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Hereditary spherocytosis (HS) is the most prevalent form of congenital hemolytic anemia, being
caused by genetic mutations in genes encoding red blood cell cytoskeletal proteins. Mutations in the
ANK1 and SPTB genes are the most common causes of HS.; however, pathogenicity analyses of these
mutations remain limited. This study identified three novel heterozygous mutations in 3 HS patients:
€.1994 C>Ain ANK1, ¢.5692 C>T, and c.3823delG in SPTB by whole-exome sequencing (WES) and
validated by Sanger sequencing. To investigate the functional consequences of these mutations, we
studied their pathogenicity using in vitro culture erythroblast derived from CD34 + stem cells. All
three mutations lead to the generation of a premature stop codon. Real-time PCR assay revealed that
the two SPTB mutations resulted in reduced SPTB mRNA expression, suggesting a potential role for
the nonsense-mediated mRNA degradation pathway. For the ANK1 mutation, gene expression was
not reduced but was predicted to produce a truncated version of the ANK1 protein. Flow cytometry
analysis of red blood cell-derived microparticles (MPs) revealed that HS patients had higher MP levels
compared to normal subjects. This study contributes to the current understanding of the molecular
mechanisms underlying mutations in the ANK1 and SPTB genes in HS.
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Hereditary spherocytosis (HS) is a common inherited red blood cell (RBC) membrane disorder characterized by
wide heterogeneity in the severity of both clinical symptoms and genetic patterns!~>. It is caused by a deficiency
or dysfunction of the RBC membrane cytoskeleton proteins ankyrin, a-spectrin, B-spectrin, protein 4.2, and
band 3 protein. These proteins are encoded by the ANK1, SPTA1, SPTB, EPB42 and SLC4A1genes*>. Defects in
one or more of these membrane proteins disrupt the linkage between the phospholipid bilayer and cytoskeleton,
altering the red blood cells’ surface area-to-volume ratio, and ultimately leading to spherocytosis with decreased
membrane mechanical stability and cellular deformability®’. These spherocytes are prone to hemolysis in
capillaries and are selectively trapped and destroyed by splenic macrophages, resulting in hemolytic anemia®.
Weakened vertical linkages between the cytoskeletal proteins and the lipid bilayer, detected in the red blood cell
membrane of HS patients, may contribute to the release of microparticles (MPs)®°. MPs are small extracellular
vesicles, released from various blood cell types upon exposure to conditions like oxidative stress, activation, or
apoptosis'.

HS is a genetically heterogeneous disorder with diverse presentations. This heterogeneity arises from
mutations in ANKI, SPTA1, SPTB, EPB42, and SLC4AIgenes, which can differ in frequency and mutation
type between populations'"12. Defects in membrane components of HS patients are primarily caused by gene
mutations, most commonly following an autosomal dominant pattern!?. Mutations in the ANKI and SPTB
genes are the major contributors to HS, followed by mutations in SLC4A1'"!2, Mutations in SPTAI and EPB42
are rare globally, with reports in Japanese!*and Korean populations'2.

The B-spectrin protein is encoded by the SPTB gene, which is located on chromosome 14g23.3. Mutations in
the SPTBgene are commonly detected in Korean'>!4, northern European'®, Chinese!® and Brazilian populations'?,
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which account for 15-30% of HS cases. The SPTBmutations lead to the production of non-functional spectrin or
B-spectrin deficiency'®. This consequently weakens the linkage between membrane skeleton proteins, a critical
factor for erythrocyte integrity, and causes hemolytic anemia in HS patients®.

Ankyrin is encoded by the ANKIgene, which is found on chromosome 8p11.2. The ankyrin protein consists
of an N-terminal binding site for band-3, known as a membrane-binding domain, a central region containing
spectrin binding domain, and a C-terminal regulatory domain containing a death domain!'. ANKI is one
of the major erythrocyte proteins stabilizing the membrane by the high-affinity vertical linkage between the
plasma membrane and the underlying spectrin cytoskeleton via band-3?*2!. The ANKI mutations appear to
be the common cause of HS in Northern European?>?*, Japanese?*%°, Korean'?, Indian?, Italian?” Chinese!®8
populations. ANKI mutations are mainly autosomal dominant, but some are inherited in an autosomal recessive
de novomutational pattern?’. The mutation types are primarily frameshift, nonsense, and splice site mutations'*.
Previous studies have found that the ANKI mutations increased the osmotic fragility of cells, reduced the
stabilities of ANKI proteins, prevented the protein from localizing to the plasma membrane, and disrupted
interaction with SPTB and SLC4A1 %,

