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Purpost. Congenital stationary night blindness is a nonprogres-
sive retinal disorder manifesting as impaired night vision and is
generally associated with other ocular symptoms, such as nys-
tagmus, myopia, and strabismus. This study was conducted to
further investigate the genetic basis of CSNB in a consanguin-
eous Pakistani family.

METHODS. A consanguineous family with multiple individuals
manifesting cardinal symptoms of congenital stationary night
blindness was ascertained. All family members underwent de-
tailed ophthalmic examination, including fundus photographic
examination and electroretinography. Blood samples were col-
lected and genomic DNA was extracted. Exclusion and ge-
nome-wide linkage analyses were completed and two-point
LOD scores were calculated. Bidirectional sequencing of
GNAT1 was completed, and quantitative expression of Gnatl
transcript levels were investigated in ocular tissues at different
postnatal intervals.

ResuLts. The results of ophthalmic examinations were sugges-
tive of early-onset stationary night blindness with no extraoc-
ular anomalies. The genome-wide scan localized the critical
interval to chromosome 3, region p22.1-p14.3, with maximum
two-point LOD scores of 3.09 at 6 = 0, flanked by markers
D353522 and D351289. Subsequently, a missense mutation in
GNATI, p.D129G, was identified, which segregated within the
family, consistent with an autosomal recessive mode of inher-
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itance, and was not present in 192 ethnically matched control
chromosomes. Expression analysis suggested that Gnatl1 is ex-
pressed at approximately postnatal day (P)7 and is predomi-
nantly expressed in the retina.

Concrusions. These data suggest that a homozygous missense
mutation in GNATI1 is associated with autosomal recessive
stationary night blindness. (Invest Opbthalmol Vis Sci. 2012;
53:1353-1361) DOI:10.1167/iovs.11-8026

ongenital stationary night blindness (CSNB) is a clinically

heterogeneous group of nonprogressive retinal disorders,
characterized by impaired night vision, decreased visual acuity,
nystagmus, myopia, and strabismus.' CSNB can be classified
into two groups based on the electroretinographic recordings
that exhibit waveforms in response to flashes of light that
correspond to changes in the polarization of the photoreceptor
and bipolar cells.>® The Schubert-Bornschein type is charac-
terized by an electronegative electroretinogram (ERG) at the
scotopic bright flash, in which the amplitude of the b-wave is
smaller than that of the a-wave,> while the Riggs type is defined
by proportionally reduced a- and b-waves.® The Schubert-Born-
schein- and Riggs-type CSNB patients not only differ electro-
physiologically, but manifest different clinical characteristics.
Decreased visual acuity, myopia, and nystagmus can be asso-
ciated with Schubert-Bornschein CSNB, whereas patients with
Riggs-type CSNB have visual acuity within normal range with
no symptoms of myopia and/or nystagmus.*

Familial cases of CSNB with autosomal dominant, autosomal
recessive as well as X-linked inheritance have been reported.
Mutations in RHO, PDEGB, and GNATI1 have been associated
with autosomal dominant CSNB, and patients with mutations
in these genes exhibit the Riggs- or Schubert-Bornschein-type
ERG.*~'° The Schubert-Bornschein form can be further subdi-
vided into complete and incomplete types. Complete CSNB is
characterized by reduced rod b-wave response, whereas the
incomplete CSNB is characterized by both a reduced rod b-
wave and substantially reduced flicker cone responses, due to
both ON and OFF bipolar cell dysfunction.'' Mutations in
GRM6 and TRPM 1 lead to autosomal recessive CSNB, whereas
mutations in NYX to X-linked complete CSNB.'*"'® Mutations
in CABP4 have been associated with autosomal recessive
CSNB and mutations in CACNA IF with X-linked incomplete
CSNB.'?~?! Recently, SLC24A 1 was implicated in the patho-
genesis of autosomal recessive CSNB with Riggs-type ERG
response.>?

