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Abstract
Hereditary elliptocytosis (HE) and pyropoikilocytosis (HPP) are considered a group of hemolytic anemias (HE/HPP) due 
to inherited abnormalities of erythrocyte membrane proteins with a worldwide distribution. Most cases are associated with 
molecular abnormalities linked to spectrin, band 4.1, and ankyrin. The present study aimed to identify significant molecular 
signatures on a target panel of 8 genes using whole exome sequencing (WES) in 9 Bahraini patients with elliptocytosis. Case 
selection was based on presence of anemia not associated with iron deficiency or hemoglobinopathy and demonstrating > 50% 
elliptocytes in blood smears. The c.779 T > C mutation of SPTA1 (Spectrin alpha), which is a known deleterious missense 
mutation that inhibits normal association of spectrin molecules to form tetramers, was seen in 4 patients in homozygous 
(n = 1) and heterozygous (n = 3) states. The αLELY abnormality in association with compound heterozygous mutations in 
SPTA1 was present in 5 patients (2 associated with the SPTA1 c.779 T > C variant; 3 with c.3487 T > G and various other 
SPTA1 mutations of uncertain/unknown significance). Seven patients had SPTB (Spectrin beta) mutations, predicted as likely 
benign by in silico analysis. A novel EPB41 (Erythrocyte Membrane Protein Band 4.1) mutation with potential deleterious 
impact was also seen. Finally, 2 cases showed an InDel (insertion–deletion mutations) abnormality in the gene that codes 
for the mechanosensitive ion-channel PIEZO (Piezo Type Mechanosensitive Ion Channel Component 1). PIEZO mutations 
are reported to cause red cell dehydration but have not been previously described in HE/HPP. Results of this study confirm 
the involvement of previously reported abnormalities in SPTA1 and suggest possible involvement of other candidate genes 
in a disorder involving polygenic interactions.
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Introduction

Hereditary elliptocytosis (HE) is a type of hemolytic ane-
mia caused by inherited defects in erythrocyte membrane 
proteins that is characterized by the presence of elliptical 
red cells in peripheral blood smears of patients. Hereditary 
pyropoikilocytosis (HPP) is part of the clinical-morpholog-
ical spectrum of HE (HE/HPP) characterized by moderate 
to severe hemolytic anemia and elliptocytosis with poikilo-
cytosis (fragmented cells, microspherocytosis). Most cases 
have been associated with molecular abnormalities linked to 
membrane proteins spectrin, band 4.1, and ankyrin.

The major components of the erythrocyte membrane are 
(i) a surface phospholipid bilayer that has integral mem-
brane proteins (Band 3, glycophorin) embedded within it, 
(ii) an underlying cytoskeleton composed of a meshwork 
of peripheral membrane proteins (α-spectrin, β-spectrin), 
and (iii) linker protein-complexes (4.1R-, 4.2- and ankyrin-
based anchorage complexes) that tether the relatively fluid 
lipid-bilayer to the cytoskeleton [1]. This arrangement not 
only stabilizes the surface membrane but also confers the red 
cell its special structure-functional characteristics: biconcave 
shape, deformability, and normal lifespan [2].

Mutations involving one or more membrane proteins can 
significantly impact the horizontal or vertical interactions 
between these proteins and thereby affect the stability of 
the erythrocyte membrane. This manifests as decreased red 
cell deformability and reduced red cell circulation half-life 
due to premature destruction of erythrocytes. Ion channels, 
transporters, and pumps on the lipid bilayer of the red cell 
membrane also influence cell deformability by regulating 
the ion balance and volume of the cell. Among ion channels, 
PIEZO1 (a mechanosensitive non-selective cation channel) 
regulates  Ca2+ influx and thereby maintains red cell volume 
homeostasis. The  Ca2+−activated  K+ channel (Gardos chan-
nel),  Cl−/HCO3− antiporter Band 3, and the plasma mem-
brane  Ca2+ ATPase pump (PMCA) are essential for red cell 
homeostasis [2–4]. Finally, erythrocyte deformability also 
depends on ATP content and antioxidant systems [5].

Hereditary elliptocytosis (HE) has a global distribution 
with a high incidence of 1 in 200 reported from Africa. 
However, most cases are asymptomatic and so its true 
prevalence is largely underestimated [2]. The membrane 
defect underlying HE is due to weakening of horizontal 
linkages involving spectrin-spectrin and/or spectrin-pro-
tein 4.1R junctional interactions. The resultant membrane 
instability leads to progressive transformation of shape 
from discocyte to elliptocyte due to membrane loss with 
decreased surface area, and red cell fragmentation in those 
most severely affected [6].

Elliptocytosis has been shown to result from autoso-
mal dominant mutations in the α-spectrin gene (SPTA1), 

β-spectrin gene (SPTB), and the EPB41 gene encoding 
protein 4.1R [6]. Mutations in SPTA1 are most frequent 
and could account for about 65% of HE cases, followed by 
SPTB in 30% and EPB41 in ~ 5% of cases [7, 8]. Inherit-
ance of a homozygous SPTA1 mutation or of compound 
heterozygous mutations can lead to the more severe clini-
cal phenotype of hereditary pyropoikilocytosis (HPP) that 
is characterized by an overt hemolytic anemia [9].

