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The prevalence of PAX2 mutations in patients
with isolated colobomas or colobomas associated
with urogenital anomalies

H E Cunliffe, L A McNoe, T A Ward, K Devriendt, H G Brunner, M R Eccles

Abstract
The PAX2 gene is mutated in patients with
ocular colobomas, vesicoureteral reflux
(VUR), and kidney anomalies (renal-
coloboma syndrome, OMIM 120330). The
three abnormalities which make up this
syndrome also occur in isolation, but the
causal genes are not known. PAX2 encodes
a transcription factor of the paired box
class of DNA binding proteins, important
for the development of the urogenital
tract, optic nerve and adjacent retina,
inner ear, and CNS. In this paper we have
investigated the prevalence ofPAX2 muta-
tions in patients with ocular colobomas,
microphthalmos, or retinal anomalies,
either in isolation or with associated
urogenital anomalies. Using PCR-SSCP,
most or all exons ofPAX2 were examined
in blood DNA from 99 patients who have
either ocular anomalies alone or a combi-
nation of ocular and urogenital condi-
tions. PAX2 mutations were not detected
in patients with ocular colobomas, either
in isolation or with associated abnormali-
ties, except in one patient with typical
renal-coloboma syndrome. We conclude
that PAX2 mutations are unlikely to be
common in patients with ocular colobo-
mas in isolation or in patients with ocular
colobomas and associated anomalies, ex-
cept for patients with typical renal-
coloboma syndrome where PAX2 is known
to be the aetiological cause.
(JMed Genet 1998;35:806-8 12)

Keywords: PAX2; renal-coloboma syndrome; colo-
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Ocular colobomas (gaps or fissures in the
structures of the eye) are a relatively common
malformation which can occur either sporadi-
cally or as an autosomal dominantly inherited
malformation involving the iris, retina, choroid,
or optic nerve.' The incidence of coloboma in
the population is unknown. Colobomas may
occur as isolated malformations or as part of a
complex multisystem syndrome. ' Typically,
colobomas result from failure of fusion of the
embryonic fissure of the optic cup anywhere
along the line extending from the optic disc to
the inferonasal border of the pupillary margin.
For the purposes of the present paper we shall
define the term coloboma to include lesions
affecting the optic nerve (ranging from optic
disc dysplasia to optic nerve aplasia), retina,
choroid, and iris, but not the eyelids. Orbital

cysts and microphthalmia are also considered
to be part of the spectrum of colobomatous
defects resulting from failure of fusion of the
embryonic fissure in the optic cup. Rarely,
colobomas are reported in association with
other developmental anomalies. For example,
renal-coloboma syndrome (MIM 120330) is a
rare autosomal dominant syndrome involving
optic nerve coloboma in association with renal
anomalies.27 Other syndromes that may also
represent coloboma association syndromes
include CHARGE association (coloboma,
heart defects, choanal atresia, retarded growth
or development, genital hypoplasia, and ear
anomalies),8 Joubert related syndromes such as
Dekaban syndrome (chorioretinal coloboma
with cerebellar vermis aplasia and polycystic
kidneys),9 COACH syndrome (cerebellar ver-
mis hypo/aplasia, oligophrenia, congenital
ataxia, coloboma, hepatic fibrosis),'0 acro-reno-
ocular syndrome,"' Sorsby syndrome,'2
branchio-oculo-facial syndrome,'3 cat eye
syndrome,'4 and 3C syndrome.'5
We have previously documented mutations

of the PAX2 gene in 11 subjects with
renal-coloboma syndrome, including a family
with autosomal dominant optic nerve colo-
boma (malformation of the optic nerve), renal
anomalies, and vesicoureteral reflux
(VUR).'6-9 Recently we found that PAX2
mutations may result in highly variable
phenotypes.'9 Since phenotypic variability is a
feature of this syndrome we hypothesised that
PAX2 mutations may sometimes cause spo-
radic ocular colobomas in isolation in patients.
The specific genes involved in causing sporadic
or hereditary colobomas are not known,
although hypoplasia or agenesis of the fovea or
macula have been reported in some patients
with PAX6 mutations.20 21
PAX2 is a member of a multigene family

