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ABSTRACT

Background: Anophthalmia, microphthalmia and coloboma are a genetically heterogenous spectrum of
developmental eye disorders. Recently, variants in the Wnt-pathway gene Frizzled Class Receptor 5 (FZD5)
have been identified in individuals with coloboma and rarely microphthalmia, sometimes with additional
phenotypes and variable penetrance.

Materials and Methods: We identified variants in FZD5 in individuals with developmental eye disorders
from the UK (including the DDD Study [www.ddduk.org/access.html]), France and Spain using whole
genome/exome sequencing or customized NGS panels of ocular development genes.

Results: We report eight new families with FZD5 variants and ocular coloboma. Three individuals
presented with additional syndromic features, two explicable by additional variants in other genes
(SLC12A2 and DDX3X). In two families initially showing incomplete penetrance, re-examination of appar-
ently unaffected carrier individuals revealed subtle ocular colobomatous phenotypes. Finally, we report
two families with microphthalmia in addition to coloboma, representing the second and third reported
cases of this phenotype in conjunction with FZD5 variants.

Conclusions: Our findings indicate FZD5 variants are typically associated with isolated ocular coloboma,
occasionally microphthalmia, and that extraocular phenotypes are likely to be explained by other gene
alterations.
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Introduction Recently, 13 families with heterozygous variants in this gene
have been described with eye phenotypes including coloboma,
microphthalmia and myopia. Both syndromic and non-
syndromic affected individuals are reported, with incomplete
penetrance also described (9-11). Therefore, the phenotypic
spectrum associated with FZD5 variants remains unclear. Here,
we report eight new families with developmental eye anomalies
and heterozygous FZD5 variants, clarifying our understanding
of the associated phenotypic spectrum and penetrance.

Anophthalmia, microphthalmia and coloboma (AMC) form
a phenotypic spectrum of developmental eye disorders affecting
11.9 per 100,000 live births (1). These conditions are genetically
heterogeneous with variants in 112 genes currently considered
diagnostic (https://panelapp.genomicsengland.co.uk/panels/
509/), with 350-400 further genes implicated. However, approxi-
mately 40% of severely affected AMC individuals, and >75%
with coloboma, remain genetically undiagnosed (2-4).

Frizzled Class Receptor 5 (FZD5, OMIM *601723) is a Wnt-
pathway gene required for Sox2 expression in Xenopus optic
vesicles, with mice carrying a homozygous conditional loss-of-
function allele exhibiting microphthalmia and coloboma,
germline knockout models being embryonic lethal (5-8).

Materials and methods

Informed consent was obtained according to the tenets of
the Declaration of Helsinki for all participants. Full history,
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pedigree, ophthalmic and systemic evaluation were per-
formed, including orthoptic and optometric assessment,
slit lamp and dilated fundus examination. In some cases
biometry and/or examination under anaesthesia were used.
Diagnostic consents were obtained for families 2, 3, 4, 5
and 8. Research consents were obtained for Family 1
(Fundacién Jimenez Diaz University Hospital [ID PIC015-
18]), Family 6 (Deciphering Developmental Disorders
(DDD) Study [Cambridge South Research Ethics
Committee (10/H0305/83)], Republic of Ireland [GEN/
284/12]); and Family 7 (UK “Genetics of Eye and Brain
anomalies” study [Cambridge East Ethics Committee (04/
Q0104/12)]) with additional diagnostic consent. Informed
consent was obtained for the inclusion of all patient photo-
graphs. Variants were identified using whole genome/
exome sequencing (WGS/WES) or customized NGS panels
of ocular development genes in individuals from the UK
(including the DDD Study [www.ddduk.org/access.html]),
France and Spain. Individual 1 was analysed using a custom
targeted NGS panel of 260 genes for Eye developmental
diseases (SureSelect QXT capture custom design, Agilent
Technologies, Santa Clara, California, USA) (12). Libraries
were sequenced on an Illumina NextSeq 500 platform.
Mapping, calling and annotation for SNVs and CNVs,
were performed using a custom in-house bioinformatic
pipeline. Annotated VCF files were filtered by prioritization
of potentially causal variants of canonical transcripts
(QUAL >100, DP > 10, AF (EXAC, 1000 G, and GnomAD,
Kaviar, SpanishFreq (CSVS) < 0.01), (CADD-Phred)>15 or
NA). Individuals 2, 4, 6 and 8 underwent WES as part of
the DDD study. Details of variant analysis have been pub-
lished (13). Briefly, files were filtered for coding region
variants with a MAF <=0.01% in the ExAC database, and
which fitted expected inheritance models. Individuals 3 and
5 were screened using a customized panel of 119 ocular
development genes, including FZD5 (NM_003468.3), as
described previously, with all variants assessed by
American College of Medical Genetics and Genomics
(ACMG) criteria (10). Individual 7 was screened using
WGS, with variants annotated for, among others, presence
in developmental eye disorder diagnostic panels (https://
panelapp.genomicsengland.co.uk/panels/509/), RefSeq sta-
tus, coding effect, gnomAD frequency, and ClinVar reports.
Variants were filtered for those with a MAF <1% in
gnomAD, and which were exonic and protein altering.
Variants were validated by Sanger sequencing where appro-
priate. Screening for copy number variants was not routi-
nely performed, but relevant data included where available.

