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Abstract

Extensive evidence has emerged for the important role of Forkhead Box {FOX)
transcription factors in development through the description of mutations in model
organisms and humans. Mutations in the forkhead gene FOXCl, on chromosome
6p25 cause a range of ocular developmental abnormalities with associated glaucoma.
However FOXCl mutations have not been found in all such pedigrees mapping to
this region. Several similarly affected pedigrees were investigated by genotyping
and fluorescent in-situ hybridisation, using markers and probes from 6p25, leading to
the identification of segmental duplications and a segmental deletion that encompass
FOXCl. These findings represent the first example of both segmental duplications
and deletions co-segregating with a human developmental disorder that is
attributable to altered transcription factor dosage. The data provides evidence for the
pathogenicity of altered FOXCl dosage, suggests that a common mechanism is
responsible for rearrangements of 6p25 and forms the central part of this thesis. In
order to recapitulate the human duplication phenotype efforts have been made to
generate a transgenic murine model of the duplication. Further work investigated
notable discrepancies between the phenotypes attributable to Foxcl and FOXCl
mutations and those of a closely related forkhead gene Foxc2/FOXC2. The results
have revealed a much wider role for FOXCl and FOXC2 in ocular (and CNS)
development and illustrate how meticulous scrutiny of differences between the
known phenotypes caused by mutations in orthologous genes may represent a model
for elucidating gene function.
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Introduction

INTRODUCTION
The research described in this thesis involves molecular biology approaches to
determine the cause of certain developmental forms of glaucoma and the varied
phenotypes associated with these genetic abnormalities. The following sections
review the classification and genetic basis of glaucoma, the role of forkhead genes as
well as PAX6 particularly in ocular development, as well as introducing concepts in
molecular biology relevant to this thesis.
Clinical overview o f glaucoma
The glaucomas are a heterogeneous group of disorders characterised by an optic
neuropathy in which retinal ganglion cell death leads to excavation of the optic nerve
head (glaucomatous cupping) and visual field loss. They are responsible for more
than six million cases of blindness and represent the commonest cause of irreversible
visual loss world-wide (Quigley 1996). Glaucoma is frequently diagnosed late by
which time the prognosis has worsened and even in Western countries, the
proportion of undiagnosed cases is estimated to be ~50% (Quigley et al. 1997). This
high figure has important public health implications for a condition that is treatable
but in which visual loss, at present, cannot be reversed.

The triad o f elevated intraocular pressure (lOP) > 21mmHg, glaucomatous cupping
and visual field loss, was traditionally required for diagnosing glaucoma. However, it
is now recognised that some of these signs may be absent in a proportion of cases.
For instance the lOP may remain in the normal range (10-21mmHg on diurnal
testing) in patients with so-called normal tension glaucoma. Furthermore anatomical
changes at the glaucomatous optic nerve head precede changes in visual function, so
patients with “early glaucoma” can lose 50% of their ganglion cells before exhibiting
visual field loss. Such factors make the accurate phenotyping of glaucoma patients a
particular challenge especially as the early structural changes in the optic nerve are
difficult to define clinically.
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Classification o f glaucoma

Glaucoma can be classified in a variety of ways, including: anatomically (open angle
versus closed angle), aetiologically (primary versus secondary), chronologically
(congenital, juvenile or adult) or on the basis of phenotypic features such as lOP.
The diversity of classifications highlights the paucity of our understanding of the
molecular mechanisms responsible for this common disease.

Primary open-angle glaucoma (POAG) represents the commonest form of glaucoma
in Caucasians. It is characterized by elevated lOP believed to be primarily caused by
resistance to aqueous outflow at the level of the juxta-canalicular portion of the
trabecular meshwork. Most patients with POAG present fi"om the sixth decade of life
onwards, although this type of glaucoma can affect all ages. An important subtype of
POAG is normal tension glaucoma (NTG) in which the intraocular pressures lie
within the statistically normal population range. NTG is under-diagnosed and
typically presents with more advanced disease. It is estimated to account for
approximately one third of POAG cases (range 20 - 50%) (Kamal and Hitchings
1998).

Primary angle-closure glaucoma (PACG) primarily results fi*om pupil block, iris or
peripheral anterior synechial obstruction of the normal aqueous outflow, although
the size of the globe and position of the iris-lens diaphragm are other factors believed
to be involved. PACG is the main type of glaucoma in populations of Chinese and
Mongoloid descent and is also highly prevalent in India. As a result PACG is not just
the commonest form of glaucoma in Asia but represents the commonest type of
glaucoma worldwide (Quigley 1996).

Risk fa ctors fo r prim ary open angle glaucoma

One or more major risk factors, including elevated lOP, increasing age, ethnicity and
a family history of the condition are associated with development of glaucoma.
Other factors such as vasospasm, systemic hypertension, diabetes, myopia and
gender may also play a contributory role.
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The evidence that elevated lOP is the major risk factor for developing glaucoma
comes from a series of studies, including the Batimore survey. This demonstrated
that 1.2% of the population with an lOP < 21mmHg had glaucoma in comparison to
10.3% population with TOP > 22mmHg (Somner et al. 1991). The lOP level has also
been shown to correlate with the relative risk of developing glaucoma and the
severity of the field damage at presentation (Somner et al. 1991 ; Jay and Murdoch
1993). Even in NTG patients, the eye with the higher lOP exhibits the more severe
degree o f field loss (Cartwright and Anderson 1988). Other major risk factors
include age - the prevalence of glaucoma in white subjects rises from ~1% at age 50
to ~4% at 80 years (Quigley 1997) and ethnicity (Leske et al. 1995). Important
though these factors are, the significance of heritable factors is increasingly being
recognised.

Genetic basis o f glaucoma
Glaucoma has long been thought to have a genetic component due to familial
aggregation of cases, although suitable large-scale twin studies have not been
performed. For many decades glaucoma was estimated to have a heritable
component of 5-15% but recent data suggests that this may represent a very
conservative figure. Data from the Rotterdam study, a prospective population-based
survey, show that the lifetime risk of developing glaucoma is approximately ten
times higher amongst relatives of glaucoma patients than relatives of controls (Wolfs
et al. 1998). This thorough study included in the analysis offspring o f glaucoma
patients, who would be too young to have developed the condition, biasing the
estimate obtained towards a lower value. In addition, due to the small number of
glaucoma patients studied (n=48), the confidence intervals associated with the
relative risk observed are very large (95% Cl = 1.2 - 73.9), suggesting that the
estimate is imprecise.

Data from two teaching centres (Tasmania and Iowa) indicate that the familial
component of glaucoma may be higher still with 50-60% of patients reporting a
family history of the condition (Alward et al. 2000; Mackey et al. 2000). It is
noteworthy that the Tasmanian population is derived from, and therefore presumably
representative of that in the UK. The Glaucoma Inheritance Study from Tasmania
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also showed that individuals from large POAG pedigrees were frequently unaware of
their positive family history (McNaught et al. 2000). As one large pedigree with
severe early-onset disease in which all individuals were aware of their family
history, was included in the analysis, the level of under-reporting of a family history
is higher than the study stated (27%). This data taken together with glaucoma's
generally late age o f onset, known high rate of under-diagnosis (which presumably
was greater in previous decades), together with the possibility of incomplete
penetrance and evidence for modifier genes (Bejjani et al. 1999, Vincent et al. 2002)
highlight why even autosomal dominantly inherited types of glaucoma may not be
readily appreciated as having a clear genetic basis.

Further evidence for a significant genetic basis to glaucoma comes from the
condition's known genetic heterogeneity. To date seven genes have been identified
that cause glaucoma as part of their phenotype [PAX6 (MIM 106210), PITX2 (MIM
601542), CYPIBI (MIM 601771), MYOC (MIM 601652), FOXCI (MIM 601090),
LMXIB (MIM 602575) and OPTN (MIM 602432] and the mapping of eight further
genes has been reported {GLCIB 2cen-ql3, GLCIC 3q21-24, GLCID 8q23, GLCIF
7q35-36, PD Sl 7q35-36, PDS2 1 8 q l l - 2 1 ,^ G 2 13ql4, GLC3B lp36) (reviewed
by Craig et al. 1999; WuDunn 2002). This does not include the four loci (Xp, 15ql215, 14q32 and 6p25) and one gene {CHXIO) so far identified as causing
microphthalmia, which is frequently associated with glaucoma (Wapenaar et al.
1993; Morle et al. 2000; Bessant et al. 1998; Leroy et al. 2001; Percin et al. 2000).
Mutations in the known glaucoma-causing genes account for a relatively small
proportion of glaucoma cases. The most prevalent mutations (in MYOC and OPTN)
are responsible for -3.4% of POAG and up to 15% of NTG cases respectively
(Fingert et al. 1999; Rieze et al. 2002) supporting the existence of further genetic
heterogeneity.
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Table I

List of glaucoma-causing genes/loci.
Genes/loci associated with glaucoma, shown below.

Phenotype

Locus

Position

Inheritance

Gene

JOAG/POAG

GLCIA

Iq24.3-q25.2

AD

MYOC

POAG

GLCIB

2cen-ql3

AD

POAG

GLCIC

3q21-24

AD

POAG

GLCID

8q23

AD

POAG/NTG

GLCIE

10pl5-14

AD

POAG

GLCIF

7q35q36

AD

Pigment Dispersion

GPDSl

7q35q36

AD

Pigment Dispersion

GPDS2

18qll-21

AD

Axenfeld-Rieger

RIEGl

4q25

AD

Axenfeld-Rieger

RIEG2

13ql4

AD

Axenfeld-Rieger

IRIDl

6p25

AD

16q24

AD

Axenfeld-Rieger

OPTN

PITX2
FOXCI

Congenital Glaucoma

GLC3A

2p21

AR

Congenital Glaucoma

GLC3B

lp36.2-36.1

AR

Nail-Patella Syndrome

NPSl

9q34

AD

LMXIB

Aniridia

PAX6

llp l3

AD

PAX6

Nanophthalmos

NNOl

lip

AD

Xp

X

Micropthalmia
Micropthalmia

arMi

14q32

AR

Micropthalmia
Micropthalmia

CHXIO
adCMIC

14q24.3
15ql2-15

AR
AD

CYPBl

CHXIO

A very approximate guide to the likely number of glaucoma-causing genes may be
derived from the heterogeneity of some of the retinal dystrophies. To date some 30
genes have been implicated in causing a relatively rare group of phenotypes, retinitis
pigmentosa in which a single ocular tissue is involved, with a further ~100 causing
retinal dystrophies. At least two tissues (trabecular meshwork and optic nerve) are
involved in glaucoma and it is probable that others including iris, ciliary body, retina,
blood vasculature and CNS also play a role. If the genetic heterogeneity of glaucoma
is shown to approach that of the retinal dystrophies, the number of glaucoma-causing
genes is likely to substantially exceed the ~20 so far mapped or cloned.
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M onogenic or Polygenic Disease
At present it is unclear whether (genetically-determined) cases of glaucoma are a
heterogeneous collection of monogenic disorders or a complex genetic disorder with
multiple genes acting (either alone or in conjunction with environmental factors) to
determine an individual's susceptibilty to developing glaucoma. Answering this
question would require complex segregation analysis and the necessary studies have
not been performed. The simplest means of identifying susceptibiltiy loci for
glaucoma would require nonparametric linkage studies. This approach, with
relatively large numbers of small glaucoma families (minimum size of two affected
siblings), allows investigation of possible association between a locus and
development of glaucoma without the problem of defining the nature of inheritance
or the possibility of genetic heterogeneity. Although a number of possible loci have
been tentatively identified through sib-pair analysis (Wiggs et al. 2000), these have
yet to be confirmed.

In the last two years, evidence for the presence of modifier genes that modulate the
penetrance and or severity of certain forms of glaucoma has emerged. The first
study, an analysis of Saudi pedigrees with primary congenital glaucoma identified 40
apparently unaffected individuals in 22 pedigrees with CYPIBI mutations and
haplotypes identical to their affected siblings. This suggested the presence o f a
dominant modifier locus capable of modulating the severity of the disease (Bejjani et
al. 2000). More recently a single pedigree with autosomal dominant glaucoma was
reported in which CYPIBI and MYOC mutations segregated. The mean age at
diagnosis of glaucoma in the MYOC mutation carriers was 51 years compared to 27
years in individuals with both mutations, indicating that MYOC and CYPIBI may
interact through a common pathway (Vincent et al. 2002).

Axenfeld-Rieger Syndrome

This group of highly penetrant autosomal dominantly inherited disorders is
traditionally classified phenotypically. The presence of posterior embryotoxon and
iris strands bridging the iridocorneal angle is considered diagnostic of Axenfeld

Introduction

anomaly, whilst in Rieger anomaly, additional changes to the iris with
distortion/displacement of the pupil (correctopia) and holes in the iris (polycoria) are
seen. Patients with the ocular features of Rieger anomaly plus certain systemic
abnormalities (including midfacial and dental abnormalities and/or umbilical hernia)
are considered to have Rieger syndrome. In reality these disorders form an
overlapping clinical spectrum with mutations in at least four different genes resulting
in the same phenotypes. To date two of these genes, PITX2 and FOXCI, have been
identified and a further two loci (13ql4 and 16q24) mapped through the study of
single large American and Brazilian pedigrees respectively (Phillips et al. 1996;
Nishimura et al. 2001).

Mutations in PITX2, a paired homeobox gene identified from study of Rieger
syndrome pedigrees, were shown to cause a wide clinical spectrum that encompasses
the Axenfeld-Rieger subtypes (Semina et al. 1996). PITX2 is expressed in the
periocular mesenchyme and Pitx2^‘^ mice (homeobox deleted allele) have displaced
irregular pupils, and lack anterior chambers, differentiated corneas and extraocular
muscles. This suggests that haplo-insufficiency underlies the Axenfeld-Rieger
phenotypes and demonstrates the role of Pitx2 in periocular mesenchyme
differentiation. Pitx2"s function in determining left-right patterning is of particular
interest as pitx2^^' and pitx2'^' mice exhibit a range of defects including abnormal
cardiac positioning and lung asymmetry (Lu et al. 1999, Lin et al. 1999) and some
patients with Axenfeld-Rieger phenotypes and ocular asymmetry due to PITX2
mutations have been reported (Perveen et al. 1999).

FOXCI mutations also cause the full range of Axenfeld and Rieger phenotypes (as
well as iris hypoplasia and possibly Peter’s anomaly) (Nishimura et al. 1998; Mears
et al. 1998; Swiderski et al. 1999; Mirzayans et al. 2000). That these phenotypes
result from different PITX2 and FOXCI mutations, coupled with phenotypic
variability between affected members of the same family (Falls et al. 1949) and also
the eyes o f the same individual, indicates that the traditional Axenfeld-Rieger
phenotypic distinctions do not reflect the molecular basis of these developmental
anomalies (Perveen et al. 1999, Alward et al. 2000).
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Forkhead genes

More than ten years have elapsed since the identification of the Drosophila
transcription factor fork head (Wiegel et al. 1989) subsequently led to that of the
forkhead DNA binding domain (Wiegel and Jackie 1990). At the time it was already
apparent that ancestral chordate genes could give rise to whole families of vertebrate
genes and, as illustrated by the homology between eyeless and PAX6 (Quiring et al.
1994), their structure and function were remarkably conserved. Since then more than
100 Forkhead genes have been identified in species ranging from yeast to humans.
These genes code for a subgroup of the helix-tum-helix family of proteins and the
arrangement of loops (or wings) connecting the P strands that flank one of the three
a helices, gives rise to a butterfly-like appearance, hence their alternative name of
"winged-helix" transcription factors (Clark et al. 1993).

Forkhead genes, share a conserved 100 amino acid DNA binding domain, which has
a central role in normal gene function. Extensive evidence has emerged for the
important role of these forkhead/winged helix transcription factors in development
and cell differentiation through the description of such mutations in model organisms
and humans. This has offered insight into the diverse biological processes that these
genes influence, including tumorigenesis, cell cycle regulation, and differentiation.

Forkhead genes (Classification)

Chordate forkhead transcription factors, now termed Fox, after Forkhead box, have
recently been classified into 17 subclasses (A to Q), according to the amino acid
sequence of the forkhead domain, in order to facilitate understanding of functional
divergence between Fox genes and reflect phylogenetic relationships (Kaestner et al.,
2000; Fox Nomenclature Website). It is apparent that a marked expansion of this
gene family has occurred during evolution as is illustrated by the much larger
numbers of forkhead genes in vertebrates (zebrafish 15, mouse 30 and humans 44),
which mirrors the behaviour of other transcription factors.
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Forkhead genes (Tumorigenesis and cell-cycle control)

At the commencement of this thesis the phenotypes of only 2 forkhead genes
{FOXEl and FOXNl) had been defined in humans. In the subsequent three years
there has been extremely rapid progress identifying and defining the functions of
members of this family. It is now apparent that they possess diverse roles in the
development of a wide range of tissues as well as in tumorigenesis and cell cycle
regulation. Each of these topics will be reviewed briefly as they have relevance to
different aspects of this thesis.

The first indication of Fox gene involvement in tumorigenesis came from the
identification of FOXKla, located at a site (17q25) of translocations in some cases of
acute myelogenous leukemia (Li et al. 1992). Subsequently, a translocation leading
to fusion between PAXS and FOXOla (FKHR) was identified in some alveolar
rhabdomyosarcomas (Galili et al. 1993). The resultant protein, possessing an intact
PAX binding domain plus the C terminal half of the forkhead binding domain, is a
more potent transcriptional activator than PAX3 alone and may act by over
expressing PAX3 target genes (Fredericks et al. 1995). Introduction of this chimaeric
transcript into NIH3T3 cells induces expression of transcription factors involved in
myogenesis, including Myod, Myogenin, Sixl, and Slug (Khan et al. 1999). Since
PAX3 normally inhibits myogenic differentiation it is possible that upregulation may
cause tumour formation by suppressing terminal differentiation (Epstein et al. 1995).

Interestingly a related chimaeric protein {PAX7IFOXOla) produced by a t(l : 13)
translocation is also capable of causing alveolar rhabdomyosarcomas (Barr et al.
1996). Comparable fusion proteins also occur in other leukaemias including one
associated with a translocation with a breakpoint (1 lq23) centered on the human
homologue of the Drosophila trithorax gene (MLL) (Hillion et al. 1997). The
chimaeric proteins generated by the fusion of MLL to other gene fi'agments include
the fusion of F 0 X 0 4 {AFXl) from Xql3. Although the derl 1 fragment is critical for
leukaemogenesis (Corral et al. 1993), over-expression of the closely related members
o f the ‘O’ subclass of Fox genes (FOXOl, F 0X 02, F 0X 03a and F 0X 04) all cause
growth suppression in a variety of cell lines (Medema et al. 2000). F 0 X 0 4

Introduction

expression has been shown to block cell-cycle progression at phase G l, by
transcriptionally activating the cell-cycle inhibitor CDKNIB (p27 or KIPl), whereas
FOXOSa activity, which can be regulated by the oncogene AK Tl (protein kinase B),
could play a role in apoptosis by inducing the expression of genes such as TNFSF6
(tumour necrosis factor superfamily 6) (Brunet et al. 1999).

Therefore a reasonable amount of evidence suggests that the Fox ‘O’ subclass, which
are orthologues of daf-16, a forkhead factor that regulates longevity in
Caenorhabditis elegans (Lin et al. 1997, 2001), are involved in cell-cycle regulation
and that inactivation could be an important step in oncogenic transformation. The
cloning of the murine orthologues of these genes (Biggs et al. 2001) and evidence for
the wider role of forkhead genes in cell cycle control (Alvarez et al. 2001) will
permit further advances of our understanding of these genes. In addition indications
exist that other Fox genes may play a role in tumorigenesis including; FOXGlb
(Brain Factor 1, BFl), a transcriptional repressor and the homologue of the cell
derived oncogene from the retrovirus avian sarcoma virus 31 and FOXN2 (Human T
cell Leukaemia Virus Enhancer Factor, HTLF).

Forkhead genes (Extraocular Phenotypes)

Fox genes have fundamental roles in the formation of a wide range of organs
including cardiac, meningeal, skeletal, renal, immunological, pulmonary and
mesenteric development. Just three examples will be considered, that are relevant to
their roles in regulating tissue proliferation, hair development and neural
development.

The first, illustrates the important role o f FOXEl, in cranio-pharyngeal development
with a broad spectrum of phenotypes - thyroid agenesis, cleft palate, and choanal
atresia - resulting from a homozygous mutation (Clifton-Bligh et al. 1998).
Additional phenotypic features include spiky hair and a bifid epiglottis, whilst
polyhydramnios has also been documented in the offspring of affected individuals
(Bamforth et al. 1989). Since most Fox gene mutations result in haplo-insufficiency
and a dominant mode of transmission, the homozygous FOXEl mutation was
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unusual. It raises the possibility that heterozygous mutation may result in an, as yet
unrecognised, milder phenotype(s) in a manner similar to heterozygous Foxcl^''
mice. Foxel is co-expressed with Titfl and Pax8 in the developing thyroid where
they are believed to regulate cell differentiation. Thyroid hormones are synthesised
by follicular cells derived from an endodermal bud which originates from the
posterior pharyngeal floor. This bud migrates to between the fourth pharyngeal
pouches, with which it frises, and functional differentiation of the thyroid follicular
cells, as shown by the expression of thyroglobulin, follows migration. Since Foxel
is expressed in the migrating primordium but down-regulated prior to differentiation
it may be involved either in promoting the migration process or in repressing
differentiation of the TFCs until migration has occurred (Zannini et al. 1997). In any
event homozygous mutations result in thyroid agenesis. Foxel is also expressed in
the craniopharyngeal ectoderm involved in palate formation. In cleft palate there is
absence o f normal tissue whereas in choanal atresia there is retention of abnormal
tissue. Either could result from enhanced or reduced proliferation or apoptosis
suggesting a role for FOXEl in both processes.

The second example concerns hair development, a complex process involving
formation of clumps of epithelial cells in the lower layers of the epidermis. This
induces the condensation of specialized mesenchymal cells that in turn provide the
inductive signals required for formation of the epithelial portion of the hair follicle.
Participation of forkhead genes in this process has been revealed by the finding o f a
Foxql mutation in satin mice (Hong et al. 2001), so named after the striking silky
appearance of their coat, which has a high degree of sheen. This phenotype has been
attributed to aberrant differentiation of the hair shaft and interestingly, the human
homologue FOXQl is one of a triplet of Fox genes on 6p25. A second forkhead gene
(Foxnl, formerly winged-helix nude) is responsible for the murine nude phenotype,
characterized by the congenital absence of hair and a severe immunodeficiency.
Foxnl is expressed in the skin and thymus where it maintains the balance between
growth and differentiation (Nehls et al. 1996, Brisette et al. 1996). The human nude
phenotype, also characterised by severe T cell immunodeficiency as well as nail
dystrophy and alopecia, is caused by a homozygous mutation in the human
orthologue, FOXNl (Frank et al. 1999). This is the third hair phenotype caused by a
Fox gene mutation (in addition to FOXEl and Foxql).
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The last example concerns intellectual development and the recent identification of a
novel forkhead gene involved in the development of speech and language. FOXP2
was shown to be disrupted in an individual with a chromosomal translocation and a
severe speech and language disorder. A mutation in a highly conserved (FOXP2)
forkhead domain residue was then found to segregate with a similar phenotype in a
large pedigree. This suggests that haplo-insufficiency of FOXP2 at a key stage of
embryogenesis leads to abnormal development of structures important for speech
and language, representing the first gene to have been implicated in such neural
pathways (Lai et al. 2001).

FOXCI

FOXCI (formerly FKHL7) is one of seven genes recognised to cause glaucoma. It
was independently identified by two groups using different methodologies: cloning
of a translocation breakpoint in an individual with primary congenital glaucoma and
a balanced translocation (Nishimura et al. 1998), and a positional cloning approach
(Mears et al. 1998). FOXCI mutations were shown to cause Axenfeld anomaly,
Rieger anomaly, Rieger Syndrome and iris hypoplasia both in isolated cases and in
pedigrees with an autosomal dominant pattern of inheritance. However, four such
pedigrees that map to 6p25 do not contain a mutation in the coding region of the
FOXCI gene (Mears et al. 1998; Jordan et al. 1997; Morissette et al. 1997). In two of
these families FOXCI was excluded fi*om the disease-causing interval by mapping
data on the basis of recombination events. These findings suggested the existence of
a second glaucoma-causing gene on 6p25 (Mears et al. 1998).

F o x cl

At the start of this thesis, data was also available on the naturally-occurring Foxcl
mutant which in the homozygous state results in the congenital hydrocephalus (ch)
phenotype (Kume et al. 1998). The first description of the ch phenotype (Griineberg
1943) revealed that affected mice had enlarged cerebral hemispheres, open eyelids at
birth and a wide range of skeletal abnormalities. The skull, cervical vertebrae and
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laryngeal cartilages were all severely abnormal with a range o f other defects
affecting the skeleton, cerebellum, cistema magna and tissue surrounding the fourth
ventricle. Subsequently ch heterozygotes were shown to exhibit milder skeletal
anomalies than ch homzygotes (Hong et al. 1999).

Kume and colleagues demonstrated that the ch allele was caused by a mutation in
Foxcl (a C—►Ttransition in the forkhead box) resulting in a truncated protein of 122
amino acids (compared to the normal 553aa). The authors extended the range of
skeletal defects described in ch mice, highlighted the wider range of organs affected
by the ch mutation (including cardiac and renal development) and described novel
changes in both meningeal and ocular development. Using a null allele {Foxcl^°^^),
Foxcl^^^^ was shown to be highly expressed in the developing meninges with
disruption of the normal meningeal architecture in mutant embryos; an observation
potentially relevant to the causation of glaucoma in individuals with FOXCl
mutations. Foxcl^^'^^ homozygotes were also found to have a range of ocular
abnormalities including open eyelids at birth, disorganised comeal architecture and
iris hypoplasia. In addition four individuals with telomeric deletions encompassing
FOXCl and ocular anterior segment developmental anomalies were reported (Kume
et al. 1998). This observation, taken together with several previous reports of ocular
anomalies in patients with 6p25 cytogenetic abnormalities (such as Law et al. 1998),
provided the first indication that altered dosage of a gene or genes in the
duplicated/deleted region was responsible for the ocular phenotype(s) observed.

Subsequently, using homozygous null mutants {Foxcl^°^^ and F oxcF \ Foxcl was
shown to be required for the normal development of the cornea and anterior segment
(Kidson et al. 1999). Homozygous Foxcl null mutants do not develop a comeal
endothelium, which is essential for the separation of comeal mesenchyme from the
lens and the formation of the anterior chamber. The null Foxcl phenotype resembles
that of the naturally-occurring dysgenetic lens {dyl) mutant in which the lens vesicle
fails to separate from the overlying ectoderm, resulting in adhesion between the
comea and crystalline lens (Sanyal & Hawkins, 1979). This phenotype caused by
FoxeS mutations (Blixt et al. 2000; Brownell et al. 2000) in tum closely resembles a
glaucoma-associated human phenotype called Peters anomaly, also characterised by
comeo-lenticular adhesion.
13
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FoxcVs expression pattern is very similar to that of Foxc2, with which it shares close
homology and the co-ordinated function of these two genes in ocular development
has now been demonstrated (Smith et al. 2000). Co-ordinated expression is a feature
o f other Fox paralogues, including Foxdl and Foxd2 in renal development. The
similar ocular anomalies that result from haplo-insufficiency of Foxc2 and FOXCl
and the absence of direct interaction between Foxcl and Foxc2, provide evidence
that these genes share a common downstream pathway. Recently this has been
confirmed by data that Foxcl and Foxc2 have similar dose-dependent functions in
cardiovascular, renal and somite development (Kume et al. 2000; Kume et al. 2001;
Topczewska et al. 2001).

Forkhead genes (other ocular phenotypes)

The prevalence of ocular disease amongst the ten human Fox genes whose
phenotypes have been defined, is noteworthy. Mutations in FOXCl, FOXC2, FOXES
and F0XL2 affect a range of tissues including the eyelashes, eyelids, comea, iris and
lens, and a fifth gene {Foxn4\ expressed in developing retina, has recently been
identified (Gouge et al. 2001).

Mutations in FOXC2 cause lymphedema-distichiasis, the third heritable human
disorder attributed to a forkhead gene (Fang et al. 2000). FOXC2 was identified
through cloning of a translocation breakpoint in an individual with neonatal
lymphedema, the same approach used by one laboratory to identify FOXCl
(Nishimura et al., 1998). FOXC2 neatly illustrates the principle that forkhead
proteins, like other transcription factors, may have one function during embryonic
development and organogenesis, and a completely distinct function in adult,
terminally differentiated tissues. Foxc2 is involved in early mesoderm patterning and
the homozygous knockout is lethal with skeletal, genitourinary and cardiovascular
defects similar to Foxcl homozygotes (Kume et al. 2001). Whilst haploinsufficiency
gives rise to eye defects in mice and man, lymphedema is just observed in humans,
probably due to the smaller size, and hence lower hydrostatic pressure, of the mouse.
These defects may reflect a subset of developmental functions that happen to be
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most sensitive to expression levels (and therefore gene dosage). In adults on the
other hand, FOXC2 appears to be a master regulator of energy
expenditure/storage/glucose metabolism. There is a similar situation with the FoxA
(HNF3) genes, which control essential steps in embryogenesis such as notochord,
floorplate, and endoderm differentiation, but control liver metabolism in adults
(Kaestner et al. 2000).

Mutations in FOXL2 cause a complex developmental eyelid disorder,
blepharophismosis-epicanthus inversus syndrome (BPES), in which individuals
display narrowed palpebral apertures (blepharophismosis), drooping of the upper
eyelid (ptosis) and inversion of the arrangement of one of the lid folds (epicanthus
inversus) (Crisponi et al. 2001). Patients are divisible into two categories according
to whether their BPES phenotype includes ovarian failure. Mutations causing type I
BPES (with ovarian failure) generate a truncated allele whilst those associated with
type II (BPES alone) generally occur downstream of the forkhead domain. This
genotype-phenotype correlation is consistent with the interpretation that type I
mutations disturb the DNA-binding properties of the forkhead domain, generating a
null allele, whilst type II mutations form a hypomorphic allele with reduced
transactivating properties (De Baere et al. 2001).

The importance of Fox genes in eye development is further highlighted by the role of
FOXES, in the development of the anterior segment. FoxeS mutations, which cause
the naturally occurring dysgenetic lens {dyl) mutant, result in a similar phenotype to
FoxcF^^^^ or FoxcF^', in that the lens vesicle fails to separate from the overlying
ectoderm. This closely resembles Peters anomaly a genetically heterogeneous
disorder, so far attributable to mutations in PAX6, FOXCl, PITX2, EYAl and
CYPIBI (Hanson et al. 1994; Nishimura et al. 2000; Perveen et al. 2000; Azuma et
al. 2000; Vincent et al. 2002). The recent identification of FOXES mutations in
individuals with anterior segment developmental anomalies and cataract (Semina et
al. 2001), and in Peters anomaly (Ormestad et al. 2002) highlights the close
phenotypic (and presumed functional) relationship between murine and human
forkhead orthologues.
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Paired box genes
Pax (paired box) genes are a family of transcription factors isolated as a result of
their homology with the Drosophila segmentation gene paired. Pax proteins share a
128 amino acid DNA binding domain and of the nine PAX genes identified, the role
of PAX6 is perhaps best understood. Mutations in PAX6/Pax6 are responsible for the
human aniridia and murine Small eye phenotypes respectively, both of which are
associated with comeal opacification and cataracts. The recognition that the
Drosophila orthologue of PAX6 was responsible for the classic mutant eyeless (ey),
had broad evolutionary implications. It demonstrated that the same orthologue
controls development of the compound insect and vertebrate eye and that
comparative ocular developmental genetics is a powerful tool for elucidating the
genetic pathway controlling eye morphogenesis.

