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PERSPECTIVE

Genetics of aniridia and anterior segment dysgenesis

Amanda Churchill, Adam Booth

Embryology of the anterior segment
During embryogenesis neural crest cells differentiate to
form a large portion of the anterior segment of the eye.
There is a structured sequence to these events whereby
crest cells and mesoderm (collectively known as secondary
mesenchyme) migrate into the developing eye in three
waves after the basement membrane of the surface
ectoderm and the lens vesicle separate. The first wave of
crest cells differentiates to form the trabecular meshwork
and corneal endothelium (which secretes Descemet's
membrane). The second wave gives rise to the corneal
keratocytes, and the cells of the third wave contribute to
the development of the iris' (Fig 1).

A link between anterior segment dysgenesis,
aniridia, and neural crest cells
Anterior segment mesenchymal dysgenesis has replaced
the original classification of anterior segment cleavage syn-
drome.2 It is thought to be more accurate because embryo-
logically there is no development of a cleavage plane as the
anterior segment forms and differentiates. There are a
number of eponymous conditions that arise because of
anterior segment mesenchymal dysgenesis-Axenfeld's,
Peters' and Rieger's anomalies-although there is consid-
erable overlap in the clinical features (Fig 2).
The hallmark of Peters' anomaly is a congenital corneal

opacity with underlying defects in the posterior stroma,
Descemet's membrane, and endothelium. Iris synechiae
from the collarette to the periphery of the corneal opacity
are frequently present as are keratolenticular strands.' Fifty
per cent of patients with Peters' anomaly develop early
onset glaucoma.

Congenital hereditary endothelial dystrophy (CHED) is
due to a severe dystrophy or absence of endothelium caus-
ing diffuse bilateral corneal oedema that may progress to a
ground glass appearance. Since corneal endothelium is a
neural crest derived tissue, some authors believe it should
be included among the anterior segment dysgenesis
syndromes.4
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Figure 2 Features of anterior segment dysgenesis. (Modifiedfrom Reese
and Ellsworth"'.)

Sclerocornea is a scleralisation and vascularisation of the
anterior surface of the globe, associated with corneal
flattening (cornea plana) and loss of limbal landmarks. The
condition is variable in severity, frequently bilateral, and
always non-progressive. Anterior chamber angle anomalies
are commonly associated.'
These three conditions have been attributed to abnor-

malities arising from faulty migration or function of the
first wave of neural crest cells.' 6 7

Axenfeld described anterior displacement and promi-
nence of Schwalbe's line (posterior embryotoxon) with
attached strands of iris. The presence, in addition, of severe
iris atrophy and corectopia is called Rieger's anomaly. Fifty
per cent of patients with Rieger's anomaly develop
glaucoma; they have a similar age of onset as that seen in
Peters' anomaly. Corneal leucomas may occur peripherally
in either condition. Rieger's syndrome is the name given
when these ocular features are found in association with
other defects such as facial, dental, or skeletal abnormali-
ties, and failure of involution of the umbilicus. These con-
ditions are thought to arise when there is faulty migration
of the third wave of neural crest cell migration.'
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Figure 1 The three waves of neural crest cell migration during embryogenesis. Wave I, trabecular meshwork and endothelium; wave II, corneal stroma
and keratocytes; wave III, iris. (Modifiedfrom Bahn et al'.)
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Categorising a patient as having one particular anomaly
can be difficult as considerable overlap exists between
them. Salmon et al described a family of 39 members who
had autosomal dominant microcornea and cataract. An
additional six family members had sclerocornea or Peters'
anomaly. Several members exhibited a posterior embryo-
toxon with or without microcornea.' Tulloh8 and Howard9
.have described posterior embryotoxon, Axenfeld's and
Rieger's anomalies in association with sclerocornea.

