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Supplemental Figure 1. RBC parameters

Individual curves (A, C, E, G; n=14) and grouped data by concomitant hydroxyurea therapy in SCA (B, D, F, H; 
n=9) for RBC parameters upon ex vivo treatment with the EMM composition in SCD. Dots (individual values 
for SCA non-RCE (squares), SCA RCE (triangles) and HbSC disease (circles) with solid lines for HU- and broken 
lines for HU+) and medians are presented. Error bars represent the IQR.
SCA, sickle cell anemia; non-RCE, without chronic RBC exchange transfusion; RCE, with chronic RBC exchange 
transfusion; HU-, without concomitant hydroxyurea; HU+, with concomitant hydroxyurea; MCV, mean 
corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; hypochromic RBCs, red blood 
cells with a MCHC <28 g/dL; dense RBCs, red blood cells with a MCHC >41 g/dL.
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Supplemental Figure 2. Osmotic gradient ektacytometry-derived parameters
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Individual curves (A, C, E, G, I; n=11-14) and grouped data by concomitant hydroxyurea therapy in SCA (B, 
D, F, H, J; n=7-9) for osmotic gradient ektacytometry-derived parameters upon ex vivo treatment with the 
EMM composition in SCD. Dots (individual values for SCA non-RCE (squares), SCA RCE (triangles) and HbSC 
disease (circles) with solid lines for HU- and broken lines for HU+) and medians are presented. Error bars 
represent the IQR.
SCA, sickle cell anemia; non-RCE, without chronic RBC exchange transfusion; RCE, with chronic RBC exchange 
transfusion; HU-, without concomitant hydroxyurea; HU+, with concomitant hydroxyurea; Omin, osmolality at 
minimum RBC deformability; EImax, maximum elongation index; O-EImax, the osmolality at EImax; Ohyper, the 
osmolality corresponding to 50% of EImax; EI at 285 mOsm/kg, the elongation index at a physiological osmolality.
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Supplemental Figure 3. Deformability and oxygen gradient ektacytometry-derived parameters
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Individual curves (A, C, E, G, I, K, M, O; n=12-13) and grouped data by concomitant hydroxyurea therapy in 
SCA (B, D, F, H, J, L, N, P; n=7-8) for deformability and oxygen gradient ektacytometry-derived parameters 
upon ex vivo treatment with the EMM composition in SCD. Dots (individual values for SCA non-RCE (squares), 
SCA RCE (triangles) and HbSC disease (circles) with solid lines for HU- and broken lines for HU+) and medians 
are presented. Error bars represent the IQR. 
SCA, sickle cell anemia; non-RCE, without chronic RBC exchange transfusion; RCE, with chronic RBC exchange 
transfusion; HU-, without concomitant hydroxyurea; HU+, with concomitant hydroxyurea; EI, elongation 
index; EImax, maximum elongation index; EImin, minimum elongation index; DeltaEI, the difference between 
EImax and EImin, PoS, point of sickling; Area, the area under the curve between 10 mmHg and 100 mmHg; 
recovery, the EI upon reoxygenation (EIreoxy) expressed as the percentage of EImax upon reoxygenation. 

Supplemental Figure 4. RBC adhesion to laminin

Individual curves (A; n=11 after excluding one curve because of no RBC adhesion) and grouped data by 
concomitant hydroxyurea therapy in SCA (B; n=9) for RBC adhesion to laminin upon ex vivo treatment with 
the EMM composition in SCD. Dots (individual values for SCA non-RCE (squares), SCA RCE (triangles) and 
HbSC disease (circles) with solid lines for HU- and broken lines for HU+) and medians are presented. Error 
bars represent the IQR.
SCA, sickle cell anemia; non-RCE, without chronic RBC exchange transfusion; RCE, with chronic RBC exchange 
transfusion; HU-, without concomitant hydroxyurea; HU+, with concomitant hydroxyurea; no., number.
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ABSTRACT
Erythrocytosis is associated with increased red blood cell mass and can be either 
congenital or acquired. Congenital secondary causes are rare and include germline 
variants increasing hemoglobin (Hb)-oxygen affinity (e.g. Hb or bisphosphoglycerate 
mutase (BPGM) variants) or affecting oxygen-sensing pathway proteins. Here, we describe 
five adults from three kindreds with erythrocytosis associated with heterozygosity for 
BPGM variants, including one novel. Pathogenicity was supported by functional evidence 
showing partial BPGM deficiency, reduced 2,3-bisphosphoglycerate levels and increased 
Hb-oxygen affinity. We also review currently known BPGM variants. This study contributes 
to raising awareness of BPGM variants, and in particular that heterozygosity for BPGM 
deficiency may already manifest clinically.
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INTRODUCTION
Erythrocytosis is characterized by an increased mass of red blood cells (RBCs), reflected by 
elevated hemoglobin (Hb) and/or hematocrit (Hct) levels. Primary erythrocytosis include 
intrinsic defects of erythroid progenitors and is associated with a subnormal or undetectable 
serum erythropoietin (EPO) level. In contrast, secondary erythropoiesis is caused by defects 
extrinsic to RBCs, and is often associated with inappropriate normal or elevated EPO levels. 
Both forms can be congenital or acquired. Diagnosing the most common cause of primary 
erythrocytosis, polycythemia vera, a myeloproliferative neoplasm due to clonal proliferation 
of RBC precursors, is greatly simplified by the detection of variants in Janus Kinase 2 (JAK2; 
Mendelian Inheritance in Man (MIM) #147796). In the absence of JAK2 variants, underlying 
causes of secondary erythrocytosis should be evaluated. Congenital forms of secondary 
erythrocytosis are rare and include germline variants in the genes encoding oxygen-sensing 
pathway proteins: Von Hippel Lindau (VHL; MIM #608537), Hypoxia Inducible Factor (HIF)-2α 
(EPAS1; MIM #603349), HIF-prolyhydroxylase-2 (EGLN1; MIM #606425), and genes encoding 
Hb (HBB, MIM #141900; HBA1, MIM #141800; HBA2, MIM #141850) and bisphosphoglycerate 
mutase (BPGM; MIM #613896).1 Here, we describe five adults from three kindreds with 
erythrocytosis associated with heterozygosity for a variant in BPGM, including one novel. 
Their pathogenic nature was supported by functional evidence. We also review currently 
known BPGM variants. Our study expands the knowledge of BPGM variants in patients with 
erythrocytosis and the associated hematological, functional and clinical phenotype, and raises 
awareness that only heterozygosity for BPGM-deficiency may already clinically manifest itself.

METHODS
The five cases described were referred to our tertiary care center because of suspected 
congenital erythrocytosis. Acquired causes for secondary erythrocytosis, such as smoking, 
were excluded in all patients. Informed consent was obtained and all procedures were 
conducted in agreement with the principles of the Declaration of Helsinki. DNA sequence 
analysis of relevant coding exons, including flanking splice-site consensus sequences, 
of eight genes most commonly involved in congenital erythrocytosis was performed 
[EPOR (NM_000121), HBB (NM_000518), HBA1 (NM_000558), HBA2 (NM_000517), VHL 
(NM_000551), EPAS1 (NM_001430), EGLN1 (NM_022051), BPGM (NM_001293085)]. The only 
detected variants in BPGM were evaluated using Ensembl, gnomAD, PolyPhen-2, SIFT and 
HGMD® and classified using the ACMG criteria.2

We subsequently performed functional analyses to assess the impact of the identified 
variants. BPGM modulates the synthesis of 2,3-BPG through the Rapoport-Luebering 
shunt of the glycolytic pathway in RBCs (Supplemental Figure 1). 2,3-BPG modulates 
oxygen release by binding to deoxyhemoglobin, thereby reducing Hb-oxygen affinity.3 
Thus, reduced BPGM activity would result in decreased 2,3-BPG levels, ultimately reducing 
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oxygen release in tissues. Consequently, hypoxia-induced EPO production stimulates 
erythrocytosis to compensate for decreased tissue oxygenation.

The BPGM activity measurements were performed as described by Beutler.4 Quantitative 
analysis of 2,3-BPG was based on previously described methods using liquid 
chromatography tandem mass spectrometry after snap freezing whole blood collected 
in EDTA tubes in liquid nitrogen within 1-2 hours after collection.5 Cryovials were stored 
in -80°C until analyzing. Oxygen equilibrium curves were obtained from whole blood 
samples collected in heparin tubes using a Hemox Analyzer (TCS Scientific Corp, New 
Hope, PA, USA).6 The P50, the oxygen tension when Hb is 50% saturated with oxygen, was 
calculated using TCS Hemox OEC program software (v2.00.14).

RESULTS
Proband 1 concerned a JAK2-negative 65-year-old female patient from Belgium. She 
had lifelong high Hb levels and started with phlebotomy (target Hct <50%) and low-dose 
acetylsalicylic acid (ASA) upon an Hb increase to 18.8 g/dL, associated with recurrent 
headaches and hypertension. Phlebotomy improved these symptoms. At referral, her 
Hb level was 16.8 g/dL and Hct level was 49% (Table 1). She had a 39-year-old son with 
a medical history of retinal vein occlusion and lifelong erythrocytosis. Their EPO levels 
were normal. Both were heterozygous for a novel missense variant in BPGM: c.535C>T 
p.(Arg179Cys). Population allele frequency is 3.98-5 (gnomAD variant ID 7-134346794-C-T). 
In silico analysis showed conflicting results regarding pathogenicity of this variant.

Proband 2 was a 56-year-old, JAK2-negative Dutch man with a medical history of 
nephrolithiasis. He had asymptomatic erythrocytosis, discovered by chance in 2006 
because of nonspecific abdominal complaints. He underwent phlebotomy once every one 
to four months (target Hct <55%), and low-dose ASA was started. The patient moved and the 
current hematologist prompted further investigations into the increased Hb levels (Table 1). 
There was no splenomegaly, and no pulmonary or kidney abnormalities on imaging studies 
(chest X-ray and abdominal ultrasound) and function tests. Phlebotomy was temporarily 
halted, but initiated again when Hct exceeded 60% (target Hct <60%). He remained 
asymptomatic during phlebotomies. His 60-year-old brother also had a diagnosis of JAK2-
negative erythrocytosis with mild clinical symptoms (fatigue, headache) from age 29. After a 
normal bone marrow biopsy in 2001, this brother underwent phlebotomy (target Hct <55%) 
once every two months until 2019, and he started on low-dose ASA. Phlebotomy slightly 
improved his clinical symptoms. In both patients, EPO levels were increased. DNA sequence 
analysis of proband 2 and his brother revealed heterozygosity for a missense variant in 
BPGM: c.269G>A p.(Arg90His). The allele frequency in the total population is 1.06-5 (variant ID 
7-134346528-G-A). Their sister, who did not have erythrocytosis, did not show this variant.
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Proband 3 was a 32-year-old French male patient who presented with headache and 
tinnitus since three years. He had lifelong high Hb levels and low EPO at referral (Table 1). 
He was JAK2-negative and bone marrow biopsy was normal. He was treated with weekly 
phlebotomies (target Hct <50%). However, phlebotomies were poorly tolerated due to 
severe fatigue. They did, however, improve the hyperviscosity-related symptoms at that 
time. Proband 3 was also heterozygous for the c.269G>A p.(Arg90His) missense variant in 
BPGM. To our knowledge, the c.269G>A p.(Arg90His) variant was only reported once before 
(HGMD CM149154). That case was also heterozygous.7 

The results are summarized in Table 1. BPGM activity was decreased in all cases 
heterozygous for the c.269G>A p.(Arg90His) variant (proband 2, his brother, and proband 
3). BPGM activity was low-normal in the two cases with the c.535C>T p.(Arg179Cys) variant. 
In all individuals, 2,3-BPG levels were reduced and most pronounced in the ones with the 
lowest BPGM enzymatic activity. In addition, decreased P50 levels were measured in all 
affected individuals, indicating a left-shift of the oxygen equilibrium curve and, hence, 
increased Hb-oxygen affinity. EPO levels were only increased in proband 2 and his brother, 
possibly due to their phlebotomies. EPO levels were (low-)normal in the other cases.

