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Abstract

Purpose: Ocular coloboma is caused by failure of optic fissure closure during development and 

recognized as part of the microphthalmia, anophthalmia, and coloboma (MAC) spectrum. While 

many genes are known to cause colobomatous microphthalmia, relatively few have been reported 

in coloboma with normal eye size.

Methods: Genetic analysis including trio exome sequencing and Sanger sequencing was 

undertaken in a family with two siblings affected with bilateral coloboma of the iris, retina, and 

choroid.

Results: Pathogenic variants in MAC genes were excluded. Trio analysis identified compound 

heterozygous donor splice site variants in CDON, a cell-surface receptor known to function in the 

Sonic Hedgehog pathway, c.928+1G>A and c.2650+1G>T, in both affected individuals. 

Heterozygous missense and truncating CDON variants are associated with dominant 

holoprosencephaly (HPE) with incomplete penetrance and Cdon−/− mice display variable HPE 

and coloboma. A homozygous nonsense allele of uncertain significance was recently identified in 

a consanguineous patient with coloboma and a second molecular diagnosis.

Conclusions: We report the first compound heterozygous variants in CDON as a cause of 

isolated coloboma. CDON is the first HPE gene identified to cause recessive coloboma. Given the 

phenotypic overlap, further examination of HPE genes in coloboma is indicated.
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INTRODUCTION

Coloboma is a gap in one or more tissues in the eye, typically caused by failure of optic 

fissure closure during development. In many cases, additional ocular anomalies such as 

microphthalmia or anophthalmia (in the contralateral eye) are also present, leading to the 

designation of MAC spectrum. While more than 82 genes have been associated with MAC 

spectrum disorders (1), only a subset have been reported to cause nonsyndromic/mildly 

syndromic coloboma with normal eye size, including heterozygous variants in YAP1, 
MAB21L2, and ABCB6, and recessive variants in SALL2 (2–5) while variants in other 

MAC genes such as SOX2, OTX2, PAX6, and ALDH1A3 have occasionally been reported 

in patients with coloboma with normal eye size (6). Heterozygous variants in RAX, BMP7, 
GDF6, and GDF3 may play a role in isolated coloboma with incomplete penetrance, since 

many alleles are also seen in control populations (1). Most cases with isolated coloboma 

remain unexplained genetically.

CDON (OMIM:608707) is a cell-surface receptor known to function in the Sonic Hedgehog 

(SHH; OMIM:600725) pathway (7, 8). Heterozygous missense and nonsense variants have 

been reported in multiple patients with holoprosencephaly (HPE) and pituitary stalk 

interruption syndrome, with incomplete penetrance noted in many families (9–13). In 

addition to variable strain-specific holoprosencephaly, careful examination of ocular 

structures in Cdon−/− knockout mice revealed multiple ocular anomalies including failure of 

optic fissure closure resulting in coloboma. More recently, homozygous variants in CDON 
and MAPRE2 (OMIM:605789) were identified in a single child of a consanguineous couple 

affected with retinal coloboma, developmental delay, dysmorphic features, pyloric stenosis, 
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and circumferential skin creases; the authors note that while the majority of features were 

consistent with the MAPRE2 variant, the CDON variant may have contributed to the 

coloboma. However, since previously reported cases with MAPRE2 variants displayed 

microphthalmia (14), a role for this gene in coloboma could not be ruled out.

In this study, we present confirmation of the role of CDON in human coloboma through 

identification of the first compound heterozygous donor splice site variants in two siblings 

with ocular coloboma.

METHODS

This human study was approved by the Institutional Review Board of Children’s Wisconsin 

and adhered to the tenets of the Declaration of Helsinki. Written informed consent was 

obtained for every participant.

Ocular images were taken using a fundus camera (Topcon; Tokyo, Japan) or a widefield 

fundus camera (Optos; Dunfermline, Scotland).

