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Purpose: Mutations in the glutamate receptor metabotropic 6 gene (GRM6) have been identified in patients with congenital
stationary night blindness (CSNB1B). High myopia is usually observed in CSNB1B patients. This study tested if any
mutations in GRM6 were solely responsible for high myopia.
Methods: DNA was prepared from the venous leukocytes of 96 Chinese patients with high myopia (refraction of spherical
equivalent of at least −6.00 diopters [D]) and 96 controls (refraction of spherical equivalent between −0.50 D and +2.00
D with normal visual acuity). The coding regions and adjacent intronic sequence of GRM6 were amplified by a polymerase
chain reaction (PCR) and then analyzed by cycle sequencing. Detected variations were evaluated in normal controls by
heteroduplex-single-strand-conformation (SSCP) polymorphism analysis or restriction fragment polymorphism (RFLP).
Results: Four novel variations predicted to have potential functional changes were identified: c.
67-82delCAGGCGGGCCTGGCGCinsT (p.Gln23_Arg28delinsCys), c.858-5a>g (r.spl?), c.1172G>A (p.Arg391Gln),
and c.1537G>A (p.Val513Met). Except for c.1172G>A, the other three were not detected in the 96 controls. In addition,
five rare variations—(c.72G>A, c.504+10g>t, c.726-50g>c, c.1359C>T, and c.1383C>T)—and one common variation
(c.2437-6g>a) without predicted functional consequences and nine known single nucleotide polymorphisms (SNPs) were
also detected.
Conclusion: Three novel variations with potential functional consequences were identified in the GRM6 of patients with
high myopia, suggesting a potential role in the development of myopia in rare cases.

The glutamate receptor metabotropic 6 gene (GRM6;
OMIM 604096), mapped to 5q35, contained 10 exons and
encoded an 877 amino acid protein, mGluR6. As a member
of Group III mGluRs (mGluR4, 6, 7, and 8), it contains a signal
peptide, a large bi-lobed extracellular NH2-terminal domain
containing the glutamate binding site, seven G protein-
coupled receptor (GPCR) transmembrane domains and an
intracellular COOH-terminal domain [1-3]. In the rat retina,
mGluR6 is specifically expressed in ON bipolar cells at the
postsynaptic site [4]. In the retinal neural network, an increase
in light reduced the release of glutamate from cones and rods,
while a decrease in light increases its release, which acted as
inputs from photoreceptors to bipolar cells. The visual signals
of light and dark were segregated into parallel ON and OFF
pathways through ON and OFF bipolar cells. The ON bipolar
cells utilize a metabotropic glutamate receptor (mGluR6) for
a light-activated depolarization, whereas the OFF bipolar cells
utilized ionotropic glutamate receptors (iGluRs) for a light-
activated hyperpolarization. ON and OFF bipolar cells made
synaptic contacts with ON and OFF ganglion cells and
transmitted visual signals to the brain [5-8].

Functional defects involving retinal ON-pathways have
been demonstrated by retinal electrophysiology studies in the
complete form of congenital stationary night blindness,
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including CSNB1A (OMIM 310500) and CSNB1B (OMIM
257270) [7,9-12]. Mutations in NYX or GRM6 are responsible
for CSNB1A or CSNB1B, respectively [10,11,13-15].
Besides night blindness, high myopia is also frequently
documented as a typical sign in CSNB1A patients with NYX
mutations [13,14,16-18]. A mouse model with Nyx mutation
and retinal ON-pathway defect has high susceptibility to
experimental myopia [19]. Recently, mutations in NYX have
been reported to associate with high myopia alone without
night blindness [20]. Similarly, moderate to high myopia is
also a common sign in CSNB1B patients with GRM6
mutations [10,21]. A mouse model lacking the GRM6 gene
showed a loss of ON response, but an unchanged OFF
response to light, demonstrating its essential role in ON
synaptic transmission [4].

Congenital stationary night blindness (CSNB) can be
caused by mutations in genes GNAT1, PDE6B, RHO, CABP4,
GRK1, GRM6, RDH5, SAG, CACNA1F, and NYX (RetNet).
Myopia is not always associated with CSNB, except in cases
resulting from mutations in NYX and GRM6 [10,16],
suggesting a gene-specific phenotype rather than association
with night blindness. As mutations in GRM6 resulted in
phenotypes extremely similar to those in NYX, this suggested
that GRM6 might be a candidate susceptibility gene for
isolated high myopia. In this study, we analyzed the genomic
sequence of GRM6 in 96 Chinese patients with high myopia.

