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PAX6 missense mutations associated in patients with optic nerve
malfor mation
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Purpose: PAX6 missense mutations are likely to cause a spectrum of ocular, neurological, and systemic developmental
defects and have been reported in various ethnic groups. The purpose of this study was to investigate the clinical features
of optic nerve malformation caused B&X6 mutations in Indian patients.

Methods: Total genomic DNA was isolated from peripheral blood of 27 sporadic probands affected with congenital optic
nerve malformation, unaffected family members, and 50 unrelated age-matched controls. Informed consent was obtained
from all study subjects. Polymerase chain reaction was carried out to eRpXdreefective alleles using single-strand
conformation analysis (PCR-SSCA) followed by automated bidirectional sequencing.

Results: We identified two novePAX6 missense mutations in two unrelated sporadic probands. The mutation analysis
revealed variation at position ¢.469G>C, codon 36 in proband ONH 4-1 with optic nerve hypoplasia. The other de novo
mutation was observed at ¢.514G>C, codon 51 in proband ODC 5-1 with optic disc coloboma. Both G>C base substitu-
tions cause a relatively conservative amino acid change, altering glycine to alanine residues within the paired DNA-
binding domain.

Conclusions: In this study, we have been able to identify two sequence variations BAXieegene. These missense
mutations may uniquely alter the structure and expression of PAX6 protein, resulting in distinct clinical phenotypes.
Mutation analysis of 27 probands #@4X6 has resulted in only two significant variants. This finding demonstrated that

the frequency oPAX6 mutations associated with optic nerve malformation is low, requiring the elucidation of other
candidate genes in other patients.

PAX6, a paired-box transcriptional factor, is consideredthe paired domain [8PAX6 variants and nonaniridic pheno-
to be the master control gene for eye morphogenesis. It is etypes associated with missense mutations are documented at
pressed in ocular and nonocular tissues, such as the olfactdihg PAX6 allelic variation databasdAX6). Despite the low
epithelium, central nervous system, brain, and pancreatic isumber of case®AX6 missense mutations are clinically im-
lets [1,2].PAX6 mutations are associated with autosomal domiportant, since they are likely to cause unique ocular and neu-
nant aniridia and a variety of congenital eye abnormalities inrological disorders. Here we correlate genetic and clinical fea-
volving the anterior chamber and retina [3,4]. Coding mutatures for optic nerve malformations wilAX6 gene muta-
tions inPAX6 may impair retinal ganglion cell development, tions in Indian patients.
leading to optic nerve hypoplasia/aplasia with persistent hya-
loid vessels (PHPV). Recent genetic studies showPdosh METHODS
deficiency affects early progenitor cell proliferation and laterPatients: All studies were conducted in accordance with the
neuronal differentiation, leading to brain abnormalities in micgenets of the Declaration of Helsinki. Pediatric and neuro oph-
and humans [5,6]. The majority of PAX6 ocular defects arehalmologists recruited 27 unrelated patients associated with
caused by haploinsufficiency. Most congenital optic nerveptic nerve malformation (their available family members) and
anomalies are sporadic, but in some cases, optic ner& age-matched controls for this study. Informed consent was
coloboma (OMIM 120430) or optic nerve hypoplasia (OMIM obtained from all individuals. Ophthalmic examinations in-
165550) may be inherited in an autosomal dominant mannesluded slit lamp biomicroscopy, measurement of intraocular
The 22 kb humaRAX6 gene that encodes a 422-amino acidpressure (IOP) by applanation tonometry, gonioscopic evalu-
protein with paired and homeobox DNA-binding domains andation of the anterior chamber angle, and perimetry by auto-
a PST transcriptional activation domain were identified bymated field analyzer. Table 1 summaries the clinical diagno-
positional cloning in 11p13 [7RAX6 contains an alternative sis of sporadic probands affected with various congenital op-
exon that encodes a 14-amino acid insertion (5a isoform) itic nerve malformation.
DNA preparation: Total genomic DNA was isolated from
Correspondence to: Dr. P. Sundaresan, Senior Scientist, Departmegyiyod by the salt precipitation method [9] and suspended in
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Polymerase chain reaction: Polymerase chain reaction PCR buffer, 0.5 U of Tag (Promega, Madison, WI), 2 mM

(PCR) analysis was carried out to ampRAX6 coding exons

MgCl,, 200 mM dNTPs, and 100 pM of primers. Modified

4-13 using primers previously described in the literature [8]thermocycling conditions were performed as reported else-
Each 20ul reaction contains 100 ng of genomic DNA, 1X where in the literature [10].

