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CASK mutations are frequent in males and cause
X-linked nystagmus and variable XLMR phenotypes

Anna Hackett*!, Patrick S Tarpeyz, Andrea Licata?, James Cox*, Annabel Whibley4, Jackie Boylel,
Carolyn Rogersl, John Griggs, Michael Partingtonl, Roger E Stevenson?, John Tolmie®, John RW Yates?,
Gillian Turner!, Meredith Wilson’, Andrew P Futreal?, Mark Corbett®, Marie Shaw®, Jozef Gecz®?,

F Lucy Raymond4, Michael R Stratton®!°, Charles E Schwartz? and Fatima E Abidi3

Mutations of the calcium/calmodulin-dependent serine protein kinase (CASK) gene have recently been associated with X-linked
mental retardation (XLMR) with microcephaly, optic atrophy and brainstem and cerebellar hypoplasia, as well as with an X-linked
syndrome having some FG-like features. Our group has recently identified four male probands from 358 probable XLMR families
with missense mutations (p.Y268H, p.P396S, p.D710G and p.W919R) in the CASK gene. Congenital nystagmus, a rare and
striking feature, was present in two of these families. We screened a further 45 probands with either nystagmus or microcephaly

and mental retardation (MR), and identified two further mutations, a missense mutation (p.Y728C) and a splice mutation
(c.2521-2A>T) in two small families with nystagmus and MR. Detailed clinical examinations of all six families, including an
ophthalmological review in four families, were undertaken to further characterise the phenotype. We report on the clinical
features of 24 individuals, mostly male, from six families with CASK mutations. The phenotype was variable, ranging from
non-syndromic mild MR to severe MR associated with microcephaly and dysmorphic facial features. Carrier females were
variably affected. Congenital nystagmus was found in members of four of the families. Our findings reinforce the CASK gene as
a relatively frequent cause of XLMR in females and males. We further define the phenotypic spectrum and demonstrate that
affected males with missense mutations or in-frame deletions in CASK are frequently associated with congenital nystagmus

and XLMR, a striking feature not previously reported.
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Over the past 10 years, the calcium/calmodulin-dependent serine
protein kinase (CASK) gene has been identified as a candidate gene
for X-linked optic atrophy and X-linked mental retardation (XLMR).!~
Najm et al* reported heterozygous inactivating mutations of CASK as
causing microcephaly, brainstem and cerebellar hypoplasia, and severe
mental retardation (MR) in four females, and a partly penetrant splice
mutation causing a severe cerebral malformation in one male who died
at the age of 2 weeks. More recently, Piluso et aP’ reported a missense
mutation in CASK causing an X-linked syndrome with some features
that overlap the FG phenotype. In an effort to identify additional genes
associated with XLMR, our group identified four male probands from
358 probable XLMR families as having novel missense mutations in
CASK.® The clinical features were generally mild-to-moderate MR, but
with congenital nystagmus present in two families.

The CASK gene, a member of the MAGUK protein family, maps
to Xpl1.4 and encodes a CASK, a multi-domain scaffolding protein
of 926 amino acids' (Ensembl ID: ENST00000378163). The CASK

protein consists of an N-terminal CAM-kinase domain, two L27
domains, a PDZ domain, an SH3 domain and a C-terminal guanylate
kinase domain.” It is located at both the postsynaptic membrane of
central nervous synapses and within the nuclei of neurons and is
ubiquitously expressed with a significantly higher expression in the
foetal brain.®° Different domains of the CASK protein interact with
more than a dozen different proteins and may be involved in synaptic
interaction, protein trafficking and regulation of gene expression
during neural development.®~12

To determine whether nystagmus and/or microcephaly associated
with MR were good clinical indicators of CASK mutations, we
screened an additional 45 probands with MR plus either nystagmus
or microcephaly. Two families with a clinical phenotype of XLMR and
nystagmus were identified; one with a novel missense mutation,
p-Y728C, and one with a splice site mutation, ¢.2521-2A>T. In this
study, we present the details of molecular and clinical findings of
six families with CASK mutations.
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METHODS