Diagnosis of HS relies on a combination of positive family history, clinical features, and the presence of
spherocytes in peripheral blood smear®. Additional confirmatory tests may include the osmotic fragility test,
autohemolysis test, flow cytometric-based eosin-5-maleimide (EMA) binding test, and protein analysis using gel
electrophoresis or mass spectrometry”. Genetic testing analysis of RBC membrane protein genes is emerging as
a supportive tool for diagnosis alongside conventional tests>*°*°. Conventional molecular methods for analyzing
mutations in the five large RBC membrane protein genes (spanning 40-50 exons) are costly and time-consuming.
Next-generation sequencing (NGS) technology offers a significant advantage by enabling a comprehensive
analysis of mutations across all these genes simultaneously***l. The development of a high-efficiency genome
sequencing method such as NGS makes it possible to determine a causative gene in HS. This study aimed to
identify mutations in HS patients by focusing on the targeted regions encoding RBC membrane proteins using
whole-exome sequencing (WES). We identified three novel disease-causing mutations in SPTB and ANKI. To
validate their functional impact, we performed in vitro studies using cultured erythroblast, analyzing cDNA
sequences and gene expression levels. Molecular genetic analysis of HS is a crucial tool for confirming diagnosis
and elucidating the pathogenesis mechanisms underlying mutations in HS patients.

Results
Clinical features and laboratory findings in HS patients
Three unrelated Thai HS patients were recruited for the study. Their clinical, hematological, and biochemical
data are summarized in Table 1. Consistent with HS, prominent laboratory findings included reticulocytosis
and hyperbilirubinemia. Blood smears revealed spherocytes and microspherocytes in approximately 50% of
RBCs. Two patients (HS01 and HS02) with a history of cholelithiasis had undergone cholecystectomy. All three
patients presented with jaundice. None reported a history of splenomegaly or blood transfusion. To rule out
other hemolytic conditions, all patients underwent screening for Thalassemia, autoimmune hemolysis, and
G6PD deficiency. Hb typing, direct antiglobulin test, and G6PD enzyme activity were all within normal ranges.
RBC red blood cell, HGB hemoglobin, Hct hematocrit, MCV Mean corpuscular volume, MCH Mean
corpuscular hemoglobin, MCHC Mean corpuscular hemoglobin concentration, RDW Red cell distribution
width, WBC white blood cell, Plt platelet, AST aspartate aminotransferase, ALT alanine aminotransferase.

Increased RBC-derived MPs in HS patients

The level of circulating RBC-derived MPs was quantified by flow cytometry using binding to phosphatidylserine
and the erythroid-specific marker CD235a (Glycophorin A). RBC-derived MPs were identified within the
double-positive cell population for CD235a and Annexin V (Fig. 1). HS patients displayed elevated levels of MPs
compared to healthy subjects (6,378.62+1,157.81 vs. 3,291.09 +432.59 /uL; p=0.012).

Increased expansion of cultured erythroblasts from HS patients

Erythroblast expansion in cultured cells isolated from three normal controls and three HS patients was
determined by calculating the fold change in total cell number between day 8 and day 14 (Fig. 2). Erythroblasts
from HS patients exhibited a significantly higher expansion rate compared to normal controls (10.6 +0.74 vs.
4.03+0.52 fold, p=0.0002).

WES

WES yielded a high mapping rate (>99.8%) of DNA sequences to targeted regions. Subsequent analysis focused
on the five HS-associated genes (ANK1, SPTB, SPTAI, SLC4A1, and EPB42). WES identified 69, 71, and 74
potential mutations in HS01, HS02 and HS03, respectively. Variant annotation and effect prediction using the
SnpEft tool identified 3 causative variants (one in each patient), namely ¢.5692 C> T and ¢.3823delG in the SPTB
gene and ¢.1994 C> A in the ANKI gene. All three novel variants with high predicted impact were assessed
for pathogenicity using established criteria (Table 2). Following Clinvar analysis, we excluded all benign/likely
benign variants. This analysis identified novel variants for HS patients, including two in the SPTB gene and
another in the ANKI gene. None of these three variants were found in Clinvar or the existing literature.

