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De novo missense mutations in NALCN cause
developmental and intellectual impairment with
hypotonia

Ryoko Fukai1,2, Hirotomo Saitsu1, Nobuhiko Okamoto3, Yasunari Sakai4, Aviva Fattal-Valevski5,
Shiina Masaaki6, Yukihiro Kitai7, Michiko Torio4, Kanako Kojima-Ishii4, Kenji Ihara4,8, Veronika Chernuha5,
Mitsuko Nakashima1, Satoko Miyatake1, Fumiaki Tanaka2, Noriko Miyake1 and Naomichi Matsumoto1

Three recessive mutations in the sodium leak channel, nonselective (NALCN) have been reported to cause intellectual disability

and hypotonia. In addition, 14 de novo heterozygous mutations have been identified in 15 patients with arthrogryposis and

neurodevelopmental impairment. Here, we report three patients with neurodevelopmental disease and hypotonia, harboring one

recurrent (p.R1181Q) and two novel mutations (p.L312V and p.V1020F) occurring de novo in NALCN. Mutation p.L312 is

located in the pore forming S6 region of domain I and p.V1020F in the S5 region of domain III. Mutation p.R1181Q is in a

linker region. Mapping these three mutations to a model of NALCN showed p.Leu312 and p.Val1020 positioned in the

hydrophobic core of the pore modules, indicating these two mutations may affect the gating function of NALCN. Although

p.R1181Q is unlikely to affect the ion channel structure, previous studies have shown that an analogous mutation in

Caenorhabditis elegans produced a phenotype with a coiling locomotion, suggesting that p.R1181Q could also affect NALCN

function. Our three patients showed profound intellectual disability and growth delay, facial dysmorphologies and hypotonia.

The present data support previous work suggesting heterozygous NALCN mutations lead to syndromic neurodevelopmental

impairment.
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INTRODUCTION

The 4× 6 transmembrane channel family members contain four
homologous repeat domains (I–IV) and six transmembrane segments
(S1–S6) in each domain.1–3 The sodium leak channel, nonselective
(NALCN) is one of the 4× 6 transmembrane channel family members,
and it encodes voltage-independent nonselective cation channels.1–3

NALCN is widely expressed in the central nervous system, especially in
neurons, and is responsible for half of the background sodium leak
current and the regulation of neuronal excitabilities in vertebrates.1,4

NALCN mutations have been linked to human diseases.5–8 Recessive
(homozygous) NALCN mutations (p.Y497Tfs*21,6 p.W1287L,6 and
p.Q642X5) were reported in children from three consanguineous
families showing global developmental delay and hypotonia.5,6

p.Q642X was detected in two siblings (one female and one male)
from a family with infantile neuroaxonal dystrophy.5 p.W1287L
located outside of pore-forming domains was found in three female
patients affected with mild hypotonia, speech impairment, cognitive
delay and easily controlled seizures,6 and p.Y497Tfs*21 was found in

three familial male patients with severe hypotonia, speech impairment
and cognitive delay.6 Conversely, 14 dominant NALCN mutations
(occurring de novo) were recently found in patients with either distal
arthrogryposis (congenital contractures of the limbs and face),
hypotonia, and global developmental delay (CLIFAHDD) syndrome
or intellectual disability, ataxia and arthrogryposis.9,10 The mutations
were located in or near the pore forming regions of NALCN, some of
the patients’ phenotypes were commonly observed. We report three
patients with de novo NALCN mutations and discuss genotype–
phenotype correlations.

MATERIALS AND METHODS

Genomic DNA was extracted from the peripheral blood of patients and their

parents. Whole exome sequencing was performed as previously described.11 In

brief, approximately 3 μg DNA was sheared and used for a SureSelect Human

All Exon V5 library (Agilent Technologies, Santa Clara, CA, USA) according to

the manufacturer’s instructions (method as previously described11). All variants

within exons or ± 30 bp from exon–intron boundaries, those registered in
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Table 1 Genetic and clinical features of patients with NALCN abnormality

Features Patient 1 Patient 2 Patient 3 AD patientsa (N=15) AR patientsb (N=8)

Age (present or died) 4 years 6 months (present) 5 years (present) 15 months (present) 3/3 died NA
Gender Female Female Female 8 male, 7 female 4 male, 4 female
Races Japanese Japanese Egyptian NA 1 Turkish, 2 Saudi

Arabian families
Age at onset At birth At birth 2 months NA At birth
NALCN Mutation
(NM_052867)

c.934C4G c.3542G4A c.3058G4T arefer to references brefer to references

Amino acid change p.L312V p.R1181Q p.V1020F arefer to references brefer to references
Inheritance De novo De novo De novo De novo Autosomal recessive