Patients

As a part of the International Genetics of Learning Disability group, DNA from
208 unrelated male probands underwent bidirectional DNA sequencing of the
coding exons of 720 Vega-annotated genes on the X chromosome, and a further
150 unrelated probands with XLMR had DNA sequence analysis performed on
the CASK gene, as previously described.® Sequencing of the CASK gene was
performed in an additional 45 individuals: 25 (1 female, 24 male) with clinical
findings of MR and nystagmus; 9 (1 female, 8 male) with MR, microcephaly
and nystagmus; and 11 (2 female, 9 male) with MR, microcephaly and other
eye disorders. Informed consent was obtained from all patients, relatives and
control individuals for participating in this study.

X-inactivation studies

X-chromosome inactivation (XCI) was determined by methylation analysis of
the androgen receptor polymorphic CAG repeat and/or the FMRI gene variable
CGG repeat.!>14

cDNA preparation and RT-PCR
Reverse transcriptase PCR (RT-PCR) was carried out using standard techniques
as previously described.!>1©

RESULTS

Sequencing of X-chromosome Vega-annotated genes

Two missense variants in CASK were identified from the cohort of 208
unrelated male probands.®

Family 74.  Sequencing of the CASK gene revealed an A to G change
at position 2129 (¢.2129A>G) within exon 22, which results in the
substitution of glycine for aspartic acid at position 710 (p.D710G) and
creates a new 5" donor splice site that has an information content of
8.88 wversus 0.70.!7 RT-PCR analysis of cDNA prepared from a
lymphoblastoid cell line from the proband indicated that the mutation
resulted in aberrant splicing of exon 22, resulting in the removal of 27
nucleotides at the 3’-end of exon 22 (Figure 1). The resultant protein
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has an in-frame deletion of nine amino acids (p.710_718 Del DKY-
LAKHNA) at the C-terminal end of the ‘Hook Motif” (the protein 4.1
binding motif)° (Figure 2). The variant segregates with MR and
nystagmus in affected males and in the obligate female carrier, III-2
(Figure 3). Individual I1I-6 with mild MR and no nystagmus did not
have the variant.

Family 16.  Sequencing of the CASK gene revealed a T to C change at
position 802 (c.802T>C) in exon 8, resulting in the substitution of
histidine for tyrosine at position 268 (p.Y268H), located in the CaMK-
like domain (Figure 2). The variant segregated with the MR phenotype
in the family (Figure 3). Bioinformatic analysis did not indicate this
variant as being pathogenic (Supplementary Table 1), although the
tyrosine at position 268 is highly conserved (Figure 4).

Sequencing of the CASK gene

Two missense variants were identified in an additional 150 probands
with XLMR, sequenced for mutations in the coding exons of the
CASK gene.®

Family 123. A T to C change in exon 27 at position 2756
(c.2756T>C) was identified, resulting in the substitution of arginine
for tryptophan at position 919 (p.W919R) at the C-terminal end of
the CASK protein (Figure 2). The variant segregated in the three
affected males with MR and nystagmus and in their mother (Figure 3).
Polyphen and SIFT analysis of this variant predicts it to be deleterious
to the function of the protein (Supplementary Table 1). The trypto-
phan at position 919 is highly conserved across different species
(Figure 4).

K8919 (family 245). A C to T change in exon 13 at position
1186 (c.1186C>T) was identified, resulting in a proline to serine
substitution at position 396 (p.P396S), located in the first L27 domain,
also known as L27.1 (Figure 2). The variant was present in the
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Figure 1 Reverse transcriptase PCR (RT-PCR) analysis on Family 74. (a) RT-PCR analysis of cDNA from a lymphoblastoid cell line from the proband of
family 74 and wild-type control. Forward primer was designed from exon 21, 5-CTGGCATTCGATTCAGAGTTGGTG-3’, and reverse primer from exon 24,
5’-CGCAAACCGGTCTGGGTGCTTTG-3". Lanes 1 and 3: affected male and control male, respectively; Lanes 2 and 4: no RT controls. (b) Sequence traces
from the lymphoblastoid cell line showing the 27 bp deletion compared with control lymphoblastoid cell line cDNA. The dotted line indicates the deleted

