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Abstract

Ankyrins are scaffolding proteins widely expressed throughout the nervous system. Ankyrins
recruit diverse membrane proteins, including ion channels and cell adhesion molecules, into
specialized subcellular membrane domains. These domains are stabilized by ankyrins interacting
with the spectrin cytoskeleton. Ankyrin genes are highly associated with a number of neurological
disorders, including Alzheimer’s disease, schizophrenia, autism spectrum disorders, and bipolar
disorder. Here, we discuss ankyrin function and their role in neurological disease. We propose
mutations in ankyrins contribute to disease through two primary mechanisms: 1) altered neuronal
excitability by disrupting ion channel clustering at key excitable domains, and 2) altered neuronal
connectivity via impaired stabilization of membrane proteins.
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Introduction

Ankyrin scaffolding proteins are found throughout the body and act as the primary link
between the spectrin cytoskeleton and the cytoplasmic domain of many membrane proteins
[1] (Figure 1A). Ankyrins use their 24 ANK repeats to bind with a variety of structurally
diverse membrane and membrane-associated proteins, including ion channels, ion pumps,
cell adhesion molecules (CAMs), and signaling proteins [1-3] (Figure 1B). Their restricted
expression patterns within various cells and tissues create localized concentrations of
membrane proteins and give rise to specialized subcellular membrane domains (Figure
1C). Ankyrins interact with b spectrins to anchor these membrane proteins to the actin
cytoskeleton [4-8]. Super-resolution microscopy revealed a periodic organization of the
spectrin/actin cytoskeleton that allows membranes to flex and resist mechanical disruption
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[8-11]. Thus, ankyrin scaffolds are uniquely positioned to modulate cellular excitability and
resist mechanical forces including tension, torsion, and compression.

There are three members in the ankyrin gene family: Ankyrin-R (ANKI), Ankyrin-B
(ANK2), and Ankyrin-G (ANK?3), commonly referred to as AnkR, AnkB, and AnkG,
respectively. AnkR plays a critical role in red blood cells where it maintains the cell’s
structural integrity via its link between b1 spectrin and anion exchangers [3]. AnkB
functions to localize and stabilize CAMs and ion channels along the axon, and assists in
the assembly of the axon initial segment (AIS) and paranodal junctions of myelinating
axons [12,13]. AnkG binds to the CAM neurofascin-186 and recruits high densities

of voltage-gated sodium (Nav) and potassium (Kv) channels to the AlS and nodes of
Ranvier, resulting in the fast and efficient propagation of action potentials in neurons [14].
AnNKG is also required to maintain neuronal polarity, i.e., the distinction between axonal
and somatodendritic domains [15]. Disruption to the ankyrin/spectrin complex leads to
dysfunctions in neuronal membrane microdomains, causing several types of human disease.

In recent years, many studies, including large genome-wide association studies (GWAS),
consistently link ankyrins to neurological and neuropsychiatric disease (Table 1). These
studies suggest the molecular role of ankyrins in the nervous system may be more complex
and have broader impacts than previously appreciated. Here, we review these recent works
and highlight potential research avenues to further our understanding of these important
scaffolding proteins.

Diseases linked to Ankyrin-R

AnKR is highly expressed at the soma and proximal dendrites in a sparse population

of neurons in the brain (Figure 1C), including cerebellar Purkinje cells [16]. Moreover,

it has been linked to multiple neurological diseases; however, compared to the other
ankyrin proteins it has been relatively unstudied in the brain and its functions in the brain
remain poorly understood. AnkR has been most widely studied in red blood cells as most
cases of hereditary spherocytosis (HS), one of the most common hemolytic anemias, are
caused by mutations in AnkR. Other causes of HS involve mutations in AnkR binding
partners including: al spectrin, b1 spectrin, band 3, and band 4.2 [3,17]. Functionally

the outcome of these mutations is reduced mechanical resilience of the red blood cell
membrane which results in erythrocyte fragmentation due to the high shear environment of
the vascular system [3]. While HS is not a neurological disease, case studies of patients with
hereditary spherocytic anemia, caused by mutations in AnkR, describe various neurological
disturbances including cerebellar defects and spinal cord disease [18-20].

