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Abstract

Spectrins are common components of cytoskeletons, binding to cytoskeletal elements and 

the plasma membrane, allowing proper localization of essential membrane proteins, signal 
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transduction, and cellular scaffolding. Spectrins are assembled from α and β subunits, encoded by 

SPTA1 and SPTAN1 (α) and SPTB, SPTBN1, SPTBN2, SPTBN4 and SPTBN5 (β). Pathogenic 

variants in various spectrin genes are associated with erythroid cell disorders (SPTA1, SPTB) and 

neurologic disorders (SPTAN1, SPTBN2, SPTBN4), but no phenotypes have been definitively 

associated with variants in SPTBN1 or SPTBN5. Through exome sequencing and case matching, 

we identified seven unrelated individuals with heterozygous SPTBN1 variants: two with de novo 
missense variants and five with predicted loss-of-function variants (found to be de novo in two, 

while one was inherited from a mother with a history of learning disabilities). Common features 

include global developmental delays, intellectual disability, and behavioral disturbances. Autistic 

features (4/6) and epilepsy (2/7) or abnormal EEG without overt seizures (1/7) were present in 

a subset. Identification of loss-of-function variants suggests a haploinsufficiency mechanism, but 

additional functional studies are required to fully elucidate disease pathogenesis. Our findings 

support essential roles of SPTBN1 in human neurodevelopment and expand the knowledge of 

human spectrinopathy disorders.
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INTRODUCTION

Spectrins are a family of cytoskeletal proteins that bind to cytoskeletal elements, such 

as actin filaments, microtubules and intermediate filaments, functioning as cytoskeletal 

integrators and linking the cytoskeleton to the plasma membrane (Liem, 2016). Spectrin was 

first discovered in erythrocyte “ghosts,” which result from osmotically lysing erythrocytes 

to release cytoplasmic components (V. T. Marchesi & Steers, 1968). Originally thought 

to be limited to erythrocytes, spectrins were later found in most cell types, including 

brain, kidney, skeletal muscles, cardiac muscles and intestines, as a common cytoskeletal 

component (Burridge, Kelly, & Mangeat, 1982; Glenney & Glenney, 1983). Spectrins are 

composed of α and β subunits, which interact with each other in an antiparallel manner to 

form rod-shaped heterodimers. Two spectrin heterodimers form an elongated, head-to-head 

tetramer through the interaction of the amino termini of the α subunits and the carboxyl 

termini of the β subunits (Liem, 2016). In mammals, two genes encode the spectrin α 
subunits. SPTA1 produces the αI spectrin found in erythrocytes, whereas SPTAN1 expresses 

at least 4 isoforms of αII spectrins present in most non-erythroid cells (Cianci, Zhang, 

Pradhan, & Morrow, 1999). Five types of spectrin β subunits (βI, βII, βIII, βIV and βV) in 

mammals are encoded by SPTB, SPTBN1, SPTBN2, SPTBN4 and SPTBN5 respectively. 

βI is the only β subunit expressed in erythrocytes, and the other β spectrins exist in 

nonerythrocytes (Derbala, Guo, Mohler, & Smith, 2018; Liem, 2016). Spectrin α and β 
subunits share significant sequence homology, and both contain structural features similar 

to actin-crosslinking protein α-actinin. One of the common structural features of spectrins 

is the presence of multiple copies of short units, knowns as spectrin repeats, each of which 

comprises about 106 amino acid residues and forms 3 α-helices (Liem, 2016). The spectrin 

repeats usually appear in tandem, and the number of copies ranges from 14 to 27 in human 

spectrin proteins. In addition to spectrin repeats, spectrin α subunits have 3 tandem copies 
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of EF-hand domains at the carboxyl terminus, whereas spectrin β subunits have 2 tandem 

copies of calponin homology domains at the amino terminus, which interact with actin 

and are also called actin-binding domains, and a pleckstrin homology (PH) domain at the 

carboxyl terminus of their long isoforms, serving as a ligand binding site for phospholipids 

involved in signal transduction. In spectrin α subunits, an SH3 (SRC homology 3) domain, 

which is also involved in signal transduction, is located in the 9th spectrin repeat from 

the amino terminus (Derbala et al., 2018; Machnicka et al., 2014). The spectrin repeats in 

the β subunits also bind phospholipids and hydrophobic compounds (Diakowski, Szopa, & 

Sikorski, 2003), and the 14th-15th spectrin repeats contain an ankyrin binding site (Davis 

et al., 2009). In turn, ankyrins mediate interactions with many spectrin binding partners 

including phospholipids, channels, transporters and receptors (Machnicka et al., 2014).

