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Anophthalmia and microphthalmia (AM) are the most severe
malformations of the eye, corresponding respectively to reduced size or
absent ocular globe. Wide genetic heterogeneity has been reported and
different genes have been demonstrated to be causative of syndromic and
non-syndromic forms of AM. We screened seven AM genes [GDF6
(growth differentiation factor 6), FOXE3 (forkhead box E3), OTX2
(orthodenticle protein homolog 2), PAX6 (paired box 6), RAX (retina and
anterior neural fold homeobox), SOX2 (SRY sex determining region
Y-box 2), and VSX2 (visual system homeobox 2 gene)] in a cohort of 150
patients with isolated or syndromic AM. The causative genetic defect was
identified in 21% of the patients (32/150). Point mutations were identified
by direct sequencing of these genes in 25 patients (13 in SOX2, 4 in RAX,
3in OTX2, 2 in FOXE3, 1 in VSX2, 1 in PAX6, and 1 in GDF6). In
addition eight gene deletions (five SOX2, two OTX2 and one RAX) were
identified using a semi-quantitative multiplex polymerase chain reaction
(PCR) [quantitative multiplex PCR amplification of short fluorescent
fragments (QMPSF)]. The causative genetic defect was identified in 21%
of the patients. This result contributes to our knowledge of the molecular
basis of AM, and will facilitate accurate genetic counselling.
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Anophthalmia and microphthalmia (AM) are severe
ocular developmental defects. Anophthalmia refers to
the complete absence of ocular tissue in the orbit
(true anophthalmia), or the absence of ocular tissue on
clinical examination (clinical anophthalmia). Microph-
thalmia corresponds to a globe with a total axial length
that is at least two standard deviations below the
mean for age (<19 mm in a l-year-old child, <21 mm
in an adult) (1, 2). Colobomatous microphthalmia
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corresponds to microphthalmia associated with failure
of closure of the ectodermal optic vesicle fissure. The
prevalence of AM is estimated as being between 3 and
30 per 100,000 births (1). AM can be associated with
additional malformations in 33—-95% of cases (3).

The aetiology of AM is diverse and includes both
environmental and heritable factors. Genetic causes
are thought to account for the majority of AM and
the empirical recurrence risk in siblings without a
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clear aetiology or family history is estimated to be
10-15% (1). The genetic basis, either monogenic
or chromosomal, is identified in about 25-30% of
patients (3). In order to delineate the frequency and
the phenotypes associated with mutations in AM genes
better, we performed molecular screening of seven
of these genes [GDF6 (growth differentiation factor
6), FOXE3 (forkhead box E3), OTX2 (orthodenticle
protein homolog 2), PAX6 (paired box 6), RAX (retina
and anterior neural fold homeobox), SOX2 (SRY sex
determining region Y-box 2), and VSX2 (visual system
homeobox 2 gene)] in a cohort of 150 AM patients.

Patients and methods
Patients

One hundred and fifty samples from patients diagnosed
with unilateral or bilateral AM were sent to our labo-
ratory for molecular screening. The study respected the
principles expressed in the Declaration of Helsinki. We
retrospectively reviewed the clinical records and molec-
ular results. The age of the index patients ranged from
foetuses to 52-year-old adults. Among these, 41 dis-
played clinical anophthalmia, 53 microphthalmia, and
56 colobomatous microphthalmia. Ocular involvement
was unilateral in 41 patients and bilateral in 109. It was
isolated in 86 patients, and associated with other mal-
formations in 64 patients. Most cases (122/150) were
sporadic. The family history indicated dominant inher-
itance (one affected parent) in 13 families, recessive
inheritance (one affected sibling) in 12, and was unclear
in 3 families (affected cousin). 14 patients were born
to consanguineous parents. Clinical data of the patients
carrying mutations are described in the Appendix S1
and summarized in Table 1. Some examples of the eye
phenotypes are shown in Fig. 1.

