. The gene encodes for the protein, Norrin, a 133 amino acid
protein that is a member of the canonical Wnt signaling pathway, which functions as a
growth factor in an autocrine and/or paracrine fashion. Norrin has a cysteine-rich domain
with a predicted tertiary structure of a cysteine knot motif similar to members of the TFGf
family. It has been shown to be important in the development of the retinal vasculature as
well as the hyaloid vasculature which supplies nutrients to the developing lens (Ohlmann
and Tamm 2012). A knockout of Ndp in the mouse showed overt vascular defects in the
developing retina as well as defects in the structures of the inner ear; no defects in the cornea
have been noted in Ndp knockout mice (Ohlmann and Tamm 2012).

At the same time, a careful examination of published records revealed that corneal opacities
have been reported in suspected (Warburg 1966; Phillips et al. 1986) and NDP-positive
(Rehm et al. 1997; Riveiro-Alvarez et al. 2005; Kondo et al. 2007; Liu et al. 2010, Pelcastre
et al. 2010; Nikopoulos et al. 2010) cases of Norrie disease. The study by Pelcastre et al.
(2010) examined four families with Norrie disease of Mexican descent and found corneal
opacities in one proband and posterior polar cataract in several individuals. In the study by
Rehm et al. (1997), partially or totally obliterated anterior chambers and corneal opacities
were observed in 10 out of 15 affected males from one kindred with Norrie disease and a
missense mutation in NDP. Iris atrophy, cataracts and posterior/anterior synechiae were
detected in some cases when further examination of the anterior segment was possible.
Therefore, the bilateral Peters anomaly observed in Patient 4 further supports the role of
NDP in corneal development and also suggests a role in the early events of the lens—cornea
separation. Interestingly, five out of six (83 %) NDP alleles associated with corneal
phenotypes were found in the last exon of this gene with three of the mutations (50 %) being
located within the 18 most C-terminal amino acids (Fig. 4), which may indicate a possible
phenotype—genotype correlation. With respect to the other systemic features associated with
NDP mutations, no clinical signs of hearing deficiency or the psychiatric signs of Norrie
disease were reported in our patient, but these features usually manifest later in childhood
(Smith et al. 2012). Alternatively, this mutation may result in a primarily ocular phenotype
as was previously shown for one patient (Zhang et al. 2013).

FLNA mutation

Patient 5, a Caucasian (mixed European) male, was diagnosed prenatally with Tetralogy of
Fallot and multiple skeletal anomalies. He was delivered at 35-36 weeks gestational age
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following placental abruption with multiple congenital anomalies including Peters anomaly,
dysmorphic facial features (low-set ears, downslanting palpebral fissures, ‘beak-like” nose,
micrognathia), cleft lip and palate, ambiguous genitalia, small dysplastic kidneys with
hydronephrosis and renal failure, and a cyst-like structure between the bladder and rectum.
The patient was also small for gestational age with microcephaly (height, weight, and head
circumference all <3rd percentile). The patient died at 7 days of age. Postmortem ocular
examination confirmed Peters anomaly with corneal opacity, absence of Bowman’s and
Descemet’s membranes, iridocorneal adhesion, peripheral anterior synechia with angle
closure and cataract. Hypoplasia of the thumbs and great toes with proximal placement and
camptodactyly of the left 2nd finger was noted along with tracheal stenosis, abnormally
hyperplastic erector pili in the skin, unusual pattern of fibrous septa in the spleen, single
umbilical artery, and neuroglial heterotopia in the cerebellum. Complex cardiac anomalies
were confirmed, including Tetralogy of Fallot along with absence of the ductus arteriosus,
redundancy of pulmonary and aortic valves, and hypertrophy of both ventricles. Skeletal
defects included malrotation of the lower extremities with genu recurvatum and posterior
knees, femoral shortening, and wide anterior and posterior fontanelles. Skeletal radiographs
demonstrated a decrease in cranial ossification, dysmorphic base of skull, dysmorphic
middle and inner ears, micrognathia with decreased tooth buds, fusion of C2 and C3
posterior elements and C5 and C6 posterior elements, platyspondyly, squaring of lateral
margins of iliac wings with medial spikes at the caudal portion of the iliac bones, dislocation
of hips, broad medial ends of the clavicles with caudal hooking, bilateral dysplasia of the
glenoid, dysplasia of scapulae, dislocation of proximal radius, posterior bowing of proximal
ulna, absence of ossification within the distal phalanx of the thumb, shortening of femora
and bones of upper arms, dislocation of hips and knees, and proximal placement of the great
toes. Cytogenetic studies showed normal 46, XY karyotype with normal hybridization of
subtelomeric probes; no other clinical genetic studies were performed.