bases in the abnormal transcript.
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Figure 2 Schematic representation of the full-length CASK gene showing the different domains and both previously reported (in red) and new mutations (in
black). The mutation nomenclature is based on the CASK full-length isoform encoding 926 amino acids (ENSTO0000378163). The four mutations in

parentheses at the C-terminal end are associated with nystagmus.

three affected individuals of the family available for study (Figure 3).
Bioinformatic analysis did not indicate this variant as being
pathogenic, yet the proline at position 396 is highly conserved
(Figure 4).

Cohort of individuals with MR * nystagmus and microcephaly

A missense variant and a splice site variant were identified in two of
the 45 patients undergoing DNA sequence analysis of the coding exons
of the CASK gene.

Family V. An A to G change at position 2183 (c.2183A>G) in exon
23 was identified, resulting in the substitution of a cysteine for a
tyrosine at position 728 (p.Y728C). The variant segregated in the
family with MR and nystagmus (Figure 3). Polyphen and SIFT analysis
of this variant predicts it to be probably damaging and not tolerated
(Supplementary Table 1). The tyrosine at position 728 is highly
conserved (Figure 4).

Family 683. An A to T change at the 3" acceptor splice site sequence
of exon 26, ¢.2521-2A>T, was identified. RT-PCR analysis on the
RNA isolated from lymphocytes from the proband showed that two
transcript species were detected (Figure 5): (a) exon 25 spliced to exon
27 (exon 26 skipped), which results in an in-frame deletion of 28
amino acids; and (b) exon 25 spliced to exon 26 using an alternate 3’
acceptor sequence, which results in an in-frame deletion of three
amino acids. RT-PCR performed on total RNA from lymphocytes
from the obligate carrier, II-2, has the wild-type and both mutant
transcripts (data not shown). Splice site calculations for the 3” acceptor
site and the alternate 3’acceptor sequence revealed that the variants
resulted in a decrease in information content from 7.77 to —0.60 and
an increase from —6.06 to 0.82.17 This variant is present in the
guanylate kinase domain (Figure 2).

Control data. 'The complete coding region of CASK was sequenced in
390 control X chromosomes. No missense variants were identified.®
No alterations were identified in a further 717 and 295 normal X
chromosomes screened for the ¢.2183A >G variant and the ¢.2521-
2A>T splice site variant, respectively. For the ¢.1186C>T variant,
an additional 1287 X chromosomes from de-identified normal
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individuals were screened, including 860 African Americans. The
variant was present in one African-American female. The XCI status
of this individual was uninformative and further clinical follow-up
was not possible.

XCI studies. The XCI studies were performed on 11 carrier females
(Table 1). Three females were uninformative. Seven, including I1I-6
from family K8919, with severe MR showed random XCI. Individual
I1-3 from family V, with mild MR and nystagmus, showed skewed XCI
with a ratio of 90:10.

Clinical reports

Unless otherwise stated, all affected individuals were the product of
normal pregnancies, were born at term and had normal birth weights.
A summary of the clinical data is provided in Table 1. Family pedigrees
are shown in Figure 3.

Family 74.  This family consists of four males with MR. The proband,
IV-1, was noted to have nystagmus and unilateral strabismus as an
infant. He attended a special school and, as an adult, functioned
in the mild MR range. At 42 years of age, he was non-dysmorphic,
with normal growth parameters. He had a resting hand tremor,
accentuated with sustained posture. Detailed eye assessment including
ocular motility testing and anterior segment examination and
electrophysiology (pattern-onset visual-evoked potential and full-
field electroretinogram (ERG)) showed horizontal nystagmus in all
positions of gaze. Visual acuity (VA) was 6/24 in the right eye and 6/18
in the left eye.