METHODS
Subjects: Ninety-six unrelated probands with high myopia
and 96 unrelated normal controls were collected from
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Zhongshan Ophthalmic Center. Informed consent conforming
to the tenets of the Declaration of Helsinki was obtained from
the participants prior to the study. This study was approved
by the Institutional Review Boards of Zhongshan Ophthalmic
Center. Ophthalmological examinations were performed by
ophthalmologists (Drs. Q.Z. and X.G.). The diagnostic criteria
for high myopia were as we previously described [22]: 1)
bilateral refraction of –6.00D or lower (spherical equivalent)
and 2) no other known ocular or systemic diseases associated
with high myopia. Normal controls met the following criteria:
1) bilateral refraction between –0.50 D and +2.00 D with
normal visual acuity, 2) no family history of high myopia, and
3) exclusion of known ocular or systemic diseases. The
refractive error of all eyes was measured with cycloplegic
autorefraction after mydriasis (Mydrin®-P, a compound
tropicamide; Santen Pharmaceutical Co. Ltd., Osaka, Japan).
Genomic DNA was prepared from venous blood.
Variation analysis: Seven pairs of primers (Table 1) were used
to amplify the 10 coding exons and the adjacent intronic
sequence of GRM6 (human genome build 36.2 NC_000005.8
for gDNA, NM_000843.3 for mRNA, and NP_000843.2 for
protein). DNA fragments from individual exons were
amplified by touchdown PCR where higher annealing
temperatures were set for the first five cycles, followed by
moderate annealing temperature for the next five cycles and
finally by a lower annealing temperature as listed in Table 1
for the remaining 23 cycles. The procedures for sequencing

and variation detection were basically the same as previously
described [22]. Potential mutations detected in GRM6 of
patients were further evaluated in the 96 controls by using
either heteroduplex-single-strand-conformational
polymorphism (HA-SSCP) [23] or polymerase chain reaction
combined with restriction fragment length polymorphism
(PCR-RFLP) analysis [24]. Extra pairs of primers were
designed for HA-SSCP or PCR-RFLP analysis (Table 2). The
102 bp amplicons with the c.1172G>A variation were cut into
26 bp and 76 bp as the variation created a new BstNI site,
while the wild amplicons remained unchanged. The 136 bp
amplicons with the c.1537G>A variation could not be
digested by Bsp1286I since the variation erased the Bsp1286I
site that presented in wild type amplicons. The variation of c.
1172G>A was genotyped and statistically analyzed using
continuity correction of Pearson’s Chi-Square test with a
significance level of 0.05.
Database and online tools:  Polymorphism Phenotyping
(PolyPhen) [25-27] and Sorting Intolerant From Tolerant
(SIFT) [28] were used to evaluate the potential pathogenicity
of sequence alterations at the protein level. Automated Splice
Site Analysis (ASSA) [29] and Berkeley Drosophila Genome
Project (BDGP) [30] were used for predicting the alterations
of splicing sites. National Center for Biotechnology
Information (NCBI), Conserved Domain Database (CDD),
PSORT II,WoLF PSORT [31,32], Simple Modular
Architecture Research Tool (SMART) [33,34], and

TABLE 1. PRIMERS USED FOR POLYMERASE CHAIN REACTION AMPLIFICATION AND DIRECT SEQUENCING OF GRM6.

Exons Primer sequence(5’-3’)

Product
length
(bp)

Annealing
temperature

(°C) Note
1 F-CCGAGCGCCTTCTCCCCAGGAC 785 68
 R-TGCGTCGGGCTCAACTGACAGG
2 F-TGTGCCCCGTCCGTGTCC 481 63
 R-TGAGGCAGGGCTGAGTCGTC
3 F-GGGCGGGACCTCTTTGTT 521 65
 R-GCTATTCAGTCTGGGCTTGTG

4~7 F-CCGGCCCCGTTTTTCCTG 4132 69 LA Taq DNA Polymerase
 R-CACCTGGGACGCACAAAACAC
 F1-GCCATGCCTAGTTCACCT / / Sequencing primer
 F2-ATTTGCACGTCCCTTATGAGC Sequencing primer
 R1-CTTTCCTCGCACGCCATCC / / Sequencing primer
 R2-TCAGCCTCACCCAGCCCTTCC Sequencing primer
8 F-TCAACGAGAACGGAGATGC 900 61
 R-CCCTTTTGGCTTTGTAACG
9 F-CTGAGAGCCACCACGAAGAG 567 65
 R-GCAGCCAGATACGGGATAAA

