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Abstract

Purpose: To characterize a novel neurodevelopmental syndrome due to loss-of-function (LoF) variants in Ankyrin 2 (ANK2), and to
explore the effects on neuronal network dynamics and homeostatic plasticity in human-induced pluripotent stem cell-derived neurons.
Methods: We collected clinical and molecular data of 12 individuals with heterozygous de novo LoF variants in ANK2. We generated a
heterozygous LoF allele of ANK2 using CRISPR/Cas9 in human-induced pluripotent stem cells (hiPSCs). HiPSCs were differentiated
into excitatory neurons, and we measured their spontaneous electrophysiological responses using micro-electrode arrays (MEAs). We
also characterized their somatodendritic morphology and axon initial segment (AIS) structure and plasticity. Results: We found a broad
neurodevelopmental disorder (NDD), comprising intellectual disability, autism spectrum disorders and early onset epilepsy. Using MEAs,
we found that hiPSC-derived neurons with heterozygous LoF of ANK2 show a hyperactive and desynchronized neuronal network. ANK2-
deficient neurons also showed increased somatodendritic structures and altered AIS structure of which its plasticity is impaired upon
activity-dependent modulation. Conclusions: Phenotypic characterization of patients with de novo ANK2 LoF variants defines a novel
NDD with early onset epilepsy. Our functional in vitro data of ANK2-deficient human neurons show a specific neuronal phenotype
in which reduced ANKB expression leads to hyperactive and desynchronized neuronal network activity, increased somatodendritic
complexity and AIS structure and impaired activity-dependent plasticity of the AIS.
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Introduction
The ankyrin 2 (ANK2) gene on chromosome 4q25-q26 encodes
ankyrin-B (ANKB), an adaptor protein that links integral mem-
brane proteins to the spectrin-actin cytoskeleton, and is impor-
tant for localization and membrane stabilization of ion chan-
nels. Two major ANKB polypeptides are encoded by ANK2, of
which one is 220 kDa and is expressed in multiple tissues. The
other, also known as giant ANKB (gANKB), is an alternatively
spliced transcript that includes a neurospecific domain (NSD)
encoded by a giant exon inserted between the spectrin binding
and death domain. In total, gANKB measures 440 kDa and is
mainly expressed in the brain (1,2) (see Fig. 1 for gene–protein
structure and distribution of variants). A set of pathogenic mis-
sense variants targeting both polypeptides was previously shown
to cause a phenotype of cardiac arrhythmia and long QT syn-
drome [MIM:106410]. In vitro experiments showed that ANK2 mis-
sense variants lead to a disruption of several ion channels in
cardiomyocytes and were therefore interpreted as representing
loss-of-function (LoF) (3).

On the basis of a limited number of individual reports typically
from genome-sequencing studies, ANK2 has been proposed as
a candidate susceptibility gene for autism spectrum disorder
(ASD) (4–10). In these individuals, the ASD typically was non-
syndromic (noting ascertainment for most of these families was
for an ASD diagnosis only), and the variants were mostly missense
variants, with frameshift variants observed in some cases. De novo
variants in ANK2 have been described in a small number of indi-
viduals from large cohorts with neurodevelopmental disorders
(NDDs) and epilepsy as well (10–14). A recent large-scale exome-
sequencing study of ASD concluded that ANK2 variants are more
likely to be found in ASD compared with ID, noting there is a
significant overlap between the two (15).

It has been speculated that the effect on the NSD of gANKB
might underlie the phenotypic difference with the missense vari-
ants that cause cardiac arrhythmia (16,17). A frameshift vari-
ant in the giant exon of gANKB in mice causes an increased
frequency of axonal branching in neurons, dependent on the
interaction of gANKB with L1CAM, suggesting aberrant struc-
tural connectivity (16). Direct interaction of gANKB with micro-
tubules causes prominent bundling of microtubules, suppressing

invasion into filopodia and axon branching (17). Furthermore,
there is a transient increase in excitatory synapses during postna-
tal development and a stochastic increase in structural connectiv-
ity in cerebral cortices of ANKB-deficient mice found on diffusion
tensor imaging (16).

We considered that another possible mechanism by which
variants in ANKB affect ASD risk could be through its role in
the determination of length and location of the axon initial seg-
ment (AIS) (18). The AIS is a specialized membrane region in
the axon, where high-density voltage-gated sodium (NaV) and
potassium (KV) channels generate action potentials under the reg-
ulation of synaptic input (19). The structure of the AIS undergoes
activity-dependent structural changes that can be considered as
a homeostatic mechanism for modulating neuronal excitability
(20,21). Such effects of ANK2 variants on neuronal excitability
would be consistent with a role in autism or intellectual disability
(ID) (22).

In this study, we collected detailed clinical data for 12 individ-
uals (7 male, 5 female) with a de novo LoF variant in ANK2. In
contrast to a recent large-scale compilation of ASD sequencing
data (15), we find that the ANK2 LoF variants cause a wider range
of neurodevelopmental phenotypes including mild to severe ID
and epilepsy. We sought to determine how LoF variants in ANK2
affect neuronal network activity in human neurons derived from
human-induced pluripotent stem cells (hiPSCs). To better under-
stand how ANKB affects neuronal network activity, we analyzed
the effect of heterozygous loss of ANKB on somatodendritic mor-
phology and on the structure and location of the AIS.

Results
Patients with heterozygous LoF of ANK2 show
variable severity of epilepsy
Gene discovery
We identified 12 patients in whom a LoF variant in ANK2 was
identified and where phenotypic data could be obtained. These
variants included four nonsense, three frameshift, three canon-
ical splice site variants and two (partial) gene deletions (Fig. 1).
Analysis of parental DNA showed that 11 of these occurred de novo.
For the remaining patient, parental DNAs were not available.