Table 1. Clinical and functional laboratory test results of the families with congenital erythrocytosis

Family 1 Family 2 Family 3
Proband 1 

(F)
Son Proband 2 

(M)
Brother Sister Proband 3 

(M)
Heterozygous 
BPGM variant
Parameter 
(unit)

c.535C>T
p.(Arg179Cys)

c.535C>T
p.(Arg179Cys)

c.269G>A 
p.(Arg90His)

c.269G>A 
p.(Arg90His)

None c.269G>A 
p.(Arg90His)

Normal 
range

Hb (g/dL) 16.8 20.0 18.2 16.3 15.6 19.3 M: 13.9-17.2
F: 11.9-15.5

Hct (%) 49 57 59 51 48 57 M: 41-50
F: 36-46

RBC (x1012/L) 5.5 6.5 6.7 6.0 4.9 6.3 M: 4.2-5.5
F: 3.7-5.0

MCV (fL) 90 88 88 86 96 91 80-97
MCH (fmol) 1.90 1.92 1.69 1.69 1.96 1.89 1.75-2.25
MCHC (g/dL) 34.0 35.0 30.9 31.7 32.9 33.7 30.6-37.1
ARC (x109/L) 208 221 110 77 134 64 25-120
WBC (x109/L) 9.9 9.1 9.3 7.7 9.5 3.8 4.0-10.0
Platelets 
(x109/L)

259 220 189 205 331 201 150-450

EPO (U/L) 7 7 46*† 56† NA 2 3-32
*4-20

BPGM activity 
(U/g Hb)

5.7 5.5 4.0 4.5 5.8 3.8 5.4-8.3

2,3-BPG 
(µmol/g Hb)

25.6 21.7 11.8 14.7 23.1 14.4 28.8±1.7‡

P50 (mmHg) 20.0 20.1 18.9 19.1 22.8 18.5 24.3±1.4‡

*Normal ranges of EPO level differ based on local laboratory reference ranges; †EPO levels of family 2 were 
based on prior measurements at the referring hospital; ‡Local laboratory normal ranges of 2,3-BPG and 
P50 are presented as mean ± standard deviation based on healthy control samples simultaneously analyzed 
for quality control of the assay (n=6; in duplo for P50); Hb, hemoglobin; M, male; F, female; Hct, hematocrit; 
RBC, red blood cells; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration; ARC, absolute reticulocyte count; NA, not available; WBC, white 
blood cells; EPO, erythropoietin; BPGM, bisphosphoglycerate mutase; 2,3-BPG, 2,3-bisphosphoglycerate; P50, 
oxygen pressure at an oxygen saturation of 50% during deoxygenation. 
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DISCUSSION
Variants in the BPGM gene are very rare. For example, no BPGM variants were identified 
when sequencing 70 cases with idiopathic erythrocytosis and elevated EPO.8 To the best 
of our knowledge, only 12 other variants (15 families) associated with erythrocytosis 
were described to date (Table 2).7,9–15 The first family with complete BPGM deficiency was 
reported in 1978 by Rosa et al.12 Four family members were compound heterozygous 
for the c.268C>T (p.Arg90Cys) and the c.61delC (p.Arg21Valfs*28) variants.14 Since then, 
only a limited number of other variants in BPGM have been described and characterized. 
Most of them concerned missense and nonsense variants. Interestingly, arginine at 
either codon 62 or codon 90 is the most frequently mutated residue (Arg62Trp, Arg62Gln, 
Arg90Cys, Arg90His). Both these catalytic site residues are involved in substrate binding, 
with Arg62 located at the bottom of the active site pocket, whereas Arg90 plays a key 
role in stabilizing and functioning of BPGM.16 We report here the second and third family 
with an arginine-to-histidine substitution at residue 90 of BPGM. In 2014, Petousi et al. 
first identified this variant by whole-genome sequencing in a 27-year-old man and his 
mother.3 Similar to our cases, they had decreased levels of 2,3-BPG and BPGM activity. 
The reported P50 was decreased, but this was calculated from arterial blood gas analysis 
and not actually measured with the Hemox Analyzer as in the current study.6 The precise 
structural consequences of the novel p.(Arg179Cys) variant require further investigation. 
Arg179 constitutes the last residue of α-helix 7 (residues 158-179) and terminal arginines 
are considered important for helix stability.17 In addition, the possible interaction between 
the side chain of Arg179 and the sidechain of Glu176 may be important. Disruption of this 
interaction by the Arg179Cys mutation could disrupt helix formation, leading to alteration 
of the downstream substrate binding site within the catalytic domain of BPGM.

Historically, BPGM deficiency is considered an autosomal recessive disorder (https://
omim.org/entry/613896). However, from the growing number of cases of heterozygous 
BPGM variants associated with erythrocytosis, an autosomal dominant inheritance 
pattern with variable penetrance or expression also appears to emerge (Table 2). In 
several but not all heterozygous cases, functional effects including higher Hb-oxygen 
affinity were found, sometimes more pronounced than effects on Hb and Hct level. On 
the other hand, some homozygous patients remained asymptomatic despite extremely 
low BPGM activity. This shows that the pathophysiology of congenital erythrocytosis is 
complex and that description of cases like the ones presented here may contribute to a 
better understanding of this particular rare cause of erythrocytosis. Ultimately, this may 
answer the question whether an intervention would be necessary and effective in all 
cases, keeping the risk of thrombosis versus tissue hypoxia in mind. 

In conclusion, two rare heterozygous variants in the BPGM gene, a novel c.535C>T 
p.(Arg179Cys) and the previously once reported 269G>A p.(Arg90His) variant were found 
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to be associated with secondary congenital erythrocytosis. Of these, the latter variant 
had a more severe functional effect, but not directly a more severe clinical effect. Our 
case series also clearly illustrates that EPO levels are not reliable to identify patients with 
BPGM variants. Awareness of cases with BPGM variants could help to provide more insight 
towards an earlier diagnosis, the inheritance pattern, genotype-phenotype relationship, 
and management of patients with BPGM variants. 
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SUPPLEMENTAL MATERIAL
Supplemental Figure 1. Schematic overview of the Rapoport-Luebering shunt of the glycolytic 
pathway in red blood cells (RBCs). The formation of 2,3-bisphosphoglycerate (2,3-BPG) is catalyzed 
by the enzyme bisphosphoglycerate mutase (BPGM) and occurs as a shunt from the main pathway of 
glycolysis in RBCs, bypassing the phosphoglycerate kinase step. Created with BioRender.com. NAD+/
NADH, oxidized/reduced nicotinamide adenine dinucleotide; Pi, inorganic phosphate; H+, hydrogen; 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; H2O, water.
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ABSTRACT
Adenosine Triphosphatase (ATPase) Phospholipid Transporting 11C gene (ATP11C) encodes 
the major phosphatidylserine (PS) flippase in human red blood cells (RBCs). Flippases 
actively transport phospholipids (e.g., PS) from the outer to the inner leaflet to establish and 
maintain phospholipid asymmetry of the lipid bilayer of cell membranes. This asymmetry is 
crucial for survival since externalized PS triggers phagocytosis by splenic macrophages. Here 
we report on pathophysiological consequences of decreased flippase activity, prompted 
by a patient with hemolytic anemia and hemizygosity for a novel c.2365C>T p.(Leu789Phe) 
missense variant in ATP11C. ATP11C protein expression was strongly reduced by 58% in 
patient-derived RBC ghosts. Furthermore, functional characterization showed only 26% 
PS flippase activity. These results were confirmed by recombinant mutant ATP11C protein 
expression in HEK293T cells, which was decreased to 27% compared to wild type, whereas 
PS-stimulated ATPase activity was decreased by 57%. Patient RBCs showed a mild increase 
in PS surface exposure when compared to control RBCs, which further increased in the 
most dense RBCs after RBC storage stress. The increase in PS was not due to higher global 
membrane content of PS or other phospholipids. In contrast, membrane lipid lateral 
distribution showed increased abundance of cholesterol-enriched domains in RBC low 
curvature areas. Finally, more dense RBCs and subtle changes in RBC morphology under 
flow hint toward alterations in flow behavior of ATP11C-deficient RBCs. Altogether, ATP11C 
deficiency is the likely cause of hemolytic anemia in our patient, thereby underlining the 
physiological role and relevance of this flippase in human RBCs.

Inner leaflet

Outer leaflet

Flippase Floppase Scramblase

ATP ADP ATP ADP

Cholinephospholipid 
(e.g. phosphatidylcholine, sphingomyelin)

Aminophospholipid
(e.g. phosphatidylserine, phosphatidylethanolamine)

Inner leaflet

Outer leaflet

Flippase Floppase Scramblase

ATP ADP ATP ADP

Normal:

ATP11C deficiency:
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INTRODUCTION
Hereditary hemolytic anemia encompasses a group of inherited conditions characterized 
by premature destruction of red blood cells (RBCs). They can be broadly classified as 
hemoglobin (Hb) disorders, RBC enzyme disorders, or RBC membrane disorders. In the 
latter, modifications in membrane proteins may disrupt membrane mechanical integrity, 
stability, and RBC deformability.1

Membrane proteins are essential to establish and maintain phospholipid asymmetry 
of the lipid bilayer of cell membranes. Indeed, phosphatidylserine (PS) and 
phosphatidylethanolamine (PE) are restricted primarily to the inner leaflet, whereas 
phosphatidylcholine (PC) and sphingomyelin are exposed on the cell surface.2 Maintenance 
of this asymmetric distribution is ensured by flippases, floppases, and scramblases. 
Flippases actively transport phospholipids (e.g., PS) from the outer to the inner leaflet.3–6 
The major flippase in human RBCs, Adenosine Triphosphatase (ATPase) Phospholipid 
Transporting 11C (ATP11C), forms a complex with transmembrane protein cell cycle 
control protein 50A (CDC50A, also known as TMEM30A).7–10 PS internalization reduces 
the “eat me” signal for phagocytosis by macrophages of the reticuloendothelial system, 
especially in the spleen.5 Conversely, ATP-binding cassette (ABC) transporter floppases 
actively transport phospholipids at a slower rate in the opposite direction, whereas 
calcium (Ca2+)-dependent scramblases facilitate passive transportation in both directions.3

Senescent RBCs show decreased flippase activity, while scramblase activity remains 
unchanged. This contributes to increased PS surface exposure, signaling splenic 
macrophages.11 In a wide variety of RBC disorders, including sickle cell disease and 
thalassemia, increased PS surface exposure is associated with hemolytic anemia.12,13 In 
addition, exposing PS on the RBC surface can lead to increased RBC adhesion to vascular 
endothelial cells and activation of surface-dependent plasma blood-clotting factors.14 
Moreover, as the interplay of PS with the spectrin-based membrane skeleton is crucial 
for mechanical stability of RBCs,3,15,16 one could expect alteration of this RBC parameter 
as well. This is reflected by studies in ATP11C deficient mice and the one human patient 
identified to date with an ATP11C variant.17,18 

Here we study the effects of ATP11C deficiency and report on a patient with hemizygosity 
for a novel c.2365C>T p.(Leu789Phe) variant in ATP11C. Functional analysis of patient RBCs 
and recombinant mutant murine protein provide convincing evidence for the pathogenic 
nature of the identified missense variant and the pathophysiological consequences of 
decreased RBC flippase activity, and thereby hemolytic anemia observed in the patient. 
In addition, our findings lead to a better understanding of the physiological role and 
important function of ATP11C in human RBCs. 
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METHODS
Patient and control samples
After obtaining informed consent (Netherlands Trial Register NTR6462, approved by the 
Medical Research Ethics Committee Utrecht, the Netherlands, no. 17/450, in accordance 
with the Declaration of Helsinki), peripheral blood samples from the patient were 
collected into tubes with ethylenediaminetetraacetic acid or heparin as anticoagulant at 
three outpatient visits in 2019, 2021, and 2022. The mother’s blood was also analyzed for 
presence of the variant. Control blood samples (n=7 in total), if needed age- and gender-
matched, were collected through the Mini Donor Service of the University Medical Center 
Utrecht, the Netherlands. After collection, part of the tubes were transferred by cooled 
transport to other research laboratories in Europe. 

Mutation analysis of ATP11C
Genomic DNA was extracted from peripheral blood of the patient using standard 
procedures.19 Targeted next generation gene panel sequencing was performed as 
part of the diagnostic work-up for hereditary hemolytic anemia on 46 genes including 
ATP11C (Supplemental Table 1). Genetic analysis of the mother’s DNA was performed by 
sequencing of ATP11C only.

Recombinant mutant ATP11C 
Recombinant mutant ATP11C protein was generated by site directed mutagenesis 
of the equivalent residue (Leu786) in murine Atp11c cDNA. Mutant and wild type (WT) 
proteins were transiently expressed in HEK293T cells. Expression levels were determined 
by immunoblotting after solubilization with 3-cholamidopropyl dimethylammonio 
1-propanesulfonate (CHAPS; Anatrace) detergent. PS titration ATPase activity assays 
were performed on detergent-solubilized protein with the same number of cells used 
in each experiment. Single point ATPase activity of the purified protein in presence of 
100% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar Lipids) versus 20% 
1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS; Avanti Polar Lipids) and 80% DOPC was 
measured to analyze functional properties of Leu786 mutants.20 ATPase activity was 
studied by comparing the rate of ATP hydrolysis in 20% DOPS and 80% DOPC with the 
rate in 100% DOPC. Maximum activity (Vmax) and Michaelis-Menten constant (Km) were 
calculated using Michaelis-Menton kinetics in Prism 7 (GraphPad Software). 