Interestingly, aged AnkR hypomorphic mutant mice have a severe psychomotor disorder
and cerebellar Purkinje cell degeneration [16]. Loss-of-function mutations in b3 spectrin
underlie spinocerebellar ataxia type 5 (SCA5), which is a subtype of a neurodegenerative
disorder involving progressive gait ataxia and cerebellar atrophy. AnkR is thought to be
the binding partner for b3 spectrin in these neurons, and together this complex modulates
Purkinje cell excitability [21]. Nevertheless, additional studies are needed to elucidate the
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precise mechanism by which mutations in b3 spectrin cause SCAS5, and the role of AnkR in
this disease.

Alzheimer’s disease (AD) is the most common form of dementia with varied and poorly
understood mechanisms. One leading hypothesis is that epigenetic changes underlie the
pathophysiology of AD. Multiple recent large independent epigenome-wide association
studies (EWAS) have consistently highlighted differentially methylated regions of the ANK1
gene, in which hypermethylation was correlated with onset and neuropathology of AD
[22-26]. Additionally, a single-nucleotide polymorphism (SNP) in ANK1 is associated

with increased vulnerability to late-onset AD [27]. However, how these changes in ANKI
affect AnkR protein remains unknown. De novo mutations in AnkR are also linked to
schizophrenia (SCZ) [28], although how they affect AnkR function is unknown.

Diseases linked to Ankyrin-B

In contrast to AnkR, the function of neuronal AnkB is much better understood. AnkB, first
characterized in the brain, is present in axons where it promotes the assembly of the AIS by
creating an intra-axonal boundary limiting AnkG’s distribution [13] (Figure 1C). A 220 kDa
form of AnkB is also found at paranodes of myelinating Schwann cells (a 190 kDa form of
AnkG is found at paranodes of oligodendrocytes) and participates in axon-glia interactions
through the CAM neurofascin-155 [12]. Moreover, giant AnkB (AnkB-440 kDa) interacts
with LICAM and is essential for maintenance of premyelinated axons [29] (Figure 1B).
AnkB knockout mice have reduced L1CAM, optic nerve degeneration, hypoplasia of the
corpus collosum, and die by postnatal day 21 [29]. Additionally, alterations in AnkB are
known risk factors for autism spectrum disorders (ASD), SCZ, and Parkinson’s disease
(PD).

ASD are developmental neuropsychiatric disorders that are characterized as either
syndromic or non-syndromic. Syndromic ASD occurs in individuals with neurological
disorders, e.g. seizure, has a defined set of phenotypes, and is fully attributed to a mutation
in a specific gene or set of genes. Syndromic ASDs include Fragile X Syndrome and Rett
Syndrome, caused by the mutation of FMRI or MECPZ, respectively [30]. However, the
majority of ASD cases are non-syndromic, heritable but not linked to other neurological
diseases. GWAS and other genetic analyses have identified hundreds of genetic risk factors
linked to non-syndromic ASD, including ANKZ2[30-36].

The mutation of AnkB-440 kDa, a neurospecific alternatively spliced ANK2 variant, is
sufficient to cause nonsyndromic ASD [33]. Similarly, its binding partner, LLCAM, has
also been implicated in ASD [33]. Mouse models with mutated/deficient AnkB-440 kDa
have increased axonal branching yielding increased cortical connectivity and an increased
number of excitatory synapses during postnatal development [33]. Another ASD-linked
AnkB variant is the alternatively spliced isoform ANK2-013. ANK2-013 contains the
membrane binding domain (MBD) which allows ankyrins to bind to diverse and structurally
unrelated membrane proteins; this AnkB isoform can bind to the neuron-glia related CAM
(NrCAM), the transcriptional activation factor TAF9, and the b-subunit of sodium channels,
Navp4 which can alter channel kinetics [34]. Interestingly, ANK2-013is decreased in
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ASD [34]. Additionally, immunoprecipitation experiments targeting AnkB and other ASD-
associated genes found that among the latter, the protein Acot7 interacts with AnkB [37].
Taken together, these data suggest that differential regulation of AnkB isoforms change its
binding capacity thereby altering the clustering of protein complexes.