Table 2 details the molecular characterization and predicted pathogenicity of the three novel variants
analyzed using bioinformatic tools. We identified two nonsense mutations: ¢.5692 C> T in exon 26 of the SPTB
gene and ¢.1994 C> A in exon 17 of the ANKI gene. Additionally, a frameshift mutation caused by a single
base pair deletion (c.3823delG) was detected in exon 17 of the SPTB gene. All these variants were inherited in
a heterozygous pattern and predicted to be pathogenic as they are likely to lead to protein truncation due to a
premature stop codon.
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Parameters HS01 HS02 HS03 Mean +SD Reference range
RBC (x10%/uL) 4.25 3.85 3.55 3.88+0.35 4-6
HGB (g/dL) 12.9 9.9 12.4 11.73+1.61 11.5-15
Hct (%) 36.3 289 32.7 32.63+3.7 35-44
MCV (fL) 85.5 75.1 92.1 84.23+8.57 80-99
MCH (pg) 30.5 25.7 349 30.37+4.6 25-35
MCHC (g/dL) 35.6 343 37.9 35.93+1.82 31-36
RDW (%) 18.4 21 18.4 19.27+1.5 12-15
WBC (x10%/uL) 7.7 14.99 11.29 11.33+3.65 4000-10,000
Plt (x10°/uL) 214 342 251 269+65.87 | 150-400
Spherocyte 24+ (26-50%) | 24 (26-50%) | 2+ (26-50%)

Reticulocyte count (%) 9.54 12.58 11.25 11.12+1.52 0.20-2.0%
Serum Iron (ug/dL) 87 71 80 79.33+8.02 33-193
Ferritin (ng/mL) 675.2 163.1 1261 699.77 +549.36 | 30-400
BUN (mg/dL) 10.45 17 19 15.48 +4.47 6-20
Creatinine (mg/dL) 0.72 0.92 1.11 0.92+0.2 0.72-1.18
Total protein (g/dL) 7.44 7.7 7.5 7.55+0.14 6.6-8.3
Albumin (g/dL) 4.63 4.5 4.6 4.58+0.07 3.5-5.2
Direct bilirubin (mg/dL) 0.55 0.35 0.71 0.52+0.21 <0.30
total bilirubin (mg/dL) 3.29 1.7 4.38 3.12+1.35 0-1.2
AST(SGOT) (U/L) 21 17 29 22.33+6.11 <50
ALT(SGPT) (U/L) 18.6 15 14 15.87+2.42 <50
Alkaline phosphatase (U/L) 56 59 55 56.67 +2.08 30-120
Hb typing Normal (A,A) | Normal (A,A) | Normal (A,A)

Direct antiglobulin test (DAT) | Negative Negative Negative

G6PD activity Normal Normal Normal

OF dilution test Increase Increase Increase

Splenomegaly No No No

Jaundice Yes Yes Yes

Cholelithiasis Yes Yes No

Transfusion No No No

Table 1. Clinical, hematological and biochemical data of three HS patients.

Sanger sequencing analysis of novel SPTB and ANK1 mutations in gDNA and cDNA

To confirm the accuracy of the three potentially significant variants identified by WES, Sanger sequencing was
performed on both genomic DNA (gDNA) and ¢cDNA (Fig. 3). gDNA was extracted from whole blood EDTA
samples collected from the patients. cDNA was synthesized from total RNA isolated from cultured erythroblasts
derived from CD34 + cells. Consistent with the gDNA sequencing results, Sanger sequencing of the SPTB and
ANKI genes revealed heterozygous peaks for the two nonsense mutations in both gDNA and cDNA sequences.
Moreover, Sanger sequencing of both gDNA and cDNA from the patient with the c.3823delG variant revealed a
single base pair deletion of Guanine (G), resulting in a frameshift mutation.

