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TABLE 2. SEQUENCE VARIATIONS IN CHX10.

Person ID Exon 3 Sequence results
012A homoduplex

013A homoduplex

018A heteroduplex c.471 C>T (p.S157S)
023A homoduplex

0231 homoduplex

025A heteroduplex c.471 C>T (p.S157S)
027A heteroduplex c.471 C>T (p.S157S)
029A heteroduplex c.471 C>T (p.S157S)
030A heteroduplex c.471 C>T (p.S157S)
031A heteroduplex c.471 C>T (p.S157S)
033A homoduplex

034A homoduplex

035A heteroduplex c.471 C>T (p.S157S)
037A homoduplex

038A homoduplex

040A homoduplex

041A homoduplex

042A heteroduplex c.471 C>T (p.S157S)
043A heteroduplex c.471 C>T (p.S157S)
044A homoduplex

045A homoduplex

046A homoduplex

047A homoduplex

048A homoduplex

049A heteroduplex ¢.579 G>A (Q193Q)
050A homoduplex

051A homoduplex

052A homoduplex

053A heteroduplex c.471 C>T (p.S157S)
054A homoduplex

054H heteroduplex c.471 C>T (p.S157S)
055A homoduplex

056A homoduplex

058A homoduplex

059A heteroduplex c.471 C>T (p.S157S)
061A homoduplex

Exon 5

homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
homoduplex
heteroduplex
homoduplex
homoduplex
homoduplex
homoduplex

Sequence results

¢.871 G>A (p.D291N)*

All sequence variations detected in CHX10 were in exons 3 and 5. Homoduplex indicates two identical alleles. Heteroduplex
indicates different alleles. One allele is the wild type sequence and the other one is a sequence variant differing from the wild
type one. The single nucleotide substitution at ¢.471 C>T is a known SNP (rs35435463) and results in a synonymous change
in the protein sequence (p.Serl57Ser). The single nucleotide substitution at ¢.579 G>A is a novel SNP and results in a
synonymous change in the protein sequence (p. GIn193GIn). Another novel sequence variation, ¢.871 G>A, is identified in exon
5 in one affected individual and results in a non-synonymous change in the protein sequence (p. Asp291Asn). This sequence
variation is also identified in healthy controls. G=guanosine, T=thymidine, C=cytidine, A=adenosine, S=Ser=sering,
Q=GIn=glutamine, D=Asp=aspartic Acid, N=Asn=asparagine. The asterisk indicates that the heteroduplex is detected in 4 of

50 healthy control samples.

10% for this study, which is consistent with previous reports
[4,14,19]. A mutational analysis of CHX10 of the same cohort
of anophthalmia/microphthalmia patients identified two
synonymous sequence variants in exon 3 and one non-
synonymous sequence variant in exon 5. The non-
synonymous polymorphism was also present in normal
controls, suggesting it is not causative. Further sequence
analysis of other genes associated with anophthalmia and
microphthalmia such as PAX6 [7,25], BCOR [26], OTX2
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[27], S1X6 [28,29], and CHD?7 [30,31] is ongoing in this study
cohort to determine mutation associations.

Two mutations, a nonsense mutation and a frameshift
mutation, were located in the coding region of SOX2, and both
resulted in truncation of the SOX2 protein. The shortened
protein product may result in loss of function. In animal
studies, homozygous mice for SOX2 null allele are embryonic
lethal [16] and heterozygous mice with one null allele are
normal compared to that of the wild type [32]. Further
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reduction of the level of SOX2 expression by deleting a neural
cell-specific enhancer on a heterozygous background resulted
in reduced viability and neurodegeneration [32]. These
observations suggest that the abnormal phenotype may
become apparent when SOX2 expression falls below a certain
threshold, or loss of function in one allele reduces SOX2
expression below that level. One of the mutations detected in
this study was at the 3" UTR. Although the relationship
between the mutation at the 3’-UTR and anophthalmia/
microphthalmia is indeterminate, one possibility is that the
nucleotide substitution at c¢.*557G>A affects SOX2
expression. This is supported by the observation that the
3'UTR of SOX2 contains regulatory elements that enhance its
transcriptional activity in embryonic stem cells [33].