Consistent with their pivotal roles in maintaining cytoskeleton in erythrocytes, defective 

erythroid spectrins lead to weak and fragile red blood cells. Pathogenic variants in SPTA1 
and SPTB, which encode erythroid spectrin α and β subunits respectively, have been 

associated with autosomal dominant and autosomal recessive hemolytic disorders, including 

elliptocytosis, spherocytosis, pyropoikilocytosis and neonatal hemolytic anemia (Gallagher 

& Forget, 1996; Gallagher et al., 1997; Gallagher et al., 1995; S. L. Marchesi et al., 1987). 

Additionally, pathogenic variants in non-erythroid spectrin genes have been associated 

with neurological and developmental disorders. De novo heterozygous variants in SPTAN1 
were identified in several unrelated patients with epileptic encephalopathy, brain atrophy, 

progressive microcephaly, and developmental delay (Hamdan et al., 2012; Saitsu et al., 

2010). In an 11-generation pedigree descended from Abraham Lincoln’s grandparents 

and two additional families, in-frame deletions and a missense variant in SPTBN2 
were identified to cause autosomal dominant spinocerebellar ataxia 5 (SCA5), a slowly 

progressive disorder with variable age of onset (Ikeda et al., 2006). In addition, homozygous 

stopgain and frameshift variants in SPTBN2 were found in two consanguineous families 

with spinocerebellar ataxia, consistent with autosomal recessive inheritance (Elsayed et al., 

2014; Lise et al., 2012). Biallelic variants in SPTNB4 have been identified in multiple 

unrelated families with neurodevelopmental disorders (Anazi et al., 2017; Knierim et al., 

2017; Pehlivan et al., 2019; Wang et al., 2018). Common features of these patients include 

congenital hypotonia, areflexia, feeding difficulties, muscle fiber atrophy, and profound 

developmental delay. The remaining human spectrin genes, SPTBN1 and SPTBN5, have not 

yet been definitively associated with human diseases, although de novo SPTBN1 variants 

(one missense, one nonsense) have been identified in two males as part of a large screen of 

individuals with autism spectrum disorder (Iossifov et al., 2014). In this report, we describe 

heterozygous loss-of-function or de novo variants in SPTBN1 in seven unrelated patients 

with overlapping neurodevelopmental disorders. Our findings suggest the essential roles of 

spectrin βII subunits in human development and add a new member to the spectrinopathy 

disorders.
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METHODS

Editorial policies and ethical considerations

Informed consent for publication of clinical information and photographs was obtained for 

all individuals, using Institutional Review Board-approved research protocols.

Patient ascertainment

De novo variants in SPTBN1 were identified via clinical trio exome sequencing in 

individuals 1 and 2. As SPTBN1 was not a known human disease gene, individual 1 

subsequently enrolled in the Undiagnosed Diseases Network (UDN) for further phenotypic 

and genetic evaluations. Subsequent review of Baylor Genetics Laboratories’ clinical exome 

sequencing database identified individual 3 with a heterozygous loss-of-function SPTBN1 
variant. Additional individuals 4 and 5 with SPTBN1 loss-of-function variants were 

identified in the DECIPHER database (Firth et al., 2009). Family and/or clinician contact 

was established with individuals 6 and 7 with SPTBN1 heterozygous loss-of-function 

variants through a “Participant Page” on the UDN website for individual 1.

SPTBN1 variant identification

Individuals 1 and 2 underwent clinical trio exome sequencing, and individual 3 underwent 

proband exome sequencing, all at Baylor Genetics Laboratories, according to previously 

described protocols (Yang et al., 2014). In individual 3, Sanger sequencing was used to 

confirm the SPTBN1 variant in the proband and to test the parents. Individual 4 underwent 

exome sequencing through the Deciphering Developmental Disorders Study (Deciphering 

Developmental Disorders Study, 2015) and genome sequencing through the 100,000 

Genomes Project (Caulfield et al., 2019). Individual 5 underwent trio exome sequencing 

using the Agilent SureSelectXT Human All Exon v5 kit on the Hiseq4000 platform, 

according to previously described protocols (van der Sluijs et al., 2019). Individuals 6 and 7 

underwent clinical proband exome sequencing, at CGC Genetics and GeneDx Laboratories, 

respectively, with Sanger sequencing of the identified SPTBN1 variants in the probands and 

mothers.