A common polymorphic low-expression allele of spec-
trin (αLELY) can give rise to a more severe clinical pheno-
type when it is inherited on the alternate allele in trans with 
a heterozygous mutation in α-spectrin [10–12]. The αLELY 
allele results from a SNP within intron 45 (c.6531-12C > T) 
along with a missense mutation in exon 40 (c.5572C > G) 
resulting in amino acid substitution of leucine with valine 
(p.L1858V) on the same allele [12, 13]. The closeness of 
the intronic SNP to the exon splice site leads to partial skip-
ping of exon 46 in about 50% of mRNA transcripts from 
the αLELY allele. Dimerization of the α-spectrin protein 
from the αLELY allele is impacted [14]. Generally, spectrin 
is produced in 3–fourfold excess of the amount required; 
hence, this polymorphism is mostly silent unless it is inher-
ited with other deleterious mutation(s) [12–15].

The advent of next-generation sequencing platforms pro-
vides a rapid approach to the molecular diagnosis of the 
condition by screening for possible molecular abnormalities 
in several candidate genes involving erythrocyte membrane 
proteins, but few studies have been reported in the literature.

Methods

Peripheral blood smears of patients that were submitted to 
the hematology laboratories of participating hospitals (Sal-
maniya Medical Complex, SMC and King Hamad Univer-
sity hospital, KHUH) for the investigation of anemia, were 
screened for the presence of elliptocytosis. The criteria for 
diagnosis of HE were as follows: (a) > 10% elliptocytes in 
peripheral blood smear and (b) exclusion of iron, vitamin 
 B12 and folate deficiencies, thalassemia and myelodysplas-
tic syndrome [16]. For molecular genetic studies, DNA was 
extracted from 9 samples that showed > 50% elliptocytes, 
compatible with the morphologic diagnosis of severe HE, 
and processed for next-generation sequencing analysis. The 
results of routinely done laboratory tests including blood 
counts and biochemistry (serum bilirubin and lactate dehy-
drogenase, LDH) were documented. The study was approved 
by the Research and Research Ethics committees of the 
College of Medicine and Medical Sciences of Arabian Gulf 
University, Ministry of Health, SMC and KHUH prior to 
obtaining the samples from the patients.
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Whole exome sequencing

Eight genes with known roles in conserving normal red cell 
shape and deformability were selected based on published 
reports of their association with hemolytic anemia due to red 
cell membrane defects including HE/HPP, with any muta-
tions identified confirmed through Sanger sequencing [14, 
17–23]. These genes, and their linked membrane proteins 
with disease-associations are listed in Table 1.

DNA samples of the nine patients were fragmented by 
Covaris technology and the whole exome sequencing was 
performed on BGISEQ platform. Raw data was stored in 
FASTQ format [24], low quality reads were removed, and 
high-quality reads (Q20 and Q30) were obtained.

Burrows-Wheeler Aligner (BWA) was used to align the 
clean reads per sample to the human reference genome (for 
ex: NCBI 1000 Genomes Project, dbSNP, ENCODE (The 
Encyclopedia of DNA Elements)). Picard tools were used 
to remove the duplicate reads. The sequencing depth and 
coverage for each individual were calculated based on the 
alignments (SAM files) [24].

The SAM files were processed using GATK and Picard 
tools. SNPs (single nucleotide variants/polymorphisms) 
and InDels (insertions and deletions) were simultane-
ously called via local de novo assembly of haplotypes 
using the HaplotypeCaller of GATK (v3.6). After quality 
score recalibration and removal of low-confidence vari-
ants, all SNPs and INDELs were annotated using SnpEff 
tool [24–26]. Detected variants were annotated and pri-
oritized according to their presumed relevance to disease 
from publicly available databases and/or reports in pub-
lished literature (gene-based annotation). Additionally, the 
effect of a variant was estimated in silico using mutation 
prediction software (SIFT (Sorting Intolerant From Toler-
ant), Polyphen, MA (Mutation Assessor), LRT (Likelihood 
Ratio Test), MT (Mutation Taster), and FATHMM (Func-
tional Analysis Through Hidden Markov Models)) [26]. 
All the variants identified with the sequencing platform 

were classified using ACMG/AMP (American College of 
Medical Genetics and Genomics and the Association for 
Molecular Pathology) guidelines [27]. Figure 1 outlines the 
steps of the whole exome sequencing analysis procedure 
from generating the raw reads to variant calling.

Results

The study group comprised 5 males and 4 females with ages 
ranging from 2 to 46 years including 5 pediatric patients and 
their laboratory data are shown in Table 2. Figure 2 shows 
the morphology of red cells in one index case with high 
numbers of elliptocytes in a peripheral blood film.

On average, 99.9% of the sequenced DNA was mapped 
successfully. 58.97 Mb target regions were captured for vari-
ant calling. The average GC content was 47.36%. The pre-
dicted significant single nucleotide polymorphisms (SNPs) 
and the indels in the target genes of the nine selected patients 
are displayed in Table 3 and Table 4 respectively.

Discussion (case summaries)

Analysis of laboratory findings revealed that patients gener-
ally presented with mild/moderate anemia and prominent 
alterations of red cell indices. These abnormalities included 
increased red cell count and red cell distribution width 
(RDW) with reduced mean corpuscular volume (MCV), 
mean corpuscular hemoglobin (MCH) and mean corpuscu-
lar hemoglobin concentration (MCHC). Among the indirect 
markers of hemolytic anemia (reticulocytes, bilirubin, and 
LDH), only reticulocytes were consistently increased (except 
in one patient). Serum LDH and bilirubin are less sensitive 
markers and were elevated in a relatively small subset of 
cases. Only two patients showed significant alteration of all 
parameters. Interestingly, patient #9 had a normal hemo-
globin level but showed a markedly elevated RBC count 

