ARTICLE

BIV Spectrinopathies Cause
Profound Intellectual Disability, Congenital Hypotonia,
and Motor Axonal Neuropathy

Chih-Chuan Wang,.10 Xilma R. Ortiz-Gonzalez,23/10 Sabrina W. Yum,?3 Sara M. Gill, Amy White,*
Erin Kelter,> Laurie H. Seaver,® Sansan Lee,” Graham Wiley,® Patrick M. Gaftney,® Klaas J. Wierenga,**
and Matthew N. Rasband!*

BIV spectrin links ankyrinG (AnkG) and clustered ion channels at axon initial segments (AISs) and nodes of Ranvier to the axonal cyto-
skeleton. Here, we report bi-allelic pathogenic SPTBN4 variants (three homozygous and two compound heterozygous) that cause a severe
neurological syndrome that includes congenital hypotonia, intellectual disability, and motor axonal and auditory neuropathy. We intro-
duced these variants into BIV spectrin, expressed these in neurons, and found that 5/7 were loss-of-function variants disrupting AIS
localization or abolishing phosphoinositide binding. Nerve biopsies from an individual with a loss-of-function variant had reduced
nodal Na* channels and no nodal KCNQ2 K* channels. Modeling the disease in mice revealed that although ankyrinR (AnkR) and
BI spectrin can cluster Na™ channels and partially compensate for the loss of AnkG and BIV spectrin at nodes of Ranvier, AnkR and
BI spectrin cannot cluster KCNQ2- and KCNQ3-subunit-containing K* channels. Our findings define a class of spectrinopathies and

reveal the molecular pathologies causing nervous-system dysfunction.

Introduction

Neuronal spectrins are widely expressed and function as
tetramers of two all subunits partnered with two BI, BII,
BIII, or BIV spectrin subunits."” The axon’s submembra-
nous cytoskeleton is organized into repeating circumferen-
tial actin rings, evenly spaced and connected to one
another by spectrin tetramers.” Although Il spectrin is
found throughout the neuron, B spectrins are not uni-
formly distributed and are often found in specialized mem-
brane domains. For example, BIV spectrin is enriched at
axon initial segments (AISs) and nodes of Ranvier and
forms a periodic lattice with actin.*® BIV spectrin func-
tions together with AnkG to cluster the Na* and KCNQ2-
and KCNQ3-subunit-containing K* channels necessary
for action potential initiation and propagation.®® Patho-
genic variants in spectrins cause early infantile epileptic
encephalopathy type 5 (EIEES [MIM: 613477]), which is
characterized by seizures, hypomyelination, and brain at-
rophy (SPTANI1 [MIM:182810]);°*! spinocerebellar ataxia
type 5 (SCA5 [MIM: 600224]) (SPTBN2 [MIM:604985]):'*
and hereditary spherocytosis (SPH2 [MIM: 616649])
(SPTB [MIM:182870]).'* A variety of “quivering” mice
with spontaneous or targeted mutations in Sptbn4 have
been reported and studied.'*"!” Human pathogenic vari-
ants in SPTBN4 (MIM:606214) were limited to a single
recent case report of an individual with congenital myop-

athy, neuropathy, and deafness (CMND [MIM: 617519]),'®
but how this variant causes disease remains unknown. We
recently identified six individuals with pathogenic variants
of SPTBN4 and similar neurological phenotypes. Our
studies uncover common molecular pathologies among
the identified variants of SPTBN4 and reveal a class of spec-
trinopathy that disrupts excitable domains in axons.

Methods

Research Subjects

All affected individuals presented in the neonatal period with se-
vere hypotonia and global developmental delays. Feeding diffi-
culties were common during infancy as a result of oromotor hypo-
tonia, leading to placement of a gastrostomy tube in all affected
individuals. Although the affected children had normal deep
tendon reflexes at birth, progressive neuropathy was implied by
a loss of deep tendon reflexes by early childhood. The individuals
in our cohort continued to have a persistent head lag, were unable
to sit unsupported, and remained non-ambulatory at the time of
evaluation. Profound weakness was also evident by limited pur-
poseful motor activities, such as reaching. All affected individuals
had severe cognitive delays, with no language development, and
had central-vision impairment. Epilepsy was a prominent clinical
feature in three of the six individuals, and two of them had sei-
zures refractory to medications. Specifically, the epilepsy pheno-
type included early-onset refractory infantile spasms and was clin-
ically reminiscent of an early infantile epileptic encephalopathy
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(EIEE) phenotype, such as KCNQ2-associated epileptic encepha-
lopathy (EIEE7 [MIM:613720]).

