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Abstract

English

Over their lifespan, erythrocytes circulate throughout the body to carry respiratory gases and
perform their other functions. Therefore, erythrocytes must deform properly to circulate in all
vessels, including the smallest of the capillaries. This ability is governed by a complex membrane-
cytoskeleton network combined with a finely tuned surface-volume ratio that allows instantaneous
shape changes to enable rapid RBC transit. This highlights how important it is to maintain cell
volume to ensure a 120-day journey without the possibility of repair. Cell volume or hydration
status is directly influenced by the activity of membrane transporters, pumps, and ion channels.
The permeability of erythrocytes, which is dominated by anion movement for physiological
reasons, implies that cation movement should be kept as low as possible to avoid any change in
cell volume. However, in many pathophysiological conditions, cation permeabilities are known to
be deregulated, leading to increased intracellular Ca?* and Na* levels. My thesis aimed to better
characterize the role of non-selective cation (NSC) channels (PIEZO1, TRPV2), and Gardos
channel in such pathophysiological conditions. Experiments were carried out on healthy
erythrocytes as well as on cells from patients suffering from different pathologies like Sickle Cell
Disease (SCD), xerocytosis, and stomatocytosis, using electrophysiological methods (MBE and
patch-clamp), Ca’*" movements semi-quantification (flow cytometry and live-cell imaging)
combined with the measurement of morphometric parameters, and the measurements of
intracellular cell volume and other ions contents. In two independent studies using blood from
sickle cell patients, we were able to demonstrate from one part the central role of PIEZO1
activation in the enhancement of sickling propensity. In the other part, we demonstrated the
increased sensitivity of sickle cells to THC stimulation via TRPV2 activation. Along with these
published results, we have contributed to the functional characterization of many PIEZO1 and
KCNN4 variants, for which we have designed a series of functional experiments to better describe
the genetically identified variants. This part with 5 Gardos and 10 PIEZO1 variants increases the
knowledge about the pathogenicity of the identified mutations, often characterized as variants of
uncertain significance (VUS). We were also able to demonstrate that Dookul, a chemical
compound described in the literature as an inhibitor of Yodal’s effects, is in fact, a direct activator
of PIEZO1 in erythrocytes, contributing to a more accurate pharmacology of PIEZOI.
Furthermore, we conducted a series of experiments in patients treated with Alectinib (a lung cancer
treatment), for which frequent anemia associated with cell volume dehydration is observed. Taken
together, these studies contribute to the understanding of cation permeabilities under physiological
and pathophysiological conditions. Finally, all these results highlight the particularity of RBCs
regarding cationic permeability and biophysical membrane properties compared to other cell types
and, more importantly when mechanosensitive pathways are involved in such ion movements.

Keywords: PIEZO1, TRPV2, Gardos channel, Sickle Cell Disease, cation conductance,
erythrocytes



Francais

Au cours de leur vie, les érythrocytes circulent dans tout le corps pour transporter les gaz
respiratoires et remplir leurs autres fonctions. Par conséquent, les érythrocytes doivent étre capable
de se déformer correctement pour circuler dans tous les vaisseaux, y compris les plus petits
capillaires. Cette capacité est régie par un réseau complexe associant les protéines de la membrane
et du cytosquelette combiné a un rapport surface-volume finement ajusté, permettant ainsi des
changements de forme instantanés pour permettre un transit rapide des GR. Cela montre a quel
point il est important de maintenir le volume cellulaire pour assurer 120 jours dans la circulation.
Le volume cellulaire ou I'état d'hydratation est directement influencé par 'activité des transporteurs
membranaires, des pompes et des canaux ioniques. La perméabilité des érythrocytes, dominée par
le mouvement des anions pour des raisons physiologiques, implique que le mouvement des cations
doit étre maintenu aussi bas que possible pour éviter toute modification du volume cellulaire.
Cependant, dans de nombreuses conditions physiopathologiques, la perméabilité aux cations est
connue pour étre dérégulée, conduisant 4 une augmentation des niveaux intracellulaires de Ca** et
de Na'. L’objectif de ma thése était de mieux caractériser le role des canaux cationiques non
s¢lectifs (PIEZO1, TRPV2) et du canal Gardos dans ces conditions physiopathologiques. Des
expériences ont été réalisées sur des érythrocytes issus de donneurs sains ou de patients souffrant
de différentes pathologies telles que la drépanocytose, la xérocytose et la stomatocytose, en
utilisant des méthodes ¢lectrophysiologiques (MBE et patch-clamp), des mesures semi-
quantitatives des mouvements de Ca?" (cytométrie en flux et imagerie cellulaire) combinées a la
mesure de parametres morphométriques, ainsi que des mesures du volume cellulaire et des
contenus en ions. Dans deux études indépendantes utilisant du sang de patients drépanocytaires,
nous avons pu démontrer d'une part le role central de 1'activation de PIEZO1 dans l'augmentation
de la propension a la falciformation. D'autre part, nous avons démontré une sensibilité augmentée
des GR drépanocytaires a la stimulation par le THC via 'activation du TRPV2. Parall¢lement a
ces résultats publiés, nous avons contribu¢ a la caractérisation fonctionnelle de nombreux variants
de PIEZO1 et de KCNN4, pour lesquels nous avons congu une série d'expériences fonctionnelles
afin de mieux décrire les variants génétiquement identifiés. Cette partie avec 5 variants Gardos et
10 variants PIEZO1 apporte des ¢léments fonctionnels quant a la pathogénicité des mutations
identifiées et souvent classées comme des variants de signification incertaine (VUS) par les
algorithmes génétiques. Nous avons également pu démontrer que la molécule Dookul, décrite
dans la littérature comme un inhibiteur des effets de Yodal, est en fait un activateur direct de
PIEZO1 dans le globule rouge, contribuant a une pharmacologie plus précise de PIEZO]1. En outre,
nous avons men¢ une série d'expériences chez des patients traités a ' Alectinib (un traitement contre
le cancer du poumon), pour lesquels on observe une anémie fréquente associée a une
déshydratation cellulaire. L'ensemble de ces expériences a contribu¢ a la compréhension des
perméabilités aux cations dans des conditions physiologiques et physiopathologiques. Enfin, tous
ces résultats remettent en évidence la particularit¢ des GR en ce qui concerne la perméabilité
cationique et les propriétés biophysiques des membranes par rapport a d'autres types de cellules
et, plus important encore, lorsque des voies mécanosensibles sont impliquées dans de tels
mouvements d'ions.

Mots-clés: PIEZO1, TRPV2, canal Gardos, Drépanocytose, conductance cationique, érythrocytes.
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Foreword

Blood, composition, and function

For more than 300 years, blood has been one of the tissues that have attracted the attention of
scientists given its primordial role in the scheme of life in addition to the ease with which blood
samples can be withdrawn from humans and animals, facilitating blood-related research and

therapies (Bessis and Delpech, 1981).

Blood has three main types of cells: Red Blood Cells (RBCs), White Blood Cells (WBCs), and
platelets, in a liquid called plasma. In routine blood tests, complete blood counts (CBC) are
required; they include counts of the different types of cells found in the blood, and other specific
criteria needed for hematological diseases diagnostics (Table 1). CBC provide an overall look at
health and helps diagnosing a variety of conditions, such as anemias, infections, leukemias, and

others.

Blood has three major functions that could be summarized in three words: transport, protection,
and regulation. It transports oxygen (O2) and nutrients to the lungs and tissues and carries away
carbon dioxide (CO:) and other waste products, mainly thanks to the presence of RBCs
(Hematology Glossary, 2021). It protects the body by fighting against infections through the
activity of WBCs, and by forming blood clots to prevent excess blood loss thanks to the activation
of the platelets. Finally, it regulates the temperature by distributing heat throughout the body
(Functions of blood: regulation, 2021).
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Table 1: Complete blood count. Hb is the total amount of hemoglobin in the blood, HT is the
volumetric part of RBCs in the blood, MCYV is the measurement of the average volume of RBCs,
MCH is the amount of Hb in RBCs, MCHC is the concentration of Hb in RBCs, RDW measures the
variability in the RBC’s size and shape, and MPV measures the average volume of platelets.
Reference rates and the units can vary depending on the laboratory that carried out the test. Table
adapted from (Dean, 2005).

Component Abbreviation Values and Ranges

White blood cell WBC 4.300 and 10.800 cells per microliter of
blood

Red Blood Cells RBC 4.2 to 5.9 million cells per microliter of
blood

Hemoglobin Hb 13.8 to 17.2 grams per decilitre (g/dL) for
men and 12.1 to 15.1 g/dL for women

Hematocrit HT 45% to 52% for men and 37% to 48% for
women

Mean corpuscular volume MCV 80 to 100 femtoliters (fL)

Mean corpuscular hemoglobin = MCH 27 to 32 picograms

Mean corpuscular hemoglobin MCHC 32 g/dL to 36 g/dL

concentration

Red cell distribution width size RDW 11% to 15%

and shape

Platelet count - 150.000 to 400.000 per microliter of blood

Mean platelet volume MPV 6 to 12 femtoliters

My thesis focuses specifically on human Red Blood Cells (RBCs). You will find detailed the
properties of these cells, their functions, and pathologies related to RBCs. The interplay between
cation channels in the regulation of all the aforementioned characteristics is the main concern in

this dissertation.
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Introduction

I. Mature Red Blood Cells

RBCs, also known as “erythrocytes”, constitute the most numerous type of cell in the body,
accounting for approximately 40 to 45 % of the volume of the blood, and are known to be essential
for gaseous exchange (Hematology Glossary, 2021). They are enucleated cells, devoid of any
translational process during their 120 days of circulation, making any repair mechanism and

protein renewal in these cells impossible (Kaestner and Minetti, 2017).

Erythrocytes typically have a diameter of 8 pm, a mean volume of 90 fL, and a surface area of 140
um?. Thanks to their biconcave shape and flexible cell membrane, RBCs can expand their volume
up to 150 fL, as well as they can fit into capillaries with a much smaller diameter than 8 pm (Figure
1). This special shape presumably originates from differences in densities between the rim and the
dimple regions of the plasma membrane (Hoffman, 2016). RBCs thickness varies according to
those regions, with 2.5 um at the thickest parts (rims) and 1pm around the dimple region (Hall,
2015).

Importantly, four globins -two alpha chains (o), two beta chains (3)- make up the oxygen-carrying
protein in the erythrocytes, known as hemoglobin (Hb). Each of the globin contains a heme group
where is found one iron atom (Fe®") in its center that binds one oxygen molecule. Hemoglobin
molecules confer the redness characteristic of the RBCs (Peter Klinken, 2002). Cell hemoglobin
content weights usually 30 pg, representing a huge concentration (about 340 g/L) that implies a

cytoplasmic viscosity six times higher than it is of water (Narla and Mohandas, 2017).
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Figure 1: Adaptation of RBCs to narrow vascular channels by undergoing deformation leading to
their shape change, adapted from (Corrons et al., 2021).

¢ RBCs in the flow

Erythrocytes are highly flexible cells that undergo significant deformation in the microcirculation
as a result of the shear stress in addition to geometric constrictions. This deformation is necessary
to reduce the blood flow resistance (Noguchi and Gompper, 2005; Tahiri et al., 2013), release
ATP, and deliver oxygen (Forsyth et al., 2012). Blood fluidity is strictly dependent on the
behaviour of RBCs in the flow, which is crucial for proper tissue perfusion. The flow behavior of
RBC:s is set by their response to hydrodynamic stress in terms of cell orientation relative to the
flow direction and cell deformation; at low shear rates, cells have similar cell orientations which
favors the formation of “rouleaux” and increases blood viscosity. At high shear rates, RBCs are
more aligned, individualized, and more stretched in the flow, which reduces blood viscosity

(Dupire et al., 2012).

RBCs in the flow can assume different shapes, the two most common being the slipper and
parachute shapes. The slipper shape is a non-symmetric shape attained by the RBCs in the
circulation (Abkarian et al., 2008; Tahiri et al., 2013). On the contrary, parachute shape is a
symmetrical shape of the RBC that looks like a semi-spherical cap (Merrikh and Lage, 2008)

(Figure 2).

At present, the improvement of microfluidic devices largely favors in vitro studies to mimic RBCs
in the microcirculation, which, combined with mathematical and physical modeling, lead to a fine

comprehension of the in vivo behaviors of RBCs in flow (Fedosov et al., 2014).
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Ry

Normal shape Slipper shape Parachute shape

Figure 2: Main shapes of RBCs. The normal (resting) shape “discocyte” is usually found in static
conditions, whether the two other shapes “slipper and parachute” are commonly found in the
microcirculation. Figure created using Bio-Render.

A. Gas transport

RBCs play a crucial role in the transport of oxygen from the lungs to tissues and of CO; from

tissues to the lungs, which constitutes their canonical function (Kuhn et al., 2017).

1. The Jacobs-Stewart Cycle

The CO» Jacobs-Stewart cycle was first described in the RBCs in 1942 (Jacobs and Stewart, 1942).
Jacobs-Stewart is a system that regulates CO, transport and pHj; it is essential for efficient gas
transport and respiration. This system reverses direction depending on whether the erythrocytes
are close to tissues or close to the lungs (Figure 3). The increase in CO: levels in peripheral tissues,
makes COz diffuse freely throughout the RBC membrane. CO: is reversibly hydrated in the RBCs
by the action of Carbonic Anhydrase (CA) which induces the formation of H" + HCOs", resulting
in a drop in pH and a reduction in the affinity of Hb for O2. Protons (H") from the reaction are
mainly buffered by hemoglobin (HbH"); hemoglobin has a very high buffering capacity, thanks to
numerous histidine residues, which are the sole amino acid to display a wide range of pKa allowing
to buffer H' at physiological pH (Van Beek and De Bruin, 1980). CO; itself, and its impact on pH
via the reaction described above (CO2 + H:O - H' + HCOy"), reduces the oxygen affinity to
hemoglobin, thereby promoting O release in the capillaries where the partial pressure of CO; is
higher (i.e., metabolically active tissues). In the lungs, the reduction of the partial pressure of CO»

caused due to exhalation has the reverse effect; it increases the affinity of Oz by hemoglobin.

In this process, the activity of Band 3 (AE1, gene SLC4A1) is of particular importance; whilst most
biological membranes are permeable to CO2 (Endeward et al., 2006), HCO;™ is unable to diffuse
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freely through the plasma membrane, and needs a specific transporter to be shuttled. It is the role
of Band 3, which is an abundant membrane protein, (=1.2 x 10 copies per cell) (Satchwell and
Toye, 2021). Band 3 efficiently exchanges HCO3™ for Cl in and out of the cells at very high rates.
Thanks to Band 3, a proper Jacobs-Stewart cycle can take place, leading to a passive distribution
of H" and HCOs™ across the membrane, regulating by such COx transport and cellular pH, in other
words, gas transport and respiration. Within seconds’ worth of capillary transits, the gas exchanges
take place. Sharp changes in RBC pH are brought on by each oxygenation-deoxygenation and
deoxygenation-reoxygenation transition on hemoglobin, which then cause changes in ion fluxes,
and slight changes of membrane potential, and cell volume. Despite being independent, these

changes have a cumulative effect within the 120 days of RBCs circulation (Lew, 2023).

In summary, the Jacobs-Stewart cycle is the engine of gas transport. As 80-90% of total CO; is

transported as HCOs3™ in the blood, a systemic acid/base equilibrium is maintained.

Tissues Lungs
02 ; 02
. 0,+ HbH‘E: ‘ % %
[ | mp+ 0, '
H'+HCOy ‘a2  HCO;
‘Band 3 N CA (Band 3 e
HCO, HCO; +H
fca CO,+H,0
CO,+H,0
Y
O
@
2

Figure 3: The Jacobs-Stewart cycle in RBCs, in a deoxygenated environment (i.e. tissues), and in an
oxygenated one (i.e. lungs). Figure created using Bio-Render.
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2. Bohr-Haldane effect

The O2 binding affinity of hemoglobin is inversely related to both acidity and CO2 concentration.
This is the definition of the Bohr effect. It refers to the shift in the O, dissociation curve in response
to changes in pH. Thus, Bohr effect underlies the release of oxygen in tissues when CO; enters the
RBCs and is converted to HCOs3", lowering the intracellular pH, and allowing the release of O»
from Hb. On the other hand, O affects the affinity of Hb for CO, and H" under the Haldane effect.
Bohr and Haldane effects are two strategies that the body uses for increasing the amounts of O
and CO» delivery going back and forth between the lungs and the tissues. These two mechanisms

are key regulators but they are simply linked to the properties of the Hb (Table 2).

Table 2: Bohr versus Haldane effect comparison, adapted from (Lakna, 2018)

Bohr effect Haldane effect

Decrease in the oxygen affinity of Hb in Decrease in the CO; affinity of Hb in response

response to decreased blood pH resulting to increased blood pH resulting from

from increased CO> concentration in the blood increased O; concentration in the blood

First described by Christian Bohr in 1904 First described by John Scott Haldane in 1905

(Bohr, Hasselbalch, & Krogh, 1904). (John Scott Haldane | Respiratory Physiology,
Gases & Hypoxia | Britannica, 2019)

Occurs at the metabolizing tissue Occurs in the lungs

Describes the release of O Describes the release of CO2

Effective under low blood pH Effective under high blood pH

Caused by the take up of CO; at the Caused by the uptake of Oz in the lungs

metabolizing tissue

Facilitates the release of O at the Facilitates the binding of O to the Hb

metabolizing tissue

Band 3 which mediates the “Chloride shift” phenomenon, together with carbonic anhydrase, and
the effects of Hb, play a central role in the recognition of metabolically active tissues, making the
RBC the ideal vehicle for oxygen delivery to these tissues, providing them with the required
amount of O» (Hamasaki, 1999). Nevertheless, in order to successfully exchange gases,
erythrocytes must possess other properties, including the ability to control intracellular pH, ATP
synthesis, and redox status (Balach et al., 2019), and not forgetting the ability of cells to deform
easily and to withstand mechanical and osmotic stress, factors that are directly regulated by Band

3 (Kuo et al., 2021).
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3. RBCs Other functions

Next to their canonical role in gas transport and systemic acid/base equilibria, RBCs have other

non-canonical functions.

In 1992, it was proposed that erythrocytes are mobile carriers of adenosine triphosphate (ATP),
able to sense the need for increased blood flow in metabolizing tissues and provide it by releasing
ATP (Bergfeld and Forrester, 1992). ATP release from RBCs is a response to reduced O> content,
mechanical deformation, endothelial shear stress, adrenergic stimulation, and acidosis (Sprague et
al., 2007; Sprague and Ellsworth, 2012; Ellsworth et al., 2016). Some studies have suggested that
ATP is not released from the RBCs per se in response to hypoxia, but that hemolysis is the main
cause (Sikora et al., 2014; Ferguson et al., 2021). Released ATP binds to purinergic P2Y receptors
on endothelial cells, initiating by such a signalling cascade mediated by nitric oxide (NO) and

prostaglandin, leading to vasodilation in metabolizing tissues (Mortensen et al., 2009).

Talking about NO, it is a free radical that can diffuse at a rate of 50 um/s in aqueous solutions.
RBCs can be a source of NO and can regulate its metabolism which is key to controlling blood

rheology (Simmonds et al., 2014).

RBCs can also contribute to cytokine signalling (Karsten and Herbert, 2020) and to the trigger of
immune responses (Ren et al., 2023) by modulating the immune cells (Karsten and Herbert, 2020).
RBCs use the complement receptor 1 (CR1, CD35) to bind to complement-opsonized bodies in
the circulation (Nelson, 1953), and they can transfer them to liver and spleen in order to be

removed. This RBC-CR1 binding can increase the membrane deformability (Glodek et al., 2010).

Canonical function of RBCs, consisting in gas transport, is increased by RBC membrane
properties, especially the higher surface area to volume that renders the cells more deformable

(Jaferzadeh and Moon, 2015).

B. Deformability property

A normal RBC has a total membrane surface area of 140 um? and an approximate volume of 90
fL, as mentioned above. This means that the cells have approximately 1.5 times more membranes

surface than the surface of a sphere corresponding to this volume. This ratio, associated with the
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special biconcave shape, allows mature erythrocytes to undergo adaptations in their shapes which

will permit them to circulate normally to accomplish their roles (Bessis, 1972).

Erythrocytes take advantage of their biophysical properties to keep functioning in physiological
conditions (Kuhn et al., 2017). The deformability ability allows the RBCs to squeeze and cross the
narrowest capillaries and the splenic sinuses, without being hemolyzed (Huisjes et al., 2018).
Erythrocytes must adapt their shape and presumably cell volume as they pass through arteries,
capillaries, sinusoids, and veins, and when they adhere to and are released from their interactions

with vascular tissues (Cahalan et al., 2015; Lux, 2016; Rogers and Lew, 2021b, 2021a).

Deformability, flexibility, and elasticity are mechanical properties characterizing the RBCs. Shape
modifications can exhibit a lot of variation (Nayani et al., 2020). They exist from one side, due to
the intracellular ions and water content of the erythrocytes handled by the enormous diversity of
membrane channels, pumps, and transporters (Huisjes et al., 2018), and from the other side, thanks
to the properties of the cytoskeleton which features distinctive proteinic and structural
characteristics; it is composed of a 2D mesh-like spectrin structure that is anchored to the internal
leaflet of the lipid bilayer membrane, conferring to the cells their elasticity that interplays with

RBC’s deformability (Figure 4) (Mohandas and Evans, 1994).

Intracellular
Viscosity

Actin

Band 3

Spectrin

~ Cytoskeleton

Biconcave Disc ~,
-~

Figure 4: Factors influencing the deformability of RBCs. RBCs are biconcave disks, and their
deformability is enabled on the one hand by their intracellular viscosity properties (Hemoglobin
concentration, and ion/H>O balance), and on the other hand by the properties of the cytoskeleton
(Kuhn et al., 2017).
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The high deformability of RBCs depends on multiple factors. First, it takes place thanks to the
biconcave shape of the cells, in other words, the excess of RBC surface area (area/volume ratio),
in a second place, due to the cytoplasmic viscosity of the cells and the fine regulation of the
intracellular Hb concentration. Third, this property is conferred thanks to the membrane
mechanical properties and the robust/flexible spectrin cytoskeleton especially the 4.1R complex
and the Ankyrin complex (Byers and Branton, 1985). Furthermore, Ca** exchange is one of the
main keys to the deformability of erythrocytes, as it is present at a low basal concentration (50
nM), and its concentration changes rapidly and transiently in response to stress. In addition,
deformability is allowed thanks to the membrane lipid transversal asymmetry. Finally, it is
permitted by the membrane lipid lateral asymmetry in submicrometric domains (Tyteca et al.,
2010; Leonard et al., 2017; Conrard et al., 2018). Each of these factors will be discussed in detail

in the following sections.

RBC stability and structural integrity are conferred by its membrane which main components are
the phospholipid bilayer, and the transmembrane proteins (Pivkin and Karniadakis, 2008; Peng et
al., 2010).

The main function of the membrane is to confer RBCs the capacity to tolerate the shear stress in
the circulation without being distorted, in other words, their deformability (Mohandas and Chasis,

1993; Lee and Discher, 2001).

1. Membrane lipids
a) Composition

Erythrocyte’s lipid bilayer membrane is formed of phospholipids and cholesterol with incorporated
integral proteins (Discher and Carl, 2001). Phospholipid composition contributes to the blood
viscosity (Li et al., 2017b). The human RBC membrane is made up of proteins (52%), lipids (41%),
and carbohydrates (7%) (Dodge et al., 1963). Membrane lipids are divided into three classes
mainly; phospholipids (62.7%), neutral lipids (25.2%), and glycosphingolipids (~12%). Neutral
lipids consist essentially of cholesterol (Bernhardt and Ellory, 2003). Cholesterol is distributed

uniformly across the membrane, in addition to four phospholipids that are asymmetrically
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arranged. On the outer side of the membrane, sphingomyelin and phosphatidylcholine (PC) are
usually found (in addition to glycosphingolipids, such as GM1) whereas on the cytosolic side of
the membrane, there are found phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphoinositide (e.g. PI, PIP, etc...), and ceramide (Figure 5).

100% r

0%

l outer leaflet

100% L

SM PC PE PS PIP, W inner leaflet

Figure 5: Asymmetrical transbilayer distribution of lipids RBCs membranes. The distribution is
given as a percentage of each phospholipid. Figure adapted from (Murate and Kobayashi, 2016).

b) Cholesterol

RBCs are amongst the unique cell types with cholesterol making around 50% of total membrane
lipids (Carquin et al., 2016). This forms a high ratio cholesterol/phospholipid (Subczynski et al.,
2017). Cholesterol modulates the structure (Lange and Slayton, 1982) and dynamic properties of
the lipid part of the membrane; it affects the packing and the rigidity of the membrane (Subczynski
et al., 1994). It can also reduce the simple non-electrolyte permeability of the lipid bilayer at
physiological temperatures by provoking a decrease in membrane fluidity or a tightening of the
hydrogen-belt, rate-limiting barrier for solutes penetrating the membrane (Grunze et al., 1980). In
addition, NaK pump activity was showed to be enhanced by cholesterol depletion (Claret et al.,

1978).

The activation/inactivation of mechanosensitive non-selective PIEZO1 channel is found to be

profoundly affected by the lipid composition of the membrane. Actually, PIEZO1 organizes in the
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membrane into nanometric clusters that depend on the integrity of cholesterol domains in order to
sense applied force (Ridone et al., 2020). Hence, a disruption of membrane cholesterol amend the
organization and activity of PIEZO1 channel (Short, 2020). Moreover, lipids deeply affect the

structure and function of other transporter proteins in the RBCs membrane (Stieger et al., 2021).

¢) Lipid rafts

The heterogeneity in local membrane lipid composition gives rise to areas that differ in their
biophysical properties like lipid order, curvature, and thickness (Conrard and Tyteca, 2019).
Hence, lipids in RBCs are found to be clustered in submicrometric domains. Three domains of
rapid kinetics have been highlighted in the erythrocytes’ outer membrane leaflet (Tyteca et al.,
2010; Conrard et al., 2018). The first is found in high-curvature membrane areas. This domain is
enriched in cholesterol and is formed upon cellular deformation (Leonard et al., 2017). The two
other domains are associated with low-curvature membrane areas; one is found to be enriched in
cholesterol, PC, and ganglioside GM1, hence called GM1-enriched domain. The other one is
enriched in cholesterol, PC, and sphingomyelin, hence called sphingomyelin-enriched domain.
The particularity of these two last domains is that the first (GM1-enriched domain) domain’s
abundance increases upon PIEZO1 channel activation, whereas the second (sphingomyelin-
enriched domain)’s abundance is enhanced with Ca?" efflux (Leonard et al., 2017). In the inner

leaflet, only one domain is described and it is found to be enriched in ceramide (Cloos et al., 2020)

(Figure 6).
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Figure 6: Membrane lipid lateral asymmetry in submicrometric domains or lipid rafts. Figure
adapted from Pr. Donatienne Tyteca’s presentation in the 11™ international meeting on
Neuroacanthocytosis syndromes on the 17% of September 2023 in Homburg-Germany. (Tyteca et al.,
2010; D’auria et al., 2011; Carquin et al., 2014, 2015; Leonard et al., 2017; Conrard et al., 2018)

2. RBC cytoskeleton

RBC cytoskeleton is a pseudo-hexagonal meshwork of proteins tightly anchored to the plasma
membrane by means of two main types of interactions: the vertical interactions known as “ankyrin
complex” and the horizontal interactions known as “actin junctional complex” (Marchesi and

Steers, 1968; Bennett and Stenbuck, 1979; Li and Lykotrafitis, 2014; Lux, 2016) (Figure 7).

Unbound Ankyrin Actin junctional
band 3 complex complex
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F-actin
Tropomyosin
Tropomodulin

Figure 7: The RBC cytoskeleton’s architecture (Lux, 2016).

a) Ankyrin complex

The ankyrin complex is a giant multiprotein complex found in the RBC’s cytoskeleton. The
cytoskeleton of RBCs is anchored to the membrane by this complex, which is assembled during
erythropoiesis. It consists mainly of Ankyrin 1, Band 3, and protein 4.2 (Xia et al., 2022). In RBCs,
Ankyrin-1 exists in 120,000 copies per cell (Burton and Bruce, 2011). It helps to maintain the

structure of the membrane and coordinates the spatial organization of channels and transporters.
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The ankyrin-1 protein has been identified and is known to mediate the linkage between Band 3
protein and underlying spectrin filaments (Bennett and Stenbuck, 1979; Vallese et al., 2022).
Spectrin filaments are heterodimeric proteins with o and  subunits that are crucial for maintaining
membrane stability, structure, and cell shape (Zhang et al., 2013). Band 3 proteins are present in
the membrane in their tetrameric form (Bruce and Gyorfty, 2019), forming large transmembrane
segments with attached polylactosaminoglycan molecules from the extracellular side, and a stalk-
like cytoplasmic domain that is anchored to ankyrin-1. Ankyrin-1 itself binds to B-spectrin chains
and to the adaptor protein 4.2 (Su et al., 2006). Glycophorin A (GPA) and B (GPB) are
heterodimers with glycans attached and form part of the Ankyrin complex. The Rh complex is also
attached to the Ankyrin complex and is formed of the Rh polypeptides, the RhAG, the CD47, the
LW, and the glycophorin B (GPB) dimer. The CD47 enables a contact with the ankyrin-1 group
by interacting with the 4.2R protein, and the Rh polypeptides (Mankelow et al., 2012). GLUT]1
transporter in its role is linked to the Band 3 protein and form together a protein complex (Jiang et

al., 2006a) that can be involved in the Ankyrin-1 complex.

b) Actin junctional complex

Junctional complexes also exist in the cytoskeleton of RBCs. Their main role is to maintain the
membrane cytoskeletal connection through interactions of the integral proteins GPC/D with p55
and protein 4.1 (Mankelow et al., 2012). It is centred on the junction of spectrin tetramers which
bind to short actin filament (Mankelow et al., 2012). Within this complex, the protein 4.1R
interacts with p55 and B-spectrin (Mohandas and Chasis, 1993; Lee and Discher, 2001) in a region
containing actin and actin-binding proteins like tropomyosin, tropomodulin, dematin, and (-
adducin (An et al., 2007). In addition, Band 3 in its dimeric form (Bruce and Gyorffy, 2019), makes
part in this complex together with GPA, GLUT1, GPC/D, Dufty, Kell, Kx and Stomatin, which
are all integral membrane components (Mankelow et al., 2012; Li et al., 2023). There are 40,000

junctions per cell (Burton and Bruce, 2011).

3. VPS13

VPS13 is one of the novel RBC protein family with a molecular weight exceeding 340 kDa. It is
approximately 16 nm long (Melia and Reinisch, 2022). It has been reported to be associated with
B-adducin and B-actin (Shiokawa et al., 2013) and with the Kx protein (Park and Neiman, 2020).
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Therefore, VPS13 almost certainly associates with the junctional complex. VPS13 has been
reported to be a bulk lipid transporter and to interact with Xk protein (Park and Neiman, 2020;
Peikert and Danek, 2023). It was also found to be involved in the vesicle-mediated sorting and is
hence required for phagocytosis (Leonzino et al., 2021). The lipoproteins in individuals lacking
VPS13 may exchange cholesterol and other lipids with the healthy donor RBCs during transfusion
causing acanthocyte formation (Ohkawa et al., 2020; Peikert and Danek, 2023). Mutations in the
VPS13 and XK genes cause chorea-acanthocytosis and McLeod syndrome respectively. Those
two are syndrome of neuroacanthocytosis (Masana et al., 2021). VPS13 can also have a role in
erythropoiesis since numerous cytoskeleton and membrane rearrangements take place during this

procedure.

4. RBCs shapes

Given the important role of the cytoskeleton in determining the deformability of RBCs, it is
obvious that any change in shape will also modulate deformability. In fact, the normal discocyte
shape of RBCs, determined by all the above-mentioned membrane characteristics and others, could
be altered by surrounding factors. Moreover, cell shape and surface-volume ratio are often found

to be disturbed in diseases (Glogowska and Gallagher, 2015).

Deregulations and defects in any of the membrane lipids and cytoskeleton components lead to the
loss of the deformability of RBCs membrane (Chasis et al., 1988). For example, RBCs may be
prematurely destroyed if the phospholipid asymmetry is disrupted (Kuypers, 2007).

In the same extent, mutations in the genes related to the cytoskeletal Ankyrin complex (the vertical
interactions) produce rapidly within the circulation spherocytic RBCs compromising their lifespan
with a fast removal in the spleen (Perrotta et al., 2008). Their size is slightly smaller than an
average RBC (Figure 8A) (Zamora and Schaefer, 2023) (see hereditary spherocytosis paragraph:
paragraph D-3-a in the introduction).
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Figure 8: Scanning electron microscopy for a spherocyte (A) and an elliptocyte (B). Adapted from
(Bessis, 1974).

