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Anophthalmia (no eye), microphthalmia (small eye) and associated ocular developmental anomalies
cause significant visual handicap. In most cases the underlying genetic cause is unknown, but mutations in
some genes, such as SOX2, cause ocular developmental defects, particularly anophthalmia, in a subset of
patients. Here, we describe a four-generation family with a p.Asp123Gly mutation in the highly conserved
partner-factor interaction region of the SOX2 protein, which is important for cell-specific actions of SOX2.
The proband in this family has bilateral anophthalmia and several other family members have milder
ocular phenotypes, including typical optic fissure coloboma. Expression studies indicate that Sox2 is
expressed in the eye at the site of closure of the optic fissure during development. The SOX2 mutation
in this family implicates the partner-factor interaction region of SOX2 in contributing to the specificity
of SOX2 action in optic fissure closure. Our findings indicate that investigation of SOX2 in a broad range
of eye anomaly patients aids in the determination of particular functions of SOX2 in development.
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Introduction
Anophthalmia and severe microphthalmia with associated

developmental ocular conditions including sclerocornea,

cataract and ocular coloboma, are conditions with

significant morbidity. The underlying disease genes and

variability of expression of associated ocular features are

poorly understood. Heterozygous SOX2 mutations are

present in approximately 10% of patients with anophthalmia

and severe microphthalmia.1 Mutations in other genes

have been identified in anophthalmia/microphthalmia

patients including, RAX, PAX6 and OTX2,2 –4 but these

are less frequently found. CHX10 mutations have also been

identified, and these are particularly seen in one ethnic

group.5 STRA6 mutation patients have syndromic asso-

ciations including diaphragmatic defects.6 For a patient

who may have an ocular condition such as anophthalmia,

microphthalmia, coloboma, sclerocornea or cataract,

siblings and children may also be affected. For those
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with a less severe ocular anomaly, there is also

the possibility of a more severe ocular phenotype if

recurrence occurs.7

The most commonly described ocular phenotype asso-

ciated with SOX2 mutations is that of a severe bilateral eye

defect such as anophthalmia or severe microphthalmia. If

there is an eye present, associated ocular features may

include sclerocornea and retinal detachment. Colobomata

are infrequently reported and when present are usually

described as atypical or optic nerve colobomata rather than

typical optic fissure closure defects.8,9 Associated extra-

ocular features include intrauterine growth retardation,

poor growth postnatally with pituitary insufficiency,

developmental delay, seizures, sensorineural hearing loss

and male genital abnormalities. SOX2 mutations have also

been identified in some patients with anophthalmia-

oesophageal genital syndrome.10,11 SOX2 mutations most

commonly code for stop codons or cause frameshifts,

which are predicted to lead to haploinsufficiency and loss

of function of the protein.1,9 Missense mutations are rare8

and none have so far been reported in the partner-factor-

binding region, which gives cell-specificity to the actions

of SOX2.12 Most SOX2 mutations arise de novo with

recurrence usually attributed to gonosomal mosaicism in

a parent,10,13 although non-penetrance has also been

reported.14

Materials and methods
Mutation detection

Genomic DNA extracted from whole blood was used for

PCR amplification. In patient II.9 (Figure 1a), the coding

exon and adjacent flanking regions of SOX2 (GenBank

accession number NM_003106) were amplified by PCR

using two overlapping primer sets (primer sequences and

PCR conditions available on request). Amplified products

were purified using Exonuclease I (Epicentre, Madison, WI,

USA) and rapid alkaline phosphatase (Roche, Mannheim,

Germany) and sequenced bi-directionally using standard

techniques (Big Dye TM terminator, Applied Biosystems,

Foster City, CA, USA). A novel mutation was identified and

segregation of the mutation was investigated by direct

sequencing of genomic DNA from other family members.

The more severely affected members in the family were also

investigated for variation in other genes associated with

anophthalmia and microphthalmia, using PCR amplifica-

tion and direct sequencing of the coding exons and

flanking intronic sequences of OTX2 (NM_021728),

CHX10 (NM_182894), RAX (NM_013435) and PAX6

(NM_001604). Nucleotide and codon numbering refers to

the coding DNA sequence starting at the translation

initiation site, with þ1 as the A of the ATG start codon.

Written informed consent was obtained from patients, in

accordance with ethics approval from the Children’s

Hospital at Westmead Ethics Committee.