SCZ and ASD share many genetic risk factors, including ANKZ, and ANKZis significantly
upregulated in SCZ brains [38]. Moreover, ANK2-006, an alternatively spliced isoform of
ANK?Z containing the ZU5 and DEATH domain (DD), is also increased in SCZ [34] (the
DD intramolecularly interacts with the MBD while the ZU5 domain is necessary for spectrin
binding [7,39]; (Figure 1B)). Interestingly, AnkB is increased in SCZ, while there is a
decrease in ASD-associated AnkB variants. The functional implications of these differences
and how they impact AnkB’s interactions remain unknown. Lastly, a recent GWAS study
screening PD patients identified two disease-related variants of ANKZthat were found

in 6/62 patients with idiopathic PD but not in healthy controls [40]. PD is the second

most common neurodegenerative disease, and to date only 5-10% of cases have identified
monogenic causes, suggesting that many additional genetic components remain unknown
[40].

Diseases linked to Ankyrin-G

AnKG is a critical organizer of the AIS and nodes of Raniver (Figure 1C). At these

regions, AnkG interacts with the CAMs neurofascin-186 and NrCAM, KCNQ2/3 potassium
channels, and Nav channels [14,41,42]. However, contrary to previous models where AnkG
was thought to be necessary for Nav channel clustering at nodes of Ranvier, AnkG is

not essential due to a hierarchy of ankyrin-spectrin interactions, whereby AnkR and p1
spectrin act as a secondary clustering mechanism [41]. Conversely, AnkG is required for
Nav channel clustering at the AIS because AnkR lacks the necessary domain for AIS
localization [5]. AnkG is also required to maintain neuronal polarity, and more recently

has been revealed to play a role in the regulation of synapses [43-46]. Many studies have
found genetic alterations in AnkG in neurological disorders including, but not limited to,
bipolar disorder (BD), SCZ, post-traumatic stress disorder (PTSD), intellectual disability
(ID), attention-deficit hyperactivity disorder (ADHD), and ASD.

AnKG is one of the strongest and most replicated genes linked to BD and multiple genetic
variants in ANK3 have reliably been associated with BD [47-49]. While some of these
variants are associated with lower AnkG expression and increased risk of BD [47,48],
others, including a loss-of-function variant occurring in a minor AnkG isoform (AnkG-Alt2)
expressed in oligodendrocytes, are protective against BD. Conversely, while loss of AnkG-
Alt2 is thought to be protective, increased expression of AnkG-Alt2 has been identified in
patients with BD [50].

Various SNPs identified in AnkG have also been associated with either reduced or increased
SCZ risk [47,51,52], and microarray-based gene expression analyses show AnkG as well as
the nodal proteins contactin and neurofascin are downregulated in SCZ [47]. Additionally,
the same mutation resulting in reduced AnkG-Alt2, identified as protective for BD, is also
protective for SCZ; moreover, elevated expression of AnkG-Alt2, found in BD, has been
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found in patients with SCZ [50]. While psychotic experiences are normally genetically
correlated with disorders such as SCZ, ASD, and ADHD, they also occur in the general
population [53]. A recent GWAS study investigating participants from these cohorts found
an association between psychotic experiences, i.e. hallucinations and delusions, and AnkG
genetic variants identified in SCZ [53].

Genetic variants associated with high AnkG expression and lower BD and SCZ risk have
also been associated with lower risk of PTSD; conversely, variants linked to reduced

AnkG expression have been associated with an increased risk of PTSD [54]. Additionally,
disruption of AnkG has been linked to ID and ADHD often occurring as co-morbidities with
ASD [55]. Though AnkG does not have as robust a link as AnkB, three different missense
mutations in AnkG have been linked to increased ASD susceptibility, suggesting there may
be common etiology for AnkG contributing to these disorders [56].

