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Abstract 

The process of reticulocyte maturation, whereby the reticulocyte undergoes differentiation to become  

a fully mature erythrocyte, occurs after egress of the cell from the bone marrow and into circulation. 

Reticulocyte maturation is known to require extensive intracellular remodelling, which is further 

characterised by loss of cell volume, removal of redundant proteins and cell organelles and highly 

selective membrane and cytoskeletal rearrangement.  

 

However, the specific mechanisms that drive this process in vivo are poorly understood. 

Furthermore, at present, reticulocytes derived through in vitro culture fail to generate mature 

erythrocytes in ex vivo conditions. Thus, this project aims to contribute to the understanding of 

reticulocyte maturation by investigating how the membrane and specialised cytoskeleton remodel to 

form the final recognisable biconcave red blood cell.  

 

To achieve this, we first use high-throughput proteomic methods to compare in vitro-derived 

reticulocytes, endogenous reticulocytes and erythrocytes. Concurrently, an ex vivo circulation 

system was developed to simulate the mechanical shear component of circulation and demonstrated 

that mechanical stimulus induces a decrease in cell volume, which is characterized by differential 

reduction in protein abundance and increased mitochondrial clearance. Through the two previous 

approaches we identify a cytoskeletal protein, non-muscle myosin IIA (NMIIA), as exhibiting 

differential phosphorylation status and global abundance between reticulocytes and erythrocytes 

and, using a specific inhibitor for its activity alongside the ex vivo circulation system, demonstrate its 

importance in vesicle loss during reticulocyte remodelling. 

 

Through the combination of a microsphere filtration assay, microfluidics and phosphoproteomics, we 

then derive a comprehensive and integrative phosphoproteomic dataset for further mechanistic 

dissection of the cell’s response to deformation. We demonstrate roles for GSK3 and Lyn in capillary 

transit and maintenance of membrane stability following deformation and show that combined 

inhibition of these kinases significantly decreases RBC capacity to undergo repeated deformation.  

 

Finally, we build a machine learning-based system for the diagnosis of rare anaemias, achieving a 

maximum prediction accuracy of 92%. During this process, we identify hereditary xerocytosis 

patients as displaying delayed reticulocyte maturation and show that such a phenotype can be 

recapitulated through pharmacological treatment with Yoda1, a specific activator of PIEZO1. 

 

In summary, the work developed in this thesis provides a comprehensive, multidisciplinary and 

collaborative approach to the study of reticulocyte maturation and lays the foundations for substantial 

future studies in the field. 
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Chapter 1    Introduction 

1.1   The Erythrocyte 

Erythrocytes (also known as red blood cells or RBCs), present in huge numbers in the blood 

of mammals, birds, amphibians, reptiles and teleost fish,1 are extremely specialized cells that 

have undergone optimization over millions of years of evolution to become the principal 

mechanism responsible for oxygen and carbon dioxide transport within these organisms. 

 

Uniquely among vertebrate classes, mammalian erythrocytes in particular have evolved to 

maximize their oxygen carrying capacity through the removal or degradation of all intracellular 

organelles (including the nucleus) throughout their differentiation.2 This process provides extra 

capacity for the cell to produce and pack large quantities of haemoglobin, the primary oxygen 

carrier molecule in RBCs, to the extent that haemoglobin makes up nearly 95% of the total 

protein content of the cell.3 

 

Structurally, haemoglobin is a tetrameric protein composed of two pairs of alpha- and beta-

globin subunits, with each subunit containing a heme complex formed by an organic 

protoporphyrin component binding to an iron ion as its centrepiece.4 These structures are 

responsible for the high oxygen affinity of haemoglobin as well as its capacity to bind oxygen 

and carbon dioxide, allowing it (and therefore, the erythrocyte) to function as a lynchpin for 

respiration. The amino acid composition of haemoglobin is also crucial to its properties, with 

its histidine residues serving as proton acceptors throughout the respiratory reactions and 

stabilizing oxygen molecules through hydrogen-bonding interactions.5  

 

Erythrocytes become loaded with oxygen via gas diffusion during passage through the 

pulmonary capillaries, which binds to haemoglobin and decreases its affinity for protons. Band 

3, a critical membrane protein in the erythrocyte, then exchanges intracellular chloride for 

extracellular bicarbonate ions, which combine with the free protons released upon oxygen 
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binding through an enzymatic reaction mediated by carbonic anhydrase (CA) to finally 

generate carbon dioxide that will be released from the lungs as a waste product.6 Conversely, 

the diffusion of oxygen from the red blood cell and into the surrounding tissues during 

peripheral circulation is accompanied by the diffusion of carbon dioxide into the red blood cell 

where the reverse process will occur through rapid carbonic anhydrase-mediated conversion 

of carbon dioxide into bicarbonate and subsequent Band 3-mediated exchange of the 

intracellular bicarbonate for extracellular chloride from the surrounding plasma (which acts as 

a buffer). A schematic detailing the reactions necessary for gas exchange in the erythrocyte 

is shown in Figure 1-1.  

 

Figure 1-1: Schematic of gas exchange reactions in the erythrocyte 

The reversible mechanism for haemoglobin (de)oxygenation is shown in this figure. Oxygen uptake by 

the erythrocyte and consequent binding of oxygen to haemoglobin occurs when the surrounding plasma 

is oxygenated (i.e. during pulmonary circulation), while haemoglobin deoxygenation and oxygen release 

occurs upon passage through locations lacking oxygen (i.e. during blood transport to the remaining 

tissues, in peripheral circulation). Carbonic anhydrases (CAI/II/IV) are key contributors to this process; 

their activity and function is thus represented in the diagram. The displayed pathway was adapted from 

Reactome.7 (doi: 10.3180/REACT_120969.1). This figure was created with BioRender. 
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The efficient transport of gases mediated by the RBC will occur throughout the cell’s lifespan, 

which on average is approximately 120 days;8 at the end of its lifespan, the cell enters 

senescence and is cleared upon passage through the spleen; thus, a constant production of 

new cells is necessary to compensate for cell removal – this production happens in the bone 

marrow at the incredibly high rate of approximately 2 million new cells per second.9 

 

In order to facilitate the rapid diffusion necessary for these gas exchanges, the mammalian 

erythrocyte possesses a specialised membrane composition, as well as a unique and 

characteristic biconcave morphology which maximizes its surface area to volume ratio and 

facilitates its deformation when undergoing flow during circulation through the 

microvasculature.10 The acquisition of this shape occurs during differentiation as a result of 

the intrinsic properties of and complex associations and interactions between the erythrocyte’s 

cytoskeleton, membrane proteins and plasma membrane lipids.11-13  

 

However, by themselves, those complex associations would not be sufficient; thus, the 

biconcave shape is also made possible by the process that leads to the removal of the 

erythrocyte’s nucleus (termed “enucleation”, a process which will be described later in this 

work; in short, enucleation occurs while the precursor cell is still in the bone marrow and 

generates a nascent reticulocyte which will enter circulation and continue differentiating into 

an erythrocyte), which further increases the cell’s capacity to deform and reshape its 

cytoskeleton and membrane.14  

 

Another no less important consequence stemming from the erythrocyte’s general loss of 

organelles is that lacking mitochondria avoids the usage of any oxygen undergoing transport 

for energy generation by the erythrocyte itself – instead, the cell must obtain its energy via 

anaerobic pathways,15 again showcasing the extent of its specialization. 
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1.2   Erythrocyte membrane organization 

As previously mentioned, the ability of the erythrocyte to undergo extreme deformation during 

passage through the microvasculature is significantly assisted by the unique organization of 

the contents of its plasma membrane and by the associations formed between membrane 

proteins and the specialised erythroid spectrin-based cytoskeleton. 

 

Whilst the organization of the plasma membrane lipids themselves does not largely differ from 

that of other cells in the body, with the erythrocyte’s membrane being constituted by a lipid 

bilayer arrangement composed of phospholipids, glycolipids and cholesterol, the proteins 

embedded into the membrane form the source of its vast complexity. The erythrocyte’s 

surfaceome is comprised of nearly 900 proteins16 and is widely known for its extensive antigen 

content due to the fact that blood group matching is necessary for increasing safety in blood 

transfusion - more than 350 antigens are described,17 arising mostly from single-nucleotide 

polymorphisms which can impact surface proteins (although notable exceptions exist, such as 

the ABO blood group system, in which the antigen component is based on the presence or 

absence of a variable carbohydrate moiety linked to surface lipids18).  

 

Amongst the wide variety of candidate proteins in the surface of the erythrocyte, two main 

protein complexes stand out due to their function: namely, the ankyrin-linked multiprotein 

complex and the 4.1-linked junctional complex, both of which provide key sites of attachment 

that mediate the interactions between the membrane and cytoskeleton.19,20 A schematic 

detailing the structure and organization of both protein complexes is shown in Figure 1-2. 

 

The ankyrin complex (or band 3 macrocomplex) is further divided into two subcomplexes, the 

band 3 subcomplex and the Rhesus (Rh) subcomplex. The band 3 subcomplex is formed 

through direct association of the band 3 membrane protein in its tetrameric form with ankyrin 

from the spectrin cytoskeleton and with assistance from protein 4.2 and glycophorin A (GPA), 
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Figure 1-2: Schematic of the multiprotein complexes in the erythrocyte membrane 

Diagram displaying the two main multiprotein complexes present in the erythrocyte plasma membrane. The band 3 macrocomplex is shown to the left, while 

the 4.1-linked junctional complex is shown to the right. Band 3 can also form dimers or tetramers by itself, which exist freely in the membrane and can exchange 

between free and ankyrin-bound conformations. Figure adapted from Salomao M et al.21 
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providing a significant membrane-anchoring point for the cytoskeleton.22 The proteins 

comprising the band 3 subcomplex then undergo further interaction with the proteins that 

comprise the Rhesus subcomplex, namely Rh polypeptides RhD and RhCE, Rh-associated 

glycoprotein RhAG, glycophorin B (GPB), CD47 and ICAM4 (or LW),23 resulting in the final 

structure of the macrocomplex. The specific interactions that form the basis for association 

between the two subcomplexes and allow the construction of the macrocomplex occur 

between band 3 and the Rh polypeptides,24 between RhAG and ankyrin25 and between CD47 

and protein 4.2,26 with the nascent protein complexes assembling within the first 72 hours of 

erythropoiesis.27,28 

 

As the second major complex, the 4.1-linked junctional complex also provides a site for 

membrane-cytoskeleton anchoring through pairwise interactions of the membrane protein 

glycophorin C (GPC) with p55 and protein 4.1 and, in turn, of protein 4.1 with the cytoskeletal 

protein beta-spectrin and with the actin protofilament.29 Band 3 also interacts with the 

junctional complex (albeit in its dimeric form),30 providing another point of association to the 

cytoskeleton via direct interaction with adducin, another spectrin interactor.31 The junctional 

complex also comprises other membrane proteins, namely Kell, XK, Duffy and SLC2A1 

(GLUT1).21 

 

Since this thesis focuses on understanding the process of cytoskeleton and membrane 

remodelling that occurs throughout reticulocyte maturation and on characterizing the 

contribution of shear stress exposure to this process, the major proteins that form the structure 

of the erythrocyte membrane and cytoskeleton will be detailed in Sections 1.3 to 1.6 as a 

necessary introduction to the mechanisms that may form part of the dynamic changes which 

occur during erythroid differentiation and maturation.  
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1.3   Proteins of the erythroid cytoskeleton 

1.3.1   Spectrin 

Spectrin is a large and functionally diverse cytoskeletal protein which is ubiquitously expressed 

among most cell types in metazoan organisms.32 It is structurally composed by two sub-units 

in heterodimeric and antiparallel association,33 each of which may occur in several isoforms 

resulting from the expression of distinct genes:34 two alpha-spectrin isoforms (αI and αII, 

respectively encoded by SPTA1 and SPTAN1) and five beta-spectrin isoforms (βI, βII, βIII, 

βIV and βV, respectively encoded by SPTB, SPTBN1, SPTBN2, SPTBN4 and SPTBN5). Of 

these, the two isoforms which are expressed in the erythrocyte are αI (280 kDa) and βI (240 

kDa), which together constitute 75% of the total protein weight of the erythrocytic 

cytoskeleton35 and are each present at an abundance of ~2.4 x 105 copies per cell.36  

 

An important characteristic in proteins of the spectrin family is the presence of tandem 

arrangements of homologous but non-identical sequences of 106 amino acids (termed 

“spectrin repeats”) that are individually structured as three-helix bundles.37 These repeats 

provide spectrin with flexibility, allowing it to vary in length from 70 nm (when condensed) to 

200 nm30 (when fully extended); this property thus imparts the erythrocyte cytoskeleton with 

its intrinsic ability to undergo significant deformation.  

 

The αI and βI spectrin subunits each respectively contain 21 and 17 spectrin repeats,38 with 

significant regions for protein-protein interaction occurring amongst their sequence: Firstly, the 

N-terminus of αI-spectrin contains a critical self-association region for interaction with βI-

spectrin39. αI-spectrin is further able to interact with several proteins as well as 

phosphatidylserine lipids through its SH3 domain40 (repeats 9-11) and also displays a 

calmodulin-like domain containing four calcium-binding domains (EF-hands) which allow it to 

bind specifically to protein 4.2 in a calcium-modulated manner.41  
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Conversely to αI-spectrin, the self-association region of βI-spectrin is located in its C-

terminus42, with head-to-head association of both subunits thus resulting in the antiparallel 

heterodimeric arrangement of spectrin dimers. Importantly, the N-terminus of βI-spectrin 

provides an interaction site for actin through its actin-binding domain43 and it is also able to 

interact with proteins from the 4.1-linked junctional complex via association with dematin,44 

protein 4.145 and adducin,46 providing a link between the membrane and cytoskeleton. Finally, 

βI-spectrin also interacts with the ankyrin-linked multiprotein complex through the ankyrin-

binding domain present in spectrin repeats 14-15.47  

 

Equally as relevant as the capacity of spectrin to interact with different proteins is the ability of 

spectrin heterodimers to link between themselves in an end-to-end fashion to form tetramers 

which can further associate with short actin filaments to form the basic structure of the 

erythrocytic cytoskeleton,48 a scaffold composed by pentagonal and hexagonal arrangements 

of spectrin tetramers.49 All of these interactions occur spontaneously and in a self-assembling 

manner;50,51 however, the resulting spectrin network of the erythrocyte is dynamic and 

continually undergoes tetramer dissociation and re-association through a shear stress-

mediated process52. Finally, regarding pathological variants, mutations in erythrocyte spectrin-

encoding genes are known to induce hereditary elliptocytosis (HE)53 and hereditary 

spherocytosis (HS)54, diseases which are characterised by alterations in cell shape caused by 

mechanical weakness of the cytoskeleton.  

 

1.3.2   Actin 

Actin is a highly conserved cytoskeletal protein that, similarly to spectrin, is ubiquitous among 

metazoan organisms55 (and, indeed, even among all eukaryotic cells). However, only one of 

its isoforms is expressed by erythroid cells: β-actin (43 kDa), which is present at ~5 x 105 

copies per cell.36 Highly uniform actin filaments (measuring 37 nm in length) composed of 13-

15 monomers interact with spectrin,56 crosslinking the spectrin tetramers at a subset of the 
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points of interaction with the 4.1-linked junctional complex.57 Actin filaments are stabilized in 

the erythrocyte through interaction with tropomodulin-1, adducin and tropomyosin58 and also 

associate with nonmuscle myosin II filaments in order to maintain cell shape.12  

 

1.3.3   Myosin 

The myosin superfamily comprises a large and diverse series of actin-based motor proteins 

which are able to hydrolyse ATP in order to undergo conformational changes that allow them 

to move along actin filaments.59 Myosins vary in function, ranging from the provision of 

contractile force during cell division60 to transporting molecular cargoes inside the cell.61  

 

Amongst the twenty-four subclasses of myosins,62 only nonmuscle myosin II (NMII) has been 

identified in erythrocytes,63 where it strongly associates with the spectrin-actin cytoskeleton. 

Three NMII isoforms exist in mammalian cells, NMIIA (Myosin 9), NMIIB (Myosin 10) and 

NMIIC (Myosin 14); however, to date NMIIC has not been reported to be expressed or 

functional in erythroid cells. Structurally, one NMII molecule is composed by six subunits: two 

heavy chain subunits each comprised of a globular head domain (containing an actin-binding 

region and an ATPase motor domain) and a coiled-coil rod domain64 (which allows myosin to 

form filaments which interact with the remaining cytoskeleton), with different heavy chains 

constituting different myosin isoforms; two essential light chain (ELC) subunits which provide 

stability to the heavy chains;65 and two regulatory light chain (RLC) subunits which can interact 

freely with all three NMII heavy chains and modulate the stability of both heavy chains and 

ELCs.66  

 

From the isoforms present in the erythrocyte, NMIIA (225 kDa) has been reported to associate 

with the spectrin-actin cytoskeleton and promote membrane stiffness but, at the same time, 

its presence is not essential for the erythrocyte to maintain a functional cytoskeletal network.12  



  

10 

Despite this fact, chemical inhibition of NMIIA has been shown to disrupt cell shape by 

inducing a reduction in membrane tension. Furthermore, mutations in the heavy chain of 

NMIIA (MYH9) have been shown to cause decreased haemoglobin content and abnormal cell 

shape in erythrocytes from human patients.67 

 

On the other hand, NMIIB participates more heavily in cell development throughout 

erythropoiesis rather than in the final erythrocyte stage, having been shown to participate in 

and be required for correct cell division and enucleation throughout terminal differentiation.68 

However, while both isoforms are expressed in erythroid progenitors, NMIIB decreases 

markedly in abundance during erythroid differentiation and reticulocyte maturation, leaving 

NMIIA as the main myosin isoform present in the cytoskeleton of the mature erythrocyte.12  

 

1.4   Proteins in the ankyrin-linked multiprotein complex 

1.4.1   Ankyrin 

The ankyrin family comprises a set of large adaptor proteins which mediate associations 

between membrane proteins and the cytoskeleton, serving as anchor proteins. Three genes 

coding for different members of the family are known to exist in humans:69 ANK1, which 

encodes the isoform expressed in the erythrocyte and is also present in muscle and brain 

tissue; ANK2, present mostly in brain and heart tissue; and ANK3, which is broadly expressed 

in several tissue types (e.g. brain, muscle, lung, etc.). Ankyrins generally have a modular 

structure with three functional domains:70 an N-terminal domain comprised of tandem 

arrangements of 33 amino acid-long repeats (“ankyrin repeats”), a centrally-located domain 

which provides a spectrin-binding site and a C-terminal regulatory domain which also contains 

a Death domain (able to interact with pro-apoptotic proteins). Further structural and functional 

variability is achieved through complex alternative splicing of ankyrin mRNA, leading to the 

generation of multiple isoforms from the same gene in developmental stage-specific patterns 

of isoform expression.71 
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Erythrocyte ankyrin undergoes alternative splicing in order to produce two main isoforms that 

occur in different proportions: Ankyrin-1 (206 kDa, alternatively known as Ankyrin-R or band 

2.1) is the most predominant isoform, being expressed at an abundance of ~1.25 x 105 copies 

per cell.36 The N-terminal domain of Ankyrin-1 comprises 24 ankyrin repeats which are 

organized into four subdomains (D1 to D4) that group six ankyrin repeats each.72 These 

subdomains provide sites for interaction with multiple membrane proteins: D2 is able to bind 

band 3,73 RhAG25 and CD4474 while a region in the boundary of D3-D4 provides another 

binding site for band 373 (in a cooperative fashion with the D2 domain) as well as a site for 

binding protein 4.2.75  

 

Alternative splicing of the ankyrin-1 mRNA leads to the production of the second main isoform, 

ankyrin 2.2 (also known as band 2.2), through an in-frame removal of 486 bases that leads to 

the loss of 162 amino acids in the C-terminal regulatory domain of Ankyrin-1.76 Ankyrin 2.2 

has a higher affinity for ankyrin-binding proteins than Ankyrin-1, providing a cellular 

mechanism for in-built modulation of ankyrin activity.77 Whilst many other protein-protein 

interactions are described involving ankyrin, it is of course important to note that ankyrin 

provides a key anchorage site for the erythrocytic cytoskeleton through interaction with 

spectrin repeats 13-15 of βI-spectrin via a ZU5 subdomain located in its central domain, which 

has been reported as constituting the minimal binding domain for spectrin.47  

 

Defects in ankyrin function generated either by missense or nonsense mutations have been 

extensively described to cause hereditary spherocytosis78-80 (HS), to the degree that ankyrin 

alterations are responsible for a significant proportion of both dominant and recessive HS 

cases81 (~35 to 65%). However, complete ankyrin deficiency has not been observed in 

humans and is considered to be lethal in early stages of development, as ankyrin-null mice 

are profoundly anaemic in utero and die perinatally within a period of 38 hours to 8 weeks.82  
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1.4.2   Band 3 

Band 3 (95 kDa, alternatively known as anion exchanger 1 – AE1 or solute carrier family 4 

member 1 – SLC4A1) is a major polytopic integral membrane protein and bicarbonate-chloride 

exchanger which is also the most abundant protein in the red blood cell membrane,83 being 

expressed at an abundance of ~1.2 x 106 copies per cell.36 Similarly to protein 4.1 or 4.2, the 

name of band 3 derives from its position in the band pattern order of erythrocyte membrane 

proteins when analysed through SDS-PAGE. 

 

Structurally, band 3 is comprised by 911 amino acids that are organized into three main 

regions: a large N-terminal cytoplasmic domain which provides sites for interaction with 

proteins from both the band 3 macrocomplex (ankyrin84 and protein 4.275) and the 4.1-linked 

junctional complex (protein 4.185 and adducin31) (as summarized in Figure 1-2) and is able to 

competitively bind deoxyhaemoglobin86 and glycolytic enzymes such as glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and aldolase;87 an extensive transmembrane region 

comprised by 12 to 14 transmembrane domains88 (depending on the tools used for structural 

prediction) which allows band 3 to transport chloride and bicarbonate ions; and a short C-

terminal tail which contains binding sites for carbonic anhydrase (CA)89 and glycophorin A 

(GPA).90 Carbonic Anhydrase II is an important interactor for optimal function of band 3 due 

to its ability to rapidly catalyse the interconversion reaction between bicarbonate ions and 

carbon dioxide, facilitating band 3-mediated ion exchange.91 Conversely, GPA is known to be 

a chaperone for and associate with band 3, enhancing band 3 trafficking to the cell surface 

and anion exchange activity92 via interactions with the transport domain located in the region 

of the transmembrane domains 8 and 9 and C-terminus of band 3.93 

 

Band 3 is mainly present in the cell membrane organized in two distinct patterns: a tetrameric 

arrangement, which requires ankyrin to maintain its structure and forms the band 3 

subcomplex94 together with protein 4.2 and GPA, which then interacts with the Rh complex to 
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form the band 3 macrocomplex. Alternatively, band 3 can form a dimeric arrangement, which 

may either locate to the 4.1-linked junctional complex (thus connecting to the cytoskeleton) or 

exist as a free mobile fraction.95 

 

Defects in band 3 function cause hereditary spherocytosis, with 10 to 20% of HS cases being 

caused by band 3 deficiency;96,97 however, and unlike the situation of ankyrin-null mutants, a 

complete lack of band 3 is viable in humans despite the affected subjects suffering from a 

phenotype of transfusion-dependent severe haemolytic anaemia and HS.19,98 

 

1.4.3   CD47 

CD47 (52 kDa, also known as Cluster of Differentiation 47 or Integrin-Associated Protein, IAP), 

is a component of the Rh subcomplex that mediates its association to the band 3 subcomplex 

through interaction with protein 4.2.26 CD47 is ubiquitously expressed in other cell types but 

nonetheless is relatively abundant in the erythrocyte, with a copy number consisting of ~5 x 

104 copies per cell.36  

 

Structurally, CD47 is highly glycosylated and possesses five transmembrane regions. 

Although in other cell types CD47 physically associates with integrins in order to regulate their 

function99, the lack of integrins on the red blood cell led to the interrogation of its function in 

the erythrocyte. Its role as a possible component of the Rh subcomplex was identified through 

the study of Rhnull patients100 and patients lacking RhCe,101 both of which display severely 

reduced CD47 expression.  

 

CD47 was also determined to act as a “marker of self” in the erythrocyte102 through cell-cell 

interaction with the macrophage receptor SIRPα (signal regulatory protein alpha) that prevents 

macrophage-mediated clearance of the cell during circulation (and particularly at the level of 

the splenic microvasculature), with red blood cells lacking CD47 being rapidly removed from 
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the bloodstream. Conformational changes in CD47 also leads to an increased phagocytosis 

signal through the induction of interactions with thrombospondin-1 (TSP1), with subsequently 

lead to recognition by SIRPα.103 Finally, the membrane levels of CD47 have been reported to 

decrease during red blood cell storage and aging104 as a possible additional mechanism for 

enabling the recognition and clearance of senescent erythrocytes.  

 

No effects have been reported regarding alterations in membrane or cytoskeletal organization 

in CD47KO mice, indicating a relatively minor contribution to the membrane-cytoskeleton 

association comparatively to the proteins discussed earlier. This observation illustrates 

species-related differences since, unlike humans, mice do not contain CD47 in the band 3 

macrocomplex.105 Importantly, up to the current date no CD47null humans have been reported 

in the literature and thus the effects of such a phenotype are unknown.  

 

1.4.4   Glycophorin A and B 

Glycophorins are integral membrane sialoglycoproteins (rich in sialic acid) that coat the 

surface of the erythrocyte and are responsible for 60% of the negative surface charge of the 

cell; this property allows for minimizing interactions between RBCs and prevents cell 

aggregation, both factors which facilitate RBC circulation through the microvasculature.106 

Three main members are expressed in human erythrocytes, Glycophorin A, B and C, although 

only A and B form part of the ankyrin-linked complex.  

 

Glycophorin A (28 kDa, GPA) is the predominant family member in the RBC surface – it is 

expressed at an abundance of ~1 x 106 copies per cell,36 which makes it the 2nd most abundant 

surface protein in the RBC after band 3. GPA is a type I single-spanning membrane protein 

comprised by an extracellular N-terminus, a transmembrane region and a cytoplasmic C-

terminal tail.107 Importantly, its transmembrane region contains a self-association site which 

allows it to form SDS-resistant homodimers108 that interact with band 3 dimers via the region 
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proximal to the membrane92 (residues 68-70 and C-terminal tail), enhancing band 3 trafficking 

and delivery to the membrane. GPA is additionally able to interact with the tetrameric form of 

band 3 through association into a GPA/GPB heterodimer. 

 

Glycophorin B (25 kDa, GPB) is comparatively far less abundant (~1.5 x 105 copies per cell36) 

and, despite being structurally similar to GPA, its C-terminal sequence is shorter and does not 

possess the ability to interact with band 3;109 instead, GPB forms part of the Rh subcomplex 

and is thought to instead interact with RhAG, aiding its trafficking to the membrane.110,111  

 

A lack of GPA and GPB or even GPA alone induces a significantly decreased capacity for 

band 3-mediated ion transport in the affected cells,112 although band 3 abundance is unaltered 

and patients do not display an apparent pathogenic phenotype.113 

 

1.4.5   Protein 4.2 

Protein 4.2 is a peripheral membrane protein that is expressed at an abundance of ~2.5 x 105 

copies per cell,36 distributed in two main isoforms (a short and a long isoform with distinct 

molecular weights, respectively 72 and 74 kDa) which arise from alternative splicing of the 

gene transcript.114  

 

Structurally, protein 4.2 displays homology to members of the transglutaminase family; 

however, it lacks a catalytic site and thus does not possess enzymatic activity.115 Protein 4.2 

possesses a site for interaction with the D3-D4 region of ankyrin and another for interaction 

with the cytoplasmic domain of band 3, both located within a 24 amino acid stretch between 

residues 187 and 211.75 These interaction sites have been shown to participate in 

strengthening the association between band 3 and the cytoskeleton, as band 3 is more mobile 

and easier to extract from the membrane in protein 4.2-deficient cells.116 
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As previously mentioned, protein 4.2 also possesses a site for interaction with CD47 which is 

a requirement for CD47 expression at the membrane as demonstrated by its complete 

absence in protein 4.2-deficient patients;116 this interaction thus assists in mediating the 

association between the band 3 subcomplex and the Rh subcomplex. Protein 4.2 can also 

bind to spectrin, providing another site for association between the cytoskeleton and the 

plasma membrane.41 

 

Aside from the above-mentioned molecular consequences of protein 4.2 deficiency, its 

absence also leads to hereditary spherocytosis117 (similarly to the lack of ankyrin or band 3), 

highlighting the importance of protein 4.2 for maintaining the integrity of the macrocomplex. 

Interestingly, the absence of protein 4.2 in the membrane may also occur as a consequence 

of band 328 or ankyrin deficiency,118 further indicating the complex interactions between these 

proteins and aiding to determine the existence of a hierarchical sequence for protein function 

and presence at the membrane.  

 

1.4.6   RhAG and Rh proteins 

The Rh proteins constitute a family of integral membrane proteins which, in humans, comprise 

two non-glycosylated proteins expressed at an abundance of 2 x 105 copies per cell36 and 

encoded by two distinct genes: RhCE (30 kDa) and RhD (32 kDa). An additional glycosylated 

homolog is expressed at an abundance of ~1-2 x 105 copies per cell,36 RhAG (44 kDa, Rh-

associated glycoprotein).  

 

All three proteins share a highly conserved transmembrane topology with 12 transmembrane 

regions and are similar in sequence to the superfamily of ammonium/methylammonium 

transporters Amt/Mep.119 Despite this homology with ion transporters, RhCE and RhD do not 

have an ion transporting function in the erythrocyte, whilst RhAG has been reported to have 

multiple functions not only limited to facilitating ammonium transport120 but also transporting 
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alternative molecules such as CO2.121-124 The Rh proteins and RhAG form the rhesus 

subcomplex through hetero-oligomerization (forming a heterotrimer composed of two RhAG 

molecules and either RhD or RhCE125,126) followed by non-covalent interaction with CD47, 

GPB and ICAM4,23 which later will then associate with the band 3 subcomplex.  

 

It is notable to mention that the presence of RhD at the membrane corresponds to what is 

colloquially known as rhesus positive or Rh+. The deletion of the RhD gene alone and loss of 

surface RhD are fully functional (Rh-) and correspond to the main polymorphism that underlies 

the Rh blood group system, at the same time widely known and tested for in transfusion 

medicine due to its role in alloantibody generation upon transfusion of mismatched Rh-type 

blood127. Unlike the absence of RhD, the absence of RhCE leads to structural alteration of the 

band 3 macrocomplex.101 The complete absence of Rh proteins in patients may occur either 

through inactivation of RhCE in a RhD-negative background128 (Rh-null, amorph type) or 

through mutations in the RHAG gene that lead to the loss of expression of RhAG, RhD and 

RhCE129 (Rh-null, regulator type). The Rh-null phenotype is functional but leads to chronic 

moderate haemolytic anaemia due to increased osmotic fragility accompanied by altered 

morphology and membrane organization of the erythrocyte, resulting in stomatocytosis.128  

 

1.5   Proteins in the 4.1-linked junctional complex 

1.5.1   Protein 4.1 

Protein 4.1 (78 kDa) is a peripheral membrane protein that is expressed in the erythrocyte at 

an abundance of ~2 x 105 copies per cell36 to provide further points of association between 

the spectrin-actin cytoskeleton and the membrane through the mediation of protein-protein 

interactions. The RNA of protein 4.1 can undergo alternative splicing during erythropoiesis130 

(similarly to other erythroid proteins), leading to the generation of two isoforms which change 

in proportion and localisation throughout cell differentiation.131  
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Protein 4.1 is structurally comprised of four domains,132 with the first consisting of a FERM 

domain (short for “four-point-one, ezrin, radixin, moesin”) located at the N-terminus closely 

followed by a FERM-adjacent domain, a SAB (spectrin-actin-binding) domain and finally a 

conserved C-terminal domain. These domains are involved in multiple interactions: for 

instance, the FERM domain has a clover leaf structure that possesses multiple distinct protein-

interacting sites, which allow protein 4.1 to (in a species-dependent manner) undergo 

association with band 3 dimers,21 CD44,133 Rh proteins,134 glycophorin C135 and p55,136 among 

other membrane proteins (e.g. XK, DARC137), while the SAB domain can bind spectrin and 

actin138 and thus lead to the ability of the junctional complex to crosslink several spectrin 

tetramers, generating the core of the pentagonal/hexagonal lattice arrangements in the RBC 

cytoskeleton.57 A site for calmodulin interaction is also present in the FERM domain, allowing 

for the modulation of protein 4.1’s activity through the variation of intracellular calcium levels.139 

Furthermore, the FERM domain also mediates interactions with phospholipids (PIP2140 and 

phosphatidylserine141), providing a further point of association between the cytoskeleton and 

the membrane.  

 

Mutations in protein 4.1 cause hereditary elliptocytosis142 (HE, haemolytic anaemia with oval-

shaped cells) due to alterations in the horizontal interaction of the cytoskeleton and the 

membrane. 

 

1.5.2   Glycophorin C 

Glycophorin C (14 kDa, GPC) is another member of the glycophorin family, expressed in 

erythrocytes at ~1.35 x 105 copies per cell.36 Analogously to GPA and GPB, GPC is also highly 

glycosylated and possesses a single transmembrane domain for insertion into the 

membrane.143 An alternative translation start site in the gene that encodes for GPC can lead 

to the production of a different isoform, GPD,144 which lacks 21 N-terminal amino acids and is 

relatively less abundant at the surface (0.5 x 105 copies per cell36).  
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GPC participates in maintaining the structure of the junctional complex through interaction with 

protein 4.1145 and with p55146 via its C-terminal domain (located in the cytoplasm), providing 

an anchoring site to attach the spectrin-actin cytoskeleton to the plasma membrane and 

therefore assist the cell in maintaining its morphology and cytoskeletal structure. Thus, and in 

a parallel mechanism to that found in protein 4.1 deficiency, GPC deficiency causes hereditary 

elliptocytosis and fully abrogates membrane localisation of p55.146 

 

1.5.3   p55 

p55 (55 kDa, also MPP1) is a cytoplasmic scaffolding protein which belongs to the MAGUK 

superfamily147 (“membrane-associated guanylate kinase homologues”) and is expressed at 

~0.8 x 105 copies per cell.36 It is comprised by three domains: a PDZ domain, which interacts 

with the C-terminal domain of GPC;148 a central domain which includes a SH3 motif (“Src 

homology 3”) and a guanylate kinase domain. The interaction with GPC is modulated by 

protein 4.1, constituting a ternary complex between p55, GPC and 4.1 which links the plasma 

membrane to the cytoskeleton.146 No alterations in erythrocyte morphology have been 

reported in erythrocytes from p55-deficient mice146), although no analyses were performed 

regarding the possibility of changes in the resulting structure of the junctional complex. Human 

p55 deficiency has recently been linked with the presence of developmental abnormalities in 

a haemophiliac patient, although no erythrocyte-related phenotypes were observed.149  

 

1.5.4   Adducin 

Adducin is a heterotetrametric membrane-associated protein expressed at 3 x 104 copies per 

cell36 which displays calmodulin-binding activity, serving as another calcium-mediated 

regulator of changes in red blood cell morphology.150 The erythrocytic form of adducin is 

primarily composed by heterodimers of two homologous subunits, α-adducin (120 kDa) and 

β-adducin (110 kDa), with the full tetramer functioning as an actin-capping protein via complex 

interaction with the growing end of actin protofilaments to recruit spectrins and prevent 
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changes in filament length.151 Aside from interaction with the spectrin-actin cytoskeleton, both 

adducin subunits can interact with the cytoplasmic domain of band 3,31 thus forming a 

molecular bridge that helps maintain membrane stability. Although no information exists 

regarding the effects of adducin deficiency in humans, α-adducin152 and β-adducin153 knockout 

mice display haemolytic anaemia and hereditary spherocytosis, although a third isoform (γ-

adducin) is significantly enriched in β-adducin-deficient mice erythrocytes and thus may 

partially compensate for its loss.  

 

1.5.5   Dematin 

Dematin (48 or 52 kDa as a result of alternative splice variants) is another actin-binding protein 

which constitutes part of the villin family of cytoskeletal proteins154 and is expressed at an 

abundance of 1.4 x 105 copies per cell.36 Structurally, dematin is a trimeric protein which is 

able to interact with actin through a C-terminal “headpiece” domain which also participates in 

self-assembly and cAMP-mediated signalling.155 Furthermore, dematin can directly bind 

spectrin and modulate its interaction with actin protofilaments44 as well as provide an additional 

site for plasma membrane attachment of the junctional complex through interaction with 

Glucose Transporter 1156 (GLUT1, encoded by SLC2A1). No effects are known regarding its 

deficiency in humans, but dematin-knockout mice display severe haemolytic anaemia, 

aberrant cell morphology and an increased enucleation rate during erythropoiesis.157 

 

1.6   Cytoskeletal and membrane regulation via phosphorylation 

As mentioned at the beginning of this chapter, fully mature erythrocytes are anucleate when 

they reach the end of their differentiation. One of the logical consequences stemming from 

their lack of genetic material is the inability to respond to variations in the surrounding 

environment through alterations in gene expression as is performed by nucleated cells.158  
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Alternate strategies must therefore be put into practice by the RBC to adapt its cytoskeleton 

and membrane proteins and regulate its metabolism in order to survive while undergoing 

exposure to cues such as deformation during passage through the microvasculature, 

differences in osmolarity or increased oxidative stress, among others. 

 

Whilst the biophysical properties and protein content of the RBC membrane as well as the 

organization of its cytoskeleton provide the RBC with a powerful capacity for surviving 

mechanical stress, one of the overarching mechanisms for intracellular regulation in the RBC 

is post-translational modification of its protein content.159 Post-translational modifications 

(PTMs) consist of mechanisms to increase the functional diversity of the proteome through 

biochemical changes (by covalent addition of functional groups to the side chains of certain 

amino acids) and comprise several categories depending on the functional group added160 

(e.g. phosphorylation, glycosylation, acetylation, ubiquitination and methylation, amongst 

many others). It is also noteworthy to mention that PTMs are divided into reversible and 

permanent modifications, providing further layers of complexity to their activity.161  

 

The reversible addition of a phosphoryl group (termed phosphorylation) is particularly 

interesting in that it constitutes a fundamental mechanism for regulation of protein structure 

and function,162 with the responsible enzymes (kinases/phosphotransferases) modulating the 

activity of a substantially larger proportion of cellular proteins than what would be proportional 

to their genomic distribution (kinases constitute 2% of the genome but phosphorylate more 

than 30% of cellular proteins163). The erythrocyte is no exception to this rule, as the 

phosphorylation of multiple membrane and cytoskeletal proteins has long been known to 

influence molecular interactions involved in the maintenance of its shape and deformability.164 

This section thus aims to provide an overview of these changes in the context of cytoskeletal 

modulation, maintaining the sequence in which the proteins were introduced in previous 

sections. A summary of major phosphorylation sites known for function-relevant components 

of the two multiprotein complexes is shown in Figure 1-3 and Figure 1-4.
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Figure 1-3: Major phosphorylation sites regulating the band 3 macrocomplex 

Summary of phosphosites that are known to occur in proteins of the band 3 macrocomplex and were linked to a functional role in the respective proteins.   

The protein complex schematic is adapted from Salomao M et al.21 
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Figure 1-4: Major phosphorylation sites regulating the 4.1-linked junctional complex 

Summary of phosphosites that are known to occur in proteins of the 4.1-linked junctional complex and were linked to a functional role in the respective proteins. 

The protein complex schematic is adapted from Salomao M et al.21
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It is important to clarify that most work regarding phosphorylation has been performed either 

in vitro or in non-physiological states due to the challenges inherent to studying 

phosphorylation in the erythrocyte under physiological conditions (new phosphorylation events 

tend to be transient and occur at low abundance compared to baseline phosphorylation in the 

RBC, and are thus relatively difficult to detect using traditional protein biochemistry methods). 

Inducing non-physiological phosphorylation is easily achieved through chemical treatment 

with pervanadate165 or diamide,166 but these lead to gross disruption of cytoskeletal/membrane 

organization and aberrant cell morphology167,168 and thus should not be lightly extrapolated to 

what occurs under physiological conditions. 

 

Spectrin is one of the earliest known erythrocyte proteins to be studied in this regard, and 

undergoes significant regulation through serine and threonine phosphorylation (mediated by 

membrane-bound casein kinase I, CKI) of sites located in the vicinity of the self-association 

region of the βI isoform,169 inducing reversible destabilization of the cytoskeleton by 

modulating the interactions between spectrin dimers and consequently affecting the dynamics 

of tetramer generation.170 

 

Actin possesses several phosphorylation sites throughout its sequence, although their 

function is generally unknown and to date undescribed in the context of the erythrocytic 

protofilaments. However, it has been reported that PKA (cAMP-dependent protein kinase) and 

PKC (Ca2+/phosphoinositide-dependent protein kinase) phosphorylate actin in different sites 

to intervene in its polymerization dynamics with opposing effects.171 

 

The activity of NMIIA is extensively regulated through phosphorylation of both heavy and light 

chains: phosphorylation of the regulatory light chains by MLCK (myosin light chain kinase) and 

Rho-kinase allows myosin to acquire an assembly-competent that is able to interact with other 

myosin molecules and with actin filaments, whereas the non-phosphorylated form is unable to 

associate with other NMII dimers.64,172 On the other hand, phosphorylation of the heavy chain 
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tailpiece by casein kinase II (CK2) has been shown to modulate its activity173 and regulate 

filament dynamics,174 participating in its capacity to transport molecular cargo175 or interact 

with other proteins.176 

 

Regarding the members of the band 3 macrocomplex, band 3 undergoes tyrosine 

phosphorylation by Syk and Lyn kinase, a process which regulates its binding affinity to 

ankyrin and promotes the dissociation of band 3 from the cytoskeleton, allowing the cell to 

respond to physiological stimuli.167 Band 3 phosphorylation is also an essential regulator of 

the protein’s binding affinity to haemoglobin86 and glycolytic enzymes.177 However, whilst band 

3 phosphorylation at specific sites is essential for its correct function (especially Y359), 

abnormally increased phosphorylation due to overactivity of Lyn kinase is pathogenic to the 

cell and results in chorea-acanthocytosis,178 a disease marked by abnormal morphology in 

RBCs (which appear spiculated or acanthocytic) and spiculated morphology in the RBC). 

Conversely, ankyrin is phosphorylated by CK2179 to regulate its binding affinity to spectrin 

tetramers as well as band 3.180  

 

Increased phosphorylation of glycophorin A through the ERK1/2 signalling cascade 

(extracellular-signal-regulated kinase, part of the mitogen-activated protein kinase/MAPK 

family) has been detected in both erythrocytes from sickle cell anaemia patients and after cell 

invasion by the malaria parasite, and is thought to affect GPA interaction with band 3, resulting 

in altered trafficking and activity of band 3.181,182 No phosphorylation sites are described in 

GPB and no information is currently known about phosphorylation site effects in GPC. The 

role of phosphorylation in protein 4.2 remains controversial to the current date; protein 4.2 has 

been reported to, contradictorily, both exhibit extremely diminished phosphorylation183 and 

exist in a highly phosphorylated state.184 Furthermore, no information is known about the 

effects of the observed phosphorylation sites in protein 4.2. Similarly, although phosphosites 

have been reported to exist in RhCE and RhAG, no information is known about their effect. 

No phosphosites are predicted to occur in RhD. 
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Comparatively to proteins such as the Rh peptides and protein 4.2, the effects of 

phosphorylation in protein 4.1 are comparatively far more well characterized in the context of 

functional alteration of the 4.1-linked junctional complex. Both PKC and CK-mediated 

phosphorylation has been reported to decrease the capacity of protein 4.1 to interact with the 

spectrin-actin cytoskeleton185 as well as cause the dissociation of GPC, Duffy, XK and Kell 

from the membrane portion of the junctional complex through the inhibition of protein 4.1-

mediated binding.134 Although usually unphosphorylated in the mature erythrocyte, protein 4.1 

displays increased phosphorylation in the reticulocyte,186 which may facilitate and serve as a 

basis for the extensive membrane remodelling that occurs throughout reticulocyte maturation 

through decreasing the strength of the interactions in the attachment sites between the 

membrane and cytoskeleton. 

 

Both isoforms of adducin contain phosphorylation sites for PKA and PKC in their tail domains, 

the activation of which displaces adducin from the spectrin/actin cytoskeleton and 

downregulates its ability to recruit spectrin and interact with actin.187 Despite these effects, the 

phosphorylation of adducin does not significantly alter the properties of the plasma 

membrane.185 Phosphorylation of dematin by PKA has been shown to significantly decrease 

the mechanical stability of the plasma membrane and compromise its ability to facilitate 

interactions between spectrin and actin44. PKA-mediated phosphorylation of dematin 

additionally regulates its actin-binding properties188 and induces changes in protein 

conformation.189 

 

In conclusion, most erythrocyte membrane and cytoskeletal proteins are known to undergo 

phosphorylation of specific residues, presenting a means for dynamic regulation of RBC 

interactions (due to phosphorylation being a reversible process). Thus, reversible 

phosphorylation of specific proteins has implications for the overall structural organization and 

biophysical properties of the cell throughout red blood cell development, reticulocyte 

maturation and its lifetime in circulation, as well as during certain diseases (e.g. malaria). 
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1.7   High-throughput characterization of the erythroid proteome 

The relatively high abundance of the proteins described through the course of the previous 

sections and observed decades ago by electrophoretic analysis marked them as targets for 

future biochemical studies190 and set the course for the progression of haematology research 

performed up to the current day. However, despite their importance in determining erythroid 

cell structure and function, these proteins constitute only a small fraction of those that 

comprise the full erythroid proteome (that is, the entire set of proteins that are expressed in 

erythroid cells). Further elucidation of the proteome was made possible through 

advancements in mass spectrometry technology over the past two decades, allowing for a 

fast, accurate, sensitive, reproducible and relatively low cost analysis of the majority of 

proteins present in a sample, to the extent that thousands of proteins can be identified 

qualitatively or quantitatively in a single proteomics study.191 Mass spectrometry is able to 

measure the molecule mass-to-charge ratio with incredible accuracy, allowing for the 

identification of peptide sequences obtained through enzymatic cleavage of the full protein.191  

 

Despite the power of this technique, there are still technical difficulties that make its use a 

challenging endeavour, such as the fact that proteomic analysis of membrane proteins is 

difficult due to their tendency to aggregate and precipitate while in solution, increased 

hydrophobicity of the membrane-spanning domains and decreased number of trypsin-

sensitive sites, causing technical difficulties in their separation and identification.192 This is 

particularly disheartening in the erythrocyte, given how many membrane proteins exist that 

would be of interest to study through proteomics (as an example, proteomic identification of 

band 3 is relatively difficult despite it being the most abundant membrane protein in the 

erythrocyte, with only 46% peptide coverage obtained in a recent proteomics study by Gautier 

EF et al.193). Furthermore, another challenge specific only to erythroid cells is the extremely 

high abundance of haemoglobin in the cell, which markedly increases the difficulty of detecting 

low-abundance peptides194 and usually requires the use of additional methods for its removal. 
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Regardless of these obstacles, numerous attempts have been made to obtain a complete 

characterization of the erythroid proteome both at the fully mature stage and while undergoing 

haematopoiesis. Kakhniashvili DG et al. performed the first such attempt nearly 15 years ago 

and qualitatively identified 181 unique proteins equally divided into membrane proteins and 

cytosolic proteins,195 introducing the idea that the RBC contains a large number of 

proteasome-related proteins which are now understood to be functional.196 This study was 

followed by another attempt 2 years later which was able to identify nearly three times as many 

proteins in the mature erythrocyte197 at a detection limit of 500 protein copies per cell, further 

displaying the fact that the erythrocyte undergoes dynamic changes in protein abundance 

throughout the entirety of its lifespan. This observation was then compounded by a study 

which semiquantitatively compared RBCs undergoing different storage periods, showcasing 

how storage affects the protein composition of the erythrocyte over time.198 

 

By 2010 the number of proteins known to be expressed in the RBC had expanded 

considerably, with the full erythrocyte proteome being estimated to consist of approximately 

2000 proteins.199 Upon achieving this level of protein detection, high-throughput proteomics 

was then put into practice into clinical investigation by quantitatively comparing protein levels 

between healthy erythrocytes and diseased erythrocytes (e.g. cells from patients with 

thalassemia200 or hereditary spherocytosis201), in attempts to identify clinical biomarkers or 

mechanisms to modulate disease severity. At the same time, phosphoproteomic analysis (that 

is, proteomics based on identifying phosphorylated peptides which are specifically isolated 

from the sample, usually through a titanium dioxide column202 was developed and performed 

in order to elucidate membrane and cytoskeletal changes that could occur through protein 

phosphorylation,203 similarly to the low-throughput studies that had been previously reported; 

this method provided a new tool for large-scale analysis of the complex cellular responses to 

surrounding stimuli, exemplified by phosphoproteomic analyses that identified cytoskeletal 

phosphorylations occurring upon invasion and infection of the erythrocyte by the malaria 

parasite.204,205  
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Further quantitative approaches persisted in deconstructing the changes in protein levels and 

composition that occur throughout erythropoiesis,206 during enucleation193 and reticulocyte 

maturation,207,208 displaying a significant loss of proteins over the course of cell differentiation, 

and a recent study containing the current largest estimate for the erythrocyte proteome 

identified a total of nearly 2700 individual proteins in the RBC,209 indicating that there is still 

more to learn regarding the possible roles and interactions of the proteins that compose the 

“simple” erythrocyte. 

 

1.8   Erythropoiesis 

1.8.1   Overview 

Over the course of the previous sections, we have been discussing the composition and 

function of the fully differentiated erythrocyte. However, in order to attain the final biconcave 

and mature red blood cell, we must first introduce the concept of haematopoiesis. 

Haematopoiesis (literally “making blood” in the original Greek) consists in the general process 

of differentiation in which multipotent haematopoietic stem cells (HSCs) can undergo a variety 

of different cellular reprogramming processes to terminally differentiate into specialized blood 

cells such as platelets, red blood cells or white blood cells210 (a wide-ranging category by itself 

which includes several different cell types).  

 

Erythropoiesis (lit. “making red”), in turn, is the branch of haematopoiesis that includes only 

the process of differentiation that starts in the HSC and ends at the red blood cell stage.211 In 

the human context, erythropoiesis can be further divided into primitive and definitive 

erythropoiesis, which are similar processes but occur in different locations and with different 

dynamics along the course of human development.212  
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Primitive erythropoiesis is associated with cells derived from the yolk sac and its stages occur 

throughout circulation, whereas definitive erythropoiesis takes place almost entirely in the 

foetal liver and postnatal bone marrow, with only reticulocyte maturation occurring in 

circulation. Primitive and definitive erythropoiesis further differ in the active transcriptional 

regulators and gene expression profiles of the cells, especially in regard to their globin isoform 

content.213  

 

As this thesis focuses on understanding the changes that occur during the final step of 

erythropoiesis (reticulocyte maturation) this section will focus only on definitive erythropoiesis. 

As mentioned above, definitive erythropoiesis begins at the HSC stage (CD34-expressing 

cells). Upon branching into the myeloid differentiation line as a result of environmental and 

signalling cues (through Interleukin-3214 [IL-3], GM-CSF215 and M-CSF216), two intermediate 

stages of differentiation occur that nonetheless do not fully commit to the erythroid line: the 

first is termed the common myeloid progenitor (CMP), from which other myeloid cells can still 

be derived217 (platelets, monocytes and granulocytes). Cells at this stage of differentiation can 

then further branch off through exposure to additional signalling cues218 (Stem cell factor [SCF] 

and Thrombopoietin) and become a megakaryocytic-erythroid progenitor (MEP), which can 

generate either erythrocytes or megakaryocytes/platelets. Exposure to erythropoietin (Epo) at 

this stage causes the MEP to fully commit to the erythroid lineage219 – at this point, the cells 

still retain some capacity for self-renewal but will only be able to generate erythrocytes as a 

result of their differentiation process.220 A general overview of known haematopoietic 

differentiation pathways is provided in Figure 1-5. Recent work on elucidating single-cell 

progress through haematopoiesis has shown, however, that the above-described pathways 

for cell differentiation may constitute an over-simplification and multiple scenarios for 

progenitor commitment and differentiation are still under investigation.221  
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Figure 1-5: Schematic of haematopoietic differentiation pathways 

Diagram displaying the various possible pathways for differentiation within the haematopoietic lineage, starting at the haematopoietic stem cell stage. Circular 

dashed arrows indicate self-renewal capacity. HSC: Haematopoietic stem cell; MPP: Multipotent progenitor; LMPP: Lymphoid-primed multipotent progenitor; 

CMP: Common myeloid progenitor; CLP: Common lymphoid progenitor; GMP: Granulocyte-monocyte progenitor; MEP: Megakaryocyte-erythroid progenitor; 

ILC: Innate lymphoid cell; Th: T helper cell; Tc: T cytotoxic cell; B: B cell; NK: Natural killer cell; Mono: Monocyte; Gran: Granulocyte; MK: Megakaryocyte; 

BFU-E: Burst-forming unit, erythroid; CFU-E: Colony-forming unit, erythroid. Figure adapted from Di Carlo V et al.222 
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After progenitor commitment to the erythroid lineage, the first erythroid-specific stage is termed 

the burst forming unit erythroid (BFU-E): these cells have a small diameter223 and still respond 

to both IL-3 and SCF224,225. BFU-Es will undergo further differentiation to form colony forming 

unit-erythroid (CFU-E) cells, which proliferate rapidly226 and are significantly larger than BFU-

E cells.227 The transition from CFU-E to proerythroblasts, the next step in the erythropoietic 

ladder, will mark the beginning of terminal erythroid differentiation228 jointly with the loss of the 

capacity to respond to SCF.229 A diagram comprising the stages of terminal erythroid 

differentiation is shown in Figure 1-6. Proerythroblasts will continue expanding through 

multiple rounds of cell division230 but will pass through several intermediate stages of 

differentiation to become a reticulocyte, which are defined by a progressive decrease in cell 

volume, continuous increase in haemoglobin content and extensive condensation of the DNA 

and nucleus231 (in preparation for enucleation) and are named as a result of their appearance 

and histological staining patterns: the proerythroblast will first differentiate into the basophilic 

erythroblast, which displays increased expression of erythroid-specific proteins232 and 

initiation of haemoglobin expression.233  

 

The basophilic erythroblast stage is closely followed by differentiation into the polychromatic 

erythroblast, in which the haemoglobin will begin causing an apparent change in the staining 

colour of the cell due to its acidic properties234 and the nucleus will continue decreasing in 

size. The polychromatic erythroblast finally becomes an orthochromatic erythroblast, in which 

the cytoplasm is acidophilic due to the elevated amount of haemoglobin and the nucleus 

becomes pyknotic in preparation for enucleation,14 before the cell loses its nucleus to become 

a reticulocyte235 and, lastly, matures236 to produce the final biconcave erythrocyte.  

 

The differentiation steps that occur between the proerythroblast and the reticulocyte stage are 

assisted by their microenvironment; more specifically, by the macrophages present at the 

bone marrow, which provide the erythroblasts with a “scaffold”-like structure in which one 

macrophage will interact with several erythroblasts – the erythroblastic island.237
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Figure 1-6: Overview of the stages of terminal erythroid differentiation 

Diagram displaying the various stages of terminal erythroid differentiation, displaying progression through the stages of the erythroblast concurrently with 

condensation of the nucleus. After enucleation, a nascent reticulocyte is generated, which will egress from the bone marrow and into circulation and undergo 

maturation to form the erythrocyte. Haemoglobin content will continue to increase throughout differentiation. Figure adapted from Ji P et al.14 
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The interactions that occur between the macrophage and erythroblasts will bolster the 

survivability of the erythroblasts as well as aid them in the progression through differentiation 

through the release of essential cytokines and by direct cell-cell interaction.238 Bone marrow 

macrophages also display other functions, as they will phagocytose the extruded nuclei that 

result from orthochromatic erythroblast enucleation239 and thus minimize cell exposure to 

degraded extracellular DNA (and perhaps provide assistance in the mechanical steps of 

extrusion of the nucleus), as well as transfer iron to the erythroblasts through synthesis and 

transfer of ferritin to support erythroid differentiation when ferritin is absent from the 

surrounding environment240,241. However, the formation of erythroblastic islands and the 

assistance provided by the macrophage are beneficial but not obligatory for complete terminal 

erythroid differentiation, allowing for in vitro studies of erythropoiesis to be performed without 

the need for macrophage co-culture.242  

 

1.8.2   Enucleation 

As mentioned over several instances of this chapter, enucleation is a crucial event in erythroid 

differentiation. After the nuclear chromatin becomes fully condensed during the 

orthochromatic erythroblast stage, the cell becomes highly polarised through cytoskeletal 

reorganization of the microtubule network243 and through the activation of phosphoinositide 3-

kinase (PI3K) to enrich PIP2 and PIP3 at the plasma membrane244, both of which facilitate the 

maintenance of the polarized state in the cell.  