Transducin is a trimeric G protein that is expressed in the
retina and consists of three subunits.?®> The a-subunit binds
GTP and activates cyclic GMP phosphodiesterase (PDE),
whereas the 8 and vy subunits form a complex that is necessary
to interact with rhodopsin.?* The a-subunit expressed in the
rod cells is encoded by GNAT1, whereas o-subunit expressed
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in the cone cells is encoded by GNAT2.%>2° Transducin is
activated by conformational changes in rhodopsin due to the
absorption of light, which causes a GDP bound « subunit to be
exchanged with GTP and subsequent dissociation from the
B-gamma complex.?”2®

Previously, a missense mutation ¢.113G>A was identified in
the Nougaret form of autosomal dominant CSNB.® This muta-
tion (Gly38Arg) affects part of small loop of « subunit of rod
transducin and is believed to affect GTPase activity.” Recently,
Szabo et al.'® identified a heterozygous mutation; ¢.598C>G,
in exon 6 of GNAT1 in individuals affected with autosomal
dominant CSNB. This mutation (GIn200Glu) resides in a do-
main that plays an important role in binding and hydrolyzing
GTP, and the ERG recordings were suggestive of a nonprogres-
sive presynaptic defect in rod phototransduction.'®

Here, we report a consanguineous family with multiple
individuals diagnosed with CSNB that segregated within the
family in an autosomal recessive fashion. A genome-wide link-
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age scan localized the disease phenotype to chromosome 3,
region p22.1-p14.3, harboring GNATI, a gene previously asso-
ciated with autosomal dominant CSNB. Bidirectional sequenc-
ing identified a homozygous missense mutation in GNAT1 that
segregated with the disease phenotype in the family and was
not present in ethnically matched control chromosomes. To
the best of our knowledge, this is the first report to implicate
GNATI in the pathogenesis of autosomal recessive CSNB.

MATERIALS AND METHODS

Clinical Assessment

A consanguineous Pakistani family with four affected individuals with
a history of night blindness was recruited to participate in study to
investigate autosomal recessive CSNB. Institutional review board (IRB)
approval for this study was obtained from the National Centre of
Excellence in Molecular Biology and the National Eye Institute. The

1 2
3 4 5 6 19 20
7 8
D3S3522 3 4 3 3
D3S3658 1 3 2 1
D3S3685 3 4 1 4
D3S3624 2 1 2 1
D3S3582 3 2 1 2
D3S1581 1 2 3 2
GNAT1 A G A G
D3S1289 2LIM3 13
9 10 11 12 13 18
D383522 3 4 3 4 3 4 3 4 1 4
D3S3658 2 3 1 3 1 3 1 3 1 3
D3S3685 1 4 4 4 4 4 4 4 2 4
D3S3624 2 1 1 1 1 1 1 1 3 1
D3S3582 1 2 2 2 2 2 2 2 3 2
D3S1581 3 2 2 2 2 2 2 2 2 2
GNAT1 A G G G G G G G A G
D3S1289 1LUN3 3 3 3 3 3 2 SLIM3
‘ ﬁ FIGURE 1.  Pedigree of PKRP130 with
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short arm of chromosome 3 microsatel-
14 15 _1 6 _1 7 lite markers. Alleles forming the risk hap-
D3S53522 4 3 4 3 1 4 1 3 lotype (black), alleles cosegregating
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participating subjects gave informed written consent consistent with
the tenets of the Declaration of Helsinki. Funduscopy was performed
at Layton Rehmatullah Benevolent Trust (LRBT) Hospital (Lahore, Pak-
istan). Electroretinography (ERG) measurements were recorded by
using equipment manufactured by LKC (Gaithersburg, MD). Rod re-
sponses were determined through incident flash attenuated by —25
dB, and the rod- cone response was measured at 0 dB. Isolated cone
responses were recorded at 0 dB with a 30-Hz flicker to a background
illumination of 17 to 34 cd/m®. Color vision was assessed through
Ishihara charts. Blood samples were collected from affected and unaf-
fected family members and genomic DNA was extracted by the non-
organic method as described previously.*®

Genotype Analysis

A genome-wide scan was performed with 382 highly polymorphic
fluorescent markers from a linkage mapping with (PRISM MD-10;