Clinical evaluations of individuals A.III.1 and A.II.2 were per-
formed at the University of Florida and the University of Miami,
B.II.1 and C.II.1 at Children’s Hospital of Philadelphia, D.II.1 at
Kapi’olani Medical Center for Women and Children, and E.II.1
at Children’s Hospital of Buffalo. Affected individuals gave con-
sent through the institutional review board of their respective in-
stitutions or signed a HIPAA release form to release clinical records
and clinical whole-exome sequencing reports. Electromyography,
nerve conduction studies (NCSs), neuroimaging, and muscle and
nerve biopsies were obtained as part of the diagnostic evaluation
for some affected individuals. Auditory brainstem response
(ABR) studies were obtained in a few probands as a first step toward
clinical functional validation of this novel disease gene because
the mouse mutants are known to have auditory neuropathy.'*

Exome Sequencing and Mutation Discovery

Exome sequencing of A.IIl.1 and A.IIl.2 was performed at the
Oklahoma Medical Research Foundation’s Clinical Genomics
Center. Prior to sequencing, genomic DNA was first quantified
with a Qubit fluorometer; shearing on a Covaris S2 and
sequencing library preparation with Agilent SureSelect XT2 chem-
istries followed as directed by the manufacturer. Exonic sequences
from each sample were enriched with Agilent SureSelect v5+UTR
capture baits as directed by the manufacturer, and sequencing on
an Illumina Hiseq 2500 in the high-output mode with paired-end
100 bp reads followed. After sequencing, raw fastq files for each
sample were aligned to the human reference genome hg37 with
the program BWA followed by alignment cleanup and variant call-
ing with the GATK suite of programs. Variant filtration, annota-
tion, and triage were performed with the SVS program from
Golden Helix. The remaining individuals had clinical whole-
exome sequencing at various commercial laboratories (CHOP,
GeneDx, and Ambry Genetics), which identified bi-allelic BIV
spectrin variants as a candidate disease gene.

Animals

AnkG conditional knockout mice (AnkG cKO) were generated by
cell-type-specific Cre-mediated deletion of Ank3. Ank3"'mice
were generated as previously described.'? Six3Cre;Ank3”" (AnkG
cKO) mice were generated as previously described.”” AnkR-null
mice (AnkIP3¢/Pale, C57BL/6) were obtained from the Jackson Lab-
oratory (009157). BIV spectrin mutant mice (Sptbn4"%) were
generated as described previously.'* We used both male and fe-
male mice in our studies. All animal procedures were approved
by the Animal Care and Use Committee at Baylor College of Med-
icine and were performed in accordance with the National Insti-
tutes of Health guide for the humane care and use of animals.

DNA Constructs

The full-length BIVE6 spectrin with N-terminal Myc tag was
kindly provided by M. Komada (Tokyo Institute of Technology).
The full-length BIVZ1 spectrin was cloned from mouse brain
cDNA and inserted into plasmid pCS3-+MT for expression and
so that BIVZ1 would have an N-terminal Myc tag. All variant con-
structs were generated with the QuikChange II XL Site-Directed
Mutagenesis kit (Agilent). The pleckstrin homology (PH) domain
of BIV spectrin was amplified by PCR and cloned into pGEX-
5X-2 and pEGFP-C3 with N-terminal glutathione S-transferase
(GST) and EGFP tags, respectively. The rat 270 kD AnkG with

C-terminal GFP tag (AnkG-GFP) was a gift from V. Bennett (Duke
University). all-spectrin-EGFP was a gift from Michael Stankewich
(Yale University).

Antibodies

The following primary antibodies were used. Mouse anti-pan-
Na*t channel monoclonal antibody (K58/35; RRID: AB_477552)
was generated against a peptide containing the sequence
TEEQKKYYNAMKKLGSKK, a highly conserved segment of the
intracellular III-IV loop. Rabbit polycolonal anti-pIV-spectrin anti-
body (RRID:AB_2315634) was generated against the peptide
sequence DRAEELPRRRRPERQE (in the C-terminal “specific
domain” of BIV spectrin). Chicken polyclonal antibody against
neurofascin (AF3235; RRID: AB_10890736) was purchased
from R&D systems. Mouse monoclonal anti-Myc antibody
(9E10; RRID: AB_309725) was purchased from Sigma-Aldrich.
Mouse monoclonal anti-AnkG (N106/36; RRID: AB_10697718)
and anti-GST (N100/13; RRID:AB_10671817) antibodies were
purchased from UC Davis and the NIH NeuroMab facility.
Chicken polyclonal anti-MAP2 antibody (CPCA-MAP2; RRID:
AB_2138173) was purchased from EnCor Biotechnology. Rabbit
polyclonal anti-GFP antibody (A11122; RRID: AB_221569) was
purchased from Life Technologies. Rabbit polyclonal anti-
KCNQ2 and guinea pig anti-KCNQ3 antibodies were gifts from Ed-
ward Cooper (Baylor College of Medicine). Rabbit anti-KCNQ2N anti-
body (RRID:AB_2314688) was generated against residues from the
N-terminal region of KCNQ2 (GEKKLKVGFVGLDPGAPDSTRDC).
Guinea pig anti-KCNQ3N antibody was developed against
residues from the long N-terminal splice variant of KCNQ3
(AGDEERKVGLAPGDVEQVTLAL). Secondary antibodies Alexa Fluor
488 and 594 were purchased from Thermo Fisher Scientific. The val-
idations of antibodies used against the neuronal proteins at nodes
and AISs were previously described.®?%>

