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Quantitative measurement of red cell surface protein expression reveals new biomarkers 
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Sir, the red blood cell (RBC) contains numerous membrane and cytoskeletal proteins, some of 

which are important for its functional properties of transporting gases in the tissues. Many of 

the membrane proteins are located in multiprotein complexes connected intracellularly to 

cytoskeletal proteins1, forming a flexible network that enables the RBC to deform and pass even 

through the smallest capillaries of the human body. Hereditary spherocytosis (HS) is a 

heterogeneous disorder, mainly caused by mutations in the genes encoding band 3 (SLC4A1), 

ankyrin (ANK1), protein 4.2 (EPB42), α-spectrin (SPTA1), and β-spectrin (SPTB)2. These mutations 

can impact on membrane protein abundance in two ways, 1) by affecting the assembly of 

membrane complexes during erythropoiesis and nucleation3–5 and 2) by also affecting anchoring 

of the cytoskeleton to the phospholipids bilayer, which causes membrane loss by vesiculation, a 

key feature of HS. Vesiculation results in the formation of spherocytes and poorly deformable 

RBCs that are prematurely cleared from the circulation causing a variable degree of hemolytic 

anemia2. A general marker for the loss of membrane in HS is the decrease in binding of eosin-5-

maleimide (EMA)6. However, thorough investigations of the effect of membrane loss on the 

expression of individual extracellular or transmembrane proteins are currently lacking, in 

particular by correlation to the underlying causative mutation. 

 

In this study we have explored expression levels of red cell surface proteins glycophorin A (GPA), 

glycophorin C (GPC), Rhesus-associated glycoprotein (RhAG), Rhesus factor (Rh), band 3 and 

CD47 by flow cytometry in 23 HS patients who have been characterized in detail at the 

molecular level. The results improve our understanding of the pathophysiological mechanism in 

HS and reveals new biomarkers. In addition, we show that a combination of expression levels of 



RhAG, Rh and Band 3 may prove to be helpful in the diagnosis of HS of different molecular 

basis.   

 

The patients with hereditary spherocytosis (HS) were enrolled for the CoMMiTMenT study by the 

CoMMiTMenT consortium (http://rare-anaemia.eu/). This study was approved by the Medical 

Ethical Research Board (MERB) of the University Medical Center Utrecht (UMCU), Utrecht, The 

Netherlands, under reference code 15-426M ‘disturbed ion homeostasis in hereditary hemolytic 

anaemia’. Patients eligible for inclusion in this study were all previously diagnosed with HS by 

morphological analysis, osmotic gradient ektacytometry by Laser-assisted Optical Rotational Cell 

Analyzer (Lorrca), eosin-5’-maleimide (EMA)-binding and osmotic fragility testing (OFT). The 

differential diagnosis of HS was performed by genetic analysis by Next-Generation Sequencing 

(NGS) of the seven genes most commonly mutated in HS (band 3 (SLC4A1), ankyrin (ANK1), 

protein 4.1 (EPB41), protein 4.2 (EPB42), α-spectrin (SPTA1), β-spectrin (SPTB) and Rhesus-

associated glycoprotein (RhAG)). Exclusion criteria for enrollment in the CoMMiTMenT study 

were the use of transfusion in past 90 days, body weight less than 18 kg and age lower than 3 

years. RBCs were purified from whole blood by using a cellulose column  after collection of 

whole blood in EDTA vacutainers. RBCs were supplemented in PBS with 0.1% bovine serum 

albumin (BSA) and 0.2% glucose. RBCs were fixed using 1% paraformaldehyde + 0.0075% 

glutaraldehyde for 15 minutes. RBCs were incubated with mouse anti-human antibodies ((IBGRL 

Reagents) (Filton, Bristol, UK)) directed against glycophorin C (BRIC4), CD47 (BRIC32), Rhesus 

factor (BRIC69), band 3 (BRIC71), Rhesus-associated glycoprotein (LA1818) and glycophorin A 

(BRIC256). Subsequently, cells were stained with rat anti-mouse IgG1-APC and measured by flow 

http://rare-anaemia.eu/


cytometry using BD FACSCanto™ II. After each measurement, the mean fluorescent intensity 

(MFI) of RBC membrane surface protein expression from patients was expressed relative to the 

average MFI from 6 healthy controls. Eosin-5’-maleimide (EMA)-binding was measured as 

previously described by King et al 7. Statistical analysis was carried out using IBM SPSS Statistics 

21. One-way ANOVA (multiple comparison, post-hoc Tukey) was performed to test for 

significant differences between patient groups. To investigate whether the expression of RBC 

membrane proteins were significantly different in patients groups compared to healthy controls, 

the mean expression of RBC membrane proteins in patient groups was compared with the value 

of 100% using One-Sample T Test. 

