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Abstract

Purpose—The goal of our study was to determine whether genomic copy number abnormalities 

(deletions and duplications) affecting genes involved in eye development contribute to the 

etiology of anophthalmia, microphthalmia and coloboma.

Methods—The affected individuals were tested for deletions and duplications in genomic DNA 

using 2 million probe (HD2) comparative genomic hybridization arrays (aCGH) from Roche-

NimbleGen.

Results—Array analysis of 32 patients detected one case with a deletion encompassing the 

Renal-coloboma syndrome associated gene PAX2. Non-polymorphic copy number changes were 

also observed at several candidate chromosomal regions, including 6p12.3, 8q23.1q23.2, 13q31.3, 

15q11.2q13.1, 16p13.13 and 20q13.13.

Conclusions—This study identified the first patient with the typical phenotype of the Renal-

coloboma syndrome caused by a submicroscopic deletion of the coding region of the PAX2 gene. 

The finding suggests that PAX2 deletion testing should be performed in addition to gene 

sequencing as a part of molecular evaluation for the Renal-coloboma syndrome. aCGH testing of 

32 affected individual showed that genomic deletions and duplications are not a common cause of 

non-syndromic anophthalmia, microphthalmia and/or coloboma, but undoubtedly contribute to the 

etiology of these eye anomalies. aCGH testing therefore represents an important and valuable 

addition to candidate gene sequencing in research and diagnostics of ocular birth defects.
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INTRODUCTION

Three related ocular birth defects–anophthalmia, microphthalmia and coloboma–are an 

important contributor to childhood visual impairment and blindness, impacting 2 out of 

10,000 newborns annually1–3. More than twenty different genetic loci have been implicated 

in congenital eye malformations, with most associated genes having a role in eye 

development4–6. However, each known gene is responsible for only a small percentage of 

cases, and many additional causative genetic factors still await identification5–6. Mutations 

in the known genes account for merely ~15% of cases of anophthalmia, microphthalmia and 

coloboma7. For the remaining patients, the lack of a specific molecular diagnosis prevents 

prediction of long term outcomes, anticipation of systemic complications and estimation of 

the recurrence risk in their families.

Studies have shown that gene deletions and duplications may comprise up to 15% of 

mutations underlying monogenic disease 8. High resolution whole genome aCGH testing of 

patients with genetic diseases can therefore detect copy number abnormalities in genes 

responsible for their clinical phenotypes. Application of aCGH not only detects 

abnormalities in known disease-causing genes, but also can identify new candidate genes for 

specific disorders8. Multiple examples exist of successful application of aCGH in disease 

gene discovery. These include implication of the TCF2 gene in the etiology of multicystic 

dysplastic kidneys9, identification of PORCN as the causative gene for focal dermal 

hypoplasia (FDH; Goltz syndrome)10 and discovery of loci for congenital diaphragmatic 

hernia 11. aCGH has also contributed to identification of genes associated with congenital 

eye anomalies. For example, CHARGE syndrome is characterized with a specific set of birth 

defects which includes coloboma of the iris, retina, choroid and/or optic disc, with or 

without microphthalmia12. Using aCGH, Vissers et al. implicated the CHD7 gene in the 

etiology of CHARGE syndrome by detecting a de novo microdeletion of the CHD7 locus at 

8q12 in an affected individual 13. The roles of the GDF6 gene at 8q21.2-q22.1, TFAP2A 

gene at 6p24.3 and TMX3 gene at 18q22.1 in causing ocular developmental anomalies have 

also been discovered by testing patients who carried deletions of these genes14–16.

Although causative copy number changes have been reported in isolated cases of ocular 

birth defects, no one has systematically tested large numbers of affected individuals for 

deletions and duplications in genomic DNA. We hypothesized that ocular birth defects 

frequently result from copy number abnormalities involving critical genes. To test this 

hypothesis, we examined a cohort of patients with anophthalmia, microphthalmia and 

coloboma for submicroscopic deletions and duplications using whole genome high 

resolution oligo aCGH.
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MATERIALS AND METHODS

Patients were enrolled through an ongoing, IRB approved research study “Genetics of 

Microphthalmia, Anophthalmia and Coloboma” at the University of Minnesota, Department 

of Pediatrics, Division of Genetics and Metabolism. Written informed consent was obtained 

from all participants and/or their parents, as appropriate. Thirty-two patients with either 

isolated anophthalmia, microphthalmia and coloboma (23 cases) or with anophthalmia, 

microphthalmia and coloboma in association with other congenital anomalies (cases 2, 6, 8, 

