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PURPOSE. Mutations in the forkhead transcription factor gene
FOXC1 on 6p25 cause a range of ocular developmental abnormalities, with associated glaucoma. However, FOXC1 mutations have not been found in all similarly affected pedigrees
mapping to this interval. This study was undertaken to investigate the potential role of 6p25 rearrangements in causing
such phenotypes.
METHODS. Two large families with autosomal dominant iris
hypoplasia and early-onset glaucoma, 21 probands with Axenfeld-Rieger phenotypes not attributable to PITX2 mutations,
and 7 individuals with documented 6p25 cytogenetic rearrangements, were investigated by genotyping and fluorescence
in situ hybridization, with markers and probes from the 6p25
region.
RESULTS. Interstitial 6p25 duplications were present in the
unrelated families with iris hypoplasia, whereas an interstitial
6p25 deletion was identified in one Axenfeld-Rieger pedigree.
Larger cytogenetic rearrangements, leading to trisomy or
monosomy of the 6p25 region, resulted in microcornea and
Rieger syndrome phenotypes, respectively. All the rearrangements encompassed FOXC1, increasing or decreasing the number of FOXC1 copies present, and appeared to correlate with
the phenotypes observed.
CONCLUSIONS. These findings represent the first example of
both interstitial duplications and deletions cosegregating with
a human developmental disorder that is attributable to altered
dose of transcription factor. The data presented provide additional evidence for the pathogenicity of altered gene dosage of
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FOXC1 and suggest that a common mechanism is responsible
for rearrangements of 6p25. (Invest Ophthalmol Vis Sci. 2002;
43:1843–1849)

G

laucoma is a heterogeneous group of disorders, characterized by chronic retinal ganglion cell loss and progressive
visual damage. It represents the most common cause of irreversible blindness worldwide and is now recognized to have a
major genetic basis, with six causative genes identified to date.
One of these, the forkhead transcription factor gene FOXC1 on
6p25, has been shown to be mutated in patients with a diverse
spectrum of ocular developmental defects with associated
glaucoma, including Axenfeld anomaly, Rieger anomaly, Rieger
syndrome, and iris hypoplasia.1–3 Because four such pedigrees
map to 6p25 but do not contain FOXC1 mutations and recombination events in two of them exclude FOXC1 from the
disease-causing interval,2 it has been proposed that a second
glaucoma-causing gene (IRID1b locus) lies in this region.
We have recently reported a large pedigree with a chromosomal duplication encompassing FOXC1, indicating that gene
duplication can cause developmental disease in humans and
that increased FOXC1 gene dosage is the probable mechanism
responsible for the observed iris hypoplasia and glaucoma
phenotype.4 Different sized duplications encompassing all
three forkhead genes (FOXC1, FOXF2, and FOXQ1) on 6p25
and a telomeric deletion of 6p have also been described.5
In this article, we report additional families with a spectrum
of 6p25 cytogenetic abnormalities, including one with an interstitial duplication and one with an interstitial deletion. The
existence of interstitial duplications and deletions in the same
chromosomal region implies a common cause of these cytogenetic abnormalities, that may be operating in other regions of
the genome where forkhead genes are clustered. It also provides insight into developmental gene dosage as a cause of
human disease.