10 F-GGGCCCCTGCTCATACTGTT 460 65
 R-CTCCCTGCCACTGACTGTTC

In the "Primer sequence" column, "F" indicates the forward primer and "R" indicates the reverse primer. GC1 buffer (Takara
Biotechnology Dalian CO. Ltd, Liaoning, China) is designed for amplification of templates having complex secondary structure
or high GC content. LA Taq DNA Polymerase (Takara Biotechnology Dalian CO. Ltd, Liaoning, China) was designed for
amplification of long targets. The amplicon from exon 4 to 7 was sequenced with the additional primers listed as F1, F2, R1
and R2.
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pTARGET [35,36] were used for analyzing structures and
functions of protein domains and predicting protein topology
and subcellular localization. Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) was used for showing
and predicting protein interactions [37].

RESULTS
Upon complete analysis of GRM6 in 96 patients with high
myopia, four novel variations predicted to have potential
functional consequence were identified: c.
67-82delCAGGCGGGCCTGGCGCinsT
(p.Gln23_Arg28delinsCys), c.858-5a>g (r.spl?), c.1172G>A
(p.Arg391Gln), and c.1537G>A (p.Val513Met; Figures
1A,B; Table 3). The c.
67-82delCAGGCGGGCCTGGCGCinsT
(p.Gln23_Arg28delinsCys) variation was further determined
by cloning sequencing (Figure 1A). Of the four variations,
three were not present in the 96 controls but the other one (c.
1172G>A) was detected in four of the 96 controls. In addition,
five rare variations (c.72G>A, c.504+10g>t, c.726-50g>c, c.
1359C>T, and c.1383C>T) and a common variation (c.
2437-6g>a) without predicted functional consequence by the
abovementioned online tools [25-30] were also detected in
patients with high myopia, but the presence of these variations
in controls was not examined. Furthermore, nine reported
SNPs (rs2645329, rs2071246, rs2645339, rs4701014,
rs2067011, rs11746675, rs2071247, rs2071249, and
rs17078853) were also detected in patients (Table 3).

The c.67-82delCAGGCGGGCCTGGCGCinsT
(p.Gln23_Arg28delinsCys) variation was detected in one
patient in a heterozygous status, but not in the 96 controls. It
was a del_ins variation without frame shifting, resulting in the
deletion of six residues and the addition of cysteine at protein.
Conserved domain analysis showed the affected oligopeptide
was not conserved among different species or different
members of Group III mGluRs (Figures 1D, E). Functional
domain prediction revealed that amino acid residues one to 24

of mGluR6 would act as the signal peptide, and the following
25 to 585 amino acid residues would form an extracellular N-
terminal domain related to periplasmic ligand binding. The
NH2-terminal domain is vital in glutamate binding and the
activation/inactivation of mGluR6 [38,39].

The c.858-5a>g variation was detected in one patient, but
not in the 96 controls. Analysis of the corresponding splicing
site by both the ASSA server and the BDGP server revealed
a comparatively weak leaky effect (from 9.6 to 9.3), resulting
in a –1.2 fold decrease on the natural splicing acceptor site.

The c.1172G>A variation resulted in a substitution of
arginine (a strongly basic residue) to glutamine (a small polar
amino acid; p.Arg391Gln), with a residue weight of one on

PolyPhen and
SIFT, respectively. The arginine in this position was
conserved between different species except in Rattus
norvegicus and Mus musculus, whereas it varied in different
members of Group III mGluRs (Figures 1D, E). The residue
with variation is in the NH2-terminal domain and nearby one
of the key positions of the glutamate binding pocket p.Lys400
[40], presumably and, therefore, is presumed to affect the
receptor family ligand binding region according to domain
analyzing databases. However, this variation was found in two
patients and four controls, with no statistical significance on
continuity correction of Pearson’s χ2 test (Table 3).