containing a paired box domain that was
initially identified in Drosophila and subse-
quently in vertebrates.22 PAX2 expression is
critical for development of the urogenital tract,
CNS, inner ear, and optic nerve,23-25 as has
been reported in mice with kidney and retinal
defects (Krd),26 Pax2lNeu mice,27 and in mice
with a Pax2 gene disruption induced by
homologous recombination.21 29 To investigate
whether PAX2 mutations occur more generally
in patients with colobomas, microphthalmia, or
retinal anomalies, or in patients with coloboma
associated syndromes, we have analysed pa-
tient DNA by PCR-SSCP for PAX2 mutations
in subjects who have either ocular anomalies
alone, a recognised syndrome such as Dekaban
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syndrome, or a loosely defined combination of
ocular and urogenital conditions. Following
analysis of 99 patients in most or all exons of
PAX2, we have identified one new patient with
a PAX2 mutation, who had typical renal-
coloboma syndrome (optic nerve colobomas,
renal anomalies, and vesicoureteric reflux). We
did not identify PAX2 mutations in patients
with ocular colobomas or microphthalmia in
isolation or in patients with ocular colobomas
and associated anomalies.

Subjects and methods
CLASSIFICATION OF THE PATIENTS IN THE STUDY
The patients analysed in this study were
divided into five categories: (A) patients with
typical renal-coloboma syndrome (optic nerve
colobomas and renal hypoplasia, with or with-
out vesicoureteric reflux), (B) patients with
optic nerve or chorioretinal colobomas, com-
bined with other anomalies, some ofwhom had
a known syndrome, (C) patients with eye
anomalies (not optic nerve or chorioretinal
coloboma) in combination with other anoma-
lies, who did not fit a known syndrome, (D)
patients with isolated renal anomalies, and (E)
patients with predominantly ocular anomalies
in isolation. Patients in categories A-D are
listed in table 1. Patients in category E are
listed separately under different headings in
table 2. Patients were evaluated by history,
physical examination, ophthalmological exam-
ination, and renal function tests including rou-
tine urine and blood analyses and/or renal
ultrasound, intravenous pyelogram, or mictur-
ating cystourethrogram.

PCR-SSCP AND DETECTION OF PAX2 MUTATIONS
Genomic DNA from each subject was ex-
tracted from peripheral blood using a DNA
extraction kit (Promega). Fragments spanning
exons 1-12 and the promoter of PAX2 were
amplified from genomic DNA using PCR
primers flanking the regions of interest (table
3). The primer sequences used for amplifying
each exon ofPAX2 were based on the genomic
sequences flanking each exon.Y' Amplification
conditions are given in table 3. The PCR prod-
ucts of exons 1-10 and the promoter were
labelled by incorporation of 12P-dCTP in reac-
tions containing 100 ng DNA, 62.5 mmol/l
dNTPs, 1 mCi a&2P-dCTP (3000 Ci/mmol),
20 pmol of each primer, reaction buffer (50
mmol/l KC1, 10 mmol/l Tris, pH 8.3, 1.0-3.0
mmol/l MgCl,), and Hot Tub (Amersham) or
Pwo (Boehringer) polymerase. Exons 11 and
12 were labelled by kinasing unlabelled PCR
products with polynucleotide kinase (New
England Biolabs) and y"P-ATP. The PCR
products were electrophoresed on non-
denaturing 6% polyacrylamide gels3' with 1 x
TBE, pH 8.0, buffer to show single strand con-
formational (SSCP) variants.32 Several condi-
tions of polyacrylamide gel electrophoresis
were used, including gels with or without 10%
glycerol, and electrophoresis at 25°C or at 4°C.
The PCR product from the promoter region
was digested with SmaI restriction enzyme

(Promega) to yield three fragments of 325,
233, and 232 bp, which were resolved on SSCP
gels.