Elliptocytes are another form of abnormally shaped RBCs. They appear oval or elongated under
the microscope. They have a normal central pallor area with the Hb proteins appearing
concentrated at the ends of the elongated cells (Figure 8B). They are commonly associated with
hereditary elliptocytosis disease (see hereditary elliptocytosis paragraph: paragraph D-3-b in the
introduction). Defects in the horizontal interactions (spectrin-actin interactions) of the

cytoskeleton are usually the main reason of elliptocytes formations (Gallagher, 2004).

On the other hand, echinocytes and stomatocytes cell shapes are the result of converging factors
like pH variation, the interactions of amphiphilic molecules in the outer layer of the cells, and
extracellular ionic strength. These factors provoke reversible shape transformations (to a certain
extent) at constant membrane surface area and cell volume (Iglic et al., 1998; Mukhopadhyay et

al., 2002; Rudenko, 2010; Chen and Boyle, 2017).

Echinocytes are crenated RBCs, with spiculated membranes (Figure 9C), whereas stomatocytes
are cup-like concave shapes (Figure 9A). These two shapes are classified into four subclasses I, II,

III, and IV, according to their concavity and crenation stages.

Figure 9: Scanning electron microscopy images of (a) open stomatocyte, (b) discocyte), and (c)
echinocyte. Adapted from (Mesarec et al., 2019).
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Conditions like anionic amphipaths, high salt, high pH, ATP depletion, cholesterol enrichment,
and a proximity to a glass surface can transform a normal discocyte into an echinocyte. On the
contrary, cationic amphipaths low salt, low pH, and cholesterol depletion, can transform a
discocyte into a stomatocyte (Figure 10) (Gedde and Huestis, 1997; Tachev et al., 2004;
Geekiyanage et al., 2019). These form changes are reversible and are known as “SDE
transformations”, which stands for stomatocyte-discocyte-echinocyte transformation (Rudenko,
2010). These shapes could further be altered into sphero-echinocytes and sphero-stomatocytes
when smooth spheres are formed upon small interior buds and vesicles are pinched off from the

cell surface leading to irreversible loss of surface area.

Discocyte
Normal buffer pH

_ High buffer pH Low baffer pH
Expansion of the outer leaflet L .
Expansion in the inner leaflet

out ex»,

H* H*
Cr Cl
Wate Water
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High cellpH Low cellpH
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Figure 10: Change of red cells properties with altered external pH. To the left, an echinocyte is
represented, and to the right, a stomatocyte. Figure inspired from (Gedde and Huestis, 1997; Lux,
2015) and recreated using Bio-Render.

These shape changes are directly linked to variations in the hydration state of the cells; in the case
of stomatocytes formation, an increase in the cellular volume causes the decrease in the surface-
area to volume ratio. This ratio is increased in the case of echinocytes formation due to decrease

in cell volume (Geekiyanage et al., 2019).
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Thus, RBC shape requires a coordinated activity of any membrane transporters that may influence
the solute and water content (Brugnara, 2018). Indeed, changes in RBC deformability are thought
to be the cause of a variety of diseases (Huisjes et al., 2018) including hereditary anemias with

disorders in the hydration state (Gallagher, 2017).

5. Hydration status

Considering the consequences of the above-mentioned parameters that could influence
deformability, it is noteworthy that the hydration status of RBCs is fundamental. Indeed, cell
volume homeostasis is necessary for the maintenance of an adequate surface area-to-volume ratio,
one of the keys for normal cellular deformation and for the maintenance of intracellular
hemoglobin concentration at physiological levels (Narla and Mohandas, 2017). Considering a cell
with 5 mM of negatively charged protein (Hb) sequestered with no chance to be exchanged at the
membrane, this creates a huge oncotic pressure that will tend to attract any permeable cations.
Thus, RBCs will encounter the threat of cell swelling up to critical lysis point. This is mostly
prevented by an equilibrium of monovalent cations fluxes between the intracellular and
extracellular media thanks to the pump-leak equilibrium. At resting state, erythrocytes have a high
K" and a low Na* concentration which is the opposite in the surrounding plasma. A variety of
mechanisms controls the intracellular ion concentration and water content of RBCs, which is a
dynamic process. First, due to ion channel passive leakage caused by their electrochemical
gradients. Second, comes the role of active and passive gradient transport. Finally, the activity of
pumps can regulate the hydration status. They need ATP to pump cations against their
concentration gradient (Teissie and Yow Tsong, 1981). Water passively adjusts its movement to
that of ions, either through free diffusion across the membrane or through aquaporins (Cossins and
Gibson, 1997). Water leaks through the erythrocyte membrane when the pump’s capacity to stop
cation leakage is surpassed, altering the intracellular cation concentration. The ensuing increase in
the intracellular water may lead to intracellular diffusion of Na® that exceeds the extracellular
diffusion of K*, the cells swell. On the contrary, if the outward K" leakage exceeds the inward Na*

leakage, the cells shrink.
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C. Membrane transport

The essential role of any plasma membrane is to separate the cellular contents from the

extracellular media, while maintaining controlled exchanges and communications.

1. Homeostasis

What characterizes all mammalian cells including RBCs, is the asymmetrical composition of the
membranes and the non-equilibrium distribution of ions across the cell membrane. This difference
in distribution is mandatory for cellular processes such as signal transduction, and cellular
metabolism. The four main ways through which membrane transport takes place are, simple
diffusion, facilitated diffusion, passive transport and active transport. They all work in concert to
preserve a physiological volume, necessary for the normal functioning of the erythrocytes
(Gallagher, 2017). The volume stability of the highly water-permeable RBCs relies on their low
permeability to cations and a high permeability to neutral solutes like glucose or urea; the low
cation permeability significantly rate-limits net salt and isosmotic fluid transfer, whereas the high
neutral solute permeability allows rapid solute equilibration with minimal osmotic stress and

volume displacement (Lew and Tiffert, 2017).
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Figure 11: Figure summarizing the major membrane transport systems in the RBCs. Figure created
with Bio-Render.
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Water and ions homeostasis are regulated by various passive and active transport mechanisms
(Figure 11). The balance between passive and active transport phenomenon is the basis of the

maintenance of the intracellular cation concentration as well as the cell volume (Bernhardt and

Weiss, 2003).

Permeability of all ions present inside and outside of the cell contribute to the determination of its
membrane potential according to the Goldman-Hodgkin-Katz equation (Goldman, 1943)
(Equation 1):

. RT , P +[K*1,+P, +[Nat],+Pc-[CU7];+4P . 21[Ca®*]
Equation 1: Vy = —In-£ ~__Na - —La 0

F P+ [K*]i+Py+ [Na*]i+Pc-[CL]o+4P 2+ [Ca?t],

L

With Vum: the membrane potential (in V),
R: The ideal gas constant (=8.31 J/(K.mol))
T: The temperature in K
F: The Faraday constant (in C/mol)

Px: the permeability for ion X (in m/s)
[X]o: The extracellular concentration of ion X

[X]i: The intracellular concentration of ion X

Thus, the movements of ions throughout the cells are determined by their own gradient and
permeabilities, and their own equilibrium potential can be calculated using the Nernst equation.
Ion transport takes place through specific ion channels, which, although not numerous on the
membrane of RBCs (Egée et al., 2002; Kaestner, 2015), are recognized as physiologically
important signaling mediators in RBCs (von Lindern et al., 2022). The identification of ion
channels on the membrane of RBCs is not a straightforward task, as it is difficult to match
functional channel recordings with the channels ‘molecular identities’ of the channels (Kaestner,

2015).

In fact, human erythrocytes have a higher permeability for anions (especially ClI" and HCOz3") than
for cations of the same hydrophilicity and size (such as Na" or K*). Specifically, erythrocytes have
a relatively high chloride conductance Ger (anion permeability) of about 25 uS.cm™ (Bennekou,

1999), which dominates the overall membrane permeability of the RBCs. Therefore, the resting
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membrane potential of RBCs is near to the Nernst equation for CI" (Equation 2), which facilitates
CO> transport and the “chloride shift” phenomenon that occurs throughout the Band 3 protein
(Hoffman and Geibel, 2005).

Equation 2: Vy, = R—FTln [[gll:]]'

=Ec =-10 mV

2. Pump-leak concept

Investigations about ion transport across RBCs membrane resulted in the formulation of the

“pump-leak” concept in the 1960 (Tosteson and Hoffman, 1960).

The pump-leak concept in RBCs refers to the mechanism that helps to maintain the proper balance
of ions, in particular Na" and K, within the cells. A fundamental principle of a non-equilibrium
distribution of ions across the membrane lead to the conclusion that RBC membrane is
impermeable to cations (Bernhardt and Ellory, 2003). Nevertheless, although negligible in mature
healthy cells, cation fluxes exist, they are mainly represented by leaks of Na" and K' that are
efficiently minute compensated by the powerful 3Na"/2K" ATPase pump (NaK pump) in order to
maintain the concentration gradient and a constant cellular volume by preventing any
dysregulations leading to cellular lysis (Gallagher, 2017; Caulier et al., 2018). The pump-leak
concept is crucial for maintaining the appropriate ion composition within the RBCs which is
essential for their normal functioning including O» transport and the maintenance of the cell shape

(Gatto and Milanick, 2009).

3. Na'/K* pump

Blood serum has a K* concentration of 3-5 mM, whereas Na* concentration ranges between 136-
142 mM. Inversely, inside the RBCs, K" concentration ranges between 140-150 mM and Na*
concentration is around 10-15 mM (Balach et al., 2019). In normal RBCs, the transmembrane
distributions of those two ions are preserved far from their electrochemical gradient thanks to the
activity of the plasma membrane 3Na‘/2K" ATPase pump that was first discovered in 1957 (Skou,
1957). 1t is a transmembrane protein with three subunits labelled a,B, and FXYD (Morth et al.,
2007). Its main function is the transport of ions against their electrochemical gradient; 3 ions of
sodium are pump out and 2 ions of potassium in the cells by using an ATP molecule (Gallagher,

2017). This pump is activated by Na" and ATP at the cytoplasmic sites, and by K™ and ATP at the
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extracellular sites (Therien and Blostein, 2000). The pump leak turnover rate of Na" and K is

about 2-3 mmol/(Lcens.h) in middle age RBCs (Lew and Tiffert, 2017).

Hence, the 3Na"/2K" ATPase pump’s main function is to maintain a low Na*, high K" intracellular
concentration at normal body temperature. The activity of this pump is essential in the maintenance
of the cellular volume and ensures the homeostatic adjustments of RBCs in face of the
environmental perturbations; it sets up the major cation gradient across the membrane. There are
estimated to be 250 pump sites/cell with 100 ions that pass per second per site (Hamill, 1983).
Another source stated that RBCs have only 100 copies of this pump in their membranes (Gatto
and Milanick, 2009). Although present at low copy numbers, it is sufficient to maintain the

electrochemical gradient of Na"and K" (Flatt and Bruce, 2018).

This pump participates in maintaining the osmotic equilibrium and the membrane potential in the
cells; by regulating the Na" and K™ concentrations, the NaK pump prevents excessive swelling or

shrinking of RBCs (Pirahanchi et al., 2023).

NaK pump can be pharmacologically inhibited with ouabain and bumetanide (Flatt and Bruce,

2018).

4. Ca* pump

If Na" and K" are the main cations crossing the membrane, calcium leak is also present; RBCs

undergo random Ca’" entry, or Ca*" leaks (Baunbaek and Bennekou, 2008).

Ca?" has around four orders of magnitude higher concentration in the plasma than it is inside the
RBC:s (in the plasma ~ 1.8 mM, inside the cells ~30-60 nM) (Harrison and Long, 1968; Bogdanova
et al., 2013). This significant inward Ca®" electrochemical gradient would represent a permanent
threat. Fortunately, this situation is monitored by the plasma membrane Ca** ATPase pump (also
known as PMCA: Plasma membrane calcium ATPase) that shifts out Ca>* from the cytosol, against
its concentration gradient (Lew et al., 1982), maintaining by such a negligible activity of the

Gardos channel under normal conditions (Lew et al., 2003).

PMCA was first identified in erythrocytes in 1966 (Schatzmann, 1966) and it belongs to the P-

type ion pumps (Kubitscheck et al., 1995). It is one of the most efficient calcium pumps found in
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eukaryotes (Lew et al., 1982). There exist four different PMCA1-4 expressed by the genes
ATP2B1-4 (Schatzmann, 1983).

PMCA1 is expressed in the membrane of human RBCs and it comprises 1220 amino acids forming
ten transmembrane domains, two intracellular loops containing ATP binding and phosphorylation
sites and inward-facing N- and C- terminals. In addition, PMCA4 is found in the membrane of

RBCs (Krebs, 2017).

Ca?*-extrusion via PMCA can vary between 4-60 mmol/(Lceis h), three orders of magnitude higher
than the turnover rate of Ca®" in physiological conditions which is around 20-50 pmol/(Lcensh)
(Lew et al., 1982). Increases in the intracellular free Ca?* concentrations are sensed by the PMCA
and occur in response to the interaction of Ca?*-calmodulin complex with C-terminus of the pump
(Vincenzi et al., 1980). ATP availability is the limiting factor for PMCA transport capacity
(Bogdanova et al., 2013).

Together with the Na/K pump, Ca pump set up the major cation gradients across the membranes.

5. Aquaporin

Erythrocytes have high permeability to water frequently observed via osmosis studies. Lipid
bilayer itself, having only a finite permeability to water, cannot be accounted for instantaneous
hemolysis occurring when in hypotonic solutions. This is the role of Aquaporin, which is an

aqueous channel found across the membrane.

Aquaporins (AQPs) are a family of small channel-forming integral membrane protein of 28-kDa
(Agre et al., 1987), found in human erythrocytes. Aquaporin-1 (AQP1) has around 200.000 copies
per cell (Sugie et al., 2018). Its selectively permits the transport of H>O molecules across the
membrane (Macey, 1984; Denker et al., 1988; Agre et al., 1993). AQP1 is located at the same
interface of Band 3, protein 4.2 (Vallese et al., 2022). It interacts with Stomatin, a widely expressed
integral protein that is found to be attached to GLUT1, Band 3, and others (Rungaldier et al., 2013).

AQP1 was also suggested to function as a gas channel, transporting CO, (Cooper et al., 2002;
Blank and Ehmke, 2003).
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6. Band 3

Band 3, also known as the anion exchanger protein (AE1, CD233, or SLC4Al), is the most
abundant transmembrane glycoprotein on human RBC membrane. It allows the
chloride/bicarbonate exchange throughout the RBCs, as explained in paragraph I-A-1 (The Jacobs-
Stewart cycle). It is an anion antiporter with a molecular weight of 95-100000 (Bretscher, 1971;
Cabantchik and Rothstein, 1974; Sabban et al., 1981), and a membrane domain with 12 membrane
spans (Tanner, 1997). Band 3 can form dimers or tetramers with approximately 120,000 tetramers,
and 320,000 “free” dimers (Burton and Bruce, 2011). It plays an important role in maintaining the
structure and function of RBCs by controlling gas exchange, pH regulation, and cell membrane
stability (Alper, 1991). In addition, Band 3 anchors the sub-membrane protein skeleton to the lipid
bilayer, which is essential for maintaining the mechanical properties of RBCs. Band 3-defective
RBCs are highly unstable despite containing a normally assembled cytoskeleton. This finding
suggests that Band 3 stabilizes the membrane bilayer of normal RBCs by interacting with its lipids.
Band 3 mutations (SLC4A41 gene) are also associated with many hemolytic anemias including
hereditary spherocytosis (Tanner, 1997; Perrotta et al., 2008). Next to its function as anion
exchanger of CI/HCOs3", Band 3 can act as an electrogenic chloride channel; it mediates Cl™ flux

and contributes to its electrical conductance (Kaplan et al., 1983).

In addition to Band 3, there are other membrane transporters capable of transporting chloride
anions.

7. Chloride channels

Although several studies have attempted to define the exact nature of chloride channels in RBCs,
their true identity is still undefined. However, with the discovery of New Permeation Pathways
(NPPs) in malaria-infected RBCs (Kirk et al., 1994), research on anionic permeability regained
interest as chloride channels were hypothesized to be used in the treatment of malaria (Kirk, 2000;
Huber et al., 2002). The use of patch-clamp on human red cells led to the proposal of several
candidates for chloride channels (Egée et al., 2002); in addition to the apparent role of Band 3 in
CI transport, CFTR (Verloo et al., 2004; Lange et al., 2006), CIC-2 (Huber et al., 2004; Bouyer et
al., 2007), and VDAC (Bouyer et al., 2011) have been suggested as candidates.
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The next paragraphs succinctly present the different anion channels that have been described in

the literature.

a) Voltage-Dependent Anion channel (VDAC)

The VDAC is a multifunctional pore channel with three different isotypes (VDAC1, VDAC2, and
VDACS3). It is a protein of the porin family known for its presence in the mitochondrial membrane,
and its plasmalemmal form is present in many cell types (Sabirov and Merzlyak, 2012), including
RBCs (Bouyer et al., 2011; Marginedas-Freixa et al., 2018). In the membrane of the RBCs, a 32
kDa associated VDAC is found that forms a peripheral benzodiazepine receptor-like complex with
a translocator protein (TSPO) and an adenine nucleotide transporter (ANT) (Bouyer et al., 2011;
Marginedas-Freixa et al., 2018). The activity of this “channel”, whether its conductance or
selectivity, is voltage-dependent; it is optimal at a membrane potential close to -10 mV, which is
the resting membrane state of a RBC (Cheng et al., 1980). At higher potentials, more negative or
positive, the activity of VDAC is altered, resulting in more frequent closing episodes. VDAC is
permeable to small ions such as Na"and CI, large anions such as ATP (Leal Denis et al., 2016),
and large cations such as dopamine. At low conductances, VDACI1 has a remarkable higher
permeability to Ca®*, especially when it dimerizes. To date, little is known about the mode of

action of VDAC (Kaestner et al., 2020).

b) CFTR

Cystic fibrosis transmembrane conductance regulator (CFTR), the cAMP-regulated Cl” channel,
first described in the epithelia (Riordan et al., 1989), was also found to be expressed in the human
RBCs (Abraham et al., 2001). It is a member of the ATP-binding cassette and its activity was
described as essential for the deformation-induced release of ATP in RBCs (Sprague et al., 1998),
and subsequent activation of the NO synthesis, regulating by such the vessel tone (Sprague et al.,
2003; Liang et al., 2005). CFTR is found to be mutated in patients with cystic fibrosis (Sterling et
al., 2004). CFTR was also associated to the increased permeability of malaria patients (Verloo et
al., 2004). Quantitative studies revealed the presence of about 650 CFTR molecules per normal
RBCs, and around 200 CFTR in cystic fibrosis patients (Schillers, 2008). Nevertheless, the
presence of CFTR in mature RBCs is still under debate (Hoffman et al., 2004) and was not found
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in the recent proteome analysis performed on erythroid progenitors (Gautier et al., 2018; Karayel

et al., 2020).

¢) CIC-2

CIC-2 is an inwardly rectifying chloride channel (Thiemann et al., 1992) that is activated by
membrane hyperpolarization (Pusch et al., 1999) and reversibly activated by hypotonicity-induced
cell swelling (Griinder et al., 1992) and decreased extracellular pH (Jentsch et al., 2002). Its activity
is also dependent on the intracellular CI” concentrations (Pusch et al., 1999). The cell swelling-
induced activation, requires oxidative stress stimulation. This suggests that CIC-2 is involved in
physiological processes related to oxidative stress and probably in the execution of the suicidal
death program. CIC-2 may also contribute to the NPPs pathways in malaria infected RBCs, since
part of the currents generated in Plasmodium infected RBCs are sensitive to Zn>" (Huber et al.,

2004; Bouyer et al., 2007).

Despite the numerous results, the exact nature of the RBC anionic conductance that drives the
membrane potential and thus the respiratory function is still elusive. In fact, all the channels
described so far, if they really exist, are present in limited number (around 100 copies/cell).
Therefore, the hypothesis that Band 3 is the main chloride pathway and generates the chloride

conductance is valid (Freedman and Novak, 1997).

8. Cotransporters and antiporters
RBC membrane is privileged with a cotransporter system made of symporters and antiporters
(Figure 12).

Symporters like Na*-K*-2CIl,, K'-CI', Na'-dependent amino acid transport, and Na‘/Mg*"
antiporter, Na"/H" antiporter, Na'/Li" antiporter (Semplicini et al., 1989), and K*(Na")/H"
exchanger, are the most studied in RBCs (Bernhardt and Weiss, 2003).

Among these, NKCC and KCC are two CI" - dependent transport pathways for K (Ellory and
Stewart, 1982).
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Figure 12: Summary of the principal transport pathway (cotransporters and symporters), and
pumps system in human RBCs. Figure created with Bio-Render.

a) Na-K-2ClI cotransporter

First described in 1989 (Haas, 1989), it makes part of the cation-Cl cotransporters (CCCs) family
(Isenring and Forbush, 2001), It is the main cotransporter that is involved in K" homeostasis
Encoded by the NKCC1 gene. It moves one Na', one K', and two CI” in the same direction of the
cell in an electroneutral manner (Flatman, 2005; Flatt and Bruce, 2018). Therefore, the activity of
this cotransporter is not affected by any alterations in the transmembrane potential, neither its
activity can affect the membrane potential of the cell. Normally, Cl" is at electrochemical
equilibrium in RBCs, making the cotransporter close to equilibrium and the net direction transport
of the ions dependent on the concentration of the extracellular potassium ion. Basically, the cells
have recourse to that cotransporter in order to maintain a low cellular volume in mature red cells.
NaK2Cl cotransporter is not much effective in human red cells, having a flux of less than 1 mmol.
(1cen. h) L. This flux varies among species, and in the same specie it can vary with certain diseases;
for instance, women with history of hypertension have lower fluxes through this cotransporter
(Tepper et al., 1998; Orlov et al., 2015). Alterations in the phosphorylation of proteins present in
the cascade of the activation of NaK2Cl cotransporter (kinases specifically) may alter its activity
and its interaction with other regulatory proteins as it was demonstrated in ferret RBCs (Flatman,
2002). These NaCl and KCI fluxes result in rehydration of RBCs (Zheng et al., 2019). Also, in
avian erythrocytes there is found an activation of the NaK2Cl by the mediation of cAMP (Palfrey
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and Rao, 1983).yet much more is to be made in order to discover that cotransporter functioning in
human RBCs (Flatman, 2005). NaK2Cl is inhibited by loop diuretics such as mercury (Isenring
and Forbush, 2001) or drugs like bumetanide and furosemide (Flatt and Bruce, 2018).

b) K-Cl cotransporter

It is an electroneutral cation-chloride cotransporter that belongs to the CCCs family (Isenring and
Forbush, 2001). It is encoded by the KCC gene. Its activation results in an outward flux of K", CI
and water, leading to a decrease in cell volume and an increase in the cellular hemoglobin
concentration. It is considered as a housekeeping membrane protein responsible for normal cell
function (Garneau et al., 2019). The activity of this cotransporter is very well remarkable during
the reticulocyte maturation, and this activity progressively became negligible in mature, circulating
RBCs (Hoffman, 1987). There are three isoforms of KCC in human erythrocyte (KCC1, KCC3
and KCC4) even though the function of each is not determined yet (Gillen et al., 1996). Shear
stress can activate the KCI transporter via a cooperation with some components of the cell
cytoskeleton (Ellory and Hall, 1988). Dysregulations in KCC lead to various complex cases of
Sickle Cell Disease (SCD) (Gibson et al., 1998). Indeed, KCI cotransporter may contribute to fast
dehydration since it is also pH sensitive (Lew and Bookchin, 2005), which generally occurs after
Gardos channel activation and the subsequent primary loss of water upon deoxygenation,

worsening the sickling up to irreversibility.

9. Cation conductance

Human erythrocytes contain and keep up large levels of intracellular K together with low
intracellular Na® (Tosteson and Hoffman, 1960). They also have no intracellular Ca* reserves,
although they nonetheless have a cytosolic free Ca** concentration of roughly 60 nM (David-
Dufilho et al., 1988; Soldati et al., 1999). This is made possible by the erythrocyte membrane’s
extremely low resting Ca** permeability and strong Ca®" pump (Scharff and Foder, 1982). The
homeostasis of RBCs requires stable low cation movements which is necessary for normal RBC
shape and for the preservation of rheological properties. Several reports in the literature pointed

that cation transport in RBCs could be triggered by raising mechanical stress (i.e.: deformation)
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and by abnormal membrane skeleton (Larsen et al., 1981; Johnson, 1994; Joiner et al., 1995; Dyrda

etal., 2010).

a) Calcium and RBCs

As the erythrocyte cytosol has a relatively low Ca?" buffering capacity (Tiffert and Lew, 1997),
any Ca’’ entry can cause a large increase in free intracellular Ca** concentrations (Lang et al.,

2003a). An overabundance of intracellular calcium concentration [Ca*'];

is a major cause of
erythrocyte dysfunction, which can lead to changes in erythrocyte properties (Bogdanova et al.,
2013), such as an activation of the protease calpain which digests the cytoskeleton and an increase
of PS exposure (Lang et al., 2004, 2005; Zwaal et al., 2005), microvesicles formation (Gonzalez
et al., 2009), and membrane scrambling (Woon et al., 1999; Bevers and Williamson, 2010).
Elevated intracellular Ca** concentrations activate the Gardos channel triggering K*, CI°, and water
efflux, and thus cellular shrinkage (see paragraph I-C-9-g in the introduction) (Dyrda et al., 2010;
Rapetti-Mauss et al., 2017). This can cause premature RBC clearance in the spleen, according to
several shreds of evidences (Kaestner et al., 2020). Changes in RBCs behaviors following Ca**

entry were exhaustively described in the literature (Nguyen et al., 2011; Steffen et al., 2011; Tiffert
and Lew, 2011; Muravyov and Tikhomirova, 2012; Hertz et al., 2017).

Ca”" inward has other consequences on RBCs physiology: it induces an ATP release (Cinar et al.,
2015) which affects the cells with a wide spectrum of effects including the regulation of the
vascular tone (Ellsworth et al., 1995), it induces an increase in the erythrocytes’ stiffness with loss
of deformability and elasticity (Dreher et al., 1980), and finally it affects the activity of Na® pump
(Brown and Lew, 1983). Due to the small size of human RBCs, Ca?" diffusion within the cytosol
has been recently calculated to be very fast, rising by such the risk of immediate deleterious

consequences (Vaisey et al., 2022).

Different cation channels (discussed later) are involved in intracellular Ca?" increase in RBCs, in
addition to some pathogenic variants of the electroneutral membrane transporters such as RHAG,

SLC2A1/GLUTI1, and SLC4A1/AE1 (Flatt and Bruce, 2018).

There are two main families of channels that are directly linked to the activity of calcium ions: on
the one hand, there are the Ca **-activated channels, in particular Gardos channel, which extrudes

K" ions out of the cells upon calcium entry, followed by CI", and then water, thus dehydrating the
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cells (Fermo et al., 2020). On the other hand, there is (ii) the family of ion channels that make the
plasma membrane permeable to Ca?’, such as PIEZO1, NMDA receptor, VDAC, TRPC6, and
TRPV2 channels (Figure 13). The Ca?>" -permeable cation channels may be activated upon
different stress stimuli (Lang et al., 2003a) such as hyperosmotic shock, glucose-depletion,
abnormal decreases in extracellular or intracellular CI” concentrations (Huber et al., 2001), and

oxidative stress (Duranton et al., 2002).

PIEZO1
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Figure 13: Main transporters leading to Ca’" increase and subsequent Gardos channel activation.
This scheme groups together all the possible causes of an increase in intracellular Ca?* (cytoskeleton
abnormalities, ion channels to be discussed, and other electroneutral transporters), and the main
effect of this increase, which is the activation of the Gardos channel. Scheme created with Bio-Render.

b) Non-selective voltage dependent cation channels (NSVDC)

The presence of NSVDC was first suggested in 1989 (Halperin et al., 1989), and then demonstrated
by single-channel patch-clamp technique in 1991. Its unitary conductance is around 20 pS, and its
activation induces strong depolarizations of the RBC membrane (Christophersen and Bennekou,
1991). Its presence could also be detected following whole-cell and nystatin-perforated patch-
clamp recordings (Rodighiero et al., 2004). This channel is permeable to divalent cations such as
Ca?", Mg**, and Ba** (Kaestner and Bernhardt, 2002), but also to monovalent cations such as Na,

K" (Kaestner et al., 1999) and its activation produces a hysteretic-like behavior (Kaestner et al.,
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2000; Bennekou et al., 2004). NSVDC induces repolarizations under Low Ionic strength (LIS)
conditions, in which Na" and CI ions of the solution are replaced by sucrose molecules, triggering
immediate strong depolarizations of the plasma membrane (Moersdorf et al., 2013). It is sensitive
to acetylcholine (Bennekou, 1993) and can be stimulated by PGE» receptors (Kaestner et al., 2004;
Lang et al., 2005). Clotrimazole and its analogues can directly activate the NSVDCs (Barksmann
et al., 2004).

¢) PIEZO1

PIEZO1 is a mechanosensitive (Coste et al., 2010, 2012; Wu et al., 2017; Guo et al., 2021), non-
selective cation channel (NSC) (Gnanasambandam et al., 2015), present in a few hundred copies

per RBC (Gautier et al., 2018), estimated around 80 copies only (Vaisey et al., 2022).

PIEZO1 is a large homotrimer (Ge et al., 2015), each monomer is composed of 2547 amino acids
with 4.8 Angstrom of resolution (Ge et al., 2015; Zhao et al., 2018) and 38 transmembrane domains

(TM) (Guo and MacKinnon, 2017) (Figure 14).
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Figure 14: Topology of mPiezol. (a) Cartoon representation of a monomer, rainbow-colored with C-
terminus in red and N-terminus in blue, except for the first 12 TMs that are not visible. Helices within
a single 4-TM unit are colored uniquely. Helices are shown as cylinders, loops as solid lines, and
unresolved regions as dotted lines. C-terminal extracellular domain (CED) is simplified as a box. A
ribbon diagram of 4-TM unit 6, consisting of TM 21 to 24, is shown in the left inset panel with N- and
C- termini labelled. The right inset panel shows a ribbon diagram of the pore region, formed by
TM37, TM38 and the PE helix from all three subunits. (b) A ribbon diagram of a monomer rainbow-
colored as in A, viewed from top. Each 4-TM unit is highlighted in a red box with TM number labelled
(Guo and MacKinnon, 2017).

It is encoded by PIEZOI or FAM38A gene found on chromosome 16q24.3 (Ge et al., 2015), and
is a highly polymorphic gene (Lupski, 2012; Andolfo et al., 2019); many mutations can occur on
PIEZOI gene without being perceptible due to the large structure of this channel (Filser et al.,
2021). Its unitary conductance ranges between 35 and 55 pS (Gnanasambandam et al., 2015).
PIEZOL1 allows the passage of K*, Na*, Ca’*, and Mg?* according to their electrochemical gradient,
once it is opened and as a result of the mechanotransduction (Coste et al., 2015; Gnanasambandam

etal., 2015).

Structure: PIEZO1 channel has a three-dimensional structure (Figure 15), made up of three-
bladed homotrimeric transmembrane helix in addition to an external cap. The intra-cytoplasmic
domain, which extends from the transmembrane domain, is divided into three parts “the beams”.
Each monomer has an extracellular domain (ECD) and an intracellular domain (CTD). This
structure guarantees a core transmembrane duct that is hydrophilic and is surrounded by six
helices, allowing ions to pass through. Thereby, the flexibility of the three blades makes PIEZO1
a mechanosensitive ion channel (Ge et al., 2015). Mechanical stimulations trigger membrane
deformations and subsequent rotation of the PIEZO1’s blades which is transmitted to the ECD and
CTD domains which lead to the channel’s opening in a lever-like manner (Figure 15) (Zhao et al.,
2018). This structure ensures the ion selectivity of the channel, whether through the cap and its
negatively-charged amino acids (Coste et al., 2015; Zhao et al., 2016), through the lateral portals
of the CTD domain (Geng et al., 2020; Nosyreva et al., 2021), or via the inner pore at the level of

the extracellular opening and the transmembrane domains (Geng et al., 2020; Jiang et al., 2021).