Decreased SPTB mRNA expression in HS patients

qRT-PCR was used to measure the mRNA expression levels of the ANK1 and SPTB genes in cultured erythroblasts
and then compared to mRNA expression in normal erythroblasts. The ¢.5692 C>T and ¢.3823delG variants
in the SPTB gene displayed a significant reduction in mRNA expression (over 80%) compared to normal
erythroblasts (Fig. 4). In contrast, the ¢.1994 C> A mutation did not correlate with the mRNA expression level
of the ANK1 gene.

Discussion

WES in combination with bioinformatic analysis enabled the identification of a genetic basis for HS in three
patients. We report three novel heterozygous mutations: ¢.1994 C> A in ANK1, ¢.5692 C>T, and ¢.3823delG
in SPTB. Sanger sequencing confirmed the presence of these mutations. A further bioinformatic analysis
revealed that all identified mutations were classified as pathogenic. To further explore their functional impact,
we investigated mRNA expression levels using qRT-PCR. Mature erythrocytes lack mRNA, making them
unsuitable for studying gene expression. Therefore, this study employed cultured erythroblasts derived from
peripheral blood CD34 + cells to investigate the effect of these novel mutations on gene expression. Total RNA
extracted from these cultured erythroblasts was used for cDNA synthesis and subsequent analysis by Sanger
sequencing and qRT-PCR. The mRNA sequences corresponding to the three novel mutations were found to be
identical to the gDNA sequences.
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Fig. 1. Levels of red blood cell (RBC)-derived microparticles (MPs). (A) Gating strategy for MPs based on
forward scatter (FSC) and side scatter (SSC) properties, with a size range of 80 nm-1.32 pm (the red rectangle
in (A). The gated MPs were analyzed using Annexin V (y-axis) and CD235a-PE (x-axis), where double
positivity identifies RBC-derived MPs (the upper right quadrant in (B) and (C). Representative data of RBC-
derived MPs for normal subjects (0.3%) and HS patients (14.1%) are shown in figure B and C, respectively. As
shown in (D), the absolute number of RBC-derived MPs was significantly higher in HS patients than in healthy
subjects.

Spectrin, a major structural protein, forms the underlying cytoskeletal network of the erythrocyte plasma
membrane! "2, It associates with band 4.1 and actin to create this essential structure, which maintains the
erythrocyte’s characteristic shape and deformability. SPTB consists of an N-terminal actin-binding domain and
17 spectrin repeats containing a dimerization domain, partial spectrin repeats, an ankyrin-binding domain,
and a tetramerization domain®. Mutations in SPTB are frequently associated with HS, but the underlying
pathogenic mechanisms are not fully understood. This study identified two novel SPTB mutations (c.5692 C>T
and ¢.3823delG). qRT-PCR analysis revealed a significant reduction (>80%) in SPTB gene expression in
cultured erythroblasts derived from CD34 + cells of patients harboring these mutations compared to healthy
controls. This finding is consistent with the low peak intensity observed for the mutant allele observed in Sanger
sequencing of cDNA. These results suggest that the SPTB mRNA transcript containing these mutations is likely
targeted for degradation by nonsense-mediated mRNA decay, potentially resulting in B-spectrin deficiency
in the erythrocyte membrane. The patient harboring the ¢.5692 C>T nonsense mutation exhibited a more
pronounced clinical presentation (cholelithiasis requiring cholecystectomy) compared to the patient with the
¢.3823delG frameshift mutation who did not suffer cholelithiasis.

In contrast to the SPTB mutations, the ANKI c.1994 C> A variant did not show evidence of altered mRNA
expression by qRT-PCR, nor did Sanger sequencing of cDNA reveal a lower mutant allele peak. However,
SWISS-MODEL analysis (Fig. 5) predicted this variant could generate a truncated ANKI protein, suggesting
a potential functional consequence despite unaltered mRNA expression levels. Ankyrin 1 (ANKI), a critical
erythrocyte membrane protein, plays a vital role in stabilizing the RBC structure®. It interacts with spectrin,
protein 4.2, and band 3. The identified nonsense mutation in ANKIintroduces a PTC within exon 17, predicted
to result in a truncated protein lacking the spectrin-binding domain, regulatory domain, and a portion of the
membrane-binding domain. The predicted truncation of ANK1 disrupts its interaction with spectrin, a major
cytoskeletal protein crucial for erythrocyte membrane stability. Spectrin assembly on the red cell membrane is
known to be proportionally reduced when ankyrin-spectrin linkage is abolished. Interestingly, a mouse model
harboring truncated ANK lacking the spectrin-binding and C-terminal regulatory domains recapitulates severe
HS?, supporting the functional relevance of this mutation in humans.