 

Simultaneously, and in a parallel fashion to what occurs during the process of cytokinesis 

amidst cell mitosis, actin filaments (F-actin) relocate to the vicinity of the nucleus and jointly 

with NMIIB form a contractile actomyosin ring that will participate as a matrix and inducer for 

mechanical contraction of the membrane surrounding the nucleus,68 forming a cleavage furrow 

located at the base of the nucleus.  
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Upon contraction of the cleavage furrow the nucleus is then extruded from the cell in the form 

of a pyrenocyte, essentially a small non-functional cell which is composed only of the 

condensed nucleus, a thin ring of surrounding cytoplasm and ER components.245,246 

 

The cytoskeleton and membrane of the erythroblast also undergo a remodelling process 

during enucleation, in an attempt to preserve the function of the reticulocyte and final 

erythrocyte: both cytoskeletal proteins247 (e.g. spectrin, actin) and cytoskeleton-attached 

membrane proteins (e.g. band 3,28 GPA,248 RhAG249), will be preferentially retained in the 

reticulocyte,25,246 while other types of membrane proteins (such as mobile transporter 

proteins250 or adhesion proteins248,251) may be either equally distributed or preferentially 

retained in the pyrenocyte.  

 

Additionally, the membrane of the pyrenocyte is enriched in phosphatidylserine (PS) 

comparatively to the reticulocyte’s membrane.252 PS is a senescence marker which is mostly 

present in the inner leaflet of the erythrocyte’s membrane, and its externalisation over the 

erythrocyte’s lifetime through scramblase activity leads to cell removal through macrophage 

PS-induced phagocytosis.253 To avoid this fate, the erythrocyte possesses an ATP-dependent 

flippase which leads to the reinternalization of PS;254 however, the low levels of ATP present 

in the pyrenocyte (as a result of its metabolic inactivity) prevent activation of the translocase 

and thus lead to substantial enrichment of PS in the pyrenocyte’s outer membrane, which 

causes it to be phagocytosed by surrounding macrophages.  

 

However, despite enucleation being such a well-optimized process, problems may still occur 

in anomalous situations. For instance, aberrations in cytoskeletal organization (such as that 

which underlies HS or HE) may lead to erroneous partitioning of membrane proteins between 

the pyrenocyte and the reticulocyte.25,28,249 Nevertheless, if and when enucleation is 

successfully completed, an anucleate cell will result (termed reticulocyte) which will continue 

its development towards becoming the mature erythrocyte.  



  

36 

 

1.8.3   Reticulocyte maturation 

The reticulocyte, which constitutes the penultimate stage of erythroid development, is so 

named due to the presence of a reticular (mesh-like appearance) network of RNA in its 

cytoplasm visible upon observation through histological staining and imaging.255  

 

Until the reticulocyte stage, all erythropoietic differentiation takes place in the bone marrow. 

However, after enucleation, the reticulocyte will egress from the bone marrow and be released 

in circulation. Reticulocytes then undergo the final differentiation step to become the 

recognisable biconcave red blood cell in the circulation, and this step is termed as 

‘maturation’.256 The mechanisms underlying maturation are relatively undefined, but it is 

known to conclude within 1-2 days after the cells have egressed from the bone marrow.257 

 

Despite their inability to create more RNA due to lacking a nucleus, reticulocytes are 

deceptively active throughout maturation and still possess numerous cellular processes which 

take place in tandem, presumably because the RNA content in the reticulocyte produced pre-

enucleation is sufficient to maintain the required protein machinery for undergoing and 

completing structural modification. However, importantly, reticulocytes cannot synthesize new 

membrane or secretory proteins, due to lacking secretory pathways.258 Reticulocyte 

maturation involves extensive membrane and cytoskeletal remodelling and the loss of 

approximately 20% of cell surface area, allowing the initially amorphous reticulocyte to shift in 

morphology into a cup-shaped cell and finally acquire the characteristic erythrocyte biconcave 

morphology at the end of maturation with the additional result of an increased resistance to 

shear stress.186,259-262 This remodelling is highly specific, characterized by proteasomal 

degradation and exocytosis of specific components (e.g. actin, myosin, talin) with preferential 

retention of the remainder (e.g. α or β-spectrin).186 Other notable hallmarks of maturation 

include a progressive loss of RNA content and cytosolic organelles and a decrease in protein 

content through exocytosis, membrane shedding and autophagy mediated pathways.260,263-265  
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The above-described changes occur in a well-defined hierarchy, allowing for the identification 

of general “stages” of reticulocyte maturity according to the transferrin receptor (CD71) 

membrane content and cytoplasmic RNA content of the maturing cell, which is also able to 

predict the cell’s morphological and biophysical characteristics to some degree260 (especially 

regarding cell deformability, with nascent cells presenting decreased mechanical stability and 

progressively becoming more deformable as maturation continues). 

 

The most well-described pathway related to protein loss during reticulocyte maturation 

concerns precisely the removal of CD71.263 This mechanism of plasma membrane protein loss 

has been extensively studied and involves selective protein internalisation within endocytic 

vesicles, which accumulate within multivesicular bodies266 and are finally released as 

exosomes after fusion of the multivesicular body membrane with the plasma membrane. The 

same mechanism was shown to also mediate the loss of other proteins, such as AQP1.265 

Another crucial mechanism for protein removal during maturation is the process of autophagy.  

 

Autophagy occurs through the sorting of redundant, damaged or leftover organelles and other 

cytoplasmic content into autophagosomes.267 These autophagosomes have been reported to 

fuse with lysosomes in reticulocytes, forming autophagolysosomes which are later expelled 

from the cell.251,268 Proteins participating in this process can have highly specific functions: for 

instance, NIX-/- mice are still able to undergo autophagy and mature into red blood cells, but 

they do not undergo mitophagy and thus retain mitochondria in reticulocytes.269 Using in vitro-

derived reticulocytes, autophagosomes were recently shown to be involved in the process of 

remodelling of the reticulocyte membrane culminating in the release of an inside-out vesicle.251 

It is also known that mechanical stress upregulates autophagy in other mammalian cells; a 

similar mechanism could exist in the reticulocyte, since the removal of autophagic vesicles 

from the cell is triggered by passage through the sinusoidal walls of the spleen.270,271 However, 

the mechanisms underlying autophagic vesicle transport and their eventual release from 

reticulocytes are still poorly understood. 
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1.9   Mechanosensation in the erythrocyte 

Mechanosensation encompasses the group of processes that allows a cell to sense stimuli 

induced by external mechanical forces and provide an adequate response through the 

transduction of those forces into electrical or chemical signals,272,273 and it is a ubiquitous 

property among cells in organisms from all domains of life.274 The erythrocyte constitutes no 

exception to this rule, given its requirement to undergo circulation for an extended period of 

time, where it must constantly experience and adapt to shear stress and differences in 

pressure. In fact, it has adapted to its function so remarkably well throughout the course of 

evolution that its capacity to undergo substantial deformation has become one of its defining 

characteristics.10 

 

The signal transduction involved in mechanosensation (appropriately termed 

mechanotransduction) is mostly mediated by ion channels, which in eukaryotes have been 

reported to function by sensing changes in lipid membrane tension through direct molecular 

interaction between the channel and the lipid bilayer.272,275 This interaction then leads to a 

conformational change of the channel, resulting in its gating and leading to the activation of 

downstream signalling cascades. Thus, the functionality of mechanosensitive ion channels is 

strongly entwined with the capacity of the cell to deform, with severe deformation (such as that 

suffered by the red blood cell) inducing more significant alterations in membrane tension and 

increasing the probability for mechanotransduction to occur. 

 

The establishment of the RBC’s ability to undergo extreme deformation first begins during the 

process of reticulocyte maturation that begins after enucleation (still in the bone marrow) and 

is completed within circulation, where the nascent reticulocyte remodels its membrane in order 

to acquire the recognizable biconcave morphology of the mature erythrocyte.  
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Whilst the deformability of early reticulocytes is known to be lower than that of 

erythrocytes,260,276,277 increasing progressively throughout the maturation process, 

reticulocytes themselves must undergo extreme deformations without damage or lysis. These 

include bone marrow egress (before entering peripheral circulation) as well as multiple 

traversals of the splenic interendothelial slits (during circulatory maturation) and of the 

capillaries in the microvasculature. As a result, reticulocytes are necessarily exposed to high 

pressures and shear stress, which in turn may partially drive the processes underlying 

maturation. 

 

The modulation of reticulocyte and erythrocyte properties through response to shear stress 

(and as a result of mechanosensation) is a well described phenomenon. Shear stress has 

been reported to be implicated in the regulation of ATP release by erythrocytes,278,279 removal 

of autophagic vesicles from circulating reticulocytes271 and general induction of autophagy in 

other mammalian cells.270  

 

In erythrocytes, shear stress is known to induce calcium ion entry through activation of the 

mechanically activated cation channel PIEZO1,280 regulating the volume changes necessary 

for the maintenance of homeostasis during deformation.281 Moreover, mechanosensitive 

channels from the TRP superfamily (Transient Receptor Potential channels), specifically 

TRPM7 and TRPC3/6, have also been reported to be involved in RBC Calcium-mediated 

signaling.182,282  

 

Importantly, increases in intracellular calcium are known to promote phosphorylation of 

multiple proteins through interaction with sensors such as calmodulins and C2 domain-

containing proteins.283-286 This effect in turn, regulates cytoskeletal alterations and 

interactions,287,288 as well as the stability of the erythrocytic membrane.164,283  
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Understanding the biochemical mechanisms that enable or are activated upon RBC 

deformation is an extremely difficult proposition given the challenges associated with isolating 

cells undertaking this process and the possibility of multiple proteins having a contributing 

effect to the overall mechanosensitive capacity of the red blood cell. Various types of shear 

stress/deformation-inducing systems exist specifically for the study of RBC properties,289-291 

but most of the focus of the use of such systems has been on assessment of the mechanical 

and physical properties of the cells or for the high-throughput screening of chemical compound 

effects on these characteristics.292 

 

1.9.1   Transient Receptor Potential (TRP) channels 

The Transient Receptor Potential (TRP) ion channels constitute a superfamily of cation 

channels that is conserved in expression and function amongst metazoan organisms293 and 

contributes to several signalling pathways within sensory physiology (having a wide impact 

ranging from the sensation of touch to, for example, vision or olfaction).294 TRP channels are 

extremely diverse in regard to their mechanism for activation or their ion 

permeation/selectivity; as a natural consequence, only a subset has mechanotransducing 

function. However, that subset is anything but small, with as many as 13 different proteins 

having been implicated in mammalian mechanotransduction.295 From those 13 proteins, only 

3 are known to participate in maintaining erythrocyte homeostasis: TRPC3, TRPC6 and 

TRPM7. TRPV2 was also reported to be present in the membrane of fully mature erythrocytes, 

as per the proteomics study from Gautier EF et al.193 

 

TRPC3 and TRPC6 are calcium ion channels which are close homologues and constitute 

members of the same subfamily296 (“C”, canonical). Both have been reported to function as 

mechanosensitive channels, with a TRPC3/TRPC6 double knockout mouse displaying touch 

and hearing deficits due to loss of mechanotransduction.297  
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These channels transduce mechanic force through lipid-mediated gating but are also able to 

respond to the lipid secondary messenger, diacylglycerol. Furthermore, they have been 

involved in erythropoietin signalling in the human erythroid precursor through TRPC6-induced 

regulation of TRPC3 leading to increased intracellular calcium upon Epo exposure,298 

suggesting the possibility of a complex role for these channels in erythroid cell development. 

A gain-of-function mutation in TRPC3 has been linked to a potential cause of spinocerebellar 

ataxia,299 while overactive TRPC6 leads to focal and segmental glomerulosclerosis.300 

 

TRPM7, which belongs to the “M” subfamily (melastatin), instead displays dual functionality 

as an integral part of its structure: it contains both an active kinase domain and a nonselective 

cation channel domain301 (mostly permeable to magnesium and zinc ions). Chemical inhibition 

of TRPM7 kinase has been reported to block the phosphorylation cascade resulting from the 

binding of GPA by EBA-175, a Plasmodium falciparum protein that forms part of its erythrocyte 

invasion pathway.182 Asides from interfering with the phosphorylation cascade, inhibition of 

TRPM7 also stops the changes in deformability that are normally induced by malaria invasion, 

resulting in an inability of the parasite to invade the cells. Dysfunction of TRPM7 is known to 

affect thrombopoiesis via disruption of magnesium homeostasis in megakaryocytes.302 

 

Finally, TRPV2 is a calcium ion channel and member of the “V” subfamily (vanilloid) which is 

known to be involved in mechanical nociception303 but has not yet undergone full 

characterization. Nonetheless, it is reported to be widely expressed in multiple cell types,304 

including CD34+ HSCs and CD71+ early erythroid precursors. No negative effects were 

reported to occur from its dysfunction or overactivity. 

 

Importantly, despite the above-mentioned proteins having wide-ranging effects and 

expression in humans and being present in the erythrocyte, no associated disease phenotype 

exists in relation to erythroid cells. 
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1.9.2   Piezo channels 

The Piezo channels are a family of mechanosensitive nonselective cation channels with two 

members identified in the human: PIEZO1 and PIEZO2. Both proteins have complex and large 

structures, spanning over 2,000 aminoacids305 that adopt a trimeric propeller shape.306 

Analogously to other mammal mechanosensitive channels, the Piezo channels gate through 

changes in lipid tension of the surrounding membrane, which is directly affected by mechanical 

stimuli. Thus, in a case of form follows function, the Piezo channels display extensive 

integration with the lipid membrane, with PIEZO1 containing 26 transmembrane domains per 

unit306 and PIEZO2 containing more than 30 per unit (with a recent prediction indicating 37307). 

A diagram of PIEZO1 structure and activity is provided in Figure 1-7.  

 

Figure 1-7: PIEZO1 controls cation entry through mechanosensation 

Diagram showing the structure and mechanism of activation of PIEZO1. Upon sensing changes in 

plasma membrane tension due to having protein domains in direct contact with the membrane (the 

“blades”), the distance between subunits will increase and the central pore (composed by the CED 

[Carboxyl Extracellular Domain] and CTD [C-Terminal Domain]) will open, resulting in the indiscriminate 

entry of cations. Despite the channel’s lack of selectivity, the differences in electrochemical gradients 

for the various cations induce only calcium ions to enter the cell in substantial amounts.308 The “beam” 

and “anchor” (not visible) domains link the “blades” to the “pore”, controlling channel gating in an 

allosteric manner.306 The protein is coloured as per its amino acid sequence: residues closer to a 

subunit’s N-terminal region are coloured in blue, residues closer to a C-terminal region are coloured in 

red. Figure adapted from Saotome K et al.306 PDB ID: 5Z10. This figure was created with BioRender. 
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Both proteins are ubiquitously expressed in several tissue types that require 

mechanosensation, e.g. lung, bladder, colon; however, differences exist in the levels of 

expression of the two isoforms, such as PIEZO1 being the predominant protein among skin 

and kidney tissue, with PIEZO2 instead displaying increased neuronal expression due to its 

contribution to the sense of touch.309 Among the differences in expression levels, the most 

notable for the purposes of this work is that solely PIEZO1 is expressed in erythroid cells.281 

PIEZO1 retains its mechanosensory function when inserted in the erythrocyte membrane, as 

shear stress has been reported to mediate calcium ion influx in erythrocytes through this 

channel and resulting in the regulation of volume homeostasis280 and metabolic activity.310  

 

Despite its lack of selectivity, the fact that PIEZO1 displays a preference for calcium ions311 

makes its activity become inextricably linked to the function of another ion channel, the KCa3.1 

protein (otherwise known as the Gardos channel, encoded by the KCNN4 gene). The Gardos 

channel is a voltage-independent and calcium-activated potassium channel which becomes 

secondarily activated upon PIEZO1-mediated calcium entry,312 directly leading to loss of 

potassium and consequently loss of water.313  

 

As a result of this interaction, overactivation of PIEZO1 then over-activates the Gardos 

channel, inducing cell dehydration. This mechanism may occur in vivo via alterations in the 

PIEZO1 gene which can induce one of two major effects: gain-of-function mutations lead to 

increased “leakiness” of the channel, resulting in haemolytic anaemia due to the previously 

mentioned dehydration disorder of the red blood cell, termed “hereditary xerocytosis”314 (HX); 

or, alternatively, mutations that lead to a loss-of-function phenotype result in generalised 

lymphatic dysplasia of Fotiou, a disease consisting of marked lymphoedema throughout the 

body315 where, conversely to HX, the reduced influx of calcium leads to fluid retention in the 

affected cells, resulting in an overhydration disorder.280 It is interesting to note that these 

pathogenic effects occur in the fully mature red blood cell even despite the very low copy 

number of PIEZO1 proteins predicted to exist in the membrane (~30 copies per cell193). 
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1.9.3   Hereditary Xerocytosis (HX) 

Dehydrated hereditary stomatocytosis or hereditary xerocytosis (HX, OMIM 194380) is a rare 

hereditary autosomal dominant disorder characterized by haemolytic anaemia and red blood 

cell (RBC) dehydration.316 As mentioned previously, HX occurs most frequently as a direct 

consequence of gain-of-function mutations in PIEZO1,317-321 since the cell dehydration 

resulting from the calcium-related overactivation of the Gardos channel leads to a loss of 

intracellular potassium that is insufficiently compensated by sodium entry.322  

 

The complexity of studying PIEZO1 given its large structure and low copy number is 

compounded by the fact that HX is a highly heterogeneous condition with varied genotypical 

causes and phenotypical manifestations. The most recent case series in literature studied 64 

index cases and identified as many as 23 different variations in PIEZO1 which are known or 

predicted to be pathogenic for HX,323 with the authors ultimately being unable to draw 

correlations between the genotype and phenotype. Thus, the general features of the disease 

as investigated in the case series appear to constitute compensated haemolysis and an 

increased risk for perinatal oedema and post-splenectomy thrombotic events (splenectomy, 

or the removal of the spleen, is usually performed to minimize haemolysis in hereditary 

spherocytosis – it is however contraindicated in HX due to those thrombotic events316).  

 

However, other studies have also observed abnormalities in the shape and size of affected 

red blood cells,321,324 which surprisingly appear macrocytic despite the fact that the cells suffer 

from dehydration (perhaps due to an as yet unknown mechanism of compensation). While 

reticulocytosis constitutes another of the hallmark features of HX (as in other regenerative 

haemolytic anaemias)325 and variants in PIEZO1 have specifically been reported to be 

associated with an increased reticulocyte fraction in a recent GWAS study,326 it is unknown 

whether that reticulocytosis simply forms part of the bone marrow’s compensatory response 

to anaemia or if it could instead be a consequence of altered reticulocyte maturation.  
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Even more intriguingly, PIEZO1 gain-of-function mutations have recently been reported to 

occur in a much higher frequency within the population than had been previously described 

and at the same time are implicated in malaria resistance,327 suggesting that the mechanisms 

underpinning HX still merit further investigation in order to be completely understood in the 

general context of disruption of normal RBC function and, separately, resistance to malaria.  

 

1.9.4   Model systems for mimicking shear stress 

Given how many different effects arise in the erythrocyte as a result of shear stress exposure, 

it comes as no surprise that multiple artificial systems have been developed to enable further 

investigation into the biophysical properties and adaptive mechanisms that allow the red blood 

cell to survive that exposure. That development was performed out of necessity, since any 

medical technology that has the passage or processing of blood as a part of its functionality 

(such as haemodialysis or cardiopulmonary bypass machines) necessarily requires 

minimizing the red blood cell damage so as to avoid physiological stress in the body.  

 

It has long been known that suboptimal ex vivo circulation leads to damage and loss of function 

of the red blood cell, and even haemolysis in extreme cases.328 Systems created exclusively 

for the study of shear-induced damage are simpler in the sense that there is no requirement 

to imitate physiological conditions, with earlier constructions inducing deformation of the cells 

via the application of strong flow through constrictions of width ranging from ~100 μm329 to 

millimetre-wide.330 Preliminary designs for shear-inducing equipment varied wildly due to 

medical research requiring the use of both laminar and turbulent flow to emulate the conditions 

suffered by blood during passage through medical devices. However, as time passed, the 

advances in technology and medical equipment and the lower risk to patients that came as a 

consequence of those advances meant that it became more scientifically desirable to explore 

shear effects more akin to those suffered during peripheral circulation, as well as to determine 

the cause of any effects that were induced by physiological cell deformation.  
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An intuitive way to perform this exploration, then, was to start by investigating cell deformability 

(that is, the intrinsic capacity of the cell to change its shape) rather than have the initial 

standpoint of overly deforming the cell. Some of the current systems used for determining 

RBC deformability depict, in a way, the technical evolution undergone by the initial preliminary 

designs. For instance, one of the more popular methods used to evaluate RBC deformability 

is ektacytometry, where RBCs are suspended in a viscous solution of polyvinylpyrrolidone 

(PVP) with well-defined physical characteristics and then subjected to a constant and specific 

shear stress field.331 Commercially available alternatives for performing ektacytometry are 

based on the three main categories of preliminary designs: the RheoScan-D300 combines 

laser diffraction with microfluidic flow to apply a range of shear stress values across a cell 

population,332 as a more technologically advanced variant of the capillary tube design; on the 

other hand, the LORCA (Laser-assisted Optical Rotational Cell Analyser), which is also used 

for investigating shear stress ranges, is based on the Couette flow cell system333 - at one point 

the most popular method for inducing shear stress;328 and finally, the ARCA (Automated 

Rheoscope and Cell Analyser) uses a two-plate rheoscope334 for measurement of individual 

cells with one defined value for shear stress, redefining the ideas that formed the basis of the 

original cone-and-plate viscometer. 

 

Another popular type of approach in RBC studies is microfiltration, where the deformability of 

multiple cells is indirectly measured as a function of the time needed by RBCs to pass through 

a thin and porous membrane (with the pore diameters ranging between 3 and 5 μm) via either 

gravity or the application of artificially-induced pressure.335 The offspring of this method, 

microfluidic-based filtration, is now also commonplace, allowing for direct observation of cell 

deformation through the imaging of cells while they pass through channels of micrometric 

diameter and thus emulating the process of capillary flow that exists in peripheral circulation.336 

Further constrictions or variations in width may also be added to the microcapillary channels 

as a way to study the dynamics involved in successive deformation and recovery from 

physiological deformation.291,331 
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A different high-throughput method for indirect investigation of RBC deformability is 

microsphere filtration (abbreviated as “microsphiltration”) where RBCs pass through a layer of 

compact microspheres of differing diameters (of a range between 5 μm and 25 μm) which 

mimics the structure of the spleen.289 RBC passage through those beads leads to submicron-

wide deformation in a way that closely approximates the physiological conditions in the splenic 

slits or during bone marrow egress, leading to a good prediction of splenic retention for RBC 

populations.337 Tantalisingly, this technique also allows for the fixation of cells undergoing that 

state of physiological deformation, which would make it ideal for further studies. However, it is 

also considerably more challenging to perform in a consistent manner due to variability in the 

microsphere suspension and technical considerations. As a way to counteract this problem, 

the original creators of the technique have developed a 384-well plate pressure-based version 

that is currently used for chemical screening,292 although the use of this iteration of the system 

disallows the possibility of isolating cells undergoing deformation.  

 

Finally, a series of low-throughput techniques also exist for measuring the mechanical 

properties of individual cells. The simplest of these is the micropipette method, where a part 

of the RBC membrane is aspirated into a micrometre-wide glass micropipette and visualized 

through microscopy.338 Despite the inherent technical limitations, the micropipette method was 

used to great success for constructing models and simulations of the erythrocytic 

cytoskeleton.339 Atomic Force Microscopy (AFM), a comparatively more technologically 

advanced method, was used for the determination of RBC stiffness while comparing normal 

and pathological RBCs.340 Lastly, optical trapping, a method where focused laser beams are 

used to induce a force in proximity of their focal point,341 has also been used for measuring 

RBC deformability via RBC-attached microbeads.342 

 

In conclusion, there exists a wide variety of methods that allow close investigation of RBC 

deformation and mechanical properties, with the use thereof potentially allowing for the 

derivation of fascinating insights into erythrocyte biology and signalling dynamics. 
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1.10   In vitro culture systems 

While the series of methods described above are extremely useful for the study of erythrocyte 

function, they generally focus only on the endpoint of erythropoiesis. However, characterizing 

the entire differentiation pathway from HSC to the erythrocyte (and encompassing all of the 

intermediate stages previously discussed in Section 1.8) is a far more challenging endeavour, 

and one that would not have been easily possible without the ability to produce and observe 

those cells ex vivo.  

 

The use of ex vivo culture systems has allowed the field to follow multiprotein complex 

assembly in the membrane22 and also determine when hallmark changes occur in a variety of 

diseases (e.g. in the Toye lab we have explored the changes that occur in hereditary 

spherocytosis22,27,28 and congenital dyserythropoietic anaemia II258,343).Ex vivo-generated red 

blood cells (or cultured red blood cells, cRBC) can be produced with the use of in vitro culture 

systems through the use of CD34+ HSCs or PBMCs (peripheral blood mononuclear cells) as 

starting material,344-346 which can be obtained from umbilical cord blood,347 adult peripheral 

blood348 or embryonic stem cells.349 These systems were optimized over decades through the 

investigation of erythropoiesis in model organisms and cell lines,350-356 eventually leading to 

substantial elucidation of which cytokines, hormones and steroids must be present so that a 

red blood cell may arise at the end of the culture process.   

 

The system used in this thesis for the production of cRBCs consists of a three-phase liquid 

culture system which was optimized by multiple researchers in the Toye lab and the Anstee 

lab over the course of several years preceding this work, allowing for the production of large 

number of clinical-grade reticulocytes.251,357-359 In the near future, cells produced using this 

system will also be taken forward to the realization of a clinical trial in human volunteers. A 

diagram displaying the stages of the culture system is shown in Figure 1-8. 
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Figure 1-8: Schematic of the erythroid culture system in use 

Diagram displaying the changes in culture media composition during progression throughout terminal erythroid differentiation. The three different media in use 

encompass the major cell types present during those stages of culture (although cell progression through the differentiation steps is non-synchronous, and as 

such there will necessarily be some overlap of the cell differentiation stages amongst the different stages of culture). Reticulocyte maturation is not yet achievable 

in our culture system and is thus marked with a red X. The terminal erythroid differentiation schematic was adapted from Ji P et al.14
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The first instance of the method360 was published in 2002 by Neildez-Nguyen TM et al.: CD34+ 

HSCs are first isolated from PBMCs and set to expand rapidly (while committing to the 

erythroid lineage) through the use of a rich culture medium that includes erythroid growth 

factors (Epo, SCF and IL-3, as previously mentioned in Section 1.8). After 7 days of sequential 

culturing in this medium, while maintaining the cells at a low density so as to avoid further 

differentiation through the erythroid lineage, IL-3 is then removed from the medium and the 

cells will continue expanding through the influence of SCF. After 6 more days, SCF is removed 

and only Epo is added to the medium, allowing the cells to differentiate through the 

erythroblastic stages and enucleate, finally becoming a reticulocyte.  

 

Unfortunately, in vitro-derived reticulocytes expanded and differentiated under conditions 

compatible with clinical use do not currently emulate the final stages of maturation, which 

occur in vivo post-bone marrow egress and within circulation to generate definitive 

erythrocytes. As a result, using ex vivo culture as a model for recapitulating disease 

phenotypes allows us only to observe changes that occur until the reticulocyte stage, requiring 

us to assume that the remaining alterations will surface during reticulocyte maturation.22,258 

 

Systems in use in other laboratories can differ in the number of stages or the source of cells 

used for initiating culture, but similarly to the system used in our lab, they also do not generate 

fully mature red blood cells.361-364 However, transfusion of in vitro derived reticulocytes into 

mouse models can induce these final maturational stages,358,365 indicating the involvement of 

as of yet undefined factors or stimuli not recapitulated in the in vitro culture process.  

 

As the current endpoint of existing in vitro erythroid culture systems,251,365 interest in the 

reticulocyte and the mechanisms and factors that may underlie and drive their maturation to 

erythrocytes has received renewed interest in recent years. The ultimate goal of the work 

developed in this thesis is, therefore, to further our understanding of erythroid culture and 

identify artificial ways to induce the cultured reticulocytes to become fully mature erythrocytes. 
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During their time in peripheral circulation, reticulocytes are exposed to a variety of new stimuli 

which are not recapitulated in current in vitro culture systems, including shear stress, dynamic 

pressure changes, contact with other cell types (endothelial cells, residing spleen and liver 

macrophages) and varying pH, pO2 and pCO2. Therefore, these factors constitute several 

potential avenues for further investigation of the mechanisms underlying erythroid 

differentiation and reticulocyte maturation. 

 

1.11   Aims 

As introduced over the course of this chapter, substantial progress has been made towards 

understanding what underlies erythropoiesis and how it can be harnessed in vitro. However, 

challenges and questions still remain concerning the mechanisms that constitute the 

influencing factors that trigger reticulocyte maturation. The work developed in this thesis thus 

intends to continue the efforts of the field in understanding and investigating the final stages 

of erythropoiesis, and more specifically aims:  

• To investigate and further the understanding of the process of in vivo and in vitro 

reticulocyte maturation and membrane remodelling. 

• To mimic shear stress experienced by reticulocytes in the circulation through the 

construction of an in vitro circulation device. 

• To characterize the interplay between shear stress, cytoskeleton remodelling and 

autophagic vesicle release in the reticulocyte. 
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Chapter 2    Materials and Methods 

2.1   Materials 

2.1.1   Buffers 

Acid citrate-dextrose (ACD): 74 mM sodium citrate, 38 mM citric acid, 136 mM glucose 

Citrate-phosphate-dextrose (CPD): 89.4 mM sodium citrate, 15.5 mM citric acid, 16 mM 

NaH2PO4, 128.32 mM glucose 

Fixing solution: 1% (v/v) paraformaldehyde and 0.0075% (v/v) glutaraldehyde, prepared in 

PBSAG 

Freezing solution (Liquid nitrogen cell storage solution): 10% (v/v) dimethylsulfoxide 

(DMSO), 50% (v/v) foetal bovine serum (FBS) (Life Technologies), prepared in PBS. 

Hanks Balanced Salt Solution (HBSS), 5x: 1.37 M NaCl, 53.7 mM KCl, 4.4 mM KH2PO4, 

3.3 mM Na2HPO4, 55.5 mM glucose, pH 7.35 

Lysis buffer: 20 mM Tris-HCl pH 8.0, 137 mM NaCl, 10 mM EDTA, 100 mM NaF, 1% (v/v) 

Nonidet P-40, 10% (v/v) glycerol, 10 mM Na3VO4, 2 mM PMSF, 1% (v/v) protease inhibitor 

cocktail set V (Calbiochem). Na3VO4 and NaF were not added in dephosphorylation assays.  

Magnetic Activated Cell Sorting (MACS) buffer: 0.5% (w/v) bovine serum albumin (BSA), 

0.6% (v/v) CPD, prepared in PBS.  

Phosphate Buffer Saline (PBS): 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM 

NaCl, pH 7.4  

Phosphate Buffer Saline with added Albumin and Glucose (PBSAG): As per above with 

the addition of 15 μM bovine serum albumin (BSA) and 11.1 mM glucose. 

Physiological Salt Solution (PSS): 4.7 mM KCl, 2.0 mM CaCl2, 1.2 mM MgSO4, 140.5 mM 

NaCl, 21 mM Tris, 11.1 mM glucose, 15 μM BSA 

Red Cell Lysis Buffer: 155 mM NH4Cl, 0.137 mM EDTA, 1 mM KHCO3, pH 7.5 

Saline, Adenine, Glucose and Mannitol (SAGM): 150 mM NaCl, 1.25 mM adenine, 50 mM 

glucose, 28.8 mM mannitol 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) running 

buffer (5x): 120 mM Tris Base, 0.96 mM glycine, 0.5% (w/v) SDS 

Tris-buffered saline-Tween (TBS-Tween): 25 mM Tris, 0.15 M NaCl, 0.2% (w/v) TWEEN-

20, pH 7.7 

Western Blot Sample buffer: 50 mM Tris Base pH 8.0, 12% (w/v) glycerol, 10% sodium 

dodecyl sulphate, 2 mM EDTA, 100 mM dithiothreitol (DTT) 

Western Blot Transfer buffer: 39 mM glycine, 48 mM Tris Base, 1.3 mM Sodium Dodecyl 

Sulphate (SDS), 20% (v/v) methanol 
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2.1.2   Primary Antibodies  

Antibody 
name 

ID 
Protein 
target 

Species Type Source 
Concentration 

(µg/mL) 

APC anti-
human CD71 

(CY1G4) 
334108 CD71 Mouse Monoclonal Biolegend FlCy: 2.0 

BRIC 256 9415 
Glycophorin 

A 
Mouse Monoclonal IBGRL IF: 2.5 

BRIC 273 9474 Protein 4.2 Mouse Monoclonal IBGRL WB: 1.0 

Calreticulin ab2907 Calreticulin Rabbit Polyclonal Abcam IF: 2.5 

LAMP1 ab24170 LAMP1 Rabbit Polyclonal Abcam IF: 2.5 

LC3B 
ALX-803-
080-C100 

LC3B Mouse Monoclonal Enzo IF: 2.5 

Lyn (H6) SC-7274 Lyn Mouse Monoclonal 
Santa Cruz 

Biotechnology 
IF: 2.0 

Lyn (Tyr397) bs-3257R Lyn P-Y397 Rabbit Polyclonal 
Bioss 

Antibodies 
IF: 10 

MYH9 GTX633295 
MYH9/ 
NMIIA 

Mouse Monoclonal GeneTex IF: 2.5 WB: 1.0 

p47 (D-9) SC-365215 
NSFL1 

cofactor p47 
Mouse Monoclonal 

Santa Cruz 
Biotechnology 

IF: 2.0 

PDI (1D3) 
ADI-SPA-

891 

Protein 
disulphide 
isomerase 

Mouse Monoclonal Enzo IF: 2.0 

p-GSK-3α (E-2) SC-365483 
GSK-3α  
P-S21 

Mouse Monoclonal 
Santa Cruz 

Biotechnology 
IF: 2.0 

p-GSK-3α/β 
(6D3) 

SC-81496 
GSK-3α  
P-Y279 

Mouse Monoclonal 
Santa Cruz 

Biotechnology 
IF: 1.0 

Phospho-
Dematin 

PA5-38472 
Dematin  
P-S403 

Rabbit Polyclonal 
Thermo 
Fisher 

IF: 10 

Phospho-FYN-
S21 

AP0510 Fyn P-S21 Rabbit Polyclonal ABclonal IF: 2.5 

Phospho-
Myosin Heavy 

Chain 2A 
AB2974 

MYH9/ 
NMIIA 

P-S1943 
Rabbit Polyclonal Millipore IF: 2.5 WB: 1.0 

p-Tyr (PY350) sc-18182 Pan-P-Tyr Rabbit Polyclonal 
Santa Cruz 

Biotechnology 
IF: 2.0 

p-Tyr (PY99) sc-7020 Pan-P-Tyr Mouse Monoclonal 
Santa Cruz 

Biotechnology 
IF: 2.0 

YNTU N/A Band 3 Rabbit Polyclonal In house IF: 2.0 

FlCy: Flow cytometry; IF: Immunofluorescence; WB: Western blot. 



  

55 

 

2.1.3   Secondary Antibodies 

Secondary antibodies used were Alexa-488™, Alexa594™ or Alexa647™ conjugated goat 

anti-mouse or anti-rabbit (Life Technologies) at 4 µg/mL for immunofluorescence and HRP-

conjugated rabbit anti-mouse and swine anti-rabbit (DAKO) at 1 µg/mL for immunoblotting. 

 

2.1.4   Fluorescent Labelling Dyes 

Name ID Target Source Concentration 

Annexin-V 
FLUOS 

11828681001 Phosphatidylserine Roche 
Unknown,  

diluted 1:50 

Calcein Blue, AM 65-0855 Calcium ions 
Thermo Fisher 

Scientific 
5 µM 

CellTracker Green 
CMFDA 

C2925 Whole cell dye 
Thermo Fisher 

Scientific 
10 µM 

CYTO-ID ENZ-51031 Autophagic vesicles Enzo 
Unknown,  

diluted 1:500 

Fluo-4, AM F14201 Calcium ions 
Thermo Fisher 

Scientific 
5 µM 

Hoechst 33342 B2261 DNA Sigma-Aldrich 5 µg/mL 

LysoTracker Red 
DND-99 

L7528 Acidic organelles 
Thermo Fisher 

Scientific 
50 nM 

MitoTracker Deep 
Red FM 

M22426 Mitochondria 
Thermo Fisher 

Scientific 
500 nM 

Thiazole Orange 390062 RNA Sigma-Aldrich 0.1 µg/mL 

 

 

2.1.5   Enzymes, Inhibitors and Activators 

Name ID Target Source 
Concentration 

used 
IC50 

Bafetinib HY-50868 
Lyn, Bcr-Abl 

inhibitor 
MedChem 
Express 

1 μM 19 nM 

BDM B0753 
Skeletal muscle 

myosin II S1 low-
affinity inhibitor 

Sigma Aldrich 30 mM 8.4 – 15.5 mM 

Blebbistatin-(-) HY-13441 
MYH9/NMIIA 

ATPase activity 
inhibitor 

MedChem 
Express 

20 μM 0.5 – 5 μM 

Blebbistatin-(+) ABE6736 
Inactive enantiomer 

of Blebbistatin-(-) 
Source 

BioScience 
20 μM N/A 

BTS SC-202087 
Skeletal muscle 

myosin II S1 
inhibitor 

Santa Cruz 
Biotechnology 

20 μM 5 μM 
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Name ID Target Source 
Concentration 

used 
IC50 

CHIR-98014 S2745 GSK-3 inhibitor Selleckchem 10 nM 0.58 – 0.65 nM 

Gadolinium (III) 
chloride 

10412683 
Ca2+ channel 

blocker, PIEZO1 
inhibitor 

Fisher 
Scientific 

30 μM 
PIEZO1:  
10 μM 

Gö-6983 A13790 Pan-PKC inhibitor Generon 0.2 μM 6 – 60 nM 

GsMTx-4 ab141871 
PIEZO1, 

mechanosensitive 
channel inhibitor 

Abcam 2 μM 
PIEZO1:  

0.64 – 1.0 μM 

Lambda 
phosphatase 

SC-200312 

Phosphorylated 
serine, threonine 

and tyrosine 
residues 

Santa Cruz 
Biotechnology 

1000 U / 
reaction 

N/A 

Metformin 10-2469 
mTOR, AMPK 

inhibitor 
Generon 20 mM 6.8 mM 

ML-7 
hydrochloride 

HY-15417 
MLCK, PKC, PKA 

inhibitor 
MedChem 
Express 

1 μM 
MLCK: 0.3 μM  
PKA: 21 μM 

Perifosine HY-50909 mTOR, Akt inhibitor 
MedChem 
Express 

20 μM 0.6 – 8.9 µM 

Rapamycin BML-A275 mTOR inhibitor Enzo 10 µM 2 nM – 1 µM 

Rp-cAMPS SC-24010 PKA inhibitor 
Santa Cruz 

Biotechnology 
30 μM 11 μM 

TBB SC-202830 CK2 inhibitor 
Santa Cruz 

Biotechnology 
3 μM 1.6 μM 

Y-27643 
dihydrochloride 

HY-10583 ROCK1 inhibitor 
MedChem 
Express 

1 μM 140 nM 

YM201636 SC-204193 PIKfyve inhibitor 
Santa Cruz 

Biotechnology 
1 μM 33 nM 

Yoda1 5586 PIEZO1 activator Tocris 0.75 – 10 μM N/A 

 

 

2.1.6   Microscopes, Flow Cytometers and Mass Spectrometers 

Confocal microscopy: Confocal microscopy experiments were conducted using a Leica SP5 

confocal microscope (40X oil immersion lens 1.25NA, 63X oil immersion lens 1.4NA) and 

Leica SP8 (40X oil immersion lens 1.4NA, 63X oil immersion lens 1.3NA) in the Wolfson 

Bioimaging Facility at the University of Bristol. A Zeiss inverted AxioObserver Z1 microscope 

(20X Plan‐Apochromat lens 0.8NA, 63X Oil Plan‐Apochromat lens 1.4NA) coupled with a 

Phantom Miro M 320S high-speed camera was used for data collection in the laboratory of Dr. 

Wassim el Nemer, INSERM, Paris, France. 
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Widefield microscopy: Olympus IX81 coupled with a Hamamatsu Orca-Flash 2.8 C11440 

(Toye laboratory). 

 

Tissue culture microscopy: Olympus CK2 10x objective (Toye laboratory). 

 

Electron microscopy: FEI Tecnai 12 120kV BioTwin Spirit TEM in the Wolfson Bioimaging 

Facility (University of Bristol). 

 

Flow cytometry: MACSQuant® VYB Flow Cytometer (MACSQuant, Toye laboratory). The 

cell sorter used was a BD Influx Cell Sorter (BD Biosciences) in the flow cytometry facility at 

the University of Bristol, coordinated by Dr. Andrew Herman. 

 

Mass spectrometry: Thermo Scientific Ultimate 3000 nano-LC system in line with a Thermo 

Scientific Orbitrap Fusion Tribrid Mass Spectrometer in the Proteomics Facility at the 

University of Bristol, coordinated by Dr. Kate Heesom. 

 

2.1.7   Systems for Shear Stress Exposure 

Automated Rheoscope and Cell Analyser (ARCA): Linkam Scientific Instruments plate–

plate optical shearing stage (model CSS450) mounted on an imaging station assembly and 

temperature controlled using Linksys32 software. Olympus LMPlanFl 50x with a 10.6mm 

working distance objective illuminated by a Vision Light Tech X-1500 stroboscope through an 

Edmund Optics band-pass interference filter (CWL 420 nm, FWHM 10 nm). IDS GmbH uEye 

camera (UI-2140SE-M-GL). A polyvinylpyrrolidone solution (PVP, viscosity 28.1 mPa·s; 

Mechatronics Instruments) was used to prepare the cell suspensions to be input into the 

system.  
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Circulation system and pump: Cole Parmer Pharmed® BPT tubing (Size 13, Inner Diameter 

1.6 mm) and Tygon silicone tubing (Size 13, Inner Diameter 1.6 mm). CODAN Steritex ApS 

three-way stopcock. Cole Parmer male and female luer fittings with lock ring and hose barb. 

Terumo 1 mL syringes (without needle). Watson Marlow 120U/DV peristaltic pump. 

 

Microsphiltration system: Greiner Bio-One 1000 µL filter pipette tips containing a 

polyethylene microfilter (10 um pore size). Industrie des Poudres Sphériques 15-25 µm and 

5-15 µm diameter metal microspheres (96.50% tin, 3.00% silver, and 0.50% copper). 

 

Microfluidics: Polydimethylsiloxane (PDMS) microfluidic chip containing 8 units mounted in 

parallel, with each unit comprising 24 parallel channels of 10 serial restrictions. The chip was 

designed and fabricated by the INSERM as described by Lizarralde Iragorri et al366. Fluigent 

MFCS™-EZ microfluidic flow control system. 

 

2.1.8   Peripheral Blood Donor and Patient Samples 

Platelet apheresis blood waste from healthy donors was provided with written informed 

consent for research use given in accordance with the Declaration of Helsinki (NHSBT, Filton, 

Bristol). The research into the mechanisms of erythropoiesis was reviewed and approved by 

the Bristol Research Ethics committee REC Number REC 12/SW/0199.  

 

The research on PIEZO1 patient samples from University Medical Centre (UMC) Utrecht was 

reviewed and approved by the Medical Ethical Review Board (MERB) from UMC Utrecht 

(METC protocol 17/450). Samples were provided with written inform consent held by the 

clinician. Healthy control donors’ blood was provided with consent and was anonymously 

obtained using the approved medical ethical protocol of 07/125 Mini Donor Dienst, also 

approved by the MERB of UMCU.  
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2.1.9   Data Processing 

Imaging data analysis: Confocal imaging: Leica LAS X v3.3.0 and Zeiss ZEN v2.5 for 

confocal image acquisition. Fiji v2.0.0-rc-54/1.51h (with TrackMate plugin) and arivis Vision4D 

v2.12.6 for image processing and analysis. Imaging of the microfluidics system: Phantom 

Camera Control (PCC) v2.2 and Phantom Cine Viewer (CV) v3.1 for high-speed image 

acquisition and processing. Microsoft Excel for high-speed data analysis. GE Healthcare 

ImageQuant TL v8.1 for Western Blot photo analysis. ARCA data analysis: Bespoke ARCA 

software written by Dr J.G.G. Dobbe (Amsterdam Medical Centre, Netherlands) for ARCA 

dataset generation. Spyder v3.3.0 with Python v3.6.6 (with the libraries Pandas, NumPy, 

Matplotlib, SciPy, Seaborn and scikit-learn) for ARCA data analysis. 

 

Flow cytometry data analysis: FlowJo v10 (FlowJo) and Microsoft Excel for data analysis. 

 

Proteomics data processing/analysis: Thermo Scientific Proteome Discoverer software 

v1.4 and v2.1 for raw data processing, GiTools v2.2.2 for Sample Level Enrichment Analysis 

(SLEA), STRING UniProt and Ensembl databases for data annotation, Cluster v3.0 and Java 

TreeView v1.1.6r4 for dendrogram and heatmap generation, Qiagen Ingenuity Pathway 

Analysis Winter 2017 release for core and functional network analysis, ProteomeXchange 

submission tool v2.4.3 for data deposition in the ProteomeXchange Consortium. 

 

2.2   Cell culture methods 

2.2.1   Isolation and Expansion of Human CD34+ Cells 

For isolation of peripheral blood mononuclear cells (PBMCs), a blood sample of approximately 

10 mL was mixed with 0.6% (v/v) citrate-dextrose solution (ACD; Sigma), diluted 1:1 with 

Hanks balanced salt solution (HBSS; Sigma) with 0.6% (v/v) ACD and layered on top of 25 

mL Histopaque 1077 (Sigma). The sample was then centrifuged at 400g, at room temperature 

(RT) for 35 minutes.  



  

60 

 

The interface layer consisting of density-purified mononuclear cells was then collected, 

washed 3 times in HBSS and resuspended in 12 mL cold Red Cell Lysis Buffer (NH4Cl, 4.15 

mg/mL; EDTA, 0.02 mg/mL; KHCO3, 0.5 mg/mL) at 4ºC for 10 minutes, to lyse any remaining 

erythrocytes. Cells were washed twice in HBSS and counted in a haemocytometer using the 

Trypan Blue dye (Sigma) exclusion test to distinguish between dead and live cells.  

 

CD34+ magnetic cell isolation was performed on the PBMCs according to the manufacturer’s 

protocol for the CD34+ progenitor cell isolation kit (Miltenyi Biotec), to enrich for 

haematopoietic progenitor cells. Isolated cells were counted and plated at a density of 1x105 

cells/mL in a primary expansion medium. This primary medium was Iscove’s Modified 

Dulbecco's Medium (IMDM; Source BioScience UK Ltd) supplemented with 3U/mL 

erythropoietin (Epo; Bristol Royal Infirmary), 3 U/mL heparin (Sigma), 0.5 mg/mL 

holotransferrin (Sigma), 3% (v/v) Heat-deactivated Human Male AB Serum (Sigma), 2 mg/mL 

Human Serum Albumin (HSA; Sigma), 10 µg/mL insulin (Sigma), 100 U/mL penicillin (Sigma) 

and 100 µg/mL streptomycin (Sigma), with extra supplementation of 40 ng/ml Stem Cell Factor 

(SCF; Miltenyi Biotec) and 1 ng/mL IL-3 (R&D Systems) to induce cell proliferation.  

 

The cells were incubated at 37°C in 5% CO2 in this primary medium with daily media addition 

from Day 3 to Day 7 of culture. From Day 8 to Day 12, secondary medium was used, which 

consisted of the same IMDM base supplemented with 40 ng/mL SCF. After Day 13, tertiary 

medium consisting of the IMDM base without growth factor additions was used in order to 

induce terminal erythroid differentiation. On Day 21, the reticulocytes present in the culture 

were purified through leukofiltration to remove nuclei and nucleated cells.  

 

For leukofiltration, a leukocyte reduction filter (NHSBT, Filton, Bristol) was pre-soaked and 

equilibrated with HBSS and the cultured cell suspension was loaded into the filter followed by 

a large amount of HBSS and let elute by gravity until the flow-through was clear.  
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The resulting flow-through was then centrifuged at 400g, RT for 20 minutes and the pelleted 

cells were resuspended in Phosphate Buffer Saline supplemented with 1 mg/mL Bovine 

Serum Albumin (BSA; Sigma) and 2mg/mL glucose (Sigma) (PBSAG). The purified 

reticulocytes were then stored at 4ºC for a maximum period of 7 days (although the period for 

optimal use comprises the first 48 hours of storage). 

 

2.2.2   Isolation of Human CD71+ Cells 

The blood sample was separated by Histopaque density gradient centrifugation as described 

previously (Section 2.2.1). The surface of the packed erythrocyte layer was then collected 

and washed 3 times in HBSS. CD71+ magnetic cell isolation was performed on the 

erythrocyte/reticulocyte mixture according to the manufacturer’s protocol for the CD71 

MicroBeads cell isolation kit (Miltenyi Biotec), to enrich for early, CD71-expressing 

reticulocytes. Isolated cells were counted and resuspended in PBSAG. If necessary, the cells 

were then stored at 4ºC until use for a maximum period of 7 days. 

 

2.2.3   Leukodepletion of Human Erythrocyte Suspensions 

Packed erythrocytes separated by using Histopaque density gradient centrifugation were 

washed with HBSS and resuspended at 5x107 cells/mL. A leukocyte reduction filter was pre-

soaked and equilibrated with HBSS, followed by the addition of 5 mL of AB plasma. The 

erythrocyte suspension was then loaded into the filter followed by an amount of HBSS 

corresponding to two times the cell suspension volume. The resulting flow-through was then 

centrifuged at 400g, RT for 20 minutes and the pelleted cells were resuspended in PBSAG, 

and then stored at 4ºC until use. 
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2.2.4   BEL-A Cell Culture 

BEL‐A (Bristol Erythroid Line – Adult) cells were cultured as per the method originally 

described by Trakarnsanga et al.367 and amended by Hawksworth et al.368 In the expansion 

phase, cells were cultured at a density of 1-3x105 cells/mL in expansion medium, which 

consisted of StemSpan SFEM (Stem Cell Technologies) supplemented with 50 ng/mL SCF, 3 

U/mL Epo, 1 μM dexamethasone (Sigma-Aldrich) and 1 μg/mL doxycycline (Takara Bio). 

Complete medium changes were performed every 48 hours. In the differentiation phase, cells 

were seeded at 2x105 cells/mL in differentiation medium (IMDM prepared as previously 

mentioned and supplemented with 1 ng/mL IL‐3, 10 ng/mL SCF and 1 μg/mL doxycycline). 

After 2 days, cells were reseeded at 3.5x105/mL in fresh medium. On differentiation day 4, 

cells were reseeded at 5x105 cells/mL in fresh differentiation medium (as per above) without 

the addition of doxycycline. On differentiation day 6, a complete media change was performed, 

and cells were reseeded in differentiation medium without doxycycline at 1x106/mL. On day 8, 

cells were transferred to tertiary culture medium (Section 2.2.1) and maintained at a cell 

density of 1x106 cells/mL with complete medium changes every 2 days until day 14. 

 

2.2.5   MS-5 Cell Culture and erythroid co-culture 

Cells from the murine MS-5 stromal cell line were cultured as per the method originally 

described by Darghouth et al.369 The cells were cultured at 37°C in 5% CO2 in Gibco® MEM α 

medium modified with ribonucleosides, deoxyribonucleosides and L-Glutamine (Fisher 

Scientific), and supplemented with 10% (v/v) FCS. Cells were trypsinised, washed and 

reseeded at a density of 4000 cells/cm2 at 2-day intervals. 

 

For erythroid co-culture, erythroid cells were washed in PBSAG and resuspended at 5-

7x106/mL in tertiary medium, and co-cultured on a stromal layer at approximately 70-80% 

confluence. Cultures were maintained in co-culture for a maximum period of 7 days, at 37°C 

in 5% CO2. 
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2.2.6   Freezing and Thawing Cells for Culture 

Erythroblasts were pelleted, washed in PBS and resuspended in freezing solution in cryovials 

at a maximum cell density of 1 x 107 cells/mL. Cells were frozen with the use of a Mr. Frosty 

Cryo Freezing Container (Nalgene) at -80ºC for 48-72 hours and then transferred to long term 

storage in liquid nitrogen. For thawing, the cryovials were defrosted at room temperature and 

ice-cold PBS was added dropwise, with two further washes in PBS for DMSO removal. After 

washing, the cells were reseeded and cultured in appropriate media. 

 

2.3   Protein Biochemistry Methods 

2.3.1   Cell Lysis of Non-Adherent Cells 

Cells for lysis were centrifuged at 300g for 5 minutes in PBSAG. The supernatant was 

removed, and the cells were resuspended at 1x106 cells/10µL in cold lysis buffer 

(supplemented with 1:100 PMSF (200 mM), 1:100 anti-protease cocktail and 0.0184 g Na3VO4 

per 10 mL lysis buffer). Samples were then incubated on ice for 10 minutes and the lysate 

was cleared by centrifugation for 10 minutes at 4ºC, at 15871g, to remove debris and cell 

membranes. The lysates were used immediately or snap-frozen by immersion in liquid 

nitrogen and stored at -20ºC. 

 

2.3.2   Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

Proteins were separated using sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE), which was performed a BioRad Mini PROTEAN® Tetra gel electrophoresis 

system. Resolving gels were prepared with the use of 6% (w/v) acrylamide (Severn Biotech), 

0.4 M Tris-HCl (pH 8.8) and 0.1% SDS. Acrylamide polymerisation was initiated by addition of 

0.4% N,N,N,N–Tetramethylene-diamine (TEMED) and 0.1% ammonium persulphate (APS). 

The stacking gel, placed above the resolving gel, was prepared with 5% (w/v) acrylamide, 0.13 

M Tris-HCl (pH 6.8), 0.1% SDS, 0.1% APS, and 0.1% TEMED. Sample buffer (50 mM Tris-

base pH 8, 12% (w/v) glycerol, 10% SDS, 2 mM EDTA, 10% dithiothreitol [DTT]) was used to 

load the lysates into the gel after incubation at 95°C for 30 seconds. A prestained protein 
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standard, Spectra Multicolor High Range Protein Ladder (Thermo Fisher Scientific), was run 

alongside the samples for molecular weight calibration. Electrophoresis was performed at 25 

mA in SDS-PAGE Running Buffer (190 mM glycine, 25 mM Tris-base, 0.1% (w/v) SDS) until 

the dye front reached the bottom of the gel. 

 

2.3.3   Transfer of Proteins to PVDF (Western Blotting) 

Resolved proteins were transferred from the polyacrylamide gel to a polyvinylidene fluoride 

(PVDF) membrane (Millipore). The PVDF membrane was pre-incubated in methanol for 

activation and equilibrated in transfer buffer. The membrane was then layered above 4 sheets 

of 3MM Whatman paper, also pre-incubated in transfer buffer. The gel was then placed on the 

PVDF membrane and covered with 4 more sheets of pre-soaked 3MM paper. The proteins 

were then transferred using a Semi-Dry Blotting transfer unit TE77 PWR (GE Healthcare) set 

at 45 mA per gel for a minimum of 1 hour. 

 

2.3.4   Antibody probing of Western Blots 

After transfer, the membrane was blocked for 1 hour at room temperature in TBS-Tween with 

5% (w/v) milk powder (Marvel), or 5% (w/v) BSA (Park Scientific) if one of the antibodies in 

use was phospho-specific. Incubation with the primary antibodies was carried out overnight at 

4ºC, in TBS-Tween with 5% BSA, and antibody concentrations as previously indicated. The 

membrane was then washed repeatedly (3x 10 minutes) in TBS-Tween and incubated for an 

hour in TBS-Tween with 5% BSA with the appropriate species of horseradish peroxidase 

(HRP) conjugated secondary antibodies, with the concentration as previously indicated. After 

incubation, the membrane was subjected to 3 x 10-minute washes in TBS-Tween. The washed 

membrane was then soaked in ECL detection reagents (GE Healthcare) for 2 minutes, and 

then visualized using an Amersham Imager 600 (Amersham). The obtained images were 

analysed with the ImageQuant TL software (GE Healthcare). 
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2.3.5   Haemoglobin quantification via Drabkin's Reagent 

Drabkin’s solution was prepared by reconstitution of one vial of the Drabkin’s Reagent (Sigma 

Aldrich) with 1 L of water. 0.5 mL of a 30% Brij L23 solution (Alfa Aesar) were then added to 

the reconstituted Drabkin’s reagent. The resulting solution was mixed and filtered. 

Lysates were diluted 1:10 in Drabkin’s solution and absorbance was measured at 540 nm. 

The standard curve for comparison was built through use of varied known concentrations of 

lysed cells. 

 

2.3.6   BradfordUltra Assay for Protein Quantitation 

Protein quantitation was performed using the BradfordUltra kit (Expedeon) for a microplate 

assay. A standard curve of calibration was constructed by measuring the absorbance of 

samples with varying known concentrations of BSA, from 0 to 1 mg/mL. 300 µL of Bradford 

Ultra were added to 20 µL of sample in a 96-well plate. Absorbance was measured at the 

595nm wavelength with a plate reader and was then used to calculate the protein 

concentration by comparison to the previously generated standard curve. Concentrations 

were only calculated from absorbance values in the linear range of the standard curve. 