Activation: PIEZO1 channel activation is suggested to be triggered directly through sensing forces
in the lipid membrane (Cox et al., 2016; Syeda et al., 2016), in addition to other suggested
mechanisms like an activation by MgCl, (Gottlieb et al., 2012), or by a response to lateral
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membrane tension (Lewis and Grandl, 2015), or by being regulated by Stomatin protein (Poole et
al., 2014) and others (Peyronnet et al., 2013; Borbiro et al., 2015). PIEZO1 modifies the membrane
locally into a dome shape. Hence, PIEZO1 opening is susceptible to alter membrane deformation.
This change is proportional to the projected area under the dome (Guo and MacKinnon, 2017).
Deformations affecting PIEZO1 are reversible, which shuts-off the channel leading it to return
immediately to its original conformation (Guo and MacKinnon, 2017; Liang and Howard, 2018;
Lin et al., 2019). The fraction of open PIEZO1 depends on the curvature and the shape of the cell
due to the interaction between this channel and the membrane bilayer (Svetina et al., 2019). In
other words, physical deformations of the lipid bilayer trigger PIEZO1 channel’s activation
obeying by such the so-called force-from-lipid paradigm (Cox et al., 2017; Vaisey et al., 2022).
Yet, no studies have proven that PIEZO1 deactivation occurs in RBCs (Evans et al., 2020).

(A) Extracellular View (B) Transmembrane View
Helix ECD
Hearn Helix
Inner Channel
ECD
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CTD
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Figure 15: PIEZOT’s structure. (A) extracellular view, each monomer is represented in green, blue,
or orange. (B) Transmembrane view (C) Schematic activation of PIEZO1. The mechanical forces
stretch the outer-dome generating a rotation of the helix followed by a rotation of the ECD. The
transmission of the deformation to the beam trigger the channel’s opening on the cytoplasmic domain
in a lever-like fashion (Jankovsky et al., 2021).

Function in RBCs: At the RBC’s level, PIEZO1 plays a role in the volume homeostasis of mature
RBCs (Faucherre et al., 2014) and is involved in the erythropoiesis process (Caulier et al., 2020;
Narla and Mohandas, 2020). Although it is present at few copies in the cells (Gautier et al., 2018;
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Vaisey et al., 2022) PIEZO1 can modulate their hydration state in a considerable way (Risinger
and Kalfa, 2020). Mainly it is responsible of the increase in [Ca*']i which threatens the cell’s
homeostasis. Massive calcium entries takes place in the RBCs in response to surrounding
mechanical stretches upon PIEZO1 activation (Cahalan et al., 2015; Danielczok et al., 2017).
PIEZOI1 plays an essential role in erythrocytes because it regulates their hydration state which is

mandatory to resist the osmotic pressure (Gallagher, 2017; Caulier et al., 2018).

PIEZO1-Gardos channel interplay: PIEZOI1 channels lead to a massive calcium influx in the
cells which will activate Gardos channel (Lai et al., 2022). This will help in the cellular volume
adaptation, especially when the cells undergo constrictions in small capillaries (Danielczok et al.,
2017; Rogers and Lew, 2021a, 2021b). Thus, PIEZO1 seems to be the primary actor that can detect
the curvature of the membrane and adjust the intracellular ionic content and cell volume in
response to mechanical deformation (Kuchel and Shishmarev, 2017; Svetina et al., 2019) (Figure

16).

Lossof H.O
Decreased volume

Figure 16: The activation of PIEZO1 by the encountered shear stress and its contribution to the cell
volume regulation via the activation of the Gardos channel (KCa3.1) (Lai et al., 2022).

Diseases and PIEZO1: Mutations in PIEZO1, which are generally gains of functions in RBCs,
are commonly encountered in severe hereditary xerocytosis (Zarychanski et al., 2012; Picard et
al., 2019; Filser et al., 2021). Also, the increased [Ca?*]; due to Piezol activity has been suggested
to be involved in sickle cell disease and the associated membrane transport disorder (Kaestner et

al., 2020). Moreover, Filser ef al. have managed to demonstrate that in several cases of idiopathic
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erythrocytosis, there were found different variants of mutated P/IEZOI resulting in defective
hemoglobin and therefore dangerous consequences such as hypoxia, and an increase in 2.3-DPG
due to the increase in the glycolysis (Filser et al., 2021). On the contrary, Ma and colleagues
suggest that PIEZO1 gain of function can be protective against malaria. One third of the African
population carries a heterozygous PIEZO1 allele, E756del. Their RBCs are dehydrated and exhibit
a resistance to the Plasmodium parasite reflected by the lowered infection rate of the cells (Ma et
al., 2018). The pharmacological activation of human RBCs has recently been shown to prevent
Plasmodium falciparum invasion by altering the membrane structure resulting in echinocytes
formation (Lohia et al., 2023). PIEZOI locus was found to affect erythrocytes’ MCHC (van der
Harst et al., 2012). Mutations in PIEZO1 are associated with HX (Zarychanski et al., 2012;
Albuisson et al., 2013; Bae et al., 2013; Glogowska et al., 2017) (paragraph I-D-2-a), and increased
cation permeability in erythroid cells (paragraph II- Channels and erythropoiesis) (Andolfo et al.,
2013a; Archer et al., 2014).

PIEZO1 can be pharmacologically activated with Yodal (Syeda et al., 2015; Lacroix et al., 2018),
Jedi-1 and Jedi-2 (Wang et al., 2018), and inhibited using Dookul which is Yodal’s antagonist
(Evans et al., 2018) or GsMTx-4 toxin (Bae et al., 2011).

The activation of PIEZO1 by Yodal is the most efficient with a high binding affinity to purified
PIEZO1, and a half maximal effective concentration (ECso) between 10-50 uM (Syeda et al., 2015;
Wang et al., 2018). Yodal binding site is suggested to take place between two hydrophobic
domains of the PIEZO1 monomer (Botello-Smith et al., 2019), and a cross-link between these two

domains is suggested to block this Yodal-mediated activation (Jiang et al., 2023).

d) Transient receptor potential channels (TRP)

Transient receptor potential channels (TRP) share biophysical properties with RBCs cationic
electrodiffusive permeability such as Ca’?* permeability, cation selectivity, the current-voltage
relationship, and the inactivity at resting conditions (Boulay et al., 1997). The two main types of

TRP channels (TRPC and TRPV) were found to be present in the membrane of RBCs.

e Transient receptor potential channels of Canonical type (TRPC)
TRPCs are non-selective cation channels that are found on the membranes of RBCs. The isoform

predominantly expressed on the membrane of circulating human RBCs is the TRPC6; its
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expression in circulating RBCs and its role in baseline Ca** leak and stress-stimulated Ca** entry
was demonstrated (Foller et al., 2008). It was also thought to modulate the calcium influx into
RBC in response to progesterone (Fang et al., 2019). TRPC6 was detected in erythroid progenitor
cells, and was suggested to participate to the eryptosis process (Foller et al., 2008). Nevertheless,
TRPC6 was not found in the most recent proteomic analysis done on cultured progenitors (Gautier
et al., 2016; Karayel et al., 2020). This channel thus plays a role in the control of erythrocyte
survival. Recently, it has been hypothesized that the TRPC6 channel is transferred during spleen
filtration of RBCs (Hertz et al., 2023).

Regarding other members of the TRPC family, an interaction between TRPC2 and TRPC3 was
responsible for an erythropoietin-induced increase in Ca®" levels in murine erythroid precursors
and splenic erythroblasts (Kaestner et al., 2020). The activation of TRPC3 by erythropoietin leads
to Ca®" entry in human erythroid cells (Tong et al., 2008).

e Transient receptor potential channels of Vanilloid type (TRPYV)

TRPV channels form a subfamily of six members (TRPV1, TRPV2, TRPV3, TRPV4, TRPVS,
and TRPV6). They have been suggested to be heat sensors, and channels from TRPV1-4 have non-
selective cation conducting pores, whereas the pores of TRPV5 and TRPV6 are only Ca**-selective

(Samanta et al., 2018).

TRPV1 usually found in neurons, is one of the most well characterized and extensively studied
TRP channel in mammalian cells usually found in vascular peripheral nerve cells, smooth muscle
cells, and vascular endothelial cells (T6th et al., 2014). It is activated upon temperatures higher
than 42°C (Samanta et al., 2018). In human RBCs, TRPV1 was studied in the frame of unveiling
the identity of Psickie conductance, yet it was found not to be implicated (Vandorpe et al., 2021b).
Nevertheless, TRPV1 receptor was believed to contribute to primary afferent mechanical

sensitization leading to hypersensitivity in mice with sickle cell disease (Hillery et al., 2011).

TRPV2 is a homotetramer (Muller et al., 2018), transmembrane, mechanosensitive (Moore and
Liedtke, 2017), thermosensitive (noxious heat sensor of temperatures above 52°C), Ca*'-
permeable non-selective cation channel (Peralvarez-Marin et al., 2013; Samanta et al., 2018). It is

expressed in most organs of the human body (Uhlén et al., 2015). TRPV2’s coding gene is located
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on the chromosome 17p11.2 and the result is a glycosylated membrane protein of 764 amino acids
with a molecular weight of 86 kDa with six transmembrane regions and a pore-forming loop. N-
and C- terminal tails are in the cytoplasmic side. It also contains six ankyrin repeats (Figure 17)

(Atlas genetics, 2023).

N-terminus ™ H n H H T | C-terminus

L~ Ankyrin repeats

N -
Figure 17: The canonical form of TRPV2 channel by (Atlas genetics, 2023)

Its presence has recently been reported in mouse and human erythrocytes (Belkacemi et al., 2021;
Egée and Kaestner, 2021). The unitary conductance of TRPV2 channel ranges between 20-40 pS
(Zhang et al., 2016). Its activation leads to Ca** entry with subsequent Gardos channel activation
(Figure 18). TRPV2 can be activated using Cannabis sativa products: CBD and A’THC (Pumroy
et al., 2019) making RBCs more resistant to lysis in response to hypotonic solutions (Belkacemi
et al., 2021). In addition, 2-aminoethoxydiphenyl borate (2-APB) and probenecid are other
exogeneous activators of TRPV2 while, tranilast, piperlongumine, trivalent cations, as well as
SKF96365, amiloride, and ruthenium red are the known TRPV2 inhibitors (Moore and Liedtke,
2017). TRPV2 is not activated by vanilloids nor acidic pH (Conde et al., 2021; Pumroy et al.,
2022).
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Figure 18: Scheme of TRPV2 activation cascade in RBCs (Belkacemi et al., 2021).

e) N-methyl D-Aspartate Receptor (NMDA-R)

NMDA-R are ionotropic glutamate receptors expressed in human circulating RBCs and they
mediate the increase in the Ca*" uptake of RBCs (Makhro et al., 2013) after being stimulated with
glutamate or glycine (Makhro et al., 2016a). They act as non-selective cation channels when
activated. RBCs progenitors express the Erythroid N-methyl D-Aspartate Receptor (eNMDA-R)
(Reinhart et al., 2011), and it is known for its abnormally high activity in sickle cells patients and
its high permeability to Ca** (Kaestner et al., 2020). During the differentiation, a lower number of
the eNMDA-Rs are retained, therefore the subunit composition and the number of the expressed
receptors vary (Makhro et al., 2013; Kaestner et al., 2020). Actually, there is around five receptors
in mature RBCs and the subunit is mainly the GluN2C/2D which has a prolonged inactivation time

and some small currents amplitudes (Kaestner et al., 2020).

NMDA-Rs are more abundantly present on the membranes of sickle red cells provoking a massive
intracellular Ca** increase and alterations in the cells’ properties and lifespan (Hénggi et al., 2014)
eNMDA-R is activated by the homocysteic acid (Reinhart et al., 2011) and inhibited with
memantine (Kaestner et al., 2020). Nevertheless, according to Reinhart et al, the activation or the
inhibition of NMDA-R does not have any effect on the RBCs deformability and aggregability
(Reinhart et al., 2011).
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f) Voltage-activated calcium channels (Cav2.1)

Ca,2.1 is the human voltage-gated (P/Q-type) Ca** channel whose pore-forming al subunit is
encoded by the CACNAIA gene found on chromosome 19p13. It is composed of six
transmembrane segments (S1-S6) and a pore connecting S5 and S6 (Pietrobon, 2010). This type
of channels is found to be present in the RBCs although it is not detectable using the patch-clamp
technique. It was described as a P-type calcium channel that could be specifically blocked by using
the w-Agatoxin-TK toxin (Teramoto et al., 1993). Importantly, it is a voltage-activated Ca®"
channel that was demonstrated to be the main isoform expressed in RBCs that necessitates a jump
of voltage to be activated despite being non-excitable cells. There is an interaction between Cay2.1
and Gardos channel (Figure 19) giving that the inactivation of this latter result in a depolarization
in the cell (Kaestner et al., 2020). This channel was thought to be activated by an undetermined
isoform of PKC, directly (Andrews et al., 2002) or indirectly via PKCa subunit (Wagner-Britz et
al., 2013) provoking Ca*" rise in RBCs (Andrews et al., 2002).

inactivated

Ca 2.1
activation closed

scheme channel \1,:,?59

depolarisation

e.g. by closure of the Gardos channel

Figure 19: The interplay between Ca,2.1 and Gardos channel. A closed Gardos channel is a necessary
condition that depolarizes Ca,2.1 (Kaestner et al., 2020)

These were all the channels susceptible to induce Ca?* entry in RBCs. This Ca" triggers activation

of a Gardos channel.

g) The Ca?*- Activated K* channel- The Gardos channel- Kca3.-KCNN4- hSK4

The Gardos channel was originally described by G. Géardos in 1958 by demonstrating that the K*
efflux from poisoned human RBCs could be abolished by the use of Ca**- chelating agents such
as EDTA (Gardos, 1958; Hoffman et al., 2003). It is encoded by the KCNN4 gene found on the

19q13.2 chromosome (Ghanshani et al., 1998). It is a homo-tetramer of six transmembrane
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domains (Maher and Kuchel, 2003) (Figure 20). The Gardos channel is Ca®"-sensitive and its
activation leads to membrane hyperpolarization, which drives ClI" out of the cells for
electroneutrality purposes. This results in an obliged water loss, leading to cell shrinkage (Lang et
al., 2003b; Myssina et al., 2004). Gardos channel is voltage-insensitive (Grygorczyk et al., 1984;
Christophersen, 1991) and is crucial for volume regulation (Halperin et al., 1989). Patch-Clamp in
its excised inside-out configuration, served to characterize the Gardos channel biophysically and
pharmacologically in human RBCs, with a conductance between 15 and 40 pS (Grygorczyk and
Schwarz, 1983, 1985).
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Figure 20: Gardos channel topology (Maher and Kuchel, 2003)

Gardos channel is also temperature-dependent, therefore any decrease in the temperature lowers

significantly its activity by a reduced open probability (Kaestner et al., 2020).

In normal adult RBCs, Gardos channel is not active. Once it is fully activated, it induces cellular
dehydration (Gallagher, 2017). The activation of Gardos channel can lead to a decrease of the
resting cell membrane from -10 mV to -70 mV (Kaestner et al., 2020). The Gardos channel is
susceptible to be activated by calcium entry through membrane deformations of RBCs membrane
(Dyrda et al., 2010) and could be pharmacologically inhibited using charybdotoxin (ChTX)
(Brugnara et al., 1993a), nitrendipine, Clotrimazole, Tram34, and Senicapoc (Ellory et al., 1992;
Agarwal et al., 2013; Rapetti-Mauss et al., 2016). Ca** binding to the calmodulin (CaM) subunit
mediates the activation of the Gardos channel (Hamill, 1983). RBCs with a gain of function
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mutation in CaM-binding domain showed an increase in the intracellular Ca** concentrations

(Jansen et al., 2021).

Gardos channel activity (open probability) is proportional to Ca*" entry in a dose-dependent and
saturating manner. The saturating component is a “hyperbole” with Ko s near 1uM (Lew et al.,
1982; McNamara and Wiley, 1986). Dehydration caused by Gardos channel activation is
considered to be rate-limited by CI effluxes (Bennekou, 1999; Lew and Bookchin, 2005).

Gardos channel is associated to cell volume regulation in the circulation of RBCs (Cahalan et al.,
2015; Danielczok et al., 2017) as well as to cellular death (Kaestner et al., 2020). Mutations in
Gardos channel are demonstrated to cause hereditary xerocytosis (HX) (Glogowska et al., 2015;

Rapetti-Mauss et al., 2015) (see paragraph I-D-2-a).

KCNN4 was demonstrated to be linked to DHS caused by mutations affecting this channel
(Andolfo et al., 2015, 2018; Fermo et al., 2017, 2020; Picard et al., 2019). Moreover, it is one of
the main contributor to the dehydration underwent by sickle cell disease patients (Brugnara et al.,

1993b, 1996, Maher and Kuchel, 2003).

Interestingly, the elevated Ca?" levels in RBCs with Gardos channelopathy patients is suggested
to be a result of Gardos channel interactions with PIEZO1 and Ca,2.1 (Jansen et al., 2021).

D. Hematological diseases and channels activation

The activation of specific channels in RBCs can be associated with various diseases and
conditions. Anemia is a pathological disease that is characterized by a decreased number of
circulating RBCs; below 13 g/dL for males, and 12 g/dL for females (Table 1, (World Health
Organization, 2011)). Anemias can be classified according to their morphology, to the Hb
concentrations, and to their etiologies (Figure 21). Disorders in the hydration state of RBCs can be
the reason of several hereditary anemias (Gallagher, 2017). According to clinical data, anemia is
also linked to a number of serious cardiovascular disease (CVD) consequences, including venous
thrombosis, thromboembolic events, and stroke. This makes blood transfusion a necessary

procedure for patients suffering from anemias (Ducrocq et al., 2015).

52



Classification of Anemia
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Figure 21: Classification of anemias (Kuhn et al., 2017)

Poikilocytosis is the term used to describe abnormal shapes of RBCs, reaching more than 10% of
the total blood population. Their presence signals the presence of an underlying disease. It can be

inherited or acquired.

Inherited poikilocytosis include SCD, thalassemia, HS, pyruvate kinase deficiencies, hereditary
elliptocytosis, and McLeod syndrome. Acquired poikilocytosis include iron deficiency anemia,
megaloblastic anemia, autoimmune hemolytic anemia, liver and kidney disease, lead poisoning,

infections (malaria and Babesia) (Bandaru et al., 2023).

In the following sections, we have chosen to describe the most common hematological diseases.
They are classified according to their etiologies. The first class of hematological disorders to be
described are those associated to hemoglobin defects (Sickle Cell Disease and Thalassemia).
Secondly, we will list diseases associated with channels defects, which essentially include
stomatocytosis. In addition, we will present diseases that are mainly associated with defects in
plasma membrane, in particular hereditary spherocytosis and hereditary elliptocytosis. Finally, we
presented other hematological diseases, that may be related either to parasitic infection (such as

malaria), or to enzymatic defects in the RBC (such as G6PD deficiency).
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1. Hemoglobin-linked diseases
a) Sickle Cell Disease

Sickle Cell Disease (SCD) is the most common inherited blood disorder worldwide (Gibson and
Ellory, 2002; Modell and Darlison, 2008; Piel et al., 2013). It is caused by a single mutation in the
B-globin chain at the position 6, where a single base pair change from Adenosine to Thymine
results in the alteration of glutamic acid to valine (Ingram, 1957), which leads to polymerization
of the resulting hemoglobin HbS upon deoxygenation, coupled with a loss of deformability and a
significant increase in cell adhesion (Mohandas and Evans, 1985; Kato et al., 2007). There are
several reasons why RBCs can sickle, including: a small increase in HbS concentration promotes
sickling of RBCs (Eaton and Hofrichter, 1987), the abnormal activation of membrane channels

and transporters such as the Gardos channel (Apovo et al., 1994).

Deoxygenation activates cation channels in sickle RBCs, which fosters dehydration (Mohandas et
al., 1986; Joiner et al., 1988, 199, 1993; Joiner, 1993; Browning et al., 2007). This deoxygenation-
sensitive cationic activity is termed “Psickie” and is amplified by membrane distortion (Vandorpe
et al., 2010; Ma et al., 2012). Membrane distortion itself is a result of HbS forming long fibers
upon deoxygenation, which laterally aggregate and nucleate to form new fibers (Henry et al.,
2020). Psicke 1s therefore activated by deoxygenation, shear stress, and other stimuli (Bookchin and
Lew, 1981), resulting in a 6- to 10- fold increase in the free-intracellular Ca** levels (Rhoda et al.,

1990; Bogdanova et al., 2013).

However, the molecular identity of Psicke is still ambiguous. So far, PIEZO1 has been proposed as
a candidate for Psickie (Vandorpe et al., 2010; Cahalan et al., 2015; Wadud et al., 2020), since this
deoxygenation-induced non-specific cation conductance, could be inhibited by GsMTx4 (Ma et
al., 2012). This hypothesis is controversial because, as shown in a 2019 study, a PIEZO1-gain-of
function mutation, E756del, which is common in African populations because it protects against
malaria infection (Ma et al., 2018), did not correlate with Psicke functional activity (Rooks et al.,

2019).

Psickie increases the intracellular Ca®* concentrations which activates the Gardos channel, resulting

in K* loss followed by CI for electroneutrality purposes, and osmotically obliged water (Figure
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22) (Ellory et al., 2007). The effects of this phenomenon are exacerbated by the activation of the
K-CI cotransporter, which is stimulated by hypoxia and the acidic environment of the vaso-
occlusive episodes (Brugnara, 2018). Such episodes also occur in the renal medulla due to high

urea concentrations (Lu et al., 2021).
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Figure 22: Sickling procedure and Psice activation. Created with Bio-Render.

Patients with SCD have a population of hyperdense cells (deregulated cell volume) that makes
them more susceptible to sickling and leads to vaso-occlusive crises, promoting the multisystemic

morbidity of this disease (Gallagher, 2017; Brugnara, 2018).

Several molecules have been identified as blockers of Psickie activity; some of them work on the
inhibition of the polymerization of HbS (Eaton and Bunn, 2017) (for example, carbon monoxide
(Vandorpe et al., 2010) or GBT1118/voxelotor molecule (Al Balushi et al., 2019)). Other
molecules work on the inhibition of the stretch-activated cation channels by using GsMTx4 toxin
(Vandorpe et al., 2010), in addition to other less specific molecules such as SHMF (Hannemann et
al., 2014b), and o-vanillin (Hannemann et al., 2014a). Gardos channel inhibitors like Senicapoc
have been suggested as treatment of the dehydration occurring in SCD (Brugnara et al., 1993b;
Stocker et al., 2003). Furthermore, the inhibition of the Ca?*-dependent cysteine protease calpain-
1 is another proposed technique, since it reduces the proteolysis and thus stops the premature
clearance of RBCs with HbS (De Franceschi et al., 2013). Finally, a technique consisting in
blocking the effects of oxidative stress to stop the formation of superoxide anions has also been

proposed for treatment (George et al., 2013).
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b) Thalassemia

Thalassemia is a worldwide group of inherited disorders that affect the synthesis of the Hb globin
chain. It is characterized by insufficiency or absence of production of a or § globin chains, which
are the two main components of adult Hb (Higgs et al., 2012). It evolves in different geographical
regions because they are likely to confer resistance to malaria (Kuesap et al., 2015; Malaria and

Thalassemia in the Mediterranean Basin, 2021).

In normal individuals, the hemoglobin type is HbA with 2 a-globins and 2 B-globins. The
expression of each globin takes place on a different gene, with the heme being synthesized

primarily on the mitochondria.

a- Thalassemia presents different clinical phenotypes, ranging from asymptomatic to lethal,
depending on the number of nonfunctional copies of the a-globin gene (Piel and Weatherall, 2014).
On the other hand, B-Thalassemia, is one of the most frequent causes of inherited anemias with an
annual incidence of 1:100.000 worldwide (Galanello and Origa, 2010). It is caused by mutations

affecting the B-globin gene or its promoter, resulting in defective B-globin chains (Rivella, 2015).

B-Thalassemia patients undergo ineffective erythropoiesis due to several factors including the
increased apoptosis of thalassemic erythroid precursors, the decreased differentiation of erythroid
progenitors, oxidative stress, and defective iron metabolism, or iron overload (Oikonomidou and

Rivella, 2018).

The total Ca** content was found to be increased in B-thalassemic RBCs without becoming dense
or dehydrated. This phenomenon was explained by an abnormal abundance of residual organelles

containing Ca" ions (Bookchin et al., 1988).

2. Channels-linked diseases-stomatocytosis
It is a group of rare inherited disorders characterized by the presence of stomatocytes in the blood.
Stomatocytes are characterized by a central mouth-shaped area. Mutations in various genes,

including PIEZO1, RHAG, and SLC4A1 can lead to stomatocytosis. These mutations may affect

cation transport and ion channels, leading to altered RBC morphology and function.
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a) Hereditary Xerocytosis (HX) or Dehydrated Hereditary Stomatocytosis 1 (DHS1)

HX also known as DHS1 is an autosomal-dominant hemolytic anemia caused by PIEZO1 gain
(Zarychanski et al., 2012) of function or RBC dehydration due to secondary Gardos channel
activation (Albuisson et al., 2013; Rapetti-Mauss et al., 2017), in addition to other syndromes
(Andolfo et al., 2013a; Picard et al., 2019). Inherited missense mutations in PIEZO1 leading to
gain-of-function have been described in the majority of HX patients, located in the COOH
terminus (Zarychanski et al., 2012; Albuisson et al., 2013; Andolfo et al., 2013a; Glogowska et
al., 2017; Picard et al., 2019) leading to an increased cation permeability in the cells (Na“ and
Ca?"). These gain-of-function mutations slow down the inactivation kinetics of PIEZO1 or lower
its stimulating threshold (Albuisson et al., 2013; Glogowska et al., 2017). Erythrocytes of patients
with DHS exhibit an alteration of ion transport, and vesicle-mediated transport; an increase in the

vesiculation rate was recently proved in these patients (Andolfo et al., 2023).

It is considered as a rare disease although its prevalence could reach up to 1/8000 persons in the
American population (Kaufman et al., 2018). Genetic studies proposed an association of this
disease with PIEZO1 polymorphisms and to Hb-related parameters (van der Harst et al., 2012;
Ulirsch et al., 2019; Vuckovic et al., 2020). Especially, mutations affecting PIEZO1’s pore domain
are associated with severe phenotypes (Andolfo et al., 2018). Novel studies suggest NGS as an
economical and quick tool to understand genetic causes of undiagnosed HX mutants with

congenital hemolytic anemia (More et al., 2020)

b) Dehydrated Hereditary Stomatocytosis 2 (DHS2)

Also called “Gardos channelopathy” or “DHS2”, it is caused by the mutation of the KCNN4 gene.
Mutations in this channel result in altered Ca?"-mediated K efflux which leads to dehydration of
RBCs and can result in symptoms such as hemolytic anemia (Andolfo et al., 2015; Glogowska et
al., 2015; Rapetti-Mauss et al., 2015).

They differ from the DHS1 especially in the severity of the hematological phenotypes, thrombotic
risk after splenectomy, the occurrence of perinatal edema, and susceptibly iron overload risk

(Fermo et al., 2017; Andolfo et al., 2018; Picard et al., 2019). Patients with DHS2 have normal
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ektacytometry profiles, in contrast to DHS1 patients (Andolfo et al., 2015; Rapetti-Mauss et al.,
2015).

¢) Overhydrated hereditary stomatocytosis (OHS)

It is a rare hereditary anemia with only 20 cases reported worldwide. These cases are due to a 20-
40 fold increase in cation loss (Delaunay and Stewart, 2006). Mutations in the RHAG gene, which
encodes the RhAG glycoprotein, an ammonia-like channel, are the cause of this phenotype

(Genetet et al., 2012). Loss of Stomatin has also been reported in OHS patients (Delaunay, 2004).

3. Plasma membrane linked diseases

a) Hereditary Spherocytosis (HS)

It is the most common non-immune hemolytic anemia (Perrotta et al., 2008; Bogardus et al., 2012),
with symptoms including jaundice, anemia, and splenomegaly (Perrotta et al., 2008; Gallagher,

2013).

HS is a genetic disorder in which erythrocytes are more spherical and less deformable than normal
due to reduced membrane surface area, making them prone to premature destruction in the spleen

(Delaunay and Stewart, 2006; Delaunay, 2007; Perrotta et al., 2008).

It can be caused by the disruption of the vertical structure of the cytoskeleton i.e., the loss of the
cohesion between the plasma membrane and the membrane skeleton. This reduced membrane
cohesion originates from a deficiency of 1) membrane proteins that link the lipid bilayer to the
membrane skeleton, such as Band 3 and/or RhAG, ii) anchoring proteins, such as Ankyrin and/or
Protein 4.2, or iii) the quantitative deficiency (Narla and Mohandas, 2017) and loss of spectrin-
actin interactions (Andolfo et al., 2016).

In knock-out mouse models of 4.2 proteins, where loss of membrane surface and membrane
instability are observed as in the human disease, an increased activation of, potassium channels,
Na'/H"* exchanger, and Na-K-2Cl cotransporter is reported (Peters et al., 1999). Increased osmotic
fragility has also been described in this disease (Eber et al., 1990). Reduced membrane
deformability is a result of defects in membrane cytoskeletal components such as ankyrin (ANK1)

(Miya et al., 2012), a- and B- spectrin (SPTA, SPTB), (Whitfield et al., 1991; Gallagher et al.,
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1995; Kedar et al., 2003; Lyback et al., 2008), RhAG (Ballas et al., 1984), Band 3 (SLC4A1l)
(Ribeiro et al., 2000), and protein 4.2 (EPB42), (Chasis et al., 1988; Eber and Lux, 2004, 200;
Perrotta et al., 2008).

b) Hereditary Elliptocytosis (HE)

This disease is characterized by the presence of elliptocytes, with elliptical RBCs shape found on
peripheral blood smears (Gallagher, 2004). The global prevalence of HE ranges between 1:2000-
4000 subjects although the incidence could be higher in and reaches around 1:100 in some African

regions for example (Da Costa et al., 2013).

HE is a hereditary disease caused by the mutation in protein 4.1 or spectrin (EP41, SPTAI, and
SPTB) genes which leads to the disruption of the horizontal interactions of the cytoskeleton, in
other words, the skeletal attachment to the membrane proteins because of the defect in the
association of spectrin dimers and/or tetramers (Iolascon et al., 2003). Spectrin mutation was
previously described in HE cases (Marchesi et al., 1987). The key defect in HE RBCs is the
membrane skeleton’s mechanical fragility as a result of improper horizontal contacts between
cytoskeletal proteins, such as spectrin dimer-dimer interactions and spectrin-actin-protein 4.1 at

the junctional complex (Andolfo et al., 2016).

An increase in the inward Na* leak takes place in patients subjected to HE, inducing an increase
in the ATP needed for the NaK pump functioning. In the majority of the cases, HE is imperceptible,
and asymptomatic with patients not undergoing anemias and other complications. (Da Costa et al.,

2013)

Hereditary pyropoikilocytosis (HPP) is a severe subtype of HE that is thermosensitive (Zarkowsky
et al.,, 1975), caused by homozygous or heterozygous mutations in the a-spectrin gene and

consequent severe disruption of spectrin self-association (Narla and Mohandas, 2017).

Table 3 summarizes the red cell membrane disorders associated with the genes whose mutations

cause the disorder in each case (Table 3).
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Table 3: Inherited red cell membrane disorders and gene mutations. AD stands for autosomal
dominant, and AR for autosomal recessive inheritance. OMIM: Online mendelian inheritance in man
(Narla and Mohandas, 2017)

Disorder OMIM Inheritance Gene Gene name
Spherocytosis, type 1 182900 AD ANK1 Ankyrin
Spherocytosis, type 2 616649 AD SPTB Spectrin
Spherocytosis, type 3 270970 AR SPTA1 Spectrin a
Spherocytosis, type 4 612653 AD SLC4A1 Band 3
Spherocytosis, type 5 612690 EPB42 Protein 4.2
Dehydrated hereditary 194380 AD PIEZO1 Piezo 1
stomatocytosis
Overhydrated hereditary 185000 AD RHAG RhAG
stomatocytosis
Cryohydrocytosis 185020 AD SLC4A1 Band 3
Dehydrated hereditary 616689 AD KCNN4 Gardos
stomatocytosis 2 Channel
Elliptocytosis-1 611804 EPB41 Protein 4.1
Elliptocytosis-2 130600 AD SPTA1 Spectrin a
Ovalocytosis, SA type 166900 AD SLC4A1 Band 3
Pyropoikilocytosis 266140 AR SPTA1 Spectrin a

4. Other hematological diseases

a) Malaria

Malaria disease, caused by the parasite, Plasmodium falciparum, is an infection that affects RBCs.
RBC:s are thus invaded by the P. falciparum parasite which then reproduces there. Changes in ion
channels activity and membrane permeability occur during this phase, contributing to the

pathophysiology of the disease (Kirk, 2015).