Our findings demonstrate elevated levels of red blood cell-derived MPs in HS patients compared to controls,
consistent with previous reports®. This suggests that mutations in ANKI or SPTB, leading to cytoskeletal
deficiencies, may create areas of membrane instability, promoting RBC vesiculation and MP release. However,
further investigation is needed to elucidate the potential deleterious effects of these MPs, such as activation of
the coagulation pathway or thrombosis.
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Fig. 2. Cell expansion rate of in vitro cultured erythroblasts. Expansion rate of erythroblasts calculated
from day 8 to day 14 of culture from 3 normal controls and 3 HS patients established by direct counting. In
comparison to normal erythroblasts, HS erythroblasts showed increased cell expansion.
Snpeff
Gene Nucleotide | Amino acid putative
name | Location | Transcript change variation Type/ Effect | Zygosity | Mutation tester | impact | Effect
SPTB | Exon26 | NM_001024858.3 | c.5692 C>T | p.GIn1898* | Nonsense Hetero | Disease causing | High Premature stop codon
ANKI | Exon 17 | NM_001142446.2 | c.1994 C>A | p.Ser665* Nonsense Hetero | Disease causing | High Premature stop codon
SPTB | Exon17 | NM_001024858.3 | c.3823delG | p.Glul275fs | Frameshift | Hetero | Disease causing | High Premature stop codon

Table 2. Molecular characterization of SPTB and ANKI variants in three HS patients.

Analysis of erythroblast cultures revealed a significantly higher expansion rate of HS erythroblasts compared
to controls. This suggests a potential dysregulation in erythroblast proliferation detected in HS patients. Further
studies are needed to validate these findings and clarify the underlying mechanism that may potential link to the
observed increased expansion rate of HS erythroid cells.

In conclusion, this study identified novel mutations in the SPTB and ANKI genes of Thai HS patients.
Functional analysis provided evidence supporting the potential pathogenicity of these mutations at the mRNA
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Fig. 3. Sanger sequencing analysis of gDNA and cDNA for mutations in ANKI (c.1994 C> A) and SPTB
(c.5692 C> T and c.3823delG). Consistent heterozygous nucleotide substitutions causing nonsense mutations
were observed in both gDNA and cDNA sequences for ANKI (c.1994 C> A) and SPTB (¢.5692 C>T). The
variant c.3823delG exhibits a frameshift mutation pattern in both gDNA and cDNA sequences.
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Fig. 4. Relative mRNA expression levels of the SPTB (A) and ANKI (B) genes normalized to GAPDH.
qRT-PCR analysis revealed significantly reduced SPTB expression in patients harboring ¢.5692 C> T and
¢.3823delG mutations (A). In contrast, the ¢.1994 C> A mutation in ANKI did not affect gene expression (B).
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Fig. 5. Predicted structural models of wild-type and mutant proteins for SPTB (A) and ANK1 (B). The
identified ANKI ¢.1994 C > A mutation lies within the N-terminal membrane-binding domain. This mutation
is predicted to lead to a truncated protein lacking the spectrin-binding and C-terminal regulatory domains,
potentially affecting interactions with B-spectrin and other regulatory functions.

level. Furthermore, the study demonstrates the utility of cultured erythroblasts derived from peripheral blood
CD34 + stem cells as a valuable tool to investigate the mRNA level effects of novel mutations in HS patients.
This study’s limitations of whole-exome sequencing include the inability to detect etiologic mutations in
noncoding regions, such as regulatory or deep intronic areas. Additionally, this study’s correlation between
phenotypes and gene mutations was heterogeneous. Increasing the sample size could provide further clarity.