Immunofluorescence Microscopy

Cultured neurons or HEK293T cells were fixed in 4% paraformal-
dehyde (PFA) (pH 7.2-7.4) and immunostained as previously
described.”® For immunostaining of nervous-system tissues,
nerves were collected and fixed in 4% PFA on ice for 1 hr. The fixed
tissues were then immersed in 20% sucrose in 0.1 M phosphate
buffer overnight at 4°C. After this, tissues were embedded
in optimal cutting temperature (OCT) compound (Tissue-Tek
#4583) then sectioned with a cryostat (Thermo Scientific, Cryostar
NX70) on glass coverslips for immunostaining. Procedures for
immunofluorescence labeling were performed as previously
described.”* For human biopsy samples, nerves were fixed as
described above, but instead of being sectioned, nerves were teased
on glass coverslips and then immunostained. Images of immuno-
fluorescence were captured with an Axio-imager Z1 microscope
(Carl Zeiss Microlmaging) or Axio-observer Z1 microscope (Carl
Zeiss Microlmaging) fitted with an AxioCam digital camera (Carl
Zeiss Microlmaging). Images were taken with 20x (0.8 NA), 40x
(1.0NA), 40x (0.75 NA), or 63 x (1.4 NA) objective lenses. Images
were then collected by Zen (Carl Zeiss Microlmaging) acquisition
software.

Immunoprecipitation and Immunoblotting

COS-7 cells were transfected with AnkG-GFP or all-spectrin-EGFP
along with Myc-tagged wild-type BIV spectrin and mutants. Two
days after transfection, cells were collected and lysed with 250 pL
lysis buffer (20 mM Tris-HCI, pH 8.0, 10 mM EDTA [pH 8.0], and
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Figure 1. Biallelic Human Pathogenic Variants in SPTBN4

(A) Pedigrees of affected individuals, with corresponding ages and
genotypes. Individual A.III.2 succumbed to complications of a res-
piratory infection at 2 years of age. Individual A.Il.1 died in in-
fancy from a disorder associated with severe hypotonia and weak-
ness. Both ALl and A.1.2 are heterozygous for the described
variant.

(B) Locations of the identified mutations in the BIV=1 and BIVZ6
splice variants. ABD (actin binding domain), PH (pleckstrin ho-
mology domain), and the 17 SRs (spectrin repeats) are indicated,
and the 15" SR mediating the interaction with AnkG is shown
in yellow.

(C) Profound hypotonia and neuromuscular weakness (C.II.1 at
2 years of age), significant head lag and lack of truncal control.
(D) Muscle biopsy findings of neurogenic disease in individual
C.IL.1. Non-specific esterase stain identifies denervated fibers
(darker fibers). Positively stained, atrophic muscle fibers, including
angular fibers (arrows), suggesting neurogenic disease from a mo-
tor neuropathy and/or neuronopathy.

(E) Normal auditory brainstem response (ABR) tracing.

(F) ABR corresponding to individual B.II.1, showing that wave I is
present but that waves III and V are absent from the affected
individual.

150 mM NaCl) containing 1% Triton X-100 and protease inhibitors
at 4°C for 1 hr with agitation. Cell lysates were then centrifuged at
13,000 g at 4°C for 10 minutes. The soluble supernatants were incu-
bated overnight with GFP antibody-coupled protein A or G agarose
beads (GE healthcare). The beads were washed seven times with
1 mL lysis buffer and then eluted with 20 pL 2X reducing sample
buffer at 100°C for 5 min. The immunoprecipitates and the total su-
pernatant as input were separated by SDS-PAGE, transferred to
nitrocellulose membrane (GE healthcare), and detected via immu-
noblotting with Myc or GFP antibody.

Hippocampal Neurons

Primary cultures of hippocampal neurons were obtained from
E18.5 Sprague-Dawley rat embryos. Hippocampi were dissected
and dissociated. Neurons were then plated onto Poly-D-Lysine-
and laminin-coated glass coverslips. Hippocampal neurons were
cultured in Neurobasal medium (Life Technologies) containing
1% Glutamax (Life Technologies), 1% penicillin and strepto-
mycin (Life Technologies), and 2% B27 supplement (Life Tech-
nologies) in an incubator with 5% CO,. Transfection of hippo-
campal neurons was performed as previously described.?!
Neurons were then washed with 1X phosphate buffered saline
(PBS) three times and then processed via the regular immunoflu-
orescence procedures.

Phosphatidyl Inositol Phosphate (PIP) Strip Assay

The lipid-binding properties of the PH domain of BIV spectrin
were measured with a PIP strip (Echelon Bioscience) assay accord-
ing to the manufacturer’s instructions. In brief, PIP lipid strips are
hydrophobic membranes spotted with 100 pmol of eight phos-
phoinositides and seven other biologically important lipids. These
strips were blocked with 3% fatty-acid-free bovine serum albumin
in TBS-T (0.1% v/v Tween-20) for 1 hr at room temperature and
then incubated with 250 ng/mL recombinant GST-PH wild-type
(WT), p.-Arg2435Cys, or p.Arg2485Leufs31* variants or with GST
alone. GST-tagged recombinant proteins were detected by mouse
anti-GST antibody and HRP-conjugated goat anti-mouse second-
ary antibody.