TaBLE 1. CLINICAL FEATURES OF STUDY SUBJECTS AFFECTED WITH CONGENITAL OPTIC NERVE MALFORMATION

Cases Sex
ONH
1-1 8/ M
2-1 4/ M
3-1 11/ M
4-1* 4/ M
5-1 71 M
6-1 6m M
7-1 4/ M
8-1 17/ F
9-1 9/ F
obC
1-1 2/ F
2-1 8nm M
3-1 15/ M
4-1 18/ M
5-1* 6/ M
6-1 4m M
7-1 1/ M
8-1 11/ F
9-1 10/ M
10-1 10/ M
11-1 1/ F
12-1 1/ F
13-1 5/ M
14-1 8nm M
MGS
1-1 3/ M
2-1 18m M
3-1 7'M
4-1 11/ F

Best vi sion

1/6
6/ 60

6/ 60
3/ 60

1/ 60
5/ 60
3/ 60

HM

6/ 60

2/ 60
3/ 60

HM

6/ 18
NLP
6/ 60

6/9

6/ 60

5/ 6
HM

4/ 60
3/ 60

6/ 6

2/ 60

3/ 60
HM

6/ 60

2/ 60
PL

HM

2/ 60
NLP

6/ 6

HM

6/ 6

Di agnosi s
RE LE

Nyst agnus Nyst agnus
Nyst agnus M cro cornea,

Nyst agnus
Nyst agnus Nyst agnus
Pupi | - poor reactive Pupi | - poor reactive
in light in light
Lat ent nystagmus Nor nal

Myopi a, hori zont al
j erky nystagmnus

M crocor nea
Nyst agnmoi d
novenent s

M cr opht hal nos,
Nyst agnus

M cr opht hal nos,
Nyst agnus
Anopht hal nos

M cr ocor neal

m cr opht hal nos
Optic disc pit
M cr opht hal nos
Myopi ¢ fundus,
Nyst agnus

Nor mal

M cr opht hal nos,
M crocor nea
Severe

nm cr opht hal nos
M cr opht hal nos,
Nyst agnus,

Tel ecant hus

Nor mal
Nor mal
MES, ODC, cataract

MSS, ODC

Myopi a, hori zont al
j erky nystagmus

M crocor nea
Nyst agnmoi d
novenent s

M cr opht hal nos,
Nyst agnus

M cr opht hal nos,
Nyst agnus

M cr ocor nea/
nm cr opht hal nos
M cr opht hal nos
Anopht hal nos

M cr opht hal nos

Nor nmal

M cr opht hal nos,
Nyst agnus,
Tel ecant hus

MES, ODC

MES, ONH
Severe

m cr opht hal nos
Nor mal

System ¢
findings

This table describes the clinical diagnosis of 27 sporadic probands affected by a variety of congenital optic nerve nalf6@iNto

refers to optic nerve hypoplasia, “ODC” and “MGS” indicates optic disc coloboma and morning glory syndrome, respectively. “DMS”
designate De-Morsier’s syndrome. In the “best vision” column, “LP” refers to light perception; “NLP” indicates no lightigerdephe
“systemic findings” column, “NA” refers to not available and “HT” indicates hypothyroidism. The asterisk designates thétlc&¥etw
mutations identified in this study. “HM” refers to hand motions.
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Sngle strand conformation analysis and heteroduplex ~ on 10% nondenaturing polyacrylamide gel [10].
analysis:. PCR products were analyzed by combined hetero-  Sequencing: PCR products that showed altered mobility
duplex (HD) and single-strand conformation analysis (SSCApn SSCA were gel-eluted and purified using Perfect-prep gel

