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Introduction

Congenital ocular anomalies are common craniofacial
malformations in human as they are most often compatible
with life and procreation. Their nature varies depending on
the ocular structure affected by the developmental defect.
Abnormal development processes can affect the formation
of the different segments of the eye, resulting in anterior
and/or posterior segment dysgenesis, as well as the entire
ocular globe, leading to anophthalmia and microphthalmia
(AM).

The AMmalformations are the most severe ocular anoma-
lies and they are relatively frequent with an estimated
prevalence of 1 per 7,000, and 1 per 30,000 births, respec-
tively.1–3 AM describe the absence or reduced size of the
ocular globe, respectively. These anomalies can be isolated or
associated with other malformations affecting the face and
the cranium, as well as other systems. Extraocular malforma-
tions are associated in 33 to 95% AM patients.4 The etiologies
of these ocular globe anomalies are diverse but the genetic
origin appears to be a predominant cause.5

Until recently, genetic diagnosis capability was rather lim-
ited in AM patients and only a few genes were available for
routine genetic testing. Recent advances in genetics, especially
inDNA sequencing, henceforth allow identification and testing
of many new genes that contribute to human eye congenital
diseases, especially in AM patients. Thus, the genetic cause is
now identifiable in 50 to 80% of the patients with a severe
bilateral eye phenotype and in around 30% of all the AM
patients taken together.6,7 Such advances in the knowledge
of these genetic bases are important as they improve the
quality of care, in terms of diagnosis, prognosis, and genetic
counseling delivered to the patients and their families.

Early Eye Development

The AM phenotypic spectrum is the consequence of a defect
in the ocular globe formation that happens between the 4th
and the 6th week of gestation in human.

The morphogenesis of the eye is a well-conserved process
among vertebrates,8which starts with the specification of the
eye field, as a single domain of cells in the most anterior part
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Abstract Congenital ocular anomalies such as anophthalmia andmicrophthalmia (AM) are severe
craniofacial malformations in human. The etiologies of these ocular globe anomalies are
diverse but the genetic origin appears to be a predominant cause. Until recently, genetic
diagnosis capability was rather limited in AM patients and only a few genes were
available for routine genetic testing. While some issues remain poorly understood,
knowledge regarding the molecular basis of AM dramatically improved over the last
years with the development of newmolecular screening technologies. Thus, the genetic
cause is now identifiable in more than 50% of patients with a severe bilateral eye
phenotype and in around 30% of all AM patients taken together. Such advances in the
knowledge of these genetic bases are important as they improve the quality of care, in
terms of diagnosis, prognosis, and genetic counseling delivered to the patients and their
families.
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of the neuroectoderm neural plate. Then, cells evaginate
laterally, splitting the eye field into right and left optic
vesicles. After this, each optic vesicle interacts with the
overlying surface ectoderm that will give rise to the lens
and part of the cornea. The optic vesicle extension leads to the
invagination of their distal surface into proximal and distal
territories, forming the optic stalk and optic cup, respectively.
This invagination causes the formation of a furrow from the
ventral side of the optic cup into the optic stalk, called the
choroid fissure. This transient opening enables the entrance
of the hyaloid artery to irrigate the developing eye and the
exit of the retinal ganglion cell axons to reach their target
tissues in the brain. The nasal and temporal edges of the
choroid fissure subsequently fuse to close the globe of the
eye.8 With the closure of the embryonic fissure, the basic
structure of the eye is then established.

Thus, the formation of a properly shaped eye is the
consequence of coordinated induction processes and differ-
entiation pathways, and, any disruption in one of these events
has the potential to generate an AM phenotype.

Clinical Diagnosis

AM can affect one or both eyes, and be associated with extra-
ocular features. Anophthalmiadescribes the complete absenceof
ocular tissue in the orbit (true anophthalmia) or the absence of
ocular tissue on clinical examination (clinical anophthalmia).
Ocular adnexa (eyelids, conjunctiva, and lacrimal apparatus) are
present. Microphthalmia consists of reduced size of the ocular
globe and is defined as a globewith a total axial length that is at
least two standard deviations below the mean for the patient’s
age (< 19 mm in a 1-year-old child; < 21 mm in an adult).9,10

Microphthalmia is classified as simple microphthalmia or com-
plex microphthalmia when associated with anterior and/or
posterior segment dysgenesis, and graded depending on the
degree of axial length reduction.

Imaging studies such as ultrasonography, computed
tomography scan or magnetic resonance imaging of the
eyes (but also of the orbits and the brain) help to characterize
the eyemalformation and determine the ocular diagnosis and
management (for instance, the indication of prosthetic inter-
vention and surgery).

A global evaluation is also required, as AM phenotype
frequently occurs with other anomalies, possibly as a part of a
well-defined syndrome.4,11 A total of 269 different syndromes
with AM are retrieved by the London Dysmorphology Database.