A

FIGURE 2.  Fundus photographs of family PKRP130. (A) OD and OS of
affected individual 10, (B) OD and OS of affected individual 12, (C) OD
and OS of affected individual 14, and (D) OD and OS of unaffected
individual 9. Fundus photographs of affected individuals 10, 12, and 14
revealed no signs of retinal arteries attenuation or bone spicule pig-
mentations in the retina.
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Applied Biosystems, Inc. [ABI], Foster City, CA) having an average
spacing of 10 centimorgans (cM). Multiplex polymerase chain reac-
tions were performed, as follows (9700 PCR System; ABD): Each reac-
tion was performed in a 5-uL mixture containing 40 ng genomic DNA,
various combinations of 10 uM dye-labeled primers pairs, 0.5 uL 10X
PCR buffer (GeneAmp; ABD, 1 mM dNTP mix, 2.5 mM MgCl,, and 0.2
U of Tag DNA polymerase. Initial denaturation was performed for 5
minutes at 95°C, followed by 10 cycles of 15 seconds at 94°C, 15
seconds at 55°C, and 30 seconds at 72°C and then 20 cycles of 15
seconds at 89°C, 15 seconds at 55°C, and 30 seconds at 72°C. The final
extension was performed for 10 minutes at 72°C, followed by a final
hold at 4°C. PCR products from each DNA sample were pooled and
mixed with size standards (HD-400; ABD). The resulting PCR products
were separated in a DNA analyzer (model 3100; ABI), and alleles were
assigned (GeneMapper Software ver. 4.0; ABD).

Linkage Analysis

Two-point linkage analyses were performed using the FASTLINK ver-
sion of MLINK, and the maximum LOD score was calculated with
ILINK from the LINKAGE program.***! Autosomal recessive CSNB was
analyzed as a fully penetrant trait with an affected allele frequency of
0.001. The marker order and distances between the markers were
obtained from the Marshfield database and the National Center for
Biotechnology Information (NCBI) chromosome 3 sequence maps. For
the initial genome scan, equal allele frequencies were assumed,
whereas for fine mapping, allele frequencies were estimated from 96
unrelated and unaffected individuals from the Punjab province of
Pakistan.

Mutation Screening

Primer pairs for individual exons were designed with Primer3 soft-
ware. The sequences and annealing temperatures are available on
request. Amplifications were performed in 25 uL reactions containing
50 ng of genomic DNA, 8 picomoles of each primer, 250 uM dNTP, 2.5
mM MgCl,, and 0.2U Taq DNA polymerase in the standard 1X PCR
buffer provided by the manufacturer (ABD). PCR amplification con-
sisted of a denaturation step at 96°C for 5 minutes, followed by 40
cycles, each consisting of 96°C for 30 seconds followed by 57°C (or
specific annealing temperature of the primer pair) for 30 seconds and
at 72°C for 1 minute. PCR products were analyzed on 2% agarose gel,
precipitated, and purified by ethanol precipitation. The PCR primers
for each exon were used for bidirectional sequencing by means of dye
termination chemistry, according to the manufacturer’s instructions
(Big Dye Terminator Ready Reaction Mix; ABI). Sequencing products
were resuspended in 10 uL of formamide (ABI) and denatured at 95°C
for 5 minutes. Sequencing was performed on an automated system
(PRISM 3100; ABD. The sequencing results were assembled with se-
quencing software and analyzed (SeqScape software, ver. 3.7; ABD).

Prediction Analysis

The degree of evolutionary conservation of positions at Asp129 and the
possible impact of an amino acid substitution on the structure of
GNAT1 protein was examined with the SIFT and PolyPhen tools,
available online. Evolutionary conservation of the mutated amino acids
in other GNATIorthologs was examined using the UCSC genome
browser.

Comparative Homology Modeling

Comparative homology modeling was performed using crystal coordi-
nates for the human GNAT1. The wild and mutated protein sequences
were loaded on to the Swiss PDB Viewer, and homology models were
created. Hydrogen bonding was incorporated in the Swiss PDB Viewer.

Quantitative Expression of Gnatl in the Eye

C57BL/6 mice were maintained in a 12 hour dark-light cycle according
to the ARVO Statement for the Use of Animals in Ophthalmic and
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Vision Research and with protocols approved by UCSD Institutional
Animal Care and Use Committee. The eye tissues were collected from
C57BL/6 mice that were euthanized at predetermined time points at
the end of the dark cycle by CO, asphyxiation followed by cervical
dislocation. Quantitative RT-PCR was performed, and data were ana-
lyzed according to previously published protocols.** The expression of
Gnatl was determined using GACGCTGTCACCGACATTATCATC and
GGCTGCAGGGCTACAGAATCTC and analyzing Rpl19 as a housekeep-
ing gene to normalize Gnatl gene expression, as described.>® Expres-
sion levels (=SEM) were calculated by analyzing at least three inde-
pendent samples with replica reactions and presented on an arbitrary
scale that represents the expression over the housekeeping gene.
Rhodopsin mRNA levels served as a molecular marker for photorecep-
tor development and were measured in the same set of samples.