RBCs infected by P. falciparum exhibit an increase in intracellular Na" concentration in parallel
with a decrease in K'(Figure 23) (Overman, 1948; Lee et al., 1988). This is accompanied by the
induction of new permeability pathways (NPP) in the RBC membrane. NPP permeability includes
organic solutes such as nucleosides, polyols, and amino-acids. In addition, NPP induces
permeability to monovalent cations such as Cs, Rb*, K', Na', and Li" (Kirk, 2015). NPP
permeates Cl” orders of magnitude faster than Na" or K'(Kirk et al., 1994; Egée et al., 2002).
Malaria infection is also characterized by an increase in intracellular Ca>* concentrations (Kramer

and Ginsburg, 1991; Desai et al., 1996).
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Figure 23: The perturbation of Na* and K" homeostasis in human RBCs. (a) schematic representation
of the pump-leak balance in normal human erythrocytes. In purple is represented the Na*, K*,
ATPase pump. (b) perturbation of the pump-leak balance following malaria parasite infection. The
NPP (in blue) is the conductance induced by the parasite. The dashed arrows of the NaK pump, points
to its impairment throughout cell’s aging. (c¢) simulation showing the prediction of cytosolic
concentrations of Na* and K* after 48 hours of infection by malaria parasite. This stimulation was
generated using the integrated mathematical modeling of Lew and colleagues (Kirk, 2015)

Sickle Cell Anemia (SCA) is the most famous condition granting resistance to malaria infection
(Allison, 1954). Moreover, variations in the hydration status of the RBCs modify their
susceptibility to be invaded by P. falciparum; invasion was systematically reduced in

dense/dehydrated cells (Tiffert et al., 2005).

A common mutation in the PIEZO1 channel (E756del) is associated with resistance to the infection
by malaria parasites in mice and in human RBCs in-vitro, suggesting that PIEZO1 is an important
innate factor determining malaria susceptibility in humans, and that the mechanism of protection
may be related to impaired export of P. falciparum virulence protein (Nguetse et al., 2020). In a
recent study, Lohia and colleagues demonstrated that the pharmacological activation of PIEZO1

by Yodal or Jedi2 contributes to effective protection against malaria infection (Lohia et al., 2023).
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b) G6PD Deficiency

Glucose-6-phosphate dehydrogenase (G6PD) is a housekeeping enzyme, ubiquitously expressed
in all the cells with the function of catalyzing Glucose 6 Phosphate (G6P) to 6-phosphoglucono-
d-lactone in the pentose phosphate cycle, in order to regulate the glycolytic flux. Its importance
includes the production of NADPH, the essential cofactor for GSH generation to sustain multiple
biosynthetic pathways in the cell, and to maintain its redox equilibrium (Tian et al., 1998;
Salvemini et al., 1999) and to protect against oxidative stress (Pandolfi et al., 1995). G6PD is
particularly important in the RBCs because it is the only source by which they can produce

NADPH (Luzzatto, 1967; Scott et al., 1991).

G6PD deficiency is an inherited genetic hemolytic disorder (Luzzatto et al., 2020). Its prevalence
ranges from 300 to 400 million people worldwide (Jiang et al., 2006b; Jamerson et al., 2020).
G6PD deficiency has been associated with Covid-19 complications (Chaney et al., 2020; Jamerson
et al., 2020; Yang et al., 2021).

G6PD deficiency is an inherited enzyme disorder that can lead to hemolysis when RBCs are

exposed to certain triggers, such as oxidative stress.

Patients with G6PD deficiency have been shown to have severely disturbed Ca?>" homeostasis, with
significantly impaired CaATPase activity (De Flora et al., 1985). Increased intracellular Ca*"
concentrations as well as the altered distribution of Band 3 are particularly pronounced in

hemolytic G6PD-deficient patients (Fang et al., 2016).

II.  Erythropoiesis

Albeit erythropoiesis was not explored during my thesis, it is noteworthy that all channels present
in mature RBCs originate from the late differentiation of erythroblastic progenitors. Thus, it is
important to consider this fundamental step in the lifespan of “RBCs” when looking for the role

of ion channels in health and disease.

Erythropoiesis is defined as a series of steps required for the formation of a mature erythrocyte,
starting from a pluripotent hematopoietic stem cell and progenitor cells (HSPC) mainly located in

the bone marrow (Dzierzak and Philipsen, 2013; Koulnis et al., 2014).
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New erythrocytes are continuously produced in the bone marrow (around 2.4 x 10° cells per second
in adults), which provides a niche composed of osteoblasts, stromal cells, endothelial cells,
hematopoietic cells, and the extracellular matrix (Dzierzak and Philipsen, 2013). The first wave of
hematopoiesis is characterized by the formation of nucleated megaloblastic erythroblasts known
as primitive erythroblasts (PE), in addition to macrophages and diploid platelet progenitors (Potts
etal., 2014).

There exist two different erythroid progenitors; the first is the early stage burst-forming unit-
erythroid (BFU-E), whose growth is dependent on the presence of factors such as stem cell factor
(SCF), interleukin 3 and 1 (IL-3, IL-1), FLT3 ligand, and thrombopoietin (TPO). Cells at this stage
are found in the bone marrow and can also circulate in the peripheral blood (Migliaccio et al.,
2001). The second is the later stage colony-forming unit-erythroid (CFU-E) progenitors, which are
five to eight times more abundant than the BFU-E and are found only in the bone marrow

(Dzierzak and Philipsen, 2013).

Progenitors respond to growth factors and cytokines, including those mentioned above, especially
SCF. The developing erythroid progenitors expand and proliferate thanks to the synergistic effect
of SCF with EPO. After proliferation steps, proerythroblasts are formed. These are the first
morphologically recognizable erythroblasts. These proerythroblasts undergo three to four mitotic
divisions to produce reticulocytes. After each successive mitosis, a distinct population of
erythroblasts is produced. The proerythroblasts are followed successively by basophilic,
polychromatic, and orthochromatic erythroblasts. Orthochromatic erythroblasts shed their nucleus,
endoplasmic reticulum and mitochondria, and become reticulocytes (Figure 24) (Dzierzak and

Philipsen, 2013).

Reticulocytes no longer synthesize proteins, including hemoglobin. On the contrary, they undergo
two phases of maturation; the first takes place in the bone marrow through autophagy, proteolysis,
ubiquitylation, and formation of Multi-vesicular bodies (MVB), which are then released,
contributing to the removal of several membrane proteins, and to the reduction of surface area,
given the fact that reticulocytes have a large volume and large surface area (Fader and Colombo,
2006). Recently, it has been suggested that during this late phase of maturation, ion channels such
as the Gardos channel, and others, are involved to reduce the cell volume (Minetti et al., 2023).

Reticulocytes are recognized in the circulation as CD71 (transferrin receptor) positive. The second
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phase of maturation takes place in the vasculature through lipid remodeling by lipid exchange with

the plasma (Minetti et al., 2023).

Erythropoiesis is promoted by deoxygenation; the kidneys detect the decreased O concentration
in the circulation and secrete erythropoietin hormone, which triggers the erythropoiesis process
(Tsiftsoglou, 2021). In response, erythroid precursors proliferate, differentiate, and enucleate in
specialized niches called “erythroblastic islands” in the bone marrow. They contribute to normal
erythroid development and in case of defective erythropoiesis as seen in several diseases such as
anemia, inflammation, thalassemia, etc... (Chasis and Mohandas, 2008). In addition,

erythropoiesis can be stimulated by increased levels of physical activity (Handelsman, 2000).
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Figure 24: Overview of erythropoiesis (Wells and Steiner, 2022).

e Channels and Erythropoiesis

Ca®" is involved in erythropoiesis either by acting synergistically with EPO to initiate the
clonogenicity of progenitors in the bone marrow (Misiti and Spivak, 1979) or by participating in
the enucleation process (Wolwer et al., 2016). Erythroblasts are also endowed with several
PIEZO1-dependent transduction pathways, whether in nuclear translocation (Aglialoro et al.,
2021), integrins (VLA-4, VLA-5) activation following protein kinase C (PKC) and calpain
activation (De Maria et al., 1999; Aglialoro et al., 2020), and ERK/STATS5 phosphorylation, thus
modulating EPO-dependent signaling (Caulier et al., 2020).
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PIEZOL1 is expressed during the earliest stages of erythropoiesis and gradually decreases during
the terminal maturation phase (Karayel et al., 2020). Case report studies have described an
association between PIEZO gain-of-function mutations and dyserythropoiesis (Paessler and
Hartung, 2015; Park et al., 2018). Activation of PIEZO1 during in-vitro differentiation was able
to keep the cells in an immature stage, slowing down the differentiation process (Caulier et al.,
2020) as well as disturbing the reticulocyte maturation (Moura et al., 2020). Mutations in Band 3
have also been associated with dyserythropoiesis (Iolascon et al., 2009). In addition, the expression
of ABCB6, a homologous protein belonging to the family of the ABC transporter family, is
increased during erythroid differentiation of the CD34+ cells (Andolfo et al., 2013b).

III. RBC ageing

RBCs remain stable and functional in the circulation for nearly 120 days in perfect shape due to

the strong reducing and repair redox stress in the cells (Bernhardt and Ellory, 2003).

RBC senescence is characterized by a loss of membrane deformability due to occurring
vesiculation, resulting in a significant loss of surface area. This phenomenon is accompanied by
an increase in the intracellular Ca®" concentrations culminating in PS exposure (Thiagarajan et al.,
2021), dehydration, ATP depletion (McMahon et al., 2021), and increased cellular adhesion (Klei
et al., 2020).

Senescent RBCs have lower concentrations of ATP, which makes ATP- dependent pumps less
active (Klei et al., 2020; Seki et al., 2020), leading to increased intracellular calcium concentrations

(Lew and Tiffert, 2017).

The majority of senescent RBCs are subsequently destroyed by erythrophagocytosis by
macrophages in the spleen. In addition, a small percentage of senescent RBCs are hemolyzed in

the vessels of the circulation (Alaarg et al., 2013; Huisjes et al., 2018).

RBC densities increase with age, as demonstrated by gradient separations techniques (Maurer et
al., 2022). RBCs lose surface and volume and remain functional (Waugh et al., 1992). The
increased density of aged RBCs is mainly due to the loss of K and CI" causing dehydration (Lew
et al., 1995; Bernhardt and Ellory, 2003). Interestingly, a subpopulation of old cells with elevated
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Na" concentrations, and therefore a rehydrated and less dense fraction has also been found

(Bookchin et al., 2000).

In very old erythrocytes, the concentration of ATP stays relatively constant (Kirkpatrick et al.,
1979), as does the concentration of glutathione (Piccinini et al., 1995). Young erythrocytes contain
more K' than Hb because younger erythrocytes are larger, and the cation concentration remains
stable over time, demonstrating the efficacy of pump activity with aging (Minetti et al., 2001).
Aged RBCs are smaller (Kim et al., 2020) and less deformable (Barshtein et al., 2021) due to
increased cytoplasmic viscosity (Simmonds et al., 2013). PS and PE are exposed during RBC
storage and senescence, allowing recognition by splenic macrophages and removal of the less

deformable RBCs from the circulation.

The structure and mechanical characteristics of the membrane are the main determinants of the

“apoptotic” behavior of the RBCs (Mohandas and Gallagher, 2008).

It is interesting to note that erythrocytes lacking a nucleus, mitochondria, and other vital organelles
are nonetheless able to experience some morphological signs of “apoptosis”, including PS

exposure, cell shrinkage, and membrane blebbing (Lang et al., 2003a, 2012).
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Objectives

In the course of the introduction, ion channels were shown to be pillars in the maintenance of
normal RBCs function and characteristics. Importantly, cation permeabilities were proven to be
regulated and implicated in different stages of erythrocytes life: whether during erythropoiesis,
circulation or aging, cation channels are present and changes in their activity can be involved in
all these processes. Moreover, deregulation of cation channel activity has been shown to have a
major impact on the development and severity of various hematological disorders, in particular,
sickle cell disease and other rare hereditary anemias (HX, HS, HE, etc...). In general, there are
three main cation channels that have been shown to be present in the erythrocyte membrane thanks
to transcriptomics / proteomics at the stage of erythropoiesis and proteomics in mature
erythrocytes: Gardos channel, PIEZO1, and TRPV2. The activity of these channels is regulated

under physiological and pathophysiological conditions.

Given the importance of this topic, I focused during my Ph.D. on deciphering the activity of cation
channels in healthy erythrocytes as well as in the erythrocytes from patients suffering from sickle
cell disease, or carrying mutations in PIEZO1 or Géardos channel; knowing that in physiological
conditions these channels are not active, we were interested in studying them in pathological
conditions. Therefore, we studied mutations in KCNN4 and PIEZO1 channels, or blood samples

from SCD patients.
Thus, the main objectives of my thesis were:
First, the understanding of PIEZO1 channel activation from a pharmacological perspective

All the experiments performed in the laboratory to understand of the role of PIEZO1 have used
agonists or inhibitors (GsMTX-4, Jedi-1, Jedi-2, Yodal). The introduction of Dookul as a new
molecule with the potential to modify the activating effects of Yodal led us to characterize the

effects of Dookul on red blood cells and add it to our repertoire of pharmacological tools.

Second, the understanding of cation deregulations in sickle RBCs
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As a step towards understanding the mechanisms of cation deregulation in SCD, the question arises
whether PIEZO1 (Vandorpe et al., 2010; Wadud et al., 2020) and thus other cation channels such
as TRPV?2 are involved in the manifestation associated with the so-called Psickie. To this end, we
independently investigated the influence of the pharmacological activation of PIEZOI1 in
oxygenated and deoxygenated conditions on SCD patient cells. Similarly, the discovery of TRPV2
during my thesis (Belkacemi et al., 2021) led us to test the influence of TRPV?2 activation by its
natural agonist (A°-THC) in sickle red cells.

Third, the analysis of blood samples of patients with channels mutations

Knowing that different variants of KCNN4 and PIEZO1 channels lead to pathologies, our
laboratory is involved in a large European network of clinicians and academics to decipher the
relationship between genotypes and pathophysiological phenotypes. Therefore, one of the goals of
my thesis was to functionally assess the link between the genetic detection of variants and defects

in channel activity using multiple approaches.
Fourth, the study of Alectinib effects on RBCs

The last objective arose from a recent observation that patients treated with Alectinib for lung
cancer have dehydrated RBCs with echinocytosis, raising the question of whether this state results

from a deregulation of cation channels.
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Materials and Methods

A. Ethics approval

Healthy donors, PIEZOI, and Gardos channel patients

Blood from healthy volunteers was withdrawn upon written informed consent (EFS, Etablissement
Francais du Sang), in accordance with the guidelines of the Helsinki Declaration of 1975, as
revised in 2008. This work has been approved by the institutional (CNRS) Ethical Committee and
by the French Ministry of Research (declaration DC-2019-3842). All patients were followed by
their medical doctors, all being our collaborators. We have been authorized by the Ministry to

carry out studies for clinicians who request studies in which we are specialized.
Sickle Cell Disease patients

All patients were followed up in the Hospitals of Lyon (France). The study was conducted in
accordance with the guidelines set by the Declaration of Helsinki and approved by the Regional
Ethics Committees (L14-127, Université de Lyon) with informed consent. All subjects were in
clinical-steady-state at the time of the study; without experiencing any vaso-occlusive crisis or
other acute medical complication within the past two months and without any blood transfusions

for at least 3 months before inclusion.

B. Blood samples

Blood from healthy donors was drawn into lithium-heparin vacutainer (BD Switzerland Sarl,

Vaud. Switzerland) on-site.

SCA patients ‘blood was drawn into EDTA vacutainer (BD Switzerland Sarl, Vaud. Switzerland)

and shipped from Lyon to collaborating laboratories at room temperature.

Blood from patients suffering from PIEZO1 or KCNN4 mutations was withdrawn either in lithium-
heparin tubes or in EDTA tubes.
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Lithium-heparin and EDTA are two of the most commonly used anticoagulants for blood storage
(Guzman et al., 2008). Heparin’s main function is to bind and soar the activity of antithrombin III
which intercepts the action of thrombin and other proteases involved in the coagulation process
while EDTA acts by chelating Ca** which is the most important ion in the coagulation cascade and
for cellular interactions (Ali, 2020). Several studies were conducted to understand the effects of
these anticoagulants on blood parameters (Guzman et al., 2008; Akorsu et al., 2023). Studies have
revealed a preference for EDTA because it preserves blood components for longer and is highly
effective in preventing blood clots (Walencik and Witeska, 2007; Weber and Nakashima, 2021).
On the contrary, EDTA was reported to be inadequate for the assessment of the RBC’s osmotic
fragility. Other studies showed that Heparin should not be used for blood smear preparations

(Walencik and Witeska, 2007; Akorsu et al., 2023).

Widely known, lithium-heparin tubes are used for the collection of heparinized plasma for routine
chemistry tests such as, cholesterol, ions, hormones, etc... (Research gate, 2015) whereas EDTA
tubes are used for hematological testing (FL Medical, 2023). In our experiments, we usually get
healthy blood withdrawn in Heparin tubes. However, we received patients' blood samples mostly
in EDTA tubes. To assume that the anticoagulant type did not interfere with our experiments, MBE
experiments were performed on blood from the same donors withdrawn at the same time in both
Heparin and EDTA tubes. Maximum hyperpolarizations were compared in both oxygenated and

deoxygenated conditions. (Figure 25).
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Figure 25: Comparison of the maximal hyperpolarizations of control cells stored in heparin or in
EDTA tubes in oxygenated (panel A), and in deoxygenated conditions (panel B). An unpaired t-test
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was used to assess the statistical differences. n=10 for Heparin condition, and n=4 for EDTA
conditions. Statistical comparison using unpaired t-test.

Our results showed no difference between Heparin and EDTA tubes both in oxygenated and

deoxygenated conditions. Therefore, comparisons between control and patients should not

consider differences of tubes’ anticoagulants types.

C. Salts and reagents

All salts were purchased from Sigma-Aldrich unless stated otherwise. They were of analytical

grade or better. Details about the chemicals used in this thesis are listed in Table 4 (Table 4).

Table 4: List of chemicals

Chemical-current | Chemical-detailed named Function Purchasing
name company
CCCP carbonyl cyanide 3- | H"ionophore. Used to | Sigma-Aldrich,
chlorophenylhydrazone increase the | France
permeability of H'
across the membrane
in order to reach
equilibrium state of
H+
Yodal 2-[5-[[(2,6- Modulates PIEZO1’s | Tocris, France
Dichlorophenyl)methyl]thio]- mechanosensitivity
1,3,4-thiadiazol-2-yl]pyrazine (activates PIEZO1)
Dookul 2-[(2,6-Dichlorobenzyl)thio)-5- | Inhibits the effects of | Sigma-Aldrich,
(1H-pyrrol-2-y1)-1,3,4- Yodal France
oxadiazole
GsMTx4 Grammastola spatulata | Inhibits cation | Alomone labs, Israel
mechanotoxin #4 permeable
mechanosensitive
channels like PIEZO1
Charybdotoxin Charybdotoxin, venom from | KCNN4 blocker Alomone labs, Israel
scorpion Leiurus quinquestriatus
hebraeus
Tram34 1-[(2- KCNN4 blocker Alomone labs, Israel
Chlorophenyl)diphenylmethyl]-
1H-pyrazole
A°- THC A9-Tetrahydrocannabinol TRPV?2 agonist Sigma Aldrich, Saint
Louis, MO, USA
NS309 (6,7-Dichloro-1H-indole-2,3- Increases the | Tocris, France
dione 3-oxime) sensitivity of  the
Gardos channel to
Ca2+
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A23187 (calcymicin;5-(methylamino)2- | Ca?" ionophore: | Tocris, France
[[(2S,3R,5R,6S,8R,9R)-3,5,9- induces rapid Ca*
trimethyl-2-[(2S)-1-oxo-1-(1H- | uptake
pyrrol-2-yl) propan-2-yl] -1,7-
dioxaspiro [5.5] undecan-8-yl]
methyl -1,3-benzoxazole-4-
carboxylic acid)

NS3623 N-(4-bromo-2- (1H-tetrazol-5- | Inhibits  the  CI | Tocris, France
yl) phenyl)-N’ -(3 | conductance
trifluoromethyl-phenyl) urea)

Fluo-4, AM N-[4-[6-[(Acetyloxy)methoxy]- | Fluorescent Invitrogen, France
2,7-difluoro-3-oxo0-3H-xanthen- | Ca?" indicator
9-yl]-2-[2-[2-[bis[2-

[(acetyloxy)methoxy]-2-
oxoethyl]amino]-5-
methylphenoxy]ethoxy|phenyl]-
N-[2-[(acetyloxy)methoxy]-2-
oxoethyl]glycine
(acetyloxy)methyl ester

Triton™ X-100 | Polyethylene glycol p-(1,1,3,3- | Used to lyse the cells | Sigma Aldrich, St

Detergent tetramethylbutyl)-phenyl ether | in the MBE method at | Louis, MO, USA
Octyl phenol ethoxylate | the end of the
Polyoxyethylene octyl phenyl | experiment
ether 4-Octylphenol
polyethoxylate Mono 30 TX-100
t-

Octylphenoxypolyethoxyethanol
Octoxynol-9
Alectinib Alectinib ALK inhibitor for | MedChemExpress-
ALK-positive cancers | USA
Crizotinib Crizotinib ALK inhibitor for | MedChemExpress-
ALK-positive cancers | USA
Brigatinib Brigatinib ALK inhibitor for | MedChemExpress-
ALK-positive cancers | USA
MBCD Methyl-B-cyclodextrin Used for cholesterol | Sigma-Aldrich-St
depletion from the | Louis, MO, USA
cell membranes
Anti-human Anti-human TRPV2 (VRLI1) | Used in Western-Blot | Alomone labs-Israel
TRPV2 antibodys to identify  the
presence of TRPV2 in
the membranes
DMSO Dimethyl sulfoxide Vehicle solution Sigma-Aldrich,
France
Oxy-PVP Oxy-Iso polyvinylpyrrolidone Solution used in the | Mechatronics-  The
oxygenscan Netherlands.
measurements

(ektacytometry) with
a mean viscosity of
28-34 mPa.s, and an
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osmolality of 282-

286 mOsm/kg.

Elon-ISO PVP Polyvinylpyrrolidone Solution used in the | Mechatronics-  The
deformability Netherlands.
measurements

(ektacytometry) with
a mean viscosity of
28-30 mPa.s and
osmolality of 282-
286 mOsm/kg

All drugs are used at 1000X stock solution in DM SO, except Charybdotoxin, GsMTx4, and MBCD

in water, and A®- THC in ethanol.

D. MBE method

Solution for MBE Method: Unbuffered Calcium Ringer: 154 mM NaCl, 2 mM KCI, 2 mM or 0
mM (4 uM) of CaCla.

Red Blood Cells: Blood from healthy donors are withdrawn into heparinized vacuum tubes,
washed thrice with unbuffered saline by centrifugation for 5 minutes at 2500 rcf, the buffy coat
and plasma removed, then packed with a final step of 1-minute centrifugation at 12000 rcf, and

the packed cells stored at 4°C until used.

Principle: The MBE method (Macey et al., 1978; Bennekou and Christophersen, 1986; Jansen et
al., 2021; Péres et al., 2021) is used to monitor membrane potential evolution. Briefly, when RBCs
are suspended in a nominally buffer-free solution in the presence of the CCCP protonophore (20
uM), changes in extracellular pH reflect membrane potential changes since protons are kept at
equilibrium across the membrane. The membrane potential (V) can, thus, be estimated from the

equation:

Equation 3: V= 61.51. (pHi -pHo), in mV

Due to the high red cell buffer capacity, the intracellular pH (pH;i) remains constant (at about 7.2)
throughout an experiment and can be estimated as the pH of the solution after lysis with Triton™

X-100 at the end of the experiment.
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Procedure: Regarding the experimental procedure, 2900 pL of the experimental solution
containing 20 uM of CCCP are heated at 37°C under constant magnetic stirring. For each
experiment, 100 pL of packed RBCs (99% hct) are added, to reach a final cytocrit of 3.3%. All
inorganic compounds are added at stock solution 1000X in DMSO, unless stated otherwise. The
final DMSO concentration never exceeds 0.3%, a concentration that has no effect on either fluxes
or membrane potential. Extracellular pH is measured using a G200 pH electrode (Radiometer,
Copenhagen, Danemark) coupled to a red Rod 200 reference electrode (Radiometer) and a
PHM210 pHmeter (Radiometer). Sampling and acquisition are done with an electrode amplifier
(EA-BTA, Vernier, USA) at a rate of 1 Hz connected to an AD LABQUEST Mini interface
(Vernier, USA) with a resolution of 0.01 pH unit. The data are visualized and stored with the
Logger Lite software (Vernier, France). At the end of each experiment, Triton X-100 detergent
(1% in 3M NaCl) is added, causing total cell lysis and a resulting solution that attains the

intracellular pH.

Analysis: Results are represented using GraphPad Prism 10. Generated curves usually contain 4

points of interest while we analyze the curves (Figure 26):

e the resting membrane potential (Em) which is usually equal to the equilibrium potential of
CI since CI conductance is predominant at the resting state of the RBC.

e Second, there is the hyperpolarization phase, induced by a hyperpolarizing molecule that
generates an increase in the K efflux due to Ca®* entry and the subsequent activation of
the Gardos channel, making K" currents take over the predominant CI” currents.

e Afterwards, usually we reach a point where all ion movements are equal; the K' efflux
starts to decrease and reaches again levels that are equal to other ions like CI” or Na'. This
point is called “maximum hyperpolarization”.

e Finally, there is the repolarization phase, where currents generated by the activation of
Non-Selective cation (NSC) channels, or CI" channels become stronger than the currents

generated by the efflux of K.

Of note, the experimental solution used in this method varies depending on the experiment itself
and the hyperpolarizing molecule; when A23187 is used as a hyperpolarizing molecule, the media
contains 0 mM of Ca?" which represents in fact 4 uM of nominal free Ca?’ due to salts

contamination. When Yodal, Dookul, or TRPV2 are used, the media contains 2 mM of Ca?".
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When NS309 is used, the media contained 2 mM or 0 mM (4 pM) of Ca**. This information is

precised in the legend of each picture when NS309 is used.
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Figure 26: Scheme describing the analysis of the MBE method. A typical membrane potential trace
in the middle surrounded with the important points that are studied on the curve. Important points
are labeled consecutively from 1 to 4. On the right of the Figure, red blood cells that correspond to
the studied points on the curves. 1 represents the resting membrane state; 2 represents
hyperpolarization of the red cells; 3 represents the maximal hyperpolarization, and 4 represents the
repolarization state. Arrows represent inward or outward currents depending on their direction. The
figure was created using Bio-Render.

E. Intracellular Water, Na*, and K' measurements

Washing solution (For Dookul study only) consisted of a Buffered Ringer for water and ion
content measurements: 150 mM NaCl, 2 mM KCl, 2 mM CaCl2, | mM MgCl2, 10 mM HEPES,
5 mM Glucose with pH 7.4 adjusted with NaOH.

RBCs preparations (For Dookul study): Fresh blood collected into heparinized tubes from
healthy donors were washed thrice at 2500 rcf for 5 minutes using the described solution. A final
solution at 20% hematocrit was prepared. Cells were placed in a warmed stirring incubator at 37°C
with 400 rpm shaking. Drugs were added at their designed concentration. 0.5 mL aliquots of the

cell suspension were taken at each timepoint, using 2.5 mL syringe (Terumo, Leuven-Belgium)
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and 21G (0.8x50 mm) Agani needles (Terumo, Leuven-Belgium), distributed in Beckman
polyethylene micro test tubes (Dutscher, France) and centrifuged at 19600 rcf for 7 minutes at
10°C. After centrifugation, the packed cell mass was separated from the supernatant by slicing the
tube with a razor blade below the top of the red cell column prior weighting (see intracellular ionic

and water section measurements).

RBCs preparation (For other studies): 0.5 mL aliquots of the total blood were handled using 2.5
mL syringe (Terumo, Leuven-Belgium) and 21G (0.8x50 mm) Agani needles (Terumo, Leuven-
Belgium), and distributed in Beckman polyethylene micro test tubes (Dutscher, France) and
centrifuged at 19600 rcf for 7 minutes at 10°C. After centrifugation, the packed cell mass was
separated from the supernatant by slicing the tube with a razor blade below the top of the red cell

column prior weighting.
Water content

After weighting, the packed cells were dried to constant weight for at least 48 hours at 90°C and
re-weighted. RBC volume depends on the intracellular water content, which is estimated to be

about 90 fL for a healthy discocyte.
Na" and K* content

The packed cells within the sliced tubes were lysed in 1 mL MilliQ water. Proteins were denatured
to ease separation by addition of 232 uM of perchloric acid. The tubes were spun at 12000 rcf for
7.5 minutes at 4°C and the supernatant was passed onto sample tubes and diluted 10 times. The
ionic content was measured using a flame photometer (PFP7 Jenway, France). The amounts of
Na" or K" measured are reported as mmol/liter of cell water (mmol/lcw) or micrograms/mol of
intracellular contents (umol/g dcs). A technical error occurred in flame photometer during my
Ph.D., leading to abnormally lower range of K* concentrations. We couldn’t know until now the
reason of this error but we consider the comparison between patients and control valid since the

error is applied to all samples in the same manner.

F. Flow Cytometry for Ca%>" monitoring

Live flow cytometry and imaging solution: 137 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, ]| mM
MgCl12, 10 mM HEPES, 10 mM Glucose, 0.05% BSA with pH 7.4 adjusted with NaOH.
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RBCs preparation: 25 pL of blood from healthy donors were washed thrice with the described
solution for 5 minutes at 2500 rcf. RBCs were loaded with Fluo-4, AM at a concentration of 5 uM
for 1 hour at 37°C with 400 rpm shaking. Cells were rinsed thrice with this solution for 5 minutes

at 2500 rcf.

Protocol (for Dookul study): At t=0 s, 2.5 pL of Fluo-4 loaded RBCs were added to 500ul of
solution containing drugs at desired concentration and immediately observed on the cytometer.
Flow cytometry measurements were performed on a BD FACSCanto™ II (RECYF platform,
Station Biologique, Roscoff, France). Dookul dose-response curve (1 uM, 10 uM, 100uM),
Yodal (625 nM), and Yodal+ Dookul (10 uM) testing was realized on 3 independent healthy
donors. For each sample, data were recorded during 5 minutes after starting drugs incubation. The

results were assessed and analyzed using Kaluza (Beckman Coulter- USA).

Protocol (for TRPV2 study): Flow cytometry was used to assess the intracellular Ca’* levels after
the incubation of RBCs with A’THC. 25 pL of blood were washed three times in the Tyrode buffer.
RBCs were loaded with Fluo-4 AM (Molecular Probes, Eugene, OR, USA) at a concentration of
5 uM for 1 h at 37°C with 400 rpm shaking. After washing three times in the Tyrode buffer, 2.5
uL of Fluo-4 loaded RBCs were added to a 500 uLL designed Tyrode buffer in 5 mL round bottom
polystyrene test tubes (Corning Inc., Corning, NY, USA). Flow cytometry measurements were
performed on a BD FACSCanto™ II (BD Biosciences, Erembodegem, Belgium) or LSRFortessa
(Becton Dickinson, San Jose, CA, USA). For the A’THC treated group, data were recorded for 10
minutes directly after A’THC application. For control conditions in the Tyrode solution, 30000
cells were measured.The results were assessed using Kaluza (Beckman Coulter, USA) and Flow

Jo (Becton Dickinson, USA) softwares.

G. Flow cvtometry for PS exposure, and others

PS exposure on the outer membrane leaflet of the RBCs was evaluated using Annexin V-FITC
binding. RBC suspensions (in 0.4% Hct in PBS containing 2.5 mM Ca?") were protected from
light and incubated for 30 min at room temperature (RT) with Annexin V-FITC (1:200 dilution,
Beckman Coulter). As a PS-negative control, cells were incubated in the presence of 5 mM EDTA.
Immediately after incubation, samples were diluted and analysed by FACS (BD Accuri C6 or BD
Calibur). The RBC surface expressions of CD47, CD49 and BCAM were also evaluated by flow
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cytometry (incubations, as above) using the anti-CD47-PE (1:33 dilution, Miltenyi Biotec), or anti-
CD49-PE (clone ALCI1/1; Abcam) and/or anti-CD239(BCAM)-APC (clone REA276, 1:11
dilution Miltenyi Biotec) antibodies. For each sample, 50 000 events were acquired and gated for

the appropriate forward scatter (FSC)/ side scatter (SSC).

H. Confocal imaging for Ca?" imaging

2.5 puL of Fluo-4- loaded RBCs were diluted in 300 pL of the described solution and deposited on
Polylysine-coated coverslips. At t=0, 300 ul of 2X drug containing solution was added, to reach
desired final concentration, and imaged on a SP8 confocal microscope (Leica-Germany) linked to
a LAS-X software (Merimage platform, Station Biologique, Roscoff, France). Fluorescence

analysis was done using Fiji software (Schindelin et al., 2012).