Aniridia is a condition characterised by partial or
complete absence of iris tissue. It is frequently associated
with corneal pannus, nystagmus, poor vision, cataracts,
foveal hypoplasia, and glaucoma. Aniridia can be either
sporadic or familial in origin. The mode of inheritance is
usually autosomal dominant but an autosomal recessive
transmission has been observed in the rare Gillespie
syndrome in which aniridia is associated with cerebellar
ataxia and mental retardation.'0

In the past 3 years it has been demonstrated that rat
'Sma1l eye' (a condition phenotypically similar to human
aniridia) is associated with impaired migration of midbrain
neural crest cells." Thus, aniridia and the anterior segment
dysgenesis syndromes can be grouped together as being
due to a defect in the control of neural crest cell migration
into the developing eye.

The genetics of aniridia
It was originally thought that there were two human aniri-
dia genes, one on chromosome 2 responsible for the inher-
ited type (AN1), and one on chromosome 11 responsible
for the sporadic type (AN2). It has subsequently been
shown that the chromosome 2 locus is not involved in
aniridia.
Chromosome 11 focused attention because it was

known that a number of sporadic aniridia cases also
develop Wilms' tumour, genitourinary abnormalities, and
mental retardation (WAGR syndrome). The Wilms'
tumour gene had already been located on the short arm of
chromosome 11 (the short arm of any chromosome is
given the symbol 'p') adjacent to genes involved in the
development of the genitourinary and central nervous sys-
tem. Karyotype analysis of patients with these develop-
mental abnormalities revealed that the WAGR syndrome
occurred when there was a deletion of chromosome 1ip
encompassing a number of genes. From this observation it
followed that the aniridia gene should be located in the
approximate vicinity of theWilms' tumour gene. The aniri-
dia gene (AN2) has been extensively studied in the past 6
years and the location confirmed as band 13 on.
chromosome lip.'2

Jotterand et al described three cases of Wilms' tumour
and sporadic aniridia, all having a deletion ofthe short arm
of chromosome 11. One case, however, showed an
iridocorneal adherence with an overlying corneal opacity
reminiscent of Peters' anomaly. Interestingly, this patient
also showed mosaicism with 68% normal cells and 32%
exhibiting the aniridia deletion." This is another illustra-
tion of the overlap between aniridia and the anterior
segment dysgeneses. Other workers have described pa-
tients with abnormalities in chromosome 1 lpl3 who have
dominantly inherited aniridia with noWilms' tumour asso-
ciation. ' These deletions were observed by cytogenetic
analysis of chromosomes from affected individuals but
gave no specific information as to the exact location of the
aniridia gene.
Most of the early work on the genetics of aniridia came

from animal studies, particularly in the mouse. Small eye
(Sey) is a semidominant mutation in mice which in the
homozygous condition results in a complete lack of eyes
and nasal cavities with death soon after birth. In the

heterozygous state, however, the eyes are present but
underdeveloped. The gene responsible for Sey is on mouse
chromosome 2 in a region syntenic with human chromo-
some lIp 13.'5 16 On the basis of these comparative
mapping studies and the phenotypic similarities Sey is
considered to be homologous to human aniridia." 18
Having an animal model with a known gene responsible

for the condition allowed the study of aniridia to proceed
rapidly. The Small eye gene was found to contain a region
ofDNA that is conserved in many different vertebrate and
invertebrate species through evolution. This sequence was
first identified in the fruit fly, Drosophila melanogaster, in a
segmentation gene called paired. Molecular biologists
traditionally highlight conserved sequence domains by lit-
erally drawing a box around them so this region of
conserved DNA became known as the 'paired box' (Pax).
Mammalian genes containing this region are known as
'Pax' genes (the use of capital letters distinguishes human
from mouse Pax genes and italics denote the gene as
opposed to the protein). The Pax gene family have been
the focus of much attention in recent years because the
paired box encodes a protein domain with DNA binding
ability.'9 20 This has led to the concept of Pax genes
functioning as major controllers in development by switch-
ing on and off expression of other genes. Nine Pax genes
have been identified and are designated as Pax 1-9.2' The
Small eye gene is called Pax 6. Further investigation of Pax
6 revealed a second DNA binding domain which was
called the homeobox (Hox). Pax 3, 4, 6, and 7 proteins
contain both paired and homeobox domains which allows
very specific binding to other, as yet unknown, regions of
the genome. This binding may directly stimulate expres-
sion of other genes if the protein attaches to a promoter
site. Alternatively, it may inhibit expression by blocking the
binding of other regulatory proteins or transcription
factors to these promoter sites. Vertebrate genes containing
the homeobox region alone are known as Hox genes and
have been designated Hox A-D. Beebe has reviewed the
Hox genes involved in eye development.22
The Small eye gene was used as a probe in two different