Animal tissues and section in situ hybridization

Mouse embryos at embryonic days 10.5 (E10.5) and E11.5

were fixed in 4% paraformaldehyde overnight, placed in

20% sucrose solution and embedded in OCT compound

(Tissue Tek, ProSciTech, Kirwan, Australia), frozen on dry

ice and stored at �801C until required. Cryostat sections

were cut at 12-mm thickness in a parasagittal plane. Using

AmpliScribe Transcription Kits (Astral Scientific, Sydney,

Australia) and digoxigenin-11-UTP (Roche), Sox2 sense and

antisense riboprobes were synthesized from the plasmid

kindly provided by Dr Lovell-Badge, MRC, UK. The in situ

hybridization was conducted as described earlier for

digoxygenin-labeled riboprobes on cryosections.15 Tran-

scripts were detected using an anti-digoxygenin alkaline

phosphatase-linked antibody (Roche) and visualized using

BM purple (Roche).

Results
Clinical findings

In this family (Figure 1, Table 1), the proband, IV.2, was

identified at 18 weeks gestation to have bilateral anoph-

thalmia on fetal anomaly scan. No other anomalies were

detected on the fetal scan and the karyotype was normal,

46,XY. The pregnancy was continued. Soon after birth,

clinical anophthalmia was diagnosed and a CT scan

revealed bilateral severely hypoplastic optic globes with

only small residual structures, bilateral small optic nerves

and chiasm, and normal pituitary tissue. There were no

other intracranial abnormalities. No other abnormalities

were found on clinical examination and the genitalia were

normal. At the age of 2 years his developmental milestones

were normal taking into account the visual impairment.

His growth was also normal. The proband’s mother

(patient III.1) had bilateral iris and chorioretinal colobo-

mata (Figure 1b), and her visual acuity was normal. There

was a maternal family history of ocular abnormality with

the proband’s half great aunt (Patient II.5) and half great

uncle (Patient II.9) both having microphthalmia with the

right eye severely affected in both cases and a subtle iris

pupillary defect in the left eye of patient II.9 (Figure 1b).

Ophthalmic examination revealed ocular anomalies in

other family members that were not known earlier. The

proband’s maternal grandmother (patient II.1) had thin-

ning of the iris stroma inferiorly in the left eye (Figure 1b),

whereas his maternal aunt (patient III.3) had a small reti-

nal tuft inferiorly in the left eye (Figure 1b). His maternal

great-grandmother (patient I.2) had microphthalmia and

posterior embryotoxon bilaterally (Figure 1b) and a maternal

half great aunt (patient II.4) had microcornea. Some

individuals had hypermetropia (patients I.2, II.1, III.3 and

IV.1) and some astigmatism (patients I.2 and III.3). Affected

individuals in the pedigree were otherwise well. Other

available individuals had normal ophthalmic examina-

tions (patients II.2, II.3, III.2, III.4, III.5 and III.6).
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SOX2 mutation in this four-generation family

We identified a novel mutation in the SOX2 gene in II.9

in this four-generation family. Analysis of genomic DNA

revealed an A to G transition at nucleotide position 368 of

SOX2 (c.368A4G) (Figure 2a). This mutation substitutes a

highly conserved aspartic acid with glycine at amino acid

position 123 (p.Asp123Gly) in the partner-factor inter-

action region immediately C-terminal to the HMG domain
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Figure 1 Pedigree and clinical features of family. (a) In this four-generation pedigree, individuals with the SOX2 mutation, p.Asp123Gly, are
identified by an asterisk, and those without are identified by a minus sign. (b) Left eye of patient I.2 shows prominent posterior embryotoxon. Left eye
of patient II.1 shows inferior iris stromal thinning. Left eye of patient II.5 shows optic nerve hypoplasia. Left eye of patient II.9 shows a subtle inferior
pupillary defect. Patient III.1 has bilateral chorioretinal and iris colobomata. Patient III.3 has a small retinal tuft inferiorly in the left eye. Patient IV.2 had
bilateral clinical anophthalmia and in the image there are bilateral prostheses in place.

SOX2 multigeneration eye anomaly family
M Mihelec et al

1419

European Journal of Human Genetics



of SOX2 (Figure 2b).12 Sequencing in other family

members revealed co-segregation of the mutation in

individuals with ocular disease (Supplementary Figure 3,

Table 1, Figure 1). The p.Asp123Gly mutation is not a

known common variation (db SNP Build 129, http://

genome.ucsc.edu/) and was not present in 254 control

human chromosomes from Australians of UK descent. We

examined the coding sequence and adjacent intronic

regions of PAX6, CHX10, RAX and OTX2 for variations in

patients II.5, II.9, III.1 and IV.2, and no pathogenic

variations were identified.