Table 1  Genes selected for next generation sequencing

Gene Chromo-
some loca-
tion

No. of exons Membrane protein Disease association

ANK117 8p11.21 42 Ankyrin Hereditary spherocytosis
SPTB18 14q23.3 38 β-spectrin Spherocytosis type 2, hereditary elliptocytosis, and neonatal 

hemolytic anemia
SPTA119 1q23.1 52 α-spectrin Elliptocytosis-2, pyropoikilocytosis, and spherocytosis type 3
EPB4120 1p35.3 22 Protein 4.1 Elliptocytosis-1
ABCG521 2p21 15 Sterolin-1 Sitosterolemia, stomatocytosis
ABCG821 2p21 13 Sterolin-2 Sitosterolemia, stomatocytosis
RHAG22 6p12.3 11 Rh-associated glycoprotein Rh-null hemolytic anemia, regulator type; stomatocytosis
PIEZO123 16q24.3 51 Mechanosensitive ion channel protein Dehydrated hereditary stomatocytosis
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with significantly altered hematologic and biochemical 
parameters. Taken together, these results suggest that a state 
of compensated hemolysis producing mild/moderate ane-
mia characterizes most of our patients, a situation similar to 
published observations from other geographic regions [28].

Patient #1 was moderately anemic (hemoglobin 9.1 g/dL). 
DNA sequencing revealed a mutation of unknown signifi-
cance (ClinVar database) in the carboxyl-terminal EF domain 
of SPTA1 (p. Lys2368Asn). The function of this EF calm-
odulin-like domain is not yet known; however, sph1J/sph1J 
mice with mutated EF domain have been reported to have 
very fragile red cells, suggesting that the domain is critical 
for skeletal integrity of erythrocyte. Reports suggest that the 
EF domain of SPTA1 binds to protein 4.2 [29]. In this patient 
the substitution of a conserved positively charged lysine by 
a polar (non-charged) arginine is expected to interfere with 
the binding affinity of SPTA1 to protein 4.2. The αLELY-
associated mutations were also noted in this patient, provid-
ing further evidence of the molecular basis of the disorder.

Patient #2 also presented with moderate anemia and simi-
lar mutations in SPTA1 as in patient #1 (c.7104G > T and 
αLELY). Additionally, a Gly567Asp mutation in the hydro-
philic N terminal of EPB41 was also noted in this patient. 
So far this SNP in EPB41 has not been reported in public 
databases; however, the mutation prediction software pre-
dicts it to be a potential VUS, probably because of the role 
of N-terminal of the protein 4.1 in interacting with spectrin 
and actin [30]. A homogenous mutation p. His1374Arg in 
SPTB was also seen in this patient. ClinVar database records 

this mutation as benign/likely benign based on it being 
reported in one HS and one HE patient (Illumina sequenc-
ing). An indel (disruptive inframe deletion) in the PIEZO 
gene (p.Glu756del/c.2268_2270delGGA) was also seen in 
patient #2. Deletion of this codon reportedly leads to partial 
gain-of-function phenotype of the PIEZO mechanosensitive 
ion channel even in the heterozygous condition [31, 32]. It 
is common in individuals of African origin and is reported 
to cause hereditary xerocytosis, characterized by RBC dehy-
dration and anemia [33]. Ilboudo et al. (2018) reported the 
association of this mutation with increased RBC density due 
to dehydration and hemolysis in sickle cell disease [32]. This 
variant was also reported in a series of patients by NGS stud-
ies but evidence of functional abnormality is lacking [34]. 
This mutation has not yet been reported in association with 
HE/HPP. Moderate anemia that was seen in patient #2 could 
be related to this mutation in PIEZO gene with the compound 
effect of several associated heterozygous mutations observed 
in this patient. However, Rooks et al. (2019) did not observe 
any erythrocytic phenotype alteration in sickle cell disease 
patients with the PIEZO1 E756del polymorphism [35].

Patient #3 exhibited a homozygous deleterious variant 
of SPTA1 wherein amino acid leucine is substituted with 
proline and possibly this explains anemia with significant 
evidence of hemolysis (high LDH, reticulocytes, and bili-
rubin) in this patient. The L260P variant in the SPTA1 gene 
has been reported in a patient with elliptocytosis [36]. This 
amino acid substitution occurs at a position that is con-
served across species. Functional studies indicate that this 

Fig. 1  Pipeline of whole exome 
sequencing analysis (from raw 
reads to variant calling)



2347Annals of Hematology (2023) 102:2343–2351 

1 3

variant form of spectrin shows impaired self-association 
to form oligomers [37]. A heterozygous PIEZO1 mutation 
p.Arg2476Cys was also seen in patient #3. The arginine 
at codon 2476 is moderately conserved and computational 
analyses (SIFT, PolyPhen-2) predict that this variant is del-
eterious. However, based on the available information, the 
clinical significance of this variant is uncertain [37]. This 
mutation has not been reported in association with HE/HPP.

Patient #4 had αLELY associated with a heterozygous, 
reportedly benign, mutation in SPTA1 (p.Ser1163Ala). A 
heterozygous variant of uncertain significance with proline 
to leucine substitution in the trans membrane region of the 
ABCG8 occurred, was also noted. ABCG8 mutations are com-
monly reported in AR sitosterolemia and AD xanthelasma. 
Notably, single heterozygous ABCG8 variation in addition 
to αLELY may not be sufficient to explain extreme hemolysis 
as seen in this patient [38]. However, possibility that associa-
tion of this heterozygous mutation in SPTA1 (p.Ser1163Ala) 
becomes deleterious when acting in trans with the αLELY allele 
as described by Agarwal et al. cannot be ruled out [11].