experiments both ofwhich relied on the ability ofthe probe
to hybridise (bind) to a region of complementary human
DNA. In the first experiment a solution containing the
fluorescent gene probe was hybridised to a spread of
normal human chromosomes. The probe bound to an area
on the short arm of chromosome 11 which had already
been observed to be deleted by cytogenetic analysis of
patients with aniridia. This confirmed the probable
approximate position of the aniridia gene.
The second experiment was designed to see whether the

human fetal eye contained messenger RNA (mRNA) that
was sufficiently similar to the mouse gene probe for
hybridisation to occur. If positive this would indicate that
there was a gene (similar to that in the mouse) that was
actively being expressed in the fetal eye. As mRNA is noto-
riously unstable and degrades too rapidly for use in experi-
ments a stable alternative was needed. By using a process
known as reverse transcription a stable copy DNA (cDNA)
was made from the original mRNA. Libraries containing
cDNA can be made from whole organs and stored almost
indefinitely for research purposes. Thus, in the second
experiment, a cDNA library was made from -human fetal
eye mRNA and probed with the mouse Small eye gene. The
positive hybridisation allowed a human cDNA to be iden-
tified that closely resembled the mouse gene. In an epic
piece of work Ton et al identified and sequenced this can-
didate aniridia gene cDNA and showed this to be homolo-
gous to mouse Small eye (Pax 6).12
Having identified a potential candidate 'aniridia mRNA'

in the human fetal eye it was then necessary to show that
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mutations were present in affected individuals. No detail
about the gene itselfwas known at this stage-for example,
how many introns and exons were present, so analysis was
confined to the mRNA (or cDNA) level. Finding readily
accessible tissue for analysis proved to be the first hurdle
because although PAX 6 mRNA is found in adult brain it
is not present in the peripheral blood. The way around this
is to create lymphoblastoid cell lines from aniridia patients
and isolate the illegitimate PAX 6 mRNA transcripts that
are produced after this process. Once the mRNA sequence
is known the amino acids and protein structure can be pre-
dicted.

Study of the human PAX 6 protein revealed that some
amino acids are grouped together in such a way that the
protein is twisted into a number of helical structures. The
configuration of these helices appears to be vital for normal
protein function. The paired domain starts near the first
methionine residue at the amino (N) terminal and contains
three helices, the second and third ofwhich are arranged in
a helix-turn-helix configuration. The N terminal half of the
paired domain, including the first helix, appears to
determine the specificity ofDNA to which the PAX 6 pro-
tein binds.23 The homeodomain also contains three helices:
the third helix contacts the major groove of the DNA and
is responsible for sequence recognition.24 The carboxy (C)
terminal segment of the protein is rich in the amino acids
proline, serine, and threonine (PST). This is a feature of
the activation domains of some transcription factors-for
example, CTF-1 and Oct-2, which may indicate a similar
role for the PAX 6 protein (Fig 3).25 26 Interestingly, the
gene products (proteins) from mouse and human PAX 6
were shown to be identical apart from one amino acid in
the alternatively spliced form of the human protein.2728
Using reverse transcription and nested polymerase chain

reaction (PCR) techniques it has been shown that
mutations in Pax 6 are associated with the Sey phenotype
in mouse and rat and with aniridia in humans.'2 27 29 Many
of the aniridia mutations are nonsense point mutations
causing premature termination of protein translation and
hence a foreshortened product. The affected individuals
are, however, heterozygotes and always have one normal
copy ofPax 6. A human homozygote was reported in 1980
by Hodgson and Saunders as being born with no eyes and
no nose mimicking the Sey homozygote in the mouse.30