Asp123 of the SOX2 protein is part of the B homology

group region of the C-terminal domain of the B group SOX

proteins. This B group homology region is critical for

partner-factor binding. This aspartic acid residue is con-

served in all known B group SOX proteins (Figure 2c).

Replacement of this hydrophilic acidic residue with a

hydrophobic glycine residue is expected to lead to

abnormality in partner-factor binding.

Sox2 expression during optic fissure closure

Sox2 is expressed in the neuroectoderm of the head and the

developing optic vesicle at E8 to E9.5 in the mouse.16 It is

upregulated in the presumptive lens ectoderm at E9.5 and

continues to be expressed in the lens and neural retina

in early eye development.17 At E10.5 and E11.5, Sox2

expression is present at the optic fissure margins during

optic fissure closure as shown in parasagittal sections

(Figure 2d).

Discussion
We report a SOX2 mutation segregating in a multigen-

erational family. Family members have marked ocular

phenotypic variability with features including bilateral

clinical anophthalmia, bilateral optic fissure colobomata,

unilateral inferior iris hypoplasia, microcornea and hyper-

metropia. The mutation results in the substitution of a

conserved residue of the partner-factor-binding region

of SOX2 and is absent from 254 control chromosomes.

The findings in this family emphasize the importance

of examination for SOX2 mutation in individuals with

ocular defects such as optic fissure colobomata even in

the absence of severe microphthalmia or anophthalmia.

The majority of SOX2 mutations have been identified

in individuals with anophthalmia or severe microphthalmia.

Most of the mutations cause premature termination

codons because of nonsense or frameshift mutations, and

whole gene deletions are also described.8 One frameshift

mutation causing continued translation beyond the normal

stop codon, and three missense mutations in the HMG

domain have also been reported and all are associated

with anophthalmia or severe microphthalmia.9,11,13 In this

family, one patient has bilateral typical optic fissure closure

defects (Figure 1, III.1) and two patients have iris anomalies

indicating a minor form of optic fissure closure abnor-

mality (Figure 1, II.1 and II.9). Typical optic fissure closure

defects are not usually associated with SOX2 mutations. In

the patient groups reported, there are only a few cases in

which colobomata have been described and in most of

these they are not reported to be typical optic fissure

Table 1 Ocular phenotypes in p.Asp123Gly SOX2 family members

Patients Eye morphology Anterior Segment Fundus Visual acuity and refraction

I.2 Bilateral microphthalmia Posterior embryotoxon,
shallow anterior chambers

6/12 6/9

R hypermetropia and astigmatism
L mild myopia

II.1 L iris stromal thinning 6/6 6/6
+2.25 +2.25
Hypermetropia

II.4 Bilateral microcornea 6/5 6/6
II.5 R severe microphthalmia,

eye enucleated
L microphthalmia

L optic nerve hypoplasia NA 6/6

II.9 R severe microphthalmia,
eye enucleated

L microcornea and
inferior pupil defect

L tilted optic disc NA 6/9

III.1 Bilateral iris colobomata Bilateral chorioretinal
colobomata

6/7.5 6/9

III.3 L inferior retinal tuft 6/9 6/6
+0.75 +1.25
and bilateral astigmatism,
hypermetropia

IV.1 6/9 6/9
+2.25 +2.25
Hypermetropia

IV.2 Bilateral anophthalmia NA

NA, not applicable because of eye enucleation or severe microphthalmia.
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closure defect colobomata.8,9,18 More usual associated

ocular features when present are cataract and the more

severe ocular anomaly of sclerocornea.1,8,9 It is possible

that severe abnormalities, such as anophthalmia, severe

microphthalmia or marked abnormality of the early lens

and anterior segment, are caused by loss-of-function

mutations such as truncating, frameshift and HMG

domain mutations that primarily affect SOX2 function

in very early eye development. One report of a typical

optic fissure closure defect and mild microphthalmia has

been associated with a missense mutation in the trans-

activation domain of SOX2.19

The mutation described in the present family causes an

amino acid change in a conserved region important in

contributing to the tissue-specificity of SOX2 function

(Figure 2b). SOX transcription factors exert tissue-specific

effects in concert with tissue-specific partner factors.

Partnership of SOX2 with Oct3 regulates expression of

UTF1, an ES cell-specific coactivator, and partner-factor

interaction contributes to SOX9 specificity in cartilage and

genital ridge tissues.20,21 In the lens, SOX2 interacts with

the lens-specific factor dEF3, both of which bind to the

DC5 enhancer and direct d-crystallin lens-specific gene

expression.20 The interaction between SOX2 and dEF3 is

dependent on the conserved B group homology region

immediately C-terminal to the HMG domain. The SOX2

mutation identified in this family, c.368A4G, p.Asp123Gly,

leads to an amino acid change from a hydrophilic aspartic

acidic residue to a hydrophobic glycine residue in this

highly conserved B group partner-factor interaction region

(Figure 2c). This may disrupt the binding of a SOX2 partner-

factor, which is important in closure of the optic fissure.