I. Patch-Clamp

Solution: Patch-clamp experiments were performed using the following solutions: pipette solution
(in mM): 140 KCI, 2 MgClz, 10 Hepes; pH adjusted to 7.20 with KOH. Bath solution (in mM):
140 NaCl, 2 MgCl,, 2 CaCly, 10 Glucose, 10 Hepes; pH adjusted to 7.40 with NaOH.

Protocol: For the patch-clamp technique, 2 pL of whole blood were diluted in 500 pL of bath
solution. Characterization of currents was performed in the whole-cell patch configuration. 3-5 GQ
seals were obtained by suctions applied for less than 20 s. Patch pipettes (tip resistance ranging
between 10 and 14 MQ) were prepared from borosilicate glass capillaries (Clark Electromedical
Instruments, England GC150F-10), pulled and polished on a horizontal programmable puller
(DMZ, Werner Zeitz Augsburg, Germany). Currents were elicited at room temperature by a 500
ms ramp voltage protocol from -100 to 100 mV, at a holding potential of 0 mV. After recording a
stable baseline current in external solution (ES), cells were exposed to drugs. Current amplitudes
(pA) and slope values (conductance, pS) were measured between 80 mV and 100 mV of the
voltage ramp before and after compound addition for both patients and controls. If the current
amplitude elicited upon A°THC addition (I A°’THC) exceeded 30 of the current amplitude at
baseline conditions a cell was considered as A’THC responder: I A’THC > IES + 301ES. Traces

were analyzed by Clampfit 10.7 (Molecular Devices LLC).
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J. Ektacytometry

1. Deformability analysis (for TRPV2-SCD study)

Deformability of RBCs from patients and controls, with and without A’THC, was evaluated using
the Deformability LoRRca protocol by using LORRCA MaxSis analyzer (Laser-assisted optical
rational cell analyzer) (RR Mechatronics, Zwaag, The Netherlands). The ektacytometry
measurement is performed at 37°C in a Couette system, which consists of two separate concentric
cylinders with a narrow gap between each other. The blood sample is placed in the gap between
the two cylinders to be analyzed. During the measurement, the inner cylinder (called bob) remains
static, while the external one (cup) moves in rotation creating a shear stress in a range of 0.3 to 30
Pa, which allows the deformation of RBCs. For the deformability measurement, 10 pL of RBCs
were resuspended in 1 mL of PVP with 30 uM or 80 pM final concentration of A’THC for 5
minutes. The PVP has a greater viscosity than the intracellular viscosity of RBCs, for this reason
the RBCs can deform in the direction of the flow with an elliptical shape. A 670 nm red laser
passes through the suspension and projects the resulting diffraction pattern onto a screen, and it is
analyzed using LoRRca software provided by the manufacturer. From the diffraction spectrum of
each blood sample, the software calculates the Elongation Index (EI) at each shear stress,
corresponding to the long and short axis of the ellipse: EI = (length — width) / (length + width).
Data obtained at 30 Pa are reported.

2. Oxygenscan (for PIEZO1-SCD study)

RBC deformability was measured under an oxygen gradient by oxygenscan ektacytometry, as
previously described (Boisson et al., 2021). A volume of 50 puL of blood, standardized to a fixed
total RBC count of 200 x 106, was mixed with 5 mL of Oxy-Iso polyvinylpyrrolidone (PVP)
suspension with a mean viscosity of 28—30 cP (Mechatronics, The Netherlands) and osmolality of
282-286 mOsm/kg. The suspension was sheared at 30 Pa and 37°C while the oxygen partial
pressure (pO2) was gradually decreased from 160 to 20 mm Hg (deoxygenation) and then returned
to normoxic values. The diffraction pattern was analysed by computer to determine the maximum
RBC deformability in normoxia (Elmax), the minimum RBC deformability reached during

deoxygenation (EImin), and the oxygen partial pressure at which RBC start to sickle (i.e. the Point
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of Sickling, PoS). PoS is defined as a decrease of at least 5% of Elmax during deoxygenation (Figure
27).
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Figure 27: Principle and representative oxygenscan result (Oxygenscan — Lorrca — Functional RBC
Analysis, 2020).

K. Cell morphology analysis

Patient and control blood smears were prepared on glass slides, fixed with methanol, and stained
with freshly prepared Giemsa (10%, 15 min) (Sigma-Aldrich). Pictures were taken under a
microscope with a 100x objective and morphological analysis was performed using Fiji
(Schindelin et al., 2012) to determine four parameters: projected area, circularity, roundness, and

aspect ratio.

Roundness, circularity, and aspect ratio were obtained using Imagel according to their respective

formulas:

[Area]

Equation 4: Roundness =4 x = x Major Axis]Z

Equatlon S Clrcularlty 4m [Perimeter]2
. ) . _M ajor axis
Equation 6: ASpeCt ratio Minor axis

L. MBCD- Cholesterol depletion

Cells were washed (same as cell preparation for MBE method) and adjusted to 10% hematocrit
value using normal Ringer solution. Cells were incubated with MBCD solution for 30 minutes at

37°C.
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MBCD (Sigma Aldrich) was tested at 1, 5, 10, and 30 mM. Stock solutions were prepared with
respect to dilution factor 1/1000 in H,O. After incubation, the cells were centrifuged to remove
the extracellular media and used directly in the MBE experiments. For this type of experiment,

cells were challenged with Yodal at 100 nM or 500 nM, and with Dookul at 10 pM.

M. Statistics

GraphPad Prism version 9 and 10 (GraphPad Software, San Diego, California USA) was used for
the statistical analysis and presentation of the data. When data followed a Gaussian distribution
(Shapiro-Wilk test), paired t-test or ordinary one-way ANOVA with multiple comparisons was
used to test for statistical significance. Data are presented as mean =+ standard deviation (SD) or
mean =+ standard error of mean (SEM). When data did not follow a Gaussian distribution, the
Wilcoxon test was used for comparisons between two data sets, and the Kruskal-Wallis test was

used for multiple comparisons within the same data set. p <0.05 was deemed as significant.
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Chapter I- Dual action of Dookul on PIEZO1 channel
in human RBCs

I. Introduction

As explained in the introductory section of this manuscript, the discovery of PIEZO1 and of the
important role it plays in the life of the RBCs, from differentiation in the bone marrow (Caulier et
al., 2020; Aglialoro et al., 2021) to the rheological properties required for the 120 days of
circulation (Cahalan et al., 2015; Danielczok et al., 2017), senescence and withdrawal from
circulation (Lew and Tiffert, 2017), and its importance in pathologies such as xerocytosis
(Zarychanski et al., 2012; Glogowska et al., 2017), has led many laboratories to focus their research
on this particular channel. However, as with any study of ion channel activity in a physiological
process, a well-defined pharmacology is required. The screening of chemical compound libraries
quickly identified Yodal as the most effective agonist in HEK293 cells transfected with PIEZO1,
potentiating the channel’s intrinsic mechanosensitivity (Syeda et al., 2015). Nevertheless, the
numerous experiments performed on red blood cells with this agonist have shown that Yodal at
very low concentrations is capable of directly activating the channel, leading to sufficient calcium
entry (at physiological extracellular calcium concentrations) to activate the Gardos channel, at least
transiently (Rapetti-Mauss et al., 2017). More recently, a new compound, named Dookul for its
ability to antagonize the activating effects of Yodal, has been proposed as a new tool in the

pharmacopeia that can be used to study PIEZOT1 functions (Evans et al., 2018).

In this chapter (article published in Frontiers in Physiology), we used Dookul to modulate the
activating effects of Yodal, and surprisingly demonstrated that Dookul, at the concentrations
previously recommended to antagonize the effects of Yodal, was able to have an activating effect
on PIEZOI, and was ultimately only marginally inhibitory of the activating potency of Yodal-
induced calcium entry. These results underline the need for caution when using PIEZO1

modulators in RBCs, which are extremely deformable compared to other cell types.

II. Published article
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PIEZO1 is a mechanosensitive non-selective cation channel, present in many cell
types including Red Blood Cells (RBCs). Together with the Gardos channel,
PIEZO1 forms in RBCs a tandem that participates in the rapid adjustment of
the cell volume. The pharmacology allowing functional studies of the roles of
PIEZO1 has only recently been developed, with Yodal as a widely used
PIEZO1 agonist. In 2018, Yodal analogues were developed, as a step towards
an improved understanding of PIEZO1 roles and functions. Among these,
Dookul was the most promising antagonist of Yodal-induced effects, without
having any ability to activate PIEZO1 channels. Since then, Dookul has been used
in various cell types to antagonize Yodal effects. In the present study using RBCs,
Dookul shows an apparent ICsg on Yodal effects of 90.7 uM, one order of
magnitude above the previously reported data on other cell types.
Unexpectedly, it was able, by itself, to produce entry of calcium sufficient to
trigger Gardos channel activation. Moreover, Dookul evoked a rise in intracellular
sodium concentrations, suggesting that it targets a non-selective cation channel.
Dookul effects were abolished upon using GsMTx4, a known mechanosensitive
channel blocker, indicating that Dookul likely targets PIEZO1. Our observations
lead to the conclusion that Dookul behaves as a PIEZO1 agonist in the RBC
membrane, similarly to Yodal but with a lower potency. Taken together, these
results show that the pharmacology of PIEZO1 in RBCs must be interpreted with
care especially due to the unigue characteristics of RBC membrane and associated
cytoskeleton.

KEYWORDS

Dookul, Piezol, Yodal, [Ca®'],, non-selective cation channels, erythrocyte
1 Introduction

PIEZOLI is a mechanosensitive ion channel, present in most eukaryotic species (Coste
etal, 2010), it has been shown to be the effector of transduction of mechanical force sensing
in multiple cell types and tissues (Syeda, 2021). PIEZO1 allows the passage of mono- and
divalent cations (Gnanasambandam et al., 2015) in response to mechanical signals, with two
putative mechanisms for signal transduction: either via contact with the actin cytoskeleton
(Wang et al., 2022) or via sensing of membrane curvature and tension (Cox et al., 2016) as
recently demonstrated in mouse RBCs (Vaisey et al., 2022).

The presence of the PIEZO1 channel in human RBC membranes was first established
from the link between gain-of-function mutations of PIEZO1 and a RBC pathology, termed
Dehydrated Hereditary Stomatocytosis (DHS) or Xerocytosis (Zarychanski et al., 2012;
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Andolfo et al., 2013; Bae et al., 2013). RBCs possess a repertoire of
membrane ion transporters, which maintain cell homeostasis and
volume. Cation transporters represent an efficient tool for cell
volume regulation. Among them, cation channels are the most
efficient, given their rapid kinetics and permeability rates. Most
notably, the tandem constituted by the Gérdos channel (KCNN4,
KCa3.1), a Ca**-activated K* channel, and PIEZOI is often cited as a
key regulator of RBC volume (Lew and Tiffert, 2017; Caulier et al.,
2018; Jankovsky et al., 2021); PIEZO1 appearing as a sensor and the
Gardos channel as an effector of the volume decrease accompanying
deformability. Given the very small number of copies of PIEZO1
(30-80) in the RBC membrane (Gautier et al., 2018; Vaisey et al.,
2022), a convenient way to observe PIEZOL1 effect is through the
activity of the Géardos channel.

The unravelling of the molecular identity of PIEZO1 has allowed
the development of PIEZO1-specific pharmacology; this has allowed
the characterization of its role in various situations. Like most
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mechanosensitive channels, it is inhibited by the spider toxin
GsMTx4 (Bowman et al,, 2007; Bae et al., 2011). In 2015, a small
synthetic molecule termed Yodal was described as an agonist for
human and mouse PIEZO1, prominently affecting the sensitivity
and the mean time of the open state of the channel (Syeda et al.,
2015). Later it was proposed that Yodal acts by lowering the
mechanical threshold for channel activation (Botello-Smith et al.,
2019) or by voltage-activating PIEZO1 (Wijerathne et al., 2022).
Since then, the molecule has proven to be a useful tool in studies
targeting PIEZO1. In 2018, a series of Yodal analogues were
designed and tested on the PIEZO1 channel in an attempt to
expand its pharmacology (Evans et al.,, 2018). By modifying the
pyrazine ring of Yodal, or substituting its thiadiazole group with
oxadiazole, several analogues that can reversibly antagonize Yodal,
were obtained. Among them, a compound judiciously named
Dookul gave the most promising initial results. Based on tests
either on HEK293 cells expressing human PIEZO1 or on HUVECs,
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25 l
-| \ 20 el L
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50 = Dookul
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Yodat Triton-X.
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Repolarization rate (mV/s)

FIGURE 1

Dookul alone can trigger a Gardos effect. (A) Evolution of RBC membrane potential after injection of Yodal (625 nM, green, n = 13) without any pre-
incubation, and Yodal (625 nM, red, n = 5) after a pre-incubation for 15 min at 37°C with Dooku1 (10 pM). Mean traces are plotted with their SD envelopes
(B) Evolution of membrane potential after challenging the cells successively with Dookul (10 uM) and then with Yodal (625 nM). Traces represent
average + SD, n = 6. The mean trace was plot with its SD envelope (C) Changes in RBC membrane potential after injection of Yodal (625 nM, green,

n = 13), Dookul (10 uM, red, n = 9), and simultaneously Yodal (625 nM) and Dookul(10 uM, crange, n = 6). The black line represents control done with
vehicle alone (DMSO, n = 4). Traces represent average (SD envelope is not drawn for sake of clarity). (D) Repolarization rate in different conditions
measured right after maximum hyperpolarization. The repolarization values were obtained by calculating the derivative values between two-time points
during which the repolarization takes place. Histograms represent means + SD for each condition. (E) Confocal microscopy images of Fluo-4-loaded
RBC 1 min after perfusion of DMSO 0.1% (left), Dookul (10 uM; middle) or Yodal (625 nM; right)
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Dookul dose-response curve. (A) Variations in membrane potential after addition of Dookul at different concentrations: 1 uM (black trace), 10 pM
(red trace), and 100 uM (grey trace). Traces represent means of n = 4 independent replicates for each condition. SD envelopes were not added for clarity
reasons (B,C) Maximal hyperpolarizations induced by increasing concentrations of Dookul. Histograms represent the maximal hyperpolarizations (Vax)
that were reached, from which were deduced the nominal resting membrane potential (E..,). In (B) values of the first hyperpolarization occurring
immediately after Dookul injection; and in (C) values of the second hyperpolarization, when occurred, which was delayed in time. Histograms represent

means + SD of n = 4 experiments

Dookul showed no effect by itself on PIEZO1. Nevertheless, it was
able to inhibit a 2 uM Yodal-induced Ca** entry with an ICs, of
1.3-1.5 uM. Thus, a competitive effect on the same or similar
binding site by Yodal was proposed (Evans et al,, 2018). Since
then, Yodal and Dookul have been used in combination in several
cell types to decipher PIEZO1 activity and functions (Deivasikamani
et al, 2019; Matsunaga et al., 2021; Barnett et al., 2022; Szab6 et al,,
2022), including RBCs (Wadud et al., 2020).

In the present work, we have investigated the consequences of
Dookul addition on Yodal-induced effects on human RBCs. To our
surprise, we observed that Dookul itself has effects on RBC
membrane potential and triggers a rise in intracellular Ca™; this
in turn leads to the activation of the Géardos channel, similarly to
Yodal but with a lower potency. We also unravel a moderate
inhibitory capacity for Dookul on Yodal effects in RBCs.
Finally, we show that Dookul is able to activate PIEZO1 within
the RBC membrane.

2 Materials and methods
2.1 Reagents and drugs

All salts were acquired from Sigma and were of analytical
grade or better. Dookul: 2-[(2,6-Dichlorobenzyl)thio)-5-(1H-

pyrrol-2-yl)-1,3,4-oxadiazole (Sigma-Aldrich, France). Yodal:
2-  [5-[[(2,6-Dichlorophenyl)methyl]thio]-1,3,4-thiadiazol-2-
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yl]pyrazine (Tocris, France). Charybdotoxin (Alomone labs,
Israel). CCCP: carbonyl cyanide 3-chlorophenylhydrazone
(Sigma-Aldrich, France). GsMTx4 (Alomone labs, Israel).
Fluo-4, AM (Invitrogen, France). All drugs are used at 1000X
stock solution in DMSO, except Charybdotoxin and GsMTx4 in
water.

2.2 Solutions

Solution A: Buffered Ringer for water and ion content
measurements: 150 mM NaCl, 2mM KCl, 2mM CaCl,, 1 mM
MgCl,, 10mM HEPES, 5mM Glucose with pH 7.4 adjusted
with NaOH.

Solution B: Unbuffered Calcium Ringer for membrane potential
measurements using MBE method: 154 mM NaCl, 2mM KCl,
2 mM CaCl,.

Solution C: Live flow cytometry and imaging solution:
137mM NaCl, 3.5 mM KCl, 2mM CaCl,, 1mM MgCl,,
10mM HEPES, 10mM Glucose, 0.05% BSA with
pH 7.4 adjusted with NaOH.

2.3 Ethical statement

Blood from healthy volunteers was withdrawn upon written
informed consent (EFS, Etablissement Francais du Sang), in
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Dockul inhibitory effects on Yodal-induced hyperpolarizations (A)Variations in membrane potentials in response to Dookul at different
concentrations 1 pM (black trace), 10 pM (red trace), 20 uM (blue trace), and 100 pM (grey trace), added simultaneously with Yodal (625 nM). Yodal alone
(green trace). Traces represent means of 4 independent experiments for each conditicn. SD envelopes were not added for clarity reasons (B) First
maximal hyperpolarization observed with increasing Dookul concentrations, added simultaneously with Yodal (625 nM). Histograms represent
means + SD (n = 4), (C) Dose-response curve of Yodal-induced hyperpolarizations inhibition by Dookul (n = 3) according to the first hyperpolarization

only.

accordance with the guidelines of the Helsinki declaration of
1975, as revised in 2008. This work has been approved by the
institutional (CNRS) Ethical committee and by the French
Ministry of Research (declaration DC-2019-3842).

2.4 Red blood cells

2.4.1 For membrane potential measurements

Blood from healthy donors was withdrawn into heparinized vacuum
tubes, washed thrice with unbuffered saline by centrifugation for 5 min at
2,500 rcf, the buffy coat and plasma removed, then packed with a final
step of 1-min centrifugation at 12,000 rcf, and the packed cells stored at
4°C until used.

2.4.2 For microscopy acquisition and flow
cytometry

25 L of blood from healthy donors were washed thrice with
Solution C for 5 min at 2,500 rcf. RBCs were loaded with Fluo-4,
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AM at a concentration of 5 uM for 1h at 37°C with 400 rpm
shaking. Cells were rinsed thrice with the Solution C for 5 min at
2,500 rcf.

2.4.3 For intracellular sodium, potassium, and
water content

Fresh blood collected into heparinized tubes from healthy
donors were washed thrice at 2,500 rcf for 5min using the
Solution A. A final solution at 20% haematocrit was prepared.
Cells were placed in a warmed stirring incubator at 37°C with
400 rpm  shaking. Drugs were added at their designed
concentration. 0.5 mL aliquots of the cell suspension were
taken at each timepoint, distributed in Beckman polyethylene
micro test tubes (Dutscher, France) and centrifuged at
19,600 rcf for 7 min at 10°C. After centrifugation, the packed
cell mass was separated from the supernatant by slicing the tube
with a razor blade below the top of the red cell column prior
weighting  (see and water
measurements).

intracellular ionic section

04 frontiersin.org



Hatem et al.

100
= — 3
g 3
S w0 —
3
F 60
g &
I al
& \
S
? d + Pt
S o D
& & S & &
&S & &8
¢ & ¢ & ¥
Time intervals (mins)

400

Dockut (1 M)
~#- Dookut (10uM)

200 ~8- Dookul (100 uM)
~e~ Yodat (625nM)

100 i Yoda (625 nM) + Docku1 (10 uM)
- DMSO

300

Fluo-4 intensity(a.u.)

@--- - @------=-O

T T T T T

S & & S S
R & ,,’o‘ ,‘@

¢ & ¥ ¥ &
Time intervals (mins)

Fluorescence (%)

Time (mins)

FIGURE 4

Dookul can generate an increase in intracellular calcium. (A,B)
Flow cytometry follow-up of Fluo-4-loaded RBCs, measuring the
percentage of Fluo-4 positive cells (A) and the mean fluorescence
intensity (MFI) (B) during 5 min of Dookul, Yodal or both
molecules perfusion, Traces are means + SD of n = 3 independent
experiments. (C) Mean fluorescence of Fluo-4-loaded RBCs in
confocal imaging, after perfusion with Dookul, Yodal or both. Mean
fluorescence of RBCs was calculated and are expressed as
percentages of Yodal-induced maximum fluorescence. Data are
averages +SD of n = 3 independent experiments.

2.5 Membrane potential measurement

The CCCP method or MBE method (method of Macey,
Bennekou, and Egee) as it was recently named by Jansen et al,
2021(Macey et al, 1978; Bennekou and Christophersen, 1986;
Jansen et al, 2021; Péres et al, 2021) was used to monitor
membrane potential evolution. Briefly, when RBCs are suspended
in a nominally buffer-free solution in the presence of the CCCP
protonophore (20 uM), changes in extracellular pH reflect
changes since protons are kept at
equilibrium across the membrane. The membrane potential (Vi)
can, thus, be estimated from the equation:

membrane potential

Vy = 61.51. (pH; - pH,),inmV

Due to the high red cell buffer capacity, the intracellular
pH (pH;) remains constant (at about 7.2) throughout an
experiment and can be estimated as the pH of the solution after
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lysis with Triton™ X-100 at the end of the experiment. Regarding
the experimental procedure, 2,900 pL of the experimental solution
containing 20 pM of CCCP was heated at 37°C under constant
magnetic stirring. For each experiment, 100 uL of packed RBCs
(99% hct) were added, to reach a final cytocrit of 3.3%. All inorganic
compounds were added at stock solution 1000X in DMSO, unless
stated otherwise. The final DMSO concentration never exceeded
0.3%, a concentration that has no effect on either fluxes or
membrane potential. Extracellular pH was measured using a
G200 pH electrode (Radiometer, Copenhagen, Denmark) coupled
to a red Rod 200 reference electrode (Radiometer) and a
PHM210 pHmeter (Radiometer). Sampling and acquisition were
done with an electrode amplifier (EA-BTA, Vernier, United States)
at a rate of 1 Hz connected to an AD LABQUEST Mini interface
(Vernier, United States) with a resolution of 0.01 pH unit. The data
were visualized and analyzed with the Logger Lite software (Vernier,
France). At the end of each experiment, Triton X-100 detergent (1%
in 3M NaCl) was added, causing total cell lysis and a resulting
solution that attains the intracellular pH.

2.6 Flow cytometry

At t =0, 2.5 uL of Fluo-4 loaded RBCs were added to 500 pL of
solution C containing drugs at desired concentration and
immediately observed on the cytometer. Flow cytometry
measurements were performed on a BD FACSCanto™ II (BD
Bioscences, Erembodegem, Belgium, RECYF platform, Station
Biologique, Roscoff, France). Dookul dose-response curve (1 uM,
10 puM, 100 pM), Yodal (625 nM), and Yodal+ Dookul (10 pM)
testing was realized on 3 independent healthy donors. For each
sample, data were recorded during 5min after starting drugs
incubation. The results were assessed and analyzed using Kaluza
(Beckman Coulter, Life Sciences, France).

2.7 Confocal microscopy

2.5 pL of Fluo-4- loaded RBCs were diluted in 300 pL of solution
C and deposited on Polylysine-coated coverslips. At ¢ = 0, 300 uL of
2X drug containing solution was added, to reach desired final
concentration, and imaged on a SP8 confocal microscope (Leica-
Germany) linked to a LAS-X software (Merimage platform, Station
Biologique, Roscoff, France). Fluorescence analysis was done using
Fiji software, n = 40 to 170 cells quantified for each time point
(Schindelin et al., 2012).

2.8 Intracellular water, Na*, and K*
measurements

2.8.1 Water content

After weighting, the packed cells were dried to constant weight
for at least 48 h at 90°C and re-weighted. RBC volume depends on
the intracellular water content, which is estimated to be about 90 fL
for a healthy discocyte. Shape change can be misleading in the
estimation of cellular water content due to the great plasticity of the
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FIGURE 5

Dookul can alter the intracellular water, K*, and Na* contents of the RBC. Measurements of (A) Water content loss (B) K* loss and (C) Na* gain after
30 min of incubation with Dookul (10 pM), Yodal (625 nM) or both. Histograms represent means + SD of n = 6 for Dookul (D, in red), n = 4 for
Yodal+Dookul (Y + D, in orange), n = 5 for Yodal only (Y, in green), and n = 5 DMSO (black).

red cell membrane. These measurements are independent of cell
shape.

2.8.2 Na* and K* content

The packed cells within the sliced tubes were lysed in 1 mL
MilliQ water. Proteins were denatured to ease separation by addition
of 232 pM of perchloric acid. The tubes were spun at 12,000 rcf for
7.5 min at 4°C and the supernatant was passed onto sample tubes
and diluted 10 times. The ionic content was measured using a flame
photometer (PFP7 Jenway, France). The amounts of Na* or K*
measured are reported as mmol/L of cell water.

2.9 Statistics and data analysis
GraphPad Prism version 9 (GraphPad Software, San Diego,

California United States) was used for the statistical analysis
and presentation of the data. One-way ANOVA with multiple
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comparisons was used to test for statistical significance. Data are
represented as mean * standard deviation (SD). p * 0.05 was
deemed as significant.

3 Results
3.1 Dookul can trigger a Gardos effect

Yodal is the most efficient chemical agonist of the
PIEZO1 channel identified thus far, leading to calcium entry
and eventually Gdrdos channel opening once its threshold of
activation is reached. Gardos channel current strength is strictly
dependent on intracellular calcium concentration (channel
opening probability). This results in noteworthy K* efflux
and hyperpolarization (Figure 1A; Supplementary Figure
S1A). Dookul has been described recently as an antagonist
of this effect (Evans et al., 2018; Wadud et al., 2020). In our
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GsMTx4 can inhibit Dookul effects. (A) A representative trace
showing the partial inhibition of membrane potential variations after
using GsMTx4 (G). Cells were preincubated with GsMTx4 (20 pM) for
20 min at 37°C, then GsMTx4 (20 puM) was added to the medium

at 190 s. Cells were challenged with Dookul (10 uM, in red:; plain line
without GsMTx4, dotted line with GsMTx4) or Yodal (625 nM, in
green; plain line without GsMTx4, dotted line with GsMTx4) at 210 s
(B) Comparison of Fluo-4 intensity observed by flow cytometry.
Histograms represent means + SD (n = 4). Statistical differences were
assessed using paired one-way ANOVA.

observations, contrary to what was described by others,
preincubation of RBCs with Dookul (10 uM) did not affect
neither Yodal-triggered hyperpolarization (Figure 1A) nor
repolarization rate (Figures 1B-D). Even more surprisingly,
Dookul alone induces hyperpolarization, to the same extent
as observed with Yodal (Figures 1B, C; Supplementary Figure
S1B). This result indicates that Dookul can provoke a sufficient
entry of Ca” within RBCs to activate the Gardos channel. In the
case of Dookul, however, the repolarization rate is faster than
with Yodal (Figures 1C, D), suggesting that the amount of
calcium entry triggered by Dookul is lower than with Yodal.
This was verified by microscopy on Fluo-4 loaded RBCs, where
Ca*" entry after Dookul perfusion can clearly be seen; the
magnitude is demonstrably lower than with Yodal
(Figure 1E). To ensure that the observed hyperpolarizations
were indeed due to Gdrdos channel activation, Girdos was
inhibited with 100 nM of Charybdotoxin (ChTX) prior to
addition of Dookul and Yodal addition. In the presence of
ChTX, all hyperpolarization was abolished (Supplementary
Figure S1C).
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3.2 Dookul, an activator as well as an
antagonist of Yodal

Next, a dose-response study of the effects of Dookul on
erythrocyte membrane potential was performed. Between 1 and
10 pM, there was a direct dose-dependent effect (Figures 2A, B),
with an increased maximal hyperpolarization observed immediately
after Dookul injection. With a Dookul level of 3 uM, Dookul-
induced hyperpolarization was significant (p = 0.014 for 3 uM, p <
0.0001 for 6 tM=30 uM, p = 0.0057 for 60 uM, p = 0.0326 for
100 M, n > 4) compared to the vehicle control (DMSO). However,
at 200 uM of Dookul, the value of hyperpolarization attained was
not significant; it was close to that obtained with 1 pM (p = 0.999).
Since maximum hyperpolarization is related to Gardos channel
activity which is only dependent on [Ca®]i, this suggests that
Dookul allows a dose-dependent calcium entry.

Furthermore, at concentrations greater than 30uM, the
response to Dookul became more complex: i) a progressive
decrease in the hyperpolarization amplitude appeared and ii) a
delayed second hyperpolarization which occurred 55 + 17s (n =
11) after the end of the first hyperpolarization, irrespective of the
concentration used (Figures 2A, C). However, the magnitude of this
second hyperpolarization decreased at Dookul concentrations
between 60 and 200 uM (Figure 2C). We hypothesize that the
poorly observed solubility of the Dookul molecule at high
concentrations, as reported by Evans et al, 2018, explains this
unexpected but reproducible phenomenon (See Section 4).

We also tested the dose-response of Dookul inhibition on
Yodal effects on RBC membrane potential by adding the two
drugs simultaneously. Below 20uM, Dookul was unable to block
Yodal-induced hyperpolarization (Figures 3A, B). At 20uM, a
slight, but not statistically significant inhibition was observed. It
became significant at 30 uM (17.9% + 12.9%, n = 4, p = 0.0013),
reaching 91.3% + 1.26% (n = 4), p < 0.001, and at 200 uM with an
ICsp of 90.7 £+ 10.7 uM (n = 3, Figures 3B, C).

3.3 Dookul induces an increase in
intracellular calcium

Given that hyperpolarization can be fully inhibited by ChTX
(100 nM, Supplementary Figure S1C), it can be assumed that this
phenomenon is driven by Gardos channel activation. Thus, this
result suggests that prior to Gardos activation, [Ca®']; reaches the
threshold for increasing the open probability of the latter
channel. To assess that Dookul is able to induce a calcium
entry by itself, both imaging and flow cytometry were
performed. Cells were loaded with 5uM of Fluo-4 to detect
cells with increased intracellular calcium concentration. Cells
were perfused with Dookul and/or Yodal, and fluorescence was
measured during a 5-min interval. Yodal (625 nM) evoked an
instantaneous increase in intracellular calcium in 89.1% of the
cells, showing that Yodal has induced an immediate intracellular
entry of calcium. On the contrary, Dookul at 10 uM induced a
progressive calcium entry, with only 21% of the cells showing
increased intracellular calcium after 1 min, to reach 70.1% after
5min. Interestingly, at this concentration, simultaneous
perfusion of both Dookul and Yodal delayed the entry of
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calcium (only 76.79% of Fluo-4 positive cells after Imin and
85.5% of Fluo-4 positive cells at 5 min) (Figure 4A).

In addition, the mean fluorescence intensity recorded upon
Dookul stimulation either by flow cytometry or microscopy
imaging indicates that the mean fluorescence reached only 20%
of the one obtained with Yodal after 1 min (Figures 4B, C). As for
the number of Fluo-4 positive cells, progressively mean fluorescence
intensity extends to reach around 53% (53.5% for flow cytometry
and 52.9% with confocal microscopy) of the one obtained with
Yodal after 5 min. When Dookul was added simultaneously with
Yodal, it was able to delay the load of Ca** (Figures 4B, C).
Essentially, Dookul can induce a significant calcium entry by
itself even at 1M, as seen with flow cytometry (Figures 4A, B)
and confocal microscopy (Supplementary Figure S2).

Taken together, these results show that Dookul can trigger a
calcium entry, by itself, albeit more slowly and with a lower extent
than Yodal but sufficient to induce a Gardos channel activation.

3.4 Dookul activates a non-selective cation
channel

It has been widely reported that the activation of PIEZO1 by
Yodal induces a cell dehydration accompanied by a reversal of
sodium and potassium gradients due to its nature of being a non-
selective cation channel (Monedero Alonso et al,, 2021; Pérés et al.,
2021).

The impact of Dookul and Yodal molecules on the hydration
status and ion contents of the cells has been evaluated. Dookul,
Yodal, or both molecules added simultaneously, all induced water
loss reiterating the results that these molecules trigger a Gdrdos
effect that leads to dehydration (Figure 5A).