Figure 1. Schematic representation of ANK2 variants. (A) Schematic representation of the genomic structure of ANK2 with known intronic variants and
larger deletions. Yellow arrows indicate the position of qPCR primer pair used to assess mRNA expression of the 220-kDa isoform of ANK2. Green arrows
indicate the position of qPCR primer pair used to assess mRNA expression of the 440-kDa isoform of ANK2. (B) Schematic representation of the major
transcript of ankyrin B, NM_001148.5 (the 440-kDA variant) and its domains. In the 440-kDA protein (gANKB), a neurospecific 6.7 kb exon is expressed
and inserted between the UPA and the death domain. The PTVs are depicted as well as the variant used in our CRISPR experiment.
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Table 1. Clinical features of epilepsy of seven patients

Patient 2 Patient 3 Patient 5 Patient 6 Patient 8 Patient 10 Patient11

Age (years) 13 15 12 18 14 1.75 1.6
Sex Female Male Male Male Female Male Female
ILAE
classification

Epilepsy from
unknown type
with seizures
unknown onset

Epilepsy from
unknown type
with seizures
unknown onset

Focal epilepsy
with focal
seizures with
leftward eye
deviation and
impaired
awareness

West syndrome
with infantile
spasms and
Lennox–Gastaut
syndrome

Generalized
epilepsy/epilepsy
with myoclonic
absences

Focal epilepsy
with focal
motor seizures
(clonic and
myoclonic)
with impaired
awareness

Focal epilepsy
with focal
motor seizures
(clonic and
myoclonic)
with impaired
awareness

Age of onset 8 days 5 days 2 years 4 months 22 months 2 weeks 1 week
Description Neonatal

convulsions, at
3.5y bilateral
tonic–clonic
seizure

Neonatal
seizures;
seizure-free

Focal seizures Refractory tonic
seizures.
History of
infantile spasms,
myoclonic
seizures, absences
and atonic
seizures
Seizures appear
daily

Complex febrile
seizures.
Refractory focal
seizures, absences
with eyelid
myoclonia and
myoclonic
absences, GTCS
Seizures appear
daily

Focal seizures,
seizure-free
with
oxcarbazepine

Focal seizures,
seizure-free
with
oxcarbazepine

EEG Multifocal
epileptic
discharges

Normal Right-sided
epileptiform
discharges

Abundant
multifocal
epileptiform
activity; left>right
slowing.

Generalized 3-Hz
spike and wave,
progressive during
sleep

Multifocal,
mainly central
(−parietal)
spikes

Focal central
spikes

Anti-epileptic
treatment

Lamotrigine
(history:
Valproic acid)

None Valproic acid
500/500 mg,
clonidine
0.1 mg

Ketogenic diet,
clonazepam,
rufinamide,
clobazam,
cannabidiol,
valproic acid, VNS

Lamotrigine, VNS
(history: valproic
acid, clobazam,
ethosuximide,
topiramate
levetiracetam)

Oxcarbazepine

VNS: vagal nerve stimulator; GTCS: generalized tonic–clonic seizures.

Clinical phenotype
Epilepsy
We next performed in-depth phenotyping of all patients. Early
onset epilepsy is reported in 7 of 12 patients (58%), with an onset
of epilepsy before the age of 2 years (Table 1). Four patients had
neonatal onset epilepsy (Patients 2, 3, 10 and 11). Of these four
patients, three were seizure-free with medication (oxcarbazepine
or phenobarbital), one of whom (Patient 3) remained seizure-
free after discontinuing phenobarbital at 4 months. The fourth
patient (Patient 2) developed a bilateral tonic–clinic seizure at
the age of 3 with multifocal discharges on electroencephalogram
(EEG), and became seizure-free on lamotrigine. Patient 5 had
focal epilepsy with focal motor seizures and impaired aware-
ness, which responded well to treatment with valproic acid. Two
patients had therapy-resistant epilepsy (Patients 6 and 8), despite
multiple anti-epileptic drugs and implantation of a vagal nerve
stimulator (VNS). Of these two patients with therapy-resistant
epilepsy, Patient 6 had West syndrome with infantile spasms,
which later developed into Lennox–Gastaut syndrome. Despite
treatment with valproic acid, clonazepam, clobazam, cannabid-
iol, rufinamide, ketogenic and VNS, Patient 6 has daily seizures.
The other patient with therapy-resistant epilepsy, Patient 8, had
focal seizures with clonic movements of the right upper limb,
and later developed a generalized epilepsy type with absences
(absences with eyelid myoclonia and myoclonic absences) as well
as generalized tonic–clonic seizures (GTCS). Although valproic
acid, clobazam, ethosuximide, topiramate and levetiracetam were
prescribed, the seizures were not well controlled. She received

VNS implantation and now uses lamotrigine, but still experiences
daily seizures, including absences.

EEG was performed in all patients. In five patients (71%), EEG
showed focal or multifocal epileptic discharges. In the last patient
(Patient 8), the EEG showed generalized 3-Hz spike and wave dis-
charges, consistent with the dominant seizure types of absences
(myoclonic absences and absences with eyelid myoclonia) and
GTCS. In an eight case (Patient 9), who had no clinical seizures,
EEG in 2014 showed bilateral occipital slowing without epileptic
discharges, which spontaneously disappeared within a few weeks.
CT scan was performed and showed no underlying abnormalities.

MRI
Six patients underwent a brain MRI scan. Of these, five had no
abnormalities. One patient (Patient 8) had nonspecific hyperin-
tensities on T2, located bilateral periventricular in the frontal and
occipital regions. The ventricular horns were mildly enlarged.

NDD
Nine patients (75%) had ID or delayed motor and/or speech devel-
opment (Table 2). Although most patients had mild ID, moderate
or severe ID was seen in Patients 6 and 8, respectively. Both
Patients 6 and 8 have an epileptic encephalopathy, which may
contribute to the severity of their cognitive impairment. Patient
7 has normal cognitive abilities as judged by a score of 32 on the
Raven progressive matrices. Patients 10 and 11 show no develop-
mental delay thus far but are still being assessed because of their
relatively younger age of <2 years.
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Seven patients (58%) had a formal or suspected diagnosis of
ASD. Further behavioral problems and psychiatric comorbidity
included attention-deficit hyperactivity disorder (ADHD) in five
patients (42%), and Gilles de la Tourette, agitation or aggressive-
ness, sleep disturbances and eating disorder in single patients
(8% each). Mild and non-specific dysmorphisms were reported
in five patients (42%), and congenital anomalies were uncom-
mon (Supplementary Material, Table S1). One patient (Patient 5)
showed generalized overgrowth. Mild hypotonia was reported in
five patients (42%) with associated clumsiness.