It was not until the genomic organisation detailing the
intron-exon boundaries was published that PCR amplifica-
tion mutation detection systems could be used to examine
mutations at the DNA level. The gene was shown to be
approximately 22 kilobases (kb) in size, containing 14
exons (one being alternatively spliced) and the regions
specifying the paired and homeodomains were identified.
The DNA sequence of each exon and the intron-exon
boundaries are known but the rest of the intervening
(intronic) sequences, including the 5' (regulatory) and 3'
untranslated regions are still not available from computer
databases.
There are a large number of mutations causing aniridia

recorded in the literature, examples of which are shown in
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Figure 3 The PAX 6 protein domains and some examples ofknown
aniridia mutations. Mutation references: 1 and 2 (Martha et al '", 3
(Hanson et al 52), 4 (Martha et al 53), 5 (Jordan et al 29).

Figure 3. Clearly these are not confined to one particular
region of the gene and the severity of the phenotype does
not correlate with the type or position of the deletion/
mutation. It therefore seems most likely that aniridia
results from the loss of one active copy of PAX 6 resulting
in a reduced gene dosage and less protein product (haplo-
insufficiency). How exactly this affects the developing eye
is still not known but there are an increasing number of
syndromes thought to occur as a result of haploinsuffi-
ciency; Waardenburg, Williams, Goltz, and Dandy-Walker
syndromes being just a few examples.3' It is not fully
understood why some aniridia patients have no detectable
mutations in the PAX 6 gene and conversely why
mutations outside the PAX 6 region give rise to aniridia. It
has been suggested that the former situation may arise if
one copy of the PAX 6 gene has been completely deleted
(thereby giving rise to less PAX 6 protein) or if the muta-
tion is in an area upstream of the gene that controls the
level of expression ofPAX 6 (a regulatory area). It has also
been postulated that patients who phenotypically exhibit
aniridia but have a normal PAX 6 may have mutations in a
second aniridia gene or it may be that by altering the local
chromatin environment normal gene expression is inhib-
ited. This is illustrated by three individuals with aniridia
who have no detectable mutations in their PAX 6 genes but
chromosomal translocation breakpoints which disrupt the
DNA downstream ofPAX 6.32

Glaser studied three families with the rare Gillespie syn-
drome (aniridia, cerebellar ataxia, and mental retardation)
but found no mutations in PAX 6."3

Expression pattern ofPAX 6
In order to try and understand how PAX 6 affects the
developing eye one must look at where and when it is
expressed in the embryo. Using mRNA in situ hybridisa-
tion techniques it has been shown that Pax 6 is expressed in
the developing eye, nose, forebrain, and neural tube in the
mouse." It is interesting that mutations in PAX 6 do not
cause more widespread phenotypic abnormalities. Perhaps
there is overlap in the function of the PAX gene family and
deficiencies of one can be compensated to some extent by
increased expression of another.

Abitbol et al recently published the results of detailed
studies ofPAX 6 expression in human embryos between 3
and 6 weeks after fertilisation.35 PAX 6 mRNA is initially
found throughout the entire neural tube confirming its role
in neurogenesis. Later it is found in the di- and
telencephalon, in part of the rhombencephalon and spinal
cord. Interestingly it is not expressed in the developing cer-
ebellum although PAX 6 mRNA transcripts can be isolated
from adult cerebellar cortex. In the eye, PAX 6 is expressed
in the surface ectoderm (destined to become the lens and
cornea) and in the inner and outer (but not the intermedi-
ate) layers of neural retina.The importance of Pax 6
expression in the surface and neural ectoderm has been
highlighted by experiments in the mouse. Grindley and
coworkers have demonstrated that Pax 6 is essential for the
formation of lens placodes from surface ectoderm. In early
development Pax 6 expression occurs over the entire head
surface ectoderm; this is rapidly downregulated but
expression is specifically maintained in the developing lens
placode.
Pax 6 mRNA is also found in other tissues with lens