Gérdos channel activation is accompanied by K* loss.
Compellingly, K* effluxes generated using Dookul were smaller
than in the presence of Yodal. This result is in accordance with
previous results presented here, in which we demonstrated that
Dookul leads to [Ca’*]; rise, but with an intensity lower than that
observed with Yodal. As a result, Gardos channel is logically less
activated with Dookul, resulting in lower K* loss (Figure 5B).

Finally, Dookul, Yodal, and both molecules added together, all
induced significant [Na']; increase (Figure 5C). This result suggests
that both molecules activate a non-selective cation channel, and both
have the same target, presumably PIEZO1. The effects of Dookul, as
for Yodal, were inhibited by GsMTx4, supporting the latter
hypothesis (Figure 6).

4 Discussion and conclusion

Deciphering non-selective cation permeability in erythrocytes,
and PIEZO1 behavior in particular, is essential to understand the
hydration state of the cells in physiological and pathophysiological
conditions (Gallagher, 2017; Caulier et al., 2018; Evans et al., 2020;
Yamaguchi et al., 2021). Pharmacological tools are a pre-requisite
for these studies. Yet, PIEZO1 pharmacology is still at its infancy as
stated by Evans et al (Evans et al., 2018). To address this deficit,
Evans and coworkers designed Dookul, a Yodal analogue that lacks
any agonist effect on PIEZOI.
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The present study shows unambiguously the capacity of
Dookul, by itself, to activate a Ca** permeability in human RBC
membrane that is able to turn on the Gardos channel. MBE
measurement on a RBC population, flow cytometry or confocal
imaging of individual RBCs all gave proof that in the human RBC
PIEZOL1 is sensitive to Dookul.

The human RBC has unique characteristics, that allow a
tremendous capacity to undergo the required deformations to
flow and bend into the narrowest of the capillaries. The first
relates to the cell’s surface area to volume ratio and the second
to the membrane deformability. This membrane deformability relies
on a submembranous cytoskeleton composed of a network of
spectrin filaments bounds to nodes connected to transmembrane
proteins (Fowler, 2013), and a unique lipid composition with one of
the highest cholesterol/phospholipid ratio (Subczynski et al., 2017).
Moreover, mechanosensitivity of the PIEZO1 channel is strictly
dependent on lateral tension and curvature that act as the
mechanosensory stimulus to trigger channel openings and
deactivation. These two parameters are themselves determined by
lipid composition (Bozi¢ and Svetina, 2022; Vaisey et al, 2022).
PIEZO1 can also be activated with voltage changes (Kaestner and
Egee, 2018; Moroni et al,, 2018). Altogether, these characteristics
make a very special environment for PIEZO1, such that its gating in
RBCs is probably specific. Indeed, a report on mouse RBCs has
already shown that this specific environment impairs the rapid
inactivation mechanism of PIEZOI that was observed in other
cell types, shedding light on a slower deactivation mechanism in
RBCs that could be modified upon PIEZO1 mutations (Evans et al.,
2020). Similarly, it has been demonstrated that gain-of-function
mutations of PIEZO1, reported as deleterious in RBCs, lose their
phenotypes once heterologously expressed in HEK293 cells
(Yamaguchi et al,, 2021).

Even the pharmacology of PIEZO1 can be affected by
surrounding composition, since the effects of Yodal in RBCs
activates the channel without mechanical stimulation, whereas in
other cell types, Yodal acts by increasing the sensitivity to
membrane stretch (Lacroix et al, 2018; Botello-Smith et al,
2019). The elegant study of Wijerathne et al, 2022, has
biophysically characterized the effects of Yodal on the activation
of PIEZO1 in HEK293 cells, revealing that Yodal activates the
channel by energetically stabilizing and destabilizing its conducting
and non-conducting parameters (Wijerathne et al.,, 2022).

In the current study, we have shown that a drug, Dookul, that
has no effects on PIEZO1 in other cell types is able to activate the
channel in human RBCs at rest (1-3 uM). Further, Dookul shows
only mild antagonizing effects in RBC (ICsy 90.7 uM) compared
to those described in other cell types such as HEK293 (ICs,
1.3 uM) or HUVEC (ICsq 1.5 uM) (Evans et al., 2018). Consistent
with these results, Dookul would be expected to have a
competitive antagonism effect on the Yoda-1 binding site
rather than directly blocking the channel (Evans et al., 2018).
Our present results sustain this hypothesis. The study of
Wijerathne et al, despite being having been performed in HEK
cells, corroborates this hypothesis since they clarified that
Dookul has an effect on the kinetics of the channel, an effect
too small to affect the open probability and the macroscopic
behavior of the channel, therefore Dookul, at 30 uM, acts as a
silent binder on PIEZO1 (Wijerathne et al., 2022).
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The MBE method is rapid and accurate for studying ion channel
regulation and pharmacology (Monedero Alonso et al, 2021).
Membrane potential variations towards electronegative values
indicate a K" efflux, which translates into Gardos channel
activation. Via the MBE method, hyperpolarizations speeds and
magnitudes recorded with Dookul or Yodal were comparable. This
implies that in both cases, the Ca®" threshold required for full
Gardos activation was reached rapidly. However, the pace of
repolarization was faster upon Dookul stimulation, indicating by
such that Ca** entry is probably lower in magnitude, facilitating Ca**
removal by the calcium pump, and thus more quickly reducing the
open probability of the Gardos channel. Another mechanism behind
the faster repolarization could be the special PIEZO1 potential-
dependent conformational rearrangement in response to Dookul, as
was described by Wijerathne and colleagues, resulting in a higher
probability of repetitive Dookul binding and in a faster
repolarization (Wijerathne et al, 2022). This assumption is
strengthened by flow cytometry and confocal microscopy
measurements of calcium content.

The dose-response curves established in this present study (flow
cytometry and imaging) show that Dookul, even at 1 pM, evokes
significant Ca> entry (Figure 4; Supplementary Figure S2).
Nevertheless, hyperpolarizations could only be detected from 3 to
6 uM. This apparent discrepancy is due to a particularity of MBE
method. Albeit fast and accurate, MBE method is an indirect
measurement of membrane potential through the measurement
of extracellular pH in an unbuffered extracellular medium. Thus,
in that case the extent of extracellular pH change depends on the
simultaneity of all cells to respond to the stimulation at the same
pace. In the present case, at low Dookul concentrations (below
3 uM), a limitation of the method occurs. Moreover, both MBE
method and flow cytometry, induce shear stress that are not fully
comparable. So, it is possible that the difference lies also in this slight
but not negligible difference considering the mechanosensitivity of
Piezol.

Unlike our results, Wadud et al showed in Sickle RBCs that
Dookul at 10 uM neither increases Ca® content nor favors
phosphatidylserine PS exposure. On the contrary, they
demonstrated a significant but partial inhibition of the
consequences of calcium increase triggered by Yodal (Wadud
et al., 2020). These differences in results could originate within
the well-known more pronounced rigidity and lack of deformability
of Sickle RBCs (Gutierrez et al., 2021). Our preliminary data about
Dookul on sickle RBCs showed lower hyperpolarization amplitude
and Ca*" increase (unpublished data).

Interestingly, in a series of experiments using the efficacious
concentration of 10 uM of Dookul, cells underwent significant Na*
increase, K" loss, and dehydration (Figure 5). Whereas K* loss can be
related to Gardos channel activity, Na" entry indicates that
Dookul activates a non-selective cation channel. This last result,
associated with the strong inhibition of Ca®* entry by GsMTx4, points
out towards a direct effect of Dookul on PIEZOI.

Surprisingly, above 60 pM, Dookul induced two successive and
reproducible  hyperpolarizations. Our suggestion is that
Dookul molecules precipitate at high concentrations. These
precipitates could solubilize progressively over time. Due to its
lipophilic nature, the insertion of Dookul in the lipid bilayer is
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likely progressive and as a consequence permits the diffusion of the
compound in the solution as crystals.

In this study we highlighted the activator capacity of
Dookul. It is a realistic hypothesis that this agonist effect
might be observed in RBCs only, given the particularities of
PIEZO1 environment in RBC membrane. Still, the need to
develop new pharmacological tools to study the non-selective
cation channels (PIEZO1 indeed) is urgent: the inhibitors
available so far - GsMTx4 toxin from Grammastola Spatulata
venom, Ruthenium Red (Syeda et al., 2015) or gadolinium Gd**
(Matsunaga et al., 2021)—are not specific for PIEZO1 (Bowman
et al., 2007).

From our studies reported here, we can conclude that
Dookul, a molecule that is considered as an antagonist of
Yodal without any agonist effects of PIEZO1, is sufficient to
activate PIEZO1 in the RBC membrane, whilst simultaneously
maintaining, at least partially, its antagonist capacities towards
Yodal. Knowing the potency of both drugs allows the
opportunity to investigate PIEZO1-linked channelopathies
with subtle tools (Dookul and Yodal).
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Supplementary Figure 1. (A) Repolarization rate comparison between Yodal only condition (green)
and Yodal after preincubation with Dookul (10 pM, red) at 37°C for 15 minutes. (B) Maximum
hyperpolarization comparison (corresponding to Fig 1C, same n) (C) Membrane potential variation
comparison with and without inhibition with charybdotoxin (ChTX, 100 nM, n=5) Charybdotoxin

was added to the cell 10s seconds before hyperpolarizing drugs addition. Each point represents the
mean £SD (same n for each condition as previously mentioned).
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Supplementary Figure 2

Supplementary Figure 2. Confocal imaging of Fluo4-loaded RBCs perfused with 1uM Dookul (a)
or DMSO (b). Fluorescence is expressed as a percentage of Yodal-induced maximal intensity.
Histograms are means £SD of 3 independent experiments.
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III.  Unpublished results- Effects of the inhibition of chloride permeability on PIEZO1

activation

The previous article clearly shows that we need to be relatively cautious about the effects observed
with chemical compounds that are supposed to activate or inhibit a transporter or even a cell
signaling pathway. Certainly, the concentrations used are important, but it is also clear that the cell
type or the physiological conditions the cell is exposed to are also important. In David Monedero
Alonso's thesis, it was shown that NS3623, an inhibitor described as a potassium channel activator
and then described as a potent inhibitor of red blood cell chloride conductances, including band 3
(Bennekou et al., 2001, 2003), at high concentrations could activate a non-selective cation

conductance pathway in the red blood cell (Monedero Alonso et al., 2021).

In order to better characterize the transient aspect of Yodal- or Dookul-induced activation of
Gardos channels, we performed experiments to determine whether this transient activity is related
1) to a reduction in Gardos channel activity, which in turn is related to a decrease in intracellular
calcium concentration via the work of the PMCA pump; or, ii) to an increase in the intensity of
anionic currents that compensate for potassium currents. In fact, when the Géardos channel is
activated, the driving force (Vm-Ek) is in favor of the Gardos channel, while that corresponding to
the chloride conductance or the non-selective cationic conductance is low, these two ionic entities
being at equilibrium with the membrane potential (-12mV), except for calcium, which benefits

from a strong chemical gradient.

Therefore, we used NS3623 at a concentration of 10 uM, which inhibits 98% of the chloride
conductance without activating the non-selective cationic conductance (Monedero Alonso et al.,
2021). Surprisingly, NS3623 significantly inhibited the hyperpolarizations that were due to
PIEZO1 activation (Figure 28 A, C) without disturbing the resting membrane potential (Figure 28
B). This might be attributed to an overall disruption of the physiology of RBCs after blocking the
CI" conductance because, as it was mentioned in the general introduction, the Cl” conductance is
directly linked to the canonical functions of an erythrocyte, in particular through the activity of

Band 3 in the gas transport cycle.
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IV. Discussion and Conclusion

Figure 28: The inhibition of Dookul and Yodal effects by NS3623 (NS; 10 pM) using the MBE
method. (A) Mean MBE traces showing variations in membrane potential in response to Dookul (10
uM; D10; red trace), Yodal (625 nM; Y; green trace), Yodal (625 nM), and Dookul (10 pM) added
simultaneously. Dashed traces represented the same conditions but with the presence of NS3623 in
the media (added at 180 seconds) (B) Comparison of the resting membrane potential of different
conditions in the presence and absence of NS3623. (C) Comparison of the hyperpolarization
magnitude of the same conditions. One-way ANOVA was the statistical test. n=9 for D10, n=7 for
D10+Y, n=9 for Y, n=5 for all conditions with NS3623.
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We demonstrated through this article that Dookul activates by itself the PIEZO1 channel, which
triggers the subsequent activation of the Gardos channel. This is an important pharmacological
finding about PIEZO1 in the RBCs. We proposed a scenario in which Dookul binds to the same
binding site as Yodal on the PIEZO1 protein: it activates the channel in a milder way, and when
Yodal and Dookul are present simultaneously in the media, Dookul partially inhibits the effects
of Yodal (Figure 29). In this study, we reminded our community about the specificity of the
characteristics of RBCs: the first is related to the cell’s surface area to volume ratio, and the second
to the membrane deformability; RBCs are endowed with a submembranous cytoskeleton
composed of a network of spectrin filaments bounds to nodes connected to transmembrane proteins
(Fowler, 2013), and a unique lipid composition with one of the highest cholesterol/phospholipid
ratios (Subczynski et al., 2017). Moreover, the mechanosensitivity of PIEZOL is tightly dependent
on lateral tension and curvature, which are determined by the lipid composition (Bozi¢ and
Svetina, 2022; Vaisey et al., 2022). All these characteristics create a special environment for

PIEZOT1 in RBCs, which has an impact on its gating and deactivation.
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Figure 29: The proposed scenario of Dookul activity in RBCs. Cells from the left to the right are
exposed to different conditions. From the left to the right: inactivated PIEZO1, PIEZO1 activated
with Yodal, PIEZO1 activated with Dookul, and PIEZO1 simultaneously challenged with Yodal
and Dookul. The thickness of the arrows indicates the magnitude of the ion fluxes. The font sizes of
“Ca’”and “K"™, are proportional to the suggested concentrations of these ions. In addition, the
Gardos channel activation intensity scale is indicated in shades of red under each condition. The
figure was created using Bio-Render.
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Chapter II- PIEZO1 and KCNN4 variants

I. Introduction
A. PIEZO1-KCNN4 interplay in RBCs

The functional link between PIEZO1 and the Gardos channel (KCNN4) seems evident in RBCs
physiological studies (Cahalan et al., 2015). The Gardos channel has been demonstrated to be
transiently activated by membrane deformation, leading to the conclusion that fast local
mechanosensitive Ca*>" entry was generated by slight deformation upon seal formation (Dyrda et
al., 2010). PIEZOL1 is activated in the microcirculation in response to mechanical and hydrostatic
stress leading to Ca** entry (Cahalan et al., 2015; Danielczok et al., 2017). This induces subsequent
activation of the Gardos channel which dissipates K*, creating a cation imbalance and fast transient
hyperpolarization (Dyrda et al., 2010; Rogers and Lew, 2021b). This in turn causes osmotically
obliged water to escape, dehydrating the cells. This loss of water culminates in the local adaptation
of the volume to facilitate the passage of RBCs in the microcapillaries (Danielczok et al., 2017).
PIEZO1-KCNN4 tandem activation is of particular interest in the physiological studies of RBCs,
especially in pathological conditions (Rapetti-Mauss et al., 2016, 2017). Several pathologies of the
RBCs are linked to gain-of-function mutations in PIEZO1 and Gardos channels (Zarychanski et
al., 2012; Beneteau et al., 2014; Rapetti-Mauss et al., 2017; Andolfo et al., 2023).

Being devoid of a nucleus, the study of the channels’ variants is ideally feasible using cells from

patients carrying these mutations.

B. Tools to study variants

Large-scale clinical and biological descriptions at diagnosis constitute important steps to
understand mutations and link the genotype to phenotypes (Picard et al., 2019). Phenotypic
diagnostic tools are usually based on the establishment of a complete blood count (CBC) with
measurement of the reticulocytes count, accompanied by a careful reading of the blood smear to
look for abnormal RBCs shapes (Simionato et al., 2021), in addition to auto-immune, biochemical,

hemoglobin, and enzymatic tests to try to know the origin of occurring hemolytic anemias. Several
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tests are also used to determine if the origin of the disease is caused by red cells membrane
pathologies. For instance, Eosine-5-maleimide test (EMA) test is highly specific and sensitive for
proving hereditary spherocytosis (Girodon et al., 2008). Also, ektacytometry measures RBCs
deformability in variable osmotic conditions (Da Costa et al., 2016). Finally, the high-throughput
next generation sequencing (NGS) is considered a particularly specialized test that only comes in
the last line of diagnosis (Bianchi et al., 2020); it can targets gene panels, exomes, and even whole-
genome panels (Russo et al., 2020). Nevertheless, NGS leads to the diagnosis only in 65% of all
cases of hemolytic anemia (Mansour-Hendili et al., 2020). Standard terminology and graduated
criteria were recommended for the classification of variants in genetics laboratories. The five
classes of variants are “pathogenic”, “likely pathogenic”, “uncertain significance”, “likely
benign”, and “benign” variants. A variant is classified as pathogenic or benign based on the
frequency of the variant in the general population, in-silico predictions, family detections, and
functional studies (Richards et al., 2015; Nykamp et al., 2017). Among these, a novel category of
variants has been introduced called variant of uncertain significance (VUS). NGS has contributed
to the exponential growth of VUS (Figure 30). Hence, the reclassification of these variants is
essential for successful diagnosis. NGS made in parallel with phenotypic tests can reveal the

association between the presence of variants and pathologies (Russo et al., 2020).
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Figure 30: Single-nucleotide missense variants of uncertain significance are a large and growing
problem by ClinVar. Adaped from (Fayer et al., 2021).

100



C. PIEZO1 channel

PIEZO1 (FAM38A) (Coste et al., 2010) is a mechanosensitive non-specific cation channel
(Albuisson et al., 2013; Andolfo et al., 2013a). As described in the introduction, the PIEZO1
protein is a homotrimer made up of 2521 amino acids (~900 kDa). Typically, loss-of-function
mutations in the human P/IEZOI gene cause autosomal recessive congenital lymphatic dysplasia
whereas gain-of-function mutations cause the autosomal dominant hemolytic anemia hereditary
xerocytosis (HX, MIM #194380), also known as DHS1 (Zarychanski et al., 2012; Alper, 2017).
HX is characterized by a decrease in the total cation and K* content that is not accompanied by a
proportional net gain of Na" and water. HX patients undergo mild to moderate, compensated
hemolytic anemia. MCHC is increased and erythrocyte osmotic fragility is decreased, reflecting
cellular dehydration in these patients. Mutations in PIEZO1 (M2225R and R2456H) are the first
mutations in mechanosensitive channels associated with human disease (Zarychanski et al., 2012).
A list of mutations in PIEZO]I have been proposed as the major cause of DHS1 or HX (Table 5).
Most gain-of-function PIEZOI mutations are due to facilitation of its opening by changing the
threshold of mechanosensitivity or by slowing down its fast neutral inactivation kinetics
(Albuisson et al., 2013; Glogowska et al., 2017). Knowing the high permeability for Ca>*, RBC
dehydration due to gain-of-function mutations in PIEZO] is explained by an excessive KCNN4
stimulation (Rapetti-Mauss et al., 2017).

In fact, mutations in PIEZOI are linked to HX or DHS1, whereas mutations in KCNN4 are
associated with DHS2 (Picard et al., 2019). Approximately 90% of HX cases are called DHS1 and
are associated with heterozygous PIEZOI gain-of-function mutations with autosomal dominant
transmission. The remaining cases are due to the Gardos channel-activating mutations, called
DHS2. Thus, RBC dehydration in DHS2 is mainly a result of an inappropriate activation of the
Gardos channel. DHS1 and DHS2 differ not only in their etiology, but also in the severity of the
hematologic phenotype, perinatal edema, thrombotic risk after splenectomy, and also iron
overload; perinatal edema and post-splenectomy thrombosis have been mostly reported in DHSI1,
whereas severe anemia appears to be frequent in DHS2, with iron overload observed in both

entities (Fermo et al., 2017; Andolfo et al., 2018; Picard et al., 2019; Mansour-Hendili et al., 2021).
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Table 5: Piezol variants leading to DHS1 or HX, adapted from UniProt.

Position Change Description
203 L>P (Andolfo et al., 2021)
334 A>V (Andolfo et al., 2021)
338 S>Y (Picard et al., 2019)
457 R>C (Russo et al., 2018)
483 V>M (Andolfo et al., 2021)
598 V>L (Picard et al., 2019)
598 V>M (Rapetti-Mauss et al., 2017; Yamaguchi et al., 2021)
599 V>L (More et al., 2020)
605 M>1 (Picard et al., 2019)
605 M>V (Andolfo et al., 2021)
669 D>Y (Péres et al., 2021)
681 F>S (Rapetti-Mauss et al., 2017; Yamaguchi et al., 2021)
718 G>S (Andolfo et al., 2013a)
737 L>M (Glogowska et al., 2017)
756 E756del (Ma et al., 2018)
782 G>S (Andolfo et al., 2013a; Yamaguchi et al., 2021)
808 R>Q (Andolfo et al., 2013a; Beneteau et al., 2014; Yamaguchi
etal., 2021)
972 R>H (More et al., 2020)
1064 C>F ClinVar
1066 D>G ClinVar
1117 S>L (Andolfo et al., 2013a)
1223 V>1 (Filser et al., 2021)
1312 A>V (Andolfo et al., 2021)
1357 >M (Picard et al., 2019)
1357 >V (Picard et al., 2019)
1358 R>P (Albuisson et al., 2013)
1398 P>L ClinVar
1494 E>A (Andolfo et al., 2021)
1519 Q>P (Picard et al., 2019)
1617 ™>M ClinVar
1708 L>Q SIFT, HVAR, UniProt, Mutation tester
1797 R>C (Russo et al., 2018)
1851 ™>M ClinVar
1857 P>S ClinVar
1878 K del ClinVar
1898 E>D (Russo et al., 2018)
1910 E>L (Picard et al., 2019)
1925 R>W (Picard et al., 2019)
1926 R>Q ClinVar
1943 R>Q (Glogowska et al., 2017)
1930 F>L (Richards et al., 2015)
1945 F>L (Filser et al., 2021)
1994 S>F (Picard et al., 2019)
S>C (Andolfo et al., 2021)
2003 A>D (Andolfo et al., 2013a)
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A>T (Picard et al., 2019)
2006 V>1 (Picard et al., 2019)
2020 1. A>T 1. (Albuisson et al., 2013; Filser et al., 2021)
2. A>V 2. (Andolfo et al., 2013a)

2069 V>M (Andolfo et al., 2021)

2088 R>G (Glogowska et al., 2017)

2094 L>F ClinVar

2110 R>Q (Picard et al., 2019)

2110 R>W (Russo et al., 2018)

2127 ™M Gives rise to mechanically activated currents that inactivate
more slowly than wild-type currents, dbSNP (Albuisson et
al., 2013; Andolfo et al., 2013a; Filser et al., 2021)

2151 C>R (Picard et al., 2019)

2160 P>1 (Picard et al., 2019)

2166-2169 Missing (Andolfo et al., 2013a)

2192 L>1 (Picard et al., 2019)

2201 V>F (Picard et al., 2019)

2225 M>R Gives rise to mechanically activated currents that inactivate
more slowly than wild-type currents, dbSNP (Zarychanski
etal., 2012)

2227 A>T ClinVar

2266 V> (Russo et al., 2018)

2277 >M (Picard et al., 2019)

2302 R>H (Glogowska et al., 2017)

2308 Q>E (Picard et al., 2019)

2394 G>S (Andolfo et al., 2021)

2407 E>Q (Andolfo et al., 2021)

2433 G>R (Picard et al., 2019)

2456 R>H Gives rise to mechanically activated currents that

R>C inactivate more slowly than wild-type currents

(Zarychanski et al., 2012; Andolfo et al., 2013a; Bae et al.,
2013; Beneteau et al., 2014; Shmukler et al., 2014)

2458 F>L (More et al., 2020)

2462 >M (Filser et al., 2021)

2464 H>P (Picard et al., 2019)

2474 V>M (Picard et al., 2019)

2488 R>Q Increased cation transport in erythroid cells; dbSNP
(Andolfo et al., 2013a)

2491 R>W (Picard et al., 2019)

2496 E>ELE Gives rise to mechanically activated currents that
inactivate more slowly than wild-type currents (Albuisson
etal., 2013)

2520 K>E (Andolfo et al., 2021)
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D. Gardos channel

The Gardos channel (KCNN4) consists of a total of 427 amino acids with a molecular mass of
47.8 kDa (Vandorpe et al., 1998). Its quaternary structure is an association of four monomers,
forming a homotetramer (Figure 31). Each monomer is composed of six transmembrane segments
with a pore forming between segments S5 and S6. The N- and C-terminal domains are cytosolic.
The C-terminal domain consists of three parts; HA, HB, and HC, where HA and HB are the
calmodulin-binding sites. CaM 1is constitutively bound to the Géardos channel and regulates its
activity in a Ca?"-dependent manner (Lee and MacKinnon, 2018). The Gérdos channel also

requires phosphorylation of histidine 358 residue for activation (Srivastava et al., 2006).

Calmodulin
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Figure 31: 3D structure of Gardos channel. The four monomers are represented each in a different
color in addition to the bonded calmodulin. Source of the figure PDB. 6CNM 5Z10 structure from
PDB.

KCNN4 has two highly conserved regions: the region between the 231 and the 289" amino acids,
which forms a two-pore K* channel domain, and the region between the 304 and 377" amino acids,

which forms the calmodulin-binding domain (Rivera et al., 2022; Nakahara et al., 2023).
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Mutations in KCNN4 induce an increase in the channel’s activity which may be associated with an
increase in the sensitivity of the channel to Ca?’. Until nowadays, only ten KCNN4 variants were

reported to cause DHS2 (Table 6).

V282M and V282E are two gain-of-function mutations affecting the same residue (V282) in the
K" pore domain (Andolfo et al., 2015; Rapetti-Mauss et al., 2015, 2016, 2017). This residue has a
leading role in Gardos channel gating, and mutations affecting this site may lead to a constitutive
channel activity even in the absence of Ca*" (Garneau et al., 2009) depending on the substituting
residue. For instance, the V282M mutant leads into a constitutive channel activity at resting Ca*"
concentrations whereas V282E mutant activation is still Ca*"-sensitive and its activation threshold
is unchanged like the R352H mutation (Rapetti-Mauss et al., 2016; Rivera et al., 2017). Both
V282M and V282E mutations lead to net dehydration with a left-shifted ektacytometry curves
(Andolfo et al., 2015; Rivera et al., 2019). V282M leads to compensated anemia with a normal
level of haemoglobin associated with hyperreticulocytosis (Allegrini et al., 2022).

R352H is another gain-of-function mutation which leads to higher Ca?" sensitivity in the
calmodulin-binding domain by modifying the Ca*" threshold for activation, increasing current
density, and delaying channel deactivation. This KCNN4 mutation was discovered to be associated
with chronic hemolysis and constituted the first report of a human disease caused by defects in
Gardos channel (Rapetti-Mauss et al., 2015). In a four-generation French family with chronic
congenital hemolytic anemia, whole-exome sequencing was performed in 2015 (Rapetti-Mauss et
al., 2015), and identified a heterozygous missense mutation in the KCNN4 gene that segregated
with disease, which is R352H. In parallel, sequencing of KCNN4 in affected individuals from 3-
generation Polish family revealed heterozygosity for the same R352H mutation. In this paper,
Rapetti-Mauss et al. revealed a variability in disease severity between the two families; while
French family members had severe levels of anemia, Polish family members revealed normal or
subnormal hemoglobin levels. Functional analysis pointed out that the mutant channel had a 10-
fold increase in activation by Ca®" compared to wildtype, in addition to a delayed channel
inactivation. This missense mutation leads to DHS2; DHS2 is an autosomal dominant hemolytic
anemia characterized by primary erythrocyte dehydration. Erythrocytes exhibit decreased total
cation and potassium content that are not accompanied by a proportional net gain of sodium and

water. Affected individuals typically manifest mild to moderate compensated hemolytic anemia
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with an increased erythrocyte mean corpuscular haemoglobin concentration and a decreased
osmotic fragility, both of which reflect cellular dehydration. Their red cells exhibit a panel of
various shape abnormalities such as elliptocytes, with the most characteristic shape being
stomatocytes, with a straight or crescent-shaped central pallor (Rapetti-Mauss et al., 2015).
Complications such as splenomegaly and cholelithiasis may occur, resulting from increased red
cell trapping in the spleen and elevated bilirubin levels (Andolfo et al., 2015; Glogowska et al.,
2015; Rapetti-Mauss et al., 2015; Fermo et al., 2020).

Thanks to these preliminary studies of cases with deleterious mutations in the Gardos channel, a
systematic search was started for cases in which the usual targets of the gene panels searched were

not affected by any mutation.

Most of the described mutations are located within or close to the calmodulin binding site and
show a more or less pronounced tendency towards increased sensitivity to Ca**. Among them, the
S314P (Fermo et al., 2020), H340N (Allegrini et al., 2022) and A322V (Mansour-Hendili et al.,
2021) cause a hypersensitivity of KCNN4 to Ca®" and allow more frequent transient activation of
the Gardos channel, which may lead to dehydration. Nevertheless, some other mutations from the
calmodulin binding site region have been described, such as V222L, characterized by an increase
in Ca?* sensitivity once expressed in HEK293 (Allegrini et al., 2022), and A279T, which has been
associated with the disease state of the patient but without any functional test (Nakahara et al.,
2023).

Table 6: List of the Gardos channel variants. The representation of the Girdos channel and the

associated mutation are adapted from UniProt. KCNN4 variants known to cause DHS2 until
nowadays, are written in red. Point mutations are represented by red dots.

Position | Change Description Literature | 3D representation (mutations
in red)-Figure from UniProt
204 P>R DHSI (Utsugisa = 3
wa et al., = 4
2017)
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222 1.V>L 1.DHS2 (Rivera et
2.V>G 2-3: Probably al., 2017;
3.V>A damaging Allegrini

et al.,
2022)

279 1.A>V 1. Benign 1.UniProt
2.A>T mutation 2.(Nakahar
3. A>D 2-3 : Pathogenic aetal.,

2023)
P.S: 3. In the
K" pore channel present
domain study

282 V>E DHS2 (Glogowsk
V>M aetal,

2015;
P.S: K" pore Rivera et
channel domain al., 2017)
314 S>P DHS2 with or (Fermo et
without al., 2020)
pseudohyperkalem
ia and/or perinatal
edema
322 A>V DHS2 (Mansour-
Pathogenic Hendili et
al., 2021)
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328 H>R DHS2 (Andolfo 3 7 & ,
Pathogenic etal., & a "":\!,;E' g (i
2021) @
P.S: Region 304- Nl l‘\;-w:»
377 is calmodulin- 56 2 8 -'.."
binding region. .
340 1.H>N 1 & 2. DHS2 (Andolfo
2.H>R Likely pathogenic | et al.,
or pathogenic 2021,
variant Allegrini
et al.,
P.S: Region 304- | 2022)
377 is calmodulin-
binding region.
352 R>H DHS2 (Andolfo
In binding chain D | et al.,
2015;
P.S: Region 304- | Glogowsk
377 is calmodulin- | a et al.,
binding region. 2015;
Rapetti-
Mauss et
al., 2015;
Monedero
Alonso,
2019)
369-377 | Del DHS2 (Picard et
p.-V369 Lys3 | Pathogenic al., 2019)
73del

P.S: Region 304-
377 is calmodulin-
binding region.
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387 S>R Benign mutation | UniProt

P.S:368-386 is a
partially
modelled/unmodel
ed region.

II.  Objectives
Knowing that different variants of KCNN4 and PIEZO1 channels lead to pathologies, our
laboratory is involved in a large European network (Utrecht, Paris, Dijon, Nancy, Milan, Marseille,
Lyon, Toulouse) of clinicians and academics to decipher the relation between genotypes and
pathophysiological phenotypes. Therefore, the goal is to functionally assess the link between the
genetic detection of variants during diagnostic process and defects of channel activity using several

approaches.

To this end, our task was to establish a functional characterization upon receipt of the samples.
Channel activity was directly assessed using MBE method with specific protocols dedicated either
for Gardos channels or PIEZO1 channels. To strengthen the electrophysiological data, we also
determine hydration status of RBCs, and cation content (K™ and Na"), associated to morphological

analysis on fixed stained blood smears.