Of interest is the transmission of a SOX2 mutation from
an unaffected mother to her two daughters in the example of
sibling patients 54A and 54H. Gonosomal mosaicism,
evidenced by the presence of a mutation in buccal cells but
not in white cell-derived DNA, has been reported for SOX2 in
an unaffected parent [34]. We were able to identify this
mutation in genomic DNA derived from white blood cells in
the unaffected mother. This suggests that this mother may not
be mosaic in this circumstance. We propose that the
anophthalmia phenotype appears to be non-penetrant. Non-
penetrant mutations have been reported previously in sonic
hedgehog (SHH) [34] and in fibroblast growth factor receptor
1 (FGFR) [35]. This example underscores the importance of
testing seemingly unaffected parents once a mutation is
discovered in their offspring regardless of their phenotype and
points out that some individuals with a SOX2 mutation may
be non-penetrant.

Our patients with coding region mutations had SOX2
phenotypes consistent with previous studies [4,10-12]. All
patients with mutations had bilateral anophthalmia and
unilateral severe microphthalmia (40A, 49A, 54H) with the
exception of patient 54A who had unilateral anophthalmia
instead of bilateral anophthalmia. This suggests that SOX2
mutations cause a more severe disruption of normal eye
development and that microphthalmia/anophthalmia are of a
spectrum of the same disease. The patients with coding
sequence mutations (40A, 54A, and 54H) had significant
brain abnormalities. Patient 40A showed dilated ventricles
and microcephaly. Patient 54A was diagnosed with a right
middle fossa arachnoid cyst and partial absence of posterior
aspect of corpus callosum including the splenium. Patient
54H, the sibling of patient 54A, had partial agenesis of the
corpus callosum. Brain structure changes are also consistent
with other studies and are supported by murine models of
SOX2 deficiency with neurodegeneration and impaired brain
neurogenesis [32]. Hormonal deficiencies and growth
retardation are also important phenotypic associations with
SOX2 coding sequence changes (patients 40A, 54A, and 54H).
Ragge et al. [10] have reported a case of anophthalmia/
microphthalmia caused by a frameshift mutation in SOX2
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(case 9, c.628delA, p.Met210fs211X). The genetic location of
that mutation is similar to the proband 54A and her sibling
54H (c.549delC, p.Prol84ArgfsX19) in this study. The
neurological phenotypes in this study, including brain
malformations and seizure activity, were also present in their
case [10]. Patient 49A with a 3’-UTR mutation had a cardiac
ventricular-septal defect with dental anomalies. Different
forms of craniofacial and dental defects were also noted in
some patients with coding region mutations of SOX2 gene.
Patient 54A (Appendix 1) had facial asymmetry and small,
widely spaced teeth. One of the patients (case #1) reported by
Ragge et al. [10] also showed craniofacial dysmorphisms and
widely spaced teeth. The SOX2 UTR mutations appear to be
associated with severe eye development but are perhaps less
likely to manifest with neurological manifestations.

In conclusion, this study confirms that heterozygous loss
of function mutations in SOX2 cause anophthalmia and
microphthalmia and represent approximately 10% of patients
ascertained for anophthalmia and microphthalmia but may
also be non-penetrant. Mutations in CHX10 are less frequently
found. Genetic screening of other candidate genes and the
identification of genetic factors influencing SOX2 expression
may help to determine the susceptibility of various disease
alleles in the occurrence of this severe form of eye
malformation and also help to identify factors that may
influence SOX2 expression. Further characterization of
genetic interactions among causative genes may also help to
further our understanding of the formation of the eye.
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Appendix 1. Patient demographics and mutations and sequence variants in
SOX2 and CHXI0 genes.

To access the data, click or select the words “Appendix ~ uncompressed with an appropriate program (the particular
1”. This will initiate the download of a compressed (.zip)  program will depend on your operating system).
archive that contains the file. This file should be
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