Patients #5 and #6, both adult females in reproductive 
age-groups, exhibited mild anemia with a known deleteri-
ous variant form of SPTA1 in heterozygous condition with 
a substitution of leucine with proline in the N-terminal 
domain. The significance of L260P variant of SPTA1 has 
been discussed earlier [36, 37]. This heterozygous SPTA1 
mutation was associated with the αLELY abnormality in 
both patients and this likely explains mild anemia with 
reticulocytosis in these patients [15]. Patient #5 also had a 
SPTB (p.Asn1151Asp) mutation, a likely benign variant, in 
homozygous condition.

For patient #7, mutation analysis of the sequence data 
revealed benign SNP mutations in SPTB (p. Asn1151Asp 
in homozygous, p. Gly1408Arg in heterozygous condi-
tion). A SNP in ANK1 was also seen. The mutation p. Ta
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Table 3  Candidate variants (SNPs) for each patient

Patient # Gender, age (yr) Hb
g/dL

Gene Nucleotide Protein Zygosity Interpretation Protein damage prediction 
by in silico tools*

1 F, 3 9.1 SPTA1 c.7104G > T p.Lys2368Asn Hetero Likely benign (variant of 
unknown significance)

Polyphen B, MA M, LRT 
N, MT D

SPTA1 c.5572C > G p.Leu1858Val Hetero αLELY SIFT D, Polyphen B, 
MA M, LRT N, MT P, 
FATHMM T

SPTA1 c.6531-12C > T Intron variant Hetero

2 F, 2 9. 7 SPTA1 c.7104G > T p.Lys2368Asn Hetero Likely benign (variant of 
unknown significance)

Polyphen B, MA M, LRT 
N, MT D

SPTA1 c.5572C > G p.Leu1858Val Hetero αLELY SIFT D, Polyphen B, 
MA M, LRT N, MT P, 
FATHMM T

SPTA1 c.6531-12C > T Intron variant Hetero

EPB41 c.1700G > A p.Gly567Asp Hetero Novel, Probably a variant 
of unknown signifi-
cance

SIFT D, Polyphen B, 
MA L, LRT N, MT D, 
FATHMM D

3 M, 8 10.1 SPTA1 c.779 T > C p.Leu260Pro Homo Deleterious SIFT D, Polyphen D, 
MA H, LRT N, MT A, 
FATHMM T

PIEZO1 c.7426C > T p.Arg2476Cys Hetero Deleterious SIFT D, Polyphen D, 
MA M, LRT D, MT D, 
FATHMM T

SPTB c.3451A > G p.Asn1151Asp Homo Benign/likely benign SIFT T,,Polyphen B, 
MA N, LRT N, MT P, 
FATHMM T

4 M, 46 11.4 SPTA1 c.5572C > G p.Leu1858Val Hetero αLELY SIFT D, Polyphen B, 
MA M, LRT N, MT P, 
FATHMM T

SPTA1 c.6531-12C > T Intron variant Hetero
SPTA1 c.3487 T > G p.Ser1163Ala Hetero Benign SIFT T, Polyphen B, 

MA N, LRT N, MT B, 
FATHMM T

ABCG8 c.1568C > T p.Pro523Leu Hetero Uncertain significance SIFT D, Polyphen B, 
MA M, LRT N, MT D, 
FATHMM D

5 F, 31 11 SPTA1 c.779 T > C p.Leu260Pro Hetero Deleterious SIFT D, Polyphen D, 
MA H, LRT N, MT A, 
FATHMM T

SPTA1 c.5572C > G p.Leu1858Val Hetero αLELY SIFT D, Polyphen B, 
MA M, LRT N, MT P, 
FATHMM T

SPTA1 c.6531-12C > T Intron variant Hetero

SPTB c.3451A > G p.Asn1151Asp Homo Benign/likely benign SIFT T,,Polyphen B, 
MA N, LRT N, MT P, 
FATHMM T

6 F, 34 11.2 SPTA1 c.779 T > C p.Leu260Pro Hetero Deleterious SIFT D, Polyphen D, 
MA H, LRT N, MT A, 
FATHMM T

SPTA1 c.5572C > G p.Leu1858Val Hetero αLELY SIFT D, Polyphen B, 
MA M, LRT N, MT P, 
FATHMM T

SPTA1 c.6531-12C > T Intron variant Hetero

SPTA1 c.7104G > T p.Lys2368Asn Hetero Likely benign (variant of 
unknown significance)

Polyphen B, MA M, LRT 
N, MT D

SPTB c.3451A > G p.Asn1151Asp Homo Benign/likely benign SIFT T,,Polyphen B, 
MA N, LRT N, MT P, 
FATHMM T
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Asn251Lys/c.753C > A is classified as “likely benign or 
variant of uncertain significance” in the ClinVar database 
and needs to be investigated further. This –NH2 terminal 
membrane-binding domain of ankyrin-1 is composed of 
24 tandem repeats of approximately 33 amino acids folded 
into a nearly spherical structure. The mutation from a polar 
amino acid Asn to a positively charged Lys is likely to alter 
its interaction with the phospholipid membrane, as described 
in a case with mutation in the N-terminal of insulin receptor 
reported by Kadowaki et al. wherein Asn to Lys substitution 
at position 15 of N-terminal (α-subunit) of insulin receptor 
retarded the post-translational processing of the receptor and 
impaired transport of the receptor to the plasma membrane, 
thereby reducing the number of receptors on the cell surface 
[39]. So far there are three records of this ANK1 variant 
reported in cases of spherocytosis (benign/VUS) [38].