A number of Drosophila genes have been identified through the study ey paralogues
and these are categorized into four gene families: PAX6 {eyeless, twin o f eyeless
{toy), eyegone {eyg)); EYA {eyes absent), SIX {sine oculis {so), Optix) and DACH
{dachshund). The functional relationships between these genes is presently better
understood in Drosophila than in vertebrates. Through induction of ectopic eye
formation toy has been shown to directly activate ey (and induce other genes
including sine oculis {so) and eyes absent {eya)) and lie above them in the hierarchy
of ocular developmental genes. In tum the Notch signaling pathway lies upstream of
ey and toy in eye spéciation (Kumar et al. 2001). Whilst a full review of PAX6 and
vertebrate eye development is beyond the scope of this thesis (see, Hanson 2001),
mammals have homologues of these gene families {PAX6, EYAl-4, SIXl-6 and
DACHl and DACH2) and the effects of mutations in these genes are slowly being
reported. The close functional similarity of these fruit fly/murine/human orthologues
makes naturally-occurring/transgenic mutants excellent models for the study of
human disease.

PAX6 also illustrates both the developmental consequences and the exquisite
sensitivity of the eye to altered gene dosage. Transgenic mice carrying an additional
copy of the human PAX6, crossed onto a Small eye background, rescue the mutant
phenotype. In addition mice carrying extra copies of PAX6 only have ocular
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developmental anomalies with other organs, in which PAX6 is expressed, unaffected
(Schedl et al. 1996). This indicates that both increased and decreased levels of
Pax6/PAX6 expression result in ocular abnormalities and that the eye is especially
sensitive to altered gene dosage.
M olecular aspects o f haploinsufficiency and altered gene dosage
The mechanisms underlying haploinsufficiency are incompletely understood but one
model for transcription factors is that they activate different spectrums of target
genes. In the case of the C.elegans orthologue of FOXA,pha-4 activates all known
pharyngeal genes raising the possibility that direct transcriptional regulation of entire
gene networks may be a common feature of all organ identity (and Fox) genes
(Gaudet and Mango, 2002). Target genes may have different binding affinities for
each transcription factor, and according to the level of functioning transcription
factor in a cell, a different pattern of gene expression would result. Combining this
model with stochastic effects could explain some of the phenotypes caused by gene
mutation or altered dosage. Pax5 has been shown to exhibit allele-specific
expression in which Pax5 is transcribed from one of its two alleles at different stages
of development (Nutt et al. 1999). The observation of similar mono-allelic
expression m IL 4 and Ly49 receptors (Riviere et al. 1998; Held et al. 1998) suggests
this may be a widespread phenomenon. It is tempting to speculate that such a
mechanism may apply to other transcription factors and thus could explain why
single mutations in PAX2, PAX6 and PAX8 cause renal-coloboma syndrome, aniridia
and congenital hypothyroidism respectively.

Position effects

Numerous instances exist of pathogenic chromosomal rearrangements whose
breakpoints lie many kilobases fi*om the coding elements of the gene responsible.
Such position effects are believed to result from deleterious changes to gene
expression, due to change in the gene’s position relative to its normal chromosomal
environment. Possible mechanisms include transposition to sites where the
chromatin structure suppresses gene expression or separation fi'om essential
regulatory elements and locus control regions. Transcription factors are prone to
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position effects and this may reflect either the number or wide distribution of their
regulatory elements. Position effects have been reported with PAX6, PITX2 and
POU3F4, and can be induced by translocations with breakpoints up to 900kb away
(reviewed in Kleinjan and van Heyningen 1998). Fox genes are also susceptible with
reports of balanced translocations causing positional effect inactivation of FOXCl,
FOXC2, and FOXL2 in glaucoma, lymphedema-distichiasis and BPES respectively
(Nishimura et al. 1998; Fang et al. 2000; Crisponi et al. 2001). These mechanisms
contrast with other forms of gene inactivation such as the CTG repeat expansion in
DMPK which causes cataracts in dystrophia myotonica by directly disrupting SIX5
expression (Sarkar et al. 2000; Klesert et al. 2000).
M olecular M echanisms fo r Chromosomal Rearrangements
Chromosomal rearrangements are associated with a wide variety of genetic disorders
and are divisible into two groups depending on whether the rearrangements are interchromosomal (translocations) or intra-chromosomal. The latter category comprises a
wide range of anomalies including telomeric deletions, segmental duplications and
deletions, inversions and marker chromosomes.

Telomeric (or terminal) deletions involve loss of the distal portion of one
chromosomal arm. Although they can occur on any chromosome, certain deletions
are observed more frequently than others. This may reflect the relative viability of
monosomy in different chromosomal regions or the susceptibility of certain areas to
rearrangements. There is evidence in some deletion syndromes (e.g. Jacobsen
syndrome) of an association between certain repeat sequences and the position of
breakpoints (Jones et al. 2000) although for most telomeric deletions, the breakpoints
do not occur at a single site.

Segmental (or interstitial) cytogenetic abnormalities cause a wide spectrum of
conditions including Williams, Prader-Willi and Angelman syndromes. Segmental
duplications and deletions co-exist in only a handful of disorders (such as CharcotMarie-Tooth disease (CMT/HNPP), Smith Magenis syndrome (SMS), red-green
colour blindness, thalassaemia and derivative 22 syndrome/Velo-Cardio-Facial/Di
George Syndrome) and the presence of similar sized abnormalities in unrelated
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patients is consistent with these anomalies arising through a common mechanism,
such as homologous recombination between low-copy number repetitive sequences
(Emanuel et al. 2001). In two examples (CMT/HNPP and SMS) the sequences
responsible for these contiguous gene duplication/deletion syndromes have been
characterised enabling patient-specific junctional fragments to be amplified. In GMT
(type 1A) the duplication arises from unequal crossing over mediated by 24 kb
flanking repeats whilst the reciprocal deletion is associated with a peripheral
neuropathy (hereditary neuropathy with liability to pressure palsies (HNPP). Both
phenotypes result from altered copy number of the dosage-sensitive myelin gene
(PMP22) (Lupski 1991; Lupski 1992; Reiter 1996). In Smith Magenis Syndrome,
the size of the duplicated/deleted region is much larger (~ 5 Mb) and the
rearrangements are mediated by repeats ~ 200kb in length (Chen et al. 1997; Potocki
et al. 2000).

Only relatively short lengths of sequence homology (134-232 bp) are required for
homologous recombination and unequal crossing over to occur (Waldmann et al.
1998) and in some disorders, such as the rare X-linked condition PelizaeusMerzbacher disease, large blocks of repetitive sequence have not been identified. In
this disease, aberrant CNS myelination occurs secondary to altered dosage of the
proteolipid protein gene; and the segmental duplications and deletions are of
differing size suggesting that a different mechanism is involved (Woodward et al.
1998; Hodes et al. 2000). Possibilities include the presence of multiple small blocks
of repetitive sequence or alternatively sequences that may predispose to the
chromosomal breaks.
Human Genome Project
Much of the research described in this thesis was facilitated by the increasing
availability of assembled sequence fi*om the human (and related) genome(s). Access
to such genomic sequence data was especially helpful in defining the approximate
extents of the segmental cytogenetic abnormalities observed in some of the
pedigrees.

The Human Genome Project represented a natural continuation of successful
attempts to sequence bacterial viruses and mitochondrial DNA which was followed
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by programmes to create genetic and then physical maps of clones covering the yeast
and C.elegans genomes. The development of shotgun sequencing methods finally
made sequencing of larger genomes feasible. Between 1995 and 1999, bacterial
artificial chromosomes (BACs) were successfully used to construct a clone tiling
path and -15% of the human genome was sequenced. In the next 18 months, perhaps
spurred on by the efforts of the biotechnology firm Celera, a draft genome sequence
was published (International Human Genome Sequencing Consortium 2001; Venter
et al. 2001). Whilst both employed shotgun sequencing, the public consortia first
arranged the genome into an overlapping collection of (primarily) BAG clones,
which were then individually sequenced. In contrast, Celera adopted a wholegenome shotgun assembly method in which random portions of genomic sequence
were reassembled using computational techniques. The relative merits of these
different approaches remains controversial although the extent to which the wholegenome shotgun assembly method benefited from pre-existing physical map and
sequencing data, has recently been reported (Waterston et al. 2002).

Systematic sequencing of chromosome 6 commenced in September 1996 and was
largely performed at the Sanger Centre using bacterial clones of genomic origin
subcloned into M l3 and pUC vectors. Chromosome 6 is -ISO Mb in size and when
the sequence for dJ118B18 (the clone containing FOXCl) was available, the position
and sequence of adjacent clones was not known. In the subsequent two and a half
years, the sequencing of this terminal portion of 6p is virtually complete.
Strategies fo r gene identification
The increasingly availability o f high quality human sequence data has simplified the
task of identifying disease genes from amongst the - 3 x 10^ base pairs that comprise
the human genome. Essentially two different strategies have been employed in the
past - functional or positional cloning. In functional cloning, the observation of a
specific phenotype such as a biochemical defect, enables one or more candidate
genes involved in that biochemical pathway to be screened for the presence of
mutations. In contrast, positional cloning relies on recombination events to define the
interval within which the disease-causing mutation lies. Once the minimum interval
has been defined using the available polymorphic markers, the availability of
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sequence data enables candidate genes in the region to be readily identified. The
considerable amount of database information available on each sequence (which
frequently includes tissue expression pattern data, motif structure and known
paralogues/orthologues) often highlights the best (glaucoma-causing) candidate(s) to
screen, effectively replacing traditional physical mapping techniques.
One variant o f this approach, which has been especially successful for identifying
human forkhead genes, is translocation breakpoint mapping. This technique assumes
that the phenotype in individuals with a translocation is breakpoint-mediated (direct
or positional effect) gene inactivation. Fluorescent in-situ hybridsation (FISH), using
YACs from the region as probes, enables the breakpoint to be defined as at least one
probe will span the breakpoint and yield hybridsation signals from both
chromosomes. The interval spanning the breakpoint can be defined to less than 40kb
through use o f progressively smaller probes (BACs and then either cosmids or PCRgenerated probes). Subsequent database analysis of the clone that spans the
breakpoint will identify adjacent genes. Determining which of these candidates is
responsible for the phenotype is most easily achieved by screening a panel of
patients with the same phenotype, for mutations in each candidate gene. The gene
closest to the breakpoint may not be the cause of the phenotype as illustrated by the
breakpoint mapping of FOXCl and FOXC2. In both cases the genes disrupted by or
lying closest to the breakpoint {GMDS and FOXLl respectively) were not
responsible for the disease phenotype.

Linkage analysis
Linkage analysis is a technique for mapping inherited disorders. It relies upon the
likelihood of two loci being separated by a recombination event being proportional
to the distance between them. These recombination events occur on average at least
once on the arm of each chromosome during the pachytene phase of meiosis
(International Genome Sequencing Consortium, 2001). By measuring the frequency
of non-random segregation a statistical value can be calculated for the likelihood that
two loci are linked.

In order to perform linkage analysis the segregation of a disease phenotype is
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compared with that of a number of polymorphic markers. The markers available
have changed considerably over the last two decades, progressing from blood group
markers and restriction fragment length polymorphisms, via VNTRs to the
microsatellite markers used in this thesis, and most recently to single nucleotide
polymorphisms. The most useful markers are those with a high degree of
heterozygosity. A marker’s informativeness can be quantified by a value, its
polymorphic information content (PIC) (Ott 1997), which is determined by the
number of alleles and the frequency of each in the population. Markers with values >
0.7 are prefered for linkage analysis and PIC can be calculated with the following
formula:
n

n-I

n

PIC = 1- E p / - S . E 2 p i p f
i = 1 i= 1 j =i + 1
(where Pi and P, are the population frequencies of the zth andyth alleles).

The mathematical measure of linkage is the lod score (Z) - the logarithm of the odds
ratio that two loci are linked at a given recombination fraction (0) compared to the
same segregation pattern if they are unlinked. This ratio is calculated for a range of
recombination values between 0 = 0 and 0 = 0.5 (where loci are regarded as
independently assorted).

Z (0) = logio [L(0) / L(0.5)]

where: L(0) = likelihood if the two loci are linked and
have a recombination fraction of 0

L(0.5) = likelihood if the two loci are not linked

By convention a lod score of > 3.0 is regarded as significant evidence that two loci
are linked. This equates to the odds in favour of linkage being at least 1000:1 or a 1
in 20 probability (or P=0.05) that the observed linkage has occurred by chance. A
smaller lod score is required for demonstrating linkage in X-linked disorders (> 2.0).
The presence of a negative lod score suggests that two loci are unliked and, by
convention, a lod of < -2.0 is required to disprove linkage. Although large
mutigenerational pedigrees provide the most rigorous substrate for analysis, due to
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their logarithmic nature, under certain circumstances lod scores from different
pedigrees can be combined. Lod scores can be calculated with a variety of computer
packages not least the MLINK program (Lathrop and Lalouel 1984) and web based
programs (Genetic Linkage User Environment (GLUE), Human Genome Mapping
Project).

Confirmation that a sequence change represents a mutation

Once a sequence change is identified in an affected individual it is necessary to
demonstrate that it is responsible for the disease phenotype. The minimum proof
required is that the sequence change co-segregates in the pedigree with the disease
phenotype, is not present in a panel of ethnically matched control chromosomes, and
generally lies within the gene’s open reading frame altering the amino acid sequence
of the protein. Identification of a second mutation, segregating in an unrelated
pedigree, excludes the possibility of the sequence change being in linkage
disequilibrium with the real disease-causing gene. It is now increasingly important to
demonstrate the mutation’s effect on protein structure, in vitro function and ideally
in a model organism.

Fluorescent in-situ hybridisation

Fluorescent in-situ hybridisation (FISH) involves the hybridisation of labelled DNA
probes to complementary sequences on chromosome preparations and detection of
the hybrids with fluorescent labelled molecules. FISH represents a powerful
technique for demonstrating the presence of a cytogenetic abnormality through
comparison between the number of hybridisation signals present in cases and
controls. In the presence of a segmental duplication for instance, 3 signals are
generally observed (2 on one homologue and I on the other) compared to 2 signals
in controls (I on each homologue). Similarly in segmental or telomeric deletions, a
single signal is generally observed from probes that correspond with the deleted
portion of the chromosome. Background variation occurs in the number of signals
seen per cell, due to factors that include incomplete synchronisation of cultured cells
within the cell cycle and viewing in two dimensions objects that are actually
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separated in three dimensions, which can lead to signal masking. To compensate for
this, large numbers of interphase nuclei are generally imaged from both affected and
control individuals and the results analysed to determine whether the pattern in
affected individuals differs significantly from that seen in controls.

Transgenesis

The introduction of specific DNA sequences (or transgenes) into animal germ lines
represents a valuable technique for investigating the role and regulation of genes in a
model organism. At least three approaches exist for generating transgenic models retroviral injection of preimplantation embryos, manipulation of embryonal stem
cells and finally direct microinjection of mouse embryos. The latter approach, direct
microinjection of the transgene, involves several steps including: design and
isolation of the construct, microinjection of murine embryos, oviduct transfer and
genomic analysis of transgenic animals.

In the design of a transgene, the inclusion of the gene’s regulatory elements is
important. Where these are unknown, as in the case of FOXCl, it is usual to insert as
large a construct as possible such as a cosmid or PAC. Some evidence exists that the
presence of vector derived sequence may inhibit mammalian transcription and
removal of such sequences prior to injection, which also serves to linearise the DNA,
may be advantageous (Jessen et al. 1988). Many researchers however achieve
reasonable transgenesis rates without linearising the PAC, and avoid an additional
step in which the purity/quality of the DNA can be affected. DNA purification of the
transgene prior to microinjection is crucial to successful generation of transgenic
animals and better results are generally achieved with freshly-generated DNA.
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Aims o f thesis

The initial aim of the thesis was to identify novel glaucoma-causing genes by linkage
analysis of large pedigrees with iris anomalies and early onset glaucoma. As
evidence for altered gene dosage as the cause for these 6p25-linked phenotypes was
obtained, the emphasis switched to: attempting to understand the causation of these
duplication, determining whether related cytogenetic anomalies were present in
6p25, generating a murine model of the 6p25 segmental duplication and determining
some of the wider phenotypes attributable to altered FOXCl gene dosage or
mutations in close paralogs.
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Table II

Chromosomal Distribution of Human Forkhead Genes

Name

Location

Name

Location

F0XD2
F0XD3
FOXES

lp32-34
lp31-32
lp32

FOXOla

13ql4.1

FOXN2

2pl6-22

FOXPl

3pl3

14
14ql2-13
14ql3
14ql3

FOXL2

3q23

FOXKlb
FOXAl
FOXGla
FOXGlb
FOXGlc
FOXN3

FOXDl

5ql2-ql3

FOXJl
FOXOlb

5q34
5q35.2-35

FOXF2
FOXCl
FOXQl

6p25
6p25
6p25

FOXBl
FOXFl
FOXLl
F0XC2

15q21-26
16q24.3
16q24.3
16q24.3

FOXOSa
FOX02

6q21
6q21

FOXOSb
FOXNl
FOXJl
FOXKla
FOXKlc

17pll
17qll-ql2
17q22-25
17q25
17q25

FOXP2

7q31

FOXHl

8q24

FKHL18
FOXE2

2 0 q lL l-q lL 2
22ql3-qter

FOXD4
FOXEl

9q21
9q22

Xql3
XplL23

FOXJ2
FOXMl

12pl3
12pl3

F 0X 04
FOXP3
FOXA3

FOXN4

12q24
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Table III

Phenotypes attributable to Forkhead Gene Mutations
Human

Murine (naturally occurring murine mutant)

FO XCl^

Axenfeld-Rieger Syndrome

(6p25)

Glaucoma, Iris Hypoplasia

Ocular/memingeal/cardiac/skeletal
& renal anomalies
{Congenital hydrocephalus, ch)

FOXC2U

Lymphedema-Distichiasis

Ocular/cardiac/renal anomalies

FOXEIX
(9q22)

Thyroid agenesis, cleft palate,
choanal atresia, polyhydranmios
spiky hair

FOXE3X
(lp32)

Ocular anterior segment
anomalies & cataract

(16q24.3)

Ocular anterior segment anomaly
{Dysgenetic lens, dyl)

Foxil

Common cavity syndrome

FOXL2X
(3q23)

Blepharophimosis/Ptosis/
Epicanthus Inversus Syndrome
(BPES)
Premature ovarian failure

FOXNIX
(17qll-ql2)

Immunodeficiency, alopecia,
nail dystrophy

FOXOla
(13ql4)

Rhabdomyosarcoma

F0X04
(Xql3)

Myeloid-Lymphoid Leukaemia (MLL)

FOXP2
(7q31)

Speech & language disorder

FOXP3
(Xpll.23)

Neonatal diabetes, enteropathy Lymphoproliferative disorder
& endocrinopathy
fatal in hemizygous males
{Scurfy mouse)

Severe immunodeficiency/absence o f hair
{Winged-helix nude)

Satin hair
{Satin mouse)

FOXQIX
(6p25)
t ocular phenotype

J hair phenotype
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MATERIALS & METHODS
Ascertainment of Patients
Patient Identification
The majority of patients and families with anterior segment malformations and
glaucoma were identified from the Moorfields Eye Hospital (MEH) Paediatric
Glaucoma Clinic, a tertiary referral clinic treating patients from across the United
Kingdom. Additional patients were identified from other sources including the MEH
Genetic Database, referrals from other units and UNIQUE - a support group for
individuals with rare chromosomal abnormalities.

After individuals were identified from families with definite evidence of hereditary
glaucoma, priority was given to the ascertainment of large families (> 8 meioses)
that were particularly suitable for linkage analysis. Contact details for each patient /
relative were sought using the hospital information systems / directory enquiries and
were invited to participate, either by letter and or telephone contact.

Informed consent was obtained from all participants - in the case of children or
individuals with developmental delay, consent was provided by their parents. The
ethics committee of Moorfields Eye Hospital approved the study (protocol numbers
492, 633, HITR 1011).

Patient Examination

All participating individuals were invited to Moorfields Eye Hospital for
examination and were encouraged to attend with their relatives, wherever possible to
facilitate phenotyping. Where this was inconvenient, arrangements were made for
families to be examined either at their local hospital or in their home. Visits for this
purpose were made to Bath, Glasgow, Middlesborough, Southampton, South Wales
and Uxbridge as well as to Lancaster County, PA, USA. In certain cases it was
inconvenient for participants to attend with family relatives and blood samples were
collected by the local general practitioner and forwarded to the laboratory.
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A variety of data were collected from each individual including demographic details,
age at diagnosis, and medical or surgical treatment. All family members underwent a
comprehensive ophthalmic assessment with slit-lamp examination and, where
indicated, anterior segment and optic disc photography, visual field examination and
scanning laser ophthalmoscopy. Examinations in patient's homes were performed
with a portable slit lamp (Clement Clarke, UK). Blood or buccal swab samples were
collected from patients, primarily to obtain genomic DNA, but in certain instances
additional samples were collected either for lymphocyte culture (for subsequent
FISH) or to establish EBV transformed cell lines. The latter samples were deposited
at ECACC (European Collection of Cell Cultures, Salisbury, UK).

Patient Photography

Ocular anterior segment photographs were recorded onto standard ASA400 slide
film using a Cannon macro lens, extension tube and ring flash system. Photos were
also taken using a Zeiss slit lamp camera and both sets of images were digitised
using an HP5490C flat bed (slide) scanner before being saved as compressed JPEG
files. More recently anterior segment photographs were obtained using a Topcon
digital anterior segment slit lamp camera system.

Examination o f H air Samples

Hair samples were requested from members of pedigrees A and B by post. Five (1-2
cm) portions of hair from each family member were mounted with DPX on glass
microscope slides, labelled with an individual reference number. Dried slides were
photographed with a DP 10 digital camera mounted on a BX50 Olympus microscope,
which uses a transmitted halogen light source. To ensure a consistent level of
microscope illumination, internal standards were used. Three of the five hair samples
on each slide were selected for photography by a masked consultant ocular
histopathologist (Dr BJ Clark), using the following settings (magnification 40 times,
neutral density filters 6 and 25 out, lamp preset at 9 volts and iris diaphragm
maximally closed to provide maximal depth of field). Copies of the images, saved as
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uncompressed JPEG files, were imported into Adobe Photoshop (Adobe Systems
Inc, CA, USA), cropped to yield 2000 x 2000 pixel images of each hair shaft and
passed to Professor F. Fitzke (who was also masked) for quantitative colour analysis.
Each image was split into its component red (R), green (G) and blue (B) values using
a Matrix Inspector program (Prof. F. Fitzke). Analysis of each component revealed
considerable scatter between the three hair images. As analysis using the mean of the
RGB values and the mean of the three images from each individual’s hair gave
similar results, these were used in the subsequent statistical analysis (SigmaStat,
SPSS Science, Chicago, USA).

The slides were qualitatively assessed by ten masked observers (6 male, all with
normal colour vision) to determine the perceived darkness of each specimen. Each
observer arranged the slides, on a photographic gel transilluminator, in order of
decreasing darkness. The ranking of each sample by the ten was then tabulated and
the data analysed (t-test).

Preparation of DNA

DNA extraction fro m peripheral blood lymphocytes
2Omis of venous blood were collected in EDTA tubes using the Vacuetted vacutainer
blood collection system and stored at -20°C until required. Prior to DNA extraction
(Nucleon II kit, Scotlab Bioscience) samples were thawed at room temperature,
transferred to 50ml sterile falcon tubes (Greiner) and 40ml of reagent A (lOmM TrisHCl pH8.0, 320mM sucrose, 5mM MgCb, 1% Triton X-100) added. After mixing
by inversion to lyse the erytherocytes, the preparation was centrifuged (3500rpm, 6
min) and the supernatant discarded.

The leucocyte pellet was re-suspended in 2ml of reagent B (400mM Tris-HCl pH8.0,
60mM EDTA, 150mM NaCl, 1% SDS ) and the suspension of lysed leucocytes
transferred to a tube containing 500pl o f 5M sodium perchlorate, mixed vigorously
and -1.5ml of chloroform added. After further mixing, 300pl of Nucleon® resin
(provided) was added and centrifuged (3500rpm, 5 min). The aqueous phase was

30

M aterials and Methods

transferred to a fresh tube and the DNA precipitated by addition of two volumes of
100% ethanol. The DNA was washed with 70% ethanol, air dried and dissolved in
400pl of water to yield a stock solution that was stored at -20° C (along with a
separate 1 in 10 dilution working solution). On average 300-400pg DNA was
obtained from 9ml of whole blood.
DNA extraction fro m buccal swabs
Three buccal swabs (Cytobrush Plus, Medscand, Malmo, Sweden), collected from
children or adults with developmental delay, were stored in 2.0ml 0.9% saline at 20°C. Prior to extraction samples were thawed and after resuspending the buccal
cells in fresh saline, were transferred to a fresh tube. After centrifugation (1500 rpm,
1 min), the pellet of buccal mucosa cells (and other oral material) was re-suspended
in fresh PBS (600pl) (PBS: 8g NaCl, 0.2g KCl, 1.44g Na2HP0 4 made up to 1 litre
with distilled water, pH 7.4 with HCl). 20pl protease solution and 600pl buffer AL
(all reagents provided in the QIAamp DNA minikit, QIAGEN, UK) were added,
vortexed for 15 seconds and incubated for 10 minutes at 56°C. After addition of
600pl 100% ethanol, the mixture was applied in 700pi aliquots to a QIAamp spin
column and centrifuged (8000 rpm, 1 min). After discarding the flow through, the
column was washed with 500pl buffer AW l, centrifuged (8000 rpm, 1 min) before
500pl buffer AW2 was added and centrifuged (14000 rpm, 1 min). After
centrifugation (13,000 rpm, 1 min) to remove residual buffer, DNA was eluted from
the spin column colunrn by applying 100pi water (incubated at room temperature 1
minute, centrifuged 8000 rpm 1 minute). The typical yield from a set of three buccal
swabs was 1pg DNA.

Extraction o f cloned DNA

E.Coli cells transformed with recombinant plasmid or cosmid vector were streaked
on to LB agar supplemented with the appropriate antibiotic, and incubated overnight
(37°C). Single colonies were inoculated in 10ml of LB-broth supplemented with the
same antibiotic (Kanamycin 25pg/ml, Chloramphenicol 20pg/ml or ampicillin
50pg/ml) and grown overnight (at 37°C) with agitation [LB (Luria-Bertani) broth
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and agar: lOg NaCl, lOg bacto-tiyptone, 5g bacto-yeast extract to 1 litre dH20, pH to
7.0 with 5M NaOH; for agar add 20g agar/litre of LB broth; autoclave]. Glycerol
stocks were made at this stage, by adding 0.5ml of 50% sterile glycerol to 0.5ml of
culture in a sterile screw-capped tube - these were stored at -20°C. The cultures were
centrifuged at 3500g for 10 minutes and processed using the Qiagen Plasmid
Maxikit. The resulting pellet was re-suspended in 500pl buffer PI (50mM Tris HCl,
pH 8.0, lOmM EDTA, lOOpg/ml RNAse A) mixed with 500pl of buffer P2 (200mM
NaOH, 1% SDS) and the tube gently inverted to avoid shearing genomic DNA. This
cell lysis stage, of a maximum of 5 minutes, was followed by addition of neutralising
buffer P3 (500pl 3M potassium acetate, pH 5.5), which forms a precipitate (of
protein, bacterial chromosomal DNA and cell debris) that was removed by
centrifugation (13,000 rpm for 10 minutes). Plasmid DNA in the supernatant was
precipitated by addition of 0.8 volume of 100% isopropanol and centrifugation
(13000 rpm, 1 minute). The DNA pellet was washed with 70% ethanol, air-dried,
dissolved in 50-100pl distilled water and quantified by agarose gel electrophoresis of
a 5pi aliquot.
DNA extraction fro m low copy number plasm ids (dJl 18B18)
For low copy number plasmids a modified protocol was followed using QIAGEN
Giga-kits. The starter culture of 5ml LB-broth (plus kanamycin), inoculated with
E.coli containing dJ118B18, after overnight culture was diluted into 2.5 litres of LBbroth (with kanamycin) and again cultured overnight (at 37°C with vigorous
shaking). The bacterial cells were harvested by centrifugation (3,500 rpm, 10
minutes), re-suspended in 125ml PI buffer, lysed with 125ml P2 buffer and the
cellular debris precipitated by the addition of buffer P3. After centrifugation (15,000
rpm, 15 minutes, 4°C) DNA was precipitated by adding 263ml isopropanol to the
supernatant followed by centrifugation (15,000 rpm, 30 minutes, 4°C). The DNA
was re-disolved in 500pl TE and 12ml QBT buffer, applied to an equilibrated filter
column (QIAGEN-tip), washed twice with 30ml QC buffer and eluted from the
column with 15ml QF buffer. After an isopropanol precipitation and centrifugation
(15,000 rpm, 30 minutes, at 4°C), the DNA pellet was washed with 70% ethanol, airdried and dissolved in distilled water. DNA for murine transgenesis was extracted
using a similar protocol (QIAGEN Endotoxin Free Plasmid Maxi kits), which
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incorporate an additional precipitation step to remove endotoxin contaminants. The
DNA pellet was redisolved in embryo tested water, dialysed on Millipore dialysis
discs for 2 hours and additional ultrapure water added to achieve a final DNA
concentration of l-2ng/pl.

Purification of DNA
Phenol chloroform extraction
This procedure removes impurities such as proteins and salts from DNA solutions.
An equal volume of phenol chloroform isoamyl alcohol (25:24:1) was added and
mixed by inversion prior to centrifugation (6,000 rpm, 3 minutes). The upper
(aqueous) layer was then carefully removed to a clean 1.5ml eppendorf and an equal
volume of chloroform was added, mixed and centrifuged as before. The phenol
extraction was repeated 2-3 times prior to the chloroform stage if the protein content
of the sample was high. After the chloroform extraction the DNA-containing
aqueous layer was removed in to a clean 1.5ml eppendorf and subjected to ethanol
precipitation.
Ethanol precipitation
To precipitate DNA, two volumes of cold 100% ethanol and 1/10* volume of 3M
sodium acetate were added and placed at -80°C for 30 minutes. After centrifugation
(13,000 rpm, 30 minutes, at 4°C) the DNA pellet was washed with 70% ethanol, airdried, and dissolved in the appropriate volume of distilled water for subsequent use.

Purification o f PCR products fo r cycle-sequencing
QIAquick PCR purification kits (QIAGEN, UK) were routinely used to purify PCR
products prior to ABI automated sequencing. 5 volumes of buffer (PB) were added
to 1 volume of the PCR reaction , mixed, applied to the spin column and centrifuged
(13000 rpm, 1 minute). The flow-through was discarded and the column washed
with 750pl o f buffer (PE). After centrifugation (13,000 rpm, 1 minute), this step was
repeated to remove residual ethanol. DNA was eluted by applying 50pl of distilled
water to the centre of the column followed by centrifugation (13,000 rpm, 1 minute).
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PCR Amplification of DNA
PCR was performed routinely in this study, typically in 20pl volumes with 50 ng
genomic DNA, 10 pmol of each primer, 200mM dNTPs, 1.5mM MgCl and 1 unit of
Taq DNA Polymerase (Promega, Madison, USA). The PCR conditions generally
consisted of 35 cycles of amplification with an initial denaturing step at 94°C for 5
minutes followed by 35 cycles of dénaturation at 94°C for 30 seconds, annealing for
30 seconds and extension at 72°C for 30 seconds. The reaction was completed with a
final extension step at 72°C for 5 minutes and a slow cooling to 4°C if the PCR
product was to be subjected to heteroduplex analysis. The annealing temperature of
the PCR was determined by the melting temperature of the two primers and is
generally 2°C less than the lower melting temperature of either of the two primers determined by the nucleotide sequence o f the primer and the following equation: [Tm
= 4(C+G)+ 2(A+T)]. If no product was generated a spectrum of annealing
temperatures were tried, using a gradient PCR block, to determine the optimal
annealing temperature.