Trio exome sequencing was completed on the proband and both parents by Psomagen 

(Rockville, MD) as previously described (15). Data was analyzed with SNP and Variation 

Suite (Golden Helix; Bozeman, MT) using gnomAD tracts for general population frequency 

and dbNSFP for in silico predictions (16, 17). Constraint data was accessed directly from 

gnomAD (https://gnomad.broadinstitute.org, (16)). Predicted effect on splicing was analyzed 

using Human Splicing Finder at https://www.genomnis.com/access-hsf (18), MaxEntScan at 

http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html (19), and/or 

Alternative Splice Site Predictor at http://wangcomputing.com/assp/index.html (20). 

Confirmation of variants in the proband and parents and co-segregation analysis in three 

siblings was completed through Sanger sequencing using the following primer pairs: F- 

GACTATTCTGCCTTTAGTTGTC and R- GCAATAACACATACACCATTCC 

(c.2650+1G>T) and F-CACACAGATATAGGCTAGATTCTTCC and R-

ATGCCCACAGGTTTGCTAAG (c.928+1G>A).

RESULTS

The proband (Patient 1A) is a 17-year-old male with bilateral coloboma and a 47,XYY 

karyotype. Ophthalmologic exam identified bilateral inferior coloboma of the iris, retina, 

and choroid (Figure 1A and B) and severe myopia (−24.50 OD; −21.50 OS). Visual acuity 

was 20/150 OD and 20/100 OS. Physical exam at 15 years of age identified mildly 

dysmorphic facial features with elongated face, malar flattening, long columella, narrow 

nasal bridge, upslanting palpebral fissures, overfolded/pinched outer helix and possible 

velopharyngeal insufficiency along with shortened arms and brachydactyly. He has normal 

growth with weight of 61.2 kg (50–75%ile) and height of 162.5 cm (10th centile). Lumbar 

vertebral hypoplasia resulting in kyphosis was treated with a brace. He has a history of 

conductive hearing loss due to eustachian tube dysfunction, hypotonia, and developmental 

delay as a child but current cognitive abilities appear to be in the low normal range. Brain 

MRI was performed at 7 months of age with normal results.
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Both parents are from Mexico and there is no consanguinity. Patient 1A has six siblings 

(Figure 2A); only his oldest sister (19 years old; Patient 1B) has similar ocular findings of 

bilateral inferior coloboma of the iris (Figure 1C), retina, and choroid (Figure 1D) and high 

myopia (−9.25 OS). Visual acuity was no perception of light OD due to a chronic retinal 

detachment and 20/150 OS. At 6 years of age she was discovered to have a rhegmatogenous 

retinal detachment in her right eye which failed multiple attempts at surgical repair. She has 

no other health concerns and received services in school for visual impairment but is 

reported to have normal intelligence.

Analysis of exome data did not identify any causative variants in known MAC genes. Trio 

analysis identified compound heterozygous donor splice site variants in CDON 
(NM_016952.4): c.928+1G>A inherited from the father and c.2650+1G>T inherited from 

the mother (Figure 2B). Neither variant is present in >250,000 alleles in gnomAD and both 

are predicted to abolish splicing at the variant site through alteration of the donor splice site; 

Human Splicing Finder (HSF) predicts a decrease in HSF splicing score from 90.06 to 62.92 

for the first variant and from 99.86 to 72.72 for the second (strong splicing score is >80) and 

a decrease in MaxEnt score from 8.85 to 0.66 and 11 to 2.49 (score >3.5 predicts splicing), 

respectively. Previous studies have shown that in the absence of a strong cryptic donor site in 

the region, exon-skipping is the typical outcome for 5’ canonical splice site variants (21, 22). 

Exon-skipping resulting from the c.928+1G>A variant would result in deletion of 288 

nucleotides, causing an in-frame deletion of 96 amino acids (p.Arg214_Glu310delinsGln) 

with loss of the IG-like C2-type 3 domain and likely disruption of protein conformation. 