Individuals ITI-3 and III-12 were cousins who shared many similar
characteristics. Both had mild MR, were obese men of average
height with a head circumference of 58 cm (98th centile). Both men
had near-normal vision and a slow-beat gaze-evoked horizontal
nystagmus, which was present in all directions of gaze. III-3 had a
divergent strabismus, a resting tremor with an intention component
and was mildly unsteady on his feet. The brain MRI of III-12 was
normal.

Individual I1I-6 was said to have learning problems as a child and,
as an adult, functioned at the level of mild MR. An examination at the
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Figure 3 Family pedigrees of the six families with mutations in the CASK gene. Males are indicated by boxes and females by circles. Individuals with
intellectual disability are shown as black boxes and circles. Carriers (either obligate or by testing) are shown with a dot within the circle. The letter ‘N’ in
parentheses indicates individuals with nystagmus. The horizontal bar above the symbols indicates individuals who underwent DNA analysis. Mutant (*) and

wild-type (wt) alleles are indicated below the sym
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Figure 4 Protein alignment of CASK orthologues. Homo sapiens (ENSPOO0O00367405), Pan troglotydes (ENSPTRPOO000047442), Macaca mulatta

(ENSMMUPO0000041117), Mus  musculus

(ENSMUSP00000112322),

Rattus  norvegicus

(ENSRNOP0O0000004187),

Canis  familiaris

(ENSCAFP0O0000021243), Bos taurus (ENSBTAPO0O000026825), Gallus gallus (ENGALPOO0O000026115), Xenopus tropicalis (ENSXETO0000010527),

Danio rerio (ENSDARP00000091622),

Drosophila melanogaster (FBPPO083559) and Caenorhabditis elegans (F17E.5.1a).

Missense mutations are

indicated by arrows and red letters. Amino acids that are not conserved are shown in blue. The protein 4.1 binding motif (Hook motif) is underlined in the
Homo sapiens sequence. The deleted amino acids (p.710_718) in family 74 are indicated by bracket.
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Figure 5 Reverse transcriptase PCR analysis of Family 683. (a) Lane 1: affected male; Lane 2: obligate carrier; Lane 3: wild-type control; and Lane 4:
negative control. Forward primer was designed from exon 24, 5-TCATCACAAAGCACCCAGAC-3’, and reverse primer was from the 3’-UTR, 5-
CCATGACCTGCTGACACAAG-3'. (b) Sequence traces showing the wild-type junction sequence between exons 25-26 and exons 26-27 and the two abnormal
transcripts observed in family 683 as a result of splice mutation (c.2521-2A>T). The dotted line indicates the deleted bases in the abnormal transcript.

age of 59 years showed a non-dysmorphic obese man of average height
and head circumference.

Three carriers, I1I-2, III-7 and III-11, were all of normal intelligence.
Clinical examinations of III-7 and III-11 were unremarkable. Aged 67
years, I1I-2 had a mild resting hand tremor, accentuated with sustained
posture. Ocular assessment identified bilateral mature cataracts,
horizontal nystagmus in all positions of gaze and a gaze-evoked
component. Her ERG showed reduced scotopic responses, consistent
with her cataracts.!8 VA was 6/24 in the right eye and hand movements
in the left eye.

Family 16. The family consists of four affected males. The proband,
IV-1, toe walked because of tight achilles tendons. He had severe-to-
profound MR and a seizure disorder. His behaviour was within the
autistic spectrum. He had normal growth parameters and was non-
dysmorphic. There was no evidence of nystagmus in him or in his
extended family. The three carrier females, II-1, II-6 and III-1, were of
normal intelligence.
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His uncle, III-4, has severe MR and a seizure disorder. He was
placed in an institution at the age of 5 years and was described by the
family as being similar to the proband. The proband’s great uncle, II-3,
was also a toe walker, had obsessive behaviours, developed only a few
words and is in full-time residential care.