Cardiac evaluation
Since (likely) pathogenic missense variants in the ANK2 gene have
previously been causally related to various cardiac-related pheno-
types, surveillance by a cardiologist was performed in six patients
(50%) (Supplementary Material, Table S1). Cardiac abnormalities
were found in two of these six patients (33%), Patients 1 and 3.
Both showed intraventricular conduction delay as well as a small
atrial septum defect. Patient 1 also had a patent foramen ovale.

A human neuronal model of ANKB
haploinsufficiency leads to hyperactive and
desynchronized neuronal network
To examine the effects of heterozygous LoF variants targeting
both the 220-kDa and 440-kDa isoforms of ANK2 on neuronal
function, we generated a human model for heterozygous isogenic
ANKB-deficient neurons. We used CRISPR/Cas9 genome editing
in healthy curated control hiPSCs (WT) to induce a premature
stop codon (p.Arg1225∗) in exon 31 of ANK2 (hereafter referred
to as ANK2+/−), which closely resembles a nonsense mutation
identified in Patient 6 (Figs 1A and 2A). ANK2+/−-derived hiPSCs
showed genetic integrity after genomic editing, which is tested
by off-target analysis and detection of genomic abnormalities
(Supplementary Material, Fig. S1A and B). We differentiated WT
and ANK2+/− hiPSCs into excitatory neurons (iNeurons) by forced
expression of the transcription factor transgene Ngn2 in two
independent ANK2+/−-derived hiPSC clones (Fig. 2B) (23,24). ANKB
localized to axons and MAP2-positive dendrites (Fig. 2C), in line
with previous reports localizing the 220-kDa isoform to dendrites
and the 440 kDa to axons in rodent primary cerebellar neurons
(1,25). The frameshift variant in ANK2+/− iNeurons resulted in a
50% reduction on average of both isoforms in comparison with
WT iNeurons (Fig. 2D–F). We also examined the somatodendritic
morphology in ANK2+/− iNeurons at days in vitro (DIV) 21 (Fig. 2G).
Dendritic reconstructions revealed an increase in soma size, num-
ber of dendritic nodes and total dendritic length in ANK2+/−

iNeurons (Fig. 2H). No difference was observed in the number of
primary dendrites compared with WT iNeurons (Fig. 2H). Sholl
analysis was used to further assess the complexity of the dendritic
network, which allows for a detailed quantification of dendritic
branches close to and distal from the soma (Fig. 2I). The analysis
confirmed an increase in dendritic length in ANK2+/− iNeurons,
accompanied by an increased number of dendritic intersections
and dendritic nodes (Fig. 2J). These results suggest that ANKB hap-
loinsufficiency leads to an increased somatodendritic complexity.

To evaluate the potential effects of haploinsufficiency of both
ANKB isoforms on neuronal network level, we measured sponta-
neous neuronal activity of WT and ANK2+/− iNeurons cultured on
micro-electrode arrays (MEAs). After 28 days of neuronal differ-
entiation, WT iNeurons showed a spontaneously active network
that was organized into rhythmic, synchronous network bursts.
These bursts were composed of many action potentials (spikes)
occurring closely in time and across all electrodes (23) (Fig. 3A

and B). This is in accordance with our previous study in which
we benchmarked the use of MEAs by comparing 10 independent
control lines (26). Representative Raster plots display an increased
global level of activity in ANK2+/− iNeurons compared with WT
iNeurons (Fig. 3B and C), which was reflected by an increase
in spiking rate (Fig. 3F). This was accompanied by a significant
increase in burst rate (Fig. 3G), but not with a difference in burst
duration (Fig. 3H). As a consequence of the higher burst frequency,
we observed a significant decrease in interburst interval (IBI)
(Fig. 3I). The increased burst activity in ANK2+/− iNeurons was not
accompanied by a difference in spike organization [i.e. the per-
centage of random spikes (Fig. 3J)] or increased network burst fre-
quencies and duration (Fig. 3K and L), indicating that in ANK2+/−

networks, an increased number of bursts occur independent of
synchronous network bursts.

To explore whether the increased network activity in ANK2+/−-
derived cultures is caused by other neuronal characteristics, we
measured the number of functional synapses. We immunos-
tained neurons for pre- and postsynaptic markers (Synapsin and
Homer1, respectively). We found no differences in the density of
Synapsin/Homer1 co-localized puncta between WT and ANK2+/−-
derived iNeurons (Supplementary Material, Fig. S2A and B). Com-
bined with the observation that ANK2+/−-derived iNeurons show a
longer dendritic length, these data, however, imply that the total
amount of synapses per neuron is increased. This could reflect
the increased neuronal network excitability.

ANKB haploinsufficiency affects AIS length and
activity-dependent plasticity
Since ANKB together with the αII/βII-spectrin complex forms an
intra-axonal boundary that limits ANKG clustering at the AIS (18),
we wondered whether ANKB haploinsufficiency would affect AIS
length. Using ANKG as a marker for the AIS, we found that the
length of the AIS was significantly increased in ANK2+/− iNeurons
compared with WT iNeurons at DIV 21 and DIV 28 (Fig. 4A and
B), suggesting that the intra-axonal boundary is shifted toward
the distal axonal ends. In particular, we found that ANKG was
more diffused and interrupted at the distal part of ANK2+/−