Immunoblotting of human RBCs
ATP11C protein expression was determined in RBC ghosts by immunoblotting. RBCs 
were purified using columns with cellulose [1:1 w/w α-cellulose and cellulose type 50 
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(Sigma-Aldrich) in NaCl 0.9%].21 RBC ghosts were prepared by lysing RBCs with hypotonic 
phosphate buffer (1.4 mM NaH2PO4, 5.7 mM Na2HPO4) supplemented with complete 
protease inhibitor cocktail (Roche). This was followed by washing steps (21,000 g, no 
brake) till pellets were free of Hb. Protein concentration was measured by the Bradford 
method using Protein Assay Dye Reagent Concentrate (Bio-rad). Equal protein amounts 
were electrophoresed by sodium dodecylsulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) on a 4-12% gradient gel and transferred to a polyvinylidene difluoride (PVDF) 
membrane. This PVDF membrane was blocked with Odyssey Blocking Buffer (LI-COR) 
in phosphate buffered saline (PBS; Sigma-Aldrich) and incubated with: anti-ATP11C [Rat 
IgG; 1:50; conditioned medium 11C4 clone (gift Prof. Namakura, Tokyo Women’s Medical 
University)] and anti-actin [Mouse IgM; 1:5,000 (Calbiochem CP01)]. Blots were visualized 
using Alexa Fluor® 680-conjugated Goat anti-Rat IgG and Goat anti-Mouse IgM antibodies 
(LI-COR) and quantified using the Odyssey Infrared Imaging System. Levels of ATP11C 
were evaluated relative to the intensity of actin with background correction.

Measurement of flippase activities in human RBCs
Flippase activity was determined by measuring PS internalization on purified RBCs using flow 
cytometry, in accordance with previously reported methods.18 Basal flippase-independent 
flipping activity was determined after treating RBCs with 5 mM N-ethylmaleimide (NEM; 
Sigma-Aldrich) in PBS supplemented with glucose 0.2% (PBS-G) for 20 minutes at 37°C, 
which irreversibly and non-specifically inactivates flippases.22 1 μL of 1 mg/mL fluorescent 
PS (16:0-06:0 NBD-PS; Avanti Polar Lipids) was added to 1 mL of purified RBCs incubated 
in PBS-G at a hematocrit of 5% and incubated for 0–20 minutes at 37°C. Every 5 minutes, 
20 μL of the upper suspension was washed with 1 mL PBS-G with 1% bovine serum 
albumin (BSA; Sigma-Aldrich) to remove remaining NBD-PS. Incubated RBCs were washed 
with 1 mL PBS-G. NBD-derived fluorescence was measured in duplicate by fluorescence 
activated cell sorting (BD FACSCanto II) of 100,000 cells per sample. The proportion of PS 
transported was calculated by dividing the fluorescence intensity of the inner leaflet by 
that of the loaded NBD-PS. Calculated fluorescent intensities were plotted, and the slope 
of the line was used as the NBD-PS transportation rate to calculate flippase activity.

Measurements of PS surface exposure in human RBCs
PS surface exposure was determined by flow cytometry on purified RBCs. Because 
cellulose may decrease the amount of dense RBCs, whole blood collected in heparin tubes 
was centrifuged (1,500 g, 10min) to remove plasma, and the upper part of RBCs with buffy 
coat was collected and separated from the lower part of RBCs. This lower part was washed 
with NaCl 0.9% (1,500 g, 5 min followed by 300g, 10 min). The upper part of RBCs was 
separated from the buffy coat using a column filled with cellulose as described above. 
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The lower and upper part were combined to form the total RBCs. Annexin V-fluorescein 
isothiocyanate (FITC) (BD Biosciences), diluted 20 times with Annexin V binding buffer (10 
mM HEPES, 0.14 M NaCl, 2.5 mM CaCl2) and incubated for 15 minutes at room temperature, 
was used for flow cytometry. 

RBC storage stress experiments were performed to eliminate the influence of splenic 
removal of PS-exposing cells in vivo and to analyze PS surface exposure, in particular in 
the most dense RBCs. For this, part of the total RBCs were fractionized by density gradient 
centrifugation using 59%, 70% and 78% Percoll (GE Healthcare). Total RBCs and fractions 
were tumbled for up to two days at 37°C in ringer buffer (32 mM HEPES pH 7.4, 1 mM 
MgSO4, 5 mM KCl, 125 mM NaCl) with and without glucose (5 mM) and/or Ca2+ (CaCl2 1 
mM). In addition, apart from Annexin V-FITC also the Ca2+-independent FITC-conjugated 
bovine lactadherin (BLAC-FITC; Haematologic Technologies, diluted in PBS) was used. 
Total RBCs and fractions (2% hematocrit) were diluted 20 times with (Annexin V binding or 
ringer) buffer and incubated 15 minutes at room temperature. Fluorescence levels of the 
total RBCs and fractions were quantified using flow cytometry and corrected for blanks 
without Annexin V-FITC or BLAC-FITC.

RBC ion balance, membrane lipid composition and 
distribution
Intracellular Ca2+ content was evaluated by microscopy, flow cytometry and 
spectrofluorimetry after labeling of RBCs with the fluorescent marker Fluo-4 AM (Molecular 
Probes). For intracellular sodium (Na+) and potassium (K+) content, blood aliquots were 
collected into pre-weighed Eppendof tubes. They were washed three times in ice-cold Na+/
K+-free solution containing 100 mM Mg(NO3)2 and 10 mM imidazole-HNO3 (pH 7.4) and the 
buffy coat was aspirated. Weights of wet RBC pellets were recorded and samples were 
dried at 80°C for three days until constant weights were reached. Thereafter dry pellets 
were wet-burned in metal-free concentrated HNO3. Na+ and K+ content were measured 
using a Sherwood flame photometer. Intracellular Na+ and K+ content was normalized to 
the dry weight of the RBC pellet.

The RBC membrane lipid composition, fatty acid, cholesterol, sphingolipid and 
phospholipid contents including PS were determined by liquid chromatography–mass 
spectrometry (LC-MS) as previously reported.23–25 Membrane lipid distribution at the 
RBC surface was analyzed in parallel by LC-MS and confocal live cell imaging to evaluate 
whether local changes in lipid domains could be revealed as previously described.23,26 
Membrane cholesterol content of washed RBCs was determined with a fluorescent assay 
kit (Invitrogen) and reported to the global Hb content.26 To analyze the distribution of GM1 
ganglioside and sphingomyelin, living RBCs were spread onto poly-L-lysine (PLL)-coated 
coverslips and then labeled by trace insertion in the plasma membrane of BODIPY-GM1 
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and -sphingomyelin fluorescent analogs (Invitrogen).27 Membrane cholesterol distribution 
was evidenced through living RBC labeling with mCherry-Theta toxin fragment followed by 
immobilization on PLL-coated coverslips.26 Coverslips with living immobilized RBCs were 
placed in medium-filled LabTek chambers and observed with a wide-field fluorescence 
microscope (Zeiss Observer Z1; plan-Apochromat 100X 1.4 oil Ph3 objective). 

RBC morphology, deformability, density, markers of 
turnover, and flow properties
RBC morphology was determined on peripheral blood smears and by scanning electron 
microscopy of glutaraldehyde-fixed RBCs on filters. RBCs were prepared and analyzed as 
previously described.23,26 

Osmotic fragility through Hb release and RBC deformability using osmotic gradient 
ektacytometry with the Laser Optical Rotational Red Cell Analyzer (Lorrca; RR Mechatronics) 
were used according to the manufacturer’s instructions.23,28 

Dense RBCs (Hb concentration >41 g/dL) were measured on the ADVIA hematology analyzer 
(Siemens). RBC density separation was performed using the three Percoll gradients (59%, 
70% and 78%) yielding four different fractions of RBCs according to density (i.e., cellular 
age) (from the top layer down to the bottom of the tube: fraction 1 containing the RBCs 
with the lowest density (i.e., youngest RBCs), up to fraction 4 containing the most dense 
RBCs (i.e., senescent RBCs)).29 

Routine hematological parameters including reticulocyte counts were measured using 
a CELL-DYN Sapphire (Abbott Diagnostics). The RBC membrane protein ratio of band 
4.1a to 4.1b was measured to determine the average RBC age. Band 4.1a:b ratio was 
quantified using densitometry as reported.30,31 In short, after treatment of RBCs with di-
isopropyl fluorophosphates, ghosts were prepared according to the method of Dodge.32 
Band 4.1a:b ratio was detected in RBC ghosts after protein separation by SDS-PAGE and 
visualization of protein bands using Coomassie blue staining.

To evaluate RBC flow properties and subtle changes in RBC morphology, a lab-on-a-chip-
based point-of-care device, Erysense (Cysmic), was used.33 This method uses machine 
learning algorithms to characterize single cell morphologies in microfluidic channels with 
rectangular cross-sections to simulate capillary flow. For deformable RBCs, geometric 
asymmetry of the cross-section of the channels results in two dominating morphologies 
depending on flow velocity (centered croissant-like cells at lower velocities and off-
centered slipper-like cells at higher velocities). Distribution of the RBC lateral equilibrium 
position (y) along the channel width (W) for a given velocity is a characteristic indicator of 
single-cell flow. 



182

Chapter 8

RESULTS
Case presentation
A 37-year-old male with only a medical history of non-radicular low back pain presented 
with severe opioid-treated abdominal pain in the left upper quadrant, mild splenomegaly 
and chronic fatigue since a short febrile episode eight months before. He had reduced 
exercise capacity (early lactate threshold at 27% of predicted VO2 evaluated by pulmonary 
function tests) without abnormalities on imaging studies of the chest including high 
resolution computed tomography, and a normal Hb-oxygen dissociation curve (p50 
using a Hemox Analyzer). Abdominal ultrasound and computed tomography showed no 
gall stones or cholecystitis. Laboratory parameters showed: Hb 13.2 g/dL (normal 13.9-
17.2), mean corpuscular volume 93 fL (80-97), reticulocytosis 194 x 109/L (25-120) (4.5%), 
increased total bilirubin 1.81 mg/dL (0.18-1.23) and erythropoietin 35 IU/L (3-32). During 
follow-up lactate dehydrogenase was once increased to 261 U/L (0-250) and haptoglobine 
ranged from 0.53 to 0.79 g/L (0.30-2.00). Altogether, we conclude that the patient suffered 
from mild hemolytic anemia. Acquired causes of hemolytic anemia were excluded, as 
were common hereditary causes such as Hb variants (HPLC), deficiencies of glucose-6-
phopshate dehydrogenase and pyruvate kinase, and hereditary spherocytosis (osmotic 
gradient ektacytometry, EMA binding test). Subsequent analysis of 46 genes associated 
with hereditary hemolytic anemia revealed hemizygosity for a novel missense variant, 
c.2365C>T p.(Leu789Phe) in ATP11C. In addition, the patient was heterozygous for the 
α-spectrin (SPTA1) αLEPRA variant. This is a relatively common cause of autosomal recessive 
hereditary spherocytosis (minor allele frequency 0.5%) and heterozygosity for this variant 
is not associated with a clinical phenotype.15 

Leu789 is a highly conserved amino acid in the phosphorylation domain of ATP11C 
(Supplemental Figure 1). The Leu789Phe variant was not reported earlier and absent in the 
Genome Aggregation Database (gnomAD).34 In silico tools (SIFT, PolyPhen2 HumDiv and 
HumVar, PROVEAN, MutationTaster) predicted the variant to be deleterious. The variant 
was inherited from the patient’s mother who was heterozygous and clinically unaffected. 

Decreased protein expression and ATPase activity of 
murine Atp11c mutant in HEK293T cells
To characterize the effects of the Leu789Phe variant in ATP11C, mutagenesis was performed. 
Protein sequence analysis showed that Leu789Phe in human ATP11C aligns with Leu786Phe in 
mouse Atp11c. These species have 98% homology in their ATP11C constructs. Expression levels 
in HEK293T cells of the equivalent murine mutant (Leu786Phe) were 27 ± 14% compared to WT 
(Figure 1A). ATPase activity of WT Atp11c was strongly activated by PS. In contrast, detergent-
solubilized mutant protein showed reduced PS-stimulated ATPase activity, reflected by a 57% 
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decrease in Vmax of mutant Atp11c compared to WT (Figure 1B). Substrate affinity of the mutant 
protein was unaffected (Figure 1B). Together, these results imply that both the expression and the 
functional activity of the missense variant are significantly reduced relative to WT Atp11c.

Patient RBCs have less ATP11C protein expression, 
reduced flippase activity, and mildly increased PS surface 
exposure 
To evaluate the effect of the Leu789Phe variant on ATP11C expression in the patient, 
immunoblotting was performed. ATP11C expression in the patient was 42% decreased 
compared to controls (mean relative intensity was 8.6 ± 1.1% in the patient and 20.2 ± 
2.4% in controls; Figure 1C). In line with this, patient RBCs displayed a 74% decrease in 
internalization of added PS relative to control RBCs (mean NBD-PS internalized 10.8% 
± 3.5% in the patient and 41.1% ± 8.1% in controls; Figure 1D). In addition, PS surface 
exposure on the total population of patient RBCs was found to be 2.6-fold increased when 
compared to control RBCs (mean PS-positive RBCs 0.90% versus 0.35%; Annexin V-FITC) 
(Figure 1E). RBC storage stress experiments showed that patient’s PS exposure further 
increased on the first day after blood draw in the most dense RBCs (mean PS-positive 
dense RBCs 19.4% versus 12.8%; Annexin V-FITC; Figure 1F). However, this difference 
was only found in absence of glucose but in presence of Ca2+ in the buffer (Supplemental 
Figure 2; BLAC-FITC).
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Figure 1. Leu789Phe variant in ATP11C is associated with decreased red blood cell (RBC) flippase 
activity and increased phosphatidylserine (PS) exposure due to reduced ATP11C expression.