The c.1537G>A variation was found in three high myopia
patients, where two were heterozygous and one homozygous.
It resulted in a substitution of a hydrophobic valine by a highly
conserved sulfur-containing and polar methionine
(p.Val513Met), with a Blosum 62 score of one and a “benign”
or “tolerated” effect by the abovementioned online tools.
Residues 513 to 564 were predicted to form a highly
conserved extracellular domain of family 3 GPCR forming
disulphide bridges (Figures 1D, E). The function of this region
remains uncertain but may play a role in calcium sensing and
proper trafficking of proteins [41,42]. Residue 524 is
predicted to be one of the nuclear localization signals of

TABLE 2. PRIMERS USED FOR EVALUATING THE VARIATIONS BY HA-SSCP OR PCR-RFLP ANALYSIS OF GRM6.

Variations Primer sequence (5’-3’)

Product
length
(bp)

Annealing
temperature

(°C) Note

c.68-82delAGGCGG
GCCTGGCGCinsT

F-CCGAGCGCCTTCTCCCCAGGAC 430 71

 R-GGTGTCCCGCGAGCAGGTG
c.726-50g>c F-GGGCGGGACCTCTTTGTT 214 68-66-64 Touchdown PCR
 R-CCTGGGAATCTTGATAGACTGG
c.858-5a>g F-GGAAGGTGCCCTAAATGC 202 65
 R-AAGTGGCCGGTCAGGTTGG
c.1172G>A F-TAGGACAGGCGAGGAACG 102 70-68-66 Touchdown PCR
 R-TGGAGGGCGTGGGCAATG
c.1537G>A F-GGATCCCGGAGGCAGACG 136 70-68-66 Touchdown PCR
 R-CCATCTTCTTCCGCTCCC
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mGluR6. Residue 513 may play a role in nuclear localization
and translocation of mGluR6.

DISCUSSION
High myopia usually occurs alone (nonsyndromic) but, in rare
cases, may present as a sign in a number of syndromes
(syndromic). Genetic factors have been demonstrated to play

an important role in the development of high myopia [43,44].
The genes responsible for nonsydromic high myopia are
mostly unknown although identification of such genes has
been sought by using various approaches, including linkage
analysis, case-control association study, and sequence
analyzing of candidate genes [45]. Of these, a number of
studies have tested the association of nonsydromic high

Figure 1. Four novel variations were detected in GRM6 of 96 unrelated subjects with isolated high myopia. A: Sequences with c.
67-82delCAGGCGGGCCTGGCGCinsT p.Gln23_Arg28delinsCys variation, normal control, as well as cloning sequences of both forward
and reverse directions. B: Sequences showing the rest three novel variations as well as normal controls. The substitute bases are highlighted
by an arrow, with protein consequence marked below. C: Variations were not observed in normal controls (NC) by SSCP or RFLP, with the
exception of c.1172G>A p.Arg391Gln. Plus signs indicate samples with variation; minus signs indicate normal controls. D and E: Conservation
analysis of the variations between different species (D) or between different members of Group III mGluRs (E).
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myopia with common SNPs in genes responsible for
syndromic high myopia but, unfortunately, the results are
inconclusive and controversial in general [40,46-49]. This
approach is based on the understanding that the genetic basis
of complex diseases is associated with common variant
(common disease, common variant [CDCV]). However,
routine association study of common SNPs may not discover
rare variations that might contribute to complex diseases
(common disease, rare variant [CDRV]) [50-52]. Sequencing
the functional regions of the target gene, as in this study,
would detect such rare variations as well as mutations, which
should be a preferable approach for a disease like high myopia
where both Mendelian traits and complex traits are involved.

Here in this study, the entire coding and adjacent intronic
regions of GRM6 were sequenced for 96 patients with
nonsyndromic high myopia. Consequently, four novel
variations were detected in GRM6 of the Chinese patients with
high myopia, where three were only present in patients but not
among the 96 controls. These variations were predicted to
affect the functions of the encoded proteins if the mutant allele
is expressed. This was the first sequencing evaluation of
GRM6 in a group of patients with high myopia. The
information obtained based on the current case-control
sequence analyzing may not lead to a definite conclusion;
however, it not only expands our understanding of GRM6
variations in human beings but also may suggest a potential
role of GRM6 rare variations in the development of myopia
in rare cases. Further studies in other ethnic populations may
provide useful information to verify our findings.

ACKNOWLEDGMENTS
The authors thank all patients and normal controls for their
participation. This study was supported in part by grants
30772390 from the National Natural Science Foundation of
China, Grant 7001571 and 8251008901000020 from the
Natural Science Foundation of Guangdong Province. Prof.
Qingjiong Zhang is a recipient of the National Science Fund
for Distinguished Young Scholars (30725044).