Causes

Prenatal exposure to viral infections such as rubella, or toxic
substances such as alcohol or retinoic acid, areknown causes of
the AM phenotype. Nonetheless, family history and/or paren-
tal eye phenotype may orientate toward a genetic condition. It
is likely that genetic defects are themajor contributors of AM.5

The genetic causes of AM can be divided into chromosome
abnormalities and gene disorders. Conventional cytogenetics
with karyotyping may detect chromosomal aneuploidies (espe-
cially trisomy13and18) in5 to10%ofpatients. In such cases, AM

is often associated with multiple malformations. Molecular
karyotyping (comparative genomic hybridization array), allows
identificationof unbalanced chromosomal rearrangements in an
additional 3 to 10% of patients depending on the presence of
extraocular features.12,13

In addition, AM phenotype can be the consequence of
mutations that affect the function of genes known to play a
crucial role in eye development. Since the last decade, many
genes have been implicated in isolated and syndromic forms
of AM phenotype and all patterns of inheritance have been
reported (dominant, recessive, and X-linked transmission
manner). SRY (sex determining region Y)-box 2 (SOX2) is
the genemost frequently involved in AMphenotype, account-
ing for approximately 10 to 15% of patients,6,14 followed by
orthodenticle homeobox 2 (OTX2) and retina and anterior
neural fold homeobox (RAX), which are implicated in 3% of
AM patients.6 Numerous other genes are involved in only a
very small percentage of AM patients.

Some genes, mostly encoding transcription factors (such
as SOX2, RAX, OTX2, forkhead box E3 [FOXE3], and visual
system homeobox 2 [VSX2]), are known to be responsible for
mainly nonsyndromic AM phenotype. Several other genes
predominantly feature microphthalmia and anophthalmia in
a syndromic form when mutated. The first example is the
stimulation by retinoic acid 6 (STRA6) gene for whichmutated
patients present with anophthalmia or microphthalmia and,
in most cases, various degrees of pulmonary, diaphragmatic
and cardiac defects, thus defining PDAC (pulmonary agenesis/
dysgenesis/ hypoplasia, microphthalmia/anophthalmia, and
a diaphragmatic defect) spectrum or Matthew–Wood syn-
drome.15,16Other examples can be quoted such as the SPARC-
related modular calcium binding 1 (SMOC1) gene leading to
ophthalmoacromelic syndrome, also called Waardenburg
anophthalmia; the BCL6 corepressor (BCOR) gene responsible
for oculofaciocardiodental syndrome; the holocytochrome c
synthase (HCCS) gene associated with MIDAS syndrome
(microphthalmia, dermal aplasia, and sclerocornea) in which
patients display linear skin defects; and finally, the porcupine
homolog (Drosophila) (PORCN) gene causing Goltz–Gorlin
syndrome featuring focal dermal hypoplasia.4

However, the clinical presentation (ocular and extraocular
features) associated with mutations in most of these ocular
development genes can be extremely variable between
patients and within families. Moreover, the limit between
nonsyndromic and syndromic AM genes is not clear and
rather artificial, as part of the involved genes can lead to
isolated or syndromic AMphenotypes. This is becomingmore
pronounced with the genetic progress that has been made
(see the section on Genetic Advances for discussion).

Genetic Counseling

The existence of a range of modes of inheritance, germline
mosaicism, and incomplete penetrance pose altogether par-
ticular challenges for genetic counseling. The empiric risk to
siblings without a clear etiology or family history has been
estimated ranging between 10 and 15%.3 Identifying the
underlying genetic cause of the AM phenotype allows to
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precise this recurrence risk to siblings (which varies from
< 1–50%, depending on the inheritance manner) and to
propose prenatal molecular diagnostic in at-risk families.

Genetic Advances

Recent advances have been made in the knowledge of the AM
genetic bases. Indeed, such progress is necessary, as it
improves the quality of care in terms of diagnosis, prognosis,
and genetic counseling of the AM patients and second, the
genetics of the eye has benefited from the broad progress that
has beenmadeduring the last few years in thefield of genetics.

The first level of genetic advances has consisted of a better
analysis of the genes already known to be involved in AM
phenotype, mainly by combining the Sanger sequencing of
the coding regions of these geneswith the detection of exonic
rearrangements,6,7,17,18 thus improving the mutation detec-
tion rate. As an example, it shows that deletion involving the
major AM genes (SOX2 and OTX2) represent more than a
quarter of the mutations identified in these genes.6 These
deletions are not recognized by classical direct sequencing
and need specific semiquantitative methods to be revealed.

Nevertheless, the main progress made in AM genetics lies in
the development of new DNA sequencing technologies that
allow identification and testing of many genes that contribute
to human eye congenital diseases. Next-generation sequencing
(NGS) is a high-throughput sequencing technique, enabling the
parallel and massive sequencing of genes. The approaches
mainly used in patients are targeted exome sequencing (to
test a panel of genes, and for instance, a panel of genes already
known to be involved in eye diseases and/or ocular develop-
ment) and whole exome sequencing (which aim to screen all
coding genes).19