This patient was found to have a hemizygous missense mutation in FLNA, ¢.3446C>T, p.
(Prol1149Leu) (Fig. 5), which was predicted to be damaging by all five functional effect
prediction programs, was not seen in 10,355 alleles in EVS (6,618 European Americans and
3,737 African Americans; mean depth coverage 73 reads), was not reported in other control
databases, and has been previously reported in a female with frontometaphyseal dysplasia
(FMD) (Robertson et al. 2006). The nucleotide is well conserved with a GERP score of 4.91
and a PhyloP score of 2.04. The patient is the first child born to these parents. Maternal
family history is unknown due to adoption; paternal family history is unremarkable. Parental
samples were not available for testing. The FLNA gene encompasses 48 exons and encodes
Filamin A, an actin-binding protein that interacts with integrins, transmembrane receptors
and other proteins to regulate remodeling of the actin cytoskeleton; the protein contains the
actin-binding domain, two calponin homology domains and 24 filamin repeats. The
remodeling of the cytoskeleton plays an important role in many processes including cell
shape changes, cell migration and signaling (Adams et al. 2012). The ¢.3446C>T nucleotide
transition is located in exon 22 and affects the 9th filamin repeat domain of the protein. This
domain was shown to be involved in the interaction of FLNA with supervillin, which
regulates cell spreading and cytokinesis (Smith et al. 2010).
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FLNA mutations are linked to a broad range of phenotypes, including frontometaphyseal
dysplasia (FMD), periventricular nodular heterotopia, otopalatodigital syndrome type 1
(OPD1), otopalatodigital syndrome type 2 (OPD2), and Melnick—Needles syndrome (MNS)
(Robertson 2005). The majority of mutations are found in the actin-binding domain (at least
35 mutations) and the remaining mutations are somewhat evenly distributed throughout the
protein with a small cluster (at least 9 pathogenic alleles) in the 10th filamin repeat. Overall,
the patient’s phenotype is consistent with FMD, but ocular anomalies have not been
previously linked with this condition. Careful examination of all published reports revealed
several additional cases of eye anomalies in association with FLNA mutations. Corneal
opacity has been reported in one patient with a missense mutation in FLNA [c.514C>G, p.
(Leul72Val)] and features consistent with OPD2 (Murphy-Ryan et al. 2011). Congenital
glaucoma and cataracts were reported in another patient with OPD2 and a missense mutation
in FLNA [c.586C>T, p.(Arg196Trp)] (Kondoh et al. 2007). And finally, two unrelated
patients with MNS and missense mutations in FLNA (c.3776_3777delinsAT, p.
(Gly1176Asp); ¢.3596C>T, p.(Serl199Leu) were reported with sclerocornea, exophthalmos,
and congenital cataracts (Santos et al. 2010). Interestingly, including patient 5 reported in
this study, three out of the four (75 %) FLNA mutations associated with ocular phenotypes
occurred in the adjacent 9th and 10th filamin repeats (Fig. 5); further studies are needed to
determine whether this finding reveals a potential genotype—phenotype correlation.
Congenital glaucoma, cataracts, and/or corneal clouding have been reported in other patients
with a clinical diagnosis of OPD2 or MNS without FLNA testing (Murphy-Ryan et al.
2011). To further support a role of FLNA in ocular development, some female mice with
heterozygous FIna mutations were reported to show a “dilated pupil’ phenotype (Hart et al.
2006). Also, FLNA has been shown to interact with the protein encoded by FOXC1, which
is known to play an important role in anterior segment ocular development (Berry et al.
2005).