A.	 Immunoblot of recombinant mutant ATP11C murine protein harboring the equivalent Leu786Phe 
substitution showed expression levels that are approximately 27% compared to WT in HEK293T cells. 
Values are means ± standard deviation (SD) of n=5 experiments.

B.	 PS titration ATPase assay on detergent-solubilized recombinant mutant protein (filled squares) 
showed decreased PS-stimulated activity compared to WT (filled circles). Data points were fitted with 
Michaelis-Menton curve to calculate Km and Vmax. Values are means ± SD of n=6 measurements in n=2 
experiments. 

C.	 Relative intensity of ATP11C calculated using actin as internal control in the patient and controls. 
Values are means ± SD of n=2 experiments. 

D.	 PS flipping activity measured in patient RBCs (filled squares) showed a 74% reduction in internalization 
of NBD-PS as compared to control RBCs (filled circles) after 20 min incubation. Values are means ± SD 
of n=2 experiments with in total n=3 controls. 

E.	 Percentage of PS-positive RBCs (Annexin V-FITC) was increased in patient’s total RBCs compared to 
control’s total RBCs (n=1) on the day of blood draw (D0). 

F.	 In RBC storage stress experiments, one day after blood draw (D1) the percentage of PS-positive RBCs 
was further increased but differed only in the most dense RBCs (i.e., fraction 4 corresponding to the 
layer of Percoll 78%) of the patient compared to control (n=1; Annexin V-FITC). However, this difference 
in PS exposure could only be detected in conditions when RBCs were tumbled at 37°C in ringer buffer 
in absence of glucose but presence of Ca2+.

CHAPS, 3-cholamidopropyl dimethylammonio 1-propanesulfonate; WT, wild type; L786F, Leu786Phe; 
ATP11C, Adenosine Triphosphatase Phospholipid Transporting 11C; PS, phosphatidylserine; ATPase, 
Adenosine Triphosphatase; ATP, adenosine triphosphate; Km, Michaelis-Menten constant; Vmax, maximum 
activity; (NBD-)PS, (nitrobenzoxadiazole-labeled) phosphatidylserine; RBCs, red blood cells.
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Patient RBCs do not exhibit obvious changes in intracellular 
cation content nor in global RBC membrane PS content
Intracellular Ca2+ content was measured to evaluate whether the mild increase of PS 
surface exposure in patient RBCs could be associated with changes in scramblase activity. 
Independent of the method used, no definite changes in intracellular Ca2+ levels were seen 
(Supplemental Figure 3). Intracellular cation content was also measured as it is known 
that a decrease in intracellular K+ reduces flippase activity.11 Intracellular Na+ was slightly 
reduced, but intracellular K+ content of patient RBCs did not obviously differ from that of 
controls (Supplemental Figure 4).

In addition, the mild increase of PS surface exposure could also result from (i) reduced 
PS versus increased lysoPS levels, as previously shown in a patient with hereditary 
elliptocytosis;35 and/or (ii) increased levels of cholesterol, shown to contribute to the 
control of phospholipid asymmetry by inhibiting phospholipid scrambling.9,26,36 We 
therefore compared the patient and control RBCs for phospholipids, lysophospholipids, 
sphingomyelins, ceramides, cholesterol, and oxysterol contents. However, there was 
no obvious difference in membrane lipid composition between patient and controls, 
except a general decrease of PC species and differential modulation of PS and PE species, 
based on length and unsaturation (Figure 2A-B). To finally evaluate the possibility that 
such lipids could be differentially clustered at the RBC outer membrane, we determined 
the distribution and abundance of cholesterol-, GM1 ganglioside- and sphingomyelin-
enriched domains.27,37 Only cholesterol-enriched domains were significantly increased in 
patient RBCs by approximately twofold (Supplemental Figure 5). 

Patient RBCs display more dense RBCs with a higher turnover 
and different morphology under flow without evidence for 
increased osmotic fragility or reduced deformability
Then, we wondered if the variant could have an impact on RBC morphology and 
deformability. RBC morphology of peripheral blood smears was unremarkable except for 
mild polychromasia and occasional ovalocytes (Figure 3A). Scanning electron microscopy 
showed preservation of RBC morphology apart from sporadic echinocytes (Figure 3B). 

While RBC osmotic fragility and deformability were preserved (Figure 3C and 3E), a higher 
percentage of total dense cells was measured (3.3% of total RBCs in patient whole blood 
compared to 0.6 ± 0.4% in n=2 controls). This was also reflected by more RBCs in fraction 
3-4 after Percoll-based density centrifugation and a broader distribution of RBC fractions, 
which is generally a characteristic of RBCs of patients with hereditary hemolytic anemia 
(Figure 3D and 3F).38
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Figure 2. No obvious membrane lipid change is seen in the patient RBCs when normalized to 
controls, except a decrease of PC species and differential modulation of PS and PE species 
based on length and unsaturation. 

A.	 Lipid species were assessed by HPLC-MS on washed, lysed and lipid-extracted RBCs. Results are 
expressed as percentage of controls. Data in patient are means of three independent lysates from 
one experiment (red columns) and data in controls are means ± SD of three different donors each in 
triplicates (gray columns). 

B.	 Cholesterol content determined through a fluorescent assay kit. Cholesterol content was normalized to 
Hb content and expressed as percentage of control RBCs. Mean ± SD of eight determinations. 

PS, phosphatidylserine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PC, phosphatidylcholine; 
SM, sphingomyelin; Cer, ceramide; ns, not significant.
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Figure 3. RBC morphology, fragility, deformability and density-based fractionation

A.	 Peripheral blood smear (May-Grünwald Giemsa stain) of the patient with the Leu789Phe variant in 
ATP11C showed mild polychromasia and occasional ovalocytes (black arrow) (Leica DM 3000 LED 
microscope, Leica Application Suite version 4.8).

B.	 Preservation of RBC morphology apart from some echinocytes visualized by scanning electron 
microscopy.

C.	 Preservation of resistance to hemolysis.
D.	 RBCs of the patient and controls (n=2) were separated by Percoll-based density centrifugation with 

an equal volume of 2 mL PBS-diluted RBCs layered on three different Percoll gradients, yielding 
four different fractions (i.e., the formation of bands of cells at the interface of two different Percoll 
solutions). As visualized on these pictures, the patient showed more RBCs in the denser fraction 3 and 
4 compared to controls.

E.	 Preservation of RBC deformability, expressed as the elongation index (EI) reflecting the total population 
of RBCs, under an osmotic gradient.

F.	 Profile of the cell distribution derived from intensity-based analysis and aligned with the pictures in 
panel F showed that patient had more RBCs in fraction 1 and 3 and less RBCs in fraction 2 compared 
to the controls. The density distribution refers to the cells on top of the tube to the lowest measurable 
position at the bottom of the tube. Fraction 4 could not be included in this analysis because of 
interference of the conical tube base.

RBC, red blood cell; Hb, hemoglobin. 
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Apart from a mild increase in reticulocyte count, a decreased 4.1a:b ratio was found in the 
patient compared to controls at two time points (0.78 versus 1.14 ± 0.08 and 1.08 ± 0.03 
versus 1.66 ± 0.11). This indicates reticulocytosis due to increased RBC turnover. 

In addition, a difference was seen in single cell flow characteristics of patient RBCs 
compared to control RBCs (Figure 4A). In general, more centered croissant-like cell shapes 
were present in the patient (Figure 4B). Assuming that these differences reflect RBC 
properties in capillary flow, this could indicate an inability to transfer capillaries due to 
altered deformation, which in turn could lead to vaso-occlusion, pain crisis and ischemia-
reperfusion injury. This could be an attractive hypothesis in light of the severe chronic 
abdominal pain, but it remains to be further investigated and confirmed. 

Figure 4. RBC morphology under flow

A.	 Single cell analysis was performed in microfluidic, rectangular channels (y=lateral position, width 
(W)=10 µm, height=8 µm, pressure=500 mbar, velocity of cell≈4 mm/s). Patient sample showed a 
higher fraction of RBCs that flowed in the center of the channel at y=0 (probability density functions 
(pdf) of the normalized cell’s center-of-mass in y-direction; p-values are derived from one-way ANOVA 
test with Tukey’s multiple comparison). 

B.	 Patient RBCs showed more croissant-like cell shapes when compared to control RBCs (n=2, age and 
gender matched).

DISCUSSION
A novel hemizygous missense variant, c.2365C>T p.(Leu789Phe), in ATP11C was found in 
a patient with mild hemolytic anemia. This variant led to a marked decrease in flippase 
activity in patient RBCs (74% reduction) and HEK293T cells expressing the equivalent 
murine mutant ATP11C protein (57% reduction). Decreased flippase activity was due to 
decreased ATP11C expression levels and decreased enzymatic function. Because ATP11C 
is the only abundant P4-ATPase in human RBCs, it is considered to play an important 
role in establishing and maintaining RBC membrane phospholipid asymmetry essential 
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for RBC survival. Mild alterations in PS surface exposure, RBC morphology (under flow), 
density, and turnover were identified.

To date, only one patient with an ATP11C variant has been reported.18 This other patient 
was hemizygous for the c.1253C>A p.(Thr418Asn) missense variant in ATP11C, and had a 
similarly mild hemolytic anemia, diagnosed at childhood, but no other complaints. Although 
our patient first presented at adult age after a febrile episode, his overall clinical picture 
seemed more severe with pronounced spleen pain, possibly related to phagocytosis of 
PS-positive RBCs by splenic macrophages, tiredness, and reduced physical capacity. 
Inflammation (i.e., febrile episode) at the onset of his complaints, triggering production 
of inflammatory mediators such as secretory phospholipase A2 could have played a 
role by attacking PS-exposing RBCs.39 This could have activated his reticuloendothelial 
system, which could elicited a vicious circle between hemolysis and inflammation. Such 
aggravation of hemolysis is well recognized in other hereditary hemolytic anemias.40 
Interestingly, older age is associated with increased PS surface exposure in ATP11C 
deficient mice, possibly leading to worsening of anemia.17

Arashiki et al. found in the other patient a larger, tenfold instead of nearly fourfold decrease 
in flippase activity. In addition, an increase in PS surface exposure was only reported in the 
0.1% most dense RBCs,18 whereas we already found a mild increase in PS expression in 
the total RBC population. This may reflect differences in experimental settings, in potential 
alterations of transporter-lipid interactions by adding the polar, bulky NBD derivatives 
for flippase activity measurements, in the underlying variants on residual flipping activity 
of ATP11C, other known factors influencing flippase activity (e.g., intracellular ATP, K+, 
or Ca2+ concentration) or compensatory activity of other flippases such as ATP11A and 
ATP11B.8,11,41 Moreover, it is worth mentioning that in both patients, in presence of an 
active spleen, only PS exposing cells that escape removal by the spleen are measured. 
The fact that PS exposing cells are increased after collection indicates that the normal 
recognition and removal of PS exposing cells is overwhelmed. Therefore, the measured 
percentage of PS exposing cells likely underestimates the formation of these cells in vivo. 
The more pronounced increase in PS seems to be in line with the more severe clinical 
phenotype in our case, although the hematological phenotype appears comparable.

We further investigated the marked decrease in flippase activity in RBCs by analysis of 
recombinant mutant ATP11C. We could strengthen our hypothesis that Leu789Phe 
variant is pathogenic based on decreased protein expression and enzymatic activity 
compared to wild type. Just like in humans, murine Atp11c variants have previously been 
associated with anemia.17 Apart from anemia, mice with a loss-of-function variant in 
ATP11C showed stomatocytosis, but also alterations in cells other than RBCs, resulting 
in cholestasis, hepatocellular carcinoma and defects in B-cell maturation.17,42 Contrary to 
mice deficient in ATP11C, no significant alterations of RBC shape, although we observed 



190

Chapter 8

some under flow, or other cells were previously reported in humans.17,18 However, this 
does not necessarily mean that variants in ATP11C only affect RBCs, especially in specific 
vulnerable conditions such as inflammation.

In addition, our research showed that RBCs of our patient seem to differ from normal, 
senescent RBCs and RBCs of other hereditary hemolytic anemias such as sickle cell 
disease, in which decreased flippase activity and/or increased PS exposure are associated 
with decreased intracellular K+ and/or increased Ca2+ levels.11,43,44 Probably, pathogenicity 
of the ATP11C variant reported here is solely due to premature aging of RBCs within the 
circulation by enhanced (i.e., accelerated) PS surface exposure. In RBC storage stress 
experiments without macrophage driven removal of PS-positive cells in the spleen, we 
could trigger PS surface exposure mainly in the most dense RBCs tumbled at 37°C in 
ringer buffer without glucose. Ca2+ was needed in the buffer, both when analyzing by 
Ca2+-dependent binding of annexin V-FITC and Ca2+-independent binding of BLAC-FITC, 
suggesting that PS is not exposed on RBC surfaces as long as scramblase is inactive, 
regardless of flippase activity. Thus, one should consider scramblase (in)activity as 
influencing factor of PS surface exposure. 

