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Five novel CNGB3 gene mutations in Polish patients with
achromatopsia

Anna Wawrocka,' Susanne Kohl,? Britta Baumann,” Joanna Walczak-Sztulpa,! Katarzyna Wicher,! Anna
Skorczyk-Werner,' Maciej R. Krawczynski'*

!Chair and Department of Medical Genetics, Poznan University of Medical Science, Poland, *“Molecular Genetics Laboratory,
Centre for Ophthalmology University Clinics Institute for Ophthalmic Research Tuebingen, Germany, 3Center for Medical
Genetics GENESIS, Poznan, Poland

Purpose: To identify the genetic basis of achromatopsia (ACHM) in four patients from four unrelated Polish families.

Methods: In this study, we investigated probands with a clinical diagnosis of ACHM. Ophthalmologic examinations,
including visual acuity testing, color vision testing, and full-field electroretinography (ERG), were performed in all
patients (with the exception of patient p4, who had no ERG). Direct DNA sequencing encompassing the entire coding
region of the CNGB3 gene, eight exons of the GNAT2 gene, and exons 5—7 of the CNGA3 gene was performed. Segrega-
tion analysis for the presence and independent inheritance of two mutant alleles was performed in the three families
available for study.

Results: All patients showed typical achromatopsia signs and symptoms. Sequencing helped detect causative changes
in the CNGB3 gene in all probands. Eight different mutations were detected in the CNGB3 gene, including five novel
mutations: two splice site mutations (c.1579—-1G>A and ¢.494-2A>T), one nonsense substitution (¢.1194T>G), and two
frame-shift mutations (c.393 394delGCinsTCCTGGTGA and c.1366delC). We also found three mutations: one splice
site (c.1578+1G>A) and two frame-shift deletions that had been previously described (c.819 826del and c.1148delC). All
respective parents were shown to be heterozygous carriers for the mutation detected in their children.

Conclusions: The present study reports five novel mutations in the CNGB3 gene, and thus broadens the spectrum of
probably pathogenic mutations associated with ACHM. Together with molecular data, we provide a brief clinical descrip-
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tion of the affected individuals.

Achromatopsia (ACHM; OMIM 216900) or rod mono-
chromacy is a rare autosomal recessive cone disorder with a
prevalence of 1 in 30,000 individuals. ACHM is character-
ized by reduced visual acuity, nystagmus, photophobia, a
small central scotoma, and total loss of color discrimination.
Although visual acuity is usually stable over time, nystagmus
and hypersensitivity to bright light may decrease slightly.
Most individuals have complete achromatopsia with a total
lack of function of three types of cone photoreceptors. Incom-
plete achromatopsia is characterized by the residual ability to
discriminate colors. Electroretinographic recordings (ERGs)
show normal function of rod photoreceptors and no record-
able or only residual cone function [1].

To date, five genes have been shown to be associated
with ACHM. They code for cyclic nucleotide-gated cation
channel beta-3 (CNGB3; chr.8q21-q22; OMIM 605080), cyclic
nucleotide-gated cation channel alpha-3 (CNGA3; chr.2qll;
OMIM 600053), guanine nucleotide-binding protein, alpha
transducing activity polypeptide 2 (GNAT?2; chr.1pl13; OMIM
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139340), phosphodiesterase 6C, cGMP-specific, cone alpha
prime (PDE6C; chr.10q24; OMIM 600827), and the most
recently associated gene, phosphodiesterase 6H, cGMP-
specific, gamma (PDE6H; chr.12p12.3; OMIM 601190) [2-6].
Mutations in the CNGB3 gene underlie approximately 50%
of ACHM cases. Most of the CNGB3 mutations are frame-
shift deletions, insertions, nonsense, or splice-site mutations
[3,7,8]. Twenty-five percent of all patients with ACHM have
mutations in the CNGA3 gene [5,9,10]. The proteins encoded
by these genes are expressed in the cone photoreceptor cells
and are crucial for the cone phototransduction cascade [1].
Most mutant proteins encoded by CNGB3 are thought to be
null alleles [11,12]. In vitro expression analyses have shown
that most CNGA3 mutations lead to the lack of channel
activity. Mutant proteins are synthesized but are retained
in the endoplasmic reticulum and, therefore, impair cellular
traffic [9,13]. Functional analysis with heterologous expres-
sion of mutant cyclic nucleotide-gated (CNG) channels and
animal models helped to understand the underlying patho-
genic mechanism in ACHM. Analysis of a Cngb3 knockout
mouse model also shows reduced biosynthesis of Cnga3 and
impaired cone CNG channel function. Ding et al. suggested
that CNGB3 mutations may contribute, by the downregulation
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of CNGA3, to the pathogenic mechanism leading to human
cone disease [14].