Ankyrins modulate neuronal excitability

It is well established that ankyrins have essential roles in the formation and maintenance of
excitable domains including the AIS and nodes of Ranvier [12-14,41,42]. Thus, mutations
in ankyrins could impact neuronal excitability and contribute to the pathophysiology of
disease.

Similar to AnkB, AnkG also has a giant isoform, AnkG-480 kDa. AnkG-480 kDa is
necessary for many of AnkG’s interactions at the AlS, including recruitment of b4 spectrin,
and thus is critical for AIS assembly and maintenance [57] (Figure 1B). Recent mutations
in AnkG-480 kDa have been identified in patients that present with neurodevelopmental
disorders and ID, and these mutations are thought to alter neuronal excitability by disrupting
the assembly of the AIS [57]. Moreover, AnkG has alternative first exons 1a/la’, 1e, and

1b and the resulting AnkG isoforms are thought to have different localization and function
[49]. For example, parvalbumin-expressing interneurons, one of the primary GABAergic
neuron subtypes in the brain that are important for maintaining the balance of excitation and
inhibition, only express ANK3exonlb, and mice without ANK3exonlb lack Nav channels
at the AIS of these neurons resulting in altered excitability [49]. Moreover, increased

BD susceptibility has been linked to decreased expression of ANK3exon 1b, whereas
decreased ANK3exon le is thought to be protective, suggesting genetic variations resulting
in the expression changes of AnkG’s first exons may contribute to BD pathology [47-49].
Interestingly, many BD-associated ANK3 SNPs are located within a cis-regulatory region
between exons 1e and 1b [49].

Ankyrins modulate connectivity by synaptic regulation

Synapses and spine morphology have been implicated as key sites of pathogenesis in
neurological disorders, including BD, SCZ, and ASD, yet the mechanisms underlying

the subcellular organization of synapses remain poorly understood. All three ankyrins

have been detected by proteomics in postsynaptic density preparations, and increasing
evidence suggests both AnkB and AnkG regulate connectivity, and may contribute to disease
pathogenesis, by regulating the structure and function of synapses [44-46,58,59]. This
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possibility has been explored in C. elegans, where orthologs of AnkB and L1CAM have
been implicated as regulators of dendritic arborization [58]. In Drosophila, the two giant
AnkB isoforms, together with the homolog of MAP1B, control microtubule organization
and the distribution and organization of synaptic CAMs including LLCAM, thereby
regulating synapse size and stability [59]. Moreover, AnkG is thought to stabilize cell
surface GABA, receptors, important for fast inhibitory synaptic transmission, by directly
interacting with the GABA receptor associated protein, GABARAP [46]. Mice with a
mutation preventing the AnkG/GABARAP interaction have reduced GABAergic synapses
in the forebrain resulting in hyperexcitability of pyramidal neurons and altered network
synchronization; furthermore, this mutation was identified in a family with BD [46].
AnkG may also modulate AMPAR-mediated synaptic transmission by forming nanodomain
structures that act as a perisynaptic scaffold and barrier in the head and neck of spines
[44]. Taken together, ankyrin disruption, leading to altered connectivity, may be a common
pathomechanism of these disorders.

Conclusion

Differences in gene expression underpin much of human diversity. Not surprisingly, some
differences can increase the risk for neurological and neuropsychiatric disorders. In recent
years many studies have sought to identify genetic risk factors for various disorders by
using differential expression analyses as well as genome- and epigenome-wide association
studies. These studies have yielded hundreds of promising candidates, but the need to
develop effective treatments remains a major health priority. In order to develop treatments,
we first need to understand the functional implications of these genetic variations and how
they impart risk. As described in this review, understanding the function of ankyrins in the
nervous system may lead to key insights into the pathophysiology of complex neurological
diseases and may even lead to insights that suggest treatments.