REFERENCES
1. Nakajima Y, Iwakabe H, Akazawa C, Nawa H, Shigemoto R,

Mizuno N, Nakanishi S. Molecular characterization of a novel
retinal metabotropic glutamate receptor mGluR6 with a high
agonist selectivity for L-2-amino-4-phosphonobutyrate. J
Biol Chem 1993; 268:11868-73. [PMID: 8389366]

2. Hashimoto T, Inazawa J, Okamoto N, Tagawa Y, Bessho Y,
Honda Y, Nakanishi S. The whole nucleotide sequence and
chromosomal localization of the gene for human
metabotropic glutamate receptor subtype 6. Eur J Neurosci
1997; 9:1226-35. [PMID: 9215706]

3. Weng K, Lu C, Daggett LP, Kuhn R, Flor PJ, Johnson EC,
Robinson PR. Functional coupling of a human retinal
metabotropic glutamate receptor (hmGluR6) to bovine rod
transducin and rat Go in an in vitro reconstitution system. J
Biol Chem 1997; 272:33100-4. [PMID: 9407094]

4. Masu M, Iwakabe H, Tagawa Y, Miyoshi T, Yamashita M,
Fukuda Y, Sasaki H, Hiroi K, Nakamura Y, Shigemoto R,
Takadac M, Nakamura K, Nakaog K, Katsukig M, Nakanishi
S. Specific deficit of the ON response in visual transmission
by targeted disruption of the mGluR6 gene. Cell 1995;
80:757-65. [PMID: 7889569]

TABLE 3. SEQUENCE VARIATIONS IN GRM6 DETECTED IN 96 HIGH MYOPIA PATIENTS.

 Variation Location Effect

High
myopia
(n=96)

Normal
control
(n=96)

# c.72G>A Exon 1 synonymous 1 ND
1 c.67-82delCAGGCGGGCCTGGCGCinsT Exon 1 p.Gln23_Arg28delinsCys 1 0
2 c.176A>C Exon 1 rs2645329 76 ND
3 c.504+10g>t Intron 1 No splicing site changed 1 ND
4 c.726-50g>c Intron 2 Splicing acceptor unaffected 1 0
5 c.858-5a>g Intron 3 Decrease of splicing acceptor 1 0
6 c.1131C>T Exon 5 rs2071246 87 ND
7 c.1172G>A Exon 6 p.Arg391Gln 2 4*
8 c.1227C>T Exon 6 rs2645339 84 ND
9 c.1308T>C Exon 6 rs4701014 96 ND

10 c.1353T>C Exon 6 rs2067011 84 ND
11 c.1359C>T Exon 7 synonymous 2 ND
12 c.1383C>T Exon 7 synonymous 1 ND
13 c.1392A>G Exon 7 rs11746675 75 ND
14 c.1537G>A Exon 8 p.Val513Met 3 0
15 c.2196G>A Exon 9 rs2071247 52 ND
16 c.2437-6g>a Intron 9 No splicing site changed 19 ND
17 c.2457G>A Exon 10 rs2071249 19 ND
18 c.2634+56a>t Intron 10 rs17078853 19 ND

The novel variations are highlighted in bold. An asterisk indicates that there is no statistical difference between patients and
controls. ND: no detected.

Molecular Vision 2009; 15:2094-2100 <http://www.molvis.org/molvis/v15/a225> © 2009 Molecular Vision

2098

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8389366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9215706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9407094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7889569
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2645329
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2645329
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2645339
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4701014
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2067011
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11746675
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2071247
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2071249
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=17078853
http://www.molvis.org/molvis/v15/a225


5. Kew JN, Kemp JA. Ionotropic and metabotropic glutamate
receptor structure and pharmacology. Psychopharmacology
(Berl) 2005; 179:4-29. [PMID: 15731895]

6. Maddox DM, Vessey KA, Yarbrough GL, Invergo BM,
Cantrell DR, Inayat S, Balannik V, Hicks WL, Hawes NL,
Byers S, Smith RS, Hurd R, Howell D, Gregg RG, Chang B,
Naggert JK, Troy JB, Pinto LH, Nishina PM, McCall MA.
Allelic variance between GRM6 mutants, Grm6nob3 and
Grm6nob4 results in differences in retinal ganglion cell visual
responses. J Physiol 2008; 586:4409-24. [PMID: 18687716]