Finally, we were able to identify subtle changes in domains of the outer membrane leaflet 
and RBC morphology, also under flow. The exact mechanisms and physiological relevance 
remain to be established, but could be related to altered biophysical, rheological, 
membrane stability, and oxygen delivery properties.27,33,45 

In summary, we provide convincing evidence for the pathogenic nature of a novel 
c.2365C>T p.(Leu789Phe) missense variant in ATP11C. Our findings likely explain the 
hemolytic anemia in the patient but not his entire clinical phenotype. Although ATP11C 
deficiency is rare, it may be more frequent than the two cases currently known. This may 
be because of its mild clinical expression and the fact that ATP11C is not regularly part 
of many diagnostic Next Generation Sequencing gene panels.46–48 Identification of more 
patients and genetic variants, combined with functional tests including flippase activity 
and PS surface exposure could aid in a better understanding of the phenotypic expression 
of ATP11C deficiency.
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SUPPLEMENTAL MATERIAL
Supplemental Table 1. Gene panel with 46 genes for hereditary hemolytic anemia

Hereditary hemolytic anemia
46 genes
EMS00v17.1
https://www.umcutrecht.nl/genpanel 

Gene name

ABCB6 C15orf41 GCLC KCNN4 PKLR
ABCG5 CD59 GPI KIF23 RHAG
ABCG8, CDAN1 GPX1 KLF1 SEC23B

ADA COL4A1 GSR NT5C3A SLC2A1
AK1 CYB5R3 GSS PFKM SLC4A1

ALAS2 EPB41 HBA1 PGD SPTA1
ALDOA EPB42 HBA2 PGK1 SPTB
ANK1 G6PD HBB PGLS TALDO1

ATP11C GATA1 HK1 PIEZO1 TPI1
XK
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Supplemental Figure 1. Location of Leu789 in the structure of ATP11C 
A.	 Structure of ATP11C (PDB: 7VSH) in its E1P state showing the transmembrane domains (teal), the 

phosphorylation or P-domain (blue), the nucleotide-binding or N-domain (red), the actuator or 
A-domain (yellow), and CDC50A (charcoal). Rectangle (grey) demark the membrane. The Leu789 
residue is shown as green spheres.

B.	 An enlargement showing the location of Leu789 (green sticks). The Leu789 extends from β-fold 
into a cavity where it forms nonpolar interactions with Cys688 and Val675 (black sticks). The 
sequence of human ATP11C is based on accession number Q8NB49.
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Supplemental Figure 2. PS exposure was dependent on the presence of Ca2+. RBC storage stress 
experiments showed that in presence of both glucose and Ca2+ (left bar graphs), or in absence of 
both glucose and Ca2+ (right bar graphs), the percentage of PS-positive RBCs (BLAC-FITC) remained 
low one day after blood draw (D1) when tumbled at 37°C in the ringer buffer. This was observed for 
both the total RBCs (filled bars) and for the most dense RBCs (dotted pattern). In absence of glucose, 
but in presence of Ca2+ (middle bar graphs) in the ringer buffer, the percentages of PS positive RBCs 
increased but differed only in the most dense RBCs of the patient compared to controls (n=2).

+ Glucose
+ Ca2+

- Glucose
+ Ca2+

- Glucose
- Ca2+

Supplemental Figure 3. Intracellular Ca2+ levels. Intracellular Ca2+ levels were obtained by confocal 
microscopy (A) or flow cytometry (B and C) of isolated RBCs after 1-hour incubation at 37°C with Fluo-4 
AM by two different research laboratories (samples of A and B were shipped overnight to Germany 
and samples of C were measured on site at the same visit). Each plot is normalized to the mean of the 
controls and plotted on a Log2 scale; all to the same scale. Results (mean ± SD) show the variability 
in dependence of the sample treatment. It looks like Ca2+ in patient RBCs slightly increased due to 
transportation, which may hint towards a higher Ca2+ susceptibility, but no definite changes were 
seen. C, control; P, patient.
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Supplemental Figure 4. Intracellular Na+ and K+ content in RBCs. Results (mean values ± SD) 
of intracellular Na+ (A) and K+ (B) content in control RBCs (n=3) and the patient (n=1, measured in 
quadruplicate). The obtained results indicate that patient RBCs contained slightly but significantly less 
Na+ than control RBCs (*P ≤ 0.05, Students t-test of the SigmaPlot version 13 software). This finding 
could indicate an upregulation in Na+/K+-ATPase transport activity, although the actual assessment of 
the Na+/K+-pump function was not performed in this study. No significant difference in intracellular K+ 
was seen between patient and control RBCs.
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Supplemental Figure 5. The abundance of cholesterol-enriched domains at the patient RBC 
surface is increased as compared to healthy RBCs. RBCs were either immobilized on PLL-coated 
coverslips and then labeled with fluorescent BODIPY analogs of GM1 ganglioside (GM1) or sphingomyelin 
(SM), or labeled with the fluorescent Theta toxin fragment specific to endogenous cholesterol and 
then immobilized on PLL-coated coverslips (Chol). All coverslips were then directly observed by vital 
fluorescence microscopy and quantified for the abundance of lipid domains. Representative RBCs within 
a representative image out of 10 per coverslip were selected for the Figure and the fluorescence image 
transformed into black and white with the Zen software in order to facilitate the visualization of lipid 
domains at RBC surface. Furthermore, lipid domain abundance was quantified through manual counting 
of 3-4 images per coverslip (i.e. ~300 RBCs), normalized by the average hemi-RBC area calculated with 
the Fiji software and finally expressed as % of lipid domain abundance of the control sample. Data 
are means ± SEM of 3 independent experiments. GM1, GM1 ganglioside; SM, sphingomyelin; chol, 
cholesterol; One-sample Wilcoxon signed-rank tests. ns, not significant; *p < 0.05.
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SUMMARY
Hereditary red blood cell (RBC) disorders are genetically and phenotypically heterogenous 
disorders that may all impact RBC metabolism to a variable extent.1–5 Hereditary hemolytic 
anemias including sickle cell disease (SCD) represent a substantial part of all anemias. 
In general, the burden of disease and disability caused by anemias is underestimated.6,7 
Although the prevalence of SCD is high in some low- and middle-income regions, it is 
considered a rare disease in the Netherlands and other high-income regions.8 Since in 
high-income regions most research is conducted on more prevalent diseases, patients 
with SCD still face significant challenges in managing their symptoms.9,10 Nowadays, great 
advances have been made and more attention is paid to research that focuses on SCD.11 
This has provided new insights on how dysregulated RBC metabolism may be involved 
and targeted in SCD and other, rare hereditary RBC disorders.12 

The aims of this thesis were to improve the knowledge about potential emerging 
therapies that target RBC metabolism in SCD and to study new pathologic variants of 
other, rare hereditary RBC disorders associated with dysregulated RBC metabolism. This 
thesis in particular describes studies on two novel, RBC function-improving therapies 
in development for SCD. SCD thus serves as a use case for a better understanding of 
dysregulated RBC metabolism in two other, rare hereditary RBC disorders that were 
identified, studied and described in this thesis.

The efficacy of therapies that modulate RBC metabolism in SCD including the oral pyruvate 
kinase (PK) activator mitapivat and a composition of endogenous metabolic modulators is 
elaborated in Part I of this thesis. The hemoglobinopathy SCD is a hereditary RBC disorder 
in which patient RBCs contain hemoglobin S (HbS) molecules that are produced due to a 
point mutation in the β-globin gene instead of normal hemoglobin (Hb) molecules. HbS 
molecules polymerize and form long, rigid fibers upon deoxygenation, which leads to RBC 
sickling. This gives rise to the characteristic sickle shaped and further damaged RBCs that 
cause SCD-related complications. Deoxygenation of Hb(S) molecules are influenced by 
multiple metabolic factors including a higher intracellular level of the glycolytic intermediate 
2,3-diphosphoglycerate (2,3-DPG) as previously mentioned in Chapter 1.13–15

In Chapter 2, in light of RBCs that each have their own energy produced by glycolysis 
that is required for cellular homeostasis, the role of PK is explained. PK is a key enzyme in 
glycolysis that regulates the metabolic flux and energy production in the form of adenosine 
triphosphate (ATP). The historical steps for the recent development of PK activators and the 
rationale for PK activation therapy in hereditary hemolytic anemias including PK deficiency, 
thalassemias, and SCD were reviewed. Based on positive results of the first studies with PK 
activators, mitapivat has been approved for the treatment of adults with PK deficiency in 
Europe and the United States of America. PK activators are currently also investigated as 
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therapy for patients with various other hereditary hemolytic anemias. Indeed, ex vivo and 

in vivo studies showed convincing evidence of the potential of PK activators to substantially 
improve the disease course of various hereditary RBC disorders. 

Chapter 3 provides the first report on the safety and efficacy of in vivo treatment with 
mitapivat in SCD. In the 8-week dose-finding period of a phase 2, open-label, investigator-
initiated study, the ESTIMATE study, mostly mild and transient treatment-emergent adverse 
events (TEAEs) were observed. One serious adverse event, assessed as non-treatment-
related, occurred. Hereby, the clinical proof of concept of PK activation in SCD was 
established. Overall, RBC sickling and the hemolytic anemia improved significantly at week 
8 when compared to baseline. At the end of this period, 6/8 (75%) of patients achieved an 
increase in Hb level of ≥1 g/dL when compared to baseline. 

In Chapter 4, the follow-up results of the one-year fixed-dose extension period of the 
ESTIMATE study are reported. No new safety concerns were reported besides one other 
serious adverse event, assessed as non-treatment-related. Again, a significant improvement 
in Hb level was seen, which was accompanied by decreases in markers of hemolysis. In 
addition, the annualized rate of vaso-occlusive events (VOEs) reduced significantly in the dose-
finding period when combined with the fixed-dose extension period when compared to the 
historic baseline of VOE frequency. These positive results on sustained and clinical efficacy 
are the first reported and highly important since there still exists a need for therapies that 
both improve clinical complications of hemolytic anemia and painful VOEs in SCD. Both have 
a tremendous impact on the quality of life of these patients. The results of the ESTIMATE study 
are particularly promising for the ongoing phase 2/3 placebo-controlled study.

In Chapter 5, untargeted metabolomics is used to gain insight into changes in the metabolic 
blood profile of patients with SCD who were treated with mitapivat in the dose-finding period 
of the ESTIMATE study. The metabolic blood profile was partly restored from baseline after 
8-week treatment with mitapivat when compared to the metabolic blood profile of healthy 
controls. The metabolic effects of mitapivat were widespread and were not limited to effects 
on only glycolysis, thereby highlighting the multisystem nature of SCD. 

In light of SCD being a multisystem disease, Chapter 6 highlights another compound. 
This compound is composed of ten different amino acids and derivatives [arginine, 
citrulline, N-acetylcysteine, glutamine, carnitine, leucine, lysine, histidine, valine and serine 
(RCitNacQCarLKHVS)]. These components are a class of endogenous metabolic modulators. 
The compound was designed based on plasma amino acid profiling in SCD patients with the 
intention to multi-target RBC metabolism and RBC properties such as hydration, deformability 
and adhesion. Ex vivo treatment with this compound of blood from patients with SCD [sickle 
cell anemia (SCA; HbSS) or HbSC disease] improved markers of RBC hydration, increased the 
overall RBC deformability and decreased RBC adhesion to subendothelial laminin. 
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Overall, we conclude that targeting RBC metabolism in SCD is promising as a novel 
therapeutic approach as described in the Chapters of Part I.

In Part II of this thesis, new interesting insights into dysregulated RBC metabolism of 
novel variants associated with extremely rare hereditary RBC disorders are given. Next 
to research in SCD, research on RBC metabolism in general may help to elucidate the 
pathophysiology of less common and yet unknown hereditary RBC disorders. Growing 
numbers of pathogenic variants are found in genes that influence RBC metabolism by 
targeted next generation gene panel sequencing. Genetic testing in combination with 
functional testing in RBCs of for example glycolytic enzyme activities and metabolic 
dysfunction may identify more patients with hereditary RBC disorders. Identification 
of pathogenic variants gives rise to a better understanding in the heterogeneity, 
pathophysiology and treatment options in these disorders.