Internet Sources

The following web sites were used in the study: ILINK from LINKAGE,
Rockefeller University, New York, NY, http://linkage.rockefeller.edu/
soft; the FASTLINK version of MLINK and ILINK, NCBI, National
Institutes of Health, Bethesda MD, http://www.ncbi.nlm.nih.gov;
Marshfield Database, Marshfield Clinic, Marshfield, WI, http://research.
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primer3.sourceforge.net; PolyPhen: Prediction of Functional Effect of
Human nsSNPs, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA, http://genetics.bwh.harvard.edu/pph; SIFT data-
base, J. Craig Venter Institute, Rockville, MD, http://sift.jcvi.org; Hu-
man Genome Browser, University of California, Santa Cruz, Santa Cruz,
CA, http://genome.ucsc.edu; and Swiss PDB-Viewer, Swiss Institute of
Bioinformatics, Geneva, Switzerland, http://us.expasy.org/spdbv.

RESULTS

The family PKRP130 was recruited from the Punjab province
of Pakistan (Fig. 1). The medical records available to us sug-
gested that all four affected individuals of the family had re-
ported an inability to see at night from the early years of their
lives. Fundus photographs of affected individuals 10, 12, and
14 reveal no signs of retinal artery attenuation or bone spicule
pigmentation (Fig. 2). The ERGs of affected individuals, 10, 12,
and 14 show reduced or nearly absent a- and b-waves, even
after 4 hours of dark adaptation (Fig. 3). The 30-Hz flicker
recordings representing isolated cone responses were normal,
although the amplitude of these recordings were reduced for

marshfieldclinic.org; Primer3 PCR Primer Design Tool; http:// affected individuals 10 and 12, when compared with those in
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FIGURE 3. ERG recordings of family PKRP130. Combined rod and cone response recorded at 0 dB and cone responses recorded with 30-Hz flicker

of affected individual 10: (A) OS and (B) OD; affected individual 12: (C) OS and (D) OD; affected individual 14: (E) OS and (F) OD; and unaffected
individual 9: (G) OS and (H) OD; respectively. All affected individuals showed reduced amplitude and shortened implicit times in response to white
flashes, suggesting an absence of rod function, whereas the unaffected individual had normal rod response in both eyes.
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unaffected individual 9 (Fig. 3). Similarly, the scotopic ERG
recordings measured at —25 dB were absent in all three af-
fected individuals, when compared with those in unaffected
individual 9 (Fig 4). Taken together, these clinical data are
suggestive of stationary night blindness in PKRP130 (Table 1).

Initially, CABP4, GRMG6, and SLC24A1 loci were excluded
with closely spaced STR markers (data not shown). A genome-
wide scan with four affected individuals (10, 11, 12, and 14)
and five unaffected individuals (9, 13, 15, 16, and 17) was
completed. A LOD score of 3.09 was obtained at D3$3582
during the genome-wide scan. Additional markers from the

GNATI-Associated Stationary Night Blindness 1357

Marshfield database were selected to refine the critical interval,
and two-point LOD scores of 3.07, 3.12, and 2.03 were ob-
tained with markers D3S53685, D353624, and D3S1581, re-
spectively, at 6 = 0 (Table 2). No suggestive or significant
two-point LOD scores were obtained during the genome-wide
scan other than D353582.