Patient #8 had normal hemoglobin and demon-
strated a deletion in the PIEZO gene (p.Glu756del/
c.2268_2270delGGA) leading to partial gain-of-function 
phenotype of PIEZO, identical to that in patient 2 [32–34].

Mutation analysis of sequence data of patient #9 
revealed a homogenous deleterious variant form of 
SPTA1 with substitution of leucine with proline in the 
N-terminal domain (L260P). L260P variant of SPTA1 
was shown to impair self-association to form oligom-
ers [36, 37]. Likely benign SPTB variants (p.Ser439Asn, 
p.Asn1151Asp) were also seen in homozygous condi-
tion. As the patient had normal hemoglobin in spite of 
presence of a homogenous deleterious variant form of 
SPTA1 with significant indicators of hemolysis (elevated 
reticulocytes, LDH, and bilirubin). This patient prob-
ably had a well-compensated hemolysis, as seen in many 
asymptomatic cases of HE/HPP [15].

Conclusion

Traditional sequencing studies have previously reported 
on the commonly mutated genes observed in HE and HPP 
(SPTA1, SPTB, and EPB41) [11, 37, 40, 41]. In the present 

F female, M male, Hb hemoglobin
* In silico tools and predictions: SIFT (Sorting Intolerant From Tolerant): D, damaging; T, Tolerated; Polyphen: D, probably damaging; P, pos-
sibly damaging; B, benign; N, neutral; MA (Mutation Assessor): H, high; M, medium; L, low; N, neutral; LRT (Likelihood Ratio Test): D, del-
eterious; N, neutral; U, unknown; MT (Mutation Taster): A, disease causing automatic; D, disease causing; N, polymorphism; P, polymorphism 
automatic; FATHMM (Functional Analysis Through Hidden Markov Models): D, damaging; T, tolerated

Table 3  (continued)

Patient # Gender, age (yr) Hb
g/dL

Gene Nucleotide Protein Zygosity Interpretation Protein damage prediction 
by in silico tools*

7 M, 7 11.1 ANK1 c.753C > A p.Asn > Lys Hetero Conflicting interpreta-
tions of pathogenicity :

Benign/likely benign/
uncertain significance

SIFT D, Polyphen D, 
MA N, LRT D, MT D, 
FATHMM T

SPTB c.3451A > G p.Asn1151Asp Homo Benign/likely benign SIFT T,,Polyphen B, 
MA N, LRT N, MT P, 
FATHMM T

8 M, 13 12 InDel
9 M, 33 15 SPTA1 c.779 T > C p.Leu260Pro Homo Deleterious SIFT D, Polyphen D, 

MA H, LRT N, MT A, 
FATHMM T

SPTB c.3451A > G p.Asn1151Asp Homo Benign/likely benign SIFT T,,Polyphen B, 
MA N, LRT N, MT P, 
FATHMM T

Table 4  Candidate variants (InDels) in the study subjects

Patient # Gender, age (yr) Hb
g/dL

Gene Indel Interpretation Homo/hetero Reported in 
public data-
bases

2 F, 2 9.7 PEIZO p.Glu756del/
c.2268_2270delGGA 

Disruptive inframe deletion Hetero Yes

8 M, 13 12 PEIZO p.Glu756del/
c.2268_2270delGGA 

Disruptive inframe deletion Hetero Yes
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study we employed NGS to investigate 9 patients who were 
characterized by analysis of the whole exome sequencing data 
of 8 target genes linked to erythrocyte membrane structural 
proteins which reports on other plausible variants (ANK1, 
ABCG8, and PEIZO) to be associated with this condition.

As expected, in Bahraini HE/HPP patients, SPTA1 was 
also the most frequently mutated gene. The most commonly 
associated molecular signatures of HE in this small group of 
patients were as follows: (1) the deleterious L260P variant of 
SPTA1 seen in 4/9 patients with one patient (#3) having this 
mutation in homozygous form; (2) the αLELY allele that was 
associated with compound heterozygous mutations in SPTA1 
in five patients. This included a variant of uncertain signifi-
cance in SPTA1 (p. Lys2368Asn / c.7104G > T) that was seen 
in heterozygous state in three patients (#1, #2, and #6).

SPTB variants were reported in seven patients. A likely 
benign variant of SPTB (p. Asn1151Asp/ c.3451A > G,) 
in homozygous state was seen in five patients (#3, #5, #6, 
#7, and #9), in addition to other SNPs in SPTB. Although 
predicted to be likely benign, the possibility of these being 
deleterious mutations cannot be excluded completely. The 
prevalence of these variants of SPTA1 and SPTB in HE/
HPP patients in this region needs to be further explored.

A potential variant of EPB41 that could have deleterious 
impact on the function of the protein was also predicted 
with in silico tools in one patient (#2). Additionally, a novel 
variant of EPB41 (p. Gly567Asp /c.1700G > A), predicted 
to have potential deleterious impact, was also noted in 
patient #2. Patient #7 had a VUS in the ANK1 gene p. 
Asn251Lys/c.753C > A, pathogenicity of which has been 
reported as conflicting. Patient #4 had a VUS in ABCG8 
gene (p. Pro523Leu/ c.1568C > T). A heterozygous del-
eterious PIEZO1 mutation (p. Arg2476Cys/ c.7426C > T) 
was seen in patient #3; however, this mutation has not been 
reported in association with HE/HPP. Finally, an indel 
abnormality (disruptive inframe deletion) in PIEZO lead-
ing to RBC dehydration was reported in two patients (#2 
and #8). The association of this PIEZO mutation with HE/
HPP cases has not been described so far in the literature.