A23187 is the Ca®" ionophore used to test the maximal activity of Gardos channel. However, it is
important to note that under these experimental conditions, the amplitude of the hyperpolarization
obtained depends on several parameters. The hyperpolarization obtained depends in fine on the
membrane currents resulting from the activity of all the channels (Gérdos, anionic and NSC
channels). When the Gardos channel is activated, K" ions leave the cell, but anionic currents (of
opposite charge) will counteract the development of hyperpolarization; more importantly, when
the non-selective cationic activity is increased, sodium enters via the NSC channels (since the
cations are no longer in electrochemical equilibrium) and either slows down the development of
hyperpolarization or reduces its amplitude. Finally, once equilibrium is reached, the currents
resulting from Gardos channel activity will be at their minimum and therefore membrane

repolarization can occur, which will be more or less rapid depending on the activity of the non-
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selective cation channels. For simplicity, we will assume that the anion conductance is similar
between cells. We are well aware that this is an a priori assumption, but given the importance of
this conductance, it will generally be true. The observed variations may also be due to the number
of Gardos channels present at the membrane, but they may also be modified by the intracellular
K" concentration, since the currents are directly related to the concentration gradient. Finally, since
activation of the Gardos channel induces dehydration, hyperpolarization may also depend on the

initial hydration state of the cells, since this state cannot go beyond a certain point.

NS309 has the unique ability to shift the sensitivity of the Gardos channel to calcium (by
approximately one order of magnitude). Thus, this compound allows the activation of Gardos-
dependent hyperpolarization without altering the initial intracellular Ca?>" content. Thanks to this
property, we can indirectly estimate (by comparison) the initial Ca** content of cells (for PIEZO1
variants) or to test the calcium sensitivity of the Gardos channel. By using different concentrations
associated with variable extracellular Ca®" concentrations and by comparison these experiments

provide elements to determine the differences between patients and controls.

Finally, Yodal is used at a concentration of 625 nM, which is the ECs¢ determined to activate the

PIEZO1 channel in the red blood cell.

The morphometric analysis of blood samples is based on four parameters: the projected surface
area, which reports the size of RBCs on the examined smear, the circularity, which is related to
the granularity status of RBCs, the roundness which indicates the presence of elliptocytes on the
smear, and the aspect ratio which gives an idea of the total number of abnormal shapes of RBCs

present on the smear.

All samples received were treated with the same set of experiments: a morphometric analysis of
the samples (surface area, circularity, roundness, and aspect ratio), investigation of their hydration
status and intracellular Na* and K* contents, in addition to challenging the activity of the channels

using the MBE method (Yodal-NS309-A23187).

For the sake of clarity, we have chosen to present only experiments performed using Yodal (625
nM), NS309 (100 uM- 0 mM Ca**), or NS309 (10 uM- 2 mM Ca*"), and A23187 (10 uM). In the
morphometric part, we chose to present only the result of the projected area, and the circularity (or

the aspect ratio in the KCNN4 variant part).
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In addition, we have only detailed the results obtained with known mutations, as we couldn’t obtain
much detail about the mutations in the unknown mutation cases, nor about the clinical satus of the

patients.

Pictures of blood smears samples are visible in the Appendix 1.

III. Results

A. PIEZO1 variants

During my Ph.D., we received a total of 10 PIEZO1 variants, four of which we still do not have
the position of the mutation. Table 7 lists the known biological and clinical data for each case, the
duration of transportation, and the hematocrit on arrival. In this part, we present the results we

obtained after analyzing 6 PIEZO1 variants (Figure 32, Table 8).
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Table 7: Biological and clinical information of blood samples received with PIEZO1 channel

mutations
Date Designation | Mutation Received Clinical Time laps Hematocrit
in Figures description samples observations | (withdrawal-
of proband | experiment)
18/03/2021 R2019H Heterozygous | -Proband Major - 1 day-4 °C N/A
Piezol PIEZO1 (+ B- | thalassemia,
mutation : Thalassemia+ | recurrent
R2109H (VUS | B-spectrin) thrombosis
mutation) -Control since
+ heterozygous splenectomy
B-spectrin in 1981.
mutation Blood
(P920L) + Transfusion
Homozygous every 4
HBB weeks
31/03/2021 L1697F + -2 -Proband SS+ | Severe SCD | 2 days-4 °C Proband SS:
A344V heterozygous PIEZO1 syndrome 19%
mutations on -Control SS (HbSS) + Li Proband SS+
Piezol: - Healthy Fraumeni PIEZO1:
L1697F control syndrome; 10.8%
(deletreious) + 30% of dense Control: 43%
A344V cells.
(benign)
-heterozygous
mutation in a-
spectrin gene
SPTA1(D1021
V).
-Homozygous
HbSS
25/01/2022 L1708Q L1708Q -Proband -Proband: 2 days- 4 °C Proband:
heterozygous (Child- Hemolytic 41%
mutation daughter) anemia and Father:
-Father hereditary 48.8%
-Mother spherocytosis Mother:
-Control -Father: No 42.1%
Piezol Control: 42%
mutations.
He needed
blood
transfusion
with his
sister in their
childhood.
Their uncle
had B-
Thalassemia
-Mother:
L1708Q
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Piezol

heterozygous
mutation.
Normal
profile.

27/01/2022 P2282A P2282A - -Proband (DB) | Hemolytic 2 days- 4 °C Proband:
Heterozygous | -Control (BY) | anemia 47.9%
mutation Control:

44.1%

23/02/2022 Unknown 4 PIEZO1+p- -Proband N/A 1 day-4 °C Proband:29%
Thalassaemic (Daughter) Mother:43.1
patient -Mother %

-Control Control:40.8
-Control - 5%
Thalassaemic Control -
Thalassaemic
:35.5%
06/10/2022 Unknown 1 Unknown -Proband N/A 3 days Proband:
-Control 35.3%
Control:
39.9%

15/02/2023 Unknown 2 Unknown -Proband N/A 2 days- 4 °C Proband:

(Paris) -Control 48%
Control: -

15/03/2023 S1726T S1726T- Patient The patient 2 days- 4 °C Patientl
(Mutation at (S1726T) suffers from (S1726T) :46
the Yodal- Relative 1 polycythemia 5%
binding site) Relative 2 vera Patient2

Control 1 (RK) :35%
Control 2 Patient3
(GK) :
49.5%
Control1l
MZ) :
46.6%
Control2
(CR): 37.3%
16/06/2023 Unknown 3 Unknown -Proband - High 3 days-4 °C Proband:
-Control CCMH 58.7%
- Dehydrated Control:
stomatocytos 46.8%
is
-Non-
recurrent
PIEZO1
abnormality
-Undefined
mutations of
PIEZO1,
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HFE, AND
NT5C3A
29/09/2023 Y2143C Y2143C -Proband Hemolytic 2 days- 4 °C N/A
(Neonate) anemia
-Father Decreased
-Mother PK activity
- Control No mutations
in PKLR
gene

‘;, Ser 1726
Leu 1697.

Arg 2019

Pro 2282
Leu 1708

Thr 2143

b

Figure 32: Summary of studied mutations on PIEZO1 channel. 3D structure (PDB; 5Z10 structure).
Pro 2282 is in a disulfide binding bridge; Thr 2143 is a buried residue.

114




Table 8: Information known about the studied PIEZO1 mutations

Position Change Description Source
344 A>V Benign UniProt
1697 L>F Deletrious UniProt
1708 L>Q Probably Mutation tester
pathogenic SIFT
-Probably causes | HVAR
DHSI UniProt
1726 1.S>R 1.Deleterious UniProt
2.8>T 2.Benign
mutation
2019 R>H Deleterious PolyPhen
SIFT
2143 Y>C Probably UniProt
Y>H damaging
2282 P>S Possibly UniProt
P>T damaging
P>L
P>A
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Figure 33: L1697F and A344V Piezol variant. (A) Intracellular water content of healthy control, SS
control, and patient. Histograms represent means + SD of experimental duplicates with n=2, (B)

116



projected surface area, and (C) circularity. Number of analyzed cells for sickle cell patient: 1137, for
patient having SCD and PIEZO1 mutation: 1403. Statistical difference was assessed using the one-
way ANOVA ****p<(.0001. (D-F) Membrane potential measurements of Piezol patient (in red, plain
lines), SS control (in red, dashed lines), and healthy control RBCs (in black) in response to (D) Yodal,
625 nM, (E) NS309, 50 uM without calcium in the extracellular media, and (F) A23187, 10 uM.

In this case study, we have a proband who has two heterozygous mutations of Piezol: L1697F (a
predicted deleterious mutation) and A344V (a predicted benign mutation). In addition, the proband
is homozygous for sickle cell disease (HbSS) and has a heterozygous mutation for a-spectrin. The
spectrum of symptoms includes a high population of dense cells, which is probably worsened by
the VUS Piezol mutation. Therefore, this proband is compared to two controls; a healthy control,
and an HbSS control. In this case, the patient shows a drastic reduction in the cell water (Figure
33A) associated with a significant reduction in the projected surface area (Figure 33B). In addition,
morphological analysis shows highly dispersed shapes with very heterogeneous circularity (Figure
33C). It should be noted that the sample received showed very strong hemolysis on arrival
(hematocrit around 10%), admittedly linked to transportation but probably exacerbated by the
various mutations present in this patient. The activation of the proband RBCs with Yodal, did not
induce any hyperpolarization, which is a completely unexpected result. This phenomenon could
be explained by the fact that the majority of cells are hyperdense and thus already irreversibly
sickled (see blood smears in Appendix 1). In this case, the membrane is already extremely rigid
and could therefore become refractory to any stimulation by Yodal (Figure 33D). This hypothesis
is somehow confirmed by experiments performed with 100 pM of NS309, where the
hyperpolarization develops more slowly and is more limited (Figure 33E). Moreover, it is
noteworthy that the hyperpolarization obtained with the HbSS patient cells develops slightly faster
than in the control cell (Figure 33E), which is a common feature of the HbSS patient cells we have
tested so far (see Chapter III). In response to A23187, the hyperpolarization was less important
compared to the other SS patients tested, which may be due to the fact that the proband cells have
less Gardos channel, or less intracellular K* content, or are so dehydrated that water efflux becomes
rate limiting for Gardos activity. Unfortunately, sample sizes do not allow to determine
intracellular K" and Na* concentrations. Nevertheless, both the HbSS control and the proband have
a greater repolarization slope, which may indicate an overactivation of the NSC channel (Figure

33F).
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In such patients, it is difficult to definitively conclude what the consequences of the two mutations
found in the PIEZO1 gene are. Nonetheless, the association of PIEZOI1 mutations with
homozygous HbSS, and a-spectrin mutation is undoubtedly what amplifies the severity of this
disease, rendering the profiles atypical and extreme. The L1697F mutation is probably a gain-of-

function mutation and is indeed deleterious.
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Figure 34: Piezol variant L1708Q. (A) Intracellular water content of healthy control, patient (the
daughter), her father, and her mother. (B) Intracellular Na* content, and (C) K* content of the
samples. Histograms represent means + SD of experimental replicates, with n=2. (D) projected
surface area, (E) circularity. Number of analyzed cells for control: 1575, patient: 1501, father: 1513,
and mother: 1580. Statistical difference was assessed using the unpaired t-test, *p<0.05, **p<0.01,
**%*p<0.001, ****p<0.0001. (F-H) Membrane potential measurements of Piezol patient, control,
father, and mother in response to (F) Yodal, 625 nM, (G) NS309, 10 pM with Ca** (2 mM) in the
extracellular media, and (H) A23187, 10 pnM.

In this case study, the proband is a 2-year-old baby who was found to be anemic at birth, with an
abnormally low hematocrit value (18.9%). Enzymatic tests showed normal results. Genetic red
blood cell membrane enzymopathy reported the heterozygous mutation L1708Q in the Piezol
gene. It is an undescribed mutation in different databases, with in-silico prediction that this
mutation is pathogenic, eventually leading to DHS1. The father’s medical history showed that he
needed blood transfusion as a child, the same for the father’s sister. The father’s uncle had mild
thalassemia. At the time of the study, the father had a normal blood test with very few Howell-
Jolly bodies on the blood smear, and a normal ektacytometry profile except for a discrete
dehydration. No Piezol mutations were found in the father’s gene. Regarding the mother, she had
no personal or family history of transfusion with normal enzymatic results and no
hemoglobinopathies. Nevertheless, the mother had a discrete hyperhydration ektacytometry
profile and the heterozygous L.1708Q mutation. This mutation (PIEZO1: ¢.5123T>A) is classified
as heterozygous class 3 and predicted as pathogenic in silico by almost all software (Mutation
Taster, SIFT, Polyphen2 HDIV) and is also found in the proband. The mother and the proband
show a slightly hyperhydrated profile compared to the control, while the father shows a slightly
dehydrated profile (Figure 34A). The Na" content was slightly lower for the family as a whole
(Figure 34B), while the K" content was similar to the control (Figure 34C). The projected surface
area of the proband and parents also differs slightly from the control, with a mean surface area
shifted to the right for the mother, while it is shifted to the left for the proband and the father.
Nevertheless, the range of dispersion of samples is more important in father and mother with 39.4
pm? for the control, 41.5 pm? for the proband, 44.7 pm? for the mother and 55.7 um? for the father,
which may indicate benign conditions in the parents (Figure 34D). Circularity also shows that the
samples are homogeneous, although slightly dispersed for the proband (0.51 vs. 0.45, 0.48 and
0.40 for proband, control, father and mother, respectively) (Figure 34E). Interestingly, the
circularity between the mother, who also carried the mutation, is similar to that obtained for the

proband, indicating by such a certain similarity between the mother and the proband with cell more
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spherical (see smears in Appendix 1). The MBE experiments clearly show that the father’s sample
behaves differently from the three other samples. In the three experiments presented, the
responsiveness of the sample to the different experimental conditions was significantly reduced
(Figure 34F, G & H). This result could be associated with the state of dehydration observed in the
father. On the other hand, while the response to stimulation by Yodal was similar for the other
three samples (Figure 34F), activation of Gardos channels by NS309 showed that
hyperpolarization developed more rapidly in the mother and the proband (Figure 34QG).
Accelerated hyperpolarization may indicate a slightly higher Ca®" content than in the control. This
observation is also associated with the fact that the amplitude of hyperpolarization is greater in
these two patients compared to the control (mother -53.5 mV, proband -52.8 mV, control -46.0
mV). This last observation is also related to the rate and amplitude of hyperpolarization observed
when the cells are stimulated with A23187, with a maximum hyperpolarization potential of -86.8
mV for the proband vs -79.6 mV for the control and the mother. All of these results tend to indicate
that the proband (at least, but may be also for the mother) has a nominal level of intracellular Ca>*
that could, under certain circumstances, become detrimental to cell survival in the circulation.
Interestingly, both parents had hemolytic episodes in their youth, which required transfusions, but
which do not require any intervention today. In addition, a few months after this analysis, the
proband's hematocrit returned to normal, with almost normal smears and a complete absence of
hemolysis. It is therefore likely that this patient has a mutation that would be pathogenic in the

early years for an unknown reason.
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Figure 35: Piezol S1726T variant (A) Intracellular water content of healthy controls, Piezol variant,
and her two relatives (B) Intracellular Na* content, and (C) K* content of the samples. Histograms
represent means = SD of experimental replicates, with n=2 or 1. (D) projected surface area, and (E)
circularity. Number of analyzed cells for control 1: 1500, control 2: 1524, patient: 1521, relative 1:
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1524 and for relative 2: 1531.Statistical difference was assessed using one-way ANOVA, *p<0.05,
**%¥%p<0.0001. (F-H) Membrane potential measurements of the samples in response to (F) Yodal,
625 nM, (G) NS309, 10 uM with Ca?" (2 mM) in the extracellular media, and (H) A23187, 10 nM.

These samples were analyzed in the context of a patient with symptoms of polycythemia, who had
been followed for many years, but was negative for the commonly suspected mutations (HIF and
JAK2). A mutation search on PIEZOI identified a heterozygous mutation S1726T. The patient's
sample was sent along with two samples from the same family (Relative 1 and Relative 2), and
two control samples. The water content of the cells showed no significant variation compared to
the control, nor did the K" content vary significantly (Figure 35A, B & C). Analysis of the
projected surface area of the proband cells showed a significantly higher average than that of the
controls: 44.3 £ 6.4 um? (proband) vs 39.4 £+ 5.6 um? (control 1) and 40.2 + 6.0 um? (control 2)
(Figure 35D). Similarly, although less pronounced, the projected surface area of the proband is
larger than that of the two relatives: 40.8 = 7.0 um? (relative 1) and 41.6 £ 6.8 um? (relative 2)
(Figure 35D). On the other hand, the circularities of all the samples, although significantly
different, are very close and within the range of values representing normal red cell shapes (Figure
35E). Stimulation of PIEZO1 channels by Yodal shows a relatively complex response pattern.
The proband behaves similarly to control 1, while the other two behave like control 2 with a very
pronounced response from relative 2, i.e. greater hyperpolarization and a much slower rate of
repolarization (Figure 35E). It should be noted that not only is control 2 slightly dehydrated
compared to the other samples, but relative 2 has a higher Na* content than any of the other samples
(Figure 35B). Similarly, the stimulation response to NS309 (100uM) is quite identical, with the
control 1 showing no hyperpolarization, the proband showing a very limited hyperpolarization,
and the other three samples (control 2 and relatives 1 and 2) showing the same rate and extent of
hyperpolarization (Figure 35F). Finally, the results obtained by activation of Gardos channels by
A23187 (10uM), although less pronounced, showed the same trend, with control 1, proband, and
relative 1 identical, whereas control 2 and relative 2 showed a slightly more pronounced
hyperpolarization but a much faster repolarization (Figure 35G). The mutation S1726T is located
at the Yodal binding site, which might lead to the conclusion that this mutation is a loss-of-
function mutation. Unfortunately, the genetic study was not continued in the relatives, making it
impossible to determine whether one or the other carried the same mutation. However, the

behavior of relative 2 suggests that she has an overactivation of the PIEZO1 channel. Finally, it is
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difficult to say what the effect of the mutation is, given the large difference observed between the

two shipment controls (control 1 and control 2).
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circularity. Number of analyzed cells for control: 1438, for patient: 1246. Statistical difference was
assessed using the unpaired t-test, ****p<0.0001. (D-F) Membrane potential measurements of Piezol
R2019H patient (in red) and control blood (in black) in response to (D) Yodal, 625 nM, (E) NS309,
100 pM without Calcium in the extracellular media, and (F) A23187, 10 uM.

This patient, who was B-thalassemic and had undergone splenectomy, presented with recurrent
thrombosis and further genetic investigation showed that he was heterozygous for a mutation in f3-
spectrin (P920L) and also for a mutation in the gene encoding the PIEZO1 channel (R2109H) in

the heterozygous state and was declared as a VUS mutation.

The cells showed a slightly dehydrated state (1.84 vs. 1.79 (gH20. (g d.c.s))!, Figure 36A),
accompanied by a slight reduction in projected surface area (Figure 36B). The size distribution in
the projected area is much larger in the patient than in the control (control area 33 um? vs. patient
area 80 um?), which is confirmed by the significantly lower circularity index 0.83 + 0.06 vs. 0.73
+ 0.14, showing the heterogeneity of shape in this patient (Figure 36C).

Investigations using the MBE method showed little explanatory power. Indeed, the response to
stimulation with Yodal produced less hyperpolarization accompanied by a more rapid
repolarization, suggesting that calcium entry was certainly less important in this patient. This result
echoes the results obtained in the presence of NS309, where the hyperpolarization is much less
pronounced and, more surprisingly, develops immediately to reach a minimum value that remains
stable. This behavior, combined with the previous observation in the presence of Yodal, could
indicate that the cells are in a very heterogeneous state (Figure 36D). The MBE method has the
resolving disadvantage of measuring only the average behavior of the cells. Thus, if the activation
kinetics are not simultaneous for all the cells, the result is scrambled and does not represent the
reality of ion movement. In addition, this patient is regularly transfused and it is likely that the
splenectomy leaves a large number of aged cells in the circulation that do not fully respond to
stimulation by the pharmacological agents used here. Unfortunately, the volume of samples sent
did not allow the determination of Na" and K" contents, which would have provided additional

information on the ionic state of the patient' s cells.
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Figure 37: Piezol variant Y2143C mutation. (A, B) Morphometric study of healthy control, patient,
his father, and his mother. (A) projected surface area, and (B) circularity. Number of analyzed cells
for control: 1280, for patient: 1265, father: 1240, and mother: 1220. Statistical difference was assessed
using the one-way ANOVA ****p<(.0001. (C-D) Membrane potential measurements of Piezol
patient, control, father, and mother in response to (C) Yodal, 625 nM, and (D) NS309, 10 pM with
Ca’ (2 mM) in the extracellular media.

The proband in this study is a neonate of 2-month-old neonate with hemolytic anemia at birth.
Physicians found a decreased PK activity. NGS showed no PKLR gene mutation, but a new variant
in PIEZO1, p. Y2143C, with ektacytometry at birth not suggestive of dehydration. Without the
evidence of Lorrca, physicians couldn’t assign a pathogenic profile to this variant. Molecular
studies provided by our collaborators, showed that the mutation of the proband was found to be
transmitted by the father. For this case study, we received only 400 uL of blood for each sample,
the reason why we couldn’t study the effects of more than two hyperpolarizing molecules, with no

intracellular water and ions investigations. Patient cells have a transient repolarization compared
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to mother and control samples (Figure 37C), and the same profiles of hyperpolarizations in
response to NS309, 10 uM with the presence of Ca’" in the intracellular media (Figure 37D).
Yodal results show that this could be a loss-of-function mutation. Morphological studies showed
that patient cells have a profile that is shifted to the left, indicating that patient cells might be
smaller (patient: 38.17 um?- father: 44.86 um?- mother: 40.96 um?- control: 42.7 um?) (Figure
37A). On the other hand, the circularity indices of the patient, mother, and father were significantly
different from the circularity of the control (p<<0.001) and similar to each other (p>0.05). Knowing
that the mutation is carried by the father, but that the mother also has a large number of cells with
abnormal shapes, it would be appropriate to explore this further. In fact, it is possible that the
mother carries a benign mutation in another gene that aggravates the mutation inherited from the
father. In view of these results, it is difficult to say whether the Y2143C mutation is pathogenic or

not.
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Figure 38: Piezol mutation P2282A. (A) Intracellular water content of healthy control and patient.
(B) Intracellular Na* content, and (C) K* content of the samples. Histograms represent means = SD
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of experimental replicates, with n=3. (D) projected surface area, (E) circularity. Number of analyzed
cells for control: 1507, for patients: 1507. Statistical difference was assessed using the unpaired t-test,
*p<0.05. (F-H) Membrane potential measurements of Piezol patient, control, father, and mother in
response to (F) Yodal, 625 nM, (G) NS309, 10 uM without Ca** (2 mM) in the extracellular media,
and (H) A23187, 10 nM.

The proband is an elderly man (71 years old) with hemolytic anemia. He was found to be
heterozygous for Piezol with the P2282A variant. The patient showed slightly hyperhydrated red
blood cells (Figure 38A) associated with an almost doubled of Na* content (34.4 + 2.0 vs. 58.0 &
2.0 mmol/lcw, Figure 38B), without any change in K* content (Figure 38C), a significantly larger
projected surface area in the patient compared to the control: 47.9 + 7.3 um? vs. 38.6 £ 5.3 um?
(n=1500 cells, p<0.0001, Figure 38D), and a lower circularity in the patient compared to the
control 0.818 = 0.09 vs. 0.810 + 0.09 (n=1500 cells, p<0.05, Figure 38E), indicating the presence

of numerous cells with altered shapes, easily visible on smears.

Injection of Yodal (625 nM, Figure 38F) produces a similar hyperpolarization in both samples,
although slightly more pronounced in the patient. Stimulation with NS309 clearly shows that the
calcium content is likely to be higher in the patient than in the control (Figure 38G), as the extent
and speed of hyperpolarization is much more pronounced in the patient cells than in the control
cells. This observation reinforces the observation of a much higher Na' content in the patient. The
mutation undoubtedly causes a greater cation leak than is normally observed in control cells.
However, the effect of Yodal is more transient (Figure 38F), indicating that calcium entry, which
is sufficient to activate the Gardos channel to the same extent as in control cells, is counterbalanced
either by an increase in Cl" efflux, a greater Na' entry or an increased efficiency of the calcium
pump. These hypotheses are possibly concomitant and cannot be attributed to a defect in Gardos

channel reactivity (Figure 38H).

These results indicate that this mutation may be a gain-of-function mutation but with very mild

symptoms.

129



B. Gardos channel variants

We have also received 5 KCNN4 variants, for one of them the point mutation was still not

communicated. Table 9 presents the biological and clinical data available regarding each patient,

as well as the duration of the shipment and the hematocrit upon arrival. In this section, we present

the results we obtained after analyzing the 4 identified KCNN4 variants (Figure 39, Table 9).

Table 9: Blood samples received during my PhD with Gardos channel mutations

Date Mutation Received samples | Clinical Time laps Hematocrit
observations | (withdraw- | upon arrival
experiment)
07/05/2021 | S386N Proband N/A 1 day Control:46.15%
Control Patient: 50%
06/10/2022 | R352H Father Father: 1 day Father: 32.8%
Son Hereditary Son: 33.1%
Control stomatocytosis
with Gardos
syndrome.
P.S: NGS
showed a
heterozygous
mutation of
Piezol
(A1210V)
Son: Gardos
syndrome; no
Piezol
mutation
09/11/2022 | Unknown Proband N/A 2 days Control:52.4%
Control Patient: 53.7%
22/06/2023 | A279D Proband Compensated | 1 day Control: 44.3%
Control chronic Patient: 38.1%
hemolysis
-Atypical
cktacytometry
profile
-no iron
overload
29/09/2023 | H340N Proband (son) Very mild 2 days Control:
Father anemia 31.25%
Mother Splenomegaly Patient: 41%
Control Father: 52.2%

Mother: 41.1%
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Ser 386

Ala 279

Figure 39: Summary of studied mutations on a KCNN4 3D structure (PDB; 6CNM structure).

1. A279D

Amino acid 279 is located in the K" pore domain. More than one mutation has been reported to
take place on this position. The substitution of Alanine by Threonine is the most recent mutation
described on this channel, which is pathogenic without further precisions (Nakahara et al., 2023).
In our laboratory, we received a variant in which alanine was substituted by aspartic acid at the

position 279. The patient presents a compensated chronic hemolysis.

The patient has dehydrated cells (1.96 = 0.05 g H20. (g. des)! vs. 1.77 £ 0.04 g H>O. (g. dcs)™!)
associated with identical ionic contents: Na* 14.8 + 0.9 mmol/lcw vs 9.4 + 0.8 mmol/lcw, K™ 77.8
+ 2.0 vs 84.5 £ 3.4 mmol/lcw for controls and patients respectively (Figure 40A). Nevertheless,
the projected surfaces showed a significant decrease in the latter, in agreement with the volume
measurement (proband: 40.3 £ 6.2 pm?- control: 42.3 + 4.8 um?) (Figure 40C), associated with a
circularity that, although significant, was fairly similar (0.84 £ 0.05 vs. 0.82 + 0.06 for control and

patient, respectively).

Irrespective of the condition used for NS309 stimulation, the development of hyperpolarization

was systematically faster and more pronounced in the patient than in the control. For example,
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while hyperpolarization reached a value of -40 mV in the control (10 pM with 2mM [Ca*'],), a
hyperpolarization of -64 mV was reached in the patient cells under the same conditions (Figure
40F). Similarly, the experiment carried out with NS309, 10uM but without calcium in the
extracellular medium, did not induce any manifestation of Gardos channel activity in control cells,
whereas it induced a hyperpolarization reaching -20 mV in the patient cells (Figure 40E). These
results clearly indicate that, in this patient, either the Gardos channels are intrinsically more active
in A279D variants, or this mutation induces a greater sensitivity to calcium. We can rule out the
hypothesis that the patient cells are initially more loaded with calcium because fluorescence
measurements (Fluo-4) show that the calcium levels are similar between the two samples (7.1 +
1.2 au. vs 7.0 = 1.6 a.u., p=0.56, unpaired t-test, n=188 cells for control samples and n= 186 for
patient cells). However, the experiment with A23187 (10 uM), which allows to obtain the
maximum activity of the Gardos channels to be obtained, again showed a slightly greater
hyperpolarization in the patient than in the control (Figure 40H). Such a result would tend to
support the hypothesis that this channel (once activated) would be more permeable. In
electrophysiological terms, this would mean that the unitary conductance of this variant would be

higher than that of wild-type channels. Patch-clamp experiments could therefore be used to

determine and draw definitive conclusions about this mutation.

All these results, together with clinical observations such as the compensated chronic hemolysis,
the atypical ektacytometric profile, and the absence of iron overload, lead us to believe that this

mutation can cause DHS2.
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Figure 40: KCNN4 A279D variant. (A) Intracellular water content of control and patient. (B)
Intracellular Na* and K* contents (in mmol/lcw). Histograms represent means + SD of experimental
replicates with n=3. (C) surface area characterization, and (D) aspect ratio. Number of analyzed cells
for control: 1528, for patients: 1590. Statistical difference was assessed using the unpaired t-test,
*%%%p<(0.0001. (E-H) Membrane potential measurements of KCNN4 A279D patient (in red) and
control blood (in black) in response to (E) NS309, 10 uM without Ca** in the extracellular media, (F)
NS309, 10 pM with Ca?' in the extracellular media NS309, (G) NS309, 100 uM without Ca?* in the
extracellular media, and (H) A23187, 10 pnM.

2. H340N

Amino acid 340 is located in the calmodulin binding domain. A missense mutation at this site,
substituting histidine by arginine has been described as a de novo mutation that results in KCNN4
opening to lower Ca®" concentrations (Allegrini et al., 2022). The anemia of this treated patient
was sporadic, as was that of the patient treated in the Allegrini et al. paper (Allegrini et al., 2022).
The shipment included a control sample, a patient sample, and samples from the father and mother,
the latter also carrying the H340N mutation. The patient's cells had a slightly higher water content
than the control (1.9 vs 2.0) (Figure 41A), while the father's cells were very dehydrated (1.76). Na*
values were identical between samples, while K content measurements showed a decrease in
potassium in the patient compared to the control and the parents (Figure 41B). The volume of

samples sent did not allow for multiple replicates and these results should be treated with caution.

Morphometric analysis showed very similar profiles. However, it should be noted that the mean
projected areas of the patient and parents are significantly lower than those of the control and are
not statistically different from each other (one-way ANOV A multiple comparisons) (Figure 41C).
Analysis of the circularity index shows a much lower index for the patient and mother (0.75 + 0.1
and 0.72 £+ 0.12) compared to the control and father (0.80 + 0.06 and 0.82 + 0.05), with greater
inter-cell variability, indicating that the mother and patient samples have a large number of cells

with abnormal shapes (Figure 41D).

The experiments carried out show that this mutation probably induces a hypersensitivity of the
Gardos channel to Ca?" (Figure 41F). Indeed, while stimulation at 10uM in a calcium-free
environment showed no difference between the samples (Figure 41E), the experiment performed
with the same concentration of NS309 (10uM) but with 2mM [Ca*'], induced a faster and more

pronounced hyperpolarization in the son and the mother, while the father behaved like the control
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(Figure 41F). In addition, the hyperpolarizations obtained with A23187 (Figure 41H), although
similar for all samples, showed a slightly greater hyperpolarization for the mother (a few mV) than
that obtained in the other three samples. Finally, it should be noted that the profile obtained with
A23187 for the father shows a rapid repolarization, generally a sign of an overactivated non-
selective cationic conductance. This last result should be considered in the context of the
experiment carried out with 100uM NS309, where the hyperpolarization obtained for the father
was faster and greater than in all the other samples (Figure 41G). Such behavior could indicate
that the father has a Ca?" entry pathway (a non-selective cationic conductance) that is slightly
higher than normal. Such a phenomenon could also explain the dehydrated state of the father's
cells. The behavior of the father's cells shows abnormalities, or at least behavior that deviates from
control. The patient's cells are very similar to those of the mother’s cells in many respects. It is
therefore likely that the H340N mutation is, as described above, relatively benign, but in this
patient, the case is probably accentuated by a mutation or as yet unidentified pathology in the
father. Nevertheless, these results are in accordance with Allegrini’s article in 2022 (Allegrini et

al., 2022) with mild anemia.