iNeurons (Fig. 4A). Because the AIS first develops in the distal
parts of the axon (27), we also measured the distance from the
soma to the proximal end of ANKG at DIV 14. We did not find a
significant difference in the distance of ANKG to the soma in both
genotypes (Supplementary Material, Fig. S3A and C). Furthermore,
we did not find a positional change of the proximal end of the
AIS relative to the soma between WT and ANK2+/− iNeurons
at DIV 21 and DIV 28 (Fig. 4A and C). In addition, the ANKG
length is already significantly longer in ANK2+/− iNeurons at DIV
14 (Supplementary Material, Fig. S3A and B). Since ANKG anchors
AIS-specific membrane proteins, such as NaV channels (19), we
asked whether Nav channels expression is differently expressed
in the increased AIS structure of ANK2+/− iNeurons. Using an
antibody that recognizes all sodium channels, as well as an anti-
body against Nav1.1, we found no significant differences in mean
intensities for both Nav1.1 and PanNav in the AIS between WT and
ANK2+/− iNeurons. However, combined with the observation that
ANK2+/− iNeurons show longer AIS structure, these data suggest
that the total amount of sodium channels in the AIS per neuron
is increased (Supplementary Material, Fig. S3D–G).

Neuronal activity can modulate AIS position and length, which
may act as a homeostatic mechanism for regulating neuronal
excitability (20,21). If ANKB is important for AIS length, then
activity-dependent AIS modulation could be dependent on the
intra-axonal boundary formed by the ANKB/αII/βII-spectrin
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Figure 2. Heterozygous loss of 220-kDa and 440-kDa isoforms of ANK2 leads to reduced ANKB expression in iNeurons and increases somatodendritic
structures. (A) Schematic diagram of CRISPR/Cas9 genetic editing in exon 31 and the DNA sequences before and after targeted gene editing. One
nucleotide insertion causes a frameshift variant in WT hiPSCs. (B) Schematic presentation of the iNeuron differentiation protocol. (C) Representative
images of a WT iNeuron immunostained for MAP2 (red) and ANKB (green) (scale bar 10 μm). (D) Representative images of ANK2+/− iNeurons
immunostained for ANKB (green) (scale bar 5 μm), and quantification of ANKB fluorescent intensity, n = 8 for WT; n = 4 for ANK2+/− clone 1 and n = 4 for
ANK2+/− for clone 2. ∗∗∗P < 0.001 by two-tailed unpaired t-test. (E) Schematic presentation of protein domains expressed in 220-kDa ANKB, and qPCR
analysis of 220-kDa ANK2 isoform performed in WT and ANK2+/− iNeurons at DIV 21. Values of ANK2+/− are normalized to WT (n = 8). ∗∗∗P < 0.001 by
two-tailed unpaired t-test. (F) Schematic presentation of protein domains expressed in 440-kDa ANKB, and qPCR analysis of 440-kDa ANK2 performed
in WT and ANK2+/− iNeurons at DIV 21. Values of ANK2+/− are normalized to WT (n = 8). ∗∗∗P < 0.001 by two-tailed unpaired t-test. (G) Representative
somatodendritic reconstructions of WT and ANK2+/− iNeurons (scale bar 20 μm). (H) Quantification of the soma size, the number of primary dendrites,
the number of dendritic nodes and the total dendritic length, n = 30 for WT; n = 30 for ANK2+/−. ∗∗P < 0.01 and ∗∗∗P < 0.001 by two-tailed unpaired t-test.
(I) Representative image of a WT iNeuron in sequential 10 μm rings placed from the center soma outwards for Sholl analysis. (J) Quantification per
10 μm Sholl section of the total dendritic length per ring, the number of dendritic intersections per ring and the number of dendritic nodes per ring,
n = 30 for WT; n = 30 for ANK2+/−. ∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.001 by two-way ANOVA with post hoc Bonferroni correction. MBD = membrane-binding
domain; SBD = spectrin-binding domain; RD = regulatory domain.
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Figure 3. Spontaneous electrophysiological activity of neuronal networks from WT and ANK2+/− iNeurons recorded on MEA. (A) Schematic diagram of
spikes and (network) bursts shapes plotted per electrode. (B) Example of spontaneous WT neuronal network (scale bar 5 s) and burst shape (scale bar
6 s). Synchronous network bursts are indicated in gray vertical bars. (C) Example of spontaneous ANK2+/− neuronal network (scale bar 5 s) and burst
shape (scale bar 6 s). Synchronous network bursts are indicated in blue vertical bars. (D) Representative image of WT-derived neuronal network on a
well of a MEA plate. (E) Representative image of ANK2+/−-derived neuronal network on a well of a MEA plate. Quantification of (F) spiking rate, (G) burst
rate, (H) burst duration, (I) IBI, (J) percentage of random spikes, (K) network burst rate and (L) network burst duration as recorded by MEA in WT and
ANK2+/− neuronal networks, n = 5 for WT; n = 16–18 for ANK2+/−, ∗P < 0.05 and ∗∗P < 0.001 by two-tailed unpaired t-test.

complex. To test this possibility, we chronically silenced neuronal
activity with 1 μM tetrodotoxin (TTX) for 48 h at DIV 21 and
measured AIS positioning and length. As previously reported in
rodents (20,28), AIS length significantly increased in WT iNeurons
after 48 h of TTX treatment (Fig. 4D and E). Interestingly, we did
not find such an increase in AIS length in ANK2+/− iNeurons
(Fig. 4D and E). In neither genotype, we observed a change
in AIS position relative to the soma (Supplementary Material,
Fig. S3C). One possibility is that the increase of AIS length in
ANK2+/− iNeurons is occluded (i.e. AIS length cannot increase
any further as opposed to impaired AIS plasticity). To further test
whether ANKB is required for AIS plasticity, we induced chronic
depolarization with 10 mM KCl to increase neuronal activity for
48 h as it was previously reported to reduce AIS length in human
iNeurons (29). Indeed, we found that the AIS length significantly
decreased in WT iNeurons after 48 h of KCl treatment (Fig. 4F and
G). However, AIS length did not decrease in ANK2+/− iNeurons
after KCl treatment (Fig. 4F and G), suggesting that ANKB is
required for bidirectional AIS plasticity. We did not observe any
repositioning relative to the soma of the AIS in both WT and
ANK2+/− iNeurons (Supplementary Material, Fig. 3H and I).