New progress in gene therapy provides great hope for
individuals who have ACHM. In 2010, Komaromy et al.
restored visual function by using recombinant adenoas-
sociated virus (rAAV)-mediated gene replacement therapy
in two canine models of CNGB3 ACHM [15]. Because the
treatment was effective only in young dogs (<0.5 years old),
the researchers then modified and examined combined gene
therapy with the administration of ciliary neurotrophic factor
(CNTF) and achieved successful cone rescue among all age
groups [16]. At the same time, CNGB3 gene replacement
using AAV was applied in several mouse models and showed
long-term improvement in retinal function with significant
rescue of cone ERG amplitudes [17-19]. Recently, scientists
from University College London (UCL) announced they
intended to create and test a newly engineered viral vector
applicable for use in clinics and conduct a phase I/1I clinical
trial for gene therapy in patients with ACHM who carry
mutations in the CNGB3 gene. The project is expected to end
in 2018 (Gateway to Research).

The group of patients comprised ten independent Polish
probands with a diagnosis of congenital achromatopsia.
Known mutations in the CNGA3 gene were identified in six
patients (Table 1). Therefore, in the present study, we report
four patients with ACHM, compound heterozygotes with at
least one novel CNGB3 gene alteration.

METHODS

Clinical studies: Four patients from four unrelated Polish
families from different regions of Poland and manifesting
clinical features of ACHM participated in this study. Ophthal-
mologic examinations, including visual acuity testing, color
vision testing (D-15 Panel and Ishihara Plate Test), and full-
field ERG were performed in all patients (with the exception

of patient p4, who had no ERG). This study conforms to the
Helsinki declaration and was approved by the Poznan Univer-
sity of Medical Sciences Institutional Review Board. Written
informed consent was obtained from all subjects or their legal
guardians.

Molecular genetic analysis: Venous blood samples were
taken from the patients and their parents (with the exception
of family #4; the parents were not available for genetic anal-
ysis). Genomic DNA was extracted from leukocytes using the
standard salting-out procedure [20]. Blood was collected into
tubes containing EDTA and stored in a refrigerator until DNA
isolation was performed [20]. Genomic DNA was extracted
from leukocytes. In patient p4, initial microarray analysis
toward Leber congenital amaurosis (LCA) was performed
(Asper Biotech, Tartu, Estonia).

The genetic analysis of the patients with ACHM included
PCR amplification of genomic DNA and sequencing of all
coding exons and flanking intronic sequences of the CNGB3
gene (18 exons), the GNAT?2 (eight exons) gene, as well as
exons 5—7 of the CNGA3 gene. The primers used for PCR and
sequencing and PCR conditions are included as a Appendix 1.
PCR fragments were purified using ExoSAP-IT (GE Health-
care, Freiburg, Germany) and then subjected to direct DNA
sequencing applying BigDye Terminator chemistry (Applied
Biosystems, Darmstadt, Germany). All sequences were
run on an ABI 3100 capillary sequencer (Applied Biosys-
tems), trace files were analyzed with Sequencing Analysis
5.2 (Applied Biosystems, Life Technologies Corporation,
Carlsbad, CA) and sequence variants called with SeqPilot
software (JSI Medical Systems, Kippenheim, Germany).
The primers used for PCR and sequencing are included as a
supplementary table.