Mutation screening

DNA was extracted from blood, frozen tissue or
paraffin-embedded tissue (foetuses). The number of AM
genes molecularly screened in our laboratory increased
progressively as new genes were identified and seven
genes (GDF6, FOXE3, OTX2, PAX6, RAX, SOX2, and
VSX2) were studied by direct sequencing. In four of
these genes (OTX2, RAX, SOX2, and VSX2), quantita-
tive multiplex polymerase chain reaction (PCR) ampli-
fication of short fluorescent fragments (QMPSF) was
performed in order to detect deletions or duplica-
tions. The size of identified deletions was evaluated by
180K array-comparative genomic hybridization (CGH)
in deletion carrying patients. Other AM genes which
have been identified more recently were not covered in
the gene tests performed in this cohort. Detailed meth-
ods are given in the Appendix S1.

Results and discussion

The causative molecular defect was identified in 32 of
150 (21%) patients. Mutations were identified in the
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seven genes tested: SOX2 (n = 18), OTX2 (n =35), RAX
(n=4), FOXE3 (n=2), VSX2 (n=1), PAX6 (n=1),
and GDF6 (n=1). The mutation detection rate was
higher in anophthalmic patients (22/41, 54%). A family
history of AM only moderately increases the mutation
detection rate, to 32% (9/28), when compared with
sporadic cases (23/122, 19%). In addition, mutations
were more frequently found in bilateral forms (28/109,
26%) than in unilateral (4/41, 10%). The presence of
extra-ocular features slightly increases the mutation
detection rate (16/64, 25%) compared with isolated
ocular involvement (16/86, 18%)

Results from this series are described below and
summarized in Table 1.

SOX2

Heterozygous SOX2 [SRY (sex determining region Y)-
box 2] mutations were identified in 18 of 150 AM
patients. Sequencing identified eight small intragenic
deletions/duplications, two nonsense and three missense
mutations all involving conserved amino-acids located
within the DNA binding domain and predicted to be
probably damaging by in silico analyses. In addition,
QMPSF analysis allowed the identification of five
whole gene deletions (Fig. 2a), thus corresponding to
5 out of 18 (28%) of the SOX2 mutations. Array-
CGH of four showed that deletion sizes were highly
variable between patients, ranging from 0.08 to 4.3 Mb
(Fig. 2b, Table S2). In 12 of 13 cases where parents
were analysed the mutation appeared de novo, while in
the remaining case, somatic mosaicism was identified
in the mother.

To date, including the 10 novel mutations reported
herein, 58 different mutations have been described. Cur-
rently SOX2, which is mutated in about 10—15% of
AM patients, represents the most frequently involved
AM gene. Within this series, SOX2 mutations were
identified in 18 out of 150 (12%) of patients. The
SOX2 anophthalmia syndrome was originally described
with ocular malformations (most often bilateral and
severe) associated with developmental delay, seizures,
mesial temporal brain malformations, growth failure,
subtle facial dysmorphism and male genital tract abnor-
malities (4). SOX2 mutations were also identified
in the anophthalmia—esophageal—genital (AEG) syn-
drome (5), and various additional features were sec-
ondarily reported. The ocular phenotype has been
extended to less severe malformations, and even to the
absence of macroscopic or microscopic eye malforma-
tions (6). In this study, ocular involvement was often
bilateral (17/18) and frequently severe with at least
one absent eye (15/18). The main extra-ocular features
were developmental delay, brain anomalies (mainly
affecting the corpus callosum and cerebellum), hypog-
onadism, and short stature. Oesophageal abnormalities
were present in three patients and cleft lip/palate in two.

SOX2 anophthalmia is inherited in an autosomal
dominant manner, with most cases resulting from
a de novo mutation. However, germline mosaicism
leading to recurrence in siblings has been described in
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Fig. 1. Ocular involvement in patients carrying mutations. Examples of ocular involvement in patients with SOX2 mutations ((a—e) corresponding
to P1, P3, P11, P13, and P18, respectively); OTX2 mutations ((f, g) corresponding to P23 and P23’s aunt, respectively); RAX mutations ((h, i)
corresponding to P24 and P27, respectively); and FOXE3 mutations ((j) P29). Note unilateral (G) or bilateral anophthalmia-microphthalmia (a-f,

h-j) associated with sclerocornea in P29 (j).

three families. There is no clear genotype/phenotype
correlation.

oTx2

OTX2 mutations were identified in 5 of 150 (3%) AM
patients including two patients with an OTX2 gene
deletion (Table S2). The OTX2 mutation was inherited
from a symptomatic parent in three families, and in two
cases, no family history was mentioned but parents’
samples were unavailable for analysis.