Figure 1. Fundus photography and MRI scan report of the affected prolar@phthalmoscopic appearance of a 4-year-old male showing
an abnormally small optic nerve head that is surrounded by a yellowish mottled peripapillary halo boarded by a dark gi¢toeihieinng
sign).B: Ophthalmic exam of a 6-year-old boy showed the fundus picture of optic disc coloboma with large wafer-like defect, exdlarged d
funnel shaped excavation surrounded by an elevated annulus of chorioretinal pigmentary disturbance. Blood vessels eheerga &bm t
excavation like the spokes of a whel.MRI scan of axial view (Jweighted image [WI]) shows thinning of optic nerves in proband ONH
4-1 (arrow).D: MRI scan (saggital view, TWI) shows the congenital absence of septum pellucidum with hypogenesis of corpus callosum
(arrow).

TABLE 2. CLINICAL FINDINGS OF PROBANDS WITH PAX6 MUTATION

Optic
Optic nerve di sc
Best vision d aucona hypopl asi a col obona
Agel  ----------- eeeeeaoon eeoeeiiion oo
Pr oband Sex RE LE Pupi | Iris RE LE RE LE RE LE
ONH4- 1 4/ M 3/60 3/60 PRL N - - + + - -
ODC5- 1 6/ M HM HM RL N - - - - + +

This table summarizes the clinical data and phenotypes of subject®AX&mutations. Neither patient had a refractive error, nystagmus,
cataract, or macular hypoplasia. “HM” denotes hand movements. The terms “RE” and “LE” indicates the right eye and thedpiteye,
tively, “PRL” refers to poor reactive in light. “RL”" refers to reactive in light and “N” indicates normal. The symbols “+"argresent
present and absent, respectively.
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clean up kit (Eppendorf, Hamburg, Germany). They were se- PAX6 paired domain-DNA complex model: The paired
guenced bidirectionally on an Applied Biosystems (ABl)domain of PAX6 (PDBID 6PAX) protein structure [11] was
model 3730 automated sequencer at Microsynth (Balgachiised to generate the structure with the mutated residues (G36A,
Switzerland). G51A) incorporated using the Homology module of the In-

A Bu Figure 2. Genetic analysis BAX6
Gly in two unrelated families with optic
N CCAACGGATGTGTGAG nerve malformationA: The exon 5
Gly DOTTOODTADADADTY PCR product ofPAX6 showed an
C'C GCAGOGCCCO extra band (arrow) on the 10% poly-
: acrylamide gel, and sequencing of
the normal (N) and mutant (M)
DNA revealed the G>C change that
replaces Gly by Ala in proband
ONH 4-1.B: The unusual banding
pattern was observed in exon 6 of
PAX6, and the antisense strand se-

] = quencing of normal (N) and mutant
CCAACCCATGTGTGAG (M) DNA showed the nucleotide
Ala change G>C (GGA [Gly51] to GCA
£ CGCo : GGCCCGO [Ala]) in probands ODC 3-1.
GiC

A C.489G>C codon 36
Paired box homao box Rllldﬂ 19
5 RN tinker | PST domain__ '3,
B:
36 51

PAX6_HUMAN  HSGVNQLGGVFNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_XENLA  HSGVNQLGGVFNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_MOUSE  HSGVNQLGGVFNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_DROME  HSGVNQLGGVFGGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_t oy HSG NQLGGVYNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_RAT HSGVNQL GGVFNGRPL PDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_COTJA  HSGVNQLGGVFNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L
PAX6_BRARE  HSGVNQLGGVFNGRPLPDSTRQKI VELAHSGARPCDI SRI LQVSNGCVSKI L