 

2.3.7   Lambda Phosphatase-Mediated Dephosphorylation 

Cells were lysed in lysis buffer prepared as previously described (Section 2.3.1) but with the 

omission of both PMSF and Na3VO4 to allow for phosphatase treatment. 1000 units of Lambda 

Phosphatase (Santa Cruz Biotechnology) were added to the lysate, as well as 10X Lambda 

Phosphatase buffer and 2 mM MnCl2, to a final concentration of 1X buffer and 200 µM MnCl2. 

The reaction was then incubated at 30ºC for 45 minutes, and subsequently loaded into an 

SDS-PAGE gel. For treatment of cells for immunofluorescence assays, fixed cells were 

resuspended in Lambda Phosphatase reaction buffer and treated with 1000 units of Lambda 

Phosphatase at 30ºC for 90 minutes before proceeding with the immunofluorescence protocol. 
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2.3.8   Proteomics and Phosphoproteomics via Nano LC-MS/MS Mass 

Spectrometry 

The TMT labelling, tryptic digestion, phosphopeptide enrichment, mass spectrometry 

acquisition and initial raw data processing steps were performed by the Proteomics Facility of 

the University of Bristol. 

 

In summary, three experiments were performed:  

1) a comparison of erythrocytes, endogenous reticulocytes and in vitro-derived reticulocytes 

with three biological repeats per cell type, to a total of nine individual samples which were 

processed through both quantitative TMT proteomics and qualitative TiO2-enriched 

phosphoproteomics (the samples for this experiment were previously produced in the 

laboratory by Dr. Timothy Satchwell and Ms. Bethan Hawley for submission to the proteomics 

facility);  

2) a comparison of circulated and non-circulated in vitro-derived reticulocytes with three 

biological repeats per condition, to a total of six individual samples, which were processed 

through quantitative TMT proteomics;  

And 3) a comparison of erythrocytes and reticulocytes lysed before, during and after shear 

stress exposure through microsphiltration, with at least three biological repeats per condition. 

 

For the experiments with cell pellets, cells were washed three times with PBS containing 1 

mg/mL BSA and 2 mg/mL glucose, 2x106 cells were counted and used per sample for 

quantitative TMT proteomics, and 10x106 cells for qualitative phosphoproteomics. For the 

comparison before, during and after shear stress exposure, the protein amount used was 

equilibrated between lysates through haemoglobin quantification with Drabkin’s reagent, as 

previously described, and approximately 200 µg of protein per sample were used for 

phosphoproteomics. 
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TMT Analysis: The raw data files were processed and quantified using Proteome Discoverer 

software v2.1 (Thermo Scientific) and searched against the UniProt Human database (134169 

entries) using the SEQUEST algorithm. Peptide precursor mass tolerance was set at 10 ppm, 

and MS/MS tolerance was set at 0.6 Da. Search criteria included oxidation of methionine 

(+15.9949) as a variable modification and carbamidomethylation of cysteine (+57.0214) and 

the addition of the TMT mass tag (+229.163) to peptide N-termini and lysine as fixed 

modifications. Searches were performed with full tryptic digestion and a maximum of 1 missed 

cleavage was allowed. The reverse database search option was enabled, and all peptide data 

was filtered to satisfy false discovery rate (FDR) of 5%.   

 

Phosphoproteomics: The raw proteomic mass spectrometry data files were processed using 

Proteome Discoverer software v1.4 (Thermo Scientific) and searched against the UniProt 

Human database (134169 entries) using the SEQUEST algorithm. Peptide precursor mass 

tolerance was set at 10ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria included 

carbamidomethylation of cysteine (+57.0214) as a fixed modification and oxidation of 

methionine (+15.9949) and phosphorylation of serine, threonine and tyrosine (+79.966Da) as 

variable modifications. Searches were performed with full tryptic digestion and a maximum of 

1 missed cleavage was allowed. The reverse database search option was enabled, and all 

peptide data was filtered to satisfy false discovery rate (FDR) of 1%.  

 

Resulting proteomics data was analysed with GiTools 2.2.2, the STRING database and 

Ingenuity Pathway Analysis (QIAGEN Bioinformatics). For Gene Ontology (GO) term 

enrichment analysis, a fold change matrix was created from the protein expression datasets 

and imported into the GiTools framework 2.2.2 for SLEA analyses.370 Modules for gene 

annotations, GO terms and KEGG pathways were downloaded from the Ensembl database.371 

TMT datasets were clustered with the use of Cluster 3.0,372 via average-link hierarchical 

clustering. The resulting dendrograms and heatmaps were visualized with the use of Java 

TreeView 1.1.6r4.373 The proteomic data set was submitted into Ingenuity Pathway Analysis 
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(IPA; Qiagen, Hilden, Germany) for core analysis and functional network analysis. Published 

proteomics data have been deposited to the ProteomeXchange Consortium via PRIDE374 with 

the dataset identifiers PXD009015, PXD009023, PXD009024, PXD013652 and PXD013960. 

 

2.4   Imaging and Flow Cytometry 

2.4.1   Flow Cytometry 

All measurements were made using a MACSQuant® VYB Flow Cytometer (MACSQuant), and 

the data was analysed with FlowJo V10 (FlowJo). 

 

For determination of the levels of reticulocyte maturation markers (CD71 and RNA content), 

1x105 live cells were washed in PBSAG and resuspended in 50 µL of PBSAG (PBS with 1 

mg/mL BSA and 2 mg/mL glucose) containing 0.1 µg/mL thiazole orange (TO) (Sigma-

Aldrich). Anti-human CD71 antibody (Biolegend) was then added to a final concentration of 2 

µg/mL, and the cells were incubated in the dark at room temperature for 30 minutes. Cells 

were then washed in PBSAG with TO and resuspended in an appropriate volume of PBSAG 

with TO for measurement of the fluorescence with the flow cytometer. 

 

For determination of reticulocyte levels in the erythroid culture, 200 µL of cell suspension were 

sampled from the culture and Hoechst 33342 (Sigma-Aldrich) was added to a final 

concentration of 5 µg/mL (to label nucleated cells). The cells were incubated at 37ºC in the 

dark for 30 minutes and analysed with the flow cytometer. 

 

For measurement of autophagy, 1x105 live cells were washed in PBSAG and resuspended in 

100 µL of PBSAG where CYTO-ID (Enzo) was added at a 1:500 dilution. The cells were 

incubated at 37ºC in the dark for 30 minutes, washed in PBSAG and resuspended in an 

appropriate volume of PBSAG for analysis with the flow cytometer. 

 



  

69 

 

For measurement of PIEZO1 activity, 1x105 live cells were washed in PBSAG and 

resuspended in 1 mL of tertiary culture medium containing 5 µM of Fluo-4 AM (Thermo Fisher). 

The cells were incubated at 37ºC in the dark for 30 minutes, washed in PBSAG and 

resuspended in an appropriate volume of culture medium for flow cytometry. Measurements 

of the basal fluorescence were obtained, followed by addition of 10 µM of Yoda1 to the cell 

suspension. The suspension was mixed and measurements post-PIEZO1 activation were 

acquired. 

 

2.4.2   Fluorescence Activated Cell Sorting (FACS) of Ca2+-irresponsive Cells 

Cells transduced with PIEZO1-knockout CRISPR lentivirus were washed in PBS and 

resuspended in primary culture medium containing 5 µM of Fluo-4 AM. The cells were 

incubated at 37ºC in the dark for 30 minutes, washed in PBSAG and resuspended in tertiary 

culture medium with 2% FCS at 1 x 106 cells/mL. 10 µM of Yoda1 were added to the cell 

suspension immediately before sorting, and the erythroblasts were sorted in tubes pre-coated 

with FCS based on calcium content observed after PIEZO1 activation. PIEZO1-negative cells 

were negative for Yoda1-induced Fluo-4 AM fluorescence. The sorted cells were then kept in 

culture as previously described. 

 

2.4.3   Fixed-cell Immunofluorescence 

For the respective experiments, Mitotracker® Deep Red FM was used as a mitochondrial 

selective probe (Thermo Fisher Scientific) and phosphatidylserine (PS) was stained using the 

Annexin-V-FLUOS Staining Kit (Roche). Cells were fixed in 1% PFA and 0.0075% 

Glutaraldehyde (v/v) in PBSAG for 15 min at RT. All washes were carried out in PBSAG. Once 

fixed, cells were washed twice and permeabilised in 0.05% Triton X-100 (Fluka BioChemika) 

for 5 min at RT.  
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After permeabilization, the cells were incubated for blocking in a PBSAG solution of 4% (w/v) 

BSA during 30 min at RT, washed once, incubated for 1 hour at RT with the desired primary 

antibodies, washed in triplicate and then incubated with suitably labelled secondary antibodies 

for 1 hour at RT in the dark. The cells were washed again in triplicate and 1x105 cells were 

cytospun onto glass coverslips, which were then mounted on glass slides using Mowiol. 

Confocal images were taken using a Leica SP5 confocal microscope with 63x/1.4 NA oil-

immersion lens (Wolfson Bioimaging Facility) and processed using Fiji v. 2.0.0-rc-54/1.51h.375  

 

For experiments involving imaging of deformed cells (e.g. cells deformed through use of the 

microsphiltration system), the cells were cytospun onto Cell-Tak (Corning) adhesive-coated 

glass coverslips after fixing and before permeabilization. All subsequent steps were performed 

as previously described.  

 

Coverslips were adhesive-coated by diluting 3.5 µg Cell-Tak per cm2 of surface to be coated 

in a 0.1 M sodium bicarbonate solution, which was then applied immediately to the coverslips 

and let to air dry at room temperature. After drying, the coverslips were used immediately or 

stored at 4oC. 

 

2.4.4   Live-cell Confocal Imaging 

Cells were incubated in a PBS solution containing 5% FBS (v/v) (GE Healthcare), 5 µM 

Calcein Blue AM (Thermo Fisher Scientific) and 500 nM Mitotracker® Deep Red FM (Thermo 

Fisher Scientific) for 30 minutes at 37ºC, 5% CO2. After incubation, the cells were washed 

twice with PBS + 5% FBS and resuspended in tertiary culture medium. 100 µL of cell 

suspension (corresponding to 105 cells) were set in a glass bottom culture dish and imaged at 

37ºC, 5% CO2 using a Leica SP8 confocal microscope with 63x/1.4 NA oil-immersion lens 

(Wolfson Bioimaging Facility). Images were processed using Vision4D (arivis). 
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2.4.5   High-throughput Immunofluorescence Image Processing 

Tile scans composed of 10x10 images taken at 1024x1024 resolution were generated via 

confocal imaging and analysed via arivis Vision4D (arivis, Rostock, Germany). The following 

steps were used for dataset analysis: 

 

Denoising filter was applied to the Calcein Blue channel with mean filter, Radius 3 for 

background reduction; Background correction was applied to the Mitotracker channel with 

Preserve Bright selected for background reduction, as the background in the far-red channel 

was typically uneven along the tile scan; Denoising filter was applied to the Mitotracker 

channel with mean filter, Radius 1 for background reduction; Results were stored for further 

analysis. Cell segments were generated from the Calcein Blue channel using an intensity 

threshold from 8-255 pixel intensity; Mitochondria segments were generated from the 

Mitotracker channel using an intensity threshold from 59-255 pixel intensity; Cell segments 

were filtered based on area (Projection (XY/Z): Area > 25 µm2), roundness (Projection (XY/Z): 

Roundness>0.1) and sum of Mitotracker channel intensities (Sum of intensities < 106) to 

remove non-cell segments based on size and autofluorescence in the far-red channel; 

Mitochondria segments were filtered based on area (Area between 0.1 µm2 and 20 µm2) to 

remove non-related objects; Segment colocalization was applied with cell segments as 

subjects and mitochondria segments as references, with colocalization measure of partial 

coverage; Annotations resulting from the filtering and colocalization steps were stored in tables 

at the end of processing.  

 

2.4.6   High-speed imaging of shear-exposed cells 

The microfluidic device was mounted on the stage of an inverted AxioObserver Z1 microscope 

(Zeiss) coupled with a Phantom Miro M 320S high-speed video camera and imaged at 100x 

or 400x magnification. High-speed videos were obtained at 900-1500 frames per second (fps) 

and converted into .tiff frame sequences with the use of the Phantom Camera Control (PCC) 

v2.2 or Cine Viewer (CV) v3.1 software. 
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2.4.7   Processing of High-speed Images 

All images were processed with the use of Fiji v. 2.0.0-rc-54/1.51h.375 Images were classified 

into two categories, depending on the contrast of the cells in the system: bright cell samples 

(more commonly reticulocytes) and dark cell samples (more commonly erythrocytes). The 

initial processing steps differed, and were performed as follows: 

 

Bright cell samples: The brightness/contrast minimum slider was adjusted so that cells were 

the only remaining features in the image.  

 

Dark cell samples: A copy of the image was created, and the brightness/contrast sliders were 

adjusted in order to maximize the contrast of microfluidics channel limits. The wand tracing 

tool was then used for joint selection of all the inter-channel segments. Using this selection, a 

mask image was created and then inverted to define the regions of interest to analyse. The 

mask image was then subjected to binary erosion three times to further define the region of 

interest as not including any channel walls. The colours of the original image were inverted, 

and the Image Calculator was used to multiply the original image by the mask image, with a 

32-bit float result. 

 

All samples: The TrackMate plugin376 was used for the remaining image processing steps. 

The Z and T dimensions were swapped. The Laplacian of Gaussian (LoG) detector was used, 

with an estimated blob diameter of 8-10 µm and an appropriate threshold for cell detection 

(varying by image set). The hyperstack displayer was used, without any filters set. The linear 

motion Linear Assignment Problem (LAP) tracker was used for cell tracking, with initial search 

radius of 15 µm, search radius of 10 µm and maximum frame gap of 2 frames. The detected 

tracks were then filtered so that only tracks with a total horizontal displacement ≥ 700 were 

kept for statistical analysis. The track data was then exported to .csv format and analysed with 

Microsoft Excel. 
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2.4.8   Sample Preparation for Correlative Light and Electron Microscopy 

(CLEM) 

The fixed-cell immunofluorescence protocol was followed as previously described, although 

with substitution of the permeabilizing agent Triton X-100 for saponin. The initial 

permeabilization was done with 0.05% (w/v) saponin, and all subsequently used solutions 

were supplemented with 0.01% saponin. Mounting was performed with PBS instead of Mowiol. 

Before the mounting step, the cells were cytospun onto Grid-50 gridded glass coverslips (Ibidi) 

to allow for easier localization of the cells of interest after the electron microscopy sample 

preparation steps. All sample preparation steps subsequent to confocal imaging (post-fixation 

steps, resin embedding, ultramicrotomy, positive staining with osmium tetroxide), as well as 

imaging with the use of a FEI Tecnai 20 200kV Twin lens TEM (Wolfson Bioimaging Facility), 

were performed by Dr. Paul Verkade (University of Bristol). 

 

2.5   Methods for Shear Stress Exposure 

2.5.1   Automated Rheoscope and Cell Analyser Sample Preparation and 

Analysis 

Packed cells were diluted in 200 µL of a polyvinylpyrrolidone solution (PVP viscosity 28.1; 

Mechatronics Instruments). Samples were assessed in an Automated Rheoscope and Cell 

Analyser (ARCA) consisting of a plate–plate optical shearing stage (model CSS450) mounted 

on a Linkam imaging station assembly and temperature controlled using Linksys32 software 

(Linkam Scientific Instruments). The microscope was equipped with an LMPlanFl 50x with a 

10.6mm working distance objective (Olympus) illuminated by an X-1500 stroboscope (Vision 

Light Tech) through a band-pass interference filter (CWL 420 nm, FWHM 10 nm; Edmund 

Optics). Images were acquired using a uEye camera (UI-2140SE-M-GL; IDS GmbH). At least 

1500 valid cells per sample were analysed using ARCA analysis software written by Dr. J.G.G. 

Dobbe (Amsterdam Medical Centre, Netherlands) for dataset generation. 
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The datasets were then analysed with the use of a Python script (created during this thesis 

and provided in Appendix I) for statistical analysis, data visualization and automatic 

population labelling through machine learning.  

 

For the machine learning algorithm, the datasets were sampled for cells which were then 

randomized into training and testing subsets (the testing subsets were composed of 500 cells 

from the original dataset). Deformability and area were normalized by the maximum value 

possible in the ARCA (3.3 Deformability Index and 140 cm2, respectively) and 10000 subsets 

of 500 cells each were generated from each dataset by random sampling from the training 

subset. Each group of 10000 subsets was attributed a unique identifier, allowing the machine 

learning process to be supervised. The classifiers were generated using the K-nearest 

neighbours (KNN) algorithm, KNN Bagging, AdaBoost-SAMME, Random Forests, Gradient 

Boosting or Multilayer Perceptron algorithms from the scikit-learn package377. Dataset 

classification was then performed by selection of the machine-selected identifiers’ mode after 

1000 repeats of classifier-based classification.  

 

2.5.2   Circulation System Assembly and Cell Circulation 

To create a suitable loop for cell circulation, a length of 20 cm of Pharmed® BPT tubing (Size 

13, Inner Diameter 1.6mm; Cole Parmer) was connected to a three-way stopcock (CODAN 

Steritex ApS) with the use of male and female luer fittings with lock ring and hose barb (Cole 

Parmer). Cells were packed and resuspended in a mixture of tertiary culture medium and 

Sanquin proprietary reticulocyte stabilizer solution (kindly provided by Dr. Emile van den 

Akker, Sanquin, Netherlands) in a 4-1 ratio. For injection into the system, a 1 mL syringe 

without needle (Terumo) was used with the three-way stopcock while the system was open to 

let air out, until all the tubing was filled with the cell suspension. The system was then closed 

and fitted into a Watson Marlow 120U/DV pump (Cole Parmer), and the suspension was 

circulated overnight at 37ºC, 5% CO2, in the 5rpm setting. 
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2.5.3   Microsphiltration 

A microsphiltration device was built with the use of a filter-containing 1000 µL pipette tip, as 

described by Lavazec et al.289 A 1:1 mixture of 15-25 µm and 5-15 µm diameter metal 

microspheres (96.50% tin, 3.00% silver, and 0.50% copper; Industrie des Poudres 

Sphériques, IPS), 1 g + 1 g, was resuspended in 5 mL PBSAG.  

 

600 µL of the microsphere suspension were loaded directly on top of the anti-aerosol filter of 

the inverted pipette tip. The remaining volume was filled with PBSAG. A 50 mL syringe was 

loaded with PBSAG and connected to a three-way stopcock, which was connected to the 

pipette tip using silicone tubing (Cole-Parmer). A 1 mL syringe was used for loading the cell 

suspension into the microsphiltration system through the stopcock. Pressure was created 

manually through slow depression of the 50 mL syringe plunger.  

 

For the proteomics experiment, cells were lysed in three conditions: before use of the 

microsphiltration system; during the point of maximum cell density in the bead layer; and after 

cell recovery from the microsphiltration system. For recovery during the point of maximum cell 

density in the bead layer, pressure was stopped immediately, and the top of the pipette filter 

tip was cut open. Then, the PBSAG present in the system was aspirated. 40 µL of lysis buffer 

were carefully added to the bead layer and incubated for 10 min at 4oC. The bead layer and 

lysate were collected into a microcentrifuge tube and centrifuged for 10 minutes at 15871g, 

4ºC. The supernatant was then collected.  

 

For recovery after the microsphiltration system, the resulting suspension was centrifuged for 

5 minutes at 400g, 4oC and the cells were counted and lysed. Lysates were then equalized in 

regard to cell number through quantitation of haemoglobin using Drabkin’s reagent. 

 



  

76 

 

For the percentage of cell recovery experiment, cells were treated overnight with 1:1000 

DMSO as a control, or an adequate inhibitor (3 µM Bafetinib [Insight Biotechnology], 10 nM 

CHIR-98014 [Stratech Scientific] or a combination of both). Following treatment, the cells were 

stained with Celltracker Green CMFDA Dye (Invitrogen) for 45 min at 37oC. After staining, the 

cells were mixed with untreated, unstained cells in a 5:95 mixture and resuspended in PBSAG. 

The resulting cell suspension was subjected to microsphiltration and analysed through flow 

cytometry. 

 

For fixation of cells in the bead layer, the filter tip was cut and the PBSAG aspirated as 

previously described. 100 µL of fixing solution (1% PFA and 0.0075% Glutaraldehyde [v/v] in 

PBSAG) were carefully added to the bead layer and incubated for 10 min at RT. 1 mL of 

PBSAG was added for resuspension of the bead layer and the suspension was collected into 

microcentrifuge tubes. The beads were allowed to sediment by gravity and, 5 min later, the 

supernatant containing the fixed cells was collected into new microcentrifuge tubes. The cell 

suspension was centrifuged, and the cells were washed twice in PBSAG to remove any 

remaining microbeads. The cells were then stored at 4oC.  

 

2.5.4   Microfluidic multi-constriction assay 

The microfluidic biochip was designed and fabricated by our collaborators at the INSERM as 

described by Lizarralde Iragorri et al.366 An MFCS™-EZ microfluidic flow control system 

(Fluigent) was used to regulate the flow pressure in the microfluidic biochip. The biochip was 

connected to the pump by 1.6 mm silicone tubing and male luer connectors and mounted on 

the stage of an inverted AxioObserver Z1 microscope (Zeiss) coupled with a Phantom Miro M 

320S high-speed camera. For each assay, 60 µL of reticulocyte or erythrocyte suspensions 

at 2.5% haematocrit were loaded in the input well of the biochip and perfused at a constant 

pressure of 150 mBar. The 2.5% haematocrit, lower than the literature value of 30%, was used 

to allow for the identification of individual cells in the acquired images. Image analysis was 

performed as previously described. 
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2.6   Methods for Statistical Analysis 

High-throughput patch clamping data was analysed through one-way analysis of variation 

(ANOVA). Data was considered statistically significant when a p value of less than 0.05 (p ≤ 

0.05) was observed. Mean NPPB block percentage was analysed through a paired two-tailed 

Student’s T test and the differences were considered statistically significant at p ≤ 0.05. The 

standard deviation of the individual block percentages was calculated and used to generate 

error bars. 

 

Data obtained using the Automated Rheoscope and Cell Analyser (ARCA) was: 1) used to 

create average profiles, where cross-sectional area or deformability index histograms were 

generated and the mean and standard deviation of the proportion of cells within each of the 

histogram “bins” was calculated; 2) used to calculate the sample means of population cross-

sectional area or deformability index, which were then averaged across sample types and 

compared using a paired two-tailed Student’s T test. Differences between sample types were 

considered statistically significant at p ≤ 0.05 (indicated by *). 

 

Confocal imaging data was analysed to detect the percentage of cells which contained the 

desired intracellular feature; means of sample types were calculated through averaging the 

cell percentage from each individual sample and were then compared using a paired two-

tailed Student’s t-test. Differences between sample types were considered statistically 

significant at p ≤ 0.05. The standard deviation of the percentage means was calculated for 

each sample type and used to generate error bars. In cases where the percentage reduction 

is shown, the decrease in intracellular content was calculated through dividing the cell 

percentage after exposure by the cell percentage before exposure. Means, standard 

deviations and p values were obtained as per above. 
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Microsphiltration flow cytometry data was analysed by dividing the percentage of CellTracker 

Green-labelled cells present after microsphiltration by the percentage of labelled cells before 

microsphiltration. Means across several samples were calculated and compared using a 

paired two-tailed Student’s T test. Differences between sample types were considered 

statistically significant at p ≤ 0.05 (marked with *) or having increased statistical significance 

at p ≤ 0.01 (marked with **). 

 

Microfluidics imaging data was analysed through calculation of the average cell microcapillary 

traversal velocity of each treated sample as a percentage of the respective DMSO control 

sample traversal velocity. All comparisons were performed with a one-sample t-test. The 

standard deviation was calculated for each sample type and used to generate error bars. 

Differences between sample types were considered statistically significant at p ≤ 0.05 (marked 

with *) or having increased statistical significance at p ≤ 0.01 (marked with **). 

 

Flow cytometry data from the hereditary xerocytosis characterization was analysed to 

measure the average CD71/TO loss over maturation of HX samples or Yoda1-treated samples 

normalized against the CD71-/TO- percentage observed in the final timepoint of healthy control 

samples. Error bars show standard deviation. HX comparisons were made with two-sample 

unequal variance (heteroscedastic) t-tests, while Yoda1 comparisons were made with paired 

t-tests Differences between sample types were considered statistically significant at p ≤ 0.05 

(marked with *), having increased statistical significance at p ≤ 0.01 (marked with **) or being 

highly statistically significant at p ≤ 0.001 (marked with ***).
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Chapter 3    Characterizing the changes brought 

upon by reticulocyte maturation and cell culture 

3.1   Introduction 

The study of human reticulocyte maturation has been massively enhanced by the ability to 

generate large numbers of late-stage reticulocytes through laboratory culture methods 

developed in recent years (as introduced in Chapter 1, Section 1.10). To date, much of the 

published literature has focused on comparison of in vitro-derived reticulocytes to circulating 

mature erythrocytes,207,208,378 and, as yet, no attempt has been made to conduct a proteomic 

comparison between cultured reticulocytes and endogenous cells of the adult donor from 

which they were originally derived. As the former are a more easily accessible resource (i.e. 

large numbers can easily be obtained from culture), there is value in exploring the feasibility 

of their use as a system for the study of reticulocyte maturation. 

 

Importantly, in vitro-derived reticulocytes expanded and differentiated under conditions 

compatible with clinical use do not currently emulate the final stages of maturation, which 

normally occur in vivo post-bone marrow egress and within circulation to generate definitive 

erythrocytes. However, transfusion of in vitro-derived reticulocytes into mouse models induces 

these final maturational stages,358,365 indicating the involvement of as of yet undefined factors 

or stimuli not recapitulated in the current in vitro culture process which could be elucidated 

through proteomic comparison. These processes could be mediated by differential 

phosphorylation, since the phosphorylation of membrane and cytoskeletal proteins is widely 

known to influence red blood cell membrane properties and protein interactions,44,134,185,186 and 

increased phosphorylation of the cytoskeleton-associated junctional protein complex 

component protein 4.1R has previously been reported in murine reticulocytes compared to 

erythrocytes.186 
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Thus, this chapter will focus on performing an analysis of the changes in protein abundance 

and function underlying reticulocyte maturation through the production of a TMT-based 

quantitative proteomics dataset and a qualitative phosphoproteomics dataset comparing in 

vitro-cultured reticulocytes to endogenous reticulocytes and erythrocytes (all derived from the 

same donors). The findings obtained from analysis of these extensive datasets will provide a 

framework for future studies into reticulocyte maturation and inform us to what extent in vitro-

derived reticulocytes resemble the endogenous reticulocyte. Beyond its importance as a 

general scientific endeavour, the latter question is important to answer due to a clinical trial 

being prepared in Bristol for the use of in vitro-derived reticulocytes in humans. 

  

3.1.1   Contributions to the work presented in this chapter 

Dr. Timothy Satchwell and Ms. Bethan Hawley (University of Bristol, UK) isolated and 

prepared in vitro-derived reticulocytes alongside native reticulocytes and mature erythrocytes 

from the same donors. Dr. Kate Heesom and Dr. Marieangela Wilson (University of Bristol, 

UK) processed proteomics samples and acquired mass spectrometry data. Ms. M. Giustina 

Rotordam (Nanion, DE) provided patch clamp protocol training and assistance. Ms. Francesca 

Aglialoro and Dr. Emile van den Akker (Sanquin, NL) provided reticulocyte samples.
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3.2   Results 

3.2.1   Initial sample characterization and experimental design for proteomics 

 

In order to explore possible changes in protein abundance and function underlying reticulocyte 

maturation, an extensive quantitative proteomics dataset and a qualitative phosphoproteomics 

dataset comparing donor-matched endogenous reticulocytes, cultured reticulocytes and 

erythrocytes were first generated by Dr. Timothy Satchwell and Ms. Bethan Hawley.  

 

The CD71+ population (native reticulocytes) was isolated through magnetic bead isolation, the 

CD71- population (erythrocytes) was collected from the flow through of the CD71+ cell 

isolation, and CD34+ precursors were isolated and cultured to the reticulocyte stage using the 

culture system described by Griffiths RE et al.251 All samples submitted to proteomics were 

characterized regarding established reticulocyte markers, as shown in Figure 3-1, highlighting 

the presence of CD71/RNA in both native and cultured reticulocytes but not in the erythrocyte. 

 

Figure 3-1: Flow cytometry characterization of samples submitted to proteomics 

Flow cytometry analysis of native reticulocytes, cultured reticulocytes and red blood cells stained with 

thiazole orange and anti-CD71 antibody. The purity of the CD71 isolation achieved for each individual 

donor is written under their identification and is defined as the percentage of the cell population that 

does not overlap with the TO-/CD71- quadrant. Pairwise comparisons are shown for ease of 

visualization. 
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The general design of the proteomics experiment is summarized in Figure 3-2. A flow diagram 

detailing the procedure used for the analysis of these qualitative and quantitative proteomic 

datasets is displayed in Figure 3-3. Tim Satchwell and Bethan Hawley performed Stage 1 and 

the proteomics service of the University of Bristol performed the data acquisition of Stage 2, 

whilst I was responsible for the computational analysis steps described in Stage 3.  

 

Figure 3-2: Diagram of the donor cell sample preparation for proteomic comparison  

RBCs, native reticulocytes (CD71+ cells) and haematopoietic precursors (CD34+ cells) were separated 

through magnetic bead isolation. CD34+ cells were isolated with CD34 Microbeads from the PBMC 

layer after Percoll gradient separation and cultured over 18 days before lysis (as described in Chapter 

2). Cells obtained from the bottom layer after gradient separation were separated with CD71 

MicroBeads (as described in Chapter 2), with the CD71+ population consisting of the bead-attached 

cells and the CD71- population consisting of the flow-through. 

 

The ultimate aim of analysing the proteomics datasets was to determine the degree of 

similarity of the cultured reticulocytes to native reticulocytes or erythrocytes and to identify 

novel protein targets that could be useful in furthering the study of reticulocyte maturation. 

First, heatmaps comprising broad overviews of the quantitative datasets were created through 

the combined use of Cluster 3.0 and Java TreeView, in order to visualize any differing patterns 

of protein expression amongst all samples.  
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Figure 3-3: Stages and procedures for qualitative and quantitative proteomics data acquisition 

and analysis 

Flow diagram comprising a framework for proteomics data acquisition and analysis. Steps shown in 

green are common to both quantitative TMT proteomics and qualitative phosphoproteomics. 

Quantitative TMT data analysis (blue): Multiple complementary approaches are provided. The pre-

processed data may be clustered and visualized for a broad analysis of expression patterns or filtered 

for the selection of proteins that are differentially expressed amongst the conditions under study. The 

differentially expressed proteins may then undergo computational prediction of their underlying protein-

protein interactions (PPI) through use of the STRING database, sample-level enrichment analysis 

(SLEA) through the use of GiTools for the detection of differentially regulated functions or general 

processes (i.e. understanding whether proteins with similar functions behave in a similar manner), or 

undergo computational prediction for functional network analysis with Ingenuity Pathway Analysis 

Qualitative phosphoproteomics data analysis (yellow): The pre-processed data undergoes further 

filtering in order to first exclude any peptides where phosphorylation is not predicted to occur and later 

detect consistent phosphorylation under a given condition. The phosphorylation sites are then 

annotated with the use of the PhosphoSitePlus database. In both types of proteomics data, any relevant 

results must then undergo experimental validation in order to confirm altered expression or 

phosphorylation of a given protein. 
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3.2.2   Initial quantitative proteomic and qualitative phosphoproteomic 

characterization of the erythrocyte and reticulocyte proteomes 

 

A total of 2140 proteins were detected in the three cell types through quantitative TMT 

proteomics. In accordance with previous literature, where a loss of protein content is expected 

during reticulocyte maturation,208,378 both native and in vitro-derived reticulocytes display a 

higher abundance of most proteins, as shown by the generally positive log2 fold change values 

observed in Figure 3-4A. Some inter-sample variation exists between the same cell types, 

likely due to variable purity in the CD71 isolation protocol (Figure 3-1) or biological variation 

regarding cell progression through erythropoiesis and the rate of reticulocyte maturation 

(especially given that inter-sample variation is also noticeable while comparing culture-derived 

reticulocytes and erythrocytes). Nonetheless, native and in vitro-derived (cultured) 

reticulocytes exhibit a very similar global protein expression profile (Figure 3-4B).  

 

Reassuringly, the majority of differentially expressed proteins in comparison to red blood cells 

is common to both in vitro-derived reticulocytes and native reticulocytes, as summarized in 

Figure 3-4C. Using protein abundance as a measure for general difference, native 

reticulocytes were found to differ in 53% of proteins from red blood cells, while cultured 

reticulocytes differ in 74%. However, the number of differentially expressed proteins between 

reticulocyte types is only 523, equating to a 24% difference. Importantly, most of the proteins 

that differ between reticulocytes and RBCs are common amongst both culture-derived and 

endogenous reticulocytes (1038). 

 

In other words, despite their existing differences, in vitro-derived reticulocytes and cultured 

reticulocytes are far more similar to each other than to red blood cells. The detected 

differences likely reflect the fact that native reticulocytes constitute a spectrum of cell types 

and, unlike culture-derived reticulocytes, have undergone circulation.  
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Figure 3-4: Reticulocyte culture and maturation lead to differences in phosphorylation status 

and protein abundance 

A) Heatmap visualization of the TMT proteome dataset generated from log2 fold change (log2fc) values 

of expression in native and cultured reticulocytes with erythrocytes as a baseline. Individual samples 

were visualized as separate columns, and each row corresponds to a different protein.  

Blue denotes lower expression, and red denotes higher expression. Proteins were clustered through 

the average linkage method and a corresponding dendrogram was generated, shown to the left of the 

heatmap (No. of proteins analysed: 2140).  

B) Heatmap visualization of the TMT proteome dataset generated from log2 fold change values of 

expression in cultured reticulocytes with native reticulocytes as a baseline. The same processing steps 

were applied as per A).  

C) Venn diagram of differentially expressed proteins (log2 fold change >1) in endogenous and cultured 

reticulocytes using red blood cells as a baseline for comparison. A total of 1667 proteins were observed 

to be differentially expressed in reticulocytes.  

D) Venn diagram of phosphorylated protein content detected through qualitative phosphoproteomics. 

The dataset was filtered at 5% FDR for this analysis, with no further constraints. 
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Post-translational modification of proteins via phosphorylation can also provide an additional 

level of information on protein regulation, which is of particular importance when studying the 

transcriptionally deficient red blood cell (as described in Chapter 1, Section 1.9). Thus, in 

order to assess the protein phosphorylation landscape of human reticulocytes compared to 

erythrocytes, qualitative phosphoproteomics data for the same samples was analysed and the 

corresponding results are summarized in the diagram shown in Figure 3-4D. 

 

Performing further data filtering steps through the use of a lower False Discovery Rate (FDR) 

and the removal of inconsistent phosphorylations allows us to obtain a dataset that is both 

smaller (more manageable for identifying specific phosphorylations for validation) and 

substantially more likely to comprise true results. Thus, the table shown in Table 1 

summarizes high-confidence data (FDR = 1%, proteins with one single peptide across all 

samples disregarded).  

 

Notably, the phosphoproteomic analysis showed that many proteins are phosphorylated 

exclusively in reticulocytes, an observation which is consistent with their known higher kinase 

activity379 (although the proportion of phosphorylations that are exclusive only to one specific 

type of reticulocyte, either culture-derived or endogenous, is far lower). 

 

3.2.3   In-depth proteomic analysis through GO enrichment and functional 

network prediction  

Since the process of reticulocyte maturation is known to require extensive remodelling of the 

cytoskeleton,259 the Gene Ontology (GO) category of Actin Cytoskeleton and Remodelling was 

further scrutinised through the use of Sample-Level Enrichment Analysis with GiTools  

(Figure 3-5). Interestingly, significant differences in protein abundance of several proteins 

were observed within this category, most notably concerning non-muscle myosin IIA and IIB 

(NMIIA/MYH9 and NMIIB/MYH10) and talin-1.  
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Table 1: High-confidence phosphopeptides detected through qualitative phosphoproteomics 

 

High-confidence peptides (FDR=1%) produced in the qualitative phosphoproteomics comparison of 

RBCs, native reticulocytes (NatRet) and cultured reticulocytes (CultRet). The table was filtered to 

include only peptides which were present in at least 2 samples in the same condition. The ID column 

denotes the UniProt protein IDs. Common protein names and protein symbols (GN) are defined in the 

Protein column. The phosphorylation site of the respective peptides is in the column site and was 

acquired through comparison with the PhosphoSitePlus® database.380 The number of occurrences of 

each phosphorylation, grouped by condition, is displayed in the right-most columns. 
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Figure 3-5: Quantitative comparison of cytoskeletal protein abundance in endogenous and 

cultured reticulocytes 

Heatmap visualization of the “Actin Cytoskeleton and Remodelling” GO category detected through 

Sample Level Enrichment Analysis with GiTools, present in the TMT quantitative proteome dataset. 

Protein abundance in cultured reticulocytes is shown with native reticulocytes as the baseline. The 

same processing steps were applied as per Figure 3-4A. 

 

For further analysis of relevant protein-protein interactions in the data, proteins identified to 

exhibit the greatest difference in abundance between cultured and native reticulocytes were 

processed through use of the STRING database for creation of protein-protein interaction 

networks (Figure 3-6 and Figure 3-7) to ease data visualization. 
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Figure 3-6: Network analysis – Upregulated proteins in cultured reticulocytes vs. native 

reticulocytes 

Protein-protein interaction network of upregulated proteins in cultured reticulocytes in relation to 

endogenous reticulocytes. Networks were generated via use of the STRING database with medium 

confidence settings for prediction. 
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Figure 3-7: Network analysis – Downregulated proteins in cultured reticulocytes vs. native 

reticulocytes 

Protein-protein interaction network of downregulated proteins in cultured reticulocytes in relation to 

endogenous reticulocytes. Networks were generated via use of the STRING database with medium 

confidence settings for prediction. 
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The largest clusters displayed in the protein-protein interaction networks generated with the 

use of the STRING database varied depending on regulation state: the main clusters observed 

in the list of upregulated proteins comprised glycolytic proteins, mitochondrial proteins, heat 

shock proteins and ribonucleoproteins, while the clusters observed in the list of downregulated 

proteins comprised three major groups of proteins that behaved very similarly in expression 

patterns (ribosomal proteins, eukaryotic initiation factors and aminoacyl-tRNA synthetases). 

 

These clusters of differentially expressed proteins further indicate that reticulocyte maturation 

may differ in subtle and unexpected ways between cultured and native reticulocytes, since 

mitophagy381 (and thus the loss of mitochondrial proteins) and the maintenance of ribosomal 

homeostasis382 are necessary processes for the successful completion of reticulocyte 

maturation.  

 

Unfortunately, all attempts to identify underlying regulatory networks were obfuscated by the 

sheer number of proteins present in the three clusters described above. These proteins were 

thus removed from the datasets and the resulting new lists were subsequently reanalysed 

through the functional network analysis prediction algorithm from the Ingenuity Pathway 

Analysis software (IPA), again revealing a general upregulation of metabolic pathways. 

Further investigation into metabolic proteins, shown in Figure 3-8, revealed that enzymes 

related to the processing of ornithine were substantially upregulated in cultured reticulocytes, 

in accordance with previous metabolomics reports.369,383  

 

The four highest-scoring functional networks detected are shown in Figure 3-9, Figure 3-10, 

Figure 3-11 and Figure 3-12 and are related to, respectively, increased intracellular transport, 

increased protein folding, increases in mitochondrial protein abundance and decreased 

microtubule formation.
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Figure 3-8: Cultured reticulocytes are more metabolically active than native reticulocytes 

A) Visualization of proteins generated from log2 fold change values of the reticulocyte comparison dataset, clustered by metabolic function. Red denotes higher 

abundance in cultured reticulocytes and green denotes higher abundance in endogenous reticulocytes. Shape legends are displayed below.  

B) Table displaying proteins present in enriched metabolic pathways through IPA analysis, listed by descending average log2 fold change. UniProt ID, gene 

symbol, protein name and log2 fold change for each sample of cultured reticulocytes versus native reticulocytes are displayed. 
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Figure 3-9: Functional network analysis – 1st top-scoring network as predicted by Ingenuity Pathway Analysis 

Top scoring protein networks in a comparison of cultured reticulocytes in relation to endogenous reticulocytes. The dataset was filtered to remove protein 

families with a large number of proteins (ribosomal proteins, initiation factors and tRNA synthetases), and networks were generated with the use of the Ingenuity 

Pathway Analysis software. Red denotes higher abundance in cultured reticulocytes and green denotes higher abundance in endogenous reticulocytes. Orange 

and blue correspond to predicted up or downregulated interactions in the protein-protein interaction network, respectively. Since IPA is optimized for gene 

expression analysis, some inconsistencies in the prediction algorithm occur with our non-transcriptionally active erythrocyte dataset, which are symbolized in 

yellow. Shape legends are displayed within the figure. 
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Figure 3-10: Functional network analysis – 2nd top-scoring network as predicted by Ingenuity Pathway Analysis 

Further information regarding the preparation and legend of this network is provided in the figure legend for Figure 3-9. 
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Figure 3-11: Functional network analysis – 3rd top-scoring network as predicted by Ingenuity Pathway Analysis 

Further information regarding the preparation and legend of this network is provided in the figure legend for Figure 3-9. 
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Figure 3-12: Functional network analysis – 4th top-scoring network as predicted by Ingenuity Pathway Analysis 

Further information regarding the preparation and legend of this network is provided in the figure legend for Figure 3-9. 
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3.2.4   Electrophysiological comparison of erythrocytes and reticulocytes 

Amongst other differentially expressed proteins, we observed that ion channels were included 

in the above top-scoring networks (e.g. VDAC1, VDAC2, VDAC3 in network 3, Figure 3-11). 

Therefore, we next wanted to explore whether the general electrophysiology of reticulocytes 

was distinct to that of erythrocytes. Since my PhD programme promotes close collaboration 

with partners from both academia and industry from across Europe, we established a joint 

collaboration with the van den Akker laboratory (Sanquin, Amsterdam, Netherlands), whose 

research also focuses on understanding the underlying differences between cultured and 

endogenous reticulocytes, and with Nanion Technologies (Munich, Germany), a company that 

develops instrumentation for high-throughput electrophysiology studies. 

 

As part of my secondment in Nanion, we compared the response to NPPB (5-nitro-2-(3-

phenylpropylamino) benzoic acid) block of the reticulocytes grown in our culture system, the 

reticulocytes initially grown in the presence of dexamethasone from the culture system of 

Sanquin, and erythrocytes. NPPB is a potent chloride ion channel and lactate transporter 

blocker384,385 which, if the distribution of ion channels differs throughout reticulocyte 

maturation, should have different effects between the reticulocyte and erythrocyte.  

 

To perform this electrophysiological comparison, we used Nanion’s SynchroPatch 384 

system, which allows for patch clamping 384 cells within a single experiment. Given its 

increased sample size compared to traditional patch clamping, this system vastly improves 

the statistical power of any comparisons between different populations. A representative 

diagram regarding the system’s well design and patch clamping process is shown in Figure 

3-13A and Figure 3-13B. The percentage of NPPB block was measured for positive and 

negative currents, and a preliminary ANOVA analysis (with results shown in Figure 3-13C) 

indicated that the cell populations under study react differently to the NPPB block.  
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Figure 3-13: Preliminary data and ANOVA analysis of high-throughput patch clamping analysis with the SynchroPatch 384 

A) Diagram of a cell within a well of the SynchroPatch 384. Suction is applied to direct the cell towards the patch clamping tip, which contains an electrode. 

Upon establishing a seal (B), whole-cell recordings will be obtained and amplified for external detection and analysis.  

C) Analysis of variation (ANOVA) between the percentage of current blockage in both negative and positive currents when NPPB is applied (50 µM) for 

reticulocytes cultured in Bristol, reticulocytes cultured in Sanquin and erythrocytes.
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The percentage of NPPB block was again measured for positive (Figure 3-14A) and negative 

(Figure 3-14B) currents. We also compared the resting membrane potential of reticulocytes 

from the Bristol culture system and erythrocytes, using the literature value as a baseline386 

(Figure 3-14C). No statistically significant difference was found in any of the comparisons 

between reticulocytes grown in the Bristol culture system and erythrocytes, suggesting that 

despite the expression differences observed through proteomics, the ion channel moiety 

present in the cell surface may be functionally identical for this type of electrical activity.  

 

Additionally, we hypothesize that cells cultured in the presence of dexamethasone may display 

a slightly altered, less mature phenotype, as dexamethasone is known to delay 

differentiation,387 which may explain the subtle difference in the observed measurements of 

the Sanquin-grown reticulocytes in response to the NPPB block. Equally, this effect may also 

have been caused by variations in the culture methodology or source material (CD34+-derived 

reticulocytes are used in Bristol, while the Sanquin protocol uses the entire PBMC population). 

 

Figure 3-14: Reticulocytes cultured without dexamethasone are more electrophysiologically 

similar to erythrocytes 

A) Percentage of NPPB block at negative currents between Bristol-grown reticulocytes, Sanquin-grown 

reticulocytes and erythrocytes. * indicates P-value < 0.01. 

B) Percentage of NPPB block at positive currents between Bristol-grown reticulocytes, Sanquin-grown 

reticulocytes and erythrocytes. 

C) Resting membrane potential measurements of erythrocytes and Bristol-grown reticulocytes. 
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3.3   Discussion 

This Chapter reports the first quantitative protein abundance and qualitative 

phosphoproteomic dataset comparing human donor-matched adult native reticulocytes, 

erythrocytes and in vitro culture-derived reticulocytes. These data highlight the broad 

proteomic equivalence of cultured reticulocytes to their natively derived counterparts and 

provide a basis for more detailed exploration of maturational processes and mechanisms that 

occur in vivo and in vitro.  

 

Importantly, the differences that were observed between cultured and endogenous 

reticulocytes may highlight the fact that cultured reticulocytes are “naïve” (i.e. have not 

undergone circulation), with shear stress playing a possible role in the removal and differential 

phosphorylation of specific proteins. 

 

For instance, amongst other possible targets marked for further investigation, cytoskeletal 

proteins were found to be substantially altered in both phosphorylation status and abundance 

in in vitro-derived reticulocytes, with NMIIA and NMIIB included among the proteins with the 

highest average abundance fold change and most consistent reticulocyte-specific 

phosphorylation. The loss of both myosin186 and talin-1208 has previously been associated with 

progress throughout reticulocyte maturation, indicating that cultured reticulocytes may 

represent an intermediate maturational stage compared to native reticulocytes.  

 

Aside from the lack of exposure to circulation (implicating the potential lack of a necessary 

signalling “cue”), these alterations in membrane and cytoskeleton content may also be caused 

by differences in the redox balance of cultured cells, which has recently been shown to heavily 

affect the dynamics of membrane protein shedding (specifically, CD71) and organelle removal 

during endogenous reticulocyte maturation388. Analysing the effect of reagents that manipulate 

the redox state could thus be worth pursuing in the context of in vitro-cultured cells. 
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Additionally, we observed substantial upregulation of enzymes related to ornithine processing 

in in vitro-derived reticulocytes, similarly to previous metabolomics studies369,383. However, we 

hypothesize that the increased nutrient abundance present in culture media may cause the 

observed metabolic changes rather than inherent differences between native and cultured 

reticulocytes, causing those changes to occur independently of the maturation process.  

 

Notably, the relevance of the alterations in cytoskeletal protein abundance for further work 

was highlighted during personal communication with Dr. Tosti Mankelow and Dr. Rebecca 

Griffiths from the Anstee laboratory, as their unpublished work had shown the presence of 

phosphorylated myosin light chains in the vicinity of reticulocyte autophagosomes. This finding 

indicated a possible contribution of NMIIA in autophagosome transport or removal, which was 

later pursued during the course of this thesis (and presented in Chapter 5). 

 

Differences in the abundance of specific ion channels (VDAC1, 2 and 3) between the two 

reticulocyte populations were also observed. Nonetheless, cultured reticulocytes and 

erythrocytes were found to be electrophysiologically equivalent in their response to chloride 

channel blockage using NPPB. However, this approach would not be able to analyse the 

activity of all ion channels in the reticulocyte; therefore, the use of other compounds to inhibit 

or activate other ion channels (such as calcium or potassium channels) could be pursued to 

further define the electrophysiological state of the maturing reticulocyte. 

 

The work presented throughout this chapter was published as part of and has been partially 

reproduced from a publication concerning the role of NMIIA during reticulocyte maturation,389 

and the respective mass spectrometry proteomics data have been deposited in the 

ProteomeXchange Consortium via the PRIDE partner repository with dataset identifiers 

PXD009015 and PXD009023. 
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Chapter 4    Developing an ex vivo circulation system 

to explore the impact of shear stress 

4.1   Introduction 

As previously mentioned in Chapter 3, in vitro-derived reticulocytes expanded and 

differentiated under conditions compatible with clinical use are not currently able to fully 

emulate the final stages of maturation, whereby the CD71+RNA+ reticulocyte matures to 

become the fully mature erythrocyte. Crucially, in vivo maturation is known to occur within 

circulation,256,257 and the transfusion of in vitro-derived reticulocytes into an in vivo setting (e.g. 

immunodeficient mice) enables the cultured reticulocytes to undergo maturation.358,365  

 

These facts suggest that cultured reticulocytes may require shear, mechanical stimulation 

and/or cellular interaction in order to fully progress through maturation. Despite the continuous 

evolution of erythroid culture systems that has allowed the production of large numbers of 

reticulocytes, as of yet no progress has been made in recreating the impact of continued 

circulation and shear stress on reticulocyte maturation. Therefore, the work in this chapter will 

explore the creation of an ex vivo circulation system that can recapitulate the stimuli to which 

reticulocytes are subjected in vivo. The measure of this system’s success would be whether it 

can induce loss of cell surface area and/or selective loss of protein content (both normally 

observed during maturation) in the cultured reticulocyte. The development of such a system 

would represent a novel tool for the study of ex vivo reticulocyte maturation.  

 

4.1.1   Contributions to the work presented in this chapter 

Dr. Emile van den Akker (Sanquin, NL) provided Sanquin reticulocyte stabilizing reagent.  

Dr. Jiandi Wan (Rochester Institute of Technology, USA) provided useful discussions and 

advice regarding the setup of an ex vivo circulation system. Dr. Johannes Dobbe and Dr. Geert 

Streekstra (Amsterdam UMC, NL) provided ARCA support and software for analysis.  
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4.2   Results 

4.2.1   Construction of the ex vivo circulation system 

The most striking difference between our in vitro cell culturing system and the conditions to 

which maturing reticulocytes are exposed to in the body is the lack of shear stress caused by 

circulation in the bloodstream. Therefore, we aimed to construct a system which could induce 

similar conditions to in vivo circulation, with the objectives of using it to further reticulocyte 

maturation and creating an assay from which useful readouts can be easily obtained. 

Microcirculation systems have previously been used to study the effects of circulation in other 

cell types.390,391 However, our aims were to build a relatively inexpensive system that could be 

easily scaled and initially use volumes on the millilitre rather than microlitre scale. These 

prerequisites thus precluded us from using lithography for the creation of microcapillary-scale 

tubing (as this would limit the volumes used), and we instead decided to use flexible tubing 

with millimetric inner diameter. 

 

A general schematic for such a circulation system is shown in Figure 4-1A. The first attempt 

at constructing the circulation system was composed of a loop of flexible silicone tubing 

connected through Luer lock adaptors, as shown in Figure 4-1B. Erythrocytes were used for 

the initial experiments to optimize the construction of the circulation system due to the fact that 

they are more deformable than reticulocytes.260  

 

Despite their extremely high shear resistance, the first tentative experiments where 

erythrocytes were circulated through the Luer lock-connected loop at a range of circulation 

speeds varying from 30 to 120 rpm resulted in complete lysis of all cells subjected to circulation 

(observed as a white pellet upon centrifugation of the cell suspension post-circulation). The 

silicone tubing was translucid, allowing us to observe that attempts to insert the cell 

suspension into the system always resulted in the creation of bubbles that then circulated 

together with the suspension.  
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Judging this observation to be detrimental for the stability of the circulating cells, we then 

attempted adding a stopcock to the Luer lock connection to allow for easier insertion and 

removal of the cell suspension.  

 

The new design (shown in Figure 4-1C) allowed for bubble removal after inputting the cell 

suspension and no further bubbles were created during cell circulation. Unfortunately, and 

despite these efforts, the biocompatibility of the silicone tubing proved to be very low whilst 

also not allowing for gas exchange, which resulted in altered pH of the circulating media and 

in a very limited time frame for circulating cells while maintaining them viable. Therefore, we 

decided to use Pharmed® BPT tubing, which is gas permeable and known to be 

biocompatible, albeit having the drawback of being opaque. The final design of the circulation 

system is shown in Figure 4-1D. 

 

 

Figure 4-1: Diagram of the proposed circulation system, iterations and final design 

A) Diagram of the proposed circulation system for studying the impact of shear stress on reticulocyte 

maturation. Cells are subjected to a continuous difference in pressure with the use of a peristaltic pump 

which causes them to circulate through a loop of tubing. The system is located in an incubator, allowing 

the cells to circulate overnight at 37°C (and in 5% CO2 if respirable tubing is used). A matched control 

is kept in culture overnight and without being subjected to circulation. 

B) Initial attempt at building a loop for cell circulation, comprised of a length of silicone tubing connected 

at both ends with male and female luer locks. 

C) 2nd attempted design for a circulation loop, consisting of the same concept shown in B) with the 

addition of a three-way stopcock to allow for inserting the cell suspension into the system while avoiding 

the introduction of bubbles. 

D) Final design of the circulation loop, with Pharmed® BPT tubing (biocompatible and respirable, but 

opaque). We thank the Watson-Marlow Fluid Technology Group (Falmouth, Cornwall, UK) for granting 

permission to reproduce an image of their pump systems in A).  
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4.2.2   Parameter optimization for the ex vivo circulation system 

With a design for the circulation system having been selected, optimization of circulation speed 

in the system was undertaken through repeated testing of varied rotation per minute (rpm) 

values with the peristaltic pump.  

 

The first circulations were performed using tertiary culture media as the fluid for cell 

suspension, which was considered to have a fluid viscosity value at 37ºC of 8 centipoises 

(based on the fluid viscosity value of DMEM392). Circulation speeds above 60 rpm resulted in 

complete erythrocyte lysis, while 40 rpm allowed for near-complete recovery of erythrocytes, 

with negligible lysis observed. With successful erythrocyte circulation achieved, we then 

attempted the circulation of cultured reticulocytes. Unfortunately, and likely due to their 

reduced deformability, reticulocyte circulation again led to complete cell lysis. After repeated 

testing of rpm values ranging from 2 to 40 rpm, the final speed determined as optimal for 

reticulocyte circulation was 5 rpm (or the equivalent of 1 ml/min), which results in a calculated 

wall shear stress (WSS) value of ~3 dyne/cm2. This shear stress value is much smaller than 

that of capillaries but is similar to that experienced in arteries and veins.393 

 

Despite the properties of the actual circulation system being optimized, other areas where 

improvement was possible remained untapped, namely: optimizing the properties of the cell 

population for circulation, evaluating whether media used for suspending the cells during 

circulation was optimal and varying circulation time. Since reticulocyte samples could now be 

obtained after overnight passage through the circulation system, we began using the 

Automated Rheoscope and Cell Analyser (ARCA) for evaluation of deformability and cross-

sectional area changes (which, by comparing both the non-circulated and circulated samples, 

allowed us to verify whether the cells remained in the ideal size and deformability ranges for 

red blood cells). In short, the ARCA consists of a system which quantifies the deformability of 

cells undergoing shear flow using image analysis to obtain cell length and width.394 
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The first area investigated for further improvement regarded whether the reticulocytes 

produced in the final stage of our culture system were optimal for circulation. The original 

protocol called for a leukofiltration step at the end of cell culture which was gravity-driven and 

then used a syringe to pull further cells during the washing steps. We hypothesized that the 

properties of the gravity-filtered cells would be different to those filtered using a syringe, since 

forceful filtration could induce cell damage. Circulating non-deformable cells could then lead 

to increased overall cell lysis (since free haemoglobin itself is an oxidative stressor395).  

 

Thus, we compared the deformability of cells filtered through gravity and those obtained after 

several syringe pull-throughs, observing that cells obtained through syringe pull-throughs had 

a drastically lower deformability range, an effect which only worsened with the number of pull-

throughs (as shown in Figure 4-2), indeed verifying our hypothesis regarding force-induced 

damage. As a result, we decided that only cells obtained through gravity-mediated filtration 

should be subjected to ex vivo circulation, in an attempt to avoid lysing the non-deformable 

population during circulation. 

 

Figure 4-2: Forceful reticulocyte leukofiltration leads to decreased cell deformability 

Deformation index (length/width ratio) profile obtained with the Automated Rheoscope and Cell 

Analyzer (ARCA) comprising red blood cells (RBC), reticulocytes leukofiltered through gravity (Gravity-

filtered Retics), reticulocytes leukofiltered after one syringe pull-through (Syringe Pullthrough 1) and 

reticulocytes leukofiltered after four syringe pull-throughs. The profile is plotted against the frequency 

of the specific deformability values (arbitrary units provided by the analysis software). 
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Optimization of the suspension media for cell circulation was then performed through 

evaluation of deformability changes in the cells after circulation with different solutions. Dr. 