PCR amplification of GC-rich sequences poses a particular challenge and a
modification of published methodology was used to amplify FOXCl, FOXF2 and
FOXQl. Final concentrations of 10% glycerol and 5% formamide were included in
the reaction mix together with hot-start PCR to alleviate the problems associated
with amplifying sequences with a high melting temperature.

Primers were designed with the assistance of a web-based primer design program
(Primer 3 fi*om NCBI) and generally varied in length fi*om 19 to 24 nucleotides. The
melting temperature was selected to be ~ 60°C (range 57°C to 63°C) and the primers
were inspected to ensure they were unlikely to form hairpin loops or form primer
dimers. In order to analyse candidate genes, primers were designed which lay a
minimum of 30 nucleotides from the start and end of an exon and which yielded
PCR product of between 300 and 500 base pairs.
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Restriction enzyme digests of DNA

Restriction endonucleases are bacterial enzymes that cleave double-stranded DNA
into discrete fragments, resolvable by gel electrophoresis. The enzymes cleave at, or
adjacent to, specific sequences (usually 4-8bp), and the prevalence of these
determine the frequency of cleavage and hence the size of the DNA fragments.
Suitable enzymes were identified by sequence analysis with the MapDraw sequence
analysis program (DNASTAR, WI, USA) and the appropriate enzyme selected from
Restriction Enzyme online database (http://rebase.neb.com). Enzyme digests were
performed on plasmid or PCR amplified DNA, in reaction volumes of 20pl
containing Ipg of DNA, 5u restriction enzyme, 2pi lOx buffer, 2pg bovine serum
albumin, and 16.3 pi water. In principle 1 unit of restriction enzyme digests 1pg of 1
DNA in 1 hour, however crude DNA preparations often require more enzyme and/or
more time for complete digestion. The reactions were incubated for a minimum of 4
hours or overnight at the recommended temperature (usually 37°C) and the products
of digestion resolved either by agarose or pulsed field gel electrophoresis. For
digestions involving two enzymes, where the enzymes had similar buffering
requirements both enzymes were added to the initial digestion mix. Where the
reaction buffers were dissimilar, the enzymes were added sequentially after the
buffer exchange had been performed using Sephacryl microspin columns
(Pharmacia, UK).

Fractionation of DNA
Conventional agarose gel electrophoresis
This method was used to size-separate DNA fragments of between 0.1- 60kb and to
visualise PCR products, restriction enzyme digests, large PAC/BAC clones and
genomic DNA using gels containing 0.5pg/ml ethidium bromide. Gels were
prepared by mixing and then melting an appropriate amount of agarose with Ix TAE
buffer, cooling to ~55°C before adding ethidium bromide and pouring the mixture
into a sealed gel casting tray (Ix TAE: 89mM Tris base, 2mM EDTA). The agarose
concentration was varied to achieve the optimal resolution according to the size of
the fragments that were to be resolved: 0.8-1% for fragments of l-20kb and up to 3%
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for fragments of 70bp-lkb. DNA samples, prepared by adding 1/10 volume lOx
loading buffer were electrophoresed in Ix TAE buffer with an appropriate DNA
molecular weight size marker (0X174, 72-1353bp, Ikb ladder 250-10,000bp and
HMW 8.3 - 48.5kb) until the required resolution was achieved. Gels were visualised
on a UV transilluminator and photographed either using a Polaroid MP4 camera and
Kodak plus- X Estar film or a digital image quantification system (Syngene, UK).
Pulse fie ld gel electrophoresis
DNA fragments larger than ~50kb cannot be easily resolved on standard agarose
gels. Pulsed field gel electrophoresis (PFGE) in which the electric field is alternated
periodically between two spatially distinct pairs of electrodes permits the separation
of DNA fragments up to 10Mb in size. The PFGE apparatus used in this study to
resolve the digest of PAG clones was the CHEF-DRII apparatus (Biorad) based on
the CHEF (clamped homogeneous electric field) technique (Carle and Olson, 1984).

100 ml of 1% low melting point agarose (Molecular biology certified; Biorad) in
0.5x TBE was poured into the casting stand (standard casting stand; Biorad) and
allowed to polymerise at room temperature (Ix TBE - 89mM Tris base, 89nM boric
acid, 2mM EDTA). Samples of PAC DNA were placed inside the well and sealed by
overlaying with 1% low melting point agarose (Biorad). The agarose was left to
solidify for 10 minutes during which time the electrophoresis chamber was rinsed
with 2 litres of pre-cooled (4°C) distilled water. Two litres of pre-cooled 0.5x TBE
were poured into the chamber and allowed to circulate briefly through the
recirculating pump. The gel was then removed from the casting tray and secured at
the centre of the tank according to the manufacturer’s instructions. The following
electrophoresis parameters were used to separate fragments between 50 - 100 kb: an
initial A time of 0.1 seconds, a final time of 40 seconds, a start ratio of 1.0 and a run
time of 16 hours at 120 volts. Once these settings were established the buffer flow
was set to allow gentle circulation and the gel subjected to electrophoresis.
Afterwards the gel was stained for 30 minutes in ethidium bromide solution
(0.5mg/ml) and photographed as previously described.
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Polyacrylamide Gel Electrophoresis
Non-denaturing polyacrylamide gel electrophoresis (PAGE) was used to genotype
DNA samples, determine the extent of chromosomal duplications/deletions or
quantitate differences in gene dosage. The gel apparatus (BioRad) included two
plates and the rear one (containing the buffer reservoir), was silanised (Sigmacote,
Sigma) to minimise the risk of damaging the gel when the plates were separated. The
gel plates were assembled according to the manufacturer's instructions and the 6%
polyacrylamide gel mix (100ml Protogel (National Diagnostics), 260ml distilled
water, 40ml lOx TBE, 1400pl 25% ammonium persulphate, 160pl TEMED) was
injected through the base plate. The gel was allowed to polymerise for 1 hour before
being pre-run for 30 minutes at lOOW. After removal of the comb and rinsing of the
wells, the samples were mixed with 2 pi Ficoll loading dye (15% ftcoll, 50mg
bromophenol blue, 50mg xylene cyanol) before loading. Electrophoresis was carried
out at lOOW for an appropriate length of time to resolve the DNA fragments, whose
size was known. On completion of the electrophoresis, the gel was stained with
ethidium bromide and photographed on a UV trans-illuminator.

Heteroduplex Analysis

Heteroduplex analysis is one technique for detecting the presence of mutations in
PCR products. It relies upon the fact that heteroduplexes are formed when a normal
DNA strand anneals with a mutated complementary strand of DNA. Such complexes
migrate at a slower rate on acrylamide than corresponding homoduplexes and this
altered migration pattern can be visualised by staining the gel with ethidium bromide
and subsequent imaging. Optimal resolution with MDE gels is achieved with 100400bp PCR fragments.

The electrophoresis apparatus assembled according to the manufacturer's instructions
was injected with gel solution (50ml MDE gel solution, 6ml lOx TBE, 44ml of
sterile distilled water, 400pi of 10% APS and 40pl of TEMED) after the base of the
apparatus had been sealed with 2ml of gel solution to which 30pl of 10% APS and
12 pi of TEMED had been added. After the gel polymerised for 1 hour, the comb was
removed and the wells rinsed thoroughly with 0.6x TBE. lOpl of PCR product mixed
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with 2\x\ of sucrose loading buffer (40% sucrose, 0.25% each of Orange G, Xylene
cyanol and Bromophenol blue dye) was loaded into each well. A positive control
containing a known heteroduplex DNA was also run on every gel. Electrophoresis
was performed for ~16 hours at 80 volts, before the gels were stained with ethidium
bromide (O.Spg/ml) and photographed under UV light.

DNA Sequencing
Automated DNA sequencing was performed using an ABI 373a DNA sequencer
(Perkin Elmer, Foster City, California) which employs fluorescent tagged dideoxy
terminators as a modification of the Dideoxy chain termination method (Sanger et al.
1977). A laser within the apparatus causes the tagged dideoxy terminators to
fluoresce and this fluorescence is detected and translated to a graphical computer
image.
Preparation o f DNA and Cycle sequencing
5 pi of PCR product (purified as previously described) plus 4pl of ABI Prism dye
terminator kit reaction mixture and 1pi of primer underwent 25 cycles of PCR (96°C
for 10 sec, 50°C for 5 sec and 60°C for 4 minutes). The resultant product was
purified to remove excess fluorescent dye by a standard ethanol precipitation and the
lyophilised samples were used immediately or placed at -20°C for a maximum
period of 7 days prior to analysis.

Samples were prepared for loading by adding 3 pi of formamide/EDTA loading dye
to the pellet, vortexing and briefly centrifuging before denaturing at 94°C for 5
minutes and snap fi-eezing on ice prior to loading.

Electrophoresis and automated analysis

The 373a DNA sequencer was set up and run accordance with the supplier's
instructions. Sequencing runs involved electrophoresis (of up to 64 samples) for 8 12 hours and the resultant data was exported to a computer as a text and an analysis
file. The quality of the sequence data could be determined from the
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electropherogram present within this file.

Fluorescent in situ hybridisation (FISH)

FISH was carried out at University College London (by Ms M. Fox, Dr R. Ekong
and myself) using a modification of the technique first described by Pinkel et al.
1986. PAC/BAC/cosmid DNA was labelled with biotin-14-dATP by nick translation
(Bionick kit, Gibco-BRL Life Technologies) and the labelled probe was precipitated
together with Cot-l-DNA (to suppress repetitive DNA) and herring sperm DNA (to
act as a carrier). The pre- annealed probe was re-suspended in a hybridisation
mixture (containing 50% formamide, 10% dextran sulfate and 2X SSPE, pH 7.0).
Human metaphase chromosomes were obtained from lymphocyte cultures and
synchronised by addition of thymidine to block DNA synthesis. After removal of the
block, 5, bromo-deoxyuridine (BrdU) was incorporated prior to harvest. Standard
cytogenetic techniques were used for colcemid arrest, hypotonic treatment, fixing of
the cells in methanol:acetic acid, and slide preparation. The slides, pre-treated with
RNAse (lOpg/ml) and proteinase K (0.035pg/ml), were prefixed in 1 %
formaldehyde (in PBS/5% MgCb), followed by dehydration in an ethanol series,
dénaturation in 70% formamide (in 2x SSC for 5 minutes at 75°C) and re
dehydration in an ice-cold ethanol series.

The separately denatured probe, which had been pre-annealed for 30 minutes at
37°C, was placed on the slide, covered with a cover slip and hybridised overnight by
incubation at 37°C. Slides were washed in 50% formamide in 2x SSC at 42°C (three
times for 5 minutes each) followed by stringency washes in 2x SSC (twice for 2.5
minutes each), and in 0.1 x SSC (twice for 2.5 minutes each) at 42°C. The rest of the
protocol was carried out at room temperature. Slides were blocked in 5% Marvel
non-fat milk/4x SSC for 20 minutes and washed in 0.05% Tween 20 detergent 4x
SSC. The fluorescent signal was detected by incubation in fluorescein isothiocyanate
(FITC)-conjugated avidin (5pg/ml in Marvel/4x SSC) (Vector laboratories), and
amplified in biotinylated anti-avidin (5pg/ml in Marvel/4x SSC) (Vector
laboratories), followed by a second round of FITC-avidin. Each incubation step
lasted for at least 20 minutes and slides were washed in between each, with detergent
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mixture. Chromosomes were identified by the banding made visible with fluorescent
counterstains diamino phenylindole (DAPI) and propidium iodide which were added
to the antifade mounting medium (Vectashield, Vector laboratories). The slides were
examined under a Nikon Optiphot fiuorescene microscope and images were captured
using Confocal laser microscopy (MRC 600). PAC/BAC probes were also analysed
using a cooled CCD camera (Photometries) attached to Zeiss Axiophot fluorescence
microscope equipped with appropriate filters and using Smartcapture software
(Digital Scientific)

Murine Transgenesis

This was performed by the Murine Transgenesis Unit, Institute of Child Health, in
collaboration with Dr Jane Sowden. Freshly-prepared DNA from dJ118B18 at a
concentration of l-2ng/pl were micro-injected into one-cell mouse embryos (eggs).
(These had been collected from the oviduct ampulla of female mice that had been
injected on sequential days, intraperitoneally, with Follicle-stimulating hormone and
Human chorionic gonadotrophin, prior to mating). The eggs were placed in a micro
injection chamber containing embryo culture media and observed through a highquality binocular microscope with cooled optics. Each egg was held with a holding
pipette (attached to a micromanipulator) and a minute volume of the DNA solution
(l-5ng/pl) injected directly into the nucleus using an automated micro-injection
system (Zeiss automatic injection system), attached to a second micromanipulator.
After injection, the eggs were cultured for up to four days before transfer to
pseudopregnant recipient females to determine the proportion of healthy-appearing
embryos (normally ~ 25% of injected eggs would be expected to lyse). Surrogate
recipients were prepared by matings with sterile or vasectomised males and up to 30
fertilised eggs were transferred to the oviduct of one female with the aim of
producing a litter of 5-10. The resulting litter(s) were screened for the presence of
the transgene by PCR amplification of FOXC7-specific sequences fi“om genomic
DNA extracted from tail tissue.

Assessment o f cross-species conservation o f forkhead function
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The thyroid, immunodeficiency and scurjy-XQ\dXQ& phenotypes of FoxellFOXEl^
FoxnllFOXNl and Foxp3/FOXP3 mutants illustrate that mutations in forkhead gene
orthologs frequently cause similar phenotypes. This recapitulates the observation
with the human, murine and Drosophila PAX6 mutants {aniridia. Small eye and
eyeless) of genotypic conservation being mirrored in a phenotype extending across a
considerable evolutionary timespan. Despite the common functional characteristics
of forkhead genes appreciable differences exist between the ocular phenotypes of
certain human {FOXC1/FOXC2) and murine {FoxcHFoxcT) forkhead orthologs. The
comeal phenotypes of Foxcl, Foxe3 and FOXE3 mutants plus the comeal expression
of Foxcl/FOXCl (Kume et al. 1998; Wang et al. 2001), suggested the existence of
an as yet unidentified role for FOXCl in human comeal development. Similarly the
presence of murine anterior segment anomalies in Foxc2^'' mice raised the
possibility of an un-recognized role for FOXC2 in iris development.

Initial re-examination of two affected members of pedigree A identified a potential
comeal phenotype. Subsequently additional family members were investigated
[pedigree A (n=20), B (n=14), C (n=l 1), D (n=3)]. The central comeal thickness
(CCT) was measured ultrasonically (Altair 2000 pachymeter, Optikon, Rome, Italy)
and the mean of the five lowest readings (corresponding to the center of the comea)
from the right eye was used for analysis (2-tailed t-test assuming equal variance).
CCT data from two populations of unaffected (n=21) and glaucomatous (n=l 15) UK
residents, were also studied. Comeal endothelial cell morphology and density was
documented in 17 representative individuals (pedigrees ^ to Q using an in vivo
specular microcope (SP-1000, Topcon, Newbury, UK). Haematoxylin and eosin
stained histological sections from Foxe3

Foxe3

Foxcl^^', FoxcF^^^ and

strain matched wild type mice were examined to determine whether changes were
present comparable to those observed in humans (analysis of dyl and Foxcl mutants
was performed in collaboration with Professor Peter Carlsson, Gothenborg
University, Sweden and Dr Simon John, Jackson Laboratory, Maine, USA). The
dimensions of the comeal stroma, which comprises ~ 95% of the comeal thickness,
were measured from digital images of the histological sections [Foxcl (MetaMorph
software version 4.6, UIC, Downington, PA), Foxe3 (AxioVision software version
3.0, Carl Zeiss Microimaging Inc, Oberkochen, Germany)]. Slit lamp
biomicroscopy, pachymetry and specular microscopy was performed on a cohort of
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18 lymphedema-distichiasis patients from 9 unrelated pedigrees with known F0XC2
mutations (Bell et al. 2001; Brice et al. 2002). Ocular abnormalities were
documented with a digital slit-lamp mounted camera (DXC-950P, Sony Corporation,
Tokyo, Japan).

Computational analysis of DNA sequence
Analysis of nucleic acid sequences formed a major component of this project. It was
mainly performed with the Lasergene suite of software (DNASTAR Inc., Madison,
WI, USA). This software, which includes the Editseq, Megalign, MapDraw and
SeqMan programs, was used to align sequences, generate a contig and determine
restriction sites. In addition use of these programs facilitated primer design and
analysis of the relationship between mutiple forkhead gene paralogues.

Sequence analysis of selected clones was performed using NIX, a web-based suite of
prediction programs. These programs, which include GRAIL, Fex, HMMgene,
GENS CAN, Genemark, FGene and BLAST for DNA analysis, plus additional
programs for screening sequence databases, are all available from the HGMP
website. NIX was used to screen recently sequenced clones (and unassembled clone
fragments) for genes that might represent candidates for the second glaucoma locus
on 6p25. With this technique, a sequence with homology to a member of the ets
family of transcription factors was identified. Additional web-based programs used
included PIX (for protein analysis), PrimerS (to assist with primer design) and
GLUE (Genetic Linkage User Environment), an interface to Fastlink programs for
the calculation of lod scores were used together with BLAST (Basic Alignment
Search Tool). The following online databases were also used:
Online Mendelian Inheritance in Man

http://www3.ncbi.nlm.nih.gov/0mim/

Human Genome Mapping Project

http://www.hgmp.mrc.ac.uk/

National Centre for Biological Information

http://www.ncbi.nlm.nih.gov/

NCBI-UniGene

http://www.ncbi.nlm.nih.gov/UniGene/

The Genome Database

http://gdbwww.gdb.org/

Genbank

http://www.ncbi.nlm.nih.gov/Genbank

European Cell Culture collection

http://www.ecacc.org.uk/

Whitehead Institute for Genome Research

http://www-genome.wi.mit.edu/
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Sanger Centre (Chromosome 6)

http://www.sanger.ac.uk/HGP/Chr6/

ENSEMBL

http://www.ensembl.org/

Restriction enzyme database

http://rebase.neb.com/rebase/rebase.html

Human Gene Mutation Database

http://uwcm.ac.uk/uwcm/mg/hgmdO.html

SWISS-PROT

http://www.expasy.ch/sprot/sprot-top.html

SNP database

htQ)://www.ncbi.nlm.nih.gov/SNP/

The Institute for genomic research

http://www.tigr.org/

Human and Mouse Genetics

http://www.ccc.nottingham.ac.uk/
%7Embzsrs/IFTMB/HMG.HTML

HUGO Gene Nomenclature Committee

http://ash.gene.ucl.ac.uk/nomenclature/

Human-Mouse Dysmorphology Database

http://www.hgmp.mrc.ac.uk/DHMHD/
dysmorph.html

Celera Public Access Login

http://publication.celera.com/cds/login.cf
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RESULTS
Clinical Details of Patients
Thirteen pedigrees were investigated: (A-C) have segmental 6p25 duplications, (Z)K) telomeric 6p25 duplications or deletions, (L) a segmental 6p25 deletion and (M)
maps to 6p25 but has neither a FOXCl mutation nor a duplication/deletion.
Additional cohorts of patients were also screened including a panel of 21 probands
with anterior segment malformations, who did not carry PITX2 mutations.
Pedi2ree A
This family, with autosomal dominantly inherited iris hypoplasia and glaucoma,
comprises over 100 living individuals. It includes 21 living affected individuals of
whom 18 were ascertained, together with 9 unaffected siblings and 9 spouses. All
affected family members have marked bilateral hypoplasia of the iris stroma,
apparent since birth, with exposure of the sphincter pupillae (fig. 1). Histological
examination of a peripheral iridectomy specimen (collected fi"om individual no. 1),
confirmed the thinning of the iris stroma and demonstrated that the peripheral iris
thickness was reduced - 1 5 0 pm (compared to -300 pm in normal individuals)
(fig.l). At its thinnest, the iris consisted of little more than the thickness of the dilator
muscle alone and elsewhere, the thinned stroma was of normal cellular density.
Variation in the iris phenotype was noted between affected family members in terms
of either the amount or arrangement of anterior stromal tissue or in some cases by
asymmetric phenotypes - the latter is illustrated by correctopia in the left eye only of
individual

7 (fig.l). An anomalous angle configuration with an anterior iris

insertion and or an increased number of iris strands was fi-equently present, although
this could not be accurately assessed in individuals who had undergone goniotomy in
infancy. No consistent pattern of dental abnormalities were present in affected
individuals, nor were any umbilical changes noted.
Glaucoma, previously diagnosed by the combination of elevated intra-ocular
pressure with optic disc cupping and or visual field loss, was present in all affected
individuals who could be fully examined. Although individuals with iris hypoplasia
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develop early onset glaucoma, generally within the first two decades of life, their age
at diagnosis ranges from congenital glaucoma with comeal oedema at birth to a
diagnosis in the third decade of life (mean 10, range 0 to 21 years). The age of
diagnosis of glaucoma is summarised below (table 1).
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Table 1

14

15 30

i

11

18

A1
A2
A3
A4
A5
A6
A7
A8
A9
AlO
A ll
A12
A13
A14
A15
A16
A17
A18
Father of A11*

U-T-o

~]Êhr0

31 16

Age of onset of glaucoma for Pedigree A

6
5
5
5
4
4
5
5
4
5
6
4
4
5
5
6
5
6
5

(M/F)
M
M
M
M
F
M
M
F
M
M
F
M
F
F
M
F
F
F
M

of Glaucoma
4
0
6
5
17
18
G
-

21
3
7
20
18
15
11
-

-

-

1

Age
6
31
35
44
65
61
37
23
57
24
21
81
65
33
28
4
25
8
56

[ - Indicates patient has yet to develop glaucoma, Individual not examined (lives overseas), he has
the same phenotype as other affected family members and has an affected father and daughter]
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Pedisree B

Abridged drawing of Pedigree B

à-T-o & □ I 4 I □ & o——i-i-Q &

A proportion of this previously reported family (Zorab 1932; Martin and Zorab
1974; Jordan 1997) were re-examined and the affected individuals have a similar
featureless iris appearance, with loss of part of the anterior stroma, as observed in
pedigree A (fig.l). The onset of glaucoma occurs later and no cases of
congenital/infantile glaucoma have been reported (age of glaucoma diagnosis 7-40
years (mean 22).

Pedisree C

This smaller family has the same iris hypoplasia phenotype as pedigrees A & B.

0

i-r-0

The age of diagnosis of glaucoma varies from true congenital glaucoma with
goniotomies at 1 month of age to onset in the 6^^ decade of life. As with pedigrees A
& B, no dental or umbilical abnormalities were present.
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Table 2

Age of onset of glaucoma for Pedigrees B and C

Individual

Gender
(M/F)

Age at Diagnosis
of Glaucoma

Chronological
Age

VII:4
VII:8
VII: 11
VII: 13
VII:23
VII:25
VIII:5
VIII:21
VIII:25
VIII:26
IX:2

M
F
F
F
F
F
M
M
F
M
F

27
[7]
28
40
45
47
8
15
22
18
16

82
76
67
81
78
76
34
41
41
38
18

55
22
31
18
32

61
64
68
58
35
38
36

îceased, information from relatives

IV: 1
IV:3
IV:4
IV:6
V:1
V:4
V:8
V:13
V:15
VI: 1
VI:2

F
M
M
F
M
F
M
M
F
M
M

-

19
*
*
7
0

10
8

[ - patient has yet to develop glaucoma, * patient resides overseas and data not
forthcoming]
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Table 3

Features of pedigrees {D-F) with 6p25 telomeric duplications

D

Individual
Cytogenetic abnormality

46 XX dup (6p22-pter)

46 XY -7 + der(7)
t(6;7) (p21;q35)

46 X Y -12 + der(12)
t(6;12)(p21.2;pl3.1)

Microcomeat
Ptosis

Microcomea
Ptosis & Strabismus
Short stature &
choanal atresia

Microcomea
Ptosis & hypertelorism
Short stature

Clinical abnormality
Ocular
Skeletal
Transplant

Renal
Palatal
Dental
Umbilical

++
+

Hearing impairment
Intellectual impairment

++
++

t illustrated fig. 1

Table 4

Features of pedigrees (G-K) with 6p25 telomeric deletions

Individual
Cytogenetic
Abnormality

G*

H

K

46 XY del (6)
(p24-pter)

46 XX
del(6)
(p25-pter)

46 XY -6 +
der(6)
t(4;6)(q33;p24.2)

46 XX
del(6)
(p24-pter)

46 XX6+der(6)
t(5;6)(q34;p24)

+

+

+
+

+

+

+
+

+
+

+

+

+

+
+

+

(+)

+

+
+

+
+
+

J

Clinical
Abnormality
Anterior Segment
Skeletal
Palatal
Dental
Umbilical
Hearing impairment
Developmental delay
Intellectual
impairment
Hydrocephalus

+
+

+

[♦Ocular findings in proband G provided by Mr MP Clarke, Royal Victoria Infmniary, Newcastle]
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8 small nuclear pedigrees {D-K) each consisting of a single affected individual with a
telomeric 6p25 cytogenetic rearrangement, were examined. Genotyping was
performed to confirm the known chromosomal anomaly.

The three individuals trisomie for 6p25 (D-F), exhibit the same ocular phenotype of
microcomea (comeal diameter -8.5mm compared to the 10.6 -11.75mm normal
range), as well as ptosis. The axial lengths were normal and no iris hypoplasia was
present (fig. 1).

The five monosomie for 6p25 (G-K) were diagnosed with Rieger Syndrome, due to
the combination of anterior segment developmental malformations and dental/palatal
abnormalities. They also exhibited differing degrees of hearing impairment and
developmental delay, although none had umbilical abnormalities. The one
individual (J), in whom brain imaging had been performed, had hydrocephalus.

Pedigree L

This family exhibits a wide range of anterior segment development phenotypes,
extending from mild iris hypoplasia without glaucoma to congenital glaucoma and
buphthalmos.

D
11:2

O

I

11:4

11:1

Mild iris
hypoplasia
No glaucoma
@47 yrs

11:3

Mild iris
hypoplasia
No glaucoma
@ 43 yrs

111:1

111:2

111:3

Axenfeld
anomaly,
congenital
glaucoma
@ 2yrs

Rieger
anomaly,
congenital
glaucoma
@ 2yrs

Axenfeld
anomaly.
congenital
glaucoma
@ 8 months
49

A
111:4

Not
ascertained
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Despite having the same genetic abnormality, the phenotype ranges from mild iris
hypoplasia without glaucoma (11:1 & 11:3) to Axenfeld and Rieger anomaly with
congenital glaucoma (111:1,111:2 and 111:3) (fig. 2). The contrast between (11:1) who
has yet to develop glaucoma despite being in her late 40's and her son (111:1) with
Axenfeld anomaly, buphthalmos and Haabs striae is particularly marked.

Pedisree M

This pedigree has an autosomal dominantly inherited iris abnormality associated
with early onset glaucoma. Although the phenotype is similar to that seen in
pedigrees A-C, the iris hypoplasia is less pronounced and the iris sphincter is only
partly exposed (fig. 1, M4 & M8). In addition the onset o f glaucoma frequently
occurs later and is more variable than that seen in the duplication pedigrees (mean
age at diagnosis 19 years, range 3-45), with affected individual {M l4), aged 75 years
having yet to develop the condition.

Pedigree M illustrating the age at
diagnosis o f glaucoma

12 years

26 years

45 years

No glaucoma

3 years

17 years

50
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F igure 1
Ocular anterior segment photographs and iris histology micrographs from
members of pedigrees A - C (segmental duplication), D (telomeric duplication with
microcomea) and M A - C , display the characteristic iris stromal atrophy, with exposure of
the underlying iris sphincter visible as a pale ring. Micrograph of iris specimen (individual
A 1), confirming that the reduction in iris thickness to -150 mm was due primarily to a
reduction in stromal thickness. At its thinnest, the iris consists of little more than the
thickness of the dilator muscle alone, and elsewhere the thinned stroma contained normal
blood vessels and was of normal cellular density. (Separation of the posterior pigment
epithelium from the iris stroma is a surgical artefact). Micrograph of normal iris, for
comparison (thickness -350 pm). Note intra and inter-familial variation in iris appearance
[A4, A7 (anisocoria), A 14, M4 and M8].

Affected

A7 Left

Norma

A7 Rmht

Results

F igure 2

Pedigree L with anterior segment photographs illustrating the phenotypic
diversity amongst affected family members. These differences in iris
structure range from mild iris hypoplasia (without glaucoma (11:1)) and
Axenfeld anomaly (III: 1) to pupillary distortion in Riegers anomaly (111:2).

111:1

111:2
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Genetic Analysis of Pedigrees

In view of the similarity of the iris anomaly and early-onset glaucoma phenotype
(pedigrees A and M) to Axenfeld-Rieger syndrome, linkage was initially sought to the
genes and loci already known to cause these glaucoma-associated anterior segment
developmental anomalies. These are the paired homeobox gene PITX2 (4q25) identified
by Semina et al. in 1996, the forkhead box transcription factor FOXCl (6p25) identified
independently by Nishimura et al. and Mears et al. in 1998 and the second Rieger’s
locus (RIEG2) mapped by Phillips et al. in 1996. Although as outlined below, lod scores
> +3.0 were generated in both pedigrees when genotyping with 6p25 markers, markers
around PITX2 and RIEG2 were also genotyped to exclude the possibility of digenic
inheritance. As abnormal genotyping events were noted with one 6p25 marker
(D6S967), both densitometric analysis and sequencing of representative alleles were
performed to confirm this observation. Subsequently fluorescent in situ hybridisation
was undertaken to provide independent confirmation of the presence of a duplication in
pedigree A.

F ig u re 2b

Positions of microsatellite markers relative to PITX2 and R1EG2

4q25-26

j)4S294

D4S193

I________________________________ I__
340 kb

-lOOkb

13ql3 -1 4

RIEG2 critical interval
D13S289

D13S1293

D13S218

D13S263

D13S1272

I_________ I__________I________ I_________ I
->►
-C'.............
4Mb

6.4Mb

3Mb

3.7Mb

No evidence of linkage was found using markers spanning PITX2 or the 13ql4 locus
(table 5) whilst positive lod scores were obtained for the 6p25 markers (table 6).
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Table 5

Two-Point LOD Scores between the Iris Hypoplasia Locus and 4q25/13ql4
Pedigree A

Pedigree M

0=

0.00

0.05

0.10

0.20

0.30

0.40

0.00

0.05

0.10

0.20

0.30

0.40

D4S2945
D4S193

- 00
- 00

-3.59
-0.97

-2.41
0.68

-1.28
-0.38

-0.67
-0.21

-0.27
-0.09

- 00
- 00

-2.49
-2.30

-1.63
-1.61

-0.81
-0.90

-0.38
-0.49

-0.13
-0.20

D13S289
D13S218
D13S1272

- 00
- 00
- 00

-1.61
-0.56
-0.94

-1.05
-0.30
-0.45

-0.54
-0.10
-0.08

-0.28
-0.02
-0.04

-0.11
0.004
0.04

- 00

-2.29
-0.33
-1.52

-1.48
-0.26
-0.93

-0.74
-0.17
-0.40

-0.38
-0.10
-0.15

-0.16
-0.05
-0.03

Table 6

-0.42

- 00

Two-Point LOD Scores between the Iris Hypoplasia Locus and 6p25 Markers
Pedigree A

0=

D6S1600
D6S942
D6S967
D6S344
D6S1713
D6S1574

Pedigree M

0.00

0.05

0.10

0.20

0.30

0.40

0.00

0.05

0.10

0.20

0.30

0.40

0

0.66
3.90
5.65
1.36
4.98
2.17

0.22
3.68
5.08
1.23
4.50
2.19

0.73
2.86
3.87
0.87
3.31
1.78

0.69
1.84
2.56
0.50
2.92
1.16

0.41
0.78
1.20
0.20
1.44
0.50

4.09
0.10
3.43
1.06

3.74
0.08
3.10
1.02
-2.17

3.38
0.07
2.76
0.94
-1.44

2.61
0.04
2.04
0.74
-0.73

1.76
0.02
1.27
0.50
-0.35

0.87
0.00
0.54
0.25
-0.13

- 00
6.20
1.45
5.3

- 00

- 00

The maximum 2-point LOD score in pedigree A (6.20 at 0 = 0) was obtained with
D6S967; recombination events at D6S942 and D6S1713 define the ~6 cM disease genecontaining interval (table 6 and fig. 3). Unusual genotyping results were obtained with
marker

(fig.4).
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Figure 3

Abridged pedigree and disease haplotype for pedigree A

Marker Order
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Pedigree A
F igure 4
(A), Abridged pedigree drawing illustrating the affected (1-18) and the
unaffected individuals analyzed. (B), Photograph of ethidium-bromide-stained gel, showing
D6S967 PCR products. Each lane number corresponds with that of the individual in pedigree A.