9, 26, 28, 30, 31, 32) were selected for testing (Table 1). All patients were evaluated by a 

clinical geneticist or an ophthalmologist and were enrolled in the study if they were lacking 

genetic diagnosis after clinical examination and standard of care testing. Molecular tests 

performed in each patient prior to the study (if known) are listed in Table 1. Array CGH 

analysis was performed using a commercially available HD2 human whole-genome CGH 

array (Roche NimbleGen Systems Inc., Madison, WI), with total of ~2 million probes at a 

median interprobe distance of approximately 1169bp. This array can detect small genomic 

imbalances (deletions and duplications) at the resolution of individual genes (~5–10 kb). 

Specimen labeling, array hybridization, washing and scanning were performed at 

NimbleGen service laboratory in Iceland. Data analysis was performed at the UW 

Cytogenetic Services Laboratory at the University of Wisconsin-Madison, using the 

NimbleScan and SignalMap softwares from Roche NimbleGen and OneClickCGH software 

from Infoquant. Regions with copy number changes detected by aCGH were compared 

against the database of Genomic Variants (http://projects.tcag.ca/variation/), which 

catalogues known benign copy number polymorphisms (CNPs) in the human genome. Only 

imbalances that do not correspond to known polymorphisms were evaluated further. Non-

polymorphic copy number changes were confirmed by separate aCGH experiments, using a 

different aCGH platform (EmArray Cyto6000 array (Agilent Technologies, Santa Clara, 

CA)).

RESULTS

High resolution aCGH analysis of 32 patients with ocular defects revealed a ~240kb deletion 

on chromosome 10 in a patient with clinical features of Renal-coloboma (Papillorenal) 

syndrome 17. The deletion included the entire PAX2 coding region and a portion of the 

FAM178A (C10orf6) gene (Figure 1). This finding provided the molecular confirmation of 

the patient’s clinical diagnosis and showed that, in addition to point mutations, deletions in 

the PAX2 gene contribute to the etiology of the Renal-coloboma syndrome.

A 5.38Mb duplication was detected on the long arm of chromosome 15 (cytogenetic 

location 15q11.2q13.1) in a patient with microphthalmia (R), anophthalmia (L), 

ureteropelvic junction (UPJ) obstruction and hydronephrosis. The following fourteen genes 

were affected by the duplication: ATP10A, C15orf2, GABRA5, GABRB3, GABRG3, 

GOLGA8E, HERC2, MAGEL2, MKRN3, NDN, OCA2, SNRPN, SNURF and UBE3A. 

Deletions of the same region, when inherited maternally, result in the phenotype of Prader-

Willi Syndrome, while paternal deletions of this region lead to the Angelman Syndrome 

phenotype. Duplications of the 15q11.2 region, particularly when inherited on the maternal 

chromosome, are associated with hypotonia, autistic behavior, developmental delay, mental 
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retardation, seizures and mild dysmorphic features18. However, eye anomalies have not 

previously been reported in patients with the 15q11.2q13.1 duplications.

In addition to the deletion of the PAX2 gene at 10q24.31 and duplication of the Prader-Willi/

Angelman Syndrome critical region at 15q11.2q13.1, non-polymorphic copy number 

changes were detected at several candidate regions including 6p12.3, 8q23.1q23.2, 13q31.3, 

16p13.13 and 20q13.13. Based on the potential function of the genes in the regions, 

deletions at 13q31.3 and 8q23.1q23.2 were selected for further follow-up.

The 13q31.3 deletion was detected in a patient with bilateral iris coloboma. The deletion 

was approximately 240kb in size and included only one gene, glypican 5 (GPC5). The 

GPC5 gene was a plausible positional and functional candidate gene for causing congenital 

eye defects in our patient; however the 13q31.3 deletion was not present in the patient’s 

cousin who was also affected with bilateral iris coloboma (parental samples were not 

available).

The 8q23.1q23.2 deletion was observed in a patient with unilateral severe microphthalmia. 

The deletion was 1.5Mb in size and affected the following four known genes: PKHD1L1, 

KCNV1, EBAG9 and GOLSYN. Parental samples were tested by aCGH for the presence of 

the deletion detected in the proband and the unaffected father was found to carry the same 

deletion on chromosome 8.

A summary of all detected non-polymorphic copy number changes, including their genomic 

location, gene content, presence in additional family members and likely clinical 

significance is provided in Table 2.