METHODS
Family and Clinical Data
Two unrelated pedigrees in the United Kingdom (A and B) with
identical iris hypoplasia phenotypes4,6 (Figs. 1A, 1B) were studied
along with individuals C through I (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 included 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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Genotyping
Genomic DNA from pedigree B was amplified with primers for the
following 6p25-localized microsatellite markers: D6S1600, D6S942,
D6S967, D6S344, D6S1713, and D6S1574. The PCR products were
separated by electrophoresis on 6% nondenaturing polyacrylamide gels
(Protogel; National Diagnostics, Atlanta, GA), stained with ethidium
bromide, and genotyped manually, as previously described.4 Differences in the staining intensity of the amplified alleles were assessed
visually and confirmed by densitometry (GeneTools; Synoptics, Cambridge, UK).
Chromosome preparations from individuals C through I had been
analyzed in several reference laboratories, and genotyping was performed 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 FOXC1,
D6S967, and AMO1 (forward, CTGGTAAGAAGGGTTGAGG; reverse,
AGTTCCAATAGTCAACTTGCC, annealing temperature [Ta] 55°C) and
any found to exhibit a single allele was genotyped with additional
markers (279I9-73, forward, TGTGACTGCACTCTGAAGAACA; reverse, AGTGTGGAGTTGCATCTTGC; Ta 60°C; FM4, forward, TTTTGTATTCCCTTGGACCG-3⬘, reverse GTACGGTTTCTCCAAGGCTG, Ta
57°C).

Fluorescence In Situ Hybridization

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 underlying 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 VIII:24 (pedigree B) showing a double
signal for the FOXC1-containing cosmid. (F) Montage of metaphase
chromosome preparations from individual F (and unaffected sibling,
bottom left). One chromosome 6 homologue (arrow) displays a red
signal from the 6q27 control cosmid and no signal from either of the
6p25 clones bA82M9 (red) or dJ1077H22 (green), 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 FOXC1-containing, but
not the FOXF2-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 fluorescence-labeled
molecules.7 FISH represents a powerful technique for demonstrating
the presence of a cytogenetic abnormality through comparison between 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 (VIII:24 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
FOXC1- and FOXF2-containing cosmids labeled with biotin or digoxygenin, either by nick translation or random priming. After hybridization to interphase nuclei or metaphase chromosomes, the probes were
detected using fluorescein isothiocyanate avidin and rhodamine antidigoxygenin, as described elsewhere.8 Signals were analyzed with
fluorescence microscopy, a cooled charge-coupled device (CCD; Photometrics) and FISH software (Quips; Vysis, Downers Grove, IL), enabling 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 signals 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 Assembly and Sequence Analysis
A PAC/BAC (P1 bacteriophage-artificial chromosome/bacterial-artificial
chromosome) contig spanning FOXC1 was established using PACs
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FIGURE 2. Physical map of the 6p25
region. The relative positions of the
three forkhead genes, the extent of
the duplicated or deleted (dashed arrows) 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.)
Clones prefixed bA, are from the
Roswell Park BAC library and those
prefixed dJ are from the RP1, -3, -4,
and -5 segments of the PAC library.
isolated by screening the RPCI1 library with D6S344 (dJ118B18 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 include GRAIL, Fex, HMMgene, GENSCAN, Genemark, FGene, and
BLAST for DNA analysis, with additional programs for screening sequence databases, are all available from the Human Genome Mapping
Project (HGMP) Web site (see Appendix).

RESULTS
In light of our having previously demonstrated the presence of
a duplication in pedigree A,4 this study was designed to characterize the extent of the 6p25 cytogenetic abnormality
present in this and other families, with the use of genotyping
and FISH. Initial analysis of pedigree B, by genotyping with
6p25-localized microsatellite markers (D6S967 and D6S344),
yielded PCR product of increased-density ethidium bromide
staining in affected compared with unaffected individuals.
These qualitative findings, indicative of increased dose of PCR
products, were supported by image analysis with digital quantification software (data not shown). FISH was performed to
confirm these findings and demonstrated that the signal from
chromosome 6p25 clones dJ668J24, bA157J24, dJ118B18,
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dJ135A7, and dJ279I9 and a FOXC1-containing cosmid were
significantly more frequently asymmetrical in affected individuals from pedigree B compared with control subjects (P ⬍
0.01; Table 1). Similar results were obtained from nuclei prepared from individuals in pedigree A, even though these two
pedigrees were unrelated and had different haplotypes (data
not shown). The signal from a FOXF2-containing cosmid was
significantly more frequently asymmetrical in affected individuals from pedigree B than in control subjects. This was not the
case in pedigree A, indicating a difference in the telomeric
extent of the two duplications. NIX analysis of the clones
corresponding to the interstitial duplications (A and B) demonstrates the presence of FOXC1, FOXF2, and three exons
of guanosine diphosphate (GDP)-mannose 4,6-dehydratase
(GMDS).
The screening of 21 Axenfeld-Rieger probands for 6p25
cytogenetic abnormalities identified one individual (J) with
Rieger anomaly, monosomic for the interval D6S967 to 27973, a region that includes FOXC1, but neither FOXF2 or
FOXQ1. Similar genotyping results were obtained from the two
other affected family members (Fig. 3) and FISH analysis of 20
metaphase chromosome spreads from each of these three
affected individuals (2, 3, and 4) consistently demonstrated
that the hybridization signal from clones encompassing
FOXC1, but not FOXF2, was absent from one homologue (Figs.
1G, 1H, Table 1).
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Control individual
Pedigree J
metaphase FISH