□
5

19
20 21

22

3

4

o
6 23

32
7

o25

27

6 #

24 26

8
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12

6

28 13 29

1

14

15 30

31 16

1 18
b

10

"i

AlTected individuals

Una Heeled individuals

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

All affected individuals exhibited three bands indicating the inheritance of three alleles.
Two D6S967 alleles of consistent size were present in all affected individuals with the
third allele visible either as an extra band (individuals 2, 5, 6, 7, 8, 9, 10, 12, 15, 17 &
18) or as an allele band of twice normal signal intensity (fig. 4b). This suggested the
presence of a duplication event. (Re-examination of D6S344, an adjacent and less
polymorphic microsatellite marker, demonstrated the presence of a similar
phenomenon). To confirm this, densitometric analysis of representative alleles was
performed. This involved importing a digital image of the polyacrylamide gel into the
quantification software (Gene Tools 3.0, Syngene, Cambridge, UK) which then
measured the relative intensity of allele staining. Densitometric analysis (table 7) was
performed on a subset of the alleles that were representative of the allele patterns
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present on the gel [i.e. individuals 1 (double and single alleles), 2 (three single alleles),
3 (different double allele plus one single allele) 6 (three single alleles) and four
unaffected individuals heterozygous or homozygous for differing D6S967 alleles].

Table 7
Results of densitometric analysis of the intensity of ethidium bromide staining
of D6S967 alleles from representative individuals from pedigreed (numbered as per fig. 4).
Affected individuals

Lane

Unaffected individuals

1

2

3

6

19

21

22

23

62.4
98.0

60.5
57.6
63.7

80.0
56.9

64.9
59.7
63.9

104

112

91
93

80.8
83.0

PCR products from representative D6S967 alleles were extracted from the gel and
sequenced bi-directionally to confirm the differences in allele size (fig.5).

Figure 5
Electropherograms of the larger and smaller D6S967 alleles from individual 16,
which are common to all affected individuals in pedigree A. Corresponding points in the
sequence are underlined.
Larger allele
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The combination of the D6S967 genotyping results with a third allele segregating with
the disease phenotype across the pedigree (fig 4b.), the densitometry (table 7) and
sequencing data (fig.5) all indicated the presence of a 6p25 duplication. To exclude the
possibility that the disease phenotype was caused by a mutation in FOXCl (or FOXF2),
bi-directional sequencing was performed using the primers shown in table 8 (see
appendix for FOXF2). No FOXCl (or FOXF2) mutations were identified in pedigree .4.

Table 8

Sequence o f FOXCl with the primer pairs used shown in colour (intronic
sequence shown in lower case).

ggcccggactcggacicggcggccggcgcggcgcggcccggcccgagcgagggtggggggcggcgggcggcgcggggcggcggcgagcgggggccATG

CAGGCGCGCTACTCCGTGTCCAGCCCCAACTCCCTGGGAGTGGTGCCCTACCTCGGCGGCGA
GCAGAGCTACTACCGCGCGGCGGCCGCGGCGGCCGGGGGCGGCTACACCGCCATGCCGGCC
CCCATGAGCGTGTACTCGCACCCTGCGCACGCCGAGCAGTACCCGGGCGGCATGGCCCGCG
CCTACGGGCCCTACACGCCGCAGCCGCAGCCCAAGGACATGGTGAAGCCGCCCTATAGCTA
CATCGCGCTCATCACCATGGCCATCCAGAACGCCCCGGACAAGAAGATCACCCTGAACGGC
ATCTACCAGTTCATCATGGACCGCTTCCCCTTCTACCGGGACAACAAGCAGGGCTGGCAGAA
CAGCATCCGCCACAACCTCTCGCTCAACGAGTGCTTCGTCAAGGTGCCGCGCGACGACAAGA
AGCCGGGCAAGGGCAGCTACTGGACGCTGGACCCGGACTCCTACAACATGTTCGAGAACGG
CAGCTTCCTGCGGCGGCGGCGGCGCTTCAAGAAGAAGGACGCGGTGAAGGACAAGGAGGA
GAAGGACAGGCTGCACCTCAAGGAGCCGCCCCCGCCCGGCCGCCAGCCCCCGCCCGCGCCG
CCGGAGCAGGCCGACGGCAACGCGCCCGGTCCGCAGCCGCCGCCCGTGCGCATCCAGGACA
TCAAGACCGAGAACGGTACGTGCCCCTCGCCGCCCCAGCCCCTGTCCCCGGCCGCCGCCCTG
GGCAGCGGCAGCGCCGCCGCGGTGCCC
AGCAGCAGCAGCAGCC
TGTCCAGCGGGAGCAGCCCCCCGGGCAGCCTGCCGTCGGCGCGGCCGCTCAGCCTGGACGG
TGCGGATTCCGCGCCGCCGCCGCCCGCGCCCTCCGCCCCGCCGCCGCACCATAGCCAGGGCT
TCAGCGTGGACAACATCATGACGTCGCTGCGGGGGTCGCCGCAGAGCGCGGCCGCGGAG
GCCTCGGCGGCCGCGTCCTCGCGCGCGGGGATCGCACCCCCGCTGG
CGCTCGGCGCCTACTCGCCCGGCCAGAGCTCCCTCTACAGCTCCCCCTGCAGCCAGACCTCC
AGCGCGGGCAGCTCGGGCGGCGGCGGCGGCGGCGCGGGGGCCGCGGGGGGCGCGGGCGGC
GCCGGGACCTACCACTGCAACCTGCAAGCCATGAGCCTGTACGCGGCCGGCGAGCGCGGGG
GCCACTTGCAGGGCGCGCCCGGGGGCGCGGGCGGCTCGGCCGTGGACGACCCCCTGCCCGA
CTACTCTCTGCCTCCGGTCACCAGCAGCAGCTCGTCGTCCCTGAGTCACGGCGGCGGCGGCG
GCGGCGGCGGGGGAGGCCAGGAGGCCGGCCACCACCCTGCGGCCCACCAAGGCCGCCTCAC
CTCGTGGTACCTGAACCAGGCGGGCGGAGACCTGGGCCACTTGGCGAGCGCGGCGGCGGCG
GCGGCGGCCGCAGGCTACCCGGGCCAGCAGCAGAACTTCCACTCGGTGCGGGAGATGTTCG
AGTCACAGAGGATCGGCTTGAACAACTCTCCAGTGAACGGGAATAGTAGCTGTCAAATGGC
CTTCCCTTCCAGCCAGTCTCTGTACCGCACGTCCGGAGCTTTCGTCTACGACTGTAGCAAGTT
TTGAcacaccctcaaagccgaactaaalcgaaccccaaag
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Fluorescent in situ hybridisation (FISH)

FISH was performed on chromosome preparations from representative individuals in
pedigree A, in order to confirm the duplication event observed by genotyping with
marker D6S967.

The majority o f metaphase preparations analysed from two affected individuals (13 and
14) contained a hybridisation signal on chromosome 6p25 in which one homologue
containing a brighter signal than its partner (individual 13, 6 of 9; individual 14, 9 of 11 ;
control individual, 1 of 6). In contrast signals of a control PAC {dJ124L22 chromosome 2q21) were mainly of similar intensity, the number of unequal signals
being (individual 13,1 of 9; individual 14, 2 of 11; control individual, 2 of 6). The
chromosome morphology of the two homologues at 6p25 appeared indistinguishable.
Examination of 239 interphase nuclei preparations from both affected individuals (119
from individual 13, 120 from individual 14) demonstrated that the green signal from
PAG dJ135A7 was frequently duplicated with the maximum separation of the two
signals being the diameter of the signal (fig. 6).

The interphase nuclei were analysed by scoring the number of distinct signals in each
cell, with no attempt to assess the size of the signal. In no case were three or more
widely separated signals seen. Thus a score of three signals was most easily interpreted
as two signals on one homologue and one signal on the other, and a score of four signals
as two on each homologue (indicating a cell in G2). As expected in a culture not
completely synchronised, and where objects separated in three dimensions are viewed in
two dimensions, there is considerable background variation in the number of signals
seen per cell. The examples of three signals in one cell in the control individual or when
using the control probe are presumably either the result of failure to see the second
signal on one homologue in a G2 cell (because of orientation within the nucleus) or an
early stage of G2 when the replication is slightly asynchronous.

In spite o f the background variation in the number of signals seen per cell, statistical
analysis o f the number of signals (table 9) gives a very clear result. In patient 13, the
proportion of cells containing asymmetrical signals with the 6p25 probe (61%) is much
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greater than with the 2q21 probe (26%) (xi^ = 30, p < 0.001) or that observed in the
control individual (31%) (xi^ = 17, p < 0.001). In the 74 control cells analysed the total
number of signals from the two probes were virtually identical (190 for 6p25, 188 for
2q21) and equal numbers were asymmetrical. With the control probe 2q21 there is no
difference in the distribution of symmetrical and asymmetrical signals between the
patient and the control ( x / = 0.57, p < 0.49). [The difference of distribution of signals
between patient 13 and control remains highly significant even if only those cells
containing a symmetric 1:1 signal in 2q21 are considered (Table 10 xi^ = 15, p <
0 .001 )].

Very similar results were obtained with patient 14, scored for 120 cells. In this case 69
(57%) of the 6p25 signals were asymmetrical, compared to 25 (21%) of the 2q21
signals (xi^ = 34, p < 0.001).

Figure 6
Two-colour FISH analysis using PAC135A7 (chromosome 6 - green signal)
and PAC124L22 (chromosome 2 - red signal). Montage of metaphase and interphase (bottom
right) nuclei preparations from individual 13, pedigree A. One chromosome 6 homologue
(arrowed) displays a green signal of increased intensity, which on the interphase is shown as a
double signal.
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Table 9

Analysis of total signal counts from 6p25 and 2q21 (control) in interphase
nuclei from individuals 13 and 14 (pedigree yf) and a control.

Individual 13

Individual 14

Control

(n=120)

(n=74)

(n-119)

PAG
Symmetrical
Asymmetrical

6p25

2q21

6p25

2q21

6p25

2q21

(135A7)

(124L22)

(135A7)

(124L22)

(135A7)

(124L22)

46
73

88
31

51
69

95
25

51
23

51
23

Symmetrical defined as: equal numbers of signals on each homologue (i.e. 1 + 1 or 2 + 2)
Asymmetrical defined as: unequal numbers o f signals on each hom ologue (i.e. 1 + 2, 1 + a cluster
o f signals or 2 + a cluster o f signals).

Table 10

Analysis of 6p25 probe in interphase nuclei from individual 13 and a control in
which a symmetric (1:1) 2q21 probe signal pattern was observed.

Individual 13

Control

30
38

34
7

Symmetrical
Asymmetrical
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Pedigree M (Genotyping and FISH results)

Disease haplotype for pedigree M

Figure 7

Marker Order
T elom ere

D6S1600
D6S942
D6S967
D6S344
D6S1713

jk

- r 0
13
22
14
23
21

63

23

12

22

36
42

34
33

2 1

12

O

1

i t

23
22

44
33
22

(t)

è)

23

26

26

22

2 1

2 1

36
32

33
34

33
34

2 1

12

12

24
22

56
44
22

63
22
24
33
11

■

43

26
22

13
22
24
23
11

53

63
22

37
12

14
33

22

2 1

53

56

66

66

22

22

22

2 1

2 1

66

54
43

34
13

32

15
33

15
33

22

12

2 1

2 1

2 1

2 1

24
22
56
44
22

23
22

43
22

As shown by the disease haplotype (fig. 7), the recombination event at D6S1713 defines the
disease gene-containing region as an interval extending from above D6S1713 to the telomere.
This interval encompasses FOXCl (and FOXF2) as illustrated by the tiling path of clones
constituting the 6p25-pter contig (fig.8). Bi-directional sequencing with the primers shown in
table 8 and the appendix did not identify any FOXCl or FOXF2 mutations. FISH on metaphase
nuclei from one affected individual demonstrated a normal pattern of hybridisation signals with
the following 6p25 probes: bA169B12, dJ483L3, dJ118B18 and dJ279I9 [depicted in bold in
the contig (fig.8)].
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F igure 8
Chromosome 6p25 contig, derived from Sanger Cenfre data, illustrating the
relative position and size of the PAC/BAC clones. [Clones depicted in bold were used as probes
for FISH, those represented by a dashed symbol (e.g. dJ135A7) are no longer being sequenced].

Markers
D6S1600

Telomere
bA284Jl

(AL392183)

bA169B12
D6S942

FOXQl (HFHl)

bA391F23

(AL356130)

dJ856Gl

(AL033381)

151kb

dJ1077H22

(AL133402)

93kb

bA550k21

(AL353618)

dJ483L3

(AL035531)

74.5kb

dJ116B8

(AL589989)

42kb

[bA13J16]

(AL499606)

FOXF2

D6S967

dJ668J24

(AL034346)

120kb

bA157J24

(AL512329)

72kb

dJ118B18

(AL034344)

lOSkb

bA265E5

(AL451141)

64kb

dJ279I9

(AL033517)

lllk b

bA82M9

(AL137179)

153kb

dJ33B19

(AL035693)

142kb

D6S344
FOXCl

dJ135A7
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Pedigree B

Due to the similarity in phenotype between pedigrees A and B, and the fact that pedigree
B mapped to the vicinity of FOXCl but did not contain a FOXCl mutation, genotyping
was performed on pedigree B. The 6p25 localised microsatellite markers (D6S967 and
D6S344), yielded PCR product of increased density ethidium bromide staining in
affected compared to unaffected individuals (fig.9). These qualitative findings,
indicative of increased dosage of PCR products, were supported by image analysis with
digital quantification software. Markers distal to FOXCl, such as D6S942, did not show
this pattern of staining (fig.9).
Figure 9
Photographs of ethidium-bromide-stained gels, showing D6S344, D6S967 and
D6S942 PCR products from representative individuals from pedigree B and corresponding
densitometry data.
Triple allele

Differences in ethidium
bromide staining

D6S344

Affected
Individuals

Densitometry
Lane
Upper allele
Lower allele

2

14.6
27.7

17.2
18.8

3
51.6
63.6

4
63.7

Unaffected
Individuals

Differences in ethidium
bromide staining intensity

D6S967

Lane
Upper allele
Lower allele

Affected
Individuals

D6S942

Unaffected
Individuals

No differences in ethidium
bromide staining intensity

Affected
Individuals

Unaffected
Individuals
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71.1
26.4

71.7
29.8
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FISH was performed to confirm these findings and demonstrated that the signal from
chromosome 6p25 clones dJ668J24, bA157J24, dJ118B18, dJ135A7, dJ279I9 and a
FOXC7-containing cosmid were significantly more frequently asymmetrical in affected
individuals from pedigree B compared to controls (P <0.01) (table 11). Similar results
were obtained from interphase nuclei pedigree A even though these two pedigrees are
unrelated and have different haplotypes (fig. 10). The signal from a FO%F2-containing
cosmid was significantly more frequently asymmetrical in affected individuals from
pedigree B than controls. This was not the case in pedigree A, indicating a probable
difference in the telomeric extent of the two duplications (table 11 and fig. 14).
Figure 10

(A) Photograph

o f ethidium bromide stained gel illustrating the different
haplotypes o f pedigrees A and B. For each microsatellite marker, the first tw o lanes are PCR
product from affected individuals in pedigree A whilst the last two are from pedigree B.
(B) Genotyping o f pedigree A and B with fluorescent labelled D 6S967 illustrating the different
sized alleles.
D6S942

D6S942

FM4

AMOl

H-

D6S1574

(A)
FOXQl
FOXF2
FM4

—

FOXCl
AM Ol

- -

D 615747

-k

(B)
[D6S967|

|D6S967|

1322 46j
1329 681
|D6S967|
1324.601

Pedigree A

[063957(

|D6S967[

1331.651

|338 68|

Pedigree B

The demonstration of duplications in unrelated iris hypoplasia pedigrees led me to
predict the existence of a similar causative genetic mechanism, by which cases of other
6p25 cytogenetic abnormalities would be expected to arise. Screening of 21 AxenfeldRieger probands for 6p25 cytogenetic abnormalities to test this hypothesis identified
one individual {L) with Rieger anomaly who had a single D6S967 allele (fig. 11).

65

Results

Figure 11

Photograph of ethidium-bromide-stained gel, showing D6S967 PCR products
from a cohort of individuals with an Axenfeld-Rieger phenotype.

C ontrol sample from 6p25
segmental duplication patient

Individual L

C ontrol sample from individual H
(telom eric 6p25 deletion)

Individual L, and two affected relatives, were monosomie for the interval D6S967 to
279-73 (fig. 12), a region of 6p25 that includes FOXCl but neither FOXF2 or FOXQl.
FISH analysis of 20 metaphase nuclei from each of these affected individuals (2 - 4)
consistently demonstrated that the hybridisation signal from clones encompassing
FOXCl, but not FOXF2, were absent from one homologue (fig. 13 and table 11).
Figure 12
Montage of photographs of ethidium bromide stained gel showing PCR
products (pedigree L) for selected 6p25 microsatellite markers. Affected individuals (filled
symbols) are monsomic for D6S967 but not for FM4 or D6S477, demonstrating the presence of
a segmental deletion that does not involve FOXF2.

B B
FOXF2
(A) FM4

FM4

(B) D6S967

D6S967
FOXCl
279-73

D6.^477

(C)
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Table 11

Pedigree

Pedigree B

Table summarising the proportion (and number) o f cells displaying asymmetric numbers o f signals on each hom ologue

dJ483L3

FOXF2
cosmid

dJ668J24

bA157J24

dJ118B18

FO XCl
cosmid

dJ135A7

dJ279I9

bA82M9

18% (71)

50% (101)

43% (1721

59% (1181

61% (1241

66% (1561

55% (1871

59% (1181

51% (2041

(Xi^=l.

(%/ = 2,

(%/= 10,

(%,^= 11,

p = 0.46)

p = 0.1)

p = 0.002)

p = 0.001)

(Xi^ = 27,
p < 0.001)

(Xi^ = 25,
p < 0.001)

(Xi^= 13,
p = 0.001)

(Xi^ = 33,
p < 0.001)

( x / = 14,
p < 0.001)

20% (40)

56% (1701

62% (1311

71% (1411

62% (1301

68% (2101

53% (771

60% (1191

39% (162)

( x / = 28,

(X.' = 32,
p < 0.001)

(Xi^ = 8,
p = 0.004)

(X l'-3 4 ,

p < 0.001)

(Xi^ = 0.3,
p = 0.6)

(x/ = 2,

(x/ = 7,

p = 0.218)

p = 0.009)

(Xi^ = 46,
p < 0.001)

p < 0.001)

(Xi' = 29,
p < 0.001)

Control
Individual

15% (46)

44% (44)

31% (96)

38% (38)

29% (29)

36% (36)

31% (23)

30% (60)

37% (113)

Pedigree J
M etaphase
FISH

Present

Present

(Not
performed)

Partially
deleted

Deleted

Deleted

(Not
Performed)

Deleted

Deleted

Asymmetric defined as two signals on one homologue and one signal on the other or one plus a cluster of signals or two plus a cluster of signals.
Statistical analysis performed with a Yates-corrected chi-square test
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Figure 13

FISH montages from members of the pedigrees and normal controls. A,
Interphase nucleus preparation from individual VIII:24 (pedigree B) showing a double signal for
the FOXCl-conXmnmg cosmid. B, Montage of metaphase chromosome preparations from
individual F (and unaffected sibling, bottom left). One chromosome 6 homologue (arrowhead)
displays a red signal from the 6q27 control cosmid and no signal from either of the 6p25 clones
[bA82M9 (red) or dJI077H22 (green)], consistent with a 6p25 telomeric deletion. C, Metaphase
chromosomes from pedigree J (individual 3) showing a complete deletion of bA82M9 and a
partial deletion of bAI57J24. D, Metaphase chromosomes from pedigree J (individual 3)
showing deletion involving the FQ%U7-containing, but not the FOXFl-conXmmng cosmid.
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I
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D el 6p25
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bA 82M 9
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F O X C l cosm id

D el 6p25

X

Del 6p25
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Figure 14
Physical map of the 6p25 region based on data from the Sanger Centre. The
relative positions of the three forkhead genes, the extent of the duplicated or deleted (dashed
arrow) regions in the pedigrees and the location of the PAC/BAC clones are shown. Clones
demonstrated by FISH to be duplicated (in pedigrees A and B) or deleted (pedigree J), are
depicted in bold or underlined typeface (Clone bA265E5 was not tested and the extent of the
duplication in pedigree C has yet to be defined).
Chrom osom e 6 Genotype

B
C
D
E
F
G
H
I

I

K
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Segmental Duplication
Segmental Duplication
Segmental Duplication
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[Del 6p24-pter]
[Del 6p24-pter]
S egm en tal D eletion

Phenotype

Iris Hypoplasia
Iris Hypoplasia
Iris Hypoplasia
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M icrocomea
M icrocom ea
Rieger Syndrome
Rieger Syndrome
Rieger Syndrome
Rieger Syndrome
Rieger Syndrome
Ax-Rieger Anomaly
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Extent of the duplications/deletions

The extent of the duplications/deletion could only be very approximately defined using
the known 6p25 microsatellite markers. To define the positions of the breakpoints
further, a program (written by Dr A. Webster, Institute of Ophthalmology) that
identifies contiguous repeat sequences, was used. This software analyses the submitted
sequence, which can be as large as a BAG, and identifies all repeat elements of between
2 and 50bp. Primers were designed to amplify tri and tetranucleotide repeat sequences
present in clones bordering the segmental duplications or deletions. Of the 26 primer
pairs synthesised, 8 were polymorphic (sequences listed in the appendix) and these were
used for genotyping. The results are summarised in table 12 with representative gel
photographs illustrated in figure 16. Use of these novel primers enabled the telomeric
extent of the duplication in pedigree A to be defined to an interval of approximately
30kb, between bA13-125 and bA13-129 (fig. 15). Genotyping of pedigree i/w ith
existing 6p25 markers was also performed (fig. 17) demonstrating that the telomeric
deletion, which extends from D6S1421 - pter, is paternal in origin.
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Figure 15

Illustrating the relative p ositions o f m icrosatellite m arkers and the telom eric extents o f the duplication/deletion in pedigrees A and L.
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Table 12

Clone
(size)

Table sunimarising 6p25 markers and genotyping results

Marker
Name

Position Repeat Repeat Polymorphic Duplicated Deleted
Along
Size Number
(A
B)
(J)
Clone
(bp)
(kb)

bA13J16

bA13-104

0.6

2

4

-

(63kb)

bA13-127

11

4

10

+

bA13-126

25

4

4

bA13-125

50

4

11

+

?

bA13-130

3

34

4

_

_

dJ668(50)-12

25

24

4

bA13-129

25

24

5

+

FM4

36

+

bA13-121

54

4

7

+

+

bA13-118

69

4

5

+

+

dJ668-3

80

2

9

-

FM3

116

D6S967

8

4

>13

+

dJ118B18

dJ118-13

13

4

5

-

(105 kb)

D6S344

55

2

4

+

dJ279I9

dJ279-15

23

2

10

-

(111 kb)

dJ279-55

33

2

9

-

dJ279-65

63

2

6

-

dJ668J24
(120 kb)

bA157J24

.

-

+

?

-

+
+

+

+

+

+

+

(72kb)

bA82M9
(153 kb)

AMOl

68

dJ279-73

84

2

23

+

dJ279-77

95

2

11

-

bA82-95

1

4

4

_

bA82-99

18

5

8

+

bA82-32

46

2

14

+

bA82-100

63

5

5

-

bA82-101

114

5

6

-

bA82-94

135

3

4

-

7
4

dJ33B19

dJ33-85

8

4

(143 kb)

dJ33-86

51

dJ33-92

116

dJ33-80

139

4
4
2

6

4

72

-

+

+

+
+
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Figure 16

Montage of photographs of ethidium bromide stained gels showing PCR
products for representative 6p25 microsatellite markers. Unless otherwise specified, the first
two lanes are from affected individuals, the third from unaffected individuals. Below, automated
genotyping from affected individual from pedigree C, illustrating the three D6S967 alleles (one
band is of twice the intensity of the other).
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Figure 17
Genotyping results from pedigree H. Haplotype illustrating extent and paternal
origin of telomeric deletion (above); Ethidium stained gel photographs for markers
AFMa339yd9, D6S942, D6S967, D6S429, D6S1421, D6S2427 (below).
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E L F -like gene

At the ARVO 2001 meeting, one group reported a large pedigree with autosomal
dominantly inherited iris anomalies and early-onset glaucoma, in which the disease gene
mapped to 6p25. Bi-directional sequencing and Southern blotting had been used to
exclude the presence of a mutation or duplication encompassing FOXCl and the authors
stated that they had identified a mutation in a novel gene that caused glaucoma in this
extensive pedigree (Kevin-Evans et al. 2001). As I was already undertaking NIX
analysis to identify repetitive sequence that might mediate segmental duplications or
deletions, I extended the number of clones being studied in an attempt to identify this
novel gene (which could underlie the phenotype in pedigree M). As a result a novel
sequence with homology to the ets transcription factor family was identified. This gene
family’s developmental role plus the location of a paralog in a clone (bA157J24)
adjacent to FOXCl made it a good candidate for 6p25-linked families in which FOXCl
mutations or duplications/deletions had not been identified.
Figure 18
NIX analysis of clone bA157J24. The 2 exon structure of the putative gene
termed ELF-2b, predicted to be transcribed from the reverse strand, is highlighted.
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Primers were designed to amplify the entire coding sequence of ELF-2b.
Table 13

A
B
C
D
E
G
H
X

ELF2b Primer Pairs (5'- 3’)

Forward Primer

Reverse Primer

Annealing
Temperature

GCTGCTCACGGTGTAAGTCA
ACCAAAGACCCAGCAATCAC
GCCGAAAAACATAGTGGTCA
AACCAGCACTAGTCCAACAACA
TCAGCTATTGCCCTTCCTGT
AGTGCGTGAGTGTGTGTTGA
TTTCCAGTGGATCTCCTGAGT
GGAGCCTTTCCTTAATTCACCCAAT

TGTTTCCTTTTCCTTCTCTTGG
GGATGCTGCTTTCAGGAGAC
TGCATGGTGATTTTGTCTCC
CCATGGTGGAGCTGCTATTT
GCAGAGTCTTCACATAGCACCA
CCATTTAATATACCGGGGACAA
TAGCCACACCCTTCTCTGCT
TCTTTCCAAGATCCTAGAGCCCATT

CC)
63
63
63
63
63
63
63
64

The DNA sequence generated by amplifying genomic DNA from both affected and
unaffected members of pedigree L, using primers pairs A to H, differed considerably
from the database sequence for bA157J24 (AL512329) and that obtained when
sequencing the genomic clone. In view of the close homology between paralogous
members of the ELF sub-family of ETS transcription factors (table 14), the sequence
was aligned with that of bAI57J24. The first regions flanking ELF-2b, unique to 6p25,
lie 3.9kb apart and primers were designed using these sequences (labelled X, table 14).
This 3.9kb amplicon, amplified from all affected and unaffected individuals from
pedigree L using long PCR, served as template for a second round of PCR (using the
primers shown in figure 19). These PCR products were then directly sequenced.

Table 14

ELF paralogs

Name
(alternative)

Chromosome

No. of
exons

Spanning
(genomic
sequence)

Accession
No.