DISCUSSION

aCGH testing of 32 individuals with ocular birth defects detected one deletion responsible 

for the eye phenotype in the tested individual, one disease associated duplication that was 

unlikely the cause of the patient’s eye anomalies, two deletions affecting strong candidate 

genes for eye anomalies and three changes of completely unknown clinical significance.

The causative deletion was detected in a patient with clinical features of Renal-coloboma 

(Papillorenal) syndrome and it affected the known gene for this disorder, PAX2. The 

deletion also included a portion of the FAM178A(C10orf6) gene, which codes for a 

hypothetical protein of unknown function. The partial deletion of the FAM178A gene most 

likely did not significantly contribute to the patient’s phenotype. The patient was a 9-year-

old boy with typical features of the Renal-coloboma syndrome, including optic nerve 

hypoplasia, secondary strabismus, mild deafness, dysplastic ear helices and renal 

hypoplasia. PAX2 gene sequencing had been performed previously and no point mutations 

had been found. To our knowledge, Renal-coloboma syndrome due to a deletion of the 

PAX2 gene has been reported in only one other patient who had a large interstitial 10q 

deletion encompassing the PAX2 locus detected by high resolution chromosome analysis19. 

We report the first submicroscopic deletion affecting the coding region of the PAX2 gene. 

No other genes likely to contribute to the patient’s phenotype were affected by the 

rearrangement. Identification of this deletion stresses the importance of incorporating 
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deletion/duplication testing together with the PAX2 gene sequencing into molecular 

diagnostics of the Renal-coloboma syndrome.

Our study detected a duplication of the Prader-Willi Syndrome critical region on 

chromosome 15 in a patient with multiple eye and kidney anomalies. Duplications of the 

15q11.2q13.1 region have been well described in the literature; when inherited on the 

maternal chromosome they are associated with hypotonia, autistic behavior, developmental 

delay, mental retardation, seizures and mild dysmorphic features18. Eye anomalies have not 

been reported in patients with 15q11.2q13.1 duplications, although a locus for the autosomal 

dominant colobomatous microphthalmia has been mapped to an overlapping but more distal 

region on chromosome 1520. Therefore, this duplication may not be the cause of the eye 

anomalies in our patient, but its detection helps to explain his other clinical findings, like 

developmental delay and behavioral issues.

Among the detected non-polymorphic copy number changes, two appeared to involve likely 

candidate genes for eye anomalies: the 13q31.3 deletion and the 8q23.1q23.2 deletion. 

Deletion of the 13q31.3 region was initially considered as clinically significant based both 

on the chromosomal position and the function of the affected gene. Coloboma, 

microphthalmia and anophthalmia have previously been reported in association with 

deletions at q31–q33 region of the long arm of chromosome 1321. The deletion detected in 

our patient included the glypican 5 (GPC5) gene, which belongs to a family of 

glycosylphosphatidylinositol (GPI)-anchored, membrane-bound heparan sulfate (HS) 

proteoglycans. Glypicans play a role in modulating the activity of HS-binding growth 

factors22. Their involvement in developmental morphogenesis and growth regulation has 

been shown by Drosophila mutants, as well as human genetic disorders like Simpson-

Golabi-Behmel syndrome23 and autosomal-recessive omodysplasia24. Dally, drosophila 

ortholog of the gene deleted in our patient GPC5, is known to affect cell division patterning 

in developing eye22. The GPC5 gene was therefore considered a plausible candidate gene 

for causing the congenital eye defects in our patient, but testing additional family members 

did not detect the 13q31.3 deletion in the patient’s cousin with the identical ocular defect. 

Since it does not segregate with the eye anomalies, the deletion is unlikely the cause of the 

ocular defects in this family. However, this deletion has not been reported as a benign 

variant (http://projects.tcag.ca/variation/) and has been detected by another laboratory in two 

unrelated individuals with developmental delay and cognitive impairment (personal 

communication). Therefore, the clinical significance of the 13q31.1 deletion requires further 

investigation.