Figure 3. Schematic X6 and amino acid conservation analysis of PAX6 protAimrA schematic o0PAX6 shows the location of nucleotide
changes in the paired box that were found in this sBidymino acid sequence alignment of the human PAX6 paired domain (amino acids 34-
57) homologs were compared with other species (PAX6_DROME is the Drosophila Pax-6 eyeless homolog and PAX6_toy is thé toy-twin
eyeless homolog). The Gly36 and Gly51 shown in red are highly conserved.
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sight Il software (Accelrys Software, Bangalore, India). Thetions (GenBank AY956820 and AY956821) replace a highly
mutated structure was energy minimized until convergence abnserved glycine residue with an alanine residue (Figure 3B).
the energy gradient to rmsd of less than 1 kcal/mole/A an@ihese substitution mutations in the seconkelix may dis-
Consistent Valence Force Field was used. The PAX6 5a isoformipt the function of the NiHterminal subdomain of PAX6
region was inserted at residue 48 (GenBank M93650) alongrigure 3A). Genetic analysis of unaffected parents and sib-
with the mutated residues, using the PAX6 structure as tentings in both families and 50 normal age-matched controls
plate. The loop search algorithm of the homology module wasevealed only wild typ&@AX6 alleles. The 5a insertion inter-
used with default parameters to identify region 607 from pdifieres with the DNA binding by the NHerminal subdomain
structure 141 as the most optimal structure for the 5a insedue to steric hindrance [12]. Mutations identified in our study
tion. The PAX6-5a isoform structure was subjected to moand reported elsewhere have been mapped onto a three-di-
lecular dynamics optimization, with the best conformationmensional model of PAX6 and PAX6-5a structure (Figure 4).
chosen for energy minimization to convergence of the energQur PAX6 paired domain-DNA complex model shows that
gradient. Gly51 and Gly36 are close to the DNA-binding surface, and
suggest that G51A is likely to directly interfere with the DNA
RESULTS binding of the PAX6 protein. Analysis of amino acid mutation
We describe two novelPAX6 missense mutations in Indian stability for G36A and G51A mutations identified in this study
patients with optic nerve hypoplasia and optic disc colobomaising the Amino Acid Mutation Stability Prediction Server
Complete anterior and posterior segment findings of the twMUpro (version 1.0) suggests a decrease in the stability of

sporadic probands are given in (Table 2). PAX6 protein structure.
Proband ONH4-1 is a 4-year-old male with bilateral op-
tic nerve hypoplasia (Figure 1A). His MRI scan revealed con- DISCUSSION

genital absence of the septum pellucidum with hypoplasia oA spectrum of phenotypes associated ViA#X6 missense

the corpus callosum, an absence of genu and rostrum, and thinutations has recently been extended to include a variety of
ning of the body splenium (Figure 1C,D). These findings wer@ptic nerve malformations, such as morning glory disc anomaly
consistent with DeMorsier syndrome (OMIM 182230). SSCAand optic nerve hypoplasia in Japanese and European ethnic
and bidirectional sequencing analysig?8iX6 showed a het- groups [4]. Hence we carried ouPax6 genetic study in In-
erozygous c.469G>C mutation, GGG (Gly36) to GCG (Ala36dian patients with a variety of optic nerve malformation phe-
in exon 5 (Figure 2A). Proband ODC 5-1 is a 6-year-old mal@otypes. Two novePAX6 missense mutations were identified
with congenital optic disc coloboma (Figure 1B). The ampli-in two unrelated probands with different clinical manifesta-
fied PCR product from exon 6 showed an unusual band shifions of optic nerve malformations.

on a nondenaturing SSCA gel (Figure 2B). Bidirectional se- Proband ONH 4-1 was identified to have a de novo het-
guencing revealed a heterozygous ¢.514G>C base-pair surozygous ¢.469G>C mutation in X6 paired domain and
stitution, GGA (Gly51) to GCA (Ala51) in exon 6. Both varia- was diagnosed for bilateral optic nerve hypoplasia. Ocular con-

Figure 4. Overview of PAX6 paired
domain DNA complex modeled
structure. The PAX6 mutated struc-

Sa isolorm

""ﬂj\ ture and the PAX6 5a isoform (yel-

low) are shown as a ribbon model

with the mutated residues from other
studies (pink) depicted as sticks. The
mutations identified in this study are

shown in red. The DNA bases (light

green) and the ribbon representation
of the PAX 6 protein are represented
in blue.