ELF-1
ELF-2
ELF-3 (Nerf)
ELF-4
ELF-5
ELF-2b

13
4q28
1
X
11
6p25

9
9
9
9
7

87
120
6
45
34
1.6

M82882
AF256222
AF016295
AF000670
AF049703
AF256220

-
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Figure 19
DNA sequence of ELF-2b (1592 bp) derived from own sequencing.
[Sequence changes observed in pedigree L underlined, stop codons, putative intron. Primer
pairs are shown in colour, those in intronic sequence are in lower casej.
agtgcgtgagtgtgtgttga.....................GTGGCAACGTCTCTGCATGAGGGACCCATGAACCA
GCTGGATCTGCTCATCTCGGGGGTGGAAGCATCTGCTCACAGCAGTAATGTACACTGTACAGAT
AAGACAGTCGAAGCTGCTGAAGCCCTGCTTCATGTGGAATCTCCTACCTGCTTGAGGGATTCGA
gaagtcctgtggm gtatttgtccçtcçtgtgxatcm ctcçagaatttatccatgctgctatg

AGGCCAGATGTCATTACAGAAACTACAGTGGAGGCGTCAACTGAAGAGTCTGAACCAATGGATA
CCTCTCCTATTCCTACATCACCAGATAGCTGTGAACCAAGGAAAAAGAAAACAGTTGGCCATAA
ACCAAAGACCCAGCAATCACCAATTTCCAGTGGATCTCCTGAGTTAGGTATAAAGAAACTGAGA
GAAGGAAAAGGAAACACAACCTATTTGTGGGAGTTTCTTTTAGATCTACTTCAAGATAAAAATA
CTTGTCCCCGGTATATTAAATGGCCTCAGAGAGAAAAAGGCATATTCAAGCTGGTGGATTCAAA
AGCTGTCTCTAAGCTTTGGGGAAAGCATAAGAACAAACCAGACGTGAACTATGAAACCATGGGA
CGAGCTTTGAGATACTATTACCAAAGGGGAATTCTTGCAAAGATTGAAGGACAGAGGCTTGTAT
ATCAGTTCAAGGATATGCCGAAAAACATAGTGGTCATAGACGATAAAAAAGTGAAACCTGTAAT
GAAGACl[TAG|CAGGAGCTATGGATGAAAAATTAT[rAGlAACAATGTCACTGTCTGCAGAAAGTCT
CCTGAAAGCAGCATCCTCTGTTCATGGTGGAAGAAATTCATCCCCTATAAACTGCTCCAGAGCA
gagaagggtgtggc (t a § a t t tg t g a g t a t c a c t t c c c c t g g t c a t g a t g c t t c a t c c a g g t c t c
CTGCTATCACTGCATCTGTATCAGCAACAGCAGCTCCAAGGACAGTTCGTGTGGCAATGCAAGT
a c c tg ttg ta a tg a c g tc a ttg g g c c a g a a a a tttc a g c tg tg g c a g ttc a g tc a a a |tag |tgca
GGTGCACCATTAATAATCAGCACTAGTCCAACAACAGCCACCTCTCCAAAGGCAGTCATTCAGG
CAATCCCTACTGTGATGCCAGCTTCTACCGAAAATGGAAACAAAATCACCATGCAGTGTCCCCA
AATTATTTCCATCCCAGCTACACAGCTCGCTCAGTGTCAACTGCAAAGTCAAATCTGACTGGAT
CAGGAAGCATTCACATTGTTGGAGCTCCATTGGCTGTGAGAGCCGTTACCCCTGTCTCAATAGC
CCATGGTACAGCCGTAATGAGACTATCAGTGCCTCCTCAGCAGGCATCTGGGCAGACTCCTCCT
CGAGTTATCGGTGTAGTCATACAGGGGCCGGAGGTTAAATCAAAAGCAGTGGCAAAAAAGCAAG
AACGTGATGTGGAAACTTTGCAGTTCGTAGAAGAAAAACTGGCTGATGGAAATAAGACAGTGAC
CCATGTAGTGGTTGTCAGTGTGCCTTCAGCTACTGCCCTTCCTGTAACTATGAAAACAGAAGGA
CTAGTGACATGTGAGAAATAA.................. catggacttcaggctgttagt

Direct sequencing identified two sequence changes (underlined fig. 19, and fig. 20) that
segregated with the disease status in pedigree L. The first sequence change abolished 15
restriction enzyme sites, including a S ad site (fig.21).
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Figure 20
Montage of electropherograms of ELF-2b sequence from affected (3) and
unaffected (13) individuals from pedigree L
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Figure 21
Restriction enzyme sites around base pair 39058 (numbered as in clone
bA157J24) where a C T sequence change was observed in affected members of pedigree L.
The sites absent from individuals with this sequence alteration, include Sad (highlighted).
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Figure 22
Sad restriction enzyme digest illustrating failure to cut half the amplified
product in affected individuals from pedigree L.
Ikb

Affected Individuals

Unaffected Individuals

The open reading frame of ELF-2h is 240 amino acids. Although the sequence changes
observed segregated with disease status in the family, and were predicted to alter
conserved amino acid residues in (serine to phenylalanine and alanine to valine), they
occurred after several in frame stop codons. This indicates that ELF-2h is a pseudogene
and is unlikely to be the cause of the glaucoma and iris phenotypes in 6p25-linked
pedigrees in which FOXCl mutations/duplications have not been identified. A more
likely explanation for the disease phenotype in such families is a sequence change in a
FOXCl regulatory element.
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Murine model o f 6p25 segmental duplication
In order to investigate the role of altered FOXCl dosage and investigate whether it is
pathogenic, efforts were made to recapitulate the human segmental duplication
phenotype with a murine model carrying an additional copy of FOXCL

Preliminary database analysis identified a suitable, sequenced

-containing PAC

(d lllS B lS ). The central position of FOXCl within the 104.7kb vector insert suggests
that integration of the PAC sequence into the murine genome would include some of
the, as yet unknown, 5’ and 3’ regulatory elements.
FOXCl

----------------------------------------------------------------------------------------------------------

65160 bp

dJ118B18

104729 bp

66821 bp

Sequence alignment of FOXCl and Foxcl (89% homology) identified nucleotides
unique to each homologue that were used to design primers specific for Foxcl. These
primers (table 15) amplified Foxcl, but not FOXCl, even using human genomic DNA
spiked with murine DNA as a template. A subset of the existing FOXCl primers
contained nucleotides that differed from the murine sequence and PCR amplified
FOXCl but not Foxcl DNA.

Table 15
Sequences of Primer Pairs (5 - 3') used to PCR amplify Foxcl or FOXCL
Highlighted nucleotides differ from the human or murine sequence respectively.
Primer
Pair

Forward

Reverse

Amplicon
Size

Fbjcci-specific primers
Ml
M2
M3

ACTACTCGCTGCCTCCAGÇG
GTACCTGAACCAGGCAGGTG
GGTACCTGAACCAGGCAGGT

TTTCCCTGCCAGTCAGTCTC
TTTCCCTGCCAGTCAGTCTC
TTTCCCTGCCAGTCAGTCTC

308 bp
196 bp
197 bp

GCACCTCAAGGAGCCG
AÇCATAGCCAGGGCTTCAG
GGGTTCGATTTAGTTCGGCT

561bp
411 bp
500 bp

FOXCZ-specific primers
B
E
I

GTCCAGCCCCAACTCCCT
GGCGCTTCAAGAAGAAGGAC
CAAGCÇATGAGCCTGTACG
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Analysis of the sequence of the pCYPAC2 vector (18754 bp) and the plasmid insert
(104729 bp) identified restriction enzyme sites that could be used to separate the insert
from the vector sequence. Pvu I for instance would cut the vector at 1678, 2574, 3958,
10298 and 13588 bp and the insert at 100723 bp. In the event a strategy of microinjecting the circularised PAC into mouse embryos was adopted.

Table 16
DNA
Prep.

2
2
3

Results of micro-inj ection of purified dJ 11SB 18 into fertilised mouse embryos.

Injection
Date

No. eggs
injected

Donor
ID

No. embryos
transferred

Stage eggs
Transferred

14/12/00
08/03/01

90

FI
FI

40

2 cell

15/3/01

100
FI
30
15 viable embryos cultured overnight

16/3/01
16/03/01
18/5/01
28/6/01

5 remaining
33
18
83

embryos transf
FVB
27
FI
FI
53

Recipient
ID

Single cell
4
6 lysed, 3 not cleaved,
1 fragmented
2 cell
5
single
6
single

Result

8 pups

7
8

9
3

5/7/01

70

FI

40

4*
4

27/11/01
29/11/01

55
62

FI
FI

24
45

single
2 cell
2 cell
single

4

5/12/01

63

FI

28

2 cell

4
4

6/12/01
11/12/01

70
67

FI
FI
FI

21
41

2 cell
20 @ 2 cell
21 @ 8 cell

5*
5
5
5

13/12/01
24/1/02
30/1/02
7/2/02
14/2/02

60
49
50
65
50

FI
FI
FI
FI
FI

22
15
22
24
13

single
morula
2 cell
2 cell
2 cell

10
11
12

5 pups
6 pups

13
14
15
16
17
18
19

20
21
22

11 pups

23
24
25

- = not pregnant

A lower than expected rate of embryo survival was observed after micro-injection of
PAC DNA. To study this 30 viable injected embryos were incubated for 4 days and the
number progressing to the blastocyst stage counted. Six reached this stage, equating to a
12% survival rate compared with the expected rate of 30-35% (and the 75% rate for
uninjected control embryos).
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In total ~ 1000 embryos were injected, ~ 450 transferred to 25 pseudo-pregnant females
which resulted in 4 litters with a total of 30 pups. These mice were screened for the
presence of the transgene by PCR amplification with human FOXCl specific primers
using tail snip DNA as template. None of the 30 pups were found to carry FOXCl
(fig.23).

Although the approach used to screen for the FOXCl transgene was reasonable, as the
upper gel (fig.23) demonstrates, the results were sub-optimal. For instance the failure to
amplify Foxcl from tail snip specimen 8 (lane 12, upper gel) using

-specific

primers or the weakly positive result from a negative control (lane 17, upper gel)
weaken the conclusions that can be drawn from this experiment. [Failure of a positive
control is attributable to factors including the small amount of genomic DNA available
from tail snip specimens, the GC rich nature of Foxcl and the need to hot-start each
PCR reaction. Similarly the contamination responsible for amplification of Foxcl from
the negative control is likely to reflect the sequential hot starting of each sample]. Each
experiment was therefore repeated at least once, and often two or three times until
consistent results were obtained.
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Figure 23

Photographs of ethidium bromide stained agarose gels illustrating the PCR
products amplified from murine genomic DNA [tail snips from two litters], human genomic and
FOAC7-containing PAC DNA [dJI J8BJ8] using Foxcl or FOAC7-specific primers.
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Hair Phenotype
During the ascertainment of pedigree A, the hair colour of affected individuals was
noted to be darker than that of unaffected individuals, an observation confirmed by the
matriarch of the family. Once a chromosomal duplication had been identified in this
pedigree, in the light of the known role of forkhead genes in hair development, cranial
hair samples were collected from 14 affected and 7 unaffected individuals. These were
analysed qualitatively (by ten masked observers) and quantitatively by colour analysis
o f digital micrographs of the hairs. Subsequently samples were also collected from
pedigree B.

Table 17
Results of the qualitative examination of hair samples by ten masked observers.
Affected individuals (with 6p25 interstitial duplications) are shown in bold type.

Pedigree A
H air
Sample
15
6
7
2
1
9
19
13
3
4
44
5
18
32
21
14
16
33
24
45
34

O bservers’
Results
1
3
2
5
6
4
8
7
10
13
17
16
12
11
9
18
15
14
19
20
21

1
2
3
6
4
9
5
7
10
8
12
11
13
16
14
15
20
19
17
18
21

3
2
1
4
6
5
10
7
8
11
9
13
12
17
15
16
14
18
19
20
21

1
3
2
5
6
7
4
8
10
9
13
14
11
12
18
17
15
16
19
20
21

2
3
1
4
7
9
5
8
12
6
13
11
16
10
15
14
18
17
19
20
21

2
1
4
6
5
3
11
7
10
13
15
9
12
8
17
16
14
18
20
21
19

1
2
5
3
4
6
7
11
9
8
12
13
17
16
15
10
18
14
19
20
21

Total

2
3
1
9
5
4
8
10
6
7
11
17
12
15
13
14
20
16
18
19
21

5
1
2
6
4
3
12
9
7
14
8
11
13
10
15
19
17
18
20
21
16

2
1
3
5
7
4
6
12
9
14
11
10
8
13
15
16
17
18
19
20
21
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24
53
54
54
76
86
91
103
121
125
126
128
146
155
168
168
189
199
203
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Pedigree B
Hair
Sample
29
31
8
21
24
32
28
22
9
23
20
25
33
10
27
3
26
5
30
6
4
7

Table 18

Observers’
Results
1
2
3
4
6
12
10
7
5
16
13
9
8
14
17
11
18
19
21
15
20
22

1
4
3
2
6
9
10
8
7
12
11
5
14
18
16
17
13
15
19
20
21
22

1
6
3
4
5
2
8
7
9
10
11
16
14
13
12
15
17
18
20
19
21
22

1
7
4
2
3
6
9
5
15
8
18
11
13
20
10
16
14
12
17
19
21
22

1
2
3
11
5
4
7
6
12
9
10
14
8
13
15
16
18
17
19
20
21
22

1
2
3
7
6
4
8
9
11
10
5
17
13
12
14
15
16
21
20
19
18
22

1
4
7
5
3
2
6
9
8
11
12
10
17
13
16
19
15
18
14
20
22
21

Total
1
6
3
4
2
5
7
8
14
9
11
13
15
10
16
20
12
18
17
19
21
22

3
4
7
2
10
6
1
8
5
11
12
13
16
9
15
14
17
22
18
19
20
21

3
2
5
4
1
6
8
11
7
9
14
16
10
13
19
12
18
20
17
15
21
22

14
39
41
45
47
56
74
78
93
105
117
124
128
135
150
155
158
180
182
185
206
218

Statistical analysis of the qualitative/observer data for hair samples
(pedigrees A & B).
Pedigree A

Mean Affecteds
(SD
Mean Unaffecteds (SD)
Difference in means (95% Cl)
Probability

81.0
(46.1)
168
(31.1)
-87.0
(-127.6, -46.4)
T = -4.484 (P< 0.001)

Pedigree B
94.1
151.6
-57.6
t = -2.390

(51.0)
(60.1)
(-107.8, -7.3)
(P = 0.027)

Quantitative analysis of the same hair samples was also performed, using
photomicrographs of each hair sample. Three digital images were taken of each sample
(the median image from each set is shown in figure 24 with the photographs arranged in
ascending numerical order of the hair samples) and quantitative analysis of the three
images yielded the following results.
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T a b le 19

Results o f quantitative examination o f the hair samples.

Pedigree A
Hair
Sample
7
6
4
15
9
1
3
2
5
19
47
13
16
14
18
32
44
33
34
45
46
21
24

Table 20

Affected

Pedigree B

Hair
Unaffected Sample

26.05
34.33
36.06
36.59
50.98
54.16
59.11
72.70
76.73
77.21
80.60
81.20
87.89
90.02
94.21
62.49
67.26
115.50
118.55
124.06
126.92
130.05
143.48

Affected

29
31
21
24
32
28
22
23
20
25
33
27
26
30
8
9
10
3
5
6
4
7

Unaffect

34.48
23.53
44.16
41.00
43.40
28.10
21.20
26.37
21.61
25.88
32.78
17.24
8.30
18.22
26.10
23.98
35.87
24.19
21.52
32.32
36.09
38.21

Statistical analysis of quantitative/imaging data for hair samples
(pedigrees A & B).
Pedigree A

Mean Affecteds
(SD)
Mean Unaffecteds (SD)
Difference in means (95% Cl)
Probability

60.0
(23.8)
115
(34.4)
-55.5
(-80.8, -30.2)
t = -4.564 (P < 0.001)

Pedigree B
32.8
25.9
6.9
t= 1.782

(9.2)
(8.5)
(-1.2,15.0)
(P = 0.09)

These data from qualitative examination by masked observers demonstrate that hair
samples from affected individuals in both pedigrees, were statistically significantly
darker than those from unaffected individuals. Quantitative examination of digital
micrographs (captured using transmitted light) demonstrated that the samples fi*om
affected individuals in pedigree A were statistically significantly darker than those fi"om
unaffected individuals; however the quantitative data fi'om pedigree B failed to reach
significance (P = 0.09).
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Figure 24

Digital photomicrographs of hair samples from affected and unaffected
members of pedigrees A and B. The median of the 3 images taken of each
hair sample (in terms of perceived darkness) is shown

Pedigree A

Pedigree B

Affected individuals

Unaffected individuals
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Discrepancies between murine and human phenotypes

FOXCl and Comeal Phenotype

The comeal phenotypes of Foxcl, FoxeS and FOXES mutants plus the comeal
expression of Foxcl/FOXCl (Kume et al. 1998, Wang et al. 2001), suggested the
existence of an as yet unidentified role for FOXCl in human comeal development.
Pedigrees with altered FOXCl dosage underwent careful comeal examination as a
result.

Central comeal thickness was increased in affected individuals (mean 600pm, n = 27)
fi*om each of the three segmental duplication pedigrees compared with their unaffected
relatives ( A - C : V = 0.008, 0.044 and 0.003 respectively; fig. 25). Elevated CCT was
present in affected individuals who had neither developed glaucoma nor required
glaucoma surgery. Specular microscopy in an unselected subset of affected individuals
(34/54 eyes) revealed normal comeal endothelial cell morphology and density (> 2500
cells/mm^) (Fig. 27), demonstrating that the increased comeal thickness was not due to
endothelial cell dysfunction. CCT measurements from unaffected individuals (pedigrees
^ to Q (mean 532pm, n = 20), segmental 6p25 deletion patients (pedigree D) (mean
540pm, n = 3) and unaffected and glaucomatous control individuals were very similar
(fig. 24) and closely matched the published values for UK individuals (Doughty and
Zaman 2000).

Histological sections from Foxcl^^\ FoxcF^^^, FoxeS^^^^^^^ and FoxeS^^^^' mice [provided
by Simon John, The Jackson Lab, USA {Foxcl) and Peter Carlsson, University of
Gothenberg, Sweden {FoxeS)] were examined for related changes. Mean comeal
stromal thickness in Foxcl^^' (73pm, range 65 - 86pm, n = 11) and FoxcF^^^ mice
(73pm, 66 -78pm, n = 4) was not significantly different relative to wild type [(B6)
67pm, 58 - 79pm, n = 10; (ChmuLe) 89pm, 80 - 98, n = 2), P = 0.14 and 0.09
respectively (t-test)]. Homozygous dysgenetic lens {FoxeS^^^^"^^^) mutants exhibited
marked thinning o f the comeal stroma, to approximately two-thirds that of wild type
controls, together with abnormal comeal endothelial and anterior lens epithelial
morphology, plus subsequent failure of anterior chamber formation (fig. 26). In
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heterozygous dyl mutants, the thickness of the central stroma relative to the peripheral
comeal stroma was significantly increased (p = 0.015) (fig. 25), including in
macroscopically normal eyes, and was associated with comeal oedema, seen as
increased spacing between the stromal layers (fig. 26). A trend towards increased
comeal epithelial thickness

epithelium, (31.4pm compared to 24.6pm in

wild type) attributable to increased numbers of epithelial cell layers (fig. 25) did not
reach statistical significance (P = 0.09) in the small sample studied [7

3 wild

type (Balb-c)].

Of the FOXC2 mutations present in the lymphadaema-distichiasis patient cohort, four
were within and the other five mutations lay downstream of the forkhead domain (fig.
28). Ocular anomalies were present in all (10) individuals with forkhead domain
mutations; in contrast those with mutations outside this motif (8 individuals) either
exhibited milder (4) or no ocular phenotype (4). The iris anomalies included local or
more generalised iris hypoplasia, that was frequently associated with absence of sectors
of the iris ruff. The other developmental anomalies affecting the comea, irido-comeal
angle, pupillary shape and anterior segment size (figs. 26 and 28), were only associated
with forkhead domain mutations. These phenotypes varied between affected relatives
and in some cases between the eyes of the same individual (A2 and D2, fig 26). Retinal
or optic nerve anomalies were present in two individuals: unilateral optic nerve
hypoplasia causing unilateral blindness with no perception of light (A2) and situs
inversus (aberrant course of retinal vessels as they exit from the optic disc) (Dl).
Despite the presence o f angle anomalies, the intraocular pressure (lOP) was within the
normal range as were CCT measurements (data not shown).
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Table 21

Pedigree

B

D

Mean central comeal thickness of affected and unaffected individuals from
pedigrees A-D.
Affected Individuals
Right
Left

Unaffected Individuals
Right
Left

606
633
644
617
580
624
580
589
511
603
722

600
614
600
*
596
630
*
582
508
614
725

474
532
480
519
571
513
568
538
535
543
601

480
538
472
514
568
512
575
542
540
558
593

694
629
590
599
584
580
563
556
533
511

621
626
608
543
583
561
556
563
554
514

524
537
511
526

521
541
513
538

623
614
675
609
561
582

614
593
687
597
560
580

535
537
559
518
526

524
538
549
520
535

533
527
560

541
506
559

[* denotes buphthalmic eyes]
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Table 22

Mean central comeal thickness of the right eyes of glaucomatous and nonglaucomatous controls.

Nonglaucomatous
controls
(n = 21)

Glaucomatous
controls
(n= 115)
599
475
581
584
536
501
568
564
604
562
608
526
577
540
559
512
545
541
591
524
542

Table 23

521
552
541
560
540
495
539
561
555
567
556
560
496
610
585
524
582
499
482
553
575

578
516
534
534
512
514
556
534
532
505
521
487
485
506
581
564
561
533
467
536
518

526
538
516
538
532
565
538
579
483
558
533
530
561
510
522
475
552
502
601
581
536

521
522
467
492
557
502
537
559
494
549
534
494
597
559
587
495
538
584
584
581
527

503
529
562
561
576
475
556
428
568
511

559
561
587
562
491
514
490
522
513
538
538
563
536
535
526
517
564
551
508
522
585

Comeal stromal and epithelial thickness in
mice. Measurements in pm from right eyes.

and Balb-c (wild type)

Stromal Thickness
Peripheral
Ratio
Central

Epithelial
Thickness

Identifier

Genotype

113
57
120
121
134
127
130

Foxe3^^^
FoxeS^^y^^
FoxeS^^y^^
FoxeS^^y^^
Foxei^^y^^
Foxe3‘^'^^
Foxe3^^"^

97
114
88
58
52
48
71

44
66
43
45
33
32
39

2.20
1.73
2.05
1.29
1.58
1.50
1.82

30.4
42
30.1
29
26.8
25.8
41.5

114
115
118

Balb-c (wt)
Balb-c (wt)
Balb-c (wt)

49
56
65

42
51
55

1.17
1.10
1.18

25.7
25.6
23.3
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Table 24

Comeal stromal thickness from Foxcr'^, Foxcl^^', Foxc2^^', Foxcl ^'-Foxc2"'and wild type mice. Measurements in |im from right eyes.

Identifier

Genotype

B6-125
B6-123
B6-117
B6-116
B6-115
B6-122
B6-121
B6-119
B6-118
B6-258
B6-257
B6-256

Foxct^Foxcl^^'
Foxcl^^'
Foxcl^^'
Foxcl^^'
Foxct^Foxcl^^'
Foxcl^^'
F o xc t'Foxcl^^'
FoxcÜ'Foxcl^^'

Stromal
Thickness
68
83
74
82
65
72
86
65
64
77
88
68
59
77

B6-254
B6-255

F o xc t'-

Chmu/Le-104
Chmu/Le-105
Chmu/Le-106

Foxclich/+

FoxcF^^

78
70
66

129b-39
129b-279
129b-280

Foxcl^^' Foxc2^^'
Foxct'-Foxc2^'Foxcl^^' Foxc2^''

78
91
75

Foxcl^^'

FoxcF^^

Identifier

Genotype

Stromal
Thickness

98-647
98-646
98-627
98-626
98-629
98-628
98-649
98-650
99-116
99-115

B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)
B6 (wt)

64
58
77
69
60
58
79
76
72
60

Chmu/Le-536 Chmu/Le (wt)
Chmu/Le-537 Chmu/Le (wt)

129b-38

92

Foxc2 + / -
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Figure 25
Graph displaying comeal thickness of affected and unaffected individuals from
pedigrees A io C [left hand y-axis] together with the ratio of central to peripheral stromal
thickness in Foxe3‘^^‘^^ and wild type mice [right hand y-axis]. The statistical significance
[above] and the mean and 95% confidence intervals (solid and dotted lines) [right] are displayed
for each data set. The mean CCT (pm) are: pedigree (610 (affected), 534 (unaffected); B (584,
525); C (611, 535). Central comeal thickness measurements from cohorts of unaffected and
glaucomatous UK controls, are included for comparison.
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Figure 26
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L egend for F igu re 2 6

Photographs illustrating FOXC2 mutation ocular phenotypes (labelled as in fig. 27). (A)
Partially absent anterior iris stroma, most prominent in the upper right quadrant. (B)
More extensive stromal hypoplasia with reduced comeal diameter <10mm (normal 11.0
- 12.5mm, half millimeter scale inset below). (C) Localised unilateral comeal
opacification (asterisk) at the level of the endothelium with normal central comeal
endothelial cell morphology (specular micrograph from 6p25 segmental duplication for
comparison). (D) Abnormal iris architecture; note iris hypoplasia phenotype (D2)
exposing iris sphincter (visible as a pale ring around the pupil) and the unilateral
pupillary displacement (correctopia) in the left eye (arrows). (D3) The iris m ff
(asterisk), a frill o f brown tissue that surrounds the pupil, is absent interiorly in
association with iris atrophy (not shown). (G2 and H). Normal irides (boxed) observed
in individuals with mutations downstream of the forkhead domain. (A2) Unilateral optic
nerve hypoplasia.
Histological sections from homozygous (1,3) heterozygous (5,7) dyl mice and wild-type
litter mates (2,4,6,8); newbom (1-4), nine week old adults (5-8). (1) dyl eye illustrating
the small and abnormal lens. (3) Higher magnification view showing irregular anterior
lens epithelium, grossly abnormal comeal endothelium and reduced comeal thickness,
relative to wild-type. (5) Dyl heterozygote showing typical comeo-lenticular adhesion
with increased comeal thickness extending peripherally. (7) Higher magnification view
of swollen comeal stroma.
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Figure 2 7

Individual 14
Pedigree A

Specular m icroscopy images from affected and unaffected individuals
(duplication pedigrees vt and C), all with normal endothelial cell m orphology
Individual IV:6
Pedigree C

Individual V:1
Pedigree C

Individual V:3
Unaffected
Pedigree C

Specular microscopy image from (affected) individual V:4 (pedigree C) illustrating the
(automated) calculation of the endothelial cell count. In addition to determining endothelial cell
density (from the sample of cells shown boxed below), the instrument displays the distribution
of sizes of individual cells. As shown below (right), the endothelial cell size in this affected
individual approximates to a normal distribution. [The specular microscope’s software limits the
image quality when these data are exported].
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F 0X C 2 and A nterior S egm en t Phenotype
F ig u re 28
Summary o f the results from 18 individuals with 9 different FOXC2 mutations
who were examined due to the discrepancy between the known (ocular) human phenotype
(lymphadaema-distichiasis) and the murine phenotype (anterior segment anomalies). (A)
Representation of the F0XC2 coding sequence illustrating position of each mutation relative to
forkhead domain (hatched box). (B) Summary of phenotypes observed (+ present, - absent, *
patient declined examination). (Mutations reported by Bell et al. 2001 and Brice et al. 2002).
A
ATG

214 bp

TGA

486 bp

1506 bp
(502 aa)

AA

AB

A A

CD

H

E F

B
Mutation

Ocular abnormalities
Iris

A1
A2
B
C
Dl
D2
D3
D4
D5
D6

323delT
323delT
333delO
3620-^A
374 C-^T
374 C->T
374 C-^T
374 C->T
374 C-^T
374 C-^T

Forkhead domain
mutations
El
E2
FI
F2
01
02

H
I

595-596insC
595-596insC
638-639insOT
638-639insOT
922-929del7
922-929del7
1142-1143insC
1302-1308
del/insOOA

Non Forkhead domain
mutations

Ocular
asymmetry

Angle

Retina / Optic
nerve

+

4-

+

-

-

-

+

4-

+
+
4-

+
+
+
+
+

Non-ocular abnormalities

4-

-

+

4-

-

-

+

Lymphadaema

Distichiasis

+

+

+
+

+
+
+
+

4-

4-

+
+
-

+
-t-

+

-

4-

-

+
-

+

4-

-

-

-

+

9/10

5/10

2/10

5/10

7/10

9/10

*

+

+

*
*

+
+
+
+
+
+

-

-

-

-

-

+

-

-

-

-

-

-

-

4-

+
+

4/8

0/6

0/7

0/8

7/8

8/8

-

44-

-

-

-

4-

+
+
+
+

Effects of mutations - codon specified is that after which wild type sequence is disrupted: [A & B]
codon 108, 92 novel amino acids (aa); [C] R121H; [D] S125L; [E] codon 198,263 novel aa; [F]
codon 212, 19 novel aa; [G] codon 307, 142 novel aa; [H] codon 380, 81 novel aa; [I] codon 433,
36 novel aa.
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6p25 segmental duplication CNS phenotype

Representative individuals from pedigree A underwent magnetic resonance imaging
(MRJ) of the brain to investigate whether any subtle brain abnormalities were present. A
number of anomalies were noted in the MRJs of 3 of the 4 individuals imaged. These
included enlargement of the cistema magna, the CSF-filled space behind the cerebellum
and hypoplasia of the midline cerebellum (posterior and or inferior vermis). No
hydrocephalus was present.

Figure 29

M R Is from affected individuals from pedigree A dem onstrating en largem ent o f
the cistem a m agna and hypoplasia o f the inferior cereblellar verm is (norm al control for
com parison). C ereb ellu m (w hite arrow ), cistem a m agna (asterisk).

Affected individuals

Normal control

/

' / ' v
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Table 25

T able illustrating the d istribution o f the know n hum an and m urine forkhead
genes. A ll the m urine genes, w hose chrom osom al location is know n, lie in
regions syntenic (shaded) to their hum an orthologs.

Human

O ld Sym bol

Name

FK H L 12

FOXE3
lp32
FOXD2
lp32-34
FOXD3
lp31-32
FOXN2
2p 16-22
FOXPl
3 p l3
FOXL2
3q23
FOXDl
5 q l2 - q l3
FOXIl
5q34
FOXF2
6p25
FOXCl
6p25
FOXQl
6p25
F 0X 03a/F 0X 02 6q2\
FOXP2
7q31
8q24
FOXHl

FK H L 17
H FH 2
HTLF
Q RFl
FK H L 8
FK H L IO
FK H L 6
FK H L 7
HFH l
F K H R L l/A F 6 q 2 1
FA STI

Murine
4 (49 3 T
4 (56 5)
4 (45.8)

13 (52)

13 (20)

13 (18)
10 (30)

FK H L 15

FOXEl

9p ll-q ll
9q22

FH X

FO Æ /2

1 2 p l3

FK H L 16

FOXMl

12 p l3

6 (62)

12q24

5

FK H L 9

FOXOla
FOXAl
FK H L 2 (B rain factor 2)FOXGla
F K H L l (B rain factor \)FO XG lb
H B F-3
FOXGlc
ILF2
FOXKlb
CH ESl
FOXN3
FOXBl
FK H 5
FOXFl
FK H L5
FOXLl
F K H L ll

FKHl

H N F3a

F K H L 14
WHN
FK H L 13 (H FH 4)
IL F l
ILF3

FOXNl
FOXJl
FOXKla
FOXKlc

(17.5)

4 (21.5)

13ql4.1
3
14ql2-13 _ 12
12
14ql3
12
14ql3
14
14
5

9 (41):
8^ 67]^
(65)
8 (65.5)
H (45) I*
IK (7 8 )% ^

15q21-26

16q24J
16q24.1
16q24.
17qll-ql2
17q22-25e
17q25
17q25

.4 7
2

19ql3.2-13

H N F-3b

2 0 p ll

FK H L 18

2 0 q ll.l- q ll.2

H FK L5

2 2 q l3 -q te r

AFXl

99

(82) g

14q24

F K H H 3/H N F -3y

FOXP3

(22.5)
(26) _
(21)
(21)

(84)

X p ll.2 3

X (2.1)

X q l3

X (36)
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DISCUSSION
Ocular features ofpedigrees
Individuals with 6p25 segmental duplications (pedigrees A - Q have a very distinctive
ocular phenotype, characterised by marked thinning of the anterior iris stroma and
exposure of the underlying sphincter pupillae. Variation in the iris phenotype was noted,
not just between siblings, but on occasions between the eyes of the same individual.
This is in keeping with FOXCVs function as a transcription factor and the wide range of
phenotypes caused by FOXCl mutations. The phenotypic variability in the segmental
deletion pedigree {D) is especially relevant to the clinical classification of disorders of
the Axenfeld-Rieger type, which is currently based upon perceived degrees of ocular
and extra-ocular abnormality. Although such a system may assist description of patients
to other clinicians, it is inconsistent with the genetic basis of a disease where the same
sequence change causes phenotypes ranging from mild iris hypoplasia to Rieger
anomaly with glaucoma. The mechanism by which a single genetic alteration causes a
spectrum of diseases is incompletely understood. One theory is that during early
development stochastic differences in the levels of transcription factor molecules lead to
different patterns of gene expression and hence a range of phenotypes. Such hypotheses
may help explain the ocular asymmetry observed with altered dosage of F O X C f a
finding previously reported with PITX2 (Perveen et al. 2000).

Equal or greater intra-familial variability was observed in pedigree M in which the
disease maps to 6p25 but the genetic cause o f the condition has not been identified. One
individual in this pedigree (IV; 12) exhibits incomplete penetrance. Despite sharing the
same iris phenotype (and disease haplotypes) (fig. 1) as other affected family members
(including his son), unlike them, he has not developed glaucoma.