SUBCLONING AND DNA SEQUENCING
PCR products were directly sequenced using
a32P-dCTP and a cycle sequencing kit
(GIBCO-BRL). For subcloning ofexon 2 PCR
products, mutant and normal alleles of PAX2
were amplified using Pwo DNA polymerase
(Boehringer Mannheim), and subcloned into
EcoRV digested pBluescript II (Stratagene).
Positive clones were identified by blue/white
selection, and plasmid DNA was isolated using
Wizard mini-preps kits (Promega). Sequencing
reactions were carried out on plasmid DNA
using 35S-dATP and a double stranded se-
quencing kit (USB).

PAX2 ALLELE DELETION STUDIES
PAX2 mutations could include a deletion of
either a part or the whole PAX2 gene from one
allele. Such deletions may not necessarily be
detected by PCR-SSCP. To investigate whether
deletions of the whole PAX2 gene had
occurred, heterozygosity of the PAX2 gene was
analysed in each patient by amplification of a
(CA), dinucleotide repeat within intron 9 as
previously described.30 Amplification of both
alleles was evidence of heterozygosity.

Results
PAX2 MUTATIONAL STUDIES
The results ofPCR-SSCP analysis ofthe PAX2
gene in 99 patients are summarised in tables 1
and 2, along with a summary of the PAX2
mutations which have previously been identi-
fied in 11 patients. One patient in this study
(patient 985) was found to have an abnormal
SSCP pattern in exon 2. No variations in
PCR-SSCP patterns were observed in unaf-
fected parental samples of patient 985 (fig 1A)
or in 98 other subjects analysed for each exon
of PAX2. To identify the PAX2 mutation in
patient 985, exon 2 PCR products of patient
985 and his parents were subcloned and
sequenced. Sequencing of independently de-
rived mutant alleles from patient 985 identified
a deletion of a thymidine nucleotide at position
611 in approximately 50% of clones (fig iB).
Normal alleles were found in the remainder of
the clones from patient 985. The observed
nucleotide deletion causes a frameshift in exon
2, and would be predicted to terminate the
protein within exon 6 encoded sequences (fig
2). The predicted protein would be unable to
bind DNA as it would lack much of the paired
box DNA binding domain. This mutation
would effectively result in haploinsufficiency of
PAX2 because the predicted protein from the
mutant allele would be non-functional. Fig 2
depicts the location of the mutation in the
PAX2 protein and the frameshifted protein
which is predicted to result from the mutation,
and compares the effect of this mutation to
other previously described mutations in PAX2.

CLINICAL REPORT OF PATIENT 985
Patient 985 is the second child born to
non-consanguinous Dutch parents. He was
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Table 1 Comparison ofphenotypes in 39 subjects examinedfor PAX2 mutations

Patient Age Sex Sporadiclgermline Category (rel)

1 14 M Germline Family 1 A* (17)

2 10 M Germline Family 1 A (17)

3 6 M Germline Family 1 A (17)

4 35 M Germline Family 1 A (17)

430 5 M Germline Family 2 A (16)

431 12.5 M Germline Family 2 A (16)

TRN 5 M Sporadic A (18)

579 11 M Sporadic A (19)

656 48 F Germline Family 3 A (19)

657 25 M Germline Family 3 A (19)

2646 20 F Sporadic A (19)

651 4 F Sporadic A (this study)

813 12 M Germline Family 4 A (this study)

814 33 F Germline Family 4 A (this study)

816 54 F Germline Family 4 A (this study)

906 28 F Germline Family 5 A (this study)
907 4 M Germline Family 5 A (this study)
985 6 M Sporadic A (this study)

518 2.5 M Sporadic Bt (this study)

626 ? ? Sporadic B (this study)

627 ? ? Sporadic B (this study)

630 ? ? Sporadic B (this study)
633 ? ? Sporadic B (this study)
615 ? F Sporadic B (this study)

783 2.5 M Sporadic B (this study)

806 ? ? Sporadic B (this study)

711 14 M Germline Family 6 Ct (this study)

712 39 M Germline Family 6 C (this study)
713 9 F Germline Family 6 C (this study)
652 ? M Sporadic C (this study)

659 37 M Germline Family 7 C (this study)

660 39 M Germline Family 7 C (this study)

695 14 F Sporadic C (this study)

697 ? M Sporadic C (this study)

698 ? F Germline Family 8 C (this study)
699 ? F Germline Family 8 C (this study)