Statistics

No statistical methods were used for pre-determining sample sizes,
but our sample sizes are similar to those reported previously.”> All
statistical analyses were performed with GraphPad Prism software
or Microsoft Excel. Error bars represent SEM. An unpaired, two-
tailed Student’s t test was used for statistical analyses unless other-
wise specified.

Data Availability Statement

The datasets generated during and/or analyzed during the current
study are available from the corresponding author(s) upon reason-
able request.

Results

We identified six individuals with bi-allelic SPTBN4 vari-
ants (Figure 1A; the RefSeq accession number GenBank:
NM_020971.2 was used to name the SPTBN4 vari-
ants). These variants distributed widely throughout BIV
spectrin (Figure 1B). The Genome Aggregation Database
(gnomAD) was used for variant assessment.”® None of
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Table 1.

Clinical Features of Individuals with Bi-allelic SPTBN4 Variants

Individual Al A.llL.2 B.IL.1 c1 D.ll.1 E.IL1
SPTBN4 genotype homozygous homozygous homozygous ¢.1511G>A homozygous c.1813C>T
¢.3820G>T ¢.3820G>T c.2709G>A (p.Arg504Gln);  ¢.7453delG (p.GIn605*);
(p.Glu1274%*) (p.Glu1274%*) (p-Trp903*) c.7303C>T (p.Ala2485Leufs*31) €.3829delC
(p.Arg2435Cys) (p.GIn1277Argfs*4)
Age, Sex 3 years, F deceased at 5 years, F 3 years, M 5 years, M 7 years, M
2 years, M
Neurologic Findings
Congenital hypotonia + + + + + +
Profound weakness + + + + + +
Areflexia + + + + + +
Seizures - - - +, severe DRE + +, severe DRE
Severe speech delay + + + + + +
Global developmental delay — + + + + + +
Cortical visual impairment + + + + + +
Diagnostic Findings
Auditory neuropathy/ N/A N/A + N/A + N/A
abnormal ABR
Axonal motor neuropathy + N/A + + N/A N/A
on EMG/NCS
Brain MRI abnormalities - - + + + +
Systemic/Other
Feeding difficulties/ + + + + + +
Gastrostomy tube
Respiratory difficulties + + + + + +

Abbreviations are as follows; M = male, F = female, DRE = drug resistant epilepsy, ABR = auditory brainstem responses, and N/A = not available.

the nonsense mutations (c.3820G>T [p.Glul274*],
¢.2709G>A [p.Trp903*], c.7453delG [p.Ala2485Leufs*31],
¢.1813C>T [p.GIln605*], or ¢.3829delC [p.GIn1277Argfs*
4]) were found in this database of 123,136 exomes and
15,496 whole genomes, suggesting that these variants are
exceedingly rare in the general population. The two
missense mutations, ¢.1511G>A (p.Arg504Gln) and
¢.7303C>T (p.Arg2435Cys), were present in the gnomAD
database but with very low allele frequencies, 6.887 X
107° and 8.94 x 107>, respectively. The low frequency of
these variants is consistent with the recessive model of in-
heritance observed in these affected individuals.

Nodal and AIS BIV spectrins include two splice variants:
a longer BIVZ1 splice variant consisting of an N-terminal
actin-binding domain (ABD), 17 spectrin repeats (SRs),
and a C-terminal PH domain, and a shorter BIVZ6 splice
variant that begins in the tenth SR (SR10; Figure 1B). Five
of the seven pathogenic variants identified were located
N-terminal to SR10 and were predicted to only affect the
BIVE1 splice variant (Figure 1B). The neurological features
of affected individuals were remarkably similar and
included congenital hypotonia, profound weakness, and
areflexia (Figure 1C and Table 1). All affected individuals
had profound developmental delay with no language
development; three out of six had seizures, and two out

of six presented clinically with severe drug-resistant epi-
lepsy (Table 1). Other major clinical issues included
feeding and respiratory difficulties (Table 1). Electromyog-
raphy and nerve-conduction studies in three probands re-
vealed evidence of motor axonopathy/neuronopathy,
whereas sensory responses were normal (Table 2). Serial
studies performed in one individual (B.Il.1) at 6 months
and 3 years of age demonstrated electrophysiological evi-
dence for progression of motor axonopathy and neuron-
opathy. Serial muscle ultrasound performed on individual
B.II.1 showed initially distal muscle involvement that pro-
gressed to proximal involvement (data not shown). Muscle
biopsy was available in two individuals and revealed dener-
vated and atrophic muscle fibers, consistent with a neuro-
genic disease (Figure 1D; individual C.II.1 is shown). Audi-
tory brain stem responses (ABRs) were recorded from two
individuals and were consistent with auditory neuropathy
(compare Figures 1E and 1F; recorded from individual
B.IL1).