The sequences were verified by comparing them
to the human genomic sequence of CNGB3 (GenBank
NG _016980.1) and screened for mutations. Identified

TABLE 1. IDENTIFIED CNGA3 GENE MUTATIONS.

Patient Mutation Effect of mutation  Allelic state References

p5 ¢.829C>T (allele 1) p-R277C heterozygous =~ Wissinger et al., Am. J. Hum. Genet., 2001
c.1641C>A (allele 2) p-F547L heterozygous  Kohl et al., Nat Genet., 1998

p6 ¢.829C>T (allele 1) p-R277C heterozygous  Wissinger et al., Am. J. Hum. Genet., 2001
c.1641C>A (allele 2) p-F547L heterozygous ~ Kohl et al., Nat Genet., 1998

p7 c.1641C>A p.F547L homozygous Kohl et al., Nat Genet., 1998

p8 ¢.829C>T (allele 1) p-R277C heterozygous  Wissinger et al., Am. J. Hum. Genet., 2001
¢.847C>T (allele 2) p-R283W heterozygous ~ Kohl et al., Nat Genet., 1998

P9 c.1641C>A p.F547L homozygous Kohl et al., Nat Genet., 1998

pl0 ¢.830G>A p-R277H homozygous Wissinger et al., Am. J. Hum. Genet., 2001
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cates ongoing pregnancy in family
3. Arrows point to probands.

variations were referred to the Exome Variant Server (NHLBI
Exome Sequencing Project ESP) and the Human Gene Muta-
tion Database (HGMD) for CNGBS3. In silico analysis using
Net2Gene software was used for the splice-site mutations to
predict possible 5’ and 3’ splice sites.

Segregation analysis for the presence and independent
inheritance of two mutant alleles was performed in three
families available for study. Analysis was done by sequencing
the appropriate exons of the CNGB3 gene. Pedigrees of the
available families with ACHM are present in Figure 1.

RESULTS

Clinical features: The clinical diagnosis was based on the
presence of photophobia and nystagmus, low visual acuity,
total color blindness, and ERG (with the exception of patient
p4, ERG was not performed). All patients showed typical
ACHM signs and symptoms.

Patient pl was a 27-year-old woman, initially referred to
the eye clinic due to nystagmus and photophobia. Pendular
nystagmus was noted during early infancy. P1 presented
symptoms of low visual acuity 0.2 in both eyes. ERG

recordings revealed normal scotopic and mildly abnormal
photopic responses. The inability to distinguish colors was
also observed. The fundus appearance was normal. The
parents and a younger sister of the patient had no ophthal-
mologic problems.

Patient p2 was a 12-year-old girl. She initially had
nystagmus in early infancy. Photophobia was not present.
ERG recordings were consistent with the ACHM pattern:
normal scotopic and non-recordable photopic responses. No
response was also observed for cone-specific 30 Hz flicker
stimulation (Figure 2). The patient displayed normal eye
fundus. P2 presented reduced visual acuity 0.08 in the right
eye and 0.1 in the left eye. Loss of color discrimination was
observed. The patient has a younger brother, but neither her
brother nor their parents showed any eye problems.

Patient p3 (6-year-old boy) was diagnosed due to
pendular nystagmus and photophobia in early infancy.
ERG findings showed non-recordable photopic and normal
scotopic responses. P3 manifested reduced visual acuity 0.08
in both eyes. In contrast to the other patients, he demonstrated
only decreased color discrimination. He distinguished acute
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Figure 2. ERG of p2. A: Photopic white flash electroretinogram (ERG) shows non-recordable response. B: Scotopic white flash ERG shows
normal response. C: Photopic white 30 Hz flicker shows flat response. 1-L indicates the left eye; 2-R indicates the right eye.

primary colors, red, blue, and green in everyday life, probably
based on the contrast differences. The patient is the only child
of healthy, unrelated parents, who have no ophthalmologic
problems.