SLC4A11 mutations

Patient 6, a 2.5-month-old Jamaican male, presented with bilateral Peters anomaly with
microphthalmia. The corneas were small (8 and 9 mm) and axial length was 13.5 mm. There
was fusion of the iris and rudimentary lens to the posterior cornea in the right eye and no
pupil was present. In the left eye, filamentous strands extended from the iris and
rudimentary lens to a central defect in the posterior cornea. Abnormal signals in the vitreous
cavities by B-scan ultrasonography were possibly indicative of maldeveloped and
malpositioned retinal tissue. The only systemic anomaly reported was umbilical hernia.
Follow-up at 13 months of age showed normal growth (10-25 percentile), mild delay in
gross-motor skills, and placement of eye prostheses bilaterally. The patient was found to be
compound heterozygous for mutations in SLC4A11: a novel nonsense mutation, c.1422T>A,
p.(Tyrd74*), and a missense change, c.2544G>A, p.(Met848lle) (Fig. 6). The missense
mutation is predicted to be damaging by 3 of 5 programs and the nucleotide is conserved
with a GERP score of 4.41 and a PhyloP score of 1.24. Analysis of samples from the
unaffected mother and unaffected twin sibling identified the ¢.1422T>A, p.(Tyr474*) allele
in the mother and wild-type sequence for both alleles in the unaffected twin. The unaffected
father was not available for testing (Fig. 6). The ¢.1422T>A, p.(Tyr474*) mutation has not
been detected in 13,006 alleles in EVS (8,600 European American, 4,406 African American;
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mean coverage depth 107 reads) or other control populations, while the ¢.2544G>A, p.
(Met848lle) allele has been reported in 121/13,006 (0.9 %) controls in EVS (1/8,600
European Americans and 120/4,406 African American; mean depth coverage 98 reads).
Neither allele has been previously reported in association with ocular phenotypes
(Kodaganur et al. 2013).

SLC4A11 encodes for a transmembrane sodium/hydroxide transporter (Jalimarada et al.
2013). The gene is divided into 19 coding exons; the protein product is 891 amino acids in
length. SLC4A11 appears to have a broad expression pattern in adult human tissues (Parker
et al. 2001). The nonsense mutation in the 11th coding exon in patient 6 is predicted to result
in nonsense mediated decay, but if the mutant transcript were translated it would result in a
protein with C-terminal truncation, missing 417 amino acids. This deletion removes 11
transmembrane regions and the entire extracellular and C-terminal cytoplasmic domains
(Vilas et al. 2011). The transmembrane domains and extracellular domain of this protein
family are thought to be essential for their function (Vilas et al. 2011). The missense
mutation changes a highly conserved methionine at position 848, which is the last amino
acid of the 13th transmembrane domain, to isoleucine. Out of the 46 species aligned using
the UCSC Genome Browser, only 4 orthologs have an amino acid other than methionine and
none have isoleucine at that position.