Results

We identified eight individuals with ocular coloboma and FZD5
variants. Reported variants in individuals 1, 2, 3, 5, 7 and 8 are
absent from the gnomAD database, while those in individuals 4
and 6 have a variant allele count of 1 (Table 1, Figures 1-3).
Individuals carried no other potentially diagnostic variants
unless stated. Variant locations are given according to
NM_003468.4/NP_003459.2 and GRCh37/hg19.

Individual 1

A female (Figure 2, Family 1, I1.4) presented with right colobo-
matous dysplastic optic disc, and left microphthalmia, coloboma
of the iris and choroid (affecting the macula and optic nerve),
and normal development. She has corneal diameters of right eye
123mm and left eye 12mm (Figure 3a). She carries
a heterozygous FZD5 frameshift c.147delG;p.(His50Thrfs *70)
variant, inherited from her asymptomatic father (I.1), who was
unavailable for re-examination. Her affected daughter (III.2)
carries the same variant and exhibited microphthalmia and
extensive coloboma of the right eye, and a colobomatous dys-
plastic left optic disc. Individual 1’s monozygotic twin sister
(IL3) carries the variant, but was asymptomatic and had
a normal examination, including fundoscopy and biometry.
The 5-month-old son of the twin sister (nephew of
Individual 1) (IIL.1) had a dysplastic left optic disc, but genetic
data is unavailable.

Individual 2

A male (Figure 2, Family 2, II.1) presented with bilateral
microphthalmia, iris and chorioretinal coloboma, atrial and
ventricular septal defect, absent corpus callosum, cortical dys-
plasia, microcephaly, seizures, sensorineural deafness, and tra-
cheoesophageal and anorectal anomalies (Figure 3b). He
carries a heterozygous FZD5 frameshift ¢.539_540insG;p.
(Glul81Argfs *88) variant, inherited from his mother (I1.2)
who had unilateral colobomatous microphthalmia and phthisis
of the same eye. Individual 2 also carries a de novo likely
pathogenic SLCI2A2 (OMIM *600840) missense variant
(NM_001046, c.980C>T; p.Ala327Val), previously published
(14). Individuals with SLCI2A2 variants have neurodevelop-
mental, hearing and brain anomalies (14-17), but to our
knowledge variants in this gene have not been associated
with coloboma.

Individual 3

A female (Figure 2, Family 3, II.1) presented with isolated
unilateral iris and chorioretinal coloboma. She carries
a heterozygous FZD5 nonsense ¢.541 G>T;p.(Glul81*) variant,
maternally inherited. The mother (I.2) has myopic astigmatism
and was followed for mild childhood strabismus, but has no
ocular coloboma.

Individual 4

A female (Figure 2, Family 4, I1.1) presented with bilateral iris
and retinal coloboma, patent ductus arteriosus, atrial septal
defect, and volvulus. Her MRI scan was normal. She carries
a heterozygous FZD5 missense ¢.577C>T;p.(Argl93Cys) var-
iant, inherited from her asymptomatic father (I.1). Her mother
(1.2) has a history of epilepsy for which sodium valproate was
taken during pregnancy, leading to an initial diagnosis of fetal
valproate syndrome, which has been reported to include ocular
coloboma (18).
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Figure 1. Schematic representation of the location of FZD5 variants reported in individuals with ocular anomalies. Variants from previous studies are in black (9-11),

those from our data are indicated in red.

Individual 5

A female (Figure 2, Family 5, I1.2) presented with bilateral iris
and chorioretinal coloboma, early onset cataract and mild
episodic horizontal nystagmus (Figure 3c). She developed sco-
liosis in adolescence. She is an adult with normal cognitive
skills. She carries a maternally inherited heterozygous FZD5
missense ¢.1150 G>C;p.(Asp384His) variant. On re-evaluation
at 65years-of-age her mother (I.2) was diagnosed with an
asymptomatic left chorioretinal coloboma inferior to the
optic nerve. Individual 5 has three asymptomatic daughters
(II1.1, II1.2, I11.3), none of whom carry the FZD5 variant. She
has an asymptomatic brother (IL.3) who carries the variant, but
has not had fundoscopy performed.