Molecular Vision 2006; 12:236-42 <http://www.molvis.org/molvis/v12/a26/> ©2006 Molecular Vision

ditions and brain MRI findings were consistent with DeMorsieHigh Resolution Graphics Facility at Bioinformatics Center,
syndrome. The boy had poor vision and his pupils reactebladurai Kamaraj University, Madurai. We thank Dr. VR.
abnormally to light. Irides were normal and he showed ndluthukkaruppan, Director of Research, Aravind Medical
evidence of cataract or glaucoma. Another novel c.514G>Research Foundation, for many helpful discussions of the
missense mutation was identified in proband ODC 5-1, whananuscript. The authors also thank Dr. Mahesh Kumar, Neuro-
exhibited optic disc coloboma that resulted in poor visual acuitpphthalmology, Aravind Eye Hospital, V. R. Muthulakshmi,
(hand motion only). Anterior segment findings were normalT. P.Vasanthi, for technical assistance, and Mr. R. Jeyakrishnan
whereas fundus examination showed enlarged discs bilatdor photographic work. We also thank the two anonymous re-
ally, with funnel-shaped excavation and blood vessels emergiewers for their comments and suggestions to improve the
ing from the rim like spokes on a wheel. In both pedigreesnanuscript.
there was no history of consanguineous marriage. Changes
were not detected in the unaffected immediate family mem- REFERENCES
bers and in 50 age-matched normal controls analyzed. 1. van Heyningen V, Williamson KA. PAX6 in sensory develop-
As both mutations are sporadic, it is difficult to evaluate =~ ment. Hum Mol Genet 2002; 11:1161-7.
whether these mutant alleles would be associated with purefy Simpson T, Price DJ. Pax6; a pleiotropic player in development.
optic nerve phenotypes in these cases. The mutations will gep-  Bloessays 2002; 24:1041-51. .
. . . . 7, 3. Hanson |, Churchill A, Love J, Axton R, Moore T, Clarke M, Meire
erate full-length proteins with single abnormal amino acids E van Hevni V. Mi tations in th ¢ ancient
. . . s yningen V. ISsense mutations In the most ancien
that mlght Interrupt the formation of the bound.ary between residues of the PAX6 paired domain underlie a spectrum of hu-
the optic cup and optic stalk [13,14]. Such proteins could dis-  man congenital eye malformations. Hum Mol Genet 1999:
play partial loss of function or even a gain of function, which  g:165-72.
in turn could account for their association with phenotypeg. Azuma N, Yamaguchi Y, Handa H, Tadokoro K, Asaka A, Kawase
that are distinct from classical aniridia [15,16]. Two-thirds of E, Yamada M. Mutations of the PAX6 gene detected in patients
the missense mutations previously reported affected crucial Wwith a variety of optic-nerve malformations. Am J Hum Genet
paired domain residues, and may affect DNA-binding activ-  2003; 72:1565-70. _
ity [4,15,16]. It is interesting to note that both of the muta->- Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, Hack
. . . . . . . MA, Chapouton P, Barde YA, Gotz M. Glial cells generate neu-
tions identified in this study result in the introduction of a ) - i .
. ) rons: the role of the transcription factor Pax6. Nat Neurosci 2002;
missense ehange that. Ieeds to the replacement of hlghly CON-  5.308-15. Erratum in: Nat Neurosci 2002: 5:500.
served egCIne by alanine in the palred domain of PAXG6, hlgh6. Song SJ, Liu YZ, Cong RC, Zhang XY, Yang ZJ, Li LS. [PAX6
lighting the functional importance of this region of protein. mutation caused brain abnormalities in humans]. Beijing Da Xue
The PAX6 paired domain model studies suggest that G51A  Xue Bao 2005; 37:48-50.
lies within a DNA-binding helix, whereas G36A may affect 7. Ton CC, Hirvonen H, Miwa H, Weil MM, Monaghan P, Jordan T,
DNA binding indirectly via its effect on protein folding (Fig- van Heyningen V, Hastie ND, Meijers-Heijboer H, Drechsler
ure 4). Other missense mutations located in the paired domain M, Royer-Pokora B, Collins F, Swaroop A, Strong LC, Suanders
(L46R, I56T, and V126D) have been correlated with optic GF. Positional cloning and characterization of a paired box- and

nerve hypoplasia and coloboma phenotyRé). The ex- ggqgggeﬁcontammg gene from the aniridia region. Cell 1991;

act pathological consequences are likely to depend upon t%eGIaser T, Walton DS, Maas RL. Genomic structure, evolutionary
precise amino acid substitution and its effects on the folding  conservation and aniridia mutations in the human PAX6 gene.
properties of PAX6. Nat Genet 1992; 2:232-9.