Pedigree B
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Asymmetric is 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 was performed with a
Yates-corrected 2 test. Data are percentage of cells, with the number of cells in parentheses. Underscored data, as in Figure 2.

51 (204)
(12 ⫽ 14,
P ⬍ 0.001)
39 (162)
(12 ⫽ 0.3,
P ⫽ 0.6)
37 (113)
Deleted
59 (118)
(12 ⫽ 33,
P ⬍ 0.001)
60 (119)
(12 ⫽ 34,
P ⬍ 0.001)
30 (60)
Deleted
55 (187)
(12 ⫽ 13,
P ⫽ 0.001)
53 (77)
(12 ⫽ 8,
P ⫽ 0.004)
31 (23)
(Not performed)
Pedigree A

18 (71)
(12 ⫽ 1,
P ⫽ 0.46)
20 (40)
(12 ⫽ 2,
P ⫽ 0.218)
15 (46)
Present

50 (101)
(12 ⫽ 2,
P ⫽ 0.1)
56 (170)
(12 ⫽ 7,
P ⫽ 0.009)
44 (44)
Present

43 (172)
(12 ⫽ 10,
P ⫽ 0.002)
62 (131)
(12 ⫽ 46,
P ⬍ 0.001)
31 (96)
(Not performed)

59 (118)
(12 ⫽ 11,
P ⫽ 0.001)
71 (141)
(12 ⫽ 28,
P ⬍ 0.001)
38 (38)
Partially deleted

61 (124)
(12 ⫽ 27,
P ⬍ 0.001)
62 (130)
(12 ⫽ 29,
P ⬍ 0.001)
29 (29)
Deleted

66 (156)
(12 ⫽ 25,
P ⬍ 0.001)
68 (210)
(12 ⫽ 32,
P ⬍ 0.001)
36 (36)
Deleted

dJ27919
FOXC1
Cosmid
dJ118B18
bA157J24
dJ668J24
FOXF2
Cosmid
dJ483L3

TABLE 1. Summary of the Proportion and Number of Cells Displaying Asymmetric Numbers of Signals on Each Homologue
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dJ135A7

bA82M9
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Of the seven individuals with telomeric cytogenetic abnormalities, the three trisomic for 6p25—individual C: 46XX, dup
(6p22-pter); individual D: 46XY, ⫺7 ⫹ der (7)t (6;7) (p21;q35);
and individual E: 46XY, ⫺12 ⫹ der (12)t (6,12) (p21.2;
p13.1)— exhibited the same ocular phenotype of microcornea
(corneal diameter ⬃8.5 mm compared with the normal range
of 10.6 –11.75 mm ), as well as ptosis. The axial lengths were
normal and no iris hypoplasia was present (Fig. 1C). The four
monosomic for 6p25—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)—were diagnosed as Rieger syndrome.
All had combinations of anterior segment developmental defects, dental abnormalities, varying degrees of hearing impairment, and developmental delay, without the umbilical abnormalities characteristically associated with this condition. Brain
imaging had been conducted in only one individual (I), revealing hydrocephalus.