The limitations of the sequence analysis employed 
in this study are that many etiologic mutations may be 
located in noncoding regions, such as regulatory or deep 
intronic regions that cannot be detected by means of 
whole-exome sequencing.

Evidence of phenotypic heterogeneity is seen even in this 
small sample size: two patients had normal-for-age hemo-
globin whereas others were mildly anemic. All showed ele-
vated reticulocyte count suggestive of active marrow com-
pensation, but other hemolytic parameters (LDH, bilirubin) 
were variably abnormal. The markedly heterogenous and 
complex molecular abnormalities associated with membrane 
proteins in this condition may well explain the phenotypic 
and clinical variability — but is far from elucidation.

Author contribution Durjoy K. Shome: Conceptualization, supervi-
sion, writing — review and editing.
Priya Das: Data curation; formal analysis, writing — original draft.
Ghadir A. Akbar: Funding acquisition; investigation; methodology.
Safa Taha: Investigation; methodology supervision.
Ameera Radhi: Case screening and morphologic examination.
Khulood Al-Saad: Clinical investigations and data.
Rehab Helmy: Case screening and morphologic examination.

Data availability All the data will be available upon request.

Declarations 

Ethics approval The study was approved by the Research and Research 
Ethics committees of the College of Medicine and Medical Sciences of 
Arabian Gulf University, Ministry of Health, SMC and KHUH prior to 
obtaining the samples from the patients.

Competing interests The authors declare no competing interests.

References

 1. Pollet H, Cloos A-S, Stommen A, Vanderroost J, Conrard L, 
Paquot A, Ghodsi M, Carquin M, Léonard C, Guthmann M, Lin-
gurski M, Vermylen C, Killian T, Gatto L, Rider M, Pyr dit Ruys 
S, Vertommen D, Vikkula M, Brouillard P, Tyteca D (2020) Aber-
rant membrane composition and biophysical properties impair 
erythrocyte morphology and functionality in elliptocytosis. Bio-
molecules 10(8):1120. https:// doi. org/ 10. 3390/ biom1 00811 20

 2. Narla J, Mohandas N (2017) Red cell membrane disorders. Int J 
Lab Hematol. https:// doi. org/ 10. 1111/ ijlh. 12657

 3. Gallagher PG (2004) Hereditary elliptocytosis: spectrin and protein 4.1R. 
Sem Hematol. https:// doi. org/ 10. 1053/j. semin hemat ol. 2004. 01. 003

 4. Anderson HL, Brodsky IE, Mangalmurti NS (2018) The evolving 
erythrocyte: red blood cells as modulators of innate immunity. J 
Immunol. https:// doi. org/ 10. 4049/ jimmu nol. 18005 65

 5. McMahon TJ, Darrow CC, Hoehn BA, Zhu H (2021) Generation 
and export of red blood cell ATP in health and disease. Front 
Physiol. https:// doi. org/ 10. 3389/ fphys. 2021. 754638

 6. Mohandas N, Gallagher PG (2008) Red cell membrane: 
past, present, and future. Blood. https:// doi. org/ 10. 1182/ 
blood- 2008- 07- 161166

 7. Moras M, Lefevre SD, Ostuni MA (2017) From erythroblasts to 
mature red blood cells: organelle clearance in mammals. Front 
Physiol. https:// doi. org/ 10. 3389/ fphys. 2017. 01076

 8. Kim Y, Park J, Kim M (2017) Diagnostic approaches for inherited 
hemolytic anemia in the genetic era. Blood Res. https:// doi. org/ 
10. 5045/ br. 2017. 52.2. 84

 9. Kim SJ, Song J, Reading NS, Lautersztain J, Kutlar A, Agarwal 
AM, Coetzer TL, Prchal JT (2021) Novel mechanism of heredi-
tary pyropoikilocytosis phenotype due to co-inheritance of β 
globin and α spectrin mutations. Am J Hematol. https:// doi. org/ 
10. 1002/ ajh. 26121

 10. Lezon-Geyda K, Schulz VP, Maksimova Y, Gallagher PG 
(2018) Altered splicing from a mutated alternate branch point 
is common in severe alpha-spectrin linked inherited anemia. 
Blood. https:// doi. org/ 10. 1182/ blood- 2018- 99- 117752

 11. Agarwal AM, Nussenzveig RH, Reading NS, Patel JL, Sangle 
N, Salama ME, Prchal JT, Perkins SL, Yaish HM, Christensen 
RD (2016) Clinical utility of next-generation sequencing in the 
diagnosis of hereditary haemolytic anaemias. Br J Haematol. 
https:// doi. org/ 10. 1111/ bjh. 14131

https://doi.org/10.3390/biom10081120
https://doi.org/10.1111/ijlh.12657
https://doi.org/10.1053/j.seminhematol.2004.01.003
https://doi.org/10.4049/jimmunol.1800565
https://doi.org/10.3389/fphys.2021.754638
https://doi.org/10.1182/blood-2008-07-161166
https://doi.org/10.1182/blood-2008-07-161166
https://doi.org/10.3389/fphys.2017.01076
https://doi.org/10.5045/br.2017.52.2.84
https://doi.org/10.5045/br.2017.52.2.84
https://doi.org/10.1002/ajh.26121
https://doi.org/10.1002/ajh.26121
https://doi.org/10.1182/blood-2018-99-117752
https://doi.org/10.1111/bjh.14131


2351Annals of Hematology (2023) 102:2343–2351 

1 3

 12. Marechal J, Wilmotte R, Kanzaki A, Dhermy D, Garbarz M, 
Galand C, Tang TK, Yawata Y, Delaunay J (1995) Ethnic distri-
bution of allele alpha LELY, a low-expression allele of red-cell 
spectrin alpha-gene. Br J Haematol 90:553