A total of 31 OTX2 different mutations (14
frameshift, 9 nonsense, 7 missense, and whole gene
deletion) have been reported. OTX2 mutations are asso-
ciated with a broad spectrum of ocular phenotypes,
intellectual deficiency, seizures, brain malformations,
pituitary abnormalities, and short stature (7). More
recently, we described involvement of OTX2 muta-
tions in otocephaly-agnathia (8). In this study, clin-
ical presentation was variable, even within families,
ranging from bilateral anophthalmia to unilateral mild

microphthalmia. Otocephalic cases were reported in two
families.

OTX2 anophthalmia is inherited in an autoso-
mal dominant manner with variable expressivity and
incomplete penetrance. Germline mosaicism has been
described in two families.

RAX

Homozygous or compound heterozygous RAX muta-
tions were identified in 4 of 150 (3%) patients, bringing
the number of described RAX mutations to 10. Includ-
ing the four patients in this report, only seven patients
with RAX mutations have been described. The ocu-
lar phenotype associated with recessive RAX mutations
is often bilateral and severe. Neurological involvement
(intellectual deficiency, autistic features) was observed
in three out of seven described patients. Apart from
cerebral involvement, no other extra-ocular malforma-
tion was associated with RAX mutations. RAX anoph-
thalmia is inherited in an autosomal recessive manner.
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Fig. 2. Identification of SOX2 deletion by quantitative multiplex PCR amplification of short fluorescent fragments (QMPSF) and characterization
of the deletion sizes by array-comparative genomic hybridization (CGH). (a) Example of SOX2 deletion revealed by QMPSF. Amplification profile
of one patient sharing the deletions (in blue), and of a normal control (in red) are superimposed. Fluorescent profiles are normalized using the
control amplicons RYR3 and HFEG3 . Intensity of each peak is indicated by an arrow, blue for the patient bearing the deletion, red for the control.
The twofold reduction in the intensity of SOX2 peaks is to the result of the heterozygous deletion (b) Gene view of the region 3q26.33-3q27.1
(Chromosome 3: 180,556,405—-185,680,405 — hg18— view of 5.12 Mb) produced by the Agilent CGH ANALYTICS software and showing the aberrant
deletions, which are highlighted in colour. The SOX2 gene is surrounding in red. The dots correspond to the array targets, arranged on the y-axis
according to their genomic position and on the x-axis according to their log2 intensity ratio value.

FOXE3

FOXE3 mutations were identified in 2 of 150 AM
patients. Both were born to consanguineous par-
ents One patient had a recurrent homozygous non-
sense mutation (c.720C>A [p.C240%]), while the
other had a novel homozygous frameshifting mutation
¢.685_686insTCCGGAGC. FOXE3 mutations have
previously been associated with autosomal dominant
anterior segment anomalies (9), autosomal recessive
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primary aphakia (10), and autosomal recessive microph-
thalmia (11). A total of 13 different FOXE3 muta-
tions have been described, 8 leading to a recessively
inherited phenotype and 5 associated with dominant
inheritance. Interestingly, four of the five dominant
mutations correspond to non-stop mutations suggesting
that the extended protein may have a dominant negative
effect, while the recessive mutations would be loss of
function mutations. Dominant mutations mainly cause



anterior segment dysgenesis, while recessive mutations
cause a more severe ocular phenotype adding microph-
thalmia to the anterior segment dysgenesis. No other
extra-ocular malformation has previously been associ-
ated with FOXE3 mutations. In our cohort, one patient
carrying a homozygous FOXE3 mutation displayed
intellectual deficiency and autistic features.

PAX6

A heterozygous missense mutation in the PAX6 gene
was identified in 1 of 150 AM patients. This patient has
bilateral microphthalmia and sclerocornea, while her
sister has a left microphthalmia and sclerocornea and
right partial iris hypoplasia. Both had the same missense
mutation (c.418G>C [p.Argl9Pro]). This mutation
involved a conserved amino-acid in the paired domain.
The change was predicted to be damaging in silico.
Neither clinical data nor samples were available for
the parents. More than 300 PAX6 mutations have been
identified (The Human PAX6 mutation Database see
http://1sdb.hgu.mrc.ac.uk) and are typically associated
not only with autosomal dominant aniridia but also
affect the cornea, lens and retina (12). Although we
have identified PAX6 mutations in patients referred
for aniridia with mild microphthalmia, this is the sole
example of PAX6 involvement in our cohort of patients
referred for AM.