forming ability-for example, the prospective pineal gland.
It is likely that in these tissues other genes are switched on
to override Pax 6 and divert development down a different
path. The importance of Pax 6 expression in the neuro-
ectoderm is confirmed by the abnormally broad and
misshapen optic vesicles seen in Sey homozygotes. The
expression of Pax 6 in the surface ectoderm, however,
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appears to be independent of and is not essential for optic
vesicle formation.34 Normal Pax 6 function is required for
the maintenance of its own transcription and in quails Pax
6 has been shown to bind to its own promoter.36

In 1995 Gehring's group in Switzerland showed that the
eyeless gene is the fruit fly homologue of the mouse Pax 6
and that when this gene is turned on in parts of flies where
it would not normally be active the flies grew extra eyes.
Eyes could be induced to form on the ends of limbs, wings,
and antennae.37 This work not only confirmed that Pax 6
was a master controlling gene in terms of eye development,
but showed its ability to induce tissue differentiation.What
was perhaps even more surprising was the fact that ectopic
eyes were also seen when the mouse Small eye gene was
introduced into the fruit fly. The mouse gene was able to
induce development of the evolutionarily quite different
compound eye of the fruit fly. It will be exciting to follow
the discovery of target genes that are activated by eyeless as
these may help to identify similar genes in the mouse and
human.
The expression ofPAXgenes is confined to cells that are

not terminally differentiated, so candidate target genes for
PAX transcriptional control are repressible genes that con-
tribute to the undifferentiated state and inducible genes
that contribute to the differentiated state, such as growth
factors, cell cycle regulators, receptors, and other signal
transduction components. The transforming capacity of
the Pax proteins and the implication of PAX 3 in the
formation of the paediatric tumour alveolar rhabdomyo-
sarcoma corroborate this notion."

It is now known that DNA sequences recognised by the
homeodomain are seven to eight nucleotides in length and
contain the core nucleotide sequence, TAAT, flanked by
three to four additional bases. Mutations in the most con-
served amino acids of the third helix prevent DNA
binding.39

PAX 6 interactions
Recent studies suggest that another member of the PAX
gene family, PAX 2, has an important role to play in ocular
development. PAX 2 is expressed in cells that give rise to
the optic stalks and in retinal cells around the choroidal
fissure. The function ofPAX 2 is not known but mutations
in the gene can cause optic nerve colobomas in humans."'

Midline signalling molecules in the developing brain
may be important in orchestrating the fate of specific cells.
These signalling proteins are similar in many species and
are related to the hedgehog gene family in Drosophila, mem-
bers ofwhich have been given various amusing names such
as sonic hedgehog and tiggy-winkle hedgehog!4"

It has been demonstrated that midline signalling is
severely disturbed in the zebrafish cyclops mutant embryos,
resulting in fusion of the eyes. Pax 2 protein is almost com-
pletely absent and PAX 6 is ectopically expressed in a
bridge of tissue lying in a position normally occupied by
cells that form the optic stalks. This switches the fate of
these cells from optic stalk to retina. From these observa-
tions it has been suggested that there is normally a midline
signal (possibly sonic hedgehog) that promotes PAX 2 and
inhibits PAX 6 expression in cells destined to form the
optic stalks. To test this hypothesis an experiment was set
up where sonic hedgehog was overexpressed in developing
brain. The resultant embryos were shown to have
increased PAX 2 and decreased PAX 6 expression as
expected and developed hypertrophied optic stalk-like
structures.42 It has been shown that Pax 6 and Pax 2
proteins can bind to similar DNA sequences raising the
possibility that they compete for the same target se-
quences.43 There still remain many unexplained gaps in the

hierarchy of what controls PAX 6 expression in humans
and indeed the targets ofPAX 6 itself.