Methods
Patient characteristics and laboratory testing
Three patients previously diagnosed with HS and three healthy control subjects were recruited for this study. The
study was performed in accordance with the Declaration of Helsinki. The study protocol was approved by the
Ethical Review Board of the Faculty of Medicine Vajira Hospital, Navamindradhiraj University (COA 134/2565).
All subjects provided written informed consent. Inclusion criteria included patients diagnosed with HS based
on complete blood count findings and a positive serial dilution osmotic fragility test. Additionally, the included
patients and normal subjects were aged between 18 and 60 years old and had not received a blood transfusion
in the previous three months before blood donation. The exclusion criteria included HS patients who had co-
inheritance of thalassemia, G6PD deficiency, iron deficiency anemia, and other hemolytic anemia, which were
confirmed by CBC, hemoglobin typing, iron profile, GGPD enzyme activity, and direct antiglobulin test (DAT).
The results of routinely biochemistry laboratory tests including serum bilirubin, BUN, creatinine and Liver
function test were documented. All normal controls were screened to be normal for CBC, hemoglobin typing,
iron profile and G6PD enzyme activity.

Flow cytometry analysis of RBC-derived MPs

Red blood cell-derived MP levels were quantified by flow cytometry. Annexin V-staining was used for MPs
capture, followed by incubation with anti-Glycophorin A antibodies to specifically detect erythrocyte-derived
MPs. Citrate blood samples were collected from three HS patients and three healthy controls. Platelet-free
plasma (PFP) was isolated by centrifugation at 2,500 Xg for 15 min. The supernatant (PFP) was then transferred
to a new tube and centrifuged again at 2,500 g for 15 min.
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For RBC-derived MPs measurement, 5 pL of each PFP sample was incubated with a mixture of 2 uL
PE-conjugated anti-CD235 (Glycophorin A) antibody (Thermo Scientific, CA, USA), 3 uL Fluorescein
isothiocyanate (FITC)-conjugated Annexin V (Fluor 488 Annexin V, (Invitrogen, Grand Island, NY, USA) and
20 pL of 1 X Annexin V binding buffer at room temperature for 15 min. Following incubation, the stained
mixtures were added to preloaded containing fluorescent Trucount™ beads (BD, San Jose, CA, USA) with a
known concentration. The samples were then diluted with 300 ul of binding buffer and analyzed using a BD
AccuriTM C6 Plus Flow Cytometer (BD, San Jose, CA, USA). All samples were run in duplicate. Events positive
for both PE-conjugated anti-CD235 (Glycophorin A) and FITC-conjugated Annexin V were counted as RBC-
derived MPs. The absolute number of MPs was calculated using a formula described previously”.

WES andin silico prediction of pathogenicity

Genomic DNA isolated from EDTA-anticoagulated whole blood samples using the PureLink™ Genomic DNA
Kit (Invitrogen, Grand Island, NY, USA) was subjected to WES on a next-generation sequencing Illumina
platform (Macrogen, Seoul, Republic of Korea) to screen for mutations in the exons of ANKI, SLC4A1, SPTAI,
SPTB, and EPB42 genes. Sequencing library preparation was performed using the SureSelect V7-Post library kit
(Illumina). WES data analysis involved a comparison to the reference human genome assembly GRCh38 (hg38)
from the UCSC Genome Browser (original GRCh38 from NCBI, Dec. 2013).

Variant calling and filtering were performed using GATK v.44.0.5.1, BWA v.0.7.17, and Picard v.2.18.
(SNAPSHOT). SnpEff v.5.0e (2021-03-09) was used for variant annotation against reference genome GRCh38
(hg38 assembly, UCSC Genome Browser) and public databases including dbSNP database (v.138, 154), 1,000
genome project (phase 3), Clinvar (July 2021), Exome Sequencing Project (ESP6500SI_V2) and dbNSFP
v.4.2c. In silico prediction of variant pathogenicity was additionally performed using Mutation Taster software.
Mutations predicted to result in truncated or structurally abnormal proteins, or those affecting splice sites, were
prioritized as potential causative factors for HS.

