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Among the most common congenital diseases in humans are 
the different types of red blood cell malformations. In North 
America and Northern Europe, the most common inherited 
red blood cell disorder is hereditary spherocytosis (HS). 
Approximately 1:2000 individuals of Northern European 
ancestry are diagnosed with HS every year in the United 
States (Da Costa et al., 2013). However, given that sphero-
cytosis symptoms are sometimes mild, the incidence is likely 

underestimated (Da Costa et al., 2013). The most common 
symptoms of spherocytosis include anemia, splenomegaly, 
jaundice, and, in severe forms, iron overload and gallstones 
(Delaunay, 2007).

Red blood cells are the only human cell type without nu-
clei, naturally lacking DNA. The red blood cell membranes 
consist of approximately 20 major proteins and 850 minor 
ones (Pesciotta et al., 2012). These proteins are scattered in 
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Abstract
Background: We studied a large family with 22 individuals affected with autosomal 
dominant hereditary spherocytosis (HS).
Methods: Genome-wide linkage, whole-genome sequencing (WGS), Sanger se-
quencing, RT-PCR, and ToPO TA cloning analyses were performed.
Results: We revealed a heterozygous G>A transition in the 14q23 locus, at position 
+1 of the intron 8 donor splice site of the spectrin beta, erythrocytic (SPTB) gene. 
This splice variant (SPTB c.1064+1G>A) was confirmed by Sanger sequencing and 
showed complete co-segregation with HS in the family. Further RT-PCR reactions 
and sequencing analysis indicated that the variant leads to the exclusion of exon 8 and 
subsequent frameshift in exon 9 and a premature stop codon in SPTB. Translation of 
the altered allele would lead to a truncation with a loss of all spectrin repeat domains 
in SPTB protein.
Conclusion: This variant is novel and has not been found in any databases. We pro-
pose that this splice variant explains the spherocytosis phenotype observed in this 
large family.
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at least three separate red blood cell membrane-penetrating 
complexes: unbound band 3, ankyrin complex, and the actin 
junctional complex (Lux, 2016). The unbound band 3 com-
plex associates with the ankyrin complex via glycophorin 
A. The ankyrin complex is anchored to α- and β-spectrin 
proteins (Lux, 2016). Disruption of any major protein in 
these complexes, such as those caused by germline vari-
ants in the associated genes, will result in defects in the red 
blood cell membrane and lead to diseases of the red blood 
cells (Gallagher, 2013). In HS patients, pathogenic variants 

have been reported in five genes, leading to five different 
types of the disease. HS type 1 is caused by mutations in 
the ankyrin1 (ANK1) gene. HS type 2 and type 3 are as-
sociated with variants in the spectrin beta, erythrocytic 
(SPTB, OMIM accession number 182870), and spectrin 
alpha, erythrocytic 1 (SPTA1) genes, respectively. HS type 
4 is caused by mutations in the solute carrier family 4 mem-
ber 1 (SLC4A1) gene and type 5 is caused by mutations in 
the erythrocyte membrane protein band 4.2 (EPB42) gene 
(Andolfo et al.,).

F I G U R E  1   Pedigree of the hereditary spherocytosis (HS) family. Males are indicated by squares and females are indicated by circles. 
Generations are labeled using Roman numerals (I, II, III, etc). Solid symbols, affected. The index case is marked by an arrow. $Indicates those 
individuals whose DNA was studied by WGS and #indicates those studied by linkage analysis. G/G, wild type; G/A, heterozygous variant.

Individual Gender

Age at 
spherocytosis 
diagnose

Age at 
Splenectomy

Blood 
transfusion 
at birth

The 
c.1064+1G>A 
variant

III.1 Female Unknown 17 or 18 Unknown Yes

IV.1 Male Birth 19 or 20 Unknown Yes

IV.2a  Male Birth Unknown Unknown Yes

IV.3 Female Birth 19 Unknown Yes

IV.6 Female Birth 16 Yes Yes

IV.8 Male Birth 5 Yes Yes

IV.9 Male Birth 24 Yes Yes

IV.10 Female Birth 17 or 18 Yes Yes

IV.11 Male Birth 30 s Yes Yes

V.2 Female Birth 7 Unknown Yes

V.4 Male Birth 14 Yes Yes

V.7 Male Birth 12 Unknown Yes

IV.5 Male Unaffected N/A N/A No

IV.7 Male Unaffected N/A N/A No

V.3 Male Unaffected N/A N/A No

Abbreviations: N/A, not applicable.
a Reported to have neurologic issues (cerebral palsy) from brain damage that occurred in newborn period from 
spherocytosis crisis. 

T A B L E  1   Clinical characteristics of 
investigated family members.
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We report a large family with 22 individuals affected with 
HS demonstrating autosomal dominant inheritance (Figure 1). 
The family is of Caucasian ancestry and its members reside 
mainly in the Midwest of the United States. The typical clin-
ical features in affected family members include anemia and 
splenomegaly. Almost all affected individuals in the family 
had jaundice within the first 24–48 h after birth. They often 
have developed severe anemia later in the newborn period. The 
clinical characteristics of the investigated family members are 
provided in Table 1. In addition, 12 individuals in the same 
family were diagnosed with non-medullary thyroid cancer 
(NMTC). There are eight individuals with both NMTC and 

HS. This family was included in our previous genomic analysis 
of NMTC families (Wang et al., 2019). As is suggested by the 
data in the pedigree, HS and NMTC are genetically different 
and presumably unrelated (Wang et al., 2019). This was con-
firmed by a linkage analysis in which no common peak was 
shared between HS and NMTC. In this report, we focus only 
on HS. All samples used in this analysis were obtained under 
protocols approved by the Cancer Institutional Review Board 
at the Ohio State University Medical Center.