Clinical relevance
Being able to identify the mutation causing aniridia in a
particular individual or family has real advantages. It
enables accurate genetic counselling and the possibility of
prenatal diagnosis. It allows identification of those at risk of
developing Wilms' tumour and prevents unnecessary
monitoring of those not at risk.

Recent work has shown that the phenotypic abnormali-
ties of Sey can be corrected by implanting yeast artificial
chromosomes containing human PAX 6 gene copies into
mouse embryos.44 It appears that by implanting too many
copies ofPAX 6 different eye abnormalities occur suggest-
ing that levels of gene expression must be tightly regulated
in normal eye development. Although this research is in its
infancy it will surely pave the way for corrective gene
therapy in affected human fetuses.

The genetics of anterior segment dysgenesis
There have been three reports of individuals with anterior
segment dysgenesis who were shown to have small
deletions in the short arm of chromosome 11 by
cytogenetic analysis, but only one report gives details of
PAX 6 mutation analysis.'3 45 46 Hanson et al described a
family with dominantly inherited anterior segment abnor-
malities including Peters' and Rieger's anomalies who were
found to have a missense mutation (resulting in one amino
acid change) in the region of the PAX 6 paired box. This,
they speculated, would affect DNA binding of the paired
box. In the same publication a child with sporadic Peters'
anomaly was reported with an interstitial deletion of the
short arm of chromosome 11 encompassing the WAGR
locus. This individual also had iris hypoplasia and mild
developmental delay but did not have typical aniridia or
the WAGR syndrome.
Two sisters have been described with Peters' anomaly

and arhinia. Although no genetic analysis was performed
on these individuals the clinical features fit with the
expression pattern ofPAX 6.1'

Interestingly careful re-examination of a range of Sey
mice (with a Pax 6 nonsense mutation) has revealed that
there are not only features similar to aniridia but also cor-
neal opacifications, keratolenticular adhesions, and ante-
rior synechiae reminiscent of Peters' anomaly.45 These
early lines of evidence suggest that Peters' and possibly
Rieger's anomaly may also result from loss of function of
one copy ofPAX 6.

If Rieger's anomaly is found to map to PAX 6 then one
might have reasonably expected Rieger's syndrome to fol-
low suit. Rieger's syndrome has been extensively studied in
Iowa by Murray et al. Using linkage studies and mapping
techniques his group have shown that the gene for Rieger's
syndrome lies on the long arm of chromosome 4 (4q25
region).47 48 The Rieger's syndrome gene has been shown
to contain a homeobox region (unpublished data from J
Murray). The same region of chromosome 4 contains a
gene known to cause teeth abnormalities. One can specu-
late that Rieger's syndrome could be caused by deletions in
contiguous genes similar to that seen on chromosome 11 in
theWAGR syndrome. Significant linkage to the 4q25 locus
has also recently been described in a pedigree of 15
affected individuals with autosomal dominant iris hypopla-
sia.4 Many of the features of this condition overlap with
aniridia and whether it is a variant or a truly separate entity
remains open to speculation.
The genetics of anterior segment dysgenesis is thus still

largely in its infancy although work is currently under way
in this area particularly to determine the role of PAX 6 in
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Peters' anomaly. It will be interesting to learn whether
mutations in PAX 6 are directly implicated in this
spectrum of conditions that appear in embryological terms
to be closely related to aniridia.

Further characterisation of alternative loci found to be
mutated in these conditions may lead to the cloning of
other genes involved in normal eye development. If these
genes are shown to interact with PAX 6 one might specu-
late that the phenotype may depend on a particular gene
product (protein) falling below a critical level at a precise
stage of ocular development. Although it is tempting to
concentrate solely on genetic abnormalities when trying to
explain the different resultant phenotypes, one should not
underestimate the importance of environmental and
stochastic factors.
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