Experiments in quivering mice previously showed that
neurons with a variety of BIV spectrin loss-of-function
variants still express IV spectrin mRNA,'* and protein in
these mice can still be detected at nodes and AISs.'°
Thus, human variants with premature termination codons
might not undergo nonsense-mediated decay. Knowing
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Table 2.

Electrophysiologic Data in Individuals with Biallelic SPTBN4 Mutations

SNAP (uV) CMAP (mV) Motor NCV (m/s) EMG
Individual Age S M ] P T M [} P T M U Fibs Dur Amp Recruit
ALl 2 yr, 7 mo 8 68 - 7.6 3.3 40 40 - 0 1 1 Discret
B.IL1 6m 6.8 9.2 3.8 1.2 8.0 35 25 28 26 35 44 0 1 1 l
3 yr, 9 mo 32.7 - - 04 141 84 38 33 44 2+ 1 T Discret
CIL1 lyr,10mo 9.2 132 108 1.7 132 52 43 40 55 - 0 1 1 l

Abbreviations are as follows: SNAP = sensory nerve action potential, CMAP = compound motor action potential, NCV = nerve conduction velocity, S = sural or
superficial peroneal, M = median, U = ulnar, p = peroneal, T = tibial, Fibs = fibrillations, Dur = motor unit duration, Amp = motor unit amplitude, Recruit = motor
unit recruitment pattern, yr = year, mo = month, - = not done, and Discret = single motor unit firing rapidly.

that it would be difficult to obtain neuronal cells from in-
dividuals affected with BIV-spectrin-related neuropathy,
we opted instead to express the pathogenic human BIV-
spectrin variants in neurons to determine how each
affected BIV-spectrin functions. We introduced the equiva-
lent human variants in Myc-tagged mouse BIVE1l and
BIVZ6, then expressed the proteins in cultured rat hippo-
campal neurons; sequence alignment of human and
mouse BIV spectrin indicated that each of the mutated
amino acids is conserved (Figure S1). Transfected wild-
type BIVZ1 was highly enriched at AISs, where it co-local-
ized with AnkG (Figure 2A). In contrast, variants
p-GIn605*, p.Trp903*, p.Glul274*, and p.GIn1277Argfs*4
failed to localize at the AIS (Figures 2B and 2E). The
previously reported truncation variant, p.Gln533*,'® also
failed to be clustered at the AIS (Figure 2C). Var-
iants p.Arg504GIn, p.Arg2435Cys, and p.Ala2485Leufs*
31 were still properly targeted to the AIS (Figures 2D and
2E). Similarly, transfected wild-type BIVE6 was highly en-
riched at the AIS (Figure 3A), and variants p.Arg2435Cys
and p.Ala2485Leufs*31, predicted to also affect BIVZ6
(Figure 1B), were also properly localized to the AIS (Figures
3B and 3C).

Our previous studies suggested that AnkG interactions
through spectrin repeat 15 drive the recruitment of BIV
spectrin to the AIS and nodes of Ranvier.” Therefore, to
confirm that the variants with disrupted localization to
the AIS also affect AnkG binding, we co-expressed AnkG-
GFP with the different BIVZ1 variants, then performed
immunoprecipitation by using GFP antibodies. These
experiments showed that all AlS-targeted constructs
(p-Arg504GlIn, p.Arg2435Cys, and p.Ala2485Leufs*31) in-
teracted with AnkG-GFP, whereas those that were not
found at the AIS (p.GIn605*, p.Trp903*, p.Glul274*, and
p-GIn1277Argfs*4) failed to interact with AnkG-GFP
(Figure 4A). Thus, p.GIn605*, p.Trp903*, p.Glu1274*, and
p-GIn1277Argfs*4 pathogenic variants disrupt BIVE1 func-
tion because they cannot bind AnkG.

How does the p.Arg504Gln variant disrupt BIVZ1 func-
tion even though it still interacts with AnkG and is local-
ized to the AIS (Figure 2B)? Arg504 is located in SR2
(Figure 1B), and SR2 is reported to underlie « and f subunit
heterodimer interactions.”” Therefore, we co-expressed all
spectrin-GFP together with an N-terminal fragment of

wild-type BIVE1 or the p.Arg504GIn variant in the SR2
domain (BIVN-SR2). Although this minimal segment of
BIV spectrin interacts with oll spectrin, the p.Arg504Gln
variant did not disrupt the interaction (Figure 4B).