792 2 F Sporadic C (this study)

847 8 M Sporadic C (this study)

544 9 M Germline Family 9 D§ (this study)

Phenotype

Bilateral optic nerve colobomas, bilateral renal hypoplasia, non-functional right
kidney, renal failure, grade IV vesicoureteric reflux, joint laxity
Bilateral optic nerve colobomas, bilateral renal hypoplasia, grade II vesicoureteric
reflux, trace proteinuria, high frequency hearing loss, joint laxity
Bilateral optic nerve colobomas, bilateral renal hypoplasia, end stage renal failure,
renal transplant, grade I vesicoureteric reflux, joint laxity, seizures
Bilateral optic nerve colobomas, hypertension, mild proteinuria, high frequency
hearing loss
Bilateral optic nerve colobomas, renal tubular atrophy, interstitial fibrosis,
proteinuria, absent right kidney, end stage renal failure, renal transplant
Bilateral optic nerve colobomas, proteinuria, renal tubular atrophy, interstitial
fibrosis, glomerulosclerosis
Bilateral optic nerve colobomas, cataracts, renal tubular atrophy, glomerulosclerosis,
mild renal dysfunction with proteinuria
Bilateral optic nerve colobomas, bilateral renal hypoplasia, proteinuria, progressive
end stage renal failure, seizures
Bilateral optic disc hypoplasia, cataracts, hypertension, proteinuria, bilateral renal
hypoplasia, end stage renal failure, renal transplant
Left optic nerve aplasia, right optic disc hypoplasia with optic pit, chorioretinal
coloboma, capsular opacities, microphthalmos, retrobulbar cyst, retardation,
microcephaly, bilateral renal hypoplasia, end stage renal failure, renal transplant
Bilateral optic nerve colobomas, bilateral renal hypoplasia, end stage renal failure,
focal segmental glomerulosclerosis, right high frequency hearing loss, joint laxity
Bilateral optic nerve colobomas, bilateral renal hypoplasia, impaired renal function,
right persistent hyoidal artery
Bilateral optic nerve colobomas, acute renal failure at birth, one functional kidney,
growth retardation
Bilateral optic nerve colobomas, bilateral renal hypoplasia, renal insufficiency from
age 18, proteinuria, focal segmental hyalinosis and interstitial sclerosis
Bilateral optic nerve colobomas, bilateral renal hypoplasia, renal insufficiency from
age 33, proteinuria, end stage renal disease, renal transplant at age 44
Bilateral optic nerve colobomas, renal anomalies, renal failure
Bilateral optic nerve colobomas, renal anomalies
Bilateral optic nerve colobomas, cystic structure with no functional renal tissue on
right side, functional left kidney, no proteinuria, grade II-III reflux in left kidney
Unilateral optic nerve coloboma, renal anomaly, heart defect (double outlet right
ventricle)
Joubert related (Dekaban) syndrome, including chorioretinal coloboma and
polycystic kidneys
Joubert related (Dekaban) syndrome, including chorioretinal coloboma and
polycystic kidneys
Arima syndrome, including coloboma and polycystic kidneys
Arima syndrome, including coloboma and polycystic kidneys
CHARGE association (atypical), including bilateral colobomas of iris and optic
nerve
Bilateral optic nerve coloboma, macrocystic dysplastic kidneys, severe
neurodevelopmental delay, abdominal wall hypoplasia, undescended testes with
bilateral hernias, hepatic fibrosis with cholestasis and portal hypertension
Chorioretinal coloboma, renal anomalies, DiGeorge syndrome (thymus aplasia,
parathyroid aplasia, aortic arch anomalies)
Bilateral iris and retinal colobomas, multicystic non-functional left kidney, left
hydronephrosis, normal renal function, intrauterine growth retardation, short stature,
dysmorphic features
No ocular anomalies, recurrent urinary tract infections, possible vesicoureteric reflux
No ocular anomalies, multicystic kidney (resolved by 6 months)
Left iris coloboma, bilateral vesicoureteric reflux, renal failure, bilateral cleft lip and
palate
Retinitis pigmentosa, lens subluxation, lens coloboma, cataract, right renal agenesis,
left chronic interstitial nephritis, left renal hypoplasia, renal transplant age 27
Retinitis pigmentosa?, insulin dependent diabetes, globular aspect of lower pole of
left kidney
Bilateral iris and retinal coloboma, vesicoureteric reflux, renal failure, renal
transplant age 11
Retinopathy, preauricular ear tags, vesicoureteric reflux, cystic kidneys, renal failure,
renal transplant
Vesicoureteric reflux
Cataracts, ataxia, peripheral neuropathy, renal agenesis, vesicoureteric reflux, renal
failure, renal transplant
Bilateral microphthalmos, cystic right kidney, left hydronephrosis, right UPJ
obstruction, seizures, abnormal EEG
Bilateral microphthalmos, microcorneas, persistent primary hyperplastic vitreous
body, orbital cysts, mentally retarded, nephronophthisis, atrophic renal tubules,
glomerulosclerosis, hyaline deposits, microtestis, large malformed ears
Unilateral renal agenesis