Haplotype analysis confirmed the linkage results and local-
ized the critical interval to chromosome 3, region p22.1-p14.3.
Recombination in unaffected individual 15 at marker D353522
defines the proximal boundary, whereas recombination in af-
fected individual 12 at marker D351289 defines the distal
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TasBLE 1. Clinical Characteristics of Affected Individuals of Pedigree PKRP130 Diagnosed with Autosomal Recessive CSNB

Visual
Acuity
~—  Color
Individual ID First Symptoms OD OS Vision Fundus Findings ERG Characteristics
10 Night blindness since early 6/6 6/6 Normal No macular atrophy, no pigment The a- and b-waves are absent in the
childhood deposition, and no vascular scotopic condition, whereas the
attenuation. cone responses are somewhat
reduced in the photopic
condition.
11 Night blindness since early 6/6 6/6  Normal ND ND
childhood
12 Night blindness since early 6/6 6/6  Normal No macular atrophy, no pigment The a- and b-waves are absent in the
childhood deposition, and no vascular scotopic condition with normal
attenuation. cone responses in the photopic
condition.
14 Night blindness since early 6/6 6/6  Normal No macular atrophy, no pigment The a- and b-waves are absent in the
childhood deposition, and no vascular scotopic condition with normal

attenuation. cone responses in the photopic

condition.

ND, not determined.

boundary (Fig. 1). In addition, lack of homozygosity in affected
individuals for alleles of markers D353522 and D3$3658 sug-
gest that the pathogenic mutation lies distal to D353658 (Fig.
1). Taken together, this places the critical interval in a 6.15 cM
(13.57 Mb) region flanked by markers D353658 proximally and
D3851289 distally.

The critical interval harbors GNAT1 which has been asso-
ciated with autosomal dominant CSNB. Sequencing of all the
coding exons of GNATI in one affected and an unaffected
individual of PKRP130 identified a novel homozygous missense
mutation; ¢.386A>G that results in aspartic acid-to-glycine sub-
stitution; p.D129G (Fig. 5A). All affected individuals were ho-
mozygous for this substitution, whereas the unaffected individ-
uals were heterozygous carriers of the mutant allele (Fig. 1).
This mutation was not present in 192 ethnically matched
control chromosomes.

To investigate the possible impact of p.D129G substitution
on the GNAT1 protein, we used SIFT and PolyPhen software.
SIFT prediction based on evolutionary conservation suggested
that p.D129G substitution will not be tolerated by the native
three dimensional structure of GNAT1 protein. Likewise, the
position-specific score difference of 2.742 obtained from Poly-
Phen strongly suggested that the D129G substitution could
have a deleterious effect on GNAT1 protein structure. We
further analyzed the evolutionary conservation of the amino
acids around the missense mutation (121-136 amino acids) by
aligning GNAT1 orthologs. The results strongly suggest that not
only Asp129 but amino acids in the immediate neighborhood
are well conserved among GNATI orthologs (Fig. 5B). To
further understand the effect of the p.D129G substitution on
GNAT1 structure, we compared the three-dimensional models

of wild-type and mutant protein. Our results suggest that the
wild-type sequence of D129 forms hydrogen bonds with the
surrounding amino acids, but these interactions are compro-
mised with G129 substitution (Figs. 5C, 5D).

Next, we investigated the quantitative expression of Gnatl
transcript levels in ocular tissues at different postnatal inter-
vals. Rhodopsin mRNA levels were measured in the same set of
samples and served as a molecular marker for photoreceptor
development. Both Gnatl and rhodopsin expression were not
detected before P5; however, they increased exponentially
from P7 indicating that Gnatl is present in the photoreceptors
(Fig. 6A). The expression profile of Gnat1 is similar to Slc24al,
a gene recently implicated in the pathogenesis of CSNB.?* The
level of rhodopsin expression in the retina showed a steady
increase with a maximum level at P30 and is in agreement with
the profile of rhodopsin expression reported previously.?*>>
Comparison of the expression levels of Gnatl in different eye
tissues strongly suggested that GNAT is highly expressed in
the retina followed by the ciliary body, iris, and retinal pigment
epithelium (Fig. 6B).