How do the p.Arg2435Cys and p.Ala2485Leufs*31 vari-
ants disrupt BIV spectrin function? Both variants are found
in the C-terminal PH domain of BIV spectrin (Figure 1B).
PH domains are found in many cytoskeletal proteins and
participate in their recruitment or retention at specific
membrane domains, sometimes through high-affinity
binding to phosphoinositides.”® To determine whether
BIV spectrin’s PH domain function is compromised by
the p.Arg2435Cys or p.Ala2485Leufs*31 variants, we ex-
pressed GFP-tagged PH domains in HEK293T cells to deter-
mine their subcellular localizations. We found that both
WT and p.Arg2435Cys-containing PH domain constructs
were diffusely distributed throughout cells (Figure 4C).
However, the p.Ala2485Leufs*31-containing PH domain
was found in small intracellular puncta, suggesting that
disruption of the PH domain alters the distribution of
BIV spectrin in membrane compartments (Figure 4C). To
directly determine the phosphoinositide binding capacity
of BIV spectrin’s PH domain, we constructed GST fusion
proteins containing WT or BIV spectrin PH domain vari-
ants, then tested their ability to bind to phosphoinositides
immobilized on PIP strips (Figure 4D). Whereas both WT
and p.Arg2435Cys-containing PH domain fusion proteins
bound strongly to PI(3,5)P2, P1(4,5)P2, and PI(3,4,5)P3, the
variant p.Ala2485Leufs*31 failed to bind to any phosphoi-
nositides (Figure 4D). Together, these results show that the
pathogenic variants p.Trp903* p.Glul274* p.GIn605%,
p-GIn1277Argfs*4, and p.Ala2485Leufs*31 result in a loss
of function through disrupted AnkG or phosphoinositide
binding, whereas the mechanisms of pathology due to
p-Arg504GIn and p.Arg2435Cys variants (found in indi-
vidual C.II.1) remain unknown.

To further determine the consequence of human BIV
spectrin variants on the structure and function of axons,
we compared the molecular organization of nodes of
Ranvier in sural nerve biopsies from individual C.II.1,
who harbors the p.Arg504Gln; p.Arg2435Cys variants,
the molecular pathology of which remains unclear,
and the p.Trp903* variant, which did not localize to
the AIS. Immunostaining with a pan-neurofascin (Nfasc)
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Figure 2. The Localization of BIVZ1 Spectrin Variants in Neurons
(A) Transfection of cultured rat hippocampal neurons with Myc-tagged BIV=1 spectrin. The AIS is labeled with antibodies against AnkG
(green) and is indicated with an arrow. The somatodendritic domain is labeled with antibodies against MAP2 (blue). The scale bar rep-

resents 50 um.

(B-D) Transfection of hippocampal neurons with Myc-tagged BIVZ1 spectrin plasmids containing the indicated variants. AISs are labeled
with antibodies against AnkG (green) and are indicated with an arrow. The somatodendritic domain is labeled with antibodies against

MAP2 (blue). The scale bar represents 50 pm.

(E) Quantification of the percentage of neurons with the indicated BIV spectrin construct found at the AIS. n = 3 independent exper-
iments for each construct, except for p.GIn533*, where n = 2. The mean + SEM is shown. **p < 0.001; ***p < 0.0001.

antibody that recognizes both axonal NF186 and glial
NF155 showed normal paranodal NF155 and highly clus-
tered nodal NF186 in p.Arg504GlIn; p.Arg2435Cys nerves
(Figure SA) but significantly reduced nodal NF186 in
p-Trp903* nerves (Figure 5B, arrowheads). Labeling of
the same nodes with antibodies that recognize both
BIVZ1 and BIVE6 showed strong nodal enrichment in
the p.Arg504Gln; p.Arg2435Cys nerve (Figure SA) but
nearly undetectable nodal BIVE6 immunoreactivity in
the p.Trp903* nerve (Figure 5B). Immunostaining with a
pan-Na® channel antibody (Nav) showed strong nodal
enrichment in p.Arg504Gln; p.Arg2435Cys nerves but
weak nodal labeling in p.Trp903* nerves (Figures 5C and
5D). KCNQ2- and KCNQ3-subunit-containing K™ chan-
nels are also clustered at nodes of Ranvier.”’ Because
loss-of-function variants in KCNQ2 and KCNQ3 cause ep-
ilepsy and infantile spasms, both of which were present
in some BIV spectrin probands (Table 1), we immuno-
stained the p.Arg504Gln; p.Arg2435Cys and p.Trp903*
nerves by using antibodies against KCNQ2 K* channels.

In p.Arg504Gln; p.Arg2435Cys nerves we found weak
nodal KCNQ2 immunoreactivity (Figure 5E, arrowheads).
In p.Trp903* nerves we could not detect any KCNQ2 K*
channels (Figure SF, arrowhead). Together, these findings
indicate that in the p. Trp903* variant, the shorter and un-
affected BIVZ6 splice variant (Figure 1B) is not sufficient
to rescue nodal properties. This finding is consistent
with the neurological phenotypes of mice that lack
BIVE1 but retain BIVE6.'” Because the p.Arg504Gln;
p-Arg2435Cys proband has mostly normal nodes, with
only a possible reduction in KCNQ2 K* channel clus-
tering, the molecular pathology of these variants remains
unclear. It is possible that the variants are synergistic and
that defects in BIV-spectrin function are only observed
upon tetramerization. In contrast, because all truncating
variants of BIV spectrin were unable to interact with
AnKkG or cluster at the AIS, we speculate that pathological
and molecular features of the p.Trp903* variant might be
generalizable to all variants and that this might result in
premature truncation.
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Figure 3. BIV=6 Spectrin Variants Are Localized to the AlS

(A and B) Transfection of cultured rat hippocampal neurons with
plasmids for Myc-tagged BIVE6 (26-WT) or two variants of
BIV=6, p.Arg2435Cys and p.Ala2485Leufs*31. DIV 7 hippocampal
neurons were transfected with the indicated BIV spectrin con-
structs, then immunolabeled with antibodies against Myc (red),
AnkG (green), and MAP2 (blue). AlSs are indicated by an arrow.
The scale bar represents 50 pm.