Family 123. 'This family consists of three affected brothers, who all
attended special schools and, as adults, function in the mild MR range.
Nystagmus was noted in childhood. At the age of 17 years, II-2
developed a generalised seizure disorder. All three were tall and non-
dysmorphic with normal head circumferences. All had stable near-
normal vision, and a slow-beat gaze-evoked horizontal nystagmus,
which was present in all directions of gaze. Their mother, I-2, had a
fine tremor which increased with sustained posture. Her physical
examination was otherwise normal.

K8919 (family 245). 'This African-American family consists of four
males and one female with MR. III-1 had profound MR, with an
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Table 1 Clinical data summary of patients with CASK mutations

Clinical features Family 74 Family 123 Family K8919 Family 16 Family V. Family 683 All families (%) Previous publications® (%)
Sex 3M, 3F 3M, 1F 2M, 1F 3M 2M, 1F 3M, 1F 17M, 7F (n=24) 4M, 7F (n=11)
Age 42-69 34-69 52-75 Child-elderly 14-19 46-74 0-34
Intellectual disability
Normal 3/6 1/4 0/3 0/3 0/3 1/5 5/24° (21) 0/11° (0)
Mild 3/6 3/4 0/3 0/3 1/3 4/5 11/24 (46) 1/11 (9)
Moderate 0/6 0/4 0/3 1/3 1/3 0/5 2/24 (8) 2/11 (18)
Severe+> 0/6 0/4 3/3 2/3 1/3 0/5 6/24 (25) 8/11 (73)
Short stature 1/6 0/4 3/3 0/1 2/3 0/5 6/22 (27) 6/9 (67)
Head circumference
Microcephaly 0/6 0/4 0/3 0/0 0/3 0/2 0/18 (0) 6/9 (67)
Normal range 6/6 4/4 3/3 0/0 3/3 1/2 17/18 (94) 3/9 (33)
Dysmorphic 0/6 0/4 2/3 0/3 2/3 0/5 4/24 (17) 10/10 (100)
Ocular
Nystagmus 3/6 3/4 0/3 0/3 3/3 4/5 13/24 (54) 1/11 (9)
Cataract 2/6 0/4 0/3 0/3 0/3 0/5 2/24 (8) 0/11 (0)
Reduced visual acuity 1/6 0/4 0/3 0/3 2/3 4/5 7/24 (29) 1/2 (50)
Strabismus 3/6 0/4 1/3 0/3 1/3 1/5 6/24 (25) 1/11 (9)
Hearing loss 0/6 0/4 0/3 0/3 0/3 0/5 0/24 (0) 4/8 (50)
Neurological
Tremor 2/6 1/4 1/3 nd 0/3 0/3 4/19 (21) nd
Unsteady gait 1/6 1/4 1/3 nd 0/3 0/3 3/19 (16) nd
Seizures 0/6 1/4 0/3 1/3 0/3 3/5 5/24 (21) 7/11 (64)
MRI brain abnormality 0/1 nd nd nd 1/2 nd 1/3 (33) 6/8 (75)
X inactivation (XI)
Skewed XI 0/1 0/1 0/1 0/3 1/1 0/1 1/8 (13) 1/7 (14)
Random XI 1/1 1/1 1/1 3/3 0/1 1/1 7/8 (87) 6/7 (86)
nd, not done.
aHayashi et al, 20083; Najm et al, 2008%; Froyen et al, 20072; Piluso et al, 2003, 2009°.
bDenominator specified according to the number of patients for whom information was available.
C
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Figure 6 Faces of affected individuals with dysmorphic facial features. (a—c) Family V: The proband, 1I-4 (a), and his brother, II-2 (b), both show
microcephaly, high nasal bridge, upslanting palpebral fissures and a short columella. Their sister, 11-3 (c), is non-dysmorphic.

IQ of 7. At 58 years of age, his height was 152 cm ( <3rd centile) and
head circumference was 56 cm (50th centile). He had a flat mid face,
open mouth and eversion of the lower lip. Neurological examination
showed an unsteady gait and a resting tremor.