Individual 6

A female (Figure 2, Family 6, II.1) presented with bilateral
iris, choroid and retinal colobomas affecting the disc and
macula, with mild inferiorly displaced lenses thought to be
secondary to lens colobomas (Figure 3d). She is registered
severely visually impaired. She also has hypotonia, and

delayed speech and motor development (walked at 18
months). There is no family history of similar ophthalmic
phenotypes. At age 5years her height and weight were on
the 25™ centile with a head circumference on the 0.4 centile
with plagiocephaly. Microarray analysis did not reveal any
pathogenic variants. She has a heterozygous FZD5 missense
¢.1406T>C;p.(Leud469Pro) variant inherited from her unaf-
fected father (I.1). She also has a de novo pathogenic
DDX3X (OMIM *300160) variant (NM_001193416.3,
c.1171-2A>Q), likely to account for her developmental phe-
notype. Variants in this gene are rarely associated with ocular
colobomas (4/92 individuals) (19).

Individual 7

A 5-month-old female (Figure 2, Family 7, II.1) was referred
with bilateral colobomas diagnosed in the first 2 weeks’ of life.
There was a family history of colobomas in a paternal cousin
(IL5), but her parents and sister did not report any ocular
problems. She had manifest horizontal nystagmus, a small left/
alternating exotropia and a visual acuity of each eye 0.64 cycl/cm
(Teller). She had bilateral iris colobomas and large chorioretinal
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Figure 2. Pedigrees of the eight variants identified in the present study. Probands are indicated by an arrow, unknown genotypes are indicated by “?“.

colobomas involving both discs, with a refraction of —1.50 DS in
both eyes (Figure 3e). Her mother (II.1) had a normal ocular
examination. Her father (II.2) had reduced right visual acuity,
normal on the left (RE 0.16, N8, LE 0.1, N5). He had mild blue
dot lens opacities, more evident on the right than the left, a right
cavernous disc anomaly with a possible pit, and an increased

optic cup with possible cavernous anomaly on the left
(Figure 3f). On subsequent evaluation at 8.5 years of age, the
proband’s development was normal. She had an extra row of
teeth on the upper dentition. Her height was 50" centile, weight
50-75" centile and head circumference 9-25 centile. She carries
a paternally inherited heterozygous FZD5 nonsense c.1495 G>T;
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a Family11.4 b
p.(His50Thrfs*70)

d Family 6 11.1 e
p.(Leud69Pro)

Family 7 111.2
p.(Trp522%*)

Family 2 11.1 c
p.(Glu181Argfs*88)

Family 5 11.2
p.(Asp384His)

f Family 7 11.2 g
p.(Trp522*)

Family 8 11.1
p.(Trp522*)

Figure 3. Phenotypic images for individuals from families 1, 2, 5, 6, 7, and 8. (a) images of Individual 1 (Family 1 I1.4) showing left microphthalmic eye and iris coloboma
(top), and fundoscopy of the right eye (bottom) (b) photograph of Individual 2 (Family 2 I1.1) showing bilateral microphthalmia and iris coloboma. (c) images of both
eyes of Individual 5 (Family 5 11.2) showing bilateral iris colobomas. (d) photograph of Individual 6 (Family 6 I1.1) showing bilateral iris colobomas. (e) images of both eyes
of Individual 7 (Family 7 11.2) showing bilateral iris colobomas. (f) fundoscopy images of the father of Individual 7 (Family 7 11.2) with bilateral cavernous disc anomalies
indicated by an arrow (top—right eye, bottom—Ieft eye). (g) images of both eyes of Individual 8 (Family 8 I1.1) showing bilateral iris colobomas.

p-(Glu499%) variant. The proband carries a previously published
de novo heterozygous 1.3Mb chromosomal deletion including
GJAS8 (arr[hgl9] 1q21.1q21.2 (146497694_147825519)x1 dn).
While single nucleotide variants in GJA8 are associated with
cataract and microphthalmia, the role of heterozygous deletions
remains uncertain (20) and the de novo nature of this deletion
did not explain the paternal eye anomalies and colobomas in the
paternal cousin.

Individual 8

A female (Figure 2, Family 8, II.1) presented with bilateral iris
and optic nerve colobomas, mild facial asymmetry with hyper-
telorism and downslanting palpebral fissures (Figure 3g). She
also had a left upper visual field defect, mild asthma, arthritis
affecting the knees and spine, and required some learning
support at school. She carries a heterozygous FZD5 nonsense
¢.1566 G>A;p.(Trp522*) variant. Microarray testing was nor-
mal. The variant is absent in the mother (I.2). Paternal DNA
was unavailable for testing.