*Renal-coloboma syndrome.
tOptic nerve coloboma associated or chorioretinal coloboma associated syndrome.
::Syndrome with renal and eye abnormalities atypical of renal-coloboma syndrome.
§Kidney abnormalities only. ND = not done. UN = uninformative. P = promoter.

born after 36 weeks' gestation, with a birth kidney appeared normal, except for dilatation
weight of 2430 g. At 6 weeks he was evaluated of the upper pole. A renal scan showed a func-
for failure to thrive, at which time a raised cre- tional left kidney with delay in excretion, but no
atinine level (121 .tmol/l) was found. Renal functional renal tissue was present on the right
ultrasound showed a cystic structure on the side. A voiding cystogram showed a normal
right side, with no recognisable kidney. The left bladder with grade II-III reflux on the left side.
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Heterozygosity ofPAX2

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

ND
ND
Heterozygous

Heterozygous

ND

ND

ND
ND
ND

UN

Heterozygous

UN

UN
UN
UN

ND

ND

ND

ND

ND
ND

ND

ND

Heterozygous

Exons analysed

1-5

1-5

1-5

1-5

1-5

1-5

ND

1-12

1-4, 7-12

1-10, 12

1-10

1-12, P

1-12, P

1-10, 12

1-10, 12

1-12, P
1-12,P
2,5,8, 10-12,P

1-10

1-4, 6-12, P

1-12, P

1-11
1-12,P
1-10

1-10

1-12, P

1-10

1-9
1-9, 12, P
1-10, 12, P

1-8, 10, 12

1-12,P

1-12,P

1-10

1-10
1-9

1-12, P

1-12, P

1-11

Mutation

Exon 5

Exon 5

Exon 5

Exon 5

Exon 2

Exon 2

Translocation

Exon 2

Exon 2

Exon 2

Exon 2

No

No

No

No

No
No
Exon 2

No

No

No

No
No
No

No

No

No

No
No
No

No

No

No

No

No
No

No

No

No

An intravenous pyelogram showed a visible left
kidney without obvious abnormalities. Urine
analysis was normal with no proteinuria and
occasional leucocytes. At 3 months of age the
patient had a right nephrectomy and vesicos-
tomy. Ocular abnormalities included a conver-

gent squint and abnormal optic nerves with
colobomas. The fundi were otherwise normal,
as were lens tissues and anterior chambers.

Additional investigations, including MRI scan,
x ray of the spine, ECG, BAEP, and VEP all
yielded normal results. His general health and
development have been normal, except for
recurrent parotitis, which was attibuted to
Furadantin maintenance therapy.