However, much remains unknown about ankyrin biology. For example, new structural
evidence shows that despite direct and strong interactions between ankyrins and b spectrins,
these interactions do not dictate their preferential interactions (e.g. AnkG/p4 spectrin,
AnkB/B2 spectrin, and AnkR/p1 spectrin) in neurons [7]. In fact, ankyrins have high
binding affinities with multiple b spectrins, not just their classical partner [7]. These
surprising observations prompt the questions, what are the mechanisms that modulate these
interactions? Are they altered by genetic variations in ankyrins? And does this contribute to
disease?

Ankyrins are the bridge between numerous membrane proteins and the cytoskeleton. They
are well characterized as membrane organizers and are necessary for the formation and
maintenance of the subcellular membrane domains required for proper neuronal structure
and function. Here, we have proposed mutations in ankyrins or changes in their expression
levels primarily lead to 1) reduced ion channel/membrane protein expression and 2) altered
neural connectivity. However, in many instances, apart from identification as a candidate
molecule, little is currently known about their contribution to neurological disease, therefore
additional studies are required to elucidate these mechanisms.
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Highlights

. Ankyrins link membrane proteins to the cytoskeleton to form and maintain
membrane micro-domains.

. Ankyrins cluster and organize protein complexes that modulate connectivity
and excitability.

. Ankyrins, coupled to spectrins, render membranes resilient to external
mechanical forces.

. Large genomic and epigenetic studies have linked ankyrin proteins to
neurological disease.

. The underlying molecular mechanisms linking ankyrin proteins to disease

remain largely unknown.
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Figure 1.
(A) Schematic of subcellular ankyrins with domains and interactions; and list of key

interactors for each ankyrin. (B) Primary ankyrin isoforms. AnkR has one main isoform,
200kDa. However, alternative splicing of AnkB results in two main isoforms: 220kDa, and
440kDa. Similarly, alternative splicing of AnkG results in three main isoforms: 190kDa,
270kDa, and 480kDa. The 270kDa isoform results from an in-frame splicing of the giant
exon eliminating 1,900 amino acids (*asterisk). Apart from the giant exon present in some
isoforms, all three ankyrins have a similar structure. A N-terminal membrane binding
domain (MBD) consisting of 24 ANK repeats, a linker domain, a recently discovered
extension of the spectrin binding domain (SBD) termed ExZZU thought to enhance ankyrin-
spectrin binding affinities, the SBD also known as the ZZU domain due to its three parts
(ZU5p;, ZU5¢, and UPA), the DEATH domain (DD), and a regulatory C-terminal tail. (C)
Schematic of ankyrin localization in neurons. All three ankyrins are expressed in neurons;
however, each one has a unique pattern of localization. AnkB (blue) is expressed throughout
neurons, however in some, AnkR is co-localized with AnkB at the soma and proximal
dendrites (yellow). Whereas AnkG (green) is found at the AIS and nodes of Ranvier. Insets
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show (1) immunolabeling of AnkR and AnkG in adult mouse cortical neurons; scale bar,
10um; (2) MAP2 (white) labeling the somatodendritic domain, AnkB (blue) co-localized
with MAP2 in the somatodendritic domain but is also present in the distal axon, and AnkG
(green) labeling the AIS /n vitro rat hippocampal neurons at DIV10 [modified from 12];
scale bar, 10um; and (3) Schwann cell derived paranodal AnkB (red), and AnkG (green) at a
node of Ranvier in mouse sciatic nerve [modified from 11]; scale bar, 1um.
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Neurological diseases and disorders associated with ankyrins.

Table 1.

Ankyrin Associated Neurological Diseases References
ANK1 Motor Dysfunction 16, 18-21
Alzheimer’s Disease (AD) 22-27
Schizophrenia (SCZ) 28
ANK2 Autism Spectrum Disorders (ASD) 30-37
Schizophrenia 34,38
Parkinson’s Disease (PD) 40
ANK3 Bipolar Disorder (BD) 44-50
Schizophrenia 47, 50-53
Post-traumatic Stress Disorder (PTSD) 54
Attention-deficit Hyperactivity Disorder (ADHD) 55
Autism Spectrum Disorders 56
Intellectual Disability (ID) 57
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