 

 

From the 23 HS patients that were included in this study, seven patients were found to display 

mutations in SLC4A1 (Band 3), eight patients with mutations in ANK1 (ankyrin), six patients with 

mutations in SPTA1 (α-spectrin) and two patients with mutations in SPTB (-spectrin). An 

overview of the individual patient mutations is given in Table  and an overview of the 

quantitative membrane proteins measurements by flow cytometry of glycophorin C, Rh factor, 

band 3, RhAG, glycophorin A and CD47 is depicted in Figure 1a to Figure 1f.  

 

All patients exhibited decreased binding of eosin-5’-maleimide (EMA). EMA-binding, which 

involves the ε-NH2 group of the lysine at position 430 from band 38, correlated with band 3 

expression measured by BRIC71 (Figure 2a). However, patients with defects in SLC4A1 were 

found to have a significantly more pronounced reduction in expression of band 3 compared to 



patients with defects in ankyrin, α-spectrin or β-spectrin (Figure 1c and Figure 2a). Within the 

erythrocyte membrane band 3 exists in different oligomeric states: as ankyrin mediated 

tetramers at the core of the ankyrin associated multiprotein complex and in a dimeric state, both 

freely mobile and cytoskeletally associated as part of the junctional complex. The increased loss 

of band 3 in patients with defects in SLC4A1 compared to those with other molecular defects 

likely results from the direct impact of the SLC4A1 mutation on band 3 expression e.g encoding 

of an unstable or misfolded protein product, which impacts upon band 3 in multiple oligomeric 

conformations and complexes3,5. The milder loss of band 3 in RBCs with ANK1-defects can be 

attributed to the indirect impact upon band 3 stability resulting from impaired cytoskeletal 

attachment on a specific proportion of band 3 population, which in the case of ANK1 defects is 

confined to the ankyrin associated band 3 tetrameric population.  

HS patients with defects in SLC4A1, ANK1, and SPTA1 all showed significantly decreased 

expression of Rh, Band 3, RhAG and glycophorin A compared to healthy controls (=100%). 

Hence, decreased expression of these membrane proteins represents novel general biomarkers 

for HS. 

A previous study has shown reduced expression of both RhAG and Rh in a small cohort of 

ankyrin-deficient HS patients4. We also observed significant reductions in the expression of 

these proteins in HS patients with ANK1 mutations. Both datasets confirm the Rh complex 

residency within the ankyrin-based multiprotein complex and the reported interaction of 

ankyrin, as well as the reported interaction with the C-terminus of RhAG8.  



Neither glycophorin C nor CD47 were found to be significantly reduced in HS patient 

erythrocytes with mutations in SLC4A1, ANK1, SPTA1 or SPTB indicating that non-specific gross 

membrane protein loss is not a feature in these patients and that the reductions in protein 

observed are not an effect solely of reduced cell surface area. CD47 expression has been 

previously shown to be reduced in rare HS patients with mutations in EPB42 resulting in 

complete absence of protein 4.29,10 and in Rh null syndrome10. However, deficiency of protein 4.2 

is a more rare cause of HS and we unfortunately did not have the opportunity to study CD47 

expression in this type of HS. Mutations in the cytoplasmic domain of band 3 within the vicinity 

of the protein 4.2 binding site11) that could influence protein 4.2 abundance within affected 

erythrocytes may be expected to correlate with an indirect reduction in CD471. We, however, did 

not identify an extensive reduction of CD47 in two patients with mutations in the cytosolic 

domain of band 3 (CD47 expression of 89% and 132% in respectively patient 1 and patient 2). 

We conclude therefore that reduction in CD47 expression is not a general feature of HS 

erythrocytes.  