(C) Quantification of the percentage of transfected cells that had
clustered Myc-tagged BIV spectrin at their AIS. n = 3 independent
experiments for each construct. The mean + SEM is shown.

The lack of nodal KCNQ2 K* channel immunoreactivity
in p.Trp903* axons is surprising because both Na* chan-
nels and KCNQ2 K+ channels are recruited to the AIS
and nodes of Ranvier through a similar AnkG-binding
motif.® Furthermore, we previously showed that after loss
of BIV spectrin or AnkG, a secondary mechanism based
on AnkR/BI spectrin can compensate for nodal (but not
AIS) Na™ channel clustering.”® Why does this secondary
clustering mechanism not rescue nodal KCNQ2 K* chan-
nels in p.Trp903* myelinated axons? To answer this ques-
tion we first modeled loss of BIV spectrin by using optic
nerves from quivering3j (Spthn4?"¥) and Six3Cre;Ank3""
(AnkG cKO) mice, which have dramatically reduced
amounts of nodal BIV spectrin.”’ Sptbn47"¥ mice have a
point mutation that is proximal to the PH domain and re-
sults in a frameshift mutation, a novel 49 amino acid
extension, and deletion of the PH domain;'* this mutation

is similar to p.Ala2485Leufs*31. Sptbn47"¥ mice are ataxic,
deaf, and die at about 6 months of age. The AnkG cKO
mice are viable and have no apparent behavioral abnor-
malities because the recombination is restricted to the
retina and optic nerves, and AnkR compensates for the
loss of AnkG from nodes in these mice.?’ As controls, in
both wild-type and AnkR-deficient mice (Ank1*P31¢) we
found KCNQ2- and KCNQ3-subunit-containing K™ chan-
nels clustered at nodes of Ranvier flanked by Caspr-labeled
paranodal junctions (Figure 5G, arrowhead); the AnkR-
deficient mice have severe hemolytic anemia due to spher-
ocytosis. But since AnkG is expressed normally, nodes of
Ranvier are unaffected (Figures 5G and SH). In contrast
to findings in these controls, we did not detect any
KCNQ2 or KCNQ3 K" channel subunits at nodes in
Sptbn4?¥ mice (Figure 5G, arrows, and Figure 5H). This
observation replicates the loss of nodal KCNQ2 and
KCNQ3 immunoreactivity previously reported in these
mice.’” Importantly, AnkG cKO mice also lacked clustered
KCNQ2- and KCNQ3-subunit-containing K* channels
(Figure 5@, arrows, and Figure S5H), indicating that
although AnkR and BI spectrin can rescue nodal Na*
channel clustering,”® this complex cannot rescue clus-
tering of nodal KCNQ2- and KCNQ3-subunit-containing
K" channels.

Discussion

Our report expands the clinical phenotype of human dis-
ease associated with SPTBN4 variants via the largest cohort
reported to date. We provide functional validation to help
establish the mechanisms of disease. Our results suggest a
mechanism for ion-channel dysfunction based not on mu-
tations in the channels themselves, but rather on disrup-
tion of the cytoskeletal machinery controlling proper
localization of channels and function of axonal domains
where axonal ion channels are normally clustered in
high density (i.e., AIS and nodes of Ranvier).

Structural and biochemical studies of ankyrin in com-
plex with the Nav1.2 or KCNQ2 ion channels show that
the affinity of Nav1l.2 for ankyrin is ~100-fold that of
KCNQ2.3! Furthermore, AnkR also contains an auto-inhib-
itory segment that binds to the same region on AnkR as
Navl.2 and KCNQ2, but with an affinity close to that for
Nav1.2. Thus, KCNQ2 K* channels have 100-fold reduced
affinity for AnkR and must compete for binding with
AnkR'’s higher affinity auto-inhibitory segment.*' We spec-
ulate that together these properties of AnkR disrupt clus-
tering of nodal KCNQ2- and KCNQ3-subunit-containing
K* channels when BIV spectrin variants result in loss of
function.

Our sural nerve biopsy studies with human teased fibers
only examined the consequence of disrupted BIV spectrin
at nodes and not at the AIS, where BIV spectrin forms a
complex with AnkG to cluster Na™ channels. The AIS func-
tions not only to initiate action potentials but also to
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Figure 4. BIV Spectrin Protein and Lipid Interactions

p.Arg2435Cys p.Ala2485Leufs*31

(A) Cotransfections and immunoprecipitations between AnkG-GFP and the indicated BIV spectrin constructs. Immunoprecipitation re-
actions were performed with anti-GFP antibodies, and immunoblots were performed wih anti-Myc antibodies. Both input and immu-

noprecipitates (IPs) are shown.