Discussion
Five different PAX2 mutations have been iden-
tified in 12 subjects with renal-coloboma
syndrome'6-9 (this study). Most people with
PAX2 mutations have been found to suffer
from optic nerve colobomas, renal hypogen-
esis, and renal dysfunction, although some
patients had one or more additional anomalies,
including vesicoureteric reflux (VUR), high
frequency hearing loss, CNS anomalies, other
eye abnormalities, and joint laxity (table 1).
The patient with a PAX2 mutation in this study
(patient 985) presented with bilateral optic
nerve colobomas, a functional left kidney, a
cystic structure in place of the right kidney, and
vesicoureteric reflux, and was found to have a
deletion of a thymidine nucleotide at position
611 in exon 2 of PAX2.'7 The identification of
a PAX2 mutation in this patient concurs with
the identification of a PAX2 mutation in a
family with optic nerve colobomas, vesicouret-
eric reflux, and renal anomalies in a previous
study,'7 and suggests that in a small sample of
patients the position of the mutation within the
PAX2 gene does not necessarily correlate with
the occurrence of vesicoureteric reflux; patient
985 in this study had a mutation in exon 2,
while the three sibs in the previous study, who
had vesicoureteric reflux,'7 were found to have
a mutation in exon 5 of PAX2.
The phenotype associated with PAX2 muta-

tions is highly variable, even in patients with
identical mutations.'9 In view of the marked
variability in expression of the PAX2 mutant
phenotype, we have hypothesised that PAX2
mutations may cause eye, renal, or ureteric
abnormalities in isolation. In this study we
examined 99 patients with either colobomas or
microphthalmia in isolation or colobomas and
associated anomalies for PAX2 mutations by
PCR-SSCP analysis. We found that novel
PAX2 sequence variants were uniformly absent
in these patients, except for the identification of
a PAX2 mutation in patient 985. A full list of
the phenotypic abnormalities found in 1 10
patients analysed for PAX2 mutations, includ-
ing previously reported patients, is given in
tables 1 and 2. The identification of the
spectrum of phenotypic features in patients
who have renal-coloboma syndrome will be
clinically useful as a basis for assessing which
patients to screen for PAX2 mutations.
We have previously reported that PAX2

mutations are absent in patients with isolated
familial vesicoureteric reflux." " These find-
ings suggest that PAX2 mutations may not be
found in patients with ureteric anomalies in
isolation. However, it remains to be deter-
mined whether PAX2 mutations will be associ-
ated with isolated renal abnormalities. PAX2
mutations are associated with renal hypoplasia,
tubular atrophy, glomerulosclerosis, progres-
sive renal failure, and vesicoureteric reflux

Table 1 Continued

Karyotype

Normal

ND

Normal

Normal

t(10;13)(q24; q12.3)

Normal

ND

Normal

Normal

ND

Normal

Normal

Normal

ND
ND
ND

ND

ND

ND

ND
ND
ND

ND

ND

ND

ND
ND
Normal

ND

ND

ND

ND

ND
ND

ND

Normal

ND
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Table 2 Absence ofPAX2 mutations in 71 subjects orfamilies with predominantly eye
abnormalities

No ofpatients
analysed (no of

Phenotype Inheritance families)

Optic nerve hypoplasia (or coloboma) Sporadic 5
Optic nerve hypoplasia (or coloboma) Inherited 2 (1)
Optic nerve coloboma with cataract Sporadic 1
Bilateral optic nerve colobomas with
dysmorphic features Sporadic 1

Bilateral optic nerve colobomas (with
hypospadias in 2 subjects) Inherited 4 (1)

Microphthalmos Sporadic 26
Microphthalmos Inherited 13 (6)
Microphthalmos with optic nerve hypoplasia Sporadic 1
Microphthalmos with iris, choroid, retina and Inherited* (mother had only

optic disc coloboma (and VUR in 1 pigment deposition on retina
subject) in line with colobomatous

cleft) 3 (1)
Microphthalmos with bilateral iris and retinal
colobomas and pupil coloboma Sporadic* 1

Unilateral chorioretinal coloboma (plus
extreme contralateral microphthalmos and
PUJ obstruction in daughter) Inherited* 2 (1)

Aniridia Sporadic 6
Aniridia Inherited 0
Bilateral aniridia with optic nerve and foveal

hypoplasia Sporadic 1
Iris coloboma with bilateral retinal hypoplasia Inherited* 1 (1)
Bilateral pupil coloboma Sporadic I
Optic neuropathy Sporadic 2
Hypoplasia of ciliary body, choroid, retina,
and optic nerve Sporadic* 1

*Subjects analysed who were heterozygous for a polymorphism in PAX2.