The 8q23.1q23.2 deletion was observed in a patient with unilateral severe microphthalmia 

and small inferonasal coloboma. He also had a dense posteriorly subluxated crystalline lens 

and Persistent Hyperplastic Primary Vitreous (PHPV). His head MRI and development have 

been normal. The deletion affected four known genes, including GOLSYN, which is known 

to play an important role in neuronal development. Since the unaffected father was found to 

carry the same deletion on chromosome 8, it was concluded that the deletion was unlikely 

the cause of the eye anomalies diagnosed in the proband. However, it is possible that the 

detected deletion has incomplete penetrance and that some of the carriers do not express 

abnormal phenotype. Alternatively, cases have been reported where benign copy number 
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variants contribute to abnormal phenotypes by unmasking mutations in non-deleted 

alleles25,26.

The 13q31.1 and 8q23.1q23.2 deletion cases illustrate difficulties in interpreting clinical 

significance of copy number abnormalities detected by high resolution aCGH testing. For 

example, the causative role cannot be assumed solely based on the function of the affected 

genes. Although plausible candidate genes mapped within both deleted regions, the role of 

the 13q31.1 and 8q23.1q23.2 deletion in causing eye anomalies in the probands was not 

supported by testing additional family members. These cases therefore also demonstrate the 

value of having clinical information and DNA samples available from patients’ parents and 

other affected and unaffected members of their families.

Our study showed that aCGH could detect deletions and duplications associated with ocular 

birth defects. However, copy number abnormalities did not appear to be a common cause of 

isolated anophthalmia, microphthalmia and coloboma. Although gene deletions and 

duplications significantly contribute to pathogenesis of genetic disorders, the vast majority 

of disease causing mutations are nucleotide changes in genomic DNA. We propose that a 

combination of aCGH analysis with high throughput sequencing methods that allow 

detection of base changes (point mutations) in a large number of candidate genes for eye 

malformations will be the most successful strategy for identification of new genetic causes 

of anophthalmia, microphthalmia and coloboma.
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Figure 1. 
A) Array CGH profile of the 10q24.31 deletion affecting the PAX2 gene in the patient with 

Renal-coloboma (Papillorenal) syndrome; panel A (top) is showing the close view of the 

deleted segment from the OneClick CGH software. B) A screenshot from the UCSC genome 

browser showing the deleted region at cytogenetic location 10q24.31, from 102,437,000 to 

102,677,000 based on the Human Genome March 2006 (hg18) assembly.
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Table 1

Patients with syndromic and non-syndromic anophthalmia, microphthalmia and coloboma tested by aCGH.

Sample ID Ocular Phenotype Other Phenotypes (if not 
non-syndromic) Previous Genetic Testing

1 bilateral iris coloboma No information

2 bilateral optic pits

hypothalamic, hypogonadism, 
mild cognitive disability, 

hypoplastic mullerian 
derivatives, absent ovary, left 

leg spasticity

karyotype

3 bilateral iris coloboma No information

4 L iris coloboma No information

5 L iris, retinal and optic nerve coloboma No information

6 bilateral colobomatous microphthalmia developmental delay No information

7 R retinal coloboma, L microphthalmia No information

8 L anophthalmia, R microphthalmia UPJ obstruction and 
hydronephrosis No information

9 bilateral colobomatous microphthalmia kidney reflux No information

10 bilateral iris coloboma No information

11 bilateral iris coloboma PAX6, SHH, karyotype

12 bilateral iris coloboma Sibling of 4071

13 bilateral colobomatous microphthalmia, PHPV PAX6, SHH, SIX6, SOX2, 
karyotype

14 bilateral iris coloboma No information

15 bilateral coloboma No information

16 unknown coloboma, grandchildren with aniridia No information

17 unilateral microphthalmia, morning glory No previous testing

18 bilateral iris coloboma No information

19 unilateral severe microphthalmia, inferonasal coloboma 
and cataract No information

20 unilateral right complete coloboma with 
microphthalmia No previous testing

21 bilateral iris, retinal coloboma Agilent 44K array, karyotype

22 coloboma unspecified No information

23 bilateral colobomatous microphthalmia TORCH titres

24 unilateral right iris coloboma No information

25 bilateral chorioretinal coloboma No information

26 bilateral colobomatous microphthalmia renal failure No information

27 coloboma unspecificed No information

28 bilateral retinal/iris coloboma shawl scrotum and glandular 
hypospadias No information

29 coloboma unspecified No information

30 right unilateral microphthalmia multicystic kidney No information

31 morning glory anomaly bilateral renal failure with 
renal hypoplasia No information
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Sample ID Ocular Phenotype Other Phenotypes (if not 
non-syndromic) Previous Genetic Testing

32 optic nerve hypoplasia, abnormal ears, renal 
hypoplasia No previous testing
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