VSX2

VSX2 compound heterozygous mutations were identi-
fied in 1 of 150 AM patients. This patient, who had
bilateral colobomatous microphthalmia and cataracts,
was a compound heterozygote for two novel mutations
(c.71_72insG, and p.Gly223Arg), thus bringing the total
of VSX2 mutations described to 11. The p.Gly223Arg
involved a conserved amino-acid located in the con-
served CVC domain of the protein, and was evaluated
separately by POLYPHEN-2 (damaging) and by SIFT (tol-
erated). It is absent in a control population (Exome Vari-
ant Server). A missense mutation involving the same
amino-acid (p.Gly223Ala) had previously been reported
in association with AM, suggesting that p.Gly223Arg
could be deleterious. VSX2 mutations have previously
been associated with microphthalmia and coloboma
and/or anterior chamber abnormalities. VSX2 anoph-
thalmia is inherited in an autosomal recessive manner.

GDF6

One heterozygous GDF6 mutation was identified in
1 of 150 AM patients. He had unilateral coloboma-
tous microphthalmia without skeletal involvement. The
missense mutation (c.980C> A [p.Pro327His]) had been
previously reported in association with microphthalmia
(13). The variation was inherited from the asymp-
tomatic father in our patient as in the published case.
p.Pro327His is predicted to be benign in silico. It is,
however, absent in a control population (Exome Vari-
ant Server and (13)). Functional studies are likely to
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be needed to determine more conclusively whether this
variant does indeed produce a deleterious effect.
GDF6 loss-of-function mutations were first associ-
ated with skeletal defects and subsequently with ocular
defects (microphthalmia and coloboma) (13, 14). This
oculo-skeletal syndrome is inherited in an autosomal
dominant manner, with incomplete penetrance.

Conclusion

The overall mutation detection rate in this cohort is
21% (32/150) after screening the seven selected genes
(GDF6, FOXE3, OTX2, PAX6, RAX, SOX2, and
VS8X2). Importantly, whole gene deletion represents a
high percentage of the identified mutations, especially
for SOX2 and OTX2. No mutation was found in the
vast majority (about 80%) of AM patients. Other genes
are known to be involved. Some have been identified
in syndromic and non-syndromic AM by array-CGH
(e.g. BMP4 and TMX3), by linkage analysis (e.g.
SMOCI and STRA6) or by a candidate gene approach
(e.g. VAXI and BMP7). In addition, next-generation
sequencing has allowed the identification of several
novel AM genes (e.g. ALDHIA3, ATOH7, cl2orf57,
FNBP4, ODZ3 ...). However, mutations in each of
these genes explain the symptoms in only a very small
percentage of AM patients, and it seems likely that
only a small proportion of AM causative genes have
so far been identified. While this represents a vast
genetic heterogeneity, this is not entirely surprising in
the developmental process of such a complex organ.
The existence of a range of modes of inheritance,
germline mosaicism, and incomplete penetrance all
pose particular challenges for genetic counselling. Clin-
ical overlaps within patients and genetic heterogeneity
have led to difficulties in designing an efficient screen-
ing strategy. Advances in high throughput sequencing
will allow a larger set of AM genes to be screened for
diagnostic purposes (15). High throughput sequencing
(whole exome and whole genome) also represent to date
a better method for the identification of new AM genes.
Phenotypic variability, asymmetric ocular involve-
ment, and incomplete penetrance reflect the com-
plexity of the developmental process, driven by
interacting networks and modulated by stochastic
events and environmental influences. Identifying novel
genes and deciphering factors determining the clinical
presentation represent further essential steps to achieve.

Supporting Information
The following Supporting information is available for this article:
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Appendix S1. Clinical spectrum and molecular findings in a cohort
of 150 patients with microphthalmia/anophthalmia.

Additional Supporting information may be found in the online
version of this article.
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