Alternatively, the nearest strong cryptic donor splice site is upstream, with splicing predicted 

to occur after nucleotide c.732 (HSF score 59.54 but MaxEnt score of 8.9), and would be 

expected to result in frameshift with early truncation p.(Val245Asnfs*13) likely resulting in 

nonsense-mediated decay. Exon-skipping resulting from the c.2650+1G>T variant would 

lead to deletion of 106 nucleotides with subsequent protein truncation due to frameshift 

(p.Tyr849Valfs*7), again likely subject to nonsense-mediated decay; there were no strong 

cryptic donor sites identified within the region surrounding this variant.

Co-segregation analysis revealed that the affected sister (Patient 1B) is also compound 

heterozygous while the two tested unaffected siblings were not (one is a heterozygous 

carrier the other does not have either variant) (Figure 2A). Heterozygous CDON variants 

have been previously reported in patients with holoprosencephaly and pituitary stalk 

interruption syndrome (Table 1; Figure 2C); recently, a single child of a consanguineous 

couple affected with retinal coloboma, developmental delay, dysmorphic features, pyloric 

stenosis, and circumferential skin creases has been identified to carry homozygous variants 

in CDON and MAPRE2 (Table 1).

DISCUSSION

Holoprosencephaly (HPE), caused by failure of the developing brain to separate into distinct 

hemispheres, is frequently associated with midline craniofacial anomalies and is 

characterized by a continuum in clinical severity (23). Both genetic and environmental 

etiologies have been identified and variable expressivity is common within families with 

genetic diagnosis (23, 24). Many genetic variants are inherited from unaffected parents and 
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up to 1/3 of obligate carriers are clinically unaffected, leading to the hypothesis that HPE is 

multiple-hit disorder, requiring a combination of multiple genetic and/or environmental 

exposures (25, 26). Ophthalmological anomalies including coloboma and microphthalmia 

are frequently present in patients with HPE (27) and heterozygous variants in HPE loci SHH 
and HPE8 have also been reported in individuals with coloboma without HPE (28–30).

CDON is the first HPE gene identified to cause coloboma with a recessive inheritance 

pattern, in contrast to the dominant pattern observed in HPE. In addition to the previously 

reported homozygous nonsense allele of uncertain significance (31), we identified the first 

compound heterozygous splicing variants in CDON. All three recessive coloboma alleles are 

expected to result in loss-of-function: the nonsense variant c.622C>T p.Arg208* is located 

in exon 5 and the donor splice site variants affect the donor splice sites of exons 6 and 14. 

While developmental delay was reported in two of the three patients with recessive alleles, 

both had alternative genetic diagnoses associated with developmental delay (see below). In 

addition, brain MRI in both patients with delay was normal with no features of HPE 

identified. While heterozygous HPE alleles are typically missense variants, three nonsense 

variants in exons 15 and 17 (of 20) have also been reported (9–13). It is interesting to note 

that these three HPE truncation alleles occur later in the gene compared to the recessive loss-

of-function variants associated with coloboma; however, since all three occur >50 

nucleotides from the final intron, they would still be expected to be subject to nonsense-

mediated decay, so the significance of this distribution is unclear. Since many of the reported 

heterozygous HPE alleles (truncating and missense) are inherited from an unaffected or 

mildly affected parent, several variants are too common in the general population to 

represent highly penetrant dominant alleles (Table 1), and data from gnomAD does not 

support loss-of-function intolerance (in haploinsufficiency model) for this gene (pLI=0 and 

o/e=0.97), it is possible that some or all heterozygous HPE variants in CDON represent 

high-risk alleles, similar to other HPE genes, and require a second genetic or environmental 

factor to cause HPE. Two studies looked at other HPE genes in patients with CDON variants 

and identified additional rare variants of uncertain significance in other HPE genes in most 

patients (9, 13). Additionally, a mouse model supports a synergistic effect for genetic and 

environmental factors in HPE. The 129S6/SvEvTac (129S6) background confers both low 

penetrance for HPE microforms with Cdon−/− and resistance to ethanol teratogenesis. In 

129S6 mice homozygous for the Cdontm1Rsk allele (which deletes the first coding exon of 

Cdon, including the start codon (32)), in utero ethanol exposure in combination with the loss 

of Cdon resulted in a synergistic high rate of HPE, with HPE-related phenotypes present in 

75% of embryos (33). While no features of HPE were reported in either family with 

recessive CDON alleles, the possibility that they also represent HPE risk alleles could not be 

ruled out.