His brother, III-4, had severe MR. Aged 52 years, his height was
147cm (<3rd centile) and head circumference was 56cm (50th
centile). Dysmorphic facial features included a flat nasal bridge,
anteverted nares, wide mouth, broad shallow palate, broad and
grooved tongue and a short and wide neck. Convergent strabismus
was present.

II-6 had severe MR, with an IQ of 33. She was non-dysmorphic
with a height of 151.1cm (3rd centile) and head circumference of
54 cm (35th centile).

Family V. This family consists of two affected males and their sister.
The proband, II-4, had severe MR, which was formally assessed at the
age of 3 years. A brain MRI at the age of 5 years showed cerebellar
hypoplasia and pachygyria. Ophthalmologist reviews demonstrated
congenital nystagmus, a slow-beat gaze-evoked horizontal nystagmus
present in all directions of gaze, significant convergent strabismus,
reasonable VA and bilateral mild temporal disc pallor. Aged 14 years,
he was thin, with a height of 140cm (<3rd centile) and head
circumference of 48.5cm (3rd centile). Dysmorphic facial features
included synophyrys, a high nasal bridge, upslanting palpebral fissures
and a short columella (Figure 6a).

His older brother, II-2, had moderate MR, with an IQ of 38-50.
Ophthalmologist review diagnosed congenital motor nystagmus
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associated with stable mild reduced vision, mild astigmatism, no
fundal abnormalities and a slow-beat horizontal nystagmus present
in all directions of gaze and accentuated by lateral gaze. Aged 19 years,
he was thin, with a height of 169cm (<3rd centile) and head
circumference of 53.2 cm (2-10th centile). Dysmorphic facial features
were similar to that of his brother (Figure 6b).

Their sister (II-3) had mild MR, formally assessed at the age of 14
years. Ophthalmologist reviews demonstrated congenital nystagmus
and astigmatism with a VA of 6/24 in each eye. Detailed eye assessment
at the age of 19 years demonstrated a slow-beat horizontal nystagmus
present in all directions of gaze, normal scotopic ERG and no
retinopathy. A brain MRI was normal. Growth parameters were
normal and there was no dysmorphism (Figure 6¢). Their mother,
I-2, reportedly had some cognitive difficulties. Nystagmus had been
noted for many years.

Family 683. This family consists of four affected males with
mild MR. The proband, III-3, was noted to have nystagmus at
3 weeks. He attended a special school and had infrequent
absence seizures. Aged 46 years, he lives with his mother and is able
to self-care. He is partially sighted with significant horizontal
nystagmus and high myopia. He is of an average build with height
of 166cm (10th centile) and head circumference of 60 cm (> 98th
centile). He is non-dysmorphic and had a normal neurological
examination. Both II-2 and I-2 had normal intelligence and normal
ocular examinations.

Individual II-2 had three affected brothers, II-3, II-4 and II-5, all
with mild MR, although only II-4 managed supervised employment.
They lived together with their mother and were able to care for
themselves. I1-3 and II-5 developed epilepsy in childhood. Ophthalmic
assessment showed all three had congenital pendular nystagmus,
mildly reduced vision and wore corrective glasses. II-3 had an
alternating divergent strabismus, right myopic astigmatism and left
mixed astigmatism. II-4 had high myopia, pallor of the optic discs,
minimal pigmentary stippling of macula and peripheral retinas,
normal ERG, normal electro-oculogram and diminished amplitude
of the visual-evoked potential.