Our results showed that AIS structure and plasticity are depen-
dent on the intra-axonal boundary formed by the ANKB/αII/

βII-spectrin complex. In addition, we observed that the increased
AIS length leads to an increased total amount of sodium channels
in the AIS of ANK2+/− iNeurons.

Discussion
Here we collected clinical information on 12 patients with pre-
dicted LoF variants in ANK2 and carefully examined their clinical-
and genomic data. We observed a neurodevelopmental pheno-
type, with high risk of ASD and ID. We found early onset epilepsy
in 7 of 12 of our patients, ranging from mild and self-limiting to a
severe epileptic encephalopathy. Furthermore, we demonstrated
that heterozygous loss of ANKB leads to hyperactive and desyn-
chronized bursting activity in hiPSC-derived neuronal networks.
We also showed that heterozygous loss of ANKB in human neu-
rons increases somatodendritic complexity and AIS structure and
impairs AIS plasticity.

Early onset childhood epilepsy was present in 7 of 12 patients
in our cohort. The course of the epilepsy showed great vari-
ability, although onset was in the first 2 years of life. On one
side, neonatal seizure had a very good treatment response and
are possibly self-limiting (as was seen Patient 3). The clinical
picture in four patients resembles self-limiting neonatal-infantile
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Figure 4. Heterozygous loss of ANKB increases AIS length and impairs AIS plasticity. (A) Representative images of WT and ANK2+/− iNeurons
immunostained for MAP2 (blue) and ANKG (red) at DIV 21 and 28 (scale bar 10 μm). Arrowheads indicate the start and end of the AIS. (B) Quantification
of the ANKG length shown by immunostaining in WT and ANK2+/− iNeurons at DIV 21 and DIV 28, n = 19–29 cells/group. Green dots represent
datapoints obtained in ANK2+/− clone 1, and brown datapoints in ANK2+/− clone 2. ∗∗∗∗P < 0.0001 by one-way ANOVA and Tukey’s post hoc analysis.
(C) Quantification of distance soma to start ANKG shown by immunostaining in WT and ANK2+/− iNeurons at DIV 21 and DIV 28, n = 19–29 cells/group.
Green dots represent datapoints obtained in ANK2+/− clone 1, and brown datapoints in ANK2+/− clone 2. ∗∗∗∗P < 0.0001 by one-way ANOVA and Tukey’s
post hoc analysis. (D) Representative images show immunostainings for MAP2 (blue) and ANKG (red) in WT and ANK2+/− iNeurons under basal condition
or treated with 1 μM TTX for 48 h (scale bar 10 μm). Arrowheads indicate the start and end of the AIS. (E) Quantification of the length of ANKG shown
by immunostaining in WT and ANK2+/− iNeurons under basal condition or treated with 1 μM TTX for 48 h, n = 24 for WT; n = 31 for ANK2+/−. Green
dots represent datapoints obtained in ANK2+/− clone 1, and blue datapoints in ANK2+/− clone 2. ∗∗∗∗P < 0.0001 by one-way ANOVA with Tukey’s post
hoc analysis. (F) Representative images show immunostainings for MAP2 (blue) and ANKG (red) in WT and ANK2+/− iNeurons under basal condition or
treated with 10 mM KCl for 48 h (scale bar 10 μm). Arrowheads indicate the start and end of the AIS. (G) Quantification of the length of ANKG shown by
immunostaining in WT and ANK2+/− iNeurons under basal condition or treated with 10 mM KCl for 48 h, n = 16–21 for WT; n = 20 for ANK2+/−. Green
dots represent datapoints obtained in ANK2+/− clone 1, and blue datapoints in ANK2+/− clone 2. ∗∗∗∗P < 0.0001 by one-way ANOVA with Tukey’s post
hoc analysis.
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seizures. On the other side, the epilepsy phenotype of Patients
6 and 8 was more severe compared with other patients, and
it is therapy resistant. The epileptic encephalopathy probably
contributes to the more severe ID in these two patients. In Patient
6, we cannot exclude an additive effect of the maternally inherited
ALG13 variant. However, we engineered a nonsense mutation
(p.Arg1225∗) that closely resembles the nonsense mutation identi-
fied in Patient 6 (p.Arg1007∗) in ANK2. Experimental in vitro data of
ANK2+/−-derived cultures on MEAs showed an increased neuronal
network excitability, suggesting that the ALG13 variant would not
contribute to the increased network activity.

This broad spectrum of the severity of epilepsy is seen in
other genes, mainly those which affect ion channels, such as in
SCN2A (30). Interestingly, variants in other genes involving the
actin-spectrin-ankyrin complex have identified as major cause
of severe refractory epilepsy in infancy (e.g. SPTAN1 variants
affecting spectrin) (31). In Patients 2, 5, 10 and 11, a positive effect
of sodium channel blockers is seen. This suggest an (secondary)
effect of ANKB effect on sodium channel function in the AIS,
but more research would be necessary to understand how ANKB
haploinsufficiency affects ion channels in these patients.

Variants in ANK2 were initially associated with non-syndromic
ASD (4–10). Two large studies with a compilation of variants
found in sequencing studies of ASD and NDD concluded that LoF
variants in ANK2 cause NDD, with a predominance of ASD (15,32).
Satterstrom et al. have reported six protein truncating variants
(PTVs), four missense variants and two synonymous (15), whereas
further phenotypic data were not specified. In the preprint of
Fu et al., variant counts and phenotypic data are not accessible.
Therefore, it is not possible to evaluate the phenotype–genotype
relationship. The current data suggest that the phenotypic spec-
trum for ANK2-related NDD is broad, as is seen in many other
genes, especially in channelopathies (SCN1A, SCN2A) (30,33).