7. McCall MA, Gregg RG. Comparisons of structural and
functional abnormalities in mouse b-wave mutants. J Physiol
2008; 586:4385-92. [PMID: 18653656]

8. Snellman J, Kaur T, Shen Y, Nawy S. Regulation of ON bipolar
cell activity. Prog Retin Eye Res 2008; 27:450-63. [PMID:
18524666]

9. Khan NW, Kondo M, Hiriyanna KT, Jamison JA, Bush RA,
Sieving PA. Primate Retinal Signaling Pathways:
Suppressing ON-Pathway Activity in Monkey With
Glutamate Analogues Mimics Human CSNB1-NYX Genetic
Night Blindness. J Neurophysiol 2005; 93:481-92. [PMID:
15331616]

10. Dryja TP, McGee TL, Berson EL, Fishman GA, Sandberg MA,
Alexander KR, Derlacki DJ, Rajagopalan AS. Night
blindness and abnormal cone electroretinogram ON
responses in patients with mutations in the GRM6 gene
encoding mGluR6. Proc Natl Acad Sci USA 2005;
102:4884-9. [PMID: 15781871]

11. Zeitz C, van Genderen M, Neidhardt J, Luhmann UF, Hoeben
F, Forster U, Wycisk K, Matyas G, Hoyng CB, Riemslag F,
Meire F, Cremers FP, Berger W. Mutations in GRM6 cause
autosomal recessive congenital stationary night blindness
with a distinctive scotopic 15-Hz flicker electroretinogram.
Invest Ophthalmol Vis Sci 2005; 46:4328-35. [PMID:
16249515]

12. Kabanarou SA, Holder GE, Fitzke FW, Bird AC, Webster AR.
Congenital stationary night blindness and a "Schubert-
Bornschein" type electrophysiology in a family with
dominant inheritance. Br J Ophthalmol 2004; 88:1018-22.
[PMID: 15258017]

13. Pusch CM, Zeitz C, Brandau O, Pesch K, Achatz H, Feil S,
Scharfe C, Maurer J, Jacobi FK, Pinckers A, Andreasson S,
Hardcastle A, Wissinger B, Berger W, Meindl A. The
complete form of X-linked congenital stationary night
blindness is caused by mutations in a gene encoding a leucine-
rich repeat protein. Nat Genet 2000; 26:324-7. [PMID:
11062472]

14. Bech-Hansen NT, Naylor MJ, Maybaum TA, Sparkes RL,
Koop B, Birch DG, Bergen AA, Prinsen CF, Polomeno RC,
Gal A, Drack AV, Musarella MA, Jacobson SG, Young RS,
Weleber RG. Mutations in NYX, encoding the leucine-rich
proteoglycan nyctalopin, cause X-linked complete congenital
stationary night blindness. Nat Genet 2000; 26:319-23.
[PMID: 11062471]

15. Abramowicz MJ, Ribai P, Cordonnier M. Congenital stationary
night blindness: report of an autosomal recessive family and
linkage analysis. Am J Med Genet A 2005; 132A:76-9.
[PMID: 15551339]

16. Xiao X, Jia X, Guo X, Li S, Yang Z, Zhang Q. CSNB1 in
Chinese families associated with novel mutations in NYX. J
Hum Genet 2006; 51:634-40. [PMID: 16670814]

17. Zeitz C, Minotti R, Feil S, Matyas G, Cremers FP, Hoyng CB,
Berger W. Novel mutations in CACNA1F and NYX in Dutch
families with X-linked congenital stationary night blindness.
Mol Vis 2005; 11:179-83. [PMID: 15761389]

18. Zito I, Allen LE, Patel RJ, Meindl A, Bradshaw K, Yates JR,
Bird AC, Erskine L, Cheetham ME, Webster AR,
Poopalasundaram S, Moore AT, Trump D, Hardcastle AJ.
Mutations in the CACNA1F and NYX genes in British
CSNBX families. Hum Mutat 2003; 21:169. [PMID:
12552565]

19. Pardue MT, Faulkner AE, Fernandes A, Yin H, Schaeffel F,
Williams RW, Pozdeyev N, Iuvone PM. High susceptibility
to experimental myopia in a mouse model with a retinal on
pathway defect. Invest Ophthalmol Vis Sci 2008;
49:706-12. [PMID: 18235018]

20. Zhang Q, Xiao X, Li S, Jia X, Yang Z, Huang S, Caruso RC,
Guan T, Sergeev Y, Guo X, Hejtmancik JF. Mutations in
NYX of individuals with high myopia, but without night
blindness. Mol Vis 2007; 13:330-6. [PMID: 17392683]