We performed genome-wide linkage analysis using 
genotypes obtained with HumanCytoSNP-12 BeadChip 
(Illumina) in 13 samples (10 affected and three unaffected) 

F I G U R E  2   Analysis of the c.1064+1G>A variant in the SPTB gene (NM_001024858.4). (a) RT-PCR analysis of aberrant splicing using the 
forward primer in SPTB exon 7 and the reverse primer in exon 9. Total RNA from lymphoblastoid cell lines of four affected members and one 
unaffected family member was analyzed; two samples are shown in the gel picture (IV-5, unaffected; III-1, HS affected). M, molecular marker. 
The extra spliced product in sample III-1 is labeled by an arrow. (b) Sanger sequencing chromatogram of the aberrant spliced SPTB product in 
individual III-1. The junction of exons 7 and 9 is marked by a vertical line. (c) Diagram of the exon 8 skipping in SPTB showing the forward primer 
spanning the junction site of exons 7 and 9 and a reverse primer partly in exon 10 for detecting exon 8 skipping. (d) RT-PCR analysis of aberrant 
splicing using the unique primer set as shown in (c) with RNA samples from five family members (four affected and one unaffected). M, molecular 
marker. (e) Diagram of the SPTB wild-type protein structure and the truncated SPTB caused by the altered allele. CH, Calponin homology domain.
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(Figure 1). Non-parametric linkage analysis with MERLIN 
v1.1.2 revealed at least four linkage peaks in 5p13, 9p24, 
14q23, and 19p13, with similar linkage scores (maximum 
Z-scores of 16.5, 17.6, 16.8, and 16.8, respectively). We 
performed whole-genome sequencing (WGS) on blood ge-
nomic DNA from three family members (two affected and 
one unaffected) as depicted in Figure 1. After initial WGS 
data analyses with the Churchill method and BasePlayer 
1.0.2 (Katainen et al., 2018; Kelly et al., 2015), we filtered 
variants with the following criteria: shared by the two HS 
patients, not present in the unaffected individual, and the 
minor allele frequency <0.001 in gnomAD database. We 
selected non-synonymous coding and splicing site variants 
and obtained 61 candidates, including 59 single-nucleotide 
variants and two small insertion/deletions. Fifty-nine of 
the variants were missense variants and two were potential 
splicing variants. To help choose between the candidate 
variants, we combined WGS with linkage analysis. Notably, 
we identified a heterozygous G>A transition in the 14q23 
locus, at position +1 of the intron 8 donor splice site of the 
SPTB gene (NM_001024858.4:c.1064+1G>A).

To validate the SPTB c.1064+1G>A variant in the family, 
we performed Sanger sequencing on all the available DNA 
samples (n = 15) from the family (Table 1). Indeed, the vari-
ant was found in all the 12 HS patients we tested but was not 
present in the three non-affected individuals (Figure 1).

The c.1064+1G>A variant resides in the 5’ essential 
splice site of intron 8 in the SPTB gene, which alters the ca-
nonical splice donor sequence and may cause exon skipping 
(Krawczak et al., 1992). To test whether the c.1064+1G>A 
variant affects SPTB splicing, we performed RT-PCR reac-
tions with RNAs prepared from blood samples from family 
members. Samples of an unaffected individual and a HS 
patient produced an expected band of 584 bp in size, while 
cDNA of the HS patient produced an additional faint smaller 
sized band (Figure 2a). TOPO cloning and Sanger sequencing 
of this extra PCR product revealed exon 8 skipping (Figure 
2b). To further validate exon 8 skipping, we designed a primer 
pair spanning the junction between SPTB exons 7 and 9 
(Figure 2c). RT-PCR analysis revealed the presence of an ap-
proximately 245 bp amplicon in four HS patients as expected, 
but not in the unaffected individual (Figure 2d). Overall, 
the variant leads to the exclusion of exon 8 and subsequent 
frameshift in exon 9 and a premature stop codon. This variant 
is named SPTB NP_001020029.1: p.Ile294Serfs*35 accord-
ing to the recommended variant nomenclature by the Human 
Genome Variation Society (Dunnen et al., 2016). The aber-
rantly spliced mRNA produced by the altered allele appeared 
to be unstable as it occurs as a very faint band compared with 
the wild type (Figure 2a). This observation suggests that 
the aberrant SPTB mRNA is subject to nonsense-mediated 
mRNA decay (Kurosaki & Maquat,). As seen in Figure 2e, 
translation of the altered allele would lead to a truncation 

with a loss of all spectrin repeat domains, making it likely 
that haploinsufficiency of SPTB is underlying the HS risk 
(He et al., 2018). SPTB is an essential component of a com-
plex spectrin-actin scaffold at the inner surface of the eryth-
rocyte membrane and protects the stability of erythrocyte 
membranes (Machnicka et al., 2014). Pathogenic variants in 
the SPTB gene that have been associated with spherocytosis 
type 2 include nonsense, frame shift, splicing, and missense 
variants (Park et al., 2016; Salas et al., 2015).

In summary, we report a large five-generation family with 
22 HS patients. A novel splicing variant (c.1064+1G>A) in 
the SPTB gene was detected by WGS and linkage analysis. 
Sanger sequencing of available genomic DNAs in 15 family 
members indicated that the variant was present in the 12 HS 
patients we tested, but not in the three unaffected individuals. 
The variant leads to the exclusion of exon 8 and subsequent 
frameshift and a premature stop codon. Different variants in 
the SPTB  gene leading to HS have been reported, but this 
variant is novel and has not been found in any databases 
(Kopanos et al., 2018). We propose that this splice variant 
explains the spherocytosis phenotype observed in this large 
family.
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