DISCUSSION

In this study, we characterised six mutations in the CASK gene,
associated with diverse clinical phenotypes. Two of these, p.D710G
(family 74) and ¢.2521-2A>T (family 683), resulted in errors of
mRNA processing. The p.D710G mutation results in alternative
splicing of exon 22, causing an in-frame deletion of nine amino
acids at the C-terminal end of the ‘Hook Motif” (the protein 4.1
binding motif). The ¢.2521-2A>T mutation within the 3" acceptor
splice site sequence of exon 26 results in two alternative splice site
transcripts. Both result in in-frame deletions (p.841_868 and
p.841_843 del ALK) within the C-terminal guanylate kinase domain,
a pseudokinase that, in neurons, is involved in re-targeting the CASK
protein to the nucleus, where it interacts with the transcription factor
TBR-1 (T-brain-1) and nucleosome-assembly protein CASK-interact-
ing nucleosome assembly protein (CINAP). These proteins form a
transcriptional complex that regulates expression of genes, such as
RELN and NR2b (NMDA receptor 2b), which are important for
neuronal function and development.”>!®?* Huang and Hsueh?°
recently demonstrated that a point mutation in the Thr724 residue
of the rat CASK guanylate kinase domain reduced the interaction
between CASK and both Tbr-1 and CINAP proteins. We postulate that
the above splice mutations would result in a similar or more
pronounced effect.

European Journal of Human Genetics

In contrast to the previously reported highly deleterious variants
associated with inviability or neonatal lethality in males, mutations
compatible with male viability are likely to have a relatively mild
impact on protein structure and function. Thus, one might expect that
missense variants may not be clearly flagged as deleterious with
Panther/Polyphen-type prediction programmes and that the informa-
tion obtained should be interpreted in light of all available informa-
tion. Bioinformatic analyses (Supplementary Table 1) of the four
missense mutations showed that all were predicted to be destabilising
using iPTREE analysis. The p.W919R mutation (family 123) results in
the substitution of arginine, a charged amino acid, for tryptophan, a
polar amino acid. SIFT and Polyphen analysis predicted that p.W919R
and p.Y728C (family V) mutations would not be tolerated and
probably damaging. Both amino acids are highly conserved in
different species (Figure 4). Panther prediction was not deleterious
for the other two mutations, p.Y268H (family 16) and p.P396S (family
K8919). Yet, the p.P396S missense mutation involves a highly con-
served site within the L27.1 domain, which specifically binds to the
unique L27 domain of SAP97, in turn having an important role in the
establishment and maintenance of neuronal and epithelial cell polar-
isation.® The p.Y268H mutation occurs at a highly conserved amino
acid position within the CaMK-like domain. The CaMK-like domain
binds to several proteins, such as Caskin 12! and Mint1,2>?* and
adopts a constitutively active conformation that binds to ATP and
catalyses the transfer of a phosphate group without Mg2".2* The lack
of sequence variants of the missense mutations in control samples also
suggests that the evolutionary constraints on CASK are stringent and
that these mutations are unlikely to be polymorphisms, but this
cannot be completely excluded.

The most obvious explanation for the striking difference in clinical
severity between individuals with CASK mutations is that hemizy-
gous missense variants are likely to be less deleterious than inactivat-
ing mutations. Our families exhibited widely variable phenotypes,
including mild non-syndromic XLMR and XLMR with nystag-
mus * dysmorphic facial features. In stark contrast to the severely
affected individuals reported by Najm et al,* our carrier females were
either phenotypically normal or less severely affected compared with
the males within their family; three of our families had only mild
MR, no affected individual had microcephaly and only one of the
three individuals undergoing brain MRI exhibited brain malforma-
tions or cerebellar hypoplasia. Similar to the recently reported
family,> macrocephaly was present in one affected male and relative
macrocephaly was seen in two of the affected males from family 74.
The four families with nystagmus (families 74, 123, V and 683), all
have mutations within the C-terminal of the CASK protein, suggest-
ing a possible genotype—phenotype correlation for the presence of
nystagmus (Figure 3).