ANK2 can cause a cardiac disease (OMIM 600919) which is
predominantly characterized by long QT syndrome. Interestingly,
all cardiac phenotypes have missense mutations, whereas the
patients with nonsyndromic ASD and the patients with NDD
and epilepsy often have de novo LoF variants. Previous experi-
mental work has suggested that the missense variants observed
in patients with cardiac arrhythmias resulted in a LoF at the
cellular level. The presumed LoF in the context of the heart could
be different in the brain, yet the effect of one variant has not
been studied in both the heart and the brain. Future research is
necessary to distinguish the differences between nonsyndromic
ASD and the wider range of NDDs.

We further explored the effects of heterozygous LoF variants
targeting both 220-kDa and 440-kDa isoforms of the ANKB pro-
tein in a human model for heterozygous isogenic ANKB-deficient
neurons. We presume that this variant, by affecting both isoforms,
will resemble the variants of our patients. The data show that
heterozygous loss of ANKB leads to changes in the somatoden-
dritic structure. A previous report showed that ANK2 variants, that
specifically targets gANKB, lead to increased ectopic axon branch-
ing without any changes in dendritic morphology (16). Therefore,
our data suggest a role for 220-kDa ANKB in limiting dendritic net-
works through a mechanism that still needs to be identified. The
220-kDa ANKB has also been shown to localize in axons, which
promotes fast axonal transport of synaptic vesicles, mitochon-
dria, endosomes and lysosomes through interaction with Class III
PI3-kinase (PIK3C3) and dynactin (34). The authors showed that
loss of 220-kDa ANKB impaired retrograde organelle transport in
hippocampal mouse neurons leading to shortened axon tracts.
Because 220-kDa ANKB also localizes to dendrites, it is important

to note that the authors found no particular role for 220-kDa
ANKB in organelle transport in dendrites, further suggesting a
role for 220-kDa ANKB in the development of dendrites. We did
not include axonal analysis in our ANKB-deficient neurons, but it
would be useful to investigate whether LoF variants targeting both
220-kDa and 440-kDa isoforms would affect axonal structures as
shown in other studies (18,34).

We provide additional evidence that ANKB is required to
restrict ANKG to the AIS in human neurons (18). During
development, the AIS ‘barrier’ is formed by the ANKB/αII/βII-
spectrin complex, which is important to restrict ANKG to the AIS,
which in turn clusters Na+ and K+ channels at the AIS (35). The
AIS therefore plays a role in fine-tuning neuronal excitability to
variation in levels of input activity (28,35). We showed that the
expression of Nav channels, which is amongst others responsible
for both the generation and modulation of actions potentials (19),
is increased in total amount in the AIS of ANK2+/− iNeurons.
The data therefore imply that the increased AIS could lead to
an increased neuronal excitability. We specifically addressed
the question of how loss of ANKB neurons affects the neuronal
network. Our in vitro data on MEAs demonstrate a hyperactive
neuronal network phenotype with a higher spiking rate and an
increased burst rate. We further show that these bursts occur
at the single electrode level, indicative for a desynchronized
neuronal network. However, the observed hyperactive neuronal
network could also be explained by several other factors that
co-occur with changes in excitability. These factors could be
changes in input resistance (20), phosphorylation of voltage-
gated K+ channels (28) or redistribution of voltage-gated K+

channels (36). Disentangling the specific contribution of AIS
structure to excitability changes is therefore challenging. It is
possible that the increased AIS structure in ANK2+/− iNeurons
is a compensation effect to the increased neuronal excitability.
In addition, a desynchronized neuronal network was previously
found in neuronal models for Kleefstra syndrome patients who
have ID and ASD (37), as well in five different variants causing ASD
(38). In contrast to the decreased network burst frequency found
in these ID and ASD syndromes (37,38), the overactive network
we found is more similar to that of seizure conditions, such as in
a variant in the nicotinic acetylcholine receptor (nAChR) subunit
causing autosomal dominant nocturnal frontal lobe epilepsy (39).

Activity-dependent modulation of the AIS has been described
as a homeostatic mechanism for modulating neuronal excitability
(20,21). This mechanism compensates for chronic alterations in
activity by shifting the input–output function of a neuron along its
input axis by structural changes of the AIS, such as length and/or
location relative to the soma. Hence, the AIS structure has a major
impact on neuronal excitability. Our findings provide evidence for
the role of ANKB in bidirectional AIS plasticity in humans. How-
ever, if AIS plasticity is important as a homeostatic mechanism for
neuronal excitability, how do ANKB-deficient neurons fine-tune
their excitability according to ongoing levels of input activity? A
possible scenario could involve redistribution of voltage-gated ion
channels at the AIS, which substantially augments the efficacy
of regulation (21,36). Future experiments will determine if redis-
tribution of voltage-gated ion channels on the AIS plays a role
in fine-tuning neuronal excitability in ANKB-deficient neurons.
Interestingly, ANKB has recently been shown to be essential for
scaffolding the voltage-gated ion channel Nav1.2 to the dendritic
membrane of mouse neocortical neurons (40). Haploinsufficiency
of ANK2 has been shown to phenocopy the intrinsic dendritic
excitability observed in SCN2A+/− conditions, indicating a con-
vergent mechanism between two epilepsy-associated genes (40).
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This study suggested that the excitability is dependent on somatic
sodium channel density and is insensitive to changes in dendritic
channel density, and therefore demonstrated that Nav1.2 densi-
ties are at WT levels in ANK2+/− cells in the soma (40). These data
may suggest that ANKB primarily localizes sodium channels to
the soma to compensate for loss of dendritic sodium channels.
Further studies will provide a better understanding whether this
compensation mechanism applies during AIS plasticity. Unravel-
ling the pathways linking fine-tuning mechanisms for neuronal
excitability to impaired AIS plasticity in ANKB-deficient neurons
could uncover potential new targets for epilepsy treatment, where
fine-scale control over neuronal excitability represents a major
therapeutic challenge for ANK2-related patients with ID, ASD and
epilepsy.

In conclusion, de novo LoF variants in ANK2 cause early onset
epilepsy, in addition to ASD and ID. We show the essential role
of ANKB in neuronal network activity, which is increased by
heterozygous loss of ANKB that may underlie some of the pheno-
typic features observed in these patients. In addition, we showed
that reduced ANKB expression leads to structural changes in
the somatodendritic complexity and the AIS and impairs AIS
plasticity. Future studies may explore the therapeutic potential of
modulating these neuronal network characteristics.