RESULTS

Genomic analyses

Trio exome sequencing identified de novo SPTBN1 missense variants in individuals 1 

and 2, located in the second calponin homology domain and in the 15th spectrin repeat, 

respectively (Table 1, Figure 1). Predicted SPTBN1 loss-of-function variants were identified 

in the remaining individuals, located in the calponin homology domains in individuals 3-6 

and in one of the spectrin repeats in individual 7 (Table 1, Figure 1). Parental studies 

showed variants in individuals 1-3 and 5 to be de novo, while the variant in individual 6 

was maternally inherited. The mothers of individuals 4 and 7 were negative for the variants, 

while their fathers were not available for testing. All SPTBN1 variants are absent from the 

gnomAD general population database (Karczewski et al., 2020), and missense variants are 

located at evolutionarily conserved positions (Figure 1). No coding-region variants were 

predicted to alter splicing (Supplemental table 1).
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Clinical exome sequencing reports did not contain any other strong candidates to explain 

the individuals’ phenotypes, with the exception of a de novo missense variant of uncertain 

significance in IL17RD (NM_017563.3:c.682C>T, p.Arg228Cys) in individual 2 and a 

missense variant of uncertain significance in SMARCA4 (NM_001128849.1:c.3986G>A, 

p. Arg1329His; not present in mother, father not available) in individual 4. Pathogenic 

variants in IL17RD cause hypogonadotropic hypogonadism-18 with or without anosmia 

(HH18; OMIM 615267), although this condition is typically inherited in either a 

recessive or digenic manner (Miraoui et al., 2013). Heterozygous pathogenic variants in 

SMARCA4 cause Coffin-Siris syndrome (CSS4; OMIM 614609), characterized by fifth 

digit clinodactyly/hypoplasia (which was not seen in individual 4), neurodevelopmental 

delay, and characteristic facial features and hirsutism. Seizures have been reported in 

some individuals with CSS, and SMARCA4-associated CSS more commonly causes 

growth impairment and behavioral abnormalities (Schrier Vergano et al., 2013 Apr 4 

[Updated 2018 Feb 8]). Individual 3, who had mitochondrial dysfunction, had a single 

heterozygous variant of uncertain significance in NDUFS2 (NM_004550.4:c.227T>C, 

p.Ile76Thr), associated with autosomal recessive mitochondrial complex I deficiency 

(OMIM 618228). His phenotype was not thought to fit this condition, which is characterized 

by failure to thrive, optic atrophy, cardiomyopathy, developmental regression, and brain 

atrophy, so the possibility of a second, unidentified NDUFS2 variant was thought unlikely. 

Mitochondrial DNA sequencing in individual 3 identified two apparently homoplasmic 

variants of uncertain significance (m.1282G>A (12S rRNA) and m.14256T>C (p.I140V, 

ND6)). These variants were present in control databases mtDB and MitoMap and were 

bioinformatically predicted to be benign, so familial testing was not pursued. Individual 

2 was also identified to carry a de novo ~410-kb 17q22 duplication by chromosomal 

microarray (arr[hg19] 17q22(54214083-54624225)x3dn), which encompasses all of a single 

gene, ANKFN1, although variants in this gene have not been described to cause disease in 

humans. All other individuals had normal clinical chromosomal microarray testing.

Clinical features

Clinical features of probands are summarized in table 1. All individuals demonstrate 

developmental delays, and the older individuals have intellectual disability, mostly mild 

to moderate, although individual 3 is nonverbal. Of note, individual 6’s mother, who 

also carried the SPTBN1 variant, did not have intellectual disability but had learning 

disabilities, mainly in math, and completed schooling through the ninth grade. Additionally 

6/7 individuals demonstrate abnormal behaviors, with ADHD specifically noted in four and 

autism spectrum disorder or autistic features in four. The oldest individual (#1, age 25 

years) underwent multiple formal neurodevelopmental evaluations, receiving a diagnosis of 

pervasive developmental disorder, not otherwise specified, at age 3 years; by age 8 years 

her relative strengths in language suggested that other possible diagnoses included ADHD-

combined form, oppositional defiant disorder, and a severe nonverbal learning disability. 