The spread of these kinds of approaches inmany laboratories
has contributed to the spectacular increase, in a short period, of
new genes involved in AM phenotype, whose number is still
continuously growing. For instance, the aldehyde dehydroge-
nase 1 family, member A3 (ALDH1A3) gene,20 the retinoic acid
receptor, β (RARB) gene21 and very recently, the mab-21-like 2
(Caenorhabditis elegans) (MAB21L2) gene22arenewlydiscovered
causal genes in AM phenotype. These genes can be analyzed in
patients who have had no molecular diagnosis until now. Many
other genes, with more or less clear pathogenicity, have also
been quite recently involved in AM patients, either by classic
genetic approaches such as bone morphogenetic protein 4
(BMP4),23 BMP7,24 growth differentiation factor 6 (GDF6),25

GDF3,26 and ventral anterior homeobox 1 (VAX1)27 or, in a short
period of time, by NGS approaches such as atonal homolog 7
(Drosophila) (ATOH7),28 chromosome 12 open reading frame 57
(C12orf57),29 odz, odd Oz/ten-m homolog 3 (Drosophila)
(ODZ3),30 highmobility group box 3 (HMGB3),31 and yes-associ-
ated protein 1 (YAP1).32

However, complementary datawill be needed to add further
support for the pathogenicity and the transmission manner of
the mutations in these latter genes, before making a molecular
diagnosis on which genetic counseling can be delivered to the
patients. This will be principally allowed by the analysis of more
AM pedigrees and specific disease modeling. Notably, new

sophisticated reverse genetic approaches, such as TALENs
(transcription activator-like effector nucleases)33 and especially
the CRISPR/CRISPR-associated (Cas) system,34 now allow to
study data from these human studies and to model congenital
ocular pathologies in an animal, by assessing the role of ortho-
logs of genes mutated in human.35,36

Another aspect of these genetic advances is that they have
generated an enormous volume of genetic data for the AM
phenotype, but also for many hereditary eye conditions. The
AM phenotype is part of the wide eye anomalies spectrum
and the genetics of the eye is particularly complex and
heterogeneous at the clinical and molecular level. For many
eye congenital diseases, several genes can contribute to the
same ocular phenotype and on the other hand, a mutated
gene can be responsible for different eye phenotypes.4,6 This
heterogeneity is now becoming more complex through the
emergence of NGS data that provide molecular information
about genes and mutations underlying different eye pheno-
types.19 Indeed, NGS projects allow discovery of new genes
involved in a specific disease, but can also highlight a new
implication of a known gene in a distinct or overlapping eye
phenotype. This can be illustrated by the example of cyto-
chrome P450, family 1, subfamily B, polypeptide 1 (CYP1B1),
initially thought to be a primary congenital glaucoma gene37

that may acts as a modifying gene for the AM phenotype.19

The application of NGS approaches in AM patients has also
served to extend the clinical implication of known AM genes;
the best example is the STRA6 gene, initially thought to be
solely associated with PDAC syndrome,16 which can lead,
although more rarely, to isolated forms of AM phenotype.38

Therefore, the genetic borders between clinical forms of
inherited eye diseases tend toward fading with the progress
made in eye genetics, making the diagnosis and the genetic
counseling more complex.

Unresolved Questions

Despite the involvement of approximately 20 genes in AM,
mutations in each of these genes explain the symptoms in only
a very small percentage of AM patients (apart for SOX2, which
is involved in 10 to 15% of AM patients). Thus, less than half of
the AM patients have an underlying cause identified, and it
seems likely that only a small proportionof AMcausative genes
have been identified so far.While this represents a vast genetic
heterogeneity, this is not entirely surprising in the develop-
mental process of such a complex organ.

Another issue that is not well understood is the important
phenotypic variability between families harboring a mutation
in the same gene, within patients in the same family, and even
within individuals when ocular involvement is unilateral or
clearly asymmetric. Some factors such as modifier genes,
environmental factors, and stochastic effects are thought to
explain this variability, even if mechanisms involved are not
yet clearly understood.

Finally, one major issue that should be raised is how to
manage and treat these patients. Follow-up of a cohort of AM
patients is needed to determine the frequency and nature of
associated malformations, as the visual and neurological
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outcome. A recent improvement on the pathophysiology of
AM could lead to the development of various therapeutic
approaches. Identification of several genes involved in the
retinoic acid signaling pathway such as STRA6, ALDH1A3, and
RARB may open therapeutic perspectives for AM conditions,
perspectives that can be extended for degenerative ophthal-
mic diseases.39 Feasibility and efficiency of postnatal manip-
ulation of dosage of genes involved in AM phenotype using
topical application have been demonstrated for Pax6 in the
mouse40 and may thus also become a possibility to improve
the visual prognosis.

Conclusion

In conclusion, knowledge regarding the molecular basis of AM
dramatically improved over the past years with the develop-
ment of new molecular screening technologies. Some issues
remain poorly understood such as phenotypic variability. This
variability reflects the complexity of the eye developmental
process, driven by interacting networks, and modulated by
stochastic events and environmental influences. Deciphering
factors determining the clinical variability represent a further
essential step to achieve to improve management and genetic
counseling. The progress in themolecular basis of eye genetics
also provides the impetus for advances in many other areas
such as eye pathophysiology, animal and cellular modeling,
and therapeutic research.
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