(Homozygous)
PolyPhen2 1 0.444 1 NA NA
SIFT 0.01 0.01 0 NA NA
Mutation taster 0.999574 0.999625 0.999979 NA NA
Amino acid conservation
(USCS)

Human to zebrafish Human to zebrafish Human to zebrafish NA NA

Diagnosis Global developmental delay,
Celebellar atrophy

Arthrogliposis, Hypercalcemia,
Severe Intellectual disabilities
(ID)

Microcephaly, Global
developmental delay

CLIFAHDD syndrome,
DA, ID

INAD, Severe Hypotonia,
Speech impairment,
Cognitive delay

Distal arthrogryposis (DA)
type

DAI DAIIB (4IIA) − 10 DA, 5 CLIFAHDD NA

Face
Dysmorphism + + + 15/15 8/8
Prominent (broad)
forehead

− + + NA 6/6

Brachycephaly − − + NA NA
Hypertelorism − + − NA NA
Epicanthal folds + − + NA NA
Strabisums − − − NA 2/2
Large ears − − + NA 2/2
Low-set ears − + + NA 2/2
Pominent slender nose − − + NA NA
Small nose − − + NA 2/2
Broad nasal bridge + + + 14/14 NA
Anteverted nasal tip + − + NA NA
Smooth Philtrum + + + NA 6/6
Thin upper lip − + + NA 6/6
Micrognathia − + + 13/14 2/2
High arched palate + + NA NA NA
Hypoplastic mandible − + − NA NA
Short neck − + − 10/12 NA

Limbs
Camptodactyly + + + 14/14 NA
Ulnar deviation + + + 15/15 NA
Adducted thumbs + − − 14/14 NA
Clubfoot + − − 14/15 NA
Calcaneovalgus
deformity

+ − NA 3/14 NA

Arthrogryposis multi-
plex congenita

+ + − 15/15 NA

Joint contractures (hip/
elbow/knee)

+ − − 13/14 2/2

Other skeletal findings Small hands with distal digital
hypoplasia

− Plagiocephaly, small femor and
humerus

10/13 NA

Other clinical features
Motor delay Severe Severe Severe—does not sit or stand 15/15 8/8
Speech delay Severe Severe Severe—no words 13/13 8/8
Cognitive delay Severe Severe Severe—no strangers fear, does

not grasp objects, DQo50
15/15 8/8

Seizure − − − 2/15 5/8
Microcephaly + + Progressive microcephaly NA 2/2
Ataxia + − NA 1/1 NA
Behavioral anomalies Involuntary movement NA Stereotypic movements 1/1 3/6 hyperactivity
Feeding difficulties − + + NA 6/6
Respiratory
insufficiency

− − NA 8/9 NA

Muscle tonus Muscle weakness Hypotonia Axial hypotonia 8/14 hypotonia 8/8 hypotonia
Family history None Older brother: ASD None NA affected siblings
At Birth: Weight (W),
Height (H), Head
circumference (HC)

34 w, W: 2726 g (+2.5 s.d.), H:
46 cm (+1.6 s.d.), HC: 34 cm
(+2.1 s.d.)

W: 2900 g (+0.1 s.d.), H:
47.5 cm (−0.7 s.d.), HC: 31 cm
(−1.6 s.d.)

38 w, W: 2840 g, H: NA, HC:
34 cm

NA 2/2 low birth weight

Growth: Weight (W),
Height (H), Head
circumference (HC)

4 years 6 months. W: 11.7 kg
(-2.2 s.d.), H: 90 cm (-3.1 s.d.) HC
46.4 cm (-2.4 s.d.)

5 years. W: 12.1 kg (-2.6 s.d.),
H: 88.6 cm (-5.0 s.d.), HC
46.8 cm (-2.2 s.d.)

1 year 5 months. W: 8 kg
(-2 s.d.), H: 69 cm (-2.5 s.d.),
HC: 42 cm (-4 s.d.)