Nystagmus is an unusual and distinctive clinical feature, not
commonly seen in association with MR. Exceptions to this include
Pelizaeus—Merzbacher disease?>?¢ and chromosome 18q22.3-q23 dele-
tions,?” both of which may be associated with nystagmus. Nystagmus
can be associated with various diseases, such as vestibular or cerebellar
dysfunction or may be inherited, either as an isolated finding (con-
genital idiopathic/motor nystagmus) or related to sensory defects of
the retina or anterior visual pathways, such as albinism or retinal
dystrophy.2® A single gene, FRMD7 at Xq26.2 (NYS1), has been
identified as causing congenital nystagmus,?®=! although other loci,
including NYS5, NYS2 at 6p12, NYS3 at 7p11, NYS4 at 13q31-q33 and
18q exist.2732-36

Detailed eye assessments of individuals from families 74, V and 683
demonstrated many common features, such as early age of onset of



nystagmus, horizontal nystagmus present in all directions of gaze,
pendular or increasing velocity waveforms, mildly reduced VA and
absence of sensory defects. The consistent finding of gaze-evoked
nystagmus indicates a dysfunction of the neural integrator, which is
required for all conjugate eye movements. The neural integrator is a
term applied to an ocular motor function carried out by groups of
cells in the cerebellum, the prepositus hypoglossus and medial
vestibular nucleus.?”3 Thus, the anatomical localisation of neural
integrator dysfunction provides a plausible explanation for the ocular
signs (nystagmus * other ocular deficits, including retinal anomalies
and strabismus) occurring in patients with CASK mutations.”
Nystagmus does not seem to be related to cerebellar dysfunction, as
the majority of patients reported by Najm et al* had cerebellar
hypoplasia, yet none had nystagmus, and of our three individuals
with nystagmus who had MRI brain scans, only one (II-2, family V)
had mild cerebellar hypoplasia. Moreover, there was no obvious
clinical cerebellar dysfunction in the majority of individuals with
nystagmus. Further studies are needed to determine whether muta-
tions within the C-terminal end of the CASK gene affect development
or function of the neural integrator.

Despite over 90 XLMR genes having been identified, each gene
accounts for only a small proportion of XLMR cases, and the causative
mutation in many XLMR families remains unknown.*® Of the four
families in whom CASK mutations were identified from 358 XLMR
probands screened for mutations,® two had the unusual and distinc-
tive clinical feature of nystagmus. An additional two mutations were
identified in the cohort of 45 patients with MR and nystagmus.
Although the numbers are small, it suggests that consideration should
be given to screening for CASK mutations in individuals with MR and
nystagmus. Together, 6 out of the 403 (1.5%) individuals screened had
a mutation within the CASK gene.

In summary, we characterised six novel sequence alterations within
the CASK gene and postulate that a milder phenotypic spectrum is
associated with missense mutations, compared with inactivating
mutations. A genotype—phenotype correlation seems to be likely for
the presence of nystagmus, with mutations situated at the C-terminal
of the CASK protein. CASK mutations are likely to represent a
relatively frequent cause of XLMR, with a diverse clinical spectrum,
ranging from non-syndromic XLMR to severe MR associated with
microcephaly, brain malformations and facial dysmorphism.
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XLMR phenotypes
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John Grigg, Michael Partington, Roger E Stevenson, John Tolmie, John RW Yates, Gillian Turner,

Meredith Wilson, Andrew P Futreal, Mark Corbett, Marie Shaw, Jozef Gecz, F Lucy Raymond,

Michael R Stratton, Charles E Schwartz and Fatima E Abidi
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Correction to: European Journal of Human Genetics (2010) 18, 554-552;
doi:10.1038/ejhg.2009.220; published online 23 December 2009

Since the publication of the above paper, the authors have identified
an error. In the Results section, under the sub-heading ‘Sequencing of
the CASK gene, Family 123, the first sentence is incorrect; 2756

European Journal of Human Genetics

(c.2756T>C) should be replaced with 2755 (c.2755T>C). The
correct sentence is:

AT to C change in exon 27 at position 2755 (c.2755T >C) was
identified, resulting in the substitution of arginine for tryptophan at
position 919 (p.W919R) at the C-terminal end of the CASK protein
(Figure 2).

The authors would like to apologise for this mistake.
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