DISCUSSION
An increasing body of evidence, derived from a range of species, indicates that altered dose of FOXC1 causes a spectrum of
developmental phenotypes with examples including the dosedependent role of Foxc1 in cardiovascular, renal, somite, and
ocular development.9 –13 The latter is illustrated by the naturally occurring Foxc1 mutant which in the homozygous state
results in the congenital hydrocephalus (ch) phenotype, which
has more severe ocular (and nonocular) developmental anomalies than do ch heterozygotes.14,15 Such murine phenotypes
resemble those present in patients with mutations or deletions
involving FOXC1.
All previous reports of 6p25 cytogenetic abnormalities4,5,16
are consistent with the concept that altered dose of a gene or
genes in the duplicated or deleted region results in the ocular
developmental phenotype(s) observed. Although FOXC1 is the
most likely candidate because of its known role in anterior
segment development, the presence of adjacent forkhead
genes and mapping data for the IRID1b locus2 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 FOXC1 from the disease-causing
interval, removes one of the two defining recombinants for the
IRID1b locus.2 Difficulty interpreting the original linkage data,
stemmed from the method of visualizing alleles (32P), which
did not allow differences in the dose of identical-sized alleles to
be easily resolved. The recombinant individual VIII:24, despite
having a crossover with D6S344, has inherited a third copy of
FOXC1, like all other affected individuals in pedigree B (Fig.
1E). This situation is reminiscent of the mapping of CharcotMarie-Tooth disease, which was also complicated by an unrecognized duplication.17,18
Confirmation that increased dose of FOXC1 is pathogenic
requires recapitulation of the human phenotype in an animal
model carrying an additional functional copy of FOXC1, a goal
we are currently working toward. In the interim the observation of multiple FOXC1-containing interstitial cytogenetic rearrangements, which in two pedigrees (A and J) did not include
other forkhead genes, coupled with data on Foxc1 from other
species and the weakened case for IRID1b, suggest but do not
prove, that altered dose of FOXC1 is pathogenic. Because
early-onset glaucoma will develop in almost all the affected
individuals in the duplication pedigrees (A and B),4,6 it appears
that interstitial duplication results in a higher rate of glaucoma
than either deletion or FOXC1 mutation (⬃50% of cases).19
In the small series of telomeric cytogenetic abnormalities
presented in this article, the telomeric deletions result in
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FIGURE 3. Genotyping results showing evidence of an interstitial deletion in pedigree J. Montage of photographs of ethidium bromide–stained
gel showing PCR products for selected 6p25 microsatellite markers
(A) FM4, (B) D6S967, and (C)
D6S477. Lanes 2, 3, and 4: affected
individuals (filled symbols) were
monsomic for D6S967 but not for
FM4 or D6S477, indicating that the
interstitial deletion did not involve
FOXF2.