Chapter 7 focusses on a case series of patients with congenital erythrocytosis associated 
with heterozygosity for bisphosphoglycerate mutase (BPGM) variants. BPGM is the 
bifunctional enzyme of the Rapoport-Luebering shunt, and involved in the synthesis of 
2,3-DPG. BPGM deficiency reduces 2,3-DPG levels. Thereby, the oxygen (O2) affinity of 
Hb is increased, which leads to less O2 offloading in tissues and causes stimulation of 
erythropoiesis. Although most literature describes that the pathological variants causing 
BPGM deficiency have recessive inheritance patterns, we found that erythrocytosis in 
five cases from three kindreds was associated with heterozygosity for BPGM variants. 
These variants included a novel c.535C>T p.(Arg179Cys) variant. Their pathogenicity was 
supported by functional evidence showing partial BPGM deficiency, reduced 2,3-DPG levels 
and increased Hb-O2 affinity. A literature review was performed to identify other reported 
variants of the BPGM gene associated with erythrocytosis and other heterozygous cases. 
The relationship between genotype and phenotype differed. More severe functional 
effects could not always be directly related to more severe clinical effects in these cases. 

In Chapter 8, another form of hereditary hemolytic anemia is investigated in a patient with 
hemizygosity for a novel c.2365C>T p.(Leu789Phe) variant in Adenosine Triphosphatase 
Phospholipid Transporting 11C (ATP11C). This gene encodes the major flippase in human RBCs. 
Flippases actively transport phospholipids including phosphatidylserine (PS) from the outer 
to the inner leaflet to maintain phospholipid asymmetry and to prevent an “eat me” signal 
for phagocytosis by macrophages. In the patient with the missense variant in ATP11C, partial 
ATP11C deficiency was the likely cause of the observed mild hemolytic anemia. This conclusion 
was based on functional evidence of the patient RBCs and recombinant mutant murine protein. 

With the cases described in Part II, more awareness is created on identifying novel variants 
in genes involved in RBC metabolism. Hopefully, these cases stimulate future research to 
gather further functional evidence to relate genotypes to phenotypes in the heterogenous 
group of hereditary RBC disorders. 
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GENERAL DISCUSSION
Studying red blood cell metabolism is essential to better 
understand the complexity and heterogeneity of hereditary 
red blood cell disorders
Mature RBCs are often simplified as O2-transporting, enucleated cells consisting of RBC 
membrane proteins and few internal components in order to accommodate maximal 
space for the O2-binding Hb molecules. However, despite the incapacity to replace 
damaged components by de novo protein synthesis, normal RBCs are optimally adapted 
with various mechanisms to maintain their function in challenging environments during 
their lifespan. RBCs may encounter challenges that influence and disturb their production, 
differentiation, maturation, functional capacity and survival. They are entirely energy-
dependent on anaerobic glycolysis, are challenged to deform to the max when passing 
through narrow blood vessels, and encounter oxidative stress due to reactive oxygen 
species.16 If there is an (inherited) disturbance in one of the protective mechanisms for 
these challenges, the lifespan of the RBC will be reduced. This will clinically manifest 
as hemolysis with potentially life-threatening complications including tissue hypoxia, 
multi-organ damage, disturbed iron metabolism, and hemolysis-induced inflammatory 
vasculopathy.17 Due to the heterogeneity in cellular defects and properties, and 
heterogeneity in clinical severity of hereditary RBC disorders, RBCs are increasingly 
considered to be more complex than historically thought. RBC metabolism may be used 
as a model to elucidate metabolic pathways in not only hereditary RBC disorders, but also 
in other cellular disorders.18 

Long-known metabolic pathways pave the way for emerging 
metabolic approaches
One of the most characteristic and intriguing metabolic pathways in RBCs is the 
Rapoport-Luebering shunt.16 This shunt generates 2,3-DPG from 1,3-disphosphoglycerate 
due to a diversion of glycolysis, which bypasses the ATP-generating step catalyzed by 
phosphoglycerate kinase. Glycolytic flux in RBCs is partly regulated via this shunt. The 
maintenance of adequate levels of ATP and 2,3-DPG is important for maintaining O2 
transport capacity and O2 release. However, in an increasing number of hereditary RBC 
disorders, there seems to be an imbalance in the ATP/2,3-DPG ratio and PK/hexokinase 
(HK) ratio.19–22 Although ex vivo and in vivo studies on RBC metabolism were performed 
in diseases known for this imbalance such as PK deficiency and SCD, more studies are 
needed.23–27 Untargeted metabolomics of dried blood spots may help to further unravel 
the complex regulation of the glycolytic flux.25,28,29 This complexity includes feedback 
mechanisms (i.e., the activation or inhibition of glycolytic enzymes by intermediates) 
and the interplay between the Embden-Meyerhof pathway, Rapoport-Luebering shunt, 
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hexose monophosphate pathway and other metabolic pathways even outside the RBC for 
energy and anti-oxidant production. Pooling untargeted metabolomics data in hereditary 
RBC disorders in the future, for example by analyzing large numbers of dried blood 
spots as already collected for newborn screening, artificial intelligence models can be 
built. A European initiative called GenoMed4All has started to connect clinical and omics 
data repositories with the aim to advance research in the identification, prediction and 
personalized treatment of hematological diseases.30 Currently unknown disease modifiers 
may thus be identified and used as biomarkers next to known disease modifiers.14 
Fluxomics, which measures the rate of fluxes in metabolic active cells for example by 
using stable isotope tracing of glucose, may be another innovative approach to study 
the glycolytic flux in RBCs.31 More studies with compounds directly or indirectly targeting 
metabolic enzymes, glycolytic intermediates or other metabolites including amino acids 
involved in RBC metabolism will help to elucidate the effects on metabolism also in 
other (blood) cells and possible side effects. More specifically, it could be interesting to 
evaluate differences in metabolic effects on subpopulations of RBCs. Treatment response 
may differ from patient to patient since the distribution of RBC subpopulations differs. 
For example, the blood composition changed upon in vivo treatment with mitapivat and 
showed a decrease in reticulocytes (Chapter 3 and Chapter 5). One could think of future 
incubation experiments in which different density-separated RBC fractions are treated 
with mitapivat. This will clarify whether the less dense, younger RBCs (i.e., reticulocytes) 
react differently when compared to the most dense, senescent RBCs. In turn, this may 
help to improve precision medicine. In the broader landscape of emerging treatment 
options in hereditary RBC disorders, precision medicine is warranted in order to choose 
which treatment option is best suitable for which patient.

The first clinical study results of pyruvate kinase activation 
in sickle cell disease are promising
In RBCs from patients with SCD, intracellular 2,3-DPG levels are increased and ATP 
production is insufficient for the increased metabolic demands to repair the damage caused 
by sickling.32,33 Previous work from our group showed that this is related to decreased 
activity and stability of PK in RBCs of patients with SCD compared to healthy controls.21 
Ex vivo treatment with the PK activator mitapivat improved PK activity and stability. This 
was consistent with the observed increase in ATP/2,3-DPG ratio and improvements in 
markers of RBC function [e.g., Point of Sickling (PoS), minimum elongation index (EImin), and 
maximum elongation index (EImax) as markers of RBC sickling and RBC deformability using 
oxygen gradient ektacytometry, and p50 as a marker of the Hb-O2 affinity].21 These results 
were the basis of the rationale for the ESTIMATE study, the first clinical phase 2 study of 
treatment with mitapivat in patients with SCD (Chapter 3-5). The hypothetical mechanism 
of action of mitapivat in SCD was supported by this study., The safety and efficacy results 
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of the 8-week dose-finding period and the 1-year fixed-dose extension period on both 
parameters of RBC function (e.g., ATP/2,3-DPG ratio, PoS, Eimax, p50) and clinical outcomes 
(Hb, markers of hemolysis, annualized rate of VOEs) are very promising. On top of that, 
untargeted metabolomics was used to explore changes in the metabolic blood profile to 
identify pathways that might be involved when activating PK. This is extremely important 
since mitapivat does not specifically activate PK from RBCs (PKR isoform), but also PK from 
other cells such as liver cells (PKL), muscle cells (PKM1), and the ubiquitously expressed 
PKM2 isoform.34 In fact, mitapivat was developed from nonclinical studies with PKM2 
activators. PKM2 activators might induce a shift from the low-active dimeric conformation, 
which permits the diversion of glycolytic intermediate to biosynthesis of macromolecules 
needed for cell proliferation, to the active tetrameric conformation, thereby reducing 
aerobic glycolysis (the Warburg effect) and potentially tumorigenesis (Chapter 2). Since 
mitapivat is not specific for activating PKR, effects on other isoforms could be expected. 
This might have explained one of the most common but mild adverse events: elevated 
transaminases. However, during the study the investigator’s brochure was revised and, 
based on an aggregate review, elevated transaminases were no longer classified as an 
adverse event of special interest since prior events were determined to be non-attributable 
to mitapivat. Shortly after the ESTIMATE study was published, the safety and efficacy results 
of a 6- to 8-week dose-escalation, phase 1 study sponsored by the National Institutes of 
Health (NIH) (www.clinicaltrials.gov NCT04000165) were published.35 The acceptable safety 
and tolerability profile as well as the Hb response observed in most patients with SCD 
were mainly consistent with our study and with studies of patients with PK deficiency and 
thalassemia. However, the ongoing (prolonged) extension phase 1/2 studies (ESTIMATE 
study and www.clinicaltrials.gov NCT04610866), the phase 2/3, double-blind, randomized, 
placebo-controlled, multicenter study (RISE UP, www.clinicaltrials.gov NCT05031780) and 
future larger, long-term follow-up studies of the treatment with mitapivat in patients with 
SCD will have to answer remaining questions.36,37 These include: 1. Which dose of mitapivat, 
50 mg or 100 mg twice daily, is more safe and effective; 2. Are the beneficial effects 
observed in all age groups including children, in all genotypes including HbSC disease, and 
regardless of known disease modifiers such as coinheritance of α-thalassemia; 3. What 
are the effects on patient-reported outcomes (e.g., quality of life, physical and cognitive 
impairments, school and work productivity) in SCD; and 4. will there be a sustained effect 
on important SCD-related clinical outcomes such as VOEs including acute chest syndrome, 
frequency of hospitalizations, end-organ damage (e.g., stroke and silent infarct, renal failure 
and pulmonary hypertension), and eventually mortality? The balance between increasing 
Hb-O2 affinity and tissue O2 delivery on the long term should be evaluated.38,39 However, 
it is expected that the net effect on O2 delivery from activating PK (by reducing 2,3-DPG 
and increasing ATP levels) is more beneficial than from drugs like voxelotor, which binds 
very tightly to the non-polymerizing R conformation of HbS that offloads very little O2.

40,41 
Recently, Agios Pharmaceuticals Inc., the company that developed mitapivat, announced 
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the first phase 2 portion results of the RISE UP study.37,42 The results of achieving a Hb 
response and the observed trend in VOE reduction compared to placebo seem to be 
consistent with the results of the ESTIMATE study and are therefore very hopeful. In addition 
to the previous research questions, the combination of mitapivat with other novel disease-
modifying therapies next to hydroxyurea should be studied to answer the question which 
patient benefits the most from which (multimodal) therapy based on patient characteristics, 
biomarkers or clinical phenotypes of SCD (more hemolytic, vaso-occlusive, or dehydrated 
with hyperviscosity). One of the concerns raised by the phase 1/2 studies with mitapivat is 
if poor adherence, and thereby not following a tapering schedule when going off drug, may 
trigger adverse events including VOEs and hemolysis. Poor adherence is in general known 
to be a problem in patients with SCD while partly unintentional due to cognitive impairment 
as a result of silent strokes.43 Patient guidance and knowledge management by healthcare 
providers will be essential here.

The need to further explore red blood cell parameters in 
relation to targeting red blood cell metabolism
Next to the more clinical outcomes, not all RBC parameters of functional assays that 
changed in ex vivo studies with mitapivat, changed in vivo.20,21 This might underscore 
once again the complex and sometimes unpredictable regulation of RBC metabolism in 
the human body. It is a challenge to identify, validate, interpret and assess the clinical 
relevancy of individual biomarkers in SCD since multiple factors are involved in the 
complex pathophysiology. 