Emile van den Akker (Sanquin, Netherlands) kindly provided us with Sanquin reticulocyte 

stabilizing agent, a proprietary additive which is used in the Sanquin erythroid culture system 

for increasing the stability of leukofiltered reticulocytes. Concurrently, written communication 

with Dr. Jiandi Wan (Rochester Institute of Technology, New York, USA) indicated that the 

use of PSS (a physiological saline solution with added BSA) as a base for cell suspension 

together with mannitol (which is known to prevent haemolysis during erythrocyte storage396) 

could also assist in maintaining cell stability. Our first attempts were thus centred in testing 

these multiple solutions using the ARCA deformation index as a readout (Figure 4-3).   

 

Figure 4-3: ARCA-based comparison of different suspension media for cell circulation 

A) Deformation index (length/width ratio) of uncirculated reticulocytes (Retics), reticulocytes stored in 

PBSAG (PBS + BSA + Glucose) at 4oC for 72 hours (Retics 72hrs PBSAG 4oC), reticulocytes circulated 

for 3 hours in tertiary culture media with added Sanquin reticulocyte stabilizing agent (Retics 3 hrs 37oC 

media + stabilizer) and reticulocytes circulated for 3 hours in tertiary culture media alone. 

B) Deformation index (length/width ratio) of uncirculated reticulocytes (Retics), erythrocytes (RBC), 

reticulocytes circulated for 3 hours in PSS (physiological saline solution) (Retics PSS 3 hrs 37oC) and 

reticulocytes circulated for 3 hours in PSS containing 50 mmol/l mannitol (Retics PSS Mannitol 3 hrs 

37oC). Data were obtained using the ARCA. 
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The time frame of 3 hours was chosen for these tests rather than overnight circulation to allow 

for a relatively rapid comparison of the multiple conditions without the risk of altering the 

properties of the uncirculated reticulocytes (as prolonged storage eventually leads to cell 

dysfunction and lysis).  

 

Notably, cell circulation in tertiary media where the Sanquin reticulocyte stabilizing agent was 

added was observed to be the only condition in which circulated cells maintained their original 

deformability. Circulation in tertiary media alone, PSS or PSS with added mannitol led to 

decreased deformability in the overall cell population (as observed by the shift of the 

deformability curves to the left). Thus, given these positive results, all circulation experiments 

using tertiary media were performed with the addition of Sanquin reticulocyte stabilizing agent 

from this point forward.  

 

However, it should be noted that physiological in vivo circulation does not occur in culture 

media but in a plasma suspension (although at a haematocrit that is nearly impossible to 

replicate with ex vivo-generated reticulocytes). Therefore, we also attempted to compare the 

use of human AB serum against tertiary culture media for cell circulation. (Donor plasma was 

not used, since it creates the need to use blood type-matched RBCs and such information is 

not provided to us). 

 

Surprisingly, whilst reticulocytes circulated in culture media maintained their deformability 

profile at a range comparable to that of erythrocytes or uncirculated reticulocytes while 

decreasing in size to the range of RBCs, serum-circulated cells substantially decreased in 

both deformability and size (to such an extent that a considerable proportion of the 

reticulocytes circulated in serum were smaller than the average RBC, indicating that the 

circulated cells became microcytic). The ARCA deformability and cross-sectional area profiles 

for media and serum-circulated cells are shown in Figure 4-4. 
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Figure 4-4: Ex vivo circulation of reticulocytes in human serum induces irreversible cell 

damage 

A) Deformation index (length/width ratio) and B) Cross-sectional area profiles of red blood cells (RBC), 

uncirculated reticulocytes (Retics), reticulocytes circulated overnight in tertiary culture media (Circulated 

Ret in media 5rpm 24h) and reticulocytes circulated overnight in human serum (Circulated Ret in Serum 

5 rpm 24h). Data were obtained using the ARCA. 

 

We hypothesize that the higher viscosity of serum may play a role in this outcome, thus 

requiring further technical optimization to allow for circulation of cells at non-damaging shear 

stress. Nonetheless, having achieved the maintenance of the pre-circulatory deformability 

range after ex vivo circulation, we then set out to determine an ideal timeframe for cell 

circulation. Reticulocyte maturation takes place during the first 24 to 48 hours after enucleation 

and egress from the bone marrow into peripheral circulation; therefore, we surmised that 

similar periods should be attempted in the ex vivo system (Figure 4-5). 
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Figure 4-5: Ex vivo circulation is functional at 24 hours and becomes detrimental at 48 hours 

A) Deformation index (length/width ratio) and B) Cross-sectional area profiles of red blood cells (RBC), 

uncirculated reticulocytes (Retics), reticulocytes circulated for 24 hours (Circulated 5rpm 24h) and 

reticulocytes circulated for 48 hours (Circulated 5rpm 48h). Data were obtained using the ARCA. 

 

Whilst reticulocyte circulation for 24 hours maintains cell deformability but induces cross-

sectional area decrease to a range more comparable to that of red blood cells, as shown 

previously in Figure 4-4, circulation for 48 hours induces a substantial decrease in cell 

deformability and accompanying decrease in cross-sectional area to a microcytic range, 

indicating loss of stability of the circulated cells. 
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Since maturing reticulocytes should still be functional after 48 hours of circulation, we 

hypothesized that the loss of cellular stability could be caused by depletion of extracellular 

glucose and intracellular ATP as a result of continued circulation for a long period without 

replenishment of the surrounding media. Thus, we attempted circulating the cells for 24 hours 

and changing the suspension media for fresh tertiary media before recirculating for another 

24 hours. The respective ARCA results are shown in Figure 4-6. 

 

 

Figure 4-6: Media replenishment during 48-hour ex vivo circulation attenuates but does not 

block the detrimental impact on cell stability 

A) Deformation index (length/width ratio) and B) Cross-sectional area profiles of uncirculated 

reticulocytes (Retics), red blood cells (RBC), reticulocytes circulated overnight (Circulated 5rpm 24h), 

reticulocytes circulated over the course of 48 hours (Circulated 5rpm 48h) and reticulocytes circulated 

for 48 hours with a media change at 24 hours (Circulated 5 rpm 24h+24h). Data were obtained using 

the ARCA. 
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Interestingly, cells circulated for 48 hours were observed to lose stability regardless of the 

suspension media being replenished at the 24-hour mark, indicating that this effect may result 

from a negative impact of the ex vivo circulation system itself on the cells upon extended 

circulation rather than from alterations in the surrounding environment. Again, further technical 

optimization of the circulation system may be necessary to counteract this problem. 

 

4.2.3   Ex vivo circulation recapitulates aspects of reticulocyte maturation 

Given the overall results of the above-described optimization steps, the final parameters 

selected for ex vivo circulation that would allow for successful cell circulation and recovery 

were the use of a 24-hour timeframe and a constant temperature of 37oC, allowing for gas 

exchange in a 5% CO2 atmosphere and with the medium for cell suspension consisting of 

tertiary culture media with added Sanquin reticulocyte stabilizing agent. 

 

Deformability and cross-sectional area of erythrocytes, uncirculated reticulocytes and 

circulated reticulocytes was then repeatedly measured with the above ex vivo circulation 

parameters and used as a basis to assess differences in either cell functional viability or cell 

size resulting from shear stress exposure. Since the “Frequency” parameter from the ARCA 

results was arbitrary, we generated histograms based on the proportion of cells with a given 

area or deformability. Figure 4-7A displays a consistent decrease in reticulocyte cross-

sectional area to a range more akin to that observed for erythrocytes following overnight 

circulation, providing important evidence that ex vivo circulatory shear stress can induce 

alterations in the morphology of reticulocytes that are associated with maturation.  

 

Encouragingly, Figure 4-7B confirms no reduction in deformation index profile, indicating that 

circulated cells maintain their functional viability and do not form microspherocytes. Finally, 

Figure 4-7C demonstrates that the erythrocyte and reticulocyte populations are visually 

distinct when the cross-sectional area and deformability measurements are combined, with 

the bidimensional distribution of circulated reticulocytes approaching that of erythrocytes.  
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Figure 4-7: Ex vivo circulation of cultured reticulocytes recapitulates the volume decrease observed during reticulocyte maturation 

A) Cross-sectional area profile of red blood cells, reticulocytes kept in culture overnight without circulation (Ctrl Reticulocytes), and reticulocytes circulated 

overnight (Circ Reticulocytes). The profile is plotted as the average of the proportion of cells within each area “bin” (corresponding to 5 mm2). Error bars 

correspond to the standard deviation of each “bin” average. Data were obtained using the ARCA.  

B) Deformability index (length/width ratio) profile of red blood cells, uncirculated reticulocytes and circulated reticulocytes. The profile is plotted as the average 

of the proportion of cells within each deformability index “bin” (corresponding to 0.1 ratio units). Error bars correspond to the standard deviation of each “bin” 

average. Data were obtained using the ARCA.   

C) ARCA contour plots demonstrating the probability distribution of erythrocytes (red, top panel), uncirculated reticulocytes (blue, both panels) and circulated 

reticulocytes (black, bottom panel) with cross-sectional area plotted against deformability index. The probability density functions for the data were generated 

through kernel-density estimation of three pooled samples per group. Data were obtained using the ARCA. 
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4.2.4   Protein abundance decreases after ex vivo reticulocyte circulation  

Three samples of matched control (uncirculated) and circulated culture-derived reticulocytes 

obtained from separate donors were subjected to TMT-based quantitative proteomics. This 

showed that the net effect of ex vivo circulation is a reduction in protein content (Figure 4-8A). 

However, not all proteins decrease in the same manner. As expected, abundance of the 

transferrin receptor (CD71) was observed to be decreased in the proteomic dataset following 

circulation, albeit incompletely and to a variable degree between replicates. Figure 4-8B 

shows that the most highly decreased proteins after circulation include a significant number of 

mitochondrial and ribosomal proteins. An analysis of erythroid-specific proteins within the 

dataset, displayed in Figure 4-8C, shows that the decrease amongst these proteins is 

consistent with previous literature on the protein changes inherent to reticulocyte maturation 

in mice186 (e.g. lower decrease in abundance of GPA, 4.1, 4.2 and spectrins vs. adducin). 

 

Of note, a large number of serum-derived proteins were shown to exhibit increased abundance 

within the samples prepared from circulated compared to uncirculated reticulocytes. Since the 

cells were incubated in identical media, it is likely that circulation results in increased adhesion 

of these proteins to the extracellular membrane of the reticulocytes. This observation is likely 

to be inconsequential to the phenotype of the circulated reticulocytes. However, we are unable 

to exclude a role for serum protein binding in facilitating maturation. Therefore, a detailed list 

of these proteins including a log2 fold change visualization is provided in Figure 4-9. 

 

4.2.5   Ex vivo circulation does not significantly affect erythrocytes 

The repeated observation of both cell volume decrease and an accompanied decrease in 

abundance of proteins known to be lost during maturation (e.g. ribosomal and mitochondrial 

proteins) alongside consistent alterations in erythroid-specific proteins is an extremely 

encouraging result, considering the relative simplicity of the circulation method and the general 

inability to induce these changes ex vivo without transfusing cultured cells into live organisms. 
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However, the cell damage after 48 hours remained a problem. Thus, we questioned whether 

ex vivo circulation of erythrocytes could confirm whether our system was inducing mechanical 

cell damage and causing indiscriminate size reduction rather than inducing an effect specific 

to reticulocyte maturation.  

 

Figure 4-8: Ex vivo circulation of cultured reticulocytes recapitulates the protein loss that 

occurs during reticulocyte maturation 

A) Heatmap visualization of the tandem mass tag (TMT) proteome dataset generated from log2 fold-

change values of expression in paired samples comprising circulated reticulocytes with uncirculated 

reticulocytes as a baseline. Individual samples were visualized as separate rows. Blue denotes lower 

expression, and red denotes higher expression. Proteins are displayed horizontally by order of average 

log2 fold-change (no. of proteins analysed: 2447).  

B) Subset of A) detailing the 40 proteins with the lowest log2 fold-change, or, alternatively, the 40 

proteins in which abundance is reduced to the greatest degree in circulated reticulocytes. Mitochondrial 

proteins are indicated with red arrows.  

C) Subset of A) detailing erythroid proteins of interest. Proteins are displayed vertically by order of 

average log2 fold-change. 
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Figure 4-9: Circulated reticulocytes preferentially retain serum-derived proteins 

Heatmap visualization of the preferentially retained subset of the TMT proteome dataset generated from log2 fold change values of expression in circulated 

reticulocytes with uncirculated reticulocytes as a baseline. Individual samples were visualized as separate rows. Blue denotes lower expression, and red denotes 

higher expression. Proteins are displayed vertically by order of average log2 fold change. 
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Therefore, in addition to the control measurements taken previously for system optimization, 

the circulation experiment was repeated with erythrocytes to ascertain whether the loss of 

cross-sectional area after circulation was a property of reticulocyte maturation or would occur 

to any cells that entered the system. Figure 4-10 displays the obtained results, with circulation 

of fresh erythrocytes not having any effect on cross-sectional area and only a slight effect on 

deformability. We hypothesized this mild effect could be caused by the required expenditure 

of ATP molecules for continuous cell deformation and recovery from deformation. Thus, we 

circulated erythrocytes that had been kept in storage in PBSAG for 15 days and observed a 

marked decrease in deformability after circulation jointly with an apparent mild increase in 

cross-sectional area, as well as the appearance of a population with very low deformability 

and cross-sectional area (i.e. microspherocytic). Incubation of the stored cells in SAGM (for 

ATP regeneration) before circulation substantially reduced the proportion of 

microspherocytes, suggesting that the observed changes were indeed correlated with ATP 

depletion during storage. Thus, the cross-sectional area reduction after circulation appears to 

be unique to the reticulocyte and is not generally caused by mechanical damage to the cell. 

 

4.2.6   Ex vivo circulation induces vesicle clearance in reticulocytes 

Finally, in an additional attempt to verify another hallmark of reticulocyte maturation, we aimed 

to determine whether circulating reticulocytes displayed increased intracellular vesicle 

clearance. We labelled the endoplasmic reticulum (ER) marker Protein Disulphide Isomerase 

(PDI) through immunofluorescence. PDI is present in ER-related remnants/vesicles during the 

reticulocyte stage and decreases to undetectable levels through maturation, finally becoming 

absent in normal erythrocytes.258 Cells stained with the PDI antibody were manually quantified 

before and after circulation for the presence of PDI positivity. Representative images and the 

quantification results obtained are shown in Figure 4-11. A significant decrease (3-fold, 

P<0.05) in vesicle-containing cells was detected after circulation, once again highlighting the 

capacity of the ex vivo system to induce partial reticulocyte maturation. 
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Figure 4-10: Ex vivo RBC circulation does not alter cross-sectional area  

ARCA contour plots displaying the probability distribution of fresh erythrocytes incubated at 37oC, 5% CO2 without circulation (Ctrl RBCs) or circulated overnight 

(Circ RBCs), erythrocytes stored for 15 days and then incubated at 37oC, 5% CO2 without circulation (15d Ctrl RBCs) or circulated overnight (15d Circ RBCs) 

and erythrocytes stored for 15 days, incubated for 4 hours in SAGM at 4oC and then incubated at 37oC, 5% CO2 without circulation (15d Ctrl RBCs + SAGM) 

or circulated overnight (15d Circ RBCs + SAGM).   

The probability density functions (PDFs) for deformability are plotted to the right of the graphs, and the PDFs for cross-sectional area are plotted to the top of 

the graphs. The PDFs for the data were generated through kernel-density estimation with Seaborn kdeplot. All data were obtained using the ARCA. 
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Figure 4-11: Ex vivo circulation of cultured reticulocytes significantly decreases intracellular vesicle content 

Comparison of the proportion of reticulocytes with vesicles containing protein disulphide isomerase (PDI) before and after ex vivo circulation obtained through 

manual counting with Vision4D software (arivis). Immunofluorescence labelling was performed through the use of a monoclonal PDI antibody followed by 

detection with a suitable secondary antibody. The contrast and brightness of the brightfield images have been adjusted to minimize image background and 

facilitate the visualization of PDI signal in the overlay image. The displayed immunofluorescence images are representative Z-projections of the observed signal  

(scale bar = 20 µm). A minimum of 100 cells were counted per each repeat. Data are represented as mean ± SD (n=3). 
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4.3   Discussion 

In order to explore the contribution of circulatory shear stress to the maturation of reticulocytes 

and dissect this mechanical element from that of cell to cell interactions and other features of 

the in vivo circulatory system, a simple ex vivo circulation system was developed that is easily 

adaptable and was shown to have a significant impact in reducing cross-sectional area, vesicle 

content and general protein content of the circulated in vitro derived reticulocytes in a manner 

that recapitulates their natural progression through maturation. This chapter also generated 

and analysed the first proteomics data set of pre- and post- reticulocyte circulation, which has 

been deposited in the ProteomeXchange Consortium via the PRIDE partner repository with 

the dataset identifier PXD009024. This analysis showed that ex vivo circulation results in a 

net reduction in protein abundance, with the abundance of erythroid-specific proteins mirroring 

the alterations described to occur during reticulocyte maturation (as per Figure 4-8).186 

 

These ex vivo data highlight the influence that shear stress is able to exert on biological 

processes fundamental to reticulocyte maturation. We demonstrate that whilst the mechanical 

process of circulation results in a consistent reduction of cell volume and protein abundance, 

the circulated reticulocytes maintain partial expression of the transferrin receptor, CD71, as 

determined by proteomics. Importantly, these data demonstrate that shear stress alone is 

necessary but insufficient for the generation of a fully mature erythrocyte, suggesting that other 

influencing aspects/stimuli present during in vivo circulation may be required for the 

completion of the reticulocyte maturation process.  

 

Finally, the ex vivo circulation system generated in this chapter constitutes a novel assay for 

the study of reticulocyte maturation which can be used to elucidate the role of specific targets 

observed in the proteomic comparison of Chapter 3 (and was used during this thesis to 

investigate a role for NMIIA, as set out in Chapter 5). 
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Chapter 5    Exploring a possible role of Non-muscle 

Myosin IIA in reticulocyte maturation 

5.1   Introduction 

The mechanism through which the reticulocyte is able to decrease in volume and vesicle 

content after circulation is currently unknown. NMIIA and NMIIB are two cytoskeletal proteins 

which were among the proteins with highest average abundance fold change and most 

consistent reticulocyte-specific phosphorylation in the proteomic comparison comprising 

erythrocyte, endogenous reticulocyte and cultured reticulocyte samples (see Chapter 3). 

Although the NMIIB isoform has been described as having an essential role for enucleation in 

the differentiating erythroblast,68 no defined role currently exists for NMIIA other than as a 

component of the cytoskeleton, where it participates in controlling the mechanical properties 

of the cell through contractile interactions with spectrin and actin.397  

 

Interestingly, the occurrence of phosphorylation at the detected S1943 site on NMIIA has 

previously been implicated in cargo binding in NK cells.175 Moreover, there exists a specific 

antibody that can be used for detection of the S1943 site. Unfortunately, as of the current date 

there has been no characterization of the T1960 phosphorylation detected in NMIIB, nor has 

an antibody been developed that can recognize that site. Given these constraints, our efforts 

thus focused in exploring the role of NMIIA rather than NMIIB. Moreover, it has been reported 

that NMIIB levels are undetectable through Western blotting of red blood cells, with NMIIA 

being the predominant isoform in human erythrocytes.397 Since reticulocyte maturation 

involves vesicle extrusion,251 we questioned whether NMIIA could be one of the driving forces 

responsible for this activity. Encouragingly, personal communication with Dr. Tosti Mankelow 

and Dr. Rebecca Griffiths from the Anstee laboratory alerted us to the fact that their 

unpublished work had shown the presence of phosphorylated myosin light chains in the vicinity 

of reticulocyte autophagosomes. 
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Therefore, this chapter will explore the putative role of NMIIA in vesicle extrusion during 

reticulocyte maturation and in the changes observed after circulation using the previously 

described ex vivo circulation system (Chapter 4).  

 

5.1.1   Contributions to the work presented in this chapter 

Dr. Tosti Mankelow and Dr. Rebecca Griffiths (NHSBT, Filton, UK) provided confocal imaging 

data under the supervision of Dr. David Anstee. Dr. Paul Verkade (University of Bristol, UK) 

processed confocal microscopy samples for correlative electron microscopy and performed 

electron microscopy imaging. Mr. Matthias Rust (arivis, Rostock, DE) provided training and 

advice regarding the use of Vision4D and algorithm development. arivis kindly provided a 

short-term license for use of the full version of Vision4D. Dr. Johannes Dobbe and Dr. Geert 

Streekstra (Amsterdam UMC, NL) provided ARCA equipment support and software for 

analysis.
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5.2    Results 

5.2.1   Phosphorylated non-muscle myosin IIA is unique to the reticulocyte 

Using a well-characterised and commercially available phosphoresidue-specific antibody 

against S1943 and a specific NMIIA antibody, we co-labelled fixed and permeabilized 

reticulocytes in order to detect both the phosphorylated and non-phosphorylated forms of 

NMIIA. Non-phosphorylated NMIIA was observed to localize at the plasma membrane (Figure 

5-1), as anticipated based upon its known integration with the spectrin-actin cytoskeleton.63 

Conversely, phosphorylated NMIIA, localized to punctae that were observed to be exclusive 

to reticulocytes.  

 

Figure 5-1: Non-muscle Myosin IIA abundance, localization and phosphorylation change 

during reticulocyte maturation 

Erythrocytes (top) and cultured reticulocytes (bottom) were co-labelled for phospho-non-muscle myosin 

IIA (S1943) (green) [Primary antibody: 2.5 μg/mL rabbit polyclonal anti-phospho-Myosin Heavy Chain 

2A Ser1943 - AB2974, Millipore, Burlington, USA; Secondary antibody: 4 μg/mL Alexa-488™-

conjugated goat anti-rabbit, Life Technologies, Carlsbad, USA] and specific non-muscle myosin IIA 

(NMIIA) (red) [Primary antibody: 2.5 μg/mL mouse monoclonal anti-MYH9/NMIIA - GTX633295, 

GeneTex, Irvine, USA; Secondary antibody: 4 μg/mL Alexa-594™-conjugated goat anti-mouse, Life 

Technologies, Carlsbad, USA] and subjected to confocal imaging. Cells were fixed, labelled and 

cytospun as described in Chapter 2. Scale bars: 10 μm. 
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Although we predicted that phospho-NMIIA should only be present in the reticulocyte as per 

the proteomics data previously discussed in Chapter 3, its distinct localization as observed in 

the cultured reticulocyte was particularly striking; therefore, we decided to validate the signal 

of the phospho-antibody through a dephosphorylation assay using Lambda phosphatase. We 

observed that, after Lambda phosphatase treatment, P-NMIIA signal was largely abrogated in 

the reticulocyte (Figure 5-2A). This result was confirmed through Western blotting with the 

use of the same dephosphorylation assay (Figure 5-2B).  

 

Unexpectedly, not all phospho-NMIIA positive structures observed in the immunofluorescence 

samples were found to co-label with non-phosphorylated NMIIA. We speculate that this may 

reflect differing binding accessibility of the antibodies used against the phosphorylated and 

non-phosphorylated forms of the protein and, more specifically, that although each antibody 

specifically recognizes different regions of the protein (the regular antibody recognizes an 

epitope in the NMIIA-HC N-terminus, whereas the phosphoantibody recognizes a phosphosite 

in the C-terminus), NMIIA-HC phosphorylation may affect protein structure and epitope 

accessibility in such a way as to make its detection mutually exclusive between the phospho 

and non-phospho forms when the protein is correctly folded.  

 

5.2.2   Non-muscle myosin IIA localizes proximally to vesicle compartments in 

the reticulocyte 

To further investigate the localization of P-NMIIA and identify whether there was any adjacent 

vesicular compartment, cultured reticulocytes were co-labelled with an antibody specific to the 

lipidated form of LC3B, an established marker of autophagic membranes.398 The results from 

this experiment, shown in Figure 5-3A, demonstrate that fluorescently labelled P-NMIIA 

locates to the immediate vicinity of autophagic vesicles. As mentioned previously, personal 

communication with the Anstee laboratory had indicated that the myosin light chain also 

localizes to the vicinity of reticulocyte autophagosomes.  
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Further confocal imaging data shown in Figure 5-3B thus displays the detection of 

phosphorylated myosin light chain (S20, MLC), a marker for increased myosin activity,399 in 

the vicinity of phosphatidylserine (PS)-positive vesicles (another marker for reticulocyte 

autophagosomes). Using protease treatment to detect membrane proteins that have been 

internalised from the plasma membrane into autophagosomes,400 phosphorylated MLC was 

found adjacent to glycophorin A (GPA) positive vesicles inside the cell and also to those 

emerging from the cell, and in trypsin-treated reticulocytes. These combined data thus indicate 

that NMIIA may participate in the movement of vesicles in the reticulocyte. 

 

We attempted to better define the localization of P-NMIIA in the reticulocyte via correlative 

light-electron microscopy (CLEM), performed in collaboration with Prof. Paul Verkade in the 

electron microscopy unit of the Wolfson Bioimaging facility. CLEM is based on initial detection 

of an element of interest through immunofluorescence-based imaging followed by electron 

microscopy imaging of the same element401 (allowing for extremely high image resolution).  

 

Functionally, this is done through staining the cells with an antibody conjugated to a probe 

containing two markers, a fluorophore and an electron-dense component (such as a gold 

particle). Extensive protocol optimization was performed through the use of different fixing and 

staining solutions and ways to maintain the cells in place, eventually arriving at the protocol 

described in Chapter 2 and with results displayed in Figure 5-4.  

 

Using CLEM, we detected P-NMIIA signal not only in the immediate vicinity of intracellular 

vesicles but also within said vesicles (Figure 5-5), indicating that P-NMIIA may not only be 

involved in translocating vesicles within the cell but also undergo degradation through such 

vesicles (explaining the reduction in NMIIA abundance that occurs in maturation).  
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Figure 5-2: Lambda phosphatase treatment abrogates P-NMIIA signal both in imaging assays and by western blotting 

A) Untreated reticulocytes (top) and reticulocytes treated with lambda phosphatase (bottom) for a dephosphorylation assay were labelled for phospho-NMIIA 

(S1943) (green). Cells were fixed, treated with lambda phosphatase, labelled and cytospun as described in Chapter 2. Scale bars: 10 μm. B) Western blot of 

the phospho-NMIIA signal before and after the dephosphorylation assay with lambda phosphatase. Protein 4.2 was used as a loading control. 
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Figure 5-3: Non-muscle myosin IIA components localize proximally to autophagic vesicles 

A) Cultured reticulocytes were co-labelled with phospho-NMIIA (S1943) (green) and LC3B (red) and imaged by confocal microscopy. A zoomed-in section is 

shown to facilitate identification of the structures. Three-dimensional reconstruction was done using arivis Vision4D software, maximizing contrast for clarity. 

Scale bar in initial image: 10 μm. Scale bar in zoomed-in image: 5 μm.   

B) Fixed and permeabilized cultured reticulocytes were dual-labelled for phosphorylated myosin light chain (red) and phosphatidylserine or trypsin sensitive 

glycophorin A epitope R10 as indicated (green) and imaged using confocal microscopy. Reticulocytes were treated with trypsin for R10 staining. Images are 

shown in two-dimensional phase overlay, two-dimensional fluorescence, three-dimensional reconstructions and three-dimensional reconstructions with zoom 

highlighted. The confocal imaging data for this panel was acquired by Dr. Tosti Mankelow and Dr. Rebecca Griffiths (NHSBT, Filton, UK). Scale bars: 5 μm.
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Figure 5-4: Correlative light-electron microscopy imaging is applicable for the analysis of reticulocytes 

A) Cultured reticulocytes were fixed, permeabilized with saponin, labelled with a primary antibody for phospho-NMIIA (S1943) and respective Alexa-647™-

FluoroNanogold-conjugated secondary antibody (red) (Nanoprobes, New York, USA) and imaged by confocal microscopy. Scale bar: 50 μm.  

B) 300 nm-thick Epon section of the same sample and field of view from A), imaged through electron microscopy. Sample preparation for electron microscopy 

and the respective imaging were performed by Dr. Paul Verkade (University of Bristol, UK). Reticulocytes marked with 1 and 2 were selected for more extensive 

imaging analysis due to their signal in confocal microscopy and ease of localization in electron microscopy. The reticulocyte marked with an arrow demonstrates 

that some cells detach and disappear from the sample during the electron microscopy processing steps. Scale bar: 50 μm. 
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Figure 5-5: Correlative light-electron microscopy imaging shows the location of  

P-NMIIA in the reticulocyte to be proximal to and within intracellular vesicles 

1) Zoomed-in view of reticulocyte 1 as labelled in the original field of view shown in Figure 5-4A and 

Figure 5-4B. Electron-dense structures surrounded by vesicles are observable, with one such structure 

shown with further magnification below. P-NMIIA signal is detected as small and heavily electron-dense 

puncta (as a result of the gold labelling). Whole-cell scale bar: 1 μm. Intracellular structure scale bar: 

200 nm.  

2) Zoomed-in view of reticulocyte 2 as labelled in the original field of view shown in in Figure 5-4A and 

Figure 5-4B. Several vesicles are observable in the vicinity of electron-dense structures, shown with 

further magnification below. P-NMIIA signal is detected as small and heavily electron-dense puncta (as 

a result of the gold labelling). Whole-cell scale bar: 1 μm. Intracellular structure scale bar: 500 nm. 
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5.2.3   Non-muscle myosin IIA inhibition significantly affects the response of 

reticulocytes to shear stress 

Having determined that NMIIA localizes in the vicinity of intracellular vesicles, we next 

attempted to measure the impact of blocking NMIIA activity. Our first attempt was based on 

Western blotting-based comparison of the P-NMIIA signal during exposure to series of 

inhibitors with different inhibition mechanisms. Results for this approach are shown in Figure 

5-6. However, interpretation of densitometric analysis of P-NMIIA was difficult due to smearing 

of the internal loading controls due to the enormous difference in molecular weights (as 

compared to those of band 4.2 and GAPDH). Furthermore, observing a difference in P-NMIIA 

levels upon chemical treatment would ultimately be fruitless without a functional assay.  

 

Figure 5-6: Different NMIIA inhibitors have a varying effect on NMIIA phosphorylation 

A) Densitometric analysis of P-NMIIA levels post-treatment with a panel of Myosin IIA inhibitors  

(Ctrl – Untreated; BDM – 2,3-Butanedione monoxime; BTS – N-benzyl-p-toluene sulphonamide;  

Bleb- – Blebbistatin(-); ML-7; and Y27632). Densitometric analysis was later repeated with working 

inhibitor concentrations that had low or no effect on cell viability (B). Blebbistatin(+) is the inactive 

enantiomer of blebbistatin and is used as a negative control for inhibitor addition. Band 4.2 is used as 

an internal loading control. 
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Since we had previously established a system that can be used to characterize the response 

of cultured reticulocytes to shear stress (as described in Chapter 4), we next combined the 

ex vivo circulation system with the concurrent use of Blebbistatin, a selective and high-affinity 

inhibitor of NMIIA and NMIIB (which preferentially binds to the ATPase intermediate and slows 

down phosphate release402). Blebbistatin is particularly useful for experiments of this nature 

due to the existence of both an active and an inactive enantiomer (Blebbistatin(-) and 

Blebbistatin(+), respectively), which allows for the use of a matched control.  

 

Thus, we analysed reticulocyte deformability and circulation-mediated area loss after 

overnight circulation concurrently with the use of Blebbistatin enantiomers. In summary, cell 

treatment with either blebbistatin enantiomer did not negatively impact reticulocyte 

deformability in a significant manner (as shown in Figure 5-7). However, the reduction in 

cross-sectional area resulting from circulation was diminished to non-significant levels in 

reticulocytes treated with Blebbistatin(-) (Figure 5-8). Statistical analysis of the data with 

pairwise comparisons of relevant pairs is shown in Figure 5-9. 

 

5.2.4   Non-muscle myosin IIA inhibition significantly disrupts vesicle extrusion 

during ex vivo circulation 

Having determined that NMIIA inhibition decreases the reticulocyte’s capacity to respond to 

shear stress, we aimed to understand its underlying mechanism. As the quantitative 

proteomics comparison presented in Chapter 4 showed a significant loss of mitochondrial 

proteins following circulation, we decided to quantify the impact of circulation on the 

mitochondrial content of the reticulocyte during NMII inhibition. First, in order to confirm that 

mitochondrial content in the reticulocyte was associated with vesicular localization (as has 

been previously described251), the Anstee laboratory sent us new data from internalization 

assays of permeabilised trypsin-treated reticulocytes co-labelled with several vesicle markers, 

which included a marker for mitochondria (Mitotracker) and is presented in Figure 5-10. 
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Figure 5-7: NMII inhibition through chemical treatment with blebbistatin enantiomers does not 

alter reticulocyte deformability 

Deformability index (Length/Width ratio) profile of uncirculated and circulated cultured reticulocytes left 

untreated or treated with Blebbistatin(-) or Blebbistatin(+). The profile is plotted as the average of the 

proportion of cells within each deformability index “bin” (corresponding to 0.1 ratio units). Error bars 

correspond to the standard deviation of each average. Data was obtained using the ARCA. 
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Figure 5-8: NMII inhibition alters the capacity of the reticulocyte to lose cross-sectional area 

during ex vivo circulation 

Cross-sectional area profile of uncirculated and circulated reticulocytes left untreated or treated with 

Blebbistatin(-) or Blebbistatin(+). The profile is plotted as the average of the proportion of cells within 

each area “bin” (corresponding to 5µm2). Error bars correspond to the standard deviation of each 

average. Data was obtained using the ARCA (at least 1500 valid cells were measured per sample).
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Figure 5-9: NMII inhibition abrogates circulation-induced differences in reticulocyte cross-sectional area 

A) Automated Rheoscope and Cell Analyzer (ARCA) contour plots demonstrating the probability distribution of erythrocytes, uncirculated reticulocytes and 

circulated reticulocytes with cross-sectional area plotted against deformability index. Reticulocytes were untreated, treated with blebbistatin(−) or treated with 

blebbistatin(+) as displayed in each column. Cell types are plotted pairwise for ease of visualization. The probability density functions for the data were generated 

through kernel-density estimation of three pooled samples per group.   

B) Comparison of the area difference to red blood cells between untreated, blebbistatin(−)-treated and blebbistatin(+)-treated cells that were left in culture (grey) 

or were circulated overnight (white). *Indicates a P-value of under 0.05, with n.s.s. (not statistically significant) indicating P-values above 0.05. P-values for 

relevant comparisons are shown underneath the graph. All comparisons were made with a paired two-tailed t-test between arrays of area difference to red 

blood cells. Data are represented as mean ± standard deviation (n=3).
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Figure 5-10: Investigation of multiple markers for autophagosomal vesicle detection in the 

reticulocyte 

Permeabilized trypsin-treated reticulocytes were probed with R10 (pseudo-coloured green) and protein 

disulphide isomerase (PDI), calreticulin, giantin, LAMP-1, Mitotracker or LC3B (pseudo-coloured red) 

and imaged using confocal microscopy. Raw confocal data was acquired by Dr. Tosti Mankelow 

(University of Bristol, UK). Scale bars: 5 μm. 
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To further explore the possibility raised previously of increased vesicle clearance upon 

circulation in a high-throughput quantitative manner, a high-resolution live-imaging protocol 

was developed using the arivis Vision4D software.403 For this, reticulocytes were co-labelled 

with Calcein Blue AM™ and the live cell imaging-compatible mitochondrial marker Mitotracker 

Deep Red FM™, since both are cell-permeable dyes. We additionally labelled the cells with 

the autophagosomal marker CYTO-ID and the lysosomal marker LysoTracker Red. Calcein 

Blue was used to avoid problems related to edge detection in bright-field images, as they 

typically display internal edges in reticulocytes due to their irregular structure. The Calcein 

Blue-labelled cell was then used as a binary image mask for the detection of internal features 

(autophagosomes, lysosomes and mitochondria). A flow chart describing the algorithm is 

shown in Figure 5-11, and information regarding excitation and emission spectra for the 

fluorophores used in the experiment and the acquisition settings used in the confocal 

microscope is provided in Figure 5-12. 

 

Reticulocytes were either left untreated or were treated with Blebbistatin(-) during circulation. 

Despite optimizing the protocol for sequential image acquisition, we were unable to obtain 

conclusive data regarding the presence of lysosomes with the LysoTracker Red marker, as 

shown in Figure 5-13A. Interestingly, and despite the results displaying the loss of PDI-

containing vesicles in the circulating reticulocyte that were previously shown in Chapter 4, ex 

vivo circulation of cultured reticulocytes did not significantly alter the autophagosomal content 

as measured by CYTO-ID signal (nor did blebbistatin treatment induce any significant 

difference in autophagosomal content), which could be explained by the continuous formation 

of new autophagosomes by the reticulocyte upon release of pre-existing vesicles (unlike finite 

resources such as ER-derived vesicles or organelles). 
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Figure 5-11: Procedure for automated confocal fluorescence data analysis of reticulocytes 

Flow diagram comprising a framework for confocal fluorescence live imaging data acquisition and 

analysis. Further detail on the specific steps displayed is provided in Chapter 2.  
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Figure 5-12: Wavelength selection for multi-fluorophore analysis in sequential confocal 

imaging  

Relative intensity displayed for multiple fluorophores (Calcein Blue AM, Alexa Fluor 488 [surrogate for 

CYTO-ID], LysoTracker Red and MitoTracker Deep Red FM) as a function of wavelength.  

Excitation spectra are displayed in dashed lines with unfilled background and emission spectra are 

displayed in solid lines with a filled background of the respective colour.  

The wavelengths selected for sequential detection through confocal imaging (Wolfson Bioimaging 

Facility, University of Bristol) are displayed below the graph for use in a Leica SP8 confocal microscope. 

This graph was generated using the Fluorescence SpectraViewer platform (Thermo Fisher Scientific). 

 

 

Figure 5-13: Blebbistatin treatment or ex vivo circulation do not significantly alter 

autophagosome content in cultured reticulocytes 

A) Example of 4-fluorophore multichannel fluorescence confocal imaging. Images were obtained using 

a Leica SP8 confocal microscope. The top row shows the individual channels corresponding to Calcein 

Blue (pseudo-coloured blue) and CYTO-ID (pseudo-coloured green). The bottom row shows the 

individual channels corresponding to Mitotracker (pseudo-coloured magenta) and Lysotracker (pseudo-

coloured red). Whilst signal is observable in both the CYTO-ID or Mitotracker channels, no lysosome-

related signal was detected in the Lysotracker channel. Scale bars: 5 μm.   

B) Comparison of the reduction in the proportion of cells with autophagosomes after circulation using 

automated counting, in both untreated reticulocytes and blebbistatin(−)-treated reticulocytes. Data are 

represented as mean ± standard deviation (n=3). 
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Figure 5-14A further exemplifies the algorithm’s method with a representative fluorescence 

image. Despite the presence of fluorescent background in both channels used, our method 

was able to successfully identify cells in the image, objects within the cells (in this case, 

mitochondria), and recognize cells that contain those objects, finally providing the percentage 

of the cell population that contains those objects. Importantly, automatically processing the 

large tilescan images also avoids user-created bias.  

 

Whilst we were unable to identify changes in the autophagosomal content of circulated cells, 

a reduction in the percentage of cells with mitochondria was observed upon circulation in all 

observed samples. This reduction in mitochondrial content was significantly impacted by 

treatment with Blebbistatin(-), as shown in Figure 5-14B. We have thus demonstrated a link 

between mitochondrial loss and NMII activity. In concert with the observation of mitochondrial 

colocalization with vesicle markers, proximity of NMIIA to those same vesicle markers and the 

impact of NMIIA activity in the loss of cross-sectional area in the circulating reticulocyte, we 

have demonstrated a functional link between NMIIA activity and vesicle clearance in 

reticulocyte maturation. 
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Figure 5-14: Blebbistatin treatment abrogates circulation-induced differences in reticulocyte vesicle content 

A) Example of the machine detection algorithm used for quantitative imaging of cells containing mitochondria (as described in Chapter 2 and summarized in 

Figure 5-11). Images were obtained using confocal imaging. The top row shows the individual channels corresponding to Calcein Blue (pseudo-coloured red) 

and Mitotracker (pseudo-coloured green), and an overlay of the channels. In the bottom row machine detection of the Calcein Blue signal is shown through 

yellow borders surrounding detected cells, machine detection of the Mitotracker signal is shown with red borders surrounding detected mitochondria, and cells 

containing mitochondria are shown with yellow borders in the overlay column. Scale bars: 10 μm.   

B) Comparison of the reduction in the proportion of cells with mitochondria after circulation using automated counting, in both untreated reticulocytes and 

blebbistatin(−)-treated reticulocytes. Data are represented as mean ± standard deviation (n=3).
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5.3   Discussion 

Proteomic profiling of native and in vitro-derived reticulocytes identified Non-Muscle Myosin II 

(NMIIA) as being amongst the most differentially expressed proteins in these cells compared 

to mature erythrocytes. NMIIA interacts with actin to contribute to various cellular processes, 

such as cell migration,64 adhesion404 and cytokinesis.405 Furthermore, NMIIA has also been 

implicated in autophagosome maturation and lysosome fusion through association with 

autophagy-related receptors.406 

 

Phosphorylation of the S1943 site has been associated with filament destabilization,407 which 

could be necessary for the regulation of NMIIA assembly dynamics.408 Phosphorylated NMIIA 

localises proximally to LC3B, a known autophagic vesicle marker which was observed to also 

colocalise with other known erythroid autophagic vesicle markers. Moreover, the 

phosphorylated myosin light chain was found in a similar localization. The observed concurrent 

localization of the phosphorylated NMIIA heavy chain and the active light chain in proximity to 

reticulocyte vesicles led us to speculate that NMIIA is responsible for autophagic vesicle 

movement in the maturing reticulocyte.  

 

Thus, in order to explore this hypothesis, an imaging analysis pipeline was developed to 

facilitate the analysis of samples subjected to the ex vivo circulation system explored in 

Chapter 4, which was then combined with pharmacological inhibition of NMII activity through 

the use of Blebbistatin, a selective and potent inhibitor. This work has demonstrated for the 

first time that whilst inhibition of NMII activity does not impact reticulocyte viability or capacity 

to deform, it leads to a significant decrease in its ability to respond to shear stress by loss of 

cell volume and autophagosome-mediated mitochondrial clearance.  
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Finally, it is notable that shear stress induced calcium ion (Ca2+) influx is a well described 

phenomenon in erythrocytes409,410 as well as other cell types.411-413 NMIIA activity is regulated 

by phosphorylation of its light chain, which in turn is regulated by Ca2+ influx and interaction 

with calmodulin.399 It is therefore attractive to speculate that shear stress-mediated induction 

of Ca2+ influx may indirectly modulate NMIIA activity and, therefore, influence vesicle transport 

in the reticulocyte. However, further work is required to confirm this hypothesis. 

 

In conclusion, these experiments have uncovered a previously undescribed mechanism of 

shear stress response in the human reticulocyte which is dependent on NMII activity for vesicle 

clearance and cell volume reduction. The work presented throughout this chapter constitutes 

the final part of a publication which also comprised the two previous chapters and concerned 

the investigation on the role of NMIIA during reticulocyte maturation.389 
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Chapter 6    Towards a holistic understanding of the 

mechanisms underlying cell deformation 

6.1   Introduction 

The capacity to undergo substantial and repeated deformation is a defining property of the red 

blood cell. Establishment of this remarkable property occurs during a process of reticulocyte 

maturation that begins in the bone marrow and is completed within the circulation, where the 

reticulocyte remodels its membrane in order to acquire the recognizable biconcave 

morphology of the mature erythrocyte. Whilst the deformability of early reticulocytes is known 

to be lower than that of erythrocytes,260,276,277 increasing progressively throughout the 

maturation process, reticulocytes themselves must undergo extreme deformations without 

damage or lysis. These include bone marrow egress (before entering peripheral circulation) 

as well as multiple traversals of the splenic interendothelial slits (during circulatory maturation) 

and the microvasculature. As a result, reticulocytes are necessarily exposed to high pressures 

and shear stress, which in turn may partially drive the processes underlying maturation. 

 

Modulation of reticulocyte and erythrocyte properties through response to shear stress is a 

well described phenomenon. Shear stress has been reported to be implicated in the regulation 

of ATP release by erythrocytes,278,279 removal of autophagic vesicles from circulating 

reticulocytes271 and general induction of autophagy in other mammalian cells.270 In 

erythrocytes shear stress is known to induce calcium ion entry through activation of the 

mechanically activated cation channel PIEZO1,280 regulating the volume changes necessary 

for the maintenance of homeostasis during deformation.281 Increases in intracellular calcium 

are known to promote phosphorylation of multiple proteins through interaction with sensors 

such as calmodulins and C2 domain-containing proteins.283-286 Phosphorylation, in turn, 

regulates cytoskeletal alterations and interactions,287,288 as well as membrane stability.164,283 
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Understanding the biochemical mechanisms that enable or are activated upon red blood cell 

deformation is an extremely difficult proposition given the challenges associated with isolating 

cells undertaking this process. Various types of shear stress/deformation-inducing systems 

exist specifically for the study of red blood cell properties,289-291 but most of the focus of the 

use of those systems has been on assessment of the mechanical and physical properties of 

the cells or for the high-throughput screening of chemical compound effects on these 

characteristics292 rather than elucidation of the molecular basis of red blood cell deformation. 

 

This chapter will attempt to better define the phosphorylation events that underlie the response 

to deformation and shear stress in both reticulocytes and erythrocytes. To do this, we utilize 

in vitro systems that mimic deformation through the spleen and microvasculature respectively 

to capture cells in states immediately pre, mid and post deformation and then employ 

phosphoproteomics to obtain a unique and comprehensive shear-response dataset. 

 

6.1.1   Contributions to the work presented in this chapter 

Dr. Stephanie Pellegrin (University of Bristol, UK) assisted with CD34+ cell isolation and 

production of reticulocytes. Dr. Kate Heesom and Dr. Marieangela Wilson (University of 

Bristol) processed proteomics samples and acquired MS-MS data. Dr. Stephen Cross 

(Wolfson Bioimaging Facility, University of Bristol) provided helpful discussions and an ImageJ 

macro for microfluidics data pre-processing. Dr. Judith Cluitmans (Radboud UMC, Nijmegen, 

NL) provided support for initial establishment of microsphiltration assays. Dr. Maria Lizarralde 

Iragorri (INTS, Paris, FR) provided microfluidics assistance under the supervision of Dr. 

Wassim El Nemer. Olivier Français (ESIEE-Paris, FR) and Bruno Le Pioufle (ENS Paris-

Saclay, FR) provided essential reagents for microfluidics experiments. Dr. Johannes Dobbe 

and Dr. Geert Streekstra (Amsterdam UMC, NL) provided ARCA software for analysis.   
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6.2    Results 

6.2.1   The red blood cell phosphoproteome is modulated in response to 

deformation 

Due to the relatively short timeframe required for the deformation and recovery of red blood 

cells and to the general lack of transcriptional machinery, we hypothesized that any underlying 

mechanism for responding to deformation would necessarily be driven by post-translational 

modification of proteins via phosphorylation.  

 

Altered phosphorylation of cytoskeletal and membrane proteins is known to influence multiple 

properties in the erythrocyte (e.g. membrane stability and tension, deformability and effective 

viscosity164,414-416), principally through changes in cytoskeletal stability and in the association 

between cytoskeletal proteins and the multiprotein membrane complexes. Given the known 

increased kinase activity of reticulocytes379 and the fact that many proteins are lost during 

reticulocyte maturation to the erythrocyte,417 investigating reticulocyte response to deformation 

may allow for increased sensitivity in detecting deformation-induced signalling cascades.  

 

Thus, in order to investigate any possible changes underlying deformation and recovery, we 

produced two qualitative phosphoproteomics datasets comparing erythrocytes from three 

donors and in vitro CD34+-derived cultured reticulocytes from four donors lysed prior to, during 

and post-passage through the spleen-like microsphiltration system originally developed by 

Deplaine et al418.   

 

In vitro-generated reticulocytes were used in preference to native reticulocytes isolated from 

donors due to the high number of cells required per complete sample set in the 

microsphiltration experiment, although we have previously shown (Chapter 3) that in vitro and 

in vivo reticulocytes are proteomically similar both in quantitative protein abundance and 

presence of specific phosphopeptides389. 
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Figure 6-1A summarizes the design of the experiment and includes micrographs of 

erythrocytes in the three conditions. Cells analysed in the beginning of the experiment possess 

the characteristic biconcave morphology, while a majority of the cells fixed during passage 

through the microsphiltration system are in the process of being deformed (although the 

degree to which they are deformed is variable for each individual cell). Cells that have 

undergone passage through the system regain their biconcave morphology without any visible 

alteration. Figure 6-1B and Figure 6-1C show a functioning microsphiltration column during 

the assay, where a RBC suspension will undergo passage through the microbead layer. All 

phosphoproteomics experiments were performed in a qualitative manner in order to ensure 

the highest chance of detecting phosphopeptides activated only upon deformation. 

 

Importantly, a significant proportion of the phosphopeptides detected through the comparative 

experiment was determined to be unique to the deformed or recovery states in erythrocytes 

(52.4% of detected phosphopeptides) and reticulocytes (24.3% of detected phosphopeptides), 

as summarized in Figure 6-2A. Further analysis of these phosphopeptide groups through use 

of the STRING database revealed a predicted common underlying protein-protein interaction 

network, which is shown in Figure 6-2B.  

 

Cursory analysis of this network allowed us to identify two main groups of connected proteins, 

namely kinases and intracellular transport proteins (as identified by red and blue outlines, 

respectively). KEGG pathway enrichment was then performed with the full dataset of 

deformation-exclusive phosphoproteins, although the only KEGG pathway detected after 

enrichment analysis was related to AMPK signalling (KEGG enrichment was performed with 

the use of DAVID 6.8,419,420 P-value = 0.029). No AMPK activation-related phosphopeptides 

were detected, suggesting that the timeframe of microsphiltration experiments may allow us 

to only capture phosphorylation events located downstream in the initial signalling cascade 

rather than those that occur throughout the full signalling pathway.  
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Figure 6-1: Microsphiltration allows the capture of cells before, during and post deformation 

A) Experimental design for proteomic comparison – Red blood cells and cultured reticulocytes were subjected to flow in a microsphiltration system and lysed 

before passage, during passage and after passage. The lysates were equalized through haemoglobin quantification using Drabkin’s reagent and analysed 

through NanoLC-MS/MS. Cells were fixed and imaged under brightfield at all three stages to show the extent of their deformation within the system and their 

recovery after passage. Microsphiltration schematic adapted from Duez et al. 2015.337 Scale bars: 10 μm.  

B) Photograph of the fully constructed microsphiltration system. Red blood cells have been added to each microsphiltration column and the suspension within 

the columns will then flow through the microbead layer upon pressure application.  

C) Zoomed-in photograph of the microsphiltration column, showing the red blood cell suspension above the microbead layer. The metal microbead layer is 

placed upon the filter of a filtered micropipette tip.
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Figure 6-2: Erythroid cell deformation induces measurable changes in the phosphoproteome 

A) Venn diagram of differentially phosphorylated proteins with ≥50% detection across all samples in 

RBCs (left, n = 63 with 33 modifications detected exclusively in cells mid- and post-deformation) and 

reticulocytes (right, n = 226 with 55 modifications detected exclusively in cells mid- and post-

deformation).  

B) Top-scoring protein-protein interaction network from the joint dataset of mid and post-deformation 

exclusive phosphoproteins in reticulocytes, as predicted by STRING.421 Two main subsets of proteins 

were present in the network, kinases (marked in red) and vesicle transport-related proteins (marked in 

dark blue). 
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Phosphopeptides unique to erythrocytes are listed in the table in Figure 6-3A, whereas 

phosphopeptides unique to reticulocytes are listed in Figure 6-3B. As expected, a much 

broader variety of novel peptides phosphorylated during or after deformation was detected in 

reticulocytes compared to erythrocytes. Although this finding may be related to the previously 

mentioned higher kinase activity in reticulocytes,379 this fact may also potentially highlight the 

existence of only a temporary role for the detected proteins and respective phosphorylations 

in the reticulocytes themselves. Interestingly, only a small overlap was detected between 

erythrocytes and reticulocytes (Figure 6-3C), which could also be related to differences in the 

activation kinetics for signalling and recovery of the cell from deformation (or, again, due to 

known differences in kinase abundances between the cell types). It is also noteworthy that 

only the phosphopeptide corresponding to NSFL1C was consistently detected among the two 

cell types in both the mid and post-deformation states. 

 

6.2.2   Inhibition of Lyn and GSK3 decreases red blood cell capacity to undergo 

repeated deformation  

Notably, phosphorylation events with well-defined effects on kinase activity were also detected 

by our experimental approach in reticulocytes. Due to the ubiquitous presence of their 

phosphopeptides in the reticulocyte post-deformation samples, we focused our attention on 

the kinases Lyn and GSK3α. The tyrosine kinase Lyn is a known regulator of the erythrocyte 

protein band 3, a cytoskeleton-interacting protein which is known to be the most abundant 

membrane protein in red blood cells.422 Its kinase activity is partially regulated through 

autophosphorylation of the tyrosine residue in site Y397, which was detected in this dataset 

and has been well-described to induce further activation of the protein.423 Conversely, 

serine/threonine kinases of the GSK3 family have been shown to participate in the 

phosphorylation of beta-adducin,424 which is also known to interact with the spectrin-actin 

cytoskeleton in erythrocytes.46 Tyrosine phosphorylation of GSK3α at the Y279 site, which we 

have detected in this dataset, is known to increase enzymatic activity.425 
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Figure 6-3: List of phosphorylation events induced by RBC and reticulocyte deformation  

A) List of phosphoproteins exclusive to the RBC mid-deformation and mid/post intersection datasets. 

Count indicates the number of observed instances of the phosphopeptide (n=3). Phosphopeptides were 

sorted by the sum of their counts in both datasets and filtered for their presence in at least 2 samples 

per condition. Phosphosite location indicates the predicted location and impact of the phosphorylation 

site (as predicted by SEQUEST and/or PhosphoSitePlus data380).  

B) List of phosphoproteins exclusive to the reticulocyte mid-deformation and mid/post intersection 

datasets (n=4). Dataset analysis, filtering and annotation were performed as described in A. 

C) List of phosphoproteins present among both reticulocyte and RBC mid/post-deformation datasets, 

with no significant detection in the pre-deformation dataset; Dataset analysis, filtering and annotation 

were performed as described in A. 
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Phosphatase effects were not examined in this work due to the technical difficulties inherent 

to determining that a specific phosphorylation is absent, although GSK3a has been reported 

to be regulated through dephosphorylation of the S21 site through PP2A activity426. 

 

We first attempted immunofluorescence with varied phosphosite-specific antibodies in order 

to localize GSK3 or Lyn activation to specific instances of cell deformation. Our previously 

described immunofluorescence protocols proved unfruitful to imaging cells fixed during 

deformation, since no heavily-deformed cells were observed to remain on the slide after the 

protocol. We hypothesized that this was caused by the increased fragility of the deformed cells 

leading to their destruction during the protocol. Extensive optimization was performed with 

several different fixing or permeabilization steps; we ultimately found that fragile cells could 

be detected through first cytospinning the cells to an adhesive-coated coverslip and then 

continuing with the original immunofluorescence protocol (Figure 6-4). Unfortunately, no 

signal was detected for either P-GSK3 or P-Lyn, perhaps due to very transient activation 

dynamics or simply to inability of the phosphoantibodies to detect non-denatured epitopes.  

 

Figure 6-4: Micron-wide cell deformation events can be observed with microsphiltration 

Cultured reticulocytes unexposed to deformation (left) and cultured reticulocytes fixed during passage 

through a microsphiltration column (right) were labelled with a glycophorin A primary antibody and a 

respective secondary antibody (shown in green) for plasma membrane labelling and subjected to 

confocal imaging. The arrows point to examples of extreme cell deformation. Cells were fixed, labelled 

and cytospun as described in Chapter 2. Scale bars: 5 μm. 



   

154 

Given that modulating the activity of both kinases could have a quantifiable impact on the 

erythroid cytoskeleton, we then decided to attempt chemical inhibition and subsequent cell 

microsphiltration to investigate a putative effect on reticulocyte ability to undergo successive 

deformations. Glycophorin A (GPA) antibody was used as a positive control for detrimental 

effects on cell deformability, as GPA ligation has been demonstrated to increase cell rigidity.427 

After inhibitor treatment, the cells were mixed at a ratio of approximately 5:95 with untreated 

erythrocytes as per a previously published method by Cluitmans et al.428 and allowed to settle 

on the surface of the microbead layer. Even manual pressure was applied and the percentage 

of reticulocytes that traversed the system evaluated using flow cytometry by detection of 

CellTracker Green CMFDA-labelled cells. A flow cytometry labelling example is shown in 

Figure 6-5A, while the overall results are shown in Figure 6-5B.  

 
Figure 6-5: GSK3 inhibition disrupts cell passage through microsphiltration 

A) Flow cytometry-based example comparing a fully unstained RBC sample and a sample where 5% 

of the cells were previously labelled with CellTracker Green and added to an unstained RBC suspension 

in a 5:95 ratio. CellTracker Green labelling of a small percentage of cells does not alter the signal of the 

remaining cell population. 