In patient p4 (7-year-old girl), ERG examination was not
performed. Therefore, this patient was initially suspected
to suffer from Leber congenital amaurosis or cone-rod
dystrophy. This diagnosis was based on the patient’s clinical
history, in which symptoms such as low visual acuity 0.13
in both eyes and nystagmus were apparent. However, after
genetic analysis, the patient was reclassified as having
ACHM. P4 also presented the inability to distinguish colors.
The fundus appearance was normal in all three patients while
p4 showed an optic disc pallor and disturbed foveal structure.

Generally, the clinical course of the disease was
stationary, but the degree of nystagmus decreased in older
patients. Ophthalmologic findings for the patients are
summarized in Table 2.

Molecular genetic findings: In p4, additional microarray
analysis was performed to confirm Leber congenital amau-
rosis based on an Asper Biotech test containing 641 disease-
associated variants. No mutation was detected in the 13 genes
that were analyzed.

Genomic DNA samples from all four patients were
subjected to molecular genetic analysis consisting of DNA
sequencing of three known genes: CNGA3, CNGB3, and
GNAT?2. Genetic screening did not identify any mutations
in CNGA3 and GNAT2. All patients were shown to carry
compound heterozygous mutations in CNGB3. Among the
eight different mutations that were identified in this study,
three are common, known mutations while the rest are novel
and have yet to be described in other patients with ACHM
(Table 3). CNGB3 gene sequencing in pl revealed a novel
and a known heterozygous splice-site mutation in intron 13:
¢.1579—-1G>A and ¢.1578+1G>A, respectively [3]. In silico
analysis results (from the splice site prediction; Net2Gene
software), together with the fact that the intronic mutation
includes sequence critical for splicing, indicate that these

TABLE 2. CLINICAL FINDINGS IN POLISH ACHROMATOPSIA PATIENTS.

Patient Age  Gender Photophobia Visual Nystagmus ERG ERG phot- Other ophthalmologic symptoms
(years) acuity scotopic opic
pl 27 female + RE:0.2 + mildly absent loss of color discrimina-
LE:0.2 abnormal tion, improvement of vision in
o darkness, normal AF
P2 12 female - RE:0.08 + normal absent loss of color discrimina-
LE:0.1 tion, improvement of vision in
darkness, hyperopia +5,0D
p3 6 male + RE:0.08 + normal absent reduced color discrimination
LE:0.08 (differentiates primary colors red-
blue-green), improvement of vision
in darkness, hyperopic astigmatism
p4 7 female + RE:0.13 + N/A N/A loss of color discrimina-
LE:0.13 tion, improvement of vision in

darkness, hyperopic astigmatism,
optic disc pallor
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substitutions affect the RNA splicing process. One novel
nonsense substitution ¢.1194T>G (p.Tyr398%*) in exon 11 and
one previously described frame-shift mutation ¢.819 826del
(p.Arg274Valfs*) in exon 6 was found in p2 [7]. The muta-
tion c. 819 826del induces a frame-shift deletion of 8 bp that
eliminated protein sequences, including the critical pore, S6
transmembrane, and cGMP-binding domains, resulting in a
premature termination of translation. Two novel mutations,
a frame-shift mutation ¢.393 394delGCinsTCCTGGTGA
(p.GIn131Hisfs*50) in exon 4 and a splice-site mutation
¢.494-2A>T in intron 4, were identified in p3. Two frame-
shift mutations were discovered in p4, one novel mutation
c.1366delC (p.Arg456Alafs*11) in exon 12 and one known
mutation c¢.1148delC (p.Thr383Ilefs*13) in exon 10 [7]. The
p.Thr3831lefs*13 mutation resulting from c.1148delC causes
a frame-shift leading to premature termination of translation.
The CNGB3 gene mutations that were identified are presented
in Figure 3.

Segregation analysis, by sequencing appropriate exons
and exon/intron boundaries of CNGB3, was performed in
the three available families (family 1, 2, and 3). The analysis
revealed that all respective parents are heterozygous carriers
for the mutations detected in their children. Thus, segregation
analysis was consistent with the autosomal recessive mode of
inheritance (Figure 1).