Table 3 PAX2 PCR-SSCP primer sequences and reaction conditions

Mg Product
Exon Sequence conc Tm size (bp)

PF*t 5'GGG CTC CAG CGC TGG CGA ATC ACA 3'
PR4 5'CGC CGC CGT GTC GCC TCT CAA ACT 3' 1.5 65 791
1F 5'GTT CAC TCA TCC TCC CTC CCC CAC C 3'
1R 5'GGA GCC GGG CGC GGG TAC TC 3' 1.5 60 179
2F 5'CTG TGT GTG GGG TGT TGT GTT 3'
2R 5'AAG GCG TCT CTC CCG GGA CAG CTG C 3' 2.0 58 246
3F 5'TGA CCG GCTT'TC CCG GCG CA 3'
3R 5'GAG GAA GCT GGA GTC CAG CC 3' 1.25 60 262
4F 5'TGG AGC TGC GTT TCC TGC CTT'3'
4R 5'AAT TGG CCG GAA TAG CAG TGG 3' 3.0 61 210
4S 5'CGG AAT AGG AGT GGC ATT TGA 3'
4A 5'CTC TAG GTG GGA TCT GGT TT 3' 1.25 58 181
5F 5'TGA TGC CAT TTC CTC CTT CC 3'
5R 5'GCC ACA CCT CTT CCC TCC T 3' 1.0 60 175
6F 5'CAG TGT TTG TCT GTC TCT TAT TTG CT 3'
6R 5'ATG TTC CCT CTG GCC CTC A 3' 1.0 52 121
7F 5'CGC CCC GAG TGT CCA TGT GTT 3'
7R 5'TAC TTC TGC AAG CAG AAA GCT CCC T 3' 1.5 58 234
8F 5'CCT TTC TCT GTG CGT GCA TCA ATA GA 3'
8R 5'GGC ACC CTC CAC TGA ACG CAG 3' 1.5 58 227
9F 5'CCC TTC CCC TTT7 GTG TTT YTT 3'
9R 5'AGG CAG CTG CAG CAT TGT C 3' 1.5 60 151
lOF 5'CCC CTC CCT GCA AAC CAC 3'
lOR 5'CGC TGT GAG GGC CAT GAC 3' 2.0 57 150
1IF 5'GCA GGC GTC ACA TCC CCA CTC 3'
11R 5'CCG GCC ACC AGG TGG CGT A 3' 1.5 52 148
12F 5'ATG TGG AGG CCG AAG CTG 3'
12R 5'TCT GAC CCA GCC CAT TCT TCT 3' 1.0 60 163

*P, promoter.
tF, forward primer.
tR, reverse primer.

(table 1). One of us (KD) has recently
identified a PAX2 missense mutation in a large
pedigree presenting with renal hypoplasia and
mild ocular anomalies (submitted). All affected
members had renal involvement with only mild
optic disc anomalies, which in most cases did
not affect visual acuity. These findings empha-
sise the importance of an eye examination in
patients presenting with renal hypoplasia.

Mutations in PAX2 appear predominantly to
cause optic nerve abnormalities and renal
hypoplasia in patients with renal-coloboma
syndrome. It is not known what genes might be

responsible for optic nerve colobomas in isola-
tion, or for the variable association of colobo-
mas and urogenital anomalies in renal-
coloboma-like syndromes. Several genes could
be candidates, including the CHX10 gene
which has been found to cause microphthalmia
in mice,35 or the putative gene for cat eye
syndrome on chromosome 22, which has yet to
be identified.
That we did not detect PAX2 mutations in

98 patients who had either ocular abnormali-
ties in isolation or eye defects with associated
abnormalities suggests that PAX2 mutations
do not cause colobomas in isolation, microph-
thalmia or retinal anomalies, or syndromes of
coloboma, renal anomalies, and atypical associ-
ated features. In agreement with these results a
family with dominant inheritance of optic pits
was analysed for PAX2 mutations by SSCP in
exons 1- 10 ofPAX2 and was not found to have
PAX2 sequence variants.36 Included among the
patients analysed in this study were two
patients with a subtype of Joubert syndrome,
referred to as Dekaban syndrome9 (chorioreti-
nal coloboma with cerebellar vermis aplasia
and polycystic kidneys) (patients 626 and
627), and also two patients with Arima
syndrome37 (blindness, cerebellar vermis agen-
esis, polycystic kidneys, hepatic fibrosis) (pa-
tients 630 and 633). Several other syndromes,
for example acro-renal-ocular syndrome,"'
branchio-oculo-facial syndrome,'3 and cat eye
syndrome,"4 may include optic nerve colobo-
mas as part of the phenotype, but we have not
examined such patients for PAX2 mutations.