B) Percentage recovery of reticulocytes treated with the respective reagent after microsphiltration. After 

treatment, the cells were added to an untreated red blood cell suspension in a 5:95 ratio and the mixture 

then subjected to microsphiltration. Anti-GPA antibody was used as a positive control for negative 

effects on cell deformability. Bafetinib (3 µM) was used as a Lyn inhibitor and CHIR-98014 (10 nM) was 

used as a GSK3 inhibitor. Error bars correspond to the standard deviation (n = 3). All comparisons were 

performed with a paired two-tailed t-test. The P-values for each comparison are shown below the bar 

graph. * indicates P-value < 0.05, ** < 0.01. 
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Inhibition of Lyn kinase had no significant effect in the percentage of cells obtained after 

passage through the system, while inhibition of GSK3 showed a significant reduction that was 

comparable to treatment with the anti-GPA antibody. Importantly, treatment with either 

inhibitor did not affect intrinsic capacity to undergo initial deformation as assayed through the 

ARCA (Figure 6-6A, Figure 6-6B). However, damaged cells were detected after 

microsphiltration of GSK3 inhibitor-treated cells (Figure 6-6C), with said damage becoming 

more prominent upon combined inhibitor treatment. 

 

Figure 6-6: Inhibition of Lyn and GSK3 does not disrupt the reticulocyte’s intrinsic capacity to 

deform but impacts cell viability after shear stress exposure 

A) Mean deformability index for reticulocytes treated with DMSO, Lyn inhibitor (Bafetinib), GSK3 

inhibitor (CHIR98014) or both Lyn and GSK3 inhibitors (Baf+CHIR). Error bars correspond to the 

standard deviation (n = 3). A minimum of 1000 cells were analysed per sample. 

B) Deformability index profiles for reticulocytes treated with DMSO, Lyn inhibitor (Bafetinib), GSK3 

inhibitor (CHIR98014) or both Lyn and GSK3 inhibitors (Baf+CHIR). A minimum of 1000 cells were 

analysed per sample. 

C) ARCA contour plots demonstrating the probability distribution of reticulocytes before and after 

microsphiltration with different treatments, with cross-sectional area plotted against deformability index. 

The probability density functions (PDFs) for deformability are plotted on the right of the graphs, and the 

PDFs for area are plotted on the top of the graphs. The PDFs for the data were generated through 

kernel-density estimation. All data were obtained using the ARCA. 
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Whilst information obtained through the microsphiltration system is useful, we cannot directly 

observe cell passage through the microbead layer (instead only being able to observe 

deformed cells after performing fixation and imaging protocols as shown in Figure 6-4).  

 

Therefore, in collaboration with the El Nemer group (Institut National de la Transfusion 

Sanguine, Paris, France), we attempted to use a microfluidics-based system (previously 

published by Lizarralde-Iragorri M et al.291) to subject both erythrocytes and cultured 

reticulocytes to shear stress and successive deformations in a directly observable manner in 

order to further investigate the impact of inhibiting GSK3 and Lyn on the cell’s capacity to 

repeatedly deform and recover from deformation.  

 

Regarding the architecture of the microfluidic chip, the chip is composed by 2 main channels 

(which allow for inputting 2 different samples to perform comparative experiments in a parallel 

fashion). Each main channel is further divided into 8 groups of microcapillaries, and in turn 

each group comprises 20 microcapillaries organized in parallel, each containing 10 evenly 

separated constriction points measuring 5 µm in width. Cells passing through one of these 

microcapillaries are thus subjected to 10 sequential rounds of deformation and recovery from 

that deformation.  

 

Therefore, as an important improvement from the unknown and uncontrollable number of 

deformations during passage through microsphiltration, this system instead allows us to 

subject cells to a known number of deformations and observe them throughout. A flow chart 

listing the several image processing steps necessary for analysis of microfluidics data is 

shown in Figure 6-7. Visually distinct image processing steps are marked with their respective 

letters and displayed in Figure 6-8, with the microfluidics chip being shown in Figure 6-8A.  
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Figure 6-7: Procedure for microfluidics data analysis and automated cell tracking 

Flow diagram comprising a framework for acquisition and analysis of microfluidics data. Microfluidics 

data acquisition may result in two types of samples: bright cell samples (reticulocytes at maximum 

focus, usually) and dark cell samples (erythrocytes at maximum focus, usually). Although the analysis 

of both data types is mostly based on the same strategy, different steps are applied for noise removal 

from the images and are thus marked as different branches. Visually distinct common steps are marked 

with letters and displayed in Figure 6-8. Further detail on the individual steps is provided in Chapter 2. 
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Figure 6-8: Visualization of microfluidics image processing steps for automated cell tracking 

A) Image of the microfluidic PDMS biochip used for the capillary traversal experiment. B) The magnified 

image shows a section of the microcapillary channels, through which reticulocytes and red blood cells 

were subjected to successive deformations. Frame sequences were obtained through the use of a high-

speed camera and then subjected to image analysis for automated cell tracking with the use of 

TrackMate.376 C) Frame sequences after noise removal. D) Unfiltered automated cell detection.  

E) Filtering for cell segments. F) Unfiltered automated cell tracking. G) Filtering for tracks spanning 

several constrictions. These will then be subjected to statistical analysis. Scale bars: 50 μm. 

 

Interestingly, we were also able to image cells at a high magnification, allowing us to visualize 

shape changes occurring during deformation (Figure 6-9). However, cell shape analysis of 

such images is extremely challenging and has not been explored in this thesis. 

 

Figure 6-9: Visualization of cell deformation during passage through a microfluidic 

constriction 

An erythrocyte is shown passing through a microfluidic channel (pressure: 150 mBar) and deforming 

during passage through a 5 μm-wide constriction. Multiple frames were overlaid in order to demonstrate 

how the cell changes shape. It is noteworthy to mention that the cell acquires its traditional “parachute” 

shape (common during exposure to shear stress) in the wider microcapillary section. Scale bar: 10 μm. 
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We identified a general decrease in microcapillary traversal velocity in both reticulocytes and 

erythrocytes after inhibition of Lyn or GSK3, as summarized in Figure 6-10A. It is noteworthy 

to mention that, in cases where the comparison P-value was above the significance cut-off, a 

decrease in cell velocity is still observed across all samples. Treatment with both inhibitors 

had a compounding effect, resulting in a near-complete inability of cells to traverse the 

microfluidics chip (cell-induced blockage resulting from GSK3+Lyn inhibition is compared 

between Figure 6-10B and Figure 6-10C). We thus confirm a requirement for both Lyn and 

GSK3 in regulating cell capacity to undergo successive deformation and resist shear stress 

and show that the alterations detectable in the reticulocyte are translatable to mature 

erythrocytes, with the mechanisms being retained upon maturation. 

 

Cells passing through the microfluidics system could be lysed near-immediately after 

deformation (we estimate there to be a maximum interval of 3 seconds between the last 

constriction point and the end of the capillary traversal), which we considered a less significant 

difference compared to the approximately 5 minutes necessary for microsphiltration. 

Therefore, we combined the phosphoproteomics data from both experiments for reticulocytes 

to create a comprehensive integrative dataset (shown in Table 2). This dataset lists the most 

likely phosphosites to be regulated as a result of shear stress recognition in the reticulocyte, 

generating a unique and unprecedented dataset that characterizes a highly transient state of 

this dynamic cell. 
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Figure 6-10: Inhibition of GSK3 and Lyn impacts capillary traversal of RBCs and reticulocytes 

A) Percentage microcapillary traversal velocity of reticulocytes and red blood cells treated with the respective reagents. The cells were treated for a minimum 

period of 1 hour and subjected to passage through the microfluidic biochip. The graph shows the average cell microcapillary traversal velocity of each treated 

sample as a percentage of the respective DMSO control sample traversal velocity. All comparisons were performed with a one-sample t-test. The error bars 

correspond to the standard deviation (n = 3). The P-values for each comparison are shown below the dot plot. * indicates P-value < 0.05, ** < 0.01. A minimum 

of 1000 cell tracks were analysed per sample. 

B) Microcapillary traversal of DMSO-treated reticulocytes. Cells flow uninterruptedly in the horizontal plane under streamline motion before entering the 

microcapillaries (flowing right to left). 

C) Microcapillary traversal of reticulocytes treated with both Bafetinib and CHIR-98014 (flowing right to left). Blockages occur throughout the microfluidic system, 

leading to flow slowing down or stopping entirely. Scale bars: 100 μm.
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Table 2: Integrative list of deformation-induced phosphorylations in the reticulocyte 

Accession Nr 
Gene 

Symbol 
Protein Name Sequence Count Site 

E9PIJ1 AMPD2 AMP deaminase 2  TDSDSDLQLYK 7* S190/S197 

A0A0U1RQT1 ACAP2 
Arf-GAP with coiled-coil, ANK repeat and 

PH domain-containing protein 2  
SSPSTGSLDSGNESK 7* S384 

B7Z3I9 ALAD Delta-aminolevulinic acid dehydratase  SSPAFGDR 7 S215 

P49840 GSK3A Glycogen synthase kinase-3 alpha  GEPNVSYICSR 7* Y279 

P49840 GSK3A Glycogen synthase kinase-3 alpha  
TSSFAEPGGGGGGGGGGPGGS

ASGPGGTGGGK 
7* S21/S39 

E9PK89 RAB3IL1 
Guanine nucleotide exchange factor for 

Rab-3A  
TLVITSTPASPNR 7 S168 

B4DMA2 
HSP90AB

1 
Heat shock protein HSP 90-beta IEDVGSDEEDDSGKDK 7* S255 

Q9H1E3 NUCKS1 
Nuclear ubiquitous casein and cyclin-

dependent kinase substrate 1  
VVDYSQFQESDDADEDYGR 7* S19 

S4R2Y4 CBX3 Chromobox protein homolog 3  SLSDSESDDSK 6 S93 

Q08495 DMTN Dematin  DSSVPGSPSSIVAK 6 S26 

Q9UG54 MAP3K7 
Mitogen-activated protein kinase  

kinase kinase 7 
SIQDLTVTGTEPGQVSSR 6 S439 

P61006 RAB8A Ras-related protein Rab-8A  KLEGNSPQGSNQGVK 6 S181/S185 

B3KVN0 SLC2A1 
Solute carrier family 2, facilitated glucose 

transporter member 1 
TPEELFHPLGADSQV 6 S490 

A0A087WYB4 STOML2 Stomatin-like protein 2, mitochondrial APVPGTPDSLSSGSSR 6 T327 

Q8IV54 TSC22D4 TSC22D4 protein NGSPPPGAPSSR 6 S62 

P16157 ANK1 Ankyrin-1  NGASPNEVSSDGTTPLAIAK 5 S759 

A0A0U1RQT1 ACAP2 
Arf-GAP with coiled-coil, ANK repeat and 

PH domain-containing protein 2  
YSISLSPPEQQK 5 S521 

P27824 CANX Calnexin  QKSDAEEDGGTVSQEEEDR 5 S564 

G3V238 
EEF1AK

MT2 
EEF1A lysine methyltransferase 2 SDKGSPGEDGFVPSALGTR 5 S21 

P05198 EIF2S1 
Eukaryotic translation initiation factor 2 

subunit 1  
VVTDTDETELAR 5 T279 

F8WAE5 EIF2A Eukaryotic translation initiation factor 2A  SDKSPDLAPTPAPQSTPR 5 S506 

C9JII4 GCFC2 GC-rich sequence DNA-binding factor 2  ELPVPGSAEEEPPSGGGR 5 S40 

Q2VPJ6 
HSP90AA

1 
HSP90AA1 protein  DKEVSDDEAEEK 5 S231 

D3DWY2 IKBKG 
Inhibitor of kappa light polypeptide gene 

enhancer in B-cells, kinase gamma 
SPPEEPPDFCCPK 5 S387 

O60307 MAST3 
Microtubule-associated serine/threonine-

protein kinase 3  
SSENVLDEEGGR 5 S134 

F2Z2K0 NSFL1C NSFL1 cofactor p47 SPNELVDDLFK 5 S114 

B7Z8Y1 NFATC2 
Nuclear factor of activated T-cells, 

cytoplasmic 2 
TSPDPSPVSAAPSK 5 S330 

H0Y5Q9 INPP5D 
Phosphatidylinositol 3,4,5-trisphosphate 5-

phosphatase 1  
GESPPTPPGQPPISPK 5 T963 

D6RC77 PGM3 Phosphoacetylglucosamine mutase  STIGVMVTASHNPEEDNGVK 5 S64 

M4QHP2 PIEZO1 
Piezo-type mechanosensitive ion channel 

component 
SGSEEAVTDPGER 5 S1621 

Q9BVG4 PBDC1 Protein PBDC1  GADSGEEKEEGINR 5 S197 

B4E3V2 SQSTM1 Sequestosome-1 LTPVSPESSSTEEK 5 T269/S272 

Q6PJD5 SHARPIN SHARPIN protein  SPGNLTER 5 S165 

B2RMN7 SPTB Spectrin beta chain TSPVSLWSR 5 S2114/S2117 

C9JWF0 SMC4 
Structural maintenance of chromosomes 

protein 4  
REEGPPPPSPDGASSDAEPEPP

SGR 
5 S22 

H0YN01 TLN2 Talin-2 LDEGTPPEPK 5 T1843 

C9J3F6 TBC1D5 TBC1 domain family member 5 NISSSPSVESLPGGR 5 S541/S544 

E9PJJ0 TBCEL 
Tubulin-specific chaperone cofactor E-like 

protein  
YSPENFPYR 5 S18 

Q8IXQ3 C9orf40 Uncharacterized protein C9orf40 RDSGDNSAPSGQER 5 S76 

Q5JSH3 WDR44 WD repeat-containing protein 44  VGNESPVQELK 5 S50 

F8WBS8 PSMD2 
26S proteasome non-ATPase  

regulatory subunit 2 
DKAPVQPQQSPAAAPGGTDEKP

SGK 
4 S16 

Q92625 ANKS1A 
Ankyrin repeat and SAM domain-

containing protein 1A  
SESLSNCSIGK 4 S647 
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Accession Nr 
Gene 

Symbol 
Protein Name Sequence Count Site 

E9PJP4 EPB41L2 Band 4.1-like protein 2  
EVAENQQNQSSDPEEEKGSQP

PPAAESQSSLR 
4 S39/S58 

A8MZ77 BSG Basigin RKPEDVLDDDDAGSAPLK 4 S362 

Q9NSY1 BMP2K BMP-2-inducible protein kinase  DSQSSNEFLTISDSK 4 S1029 

A0A0C4DGD
1 

CAST Calpastatin DTSQSDKDLDDALDK 4 S563 

Q9Y5K6 CD2AP CD2-associated protein  KNSLDELR 4 S582 

Q8TEH3 
DENND1

A 
DENN domain-containing protein 1A  TGGTLSDPEVQR 4 T24 

B4DU91 EPN1 Epsin-1 SPGAFDMSGVR 4 S435 

M0QXW7 KHSRP Far upstream element-binding protein 2  VQISPDSGGLPER 4 S181 

F5H1C6 FERMT3 Fermitin family homolog 3  TASGDYIDSSWELR 4 Y11 

P04075 ALDOA Fructose-bisphosphate aldolase A  GILAADESTGSIAKR 4 S36 

H0YJ30 GPHN Gephyrin  ASHSAVDITK 4 S303/S305 

Q2Q9B7 G6PD Glucose-6-phosphate 1-dehydrogenase  VQPNEAVYTK 4 Y401 

E9PK89 RAB3IL1 
Guanine nucleotide exchange factor for 

Rab-3A  
ELHPQLLSPTK 4 S179 

O75633 GNAS 
Guanine nucleotide-binding protein Gs 

alpha subunit isoform L3 
ISTASGDGR 4 S352 

Q5H924 HUWE1 
HECT, UBA and WWE domain  

containing 1  
REESPMDVDQPSPSAQDTQSIA

SDGTPQGEK 
4 S3816 

A0A0F7NGI8 LRRFIP1 Leucine rich repeat  IDGATQSSPAEPK 4 S714 

E9PJF4 CLNS1A Methylosome subunit pICln EPVADEEEEDSDDDVEPITEFR 4 S102 

S4R3D6 APIP 
Methylthioribulose-1-phosphate 

dehydratase 
DISGPSPSKK 4 S87 

Q6NT16 SLC18B1 MFS-type transporter SLC18B1  SKSQNILSTEEER 4 S438 

B4DS42 OATL1 Ornithine aminotransferase-like 1  QASLDGLQQLR 4 S506 

P30041 PRDX6 Peroxiredoxin-6  DFTPVCTTELGR 4 T44 

I3L1U0 RILP Rab-interacting lysosomal protein  AESSEDETSSPAPSK 4 S354 

Q9P227 
ARHGAP

23 
Rho GTPase-activating protein 23  SAEALGPGALVSPR 4 S361/S372 

Q16513 PKN2 Serine/threonine-protein kinase N2  ASSLGEIDESSELR 4 S583 

C9JIG9 OXSR1 Serine/threonine-protein kinase OSR1 TEDGGWEWSDDEFDEESEEGK 4 S339 

P02549 SPTA1 Spectrin alpha chain, erythrocytic 1  QDTLDASLQSFQQER 4 S1976 

B2RMN7 SPTB Spectrin beta chain LSSSWESLQPEPSHPY 4 
S2123/S2125

/S2128 

B4DZC9 SLK STE20-like serine/threonine-protein kinase  VDEDSAEDTQSNDGK 4 S571 

P17987 TCP1 T-complex protein 1 subunit alpha  HGSYEDAVHSGALND 4 S544/Y545 

B4DUI5 TPI1 Triosephosphate isomerase  IIYGGSVTGATCK 4 Y246 

Q8IV54 TSC22D4 TSC22D4 protein VEAEAGGSGARTPPLSR 4 T229 

B4DQ79 LYN Tyrosine-protein kinase  VIEDNEYTAR 4 Y397 

A0A024R8I2 UBADC1 
Ubiquitin associated domain containing 1, 

isoform CRA_c 
APSPLPK 4 S98 

Q5VVQ6 YOD1 Ubiquitin thioesterase OTU1  SSPAFTK 4 S130 

B3KW31 VPS13A Vacuolar protein sorting 13A QASFTDVRDPSLK 4 S1416 

A0A0S2Z3K9 CRK 
V-crk sarcoma virus CT10 oncogene-like 

protein isoform 2 
DSSTSPGDYVLSVSENSR 4 S41 

 

List of significantly enriched or exclusive phosphopeptides in reticulocytes after deformation, as 

assayed through microsphiltration and microcapillary traversal. Accession numbers, gene symbols, 

protein names, phosphopeptide sequences, count and site prediction are listed. Generally, only 

phosphopeptides present in >50% post-deformation samples (4 microsphiltration + 3 microfluidics) and 

absent in at least >50% pre-deformation samples were included. The exception to this analysis consists 

of the phosphopeptides counted as 7*, which were present in all post-deformation samples but also in 

4 out of 7 of the pre-deformation samples. The prediction of the most probable phosphosites in the 

phosphopeptide was included as assayed through the PhosphoSitePlus database380.
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6.3   Discussion 

Studying the dynamic processes involved in reticulocyte maturation or changes in the 

erythrocyte in response to mechanical stimulus presents inherent challenges due to the short-

lived nature of said processes and, consequently, the technical difficulties of obtaining cells in 

a physiologically relevant state of deformation/post-translational modification. Previous 

proteomic studies of the red blood cell and reticulocyte have mostly focused mainly on deriving 

definitive descriptive proteomes or studying quantitative differences in protein content 

between these cell types,193,207,208,378,389,429 although we have also previously characterized 

important differential phosphorylation between erythrocytes and endogenous/cultured 

reticulocytes, which are effectively in steady state (Chapter 3).389 However, no studies have 

investigated the possibility of post-translational modifications actively changing within the cell 

over time as a direct consequence of the physiological stress involved in circulation. Previous 

studies have indicated that signalling pathways are at least involved in the changes induced 

in RBC aging286, but the use of pharmacological compounds to induce a response will most 

likely generate outcomes that range beyond what the cell normally experiences.  

 

This chapter reports the first qualitative phosphoproteomic dataset dissecting the response to 

deformation and shear stress in the human reticulocyte and erythrocyte, identifying previously 

unreported protein modifications. Achieving this required the combined the use of two 

established systems that mimic physiological deformation of red blood cells291,418 with high-

throughput proteomics based on TiO2 enrichment, allowing us to investigate the difference in 

phosphorylation events present before, during and after deformation. We identify post-

translational modifications in several reticulocyte membrane and cytoskeletal proteins, 

including ankyrin, dematin, alpha/beta-spectrin and PIEZO1, that we show are associated with 

mechanical stimulus and hypothesize may be modulated as part of the shear-induced 

reticulocyte maturation process due to their detection in reticulocytes occurring only after 

exposure to deformation. We summarize our approach in Figure 6-11. 
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Figure 6-11: Methodology used to construct an integrative overview of erythroid deformation 

 

All phosphoproteomics experiments were performed in a qualitative rather quantitative 

manner. While the use of TMT isobaric mass labelling could have provided further insight into 

the dynamic changes occurring during cell response to deformation by adding a quantitative 

dimension to our datasets, there are multiple caveats to this approach which led us to pursue 

qualitative analysis instead: 

 

First, the use of quantitative methods would have required deciding at which point should 

peptide labelling be applied. Labelling samples before TiO2 enrichment introduces a problem 

regarding the amount of protein used for analysis, since the ubiquitous presence of 

haemoglobin in the samples would quench the labelling of other peptides and decrease the 

amount of protein which can be analysed. In our system, TMT-labelled samples comprise a 

maximum equivalent amount of 2 million cells whereas qualitative analysis allows for the use 

of 10 million cells, maximizing the probability of detecting low-abundance phosphopeptides.  



 

165 

While haemoglobin depletion constitutes a possible solution to this problem, its use would 

have multiple detrimental effects, in that protocol time would be extended (resulting in loss of 

phosphorylation over time, if we consider that any phosphorylation unique to deformation must 

be active for a relatively short period) and that any proteins in direct interaction with 

haemoglobin would also be removed.  

 

Furthermore, the haemoglobin removal step does not strongly contribute towards the 

remainder of the experiment, given that a large proportion of the haemoglobin present will 

already be removed during TiO2 enrichment (where most non-phosphorylated peptides will be 

removed). On the other hand, labelling samples for quantitative analysis after TiO2 enrichment 

would introduce the risk of assaying differences resulting from the peptide isolation step rather 

than between the different samples. Through the 1% false discovery rate (FDR) used for the 

computational analysis and the extensive filtering steps for determining the presence of 

phosphorylations exclusive to samples which have undergone deformation, we are confident 

that our approach results in a more efficient filtering step while side-stepping the experimental 

constraints of quantitative analysis. 

 

Focusing on the signalling pathways that seemingly activate upon reticulocyte deformation, 

we used pharmacological kinase inhibitors to inhibit Lyn and GSK3, two kinases predicted to 

impact the erythroid cytoskeleton, and thus identified an effect of those kinases on the cell’s 

capacity to undergo successive deformations. Together with Syk, the tyrosine kinase Lyn has 

been reported to phosphorylate the erythrocyte membrane protein band 3422 leading to 

changes in red cell properties, including membrane stability and intracellular pH.168 Altered 

Lyn kinase activity resulting in band 3 hyperphosphorylation and disruption in erythrocyte 

membrane-cytoskeletal connectivity and compromised red blood cell stability is amongst the 

defining features of the disease chorea-acanthocytosis.178 The regulation of Lyn activity occurs 

partially through autophosphorylation of the tyrosine residue in site Y397, which we have 

detected in this dataset and is well-described to induce further activation of the protein.423  
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Interestingly, no phosphorylated tyrosine residues of band 3 were found to be exclusive to mid 

or post-deformation samples, although the residue targeted by Lyn kinase (Tyrosine 359) was 

observed to be phosphorylated across all samples. It is important to note that our experimental 

analysis is focused on the identification of phosphopeptides which are uniquely associated 

with deformation. Therefore, basally phosphorylated proteins for which deformation-induced 

changes consist in an alteration in abundance of the phosphorylated population would not be 

included in our list.  

 

As a result, our approach will undoubtedly generate a more restrictive and shorter list of 

candidate deformation-associated modifications relative to that which could be achieved using 

comparative quantitative alternatives (such as TMT labelling). Nevertheless, it both enables a 

greater input of material to be used (increasing the likelihood of detecting phosphopeptides 

that are only present in low abundance) and, crucially, generates targets that are easier to 

modulate experimentally since no quantity-based effects need to be accounted for when 

interfering with protein activity (given that these modifications are not present in the non-

deformed cell and are thus not essential for their survival, at least in vitro). 

 

In contrast to Lyn, the impact of GSK3α in red blood cells is markedly less well-characterized. 

GSK3 is a Serine/Threonine kinase which has been shown to phosphorylate multiple sites in 

beta-adducin and consequently regulate its activity in cortical neurons.424 In erythrocytes, 

beta-adducin interacts with band 3 and with the spectrin-actin cytoskeleton, stabilizing the 

junctional complex and regulating membrane deformability.46 No phosphorylated residue of 

beta-adducin was detected in our datasets to be exclusive to cells undergoing or recovering 

from deformation; however, given the presence of the GSK3-phosphorylated beta-adducin 

peptide in the pre-deformation samples and the previously described limitations, it is 

tantalizing to speculate that modification of this site could be involved in the regulation of 

membrane-cytoskeletal connectivity of red blood cells. 
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Remarkably, a compounding effect was repeatedly observed when inhibiting the two kinases, 

suggesting the existence of independent mechanisms that are activated by the same initial 

stimulus. However, neither inhibitor affected the inherent capacity of the cells to undergo 

deformation (as assessed by rheoscopy) in contrast to treatment with an anti-GPA antibody. 

Whilst we cannot exclude that varying shear stress levels or exposure times induced by the 

different modalities may contribute to this result, we hypothesize that inhibiting these 

mechanisms results in an inability to recover from successive deformations rather than 

necessarily a specific inability to deform. The initial deformability of the cell could, therefore, 

be primarily related to its inherent biophysical properties430 and not necessarily to a signalling 

pathway response (especially given the very short timeframe required for deformation). 

Nonetheless, as showcased by our functional assay studies, kinase activity and thus 

phosphorylation is clearly an important event in the regulation of physiological deformation. 

The observed phosphorylation of solute transporters and ion channels (e.g. GLUT1, PIEZO1) 

also constitutes a tantalizing perspective for future studies, as it could be caused by specific 

attempts by the cell to regulate its solute content and volume homeostasis and reform itself 

into its original shape (although these phosphorylations could also simply not have any specific 

activity and occur only due to the activation of a related kinase).  

 

In conclusion, our results not only present previously undescribed mechanisms for shear 

stress and deformation response in human erythrocytes and reticulocytes, but also serve as 

a valuable resource for further mechanistic dissection of the molecular pathways that underlie 

the red blood cell’s response to mechanical stimuli and for the study of reticulocyte maturation. 

 

The work presented throughout this chapter has been published in Blood Advances431. The 

mass spectrometry proteomics data presented in this chapter have been deposited in the 

ProteomeXchange Consortium via the PRIDE432 partner repository with the dataset identifiers 

PXD013652 and PXD013960, with corresponding DOIs 10.6019/PXD013652 and 

10.6019/PXD013960, where all raw and pre-processed data may be found. 
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Chapter 7    Rare congenital anaemias - Innovation 

on diagnostics and further investigation of hereditary 

xerocytosis 

7.1   Introduction 

Most of the erythrocyte-specific membrane and cytoskeletal proteins introduced or discussed 

over the course of the previous chapters are essential in some form for the erythrocyte’s 

correct function and morphology. A disruption in the assembly of the membrane complexes or 

cytoskeleton connection points decreases deformability, consequently affecting cell fragility 

and thus resulting in premature clearance or lysis.117 If red blood cells are reduced on a scale 

which cannot be sufficiently compensated by the capacity of the bone marrow to produce new 

cells, the total number of red blood cells in the body will decrease, causing anaemia433 (in this 

case, termed haemolytic anaemia). Since these defects mostly occur as a consequence of 

genetic mutation (either inherited or de novo), the resulting disease is congenital.434  

 

Beyond membrane complex or cytoskeletal defects, congenital haemolytic anaemia may also 

occur due to mutations affecting haemoglobin435, genes encoding for metabolic enzymes436 

(causing ATP deficiency that leads to premature destruction during passage through the 

spleen) or ion channels319 (inducing hydration disorders). Fortunately, despite the lengthy list 

of potential causes, such diseases are rare - the most common haemolytic anaemia is 

hereditary spherocytosis (HS), which occurs at a frequency of 1 in 5,000 births437 in the US 

and Europe and can be caused by defects in several membrane complex proteins (ankyrin, 

spectrins, band 3 and protein 4.2). Whilst patients with mild cases of one of these diseases 

may go their entire life without noticing they suffer from a medical condition, severe variants 

constitute a cause of substantial morbidity, since seriously affected individuals may require 

regular blood transfusions from the in utero stage in order to survive.433,438  
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Achieving a correct diagnosis for patients suffering from rare congenital haemolytic anaemias 

is a complex process due to several factors. First, given the wide variety of possible genetic 

causes, multiple examinations must be performed (usually haematological parameters, cell 

morphology, ektacytometry analysis, osmotic fragility assessments, enzyme assays…) and 

an unambiguous result is usually reached only after molecular diagnosis with DNA 

sequencing.439 Furthermore, the severity of the haemolytic anaemia can vary widely not just 

among individuals with different mutations but among individuals suffering from the same 

mutation.440 Finally, it must be noted that several types of haemolytic anaemias exist that are 

not congenital but are instead acquired later in life, in which the produced red blood cells are 

normal but undergo destruction at an increased rate441 (e.g. drug-induced haemolytic 

anaemias, autoimmune haemolytic anaemia, mechanical heart valve-induced damage, etc.).  

 

Over the past two decades, molecular diagnoses have become increasingly easier, cheaper 

and faster to perform. Whilst they do provide definite answers, constraints on their use still 

exist, chief among which the fact that next-generation sequencing is only able to target a select 

number of genes.442 Therefore, finding methods that facilitate the diagnosis of rare anaemias 

through phenotypical analysis in a way that informs us about the genotype still constitutes a 

worthwhile proposition.  

 

During the course of this thesis, I extensively used the Automated Rheoscope and Cell 

Analyzer (ARCA) for the analysis of cell deformability and cross-sectional area in several types 

of populations. Whilst doing so, it occurred to me that combining the two measurements 

creates a “fingerprint” of the population that could be used for diagnostics. Thus, in the first 

part of this chapter, through the analysis of samples from several rare haemolytic anaemia 

patients and the development of an automated diagnostics framework through the use of 

supervised machine learning (introduced in Section 7.1.1) I explore whether the ARCA 

machine output could be used as a tool for diagnostics. 
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One of the rare anaemias explored through this method is dehydrated hereditary 

stomatocytosis type 1 or hereditary xerocytosis (HX, OMIM 194380), which consists of a rare 

hereditary autosomal dominant disorder characterized by haemolysis and red blood cell (RBC) 

dehydration.316 The occurrence of HX is linked with gain-of-function mutations in PIEZO1,317 

the gene encoding for the mechanosensitive non-specific cation channel PIEZO1321 which is 

activated by shear-stress and in turn regulates cell volume homeostasis and metabolic activity 

in the RBC.280,310 Crucially, PIEZO1 mutations provide an excellent window into the dynamics 

of mechanosensation in the red blood cell and, following the theme of the previous chapters, 

the potential impact of mechanosensation in reticulocyte maturation. Since reticulocytosis 

constitutes one of the hallmarks of HX,325 the second part of this chapter aims to determine 

whether altered reticulocyte maturation could explain this phenotype.  

 

7.1.1   Automated classification and machine learning 

This section aims to briefly introduce the machine learning concepts developed over the 

course of this chapter. Whilst disease classification can be relatively easy when depending on 

simple examination (e.g. the identification of a broken femur through X-ray imaging), as the 

number and complexity of the collected data increase it becomes more difficult for the human 

observer to detect patterns underlying a specific disease (or even analyse exam results). 

Therefore, the use of a system that can recognize those patterns whilst gaining information 

over time (as the number of diagnoses increases) would be extremely beneficial.  

 

Machine learning (ML) is the term used to describe automated, algorithm-based systems that 

generate data-driven predictions.443 A major strength of ML consists in its ability to incorporate 

new data to generate better predictions,444 with prediction accuracy generally improving with 

the amount of data provided for training the algorithm (until the point when the model becomes 

overspecialized in the training data and its performance in classifying unseen data decreases, 

an event called “overfitting”445).  
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ML algorithms can function in a “supervised” or “unsupervised” manner; that is, the system 

can learn either by the input of data which is correctly identified in the first place or letting the 

system train itself by finding unknown patterns in a dataset, respectively.446 The desired output 

of the algorithm can also change depending on the model in use and problem under 

analysis,447 which can constitute a “classification” problem (classifying unseen data with a 

label) or a “regression” problem (predicting a numerical value for a continuous variable). 

 

Supervised classification is a commonly desired method for application in medical questions, 

since we usually have previously diagnosed patient data in which we want to determine a 

pattern (keeping the label of that data within the system) that guarantees the correct diagnosis 

of new patients (classification of new samples). The specific process for generating and 

validating a machine learning classifier is displayed in Figure 7-3, Page 178. 

 

Multiple different algorithms for supervised classification were tested in this thesis in order to 

maximize the prediction capacity of the ML-driven approach. We also wanted to obtain a 

measure of the average prediction accuracy attainable solely through the use of ARCA data 

and without the use of any additional information (e.g. haematological parameters). These 

predictions are based in feature vectors created from the raw data (feature extraction), where 

any non-necessary information is removed in pre-processing to leave only essential data. 

 

The simplest algorithm used is named “K-nearest neighbours”, or KNN.448 It assumes that data 

belonging to a given category will be nearest to that category and generates a “map” from the 

training data (where each dimension is one of the features from the feature vector), where the 

unseen data will be placed and classified as belonging to the category to which it is closest. 

Bootstrap aggregating, or “Bagging”, is an algorithm which samples part of the training data 

and part of the feature vector to create a series of models (which can be based in multiple 

algorithms – in this thesis, KNN was used with this approach), and a classification is provided 

through aggregating the predictions from the series of models.449  
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Whilst bagging creates models that are trained in parallel, the creation of sequential models 

that improve on each other (boosting) forms the basis of another algorithm, AdaBoost450 (used 

here with the SAMME variant so that multiclass classification can be performed). In AdaBoost, 

multiple weak classifiers will be weighted during the training process and aggregated at the 

end to form an overall prediction.  

 

Gradient boosting and random forests use complex decision trees to classify given samples.451 

Gradient boosting builds sequential decision trees and improves on each iteration, whilst 

random forests build parallel decision trees to increase robustness. Finally, a multilayer 

perceptron is the most complex algorithm used in this thesis and consists of a feedforward 

neural network where model weights and bias are continually adjusted until the prediction error 

is minimized; an extensive explanation of this algorithm is provided by Manning et al.452  

 

7.1.2   Contributions to the work developed in this chapter 

Dr. Paola Bianchi (Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Milan, IT) 

diagnosed congenital rare anaemia patients and provided blood samples. Dr. Minke Rab and 

Dr. Richard van Wijk (UMC Utrecht, NL) diagnosed HX patients and provided blood samples. 

Mr. Ario Sadafi (arivis, Rostock, DE) provided helpful discussions regarding feature extraction 

for machine learning algorithm development. Ms. Bethan Hawley and Dr. Timothy Satchwell 

(University of Bristol, UK) optimized MS-5 cell co-culture and performed experiments.  

Dr. Timothy Satchwell additionally designed the CRISPR guides for PIEZO1 CRISPR/Cas9-

mediated knockout, produced the respective lentiviral vectors through HEK-293 culture and 

created the initial PIEZO1-knockout BEL-A lines. Dr. Jan Frayne (University of Bristol, UK) 

kindly provided the BEL-A cell line for use. Dr. Johannes Dobbe and Dr. Geert Streekstra 

(Amsterdam UMC, NL) provided ARCA software for analysis and helpful discussions 

regarding experiment optimization.  
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7.2    Results 

7.2.1   Rare anaemia samples display unique rheological profiles 

Throughout the course of the previous chapters we have demonstrated that ARCA analysis is 

a useful tool for elucidating differences arising from reticulocyte maturation as well as 

detrimental effects resulting from the loss of cell stability (e.g. due to chemical inhibitor 

treatment or mechanical damage). An example comparing erythrocytes with cultured 

reticulocytes and erythrocytes unable to deform (due to membrane crosslinking by anti-

Glycophorin A treatment) is shown in Figure 7-1.   

 

These populations are relatively easy to distinguish through visual observation. Therefore, we 

hypothesized that different population types may have their own unique “fingerprints” during 

ARCA-based analysis. If this was to be the case for cell populations obtained from individuals 

suffering from diseases that affect erythrocyte properties, then the ARCA could potentially be 

used as a diagnostics tool.  

 
Figure 7-1: ARCA contour plots allow for rapid identification of sample differences 

Contour plots of cross-sectional area plotted against the deformability index (as measured by dividing 

cell length by cell width), visualizing the probability distribution of erythrocytes (RBCs), cultured 

reticulocytes (reticulocytes) and erythrocytes treated with an anti-Glycophorin A antibody before 

analysis to induce membrane stiffening (BRIC 256 RBCs). A minimum of 1000 cells were analysed per 

sample. All samples were analysed using the ARCA. 
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To explore this possibility, we obtained a total of 47 whole blood samples (6 healthy donor 

controls, 13 hereditary spherocytosis [HS] patients, 9 congenital dyserythropoietic anaemia 

type II (CDAII) patients, 6 pyruvate kinase deficiency [PKD] patients, 10 hereditary xerocytosis 

[HX] patients and 3 gardos xerocytosis [GX] patients) and examined these using the ARCA 

machine (Figure 7-2).  

 

Whole blood was selected for use in order to minimize the steps necessary to obtain a 

diagnosis, reducing the cost and time required to complete the protocol, as RBCs are 

specifically detected through a filter calibrated for haemoglobin-containing cells. Additionally, 

using whole blood instead of a subpopulation (which could be obtained through Percoll 

gradient separation or cell sorting) allows us to incorporate the degree of reticulocytosis into 

the ARCA profile, which is an important measure in haematological diseases.  

 

The diseases under study have varied aetiologies: HS is caused by decreased cell stability 

due to mutations in membrane complex proteins; CDAII is caused by mutations in the gene 

SEC23B which cause ineffective erythropoiesis and morphological defects in the erythroblast 

and erythrocyte; PKD is a metabolic disorder which results in increased haemolysis due to 

ATP deficiency; HX is caused by mutations in PIEZO1, a mechanosensitive calcium ion 

channel; and GX is caused by mutations in KCNN4, a potassium calcium-activated ion 

channel downstream of PIEZO1. Importantly, these diseases are frequently misdiagnosed due 

to overlapping clinical or morphological phenotypes.316,453,454 

 

We observe that despite some degree of overlap between cell populations, each type of 

disease under investigation displays different cell deformability and cross-sectional area 

profiles which together form unique “fingerprints” (Figure 7-2). This finding is particularly 

striking if we consider that HX and GX display very similar clinical features, including identical 

cell morphology and osmotic fragility gradient profiles,455 with a conclusive diagnosis only 

being attainable through DNA sequencing of the two genes. 
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Figure 7-2: Different congenital rare anaemias display distinct area and deformability profiles 

Contour plots of cross-sectional area plotted against the deformability index (as measured by dividing 

cell length by cell width), visualizing the probability distribution of A) healthy control and patient samples 

displayed individually or B) patient samples overlaid to allow for comparison with healthy controls. The 

samples are listed from left to right. Top row: healthy controls (n = 6), hereditary spherocytosis (HS) 

patients (n = 13), congenital dyserythropoietic anaemia II (CDAII) patients (n = 9). Bottom row: pyruvate 

kinase deficiency (PKD) patients (n = 6), dehydrated stomatocytosis type 1 or hereditary xerocytosis 

(HX) patients (n = 10), dehydrated stomatocytosis type 2 or gardos xerocytosis (GX) patients (n = 3). A 

minimum of 1000 cells were analysed per blood sample. All samples were analysed using the ARCA. 
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7.2.2   Rare anaemia samples can be diagnosed through an automated approach 

Since the diseases under study were observed to display differing ARCA “fingerprints”, we 

decided to attempt the creation of a system for automated diagnosis upon sample collection 

and analysis. Use of the ARCA as a diagnostics platform would be simpler than the use of 

other ektacytometry methods due to the minimal amount of blood necessary for the creation 

of a fingerprint (1 μL of whole blood is sufficient to generate a full profile, compared to e.g. 200 

μL for the LORRCA Osmoscan) Such a low volume of blood paired with an automated 

diagnosis platform would potentially allow for the creation of a relatively fast and effortless 

finger-prick test, thus facilitating the diagnosis of these diseases in the general clinic,  

 

Since a system for automated diagnosis would depend on constant use of the previously 

acquired data and require the generation of a new prediction based on that data that should 

be accurate, the use of machine learning algorithms was explored to automate the 

classification of ARCA data. A flow chart listing the procedure used for these attempts is 

displayed in Figure 7-3.  

 

One potential drawback of our method is that the 47 samples (or 44 used for the machine 

learning algorithm) do not provide enough information to train a classifier. To avoid this 

problem, the data was augmented through random sampling in order to provide a vast number 

of new datasets with similar characteristics and always tested the new classifiers in unseen 

data rather than relying on the testing sets. The confusion matrices displaying prediction 

accuracies for the different algorithms in use with an increasing variety of amount of training 

datasets are displayed in Figure 7-4 to Figure 7-10 (from 0 datasets used, which should result 

in a random diagnosis, to a maximum of 6 datasets). A full summary of the prediction 

accuracies achieved (and listing the best performing classifiers) is provided in Figure 7-11.  
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Figure 7-3: Flow diagram outlining the procedure for ARCA-based data visualization and 

automated sample classification 

The sample is first analysed to produce a raw data table. These data are then reorganized into a Python 

pandas (“panel data”) data frame for ease of processing. If visualization is required, samples from a 

given sample type are equalized in cell number, joined and subjected to kernel density estimation for 

generating probability density functions and then visualized (e.g. contour plot, scatter plot). Data to be 

used for machine learning undergoes feature extraction (removal of all non-essential information) and 

a subsection is sampled randomly (without reposition) for creation of a testing set. The remaining 

data then undergoes augmentation by generation of a series of randomly sampled datasets (with 

reposition, usually 1000 to 10000x) which will be used for training a supervised machine learning 

algorithm. After training, a predictive model (i.e. classifier) is generated which first is tested with the 

previously generated testing set. Upon satisfactory results with the testing set, the classifier can then 

generate predictions for new unseen data. The final results consist of a sample label (or classification) 

and the certainty of that classification through repeated exposure to the same sample (since there is a 

stochastic element for every single instance of sample classification, it is useful to classify the same 

sample multiple times).
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Figure 7-4: Confusion matrix for ARCA-based machine learning algorithms without basis on actual patient data 

Prediction accuracy of multiple supervised machine learning algorithms when no datasets are used for classifier training. The samples used consist of healthy 

controls, congenital dyserythropoietic anaemia II patients (CDAII), hereditary spherocytosis patients (HS), hereditary xerocytosis patients (HX) and pyruvate 

kinase deficiency patients (PKD) Rows identify real samples provided, whilst columns identify the algorithm’s prediction of the provided samples’ identity. The 

green diagonal indicates samples that were correctly diagnosed (true positives). Yellow cells in the surrounding matrix indicate incorrect diagnoses. Accuracy 

is provided as a percentage of the true positives within the total number of samples and is coloured on a percentage scale from red (0%) to green (100%). 

Average accuracy is provided as an average of the accuracies for all sample types.  
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Figure 7-5: Confusion matrix for ARCA-based machine learning algorithms based on 1 dataset per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 1 ARCA dataset from each sample type is used for classifier training. Information 

regarding the layout of the matrix is provided in Figure 7-4.  
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Figure 7-6: Confusion matrix for ARCA-based machine learning algorithms based on 2 datasets per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 2 ARCA datasets from each sample type are used for classifier training. 

Information regarding the layout of the matrix is provided in Figure 7-4.  
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Figure 7-7: Confusion matrix for ARCA-based machine learning algorithms based on 3 datasets per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 3 ARCA datasets from each sample type are used for classifier training. 

Information regarding the layout of the matrix is provided in Figure 7-4.  

 

 

 



 

 

1
8
3
 

 

Figure 7-8: Confusion matrix for ARCA-based machine learning algorithms based on 4 datasets per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 4 ARCA datasets from each sample type are used for classifier training. 

Information regarding the layout of the matrix is provided in Figure 7-4.  
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Figure 7-9: Confusion matrix for ARCA-based machine learning algorithms based on 5 datasets per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 5 ARCA datasets from each sample type are used for classifier training. 

Information regarding the layout of the matrix is provided in Figure 7-4.  
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Figure 7-10: Confusion matrix for ARCA-based machine learning algorithms based on 6 datasets per sample 

Prediction accuracy of multiple supervised machine learning algorithms when 6 ARCA datasets from each sample type are used for classifier training. 

Information regarding the layout of the matrix is provided in Figure 7-4. Healthy control and pyruvate kinase deficiency patient samples were discarded for the 

average accuracy calculation to guarantee that the prediction accuracy is based on the evaluation of unseen data, since the number of datasets used for training 

equals the number of samples available for each of those sample types. 
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Figure 7-11: Machine learning prediction accuracy based on cell deformability and area 

Comparison of the overall prediction accuracy of multiple supervised machine learning algorithms in 

ARCA-based automated sample diagnosis as a function of the number of datasets used for classifier 

training. The measures used for classification were the average and standard deviation of cell 

deformability and cross-sectional area. Prediction accuracy is coloured on a percentage scale from red 

(0%) to green (100%). The best-performing algorithm per no. of datasets is bolded in the accuracy 

matrix. The graph displays the average prediction accuracy of all algorithms (blue). Error bars = ±SD. 

The prediction accuracies of the best-performing algorithms are plotted in green (dashed line), while 

the prediction accuracies of the worst-performing algorithms are plotted in red (dashed line).  

The average prediction accuracy with the maximum amount of training data used was 80%, 

with the best performing algorithm outperforming above 1 standard deviation of the average 

accuracy. Other parameters were used in an attempt to increase prediction ability (Figure 

7-12, Figure 7-13), but the average accuracy remained within the same range. Nonetheless, 

these results are extremely encouraging, since the best-performing algorithms utilized here 

classify multiple diseases with comparable accuracy to that achieved by osmotic gradient 

ektacytometry in the classification of HS alone.456
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Figure 7-12: Machine learning prediction accuracy based on ARCA 

probability distributions 

Comparison of the overall prediction accuracy of multiple supervised 

machine learning algorithms in ARCA-based automated sample diagnosis 

as a function of the number of datasets used for classifier training. The 

measures used for classification were the average, standard deviation, 

distribution skewness and distribution kurtosis of cell deformability and 

cross-sectional area. Further information is provided in Figure 7-11.  

 

Figure 7-13: Machine learning prediction accuracy based on cell 

deformability, area and angle 

Comparison of the overall prediction accuracy of multiple supervised 

machine learning algorithms in ARCA-based automated sample diagnosis 

as a function of the number of datasets used for classifier training. The 

measures used for classification were the average and standard deviation, 

of cell deformability, cross-sectional area and cell angle in degrees. Further 

information is provided in Figure 7-11. 



 

188 

7.2.3   Hereditary Xerocytosis patients display delayed reticulocyte maturation 

During sample acquisition for the automated diagnosis experiments, we also pursued 

functional studies in the samples from HX patients in order to investigate a potential role of 

the mechanosensor PIEZO1 in reticulocyte maturation. As mentioned previously, a total of 10 

HX patients were investigated in the course of this work, constituting 9 separate individuals 

with one repeat admission. The corresponding haematological parameters for each patient 

can be found in Table 3. All patients under investigation suffered from mutations in PIEZO1, 

with the majority displaying reticulocytosis and abnormal mean cell volume values (MCV). 

Several patients also displayed anomalous serum ferritin content, which comprised both iron 

overload and deficiency. Moreover, 3 of the 9 patients had previously been subjected to 

splenectomy. 

 

Table 3: Haematological parameters of the Hereditary Xerocytosis patients under investigation 

 

The patient numbers in the table are used to identify the respective samples in the following 

experiments. “Mutation” identifies the PIEZO1 mutation(s) found in the patient. “Splenectomy” defines 

whether the patient has or has not undergone splenectomy. MCV: Mean Cell Volume. Reticulocyte no.: 

absolute reticulocyte number. Reticulocyte %: reticulocyte percentage as a function of all erythroid cells 

in circulation. Serum haemoglobin concentration and serum ferritin concentration values are also 

provided. Reference values are provided under each of the numerical columns. † indicates that the 

patients are relatives. ‡ indicates a repeat admission to the clinic (no serum ferritin concentration values 

were obtained for the second visit). 

Splenectomy leads to a partial loss of the body’s quality assurance system for ensuring the 

removal of physiologically-altered circulating RBCs,430 the effects of which can be readily 

observed on the deformability index and cross-sectional area profiles obtained upon 

examination of the cells with the ARCA as shown in Figure 7-14.  
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Figure 7-14: Red blood cell deformability decreases upon maturation in HX patients 

A) Contour plots of cross-sectional area plotted against the deformability index (as measured by dividing 

cell length by cell width), visualizing the probability distribution of erythrocytes (CD71 negative) and 

reticulocytes (CD71 positive) from HX patients compared to healthy reference samples and separated 

by splenectomy status. The cells were subjected to magnetic cell isolation using CD71 MicroBeads 

[Miltenyi Biotec] for separation of the CD71 positive and negative populations. A minimum of 1000 cells 

obtained per sample. The probability density functions were generated through kernel-density 

estimation of data comprising 3 reference samples, 6 non-splenectomized patient samples and 4 

splenectomized patient samples. Individual scatter plots for each sample are shown in Figure 7-15. 

 

Both RBCs (CD71-) and reticulocytes (CD71+) from splenectomized PIEZO1-defective 

patients display decreased deformability (CD71- median DI of 1.33 [Interquartile range, IQR 

1.08-1.58], CD71+ median DI of 1.80 [IQR 1.61-99]) in comparison with non-splenectomized 

patients (CD71- median DI of 1.70 [IQR 1.46-1.94], CD71+ median DI of 1.91 [IQR 1.76-2.06]), 

with their RBCs displaying an enriched proportion of microcytic cells. Interestingly, while RBCs 

from non-splenectomized patients also display lowered deformability and macrocytosis in 

comparison with reference values (ref: CD71- median DI of 1.94 [IQR 1.78-2.11]), their 

reticulocytes display a relatively normal deformability index profile (ref: CD71+ median DI of 

1.93 [IQR 1.84-2.02]). This illustrates that the effect of PIEZO1 overactivation on deformability 

only manifests upon reticulocyte maturation, implicating the presence of a potential defect.
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Figure 7-15: Ektacytometry-based analysis of red blood cells from hereditary xerocytosis patients 

Scatter plots of cross-sectional area plotted against the deformability index (as measured by dividing cell length by cell width), visualizing erythrocytes (CD71 

negative) and reticulocytes (CD71 positive) from HX patients (annotated by patient number as per Table 3) separated by splenectomy status and compared to 

healthy reference samples (Ctrl). Cells were analysed through use of the Automated Rheoscope and Cell Analyzer, with a minimum of 1000 cells obtained per 

sample. 
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Using mitochondrial content as a surrogate measure for intracellular vesicle content, as 

previously described (see Chapter 5), we proceeded to investigate whether physiological 

vesicle loss is altered in reticulocytes from HX patients, observing a marked increase in vesicle 

in both RBCs and reticulocytes from splenectomized HX patients (Figure 7-16). Surprisingly, 

significantly increased mitochondrial labelling was observed in the RBCs from non-

splenectomized patients but not in their reticulocytes, once again indicating that defects occur 

in HX specifically during reticulocyte transition to the RBC. 

 

 

Figure 7-16: Defective mitophagy occurs in HX reticulocyte maturation 

Mitotracker Deep Red labelling (500nM, Thermo Fisher Scientific) of CD71 negative cells from a 

representative A) healthy control and B) HX patient. Tile scans composed of 10x10 images were taken 

at 1024x1024 resolution using confocal imaging and analysed manually. The complete comparison is 

displayed in C), listing mitochondrial content in cells from HX patients vs. samples from healthy donors 

(control) in CD71 negative and CD71 positive cells, separated by splenectomy status. Individual 

samples are shown as points. Sample numbers comprise 3 reference samples, 6 non-splenectomized 

patient samples and 4 splenectomized patient samples. Data are represented as mean ± SD. All 

comparisons were performed with two-sample unequal variance (heteroscedastic) t-tests. n.s.s.: non-

statistically significant; *: P < 0.05; ***: P < 0.001. 
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To investigate whether an alteration exists in reticulocyte maturation in HX, endogenous 

reticulocytes were isolated from patients and healthy donors and incubated in IMDM 

(supplemented as described in Chapter 2) at 37oC 5% CO2 for 7 days (168 hours), either 

alone or in co-culture by layering the reticulocytes onto MS-5 cells (murine stromal cell line). 

Transferrin receptor (CD71) expression and RNA content (as measured by thiazole orange, 

TO) two known reticulocyte markers, were then examined through flow cytometry.  

 

Given that reticulocyte maturation normally occurs over a period of 24 to 48 hours after release 

in circulation and endogenous reticulocytes can undergo partial maturation under cell culture 

conditions,262,263 the time frame of the experiment was selected so as to ensure that the effects 

induced by incubation became saturating, that is, that the cells would have reached their 

maximum possible progression through the maturational process during the experimental 

conditions used.  

 

Co-culture with MS-5 cells was utilized in this study due to previously reported positive effects 

regarding the capacity of MS-5 cells, or of the microenvironment they generate, to facilitate 

reticulocyte maturation in vitro.369 The exact mechanism through which MS-5 co-culture 

induces partial reticulocyte maturation has not been reported as of yet; however, physical cell-

cell interaction between MS-5 cells and reticulocytes could constitute one of the contributors 

to that mechanism. Importantly, since PIEZO1 channel activity (and thus 

mechanotransduction) is altered in HX patients, effects resulting from physical interaction 

between the two cell types could be disrupted. 

 

Representative examples of the CD71/TO loss exhibited during maturation by healthy controls 

and HX patients are shown in Figure 7-17A, comprising culture both with and without the 

presence of MS-5 cells.  
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Figure 7-17: Reticulocyte maturation is significantly delayed in Hereditary Xerocytosis 

A) Representative flow cytometry diagram plotting RNA content (Thiazole Orange, TO) against 

membrane transferrin receptor (CD71) content (APC anti-human CD71 [CY1G4], Biolegend), displaying 

progression through reticulocyte maturation of cells isolated from a healthy donor (Ctrl) or an HX patient 

(PIEZO1-HX, patient no. 5) and kept in static cell culture conditions over the course of 168 hours (7 

days), shown in magenta. Cells were either cultured alone or layered onto MS-5 cells for co-culture. 

CD71-negative cells from the respective samples are shown in green, defining the quadrant and 

respective limits of a CD71-/TO- population. 

B) Loss of CD71/TO in reticulocytes cultured alone (left) or in co-culture with MS-5 cells (right) as 

measured by the percentage of cells present in the CD71-/TO- quadrant and normalized against the 

CD71-/TO- percentage observed in the final timepoint of healthy control samples. N = 7 for the control 

samples, with error bars showing standard deviation. Each patient is represented as one separate line 

above, with all patients averaged below (the error bars show standard deviation). In the bottom panel, 

all samples were normalized to the final timepoint of MS-5 co-cultured reticulocytes from the healthy 

control of their respective experiment. Co-culture data was not obtainable for patient number 6. The 

results from patient number 10 were extreme outliers and thus excluded. Notably, this patient presented 

with iron deficiency, a condition which has been reported to decrease phenotypic severity in HX.457  
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Delayed reduction in the levels of both markers is evident in HX patients, and especially so at 

the 24 and 48-hour timepoints; however, we also observed that cells from HX patients start 

the maturational process with higher levels of both CD71 expression and RNA content. Thus, 

the longer 168-hour timepoint is valuable from the perspective that a delay over the course of 

48 hours or even longer would not disrupt the result achieved at the end of maturation.  

 

Progression through maturation also differs in both controls and patients depending on 

whether reticulocytes are co-cultured with MS-5 cells, with RNA being lost independently of 

co-culture and a more substantial reduction in CD71 content occurring in cells undergoing co-

culture. Despite these differences, reticulocyte maturation is significantly delayed in HX 

patients irrespective of the method used for incubation (Figure 7-17B). The percentage of 

cells negative for CD71 and RNA is significantly lower in HX patients after 7 days of incubation 

both alone and in co-culture with MS-5 cells, illustrating not only the existence of a delay in 

maturation but also an inability of patient reticulocytes to undergo complete maturation in this 

system. 

 

In order to investigate whether the observed effect was a direct consequence of PIEZO1 over-

activation, we examined whether this maturational phenotype could be recapitulated by 

treating healthy reticulocytes with Yoda1 (a specific chemical activator of PIEZO1458) over an 

extended period of time, with the added advantage that this method enables the experiment 

to be initiated from a standpoint of identical starting CD71/TO profiles.  