Mutations in SLC4A11 have been linked to autosomal recessive congenital hereditary
endothelial dystrophy (CHED?2) (Vithana et al. 2006), autosomal recessive corneal
dystrophy and perceptive deafness (CDPD, also known as Harboyan syndrome) (Desir et al.
2007), and autosomal dominant Fuchs endothelial corneal dystrophy (FECD4) (Vithana et
al. 2008). Each of these phenotypes is associated with diffuse corneal clouding that often
leads to vision loss; disrupted homeostasis of the inner layers of the cornea (Baratz et al.
2010), corneal edema associated with a reduced number of endothelial cells (Desir et al.
2007) and disruption of the endothelium and Descemet’s membrane (Vithana et al. 2006;
Han et al. 2013; Vithana et al. 2008) have been reported as possible underlying mechanisms.
Developmental delay has not been reported in other patients with SLC4A11 mutations; given
the young age of the patient, the mild gross-motor delays may be due to the severe visual
impairment. Several mouse models lacking functional Slc4all have been generated, each
with a slightly variable phenotype. The model generated by Han et al. (2013) shows a
progressive corneal dystrophy with an increasing thickness of the cornea and a progressive
loss of endothelial cells with age. Their data suggest that Slc4all functions to maintain the
homeostasis of the endothelium and that loss of this protein results in osmotic imbalance
leading to death of corneal endothelial cells.

Conclusion

Peters anomaly is a highly heterogeneous disorder that has been previously associated with
mutations in 8 different genes, each explaining only a small portion of the overall spectrum.
We present evidence for the possible involvement of five additional factors, TFAP2A,
HCCS, NDP, FLNA and SLC4A11, in the etiology of this condition. The processes involved
in embryonic lens—cornea separation as well as subsequent differentiation of these ocular
tissues are currently poorly understood. Identification of genetic factors controlling these
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early events in humans through studies of relevant ocular disorders provides valuable insight
into mechanisms of anterior segment development. Analysis of the genetic pathways linked
with the 13 factors associated with Peters anomaly revealed several possible connections
that may begin to elucidate the processes which are affected in this disorder (Fig. 7).
Additional genetic studies are needed to better define the contribution of these and other
factors to the Peters anomaly spectrum. Our data suggest that TFAP2A and FLNA screening
should be considered in patients with Peters anomaly and systemic malformations while
HCCS, NDP and SLC4A11 should be considered for testing in cases of isolated Peters
anomaly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a Patient 1: Pedigree and PAX6 genotypes b schematic representation of PAX6 protein with PA-associated alleles
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Fig. 1.

a Patient 1: Pedigree and PAX6 genotypes. DNA chromatograms of the proband’s and
parental PAX6 sequences are shown with a position of ¢.155G>A, p.(Cys52Tyr) mutation
indicated with red arrows; proband is designated with a black arrow. b Schematic
representation of the PAX6 protein with PA-associated alleles. PD Paired domain, LNK
linker region, HD homeodomain, PST transactivation domain rich of proline, serine, and
threonine, 5a- 14-a.a. encoded by the alternatively spliced exon 5a. Positions of all
previously reported PAX6 mutations associated with Peters anomaly are shown with black
arrows; the cysteine residue at position 52 is shown in red font. c Alignment of PAX6 paired
domain region around the p.(Cys52Tyr) mutation. Human PAX6 (NP_000271.1), human
PAX6-5A (NP_001245391), mouse Pax6-5a (NP_001231127), chicken pax6-5a
(NP_990397), zebrafish pax6a (NP_571379), zebrafish pax6b (NP_571716), Drosophila ey
(NP_001014693) and Drosophila toy (NP_524638) sequences were used for the alignment;
the position of p.(C52Y) is shown with red arrow
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a Patient 2: Pedigree and TFAP2A genotypes
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b Schematic representation of the human TFAP2A gene and mutations
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Fig. 2.

a Patient 2; Pedigree and TFAP2A genotypes. DNA chromatograms of the proband’s and his
mother’s TFAP2A sequences are shown with position of the ¢.1025+2T>A mutation
indicated with red arrows; the proband is designated with a black arrow; phenotypes
observed in other members of the pedigree are indicated under corresponding symbols. b
Schematic representation of the human TFAP2A gene and mutations. Previously reported
mutations (Reiber et al. 2010; Gestri et al. 2009; Tekin et al. 2009) are shown with black
arrows; the position of the ¢.1025+2T>A mutation is shown with a red arrow
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a Patient 3: Pedigree and HCCS genotypes

b Schematic representation of HCCS gene and mutations
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a Patient 3: pedigree and HCCS genotypes. DNA chromatograms of the proband’s and
parental HCCS sequences are shown with the position of the ¢.715C>T, p.(GIn239%)
mutation indicated with red arrows; the proband is designated with a black arrow. b
Schematic representation of the human HCCS gene and mutations. HCCS mutations
recorded in ClinVar are indicated with black arrows; the position of the p.(Q239*) mutation
is shown with a red arrow