Dual genetic diagnoses were present in two out of three patients with recessive CDON 
variants. In the previously published consanguineous family, a homozygous MAPRE2 
variant was also identified, providing a genetic diagnosis for congenital circumferential skin 

creases for the patient. Interestingly, microphthalmia has been reported in previous cases 

with MAPRE2 variants (14), suggesting that variants in both genes may affect the eye in this 

patient. In the current family, the ocular phenotype in the two affected siblings was very 

similar, with high myopia and large iris and chorioretinal colobomas in both eyes. In 
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addition, Patient 1B developed a retinal detachment in one eye at age 6. Patient 1A is also 

affected with non-ocular features that are consistent with his 47,XYY molecular diagnosis, 

in addition to the compound heterozygous CDON alleles; his affected sister (Patient 1B) 

with the same CDON genotype and no additional pathogenic alleles displays only ocular 

findings, suggesting that recessive CDON variants result in isolated ocular anomalies and 

the additional systemic features in Patient 1A result from the second genetic diagnosis 

(47,XYY). Given the rarity of Mendelian disorders, it was initially expected that dual 

diagnosis would be rare; the increased utilization of exome/genome sequencing has 

surprisingly shown that 4–7% of cases are found to have two molecular diagnosis (34, 35). 

Therefore, in cases of apparent phenotypic expansion, it is important to consider the 

possibility of a second genetic condition.

The frequent co-occurrence of HPE and coloboma and overlapping genetic etiology between 

the two conditions suggests that similar pathways are involved in both brain developmental 

and optic fissure closure. Analysis of other HPE genes in patients with non-syndromic 

coloboma may identify additional causative variants in this relatively unexplained condition.
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Figure 1: Ocular images from affected patients.
Fundus photos of the right eye (A) and left eye (B) of Patient 1A showing large inferonasal 

chorioretinal colobomas involving both optic nerves. Anterior segment photo (C) of Patient 

1B (right eye at 6 years old) showing inferior coloboma of the iris and zonules and fundus 

photo (D) (left eye at 14 years old) showing large inferonasal chorioretinal coloboma 

adjacent to the inferior pole of the optic nerve. The right eye had a similar appearance prior 

to the development of a retinal detachment.

Reis et al. Page 9

Clin Genet. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Pedigree and sequencing results.
Pedigree of Patient 1A (A) including genotyping results for tested family members. Filled in 

symbols indicate individuals with coloboma; WT- wild type. Sanger sequencing 

chromatograms (B) showing compound heterozygous variants in both affected siblings and 

WT alleles at same position. Schematic of the CDON gene (top) and protein (bottom) 

structure (C) showing variants identified in this family (red solid arrows), the previously 

reported recessive variant (black solid arrow), and heterozygous HPE alleles (hollow black 

arrows) indicating their position in regard to CDON exons (numbered boxes) and known 

protein domains including signal peptide (hollow square: 1–25), Ig-like C2 (black ovals: 29–

114, 120–20, 225–303, 310–396, 405–516), Fibronectin type-III (dark gray rectangles: 579–

677, 723–821, 826–926), transmembrane (black rectangle: 964–984), and cytoplasmic (light 
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gray rectangle: 985–1287). Accession numbers for CDON gene: NM_016952.4; CDON 

protein: NP_058648.4; domain position according to UniProt Q4KMG0; grey arrowheads 

indicate initiation and stop codons in exons 2 and 20 respectively.
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