In the small series of telomeric cytogenetic abnormalities presented, the telomeric
deletions result in Rieger syndrome, the severest phenotype in the Axenfeld-Rieger
spectrum. One o f these deletions was associated with hydrocephalus and is in keeping
with previous reports (Kume et al. 1998). Large telomeric duplications were associated
with a microcomea phenotype (individuals D - F ) 'm contrast to the iris hypoplasia
phenotype seen with the much smaller segmental duplications (A - Q , supporting a
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correlation between the phenotype and the extent of the cytogenetic abnormality. It also
raises the intriguing possibility that the balance between the dose of gene(s) in the
smaller (segmental) and larger (telomeric) duplicated segments influences the
dimensions of the ocular anterior segment. One candidate for such an interaction,
known to be expressed in the eye, is the transcription factor gene TFAP2a, which lies
within the region duplicated in individuals D - F .

One interesting aspect of the clinical data is the difference in the age of onset of
glaucoma observed between males and females. First noted in the segmental deletion
pedigree (Z), the two affected female siblings exhibit very mild iris changes without
glaucoma despite having three affected male offspring all with Axenfeld-Rieger and
congenital glaucoma. A similar, albeit milder correlation is present in the duplication
pedigrees with an earlier mean reported age of onset of glaucoma in male individuals. In
addition, only males have been registered blind and generally only female affected
individuals have yet to develop glaucoma. These data concur with the earlier age of
onset of lymphedema in males with mutations in FOXC2 (Brice et al. 2002).
Genotyping and FISH data (Pedigree A)
The initial observation of a large pedigree {A) with inherited iris hypoplasia and
glaucoma that maps to 6p25 but does not have a mutation in FOXCl, increased to five,
the number of such pedigrees. Four similar pedigrees (one of which is pedigree B), had
been previously reported (Mears et al. 1998).

The anomalous genotyping results observed with D6S967 in which the 18 affected
individuals inherited 3 alleles, two of which were shared in all these individuals
indicated that a duplication event on 6p25 was present in the affected members of this
pedigree. This interpretation was confirmed by fluorescence in situ hybridisation of a
PAC clone demonstrating a duplication on 6p25 that includes FOXCl (fig. 6). The
duplication was observed on a microsatellite gel as a result o f unequal length D6S967
alleles, which may have arisen by replication slippage, since the size of a duplicated
tetranucleotide repeat is not under any evolutionary pressure to remain conserved. The
high number of cytogenetic abnormalities reported in this region (Sheffield et al. 1999;
Davies et al. 1999) suggests that this location may be an area o f genetic instability. The
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telomeric location, GC-rich content and the presence of multiple CCG repeats (Jones et
al. 2000) within and around FOXCl may also contribute to the likelihood of such
events. However, since this duplication is present in three living generations of this
pedigree it is highly probable that it represents a stable ancestral event.

One hypothesis to explain the genetic basis of iris hypoplasia in large pedigrees
mapping to 6p25 that do not contain FOXCl mutations is the existence of a second
glaucoma gene, which mapping data supports (Mears et al. 1998). Although the
involvement of a second gene could not be excluded at this stage, the FOXClencompassing duplication in a pedigree o f this size, strongly suggests that alterations in
gene dosage of FOXCl causes ocular disease especially as duplications of part of
FOXCl have been shown to be pathogenic (Kawase et al. 2000). There are no
previously published examples of segmental chromosomal duplications causing either
developmental anomalies or ocular pathology in humans although such chromosomal
duplications do cause a variety of non-developmental conditions such as Charcot Marie
Tooth disease (Lupski JR et al. 1991) and a variety of tumours (Weston et al. 1989).

The eye is known to be exquisitely sensitive to both reduced and increased gene dosage
of key developmental genes. Increased expression of PAX6 resulting from an increased
copy number has been shown to result in developmental ocular anomalies in transgenic
mice (Schedl et al. 1996). FOXCl is a transcription factor and some mutant forms of
FOXCl accumulate in the cytoplasm rather than the nucleus (Saleem et al. 2000). As
haplo-insufficiency caused by FOXCl mutations is believed to lead to altered
expression patterns of target genes it is probable that altered FOXCl gene dosage leads
to the iris hypoplasia phenotype through a similarly altered pattern of gene expression.
The fact that the proportion of patients who develop glaucoma is much higher in
pedigree A (100% of individuals who can be comprehensively examined) than in other
FOXCl related phenotypes (e.g. -50% in Axenfelds anomaly (Walter et al. 2000) may
suggest that increased dosage of FOXCl results in a more severe phenotype than
reduced dosage. Further support for this hypothesis could be obtained either by
examining the phenotype in an animal model with an additional copy of FOXCl or the
levels of FOXCl protein in ocular tissue derived from affected patients.

Pedigree B, C and L
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Having demonstrated the presence of a duplication in pedigree A, other pedigrees with
related phenotypes were investigated to determine the presence and characterize the
extent of any 6p25 cytogenetic abnormality.

At this stage an increasing body of evidence, derived from a range of species, indicated
that altered dosage of Foxcl caused a spectrum of developmental phenotypes including
in cardiovascular, meningeal, renal, skeletal, somite and ocular development (Kidson et
al. 1999; Topczewskaa et al 2001; Winnier et al. 1999; Kume et al. 1998, 2000 and
2001). The latter is well-illustrated by the naturally-occurring Foxcl mutant which in
the homozygous state results in the congenital hydrocephalus (ch) phenotype with more
severe ocular (and non-ocular) developmental anomalies than ch heterozygotes (Kume
et al 1998; Hong et al. 1999). Such murine phenotypes resemble those present in
patients with mutations or deletions involving FOXCL

The many previous reports of ocular developmental phenotype(s) due to 6p25
cytogenetic abnormalities (including Law et al. 1998; Sheffield et al 1999; Lehmann et
al. 2000; Nishimura et al. 2001) are consistent with the concept that altered dosage of a
gene or genes in the duplicated/deleted region results are responsible. Although FOXCl
is the most likely candidate due to its proven role in anterior segment development, the
presence of adjacent forkhead genes and mapping data for the IRIDlb locus (Mears et
al. 1998), have prevented the exclusion of alternative hypotheses. The demonstration of
a duplication in a pedigree {B) in which a single recombination event appeared to
exclude FOXCl from the disease-causing interval, removes one of the two defining
recombinants for the IRIDlb locus (Mears et al. 1998). Difficulty interpreting the
original linkage data, stemmed from the method of visualising alleles (^^P), which did
not allow differences in dosage of identical-sized alleles to be easily resolved. The
recombinant individual VIII:24, despite having a cross-over withDd<S544, does indeed
inherit a third copy of FOXCl, like all other affected individuals in pedigree B (fig. 13).
This situation is reminiscent of the mapping of Charcot-Marie Tooth disease, which was
also complicated by an unrecognised duplication (Lupski et al. 1991; Matisse et al.
1994).
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Confirmation that increased dosage of FOXCl is pathogenic requires recapitulation of
the human phenotype in an animal model carrying an additional functional copy of
FOXCl, a goal I am currently working towards. In the interim the observation of
multiple F0XC7-containing segmental cytogenetic rearrangements, which in one
pedigree (L) does not include other forkhead genes, coupled with data on Foxcl from
other species and the weakened case for IRIDlb, suggest but do not prove, that altered
dosage of FOXCl is pathogenic. Since almost all the affected individuals in the
duplication pedigrees {A and B) develop early-onset glaucoma (Jordan et al. 1997;
Lehmann et al. 2000), segmental duplication results in a higher rate of glaucoma
diagnosis than either deletion or FOXCl mutation (~50%) (Walter et al. 2000).

The identification of multiple segmental cytogenetic abnormalities on 6p25 has
interesting implications for the mechanisms underlying chromosomal rearrangements.
These rearrangements are associated with a wide variety of genetic disorders and most
frequently arise from homologous recombination between low-copy number repetitive
sequences. Segmental duplications and deletions co-exist in only a handful of disorders
such as Charcot-Marie-Tooth disease (CMT/HNPP), Smith Magenis syndrome (SMS),
red-green colour blindness, thalassaemia and derivative 22 syndromeWelo-CardioFacial/Di George Syndrome (Lupski 1998; Edelmann et al. 1999). In two examples
(CMT/HNPP and SMS) the flanking sequences responsible for these contiguous gene
duplication/deletion syndromes have been characterised (Reiter et al. 1996; Chen et al.
1997; Potocki et al. 2000). The demonstration of duplications in unrelated iris
hypoplasia pedigrees led me to predict the existence of a similar mechanism, by which
cases of other 6p25 cytogenetic abnormalities would be expected to arise. A panel of
probands with anterior segment malformations were screened to test this hypothesis and
the identification of a pedigree (L) with segmental deletion indicates that the 6p25
region is susceptible to chromosomal rearrangements.

Although the cause of these rearrangements is currently unknown, two mechanisms can
be postulated. The first, homologous recombination and unequal crossing over, is
dependent upon the presence of significant regions of sequence homology (Waldman
and Liskay 1998). Although homologous sequence exists on 6p25, including the three
forkhead genes {FOXCl, FOXFl and FOXQl), which share 70-75% sequence identity
across their conserved forkhead domains, the variable extent of the duplication in these
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and other families (Nishimura et al. 2001), argues against such a hypothesis.
Alternatively, a novel as yet unknown mechanism could be responsible such as that
occurring in the rare X-linked condition, Pelizaeus-Merzbacher disease, in which
duplications and deletions of differing size cause CNS demyelination through altered
dosage of the proteolipid protein gene (Woodward et al. 1998; Woodward and Malcolm
1999). Whatever the mechanism, it may turn out to be relevant to other areas of the
genome, especially those containing forkhead gene clusters (lp32, 12pl3, 14ql3, 17q25
etc). One such cluster, FOXC2/FOXF1/FOXLl on 16q24 is relevant to ocular
development, as it lies within the critical interval for a Rieger Syndrome locus
(Nishimura et al. 2000) and happloinsufficiency of Foxc2 (and Foxcl) causes ocular
anterior segment anomalies in mice (Smith et al. 2000). In view of the similarity to the
6p25 forkhead cluster (FOXC1/FOXF2/FOXQ1), it will be interesting to determine
whether cytogenetic rearrangements underlie the 16q24-linked Axenfeld-Rieger
phenotype.

The pedigrees with segmental duplications and deletions {A, B ,C and L) provide
evidence for a common mechanism, causing cytogenetic rearrangements and a range of
ocular developmental defects. The presence of 6p25 segmental duplications and
deletions represents the first example o f both types of cytogenetic abnormalities causing
a human developmental phenotype through presumed altered transcription factor
dosage. These findings add to the limited number of disorders in which pairs of
segmental duplications and deletions have been described and suggest that other
cytogenetic abnormalities, such as inversions or hybrid genes, may also be found in this
region. It remains to be determined whether the pathogenicity of altered gene dosage
suggested with FOXCl, and previously demonstrated with PAX6 (Schedl et al. 1996),
applies more generally to transcription factors.

Evidence fo r a second glaucoma-causing gene on 6p25

The increasing recognition that altered dosage of forkhead genes is pathogenic and the
identification of segmental duplications in all four published pedigrees that map to 6p25
(Michael Walter and Vincent Raymond, personal communications), means that there is
currently no need to invoke the presence of a second ocular developmental gene at
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6p25. Pedigrees that map to 6p25 but in which cytogenetic abnormalities or coding
mutations have not been identified, might simply have a mutation in FOXCl promoter
or regulatory sequences rather than in a second gene.

Whilst this seems the most probable explanation for pedigree M (maximum 2-point
LOD score, 4.09 at 0 = 0 with D6S1600) candidate sequences in the duplicated interval
were also screened. ELF2b, with its homology to the ets transcription factor family,
seemed especially interesting until in frame stops were identified. ELF2b is likely to be
a pseudogene although the possibility exists that its truncated protein may have some
function at increased dosage levels. The existence of a second forkhead gene {FOXF2)
in the duplicated interval of pedigrees A and B is also of interest. The murine orthologs
of FOXFl (16q24) and FOXF2 {FREAC-2, LUN) are expressed in mesenchyme
adjacent to the alimentary, respiratory, and urinary tract epithelia. Foxf2, unlike Foxfl,
is also expressed in the central nervous system, eye, ear, and limb buds. Whilst Foxf2 is
expressed in the neural crest cell-derived periocular mesenchyme (Peter Carlsson,
personal communication), the precursor of the comeal stroma, comeal endothelium and
anterior iris, published details of Foxf2 expression are confined to the uvea (including
the choroid and ciliary body) but not the iris (Aitola et al. 2000). This, together with the
absence o f any reports of FOXF2 mutations causing iris phenotypes, argues against a
role for FOXF2 in the genesis of the iris hypoplasia phenotype.

Murine model o f 6p25 segmental duplication

The attempt to generate a transgenic murine model of the 6p25 duplication has so far
been unsuccessful. Possible explanations include that a component of the PAC DNA
solution is toxic to the embryos, in view of the lower than expected rate of embryo
survival. In theory the PAC DNA should be extremely pure as for the last two rounds of
micro-injection, it has been prepared using an endotoxin free purification kit designed
for transgenesis, and re-suspended in ultrapure water. Other interpretations include the
possibility that increased dosage of FOXCl, particularly without the gene’s full
regulatory elements, is pathogenic in mice, however humans with an extra copy of
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FOXCl have a normal lifespan. The relatively large insert size (~105kb) may also be a
factor as the highest transgenesis rates are achieved with relatively short inserts (< 4kb).

A variety of modifications will be used in the next round of micro-injection including
gel purification of the PAC DNA and linearisation of the vector to increase the chance
of integration. If transgenesis is not achieved, use of an alternative vector, such as a
FOXC7-containing cosmid, will be considered. As most animal models of glaucoma
require surgical treatment to induce the phenotype a transgenic model of the duplication
with early-onset glaucoma will be of value. It would become possible to determine
whether modifier factors control the age of onset of glaucoma, investigate the disease’s
pathogenesis and study the effect of increasing levels of FOXCI gene dosage. By
generating a second transgenic animal with an additional copy of FOXF2, the relative
contributions of FOXCI and FOXF2 (if any) to the disease phenotypes could be
determined.

Hair Phenotype

The observation of darker hair amongst affected individuals of pedigree A led to
investigation of hair colour in both large duplication pedigrees. The observer data that
hair from affected individuals in both pedigrees A and B was perceived to be
significantly darker than hair from unaffected individuals was supported (in pedigree A)
by independent analysis of the quantitative data. However the observation was not
replicated in pedigree 5 (P = 0.09) and this difference, between the qualitative observer
and quantitative/imaging data in pedigree B, is problematic. One explanation may be
that the method of assessing colour by the observers (reflected light) and the digital
microscope imaging system (transmitted halogen light) differ appreciably.
Alternatively, 6p25 segmental duplications may be un-associated with altered hair
colour.

At the present time it is unclear which of these explanations is correct and efforts to
obtain a suitable external microscope light source (to enable the experiment to be
repeated with reflected light) have been unsuccessful. Certainly there is excellent
evidence for the role of forkhead genes in hair formation with mutations in FOXEl,
107

Discussion

FOXNl and Foxql ail causing hair phenotypes. The presence of FOXQl at the
telomeric end of the 6p25 forkhead cluster provides a potential mechanism for the
phenotype through position effects, to which forkhead genes are so prone, or the
presence of an additional copy of the promoter sequence(s). However so long as an
association between 6p25 segmental duplications and hair colour remains unproven,
such hypotheses remain speculative.

Corneal Phenotype o f FOXCI and FoxeS

A host of examples exist where the identification of a human disease-causing gene has
been guided by study of its animal ortholog. I hypothesised that the converse approach,
comparing differences between the known phenotypes of human and murine forkhead
genes might provide a simple means of identifying novel phenotypes in both species.
The broader phenotypes associated with chromosomal duplications encompassing
FOXCI, and mutations in FOXC2 and FoxeS, indicate the potential of this method and
is further supported by the conserved (syntenic) chromosomal location of human and
murine forkhead orthologs (table 25).

As previously discussed, the 6p25 segmental duplications increase dosage of gene(s)
expressed in the neural crest cell-derived periocular mesenchyme, the cellular
precursors of the comeal stroma (Kidson et al. 1999; Aitola et al. 2000). This provides
one explanation for the increased comeal thickness observed in pedigrees ^ to C namely that increased dosage of FOXCI (and or FOXFl) results in cellular hyperplasia
or increased recmitment of cells into the developing comea. Although the relative
contributions of FOXCI and FOXF2 cannot be readily determined without transgenic
models, a considerable body of evidence now exists that the precise dosage of
Foxcl/FOXCI alone is critical for normal ocular development (Kume et al. 1998, 2000,
2001; Kidson et al. 1999; Winnier et al. 1999; Smith et al. 2000; Lehmann et al. 2002).
The view that increased FOXCl gene dosage is primarily responsible for increased
comeal thickness is supported by the profound comeal changes in the null mutant
F oxcF^^^^ (Kidson et al. 1999). However the dose-dependent function of forkhead genes
(Kidson et al. 1999; Winnier et al. 1999; Kume et al. 2000, 2001 and Topczewskaa et al.
2001) precludes exclusion of a role for FOXF2. The altered comeal thickness observed
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with

and FoxeS

mice supports the human data, especially as dyl

mutations are believed to generate a null FoxeS allele (Ormestad et al. 2002). Taken
together, the dysgenetic lens and 6p25 duplication data indicate that normal comeal
development is dependent upon the precise dose and levels of activity of these
transcription factors. Foxcl and FoxeS share considerable forkhead domain nucleotide
homology (82% vs 74% for FOXC1IFOXF2) and have related roles in the development
of the comea and anterior chamber (Kume et al. 1998; Kidson et al. 1999; Blixt et al.
2000). These roles appear to be evolutionarily conserved since similar phenotypes occur
with FOJTC7-encompassing duplications and FoxeS mutations, in two species
descended from a common ancestor - 1 1 2 million years ago. Increased CCT in nonglaucomatous/un-operated eyes of affected individuals from the duplication pedigrees,
excludes the possibility of confounding due to the presence of glaucoma or its treatment
sequelae. The absence of similar changes in the deletion pedigree, Foxcl^^' or FoxcF^^^
mice, suggests two possible interpretations. Either increased gene dosage has a more
profound effect on CCT than reduced dosage or that the challenges inherent in cutting
axial histological sections in 2mm murine globes, reflected in the wide range of in vitro
measurements (up to 36%), may mask any alteration in CCT of comparable magnitude
to that observed in humans (mean 13%). In view of the swelling, shrinking and
mechanical distortion that occurs during dehydration, embedding and cutting of
histological sections, availability of a comeal pachymeter capable of in vivo murine
measurements may offer better accuracy. This would contribute to the rapid advances
being made in murine ocular phenotyping (Smith et al. 2002) and help determine
whether the size of effect seen with dyl mice exceeds that of other mutants.

The increased comeal thickness in the duplication pedigrees has clinical implications as
it leads to over-estimation of intra-ocular pressure (lOP), independent of the tonometric
method used (Bhan et al. 2002). The magnitude of this effect remains imprecisely
defined although correction factors have been calculated, by extrapolating the
relationship between normal comeal thickness and lOP to thicker comeas or
determining the effect induced increases in comeal thickness have on lOP. A correction
factor of 2.5 ± l.ImmHg for each 10% increase in CCT, derived from a meta-analysis
of studies in chronic conditions including glaucoma (Doughty and Zaman 2000),
indicates that lOP would be overestimated by 3 to 9 mmHg in individuals with CCT

109

Discussion

between 600 and 725pm. Such increases in measured lOP would be expected to lead to
excessive treatment to lower a pressure that may remain falsely elevated. This may
partially explain the increased rate of glaucoma diagnosis in the duplication pedigrees
(-100%) compared with FOXCI mutations (-50%) (Walter et al. 2000). The increased
CCT observed in iris hypoplasia makes comeal pachymetry advisable in this subset of
glaucoma patients and potentially represents a diagnostic marker for 6p25 segmental
duplications (21/27 affected and 1/20 unaffected individuals had CCT > 580pm). The
ocular hypertension treatment study, which demonstrated that CCT was a powerful
predictor for the development of primary open angle glaucoma, has emphasised the
importance of measuring comeal thickness (Gordon et al. 2002). The dyl data raises the
possibility that alterations in CCT may be a common feature of genes regulating
anterior segment development. This merits investigation in patients with phenotypes
including Peters anomaly, Axenfeld-Rieger syndrome. Aniridia and Microphthalmia developmental phenotypes in which measurement of lOP remains the comerstone of
clinical management. Should similar changes in CCT be observed, there would be broad
implications for the management of certain paediatric glaucoma subtypes.

Ocular Phenotype o f FOXC2

I have also presented evidence that the majority of patients with FOXC2 mutations have
anterior segment ocular anomalies. These were milder than those caused by FOXCI
mutations and were unassociated with glaucoma, recapitulating the murine Foxc2
haplo-insufficiency phenotype (Smith et al. 2000). Mutations within the F0XC2
forkhead domain were associated with more severe iris anomalies, and with iridocomeal angle anomalies, ocular asymmetry and occasionally abnormalities of the ocular
posterior segment (fig. 25). In contrast mutations downstream of the forkhead domain
either resulted solely in subtle iris anomalies or caused no discernable ocular phenotype.
The more severe phenotypes associated with forkhead domain mutations is consistent
with the interpretation that alterations to this highly conserved DNA-binding motif have
a greater effect on FOXC2 function than mutations elsewhere. This genotype-phenotype
correlation, albeit based upon examination of 18 patients with 9 mutations, concurs with
that observed with F0XL2 in which the position of the mutation relative to the forkhead
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domain and or the size of the predicted protein correlates with the blepharophismosis
syndrome phenotype observed (Crisponi et al. 2001; De Baere et al. 2001).
Interestingly, the three Foxcl/FOXCI mutations that cause extra-ocular phenotypes lie
upstream of or within, the forkhead domain (Kume et al. 1998; Swiderski et al. 1999;
Mirzayans et al. 2000). Studies of the functional effects of FOXCI mutations have
demonstrated that these generate hypomorphic or null alleles by altering DNA binding
or transactivation domains (Saleem et al. 2001; Berry et al. 2002) and similar
biochemical characterisation needs to be undertaken with F0XC2.

The eye is ideally suited to the study of phenotypic differences between orthologues due
to its accessibility to detailed phenotyping and its composition from an interface of
embryologically distinct tissues. The novel ocular features associated with 6p25
segmental duplications and FOXC2 mutations demonstrate that some discrepancies
between the reported ocular phenotypes of Foxcl/FOXCI and Foxc2/FOXC2 are
attributable to unrecognized phenotypes, reiterating the importance of murine
phenotypes as a guide to the human. The close relationship between animal and human
orthologues can be used either to guide gene identification, or alternatively with the
approach adopted here, to identify novel phenotypic features. As genetic research
progresses increasingly towards understanding gene function, and away from gene
identification, the value of this strategy may increase.

CNS phenotype o f segmental duplications

Investigation of individuals with 6p25 segmental duplications for CNS phenotypes was
driven by the CNS phenotypes of ch mice and patients with PAX6 mutations. In
addition to blood-stained hydrocephalus, ch mice also have abnormal development of
the cerebellum, parts of the fourth ventricle and cistema magna (Gruneberg 1943; Green
1970). The developmental anomalies identified in members of pedigree A, which
include enlargement of the cistema magna and hypoplasia of the cerebellar vermis, all
lie in the vicinity of the fourth ventricle. This suggests that the murine hydrocephalus
phenotype is obstmctive in nature, rather than due to failure of CSF re-absorption by the
meninges, and concurs with observation of membranes or tissue obstmcting the foramen
of Magendie in ch mice (Gruneberg 1943; Green 1970). The human phenotypes may be
attributable to altered dosage of either FOXCI or FOXF2 as both are expressed in the
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developing brain and cerebellum (Kume et al. 1998; Aitola et al. 2000). No clinical
signs of a cerebellar lesion were detectable in these patients, which may indicate the
brain’s developmental plasticity is sufficient to ensure that these individuals are not
symptomatic.
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Conclusions
The results presented in this thesis have made a modest contribution to understanding
one of the basic properties of FOXCl, and by implication, other forkhead genes.
Although the theory that altered dosage of FOXCl caused ocular abnormalities was first
proposed after identification of an extensive 6p25 duplication in a small family
(Sheffield et al. 1999), the evidence for a second glaucoma-causing gene at 6p25 limited
support for this hypothesis. Only after 6p25 segmental duplications were demonstrated
in multiple families (Lehmann et al. 2000; Nishimura et al. 2001), especially one in
which a recombination event had seemed to exclude FOXCl from the disease-causing
interval, did the concept of altered FOXCl dosage gain ground at the expense of the
case for a second glaucoma-causing gene on 6p25. The identification of a segmental
deletion pedigree in which FOXCl is the only forkhead gene that is deleted confirms
that altered dosage o f FOXCl is pathogenic in humans (Lehmann et al. 2002). The
presence of segmental duplications and deletions occurring in the same chromosomal
region suggests that a common mechanism may be responsible for their formation and
represents the first example of both types of cytogenetic abnormalities causing a human
developmental phenotype through presumed altered transcription factor dosage.

Set against this, the failure to yet generate a transgenic model of the duplication or
define the sequences flanking the segmental duplication/deletion breakpoints are
limitations of this work. Numerous avenues exist that could be followed in the future.
For instance the identification of the sequences mediating 6p25 chromosomal
rearrangements will provide the basis for a simple diagnostic test to determine whether
patients with anterior segment dysgenesis have altered dosage of FOXCL At present
diagnostic testing requires time-consuming analysis (FISH and confirmatory
genotyping) of fresh blood samples that can be difficult to obtain from at risk patients
(young children). Characterisation of the sequences causing these rearrangements will
lead to a simple PCR-based diagnostic test for patients with early onset glaucoma and
anterior segment dysgenesis (amplification o f unique breakpoint sequences (junctional
fragments) using DNA obtained from buccal swabs). Knowledge of a patient’s genotype
with its defined clinical outcome will guide treatment and help to predict the likely
course of an individual’s glaucoma (Walter et al. 2000). Once the 6p25 sequences have
been defined, it will be interesting to determine whether the same (repetitive) sequences
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are present in other forkhead clusters (lp32, 9q21, 12pl3, 14ql3 etc.) and particularly
16q24 {FOXC2/FOXFl/FOXLl\ the fourth Rieger locus (Nishimura et al. 2000).

The availability o f a transgenic model over-expressing FOXCl, if it recapitulates the
human phenotype, would represent the first natural early-onset primary glaucoma
model. It would offer potential for detailed study of ganglion/trabecular meshwork cell
development and physiology to determine the mechanism by which altered FOXCl
dosage causes glaucoma, and the effect (if any) of further increases in the copy number
of FOXCl. In addition it would enable the role of FOXCl in adult life to be
investigated, which would be particularly relevant since Forkhead proteins have
different functions during embryonic development and in terminally differentiated
tissues (as illustrated by Foxc2 and FoxA). Since the majority of patients with mutations
or altered FOXCl dosage do not develop glaucoma at birth, but present in their teens
onwards, an understanding of FOXCl function in the developed eye may be of clinical
and scientific relevance. A murine model would also provide the means, using backcrossing experiments, to identify genetic modifiers that contribute to phenotypic
heterogeneity. Evidence for such factors has already been provided by study of murine
and human glaucoma-related phenotypes (Smith et al. 2000; Bejjani et al. 2000; Vincent
et al. 2002) and may be relevant to the earlier age of onset, and more severe glaucoma,
in males with duplications or deletions encompassing FOXCl.
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Appendix

Sequences of primers used to PCR amplify 6p25 markers
(All annealing temperatures 60°C)

Forward

Reverse

D6S967

CCAGCCTTGGCGACAGAGT

GCTCCCTGGCCCACTTTCT

D6S344

CTCCAGCCTGGGTCACTA

CTAATGCATGACAATAATATTT

D6S1600

AGCTTGTGCATGTGTGCA

CAAAGTCCCAGCAGGTTC

D6S942

ATTCCTCTGGCTTCTAGAAG

GCCATGTCTTCTTCAATAATG

D6S1713

AATCACTGTTACCCATAGGGTTATC

AGGCCAAGACCTCTGTGC

D6S1574

AAGAACTTCCCAAACCAAT

AACCATCCAGGACATCAA

bA13-118

GCCAGAGGCCATCAGAAAAT

GTGATGCCAAACAACCACAG

bA13-121

CCTTTGGGAACCAACCCTAT

CAGGAGGCAGAGGTCACAGT

bA13-125

GCAAGGCCTCAGCAAAGTTA

CCAGGCTTGTGTCCAACAAT

bA13-127

TTGAGTGCACAGTTGGGTTG

AACCCCAGGATCAGTGAACA

bA13-129

CCACGCAAGTCACCTTCC

AGGAACTGCGGCTTCTTCC

bA13-130

CATTCCATAGAATTCACCCATTT

CAATCCCTCCTCTTCCTCCT

bJ279-73

TGTGACTGCACTCTGAAGAACA

AGTGTGGAGTTGCATCTTGC

bA82-32

TGCCTCTCCTTTCCAAACTG

GCCCCTTTTAACCCTTGGTA

bA82-99

AATCGTGTCACTGCTCTCCA

ACTGGTCAGCGGCTCATAAC
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DNA Sequence of FOXF2 which comprises two exons. Primer pairs used are shown in
colour with intronic sequence shown in lower case.
cgcagggcttctgggccgaccccgctccggcgcctccgcttcccgcccggggcccgccctcgcggcccggcctcgctcccgggtcccagATGACCAC
CGAGGGCGGGCCGCCGCCGGCCCCGCTCCGCCGCGCGTGCAGCCCGGTCCCCGGCGCGC
TCCAGGCCGCCCTGATGAGCCCGCCGCCCGCCGCCGCCGCCGCCGCCGCCGCCGCCCCG
G AGACCACCTCCTCCTCCTCGTCGTCGTCCTCCGCCTCCTGCGCCTCGTCCTCGTCCTCCT
CCAATTCGGCCAGCGCCCCCTCGGCTGCCTGCAAGAGCGCGGGCGGCGGCGGCGCGGGC
GCCGGGAGCGGGGGCGCCAAGAAGGCGAGCTCGGGGCTGCGGCGGCCCGAGAAGCCGC
CCTACTCGTACATCGCGCTCATCGTCATGGCCATCCAGAGCTCGCCCAGCAAGCGCCTGA
CGCTCAGCGAGATCTACCAGTTCCTGCAGGCGCGCTTCCCCTTCTTCCGCGGCGCCTACC
AGGGCTGGAAGAACTCGGTGCGCCACAATCTCTCGCTCAACGAGTGCTTCATCAAGCTG
CCTAAGGGCCTCGGGCGGCCCGGCAAGGGCCACTACTGGACCATCGACCCGGCCAGCGA
GTTCATGTTCGA GGAGG GCTCG TTCCGCCGCCGGCCG CGCGGCTTCAGGCG GA AGTGCC
AGGCGCTCAAGCCCATG TACCA CCG CGTGGTGAGCG GCTTG GGCTTCGGGGCGTCGCTG
CTGCCCCAG G GCTTCG ACTTCCAG GCG CCCCCG TCG GCG CCG CTCGG CTG CCA CAG CCA G
GGCGGCTACGGCGGCCTCGACATGATGCCCGCGGGCTACGACGCCGGCGCGGGCGCCCC
CAGCCACGCGCACCCTCACCACCACCACCACCACCACGTCCCGCACATGTCGCCCAACCC
G GGTTCCACCTA CATGG CCA GCTGCCCGG TG CCCG CG GG A CCCGG GG GCG TCG GTG CG G
CCGGGGGCGGCGGCGGCGGCGACTACGGGCCGGACAGCAGCAGCAGCCCGGTACCCTC
GTCCCCGGCCATG GCGAGCG CCA TCG AATGCCACTCGCCCTACACG AGCCCTGCG GCGC
ACTGGAGCTCGCCTGGCGCCTCGCCTTACCTCAAGCAGCCGCCTGCCCTGACGCCCAGCA
GCAACCCCGCCGCCTCGGCAGGCCTGCACTCCAGCATGTCCTCCTACTCGCTGGAGCAGA
G C T A C T T G C A C C A G A A C G C T C G C G A G G A C C T C T C A ggtaacgcagcacgctccagcccagccagclgggcgcaccgc
ttctaggcctccagggctggcggccactgccactcccac ~ 3kb o f additional intronic sequence ggcaaaataagacaccctgcgccat
ccactggatgactttgtttctgaagaggtttttttttctttcttctttcagT G G G A C T G C C C C G T T A C C A G C A T C A C T C T A C T C C A
GTGTGTGACAGAAAA GA TTTCG TCCTCA ACTTCA ATG GGATTTCTTCTTTCCATCCCTCAG
CTAGCGGG TCG TATTATCACCATCACCACCAG AG CGTCTG TCA GG ATA TTA AG CCCTGCG
TCATGTGAacggaaagaggccaagcgatggccgctctctcctctcccctcctcagagggggcagatagaaactgggacggatt
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Chromosomal Duplication Involving the Forkhead Transcription Factor
Gene FOXC1 Causes Iris Hypoplasia and Glaucoma
Ordan J. Lehmann/ Neil D. Ebenezer/ Tim Jordan/'^ Margaret Fox/ Louise Ocaka/
Annette Payne/ Bart P. Leroy/ Brian J. Clark/ Roger A. Hitchings/ Sue Povey/ Peng I. Khaw/
and Shomi S. Bhattacharya^
'D e p a r tm e n t o f M o lecu la r G e n e tic s, Institute o f O p h th a lm o lo g y , ^MRC H um an B io c h e m ic a l G e n e tic s U nit, G alton Laboratory, U niversity
C o lle g e , ^M oorfields Eye H ospital, and "D epartm ent o f Pathology, Institute o f O p h th a lm o lo g y , L ondon; and ^Eye U nit, S o u th a m p to n G eneral
H osp ital, Sou tham p ton

The forkhead transcription factor gene FOXCl (formerly FKHL7) is responsible for a number of glaucoma phe
notypes in families in which the disease maps to 6p25, although mutations have not been found in all families in
which the disease maps to this region. In a large pedigree with iris hypoplasia and glaucoma mapping to 6p25
(peak LOD score 6.20 [recombination fraction 0] at D6S967), no FOXCl mutations were detected by direct
sequencing. However, genotyping with microsatellite repeat markers suggested the presence of a chromosomal
duplication that segregated with the disease phenotype. The duplication was confirmed in affected individuals by
FISH with markers encompassing FOXCl. These results provide evidence of gene duplication causing developmental
disease in humans, with increased gene dosage of either FOXCl or other, as yet unknown genes within the duplicated
segment being the probable mechanism responsible for the phenotype.