Hum Genet. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weh et al. Page 22

a Patient 4: Pedigree and NDP genotypes
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¢ Schematic representation of the human NDP gene and mutations
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Fig. 4.
a Patient 4: pedigree and NDP genotypes. Pedigree is shown on the left, proband is indicated

with a black arrow; DNA chromatograms of NDP ¢.385G>A, p.(Glu129Lys) mutant and
normal alleles are shown on the right. b Alignment of the C-terminal NDP region in
different species. Human (NP_000257), mouse (NP_035013), chicken (NP_001265015) and
zebrafish (UniProt ID: E7F073) sequences were used for the alignment; glutamic acid
residue at position 129 is shown in red font. ¢ Schematic representation of the human NDP
gene and mutations. Positions of some previously reported NDP mutations associated with
Norrie disease or EVR2 are shown with black arrows; positions of mutations previously
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associated with unspecified corneal opacities are shown at the top and indicated with grey
arrows; the p.(E129 K) mutation identified in patient 4 is noted with a red arrow
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a Patient 5: Pedigree and FLNA genotypes
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b Alignment of the 9th filamin domain of FLNA in different species
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¢ Schematic representation of FLNA protein and mutations
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Fig. 5.

a gatient 5: Pedigree and FLNA genotypes. Pedigree is shown on the left, proband is
indicated with a black arrow; DNA chromatograms of FLNA ¢.3446C>T, p.(Pro1149Leu)
mutant and normal alleles are shown on the right. b Alignment of the 9th filamin domain of
FLNA in different species. Human (NP_001104026), mouse (NP_001277350), and Xenopus
(UniProt ID:F6R7N1) sequences were used for the alignment; proline residue at position
1149 is shown in red font. ¢ Schematic representation of the human FLNA protein and
mutations. FLNA domains are indicated according to UniProtKB (P21333): ABD Actin-
binding domain, CH1, CH2 calponin homology domains 1 and 2, F1-F24 filamin repeats 1
through 24. The approximate positions of the previously reported FLNA mutations
associated with various non-ocular phenotypes are shown by black arrows; mutations
associated with ocular phenotypes (please see text) are shown with grey arrows and
specified; the p.(P1149L) mutation identified in this study is indicated with red arrow/font
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a Patient 6: Pedigree and SLC4A11 alleles b Alignment of the SLC4A11 C-terminal region in different species
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b Schematic representation of the human SLC4A11 gene and mutations
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a gatient 6: Pedigree and SLC4A11 genotypes. DNA chromatograms of SLC4A11 alleles are
shown with positions of ¢.1422T>A, p.(Tyr474*) and ¢.2544G>A, p.(Met848lle) mutations
indicated with red arrows; proband is designated with a black arrow. b Alignment of the
SLC4A11 C-terminal region in different species. Human (NP_114423), mouse
(XP_006499668), chicken (XP_004936340), Xenopus (XM_002936363) and zebrafsh
(NM_001159828) sequences were used for the alignment; methionine residue at position
848 is shown in red font. ¢ Schematic representation of the human SLC4A11 gene and
mutations. The SLC4A11 exons are shown as numbered grey boxes; positions of
cytoplasmic, transmembrane, and extracellular domains encoded by corresponding exonic
sequences are indicated at the bottom with blue, green and red lines, correspondingly;
positions of the previously described SLC4A11 mutations are indicated with black arrows/
font while alleles reported in this study are shown with red arrows/font. SLC4A11 domains
and mutations are shown as presented in Vilas et al. (2011) and Vithana et al. (2006)
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Fig. 7.
Schematic representation of reported interactions between factors associated with Peters