Mutations inHESX1 (OMIM 182230) have also been re- 9. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure
ported to be associated with septo-optic dysplasia and optic for extracting DNA from human nucleated cells. Nucleic Acids
nerve malformation [17], and mutations BAX2 (OMIM Res 1988; 16:1215.

167409) have been reported to cause optic nerve coloborh@ Neethirajan G, Hanson IM, Krishnadas SR, Vijayalakshmi P,
[18]. PAX6 mutation frequency in the study subjects is rela- Anupkumar K, Sundaresan P. A novel PAX6 gene mutation in

- L . . . . an Indian aniridia patient. Mol Vis 2003; 9:205-9.
tively low. Determining the etiology of disease in the remain-) v HE. Rould MA, Xu W, Epstein JA, Maas RL, Pabo CO. Crys-

ing patients requires screening for other gene mutations asso- 5| siructure of the human Pax6 paired domain-DNA complex
ciated with various optic nerve malformations. Our genetic  yeyeals specific roles for the linker region and carboxy-terminal
study of various optic nerve malformations will enable the  subdomain in DNA binding. Genes Dev 1999; 13:1263-75.

understanding of the significance of the candidate genes in2. Epstein JA, Glaser T, Cai J, Jepeal L, Walton DS, Maas RL. Two
volved in pathogenesis and contribute to genetic counseling, independent and interactive DNA-binding subdomains of the

especially for sporadic probands affected with congenital op-  Pax6 paired domain are regulated by alternative splicing. Genes
tic nerve anomalies. Dev 1994, §.2022-34. _ _ _
13. Hanson IM. PAX6 and congenital eye malformations. Pediatr
Res 2003; 54:791-6.

Th h ACKNOWLrEaGEkT IIENThS .. . h.14. Glaser T, Jepeal L, Edwards JG, Young SR, Favor J, Maas RL.

e authors are very much thankful to the participants in t _'S PAX6 gene dosage effect in a family with congenital cataracts,
study. The research was supported by a grant from the Indian - apjriia, anophthalmia and central nervous system defects. Nat
Council of Medical Research (ICMR 2006), New Delhi, In-  Genet 1994; 7:463-71. Erratum in: Nat Genet 1994; 8:203.
dia. We acknowledge Professor S. Krishnaswamy to avail the

241



Molecular Vision 2006; 12:236-42 <http://www.molvis.org/molvis/v12/a26/> ©2006 Molecular Vision

15. Chao LY, Mishra R, Strong LC, Saunders GF. Missense muta- tions in the homeobox gene HESX1/Hesx1 associated with
tions in the DNA-binding region and termination codon in PAX6. septo-optic dysplasia in human and mouse. Nat Genet 1998;
Hum Mutat 2003; 21:138-45. 19:125-33.

16. Tang HK, Chao LY, Saunders GF. Functional analysis of pairel8. Sanyanusin P, Schimmenti LA, McNoe LA, Ward TA, Pierpont
box missense mutations in the PAX6 gene. Hum Mol Genet ME, Sullivan MJ, Dobyns WB, Eccles MR. Mutation of the
1997; 6:381-6. PAX2 gene in a family with optic nerve colobomas, renal anoma-

17. Dattani MT, Martinez-Barbera JP, Thomas PQ, Brickman JM, lies and vesicoureteral reflux. Nat Genet 1995; 9:358-64. Erra-
Gupta R, Martensson IL, Toresson H, Fox M, Wales JK, tum in: Nat Genet. 1996; 13:129.

Hindmarsh PC, Krauss S, Beddington RS, Robinson IC. Muta-

The print version of this article was created on 30 Mar 2006. This reflects all typographical corrections and erraticke tin@agh that
date. Details of any changes may be found in the online version of the article.

242