21. O'Connor E, Allen LE, Bradshaw K, Boylan J, Moore AT,
Trump D. Congenital stationary night blindness associated
with mutations in GRM6 encoding glutamate receptor
MGluR6. Br J Ophthalmol 2006; 90:653-4. [PMID:
16622103]

22. Li T, Xiao X, Li S, Xing Y, Guo X, Zhang Q. Evaluation of
EGR1 as a candidate gene for high myopia. Mol Vis 2008;
14:1309-12. [PMID: 18636116]

23. Zhang Q, Minoda K. Detection of congenital color vision
defects using heteroduplex-SSCP analysis. Jpn J Ophthalmol
1996; 40:79-85. [PMID: 8739504]

24. Deng GR. A sensitive non-radioactive PCR-RFLP analysis for
detecting point mutations at 12th codon of oncogene c-Ha-ras
in DNAs of gastric cancer. Nucleic Acids Res 1988;
16:6231. [PMID: 2456524]

25. Ramensky V, Bork P, Sunyaev S. Human non-synonymous
SNPs: server and survey. Nucleic Acids Res 2002;
30:3894-900. [PMID: 12202775]

26. Sunyaev S, Ramensky V, Bork P. Towards a structural basis of
human non-synonymous single nucleotide polymorphisms.
Trends Genet 2000; 16:198-200. [PMID: 10782110]

27. Sunyaev S, Ramensky V, Koch I, Lathe W 3rd, Kondrashov
AS, Bork P. Prediction of deleterious human alleles. Hum
Mol Genet 2001; 10:591-7. [PMID: 11230178]

28. Ng PC, Henikoff S. Predicting deleterious amino acid
substitutions. Genome Res 2001; 11:863-74. [PMID:
11337480]

29. Nalla VK, Rogan PK. Automated splicing mutation analysis by
information theory. Hum Mutat 2005; 25:334-42. [PMID:
15776446]

30. Reese MG, Eeckman FH, Kulp D, Haussler D. Improved splice
site detection in Genie. J Comput Biol 1997; 4:311-23.
[PMID: 9278062]

31. Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-
Collier CJ, Nakai K. WoLF PSORT: protein localization
predictor. Nucleic Acids Res 2007; 35:W585-7. [PMID:
17517783]

Molecular Vision 2009; 15:2094-2100 <http://www.molvis.org/molvis/v15/a225> © 2009 Molecular Vision

2099

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15731895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18687716
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18653656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18524666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18524666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15331616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15331616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15781871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16249515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16249515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15258017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15258017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11062472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11062472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11062471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11062471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15551339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15551339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16670814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12552565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12552565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18235018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17392683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16622103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16622103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18636116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8739504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2456524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12202775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10782110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11230178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11337480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11337480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15776446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15776446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9278062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9278062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17517783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17517783
http://www.molvis.org/molvis/v15/a225


32. Nakai K, Horton P. Computational prediction of subcellular
localization. Methods Mol Biol 2007; 390:429-66. [PMID:
17951705]

33. Schultz J, Milpetz F, Bork P, Ponting CP. SMART, a simple
modular architecture research tool: identification of signaling
domains. Proc Natl Acad Sci USA 1998; 95:5857-64. [PMID:
9600884]

34. Letunic I, Doerks T, Bork P. SMART 6: recent updates and new
developments. Nucleic Acids Res 2009; 37:D229-32. [PMID:
18978020]

35. Guda C, Subramaniam S. pTARGET [corrected] a new method
for predicting protein subcellular localization in eukaryotes.
Bioinformatics 2005; 21:3963-9. [PMID: 16144808]

36. Guda C. pTARGET: a web server for predicting protein
subcellular localization. Nucleic Acids Res 2006; 34:W210,
3. [PMID: 16844995]

37. von Mering C, Jensen LJ, Kuhn M, Chaffron S, Doerks T,
Kruger B, Snel B, Bork P. STRING 7--recent developments
in the integration and prediction of protein interactions.
Nucleic Acids Res 2007; 35:D358-62. [PMID: 17098935]

38. Tsuchiya D, Kunishima N, Kamiya N, Jingami H, Morikawa K.
Structural views of the ligand-binding cores of a metabotropic
glutamate receptor complexed with an antagonist and both
glutamate and Gd3+. Proc Natl Acad Sci USA 2002;
99:2660-5. [PMID: 11867751]