DI1SCUSSION

Herein, we report a consanguineous Pakistani family with
CSNB that was recruited from the Punjab province of Pakistan.
Clinical evaluation consisting of fundus photography and ERG
responses confirmed the disease phenotype, and linkage anal-
yses localized the critical interval to chromosome 3, region
p22.1-p14.3, with statistically significant LOD scores. Sequen-
tial analyses identified a novel mutation, p.D129G, which seg-

TABLE 2. Two-Point LOD Scores of 3p Markers for Pedigree PKRP130

Marker cM Mb 0 0.01

0.05

0.09 0.1 0.2 03 =z

D3$3522* 6526 4078 —132 0.08 065 0.79 072 069 039 079 0.09
D353658 6526 4090 —154 0.07 060 074 071 059 035 074 0.09
D353685 67.94  42.46 3.07 303 277 251 244 176 1.08 3.07 00
D353624 68.47  44.01 3.12 3.08 281 256 248 181 112 312 0.0
D383582*  69.19  45.39 3.09 306 278 253 246 178 110 309 00
D351581 70.61  48.59 2.03 198 179 1.6 156 1.08 0.64 203 0.0
D3851289*  71.41 54.47 —» —0.01 054 0.64 065 058 04 0.65 0.1

* Markers used in the genome-wide scan.
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FIGURE 5.  Sequence chromatograms
illustrating the missense mutation, con-
servation Asp129 in GNATI orthologs
and the proposed model illustrating hy-
drogen bond interactions in wild-type
and mutant GNAT1 proteins. (A) For-
ward and reverse sequence chromato-
grams of unaffected individual 9 (fop
traces) and affected individual 10 (bot-
tom traces) illustrating the ¢.386A>G
substitution. B) Sequence alignment of
amino acids 121-136 of GNAT1 illustrat-
ing the conservation of the amino acid
Asp129 in red (blue, primates; green,
placental mammals; and purple, verte-
brates). The model illustrating molecular
interactions for (C) the wildtype and
(D) the mutant GNAT1 proteins. In the
wild-type GNAT1, Asp129 forms hydro-
gen bonds with the surrounding amino
acids, which are compromised in the
p-D129G mutant protein.

regated within the family, consistent with an autosomal reces-
sive mode of inheritance, and was absent in 192 ethnically
matched control chromosomes. Although the maximum two-
point LOD score of 3.12 is only slightly higher than the tradi-
tional limiting value of 3.0, nevertheless, it represents the
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maximum value obtainable with this family with real allele
frequencies. In addition, the lack of evidence for linkage during
the genome-wide scan, except with markers on the short arm
of chromosome 3 provides additional support for localization
of the CSNB locus to 3p. Although mutations in GNATI have
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FIGURE 6.  Expression pattern of Gnat! mRNA in postnatal mouse
eyes. (A) Expression of Gnatl and rbhodopsin postnatal mouse eyes at
postnatal day (P)1, P3, P5, P10, P15, and P30. Gnatl expression is
presented as bars and rhodopsin expression is presented as a line, with
the relative scale on the y-axis. (B) Quantitative expression of Gnatl in
adult mouse eye tissue (180 days) presented as an arbitrary scale. All
the values are the mean (£SEM) of three independent observations
after normalization with the control gene (Rpl19) expression. RPE,
retinal pigment epithelium; ON, optic nerve.

been associated with autosomal dominant CSNB, this is the first
report to implicate GNAT1 in the pathogenesis of autosomal
recessive CSNB.

The phenomenon of a gene associated with a certain phe-
notype but manifesting different modes of inheritance has
been reported. Previously, we identified three homozygous
pathogenic mutations in RP1, a gene implicated in the patho-
genicity of autosomal dominant retinitis pigmentosa®*~>¢ that
segregated with the disease phenotype in their respective
families with heterozygous carriers of these causal lesions clin-
ically unaffected.>” Likewise, causal mutations in crystalline
BB1 have been associated with both autosomal dominant and
autosomal recessive congenital cataracts.*®>° The mechanistic
details of some mutations manifesting an autosomal dominant
mode of inheritance, while other mutations in the same gene
result in a recessive phenotype, are not yet completely under-
stood. One possible explanation is that proteins harboring
dominant mutations exhibit a negative effect on their wild-type
counterparts; thus, one mutant allele is sufficient to manifest
the disease phenotype. In contrast recessive mutations dem-

IOVS, March 2012, Vol. 53, No. 3

onstrate a local effect on the native structure of the mutant
protein, without affecting the wild-type gene product that
subsequently requires two mutant alleles to exhibit the affec-
tation status.

Identification of novel mutations and new genes associated
with autosomal recessive CSNB will help us better understand
the pathophysiology of the disease at a molecular level and will
lead to development of better treatments.
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