 

For this purpose, the concentration of Yoda1 was first titrated and it was determined that 5 µM 

constitutes the concentration at which Yoda1 induces maximal calcium entry without inducing 

a saturating effect (Figure 7-18). Following treatment of healthy maturing endogenous 

reticulocytes with 5 µM of Yoda1, a significant delay in maturation rate was observed (Figure 

7-19) which becomes less pronounced over time, likely due to compensatory mechanisms 

being engaged as a result of continuous PIEZO1 activation.  
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Figure 7-18: Yoda1-induced calcium entry displays a concentration-response relationship in 

erythrocytes 

Flow cytometry histograms plotting cell count against Fluo-4 AM signal (525 nm, FITC channel) upon 

erythrocyte exposure to varying concentrations of Yoda1, a chemical inducer of Piezo1 activity. Fluo-4 

AM serves as an indicator of the calcium concentration inside of the cell. A minimal effect on calcium 

entry occurs at 0.156 µM and becomes evident at 0.625 µM. Conversely, Yoda1-mediated calcium 

entry becomes saturated at concentrations above 5 µM. 
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Figure 7-19: The reticulocyte maturation delay in HX can be recapitulated in vitro with Yoda1 treatment 

A) Average CD71/TO loss in reticulocytes from healthy donors and HX patients, cultured alone (blue) or in co-culture with MS-5 cells (red) and normalized 

against the CD71-/TO- percentage observed in the final timepoint of healthy control samples. Error bars show standard deviation. N = 7 for the control samples. 

All comparisons were made with two-sample unequal variance (heteroscedastic) T-tests. ***: P-value < 0.001. 

B) Average CD71/TO loss in reticulocytes cultured alone (green) or in co-culture with MS-5 cells (orange), with and without treatment with either 1:4000 DMSO 

(v/v) or 5 µM Yoda1 (chemical inducer of PIEZO1 activity; Tocris Bioscience). The Yoda1 concentration in use was chosen due to constituting the maximal non-

saturating concentration that induces Calcium entry (Figure 7-18). The data comprises three biological replicates, each with two technical replicates in MS-5 

co-culture (N = 3 for the non-MS5 data, N = 6 for the MS5 data). Error bars show standard deviation. All comparisons were made with paired sample T-tests. 

**: P < 0.01; ***: P < 0.001.



 

197 

Recent literature459,460 has indicated that PIEZO1 overactivation could have its detrimental effect 

through the continuous activation of calcineurin, with chemical inhibition of calcineurin (through 

treatment with FK506/tacrolimus) having been shown to interrupt the damaging effects of Yoda1 

treatment. Therefore, in an attempt to correct the delayed maturation of HX patient reticulocytes, 

FK506 was added during incubation/MS-5 co-culture. However, no beneficial effect was observed 

upon application of FK506, suggesting that calcineurin activation may be a side-effect of Yoda1 

stimulation rather than the molecular mechanism behind the phenotypical manifestations of HX. 

 

 

 

Figure 7-20: Chemical inhibition of calcineurin with FK506 does not correct the delayed reticulocyte 

maturation observed in HX patients 

Average CD71/TO loss in reticulocytes from healthy donors and HX patients, cultured alone (dashed line) or 

in co-culture with MS-5 cells (solid line) and normalized against the CD71-/TO- percentage observed in the 

final timepoint of the respective healthy control samples. HX patients were either left untreated or were treated 

with 100 nM FK506/Tacrolimus, a calcineurin inhibitor (IC50: 1-3 nM). A paired two-tailed T-test comparison 

between untreated and FK506-treated patient samples resulted in P-values of 0.514 and 0.396 for cells 

cultured alone and in co-culture with MS-5 cells, respectively. 
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7.2.4   Towards a novel system for functional analysis of PIEZO1 

Given the impact of HX on reticulocyte maturation, developing a PIEZO1-negative model would be 

of substantial importance towards dissecting the underlying mechanisms of shear stress recognition. 

Dr. Timothy Satchwell (University of Bristol, UK) created plasmid constructs for CRISPR/Cas9-

mediated knockout of PIEZO1 and applied them in the immortal BEL-A erythroblast line to 

investigate whether PIEZO1-KO erythroblasts were viable. Through stimulation with Yoda1 we were 

able to select for a functional knockout population of PIEZO1 using fluorescence-assisted cell sorting 

with the use of Fluo4-AM as a marker for calcium entry upon treatment. We were thus able to 

generate single-clone BEL-A PIEZO1-KO erythroblasts as measured by unresponsiveness to Yoda1 

(Figure 7-21). The clone used was determined to have an 8 bp deletion in the targeted region, 

resulting in a nonsense mutation. 

 

Figure 7-21: BEL-A-derived PIEZO1-KO erythroblasts are clonal and unresponsive to Yoda1 

stimulation 

Flow cytometric analysis of calcium content as assayed by Fluo4-AM signal before and after Yoda1 treatment 

in wildtype and CRISPR/Cas9-modified BEL-A erythroblasts. The left panel displays wildtype BEL-A cells 

before and after Yoda1 treatment, the middle panel displays PIEZO1-KO single-clone BEL-A cells before and 

after Yoda1 treatment and the right panel displays all data, overlaid (showing that the baseline calcium levels 

are unaltered in the knockout line). Cells were incubated with Fluo4-AM for 30 min at 37ºC before analysis and 

treated with 5 µM of Yoda1.  

 

Although the BEL-A cell line is able to generate functional reticulocytes, the rate of enucleation and 

yield of reticulocytes that can be routinely achieved at an acceptable cost through differentiation of 

BEL-A cells is much lower than that can be achieved from primary cells.  
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Using the BEL-A PIEZO1-KO experiment as a proof-of-principle, we attempted to knock out PIEZO1 

in primary CD34+ cells, which would be the ideal model for further studies. However, the caveat for 

CD34+ editing is that unlike BEL-A cells, for which it is possible to derive clonal sublines, the limited 

expansion capacity of primary CD34+ cells dictates that any CRISPR-mediated knockout generated 

using primary cells will be polyclonal and impossible to characterize in regard to their genomic 

background. Nonetheless, this limitation is offset by our functional selection method. 

 

Transduction and puromycin selection of CD34+ cells with the pLentiCRISPR v2 vector containing 

guides targeting the PIEZO1 gene were performed, resulting in a substantial amount of cell death. 

Untransduced dead/dying cells were removed from culture and the Fluo4-negative cells were sorted 

and kept in culture until D21, when they were leukofiltered in order to obtain reticulocytes. Despite 

the series of yield-reducing steps used to isolate the Piezo1-KO population, a small but significant 

proportion of Piezo1-KO reticulocytes was obtained at the end of culture (~15%, shown in Figure 

7-22). Attempts to further increase PIEZO1-KO reticulocyte yield through Yoda1 treatment have 

been unsuccessful to date and result in the death of the PIEZO1-KO population, indicating a possible 

secondary effect. 

 

Figure 7-22: Piezo1-KO CD34+-derived reticulocytes are viable and display a Yoda1-irresponsive 

phenotype 

Flow cytometric analysis of Calcium ion intake before and after Yoda1 treatment in wildtype and modified 

CD34+-derived reticulocytes. The left panel displays untransduced CD34+ cells before and after Yoda1 

treatment, and the right panel displays CD34+ cells transduced with the lentiviral vector targeting PIEZO1 for 

CRISPR-Cas9-based knockout before and after Yoda1 treatment. Cells were incubated with Fluo4-AM for 30 

min at 37ºC before analysis and treated with 5 µM of Yoda1.  
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7.3   Discussion 

7.3.1   Automated diagnosis of rare anaemias using ektacytometry profiles 

Machine learning algorithms have already been applied in attempts to automate complex medical 

diagnoses. Machine learning has previously been applied in haematological diagnosis (focused on 

haematological cancers) in a successful fashion461 in an approach that used exclusively 

haematological parameters for diagnosis, resulting in a surprisingly high prediction accuracy. 

Furthermore, healthy and diseased red blood cells have been the target of automated classification 

in imaging data for measurements of disease severity.462,463  

 

The predictions achieved with the work pursued in this thesis are also able to reach a remarkably 

high degree of accuracy when we consider the fact that the algorithms distinguish multiple diseases 

rather than simply performing binary classification of one single disease vs. healthy control. Further 

improvement of the prediction accuracy of the ARCA analysis algorithm could be pursued through 

the use of larger datasets or by obtaining more information for the datasets themselves (e.g. by using 

several shear stress values during data acquisition to generate multiple datasets which could be 

combined into one main dataset). Tantalizingly, in the context of a haematological laboratory, the 

predictions explored in this chapter (which were based on ARCA datasets alone) could be combined 

with information obtained from other medical or diagnostic tests to increase the specificity and 

sensitivity of the overall diagnosis.  

 

7.3.2   Exploring PIEZO1 gain-of-function in reticulocyte maturation 

The exploration of reticulocyte maturation through the use of functional assays in the context of 

hereditary xerocytosis was similarly fruitful: we report that hereditary xerocytosis patients with gain-

of-function mutations in PIEZO1 suffer from multiple transcriptionally-independent effects caused by 

PIEZO1 overactivation. These effects include delayed reticulocyte maturation as assayed by loss of 

CD71, RNA and intracellular vesicle content and significantly decreased capacity to deform upon 

completion of maturation.  
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We also recapitulate the observed maturational delay via chemical treatment with Yoda1, 

demonstrating that PIEZO1 overactivation has repercussions beyond impaired hydration and volume 

homeostasis in the erythrocyte and implicating calcium homeostasis as essential for the process of 

reticulocyte maturation. 

 

7.3.3   Pursuing the development of a PIEZO1-knockout human cell model 

Finally, the development of the PIEZO1-KO model and its validation in CD34+-derived cells was 

successful, paving the way for further exploration of the underlying signalling pathways in erythrocyte 

mechanosensation as well as providing a foundation for the study of specific PIEZO1 mutations in 

vitro and how they affect protein function. However, these studies are currently limited by the quantity 

of cells we are able to obtain at the end of culture. We are now focusing on improving the yield of 

PIEZO1-KO cells after editing, specifically on the use of methods that preclude the requirement for 

time-consuming and yield-reducing FACS-based cell purification, such as the use of additional 

selective pressures that should kill or at least restrict the growth of cells where PIEZO1 is fully 

functional. The production of a sufficient number of PIEZO1-KO cells would allow us to characterize 

the line in our deformability assays and determine whether PIEZO1 is in fact essential for signalling 

during cell deformation or whether other mechanosensors can compensate for the loss of PIEZO1. 

 

In conclusion, in this chapter we: 1) provided proof of principle that automated diagnosis of rare 

haematological diseases using ARCA measurements is possible, with relevance in improving rare 

anaemia diagnosis; 2) determined that HX patients suffer from delayed reticulocyte maturation, 

which can be recapitulated through Yoda1 treatment of healthy cells; and 3) produced a knockout 

model for future functional exploration of the role of PIEZO1 in the developing erythroblast and 

enucleated reticulocyte.  
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Chapter 8    Conclusions and future perspectives 

8.1   Elucidating the changes that occur during reticulocyte maturation 

Despite the relative simplicity of the reticulocyte and erythrocyte when compared with most 

eukaryotic cells (due to their inability to regulate cell activity through gene transcription), the precise 

events and dynamics of reticulocyte maturation remain elusive. Major membrane and cytoskeletal 

remodelling has been widely reported to occur in the maturing reticulocyte259,260 accompanied by 

substantial changes in intracellular protein content due to processes involving autophagy and vesicle 

extrusion251 as well as membrane shedding through the formation of exosomes at the level of the 

plasma membrane.265 However, the underlying molecular processes that allow those events to occur 

are still largely unknown.  

 

Large-scale proteomic investigation can provide intricate detail into the dynamics of maturation. The 

first proof-of-concept for proteomic characterization of the murine reticulocyte proteome was 

performed by Prenni JE et al. in 2007,464 with the same group soon expanding the scope of the 

experiment and identifying ~800 proteins to exist in the murine reticulocyte, in 2012.378  

 

Following this, Wilson MC et al. were able to quantify nearly twice as many proteins in the human 

reticulocyte and describe the loss of specific protein groups throughout maturation in 2016.207 

Surprisingly, at the start of commencing this PhD, no more attempts had been made at further 

defining the large-scale changes that occur in maturation. Therefore, the work developed in Chapter 

3 aimed to expand on the characterization performed by Wilson MC et al. by comparing in vitro-

derived reticulocytes with in vivo-produced reticulocytes and erythrocytes.  

 

Interestingly, and despite the lack of previous studies asides from the two cited efforts, this chapter 

was developed and published almost in parallel with two other attempts from different groups around 

the world at performing an in-depth characterization of the nascent reticulocyte, with all 3 approaches 

differing in scope.  
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Chu TTT et al. (January 2018) performed iTRAQ-based absolute quantitative mass spectrometry to 

investigate reticulocytes and erythrocytes obtained from cord blood, focusing on fractionation of the 

membrane and cytoplasmic components and on further investigation of the cytoskeletal remodelling 

process.208 Later work by Gautier EF et al. (October 2018) also used absolute quantitative mass 

spectrometry, but instead performed an in-depth investigation of kinase expression and activity in 

erythrocytes and reticulocytes obtained from adult donors.193  

 

In comparison, the work presented in Chapter 3 (August 2018) used TMT-based comparative 

quantitative mass spectrometry to investigate the changes that arise not only in in vivo reticulocyte 

maturation but also between the endogenous and the in vitro-derived reticulocyte from the same 

(adult) donors. Furthermore, we obtained the first qualitative phosphoproteomic dataset that 

provides an important window into the complex post-translational regulatory landscape of the 

reticulocyte. These combined published datasets thus provide a useful framework for further 

investigation of reticulocyte maturation, part of which was pursued in Chapter 5 to determine a role 

for non-muscle myosin IIA in reticulocyte vesicle extrusion. 

 

Importantly, all of the above proteomic approaches display an overarching similarity in their results, 

showing an extensive decrease in protein abundance during the course of reticulocyte maturation. 

This shift closely accompanies cytoskeletal and membrane remodelling (as further characterized by 

Chu TTT et al. and by our work) and may be facilitated by intracellular signalling mediated through 

post-translational modifications such as phosphorylation (our work and Gautier EF et al.). 

 

No further characterization of the reticulocyte proteome has been performed to date; however, as 

mass spectrometry technology continues to improve, it is likely that novel and more definitive 

approaches will be performed in the near future. One possible (albeit very complex) avenue for 

improvement is the use of flow cytometry and single-cell proteomics to analyse the proteomic 

landscape throughout reticulocyte maturation, which is likely to describe a continuous gradient of 

multiple reticulocyte populations (beyond the diversity already shown by Malleret B et al.260). 
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Finally, and despite the extensive differences detected in membrane protein content (including ion 

channels), electrophysiological characterization of culture-derived reticulocytes did not identify 

significant differences when compared to erythrocytes, suggesting that ion channel activity is 

representative of sequestered proteins in intracellular compartments that are being actively removed 

during maturation (e.g. VDAC in mitochondria) or is dynamically regulated throughout maturation to 

compensate for changes in protein abundance. 

 

8.2   Exploring the impact of shear stress on the nascent reticulocyte 

8.2.1   Development of an ex vivo circulation system 

Culture systems for erythroid cell production usually incorporate multiple phases of exposure to 

different growth factors (which were discovered as a result of extensive optimization) in order to 

modulate stem cell proliferation and differentiation.357,359,465  

 

In contrast, despite the entire developmental process of reticulocyte maturation occurring only during 

circulation, no attempts had been performed before the design of the work performed in Chapter 4 

in investigating the impact of ex vivo circulation in the nascent culture-derived reticulocyte.  

 

In fact, the term “dynamic culture” in the field of erythroid culture systems tends to refer to systems 

where the cells are kept in suspension through rotation466 or fluidized beds,467 but those systems 

suffer from the drawbacks of purposefully attempting to avoid the impact of shear stress and, when 

they do induce shear stress, such an exposure occurs throughout the entire culture process and not 

at the point when it would be beneficial in furthering cell differentiation. Furthermore, in vitro culture-

derived reticulocytes have been reported to survive physiological circulation upon transfusion into 

mice358,365 and achieve further progression through maturation than that which is currently possible 

in static cultures,365 indicating that circulation is essential for their development. 
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Thus, in Chapter 4, a simple and scalable ex vivo circulation system was successfully developed in 

which not only mature erythrocytes (which are remarkably resilient cells), but also the more fragile 

in vitro culture-derived reticulocytes can undergo continuous circulation and still be easily retrieved. 

Detrimental effects were not observed to occur in either cell type during overnight to 24-hour 

circulation after the system parameters were optimized.  

 

Importantly, the work performed in Chapter 4 constitutes the first implementation of such a system 

in the context of erythroid cultures and serves as a foundation for further exploration into the impact 

of mechanical shear stress on the red blood cell. 

 

8.2.2   Reticulocyte maturation can be recapitulated through artificial circulation 

In Chapter 4, finalizing the development and optimization of the ex vivo culture system allowed for 

direct continuation of the work and further validation of the system through the exploration of how 

mechanical stress can affect the maturing reticulocyte.  

 

Although no previous literature existed regarding the application of mechanical force during terminal 

erythroid differentiation, the maturing reticulocyte has been widely reported to decrease in cell 

volume and intracellular protein and vesicle content207,251,417,468 whilst undergoing an extensive 

cytoskeletal and membrane remodelling process that impacts cell morphology and 

deformability.186,260,262,469 All of these changes occur after egress from the bone marrow and during 

circulation; therefore, it stood to reason that a contributory element from shear stress alone could 

occur in maturation. 

 

The corollary of that hypothesis, then, is that artificial circulation must be able to induce some or all 

of the processes underlying reticulocyte maturation. Using the ex vivo circulation system developed 

in this thesis, the remaining work of Chapter 4 focused on exploring the changes that occur in the 

circulating reticulocyte.  
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For the first time, we showed that ex vivo circulation can induce a decrease in cell volume (as 

measured by ektacytometry) to a range similar to that of erythrocytes; additionally, we show that the 

abundance of specific protein groups decreases after circulation, as well as intracellular vesicle 

content.  

 

Thus, the ex vivo system partially recapitulates reticulocyte maturation and demonstrates that shear 

stress alone is necessary but not sufficient for complete reticulocyte maturation. Further optimization 

of the system may be necessary to induce complete maturation, since endogenous reticulocytes 

cannot survive its use and traditional reticulocyte markers remain present in cultured reticulocytes 

even after circulation.  

 

Said optimization could be undertaken through the use of additional growth factors or protective 

reagents or better imitation of in vivo conditions (e.g. increased haematocrit, the use of shifting shear 

stress pulses instead of constant shear or the application of conditions that allow for gas exchange). 

Alternatively, allowing the circulating reticulocytes to interact with other cell types (e.g. macrophages, 

endothelial cells) would further approach the conditions of in vivo circulation and putatively allow the 

remainder of maturation to occur.  

 

8.3   Establishing a novel role for Non-muscle Myosin IIA in reticulocyte 

vesicle extrusion 

The work performed in Chapter 5 combines the proteomic and phosphoproteomic information 

obtained from the high-throughput proteomics comparison from Chapter 3 with the ex vivo 

circulation system developed in Chapter 4 to identify roles of Non-Muscle Myosin IIA (NMIIA) in 

reticulocyte maturation. NMIIA is known to participate in several cellular mechanisms,64,404,405 

including autophagy.406 Regulation of NMIIA activity can take place through phosphorylation, with 

the S1943 phosphosite (which was reported in our proteomics dataset) having been associated with 

filament destabilization407 and possibly being involved in filament assembly dynamics.408  
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No information was known about the role of NMIIA in the maturing red blood cell at the time of design 

of the work undertaken in Chapter 5, with the available literature identifying only a requisite for the 

NMIIB isoform in erythroblast enucleation.68 However, during the course of this experimental work, 

Smith AS et al. published the first article detailing a role for NMIIA in the erythrocyte and, 

encouragingly, determined that NMII associates with the cytoskeleton in the mature erythrocyte to 

control membrane stiffness and maintain cell shape12 (meaning that any NMIIA molecules remaining 

in the cell are still functional at that stage). 

 

Conversely, our approach focused on investigating the role of NMIIA in the reticulocyte and 

determined that phosphorylated NMIIA is not only uniquely present in the reticulocyte but also 

localises proximally to intracellular vesicles as evaluated through immunofluorescence and 

correlative light-electron microscopy. Furthermore, pharmacological inhibition of NMII is detrimental 

to the reticulocyte’s ability to respond to shear stress, significantly impacting the ex vivo circulation-

induced effects of cell size decrease and intracellular vesicle loss. 

 

Further investigating the impact of NMII through knockout studies or inhibition during terminal 

erythroid differentiation is complex given the necessity of NMIIB for enucleation68 and the activity of 

both NMIIA and NMIIB for correct cytokinesis.470 Thus, the appropriate approach would be to 

investigate reticulocyte maturation in the context of a natural deficiency in NMIIA activity, i.e. 

NMIIA/MYH9-related disorders such as May-Hegglin anomaly, Fechtner syndrome, Epstein 

syndrome or Sebastian syndrome.471  

 

Patients suffering from these diseases are rare and present haematologically with mild to severe 

thrombocytopenia,472 which would detract attention from alterations in the maturing reticulocyte 

(since we have determined that the circulating reticulocyte still loses part of its vesicle content during 

pharmacological inhibition of NMII, reduced NMIIA activity is unlikely to completely abrogate 

reticulocyte maturation). Remarkably, patients suffering from MYH9-related disorders have recently 

been determined to suffer from altered haemoglobin content as well as abnormal erythrocyte 

morphology due to altered cytoskeletal organization.67  
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Whilst no reticulocytosis was observed in these patients, the vesicle content of their nascent red 

blood cells has not been evaluated as of yet and thus it is still plausible that a vesicle transport or 

release defect may exist. 

  

Finally, it is tantalizing to speculate that NMIIA activity during maturation could be modulated in the 

reticulocyte as a result of calcium entry in the cell due to mechanosensitive ion channels409-413 

(particularly, PIEZO1), since calcium influx and NMIIA activity are intricately intertwined through 

molecular interactions mediated by calmodulin, a calcium-signalling protein399, and we have 

determined that altered calcium homeostasis due to overactive PIEZO1 has a detrimental effect in 

reticulocyte maturation (Chapter 7). In conclusion, our results from Chapter 5 have uncovered a 

previously undescribed mechanism of shear stress response in the human reticulocyte which is 

dependent on NMII activity for vesicle clearance and cell volume reduction. 

 

8.4   Unravelling the signalling pathways underlying red blood cell 

deformation 

Cell deformation is commonplace throughout the RBC lifecycle. However, whilst numerous studies 

and simulations have been performed to attain an extensive biophysical characterization of the 

deforming erythrocyte,430,473-477 understanding the molecular mechanisms that underlie deformation 

remains a far more challenging proposition due to the technical difficulties involved in obtaining cells 

undergoing physiological deformation (rather than cells which have recently undergone 

deformation).  

 

In fact, most shear stress-inducing systems do not allow for recovery of a mid-deformation sample 

without destroying the system itself (e.g., cell fixation during passage through microfluidic systems 

or during micropipette aspiration would require opening the system for retrieval while obtaining only 

a small number of fixed cells), risking sample loss (e.g. cell lysis during ex vivo circulation, 

microfluidic passage or optical trapping would not only include some undeformed cells but also dilute 

the lysate due to the volume necessary for the systems to function) or interrupting cell deformation.  
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An exception to this rule is microsphere filtration (microsphiltration), a method originally developed 

by Deplaine G et al.418 which was used to great effect in Chapter 6 to perform the first 

phosphoproteomic characterization of the signalling pathways underlying the response to 

deformation and shear stress and later recovery in both reticulocytes and erythrocytes. The use of 

reticulocytes for this experiment allowed us to take advantage of the known kinase activity of 

reticulocytes, which we hypothesized would enhance our ability to detect any transient changes that 

occurred during deformation.  

 

By using microsphiltration in tandem with passage through a microfluidic chip as an additional 

system to induce cell deformation (although with the caveat of only being able to obtain post-

deformation samples with microfluidics, as mentioned above), we have identified specific post-

translational modifications in several membrane and cytoskeletal proteins (some of which crucial for 

the function of the erythrocyte) that arise only after exposure to deformation. 

 

To our knowledge, no previous proteomic studies have investigated the possibility of post-

translational modifications actively changing over time as a direct consequence of shear stress 

exposure and cell deformation, although it has been previously reported that signalling pathways are 

involved in the RBC aging process.286  

 

Preliminary validation of the phosphoproteomic dataset was then performed through chemical 

inhibition of GSK3 and Lyn, two kinases for which key phosphosites for protein activity were detected 

to be present only in cells where deformation had occurred. Through pharmacological inhibition both 

in the microsphiltration and microfluidics system, we demonstrated roles for both kinases in capillary 

transit and maintenance of membrane stability following deformation and observed that combined 

inhibition of these kinases significantly impacts reticulocyte capacity to undergo repeated 

deformation. Gratifyingly, we observed the same response in erythrocytes when treated with GSK3 

and Lyn inhibitors, illustrating that the underlying mechanisms for maintaining cell homeostasis 

during deformation are likely to be very similar. 
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Unfortunately, we were unable to localize kinase activation to the constriction points (or, indeed, to 

any point in the cell). Nevertheless, the two kinases explored in this thesis constitute but a small part 

of the complete modification list obtained using phosphoproteomics; therefore, we hope that further 

work from the field will succeed in examining the effect of other phosphosites and proteins detected 

with our approach.  

 

A major challenge to pursue in this direction is the assessment of which phosphorylations are 

absolutely necessary for the cell to respond to deformation, and which constitute secondary changes 

(i.e. non-essential). Furthermore, determining the underlying phosphorylation dynamics would be of 

great importance; this could be achieved through quantitative proteomics (albeit likely leading to a 

loss of sensitivity in the detection process) or through the use of additional timepoints. 

 

Altogether, the work developed in Chapter 6 represents a breakthrough in the understanding of 

posttranslational changes that that occur in the reticulocyte and red blood cell during active 

deformation and in the recovery phase from being subjected to shear stress. This is a novel and 

important resource for the study of reticulocyte maturation and of the erythroid response to 

mechanical stimuli, serving as a useful foundation for future work from the red cell community at 

large. 

 

8.5   Towards an improved understanding of rare anaemias 

8.5.1   Development of an adaptive system for automated diagnosis of rare anaemias 

Rare anaemias are complex to diagnose,316,453,454 and especially so given the plethora of tools 

necessary to reach a complete diagnosis without the use of DNA sequencing.439 Therefore, a system 

that simplifies the processes for both sample acquisition and sample analysis would be extremely 

desirable. In an attempt to produce such a system, the first part of Chapter 7 focuses on attempting 

the use of machine learning algorithms in the automated diagnosis of varied rare anaemia samples 

based on the analysis of a small blood sample from the patient (1 μL) through one single 

ektacytometry-based method. 



 

212 

Ektacytometry has been extensively described to perform well in the diagnosis of erythrocyte 

disorders;456,478-480 furthermore, it is particularly useful in the diagnosis of disorders of erythrocyte 

hydration disorders.316,455,481 Thus, we first visualized cross-sectional area and deformability profiles 

for rare anaemias of diverse aetiologies, observing visible differences even amongst profiles 

corresponding to diseases that cause near-identical morphological alterations in the affected 

erythrocytes and a similar clinical presentation455 (i.e. hereditary xerocytosis and gardos 

xerocytosis). It stood to reason that automated algorithms should similarly be able to detect those 

differences in ARCA profiles; therefore, we compared several algorithms and achieved a maximum 

accuracy of 92% in the classification of new patient data.  

 

It is necessary for this system to continue to analyse and incorporate new patient data, since the 

total sample numbers are currently relatively small (< 50) and thus our estimates for total prediction 

accuracy as well as specificity and sensitivity in the diagnosis of specific diseases still require further 

adjustments. Nonetheless, the possibility of combining this prediction with the results from other 

examinations would likely provide a much higher accuracy, which we hope will facilitate and 

streamline patient diagnosis in the clinic. 

 

8.5.2   Hereditary xerocytosis patients suffer from delayed reticulocyte maturation 

Rather than a broad investigation into rare anaemias, the second part of Chapter 7 attempts an in-

depth characterization of reticulocyte maturation in the context of hereditary xerocytosis (HX), an 

erythrocyte hydration disorder caused by gain-of-function mutations in PIEZO1 (PMC5649553). 

 

Despite reticulocytosis occurring often in HX,317,482,483 to date no investigation has been performed 

into the underlying reasons for this phenotype. Whilst it is logical that reticulocytosis could arise 

simply due to compensation of the elevated haemolysis by the bone marrow, our work introduces 

the possibility of a more complex disruption of intracellular mechanisms in the developing cell.  
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Very recent work by Caulier A et al. has shown that terminal erythroid differentiation is delayed in 

HX patients460 (who also display a decreased cell proliferation rate), with the authors concluding that 

PIEZO1 overactivation generates its detrimental effect through altered gene transcription in the 

developing cell.  

 

Contrastingly, we report that PIEZO1 overactivation is still detrimental for cell differentiation even 

after the loss of transcriptional ability, observing delayed reticulocyte maturation across a cohort of 

patients with various PIEZO1 mutations. Further, we recapitulate this phenotype through 

pharmacological activation of PIEZO1 with Yoda1, demonstrating that the delay in maturation is 

independent from previous events during terminal erythroid differentiation,  

 

Finally, for the first time we show human in vitro culture-derived erythroblasts lacking PIEZO1 can 

enucleate and form PIEZO1-negative reticulocytes upon CRISPR/Cas9-mediated knockout, 

providing a new and innovative model for investigating mechanosensation in the maturing 

reticulocyte. 

 

8.6   Future work and perspectives 

Whilst significant progress has been made into obtaining a more complete overview of the process 

of reticulocyte maturation, much remains to be done in order to achieve a comprehensive 

understanding of the complex underlying dynamics that allow the reticulocyte to become a fully 

mature erythrocyte.  

 

Some of the possible approaches to further the work performed in this thesis are fairly predictable in 

fashion: for instance, the extensive quantitative proteomics and qualitative phosphoproteomics 

datasets obtained throughout Chapter 3, Chapter 4 and Chapter 6 showcase a large variety of 

proteins which were not pursued in this work. Therefore, it is likely and even probable that many of 

those could play important roles in regulating the course of reticulocyte development.  
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Exploration of these targets may be performed either with the use of established biochemical and 

cell biology techniques (e.g. Western blotting, cell imaging, immunoassays, etc.) or functional assays 

for reticulocyte maturation such as those that were pursued or developed throughout this thesis (e.g. 

ex vivo circulation, stromal cell co-culture, passage through microsphiltration and microfluidics, 

ektacytometry-based analysis…).  

 

These can then be combined with techniques such as CRISPR/Cas9-based gene editing methods 

for gene knockout, lentiviral transduction of siRNA-encoding genes for gene knockdown or simple 

pharmacological inhibition (for interrupting protein function specifically at the point of maturation). 

CRISPR/Cas9-based knockouts, specifically, have already been used in the Toye laboratory to great 

effect in generating RBCs with enhanced transfusion compatibility368 and establishing a model 

system for malarial invasion of RBCs.484  

 

It is important to note that CRISPR/Cas9-based knock-in of specific mutations would be an excellent 

approach for functional studies of the many uncharacterized phosphosites detected during the 

phosphoproteomics experiments. Unfortunately, such a method is not trivial to use in the erythroid 

cell, although it has recently been made functional and is currently being perfected in the Frayne 

laboratory at the University of Bristol. Nonetheless, it is an exciting prospect that will certainly have 

a significant impact on the study of reticulocyte maturation in years to come. 

 

Alternatively, other possibilities exist for furthering the study of each of the specific topics explored 

in Chapters 3 to 7. These will be detailed over the next paragraphs in this section and appropriately 

separated by topic, since they constitute groups of distinct approaches. 

 

8.6.1   Characterization of the changes that occur during reticulocyte maturation 

The work developed in this thesis has achieved a good overview of how endogenous and in vitro-

derived reticulocytes differ from each other as well as of the shift in protein abundance that will occur 

during their maturation to become the erythrocyte. Nonetheless, further high-throughput approaches 

can still be used to obtain an even more intricate understanding of these events.  
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Since endogenous and in vitro-derived reticulocytes differ slightly at a proteomic level, it is probable 

that they may also be different at the transcriptomic level (immediately preceding translation), 

especially since the two types of reticulocytes are exposed to very different conditions between in 

vitro culture and the bone marrow niche. Understanding how the two cell types arrive at a different 

proteomic landscape may further the development of our culture systems to better mimic in vivo 

conditions.  

 

Similar approaches could be undertaken while the in vitro-derived cells are exposed to different 

culture conditions, such as in co-culture with stromal cells, macrophages or endothelial cells, 

allowing us to dissect the contribution of other cell types to red blood cell development. Furthermore, 

and as previously mentioned in this chapter, the advent of single-cell omics as a practical tool in the 

laboratory will eventually allow the use of single-cell proteomics to characterize endogenous 

reticulocytes so as to provide a defining “map” of the order and timing of the changes that occur 

during maturation (since both the start and end points are well-defined, it stands to reason that a 

complete spectrum of reticulocyte maturation should be obtained from this approach). Importantly, 

pursuing these approaches would provide a far more complete understanding of reticulocyte 

maturation. 

 

8.6.2   Optimization of the ex vivo circulation system 

While the ex vivo circulation system in use is able to partially recapitulate reticulocyte maturation, it 

is as of yet insufficient to produce a completely mature erythrocyte. Moreover (and more 

problematically), circulation of endogenous reticulocytes still remains impossible to perform due to 

high levels of cell lysis. 

 

Of course, achieving complete maturation of endogenous reticulocytes in an ex vivo context would 

constitute the perfect functional assay for the investigation of effectors in reticulocyte maturation, 

since only partial maturation can be currently achieved using cell culture conditions.262  
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Therefore, perfecting the use of this system is likely to require further optimization of the level of 

shear stress induced, medium for cell suspension, materials for circulation, haematocrit for 

circulation, and so on (or any of these factors in combination). Adding elements that change the level 

of shear stress applied along the system (rather than having it be constant), such as the addition of 

filters or constrictions, would also be of use to replicate the conditions of in vivo circulation. More 

complex engineering approaches could also implement areas for gas exchange to take place, so 

that circulating cells may perform and adapt to their function as will be required of them upon 

transfusion into the human body.  

 

Since cell-cell interactions may also have an important effect in furthering maturation, at least two 

preliminary approaches could be applied to better approximate the conditions of in vivo systems: 1) 

coating the inner side of the circulation system with endothelial cells to further mimic in vivo 

circulation, minimizing cell damage as a result of contact with the tubing “walls”, and 2) adding a 

chamber with a mesh of reduced size and where splenic macrophages are present, allowing the 

circulating cells to be exposed to conditions similar to those of the spleen. Developing a system such 

as is described in 1) with additional chambers that contact with the endothelial cell layer would also 

allow for further studies of how reticulocytes egress from the bone marrow and into the circulation 

as a result of the differential shear stress between the chambers and the circulation system. 

 

8.6.3   Exploring the effect of shear stress in reticulocyte maturation 

Achieving a fully functioning assay such as is described in Section 8.6.2 would also have the 

advantage of allowing further characterization of the impact of shear stress in reticulocyte maturation. 

Unfortunately, due to experimental constraints, defining a specific mechanism for the contribution of 

individual proteins to the changes we observed in Chapter 6 is extremely challenging, since 

observation of protein activity under confocal fluorescence imaging of moving or deforming cells is 

very difficult with our current systems (although systems using indicators of protein proximity, such 

as split fluorescent protein systems or resonance energy transfer systems, could potentially be of 

great interest to pursue such work in the RBC, albeit challenging to implement).  
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Nonetheless, preliminary studies during our microfluidics experiments showed that PIEZO1 activity 

is observable during microfluidics through the application of fluorescent calcium markers before 

microfluidic passage. Therefore, using various microfluidics systems and conditions for cell passage 

would allow us to understand what conditions are required for physiological activation of PIEZO1 

during circulation. By combining that approach with further investigation of hereditary xerocytosis 

patient samples, mutagenesis of the PIEZO1 gene and inhibition of putative downstream signalling 

pathways, it may be possible to define the underlying mechanics beneath PIEZO1 activation. 

Similarly, studying the impact of the Gardos channel (which performs its function in a concerted 

manner with PIEZO1 activity) through pharmacological inhibition (e.g. with Senicapoc) would allow 

us to differentiate between events that are PIEZO1- or calcium-mediated and others which could be 

mediated by potassium, altered volume homeostasis or by the Gardos channel itself.  

 

Moreover, determining a method for maximizing the growth potential of our PIEZO1-knockout CD34+ 

cells would constitute a major determining factor to fully investigate the effect of PIEZO1, since we 

have confirmed that PIEZO1-KO cells can generate reticulocytes (although we have not as of yet 

obtained sufficient cells to allow for a more complete characterization). Preliminary examination of 

BEL-A-derived PIEZO1-KO cells has shown that the deformability index of the PIEZO1-KO cells 

remains identical to wildtype, indicating a complex phenotype. In the context of this system, it will 

also be important to verify (e.g. through patch clamp and electrophysiological methods) whether 

other mechanosensing channels display altered activity to compensate for the loss of PIEZO1.  
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8.7   Summary 

Whilst substantial effort has been devoted into understanding the process of reticulocyte maturation, 

many of its contributing factors still remain a mystery. There are two major causes for this effect: the 

complexity of the process itself and the lack of functional assays and technical approaches to allow 

its study. Therefore, the work presented in this thesis aimed to constitute not only an advancement, 

but also to lay the foundations for substantial future studies into the nature of reticulocyte maturation. 

 

In summary, the work developed in this thesis has provided a multidisciplinary and collaborative 

approach to the study of reticulocyte maturation. First, we have performed a comprehensive and 

comparative characterization of endogenous and in vitro-derived reticulocytes. The information 

obtained from this comparison was combined with a new functional assay based in ex vivo cell 

circulation to identify a novel role for a cytoskeletal protein, non-muscle-myosin IIA, in reticulocyte 

vesicle clearance and cell volume reduction in response to shear stress. 

 

The response of reticulocytes to shear stress was further characterized through the first in-depth 

characterization of cells undergoing deformation and recovery from deformation, which elucidated 

two kinases (Lyn and GSK3) as having a substantial effect in maintaining cell homeostasis 

throughout multiple deformations. We have also demonstrated that PIEZO1, an important 

mechanosensitive calcium ion channel, displays a detrimental effect in the reticulocyte maturation of 

patients who suffer from gain-of-function mutations in said channel. Finally, allowing for a direct 

continuation of some of the work performed in this thesis, we have 1) developed an ektacytometry-

based tool for the automated diagnosis of rare anaemias which will continue to undergo further 

optimization and 2) obtained the first human PIEZO1-negative model, providing a novel way to study 

and disrupt mechanosensation in the differentiating erythroid cell.



 

219 

Chapter 9    References 

1 Aoki, T. A Comprehensive Review of Our Current Understanding of Red Blood Cell (RBC) 
Glycoproteins. Membranes (Basel) 7, doi:10.3390/membranes7040056 (2017). 

2 Blanc, L., De Gassart, A., Geminard, C., Bette-Bobillo, P. & Vidal, M. Exosome release by reticulocytes-
-an integral part of the red blood cell differentiation system. Blood Cells Mol Dis 35, 21-26, 
doi:10.1016/j.bcmd.2005.04.008 (2005). 

3 Longeville, S. & Stingaciu, L. R. Hemoglobin diffusion and the dynamics of oxygen capture by red 
blood cells. Sci Rep 7, 10448, doi:10.1038/s41598-017-09146-9 (2017). 

4 Perutz, M. F. Structure and mechanism of haemoglobin. Br Med Bull 32, 195-208, 
doi:10.1093/oxfordjournals.bmb.a071363 (1976). 

5 Silverman, D. N., Tu, C. & Wynns, G. C. Proton transfer between hemoglobin and the carbonic 
anhydrase active site. J Biol Chem 253, 2563-2567 (1978). 

6 Wieth, J. O., Andersen, O. S., Brahm, J., Bjerrum, P. J. & Borders, C. L., Jr. Chloride--bicarbonate 
exchange in red blood cells: physiology of transport and chemical modification of binding sites. Philos 
Trans R Soc Lond B Biol Sci 299, 383-399, doi:10.1098/rstb.1982.0139 (1982). 

7 Fabregat, A. et al. The Reactome Pathway Knowledgebase. Nucleic Acids Res 46, D649-D655, 
doi:10.1093/nar/gkx1132 (2018). 

8 Kaestner, L. & Bogdanova, A. Regulation of red cell life-span, erythropoiesis, senescence, and 
clearance. Front Physiol 5, 269, doi:10.3389/fphys.2014.00269 (2014). 

9 Higgins, J. M. Red blood cell population dynamics. Clin Lab Med 35, 43-57, 
doi:10.1016/j.cll.2014.10.002 (2015). 

10 Diez-Silva, M., Dao, M., Han, J., Lim, C. T. & Suresh, S. Shape and Biomechanical Characteristics of 
Human Red Blood Cells in Health and Disease. MRS Bull 35, 382-388 (2010). 

11 Lux, S. E., John, K. M. & Karnovsky, M. J. Irreversible deformation of the spectrin-actin lattice in 
irreversibly sickled cells. J Clin Invest 58, 955-963, doi:10.1172/JCI108549 (1976). 

12 Smith, A. S. et al. Myosin IIA interacts with the spectrin-actin membrane skeleton to control red blood 
cell membrane curvature and deformability. Proc Natl Acad Sci U S A 115, E4377-E4385, 
doi:10.1073/pnas.1718285115 (2018). 

13 Mohandas, N. & Chasis, J. A. Red blood cell deformability, membrane material properties and shape: 
regulation by transmembrane, skeletal and cytosolic proteins and lipids. Semin Hematol 30, 171-192 
(1993). 

14 Ji, P., Murata-Hori, M. & Lodish, H. F. Formation of mammalian erythrocytes: chromatin 
condensation and enucleation. Trends Cell Biol 21, 409-415, doi:10.1016/j.tcb.2011.04.003 (2011). 

15 Siems, W. G., Sommerburg, O. & Grune, T. Erythrocyte free radical and energy metabolism. Clin 
Nephrol 53, S9-17 (2000). 

16 Pesciotta, E. N. et al. A label-free proteome analysis strategy for identifying quantitative changes in 
erythrocyte membranes induced by red cell disorders. J Proteomics 76 Spec No., 194-202, 
doi:10.1016/j.jprot.2012.08.010 (2012). 

17 Storry, J. R. et al. International Society of Blood Transfusion Working Party on Red Cell 
Immunogenetics and Blood Group Terminology: Report of the Dubai, Copenhagen and Toronto 
meetings. Vox Sang 114, 95-102, doi:10.1111/vox.12717 (2019). 

18 Hosoi, E. Biological and clinical aspects of ABO blood group system. J Med Invest 55, 174-182 (2008). 
19 Bruce, L. J. et al. A band 3-based macrocomplex of integral and peripheral proteins in the RBC 

membrane. Blood 101, 4180-4188, doi:10.1182/blood-2002-09-2824 (2003). 
20 Anong, W. A. et al. Adducin forms a bridge between the erythrocyte membrane and its cytoskeleton 

and regulates membrane cohesion. Blood 114, 1904-1912, doi:10.1182/blood-2009-02-203216 
(2009). 

21 Salomao, M. et al. Protein 4.1R-dependent multiprotein complex: new insights into the structural 
organization of the red blood cell membrane. Proc Natl Acad Sci U S A 105, 8026-8031, 
doi:10.1073/pnas.0803225105 (2008). 

22 Satchwell, T. J. et al. Critical band 3 multiprotein complex interactions establish early during human 
erythropoiesis. Blood 118, 182-191, doi:10.1182/blood-2010-10-314187 (2011). 



 

220 

23 Cartron, J. P. RH blood group system and molecular basis of Rh-deficiency. Baillieres Best Pract Res 
Clin Haematol 12, 655-689 (1999). 

24 Beckmann, R., Smythe, J. S., Anstee, D. J. & Tanner, M. J. Coexpression of band 3 mutants and Rh 
polypeptides: differential effects of band 3 on the expression of the Rh complex containing D 
polypeptide and the Rh complex containing CcEe polypeptide. Blood 97, 2496-2505, 
doi:10.1182/blood.v97.8.2496 (2001). 

25 Satchwell, T. J. et al. Severe Ankyrin-R deficiency results in impaired surface retention and lysosomal 
degradation of RhAG in human erythroblasts. Haematologica 101, 1018-1027, 
doi:10.3324/haematol.2016.146209 (2016). 

26 Bruce, L. J. et al. Absence of CD47 in protein 4.2-deficient hereditary spherocytosis in man: an 
interaction between the Rh complex and the band 3 complex. Blood 100, 1878-1885, 
doi:10.1182/blood-2002-03-0706 (2002). 

27 van den Akker, E. et al. Investigating the key membrane protein changes during in vitro erythropoiesis 
of protein 4.2 (-) cells (mutations Chartres 1 and 2). Haematologica 95, 1278-1286, 
doi:10.3324/haematol.2009.021063 (2010). 

28 Satchwell, T. J., Hawley, B. R., Bell, A. J., Ribeiro, M. L. & Toye, A. M. The cytoskeletal binding domain 
of band 3 is required for multiprotein complex formation and retention during erythropoiesis. 
Haematologica 100, 133-142, doi:10.3324/haematol.2014.114538 (2015). 

29 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 275, 24540-24546, 
doi:10.1074/jbc.M002492200 (2000). 

30 Lux, S. E. t. Anatomy of the red cell membrane skeleton: unanswered questions. Blood 127, 187-199, 
doi:10.1182/blood-2014-12-512772 (2016). 

31 Franco, T., Chu, H. & Low, P. S. Identification of adducin-binding residues on the cytoplasmic domain 
of erythrocyte membrane protein, band 3. Biochem J 473, 3147-3158, doi:10.1042/BCJ20160328 
(2016). 

32 Hulsmeier, J. et al. Distinct functions of alpha-Spectrin and beta-Spectrin during axonal pathfinding. 
Development 134, 713-722, doi:10.1242/dev.02758 (2007). 

33 Speicher, D. W., Weglarz, L. & DeSilva, T. M. Properties of human red cell spectrin heterodimer (side-
to-side) assembly and identification of an essential nucleation site. J Biol Chem 267, 14775-14782 
(1992). 

34 Gascard, P. & Mohandas, N. New insights into functions of erythroid proteins in nonerythroid cells. 
Curr Opin Hematol 7, 123-129 (2000). 

35 Winkelmann, J. C. et al. Molecular cloning of the cDNA for human erythrocyte beta-spectrin. Blood 
72, 328-334 (1988). 

36 Burton, N. M. & Bruce, L. J. Modelling the structure of the red cell membrane. Biochem Cell Biol 89, 
200-215, doi:10.1139/o10-154 (2011). 

37 Pascual, J., Castresana, J. & Saraste, M. Evolution of the spectrin repeat. Bioessays 19, 811-817, 
doi:10.1002/bies.950190911 (1997). 

38 Baines, A. J. Evolution of spectrin function in cytoskeletal and membrane networks. Biochem Soc 
Trans 37, 796-803, doi:10.1042/BST0370796 (2009). 

39 Coetzer, T. L. et al. Four different mutations in codon 28 of alpha spectrin are associated with 
structurally and functionally abnormal spectrin alpha I/74 in hereditary elliptocytosis. J Clin Invest 88, 
743-749, doi:10.1172/JCI115371 (1991). 

40 Machnicka, B., Grochowalska, R., Boguslawska, D. M., Sikorski, A. F. & Lecomte, M. C. Spectrin-based 
skeleton as an actor in cell signaling. Cell Mol Life Sci 69, 191-201, doi:10.1007/s00018-011-0804-5 
(2012). 

41 Korsgren, C., Peters, L. L. & Lux, S. E. Protein 4.2 binds to the carboxyl-terminal EF-hands of erythroid 
alpha-spectrin in a calcium- and calmodulin-dependent manner. J Biol Chem 285, 4757-4770, 
doi:10.1074/jbc.M109.056200 (2010). 

42 Nicolas, G. et al. Spectrin self-association site: characterization and study of beta-spectrin mutations 
associated with hereditary elliptocytosis. Biochem J 332 ( Pt 1), 81-89, doi:10.1042/bj3320081 (1998). 

43 Brenner, S. L. & Korn, E. D. Spectrin-actin interaction. Phosphorylated and dephosphorylated spectrin 
tetramer cross-link F-actin. J Biol Chem 254, 8620-8627 (1979). 



 

221 

44 Koshino, I., Mohandas, N. & Takakuwa, Y. Identification of a novel role for dematin in regulating red 
cell membrane function by modulating spectrin-actin interaction. J Biol Chem 287, 35244-35250, 
doi:10.1074/jbc.M111.305441 (2012). 

45 Zhang, D. Q. et al. Interaction between protein 4.1R and spectrin heterodimers. Mol Med Rep 4, 651-
654, doi:10.3892/mmr.2011.470 (2011). 

46 Franco, T. & Low, P. S. Erythrocyte adducin: a structural regulator of the red blood cell membrane. 
Transfus Clin Biol 17, 87-94, doi:10.1016/j.tracli.2010.05.008 (2010). 

47 Ipsaro, J. J., Huang, L. & Mondragon, A. Structures of the spectrin-ankyrin interaction binding 
domains. Blood 113, 5385-5393, doi:10.1182/blood-2008-10-184358 (2009). 

48 Brown, J. W. et al. The Physiological Molecular Shape of Spectrin: A Compact Supercoil Resembling a 
Chinese Finger Trap. PLoS Comput Biol 11, e1004302, doi:10.1371/journal.pcbi.1004302 (2015). 

49 Liu, S. C., Derick, L. H. & Palek, J. Visualization of the hexagonal lattice in the erythrocyte membrane 
skeleton. J Cell Biol 104, 527-536, doi:10.1083/jcb.104.3.527 (1987). 

50 Schanus, E., Booth, S., Hallaway, B. & Rosenberg, A. The elasticity of spectrin-actin gels at high protein 
concentration. J Biol Chem 260, 3724-3730 (1985). 

51 Woods, C. M. & Lazarides, E. Spectrin assembly in avian erythroid development is determined by 
competing reactions of subunit homo- and hetero-oligomerization. Nature 321, 85-89, 
doi:10.1038/321085a0 (1986). 

52 An, X., Lecomte, M. C., Chasis, J. A., Mohandas, N. & Gratzer, W. Shear-response of the spectrin 
dimer-tetramer equilibrium in the red blood cell membrane. J Biol Chem 277, 31796-31800, 
doi:10.1074/jbc.M204567200 (2002). 

53 Gallagher, P. G. Hereditary elliptocytosis: spectrin and protein 4.1R. Semin Hematol 41, 142-164 
(2004). 

54 Hassoun, H. et al. Hereditary spherocytosis with spectrin deficiency due to an unstable truncated 
beta spectrin. Blood 87, 2538-2545 (1996). 

55 Dominguez, R. & Holmes, K. C. Actin structure and function. Annu Rev Biophys 40, 169-186, 
doi:10.1146/annurev-biophys-042910-155359 (2011). 

56 Byers, T. J. & Branton, D. Visualization of the protein associations in the erythrocyte membrane 
skeleton. Proc Natl Acad Sci U S A 82, 6153-6157, doi:10.1073/pnas.82.18.6153 (1985). 

57 Pan, L., Yan, R., Li, W. & Xu, K. Super-Resolution Microscopy Reveals the Native Ultrastructure of the 
Erythrocyte Cytoskeleton. Cell Rep 22, 1151-1158, doi:10.1016/j.celrep.2017.12.107 (2018). 

58 Sui, Z. et al. Stabilization of F-actin by tropomyosin isoforms regulates the morphology and 
mechanical behavior of red blood cells. Mol Biol Cell 28, 2531-2542, doi:10.1091/mbc.E16-10-0699 
(2017). 

59 Hartman, M. A. & Spudich, J. A. The myosin superfamily at a glance. J Cell Sci 125, 1627-1632, 
doi:10.1242/jcs.094300 (2012). 

60 Takaine, M., Numata, O. & Nakano, K. An actin-myosin-II interaction is involved in maintaining the 
contractile ring in fission yeast. J Cell Sci 128, 2903-2918, doi:10.1242/jcs.171264 (2015). 

61 Sanborn, K. B. et al. Myosin IIA associates with NK cell lytic granules to enable their interaction with 
F-actin and function at the immunological synapse. J Immunol 182, 6969-6984, 
doi:10.4049/jimmunol.0804337 (2009). 

62 Syamaladevi, D. P., Spudich, J. A. & Sowdhamini, R. Structural and functional insights on the Myosin 
superfamily. Bioinform Biol Insights 6, 11-21, doi:10.4137/BBI.S8451 (2012). 

63 Basu, A. et al. Proteome analysis of the triton-insoluble erythrocyte membrane skeleton. J Proteomics 
128, 298-305, doi:10.1016/j.jprot.2015.08.004 (2015). 

64 Vicente-Manzanares, M., Ma, X., Adelstein, R. S. & Horwitz, A. R. Non-muscle myosin II takes centre 
stage in cell adhesion and migration. Nat Rev Mol Cell Biol 10, 778-790, doi:10.1038/nrm2786 (2009). 

65 Betapudi, V. Life without double-headed non-muscle myosin II motor proteins. Front Chem 2, 45, 
doi:10.3389/fchem.2014.00045 (2014). 

66 Park, I. et al. Myosin regulatory light chains are required to maintain the stability of myosin II and 
cellular integrity. Biochem J 434, 171-180, doi:10.1042/BJ20101473 (2011). 

67 Smith, A. S. et al. MYH9-related disease mutations cause abnormal red blood cell morphology 
through increased myosin-actin binding at the membrane. Am J Hematol 94, 667-677, 
doi:10.1002/ajh.25472 (2019). 



 

222 

68 Ubukawa, K. et al. Enucleation of human erythroblasts involves non-muscle myosin IIB. Blood 119, 
1036-1044, doi:10.1182/blood-2011-06-361907 (2012). 

69 Cunha, S. R. & Mohler, P. J. Ankyrin protein networks in membrane formation and stabilization. J Cell 
Mol Med 13, 4364-4376, doi:10.1111/j.1582-4934.2009.00943.x (2009). 

70 Yasunaga, M., Ipsaro, J. J. & Mondragon, A. Structurally similar but functionally diverse ZU5 domains 
in human erythrocyte ankyrin. J Mol Biol 417, 336-350, doi:10.1016/j.jmb.2012.01.041 (2012). 

71 Birkenmeier, C. S. et al. Complex patterns of sequence variation and multiple 5' and 3' ends are found 
among transcripts of the erythroid ankyrin gene. J Biol Chem 268, 9533-9540 (1993). 

72 Michaely, P. & Bennett, V. The membrane-binding domain of ankyrin contains four independently 
folded subdomains, each comprised of six ankyrin repeats. J Biol Chem 268, 22703-22709 (1993). 

73 Mankelow, T. J., Satchwell, T. J. & Burton, N. M. Refined views of multi-protein complexes in the 
erythrocyte membrane. Blood Cells Mol Dis 49, 1-10, doi:10.1016/j.bcmd.2012.03.001 (2012). 

74 Lokeshwar, V. B., Fregien, N. & Bourguignon, L. Y. Ankyrin-binding domain of CD44(GP85) is required 
for the expression of hyaluronic acid-mediated adhesion function. J Cell Biol 126, 1099-1109, 
doi:10.1083/jcb.126.4.1099 (1994). 

75 Su, Y. et al. Associations of protein 4.2 with band 3 and ankyrin. Mol Cell Biochem 289, 159-166, 
doi:10.1007/s11010-006-9159-x (2006). 

76 Gallagher, P. G., Tse, W. T., Scarpa, A. L., Lux, S. E. & Forget, B. G. Structure and organization of the 
human ankyrin-1 gene. Basis for complexity of pre-mRNA processing. J Biol Chem 272, 19220-19228, 
doi:10.1074/jbc.272.31.19220 (1997). 

77 Davis, L. H., Davis, J. Q. & Bennett, V. Ankyrin regulation: an alternatively spliced segment of the 
regulatory domain functions as an intramolecular modulator. J Biol Chem 267, 18966-18972 (1992). 

78 Gallagher, P. G. Hematologically important mutations: ankyrin variants in hereditary spherocytosis. 
Blood Cells Mol Dis 35, 345-347, doi:10.1016/j.bcmd.2005.08.008 (2005). 

79 Lux, S. E. et al. Hereditary spherocytosis associated with deletion of human erythrocyte ankyrin gene 
on chromosome 8. Nature 345, 736-739, doi:10.1038/345736a0 (1990). 

80 Eber, S. & Lux, S. E. Hereditary spherocytosis--defects in proteins that connect the membrane 
skeleton to the lipid bilayer. Semin Hematol 41, 118-141 (2004). 

81 Eber, S. W. et al. Ankyrin-1 mutations are a major cause of dominant and recessive hereditary 
spherocytosis. Nat Genet 13, 214-218, doi:10.1038/ng0696-214 (1996). 

82 Rank, G. et al. Novel roles for erythroid Ankyrin-1 revealed through an ENU-induced null mouse 
mutant. Blood 113, 3352-3362, doi:10.1182/blood-2008-08-172841 (2009). 

83 Pinder, J. C., Pekrun, A., Maggs, A. M., Brain, A. P. & Gratzer, W. B. Association state of human red 
blood cell band 3 and its interaction with ankyrin. Blood 85, 2951-2961 (1995). 

84 Stefanovic, M., Puchulu-Campanella, E., Kodippili, G. & Low, P. S. Oxygen regulates the band 3-
ankyrin bridge in the human erythrocyte membrane. Biochem J 449, 143-150, 
doi:10.1042/BJ20120869 (2013). 