Glycophorin C associates with protein 4.1 and p55 within the junctional complex12 and has been 

demonstrated to be absent in hereditary elliptocytosis patients with complete protein 4.1 

deficiency13. The normal glycophorin C expression in HS patients with a variety of molecular 

defects studied here indicate that glycophorin C expression is not affected by heterozygous 

mutations in SLC4A1, ANK1 or SPTA1. Glycophorin C, therefore, seems to be a specific 

biomarker for HS due to protein 4.1 deficiency. 



In summary, we show that by measuring RBC membrane protein expression by flow cytometry, 

quantitative differences in RBC membrane proteins can be identified. In particular decreased 

expression of RhAG, Rh-factor and glycophorin A represent novel general biomarkers for HS, 

whereas the more pronounced decrease in expression of band 3 is a biomarker for HS due to 

mutations in SLC4A1. Additional studies on the use of combined measurements of RBC surface 

proteins are warranted to further explore its use for the differential diagnosis of HS. Thus the 

results presented within this study suggest that quantitative measurement of RBC surface 

protein expression by flow cytometry could be used to categorize HS patients according to the 

underlying genetic defects in either SLC4A1, ANK1 or SPTA1.  Figure 2b shows a 3D-scatterplot 

for expression levels of Rh factor, band 3 and RhAG. Using this 3D-scatterplot, patients could be 

assigned to having a genetic defect in either SLC4A1, ANK1 or SPTA1. This approach could 

complement and enhance existing initial HS diagnostic tools by providing a preliminary 

categorization of HS molecular defect or initial lead for confirmatory DNA analysis. In particular, 

this methodology enables rapid confirmation or exclusion of phenotypic effects of novel 

polymorphisms or Variants of Unknown clinical Significance (VUS) identified through next-

generation sequencing approaches.   



Author contribution: RH, TS, AT and RvW designed the research. RH, TS and LV performed the 

research. RH and LV analyzed the data. RH, TS, RS, WvS, AT and RvW wrote the paper. 

 

Acknowledgments  

The research leading to these results has received funding from the European Seventh 

Framework Program under grant agreement number 602121 (CoMMiTMenT), a grant from NHS 

Blood and Transplant R&D committee (NHSBT WT15-05), and a National Institute for Health 

(NHIR) grant to support a NIHR Research Blood and Transplant Unit (NIHR BTRU) in Red 

Blood Cell Products at the University of Bristol in Partnership with NHSBT (NIHR-BTRU-2015-

10032). The views expressed are those of the author(s) and not necessarily those of the NHS, 

the NIHR or the Department of Health. 

 

 

 

 

  



References 

1.  Mankelow TJ, Satchwell TJ, Burton NM. Refined views of multi-protein complexes 

in the erythrocyte membrane. Blood Cells, Mol Dis. 2012;49(1):1-10. 

2.  Perrotta S, Gallagher PG, Mohandas N. Hereditary spherocytosis. Lancet. 

2008;372(9647):1411-1426. 

3.  Toye AM, Williamson RC, Khanfar M, Bader-Meunier B, Cynober T, Thibault M, 

Tchernia G, Déchaux M, Delaunay J, Bruce LJ. Band 3 Courcouronnes (Ser667Phe): 

a trafficking mutant differentially rescued by wild-type band 3 and glycophorin A. 

Blood. 2008;111(11):5380-9. 

4.  Satchwell TJ, Bell AJ, Hawley BR, Pellegrin S, Mordue KE, van Deursen CTBM, Braak 

NH-T, Huls G, Leers MPG, Overwater E, Tamminga RYJ, van der Zwaag B, Fermo E, 

Bianchi P, van Wijk R, Toye AM. Severe Ankyrin-R deficiency results in impaired 

surface retention and lysosomal degradation of RhAG in human erythroblasts. 

Haematologica. 2016;101(9):1018-27. 

5.  Quilty JA, Reithmeier RA. Trafficking and folding defects in hereditary 

spherocytosis mutants of the human red cell anion exchanger. Traffic. 

2000;1(12):987-98. 