 13. Andolfo I, Russo R, Gambale A, Iolascon A (2016) New 
insights on hereditary erythrocyte membrane defects. Haema-
tologica. https:// doi. org/ 10. 3324/ haema tol. 2016. 142463

 14. Niss O, Chonat S, Dagaonkar N, Almansoori MO, Kerr K, Rog-
ers ZR, McGann PT, Quarmyne MO, Risinger M, Zhang K, 
Kalfa TA (2016) Genotype-phenotype correlations in hereditary 
elliptocytosis and hereditary pyropoikilocytosis. Blood Cells 
Mol Dis. https:// doi. org/ 10. 1016/j. bcmd. 2016. 07. 003

 15. Da Costa L, Galimand J, Fenneteau O, Mohandas N (2013) 
Hereditary spherocytosis, elliptocytosis, and other red cell 
membrane disorders. Blood Rev. https:// doi. org/ 10. 1016/j. blre. 
2013. 04. 003

 16. King MJ, Garçon L, Hoyer JD, Iolascon A, Picard V, Stewart G, 
Bianchi P, Lee SH, Zanella A (2015) ICSH guidelines for the 
laboratory diagnosis of nonimmune hereditary red cell membrane 
disorders. Int J Lab Hematol. https:// doi. org/ 10. 1111/ ijlh. 12335

 17. Gene ID: 286, updated on 29-Mar-2023. https:// www. ncbi. nlm. 
nih. gov/ gene/ 286. Accessed 4 Apr 23

 18. Gene ID: 6710, updated on 29-Mar-2023. https:// www. ncbi. nlm. 
nih. gov/ gene/ 6710. Accessed 4 Apr 23 

 19. Gene ID: 6708, updated on 29-Mar-2023. https:// www. ncbi. nlm. 
nih. gov/ gene/ 6708. Accessed 4 Apr 23

 20. Gene ID: 2035, updated on 29-Mar-2023. https:// www. ncbi. nlm. 
nih. gov/ gene/ 2035. Accessed 4 Apr 23

 21. Tzavella E, Hatzimichael E, Kostara C, Bairaktari E, Elisaf M, 
Tsimihodimos V (2017) Sitosterolemia: a multifaceted meta-
bolic disorder with important clinical consequences. J Clin 
Lipidol 11(4):1095–1100

 22. Gene ID: 6005, updated on 5-Apr-2023. https:// www. ncbi. nlm. 
nih. gov/ gene/ 6005. Accessed 4 Apr 23

 23. Andolfo I, Alper SL, De Franceschi L, Auriemma C, Russo R, 
De Falco L, ... and Iolascon A (2013) Multiple clinical forms 
of dehydrated hereditary stomatocytosis arise from mutations 
in PIEZO1. Blood, J Am Soc Hematol 121(19):3925–3935

 24. Depristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, 
Hartl C, Philippakis AA, Del Angel G, Rivas MA, Hanna M, 
McKenna A, Fennell TJ, Kernytsky AM, Sivachenko AY, Cibul-
skis K, Gabriel SB, Altshuler D, Daly MJ (2011) A framework for 
variation discovery and genotyping using next-generation DNA 
sequencing data. Nat Genet. https:// doi. org/ 10. 1038/ ng. 806

 25. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, 
Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M, 
DePristo MA (2010) The genome analysis toolkit: a MapReduce 
framework for analyzing next-generation DNA sequencing data. 
Genome Res. https:// doi. org/ 10. 1101/ gr. 107524. 110

 26. Dong C, Wei P, Jian X, Gibbs R, Boerwinkle E, Wang K, Liu X 
(2015) Comparison and integration of deleteriousness prediction 
methods for nonsynonymous SNVs in whole exome sequencing 
studies. Hum Mol Genet. https:// doi. org/ 10. 1093/ hmg/ ddu733

 27. Harrison SM, Biesecker LG, Rehm HL (2019) Overview of 
specifications to the ACMG/AMP variant interpretation guide-
lines. Curr Protoc Hum Genet 103(1):e93

 28. Gallagher PG (2013) Abnormalities of the erythrocyte mem-
brane. Pediatr Clin 60(6):1349–1362. https:// www. pedia 
tric. thecl inics. com/ artic le/ S0031- 3955(13) 00124-7/ fullt ext. 
Accessed 4 Apr 23

 29. Korsgren C. Peters LL, and Lux SE (2010) Protein 4.2 binds 
to the carboxyl-terminal EF-hands of erythroid α-spectrin in 
a calcium- and calmodulin-dependent manner. J Biol Chem. 
https:// doi. org/ 10. 1074/ jbc. M109. 056200

 30. Wang L, Wang Y, Li Z, Gao Z, and Zhang S (2013) Functional 
characterization of protein 4.1 homolog in amphioxus: defining 
a cryptic spectrin-actin-binding site. Sci Rep. https:// doi. org/ 10. 
1038/ srep0 2873

 31. Lew VL, Tiffert T (2017) On the mechanism of human red blood 
cell longevity: roles of calcium, the sodium pump, PIEZO1, and 
gardos channels. Front Physiol. https:// doi. org/ 10. 3389/ fphys. 
2017. 00977

 32. Ilboudo Y, Bartolucci P, Garrett ME, Ashley-Koch A, Telen 
M, Brugnara C, Galactéros F, Lettre G (2018) A common func-
tional PIEZO1 deletion allele associates with red blood cell 
density in sickle cell disease patients. Am J Hematol. https:// 
doi. org/ 10. 1002/ ajh. 25245