In this study three families had a syndrome
that was considered to be identical to renal-
coloboma syndrome (patients 651, 813, 814,
816, 906, and 907), yet PAX2 mutations were
not identified in these patients. One explana-
tion for the lack of PAX2 mutations is that
there is a low level of PCR-SSCP sensitivity in
our screening procedure, and that certain types
of mutations are not being detected.38 How-
ever, our experience with the PCR-SSCP
method has shown that it is sufficiently
sensitive (85-100% detection rate) to identify
polymorphisms in DNA sequences with a GC
content ranging from 55 to 68% (HEC,
unpublished data). This level of detection of
polymorphisms by PCR-SSCP is in agreement
with observations made by others.39 Alternative
explanations as to why only seven out of 10
families with renal-coloboma syndrome were
identified as having PAX2 mutations are that
the mutations were in sequences that we have
not yet analysed, or that there are heterogene-
ous causes for the association of optic nerve
colobomas and renal anomalies. Mutations in
genes either affecting the expression of PAX2
(giving rise to insufficient PAX2 expression) or
in downstream targets of the PAX2 protein
might be predicted to give rise to a syndrome
with features closely resembling that of renal-
coloboma syndrome.
We conclude from this study that PAX2

mutations are unlikely to be common in
patients with ocular colobomas in isolation or
in patients with ocular colobomas and associ-
ated anomalies. However, patients with typical
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renal-coloboma syndrome are very likely to
have PAX2 mutations.
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Figure 1 Identification of the mutation in exon 2 of PAX2. (A) SSCP analysis of exon
The primers and conditions for amplification are described in table 3. Lane 1, mother's
DNA. Lane 2, affected subject's DNA (patient 985). Lane 3, father's DNA. An addition
band is present in lane 2 (arrow) in DNA from the affected subject. The pattern observed
in the mother's andfather's DNA is normal (B) Sequence of the normal and mutant

alleles. Sequences were obtained from subcloned PCR products corresponding to normal am
mutant alleles from patient 985. Seven independent clones in pbluescript were identified tA
contained an identical mutation, and a further seven clones from the affected patient's
DNA contained normal PAX2 sequence. A single base deletion (arrow) was observed in
the affected subject's DNA.
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Figure 2 Depiction of the location of mutations which have been identified to date withi?
PAX2 and the effect of these mutations on the predicted PAX2 protein products. The boxe
segments represent the protein domains. The conserved paired box domain (black portion)
the octapeptide sequence (dark grey portion), and the transactivation domain (light grey
portion) are shown. Frameshifted sequences in the mutated protein are depicted by mid grn
portions. WT is the normal wild type protein. A is the mutation identified in the present
study, with a single base deletion at amino acid 23 which results in a frameshift and a

truncated protein. B,C, D, and E depict the predicted protein ofpreviously identified
mutations. "l" The mutation in B is a single base insertion at amino acid position 26.16 19

The mutation in C is a 22 base deletion at amino acid position 43." The mutation in D ii
a single base insertion at amino acid position 188 in the octapeptide domain. 7 All of these
point mutations are predicted to cause a frameshift and truncated protein product. Note,
that the predicted proteins in A, B, and C lack much of the paired DNA binding domain
(black), as well as the octapeptide domain and COOH-terminal portions ofPAX2 proteiu
whereas the protein in D lacks only the octapeptide and remaining COOH-terminal
portions. The mutation in E is a translocation (10;13) (q24;ql2.3) with a breakpoint in
the middle of the PAX2 gene,'8 probably within either intron 3 or 4, which would result in
an abnormal, and possibly truncated protein.
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