(B) Cotransfection and immunoprecipitation of all spectrin and BIV spectrin’s N terminus, including spectrin repeat 2 with and without
the p.Arg504GIn variant. IPs were performed with anti-GFP antibodies, and immunoblots were performed with anti-Myc antibodies.
(C) Immunostaining of HEK cells transfected with the indicated BIV spectrin PH domain constructs. The scale bar represents 10 um.
(D) Immunoblot of GST and BIV spectrin PH-domain-containing fusion proteins and PIP strip blots showing that the same fusion pro-
teins bind to phosphoinositides. GST fusion proteins were detected with anti-GST antibodies.

maintain neuronal polarity and regulate the proper traf-
ficking of somatodendritic and axonal cargos.”*** We
speculate that the extensive neurologic involvement with
central and peripheral features associated with pathogenic
human BIV spectrin variants reflect both disruptions to no-
des of Ranvier and the function of the AIS. Indeed, with
the exception of neurons lacking an AIS (e.g., peripheral
sensory neurons’?), it is not possible to uncouple the con-
sequences of loss of BIV spectrin at nodes from the loss at
the AIS. Nevertheless, King et al.** showed that loss of
KCNQ2 from sensory neurons had no effect on the struc-
tural organization of nodes but did result in increased ther-
mal sensitivity, allodynia, and increased excitability.

Our work significantly expands on the neurologic
phenotype as well as the underlying mechanism of IV
spectrinopathies. A previous single case report'® coincides
with our findings in describing congenital hypotonia and
weakness in an individual with the p.GIn533* variant.
Our clinical phenotyping and neurophysiological studies
in multiple affected individuals with a variety of patho-
genic SPTBN4 variants suggests that weakness is primarily
due to severe motor axonal neuropathy and neuronopathy
as opposed to a myopathy. Serial electrophysiological
studies available in one individual (proband B.II.1) suggest
a progressive nature of the neuropathy. Consistent with

our findings, the affected person reported by Knierim
et al. (2017)'® showed evidence of an axonal motor neu-
ropathy as well. Nevertheless, we did not find evidence
of a primary congenital myopathy or a demyelinating neu-
ropathy. Instead, the muscle biopsies in our cohort were
suggestive of a neurogenic process with evidence of dener-
vation. It is therefore likely that muscle involvement is sec-
ondary to denervation, which could confound the etiology
of the neuromuscular weakness.

In summary, we identified pathogenic SPTBN4 variants
that define a class of spectrinopathy. Most variants affect
the molecular organization and function of excitable do-
mains by disrupting BIV spectrin’s capacity to interact
with AnkG or phosphoinositides. Furthermore, these vari-
ants in SPTBN4 cause profound neurological dysfunction,
probably by reducing or disrupting the clustering of Na*
and KCNQ2- and KCNQ3-subunit-containing K* chan-
nels. Although hypotonia and global developmental de-
lays are clinically non-specific, we propose that the clinical
scenario of progressive axonal neuropathy and neuronop-
athy along with severe congenital hypotonia and intellec-
tual disability should raise consideration to include
this disorder in the differential diagnosis. Because the
neuropathy might not always be ascertained clinically,
particularly during infancy, genetic assessment of BIV
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Figure 5. Human BIV Spectrin Variants Disrupt Nodal lon Channel Clustering

(A-F) Immunostaining of human sural nerve biopsies from individuals with the p.Arg504Gln; p.Arg2435Cys and p.Trp903* variants was
performed with antibodies against neurofascin (Nfasc, red) and BIV spectrin (green) (A and B). Immunostaining of human sural nerve
biopsies from individuals with p.Arg504Gln; p.Arg2435Cys and p.Trp903* variants was performed with antibodies against neurofascin
(Nfasc, red) and Na* channels (Nav, green) (C and D). Immunostaining of human sural nerve biopsies from individuals with
p.Arg504Gln; p.Arg2435Cys and p.Trp903* variants was performed with antibodies against neurofascin (Nfasc, red) and KCNQ2 K*
channels (green) (E and F). Nodes are indicated by arrowheads. NB: the exposure times for immunostaining of BIV spectrin, Na* chan-
nels, and KCNQ2 in the p.Trp903* variant are much longer than the exposure times in the p.Arg504Gln; p.Arg2435Cys variant to allow
detection of these proteins. This is evident from the high background seen along the axons. The scalebar represents 10 um and applies to
all panels (A-F).

(G) Immunostaining of the optic nerve from the indicated genotypes with antibodies against Caspr (green), KCNQ2 (red), or KCNQ3
(red). Arrowheads indicate nodes with KCNQ2 or KCNQ3 immunostaining, whereas arrows indicate nodes without any nodal labeling
for these channels. The scale bar represents 10 um.

(H) Quantification of the percent of nodes labeled for KNCQ2 or KCNQ3 in the indicated mice. n = 3 mice for each genotype. The
mean * SEM is shown. **p < 0.001; ***p < 0.0001.
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