Materials and Methods
Subjects
Through (inter)national collaborations and querying databases,
such as denovo-db (denovo-db.gs.washington.edu) and Gene-
matcher (https://genematcher.org/), we aimed to identify patients
with (de novo) LoF variants in ANK2. For all patients identified, we
systematically collected all phenotypic information, including,
but not limited to, neurodevelopmental phenotypes, epilepsy,
other neurological problems or congenital anomalies, and cardiac
phenotypes. Patients in literature with presumed LoF variant in
ANK2 in which phenotypic information could not be obtained
were excluded. The study was approved by the medical ethics
committee of the Radboudumc, Nijmegen the Netherlands
(2021–7530).

ANK2 variant identification processes
ANK2 variants were all identified through routine diagnostic
procedures including either chromosomal microarray analysis
(patient 4) or trio-base whole exome sequencing procedures (41).
Of note, Patients 2, 5 and 6 were previously published as part of
large-scale sequencing study of patients with autism (9,11).

hiPSC cell culture
HiPSCs used in this study were obtained from reprogrammed
fibroblasts of a healthy 30-year-old male donor. To investigate the
role of ANKB, CRISPR/Cas9 was used to induce a LoF mutation of
ANK2 into this healthy control line. HiPSCs were cultured on a 6-
well plate pre-coated with 1:15 Matrigel (Corning, #356237) that is
diluted in DMEM/F12 medium. The cells were cultured in E8 Flex
medium (Thermo Fisher Scientific) supplemented with primocin
(0.1 mg/ml, Invivogen).

To make Neurogenin 2 (Ngn2)-stable hiPSC lines, hiPSCs were
infected with Ngn2 and rtTA lentivirus using the transfer vector
pLVX-(TRE-tight) -(MOUSE) Ngn2-PGK-Puromycin(R) and pLVX-
EF1α-(Tet-On-Advanced)-IRES-G418(R), respectively (all the plas-
mids are available upon request). Medium was supplemented
with puromycin (0.5 mg/ml) and G418 (50 mg/ml) at 37◦C/5% CO2.
Medium was refreshed every 2–3 days and cells were passaged

twice per week using an enzyme-free reagent (ReLeSR, Stem Cell
Technologies).

CRISPR/Cas9 editing of ANK2
CRISPR/Cas9 technology was used to create a heterozygous
indel variant in exon 31 of ANK2 in a hiPSC line derived from a
healthy male donor, which was obtained from the Corriel Institute
(USCFi001-A, GM25256) that shows normal karyotype, expresses
pluripotency markers and has the capacity to differentiate
into three germ layers. In brief, two sgRNAs were designed
that specifically target ANK2 (CTTCAGCCCTATAGTCACTT and
CTGCATAGTAATCTTAAGGT) and cloned into pSpCas9(BB)-2A-
Puro (PX459) V2.0 (Addgene #62988) according to the previous
studies. About 8 × 105 hiPSCs in single-cell suspension were
nucleofected with 5 μg of the generated SpCas9-sgRNA plasmid
using the P3 Primary Cell 4D-Nucleofector kit (Lonza, #V4XP-
3024) in combination with the 4D Nucleofector Unit X (Lonza,
#AAF-1002X). After nucleofection, cells were resuspended in E8
Flex supplemented with Revitacell (Thermo Fisher Scientific,
#A2644501) and seeded on biolaminin 521 (Biolamina, #LN521)
pre-coated wells. Twenty-four hours after nucleofection, 0.5 μg
puromycin was added for 24 h. Puromycin-resistant colonies
were manually picked and send for Sanger Sequence to ensure
heterozygous editing of exon 31. Genomic stability was assessed
by detection of recurrent abnormalities using the iCS-digital™
PSC test, provided as a service by Stem Genomics (https://
www.stemgenomics.com/). Off-target analysis was performed to
confirm genetic integrity after genomic editing.

Neuronal differentiation
HiPSCs were differentiated into iNeurons using the Ngn2-protocol
as previously described (23). Briefly, hiPSCs were directly differen-
tiated into excitatory cortical layer 2/3 neurons by overexpress-
ing Ngn2 upon doxycycline treatment. Neuronal maturation was
supported by rat astrocytes, which were added to the culture
in a 1:1 ratio 2 days after hiPSC plating. At DIV 3, the medium
was changed to Neurobasal medium (Thermo Fisher Scientific,
#21103049) supplemented with B-27 (Thermo Fisher Scientific,
#17504001), glutaMAX (Thermo Fisher Scientific, #35050061), pri-
mocin (0.1 μg/ml), NT3 (10 ng/ml) (Thermo Fisher Scientific,
#PHC7036), BDNF (10 ng/ml) and doxycycline (4 μg/ml). Cyto-
sine β-D-arabinofuranoside (2 μM) (Sigma, #C1768) was added to
remove proliferating cell from the culture at DIV 3. From DIV 6
onward, half of the medium was refreshed every other day. From
DIV 10 onward, the medium was additionally supplemented with
2.5% FBS to support astrocyte viability. Neuronal cultures were
kept through the whole differentiation process at 37◦C/5%CO2.