Formal evaluations were also completed in individuals 5 and 7, providing diagnoses of 

ADHD, with or without autistic disorder, respectively. Individual 3 did not have formal 

testing for autism but clearly met diagnostic criteria due to language delay (not speaking 

until age 5, and without meaningful language skills at age 11), perseverative behaviors, 

inappropriate social behaviors, and stereotypies. The youngest individual (#2, age 4 years) 
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has abnormal movements thought to be stereotypies; a normal EEG ruled out seizure activity 

in him.

Epilepsy is present in 2/7 individuals, a third had a single febrile seizure, and a fourth 

had abnormalities on EEG without overt seizures. Two of the three remaining individuals 

had EEGs that were normal. Epilepsy in individual 7 was characterized by two seizure 

types including absence and generalized tonic-clonic seizures that started by age 3, with 

EEG capturing focal left central parietal discharges. His seizures were controlled with 

oxcarbazepine. The generalized epilepsy (with a clustering pattern) in individual 4 was 

refractory to treatment (with current medications being levetiracetam & sodium valproate).

While most individuals have some mild dysmorphic features, no consistent, recognizable 

pattern is present (Figure 2). Growth parameters are within normal range, with the 

exception of microcephaly in individual 4 (measurement not available) and at least 

borderline macrocephaly in individuals 2 and 7 (Z scores of 2.63 and 2.1, respectively). 

Both individuals with missense variants have high and narrow palates, with one having a 

submucosal cleft. Three individuals have short and/or tapered fingers (Figure 2). Additional 

features are present in only single individuals, including mild ascending aorta dilation (Z 

score 2.7) in the oldest individual, hemihypertrophy (mild – one leg longer than the other), 

and mitochondrial dysfunction (decreased complex I activity measured in fibroblasts).

DISCUSSION

We identified seven individuals with neurodevelopmental disorders and heterozygous 

variants in SPTBN1: either de novo missense variants (individuals 1, 2) or predicted loss-of-

function variants (individuals 3-7, occurring de novo in two and inherited from a mother 

with learning disabilities in one). Common phenotypes include global developmental delays 

leading to intellectual disability, as well as various behavioral abnormalities. Consistent 

with the previous finding of de novo SPTBN1 variants in two individuals with autism 

spectrum disorder (Iossifov et al., 2014), three individuals had a diagnosis of autism 

spectrum disorder, and autistic features were present in a fourth. Epilepsy was present in 

a minority. All predicted loss-of-function variants occur before the penultimate exon of 

this 36-exon gene, so they are predicted to lead to nonsense-mediated decay, which would 

therefore suggest a haploinsufficiency mechanism. In support of this, the pLI (probability 

of loss-of-function intolerance) score for SPTBN1 is 1, and the observed/expected ratio 

of loss-of-function variants in gnomAD is 0.04 (Karczewski et al., 2020). Additionally, 

homozygous knockout of Sptbn1 in mice is lethal (Tang et al., 2003). Other autosomal 

dominant non-erythrocyte spectrinopathies (SCA5 due to SPTBN2 variants and epileptic 

encephalopathy due to SPTAN1 variants) are thought to have dominant negative etiologies 

(Clarkson, Gillespie, Perkins, Lyndon, & Jackson, 2010; Hamdan et al., 2012; Ikeda et al., 

2006; Saitsu et al., 2010). In contrast, for other non-erythrocyte β spectrins, biallelic loss of 

function is required to lead to disease (Elsayed et al., 2014; Knierim et al., 2017; Lise et al., 

2012; Wang et al., 2018). Therefore, further studies to determine if truncated βII spectrin 

is produced in individuals with SPTBN1 loss-of-function variants would be of interest to 

further elucidate disease etiology.
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The predominantly neurologic phenotypes observed in our cohort are consistent with βII 

spectrin’s important roles in the nervous system. Experimental evidence from human brains 

shows expression of the gene in all examined brain regions from development into adulthood 