39. Kunishima N, Shimada Y, Tsuji Y, Sato T, Yamamoto M,
Kumasaka T, Nakanishi S, Jingami H, Morikawa K.
Structural basis of glutamate recognition by a dimeric
metabotropic glutamate receptor. Nature 2000; 407:971-7.
[PMID: 11069170]

40. Wang P, Li S, Xiao X, Jia X, Jiao X, Guo X, Zhang Q. High
myopia is not associated with the SNPs in the TGIF, lumican,
TGFB1, and HGF genes. Invest Ophthalmol Vis Sci 2009;
50:1546-51. [PMID: 19060265]

41. Zeitz C, Forster U, Neidhardt J, Feil S, Kalin S, Leifert D, Flor
PJ, Berger W. Night blindness-associated mutations in the
ligand-binding, cysteine-rich, and intracellular domains of the
metabotropic glutamate receptor 6 abolish protein trafficking.
Hum Mutat 2007; 28:771-80. [PMID: 17405131]

42. Jo J, Heon S, Kim MJ, Son GH, Park Y, Henley JM, Weiss JL,
Sheng M, Collingridge GL, Cho K. Metabotropic glutamate

receptor-mediated LTD involves two interacting Ca(2+)
sensors, NCS-1 and PICK1. Neuron 2008; 60:1095-111.
[PMID: 19109914]

43. Feldkamper M, Schaeffel F. Interactions of genes and
environment in myopia. Dev Ophthalmol 2003; 37:34-49.
[PMID: 12876828]

44. Young TL, Metlapally R, Shay AE. Complex trait genetics of
refractive error. Arch Ophthalmol 2007; 125:38-48. [PMID:
17210850]

45. Tang WC, Yap MK, Yip SP. A review of current approaches to
identifying human genes involved in myopia. Clin Exp
Optom 2008; 91:4-22. [PMID: 18045248]

46. Mutti DO, Cooper ME, O'Brien S, Jones LA, Marazita ML,
Murray JC, Zadnik K. Candidate gene and locus analysis of
myopia. Mol Vis 2007; 13:1012-9. [PMID: 17653045]

47. Metlapally R, Li YJ, Tran-Viet KN, Abbott D, Czaja GR,
Malecaze F, Calvas P, Mackey D, Rosenberg T, Paget S,
Zayats T, Owen MJ, Guggenheim JA, Young TL. COL1A1
and COL2A1 genes and myopia susceptibility: evidence of
association and suggestive linkage to the COL2A1 locus.
Invest Ophthalmol Vis Sci 2009; 50:4080-6. [PMID:
19387081]

48. Inamori Y, Ota M, Inoko H, Okada E, Nishizaki R, Shiota T,
Mok J, Oka A, Ohno S, Mizuki N. The COL1A1 gene and
high myopia susceptibility in Japanese. Hum Genet 2007;
122:151-7. [PMID: 17557158]

49. Liang CL, Hung KS, Tsai YY, Chang W, Wang HS, Juo SH.
Systematic assessment of the tagging polymorphisms of the
COL1A1 gene for high myopia. J Hum Genet 2007;
52:374-7. [PMID: 17273809]

50. Schork NJ, Murray SS, Frazer KA, Topol EJ. Common vs. rare
allele hypotheses for complex diseases. Curr Opin Genet Dev
2009; 19:212-9. [PMID: 19481926]

51. Nejentsev S, Walker N, Riches D, Egholm M, Todd JA. Rare
variants of IFIH1, a gene implicated in antiviral responses,
protect against type 1 diabetes. Science 2009; 324:387-9.
[PMID: 19264985]

52. Bodmer W, Bonilla C. Common and rare variants in
multifactorial susceptibility to common diseases. Nat Genet
2008; 40:695-701. [PMID: 18509313]

Molecular Vision 2009; 15:2094-2100 <http://www.molvis.org/molvis/v15/a225> © 2009 Molecular Vision

The print version of this article was created on 15 October 2009. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

2100

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17951705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17951705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9600884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9600884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18978020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18978020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16144808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16844995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17098935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11867751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11069170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11069170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19060265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17405131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19109914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19109914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12876828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12876828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17210850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17210850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18045248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17653045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19387081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19387081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17557158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17273809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19481926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19264985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19264985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18509313
http://www.molvis.org/molvis/v15/a225