85 Pasternack, G. R., Anderson, R. A., Leto, T. L. & Marchesi, V. T. Interactions between protein 4.1 and 
band 3. An alternative binding site for an element of the membrane skeleton. J Biol Chem 260, 3676-
3683 (1985). 

86 Chu, H., Breite, A., Ciraolo, P., Franco, R. S. & Low, P. S. Characterization of the deoxyhemoglobin 
binding site on human erythrocyte band 3: implications for O2 regulation of erythrocyte properties. 
Blood 111, 932-938, doi:10.1182/blood-2007-07-100180 (2008). 

87 von Ruckmann, B. & Schubert, D. The complex of band 3 protein of the human erythrocyte 
membrane and glyceraldehyde-3-phosphate dehydrogenase: stoichiometry and competition by 
aldolase. Biochim Biophys Acta 1559, 43-55, doi:10.1016/s0005-2736(01)00435-7 (2002). 

88 Su, Y. et al. Physical and functional links between anion exchanger-1 and sodium pump. J Am Soc 
Nephrol 26, 400-409, doi:10.1681/ASN.2013101063 (2015). 

89 Vince, J. W. & Reithmeier, R. A. Carbonic anhydrase II binds to the carboxyl terminus of human band 
3, the erythrocyte C1-/HCO3- exchanger. J Biol Chem 273, 28430-28437, 
doi:10.1074/jbc.273.43.28430 (1998). 

90 Auffray, I. et al. Glycophorin A dimerization and band 3 interaction during erythroid membrane 
biogenesis: in vivo studies in human glycophorin A transgenic mice. Blood 97, 2872-2878, 
doi:10.1182/blood.v97.9.2872 (2001). 



 

223 

91 Vince, J. W. & Reithmeier, R. A. Identification of the carbonic anhydrase II binding site in the Cl(-
)/HCO(3)(-) anion exchanger AE1. Biochemistry 39, 5527-5533, doi:10.1021/bi992564p (2000). 

92 Young, M. T. & Tanner, M. J. Distinct regions of human glycophorin A enhance human red cell anion 
exchanger (band 3; AE1) transport function and surface trafficking. J Biol Chem 278, 32954-32961, 
doi:10.1074/jbc.M302527200 (2003). 

93 Toye, A. M. et al. Band 3 Courcouronnes (Ser667Phe): a trafficking mutant differentially rescued by 
wild-type band 3 and glycophorin A. Blood 111, 5380-5389, doi:10.1182/blood-2007-07-099473 
(2008). 

94 Rivera-Santiago, R., Harper, S. L., Sriswasdi, S., Hembach, P. & Speicher, D. W. Full-Length Anion 
Exchanger 1 Structure and Interactions with Ankyrin-1 Determined by Zero Length Crosslinking of 
Erythrocyte Membranes. Structure 25, 132-145, doi:10.1016/j.str.2016.11.017 (2017). 

95 Hanspal, M. et al. Temporal synthesis of band 3 oligomers during terminal maturation of mouse 
erythroblasts. Dimers and tetramers exist in the membrane as preformed stable species. Blood 92, 
329-338 (1998). 

96 Jarolim, P. et al. Characterization of 13 novel band 3 gene defects in hereditary spherocytosis with 
band 3 deficiency. Blood 88, 4366-4374 (1996). 

97 Alloisio, N. et al. Hereditary spherocytosis with band 3 deficiency. Association with a nonsense 
mutation of the band 3 gene (allele Lyon), and aggravation by a low-expression allele occurring in 
trans (allele Genas). Blood 88, 1062-1069 (1996). 

98 Kager, L. et al. Band 3 null(VIENNA) , a novel homozygous SLC4A1 p.Ser477X variant causing severe 
hemolytic anemia, dyserythropoiesis and complete distal renal tubular acidosis. Pediatr Blood Cancer 
64, doi:10.1002/pbc.26227 (2017). 

99 Barazi, H. O. et al. Regulation of integrin function by CD47 ligands. Differential effects on alpha vbeta 
3 and alpha 4beta1 integrin-mediated adhesion. J Biol Chem 277, 42859-42866, 
doi:10.1074/jbc.M206849200 (2002). 

100 Lindberg, F. P. et al. Rh-related antigen CD47 is the signal-transducer integrin-associated protein. J 
Biol Chem 269, 1567-1570 (1994). 

101 Flatt, J. F. et al. Study of the D-- phenotype reveals erythrocyte membrane alterations in the absence 
of RHCE. Br J Haematol 158, 262-273, doi:10.1111/j.1365-2141.2012.09149.x (2012). 

102 Oldenborg, P. A. et al. Role of CD47 as a marker of self on red blood cells. Science 288, 2051-2054, 
doi:10.1126/science.288.5473.2051 (2000). 

103 de Back, D. Z., Kostova, E. B., van Kraaij, M., van den Berg, T. K. & van Bruggen, R. Of macrophages 
and red blood cells; a complex love story. Front Physiol 5, 9, doi:10.3389/fphys.2014.00009 (2014). 

104 Anniss, A. M. & Sparrow, R. L. Expression of CD47 (integrin-associated protein) decreases on red 
blood cells during storage. Transfus Apher Sci 27, 233-238 (2002). 

105 van den Akker, E., Satchwell, T. J., Williamson, R. C. & Toye, A. M. Band 3 multiprotein complexes in 
the red cell membrane; of mice and men. Blood Cells Mol Dis 45, 1-8, 
doi:10.1016/j.bcmd.2010.02.019 (2010). 

106 Chasis, J. A. & Mohandas, N. Red blood cell glycophorins. Blood 80, 1869-1879 (1992). 
107 Furthmayr, H. Structural analysis of a membrane glycoprotein: glycophorin A. J Supramol Struct 7, 

121-134, doi:10.1002/jss.400070111 (1977). 
108 Lemmon, M. A. et al. Glycophorin A dimerization is driven by specific interactions between 

transmembrane alpha-helices. J Biol Chem 267, 7683-7689 (1992). 
109 Bruce, L. J., Groves, J. D., Okubo, Y., Thilaganathan, B. & Tanner, M. J. Altered band 3 structure and 

function in glycophorin A- and B-deficient (MkMk) red blood cells. Blood 84, 916-922 (1994). 
110 Dahr, W. et al. Characterization of the Ss sialoglycoprotein and its antigens in Rhnull erythrocytes. 

Blut 54, 13-24 (1987). 
111 Ridgwell, K., Eyers, S. A., Mawby, W. J., Anstee, D. J. & Tanner, M. J. Studies on the glycoprotein 

associated with Rh (rhesus) blood group antigen expression in the human red blood cell membrane. 
J Biol Chem 269, 6410-6416 (1994). 

112 Bruce, L. J. et al. Altered structure and anion transport properties of band 3 (AE1, SLC4A1) in human 
red cells lacking glycophorin A. J Biol Chem 279, 2414-2420, doi:10.1074/jbc.M309826200 (2004). 



 

224 

113 Tokunaga, E. et al. Two apparently healthy Japanese individuals of type MkMk have erythrocytes 
which lack both the blood group MN and Ss-active sialoglycoproteins. J Immunogenet 6, 383-390 
(1979). 

114 Sung, L. A. et al. Human erythrocyte protein 4.2: isoform expression, differential splicing, and 
chromosomal assignment. Blood 79, 2763-2770 (1992). 

115 Rybicki, A. C., Schwartz, R. S., Qiu, J. J. & Gilman, J. G. Molecular cloning of mouse erythrocyte protein 
4.2: a membrane protein with strong homology with the transglutaminase supergene family. Mamm 
Genome 5, 438-445 (1994). 

116 Rybicki, A. C., Schwartz, R. S., Hustedt, E. J. & Cobb, C. E. Increased rotational mobility and 
extractability of band 3 from protein 4.2-deficient erythrocyte membranes: evidence of a role for 
protein 4.2 in strengthening the band 3-cytoskeleton linkage. Blood 88, 2745-2753 (1996). 

117 Ciepiela, O. Old and new insights into the diagnosis of hereditary spherocytosis. Ann Transl Med 6, 
339, doi:10.21037/atm.2018.07.35 (2018). 

118 Rybicki, A. C., Musto, S. & Schwartz, R. S. Decreased content of protein 4.2 in ankyrin-deficient 
normoblastosis (nb/nb) mouse red blood cells: evidence for ankyrin enhancement of protein 4.2 
membrane binding. Blood 86, 3583-3589 (1995). 

119 Westhoff, C. M. The structure and function of the Rh antigen complex. Semin Hematol 44, 42-50, 
doi:10.1053/j.seminhematol.2006.09.010 (2007). 

120 Ripoche, P. et al. Human Rhesus-associated glycoprotein mediates facilitated transport of NH(3) into 
red blood cells. Proc Natl Acad Sci U S A 101, 17222-17227, doi:10.1073/pnas.0403704101 (2004). 

121 Endeward, V., Cartron, J. P., Ripoche, P. & Gros, G. RhAG protein of the Rhesus complex is a CO2 
channel in the human red cell membrane. FASEB J 22, 64-73, doi:10.1096/fj.07-9097com (2008). 

122 Ripoche, P. et al. Role of RhAG and AQP1 in NH3 and CO2 gas transport in red cell ghosts: a stopped-
flow analysis. Transfus Clin Biol 13, 117-122, doi:10.1016/j.tracli.2006.03.004 (2006). 

123 Van Kim, C. L., Colin, Y. & Cartron, J. P. Rh proteins: key structural and functional components of the 
red cell membrane. Blood Rev 20, 93-110, doi:10.1016/j.blre.2005.04.002 (2006). 

124 Geyer, R. R., Parker, M. D., Toye, A. M., Boron, W. F. & Musa-Aziz, R. Relative CO(2)/NH(3) 
permeabilities of human RhAG, RhBG and RhCG. J Membr Biol 246, 915-926, doi:10.1007/s00232-
013-9593-0 (2013). 

125 Gruswitz, F. et al. Function of human Rh based on structure of RhCG at 2.1 A. Proc Natl Acad Sci U S 
A 107, 9638-9643, doi:10.1073/pnas.1003587107 (2010). 

126 Weiner, I. D. & Verlander, J. W. Molecular physiology of the Rh ammonia transport proteins. Curr 
Opin Nephrol Hypertens 19, 471-477, doi:10.1097/MNH.0b013e32833bfa4e (2010). 

127 Urbaniak, S. J. & Greiss, M. A. RhD haemolytic disease of the fetus and the newborn. Blood Rev 14, 
44-61, doi:10.1054/blre.1999.0123 (2000). 

128 Huang, C. H., Chen, Y., Reid, M. E. & Seidl, C. Rhnull disease: the amorph type results from a novel 
double mutation in RhCe gene on D-negative background. Blood 92, 664-671 (1998). 

129 Kawano, M. et al. A splicing mutation of the RHAG gene associated with the Rhnull phenotype. Ann 
Hum Genet 62, 107-113, doi:10.1046/j.1469-1809.1998.6220107.x (1998). 

130 Conboy, J. G., Chan, J., Mohandas, N. & Kan, Y. W. Multiple protein 4.1 isoforms produced by 
alternative splicing in human erythroid cells. Proc Natl Acad Sci U S A 85, 9062-9065, 
doi:10.1073/pnas.85.23.9062 (1988). 

131 Chasis, J. A. et al. Differentiation-associated switches in protein 4.1 expression. Synthesis of multiple 
structural isoforms during normal human erythropoiesis. J Clin Invest 91, 329-338, 
doi:10.1172/JCI116189 (1993). 

132 Baines, A. J., Lu, H. C. & Bennett, P. M. The Protein 4.1 family: hub proteins in animals for organizing 
membrane proteins. Biochim Biophys Acta 1838, 605-619, doi:10.1016/j.bbamem.2013.05.030 
(2014). 

133 Nunomura, W. et al. Regulation of CD44-protein 4.1 interaction by Ca2+ and calmodulin. Implications 
for modulation of CD44-ankyrin interaction. J Biol Chem 272, 30322-30328, 
doi:10.1074/jbc.272.48.30322 (1997). 

134 Gauthier, E., Guo, X., Mohandas, N. & An, X. Phosphorylation-dependent perturbations of the 4.1R-
associated multiprotein complex of the erythrocyte membrane. Biochemistry 50, 4561-4567, 
doi:10.1021/bi200154g (2011). 



 

225 

135 Marfatia, S. M., Leu, R. A., Branton, D. & Chishti, A. H. Identification of the protein 4.1 binding 
interface on glycophorin C and p55, a homologue of the Drosophila discs-large tumor suppressor 
protein. J Biol Chem 270, 715-719, doi:10.1074/jbc.270.2.715 (1995). 

136 Marfatia, S. M., Lue, R. A., Branton, D. & Chishti, A. H. In vitro binding studies suggest a membrane-
associated complex between erythroid p55, protein 4.1, and glycophorin C. J Biol Chem 269, 8631-
8634 (1994). 

137 Azouzi, S. et al. The human Kell blood group binds the erythroid 4.1R protein: new insights into the 
4.1R-dependent red cell membrane complex. Br J Haematol 171, 862-871, doi:10.1111/bjh.13778 
(2015). 

138 Gimm, J. A., An, X., Nunomura, W. & Mohandas, N. Functional characterization of spectrin-actin-
binding domains in 4.1 family of proteins. Biochemistry 41, 7275-7282, doi:10.1021/bi0256330 
(2002). 

139 Nunomura, W., Takakuwa, Y., Parra, M., Conboy, J. G. & Mohandas, N. Ca(2+)-dependent and Ca(2+)-
independent calmodulin binding sites in erythrocyte protein 4.1. Implications for regulation of 
protein 4.1 interactions with transmembrane proteins. J Biol Chem 275, 6360-6367, 
doi:10.1074/jbc.275.9.6360 (2000). 

140 An, X., Zhang, X., Debnath, G., Baines, A. J. & Mohandas, N. Phosphatidylinositol-4,5-biphosphate 
(PIP2) differentially regulates the interaction of human erythrocyte protein 4.1 (4.1R) with 
membrane proteins. Biochemistry 45, 5725-5732, doi:10.1021/bi060015v (2006). 

141 Rybicki, A. C., Heath, R., Lubin, B. & Schwartz, R. S. Human erythrocyte protein 4.1 is a 
phosphatidylserine binding protein. J Clin Invest 81, 255-260, doi:10.1172/JCI113303 (1988). 

142 Tchernia, G., Mohandas, N. & Shohet, S. B. Deficiency of skeletal membrane protein band 4.1 in 
homozygous hereditary elliptocytosis. Implications for erythrocyte membrane stability. J Clin Invest 
68, 454-460, doi:10.1172/jci110275 (1981). 

143 Cartron, J. P. et al. Structure of human erythrocyte glycophorin C deduced from cDNA analysis. Rev 
Fr Transfus Immunohematol 29, 267-285 (1986). 

144 Le Van Kim, C., Piller, V., Cartron, J. P. & Colin, Y. Glycophorins C and D are generated by the use of 
alternative translation initiation sites. Blood 88, 2364-2365 (1996). 

145 Hemming, N. J., Anstee, D. J., Mawby, W. J., Reid, M. E. & Tanner, M. J. Localization of the protein 
4.1-binding site on human erythrocyte glycophorins C and D. Biochem J 299 ( Pt 1), 191-196, 
doi:10.1042/bj2990191 (1994). 

146 Alloisio, N. et al. Evidence that red blood cell protein p55 may participate in the skeleton-membrane 
linkage that involves protein 4.1 and glycophorin C. Blood 82, 1323-1327 (1993). 

147 Chishti, A. H. Function of p55 and its nonerythroid homologues. Curr Opin Hematol 5, 116-121 (1998). 
148 Marfatia, S. M., Morais-Cabral, J. H., Kim, A. C., Byron, O. & Chishti, A. H. The PDZ domain of human 

erythrocyte p55 mediates its binding to the cytoplasmic carboxyl terminus of glycophorin C. Analysis 
of the binding interface by in vitro mutagenesis. J Biol Chem 272, 24191-24197, 
doi:10.1074/jbc.272.39.24191 (1997). 

149 Fritz, D. I., Hanada, T., Lu, Y., Martin Johnston, J. & Chishti, A. H. MPP1/p55 gene deletion in a 
hemophilia A patient with ectrodactyly and severe developmental defects. Am J Hematol 94, E29-
E32, doi:10.1002/ajh.25323 (2019). 

150 Kuhlman, P. A., Hughes, C. A., Bennett, V. & Fowler, V. M. A new function for adducin. 
Calcium/calmodulin-regulated capping of the barbed ends of actin filaments. J Biol Chem 271, 7986-
7991, doi:10.1074/jbc.271.14.7986 (1996). 

151 Li, X., Matsuoka, Y. & Bennett, V. Adducin preferentially recruits spectrin to the fast growing ends of 
actin filaments in a complex requiring the MARCKS-related domain and a newly defined 
oligomerization domain. J Biol Chem 273, 19329-19338, doi:10.1074/jbc.273.30.19329 (1998). 

152 Robledo, R. F. et al. Targeted deletion of alpha-adducin results in absent beta- and gamma-adducin, 
compensated hemolytic anemia, and lethal hydrocephalus in mice. Blood 112, 4298-4307, 
doi:10.1182/blood-2008-05-156000 (2008). 

153 Gilligan, D. M. et al. Targeted disruption of the beta adducin gene (Add2) causes red blood cell 
spherocytosis in mice. Proc Natl Acad Sci U S A 96, 10717-10722, doi:10.1073/pnas.96.19.10717 
(1999). 



 

226 

154 Rana, A. P., Ruff, P., Maalouf, G. J., Speicher, D. W. & Chishti, A. H. Cloning of human erythroid 
dematin reveals another member of the villin family. Proc Natl Acad Sci U S A 90, 6651-6655, 
doi:10.1073/pnas.90.14.6651 (1993). 

155 Khanna, R. et al. Headpiece domain of dematin is required for the stability of the erythrocyte 
membrane. Proc Natl Acad Sci U S A 99, 6637-6642, doi:10.1073/pnas.052155999 (2002). 

156 Khan, A. A. et al. Dematin and adducin provide a novel link between the spectrin cytoskeleton and 
human erythrocyte membrane by directly interacting with glucose transporter-1. J Biol Chem 283, 
14600-14609, doi:10.1074/jbc.M707818200 (2008). 

157 Lu, Y. et al. Gene disruption of dematin causes precipitous loss of erythrocyte membrane stability 
and severe hemolytic anemia. Blood 128, 93-103, doi:10.1182/blood-2016-01-692251 (2016). 

158 Taylor, D. L. et al. Interactions between genetic variation and cellular environment in skeletal muscle 
gene expression. PLoS One 13, e0195788, doi:10.1371/journal.pone.0195788 (2018). 

159 Cohen, C. M. & Gascard, P. Regulation and post-translational modification of erythrocyte membrane 
and membrane-skeletal proteins. Semin Hematol 29, 244-292 (1992). 

160 Knorre, D. G., Kudryashova, N. V. & Godovikova, T. S. Chemical and functional aspects of 
posttranslational modification of proteins. Acta Naturae 1, 29-51 (2009). 

161 Liddy, K. A., White, M. Y. & Cordwell, S. J. Functional decorations: post-translational modifications 
and heart disease delineated by targeted proteomics. Genome Med 5, 20, doi:10.1186/gm424 
(2013). 

162 Sefton, B. M. Overview of protein phosphorylation. Curr Protoc Cell Biol Chapter 14, Unit 14 11, 
doi:10.1002/0471143030.cb1401s00 (2001). 

163 Ubersax, J. A. & Ferrell, J. E., Jr. Mechanisms of specificity in protein phosphorylation. Nat Rev Mol 
Cell Biol 8, 530-541, doi:10.1038/nrm2203 (2007). 

164 Boivin, P. Role of the phosphorylation of red blood cell membrane proteins. Biochem J 256, 689-695 
(1988). 

165 Bordin, L. et al. Band 3 is an anchor protein and a target for SHP-2 tyrosine phosphatase in human 
erythrocytes. Blood 100, 276-282, doi:10.1182/blood.v100.1.276 (2002). 

166 Pantaleo, A. et al. Oxidized and poorly glycosylated band 3 is selectively phosphorylated by Syk kinase 
to form large membrane clusters in normal and G6PD-deficient red blood cells. Biochem J 418, 359-
367, doi:10.1042/BJ20081557 (2009). 

167 Ferru, E. et al. Regulation of membrane-cytoskeletal interactions by tyrosine phosphorylation of 
erythrocyte band 3. Blood 117, 5998-6006, doi:10.1182/blood-2010-11-317024 (2011). 

168 Puchulu-Campanella, E., Turrini, F. M., Li, Y. H. & Low, P. S. Global transformation of erythrocyte 
properties via engagement of an SH2-like sequence in band 3. Proc Natl Acad Sci U S A 113, 13732-
13737, doi:10.1073/pnas.1611904113 (2016). 

169 Manno, S., Takakuwa, Y., Nagao, K. & Mohandas, N. Modulation of erythrocyte membrane 
mechanical function by beta-spectrin phosphorylation and dephosphorylation. J Biol Chem 270, 
5659-5665, doi:10.1074/jbc.270.10.5659 (1995). 

170 Perrotta, S. et al. Reversible erythrocyte skeleton destabilization is modulated by beta-spectrin 
phosphorylation in childhood leukemia. Leukemia 15, 440-444 (2001). 

171 Ohta, Y., Akiyama, T., Nishida, E. & Sakai, H. Protein kinase C and cAMP-dependent protein kinase 
induce opposite effects on actin polymerizability. FEBS Lett 222, 305-310, doi:10.1016/0014-
5793(87)80391-5 (1987). 

172 Amano, M., Nakayama, M. & Kaibuchi, K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and 
cell polarity. Cytoskeleton (Hoboken) 67, 545-554, doi:10.1002/cm.20472 (2010). 

173 Dulyaninova, N. G., House, R. P., Betapudi, V. & Bresnick, A. R. Myosin-IIA heavy-chain 
phosphorylation regulates the motility of MDA-MB-231 carcinoma cells. Mol Biol Cell 18, 3144-3155, 
doi:10.1091/mbc.e06-11-1056 (2007). 

174 Beach, J. R. et al. Myosin II isoform switching mediates invasiveness after TGF-beta-induced 
epithelial-mesenchymal transition. Proc Natl Acad Sci U S A 108, 17991-17996, 
doi:10.1073/pnas.1106499108 (2011). 

175 Sanborn, K. B. et al. Phosphorylation of the myosin IIA tailpiece regulates single myosin IIA molecule 
association with lytic granules to promote NK-cell cytotoxicity. Blood 118, 5862-5871, 
doi:10.1182/blood-2011-03-344846 (2011). 



 

227 

176 Petrosyan, A., Casey, C. A. & Cheng, P. W. The role of Rab6a and phosphorylation of non-muscle 
myosin IIA tailpiece in alcohol-induced Golgi disorganization. Sci Rep 6, 31962, 
doi:10.1038/srep31962 (2016). 

177 Harrison, M. L., Rathinavelu, P., Arese, P., Geahlen, R. L. & Low, P. S. Role of band 3 tyrosine 
phosphorylation in the regulation of erythrocyte glycolysis. J Biol Chem 266, 4106-4111 (1991). 

178 De Franceschi, L. et al. Erythrocyte membrane changes of chorea-acanthocytosis are the result of 
altered Lyn kinase activity. Blood 118, 5652-5663, doi:10.1182/blood-2011-05-355339 (2011). 

179 Wei, T. & Tao, M. Human erythrocyte casein kinase II: characterization and phosphorylation of 
membrane cytoskeletal proteins. Arch Biochem Biophys 307, 206-216, doi:10.1006/abbi.1993.1580 
(1993). 

180 Cianci, C. D., Giorgi, M. & Morrow, J. S. Phosphorylation of ankyrin down-regulates its cooperative 
interaction with spectrin and protein 3. J Cell Biochem 37, 301-315, doi:10.1002/jcb.240370305 
(1988). 

181 Soderblom, E. J. et al. Proteomic analysis of ERK1/2-mediated human sickle red blood cell membrane 
protein phosphorylation. Clin Proteomics 10, 1, doi:10.1186/1559-0275-10-1 (2013). 

182 Sisquella, X. et al. Plasmodium falciparum ligand binding to erythrocytes induce alterations in 
deformability essential for invasion. Elife 6, doi:10.7554/eLife.21083 (2017). 

183 Suzuki, K., Ikebuchi, H. & Terao, T. Mercuric and cadmium ions stimulate phosphorylation of band 
4.2 protein on human erythrocyte membranes. J Biol Chem 260, 4526-4530 (1985). 

184 Fennell, R. L., Jr., Rybicki, A. C., Schwartz, R. S. & Soslau, G. Characterization of the phosphorylated 
state of protein 4.2 from a patient partially deficient in protein 4.2. Thromb Res 66, 629-636 (1992). 

185 Manno, S., Takakuwa, Y. & Mohandas, N. Modulation of erythrocyte membrane mechanical function 
by protein 4.1 phosphorylation. J Biol Chem 280, 7581-7587, doi:10.1074/jbc.M410650200 (2005). 

186 Liu, J., Guo, X., Mohandas, N., Chasis, J. A. & An, X. Membrane remodeling during reticulocyte 
maturation. Blood 115, 2021-2027, doi:10.1182/blood-2009-08-241182 (2010). 

187 Matsuoka, Y., Hughes, C. A. & Bennett, V. Adducin regulation. Definition of the calmodulin-binding 
domain and sites of phosphorylation by protein kinases A and C. J Biol Chem 271, 25157-25166, 
doi:10.1074/jbc.271.41.25157 (1996). 

188 Chen, L., Brown, J. W., Mok, Y. F., Hatters, D. M. & McKnight, C. J. The allosteric mechanism induced 
by protein kinase A (PKA) phosphorylation of dematin (band 4.9). J Biol Chem 288, 8313-8320, 
doi:10.1074/jbc.M112.438861 (2013). 

189 Jiang, Z. G. & McKnight, C. J. A phosphorylation-induced conformation change in dematin headpiece. 
Structure 14, 379-387, doi:10.1016/j.str.2005.11.007 (2006). 

190 King, L. E., Jr. & Morrison, M. The visualization of human erythrocyte membrane proteins and 
glycoproteins in SDS polyacrylamide gels employing a single staining procedure. Anal Biochem 71, 
223-230, doi:10.1016/0003-2697(76)90031-2 (1976). 

191 Nilsson, T. et al. Mass spectrometry in high-throughput proteomics: ready for the big time. Nat 
Methods 7, 681-685, doi:10.1038/nmeth0910-681 (2010). 

192 Tan, S., Tan, H. T. & Chung, M. C. Membrane proteins and membrane proteomics. Proteomics 8, 
3924-3932, doi:10.1002/pmic.200800597 (2008). 

193 Gautier, E. F. et al. Absolute proteome quantification of highly purified populations of circulating 
reticulocytes and mature erythrocytes. Blood Adv 2, 2646-2657, 
doi:10.1182/bloodadvances.2018023515 (2018). 

194 D'Alessandro, A., Dzieciatkowska, M., Nemkov, T. & Hansen, K. C. Red blood cell proteomics update: 
is there more to discover? Blood Transfus 15, 182-187, doi:10.2450/2017.0293-16 (2017). 

195 Kakhniashvili, D. G., Bulla, L. A., Jr. & Goodman, S. R. The human erythrocyte proteome: analysis by 
ion trap mass spectrometry. Mol Cell Proteomics 3, 501-509, doi:10.1074/mcp.M300132-MCP200 
(2004). 

196 Neelam, S., Kakhniashvili, D. G., Wilkens, S., Levene, S. D. & Goodman, S. R. Functional 20S 
proteasomes in mature human red blood cells. Exp Biol Med (Maywood) 236, 580-591, 
doi:10.1258/ebm.2011.010394 (2011). 

197 Pasini, E. M. et al. In-depth analysis of the membrane and cytosolic proteome of red blood cells. 
Blood 108, 791-801, doi:10.1182/blood-2005-11-007799 (2006). 



 

228 

198 Bosman, G. J. et al. The proteome of red cell membranes and vesicles during storage in blood bank 
conditions. Transfusion 48, 827-835, doi:10.1111/j.1537-2995.2007.01630.x (2008). 

199 D'Alessandro, A., Righetti, P. G. & Zolla, L. The red blood cell proteome and interactome: an update. 
J Proteome Res 9, 144-163, doi:10.1021/pr900831f (2010). 

200 Bhattacharya, D. et al. Differential regulation of redox proteins and chaperones in HbEbeta-
thalassemia erythrocyte proteome. Proteomics Clin Appl 4, 480-488, doi:10.1002/prca.200900073 
(2010). 

201 Peker, S., Akar, N. & Demiralp, D. O. Proteomic identification of erythrocyte membrane protein 
deficiency in hereditary spherocytosis. Mol Biol Rep 39, 3161-3167, doi:10.1007/s11033-011-1082-x 
(2012). 

202 Montoya, A., Beltran, L., Casado, P., Rodriguez-Prados, J. C. & Cutillas, P. R. Characterization of a 
TiO(2) enrichment method for label-free quantitative phosphoproteomics. Methods 54, 370-378, 
doi:10.1016/j.ymeth.2011.02.004 (2011). 

203 Siciliano, A. et al. Deoxygenation affects tyrosine phosphoproteome of red cell membrane from 
patients with sickle cell disease. Blood Cells Mol Dis 44, 233-242, doi:10.1016/j.bcmd.2010.02.007 
(2010). 

204 Zuccala, E. S. et al. Quantitative phospho-proteomics reveals the Plasmodium merozoite triggers pre-
invasion host kinase modification of the red cell cytoskeleton. Sci Rep 6, 19766, 
doi:10.1038/srep19766 (2016). 

205 Bouyer, G. et al. Plasmodiumfalciparum infection induces dynamic changes in the erythrocyte 
phospho-proteome. Blood Cells Mol Dis 58, 35-44, doi:10.1016/j.bcmd.2016.02.001 (2016). 

206 Gautier, E. F. et al. Comprehensive Proteomic Analysis of Human Erythropoiesis. Cell Rep 16, 1470-
1484, doi:10.1016/j.celrep.2016.06.085 (2016). 

207 Wilson, M. C. et al. Comparison of the Proteome of Adult and Cord Erythroid Cells, and Changes in 
the Proteome Following Reticulocyte Maturation. Mol Cell Proteomics 15, 1938-1946, 
doi:10.1074/mcp.M115.057315 (2016). 

208 Chu, T. T. T. et al. Quantitative mass spectrometry of human reticulocytes reveal proteome-wide 
modifications during maturation. Br J Haematol 180, 118-133, doi:10.1111/bjh.14976 (2018). 

209 Bryk, A. H. & Wisniewski, J. R. Quantitative Analysis of Human Red Blood Cell Proteome. J Proteome 
Res 16, 2752-2761, doi:10.1021/acs.jproteome.7b00025 (2017). 

210 Rieger, M. A. & Schroeder, T. Hematopoiesis. Cold Spring Harb Perspect Biol 4, 
doi:10.1101/cshperspect.a008250 (2012). 

211 Zivot, A., Lipton, J. M., Narla, A. & Blanc, L. Erythropoiesis: insights into pathophysiology and 
treatments in 2017. Mol Med 24, 11, doi:10.1186/s10020-018-0011-z (2018). 

212 Palis, J. Primitive and definitive erythropoiesis in mammals. Front Physiol 5, 3, 
doi:10.3389/fphys.2014.00003 (2014). 

213 Palis, J. Ontogeny of erythropoiesis. Curr Opin Hematol 15, 155-161, 
doi:10.1097/MOH.0b013e3282f97ae1 (2008). 

214 Ihle, J. N. Interleukin-3 and hematopoiesis. Chem Immunol 51, 65-106 (1992). 
215 Ushach, I. & Zlotnik, A. Biological role of granulocyte macrophage colony-stimulating factor (GM-CSF) 

and macrophage colony-stimulating factor (M-CSF) on cells of the myeloid lineage. J Leukoc Biol 100, 
481-489, doi:10.1189/jlb.3RU0316-144R (2016). 

216 Mossadegh-Keller, N. et al. M-CSF instructs myeloid lineage fate in single haematopoietic stem cells. 
Nature 497, 239-243, doi:10.1038/nature12026 (2013). 

217 Weiskopf, K. et al. Myeloid Cell Origins, Differentiation, and Clinical Implications. Microbiol Spectr 4, 
doi:10.1128/microbiolspec.MCHD-0031-2016 (2016). 

218 Shin, J. Y., Hu, W., Naramura, M. & Park, C. Y. High c-Kit expression identifies hematopoietic stem 
cells with impaired self-renewal and megakaryocytic bias. J Exp Med 211, 217-231, 
doi:10.1084/jem.20131128 (2014). 

219 Xie, Y. et al. Cooperative Effect of Erythropoietin and TGF-beta Inhibition on Erythroid Development 
in Human Pluripotent Stem Cells. J Cell Biochem 116, 2735-2743, doi:10.1002/jcb.25233 (2015). 

220 Sanada, C. et al. Adult human megakaryocyte-erythroid progenitors are in the CD34+CD38mid 
fraction. Blood 128, 923-933, doi:10.1182/blood-2016-01-693705 (2016). 



 

229 

221 Jacobsen, S. E. W. & Nerlov, C. Haematopoiesis in the era of advanced single-cell technologies. Nat 
Cell Biol 21, 2-8, doi:10.1038/s41556-018-0227-8 (2019). 

222 Di Carlo, V., Mocavini, I. & Di Croce, L. Polycomb complexes in normal and malignant hematopoiesis. 
J Cell Biol 218, 55-69, doi:10.1083/jcb.201808028 (2019). 

223 Heath, D. S., Axelrad, A. A., McLeod, D. L. & Shreeve, M. M. Separation of the erythropoietin-
responsive progenitors BFU-E and CFU-E in mouse bone marrow by unit gravity sedimentation. Blood 
47, 777-792 (1976). 

224 Dai, C. H., Krantz, S. B. & Zsebo, K. M. Human burst-forming units-erythroid need direct interaction 
with stem cell factor for further development. Blood 78, 2493-2497 (1991). 

225 Hattangadi, S. M., Wong, P., Zhang, L., Flygare, J. & Lodish, H. F. From stem cell to red cell: regulation 
of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin modifications. Blood 
118, 6258-6268, doi:10.1182/blood-2011-07-356006 (2011). 

226 Lodish, H., Flygare, J. & Chou, S. From stem cell to erythroblast: regulation of red cell production at 
multiple levels by multiple hormones. IUBMB Life 62, 492-496, doi:10.1002/iub.322 (2010). 

227 Flygare, J., Rayon Estrada, V., Shin, C., Gupta, S. & Lodish, H. F. HIF1alpha synergizes with 
glucocorticoids to promote BFU-E progenitor self-renewal. Blood 117, 3435-3444, 
doi:10.1182/blood-2010-07-295550 (2011). 

228 Liu, J. et al. Quantitative analysis of murine terminal erythroid differentiation in vivo: novel method 
to study normal and disordered erythropoiesis. Blood 121, e43-49, doi:10.1182/blood-2012-09-
456079 (2013). 

229 Kosmider, O., Buet, D., Gallais, I., Denis, N. & Moreau-Gachelin, F. Erythropoietin down-regulates 
stem cell factor receptor (Kit) expression in the leukemic proerythroblast: role of Lyn kinase. PLoS 
One 4, e5721, doi:10.1371/journal.pone.0005721 (2009). 

230 Dev, A. et al. During EPO or anemia challenge, erythroid progenitor cells transit through a selectively 
expandable proerythroblast pool. Blood 116, 5334-5346, doi:10.1182/blood-2009-12-258947 (2010). 

231 Hu, J. et al. Isolation and functional characterization of human erythroblasts at distinct stages: 
implications for understanding of normal and disordered erythropoiesis in vivo. Blood 121, 3246-
3253, doi:10.1182/blood-2013-01-476390 (2013). 

232 Chen, K. et al. Resolving the distinct stages in erythroid differentiation based on dynamic changes in 
membrane protein expression during erythropoiesis. Proc Natl Acad Sci U S A 106, 17413-17418, 
doi:10.1073/pnas.0909296106 (2009). 

233 Mizushima, W. & Eguchi, M. Intranuclear and cytoplasmic hemoglobin in human erythroblasts during 
maturation. Electron microscopic immunocytochemistry. Histochemistry 91, 365-371 (1989). 

234 Manwani, D. & Bieker, J. J. The erythroblastic island. Curr Top Dev Biol 82, 23-53, doi:10.1016/S0070-
2153(07)00002-6 (2008). 

235 Migliaccio, A. R. Erythroblast enucleation. Haematologica 95, 1985-1988, 
doi:10.3324/haematol.2010.033225 (2010). 

236 Ney, P. A. Normal and disordered reticulocyte maturation. Curr Opin Hematol 18, 152-157, 
doi:10.1097/MOH.0b013e328345213e (2011). 

237 Chasis, J. A. & Mohandas, N. Erythroblastic islands: niches for erythropoiesis. Blood 112, 470-478, 
doi:10.1182/blood-2008-03-077883 (2008). 

238 Hom, J., Dulmovits, B. M., Mohandas, N. & Blanc, L. The erythroblastic island as an emerging 
paradigm in the anemia of inflammation. Immunol Res 63, 75-89, doi:10.1007/s12026-015-8697-2 
(2015). 

239 Klei, T. R., Meinderts, S. M., van den Berg, T. K. & van Bruggen, R. From the Cradle to the Grave: The 
Role of Macrophages in Erythropoiesis and Erythrophagocytosis. Front Immunol 8, 73, 
doi:10.3389/fimmu.2017.00073 (2017). 

240 Yeo, J. H., Colonne, C. K., Tasneem, N., Cosgriff, M. P. & Fraser, S. T. The iron islands: Erythroblastic 
islands and iron metabolism. Biochim Biophys Acta Gen Subj 1863, 466-471, 
doi:10.1016/j.bbagen.2018.10.019 (2019). 

241 Leimberg, M. J., Prus, E., Konijn, A. M. & Fibach, E. Macrophages function as a ferritin iron source for 
cultured human erythroid precursors. J Cell Biochem 103, 1211-1218, doi:10.1002/jcb.21499 (2008). 

242 Rhodes, M. M., Kopsombut, P., Bondurant, M. C., Price, J. O. & Koury, M. J. Adherence to 
macrophages in erythroblastic islands enhances erythroblast proliferation and increases erythrocyte 



 

230 

production by a different mechanism than erythropoietin. Blood 111, 1700-1708, doi:10.1182/blood-
2007-06-098178 (2008). 

243 Konstantinidis, D. G. et al. Signaling and cytoskeletal requirements in erythroblast enucleation. Blood 
119, 6118-6127, doi:10.1182/blood-2011-09-379263 (2012). 

244 Wang, J. et al. Mammalian erythroblast enucleation requires PI3K-dependent cell polarization. J Cell 
Sci 125, 340-349, doi:10.1242/jcs.088286 (2012). 

245 McGrath, K. E. et al. Enucleation of primitive erythroid cells generates a transient population of 
"pyrenocytes" in the mammalian fetus. Blood 111, 2409-2417, doi:10.1182/blood-2007-08-107581 
(2008). 

246 Bell, A. J. et al. Protein distribution during human erythroblast enucleation in vitro. PLoS One 8, 
e60300, doi:10.1371/journal.pone.0060300 (2013). 

247 Koury, S. T., Koury, M. J. & Bondurant, M. C. Cytoskeletal distribution and function during the 
maturation and enucleation of mammalian erythroblasts. J Cell Biol 109, 3005-3013, 
doi:10.1083/jcb.109.6.3005 (1989). 

248 Lee, J. C. et al. Mechanism of protein sorting during erythroblast enucleation: role of cytoskeletal 
connectivity. Blood 103, 1912-1919, doi:10.1182/blood-2003-03-0928 (2004). 

249 Salomao, M. et al. Hereditary spherocytosis and hereditary elliptocytosis: aberrant protein sorting 
during erythroblast enucleation. Blood 116, 267-269, doi:10.1182/blood-2010-02-264127 (2010). 

250 May, J. M., Qu, Z. C., Qiao, H. & Koury, M. J. Maturational loss of the vitamin C transporter in 
erythrocytes. Biochem Biophys Res Commun 360, 295-298, doi:10.1016/j.bbrc.2007.06.072 (2007). 

251 Griffiths, R. E. et al. Maturing reticulocytes internalize plasma membrane in glycophorin A-containing 
vesicles that fuse with autophagosomes before exocytosis. Blood 119, 6296-6306, 
doi:10.1182/blood-2011-09-376475 (2012). 

252 Toda, S., Nishi, C., Yanagihashi, Y., Segawa, K. & Nagata, S. Clearance of Apoptotic Cells and 
Pyrenocytes. Curr Top Dev Biol 114, 267-295, doi:10.1016/bs.ctdb.2015.07.017 (2015). 

253 Schroit, A. J., Tanaka, Y., Madsen, J. & Fidler, I. J. The recognition of red blood cells by macrophages: 
role of phosphatidylserine and possible implications of membrane phospholipid asymmetry. Biol Cell 
51, 227-238 (1984). 

254 Arashiki, N. et al. ATP11C is a major flippase in human erythrocytes and its defect causes congenital 
hemolytic anemia. Haematologica 101, 559-565, doi:10.3324/haematol.2016.142273 (2016). 

255 Thomson-Luque, R. et al. In-depth phenotypic characterization of reticulocyte maturation using mass 
cytometry. Blood Cells Mol Dis 72, 22-33, doi:10.1016/j.bcmd.2018.06.004 (2018). 

256 Bessman, J. D. in Clinical Methods: The History, Physical, and Laboratory Examinations   (eds rd, H. K. 
Walker, W. D. Hall, & J. W. Hurst)  (1990). 

257 Gifford, S. C., Derganc, J., Shevkoplyas, S. S., Yoshida, T. & Bitensky, M. W. A detailed study of time-
dependent changes in human red blood cells: from reticulocyte maturation to erythrocyte 
senescence. Br J Haematol 135, 395-404, doi:10.1111/j.1365-2141.2006.06279.x (2006). 

258 Satchwell, T. J. et al. Characteristic phenotypes associated with congenital dyserythropoietic anemia 
(type II) manifest at different stages of erythropoiesis. Haematologica 98, 1788-1796, 
doi:10.3324/haematol.2013.085522 (2013). 

259 Chasis, J. A., Prenant, M., Leung, A. & Mohandas, N. Membrane assembly and remodeling during 
reticulocyte maturation. Blood 74, 1112-1120 (1989). 

260 Malleret, B. et al. Significant biochemical, biophysical and metabolic diversity in circulating human 
cord blood reticulocytes. PLoS One 8, e76062, doi:10.1371/journal.pone.0076062 (2013). 

261 Blanc, L. & Vidal, M. Reticulocyte membrane remodeling: contribution of the exosome pathway. Curr 
Opin Hematol 17, 177-183, doi:10.1097/MOH.0b013e328337b4e3 (2010). 

262 Koury, M. J., Koury, S. T., Kopsombut, P. & Bondurant, M. C. In vitro maturation of nascent 
reticulocytes to erythrocytes. Blood 105, 2168-2174, doi:10.1182/blood-2004-02-0616 (2005). 

263 Johnstone, R. M., Adam, M., Hammond, J. R., Orr, L. & Turbide, C. Vesicle formation during 
reticulocyte maturation. Association of plasma membrane activities with released vesicles 
(exosomes). J Biol Chem 262, 9412-9420 (1987). 

264 Lee, E. et al. The RNA in reticulocytes is not just debris: it is necessary for the final stages of 
erythrocyte formation. Blood Cells Mol Dis 53, 1-10, doi:10.1016/j.bcmd.2014.02.009 (2014). 



 

231 

265 Blanc, L. et al. The water channel aquaporin-1 partitions into exosomes during reticulocyte 
maturation: implication for the regulation of cell volume. Blood 114, 3928-3934, doi:10.1182/blood-
2009-06-230086 (2009). 

266 Fader, C. M. & Colombo, M. I. Multivesicular bodies and autophagy in erythrocyte maturation. 
Autophagy 2, 122-125, doi:10.4161/auto.2.2.2350 (2006). 

267 Stolz, A., Ernst, A. & Dikic, I. Cargo recognition and trafficking in selective autophagy. Nat Cell Biol 16, 
495-501, doi:10.1038/ncb2979 (2014). 

268 Holm, T. M. et al. Failure of red blood cell maturation in mice with defects in the high-density 
lipoprotein receptor SR-BI. Blood 99, 1817-1824 (2002). 

269 Zhang, J. & Ney, P. A. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ 
16, 939-946, doi:10.1038/cdd.2009.16 (2009). 

270 King, J. S., Veltman, D. M. & Insall, R. H. The induction of autophagy by mechanical stress. Autophagy 
7, 1490-1499 (2011). 

271 Holroyde, C. P. & Gardner, F. H. Acquisition of autophagic vacuoles by human erythrocytes. 
Physiological role of the spleen. Blood 36, 566-575 (1970). 

272 Brohawn, S. G., Su, Z. & MacKinnon, R. Mechanosensitivity is mediated directly by the lipid 
membrane in TRAAK and TREK1 K+ channels. Proc Natl Acad Sci U S A 111, 3614-3619, 
doi:10.1073/pnas.1320768111 (2014). 

273 Martinac, B. Mechanosensitive ion channels: molecules of mechanotransduction. J Cell Sci 117, 2449-
2460, doi:10.1242/jcs.01232 (2004). 

274 Pivetti, C. D. et al. Two families of mechanosensitive channel proteins. Microbiol Mol Biol Rev 67, 66-
85, table of contents, doi:10.1128/mmbr.67.1.66-85.2003 (2003). 

275 Ridone, P. et al. Disruption of membrane cholesterol organization impairs the concerted activity of 
PIEZO1 channel clusters. bioRxiv, 604488, doi:10.1101/604488 (2019). 

276 Xie, L., Sun, D., Yao, W. & Wen, Z. Microrheological characteristics of reticulocyte in vivo. Sci China C 
Life Sci 45, 50-56, doi:10.1360/02yc9006 (2002). 

277 Malleret, B. et al. Plasmodium vivax: restricted tropism and rapid remodeling of CD71-positive 
reticulocytes. Blood 125, 1314-1324, doi:10.1182/blood-2014-08-596015 (2015). 

278 Wan, J., Ristenpart, W. D. & Stone, H. A. Dynamics of shear-induced ATP release from red blood cells. 
Proc Natl Acad Sci U S A 105, 16432-16437, doi:10.1073/pnas.0805779105 (2008). 

279 Cinar, E. et al. Piezo1 regulates mechanotransductive release of ATP from human RBCs. Proc Natl 
Acad Sci U S A 112, 11783-11788, doi:10.1073/pnas.1507309112 (2015). 

280 Cahalan, S. M. et al. Piezo1 links mechanical forces to red blood cell volume. Elife 4, 
doi:10.7554/eLife.07370 (2015). 

281 Faucherre, A., Kissa, K., Nargeot, J., Mangoni, M. E. & Jopling, C. Piezo1 plays a role in erythrocyte 
volume homeostasis. Haematologica 99, 70-75, doi:10.3324/haematol.2013.086090 (2014). 

282 Danielczok, J. et al. Does Erythropoietin Regulate TRPC Channels in Red Blood Cells? Cell Physiol 
Biochem 41, 1219-1228, doi:10.1159/000464384 (2017). 

283 Zipser, Y., Piade, A., Barbul, A., Korenstein, R. & Kosower, N. S. Ca2+ promotes erythrocyte band 3 
tyrosine phosphorylation via dissociation of phosphotyrosine phosphatase from band 3. Biochem J 
368, 137-144, doi:10.1042/BJ20020359 (2002). 

284 Coussens, L. et al. Multiple, distinct forms of bovine and human protein kinase C suggest diversity in 
cellular signaling pathways. Science 233, 859-866 (1986). 

285 Govekar, R. B. & Zingde, S. M. Protein kinase C isoforms in human erythrocytes. Ann Hematol 80, 
531-534 (2001). 

286 Kostova, E. B. et al. Identification of signalling cascades involved in red blood cell shrinkage and 
vesiculation. Biosci Rep 35, doi:10.1042/BSR20150019 (2015). 

287 Patel, V. P. & Fairbanks, G. Spectrin phosphorylation and shape change of human erythrocyte ghosts. 
J Cell Biol 88, 430-440 (1981). 

288 Pinder, J. C., Bray, D. & Gratzer, W. B. Control of interaction of spectrin and actin by phosphorylation. 
Nature 270, 752-754 (1977). 

289 Lavazec, C. et al. Microsphiltration: a microsphere matrix to explore erythrocyte deformability. 
Methods Mol Biol 923, 291-297, doi:10.1007/978-1-62703-026-7_20 (2013). 



 

232 

290 Waugh, R. E. Reticulocyte rigidity and passage through endothelial-like pores. Blood 78, 3037-3042 
(1991). 

291 Lizarralde Iragorri, M. A. et al. A microfluidic approach to study the effect of mechanical stress on 
erythrocytes in sickle cell disease. Lab Chip 18, 2975-2984, doi:10.1039/c8lc00637g (2018). 

292 Duez, J. et al. High-throughput microsphiltration to assess red blood cell deformability and screen for 
malaria transmission-blocking drugs. Nat Protoc 13, 1362-1376, doi:10.1038/nprot.2018.035 (2018). 

293 Venkatachalam, K. & Montell, C. TRP channels. Annu Rev Biochem 76, 387-417, 
doi:10.1146/annurev.biochem.75.103004.142819 (2007). 

294 Fowler, M. A. & Montell, C. Drosophila TRP channels and animal behavior. Life Sci 92, 394-403, 
doi:10.1016/j.lfs.2012.07.029 (2013). 

295 Yin, J. & Kuebler, W. M. Mechanotransduction by TRP channels: general concepts and specific role in 
the vasculature. Cell Biochem Biophys 56, 1-18, doi:10.1007/s12013-009-9067-2 (2010). 

296 Vazquez, G., Wedel, B. J., Aziz, O., Trebak, M. & Putney, J. W., Jr. The mammalian TRPC cation 
channels. Biochim Biophys Acta 1742, 21-36, doi:10.1016/j.bbamcr.2004.08.015 (2004). 

297 Quick, K. et al. TRPC3 and TRPC6 are essential for normal mechanotransduction in subsets of sensory 
neurons and cochlear hair cells. Open Biol 2, 120068, doi:10.1098/rsob.120068 (2012). 

298 Hirschler-Laszkiewicz, I. et al. TRPC3 activation by erythropoietin is modulated by TRPC6. J Biol Chem 
284, 4567-4581, doi:10.1074/jbc.M804734200 (2009). 

299 Fogel, B. L., Hanson, S. M. & Becker, E. B. Do mutations in the murine ataxia gene TRPC3 cause 
cerebellar ataxia in humans? Mov Disord 30, 284-286, doi:10.1002/mds.26096 (2015). 

300 Mukerji, N., Damodaran, T. V. & Winn, M. P. TRPC6 and FSGS: the latest TRP channelopathy. Biochim 
Biophys Acta 1772, 859-868, doi:10.1016/j.bbadis.2007.03.005 (2007). 

301 Duan, J. et al. Structure of the mammalian TRPM7, a magnesium channel required during embryonic 
development. Proc Natl Acad Sci U S A 115, E8201-E8210, doi:10.1073/pnas.1810719115 (2018). 

302 Stritt, S. et al. Defects in TRPM7 channel function deregulate thrombopoiesis through altered cellular 
Mg(2+) homeostasis and cytoskeletal architecture. Nat Commun 7, 11097, 
doi:10.1038/ncomms11097 (2016). 

303 Katanosaka, K., Takatsu, S., Mizumura, K., Naruse, K. & Katanosaka, Y. TRPV2 is required for 
mechanical nociception and the stretch-evoked response of primary sensory neurons. Sci Rep 8, 
16782, doi:10.1038/s41598-018-35049-4 (2018). 

304 Santoni, G. et al. The role of transient receptor potential vanilloid type-2 ion channels in innate and 
adaptive immune responses. Front Immunol 4, 34, doi:10.3389/fimmu.2013.00034 (2013). 

305 Chesler, A. T. & Szczot, M. Portraits of a pressure sensor. Elife 7, doi:10.7554/eLife.34396 (2018). 
306 Saotome, K. et al. Structure of the mechanically activated ion channel Piezo1. Nature 554, 481-486, 

doi:10.1038/nature25453 (2018). 
307 Coste, B. et al. Gain-of-function mutations in the mechanically activated ion channel PIEZO2 cause a 

subtype of Distal Arthrogryposis. Proc Natl Acad Sci U S A 110, 4667-4672, 
doi:10.1073/pnas.1221400110 (2013). 

308 Lew, V. L. & Tiffert, T. On the Mechanism of Human Red Blood Cell Longevity: Roles of Calcium, the 
Sodium Pump, PIEZO1, and Gardos Channels. Front Physiol 8, 977, doi:10.3389/fphys.2017.00977 
(2017). 

309 Coste, B. et al. Piezo1 and Piezo2 are essential components of distinct mechanically activated cation 
channels. Science 330, 55-60, doi:10.1126/science.1193270 (2010). 

310 Kuchel, P. W. & Shishmarev, D. Accelerating metabolism and transmembrane cation flux by distorting 
red blood cells. Sci Adv 3, eaao1016, doi:10.1126/sciadv.aao1016 (2017). 

311 Gnanasambandam, R., Bae, C., Gottlieb, P. A. & Sachs, F. Ionic Selectivity and Permeation Properties 
of Human PIEZO1 Channels. PLoS One 10, e0125503, doi:10.1371/journal.pone.0125503 (2015). 

312 Glogowska, E., Lezon-Geyda, K., Maksimova, Y., Schulz, V. P. & Gallagher, P. G. Mutations in the 
Gardos channel (KCNN4) are associated with hereditary xerocytosis. Blood 126, 1281-1284, 
doi:10.1182/blood-2015-07-657957 (2015). 

313 Rapetti-Mauss, R. et al. Red blood cell Gardos channel (KCNN4): the essential determinant of 
erythrocyte dehydration in hereditary xerocytosis. Haematologica 102, e415-e418, 
doi:10.3324/haematol.2017.171389 (2017). 



 

233 

314 Andolfo, I. et al. PIEZO1 Hypomorphic Variants in Congenital Lymphatic Dysplasia Cause Shape and 
Hydration Alterations of Red Blood Cells. Front Physiol 10, 258, doi:10.3389/fphys.2019.00258 
(2019). 

315 Martin-Almedina, S., Mansour, S. & Ostergaard, P. Human phenotypes caused by PIEZO1 mutations; 
one gene, two overlapping phenotypes? J Physiol 596, 985-992, doi:10.1113/JP275718 (2018). 

316 Fermo, E. et al. Hereditary Xerocytosis due to Mutations in PIEZO1 Gene Associated with 
Heterozygous Pyruvate Kinase Deficiency and Beta-Thalassemia Trait in Two Unrelated Families. Case 
Rep Hematol 2017, 2769570, doi:10.1155/2017/2769570 (2017). 

317 Zarychanski, R. et al. Mutations in the mechanotransduction protein PIEZO1 are associated with 
hereditary xerocytosis. Blood 120, 1908-1915, doi:10.1182/blood-2012-04-422253 (2012). 

318 Murthy, S. E., Dubin, A. E. & Patapoutian, A. Piezos thrive under pressure: mechanically activated ion 
channels in health and disease. Nat Rev Mol Cell Biol 18, 771-783, doi:10.1038/nrm.2017.92 (2017). 

319 Bae, C., Gnanasambandam, R., Nicolai, C., Sachs, F. & Gottlieb, P. A. Xerocytosis is caused by 
mutations that alter the kinetics of the mechanosensitive channel PIEZO1. Proc Natl Acad Sci U S A 
110, E1162-1168, doi:10.1073/pnas.1219777110 (2013). 

320 Albuisson, J. et al. Dehydrated hereditary stomatocytosis linked to gain-of-function mutations in 
mechanically activated PIEZO1 ion channels. Nat Commun 4, 1884, doi:10.1038/ncomms2899 
(2013). 

321 Andolfo, I. et al. Multiple clinical forms of dehydrated hereditary stomatocytosis arise from 
mutations in PIEZO1. Blood 121, 3925-3935, S3921-3912, doi:10.1182/blood-2013-02-482489 
(2013). 

322 Archer, N. M. et al. Hereditary xerocytosis revisited. Am J Hematol 89, 1142-1146, 
doi:10.1002/ajh.23799 (2014). 

323 Picard, V. et al. Clinical and biological features in PIEZO1-hereditary xerocytosis and Gardos-
channelopathy: A retrospective series of 126 patients. Haematologica, 
doi:10.3324/haematol.2018.205328 (2019). 

324 Huisjes, R., van Solinge, W. W., Levin, M. D., van Wijk, R. & Riedl, J. A. Digital microscopy as a screening 
tool for the diagnosis of hereditary hemolytic anemia. Int J Lab Hematol 40, 159-168, 
doi:10.1111/ijlh.12758 (2018). 

325 Andolfo, I. et al. Genotype-phenotype correlation and risk stratification in a cohort of 123 hereditary 
stomatocytosis patients. Am J Hematol 93, 1509-1517, doi:10.1002/ajh.25276 (2018). 

326 Astle, W. J. et al. The Allelic Landscape of Human Blood Cell Trait Variation and Links to Common 
Complex Disease. Cell 167, 1415-1429 e1419, doi:10.1016/j.cell.2016.10.042 (2016). 