(values for log2 of reads per kilobase per million ranging from 2.83-6.76 prenatally and from 

4.33-7.14 postnatally; data obtained from brainspan.org) (Miller et al., 2014). βII spectrin 

has been shown to bind to neurotransmitter-containing synaptic vesicles via synapsin-I 

(Sikorski, Sangerman, Goodman, & Critz, 2000), to help maintain structural integrity of 

neurons (Galiano et al., 2012), to partner with α-synuclein to regulate neurite growth during 

synaptogenesis (Lee, Lee, & Im, 2012), and to allow proper myelination by Schwann 

cells (Susuki et al., 2018). Furthermore, dysfunction of βII spectrin has been implicated in 

SPTAN1-associated epileptic encephalopathy, where mutant αII spectrin forms abnormal 

aggregates with both βII and βIII spectrin, leading to improper localization of voltage-gated 

sodium channels and epilepsy (Saitsu et al., 2010). However, only 2/7 in our cohort had 

epilepsy; SPTBN1-associated epilepsy may be less severe and/or less penetrant than that 

associated with SPTAN1 due to lack of disruption of βIII spectrin and/or differences in how 

βII spectrin function is being disrupted.

Some additional features of note are seen in the individuals with de novo missense 

variants. Individual 1 has a mildly dilated ascending aorta, and individual 2 has mild 

hemihypertrophy. It is possible that these are rare manifestations of the SPTBN1-related 

neurodevelopmental disorder, that they result from a specific property conferred by the 

missense variants, or that they are unrelated to the SPTBN1 variant. The aortic dilation may 

be a feature with a later age of onset, although age of onset in individual 1 is unknown, 

as she did not have an echocardiogram until adulthood as part of a comprehensive clinical 

research evaluation. Roles of βII spectrin support the possibility of a connection between 

these phenotypes and the SPTBN1 variants. βII spectrin is important in cardiac development 

and function, although most studies implicate it in maintenance of cardiocytes’ electrical 

function (Derbala et al., 2018). Disruption of βII spectrin’s interaction with ankyrin-B 

results in arrhythmia, due to improper trafficking of membrane proteins, including ion 

channels (Smith et al., 2015). Additionally, βII spectrin serves as an adaptor for TGF-β 
signaling through interaction with Smad3/4 (Tang et al., 2003), and heterozygous variants 

disrupting SMAD3 function cause Loeys-Dietz syndrome-3, a key feature of which is aortic 

aneurysms (Chesneau et al., 2020). The hemihypertrophy present in individual 2 is also 

interesting, given that epigenetic silencing of SPTBN1 is a feature of Beckwith-Wiedemann 

syndrome (BWS), and heterozygous Sptbn1 knockout mice are considered a phenocopy of 

BWS (Chen et al., 2016; Yao et al., 2010). Although individual 2 does not show signs of 

BWS other than macrocephaly and mild hemihypertrophy, he is being followed to monitor 

for tumor development, and no tumors have been identified at this time. He has not had 

11p15 methylation studies.

Missense variants in individuals 1 and 2 both affect evolutionarily conserved residues 

(Figure 1), and the gene is overall intolerant to missense variation (missense Z-score of 

4.54, with observed/expected ratio of missense variants in gnomAD of 0.66 (Karczewski et 

al., 2020); Supplemental figure 1). The variant in individual 1 affects the second calponin 

homology domain; these domains are important for proper interaction with actin (Machnicka 

et al., 2014). The variant in individual 2 affects the 15th spectrin repeat, near the site of 
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ankyrin binding (Davis et al., 2009). Therefore, these variants could alter or abrogate the 

ability of βII spectrin to interact with these partners. Furthermore, variations in phenotypes 

could be attributed to effects in different domains of βII spectrin, as has been proposed 

for SPTBN4 (Pehlivan et al., 2019). However, previous experiments changing Asp1880 

and Asp1881 (the residue changed to asparagine in individual 2) to alanines did not alter 

βII spectrin’s ability to bind ankyrin (Davis et al., 2009), and bioinformatic predictions of 

variant pathogenicity are mixed for the Asp1881Asn variant, with a CADD phred score of 

24 (Supplemental table 1). Therefore, while some evidence exists that the missense variants 

in individuals 1 and 2 may be causing dysfunction of βII spectrin, both of these variants are 

still considered to be of uncertain significance.