For example, we found no significant increases in PK stability and activity, also not when 
corrected for RBC age by simultaneous measurement of HK activity (both enzyme are RBC 
age dependent) after 8-week treatment with mitapivat in the ESTIMATE study (Chapter 
5).44 As discussed, this is possibly related to changes in blood composition (the increase 
in Hb levels is accompanied by a decrease in reticulocytes), not enough statistical power 
due to the limited sample size, and inter-assay variability. Remarkably, in the ex vivo study 
from our group and phase 1 studies with mitapivat or etavopivat, another PK activator, in 
SCD, PK activity increased upon treatment with mitapivat.21,45,46 Explanations may be that 
in the ex vivo study the blood composition and RBC subpopulations including reticulocytes 
do not change as much as in vivo. In addition, the phase 1 studies reported no PK/HK 
ratios, PK activities in different units (per gram protein instead of per gram Hb), and after 
different treatment durations. In addition, in the intention-to-treat analysis of the 1-year 
fixed-dose extension period, the PoS was not significantly reduced (Chapter 4). This was 
one of the primary study endpoints based on previously reported results of ex vivo and 
observational studies from our group, being objective, reproducible and clinically relevant 
since it is associated with acute complications in SCD.21,47,48 The PoS is a novel biomarker 
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in SCD that depicts the partial oxygen pressure (pO2) at which sickling is initiated. The PoS 
is defined as the pO2 where EImax is reduced by 5% as measured using oxygen gradient 
ektacytometry on a Laser Optical Rotational Red Cell Analyzer (Lorrca; RR Mechatronics, 
Zwaag, the Netherlands).49,50 A limitation of this technique is that it measures the total 
RBC population at once, which could hamper detection of sickling changes in specific RBC 
subpopulations. During the ESTIMATE study, we encountered various technical issues 
with the Lorrca device. These included required replacements of pO2

 spots and periodical 
maintenance, which were both found to strongly influence measurements, in particular 
the PoS. Since Lorrca devices are not interchangeable yet, we could not switch to another 
device. A solution for future longer-term studies in SCD could be to develop a preservable 
SCD (cryo)standard that could be used to compare devices.51 Although unpublished, we 
also did not observe a significant change in parameters of osmotic gradient ektacytometry, 
for example Ohyper reflecting RBC hydration status, as seen upon ex vivo treatment with 
mitapivat in RBCs of healthy controls and patients with PK deficiency.20,52 However, some 
RBC parameters might also lack statistical significance due to the small number of patients 
in the ESTIMATE study. 

In our ex vivo study with the endogenous metabolic modulator compound, which is 
composed of ten amino acids and derivatives (RCitNacQCarLKHVS), we did observe 
improvements in osmotic gradient ektacytometry-derived parameters including Ohyper 
(Chapter 6). This was also observed in blood from patients with HbSC disease. HbSC 
disease is a genotype of SCD that does not always receive full and appropriate attention 
(although 25-30% of patients with SCD has this genotype) with distinct pathophysiology 
characterized by more RBC dehydration than SCA and HbS/β-thalassemia.53 Preclinical 
and early phase dose-response studies are needed to evaluate whether the higher blood 
viscosity we found after ex vivo treatment with the highest tested concentration of the 
compound will be also observed in vivo. This may be especially relevant for HbSC disease. 
Since we also observed dose-dependent changes in RBC deformability (EImax), RBC 
adhesion, and, more surprisingly, 2,3-DPG levels in blood from patients with SCD, the 
compound seems to have multiple positive mechanisms of action. However, RBC sickling 
did not significantly improve. This is still puzzling based on the hypothesis that RBC 
sickling is dependent on 2,3-DPG levels, RBC deformability and hydration which reduces 
the intracellular HbS concentration. As discussed, the 4-hour incubation we performed, 
the heterogeneous SCD group, and inter-assay variability might play a role. It would be 
definitely worthwhile to further investigate this compound and the mechanism of action 
of its constituents to gain insight on the influence of (deficits in) amino acids on RBC 
metabolism. The compound could eventually maybe be used as a food supplement. The 
development of further study is uncertain however since the company changed its focus 
to non-hematological disorders and recently had to close its doors. 
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Thus, there is still room for future studies on the remaining questions about RBC 
metabolism. 

Awareness on progress in treatment options for sickle cell 
disease, particularly in endemic regions
SCD is worldwide one of the most prevalent causes of anemia with a high disease burden 
and a strikingly high contribution to all-cause mortality.8 In 2021, global SCD incidence 
at birth for SCA and HbS/β0-thalassemia was estimated to be more than half a million.8 
Even in high-income regions such as the United States of America, median age at death in 
patients with SCA or HbS/β0-thalassemia ranged from 38-58 years. Life expectancy is still 
shortened by more than two decades compared with the general population, although 
increasing in the past years and higher in β+-thalassemia and HbSC disease (median age 
of 60-68 years).54–59 Total SCD mortality ranks twelfth in all leading causes of death in 
children younger than five years globally. In high-income regions, SCD is considered a 
rare disease and most research focusses on more prevalent diseases in these regions. 
This has led to poor understanding of the heterogeneity of the disease and only a 
limited number of treatment options in SCD. Despite the fact that SCD affects at least 
as many children per year as those newly diagnosed with human immunodeficiency 
virus (HIV), SCD has no priority on most global health agendas.8,60,61 In addition, there are 
disparities in American research funding per affected individual between SCD and cystic 
fibrosis, another rare hereditary disease.62 Although major progress has been achieved 
in SCD care, the disease deserves more awareness and implementation of surveillance 
and supportive measures to diagnose, treat and prevent complications, especially in 
low-income regions such as sub-Saharan Africa representing >75% of the global SCD 
population.63 As mentioned earlier, only in the last decade other disease-modifying drug 
therapies besides hydroxyurea were approved by health authorities such as L-glutamine, 
voxelotor and/or crizanlizumab. To date, however, these novel drugs may be available 
and affordable for patients in high-income regions, while very few regions in sub-Saharan 
Africa have access to just hydroxyurea with treatment only available at a few large, urban 
centers.64 While hydroxyurea is suggested to be cost-effective compared to placebo, the 
costs for the novel disease-modifying drug therapies are a topic of debate.65 For example, 
estimated net prices of $30,046 per year for L-glutamine, $92,584 per year for voxelotor, 
$96,354 per year for crizanlizumab, and the current average wholesale acquisition cost 
of $334,880 per year for mitapivat (when indicated for PK deficiency).66,67 Hopefully in the 
future, the price of mitapivat will drop if officially indicated for SCD given the size of the 
patient population and if the drug patent expires. To compare, the estimated all-inclusive 
treatment costs for hematopoietic stem cell transplantation or gene therapy are above 
$2 million. This is above the thresholds for cost-effectiveness of the two approved cell-
based gene therapies.68,69 Just recently, clinical studies have been performed and showed 
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that hydroxyurea is safe and effective in sub-Saharan Africa.63,70 Indeed, clinical studies 
with the novel disease-modifying drugs including the PK activator mitapivat have not 
been performed in low-income regions. However, the ongoing phase 2/3 RISE UP study 
of treatment with mitapivat in SCD is also recruiting patients in Saudi Arabia, Kenya 
and Nigeria. The latter is the most SCD endemic country in sub-Saharan Africa with a 
national prevalence of SCD of 2-3% and sickle cell trait (HbAS) of about 25% of the total 
population.71 Studies in these regions are especially important since PK deficiency, as well 
as having sickle cell trait, provides relative protection against replication of the malarial 
parasite Plasmodium falciparum in human RBCs. This is due to increased clearance of 
ring-stage-infected RBCs and explains the evolutionary link of these RBC disorders in 
malaria-endemic areas.72,73 In contrast to the relative protection of sickle cell trait, patients 
with SCD are highly susceptible to the lethal effects of malaria probably due to their (then 
even more) severe hemolytic anemia, hyposplenism, and poor overall health status.74 
Thus, it is important to perform studies with PK activators in malaria-endemic areas to 
assess its effects on malaria infections in SCD, which might be unexpected.

Rare hereditary red blood cell disorders identified and 
better understood by their metabolic features
As well as in PK deficiency and sickle cell trait, in mice there seems to be a malaria-
protective effect of BPGM deficiency. This is another rare hereditary RBC disorder with 
altered glycolytic enzyme activity that we studied (Chapter 7).75 Since malaria parasites 
possess their own glycolytic enzymes but do not have an equivalent to human BPGM, no 
2,3-DPG is produced by the parasites.76 In patients with (partial) BPGM deficiency, reduced 
levels of 2,3-DPG result in increased Hb-O2 affinity, decreased O2 delivery to tissues, and 
congenital erythrocytosis. Since 2,3-DPG is required for efficient RBC glycolysis as a crucial 
co-factor for activation of phosphoglycerate mutase 1, a glycolytic enzyme that converts 
3-phosphoglycerate to 2-phosphoglycerate, BPGM deficiency may lead to reduced levels 
of ATP in RBCs.77 Overall, malaria protection is linked to impaired glycolysis and lower ATP 
in RBCs.78 BPGM is a multifunctional enzyme that catalyzes the synthesis and hydrolysis 
of 2,3-DPG through its (higher) synthetase activity and (lower) phosphatase activity, 
respectively.79 Theoretically, one can think of BPGM as a potential therapeutic target 
both for the protection against malaria and for SCD. Inhibiting BPGM synthase activity or 
activating BPGM phosphatase activity may reduce 2,3-DPG levels in RBCs.41,78,80,81 On the 
other hand, small molecule activators of BPGM synthase activity or inhibitors of PK that 
cause an increase in 2,3-DPG could be hypothesized to decrease erythrocytosis in patients 
with BPGM deficiency. However, one should be cautious since such treatments may affect 
RBC ATP. The overall question remains what the target Hb, hematocrit or RBC count is in 
this disorder with a delicate balance between 2,3-DPG levels, Hb-O2 affinity and O2 delivery. 
In the other rare hereditary hemolytic anemia studied, ATP11C deficiency (Chapter 8), 
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activation of PK could potentially reduce PS surface exposure. This was seen in a mouse 
model of hereditary spherocytosis with mitapivat, and a phase 1 study in eight patients 
with SCD following 2-week treatment with etavopivat.45,82 Indeed, patients with SCD are 
known to have a lower ratio of ATP11C/phospholipid scramblase 1, which is strongly 
correlated with increased PS surface exposure.83,84 We collected initial functional evidence 
to correlate ATP11C deficiency to symptoms of hemolytic anemia. Further functional 
studies are needed on PS, ATP and RBC membrane health to evaluate the therapeutic 
rationale of PK activation or other therapies in ATP11C deficiency. This is especially 
important since a recent case was published about a newborn with severe, transfusion-
dependent hemolytic anemia and splenomegaly with variants in both ATP11C and ANK1, 
which encodes an anchor protein important for integrity of the RBC membrane.85 

Extending the therapeutic landscape of pyruvate kinase 
activators in red blood cell disorders
The potential role of PK activators in hypoplastic anemias and other (extremely rare) 
hereditary RBC disorders next to PK deficiency, thalassemias, and SCD should also be a 
topic on the research agenda. Ex vivo treatment with mitapivat already showed beneficial 
effects on oxidative stress and terminal erythropoiesis in a patient with severe hemolytic 
anemia due to variants in Krüppel-like factor 1. This is an erythroid-specific transcription 
factor that plays a crucial role in erythropoiesis.86 Based on preclinical study results, an 
investigator initiated, multicenter, single-arm phase 2 study will include patients with a 
membranopathy or congenital dyserythropoietic anemia type II, associated with SEC23B 
gene variants, a phenotype that resembles that of hereditary spherocytosis (SATISFY study, 
www.clinicaltrials.gov NCT05935202).82 This study will also be conducted at our site in the 
Netherlands. Meanwhile, a highly potent next-generation activator of PK, AG-946, has been 
developed that supports once daily dosing based on the first results of a phase 1 study 
(www.clinicaltrials.gov NCT04536792).87 In SCD, the first results of mouse models and ex 

vivo treatment with AG-946 on enhancing glycolysis are positive, although it is the question 
whether mouse models are the best way to predict effects on PK in humans.88–91 Also in 
(lower-risk) myelodysplastic syndrome, which is a heterogeneous group of hematological 
malignancies characterized by ineffective erythropoiesis, dysplasia and cytopenias, 
activation of PK seems to be promising. Initial results of preclinical and clinical studies (www.
clinicaltrials.gov NCT05490446) with AG-946 showed improvements in RBC properties and 
erythroblast maturation, and a reduction in transfusion burden.92–94 A phase 1/2 study 
in children (pactr.samrc.ac.za PACTR202209604592389) and two phase 2/3 studies with 
etavopivat in (transfusion-dependent) patients with SCD are ongoing (www.clinicaltrials.gov 
NCT04987489 and NCT04624659, the Hibiscus study). As in the past by recognizing 2,3-
DPG and PK as important factors for the pathophysiology of SCD, in future, harmonization 
of data repositories and advanced research techniques including metabolomics may close 
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research gaps on PK protein function and dysfunction in other hereditary RBC disorders, 
even if extremely rare. This will help to better understand the metabolic regulation pathways, 
genotype-to-phenotype correlation, potential biomarkers and therapeutic targets in the 
worldwide limited number of these, often heterogeneous, patients. 