DISCUSSION

Eight different mutations were found in the CNGB3 gene in
four patients with ACHM. While c.1578+1G>A, ¢.819 826del
(p.Arg274Valfs*), and c.1148delC (p.Thr383Ilefs*13) are
common mutations, ¢.1579—-1G>A, ¢.1194T>G (p.Tyr398%),
¢.393 394delGCinsTCCTGGTGA (p.Glnl131Hisfs*50),

© 2014 Molecular Vision

c.494-2A>T, and c.1366delC (p.Arg456Alafs*11) are muta-
tions that, thus far, have not been reported in other patients
with ACHM.

The most frequent type of mutations identified in
our small group of patients were frame-shift deletions:
c.819 826del, c.1148delC, ¢.393 394delGCinsTCCTGGTGA,
and c.1366delC. This finding corroborates the observations
of Kohl et al. and Sundin et al., who relied on studies of
larger groups of patients [3,7,8]. Novel frame-shift dele-
tions detected in our probands p.Glnl131Hisfs*50 and
p-Argd56Alafs*11, were found with second disease alleles.
Mutation p.GInl31Hisfs*50 were identified with a novel
splice-site alteration c.494-2A>T in intron 4 (p3). The
mutation p.Gln131Hisfs*50 is located in a Ca*/calmodulin
domain (CaM). The outcome of this mutation is a frame-
shift of the open reading frame that occurs after the trans-
membrane domain S5, which therefore eliminates the pore
(P), the transmembrane domain S6, and the cGMP binding
site of the protein. The fact that the splice-site mutation
¢.494-2A>T alters the conserved splice acceptor sequence of
exon 5, together with results from in silico analysis (splice site
prediction Net2Gene software), indicate that this substitution
affects the RNA splicing process. Parents were also found to
be healthy carriers of the mutations detected in their child
(Figure 1).

The most common CNGB3 mutation, namely, p.
Thr383Ilefs*13, in accordance with the reported prevalence
of the mutations in patients originating from Europe, was also
present in our probands. This mutation accounts for approxi-
mately 70% of all CNGB3 mutant alleles [8]. This mutation
with a second disease allele p.Argd456Alafs*11 (c.1366delC)
was identified in p4. The c¢.1366delC mutation, to date, is

TABLE 3. IDENTIFIED CNGB3 GENE MUTATIONS.

Patient Mutation Type of Effect of Allelic state Mutation  References
mutation mutation origin
pl c.1578+1G>A (allele 1) splice site splicing defect heterozygous paternal Kohl et al., Hum Mol
Genet; 2000
c.1579-1G>A (allele 2) splice site splicing defect heterozygous maternal this study
p2 c.819_826del (allele 1) frameshift  p.Arg274Valfs* heterozygous maternal Sundin et al., Nature
Genet; 2000
c.1194T>G (allele 2) nonsense p-Tyr398* heterozygous paternal this study
p3 c.393 394delGCinsTCCTGGTGA frameshift  p.Glnl131Hisfs*50 heterozygous maternal this study
(allele 1)
c.494-2A>T (allele 2) splice site splicing defect heterozygous paternal this study
p4 c.1148delC (allele 1) frameshift  p.Thr383Ilefs*13  heterozygous no data Sundin et al., Nature
Genet; 2000
c.1366delC (allele 2) frameshift  p.Argd56Alafs*11 heterozygous no data this study
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Figure 3. Chromatograms showing
eight mutations identified in the
CNGB3 gene in patients with
ACHM. A: Sequence trace of
part of intron 13 in an affected
individual pl carrying a hetero-
zygous mutation c.1578+1G>A
(upper panel) and a normal control
individual (lower panel). B: Part of
intron 13 in an affected individual
pl carrying a heterozygous muta-
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6 in an affected individual p2
carrying a heterozygous mutation
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normal control individual (lower
panel). D: Part of exon 11 in an
affected individual p2 carrying a
heterozygous mutation c.1194T>G
(upper panel) and a normal control
individual (lower panel). E: Part of
exon 4 in an affected individual p3
carrying a heterozygous mutation
¢.393_394delGCinsTCCTGGTGA
(upper panel) and a normal control
individual (lower panel). F: Part of
intron 4 in an affected individual
p3 carrying a heterozygous muta-
tion ¢.494-2A>T (upper panel) and
a normal control individual (lower
panel). G: Part of exon 10 in an
affected individual p4 carrying a
heterozygous mutation c.1148delC
(upper panel) and a normal control
individual (lower panel). H: Part of
exon 12 in an affected individual
p4 carrying a heterozygous muta-
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a normal control individual (lower
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unique to this patient. It is present in the S6 transmembrane
protein domain. Mutation c.1366delC results in a frame-shift
and premature termination codon, truncating the CNGB
polypeptide between transmembrane S6 and the cGMP
binding site.