anomaly. The genes implicated in PA based on previous reports as well as this study are
marked in bold. PITX2 and FOXC1 have been shown to physically bind and modulate the
activity of each other (Acharya et al. 2011) as well as to be regulated by TGFp (Silla et al.
2014; Iwao et al. 2009), WNT and retinoic acid signaling pathways (Gage and Zacharias
2009; Kumar and Duester 2010; Hatou et al. 2013); in connection with the WNT pathway,
PITX2 has been reported to physically bind the DKK2 promoter (Gage and Zacharias 2009).
Also, PITX2 has been shown to regulate the deposition of collagens by regulating the
procollagen lysyl hydroxylase gene (Hjalt et al. 2001). B3GLCT is a glucosyltransferase
which catalyzes the addition of glucose to O-linked fucose via a -1,3 linkage onto
trombospondin type 1 repeats which have been found in the ADAMTS family of proteins
(Ricketts et al. 2007; Wang et al. 2009); some ADAMTS proteins have been shown to
cleave heparan sulfate proteoglycans (HSPGs) (Barbouri et al. 2014; Kuno and Matsuhima
1998) and thus potentially affect TGFp signaling (Lin 2004; Iwao et al. 2009). NDP
represents a WNT ligand (Ohlmann and Tamm 2012). TFAP2A has been shown to be
responsive to retinoic acid, to inhibit the WNT pathway (Li and Dashwood 2004) and be
involved in PITX2 regulation (Bamforth et al. 2004). PAX6 deficiency has been shown to
negatively affect FOXE3 (Blixt et al. 2007) and PITX3 expression (Chauhan et al. 2002);
PITX3 has been reported to directly regulate FOXE3 expression (Shi et al. 2006; Ahmad et
al. 2013). PAX6 and TFAP2A have been demonstrated to physically interact and promote
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transcription of some corneal genes (Sivak et al. 2004). CYP1B1 participates in the
synthesis of retinoic acid (Chambers et al. 2007). FLNA appears to negatively regulate
FOXC1 by physical binding and sequestering it to heterochromatin and is important for
SMAD translocation into the nucleus (Berry et al. 2005; Huang et al. 2009). FLNA may also
be important in maintaining appropriate levels of WNT signaling (Adams et al. 2012)
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Summary of genes associated with Peters anomaly (PA)
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Gene Location  Function Main phenotype Reference for PA
B3GLCT  13g12.3 Beta-1,3-glucosyltransferase Peters Plus syndrome Lesnik Oberstein et al. (2006)
COL4A1 13934 Basement membrane collagen Brain small vessel disease Deml et al. (2014)
CYP1B1  2p22.2 Cytochrome P450 monooxygenase  Primary congenital/infantile glaucoma Vincent et al. (2006)
FLNA Xq28 Actin-binding protein Otopalatodigital spectrum This manuscript
FOXC1 6p25 Transcription factor Axenfeld-Rieger spectrum Honkanen et al. (2003)
FOXE3 1p33 Transcription factor Microphthalmia, cataract Ormestad et al. (2002)
HCCS Xp22.2 Holocytochrome C-type synthetase ~ Microphthalmia This manuscript
NDP Xpll.3 Cystine knot growth factor Norrie disease/familial exudative This manuscript
vitreoretinopathy
PAX6 11p13 Transcription factor Aniridia Hanson et al. (1994)
PITX2 4925 Transcription factor Axenfeld-Rieger spectrum Reis et al. (2012)
PITX3 10g24.32  Transcription factor Cataract, multiple types Semina et al. (1998)
SLC4A11 20p13 SLC4 bicarbonate transporter Corneal endothelial dystrophy 2 This manuscript
TFAP2 6p24.3 Transcription factor Branchiooculofacial syndrome This manuscript
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