Validation of mutations by Sanger sequencing

Sanger sequencing was employed to validate potentially pathogenic variants identified by WES. Primers
were designed using Primer3plus software (https://primer3plus.com/) and their sequences are provided
in Supplementary Table 1. PCR amplification was performed with PCRBIO HS Taq DNA Polymerase (PCR
Biosystems, London, UK) on an Eppendorf Mastercycler EP Thermal Cycler (Eppendorf, Hamburg, Germany).
PCR amplification was performed using the following conditions: initial denaturation at 95°C for 2 min,
followed by 35 cycles of 95°C for 15 s, 56°C for 15 s, and 72°C for 20 s. A final extension step at 72°C for 5 min
was included. Sanger sequencing, performed by Macrogen service, was used to confirm the identified variants.
The sequencing results were compared to reference sequences and those obtained from normal controls.

Isolation of CD34 + hematopoietic stem cells and erythroblast culture

CD34 + hematopoietic stem cells were isolated from peripheral blood following a previously described
protocol®®. Briefly, 24 mL EDTA-anticoagulant whole blood samples from HS patients and healthy controls were
centrifuged at 600 x g for 8 min. Peripheral blood mononuclear cells (MNCs) were isolated using Lymphoprep™
(Stem Cell Technologies Inc, Vancouver, BC, Canada) gradient density medium (density 1.077 g/mL). Positive
selection with anti-CD34 4+ magnetic microbeads (MACS™ isolation system; Miltenyi Biotech, Auburn, CA,
USA) was then used to enrich for CD34 + cells from the PBMC fraction. To induce erythroid differentiation,
isolated CD34+ cells were cultured in a basal medium consisting of Iscove’s Modified Dulbeccos Medium
(GIBCO-Invitrogen, Grand Island, NY, USA) supplemented with 20% fetal bovine serum (GIBCO-Invitrogen,
Grand Island, NY, USA) and 300 ng/mL human holotransferrin (Sigma-Aldrich, St. Louis, MO, USA) at 37
°C and 5% CO, for 14 days. The basal medium was further supplemented with 2U/mL erythropoietin (EPO;
CILAG GmbH, Zug, Switzerland), 10 ng/mL interleukin-3 (IL-3; Promokine, Heidelberg, Germany) and 50
ng/mL stem cell factor (SCF; GIBCO-Invitrogen, Grand Island, NY, USA ) during days 0-4. Fresh complete
medium supplemented with 10 ng/mL SCF and 2 U/mL erythropoietin (EPO; Janssen Pharmaceuticals, Beerse,
Belgium) replaced the culture medium on days 4 and 8. The expansion rate of cultured erythroblasts from both
normal controls and HS subjects was then determined by direct cell counting following Trypan Blue staining
during the late differentiation stage (days 8-14).

Analysis of cDNA sequences for the selected SPTB and ANK1 mutations

Total RNA was isolated from day-8 cultured erythroblasts using the TRIzol isolation reagent (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s instructions. cDNA synthesis was then performed using the
qPCRBIO cDNA Synthesis kit (PCR Biosystems, London, UK). Following the protocol described in the gDNA
sequencing section, specific primers for SPTB and ANKI genes (sequences provided in Supplementary Table 1)
were used for PCR amplification.

SPTB and ANK1 gene expression analysis
To quantify the effects of SPTB and ANKI mutations on gene expression, the mRNA levels of ANKI and SPTB
were measured by reverse transcription quantitative PCR (RT-qPCR). Briefly, 1 ul of synthesized cDNA was
added to the PCRBIO HS Taq DNA Polymerase master mix (PCR Biosystems, London, UK) following the
manufacturer’s instructions.

GAPDH mRNA expression was used for normalization. Primers specific for ANKI, SPTB, and GAPDH
(sequences provided in Supplementary Table 2) were used for PCR amplification. The relative quantification
of gene expression was performed using the 2722CT method. Melting curve analysis after amplification was
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performed to ensure specific product amplification and minimize the risk of nonspecific products and primer
dimers.

In silico prediction of protein pathogenicity
The SWISS-MODEL online server (http://swissmodel.expasy.org) was used to predict and analyze the potential
structural changes in SPTB and ANKI1 proteins caused by the identified mutations.

Data availability
The raw WES data sets analyzed in the current study are uploaded to The European Genome-phenome Archive
(EGA) under accession number PRJEB76254. (https://www.ebi.ac.uk/ena/browser/view/PRJEB76254).
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