NA 2/8 delay

Brain MRI Cerebellar atrophy Loss of white matter volume Enlarged subarachnoid spaces
with microcephaly, suspecting
brain atrophy

5/10 abnormal 3/8 abnormal

Abbreviations: +, present; − , absent; AD, autosomal dominant; AR, autosomal recessive; CLIFAHDD, congenital contractures of the limbs and face, hypotonia, and global developmental delay;
INAD, infantile neuroaxonal dystrophy; NA, not available/applicable; NALCN, sodium leak channel, nonselective.
aChong et al.9 and Aoyagi et al.10
bKoroglu et al.5 and Al-Sayed et al.6
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dbSNP137 (minor allele frequency ⩾ 0.01), the National Heart Lung and Blood
Institute Exome Sequencing Project Exome Variant Server (NHLBI-ESP 6500,
http://evs.gs.washington.edu/EVS/) and our in-house databases (exome data
from 575 Japanese individuals) were removed. Variants were confirmed by
Sanger sequencing using an ABI PRISM 3500xl autosequencer (Life Technol-
ogies, Carlsbad, CA, USA). In this analysis, NALCN variants were annotated
according to NCBI reference sequence NM_052867.2, and amino acid positions
are based on NP_443099.1. To confirm NALCN expression in the central
nervous system, we performed TaqMan quantitative real-time PCR analysis
with cDNAs of adult human tissues (Human MTC Panel I, #636742) (Clontech
Laboratories, Mountain View, CA, USA), fetal human tissues (Human Fetal
MTC Panel, #636747) (Clontech Laboratories) as a template. Predesigned
TaqMan probes for human NALCN (Hs01075987_m1 and Hs00380168_m1),
and human β-actin (ACTB, 4326315E) were purchased from Life Technologies.
This study was approved by the Institutional Review Board of Yokohama City
University School of Medicine. Written informed consent was obtained from
patients or parents of pediatric patients.

RESULTS AND DISCUSSION

Three de novo NALCN mutations were identified: c.934C4G
(p.L312V), c.3542G4A (p.V1020F) and c.3058G4T (p.R1181Q) in
three unrelated patients with developmental delay (Table 1 and
Figure 1). Three de novo missense mutations were detected
and predicted as pathogenic by SIFT,12 PolyPhen2,13 and
MutationTaster,14 and mutations occurred at evolutionarily conserved
amino acids among different species (Table 1).
Trio-based WES was performed on two patients (patient 1 and 2)

and patient-only WES on one patient (patient 3) using our cohort

study of intellectual disability. De novo occurrence was confirmed for
all the mutations by Sanger sequencing. The results of a TaqMan
quantitative real-time PCR assay using the first-strand cDNA as a
template of human fetal tissues and human adult tissues showed high
expression in human brain (Supplementary Figure 1).
NALCN has four homologous repeat domains (I–IV) consisting of

six transmembrane segments (S1–S6). The pairs of domains I and II,
and domains II and IV are assembled closely to form NALCN
channels.2,15 Segments S5 and S6 of domains I–IV are predicted to
compose a central pore-forming domain.2,9 To evaluate the impact of
the NALCN mutations, we constructed a model using the homology
modeling Phyre2 server16 (as no experimental structure of human
NALCN was available), and mapped the mutations on to the model.
Residues p.Leu312 and p.Val1020 are predicted to be involved in the
hydrophobic cores of the pore modules, responsible for gate opening
and ion selectivity in domains I and III, respectively (Figure 1b). Thus,
the p.L312V and p.V1020F mutations may affect the gating function of
NALCN. Residue Arg1181 is located in the cytoplasmic loop
connecting domain III with IV, suggesting that the p.R1181Q
mutation is unlikely to affect an ion channel structure, but more
likely affects interaction with other molecules. Previous studies have
shown that the double knockout C. elegans mutant of nca-1 and nca-2
(nca-1(gk9); nca-2(gk5)) paralogous to human NALCN failed to
sustain sinusoidal locomotion, which is a so called ‘fainter’ phenotype,
and gain of functional allele (p.R43Q in nca-1) showed exaggerated
body bends called ‘coiler’.10 A p.R1230Q nca-1 mutant, which is an

Figure 1 Genetic and structural depiction of NALCN mutations. (a) Missense mutations in NALCN found in the current study (red dots), a study by Chong
et al.9 (blue dots) and Aoyagi et al.10 (green dots). Squares reflect autosomal recessive mutations from previous reports. A modeled structure of human
NALCN is shown, viewed from the intracellular side of the membrane (b) and from the membrane plane (c), with indication of the found mutation positions.
The modeled structures of domain I, III and IV (DI, DIII and DIV) were constructed individually based on the crystal structures of a cAMP-bound potassium
channel from the bacterium Mesorhizobium loti (PDB code 4chw),17 a voltage-gated Na+-channel from Arcobacter butzleri (NavAb) (PDB code 3rvz)18 and
that from the marine alphaproteobacterium HIMB114 (PDB code 4dxw),19 respectively. As for domain II, for which we could not build a reliable model, the
crystal structure of NavAb (PDB code 3rvz) is tentatively shown as translucent gray ribbons and tubes. In (b), the cytoplasmic linker including the R1181Q
mutation point between domain III and IV is just shown as dotted curves. The side chains of Leu312 and Val1020 are shown as van der Waals spheres
colored red. DI–DIV, domain I–IV.
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analogous mutation of p.R1181Q in human NALCN, converted the
fainter (nca-1(gk9); nca-2(gk5)) and wild type animals to coilers,
indicating a dominant gain-of-function effect of this mutation.10