Discussion

We present eight new families with ocular colobomas and
FZD5 variants, including two families with microphthalmia.
This brings the total number of reported independent families

to 19 with ocular coloboma, three with additional microphthal-
mia (9-11).

Seven of our 13 affected individuals have isolated eye phe-
notypes. In two studies linking FZD5 variants to ocular anoma-
lies, there was no description of extraocular features (9,11).
However, Aubert-Mucca et al. reported one of three patients
with syndromic features, including bilateral deafness with
cochlear malformations, and neurocognitive difficulties (10).
While Individual 2 also manifests sensorineural deafness, the
FZD5 variant is inherited from their mother who has isolated
unilateral colobomatous microphthalmia. Furthermore,
Individual 2’s deafness and neurodevelopmental features are
explicable by their additional de novo SLC12A2 missense var-
iant (14). Similarly, while Individual 6 manifests coloboma and
developmental features, the latter is explicable by their de novo
pathogenic DDX3X variant. However, in a recent study 4/92
individuals with DDX3X de novo missense or inframe deletion
variants also had ocular colobomas (19). Given that the FZD5
variant in Individual 6 is classified as of uncertain significance
according to the ACMG guidelines (Table 1) it is possible that
their splicing variant in DDX3X contributes to their eye phe-
notype. Therefore, FZD5 variants appear to be associated with
isolated ocular phenotypes, with extraocular features likely
attributable to additional genetic findings.

Our data also detail the ocular phenotypic spectrum
and penetrance associated with FZD5 variants. In their
original pedigree, Liu et al. reported two unaffected



individuals carrying the variant of interest, postulating
incomplete penetrance (9). Our study supports such
incomplete penetrance and variable expressivity. Variants
in Individuals 4 and 6 are inherited from apparently
asymptomatic fathers. However, the mother of Individual
4 received sodium valproate during pregnancy, which has
been historically linked to ocular coloboma (18). However,
the families described therein are unlikely to have received
a full genetic workup. Therefore the contribution of this
genetic change to Individual 4’s phenotype remains diffi-
cult to ascertain. In contrast, the FZD5 variant present in
Individual 5 was initially thought to be inherited from an
unaffected mother. However, upon re-examination the
mother displayed mild coloboma-spectrum phenotypes.
Interestingly, the variant in Individual 1 is inherited
from a parent reported as unaffected, but who is unavail-
able for re-examination. Her monozygotic twin sister was
unaffected, confirmed on examination. However,
Individual I’s daughter, who also carries the variant has
microphthalmia and coloboma, showing remarkable vari-
able penetrance and expressivity. Furthermore, the variant
in Individual 3 is inherited from her mother who has
myopia, a phenotype which has been associated with
FZD5 variants (11). However, as the myopia in
Individual 3’s mother is mild, as seen in the general
population, no genetic inferences can be made.
Therefore, unaffected carriers appear to represent one
end of a spectrum of ocular disorders of varying severity
caused by FZD5 variants.

In addition to the previous reports of two carriers as unaf-
fected, there are other descriptions of milder forms, including
one carrier with unilateral optic disc/nerve pigmentary
abnormality (9), and three families with inferior chorioretinal
hypoplasia and/or optic disc hypoplasia (11), phenotypes
which represent mild forms of uveal coloboma (11,21,22). At
the other end of the spectrum, we identified microphthalmia in
Individual 1 and her daughter, and Individual 2 and his
mother, being only the second and third reports of this phe-
notype in relation to FZD5 variants in humans (11). However,
there currently appears to be no correlation between the loca-
tion or class of variant within FZD5 and the associated pheno-
type, with lack of penetrance associated with both missense and
frameshift changes (9-11), including in our own findings.
Therefore, FZD5 variants appear to be associated with
a spectrum of ocular coloboma and microphthalmia pheno-
types, meaning that apparently unaffected carriers should be
carefully examined for subtle signs, with genetic counselling
provided to raise awareness of the variable phenotype and
incomplete penetrance, and testing offered.

In conclusion, we present eight new families with FZD5
variants and ocular colobomas. Our data indicate that genetic
alterations in this gene are associated with isolated coloboma
with occasional microphthalmia, additional extra-ocular phe-
notypes being explicable by variants in other genes. Finally, our
study identifies several cases of incomplete penetrance and
variable expression, demonstrating the importance of reasses-
sing asymptomatic carriers for subtle coloboma phenotypes,
including cavernous disc anomalies or optic disc hypoplasia,
mild inferior chorioretinal dysplasia and unilateral signs.
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Therefore, these data aid clinical diagnostic genetic testing
and counselling.
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