Immunocytochemistry
Cells were treated with either 1 μM TTX or 10 mM KCl for 48 h and
fixed with 4% paraformaldehyde supplemented with 4% sucrose
for 15 min and permeabilized with 0.2% triton in 1× PBS for 10 min
at RT. Nonspecific binding sites were blocked by incubation in
blocking buffer (5% normal goat serum diluted in 1× PBS) for
1 h at RT. Primary antibodies were diluted in blocking buffer and
incubated overnight at 4◦C. Secondary antibodies, conjugated to
Alexa-fluorochromes, were also diluted in blocking buffer and
added for 1 h at RT. Hoechst 33342 was used to stain the nucleus
before cells were mounted using DAKO fluorescent mounting
medium. The following primary antibodies were used: rabbit
anti-MAP2 (1:1000; Abcam, #ab32454); mouse anti-AnkG (1:250;
Thermo Fisher Scientific, #33–8800); mouse anti-AnkB (1:1000,
Santa Cruz Biotechnology, #sc-365 757); mouse anti-Homer1

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/32/14/2373/7169123 by U
niversiteitsbibliotheek U

trecht user on 22 August 2023

http://db.gs.washington.edu
https://genematcher.org/
https://www.stemgenomics.com/
https://www.stemgenomics.com/


Human Molecular Genetics, 2023, Vol. 32, No. 14 | 2383

(1:500, Synaptic Systems, #160011); rabbit anti-Synapsin (1:500,
Merck Millipore, #AB1543P); rabbit anti-Nav1.1 (1:500, Alomone
Labs, #ASC-001); rabbit anti-PanNav (1:500, Alomone Labs, #ASC-
003). Secondary antibodies that were used are: goat-anti rabbit
Alexa 568 (1:1000, Invitrogen, #A11036); goat-anti-mouse Alexa
488 (1:1000, Invitrogen, #A11029). Cells were imaged at a ×63
magnification using the Zeiss Axio Imager Z1 equipped with
apotome. The ANKG length was determined per individual cell
using 13.8889 pixels/μm. Synapse puncta were counted manually
and normalized per 10 μm dendritic length where they reside.
PanNav and Nav1.1 expressions were measured on the basis
of mean intensity on ANKG length where they reside. PanNav
and Nav1.1 mean intensities were measured on non-enhanced
images. For visualization purposes (Supplementary Material, Fig.
S3D and E), the PanNav and Nav1.1 fluorescent signals were
enhanced. Fluorescent signals were quantified using ImageJ
software.

Quantitative polymerase chain reaction
RNA samples were isolated from mature iNeurons (DIV 21) using
the Nucleospin RNA isolation kit (Machery Nagel, 740955) accord-
ing to the manufactures’ instructions. cDNAs were synthesized
by iScript cDNA synthesis kit (Bio-Rad, 1708890). GoTaq master
mix 2x with SYBR Green (Promega, A6002) was used for the PCR
reactions according to the manufacturer’s protocol. PCR reactions
were performed on the QuantStudio™ 3 Real-Time PCR System,
using a 96-well, 0.2 ml format (Thermo Fisher Scientific). All
samples were analyzed in duplicate in the same run. As a negative
control, we used reverse transcriptase-negative conditions and no
template-controls in all runs. We used the arithmetic mean of
the Ct values of the technical replicates to calculate the relative
mRNA expression levels of either 220 kDa or 440 kDa of ANK2. The
mRNA expression level was calculated using the 2−��Ct method
with standardization to PPIA (Peptidylprolyl Isomerase A), GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and TBP (TATA-Box
Binding protein). Primers used to assess mRNA expression of the
220 kDa of ANK2 are Fw (5′-3′) GACGTACAATCCAAGAGTGGT and
Rv (5′-3′) TGTGAAGTCCACAGCAGCTC. To detect mRNA expres-
sion of the 440 kDa of ANK2, we used Fw (5′-3′) TTCCTGTCCTAG-
CAAGTCC and Rv (5′–3′) CCCATTCCTCTTCAACTAATCC.

Somatodendritic reconstruction
Neuron reconstruction was performed using Neurolucida 360
(Version 2017.01.4, Microbrightfield Bioscience). Neurons were
fixed (4%PFA/sucrose in 1× PBS) and labeled with MAP2 antibody
(1:1000, Synaptic Systems, #188004). Fluorescent images of MAP2-
labelled neurons were taken at ×20 magnification using Zeiss
Axio Imager Z1 equipped with ApoTome.

FiJi 2018 software was used to stitch the images with the
stitching plugin. The stitched images were used for reconstruction
using Neurolucida, which allows three-dimensional reconstruc-
tions and quantitative morphometrical analysis of the somato-
dendritic organization of the neurons. We selected neurons that
had at least two primary dendrites for reconstruction and further
analysis. For morphometrical analysis, we determined soma size,
number of primary dendrites, dendritic nodes and ends and total
or mean dendritic length as well as covered surface by dendritic
trees. In addition, we also investigated dendritic complexity by
performing Sholl analysis. Sholl profile was obtained by applying
a series of concentric circles at 20 μm intervals from the soma
center. Subsequently, dendritic length, number of intersections
and number of nodes of the neurons were measured for each
distance interval.

MEA recordings and analysis
All recordings were performed using the 24-wells MEA system
(Multichannel Systems, MCS GmbH, Reutlingen, Germany).
Recordings and analysis were performed according to previously
published methods (20,23). In brief, MEA devices were composed
of 24 independent wells with embedded microelectrodes (i.e.
12 electrodes/well, 80 μm in diameter and spaced 300 μm
apart). Spontaneous electrophysiological activity of hiPSC-derived
neuronal networks cultured on MEAs was recorded for 10 min in
a recording chamber that was continuously maintained 37◦C/95%
O2/5% CO2. Before recording, MEAs were allowed to acclimate for
10 min in the recording chamber. The recording was sampled at
10 kHz and filtered with a high-pass filter with a 100 Hz cut-off
frequency and a low-pass filter with a 3500 Hz cut-off frequency.
The spike detection threshold was set at ±4.5 standard deviations.
Spike detection, burst detection and network burst detection
were performed by a built-in algorithm in Mulitwell Analyzer
software (Multichannel Systems), and a custom-made MATLAB
(The Mathworks, Natrick, MA, USA) code to extract parameters
describing network activity. Mean firing rate was calculated as
the average of the spike frequency of all channels across one MEA
well. The algorithm for burst detection was set to define a burst
when the interspike interval starts and ends with a maximum
of 50 ms, with a minimum of 100 ms IBI and 4 spikes per burst.
Network burst was detected when at least 50% of the channels in
one well displayed a synchronous burst.

Supplementary Material
Supplementary Material is available at HMG online.
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