Closing remarks
Overall, this thesis describes and discusses the importance of studies on RBC metabolism 
in hereditary RBC disorders to better understand the pathophysiology and explore 
treatment options. Hopefully, future patients will benefit from the research carried out. 
Either directly, for example by using PK activation therapy based on the promising first 
results in SCD, or indirectly, for example by getting more attention on hereditary RBC 
disorders in general, constantly improving therapies and using the gained knowledge 
about RBC metabolism as a model for other, rare hereditary RBC disorders. It is high time 
to turn the spotlight on all, even extremely rare, hereditary RBC disorders, to strive for 
worldwide equality in patient care.
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NEDERLANDSE SAMENVATTING
Erfelijke rode bloedcelaandoeningen zijn genetisch en fenotypisch heterogene 
aandoeningen die allemaal in zekere mate invloed kunnen hebben op het metabolisme 
van de rode bloedcel.1–5 Erfelijke hemolytische anemieën, waaronder sikkelcelziekte, 
vormen een aanzienlijk deel van alle anemieën. Over het algemeen wordt de ziektelast 
van anemieën onderschat.6,7 Hoewel de prevalentie van sikkelcelziekte hoog is in 
sommige lage inkomens- en middeninkomenslanden, wordt sikkelcelziekte in Nederland 
en andere hoge inkomenslanden beschouwd als een zeldzame ziekte.8 Omdat het meeste 
wetenschappelijke onderzoek wordt uitgevoerd naar veelvoorkomende ziekten in hoge 
inkomenslanden, worden patiënten met sikkelcelziekte nog steeds geconfronteerd met 
aanzienlijke uitdagingen bij het bestrijden van hun klachten.9,10 Tegenwoordig is er wel 
vooruitgang geboekt en wordt er meer aandacht besteed aan onderzoek dat zich richt 
op sikkelcelziekte.11 Dit biedt nieuwe inzichten in hoe metabole ontregeling van rode 
bloedcellen betrokken kan zijn en als therapeutisch aangrijpingspunt kan worden gebruikt 
bij sikkelcelziekte en andere zeldzame erfelijke rode bloedcelaandoeningen.12

De doelstellingen van dit proefschrift waren om de kennis over potentiële nieuwe therapieën 
die gericht zijn op het rode bloedcelmetabolisme bij sikkelcelziekte te verbeteren, en om 
nieuwe pathogene varianten van andere zeldzame erfelijke rode bloedcelaandoeningen 
die geassocieerd worden met een ontregeld rode bloedcelmetabolisme te bestuderen. 
Dit proefschrift beschrijft in het bijzonder studies naar twee nieuwe, rode bloedcelfunctie 
verbeterende therapieën die in ontwikkeling zijn voor sikkelcelziekte. Sikkelcelziekte dient 
hiermee bij uitstek als een voorbeeld om ontregeling van het rode bloedcelmetabolisme 
beter te begrijpen bij twee andere zeldzame erfelijke rode bloedcelaandoeningen die zijn 
geïdentificeerd, bestudeerd en beschreven in dit proefschrift.

In Deel I van dit proefschrift wordt de effectiviteit van therapieën die het rode 
bloedcelmetabolisme veranderen bij sikkelcelziekte, waaronder de orale pyruvaatkinase 
(PK-)activator mitapivat en een samenstelling van endogene metabole modulatoren, 
onderzocht. De hemoglobinopathie sikkelcelziekte is een erfelijke rode bloedcelaandoening 
waarbij de rode bloedcellen hemoglobine S (HbS) moleculen bevatten. Als gevolg van 
een puntmutatie in het β-globinegen worden HbS-moleculen in plaats van normale 
hemoglobine (Hb-)moleculen geproduceerd. HbS-moleculen polymeriseren en vormen 
lange, rigide vezels bij afnemende zuurstofspanning (deoxygenatie), wat leidt tot 
vervorming van de rode bloedcellen. Dit resulteert in de karakteristieke sikkelvormige 
en verder beschadigde rode bloedcellen die sikkelcelziekte-gerelateerde complicaties 
veroorzaken. Deoxygenatie van Hb(S)-moleculen wordt beïnvloed door meerdere 
metabole factoren, waaronder een hogere intracellulair concentratie van het glycolytische 
tussenproduct 2,3-difosfoglyceraat (2,3-DPG), zoals vermeld in Hoofdstuk 1.13–15
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In Hoofdstuk 2 wordt de rol van PK uitgelegd, mede gezien het feit dat rode bloedcellen 
elk hun eigen energie produceren door glycolyse wat nodig is voor cellulaire homeostase. 
PK is een belangrijk glycolytisch enzym dat de metabole flux en energieproductie in de 
vorm van adenosinetrifosfaat (ATP) reguleert. De historische stappen voor de recente 
ontwikkeling van PK-activatoren en de rationale voor PK-activatietherapie bij erfelijke 
hemolytische anemieën, waaronder PK-deficiëntie, thalassemieën en sikkelcelziekte, 
werden beschreven. Op basis van positieve resultaten van de eerste studies met PK-
activatoren is mitapivat goedgekeurd voor de behandeling van volwassenen met PK-
deficiëntie in Europa en in de Verenigde Staten van Amerika. PK-activatoren worden 
momenteel ook onderzocht als therapie voor patiënten met verschillende andere erfelijke 
hemolytische anemieën. Ex vivo en in vivo studies toonden overtuigend bewijs van het 
potentieel van PK-activatoren om het ziekteverloop van verschillende erfelijke rode 
bloedcelaandoeningen aanzienlijk te verbeteren.

In Hoofdstuk 3 wordt voor het eerst gerapporteerd over de veiligheid en werkzaamheid 
van in vivo behandeling met mitapivat bij sikkelcelziekte. In de 8-weekse dosiszoekende 
periode van een fase 2, open-label, onderzoeker geïnitieerde studie, de ESTIMATE studie, 
werden voornamelijk milde en voorbijgaande bijwerkingen waargenomen tijdens de 
behandelingsperiode. Eén ernstige bijwerking, die niet gerelateerd werd aan de therapie, 
trad op. De klinische proof of concept van PK-activatie bij sikkelcelziekte werd vastgesteld. 
Na acht weken behandeling verminderde de vorming van sikkelcellen en verbeterde de 
hemolytische anemie significant in vergelijking met de uitgangswaarden. Aan het einde 
van deze periode bereikten 6/8 (75%) van de patiënten een stijging van het Hb-gehalte van 
≥1 g/dL (≥0.62 mmol/L) vergeleken met de uitgangswaarde.

Hoofdstuk 4 rapporteert de ESTIMATE studieresultaten van de vervolgperiode van 
één jaar met een vaste dosis mitapivat. Er werden geen nieuwe veiligheidsproblemen 
gemeld, behalve één andere ernstige bijwerking, die opnieuw niet gerelateerd werd aan 
de therapie. Opnieuw werd een significante verbetering in het Hb-gehalte waargenomen. 
Daarbij namen markers van hemolyse af. Bovendien verminderde de jaarlijkse frequentie 
van vaso-occlusieve episodes significant wanneer de dosiszoekende periode werd 
gecombineerd met de vervolgperiode in vergelijking met de historische uitgangswaarde. 
Deze positieve resultaten op langere termijn en op klinische werkzaamheid zijn de eerste 
gerapporteerde en uiterst belangrijk omdat er nog steeds behoefte is aan therapieën die 
zowel de klinische complicaties van hemolytische anemie als de pijnlijke vaso-occlusieve 
episodes bij sikkelcelziekte verbeteren. Beide hebben een enorme impact op de kwaliteit 
van leven van patiënten met sikkelcelziekte. De resultaten van de ESTIMATE studie zijn 
bijzonder veelbelovend voor de lopende fase 2/3 placebogecontroleerde studie.

In Hoofdstuk 5 wordt untargeted metabolomics gebruikt om inzicht te krijgen in 
veranderingen in het metabole bloedprofiel van patiënten met sikkelcelziekte die werden 
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behandeld met mitapivat in de dosiszoekende periode van de ESTIMATE studie. Het 
metabole bloedprofiel van de patiënten verschoof gedeeltelijk vanaf het uitgangspunt in 
de richting van gezonde controles na 8-weekse behandeling met mitapivat. De metabole 
effecten van mitapivat waren breed en beperkten zich niet alleen tot effecten op de 
glycolyse, waardoor het multisysteemkarakter van sikkelcelziekte werd benadrukt.

In Hoofdstuk 6 wordt, in het kader van dat sikkelcelziekte een multisysteemziekte is, een 
andere samenstelling belicht. Deze samenstelling bestaat uit tien verschillende aminozuren 
en derivaten [arginine, citrulline, N-acetylcysteïne, glutamine, carnitine, leucine, lysine, 
histidine, valine en serine (RCitNacQCarLKHVS)]. Deze componenten zijn onderdeel van 
een klasse van endogene metabole modulatoren. De samenstelling is ontworpen op 
basis van metabolomics resultaten van het plasma van patiënten met sikkelcelziekte. 
De samenstelling is gericht op het gelijktijdig verbeteren van het metabolisme en van 
eigenschappen van rode bloedcellen zoals hydratatie, vervormbaarheid en adhesie. Ex 

vivo behandeling van bloed van patiënten met sikkelcelziekte [sikkelcelanemie (SCA; HbSS) 
of HbSC-ziekte] met deze samenstelling verbeterde rode bloedcelmarkers van hydratatie 
en vervormbaarheid en verminderde adhesie aan subendotheliaal laminine.

Al met al concluderen we aan de hand van de hoofdstukken die beschreven staan in Deel 

I dat het richten op het rode bloedcelmetabolisme bij sikkelcelziekte veelbelovend is als 
therapeutisch aangrijpingspunt.

In Deel II van dit proefschrift worden nieuwe interessante inzichten gegeven over 
ontregeling van het rode bloedcelmetabolisme aan de hand van nieuw geïdentificeerde 
varianten geassocieerd met extreem zeldzame erfelijke rode bloedcelaandoeningen. 
Naast onderzoek naar sikkelcelziekte kan onderzoek naar het rode bloedcelmetabolisme 
in het algemeen bijdragen aan het ophelderen van de pathofysiologie van minder 
frequent voorkomende en nog onbekende erfelijke rode bloedcelaandoeningen. Er 
worden steeds meer pathogene varianten gevonden in genen die invloed hebben op 
het rode bloedcelmetabolisme via next-generation sequencing van genpanels. Meer 
patiënten met erfelijke rode bloedcelaandoeningen kunnen worden geïdentificeerd via 
genetisch onderzoek in combinatie met functioneel onderzoek van rode bloedcellen, 
zoals glycolytische enzymactiviteiten en metabole disfunctie. Identificatie van 
pathogene varianten leidt tot een beter begrip van de heterogeniteit, pathofysiologie en 
behandelingsopties bij deze aandoeningen.

Hoofdstuk 7 richt zich op een case series van patiënten met congenitale erytrocytose 
geassocieerd met heterozygotie voor bisfosfoglyceraatmutase (BPGM) varianten. BPGM is 
het bifunctionele enzym van de Rapoport-Luebering-shunt en betrokken bij de synthese 
van 2,3-DPG. BPGM-deficiëntie verlaagt het gehalte van 2,3-DPG. Hierdoor neemt de 
zuurstof (O2)-affiniteit van Hb toe, wat leidt tot minder O2-afgifte in weefsels en stimulatie 
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van de erytropoëse. Hoewel de meeste literatuur beschrijft dat de pathogene varianten 
die BPGM-deficiëntie veroorzaken recessieve overervingspatronen hebben, ontdekten we 
dat erytrocytose in vijf patiënten uit drie families geassocieerd was met heterozygotie 
voor BPGM-varianten. Eén van deze varianten was een nieuwe c.535C>T p.(Arg179Cys) 
variant. De pathogeniciteit werd ondersteund door functioneel onderzoek van de rode 
bloedcellen wat gedeeltelijke BPGM-deficiëntie, verlaagde 2,3-DPG-gehaltes en een 
verhoogde Hb-O2 affiniteit liet zien. Literatuuronderzoek werd uitgevoerd om andere 
gerapporteerde varianten van het BPGM-gen en gevallen van heterozygotie geassocieerd 
met erytrocytose te identificeren. De relatie tussen genotype en fenotype van de varianten 
verschilde. Ernstigere functionele effecten konden niet altijd direct worden gerelateerd 
aan ernstigere klinische effecten in deze gevallen.

In Hoofdstuk 8 wordt een andere vorm van erfelijke hemolytische anemie onderzocht 
bij een patiënt met hemizygotie voor een nieuwe c.2365C>T p.(Leu789Phe)-variant in 
Adenosine Trifosfatase Fosfolipiden Transporterende 11C (ATP11C). Dit gen codeert 
voor de belangrijkste flippase in menselijke rode bloedcellen. Flippases transporteren 
actief fosfolipiden, waaronder fosfatidylserine, van de buitenste naar de binnenste 
laag van celmembranen om fosfolipidenasymmetrie te handhaven en een “eet mij” 
signaal voor fagocytose door macrofagen te voorkomen. Bij de patiënt met de missense 
variant in ATP11C was gedeeltelijke ATP11C-deficiëntie waarschijnlijk de oorzaak van de 
waargenomen milde hemolytische anemie. Deze conclusie was gebaseerd op functioneel 
onderzoek van de rode bloedcellen van de patiënt en van recombinant gemuteerd 
muiseiwit.

Aan de hand van de casuïstiek in Deel II wordt meer bewustzijn gecreëerd over 
het identificeren van nieuwe varianten in genen die betrokken zijn bij het rode 
bloedcelmetabolisme. Hopelijk stimuleert dit toekomstig onderzoek om meer functioneel 
bewijs te verzamelen om genotypen te relateren aan fenotypen in de heterogene groep 
van erfelijke rode bloedcelaandoeningen.
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