Introduction

The glaucomas are a heterogeneous group of disorders
that are characterized by an optic neuropathy in which
retinal ganglion cell death leads to excavation of the
optic-nerve head and to visual field loss. They are re
sponsible for >6 million cases of blindness and represent
the second most common cause of visual loss worldwide
(Quigley 1996). On the basis of population surveys, it
is estimated that ^20% of glaucoma cases have a genetic
basis (Wolfs et al. 1998), although evidence suggests that
this is a conservative figure (Alward et al. 2000; Mackey
et al. 2000). The genetic heterogeneity of the inherited
glaucomas is illustrated by the number of mapped loci
and the number of glaucoma-causing genes {PITX2
[MIM 601542], MYOC [MIM 601652], CYFIBI
[MIM 601771], LMXIB [MIM 602575], and FOXCl
[MIM 601090]) that have been identified so far (Craig
et al. 1999).
Mutations in the forkhead transcription factor gene
FOXCl cause a range of developmental anomalies as
sociated with glaucoma, including Axenfeld anomaly,
Rieger anomaly, iris hypoplasia, and Rieger syndrome
(Nishimura et al. 1998; Mirzayans et al. 2000). These
Received June 23, 2000; accepted for publication August 30, 2000;
electronically published September 27, 2000.
Address for correspondence and reprints: Mr. O. J. Lehmann, De
partment of Molecular Genetics, Institute of Ophthalmology, Bath
Street, London, England EClV 9EL. E-mail: OJLehmann@yahoo.com
© 2000 by The American Society of Human Genetics. Ail rights reserved.
0002-9297/2000/6705-0011 $02.00

phenotypes have been reported both in isolated cases
and in pedigrees in which an autosomal dominant pat
tern of inheritance is observed. However, four such ped
igrees that map to 6p25 do not contain a mutation in
the coding region of the FOXCl gene (Jordan et al.
1997; Morissette et al. 1997; Mears et al. 1998). In two
of these families, FOXCl has been excluded from the
disease-causing interval, by mapping data based on re
combination events. These findings suggest the existence
of a second glaucoma-causing gene on 6p25 (Mears et
al. 1998). In this article, we report the mapping of a
large, previously unreported pedigree with iris hypo
plasia and glaucoma, in which a chromosomal dupli
cation event involving FOXCl appears to be respon
sible for the phenotype.
Subjects and Methods
Family and Clinical Data

The family presented has an autosomal dominantly
transmitted form of iris hypoplasia and glaucoma that
can be traced back six generations. The family includes
21 living affected individuals, of whom 18 were ascer
tained, together with 9 unaffected siblings and 9 spouses
(fig. la). The study had the approval of the Moorfields
Eye Hospital ethics committee, and informed consent
was obtained from all participants.
Clinical examination (performed by O.J.L. and T.J.)
included portable slit-lamp biomicroscopy, gonioscopy,
disk examination, and anterior-segment photography.
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Figure 1
a. Abridged pedigree drawing illustrating the affected (1-18) and the unaffected (19-31) individuals analyzed, h. Photograph of
ethidium-hromide-stained gel, showing D6S967 PCR products. Each lane number corresponds with that of the individual in the pedigree in a.

All affected family members had marked hypoplasia of
the iris stroma, which had been apparent since birth,
and a prominent sphincter pupillae (fig. 2A and C). An
anomalous angle configuration with an anterior iris in
sertion and/or an increased number of iris strands was
present in the majority of individuals, although this
could not be accurately assessed in individuals who had
undergone goniotomy during infancy. The clinical find
ing of iris hypoplasia was the criterion used to assign
an individual’s affected status. Patients’ ophthalmic re
cords were obtained and used to confirm the ophthalmic
history. Glaucoma (diagnosed by the combination of optic-disk cupping and visual field loss) was present in all
18 affected individuals who could be fully examined,
and the age at onset was generally during the 1st decade
of life (range 0 -1 8 years). The clinical finding of iris
atrophy was confirmed by histological examination of
a peripheral iridectomy specimen collected from indi
vidual 1 during glaucoma surgery (fig. 2C). N o dental

or umbilical abnormalities were present in affected
individuals.

Genotyping and Linkage Analysis
Genomic DNA was extracted, from either venous
blood or buccal mucosa samples, from 32 individuals, by
standard techniques (Qiagen, Nucleon Biosciences). Each
DNA sample was subjected to 35 cycles of PCR ampli
fication using microsatellite tri-/tetranucleotide-repeat
markers in 20-^1 reaction volumes (20 ng genomic DNA,
10 pmol of each primer, 200 mM of each dNTP, 1.5 mM
MgCl, and 2 units of Tag DNA Polymerase [Promega]).
The microsatellite markers (D6S1600, D6S942, D6S967,
D6S344, D6S1713, and D6S1574 [all from Research Ge
netics]) were amplified by 35 cycles of 94°C for 1 min,
55°C for 1 min, and 72°C for 1 min. The amplified PCR
products were separated by 6% nondenaturing PAGE
(Protogel) and were visualized by staining with ethidium
bromide. Subsequent genotyping was done manually.
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Figure 2
Ocular anterior-segment photographs and iris histology micrographs from members of the pedigree and normal controls. A,
Left eye of individual 3, displaying the characteristic iris stromal atrophy, with exposure of the underlying iris sphincter visible as a pale ring
encircling the pupil. A surgical iridectomy is present. B, Left eye of unaffected individual (individual 20); the semicircular light reflex is a corneal
reflection from the ring flash. C, Micrograph of iris specimen (individual 1), confirming that the reduction in iris thickness to ~150 pim was
due primarily to a reduction in stromal thickness. At its thinnest, the iris consists of little more than the thickness of the dilator muscle alone,
and elsewhere the thinned stroma contained normal blood vessels and was of normal cellular density. (Separation of the posterior pigment
epithelium from the iris stroma is a surgical artifact). D, Micrograph of normal iris, for comparison (thickness ~350 /rm).

Two-point linkage analysis was performed using the
MLINK component of the LINKAGE program, version
5.1 (Lathrop and Lalouel 1984), with an autosomal
dominant model, 100% penetrance, a gene frequency of
.0001 and a mutation rate of .00001 (table 1). Because
the phenotype is apparent during infancy, no age cor
rection for penetrance was required.

Mutation Detection
PCR amplification of FOXCl and FOXF2 gene se
quences was performed in 20-/d reactions at an annealing
temperature of 60°C, by a modification of published

methodology (Mears et al. 1998) in which 10% glycer
ol and 5% formamide were substituted for DMSO, to
alleviate the problems associated with amplification of
GC-rich sequences. The FOXC l and FOXF2 primer se
quences used are shown in table 2 (Mears et al. 1998).
After purification with QIAquick columns (Qiagen), un
der standard conditions, samples were sequenced bidirectionally with fluorescent dideoxynucleotides (PE Bio
systems) on an ABI 373 automated sequencer.

FISH
As part of a positional cloning approach, a YAC/PAC
contig spanning F O X C l was established: YACs 870D6
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Table 1

Results

Two-Point LOD Scores between the Iris Hypoplasia
Locus and Six Markers on 6p25
LOD Score at d =
Locus
D6S1600
D6S942
D6S967
D6S344
D6S1713
D6S1574

.00

.05

.10

0

.66
3.90
5.65
1.36
4.98
2.17

3.68
5.08
1.23
4.50
2.19

6.20
1.45
5.3

.22

.20

.30

.40

.73
2.86
3.87
.87
3.31
1.78

.69
1.84
2.56
.50
2.92
1.16

.41
.78
1.20
.20
1.44
.50

and 905F3 were from the database of the Whitehead
Institute for Biomedical Research/MIT Center for Ge
nome Research; PACs dJ118B18, dJ181K4, dJ181D15,
dJ183B12, and dJ135A7 were isolated by screening the
RPCIl library with D6S344. To confirm that PACs con
tained FOXCl, STS (sequence-tagged site) content map
ping was performed with FOXCl-specific primers.
Metaphase-chromosome preparations were obtained
from short-term peripheral blood cultures of individuals
13 and 14 and of a normal control, by standard meth
ods. PAC 135A7 (chromosome 6p25) and PAC 124L22
(chromosome 2q21) (also derived from the RPCIl li
brary), labeled, by nick translation, with biotin and digoxygenin, respectively, were used as probes for FISH.
The probes were simultaneously hybridized to meta
phase and interphase nuclei from the three individuals.
The signals were detected using fluorescein isothiocyanate avidin for biotin and rhodamine antidigoxygenin, as
described elsewhere (Fox and Povey 2000). The signals
were analyzed using fluorescent microscopy and were
imaged by cooled CCD (Photometries) and Smartcapture software (Vysis).

Positive LOD scores were obtained for markers on
chromosome 6p25. The maximum two-point LOD
score of 6.20 (recombination fraction 0) was obtained
with D6S967; recombination events at D6S942 and
D6S1713 define the ~6-cM disease-gene-containing in
terval, The markers and two-point LOD scores are
shown in table 1.
Unusual genotyping results were obtained with
marker D6S967, which suggests the presence of a du
plication event. All affected individuals shared two
D6S967 alleles of consistent size across the pedigree and
displayed an extra allele either as a third band (indi
viduals 2, 5-10, 12, 15, 17, and 18) or as an allele band
of twice-normal signal intensity (fig. lb). PCR prod
ucts from representative alleles were extracted from the
gel and were sequenced bidirectionally to confirm these
findings (data not shown). No other microsatellite
markers exhibited this phenomenon. Direct sequencing
of FOXCl and FOXF2 demonstrated that no mutations
were present in these genes. FISH was performed to
confirm the duplication event observed with D6S967.
The majority of metaphase preparations from af
fected individuals contained a hybridization signal on
chromosome 6p25, in which one homologue contained
a brighter signal than its partner (individual 13, 6 of 9;
individual 14, 9 of 11; control individual, 1 of 6). In
contrast, signals of PAC 124L22 (2q21) were mainly of
similar intensity, the number of unequal signals being
as follows: individual 13, 1 of 9; individual 14, 2 of 11;
control individual, 2 of 6. The chromosome morphol
ogy of the two homologues at 6p25 appeared indistin
guishable. Examination of 239 interphase-nuclei prep
arations from both affected individuals (119 from

Table 2
Sequences of Primer Pairs Used in PCR Amplification of FOXC1 and FOXF2

(M')

Reverse Primer
(5'-3')

ACCACCCTGCGGCCCACCAAG
CCCGGACTCGGACTCGGC
GTCCAGCCCCAACTCCCT
GGCTACACCGCCATGC
GGCGCTTCAAGAAGAAGGAC
AAGATCGAGAGCCCCGAC
ACCATAGCCAGGGCTrCAG
CAAGCCATGAGCCTGTACG
CTGGGAGGCCGTTGCGCAAGGCAG
CGCTCCAGGCCGCCCTGATGAGC
CTCGCCCAGCAAGCGCCTGACG
CGGAAGTGCCAGGCGCTCAAG
CTGCCCGGTGCCCGCGGGACCCG
CACCCTGCCATCCACTGGATGAC

CGGAGACCTGGGCCACTTGGC
CCGAGGTAGGGCACCACT
GCATGGCGGTGTAGCC
ACTGGTAGATGCCGTTCAGG
CTGAAGCCCTGGCTATGGT
CAGAAGGCCGGAGCTGAG
CAGGTTGCAGTGGTAGGTCC
GGGTTCGATTTAGTTCGGCT
CGCTCCAGGCCGCCCTGATGAGC
CTCGGTGCGCCACAATCTCTC
GGCTTCGACTTCCAGGCGCCC
AGCCCGGTACCCTCGTCCCCG
CTGGCGGCCACTGCCACTCCCAC
GAGGGGGCAGATAGAAAC

Forward Primer
Gene
FOXCl

FOXF2
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nais with the ép25 probe (61%) is much greater than
either that with the 2q21 probe (26%) (xf = 30; P<
.001) or that observed in the control individual (31%)
(xf = 17; P < .001). In the 74 control cells analyzed,
the total number of signals from the two probes were
virtually identical (190 for 6p25; 188 for 2q21), and
equal numbers were asymmetrical. With the control
probe 2q21, there is no difference, in the distribution
of symmetrical and asymmetrical signals, between the
patient and the control (xf = 0.57; P < .49). (The dif
ference of distribution of signals between patient 13 and
the control remains highly significant even if only those
cells containing a symmetric 1:1 signal in 2q21 are con
sidered [xf = 15; P < .001]; see table 4).
Very similar results were obtained with patient 14,
scored for 120 cells. In this case, 69 (57%) o f the 6p25
signals were asymmetrical, compared with 25 (21%) of
the 2q21 signals (xf = 34; P < .001).
D isc u ssio n
Figure 3
Two-color FISH analysis using PAG I35A7 (chromo
some 6 Igreen s/gfia/]) and PAG 124L22 (chromosome 2 [red signal]}.
Montage of metaphase and interphase [bottom right) nuclei prepa
rations from individual 13 is shown. One chromosome 6 homologue
[arrow] displays a green signal of increased intensity, which, on the
interphase, is shown as a double signal.

individual 13; 120 from individual 14) demonstrated
that the green signal from PAC 135A 7 was frequently
duplicated, with the maximum separation of the two
signals being the diameter of the signal (fig. 3).
The interphase nuclei were analyzed by scoring the
number of distinct signals in each cell, with no attempt
to assess the size of the signal. In no case were three or
more widely separated signals seen. Thus, a score of
three signals was most easily interpreted as two signals
on one homologue and one signal on the other, and a
score of four signals as two on each homologue (indi
cating a cell in G2). As expected in a culture not com 
pletely synchronized and where objects separated in
three dimensions are viewed in tw o dimensions, there
is considerable background variation in the number of
signals seen per cell. The examples of three signals in
one cell in the control individual or when the control
probe was used are presumably either the result of fail
ure to see the second signal on one homologue in a G2
cell (because of orientation within the nucleus) or an
early stage of G2 when the replication is slightly
asynchronous.
In spite of the background variation in the number
of signals seen per cell, statistical analysis of the number
of signals (table 3) gives a very clear result. In patient
13, the proportion of cells containing asymmetrical sig-

This article has described a large pedigree with inherited
iris hypoplasia and glaucoma that maps to 6p25 and in
which direct sequencing has failed to demonstrate mu
tations in the known FO XC l gene. In four other ped
igrees with a similar phenotype mapping to 6p25, direct
sequencing of FO XC l has also not demonstrated mu
tations (Mears et al. 1998).
On the basis of the anomalous genotyping results
observed with D 6S967— in which the 18 affected in
dividuals inherited three alleles, two of which were
shared in all these individuals—we hypothesize that a
duplication event on 6p25 is present in the affected
members of this pedigree. Since the size of a duplicated
tetranucleotide repeat is not under any evolutionary
pressure to remain conserved, we believe that, after the
duplication event occurred, replication slippage led to
the creation of unequal-length alleles that have enabled
Table 3
Analysis of Total Counts of Signals from PAC 1 3 5 A7
(6p25) and Control PAC 124L22 (2q21) in
Individual 13 and Control

Individual 13
[n = 119)
PAG used
No. of individuals:
SymmetricaP
Asymmetrical

Gontrol
(«= 74)

6p25

2q21

6p25

2q21

46
73

88
31

51
23

51
23

" Equal numbers of signals on each homologue (i.e.,
1 + 1 or 2 + 2).
Unequal numbers of signals on each homologue
(i.e., 1 -t- 2, 1 4- a cluster of signals, or 2 -t- a cluster
of signals).
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Table 4
Analysis of 6p25 Probe Only in Those Cells
in Which the 2q21 Probe Had Two Signals

N o. symmetrical
N o. asymmetrical

Individual 13

Control

30
38

34
7

N ote .—Data are as defined in the footnotes
to table 3.

this duplication to be observed on a microsatellite gel.
FISH of a PAC clone demonstrating a duplication on
6p25 that includes FOXCl confirms our interpretation
of the genotyping data. The high number of cytogenetic
abnormalities reported in this region (Davies et al. 1999;
Sheffield et al. 1999) suggests that this location may be
an area of genetic instability. The telomeric location, the
GC-rich content, and the presence of multiple CCG re
peats (Jones et al. 2000) within and around the FOXCl
gene may also be contributing to the likelihood of such
events. However, since this duplication is present in
three living generations of this pedigree, it is highly
probable that it represents a stable ancestral event.
One hypothesis to explain the genetic basis of iris
hypoplasia in large pedigrees with mapping to 6p25 that
do not contain FOXCl mutations is the existence of a
second glaucoma gene, a hypothesis that mapping data
support (Meats et al. 1998). Although we cannot ex
clude the involvement of a second gene, the demon
strated duplication involving FOXCl in a pedigree of
this size strongly suggests that alterations in gene dosage
of FOXCl causes ocular disease, especially since du
plications of part of FOXCl have been shown to be
pathogenic (Kawase et al. 2000). There are no published
examples of chromosomal duplications causing either
developmental anomalies or ocular pathology in hu
mans, although chromosomal duplications do cause
nondevelopmental conditions such as Charcot-MarieTooth disease (Lupski et al. 1991) and a variety of tu
mors (Weston et al. 1989).
The eye is known to be exquisitely sensitive to both
reduced and increased gene dosage of key developmen
tal genes. Increased expression of PAX-6 resulting from
an increased copy number has been shown to result in
developmental ocular anomalies in transgenic mice
(Schedl et al. 1996). FOXCl is believed to act as a
transcription factor, and it is possible that haploinsufhciency caused by FOXCl mutations leads to altered
expression patterns of target genes. We hypothesize that
an altered pattern of gene expression arising from al
tered FOXCl gene dosage leads to the iris hypoplasia
phenotype. The fact that the proportion of patients who
develop glaucoma is much higher in this pedigree
(100% of individuals who can be comprehensively ex
amined) than in other FOXCl-related phenotypes (e.g..

~50% in Axenfeld anomaly [Walter et al. 2000] sug
gests that increased dosage of FOXCl may result in a
more severe phenotype than does reduced dosage. Fur
ther proof for this hypothesis could be obtained either
by examining the phenotype in an animal model with
an additional copy of FOXCl or by looking for in
creased FOXCl expression in ocular tissue derived from
affected patients. Since most animal models require sur
gical treatment to induce glaucoma, such a transgenic
system with early onset of the phenotype may prove to
be particularly valuable. It would also be interesting to
explore the possibility that some of the other families
with mapping to 6p25 and in which FOXCl mutations
have not been found may contain cytogenetic abnor
malities that include the FOXCl gene but not any ad
jacent microsatellite markers. We are continuing this
research by investigating this duplication by using phys
ical mapping and strand FISH.
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Ocular D evelopm ental A bnorm alities and Glaucoma
A ssociated w ith Interstitial 6p25 D uplications
and D eletions
Ordan J. Lehmann,^ Neil D. Ebenezer,^ Rosem ary E kong^ Louise Ocaka,^
A ndrew J. Mungall,^ Scott E r a s e r , J a m e s I. McGill,^ Roger A. Hitchings,"^ Peng T. Khaw,^
Ja n e C. Sowden,^ Sue Povey,^ M ichael A. Walter,^ Shom i S. Bhattacharya,^ a n d
Tim Jordan^
P u r p o s e . Mutations in the forkhead transcription factor gene
F O X C l on 6p25 cause a range o f ocular developm ental abnor
malities, w ith associated glaucoma. However, FO X C l muta
tions have n ot been found in all similarly affected pedigrees
mapping to this interval. This study w as undertaken to inves
tigate the potential role o f 6p 25 rearrangements in causing
such phenotypes.

large families w ith autosomal dominant iris
hypoplasia and early-onset glaucoma, 21 probands w ith Axen
feld-Rieger phenotypes not attributable to PITX2 mutations,
and 7 individuals w ith docum ented 6p 25 cytogenetic rear
rangements, w ere investigated by genotyping and fluorescence
in situ hybridization, w ith markers and probes from the 6 p 25
region.

M eth o d s. T w o

Interstitial 6p25 duplications w ere present in the
unrelated families w ith iris hypoplasia, w hereas an interstitial
6p25 d eletion w as identified in one Axenfeld-Rieger pedigree.
Larger cytogenetic rearrangements, leading to trisomy or
m onosom y o f the 6p 25 region, resulted in microcornea and
Rieger syndrom e phenotypes, respectively. All the rearrange
m ents encom passed F O X C l, increasing or decreasing the num
ber o f F O X C l cop ies present, and appeared to correlate w ith
the p h enotypes observed.

R e su lts.

C o n c l u s i o n s . These findings represent the first exam ple of
both interstitial duplications and deletions cosegregating w ith
a human developm ental disorder that is attributable to altered
dose o f transcription factor. The data presented provide addi
tional evid en ce for the pathogenicity o f altered gene dosage of
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FOXCl and suggest that a com m on m echanism is responsible
for rearrangements o f 6p25. (Jnvest O ph th alm ol Vis Sci. 2002;
4 3 :1843-1849)
laucoma is a heterogeneous group o f disorders, character
ized by chronic retinal ganglion cell loss and progressive
visual damage. It represents the m ost com m on cause o f irre
versible blindness w orldw ide and is n ow recognized to have a
major genetic basis, w ith six causative genes identified to date.
One o f these, the forkhead transcription factor gene FO X C l on
6 p 25 , has b een show n to be mutated in patients w ith a diverse
spectrum o f ocular developm ental defects w ith associated
glaucoma, including Axenfeld anomaly, Rieger anomaly, Rieger
syndrome, and iris hypoplasia.'”^ Because four such pedigrees
map to 6p25 but do not contain F OXCl mutations and recom 
bination events in tw o o f them exclude FOXCl from the
disease-causing interval,^ it has b een proposed that a second
glaucoma-causing gene (IR lD lb locus) lies in this region.
We have recently reported a large pedigree w ith a chrom o
somal duplication encom passing FOXCl, indicating that gene
duplication can cause developm ental disease in humans and
that increased FOXCl gene dosage is the probable m echanism
responsible for the observed iris hypoplasia and glaucoma
phenotype.^ Different sized duplications encom passing all
three forkhead gen es (JPOXCl, FOXF2, and FOXQF) on 6p25
and a telom eric deletion o f 6p have also been described.^
In this article, w e report additional families w ith a spectrum
o f 6p 25 cytogenetic abnormalities, including one w ith an in
terstitial duplication and one w ith an interstitial deletion. The
existen ce o f interstitial duplications and deletions in the same
chrom osom al region im plies a com m on cause o f these cytoge
netic abnormalities, that may be operating in other regions o f
the genom e w here forkhead genes are clustered. It also pro
vides insight into developm ental gene dosage as a cause o f
human disease.

G

M ethods
Fam ily and Clinical Data
Two unrelated pedigrees in the United Kingdom (A and B) with
identical iris hypoplasia phenotypes'**^ (Figs lA, IB) were studied
along with individuals C through 1 (Fig. 2) with ocular anterior segment
malformations and known 6p25 cytogenetic abnormalities. A separate
panel of 21 probands with Axenfeld-Rieger phenotypes, who did not
carry PITX2 mutations, were also genotyped. Clinical assessment in
cluded slit-lamp biomicroscopy, gonioscopy, optic disc examination
and anterior segment photography. The study had the approval of
Moorfields Eye Hospital ethics committee and conformed to the tenets
of the Declaration of Helsinki. Informed consent was obtained from all
participants.
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G e n o t y p in g

Genomic DNA from pedigree B was amplified with primers for the
following 6p25-localized microsatellite markers: I)6S1600, D6S942,
D6S967, D6S344, l) 6 S l7 ff and D6S1574. The PCR products were
separated by electrophoresis on 6% nondenaturing polyacr)iamide gels
(Protogel; National Diagnostics, Atlanta, GA), stained with ethidium
bromide, and genotyped manually, as previously described/ Differ
ences in the staining intensity of the amplified alleles were assessed
visually and confirmed by densitometry (GeneTools; Synoptics, Cam
bridge, UK).
Chromosome preparations from individuals C through 1 had been
analyzed in several reference laboratories, and genotyping was per
formed to confirm the documented cytogenetic abnormalities (using
markers listed in the appendix). Individuals from the Axenfeld-Rieger
cohort were initially genotyped with two markers adjacent to h'OXCI,
D6S967, and AMO I (forward, CTGGTAAGAAGGGTTGAGG; reverse,
AGTTCCAATAGTCAACTTGCC, annealing temperature [T^] 55°C) and
any found to exhibit a single allele was genotyped with additional
markers (27919-73, forward, TGTGACTGCACTCTGAAGAACA; re
verse, AGTGTGGAGTTGCATCTTGC; T, 60°C; l'M4, forward, TTTTGTATTCCCTTGGACCG-3'. reverse GTACGGTTICTCCAAGGCTG, T^
57°C).
1 * > \t

Fluorescence In Situ Hybridization
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Figure 1. Ocular anterior segment photographs and FISH montages
from members of the pedigrees and normal control subjects. (A ) Left
eye of individual from pedigree A displaying the characteristic iris
hypoplasia phenotype in which iris stromal atrophy exposes the un
derlying iris sphincter, visible as a pale ring encircling the pupil. A
surgical iridectomy is present at 11 o’clock. (B ) Left eye of individual
from pedigree B showing the same iris phenotype. The glistening
reflex at the top of the image represents the drainage bleb from
glaucoma filtration surgery. (C) Photograph (at same magnification) of
individual D, showing microcornea (reduced corneal diameter). (D )
Photograph showing pupillary distortion and iris anomalies (thinning)
characteristic of Rieger syndrome (pedigree J). (E ) Interphase nucleus
preparation from individual Vlll:24 (pedigree B) showing a double
signal for the /'O A C /-containing cosmid. (F ) Montage of metaphase
chromosome preparations from individual F (and unaffected sibling,
bottom left). One chromosome 6 homologue farrow) displays a red
signal from the 6q27 control cosmid and no signal from either of the
6p25 clones bA82M9 (.red) or dJ1077H22 (preen), consistent with a
6p25 telomeric deletion. (G) Metaphase chromosomes from pedigree
J (individual 3) showing a complete deletion of bA82M9 and a partial
deletion of bA157J24. (H) Metaphase chromosomes from pedigree J
(individual 3) showing deletion involving the / GAT/-containing, but
not the /'GA/'2-containing, cosmid.

Fluorescence in situ hybridization (FISH) involves the hybridization of
labeled DNA probes to complementary sequences on chromosome
preparations and detection of the hybrids with lluorescence-labeled
molecules." FISH represents a powerful technique for demonstrating
the presence of a cytogenetic abnormality through comparison be
tween the number of hybridization signals present in patients and
control subjects In the presence of a duplication, for instance, three
signals are generally observed (two on one homologue and one on the
other), compared with two signals in control subjects (one on each
homologue). Background variation also occurs in the number of signals
per cell, owing to factors that include incomplete synchronization of
cultured cells within the cell cycle and viewing in two dimensions
objects that are actually separated in three dimensions, which can lead
to signal masking. For this reason, a large number of interphase nuclei
were imaged from each individual studied.
FISH was performed on chromosome preparations obtained from
short-term peripheral blood cultures or Epstein-Barr virus-transformed
lymphoblastoid cell lines, from representative individuals in pedigrees
A (individuals 13, 14, and 15), B (VH124 and IX:5), and J (individuals
2, 3, and 4); individual F; and unaffected control subjects Probes for
FISH were prepared from chromosome 6p25 clones (Table 1), plus
/ ’OAT7- and / GA/'2-containing cosmids labeled with biotin or digoxygenin, either by nick translation or random priming. After hybridiza
tion to interphase nuclei or metaphase chromosomes, the probes were
detected using fluorescein isothiocyanate avidin and rhodamine antidigoxygenin, as described elsewhere.” Signals were analyzed with
fluorescence microscopy, a cooled charge-coupled device (CCD; Pho
tometries) and FISH software (Quips; Vysis, Downers Grove, IL), en
abling the number of distinct signals in each interphase nucleus to be
accurately determined.
None of the interphase nuclei displayed three or more widely
separated hybridization signals. Therefore, the presence of three sig
nals was most easily interpreted as two signals on one homologue and
one signal on the other (indicating a duplication), and four signals (two
on each homologue) indicating a cell in G2. The proportion of nuclei
with asymmetric hybridization signals, defined as two signals on one
homologue and one signal on the other (or one plus a cluster of signals
or two plus a cluster of signals), was recorded for subsequent statistical
analysis.