Individuals reported here are subject to an ascertainment bias and may represent the 

severe end of a phenotypic spectrum caused by SPTBN1 variants. As illustrated by the 

mother of individual 6, who only presented with learning disabilities, by the previously 

reported nonsense variant in an individual with autism spectrum disorder without intellectual 

disability (Iossifov et al., 2014), and by the presence of predicted loss-of-function variants 

in the gnomAD database (although at a lower than expected frequency), haploinsufficiency 

of this gene may demonstrate variable expressivity. Furthermore, genetic variants outside 

of SPTBN1 may influence the phenotypes in individuals reported here. Individual 4 carries 

a SMARCA4 variant of uncertain significance, and pathogenic variants in SMARCA4 can 

cause neurodevelopmental features including behavioral problems and epilepsy (Schrier 

Vergano et al., 2013 Apr 4 [Updated 2018 Feb 8]). Individual 2, whose missense SPTBN1 
variant carries weaker predictions for pathogenicity, has two additional de novo variants 

found by exome sequencing and chromosomal microarray, although neither of these could 

be directly implicated as causing disease. Of note, while phenotype information is limited 

due to younger age, individual 2’s neurodevelopmental phenotype seems milder than others 

in our cohort, as his delays were mainly restricted to motor skills, and the only behavioral 

concerns have been possible stereotypic movements. It remains possible that the p.D1881N 

variant in individual 2 has a milder, hypomorphic impact on protein function, or this variant 

may not be contributing to his phenotype.

The seven individuals reported here with SPTBN1 variants support an expansion of 

knowledge of human spectrinopathies, showing that heterozygous disruption of βII 

spectrin leads to a neurodevelopmental disorder characterized by developmental delays and 

intellectual disability, in addition to a spectrum of abnormal behaviors including autism 

spectrum disorder. Combined with the occurrence of epilepsy in some individuals, these 

phenotypes support a critical role for SPTBN1 in development and function of the nervous 

system. Expression of SPTBN1 is broad, not limited to the nervous system (Derbala et 

al., 2018; Hayes et al., 2000). Therefore, effects of these SPTBN1 variants may extend 

beyond the nervous system, with musculoskeletal abnormalities seen in some individuals 

and mild aortic dilation in one individual. Identification of additional individuals with 

SPTBN1-related neurodevelopmental disorder will help to further refine the associated 

phenotypic spectrum. Additional studies may also help clarify if this disorder is due to 

SPTBN1 haploinsufficiency or a gain-of-function/dominant negative mechanism.
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Figure 1. Location of identified variants within SPTBN1 protein domains.
(A) Schematic of βII spectrin illustrating location of protein domains and variants, with 

coding variants above the schematic and predicted splicing variants shown below. Red 

circles indicate predicted loss-of-function variants, while purple circles indicate missense 

variants. Two previously reported de novo variants indentified in males with autism 

spectrum disorder (Iossifov et al., 2014) are represented by gray, italicized text. CH = 

calponin homology domain; PH = plekstrin homology domain; aa = amino acids. (B) 
Residues affected by missense variants in individuals 1 and 2 are conserved across vertebrate 

species (obtained from UCSC Genome Browser, genome.ucsc.edu). (C-D) Visualization of 

wild-type aspartic acid at amino acid 1881 (light green, C) and its replacement by asparagine 

(light green, D). This residue is within the 15th spectrin repeat, near the site of ankyrin 

binding. Visualization is from DynaMut (Rodrigues, Pires, & Ascher, 2018), based on the 

crystal structure of the 14th-16th spectrin repeats (3EDV from Protein Data Bank, rcsb.org). 

Crystal structure for the second calponin homology domain, where individual 1’s missense 

variant is located, was not available in Protein Data Bank.
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Figure 2. Physical features of individuals with SPTBN1 variants.
(A-B) Individual 1 at 25 years of age. Note broad forehead and tapered fingers. (C-D) 
Individual 5 at 4 years of age. Note flat nasal bridge, uplifted earlobes, and fetal finger pads. 

(E-G) Individual 6 at 10 years of age. Note suspected shortened fourth and fifth metacarpals, 

hypoplastic nails, and hypoplastic fifth toe. (H) Individual 7 at 4 years of age.
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