Again, including our patient, there have been three patients with
intellectual disability, arthrogryposis and hypotonia all with an
heterozygous mutation at Arg1181,9,10 suggesting that this mutation
results in improper NALCN function in both C. elegans and humans.
All the 17 missense mutations occurring de novo in NALCN were

positioned in either S5 or S6 of domains I–III, as shown in Figure 2a.
In contrast, recessive mutations (p.Y497Tfs*21,6 p.W1287L,6 and
p.Q642X5) were unrelated to pore-forming domains (Figure 1a).
The p.Y497Tfs*216 and p.Q642X5 are predicted to cause severe
truncation of NALCN leading to loss of domain III and IV, suggesting
that the function of the mutant protein would be severely impaired.
Alternatively, mutant transcripts harboring p.Y497Tfs*216 and
p.Q642X5 mutations may undergo nonsense-mediated mRNA decay
in patient cells. Therefore it is very likely that both mutations would
lead to the loss of function in NALCN. Functional analysis was not yet
reported concerning the p.W1287L mutation, but considering auto-
somal recessive inheritance, the mutation might lead to the loss of
function effect. Therefore, it is likely that NALCN missense mutations
in S5 and S6 have dominant-negative effects and recessive mutations
including a missense mutation located in outside of pore-forming
domains would cause loss-of-function effects.
The clinical features of the three patients were carefully assessed. As

shown in Figures 2a–d, patient 1 had small hands with distal digital
hypoplasia, abducted thumbs, ulnar deviation of her wrist and bilateral
clubfeet with dorsal flexion of her first toes. Patient 2 also had
relatively small hands, camptodactyly, overlapping fingers, ulnar
deviation of her wrist and dorsal flexion of her first toes (Figures 2
e–g). Patient 3 showed camptodactyly, overlapping fingers (Figure 2h)
but her first toe was not as flexed compared with the toes of patients 1

and 2. All three patients were diagnosed as intellectual disability and
had global developmental delay, some facial and limb dysmorphic
features, and hypotonia (Table 1). Dorsal flexion of the first toes was
observed in patient 1 and patient 2, and seems characteristic. Brain
MRI of patient 1 showed cerebellar atrophy and loss of white matter;
enlarged subarachnoid spaces were seen in patient 3 (data not shown).
It is likely that NALCN mutations lead to a variety of brain
abnormalities. The three patients in this study and the 15 previously
reported patients had some common clinical features including
intellectual disability, arthrogryposis, hypotonia, camptodactyly and
ulnar deviation of the wrists.9,10 Facial dysmorphisms and severe
psychomotor impairment are commonly observed in patients with
both dominant and recessive mutations (indicated in Table 1), and
could be the main clinical features in patients with NALCN
abnormalities. Hypotonia was observed in all eight recessive patients,
and 11/16 dominant patients. Three dominant patients died before the
age of five years. Joint contractions were observed in 14/17 dominant
patients, and 2/2 recessive INAD patients (a 21-year-old female and an
18-year-old male) in whom contractures of extremities gradually
developed.5 Three patients with p.R1181Q had severe psychomotor
impairment, facial dysmorphisms and arthrogryposis. One of them
had ataxic gait but could walk short distances independently, although
another (patient 2) has never walked. Other clinical features vary.
Since the number of recessive patients are limited and full information
regarding symptomatic ages are not indicated, it is difficult to
conclude whether the dominant (or recessive) patients show more
severe phenotypes.
Although neurodevelopmental impairment and hypotonia are over-

lapping features of dominant and recessive mutations in the same
gene, distal arthrogryposis, camptodactyly, and ulnar deviation are
only observed in those with dominant mutations. More information

Figure 2 Clinical features of the hands and feet of three patients with NALCN mutations. Left (a) and right (b) hands showing abduction of the thumbs and
ulnar deviation of the wrist of patient 1; right (c) and left (d) feet showing clubfoot and dorsal flexion of first toes of patient 1. Right (e) and left (f) hands of
patient 2 showing camptodactyly; right foot (g) of patient 2 with dorsal flexion of the first toe. Right hand (h) of patient 3 showing mild ulnar deviation. A full
color version of this figure is available at the Journal of Human Genetics journal online.
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on the clinical features associated with NALCN mutations is needed
for better clinical practice.
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