Rieger syndrome, the severest phenotype in the AxenfeldRieger spectrum. One of these deletions was associated with
hydrocephalus and is in keeping with previous reports.14 Large
telomeric duplications were associated with a microcornea
phenotype (individuals C–E) in contrast to the iris hypoplasia
phenotype, with the much smaller interstitial duplications (A
and B), supporting a 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, or genes, in the smaller (interstitial) 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 TFAP2␣, which lies within the region duplicated in
individuals C through E.20
The identification of multiple interstitial 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. Interstitial duplications and deletions coexist in only a handful of
disorders such as Charcot-Marie-Tooth disease (CMT/hereditary neuropathy with liability to pressure palsies [HNPP]),
Smith Magenis syndrome (SMS), red– green color blindness,
thalassemia, and derivative 22 syndrome/velo-cardio-facial/DiGeorge syndrome.21,22 In two examples (CMT/HNPP and SMS)
the flanking sequences responsible for these contiguous gene
duplication– deletion syndromes have been characterized.23–25
The demonstration of duplications in unrelated iris hypoplasia
pedigrees led us to predict the existence of a similar mecha-
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nism, from which cases of other 6p25 cytogenetic abnormalities would be expected to arise. A panel of probands with
anterior segment malformations was screened to test this hypothesis. The identification of a pedigree (J) with an interstitial
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 on the presence of significant regions of sequence homology.26 Although homologous sequence exists on 6p25,
including the three forkhead genes (FOXC1, FOXF2, and
FOXQ1), which share 70% to 75% sequence identity across
their conserved forkhead domains, the variable extent of the
duplication in these and other families5 argues against such a
hypothesis. Alternatively, a novel, as yet unknown mechanism
could be responsible, such as that which occurs in the rare
X-linked condition, Pelizaeus-Merzbacher disease, in which duplications and deletions of differing size cause central nervous
system (CNS) demyelination through altered dose of the proteolipid protein gene.27,28 Whatever the mechanism, it may be
relevant to other areas of the genome, especially those containing forkhead gene clusters (e.g., 1p32, 12p13, 14q13, and
17q25). One such cluster, FOXC2/FOXF1/FOXL1, on 16q24 is
relevant to ocular development, because it lies within the
critical interval for a Rieger syndrome locus29 and haploinsufficiency of Foxc2 (and Foxc1) causes ocular anterior segment
anomalies in mice.30 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.
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The pedigrees with interstitial duplications and deletions
reported in this article provide evidence for a common mechanism, causing cytogenetic rearrangements and a range of
ocular developmental defects. The presence of 6p25 interstitial
duplications and deletions represents the first example of both
types of cytogenetic abnormalities causing a human developmental phenotype through presumed altered gene dosage of
transcription factor. These findings add to the limited number
of disorders in which pairs of interstitial duplications and
deletions have been described and suggest that other cytogenetic abnormalities, such as inversions or hybrid genes, may be
found in this region. It remains to be determined whether the
pathogenicity of altered gene dosage, suggested with FOXC1
and previously demonstrated with PAX6,31 applies more generally to transcription factors.
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APPENDIX
Genotyping Markers
Individuals C through I were genotyped with the following
markers: D6S1617, D6S1640, D6S1598, D6S1547, D6S1674,
D6S296, D6S410, D6S470, D6S1653, D6S263, D6S1600,
D6S942, D6S967, D6S344, D6S1713, and D6S1574, all amplified according to the manufacturer’s (Research Genetics,
Huntsville, AL) recommended conditions.
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NIX is provided by the Medical Research Council’s Human
Genome Mapping Project Resources Centre (Cambridge, UK)
and is available at http://www.hgmp.mrc.ac.uk/gdb-bin/.
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Online Mendelian Inheritance in Man (OMIM), is provided
by the National Center for Biotechnology Information, National
Institutes of Health (Bethesda, MD) and is available at http://
www.ncbi.nlm.nih.gov/omim/. Gene accession numbers:
PITX2 (OMIM 601542), FOXC1 (601090), FOXC2 (602402),
FOXF1 (601089), FOXF2 (603250), FOXL1 (603252), TFAP2␣
(107580), and GMDS (602884).
Chromosome 6 Project, Sanger Centre (Hinxton Hall, UK),
available at http://www.sanger.ac.uk/HGP/Chr6/. Clone accession numbers: bA284J1 (AL392183), bA391F23 (AL356130),
dJ856G1 (AL033381), dJ1077H22 (AL133402), bA550k21
(AL353618), dJ483L3 (AL035531), dJ116B8 (AL589989),
bA13J16 (AL499606), dJ668J24 (AL034346), bA157J24
(AL512329), dJ118B18 (AL034344), bA265E5 (AL451141),
dJ279I9 (AL033517), and bA82M9 (AL137179).