Contig Assem bly and Sequence Analysis
A PAC/BAC (PI bacteriophage-artificial chromosome/bacterial-artificial
chromosome) contig spanning I'OXCl was established using PACs
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A
B
C
D
E
F
G
H
I
J

Interstitial Duplication
Interstitial Duplication
[Dup 6p22-pterl
[Dup 6p21-pter]
[Dup 6p21.2-pter]
[Del 6p25-pterj
[Del 6p24.2-pter]
[Del 6p21-pter]
[Del 6p24-pter]
Interstitial Deletion

1845

Iris Hypoplasia
Iris Hypoplasia
Microcomea
Microcomea
Microcomea
Rieger Syndrome
Rieger Syndrome
Rieger Syndrome
Rieger Syndrome
Rieger Anomaly

<

^

>

<------------------------------- >

B

<-------------------------------------------------------------------------------------------- >
<------------------------------------------------------------------------------------------------->
<------------------------------------------------------------------------------------------------->
<------------------------------------------------------------------------------------------------ >

<

> H

<

FOXQI

FOXF2

> /

FOXCl

ptcr

&
D 6S942

D6S1600

D 6S967 D6S344

dJ668J24
bA284Jl
bA550K21
bA391F23
dJ483L3
bA157J24
(IJ118B18
dJ856Gl
dJ116B8
bA265E5
dJ1077H22
bA13J16
dJ279I9
bA82M9

isolated by screening the RPCIl library with D6S344 (djl 18B18 and
dJ135A7) and also clones sequenced at the Sanger Centre. Sequencetagged site (STS) content mapping and sequence alignment (SeqMan II
and MegAlign; DNAStar, Inc., Madison, WI) confirmed the orientation
of clones and relative positions of microsatellite markers (Fig. 2)
Sequence analysis of selected clones was performed using NIX, a
web-based suite of prediction programs These programs, which in
clude GRAIL, Fex, HMMgene, GENSCAN, Genemark, FGene, and
BLAST for DNA analysis, with additional programs for screening se
quence databases, are all available from the Human Genome Mapping
Project (HGMP) Web site (see Appendix).
R

D
E
F

-> G

<

F ig u re 2.
Physical map of the 6p25
region. The relative positions of the
three forkhead genes, the extent of
the duplicated or deleted {clashed ar
rows) regions in the pedigrees, and
the location of the PAC/BAC clones
arc shown Clones demonstrated by
FISH to be duplicated (in pedigrees A
and B) or deleted (pedigree J), are
depicted in hold or underlined type
face (Clone bA265E5 was not tested.)
Clones prefixed bA, are from the
Roswell Park BAC library and those
prefixed dj are from the RPl, -3, -4.
and -5 segments of the PAC library

C

esu lts

In light of o u r having previously dem onstrated th e p resence of
a duplication in pedigree A,'‘ this study w as designed to char
acterize th e ex ten t o f th e 6p25 cytogenetic abnorm ality
p resent in this and oth er families, w ith th e use of genotyping
and FISH. Initial analysis of pedigree B, by genotyping w ith
6p25-localized m icrosatellite m arkers (JD6S967 and D6S344),
yielded PCR p roduct of increased-density ethidium brom ide
staining in affected com pared w ith unaffected individuals.
T hese qualitative findings, indicative of increased dose of PCR
products, w ere supported by image analysis w ith digital quan
tification softw are (data not show n). FISH was perform ed to
confirm these findings and dem onstrated that the signal from
chrom osom e 6p25 clones dj668J24, bA157J24, dJl 18B18,

dJ135A7, and dJ27919 and a F09((7/-containing cosm id w ere
significantly m ore frequently asym metrical in affected individ
uals from pedigree B co m pared w ith control subjects (F <
0.01; Table 1). Similar results w ere obtained from nuclei p re
p ared from individuals in pedigree A, even th o u g h these tw o
pedigrees w ere unrelated and had different h ap lo ty p es (data
not show n). The signal from a FO%F2-containing cosm id w as
significantly m ore frequently asym metrical in affected individ
uals from p edigree B than in control subjects. This w as not the
case in pedigree A, indicating a difference in th e telom eric
e x te n t of the tw o duplications. NIX analysis o f th e clones
corresp o n d in g to th e interstitial duplications (A and BJ dem 
o nstrates the p resen ce o f FOXCl, FOXF2, and th ree exons
o f guanosine dip h o sp h ate (G DP>m annose 4,6-dehydratase
(GMDS).
T he screening o f 21 Axenfeld-Rieger p ro b an d s for 6p25
cytogenetic abnorm alities identified one individual (J) w ith
Rieger anomaly, m onosom ie for th e interval D 6S967 to 27973, a region that includes FOXCl, but n eith e r FOXF2 or
FOXQI. Similar genotyping results w ere obtained from th e tw o
o th er affected family m em bers (Fig. 3) and FISH analysis of 20
m etaphase chrom osom e spreads from each o f th ese three
affected individuals (2, 3, and 4) consistently dem onstrated
that the hybridization signal from clones encom passing
FOXCl, but not FOXF2, w as absent from one hom ologue (Figs.
IG, IH, Table 1).
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Of the seven individuals w ith telom eric cytogenetic abnor
malities, the three trisomie for 6 p 2 5 — individual C: 46XX, dup
( 6p 2 2-pter); individual D: 46XY, - 7 + d e r(7 )t(6 ;7 ) (p21;q35);
and individual E; 46XY, - 1 2 + der (12)t (6,12) (p21.2;
p i 3 . 1)— exhibited the same ocular phenotype o f microcornea
(com eal diameter ~ 8.5 mm com pared w ith the normal range
o f 1 0 .6 -1 1 .7 5 mm ), as w ell as ptosis. The axial lengths w ere
normal and no iris hypoplasia w as present (Fig. 1C). The four
m onosom ie for 6 p 2 5 — individual F: 46XX, del ( 6) (p25-pter);
individual G: 46XY, —6 + der ( 6)t (4,6) (q33;p24.2); individual
H: 46XX, del ( 6) (p24-pter); and individual I: 46XX, - 6 +
der( 6)t (5,6) (q34;p24)—w ere diagnosed as Rieger syndrome.
All had com binations o f anterior segm ent developm ental de
fects, dental abnormalities, varying degrees o f hearing impair
ment, and developm ental delay, w ithout the umbilical abnor
malities characteristically associated w ith this condition. Brain
imaging had b een conducted in only one individual (I), reveal
ing hydrocephalus.
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An increasing body o f evidence, derived from a range o f spe
cies, indicates that altered dose o f FO X C l causes a spectrum o f
developm ental phenotypes w ith exam ples including the dosedependent role o f F oxcl in cardiovascular, renal, som ite, and
ocular developm ent.^
The latter is illustrated by the natu
rally occurring F o x cl mutant w h ich in the hom ozygous state
results in the congenital hydrocephalus (cb) phenotype, w hich
has more severe ocular (and nonocular) developm ental anom
alies than do ch heterozygotes. ^^^ ^ Such murine phenotypes
resem ble those present in patients w ith mutations or deletions
involving FOXCl.
All previous reports o f 6p25 cytogenetic abnormalities^^
are consistent w ith the con cep t that altered dose o f a gen e or
genes in the duplicated or deleted region results in the ocular
developm ental phenotype(s) observed. Although fO X C f is the
m ost likely candidate because o f its know n role in anterior
segm ent developm ent, the presence o f adjacent forkhead
genes and mapping data for the IR ID lb locus^ have prevented
the exclusion o f alternative hypotheses. The demonstration o f
a duplication in a pedigree (B) in w h ich a single recombination
event appeared to exclude F O X C l from the disease-causing
interval, rem oves one o f the tw o defining recombinants for the
IR ID lb locus.^ Difficulty interpreting the original linkage data,
stemmed from the m ethod o f visualizing alleles (^^P), w h ich
did not allow differences in the dose o f identical-sized alleles to
be easily resolved. The recombinant individual VIII:24, despite
having a crossover w ith D 6S 344, has inherited a third cop y o f
F OXCl, like all other affected individuals in pedigree B (Fig.
IE). This situation is rem iniscent o f the mapping o f CharcotMarie-Tooth disease, w h ich w as also com plicated by an unrec
ognized duplication.*^’^*
Confirmation that increased dose o f F O X C l is pathogenic
requires recapitulation o f the human phenotype in an animal
m odel carrying an additional functional cop y o f F OXCl, a goal
w e are currently working toward. In the interim the observa
tion o f multiple FQXCf-containing interstitial cytogenetic rear
rangements, w h ich in tw o pedigrees (A and J) did not include
other forkhead genes, coupled w ith data on F oxcl from other
species and the w eakened case for IR ID lb, suggest but do not
prove, that altered dose o f F O X C l is pathogenic. Because
early-onset glaucoma w ill d evelop in almost all the affected
individuals in the duplication pedigrees (A and B),'*’^ it appears
that interstitial duplication results in a higher rate o f glaucoma
than either deletion or F O X C l mutation (~50% o f cases).
In the small series o f telom eric cytogenetic abnormalities
presented in this article, th e telom eric deletions result in
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FOXF2
(A)

FM4

FM4

(B)

D6S967

D6S967

*rm

F OXCl

F i g u r e 3- Genotyping results show
ing evidence of an interstitial dele
tion in pedigree J Montage of photo
graphs of ethidium bromide-stained
gel showing PCR products for se
lected 6p25 microsatellite markers
(A) r.U4, (B) D6S967, and (C)
D6S477. Lanes 2, 3, and 4: affected
individuals (JiHeU symbols) were
monsomic for D6S967 but not for
LM4 or D6S477, indicating that the
interstitial deletion did not involve
l-OXLJ.

(C) D6S477

Rieger syndrom e, the severest p h en otyp e in the AxenfeldRieger spectrum . O ne o f th ese deletions w as associated w ith
hydrocephalus and is in keep in g w ith previous reports. Large
telom eric duplications w ere associated w ith a m icrocornea
p h en otyp e (individuals C-E) in contrast to the iris hypoplasia
p h en otyp e, w ith the m uch sm aller interstitial duplications (A
and B), supporting a correlation b e tw e en the ph en otyp e and
the ex ten t o f the cytogen etic abnormality. It also raises the
intriguing possibility that the balance b e tw e en the dose o f
g en e, or gen es, in the sm aller (interstitial) and larger (telo 
m eric) duplicated segm en ts influences the dim ension s o f the
ocular anterior segm ent. O ne candidate for su ch an interac
tion, k n ow n to be exp ressed in the eye, is the transcription
factor gen e TFAP2a, w h ich lies w ithin the region duplicated in
individuals C through
The identification o f m ultiple interstitial c ytogen etic abnor
m alities on 6p 2 5 has interesting im plications for the m ech a
nism s underlying chrom osom al rearrangem ents. T hese rear
rangem ents are associated w ith a w id e variety o f gen etic
disorders and m ost frequently arise from h om ologou s recom 
bination b e tw e en low -copy-num ber repetitive seq u en ces. In
terstitial duplications and d eletion s c o ex ist in only a handful o f
disorders su ch as Charcot-Marie-Tooth disease (CM T/hereditary neuropathy w ith liability to pressure palsies [HNPP]),
Smith M agenis syndrom e (SMS), r e d -g re en color blindness,
thalassemia, and derivative 22 syndrom e/velo-cardio-facial/DiG eorge syndrome.^'"^^ In tw o exam p les (CMT/HNPP and SMS)
the flanking seq u en ces responsib le for th ese contiguous gen e
d u p lica tio n -d eletio n syndrom es have b een characterized.
The dem onstration o f duplications in unrelated iris hypoplasia
pedigrees led us to predict the e x isten ce o f a similar m echa

nism , from w h ic h cases o f other 6p 25 cytogen etic abnormali
ties w ou ld be e x p e c te d to arise. A panel o f probands w ith
anterior segm en t m alform ations w as screen ed to test this hy
pothesis. The identification o f a pedigree (J) w ith an interstitial
deletion indicates that the 6 p 2 5 region is su scep tib le to chro
m osom al rearrangem ents.
Although the cause o f th ese rearrangem ents is currently
unknow n, tw o m ech anism s can be postulated. The first, ho
m ologous recom bination and unequal crossing over, is d ep en 
dent on the p resen ce o f significant regions o f seq u en ce h om ol
o g y . A l t h o u g h h om ologou s seq u en ce exists on 6p 25,
including the three forkhead g en es (F O X C l, FOXF2, and
FO XQ O, w h ic h share 70% to 75% seq u en ce identity across
their conserved forkhead dom ains, the variable exten t o f the
duplication in th ese and other families^ argues against such a
hypothesis. Alternatively, a novel, as yet un kn ow n m echanism
could be responsib le, su ch as that w h ic h occu rs in the rare
X-linked condition, Pelizaeus-M erzbacher disease, in w h ich du
plications and d eletion s o f differing size cause central nervous
system (CNS) dem yelination through altered dose o f the proteolipid protein gene.^^^^ W hatever the m echanism , it may be
relevant to oth er areas o f the gen om e, especially those c o n 
taining forkhead g en e clusters (e.g., Ip 32, I 2 p l 3 , I 4 q l 3 , and
17q25). O ne su ch cluster, F ()XC2/FO XFl/FO XL I, on l6 q 2 4 is
relevant to ocular d evelop m en t, because it lies w ithin the
critical interval for a Rieger syndrom e locus^^ and haploinsufficien cy o f Foxc2 (and Foxcl') causes ocular anterior segm en t
anom alies in mice.^" In v iew o f the similarity to the 6p25
forkhead cluster iF O X C l/F O X F 2 /F O X Q I ), it will be interest
ing to determ ine w h eth er c ytogen etic rearrangem ents underlie
the I6q24-linked A xenfeld-Rieger ph en otype.

279-73

D6S477
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The pedigrees w ith interstitial duplications and deletions
reported in this article provide evidence for a com m on m ech
anism, causing cytogenetic rearrangements and a range o f
ocular developm ental defects. The presence o f 6p25 interstitial
duplications and deletions represents the first exam ple o f both
types o f cytogenetic abnormalities causing a human develop
mental phenotype through presum ed altered gene dosage o f
transcription factor. T hese findings add to the limited number
o f disorders in w h ich pairs o f interstitial duplications and
deletions have been described and suggest that other cytoge
netic abnormalities, such as inversions or hybrid genes, may be
found in this region. It remains to be determ ined w hether the
pathogenicity o f altered gene dosage, suggested w ith FOXCl
and previously demonstrated w ith PAX6,^^ applies more gen
erally to transcription factors.
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A p p e n d ix

G en otyp ing Markers
Individuals C through I w ere genotyped w ith the follow ing
markers; D 6S1617, D 6S1640, D 6S1598, D 6S1547, D 6S1674,
D 6S296, D 6S410, D 6S470, D 6S 1653, D 6S263, D 6S1600,
D 6S942, D 6S967, D 6S344, D 6S1713, and D 6S1574, all ampli
fied according to the manufacturer’s (Research Genetics,
Huntsville, AL) recom m ended conditions.

Electronic Database Inform ation and
A ccession Num bers
NIX is provided by the Medical Research Council’s Human
Genom e Mapping Project Resources Centre (Cambridge, UK)
and is available at http://w w w .hgm p.m rc.ac.uk/gdb-bin/.
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Online Mendelian Inheritance in Man (OMIM), is provided
by the National Center for B iotechnology Information, National
Institutes o f Health (Bethesda, MD) and is available at http://
w w w .n cb i.n lm .n ih .gov/om im /. Gene accession numbers:
PITX2 (OMIM 601542), FOXCI (601090), F 0X C 2 (602402),
FOXFl (601089), FOXF2 (603250), FOXLl (603252), TFAP2a
(107580), and GMDS (602884).
Chromosome 6 Project, Sanger Centre (Hinxton Hall, UK),
available at http://www.sanger.ac.uk/H GP/Chr 6/ . Clone acces
sion numbers: bA 284jl (AL392183), bA391F23 (AL356130),
dJ856Gl (AL033381), dJ1077H22 (A ll 33402), bA550k21
(AL353618), dj483L3 (AL035531), d J ll 6B8 (AL589989),
bA 13Jl6 (AL499606), dj66SJ24 (AL034346), bA157J24
(AL512329), dJ118B18 (AL034344), bA265E5 (AL451141),
dJ279I9 (AL033517), and bA82M9 (A ll 37179).

A N ovel Keratocan M utation Causing Autosom al
R ecessive Cornea Plana
Ordan J. Lehm ann,^’^ M oham ed F. El-ashry,^'^ N eil D. Ebenezer,^ Louise Ocaka,^
Peter J. Francis,^ Susan E. Wilkie,^ Resbm a J. Patel,^ Linda Picker,^ Tim Jordan,^
Peng T Khaw,^ a n d Shom i S. Bhattacharya}
P u r p o s e . Mutations in keratocan {KERA), a small leucine-rich
proteoglycan, have recently b een show n to be responsible for
cases o f autosomal recessive cornea plana (CNA2). A consan
guineous pedigree in w h ich cornea plana cosegregated w ith
microphthalmia w as investigated by linkage analysis and direct
sequencing.

Linkage w as sought to polym orphic microsatellite
markers distributed around the CNA2 and microphthalmia loci
iarCMJC, adCMIC, N N O l, and CHXIO) using PCR and nonde
naturing polyacrylamide gel electrophoresis before KERA w as
directly sequenced for mutations.
M eth o d s.

Positive lod scores w ere obtained w ith markers en
com passing the CNA2 locus, the maximum two-point lod
scores o f 2.18 at recom bination fraction 6 = 0 w as obtained
w ith markers D12S95 and D12S327. Mutation screening o f
KERA revealed a novel single-nucleotide substitution at codon
215, w hich results in the substitution o f lysine for threonine at
the start o f a highly conserved leucine-rich repeat motif. Struc
tural m odeling predicts that the motifs are stacked into an
arched /3-sheet array and that the effect o f the mutation is to
alter the length and position o f one o f these motifs.
R e su lts.

This report describes a novel mutation in KERA
that alters a highly conserved m otif and is predicted to affect
the tertiary structure o f the m olecule. Normal corneal function
is dependent on the regular spacing o f collagen fibrils, and the
predicted alteration o f the tertiary structure o f KERA is the
probable mechanism o f the cornea plana phenotype. (Jnvest
O phthalm ol Vis Sci. 2001;42 :3118-3122)
C o n c lu s io n s .

ornea plana is a rare condition in w h ich there is a degree
o f flattening o f the normally con vex com eal surface.* It is
inherited as either an autosomal dominant (CNA1\ [OMIM]
121400) or autosomal recessive trait (CNA2\ OMIM 217300)
both o f w h ich map to 12q21.^’^ (Online Mendelian Inheritance
in Man [OMIM]; provided in the public domain by the National
Center for Biotechnology Information, http ://w w w .n cb i.n lm .
nih.gov/om im ) The autosomal recessive form o f the condition

C

exhibits the more severe phenotype and includes the presence
o f a degree o f corneal opacity and sclerocom ea (OMIM
181700). Tw o mutations in keratocan (KERA\ OMIM 603288),
a small leucine-rich proteoglycan (SLRP), have recently been
show n to be responsible for autosomal recessive cornea plana
in a series o f patients o f Finnish and American extraction. The
cause o f the autosomal dominant form o f the disease remains
to be determined.
The com bined phenotype of cornea plana and microphthal
mia has not b een previously described. Microphthalmia is a
heterogeneous group o f developm ental anomalies in w hich
the eye fails to attain its normal dim ensions w ith the axial
diameter reduced to less than the age-adjusted 5th centile.^
The condition occurs either in a nonsyndromic ocular form or
in conjunction w ith a diverse range o f systemic malformations,
including mental retardation (OMIM 251500), esophageal atre
sia (OMIM 600992), and dwarfism (OMIM 309700). Autosomal
dominant, autosomal recessive, and X-linked inheritance pat
terns o f microphthalmia have been reported and one develop
mental gene, CHXIO, (OMIM 142993) has so far been sh ow n to
cause the phenotype in humans.^ Three loci have also been
identified on llp ,^ I4q32,^ and 15ql2-ql5,® and syndromic
forms o f microphthalmia and anophthalmia^"*^ that do not
map to these loci suggest the existen ce o f further genetic
heterogeneity.
We report the mapping o f a family w ith cornea plana to the
CNA2 locus on 12q21 in w h ich the phenotype is caused by a
novel mutation in KERA, leading to an amino acid substitution
in a highly conserved portion o f the protein. Protein m odeling
suggests that this mutation alters the tertiary structure o f the
protein resulting in the disease phenotype. An interesting fea
ture o f this family is that reduced axial length cosegregates
w ith the cornea plana phenotype. The im plications o f this
observation are discussed.
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The family studied was a consanguineous pedigree (Fig. 1) originating
from Bangladesh which displays an autosomal recessive pattern of
inheritance. The parents are first cousins and neither they nor their
relatives (apart from four of their offspring) are affected. Family mem
bers were examined in the United Kingdom and ophthalmic examina
tion included slit lamp biomicroscopy, gonioscopy, measurement of
intraocular pressure, optic disc assessment, and B-scan ultrasonogra
phy (in affected individuals) to determine axial length. The presence of
cornea plana and sclerocomea were the criteria used to determine that
an individual was affected, and axial length measurements were used
to diagnose microphthalmia. None of the systemic features associated
with microphthalmia, such as mental retardation, were present in this
pedigree. The study had the approval of the Moorfields Eye Hospital
ethics committee and conformed to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all participants.
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Pedigree of consanguineous family, showing haplotypes for the polymorphic markers on chromosome
denoted by solid symbols.

12q21.

Affected individuals are

G enotyping

Protein M odeling

Genomic DNA extracted from venous blood or buccal mucosa samples
using standard techniques (Nucleon Biosciences, Glasgow, UK; Qiagen
DNA minikit; Qiagen, Hilden, Germany) was amplified using the fol
lowing tri- and tetranucleotide repeat markers; D12S92, D12S351,
D12S322, D12S95, D12S327, PAH (CA/12); D14S62, D14S987, D14S65,
D14S267, D14S78 {arCMlcy, D11S1313, DI1S903, D11S4191,
D11S987 INNOI); D14S77, D14S1025 iCHXlOy, AFMb293ygl and
AFM312zd9 (adCMIC), all from Research Genetics, Huntsville, AL
(available at http://www.resgen.com). PCR reactions were performed
in 20-p.l volumes with 50 ng genomic DNA, 10 pmol of each primer,
200 mM dNTPs, 1.5 mM MgCl and 1 U Taq DNA polymerase (Promega,
Madison, WI). The PCR conditions consisted of 35 cycles of amplifica
tion (94°C, 1 minute; 50°C to 60°C, 1 minute; and 72°C, 1 minute). The
amplified PCR products were resolved by 6% nondenaturing polyacryl
amide gel electrophoresis (Protogel; National Diagnostics, Atlanta, GA)
and were visualized by staining with ethidium bromide. Subsequent
genotyping was performed manually.

A three-dimensional structure of keratocan was modeled based on a
theoretical structure of the acid-labile subunit (ALS) of a serum insulin
like growth facto r'u sin g the Swiss Model server program'^’ and the
viewing programs (Swiss Pdb Viewer ver. 3 7b2'* and Rasmol ver. 2.6
(available at: http://ca.expasy.org/spdbv/mainpage.htm and http://
www.bio.cam.ac.uk/doc/rasmol.html respectively).

Linkage Analysis and Mutation Detection
Pedigree data were collated with pedigree maping software (Cyrillic,
Setauket, NY) and two-point linkage analysis performed using the
MLINK component of the LINKAGE program, version 5.1*' using an
autosomal recessive model, equal allele frequencies, a gene frequency
of 10“^, and a mutation rate of 10"^ (Table 1)
PCR amplification of KURA gene sequences was performed in 20-pl
reactions using published primers.*“* After purification with columns
(QIAquick; Qiagen, Crawley, UK) samples were sequenced bidirectionally with fluorescent dideoxynucleotides (PE Biosystems, Foster City,
CA) on an automated sequencer using standard conditions (model 373;
PE Applied Biosystems, Foster City, CA).

RESULTS

T he clinical characteristics o f the four affected individuals
w ere as follows: T heir ages ranged from 2 to 12 years (m ean,
5 years) and all exhibited bilateral cornea plana w ith a varying
degree of corneal opacity, sclerocom ea, and m icrophthalm ia
(m ean axial length 19 3 mm; range 18.2-20.3 mm; norm al axial
length 23 0 mm, range 22-24 m m '^ . All four also had reduced
visual acuity, ranging from Snellen 6/2 4 to 6 /6 0 in the b e tte r
eye, and no n e had undergone ocular surgery.
Positive lod scores w ere obtained w ith m arkers in a region
on ch ro m o so m e 12q21 spanning approxim ately 3 centim organs (cM), w h ereas the arCMIC, adCMIC, CHXIO, and N N O l
loci w e re excluded from linkage. The m axim um tw o-point lod
scores w ere obtained w ith m arkers D 12895 and D12S327 (2.18
at 0 = 0); th e m arkers and th e lod scores are sum m arized in
Table 1. This interval includes a region o f hom ozygosity of 1
CxM b etw e e n m arkers D 125351 and D12S95 that encom passes
th e CNA2 locus.
Sequencing o f KERA revealed a single-nucleotide substitu
tion in exon 2 that segregated w ith the disease phenotype. The
seq u en ce change (ACA^AAA at cod o n 215) results in an
am ino acid substitution from threo n in e (T) to lysine (K). All

3120

L eh m an n et al.

lO VS, December 2001, Vol. 42, No. 13

Two-Point Lod Scores between the C1SA2 Locus and Six Markers on I2q21 Ordered from
the Telomere

TABLE 1 .

Ix>cus

D12S92
D12S351
D12S322
D12S95
D12S327
PAH

0.00

0.05

0.10

0.2

0.3

0.4

1.28
1.28
2.18
2.18

0.15
1.16
1 16
1.98
1.98
0.99

0.31
1.03
1.03
1.77
1.77
1.09

0.32
0.75
0.75
1.3
1.3
0.93

0.21
0.45
0.45
0.78
0.78
06

0.07
0.15
0.15
0.24
0.24
0.21

Data are lod scores at Q.
four affected siblings w e re hom ozygous for the m utated allele,
w hereas bo th parents and o n e o f th e unaffected siblings w ere
heterozygous. The oth er tw o siblings w ere hom ozygous for the
norm al ACA allele. The m u tated sequence does not generate or
alter a restriction enzym e site. Primary sequence analysis indi
cates that the T215K substitution occurs at the start o f a
leucine-rich repeat (LRR) motif, th e seventh o f 10 such motifs
present in the sequence.^*’
A relatively high degree o f sequence identity (30.5%) w as
found w ith the protein ALS, w hich also contains a series of LRR
motifs. The availability o f a theoretical structural model for ALS
facilitated the generation o f a partial three-dim ensional model
for keratocan (Fig. 2a). A lthough the model is incom plete at
the N- and C-termini (the hom ology w as limited to the region
of the protein com prising LRRs 1-9), nonetheless it w as pos
sible to exam ine the structural im plication of the m utation at
site 215, w hich is located at th e start o f LRR7. The model
indicates that in the p ro tein the LRR motifs form a series of
parallel jS-strands, w hich stack into an arched jS-sheet array.
The m utation reduces th e effective length o f LRR7 and causes
the loop connecting LRR6 to LRR7 to be laterally displaced
(Fig. 2b).

I

D is c u s s io n
M utations in keratocan have recently b een show n to cause
autosom al recessive cornea plana in both a large c o h o rt of
Finnish patients and an American patient.*^ The changes iden
tified to date (A A C ^A G C transition at cod o n 247 and a ho
m ozygous C A G ^T A G transversion causing a stop m utation)
both o ccu rred in a conserved dom ain and resulted in the
typical cornea plana p henotype. O ur data dem onstrate that a
novel ACA^AAA m utation at codon 215 from a family of
different ethnicity also causes cornea plana. This m utation
substitutes th e polar residue th reonine for the positively
charged amino acid lysine at the start of th e seventh LRR motif.
T hreonine is conserved at this position in all described KERA
proteins (hum an, bovine, m urine, and chicken) and the sub
stitution of this highly conserved am ino acid may explain the
different p h en o ty p e observed in this family.
In com m on w ith o th er m em bers o f the keratan sulfate
proteoglycan subgroup o f the SLRP family, KERA includes a
series o f LRR motifs w ith a consensus seq u en ce of LXXLXLXXNXL.^" Similar LRR motifs are found in th e structure of porcine
RNase inhibitor w hose crystalloid stru ctu re has been deter-

y

C -term

1 2 3 4

5

6

7 8 9

T215

N -l*rm

F ig u re 2 .
Three-dimensional mod
eling of wild-type and T215K mutant
keratocan. (a) Partial structure of the
wild type represented in ribbon form
with LRR motifs 1 to 9 numbered and
highlighted in dark gray. The model
is presented from two perpendicular
viewpoints, (b) An enlargement of
the boxed region in (a) showing the
superimposition of the wild type
{light gray) and T215K mutant {dark
gray). The side chains of residues
215 are shown projecting from the
protein backbone and the lateral dis
placement of the loop connecting
LRRs 6 and 7 is clearly visible.
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mined.
This defined protein structure has been used to
m odel the structures o f other proteins containing analogous
LRR motifs, such as the protein ALS.^^ It has previously been
suggested that the structure o f keratocan includes a similar
]8-sheet array^^ and the m odel presented here supports this.
The m odeling predicts that the structural con sequence o f the
mutation is to cause substantial displacem ent o f one o f the
loops holding together the jS-sheet structure. However, it
should be noted that this conclusion is based on theoretical
considerations only. The regular LRR m otif arrangement has
b een proposed to be important in the spacing o f collagen
fibrils on w hich com eal transparency depends, and this is
compatible w ith the observation that mutations in KERA result
in com eal opacity.
A particularly interesting feature o f this con san gu in eou s
pedigree is the cosegregation o f cornea plana w ith reduced
axial length. This may indicate that a single KERA mutation
cau ses both p h en otyp es although the alternative hyp oth e
sis—that this represents the ch an ce cosegregation o f the
tw o p h en o ty p es due to separate m utations, cannot be e x 
cluded, even though no linkage w as found to the know n
m icrophthalm ia loci. The h yp oth esis that a single m utation
in KERA causes the com b in ed cornea plana and m icroph
thalmia is supported, but not proven, by the novel nature o f
the m utation observed in a con served portion o f KERA\ the
lo w probability that the tw o p h en o ty p es cosegregate by
ch an ce in four out o f seven offspring: 1 in 6 0 7 or 0.l6%
X ( ^ 4)^; and the observation o f KERA exp ression in
bovine^^’^"* and murine sclera.
SLRPs are important mediators o f normal connective tissue
assembly that influence, through collagen binding, the rate o f
assembly and diameter o f collagen fibrils. In decorin, one o f
several corneal-expressed SLRPs, this collagen-regulating activ
ity is believed to be mediated by the central LRR region^^”^®
and it is likely that the evolutionarily conserved stm cture o f
SLRPs reflects a com m on mechanism o f collagen interaction.^^
The T215K substitution in keratocan is predicted to induce a
conformational change in the LRR domain and may also affect
collagen binding. This w ould provide a potential mechanism
by w hich the observed com eal and scleral phenotypes could
be caused by alterations in the diameter or in the spacing o f
collagen fibrils.
Microphthalmia has a w id e spectrum o f disease severity
w ith minor degrees o f congenital microphthalmia to anoph
thalmia coexisting in the same pedigree.^ Because KERA is
only (transiently) expressed in early embryonic murine
sclera,^® it may not be possible to verify w hether the same
applies to human em bryonic tissue. The generation o f a murine
m odel w ith the T215K substitution may represent an alterna
tive means o f testing the hypothesis. The phenotype reported
is compatible w ith reports o f altered scleral thickness and
abnormal collagen bundles in histologic specim ens from mi
crophthalmia cases^^ and although they lie at the milder end o f
the disease spectrum, the axial lengths overlap those o f the
arCMIC?^ and N N O f' pedigrees. The milder degree o f mi
crophthalmia observed may reflect KERA’s presum ed struc
tural role, and contrasts w ith the more severe phenotype
observed w ith mutations in the developm ental gene CHXIO^
In summary, w e have identified a novel mutation in KERA in
a large Bangladeshi family w ith cornea plana. The mutation
alters a highly conserved m otif and is predicted to affect the
tertiary structure o f the m olecule. This change is responsible
for the corneal phenotype observed. The cosegregation of
cornea plana w ith reduced axial length raises the intriguing
possibility that mutations in keratocan may have a w ider phe
notype than one solely involving the cornea.
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