327 Ma, S. et al. Common PIEZO1 Allele in African Populations Causes RBC Dehydration and Attenuates 
Plasmodium Infection. Cell 173, 443-455 e412, doi:10.1016/j.cell.2018.02.047 (2018). 

328 Sutera, S. P. Flow-induced trauma to blood cells. Circ Res 41, 2-8 (1977). 
329 Leverett, L. B., Hellums, J. D., Alfrey, C. P. & Lynch, E. C. Red blood cell damage by shear stress. Biophys 

J 12, 257-273, doi:10.1016/S0006-3495(72)86085-5 (1972). 
330 Sutera, S. P. & Mehrjardi, M. H. Deformation and fragmentation of human red blood cells in turbulent 

shear flow. Biophys J 15, 1-10, doi:10.1016/S0006-3495(75)85787-0 (1975). 
331 Sosa, J. M., Nielsen, N. D., Vignes, S. M., Chen, T. G. & Shevkoplyas, S. S. The relationship between 

red blood cell deformability metrics and perfusion of an artificial microvascular network. Clin 
Hemorheol Microcirc 57, 275-289, doi:10.3233/CH-131719 (2014). 

332 Wieschhaus, A. et al. Calpain-1 knockout reveals broad effects on erythrocyte deformability and 
physiology. Biochem J 448, 141-152, doi:10.1042/BJ20121008 (2012). 

333 Rabai, M. et al. Deformability analysis of sickle blood using ektacytometry. Biorheology 51, 159-170, 
doi:10.3233/BIR-140660 (2014). 

334 Dobbe, J. G., Streekstra, G. J., Hardeman, M. R., Ince, C. & Grimbergen, C. A. Measurement of the 
distribution of red blood cell deformability using an automated rheoscope. Cytometry 50, 313-325, 
doi:10.1002/cyto.10171 (2002). 

335 Seiffge, D. & Kiesewetter, H. Filtrability investigations with red blood cell (RBC) suspensions: effects 
of different blood components and pentoxifylline on RBC flow rate. Ric Clin Lab 11 Suppl 1, 117-123 
(1981). 



 

234 

336 Li, X., Peng, Z., Lei, H., Dao, M. & Karniadakis, G. E. Probing red blood cell mechanics, rheology and 
dynamics with a two-component multi-scale model. Philos Trans A Math Phys Eng Sci 372, 
doi:10.1098/rsta.2013.0389 (2014). 

337 Duez, J. et al. Splenic retention of Plasmodium falciparum gametocytes to block the transmission of 
malaria. Antimicrob Agents Chemother 59, 4206-4214, doi:10.1128/AAC.05030-14 (2015). 

338 Waugh, R. E. & Agre, P. Reductions of erythrocyte membrane viscoelastic coefficients reflect spectrin 
deficiencies in hereditary spherocytosis. J Clin Invest 81, 133-141, doi:10.1172/JCI113284 (1988). 

339 Discher, D. E., Boal, D. H. & Boey, S. K. Simulations of the erythrocyte cytoskeleton at large 
deformation. II. Micropipette aspiration. Biophys J 75, 1584-1597, doi:10.1016/S0006-
3495(98)74076-7 (1998). 

340 Dulinska, I. et al. Stiffness of normal and pathological erythrocytes studied by means of atomic force 
microscopy. J Biochem Biophys Methods 66, 1-11, doi:10.1016/j.jbbm.2005.11.003 (2006). 

341 Neuman, K. C. & Block, S. M. Optical trapping. Rev Sci Instrum 75, 2787-2809, doi:10.1063/1.1785844 
(2004). 

342 Zhang, H., Chen, N. H., El Haj, A. & Liu, K. K. An optical-manipulation technique for cells in 
physiological flows. J Biol Phys 36, 135-143, doi:10.1007/s10867-009-9176-6 (2010). 

343 Pellegrin, S. et al. Transduction with BBF2H7/CREB3L2 upregulates SEC23A protein in erythroblasts 
and partially corrects the hypo-glycosylation phenotype associated with CDAII. Br J Haematol 184, 
876-881, doi:10.1111/bjh.15189 (2019). 

344 Van Epps, D. E. et al. Harvesting, characterization, and culture of CD34+ cells from human bone 
marrow, peripheral blood, and cord blood. Blood Cells 20, 411-423 (1994). 

345 McNiece, I. & Briddell, R. Ex vivo expansion of hematopoietic progenitor cells and mature cells. Exp 
Hematol 29, 3-11 (2001). 

346 Jin, H., Kim, H. S., Kim, S. & Kim, H. O. Erythropoietic potential of CD34+ hematopoietic stem cells 
from human cord blood and G-CSF-mobilized peripheral blood. Biomed Res Int 2014, 435215, 
doi:10.1155/2014/435215 (2014). 

347 Sotnezova, E. V., Andreeva, E. R., Grigoriev, A. I. & Buravkova, L. B. Ex Vivo Expansion of 
Hematopoietic Stem and Progenitor Cells from Umbilical Cord Blood. Acta Naturae 8, 6-16 (2016). 

348 Feugier, P. et al. Ex vivo expansion of stem and progenitor cells in co-culture of mobilized peripheral 
blood CD34+ cells on human endothelium transfected with adenovectors expressing 
thrombopoietin, c-kit ligand, and Flt-3 ligand. J Hematother Stem Cell Res 11, 127-138, 
doi:10.1089/152581602753448595 (2002). 

349 Olivier, E. N., Qiu, C., Velho, M., Hirsch, R. E. & Bouhassira, E. E. Large-scale production of embryonic 
red blood cells from human embryonic stem cells. Exp Hematol 34, 1635-1642, 
doi:10.1016/j.exphem.2006.07.003 (2006). 

350 Panzenbock, B., Bartunek, P., Mapara, M. Y. & Zenke, M. Growth and differentiation of human stem 
cell factor/erythropoietin-dependent erythroid progenitor cells in vitro. Blood 92, 3658-3668 (1998). 

351 Wu, H., Liu, X., Jaenisch, R. & Lodish, H. F. Generation of committed erythroid BFU-E and CFU-E 
progenitors does not require erythropoietin or the erythropoietin receptor. Cell 83, 59-67, 
doi:10.1016/0092-8674(95)90234-1 (1995). 

352 Chida, D., Miura, O., Yoshimura, A. & Miyajima, A. Role of cytokine signaling molecules in erythroid 
differentiation of mouse fetal liver hematopoietic cells: functional analysis of signaling molecules by 
retrovirus-mediated expression. Blood 93, 1567-1578 (1999). 

353 Nocka, K. et al. Expression of c-kit gene products in known cellular targets of W mutations in normal 
and W mutant mice--evidence for an impaired c-kit kinase in mutant mice. Genes Dev 3, 816-826, 
doi:10.1101/gad.3.6.816 (1989). 

354 Briegel, K. et al. Ectopic expression of a conditional GATA-2/estrogen receptor chimera arrests 
erythroid differentiation in a hormone-dependent manner. Genes Dev 7, 1097-1109, 
doi:10.1101/gad.7.6.1097 (1993). 

355 Leberbauer, C. et al. Different steroids co-regulate long-term expansion versus terminal 
differentiation in primary human erythroid progenitors. Blood 105, 85-94, doi:10.1182/blood-2004-
03-1002 (2005). 

356 Fraser, J. K., Lin, F. K. & Berridge, M. V. Expression and modulation of specific, high affinity binding 
sites for erythropoietin on the human erythroleukemic cell line K562. Blood 71, 104-109 (1988). 



 

235 

357 van den Akker, E., Satchwell, T. J., Pellegrin, S., Daniels, G. & Toye, A. M. The majority of the in vitro 
erythroid expansion potential resides in CD34(-) cells, outweighing the contribution of CD34(+) cells 
and significantly increasing the erythroblast yield from peripheral blood samples. Haematologica 95, 
1594-1598, doi:10.3324/haematol.2009.019828 (2010). 

358 Kupzig, S., Parsons, S. F., Curnow, E., Anstee, D. J. & Blair, A. Superior survival of ex vivo cultured 
human reticulocytes following transfusion into mice. Haematologica 102, 476-483, 
doi:10.3324/haematol.2016.154443 (2017). 

359 Severn, C. E. et al. Polyurethane scaffolds seeded with CD34(+) cells maintain early stem cells whilst 
also facilitating prolonged egress of haematopoietic progenitors. Sci Rep 6, 32149, 
doi:10.1038/srep32149 (2016). 

360 Neildez-Nguyen, T. M. et al. Human erythroid cells produced ex vivo at large scale differentiate into 
red blood cells in vivo. Nat Biotechnol 20, 467-472, doi:10.1038/nbt0502-467 (2002). 

361 Giarratana, M. C. et al. Ex vivo generation of fully mature human red blood cells from hematopoietic 
stem cells. Nat Biotechnol 23, 69-74, doi:10.1038/nbt1047 (2005). 

362 Miharada, K., Hiroyama, T., Sudo, K., Nagasawa, T. & Nakamura, Y. Efficient enucleation of 
erythroblasts differentiated in vitro from hematopoietic stem and progenitor cells. Nat Biotechnol 
24, 1255-1256, doi:10.1038/nbt1245 (2006). 

363 Baek, E. J. et al. In vitro clinical-grade generation of red blood cells from human umbilical cord blood 
CD34+ cells. Transfusion 48, 2235-2245, doi:10.1111/j.1537-2995.2008.01828.x (2008). 

364 Tirelli, V. et al. Phenotypic definition of the progenitor cells with erythroid differentiation potential 
present in human adult blood. Stem Cells Int 2011, 602483, doi:10.4061/2011/602483 (2011). 

365 Giarratana, M. C. et al. Proof of principle for transfusion of in vitro-generated red blood cells. Blood 
118, 5071-5079, doi:10.1182/blood-2011-06-362038 (2011). 

366 Lizarralde Iragorri, M. A. et al. A microfluidic approach to study the effect of mechanical stress on 
erythrocytes in sickle cell disease. Lab Chip, doi:10.1039/c8lc00637g (2018). 

367 Trakarnsanga, K. et al. An immortalized adult human erythroid line facilitates sustainable and 
scalable generation of functional red cells. Nat Commun 8, 14750, doi:10.1038/ncomms14750 
(2017). 

368 Hawksworth, J. et al. Enhancement of red blood cell transfusion compatibility using CRISPR-mediated 
erythroblast gene editing. EMBO Mol Med 10, doi:10.15252/emmm.201708454 (2018). 

369 Darghouth, D. et al. Bio-engineered and native red blood cells from cord blood exhibit the same 
metabolomic profile. Haematologica 101, e220-222, doi:10.3324/haematol.2015.141465 (2016). 

370 Perez-Llamas, C. & Lopez-Bigas, N. Gitools: analysis and visualisation of genomic data using 
interactive heat-maps. PLoS One 6, e19541, doi:10.1371/journal.pone.0019541 (2011). 

371 Zerbino, D. R. et al. Ensembl 2018. Nucleic Acids Res 46, D754-D761, doi:10.1093/nar/gkx1098 
(2018). 

372 de Hoon, M. J., Imoto, S., Nolan, J. & Miyano, S. Open source clustering software. Bioinformatics 20, 
1453-1454, doi:10.1093/bioinformatics/bth078 (2004). 

373 Saldanha, A. J. Java Treeview--extensible visualization of microarray data. Bioinformatics 20, 3246-
3248, doi:10.1093/bioinformatics/bth349 (2004). 

374 Vizcaino, J. A. et al. 2016 update of the PRIDE database and its related tools. Nucleic Acids Res 44, 
11033, doi:10.1093/nar/gkw880 (2016). 

375 Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nature Methods 9, 
676-682, doi:10.1038/Nmeth.2019 (2012). 

376 Tinevez, J. Y. et al. TrackMate: An open and extensible platform for single-particle tracking. Methods 
115, 80-90, doi:10.1016/j.ymeth.2016.09.016 (2017). 

377 Pedregosa, F. et al. Scikit-learn: Machine Learning in Python. J Mach Learn Res 12, 2825-2830 (2011). 
378 Prenni, J. E., Vidal, M. & Olver, C. S. Preliminary characterization of the murine membrane 

reticulocyte proteome. Blood Cells Mol Dis 49, 74-82, doi:10.1016/j.bcmd.2012.05.002 (2012). 
379 Fairbanks, G., Palek, J., Dino, J. E. & Liu, P. A. Protein kinases and membrane protein phosphorylation 

in normal and abnormal human erythrocytes: variation related to mean cell age. Blood 61, 850-857 
(1983). 

380 Hornbeck, P. V. et al. PhosphoSitePlus, 2014: mutations, PTMs and recalibrations. Nucleic Acids Res 
43, D512-520, doi:10.1093/nar/gku1267 (2015). 



 

236 

381 Zhang, J. et al. Mitochondrial clearance is regulated by Atg7-dependent and -independent 
mechanisms during reticulocyte maturation. Blood 114, 157-164, doi:10.1182/blood-2008-04-
151639 (2009). 

382 Mills, E. W., Wangen, J., Green, R. & Ingolia, N. T. Dynamic Regulation of a Ribosome Rescue Pathway 
in Erythroid Cells and Platelets. Cell Rep 17, 1-10, doi:10.1016/j.celrep.2016.08.088 (2016). 

383 Srivastava, A., Evans, K. J., Sexton, A. E., Schofield, L. & Creek, D. J. Metabolomics-Based Elucidation 
of Active Metabolic Pathways in Erythrocytes and HSC-Derived Reticulocytes. J Proteome Res 16, 
1492-1505, doi:10.1021/acs.jproteome.6b00902 (2017). 

384 Tilmann, M. et al. Different types of blockers of the intermediate-conductance outwardly rectifying 
chloride channel in epithelia. Pflugers Arch 418, 556-563, doi:10.1007/bf00370571 (1991). 

385 Karagiannis, A. et al. Hemichannel-mediated release of lactate. J Cereb Blood Flow Metab 36, 1202-
1211, doi:10.1177/0271678X15611912 (2016). 

386 Jay, A. W. & Burton, A. C. Direct measurement of potential difference across the human red blood 
cell membrane. Biophys J 9, 115-121, doi:10.1016/S0006-3495(69)86372-1 (1969). 

387 von Lindern, M. et al. The glucocorticoid receptor cooperates with the erythropoietin receptor and 
c-Kit to enhance and sustain proliferation of erythroid progenitors in vitro. Blood 94, 550-559 (1999). 

388 Zhang, Q., Steensma, D. P., Yang, J., Dong, T. & Wu, M. X. Uncoupling of CD71 shedding with 
mitochondrial clearance in reticulocytes in a subset of myelodysplastic syndromes. Leukemia 33, 217-
229, doi:10.1038/s41375-018-0204-z (2019). 

389 Moura, P. L. et al. Non-muscle myosin II drives vesicle loss during human reticulocyte maturation. 
Haematologica 103, 1997-2007, doi:10.3324/haematol.2018.199083 (2018). 

390 Wan, J. et al. In vitro microfluidic circulatory system for circulating cancer cells. Protoc exch 2016, 
doi:10.1038/protex.2016.037 (2016). 

391 Chen, Y. et al. A microfluidic circulatory system integrated with capillary-assisted pressure sensors. 
Lab Chip 17, 653-662, doi:10.1039/c6lc01427e (2017). 

392 Wang, C., Lu, H. & Schwartz, M. A. A novel in vitro flow system for changing flow direction on 
endothelial cells. J Biomech 45, 1212-1218, doi:10.1016/j.jbiomech.2012.01.045 (2012). 

393 Papaioannou, T. G. & Stefanadis, C. Vascular wall shear stress: basic principles and methods. Hellenic 
J Cardiol 46, 9-15 (2005). 

394 Dobbe, J. G., Hardeman, M. R., Streekstra, G. J. & Grimbergen, C. A. Validation and application of an 
automated rheoscope for measuring red blood cell deformability distributions in different species. 
Biorheology 41, 65-77 (2004). 

395 Rifkind, J. M., Mohanty, J. G. & Nagababu, E. The pathophysiology of extracellular hemoglobin 
associated with enhanced oxidative reactions. Front Physiol 5, 500, doi:10.3389/fphys.2014.00500 
(2014). 

396 Beutler, E. & Kuhl, W. Volume control of erythrocytes during storage. The role of mannitol. 
Transfusion 28, 353-357, doi:10.1046/j.1537-2995.1988.28488265266.x (1988). 

397 Smith, A. S. et al. Myosin IIA interacts with the spectrin-actin membrane skeleton to control red blood 
cell membrane curvature and deformability. Proc Natl Acad Sci U S A, doi:10.1073/pnas.1718285115 
(2018). 

398 Hansen, T. E. & Johansen, T. Following autophagy step by step. BMC Biol 9, 39, doi:10.1186/1741-
7007-9-39 (2011). 

399 Mizuno, Y. et al. Myosin light chain kinase activation and calcium sensitization in smooth muscle in 
vivo. Am J Physiol Cell Physiol 295, C358-364, doi:10.1152/ajpcell.90645.2007 (2008). 

400 Mankelow, T. J. et al. Autophagic vesicles on mature human reticulocytes explain phosphatidylserine-
positive red cells in sickle cell disease. Blood 126, 1831-1834, doi:10.1182/blood-2015-04-637702 
(2015). 

401 Hodgson, L., Tavaré, J. & Verkade, P. Development of a quantitative Correlative Light Electron 
Microscopy technique to study GLUT4 trafficking. Protoplasma 251, 403-416, doi:10.1007/s00709-
013-0597-5 (2014). 

402 Kovacs, M., Toth, J., Hetenyi, C., Malnasi-Csizmadia, A. & Sellers, J. R. Mechanism of blebbistatin 
inhibition of myosin II. J Biol Chem 279, 35557-35563, doi:10.1074/jbc.M405319200 (2004). 



 

237 

403 Gutzeit, E., Scheel, C., Dolereit, T. & Rust, M. Contour based Split and Merge Segmentation and Pre-
classification of Zooplankton in Very Large Images. Proceedings of the 2014 9th International 
Conference on Computer Vision Theory and Applications (Visapp), Vol 1, 417-424 (2014). 

404 Ebrahim, S. et al. NMII forms a contractile transcellular sarcomeric network to regulate apical cell 
junctions and tissue geometry. Curr Biol 23, 731-736, doi:10.1016/j.cub.2013.03.039 (2013). 

405 Newell-Litwa, K. A., Horwitz, R. & Lamers, M. L. Non-muscle myosin II in disease: mechanisms and 
therapeutic opportunities. Dis Model Mech 8, 1495-1515, doi:10.1242/dmm.022103 (2015). 

406 Tang, H. W. et al. Atg1-mediated myosin II activation regulates autophagosome formation during 
starvation-induced autophagy. EMBO J 30, 636-651, doi:10.1038/emboj.2010.338 (2011). 

407 Dulyaninova, N. G., Malashkevich, V. N., Almo, S. C. & Bresnick, A. R. Regulation of myosin-IIA 
assembly and Mts1 binding by heavy chain phosphorylation. Biochemistry 44, 6867-6876, 
doi:10.1021/bi0500776 (2005). 

408 Betapudi, V., Gokulrangan, G., Chance, M. R. & Egelhoff, T. T. A proteomic study of myosin II motor 
proteins during tumor cell migration. J Mol Biol 407, 673-686, doi:10.1016/j.jmb.2011.02.010 (2011). 

409 Brain, M. C., Pihl, C., Robertson, L. & Brown, C. B. Evidence for a mechanosensitive calcium influx into 
red cells. Blood Cells Mol Dis 32, 349-352, doi:10.1016/j.bcmd.2004.01.005 (2004). 

410 Danielczok, J. G. et al. Red Blood Cell Passage of Small Capillaries Is Associated with Transient Ca(2+)-
mediated Adaptations. Front Physiol 8, 979, doi:10.3389/fphys.2017.00979 (2017). 

411 Ando, J., Komatsuda, T. & Kamiya, A. Cytoplasmic calcium response to fluid shear stress in cultured 
vascular endothelial cells. In Vitro Cell Dev Biol 24, 871-877 (1988). 

412 Maneshi, M. M., Sachs, F. & Hua, S. Z. A Threshold Shear Force for Calcium Influx in an Astrocyte 
Model of Traumatic Brain Injury. J Neurotrauma 32, 1020-1029, doi:10.1089/neu.2014.3677 (2015). 

413 Ikeda, Y. et al. Transmembrane calcium influx associated with von Willebrand factor binding to GP Ib 
in the initiation of shear-induced platelet aggregation. Thromb Haemost 69, 496-502 (1993). 

414 Betz, T., Lenz, M., Joanny, J. F. & Sykes, C. ATP-dependent mechanics of red blood cells. Proc Natl 
Acad Sci U S A 106, 15320-15325, doi:10.1073/pnas.0904614106 (2009). 

415 Huisjes, R. et al. Squeezing for Life - Properties of Red Blood Cell Deformability. Front Physiol 9, 656, 
doi:10.3389/fphys.2018.00656 (2018). 

416 Azouzi, S. et al. Band 3 phosphorylation induces irreversible alterations of stored red blood cells. Am 
J Hematol 93, E110-E112, doi:10.1002/ajh.25044 (2018). 

417 Mankelow, T. J. et al. The ins and outs of reticulocyte maturation revisited: The role of autophagy in 
sickle cell disease. Autophagy 12, 590-591, doi:10.1080/15548627.2015.1125072 (2016). 

418 Deplaine, G. et al. The sensing of poorly deformable red blood cells by the human spleen can be 
mimicked in vitro. Blood 117, e88-95, doi:10.1182/blood-2010-10-312801 (2011). 

419 Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists 
using DAVID bioinformatics resources. Nat Protoc 4, 44-57, doi:10.1038/nprot.2008.211 (2009). 

420 Huang da, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the 
comprehensive functional analysis of large gene lists. Nucleic Acids Res 37, 1-13, 
doi:10.1093/nar/gkn923 (2009). 

421 Jensen, L. J. et al. STRING 8--a global view on proteins and their functional interactions in 630 
organisms. Nucleic Acids Res 37, D412-416, doi:10.1093/nar/gkn760 (2009). 

422 Brunati, A. M. et al. Sequential phosphorylation of protein band 3 by Syk and Lyn tyrosine kinases in 
intact human erythrocytes: identification of primary and secondary phosphorylation sites. Blood 96, 
1550-1557 (2000). 

423 Katagiri, T. et al. CD45 negatively regulates lyn activity by dephosphorylating both positive and 
negative regulatory tyrosine residues in immature B cells. J Immunol 163, 1321-1326 (1999). 

424 Farghaian, H., Turnley, A. M., Sutherland, C. & Cole, A. R. Bioinformatic prediction and confirmation 
of beta-adducin as a novel substrate of glycogen synthase kinase 3. J Biol Chem 286, 25274-25283, 
doi:10.1074/jbc.M111.251629 (2011). 

425 Goc, A. et al. Targeting Src-mediated Tyr216 phosphorylation and activation of GSK-3 in prostate 
cancer cells inhibit prostate cancer progression in vitro and in vivo. Oncotarget 5, 775-787, 
doi:10.18632/oncotarget.1770 (2014). 



 

238 

426 Hernández, F., Langa, E., Cuadros, R., Avila, J. & Villanueva, N. Regulation of GSK3 isoforms by 
phosphatases PP1 and PP2A. Mol Cell Biochem 344, 211-215, doi:10.1007/s11010-010-0544-0 
(2010). 

427 Chasis, J. A., Reid, M. E., Jensen, R. H. & Mohandas, N. Signal transduction by glycophorin A: role of 
extracellular and cytoplasmic domains in a modulatable process. J Cell Biol 107, 1351-1357 (1988). 

428 Cluitmans, J. C. et al. Red Blood Cell Homeostasis: Pharmacological Interventions to Explore 
Biochemical, Morphological and Mechanical Properties. Front Mol Biosci 3, 10, 
doi:10.3389/fmolb.2016.00010 (2016). 

429 Moura, P. L. et al. Non-muscle Myosin II drives vesicle loss during human reticulocyte maturation. 
Haematologica, doi:10.3324/haematol.2018.199083 (2018). 

430 Pivkin, I. V. et al. Biomechanics of red blood cells in human spleen and consequences for physiology 
and disease. Proc Natl Acad Sci U S A 113, 7804-7809, doi:10.1073/pnas.1606751113 (2016). 

431 Moura, P. L. et al. Reticulocyte and red blood cell deformation triggers specific phosphorylation 
events. Blood Adv 3, 2653-2663, doi:10.1182/bloodadvances.2019000545 (2019). 

432 Vizcaino, J. A. et al. 2016 update of the PRIDE database and its related tools. Nucleic Acids Res 44, 
D447-456, doi:10.1093/nar/gkv1145 (2016). 

433 Ucar, K. Clinical presentation and management of hemolytic anemias. Oncology (Williston Park) 16, 
163-170 (2002). 

434 Risinger, M., Emberesh, M. & Kalfa, T. A. Rare Hereditary Hemolytic Anemias: Diagnostic Approach 
and Considerations in Management. Hematol Oncol Clin North Am 33, 373-392, 
doi:10.1016/j.hoc.2019.01.002 (2019). 

435 Yates, A. M., Mortier, N. A., Hyde, K. S., Hankins, J. S. & Ware, R. E. The diagnostic dilemma of 
congenital unstable hemoglobinopathies. Pediatr Blood Cancer 55, 1393-1395, 
doi:10.1002/pbc.22702 (2010). 

436 Jacobasch, G. & Rapoport, S. M. Hemolytic anemias due to erythrocyte enzyme deficiencies. Mol 
Aspects Med 17, 143-170 (1996). 

437 Huq, S., Pietroni, M. A., Rahman, H. & Alam, M. T. Hereditary spherocytosis. J Health Popul Nutr 28, 
107-109, doi:10.3329/jhpn.v28i1.4529 (2010). 

438 Ribeiro, M. L. et al. Severe hereditary spherocytosis and distal renal tubular acidosis associated with 
the total absence of band 3. Blood 96, 1602-1604 (2000). 

439 Kim, Y., Park, J. & Kim, M. Diagnostic approaches for inherited hemolytic anemia in the genetic era. 
Blood Res 52, 84-94, doi:10.5045/br.2017.52.2.84 (2017). 

440 Glogowska, E. et al. Novel mechanisms of PIEZO1 dysfunction in hereditary xerocytosis. Blood 130, 
1845-1856, doi:10.1182/blood-2017-05-786004 (2017). 

441 Dhaliwal, G., Cornett, P. A. & Tierney, L. M., Jr. Hemolytic anemia. Am Fam Physician 69, 2599-2606 
(2004). 

442 Di Resta, C., Galbiati, S., Carrera, P. & Ferrari, M. Next-generation sequencing approach for the 
diagnosis of human diseases: open challenges and new opportunities. EJIFCC 29, 4-14 (2018). 

443 Nichols, J. A., Herbert Chan, H. W. & Baker, M. A. B. Machine learning: applications of artificial 
intelligence to imaging and diagnosis. Biophys Rev 11, 111-118, doi:10.1007/s12551-018-0449-9 
(2019). 

444 Perakakis, N., Yazdani, A., Karniadakis, G. E. & Mantzoros, C. Omics, big data and machine learning 
as tools to propel understanding of biological mechanisms and to discover novel diagnostics and 
therapeutics. Metabolism 87, A1-A9, doi:10.1016/j.metabol.2018.08.002 (2018). 

445 Babyak, M. A. What you see may not be what you get: a brief, nontechnical introduction to overfitting 
in regression-type models. Psychosom Med 66, 411-421 (2004). 

446 Deo, R. C. Machine Learning in Medicine. Circulation 132, 1920-1930, 
doi:10.1161/CIRCULATIONAHA.115.001593 (2015). 

447 Vamathevan, J. et al. Applications of machine learning in drug discovery and development. Nat Rev 
Drug Discov 18, 463-477, doi:10.1038/s41573-019-0024-5 (2019). 

448 Zhang, Z. Introduction to machine learning: k-nearest neighbors. Ann Transl Med 4, 218, 
doi:10.21037/atm.2016.03.37 (2016). 

449 Hollander, N., Augustin, N. H. & Sauerbrei, W. Investigation on the improvement of prediction by 
bootstrap model averaging. Methods Inf Med 45, 44-50 (2006). 



 

239 

450 Zhang, P. B. & Yang, Z. X. A Novel AdaBoost Framework With Robust Threshold and Structural 
Optimization. IEEE Trans Cybern 48, 64-76, doi:10.1109/TCYB.2016.2623900 (2018). 

451 Cho, G., Yim, J., Choi, Y., Ko, J. & Lee, S. H. Review of Machine Learning Algorithms for Diagnosing 
Mental Illness. Psychiatry Investig 16, 262-269, doi:10.30773/pi.2018.12.21.2 (2019). 

452 Manning, T., Sleator, R. D. & Walsh, P. Biologically inspired intelligent decision making: a commentary 
on the use of artificial neural networks in bioinformatics. Bioengineered 5, 80-95, 
doi:10.4161/bioe.26997 (2014). 

453 Danise, P. et al. Flow-cytometric analysis of erythrocytes and reticulocytes in congenital 
dyserythropoietic anaemia type II (CDA II): value in differential diagnosis with hereditary 
spherocytosis. Clin Lab Haematol 23, 7-13 (2001). 

454 Aydin Koker, S. et al. A New Variant of PKLR Gene Associated With Mild Hemolysis may be 
Responsible for the Misdiagnosis in Pyruvate Kinase Deficiency. J Pediatr Hematol Oncol 41, e1-e2, 
doi:10.1097/MPH.0000000000001254 (2019). 

455 Picard, V. et al. Clinical and biological features in PIEZO1-hereditary xerocytosis and Gardos 
channelopathy: a retrospective series of 126 patients. Haematologica 104, 1554-1564, 
doi:10.3324/haematol.2018.205328 (2019). 

456 Llaudet-Planas, E. et al. Osmotic gradient ektacytometry: A valuable screening test for hereditary 
spherocytosis and other red blood cell membrane disorders. Int J Lab Hematol 40, 94-102, 
doi:10.1111/ijlh.12746 (2018). 

457 Orvain, C. et al. Inherited or acquired modifiers of iron status may dramatically affect the phenotype 
in dehydrated hereditary stomatocytosis. Eur J Haematol 101, 566-569, doi:10.1111/ejh.13135 
(2018). 

458 Syeda, R. et al. Chemical activation of the mechanotransduction channel Piezo1. Elife 4, 
doi:10.7554/eLife.07369 (2015). 

459 Aglialoro, F., Yagci, N., von Lindern, M., van Wijk, R. & van den Akker, E. A Novel Role for PIEZO1 in 
Calcium Homeostasis during Erythropoiesis. Blood 132, 2321-2321, doi:10.1182/blood-2018-99-
110454 (2018). 

460 Caulier, A. et al. PIEZO1 activation delays erythroid differentiation of normal and Hereditary 
Xerocytosis-derived human progenitors. Haematologica, doi:10.3324/haematol.2019.218503 
(2019). 

461 Guncar, G. et al. An application of machine learning to haematological diagnosis. Sci Rep 8, 411, 
doi:10.1038/s41598-017-18564-8 (2018). 

462 Xu, M. et al. A deep convolutional neural network for classification of red blood cells in sickle cell 
anemia. PLoS Comput Biol 13, e1005746, doi:10.1371/journal.pcbi.1005746 (2017). 

463 Kihm, A., Kaestner, L., Wagner, C. & Quint, S. Classification of red blood cell shapes in flow using 
outlier tolerant machine learning. PLoS Comput Biol 14, e1006278, 
doi:10.1371/journal.pcbi.1006278 (2018). 

464 Prenni, J. E., Avery, A. C. & Olver, C. S. Proteomics: a review and an example using the reticulocyte 
membrane proteome. Vet Clin Pathol 36, 13-24 (2007). 

465 Poldee, S., Metheetrairut, C., Nugoolsuksiri, S., Frayne, J. & Trakarnsanga, K. Optimization of an 
erythroid culture system to reduce the cost of in vitro production of red blood cells. MethodsX 5, 
1626-1632, doi:10.1016/j.mex.2018.11.018 (2018). 

466 Lee, E. et al. Red blood cell generation by three-dimensional aggregate cultivation of late 
erythroblasts. Tissue Eng Part A 21, 817-828, doi:10.1089/ten.TEA.2014.0325 (2015). 

467 Prudent, M. et al. Small-Scale Perfusion Bioreactor of Red Blood Cells for Dynamic Studies of Cellular 
Pathways: Proof-of-Concept. Front Mol Biosci 3, 11, doi:10.3389/fmolb.2016.00011 (2016). 

468 Waugh, R. E. et al. Surface area and volume changes during maturation of reticulocytes in the 
circulation of the baboon. J Lab Clin Med 129, 527-535 (1997). 

469 Li, H. et al. Cytoskeleton Remodeling Induces Membrane Stiffness and Stability Changes of Maturing 
Reticulocytes. Biophys J 114, 2014-2023, doi:10.1016/j.bpj.2018.03.004 (2018). 

470 Yamamoto, K. et al. Differential contributions of nonmuscle myosin IIA and IIB to cytokinesis in 
human immortalized fibroblasts. Exp Cell Res 376, 67-76, doi:10.1016/j.yexcr.2019.01.020 (2019). 



 

240 

471 Spinler, K. R., Shin, J. W., Lambert, M. P. & Discher, D. E. Myosin-II repression favors pre/proplatelets 
but shear activation generates platelets and fails in macrothrombocytopenia. Blood 125, 525-533, 
doi:10.1182/blood-2014-05-576462 (2015). 

472 Marques, M. I., Carrington Queiro, L., Prior, A. R. & Lopo Tuna, M. MYH9-related disorders: a rare 
cause of neonatal thrombocytopaenia. BMJ Case Rep 2018, doi:10.1136/bcr-2018-224510 (2018). 

473 Zheng, Y. et al. Characterization of red blood cell deformability change during blood storage. Lab Chip 
14, 577-583, doi:10.1039/c3lc51151k (2014). 

474 Tutwiler, V. et al. Shape changes of erythrocytes during blood clot contraction and the structure of 
polyhedrocytes. Sci Rep 8, 17907, doi:10.1038/s41598-018-35849-8 (2018). 

475 Fedosov, D. A., Peltomaki, M. & Gompper, G. Deformation and dynamics of red blood cells in flow 
through cylindrical microchannels. Soft Matter 10, 4258-4267, doi:10.1039/c4sm00248b (2014). 

476 Chang, H. Y., Li, X. & Karniadakis, G. E. Modeling of Biomechanics and Biorheology of Red Blood Cells 
in Type 2 Diabetes Mellitus. Biophys J 113, 481-490, doi:10.1016/j.bpj.2017.06.015 (2017). 

477 Salehyar, S. & Zhu, Q. Deformation and internal stress in a red blood cell as it is driven through a slit 
by an incoming flow. Soft Matter 12, 3156-3164, doi:10.1039/c5sm02933c (2016). 

478 Lazarova, E., Gulbis, B., Oirschot, B. V. & van Wijk, R. Next-generation osmotic gradient 
ektacytometry for the diagnosis of hereditary spherocytosis: interlaboratory method validation and 
experience. Clin Chem Lab Med 55, 394-402, doi:10.1515/cclm-2016-0290 (2017). 

479 Ballas, S. K., Connes, P. & Investigators of the Multicenter Study of Hydroxyurea in Sickle Cell, A. 
Rheological properties of sickle erythrocytes in patients with sickle-cell anemia: The effect of 
hydroxyurea, fetal hemoglobin, and alpha-thalassemia. Eur J Haematol 101, 798-803, 
doi:10.1111/ejh.13173 (2018). 

480 Lemonne, N. et al. Rheology of red blood cells in patients with HbC disease. Clin Hemorheol Microcirc 
61, 571-577, doi:10.3233/CH-141906 (2016). 

481 Gallagher, P. G. Disorders of erythrocyte hydration. Blood 130, 2699-2708, doi:10.1182/blood-2017-
04-590810 (2017). 

482 Andolfo, I. et al. PIEZO1-R1864H rare variant accounts for a genetic phenotype-modifier role in 
dehydrated hereditary stomatocytosis. Haematologica 103, e94-e97, 
doi:10.3324/haematol.2017.180687 (2018). 

483 Fotiou, E. et al. Novel mutations in PIEZO1 cause an autosomal recessive generalized lymphatic 
dysplasia with non-immune hydrops fetalis. Nat Commun 6, 8085, doi:10.1038/ncomms9085 (2015). 

484 Satchwell, T. J. et al. Genetic manipulation of cell line derived reticulocytes enables dissection of host 
malaria invasion requirements. Nat Commun 10, 3806, doi:10.1038/s41467-019-11790-w (2019). 

 

 

 



 

241 

Chapter 10    Appendix I – Program code 

Code generated for ARCA dataset analysis: 

1. import matplotlib  
2. import os  
3. import numpy as np  
4. import matplotlib.cm as cm  
5. import matplotlib.mlab as mlab  
6. import matplotlib.pyplot as plt  
7. from scipy import stats  
8. import statsmodels.api as sm  
9. from statsmodels.distributions.mixture_rvs import mixture_rvs  
10. import seaborn as sns; sns.set(color_codes=True)  
11. sns.set_style("white")  
12. from matplotlib import rcParams  
13. from sklearn import svm, metrics, preprocessing  
14. from sklearn.neighbors import KNeighborsClassifier  
15. from sklearn.ensemble import BaggingClassifier  
16. from sklearn.ensemble import AdaBoostClassifier  
17. from sklearn.metrics import accuracy_score  
18. from sklearn.tree import DecisionTreeClassifier  
19. from sklearn.model_selection import cross_val_score  
20. from sklearn.naive_bayes import GaussianNB  
21. from sklearn.ensemble import RandomForestClassifier  
22. from sklearn.ensemble import VotingClassifier  
23. from sklearn.ensemble import GradientBoostingClassifier  
24. from sklearn.neural_network import MLPClassifier  
25.   
26. from timeit import default_timer as timer  
27.   
28. from collections import Counter  
29.   
30. rcParams['font.family'] = 'sans-serif'  
31. rcParams['font.sans-serif'] = ['Arial']  
32. params = ['axes.labelsize': 'x-large',  
33.      'axes.titlesize':'x-large',  
34.      'xtick.labelsize':'x-large',  
35.      'ytick.labelsize':'x-large',  
36.      'axes.labelsize': 'xx-large']  
37. rcParams.update(params)  
38.   
39. if os.path.isfile("varstore.dat"):  
40.   os.remove("varstore.dat")  
41.   
42. np.random.seed(9001)  
43.   
44. def ReadARCA(filename):  
45.   import pandas as pd  
46.   df = pd.read_csv(filename, usecols=(13,16,19))  
47.   cols = df.columns  
48.   cols = cols.map(lambda x: x.replace(' ', '_') if isinstance(x, (str, bytes)) else x)  
49.   df.columns = cols  
50.   df=df[df._Error_code == 0]  
51.   Deformability = df.as_matrix(columns=['_A/B'])  
52.   Area = df.as_matrix(columns=['_Area_um2'])  
53.   Deformability = np.transpose(Deformability)  
54.   Deformability = Deformability[0]  
55.   Area = np.transpose(Area)  
56.   Area = Area[0]  
57.   print('Median area = ' + str(round(np.median(Area),3)))  
58.   print('Median deformability = ' + str(round(np.median(Deformability),3)))  
59.   return [Area, Deformability]  
60.   
61. def GetErrorBars(*args):  
62.   i=0  
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63.   AreaEB = []  
64.   DefEB = []  
65.   TempAreaEB1=[]  
66.   TempDefEB1=[]  
67.   for arg in args:  
68.     AreaHistogram = np.histogram(arg[0], bins=np.arange(0,141,5))  
69.     DefHistogram = np.histogram(arg[1], bins=np.arange(1,3.31,0.1))  
70.     TotalCells = sum(AreaHistogram[0])  
71.     AreaProbDist = AreaHistogram[0]/TotalCells  
72.     DefProbDist = DefHistogram[0]/TotalCells  
73.     TempAreaEB1.append(AreaProbDist)  
74.     TempDefEB1.append(DefProbDist)  
75.   for i in range(len(TempAreaEB1[0])):  
76.     TempAreaEB2=[]  
77.     for j in range(len(TempAreaEB1)):  
78.       TempAreaEB2.append(TempAreaEB1[j][i])  
79.     AreaEB.append(np.std(TempAreaEB2))  
80.   for i in range(len(TempDefEB1[0])):  
81.     TempDefEB2=[]  
82.     for j in range(len(TempDefEB1)):  
83.       TempDefEB2.append(TempDefEB1[j][i])  
84.     DefEB.append(np.std(TempDefEB2))  
85.   return [AreaEB, DefEB]  
86.   
87. def ReshapeForJoin(*args):  
88.   minimum = 20000  
89.   for arg in args:  
90.     array_size = len(arg[0])  
91.     if array_size < minimum:  
92.       minimum = array_size  
93.   print (minimum)  
94.   rng_state = np.random.get_state()  
95.   Argument_List = []  
96.   for arg in args:  
97.     np.random.set_state(rng_state)  
98.     np.random.shuffle(arg[0])  
99.     np.random.set_state(rng_state)  
100.     np.random.shuffle(arg[1])  
101.     AreaSet = arg[0][-minimum:]  
102.     DeformabilitySet = arg[1][-minimum:]  
103.     Argument_List.append([AreaSet,DeformabilitySet])  
104.   return Argument_List  
105.     
106.   
107. def JoinARCA(*args):  
108.   Areas = []  
109.   Deformabilities = []  
110.   AvgAreas = []  
111.   AvgDeformabilities = []  
112.   for arg in args:  
113.     Areas = np.concatenate((Areas, arg[0]))  
114.     Deformabilities = np.concatenate((Deformabilities, arg[1]))  
115.     AvgAreas.append(np.median(arg[0]))  
116.     AvgDeformabilities.append(np.median(arg[1]))  
117.   ErrorBars = GetErrorBars(*args)  
118.   

print('Median area = ' + str(round(np.median(Areas),3))+' ± '+(str(round(np.std(AvgAreas),
3))))  

119.   print((np.percentile(Areas, 75) - np.percentile(Areas, 25)))  
120.   

print('Median deformability = ' + str(round(np.median(Deformabilities),3))+' ± '+(str(roun
d(np.std(AvgDeformabilities),3))))  

121.   print((np.percentile(Deformabilities, 75) - np.percentile(Deformabilities, 25)))  
122.   return [Areas, Deformabilities, ErrorBars[0],ErrorBars[1]]  
123.   
124. def ContourARCA(*args):  
125.   f, ax = plt.subplots()  
126.   plt.xlabel('Cross-sectional area (µm²)')  
127.   plt.ylabel('Deformability Index (Length/Width)')  
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128.   ax.set(xlim=(20, 120), ylim=(1, 3))  
129.   

cmap_list = ["Reds","Blues","Greys","Greens","Purples","copper","winter","Oranges"]  
130.   i=0  
131.   for arg in args:  
132.     ax = sns.kdeplot(arg[0], arg[1], cmap=cmap_list[i])  
133.     i=i+1  
134.       
135. def ScatterARCA(*args):  
136.   f, ax = plt.subplots()  
137.   plt.xlabel('Cross-sectional area (µm²)')  
138.   plt.ylabel('Deformability Index (Length/Width)')  
139.   ax.set(xlim=(20, 120), ylim=(1, 3))  
140.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
141.   i=0  
142.   for arg in args:  
143.     

ax = sns.regplot(arg[0], arg[1], color = c_list[i], ci=None,fit_reg=False,scatter_kws=['s'
:4])  

144.     i=i+1  
145.   
146. def AreaHistogramARCA(*args, ErrorBars = True, FillBetween = False):  
147.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
148.   i=0  
149.   f, ax = plt.subplots()  
150.   ymax=[]  
151.   plt.xlabel('Cross-sectional area (µm²)')  
152.   plt.ylabel('Probability')  
153.   for arg in args:  
154.     histogram = np.histogram(arg[0], bins=np.arange(0,141,5))  
155.     TotalCells = sum(histogram[0])  
156.     ProbDist = histogram[0]/TotalCells  
157.     ymax.append(max(ProbDist))  
158.   for arg in args:  
159.     histogram = np.histogram(arg[0], bins=np.arange(0,141,5))  
160.     TotalCells = sum(histogram[0])  
161.     ProbDist = histogram[0]/TotalCells  
162.     ax.set(xlim=(0, 140),ylim=(0,(max(ymax))+(max(ymax))/4))  
163.     BinToUse = np.arange(2.5,142,5)  
164.     if len(arg) == 2:  
165.       ax1 = plt.plot(BinToUse,ProbDist,color=c_list[i])  
166.     else:  
167.       if ErrorBars == True:  
168.         

ax1 = plt.errorbar(BinToUse,ProbDist,arg[2],color=c_list[i], elinewidth=1, #ecolor='black'
,   

169.                 capsize=4, capthick=1)  
170.       else:  
171.         ax1 = plt.plot(BinToUse,ProbDist,color=c_list[i])  
172.       if FillBetween == True:  
173.         ax1 = plt.fill_between(BinToUse,ProbDist-

arg[2],ProbDist+arg[2], color=c_list[i], alpha=.2)  
174.     i=i+1  
175.   
176. def DefHistogramARCA(*args, ErrorBars = True, FillBetween = False):  
177.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
178.   i=0  
179.   f, ax = plt.subplots()  
180.   ymax=[]  
181.   plt.xlabel('Deformability Index (Length/Width)')  
182.   plt.ylabel('Probability')  
183.   for arg in args:  
184.     histogram = np.histogram(arg[1], bins=np.arange(1,3.31,0.1))  
185.     TotalCells = sum(histogram[0])  
186.     ProbDist = histogram[0]/TotalCells  
187.     ymax.append(max(ProbDist))  
188.   for arg in args:  
189.     histogram = np.histogram(arg[1], bins=np.arange(1,3.31,0.1))  
190.     TotalCells = sum(histogram[0])  
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191.     ProbDist = histogram[0]/TotalCells  
192.     ax.set(xlim=(1, 3.5),ylim=(0,(max(ymax))+(max(ymax))/4))  
193.     BinToUse = np.arange(1.05,3.35,0.1)  
194.     if len(arg) == 2:  
195.       ax1 = plt.plot(BinToUse,ProbDist,color=c_list[i])  
196.     else:  
197.       if ErrorBars == True:  
198.         

ax1 = plt.errorbar(BinToUse,ProbDist,arg[3],color=c_list[i], elinewidth=1, #ecolor='black'
,   

199.                 capsize=4, capthick=1)  
200.       else:  
201.         ax1 = plt.plot(BinToUse,ProbDist,color=c_list[i])   
202.       if FillBetween == True:  
203.         ax1 = plt.fill_between(BinToUse,ProbDist-

arg[3],ProbDist+arg[3], color=c_list[i], alpha=.2)  
204.     i=i+1  
205.       
206. def ContDefHistogramARCA(*args):  
207.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
208.   i=0  
209.   f, ax = plt.subplots()  
210.   ymax=[]  
211.   plt.xlabel('Deformability Index (Length/Width)')  
212.   plt.ylabel('Probability')  
213.   for arg in args:  
214.     kde = sm.nonparametric.KDEUnivariate(arg[1])  
215.     kde.fit()  
216.     kde.density = kde.density/sum(kde.density)  
217.     ymax.append(max(kde.density))  
218.   for arg in args:  
219.     kde = sm.nonparametric.KDEUnivariate(arg[1])  
220.     kde.fit()  
221.     kde.density = kde.density/sum(kde.density)  
222.     ax.set(xlim=(1, 3.5),ylim=(0,(max(ymax))+(max(ymax))/10))  
223.     ax1 = plt.plot(kde.support,kde.density,color=c_list[i])  
224.     i=i+1  
225.       
226. def ContAreaHistogramARCA(*args):  
227.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
228.   i=0  
229.   f, ax = plt.subplots()  
230.   ymax=[]  
231.   plt.xlabel('Cross-sectional area (µm²)')  
232.   plt.ylabel('Probability')  
233.   for arg in args:  
234.     kde = sm.nonparametric.KDEUnivariate(arg[0])  
235.     kde.fit()  
236.     kde.density = kde.density/sum(kde.density)  
237.     ymax.append(max(kde.density))  
238.   for arg in args:  
239.     kde = sm.nonparametric.KDEUnivariate(arg[0])  
240.     kde.fit()  
241.     kde.density = kde.density/sum(kde.density)  
242.     ax.set(xlim=(0, 140),ylim=(0,(max(ymax))+(max(ymax))/10))  
243.     ax1 = plt.plot(kde.support,kde.density,color=c_list[i])  
244.     i=i+1  
245.       
246. def EasyARCA(*args):  
247.   i = 0  
248.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
249.   ContourARCA(*args)  
250.   ScatterARCA(*args)  
251.   AreaHistogramARCA(*args)  
252.   DefHistogramARCA(*args)  
253.   print('In the order given by the input datasets, the colours are:')  
254.   for arg in args:  
255.     print(c_list[i])  
256.     i = i + 1  
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257.       
258. def JointARCA(*args):  
259.   

cmap_list = ["Reds","Blues","Greys","Greens","Purples","copper","winter","Oranges"]  
260.   c_list = ["red","blue","black","limegreen","magenta","gold","cyan","orange"]  
261.   i = 0  
262.   g = sns.JointGrid(x=args[0][0], y = args[0][1], xlim=(20, 120), ylim=(1, 2.5))  
263.   g.set_axis_labels('Cross-

sectional area (µm²)', 'Deformability Index (Length/Width)', fontsize=16)  
264.   for arg in args:  
265.     sns.kdeplot(arg[0], arg[1], cmap=cmap_list[i], ax=g.ax_joint)  
266.     sns.distplot(arg[0], kde=True, hist=False, color=c_list[i], ax=g.ax_marg_x)  
267.     

sns.distplot(arg[1], kde=True, hist=False, color=c_list[i], ax=g.ax_marg_y, vertical=True)  
268.     i = i+1  
269.   plt.show()  
270.   
271. def get_var_value(filename="varstore.dat"):  
272.   with open(filename, "a+") as f:  
273.     f.seek(0)  
274.     val = int(f.read() or 0) + 1  
275.     f.seek(0)  
276.     f.truncate()  
277.     f.write(str(val))  
278.     return val  
279.   
280. def ARCADataAugmenter(*args):  
281.   h=get_var_value()-1  
282.   num_samples = 10000  
283.   TrainingSetCombined = []  
284.   TestingSetCombined = []  
285.   CombinedClassifiers = []  
286.   for arg in args:  
287.     rng_state = np.random.get_state()  
288.     np.random.shuffle(arg[0])  
289.     np.random.set_state(rng_state)  
290.     np.random.shuffle(arg[1])  
291.     AreaFVTestingSet = arg[0][-500:]  
292.     AreaFVTestingSet = AreaFVTestingSet.reshape(1,-1)  
293.     AreaFVTestingSet = AreaFVTestingSet/140  
294.     AreaFVTestingAvg = np.mean(AreaFVTestingSet)  
295.     AreaFVTestingStd = np.std(AreaFVTestingSet)  
296.     DeformabilityFVTestingSet = arg[1][-500:]  
297.     DeformabilityFVTestingSet = DeformabilityFVTestingSet.reshape(1,-1)  
298.     DeformabilityFVTestingSet = DeformabilityFVTestingSet/3.3  
299.     DeformabilityFVTestingAvg = np.mean(DeformabilityFVTestingSet)  
300.     DeformabilityFVTestingStd = np.std(DeformabilityFVTestingSet)  
301.     AreaFVTrainingSet = arg[0][:-500]  
302.     AreaFVTrainingSet = AreaFVTrainingSet.reshape(1,-1)  
303.     AreaFVTrainingSet = AreaFVTrainingSet/140  
304.     DeformabilityFVTrainingSet = arg[1][:-500]  
305.     DeformabilityFVTrainingSet = DeformabilityFVTrainingSet.reshape(1,-1)  
306.     DeformabilityFVTrainingSet = DeformabilityFVTrainingSet/3.3  
307.     idx = np.random.randint(0,len(AreaFVTrainingSet[0]),size=(num_samples,500))  
308.     AreaTrainingSet = AreaFVTrainingSet[0][idx]  
309.     DefTrainingSet = DeformabilityFVTrainingSet[0][idx]  
310.     TrainingFVs = []  
311.     for i in range(0,num_samples):  
312.       LocalFV = []  
313.       LocalFV.append(np.mean(AreaTrainingSet[i]))  
314.       LocalFV.append(np.std(AreaTrainingSet[i]))  
315.       LocalFV.append(np.mean(DefTrainingSet[i]))  
316.       LocalFV.append(np.std(DefTrainingSet[i]))  
317.       TrainingFVs.append(LocalFV)  
318.     

TestingSet = [AreaFVTestingAvg,AreaFVTestingStd,DeformabilityFVTestingAvg,DeformabilityFVT
estingStd]  

319.     TrainingSetCombined.append(TrainingFVs)  
320.     TestingSetCombined.append(TestingSet)  
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321.     ClassifierInfo = np.zeros(num_samples)+h  
322.     CombinedClassifiers.append(ClassifierInfo)  
323.   TrainingSetCombined = tuple(TrainingSetCombined)  
324.   TestingSetCombined = tuple(TestingSetCombined)  
325.   CombinedClassifiers = tuple(CombinedClassifiers)  
326.   FinalTrainingSet = np.vstack(TrainingSetCombined)  
327.   FinalTestingSet = np.vstack(TestingSetCombined)  
328.   FinalClassifiers = np.hstack(CombinedClassifiers)  
329.   return [FinalTrainingSet,FinalTestingSet,FinalClassifiers]  
330.   
331. def ClassifierTrain(FinalTrainingSet,FinalTestingSet,FinalClassifiers):  
332.   clf = KNeighborsClassifier()  
333.   

#clf = BaggingClassifier(KNeighborsClassifier(), max_samples=0.5, max_features=0.5)  
334.   #clf = AdaBoostClassifier(algorithm="SAMME",n_estimators=50)  
335.   #clf = RandomForestClassifier()  
336.   #clf = GradientBoostingClassifier()  
337.   #clf = MLPClassifier(solver='adam', alpha=1e-5, random_state=1)  
338.   clf.fit(FinalTrainingSet, FinalClassifiers)  
339.   print(clf.predict(FinalTestingSet))  
340.   #print(clf.predict_proba(FinalTestingSet))  
341.   return clf  
342.   
343. def ARCAClassify(knn, *args):  
344.   TestingSetCombined = []  
345.   for arg in args:  
346.     rng_state = np.random.get_state()  
347.     np.random.shuffle(arg[0])  
348.     np.random.set_state(rng_state)  
349.     np.random.shuffle(arg[1])  
350.     AreaFVTestingSet = arg[0][-500:]  
351.     AreaFVTestingSet = AreaFVTestingSet.reshape(1,-1)  
352.     AreaFVTestingSet = AreaFVTestingSet/140  
353.     AreaFVTestingAvg = np.mean(AreaFVTestingSet)  
354.     AreaFVTestingStd = np.std(AreaFVTestingSet)  
355.     DeformabilityFVTestingSet = arg[1][-500:]  
356.     DeformabilityFVTestingSet = DeformabilityFVTestingSet.reshape(1,-1)  
357.     DeformabilityFVTestingSet = DeformabilityFVTestingSet/3.3  
358.     DeformabilityFVTestingAvg = np.mean(DeformabilityFVTestingSet)  
359.     DeformabilityFVTestingStd = np.std(DeformabilityFVTestingSet)  
360.     

TestingSet = [AreaFVTestingAvg,AreaFVTestingStd,DeformabilityFVTestingAvg,DeformabilityFVT
estingStd]  

361.     TestingSetCombined.append(TestingSet)  
362.   TestingSetCombined = tuple(TestingSetCombined)  
363.   FinalTestingSet = np.vstack(TestingSetCombined)  
364.   #print(knn.predict(FinalTestingSet))  
365.   #print (knn.predict_proba(FinalTestingSet))  
366.   return knn.predict(FinalTestingSet)  
367.     
368. def RepeatedARCAClassify(knn, *args):  
369.   ListOfClassificationLists = []  
370.   ListOfModes = []  
371.   ListOfCertainties = []  
372.   n_repeats=10000  
373.   for i in range(0,n_repeats):  
374.     ClassificationList = ARCAClassify(knn,*args)  
375.     ListOfClassificationLists.append([ClassificationList])  
376.   LCLArray = np.array(ListOfClassificationLists)  
377.   for j in range(len(args)):  
378.     ListOfSamplewiseClassifications = []  
379.     for k in range(0,n_repeats):  
380.       ListOfSamplewiseClassifications.append(LCLArray[k][:,j])  
381.     LocalMode = stats.mode(ListOfSamplewiseClassifications)  
382.     ListOfModes.append(LocalMode[0][0])  
383.     PercentCertainty = LocalMode[1][0]*100/n_repeats  
384.     ListOfCertainties.append(PercentCertainty)  
385.   ListOfModes=np.reshape(ListOfModes,(1,-1))  
386.   ListOfCertainties=np.reshape(ListOfCertainties,(1,-1))  
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387.   return (ListOfModes)  
388.   #print (ListOfCertainties)  
389.     
390. def MakeFinalAnnotation(CountedSample):  
391.   x = []  
392.   x['Ctrl']= CountedSample[0]  
393.   x['CDAII']= CountedSample[1]  
394.   x['HS']= CountedSample[2]  
395.   x['HX']= CountedSample[3]  
396.   x['PKD']= CountedSample[4]  
397. #  x['PV']= CountedSample[5]  
398.   print(x)  
399.   return(x)  

 