A nonsense substitution ¢.1194T>G (p.Tyr398*) in exon
11 of the CNGB3 gene was detected in p2. Mutation p.Tyr398*
has not been reported to date. However, nonsense mutations
localized in the same exon of the CNGB3 gene that result
in a truncated protein have already been reported: 1255G>T
(p.Glud19%*) and 1298 1299delTG (p.Val433fs*) in patients
with ACHM [8]. The mutation truncates the CNGB3 poly-
peptide at the pore and was found together with the previously
reported mutation c.819 826del (p.Arg274Valfs*)]. Both
parents carried one of these two mutations (Figure 1).

All mutations detected in our patients were found to
cause premature termination of translation, giving rise to
truncated CNGB3 polypeptides that probably represent null
alleles. This finding is consistent with those of Kohl et al.
(2005), Nishiguchi et al. (2005), and many other researchers
who analyzed larger groups of patients with ACHM. The
researchers stated that premature translation termination
is the most common effect of the mutations described in
CNGB3-related patients with ACHM [8,21].

The clinical diagnosis of achromatopsia is based on the
presence of typical clinical findings as outlined in the results.
However, the fundus appearance and the visual fields also
contribute to the diagnosis. In contrast to other patients, p4
demonstrated optic disc pallor and disturbed foveal structure.
This signs are not unusual in ACHM; some patients exhibit
macular changes and atrophy. This finding is in agreement
with Khan et al.’s (2007) and Thiadens et al.’s (2009) observa-
tions. The spectrum of foveal pathology and likewise fundus
changes have been described in individuals with CNGB3
mutations. However, the CNGB3 mutations did not seem to
correlate with specific phenotypes [5,22].

ACHM is a rare cone disorder with uncharacteristic
early symptoms during childhood and, for this reason, may
be confused with other retinopathies such as Leber congenital
amaurosis, cone-rod dystrophy, or albinism. P4 had been
previously diagnosed as suffering from Leber congenital
amaurosis or cone-rod dystrophy. Diagnosis was based, inter
alia, on decreased visual acuity and optic disc pallor present
in early childhood. In contrast to ACHM, the most typical
symptoms in these disorders is disease progression, while
visual acuity is usually stable over time in ACHM. The iden-
tification of causative mutations in the CNGB3 gene aided the
correct diagnosis of ACHM in p4. Similarly to many other

© 2014 Molecular Vision

cases in which genetic mutation is the cause of the disease,
molecular analysis augmented diagnosis in clinical practice.

To conclude, our paper is the first report that provides
the results of molecular analysis of the CNGB3 gene in Polish
patients with ACHM. We furthermore expand the mutational
spectrum associated with ACHM by describing the five
novel pathogenic alterations in the CNGB3 gene. In addition,
although based on a small sample, our study supports the
hypothesis that CNGB3 mutations spread almost over all
coding exons of the gene, what makes molecular diagnostic
more difficult and requires sequencing of the entire coding
region of the CNGB3 gene [8].

APPENDIX 1. GNAT2 PRIMERS FOR PCR AND
SEQUENCING.

To access the data, click or select the words “Appendix 1.”
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