The majority of earlier reported SOX2 mutations are

de novo mutations.1,8,9 In view of this, it has been thought

SOX2
      YKYRPRRKTKTLMKKDKYTLP        human
      YKYRPRRKTKTLMKKDKYTLP        mouse
      YKYRPRRKTKTLMKKDKYTLP        chicken
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      YKYRPRRKTKTLMKKDKYTLP        zebrafish
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      YKYRPRRKTKTLlKKDKYsLa        xenopus
      YKYRPRRKTKTLlKKDKYsLa        zebrafish
                                    SOX3 
      YKYRPRRKTKTLlKKDKYsLP        human
      YKYRPRRKTKTLlKKDKYsLP        mouse
      YKYRPRRKTKTLlKKDKYsLP        chicken 
      YKYRPRRKTKTLlKKDKYsLP        xenopus
      YKYRPRRKTKTLlKKDKYsLP        zebrafish
                                    SOX14
      YKYRPRRK-KnLlKKDrY-fP        human
      YKYRPRRK-KnLlKKDrY-fP        chicken
      YKYRPRRK-KnLlKKDrY-fP        xenopus
                                    SOX21 
      YKYRPRRK-KTLlKKDK--fP        human
      YKYRPRRK-KTLlKKDK--fP        mouse
      YKYRPRRK-KTLMKKDK--fP        zebrafish 
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Figure 2 Schematic representation of B group SOX proteins and Sox2 expression. (a) (i) Direct sequencing of PCR product from affected
patient II.9 in the family. Heterozygous mutation, an A to G transition at nucleotide 368 (NM_003106), which results in an aspartic acid to glycine
substitution at amino acid 123 of the protein product. (ii) Control sequence. (b) Functional B group SOX domains including N-terminal domain,
HMG DNA-binding and bending domain, group B homology partner-factor interaction region and C-terminal activation or repression domain.11

(c) Sequence conservation of the partner-factor interaction domain amongst the B group SOX proteins (SOX2, SOX1, SOX3, SOX14 and SOX21)
and across species. The D123 position (indicated by an asterisk) is conserved in all known B group SOX proteins. Identical residues are shown in upper
case, residues in the same polarity group in lower case letters and differences are dashed. (d) Parasagittal sections of embryonic mouse eyes examined
for Sox2 expression. Signal is present in the neural retina, including the optic fissure margins, (i) just before closure of the optic fissure (arrow) at
embryonic day 10.5 (E10.5) and (ii) during closure at E11.5.
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that SOX2 mutations may lead to reduced genetic fitness.8

The family we report is multigenerational and there have

been no fertility problems. In addition, a number of extra-

ocular features have earlier been described in association

with SOX2 mutations, including poor growth, develop-

mental delay, seizures, sensorineural hearing loss, esophageal

abnormalities and male genital abnormalities. None of these

are present in our family. Combinations of ocular and extra-

ocular featuresmay be dependent on the presence of a whole

protein loss-of-function mutation. Mutations affecting the

partner-factor interaction region as in the present family

may lead to more specific ocular effects, and such mutations

are more likely to contribute to multigenerational pedigrees.

SOX2 mutations are known to be associated with vari-

ability in the extraocular phenotype8 and non-penetrance

is reported in one case.14 In view of the variable ocular

phenotype in the present family, we considered the

possibility that mutation in another gene/s, which may

affect ocular development may be contributing to the

ocular phenotype in the more severely affected individuals

in this pedigree. Our investigation for mutations in OTX2,

PAX6, RAX and CHX10 in the more severely affected

individuals in this pedigree did not reveal any contri-

butory pathogenic mutations. The discordant findings in the

ocular phenotypes of monozygotic twins with a c.70del20

SOX2 mutation22 indicate that environmental or epigenetic

factors may be contributing to the variable penetrance and

expressivity associated with SOX2 mutations.

In conclusion, we report the first multigenerational

family with a SOX2 mutation and the first SOX2 mutation,

which lies in the highly conserved partner-factor inter-

action region of SOX2. Examination of a variety of eye

phenotype patients for SOX2 mutations is useful in

elucidating the role of SOX2 and its interacting partners

in region and cell-specific differentiation of the eye.
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