 33. Ma S, Cahalan S, LaMonte G, Grubaugh ND, Zeng W, Murthy 
SE, Paytas E, Gamini R, Lukacs V, Whitwam T, Loud M, Lohia R, 
Berry L, Khan SM, Janse CJ, Bandell M, Schmedt C, Wengelnik 
K, Su AI, … Patapoutian A (2018) Common PIEZO1 allele in 
African populations causes RBC dehydration and attenuates Plas-
modium infection. Cell.https:// doi. org/ 10. 1016/j. cell. 2018. 02. 047

 34. Rotordam MG, Fermo E, Becker N, Barcellini W, Brüggemann 
A, Fertig N, Egée S, Rapedius M, Bianchi P, Kaestner L (2019) 
A novel gain-of-function mutation of piezo1 is functionally 
affirmed in red blood cells by high-throughput patch clamp. 
Haematologica. https:// doi. org/ 10. 3324/ haema tol. 2018. 201160

 35. Rooks H, Brewin J, Gardner K, Chakravorty S, Menzel S, 
Hannemann A, Gibson J, Rees DC (2019) A gain of function 
variant in PIEZO1 (E756del) and sickle cell disease. Haemato-
logica. https:// doi. org/ 10. 3324/ haema tol. 2018. 202697

 36. Sahr KE, Tobe T, Scarpa A, Laughinghouse K, Marchesi SL, 
Agre P, Forget BG (1989) Sequence and exon-intron organiza-
tion of the DNA encoding the alpha I domain of human spec-
trin. Application to the study of mutations causing hereditary 
elliptocytosis. J Clin Investig 84(4):1243–1252

 37. Harper SL, Sriswasdi S, Tang HY, Gaetani M, Gallagher PG, 
Speicher DW (2013) The common hereditary elliptocytosis-
associated α-spectrin L260P mutation perturbs erythrocyte 
membranes by stabilizing spectrin in the closed dimer confor-
mation. Blood. https:// doi. org/ 10. 1182/ blood- 2013- 02- 487702

 38. National Center for Biotechnology Information. ClinVar; 
[VCV000261321.12]. https:// www. ncbi. nlm. nih. gov/ clinv ar/ 
varia tion/ VCV00 02613 21. 12. Accessed 16 Oct 2022

 39. Kadowaki T, Kadowaki H, Accili D, Taylor SI (1990) Substitu-
tion of lysine for asparagine at position 15 in the alpha-subunit 
of the human insulin receptor. A mutation that impairs transport 
of receptors to the cell surface and decreases the affinity of 
insulin binding. J Biol Chem 265(31):19143–19150

 40. Xi Y, Wang L, Zhang P, Jia M, Li Z (2019) A novel mutation 
in SPTA1 identified by whole exome sequencing in a Chinese 
family for hereditary elliptocytosis presenting with hyperbili-
rubinemia: A case report. Medicine (United States). https:// doi. 
org/ 10. 1097/ MD. 00000 00000 015800

 41. Ma S, Qin J, Wei A, Li X, Qin Y, Liao L, Lin F (2018) Novel 
compound heterozygous SPTA1 mutations in a patient with 
hereditary elliptocytosis. Mol Med Rep. https:// doi. org/ 10. 3892/ 
mmr. 2018. 8632

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3324/haematol.2016.142463
https://doi.org/10.1016/j.bcmd.2016.07.003
https://doi.org/10.1016/j.blre.2013.04.003
https://doi.org/10.1016/j.blre.2013.04.003
https://doi.org/10.1111/ijlh.12335
https://www.ncbi.nlm.nih.gov/gene/286
https://www.ncbi.nlm.nih.gov/gene/286
https://www.ncbi.nlm.nih.gov/gene/6710
https://www.ncbi.nlm.nih.gov/gene/6710
https://www.ncbi.nlm.nih.gov/gene/6708
https://www.ncbi.nlm.nih.gov/gene/6708
https://www.ncbi.nlm.nih.gov/gene/2035
https://www.ncbi.nlm.nih.gov/gene/2035
https://www.ncbi.nlm.nih.gov/gene/6005
https://www.ncbi.nlm.nih.gov/gene/6005
https://doi.org/10.1038/ng.806
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/hmg/ddu733
https://www.pediatric.theclinics.com/article/S0031-3955(13)00124-7/fulltext
https://www.pediatric.theclinics.com/article/S0031-3955(13)00124-7/fulltext
https://doi.org/10.1074/jbc.M109.056200
https://doi.org/10.1038/srep02873
https://doi.org/10.1038/srep02873
https://doi.org/10.3389/fphys.2017.00977
https://doi.org/10.3389/fphys.2017.00977
https://doi.org/10.1002/ajh.25245
https://doi.org/10.1002/ajh.25245
https://doi.org/10.1016/j.cell.2018.02.047
https://doi.org/10.3324/haematol.2018.201160
https://doi.org/10.3324/haematol.2018.202697
https://doi.org/10.1182/blood-2013-02-487702
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000261321.12
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000261321.12
https://doi.org/10.1097/MD.0000000000015800
https://doi.org/10.1097/MD.0000000000015800
https://doi.org/10.3892/mmr.2018.8632
https://doi.org/10.3892/mmr.2018.8632

	Molecular insights into hereditary elliptocytosis and pyropoikilocytosis: NGS uncovers multiple potential candidate genes
	Abstract
	Introduction
	Methods
	Whole exome sequencing

	Results
	Discussion (case summaries)
	Conclusion
	References