6.  King M-J, Smythe JS, Mushens R. Eosin-5-maleimide binding to band 3 and Rh-

related proteins forms the basis of a screening test for hereditary spherocytosis. Br 

J Haematol. 2004;124(1):106-13. 

7.  King MJ, Behrens J, Rogers C, Flynn C, Greenwood D, Chambers K. Rapid flow 

cytometric test for the diagnosis of membrane cytoskeleton-associated 

haemolytic anaemia. Br J Haematol. 2000;111(3):924-33. 

8.  Nicolas V, Le Van Kim C, Gane P, Birkenmeier C, Cartron J-P, Colin Y, Mouro-

Chanteloup I. Rh-RhAG/Ankyrin-R, a New Interaction Site between the Membrane 

Bilayer and the Red Cell Skeleton, Is Impaired by Rh null -associated Mutation. J 

Biol Chem. 2003;278(28):25526-25533. 

9.  Bruce LJ, Ghosh S, King MJ, Mark Layton D, Mawby WJ, Stewart GW, Oldenborg 

PA, Delaunay J, Tanner MJA. Absence of CD47 in protein 4.2-deficient hereditary 

spherocytosis in man: An interaction between the Rh complex and the band 3 

complex. Blood. 2002;100(5):1878-1885. 



10.  Mouro-Chanteloup I, Delaunay J, Gane P, Nicolas V, Johansen M, Brown EJ, Peters 

LL, Van Kim C Le, Cartron JP, Colin Y. Evidence that the red cell skeleton protein 

4.2 interacts with the Rh membrane complex member CD47. Blood. 

2003;101(1):338-344. 

11.  Kanzaki A, Hayette S, MorlÃ© L, Inoue F, Matsuyama R, Inoue T, Yawata A, Wada 

H, Vallier A, Alloisio N, Yawata Y, Delaunay J. Total absence of protein 4.2 and 

partial deficiency of band 3 in hereditary spherocytosis. Br J Haematol. 

1997;99(3):522-530. 

12.  Nunomura W, Takakuwa Y, Parra M, Conboy J, Mohandas N. Regulation of protein 

4.1R, p55, and glycophorin C ternary complex in human erythrocyte membrane. J 

Biol Chem. 2000;275(32):24540-6. 

13.  Jeremy KP, Plummer ZE, Head DJ, Madgett TE, Sanders KL, Wallington A, Storry JR, 

Gilsanz F, Delaunay J, Avent ND. 4.1R-deficient human red blood cells have altered 

phosphatidylserine exposure pathways and are deficient in CD44 and CD47 

glycoproteins. Haematologica. 2009;94(10):1354-61. 

 

  



Table and figure legends 

 

Table 1: overview of mutations identified in patients with hereditary spherocytosis (HS). 

Splenectomized patients are noted with # and mutations not previously reported are depicted in 

bold face. αLELY represents the c.[5572C>G;6531-12C>T] p.[(Leu1858Val);(?)] mutations in SPTA1. 

Figure 1 a, b, c, d, e, and f) RBC surface protein expression in patients with hereditary 

spherocytosis (HS) categorized according to the underlying molecular defect (SLC4A1 (Band 3), 

ANK1 (ankyrin), SPTA1 (α-spectrin) and SPTB (β-spectrin). Significant differences in expression 

compared with healthy controls (=100%) are depicted with * (P≤0.05), † (P≤0.01) or ‡ (P≤0.001) 

(One-Sample T Test). Significant differences between patients groups are depicted with 

horizontal lines.  

Figure 2 a) significant correlation (R2=0.51, P≤0.001) between eosin-5’-maleimide (EMA)-binding 

and band 3 expression on RBCs from HS patients. Despite the correlation between EMA-binding 

and band 3 expression, EMA binding lacks sensitivity to discriminate HS patients with different 

gene defects. b) 3D-scatterplot of RBC membrane protein expression of Rh factor, band 3 and 

Rh-associated glycoprotein (RhAG) in HS patients with molecular defects in SLC4A1 (Band 3) 

(depicted in blue), ANK1 (ankyrin) (depicted in red) and SPTA1 (α-spectrin)(depicted in green). 

RBC membrane expression levels of Rh factor, band 3 and Rh-associated glycoprotein (RhAG) 

provides an initial lead to the pathological mutation that caused HS.  

 