135



>
w

< 100+ il 4 e Control
w 2 -
.g 2.04 £ 2 ® Patient
S E e Father
o
£ = = e Mother
14 — 504
5 1.8 <
@ |- =
o i)
S )
= <
1.6-- - o—ﬂ—mr. ﬁ I
+ +
S & A Na K
& o o &
00 QQ QQ @ EET T
C D FTTT
1504 -
i —=— Patient HREk wrkx ERkE
- 1.0
3 1004 - —— Control
‘s —— Mother 0.8
= 2
2 i —— Father < 0.6 ‘ }
£ 57 3 : :
= 0.4 H =
z 5 1 .
0.2 ' .
0 T T T 1
0 20 40 60 80 100 0.0 T T T T
Area |,|m‘ Patient Control Mother Father
,
ECaZ", 0 mM F Ca?*, 2mM
25+ NS309, 10uM Tritan-X 25+ NS309, 104M Triton-X
54 \ 2(|)0 4(110 L 6?0 5 2(1]0 4?0 6(I)IJ
\ l Time (s) Time (s)
S 154 g S .
-g - :a::znt 5 — Patient
>E -35- Ma mer >E - — Father
e Cc er‘ — Mother
-55+ =i —— Control
-75- -75-
287 \ NS30+9‘ ol Tmfn-x H 254 Azaifr 10uM Tritfn—x
5+ \\ i G ' - 200 400 600
gy Time (s) L 1 L
= . Time (s)
E — Patient z - — Patient
= 35 — Father = — Father
— Mother o — Mother
-55- — Control = Control
-76- 754

Figure 41: KCNN4 H340N variant. (A) Intracellular water content of control, patient, father, and
mother blood samples. (B) Intracellular Na* and K* contents (in mmol/lcw). Histograms represent
means = SD of experimental replicates, with n=2 or 1. (C) surface area, (D) circularity. Number of
analyzed cells for control: 1224, for patients: 1264, mother: 1192, and father: 1234. Statistical
difference was assessed using one-way ANOVA, *p<0.05 ****p<(0.0001. (E-H) Membrane potential
measurements of KCNN4 H340N patient (in red), control blood (in black), mother (in pink), and
father (in blue), in response to (E) NS309, 10 uM without Ca?" in the extracellular media, (F) NS309,
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10 uM with Ca?' in the extracellular media NS309, (G) NS309, 100 uM without Ca?" in the
extracellular media, and (H) A23187, 10 nM.

3. R352H

R352H is one of the most common and described variants of KCNN4. It is a pathogenic gain-of-

function mutation linked to the position of this residue within in the calmodulin binding domain.

Samples were collected from the proband, his father, and a transport control. The father also carries
a heterozygous PIEZO1 mutation (A1210V). The patients' cells showed a hydration state similar
to that of the control. However, the father's cells were dehydrated compared to the control cells.
This dehydration could be due to the additional mutation in the PIEZOI channel carried by the
father. Analysis of cation content revealed identical Na' content but a slight decrease in K content
in the proband (Figure 42A &B). Morphometric analysis shows increased projected areas in the
father and extreme projected areas in the son (control 35.6 &+ 4.74 um?, father 43.2 + 8.1 um? and
son 51.7 £ 10.0 um?, Figure 42C). The increase in the projected area is accompanied by a
significant decrease in the circularity index (Control 0.86 + 0.06, Father 0.80 + 0.12 and son 0.81
+ 0.10), which may be related to the numerous aberrant shapes on the smears (Figure 42D).
Experiments carried out with the MBE method show the consequences of this mutation on the
sensitivity of the Gardos channel to Ca*. Indeed, the three different conditions used with NS309
as Gardos channel activator showed a rapid and very pronounced hyperpolarization (Figure 42E,
F &G). This was confirmed looking on hyperpolarizations obtained with A23187 (Figure 42H).
The mutation clearly affects the calcium sensitivity of the Gardos channel, which probably

accelerates the aging process and eventually a fast removal of cells from the circulation.
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Figure 42: KCNN4 R352H variant. (A) Intracellular water content of control, father, and son blood
samples. (B) Intracellular Na* and K* contents (in mmol/lcw). Histograms represent means + SD of
experimental replicates, with n=2 or 3. (C) surface area, and (D) aspect ratio. Number of analyzed
cells for control: 1611, for the father: 1567, and the son: 1577. Statistical difference was assessed using
the one-way ANOVA ***p<0.001, ****p<0.0001 (E-H) Membrane potential measurements of
KCNN4 R352H patients (in red; father: dashed lines, son: plain lines), and control (black), in
response to (E) NS309, 10 uM without Ca?* in the extracellular media, (F) NS309, 10 pM with Ca*
in the extracellular media NS309, (G) NS309, 100 pM without Ca?" in the extracellular media, and
(H) A23187, 10 nM.
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4. S386N

Little is known about position S386 in KCNN4; we only know that position S387 may have a
benign mutation (S387R) and that the region 368-386 is a partially modeled or an unmodeled
region of KCNN4 (UniProt). MBE results showed the same profiles of membrane potential
variations between S386N patients and the corresponding controls, except for the condition of
NS309 (10 uM) with Ca?" (2mM) in the medium (Figure 43B). These results may suggest that the
S386N mutation is a gain-of-function, Ca?’-sensitive mutation, but a largely benign one. The
morphological parameters showed exactly the same profiles of S386N and the corresponding
control (Figure 43A-B). The S386N mutation is probably not pathogenic and leads to mild
hemolysis, or the origin of the proband’s health problems is related to another undiagnosed

pathology.
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3. Overall recap of the studied KCNN4 mutations

To conclude this section, we chose to present a summary of the NS309 (100 pM- OmM Ca*")
experiments performed on KCNN4 variants located in (or near) the CaM binding domain. The
result indicated that mutations in this region lead to an overactivation of the Gardos channel
(Figure 44). The S314P, A322V, and R352H mutations resulted in enhanced hyperpolarizations,
whereas the H340N and S386N mutations had no effect on the hyperpolarization magnitudes due
to the increased sensitivity of the Gardos channel to Ca*". This could be explained by the fact that
H340N and S386N are apparently benign mutations, as explained above, and that the other
mutations, are likely to be gain-of-function mutations. An in-depth structure-function analysis

would be valuable for the eventual prediction of the consequences of future mutation discoveries.

-25 -

-50 ®

Max Hyperpolarization (mV)

Figure 44: Chart to compare the differences in the maximal hyperpolarizations obtained for control
samples and KCNN4 variants located in or near the CaM-binding domain. Hyperpolarizations are in
response to NS309, 100uM. A279D, H340N, R352H, and S386N are variants studied during my Ph.D.
S314P, A322V, and other R352H variants are studied in the laboratory before my arrival. Controls
are represented in black, and variants are represented in red.
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IV. Discussion

The majority of treated variants were heterologous for the mutations detected by genetic
exploration. Sometimes, variants had only a heterologous variant of KCNN4 or PIEZO1, or even
an association of another mutation, such as PIEZO mutants associated with B-Thalassemia, sickle
cell disease, or spectrin mutations. The results suggest that pathologies may result from a
cumulative effect of different mutations. The consequences of KCNN4 or PIEZO] variants could
extend to tissues other than the RBCs. Given the roles of PIEZO1 in a wide range of tissues, gain-
of-function mutations may lead to diverse pathogenicity, complicating the understanding of the
disease. Similarly, mutations in the Gardos channel are rarely associated with dehydration, but the

anemia can still be very severe.

Regarding the use of Yodal to study KCNN4 variants, we suggest that this is not an appropriate
way. Yodal can modulate the activity of the PIEZO1 channel and has no effect on the kinetics of

activation of Gardos channel variants.

In addition, we had a technical problem with the measurements of K™ by flame photometry, since
the range of the detected intracellular content of K was found to be lower in all the samples
compared to the range we got previously. We still don’t know the reason for these discrepancies,
but we can assume the comparisons between patients and samples are valid, since the error is
applied to all the samples and the calibration curves are still linear within the concentration range

of the samples.

The clinical heterogeneity, vague symptoms, and lack of specific diagnostic markers make the
diagnosis of Gardos channelopathy challenging (Fermo et al., 2020), because a large number of
treated patients had mutations in different genes at the same time, with the mutations being

heterozygous.

Nevertheless, the MBE method has proven to be effective in detecting changes in channel activity
in the case of PIEZO1 and Gardos channels. A major limitation of these experiments is that they
were all carried out on blood samples, that have already been fragilized by transport (Makhro et
al., 2016b), and one might wonder whether this procedure does not cause the most affected cells
in the sample to disappear. Since RBCs do not have the ability to replace their protein repertoire,
it is very likely that the changes they have undergone (morphology, ion content, oxidation level

linked in particular to the inflammatory process, etc.) will have an impact on the quality of the
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samples. Another difference between the different experiments presented in this study, is that the
morphometric studies, intracellular water, Na', and K, were performed on whole blood without
any washing step. For the MBE measurements, blood samples were washed at least thrice, and
these washing steps, performed by centrifugation at high speeds, could be the reason for the
elimination of the most fragile’hemolyzed cells from the total blood population. In addition, the
use of protein-free solutions to wash blood samples creates an environment that is completely
different from normal plasma. This factor may induce rapid cell dehydration that may affect

membrane potential measurements.

What will be most interesting is to establish a protocol on a European scale to study blood samples
with variants; as soon as there’s a diagnostic of a variant, physiological and morphological tests
should be carried out directly on fresh blood. These series of experiments are very important for

clinicians to find characteristics of VUS, and to help understand and classify variants.
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Chapter III- Sickle Cell Disease and cation
permeabilities

I. Introduction

As described in the introduction, the permeability of erythrocytes from patients with sickle cell
disease (SCD) is significantly different from that of normal individuals. The nominal cationic
permeability is higher than that of normal cells (Vandorpe et al., 2010; Ma et al., 2012) and is
characterized by an increased membrane current upon deoxygenation and increased intracellular
acidification (Browning et al., 2007). The cation conductance triggered by deoxygenation is
permeable to Ca?>" (Lew and Bookchin, 2005), which eventually activates the Gardos channel,
leading to dehydration of SS RBCs, thereby increasing the intracellular concentration of HbS and
then the propensity of HbS to polymerize. All of these steps contribute to the production of denser
sickle cells up to irreversible sickle cells with obvious membrane defects. Furthermore, vaso-
occlusion is a consequence of the alteration in membrane integrity, which renders the RBCs more
sticky (Brugnara, 2018; Wadud et al., 2020). The altered permeability of HbSS cells was found to
be linked to three membrane transport systems. Two of them are present in the membrane of
healthy erythrocytes with very low basal activity: the Gardos channel (Rhoda et al., 1990) and the
KCI cotransporter (Gibson et al., 1998). More importantly, a third transporter that behaves as a
non-selective cation conductance and usually called Ps;ckie, is highly active in deoxygenating HbSS
RBCs (Mohandas et al., 1986; Joiner et al., 1993). Ps;ckie is defined as the deoxygenation-induced
non-selective cation channel, likely activated by HbS polymerization (Mohandas et al., 1986).
Several studies were conducted to characterize and to try to identify the nature of Psickie. Albeit the
triggering of Psickie 1s clearly linked to deoxygenation processes, the regulatory pathways of such
phenomenon are still elusive. The identification of PIEZO1 at the RBC membrane and its
mechanosensitive nature clearly presented it as a potential candidate for all or part of the
phenomenon called Psickie (Ma et al., 2012; Wadud et al., 2020). Interestingly, Psickie, like PIEZO]1,
is permeable to Ca®" (Saotome et al., 2018; Zhao et al., 2018). The sensitivity of Psice (Wadud et
al., 2020), as well as the deoxygenation-activated cation conductance, sensitive to Gd** and

GsMTx-4 (Vandorpe et al., 2010; Bae et al., 2011; Wadud et al., 2020), points out its
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mechanosensitive nature. The heterozygous state of HbS has been correlated with partial
protection against severe malaria (Allison, 1954; Malaria Genomic Epidemiology Network and

Malaria Genomic Epidemiology Network, 2014).

The recent discovery that the TRPV2-type channel is not only present in a significant number of
copies in the membrane of RBCs (Karayel et al., 2020), but also that activation of this channel
causes a significant alteration in the shape and filterability of RBCs (Belkacemi et al., 2021;
Flormann et al., 2022), led to the idea of testing the consequences of the activation of such a
channel in the case of SCD. Indeed, TRPV2 presents some features of a mechanosensitive non-
selective cation channel with a high permeability for Ca?* (Egée and Kaestner, 2021). Known
TRPV?2 activators include various cannabis-derived molecules such as CBD and A°>-THC. As these
compounds are being studied for their analgesic properties, it was interesting to determine to what

extent they could affect the permeability parameters of healthy or sickle RBCs.

The aim of this chapter is to illustrate my contribution to the understanding of the non-selective
cation permeability of sickle RBCs. The chapter is divided into two parts corresponding to two
articles. The first one deals with the consequences of activation and inhibition of PIEZO1 in SCA
patients, while the second focuses on the effects of A>-THC activation of TRPV2 in healthy and
SCA patients.

The first part of the chapter relates a collaborative work investigating the role of PIEZO1 in RBC
sickling. For that, PIEZO1 was activated using Yodal and inhibited by GsMTx-4 on SS RBCs,
and sickling propensity and rheological parameters were monitored by Oxygenscan, RBC
adhesion to endothelium and membrane potential variations by MBE method (Nader et al., 2023).
In Roscoft, we followed membrane potential changes upon activation of PIEZO1 in SS RBCs

under oxygenated and deoxygenated conditions.

In the second part of the chapter, we used A9-THC to activate TRPV2 also on SS RBCs. The main
originality of this work lies in the joint use of different approaches (patch-clamp, measurement of
membrane potential variation, combined with intracellular calcium concentration monitoring).
This work was the fruit of a secondment realized in Roscoff, joining the efforts of 4 ESRs of the

ITN-consortium EVIDENCE.
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II. Results

A. PIEZOL1 and SCD

1. Published article
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INTRODUCTION

Sickle cell disease (SCD) is a group of inherited disorders,
caused by mutations in the B-globin gene, where sickle cell

Summary

Haemoglobin S polymerization in the red blood cells (RBCs) of individuals with
sickle cell anaemia (SCA) can cause RBC sickling and cellular alterations. Piezol is
a mechanosensitive protein that modulates intracellular calcium (Ca*®") influx, and
its activation has been associated with increased RBC surface membrane phosphati-
dylserine (PS) exposure. Hypothesizing that Piezol activation, and ensuing Gardos
channel activity, alter sickle RBC properties, RBCs from patients with SCA were in-
cubated with the Piezol agonist, Yodal (0.1-10 pM). Oxygen-gradient ektacytometry
and membrane potential measurement showed that Piezol activation significantly
decreased sickle RBC deformability, augmented sickling propensity, and triggered
pronounced membrane hyperpolarization, in association with Gérdos channel ac-
tivation and Ca®" influx. Yodal induced Ca**-dependent adhesion of sickle RBCs
to laminin, in microfluidic assays, mediated by increased BCAM binding affin-
ity. Furthermore, RBCs from SCA patients that were homo—/heterozygous for the
rs59446030 gain-of-function Piezol variant demonstrated enhanced sickling under
deoxygenation and increased PS exposure. Thus, Piezol stimulation decreases sickle
RBC deformability, and increases the propensities of these cells to sickle upon de-
oxygenation and adhere to laminin. Results support a role of Piezol in some of the
RBC properties that contribute to SCA vaso-occlusion, indicating that Piezol may
represent a potential therapeutic target molecule for this disease.

KEYWORDS

adhesion molecule, calcium influx, erythrocyte, rheology, vaso-occlusion

anaemia (SCA, HbSS) constitutes the homozygous form of
SCD. SCD is characterized by the production of an abnormal
haemoglobin (FHb), called HbS, which may polymerize when
deoxygenated, causing mechanical distortion (i.e. sickling) of
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PIEZO1 IN SICKLE CELL DISEASE

BRITISH JOURNAL OF HAEMATOLOGY

red blood cells (RBCs)." Sickled RBCs are poorly deformable
and very fragile, whereby the pathophysiological changes
incurred from these alterations result in several acute and
chronic complications, including enhanced intravascular and
extravascular haemolysis, anaemia, frequent painful vaso-
occlusive episodes, auto-splenectomy, acute chest syndrome,
priapism, pulmonary hypertension, leg ulcers, nephropathy,
retinopathy, hepatopathy, osteonecrosis and stroke.>”
Activation of the Gardos pathway upon deoxygenation
has been shown to play a key role in the dehydration of RBCs
from SCA patients, as well from patients with other SCD
genotypes (HbSC for instance), further increasing the pro-
pensity of HbS to polymerize and RBCs to sickle.” Increased
RBC Ca®, due to permeability caused by deoxygenation and
sickling, causes the loss of K through the Gardos channel.
This increased Ca*" influx, also known as P e 18 consid-
ered to be the manifestation of a non-selective cation con-
ductance for monovalent and divalent cations such as Na®,
K, Rb*, Ca** and Mngs’? At this time, the protein (or pro-
teins) that mediates P ke has not been identified, but the
inhibitory effect of Grammastola spatulata mechanotoxin-4
(GsMTx4) suggests that P . could be a mechanosensi-
tive protein,® and it has been proposed that Piezol could
be a good candidate for Pslckle‘&m‘“ Piezol (also known as
FAM38A) is a protein with mechanosensitive properties that
is involved in the cellular influx of calcium (Ca*"). Genetic
mutations, considered as gain of function, affect Piezol de-
activation and thus increase its opening time, leading to an
uncontrolled influx of Ca** that will secondarily activate the
Gardos channel. Such mutations have been associated with
hereditary xerocytosis, explaining the characteristic dehy-
drated state of RBCs in this disease.'”"* Indeed, one could
speculate on a role for Piezol in RBC sickling in SCA; slight
mechanical deformation, compatible with that encountered
by RBCs in the circulation, can produce robust cellular Ca®
entry that is strictly dependent on Piezol expression.'""?
SCA pathophysiology is characterized by the occurrence of
continuous vaso-occlusive processes in the microcirculation
that result from a complex interplay between altered blood
rheology, inflammatory processes and the adhesion of RBCs,
leukocytes and platelets to each other and to the endothe-
lium."* While sickle RBCs display an augmented expression
of multiple cell surface adhesion molecules,”” modifications
in the membrane topography induced by the accumulation
of Ca*" in sickle RBCs could be accompanied by increased
adhesiveness,'® even at a concentration below the thresh-
old required for cell dehydration. A recent study found that
Piezol activation on sickle RBCs could induce Ca*" entry
into cells and increase phosphatidylserine (PS) exposure.'’
While calcium accumulation has been reported to promote
intercellular adhesion interactions between red blood cells
under conditions of strength consistent with those encoun-
tered within the circulation,'® the impact of Ca** accumula-
tion in RBCs on adhesion to endothelial cells/extracellular
matrix ligands is still unknown. We hypothesize that Piezol
could, thus, be involved in the modulation of sickle RBC
properties such as cell sickling and adhesive properties.

The aim of this project was to characterize the role of
Piezol and ensuing Gardos channel activity in RBC sick-
ling and adhesion in SCA. We used pharmacological tools
to inhibit or activate Piezol in sickle RBCs, in the presence
of conditions mimicking shear stress and/or deoxygenation,
and investigated the consequences of channel activity mod-
ulation on the rheological properties, sickling, senescence
markers, membrane potential and adhesive properties of
sickle RBCs. We also screened frequent polymorphisms of
the PIEZOI gene in SCA patients and tested for their associ-
ations with blood rheological parameters.

METHODS
SCA patients

Patients (HDbSS genotype) were recruited, with informed
consent, from Hospices Civils de Lyon and Institut
d'Hématologie et d'Oncologie Pédiatrique de Lyon, France,
and from the Hematology Center, University of Campinas,
Brazil. Healthy controls participated in the study after giv-
ing written informed consent. All subjects were in clinical
steady-state at the time of the study; that is, without experi-
encing any vaso-occlusive crisis or other acute medical com-
plication within the last 2 months, and without any blood
transfusions for at least 3 months before inclusion. The study
was conducted in accordance with the guidelines set by
the Declaration of Helsinki and approved by the Regional
Ethics Committees (L14-127, Université de Lyon; 4.649.745,
University of Campinas).

Preparation and treatment of red blood cells

RBCs from SCA patients (SS RBCs) were separated from pe-
ripheral blood samples (collected in citrate) by centrifugation
(800g, 10 min, 20°C). RBCs were washed in PBS 1x, and RBC
pellets were resuspended in PBS buffer containing 2.5mM
Ca®" and incubated (30min, 37°C) with Yodal (Sigma
Aldrich or Saint-Quentin-Fallavier; 0.1-10 pM, depending
on the assay), a Piezol agonist, or GsMTx4 (Sigma Aldrich;
10 pM), a Piezol antagonist, or vehicle (dimethyl sulfoxide,
DMSO; equivalent dilution) before assays. In some assays,
cells were preincubated with BAPTA AM (Tocris; a cell-
permeable calcium chelator; 10 pM) for 30 min, or adhesion
molecule neutralizing antibodies (25pg/mL anti-BCAM
[AF148]; 10 pg/mL anti-VLA4 [clone 2B4], R&D Systems).
All assays were performed on cells in the continued pres-
ence of agonists/antagonists/inhibitors/antibodies following
pre-incubation.

Flow cytometry

Following the 30min incubations with Yodal or GsMTx4,
PS exposure on the outer membrane leaflet of the RBCs was
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evaluated using Annexin V-FITC binding. RBC suspensions
(in 0.4% Hct in PBS containing 2.5mM Ca’) were pro-
tected from light and incubated for 30 min at room tempera-
ture (RT) with Annexin V-FITC (1:200 dilution, Beckman
Coulter). As a PS-negative control, cells were incubated in
the presence of 5mM EDTA. Immediately after incubation,
samples were diluted and analysed by FACS (BD Accuri
C6 or BD Calibur). PS exposure was measured in the FITC
channel (with an excitation wavelength of 488nm and an
emission wavelength of 530 nm), according to the manufac-
turer's instructions. The RBC surface expressions of CD47,
CD49 and BCAM were also evaluated by flow cytometry (in-
cubations, as above) using the anti-CD47-PE (1:33 dilution,
Miltenyi Biotec), or anti-CD49-PE (clone ALC1/1; Abcam)
and/or anti-CD239(BCAM)-APC (clone REA276, 1:11 di-
lution Miltenyi Biotec) antibodies. For each sample, 50000
events were acquired and gated for the appropriate forward
scatter (FSC)/ side scatter (SSC).

Intracellular calcium (Ca>*) measurement

Intracellular RBC Ca®* level was determined using Fluo3/
AM. RBC suspensions (0.4% Hct) were incubated for 30 min
at RT in the dark with 10 uM of Fluo3/AM (Biotium) probe.
The samples were then analysed using flow cytometry, ac-
cording to the manufacturer's instructions (BD Accuri C6).
The median fluorescence intensity (MFI) of 50000 gated
events was recorded to quantify Ca”* levels.

Microfluidic adhesion assays

RBC adhesion and rolling on laminin-coated microchan-
nels (400 pm-wide microchannels, Cellix Ltd) were observed
using a microfluidic platform (Cellix Ltd). Biochip chan-
nels were coated with 4pg/mL human laminin (LN, from
human placenta, Sigma Aldrich) for 2h at RT. The LN ligand
concentration was chosen based on standardization assays,
employing ligand concentrations of 2-10pg/mL (data not
shown). Non-specific binding sites on channels were then
blocked with 1% (w/v) BSA (30min, RT) and chips were
stored in a humidified chamber for use in assays within
L h. After treatments, cell suspensions were loaded sequen-
tially, onto microchannel entry wells, and a shear stress of
0.25dyn/cm” applied for >3min (ExiGo Pump Pulse-Free
Microfluidic Syringe Pump). Images for each channel, in 3
fields, were acquired (1 per second) for video manufacture
using a Zeiss microscope (x40 lens) and Exi Blue Cooled
camera (Qimaging). Numbers of cells rolling along the chip
(defined as a significant decrease in cell velocity through the
channel, to 50% or less) and adhered to the chip were evalu-
ated in 3 fields at the time of 180s (3 min) post cell loading.
The optimal perfusion time and shear stress for the assay
were standardized previously and adapted to the current
study conditions."

Ektacytometry

After the 30min incubations with the drugs modulating
Piezol activity, RBC deformability was measured under an
oxygen gradient by oxygenscan ektacytometry, as previously
described.”"?* A volume of 50 uL of blood, standardized to
a fixed total RBC count of 200 x 10%, was mixed with 5mL
of Oxy-Iso polyvinylpyrrolidone (PVP) suspension with a
mean viscosity of 28-30 cP (Mechatronics, The Netherlands)
and osmolality of 282-286 mOsm/kg. The suspension was
sheared at 30Pa and 37°C while the oxygen partial pres-
sure (pO,) was gradually decreased from 160 to 20mm Hg
(deoxygenation) and then returned to normoxic values. The
diffraction pattern was analysed by computer to determine
the maximum RBC deformability in normoxia (EImax), the
minimum RBC deformability reached during deoxygenation
(EImin), and the oxygen partial pressure at which RBC start
to sickle (i.e. the Point of Sickling, PoS). PoS is defined as a
decrease of at least 5% of EImax during deoxygenation.*’ >

Membrane potential measurements

The CCCP (carbonyl cyanide m-chlorophenylhydrazone)
method®™** or MBE method (as renamed recently)’® was
used for the monitoring of membrane potential evolution.
Briefly, when RBCs are suspended in nominally buffer-free
solution in the presence of the CCCP protonophore (10 pM),
changes in extracellular pH reflect membrane potential
changes since protons are kept at equilibrium across the
membrane. The membrane potential (V},) can, thus, be es-
timated from:

Vy =6151mV - (pH; — pH, ).

Due to the high red cell buffer capacity, the intracellular pH
(pH,) remains constant (at about 7.2) throughout an experi-
ment and can be estimated as the pH of the solution after lysis
with Triton™ X-100 at the end of the experiment. Regarding
the experimental procedure, 2900 pL of experimental solu-
tion containing 20 uM of CCCP were heated to 37°C under
constant magnetic stirring. For each experiment, 100 pL of
packed RBCs (99% hct) were added, to reach a final cyto-
crit of 3.3%. All inorganic compounds were added as stock
solution 1000x in DMSO. The final concentration of DMSO
never exceeded 0.3%, a concentration that has no effect on
either fluxes or membrane potential. Extracellular pH was
measured using a G200 pH electrode (Radiometer) coupled
to a Red Rod 200 reference electrode (Radiometer) and a
PHM210 pHmeter (Radiometer). Sampling and acquisition
were done with an electrode amplifier (EA-BTA, Vernier)
at a rate of 1 measurement per second connected to an AD
LABQUEST Mini interface (Vernier) with a resolution of
0.01 pH unit. The data were visualized and analysed with
the Logger Lite software (Vernier). At the end of each exper-
iment, Triton X-100 detergent (1% in 3M NaCl) was added,
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PIEZO1 IN SICKLE CELL DISEASE

causing total cell lysis and a resulting solution that attains
the intracellular pH.

Next-generation sequencing

Genomic DNAs from 50 SCA patients were tested by next-
generation sequencing (NGS) sequencing using a custom
design based on a SeqCap EZ Solution-Based Enrichment
strategy (Roche NimbleGen). Targeted sequencing capture
probes were designed by Roche NimbleGen, in order to se-
quence the coding sequences (exons +30 pb) of the PIEZO!
gene (NM_001142864). For each sample, 100ng of high
quality genomic DNA was used. Library preparation was
performed with the Kapa HyperPlus Kit for Illumina plat-
forms (Kapa Biosystems). The manufacturer's DNA sam-
ple preparation protocol for Roche NimbleGen SeqCap EZ
Library (Roche, SeqCap-EZ_UGuide_v5p0) was followed,
using dual index adapters. Pre-enrichment pools were per-
formed by equimolarly pooling 24 samples. The patients
were further sequenced on a MiSeq® sequencer using the
MiSeq reagent kit v2 500 cycles (Illumina). FASTQ files (8
per patient) were uploaded and bioinformatic analyses were
further performed using an academic pipeline.

For each sample, read pairs were first trimmed using trim-
momatic v 0.33.” Then, reads were aligned against the hgl9
version of the human genome using BWA-MEM v 0.7.12,%
producing a BAM file for each sample, which was indexed
and sorted with samtools v 1.3.1.% This last then underwent
several treatments: (i) duplicate marking was performed by
PicardTools MarkDuplicates v 1.138 (Picard Toolkit, 2018);
(ii) indel realignment and (iii) nucleotide recalibration were
done using respectively GATK IndelRealigner and GATK
BaseRecalibrator.’” FASTQ and BAM metrics were collected
using respectively FastQC"" and PicardTools (Picard Toolkit
software, 2018). The variant calling was performed using
GATK HaplotypeCaller,” producing a genomic VCF for
each sample. The genotyping was performed using GATK
GenotypeGVCFs,"” mergingall the samples in a unique VCF.
Variants normalization and annotation were respectively
handled by GATK LeftAlignAndTrimVariants' and the
snpEff/SnpSift toolbox.”> VCF metrics were collected using
snpEff/SnpSift.”* DeCovA, an in-house script, was used for
copy number variant detection.” Identitovigilance process
was done using SNPxPlex technology. Only frequent (>10%
in the SCA patients) single nucleotide variations (SNV) were
selected. The PoS and RBC PS exposure were also measured
in these patients.

Data analysis

Data are depicted as means+SEM; normal distribution of
data was confirmed, or not, and groups were statistically
compared using paired t-tests or one way RM ANOVA com-
pleted by Friedman multiple comparison test, Sidak's multi-
ple comparison test or Dunn's multiple comparison test, as

appropriate. Pearson correlation was performed to test the
association between PoS and changes in membrane poten-
tial following Piezol activation. A t-test was used to compare
healthy individuals with SCA patients. A p<0.05 was con-
sidered as significant. GraphPad Prism 7 software was used
for statistical analyses.

RESULTS

Piezol activity modulates RBC deformability
and sickling in SCA

Suspensions of RBCs from SCA patients (SS RBCs) were
subjected to pharmacological modulation of Piezol chan-
nel activity with Yodal (Piezol agonist) or GsMTx4 (Piezol
antagonist) as described in Section 2, and RBC deformabil-
ity and sickling propensity were investigated using oxygen
gradient ektacytometry (Figure 1). Figure S1 shows a typi-
cal example of the RBC deformability response with both
molecules. Piezol activation (Yodal, 10uM) significantly
decreased the deformability of SS RBCs under normoxia
and the SS RBCs started to sickle at higher oxygen partial
pressures (Figure 1A,C). Similarly, the inhibition of Piezol
activation with GsMTx4 (10 pM) increased SS RBC deform-
ability in normoxia and lowered the oxygen partial pressure
(i.e. PoS) at which the cells started to sickle (Figure 1B,D).
Piezol activation by Yodal incubation (0.1-5puM; 30 min
37°C) also induced significant visible S§ RBC sickling under
conditions of flow (0.25dyn/cm?), as evaluated microscopi-
cally on a microfluidic platform (Figure 1E; cell sickling sta-
tus was observed for 3min in 400-pm-wide channels). The
deformability (EImax) of RBCs from healthy individuals
without SCA (AA RBC, n=8) was higher compared to SCA
patients (p<0.001), decreased from 0.63+0.1 to 0.56+0.03
(p<0.001) with Yodal (10pM) and did not change with
GSMTx4 (0.62 +0.02).

Piezol modulates sickle RBC adhesion to
laminin in a BCAM-dependent manner

Having confirmed that Piezol activation reduces SS RBC
deformability and augments sickling, we looked at whether
Piezol activation could modulate SS RBC adhesive inter-
actions with an extracellular matrix component. SS RBCs
were preincubated with Yodal (0.1-10 pM; 30 min) and their
rolling along and adhesion to laminin (LN) was monitored
under conditions of shear stress using a microfluidic flow
assay (3min, 37°C, 0.25 dyn/cmz; as described in Section 2).
Piezol stimulation augmented the rolling of S5 RBCs and
their adhesion to LN-coated microchannels, at the concen-
tration of 0.5pM Yodal (Figure 1EG; Figure S2C shows
representative photographs of rolling and adhered RBCs).
In contrast, both the basal rolling and adhesion of AA
RBCs to LN was significantly lower than those of SS RBCs
(Figure S2A,B), and incubation of AA RBC with 0.5pM
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FIGURE 1 Effects of PIEZO1 channel activation and inhibition on sickle RBC deformability, sickling and adhesive properties. (A-D) Oxygenscan
ektacytometry was used to measure EImax (maximal RBC deformability in normoxia) and oxygen pressure at which RBCs start to become rigid and
change shape (point of sickling, PoS), in response to Piezol activation or inhibition. SS RBC were incubated for 30 min with Yodal (10pM, n=15,17; A
and C), or GsTMx4 (10 pM, n=27, 24; B and D) (37°C) before measurement of RBC deformability in normoxia (A and B, respectively) and PoS during
progressive deoxygenation (C and D, respectively). p values calculated by paired t-test. (E) Sickling of SS RBC after incubation with DMSO vehicle or
Yodal (0.1-10 pM, 30 min), observed by light microscopy (1 =3-7 patients; three fields per channel). (F-G) Rolling and adhesion of sickle RBCs on
laminin; §$ RBCs were incubated for 30 min with Yodal (0-5.0pM; 37°C) and the rolling (F) and adhesion (G) of $§ RBCs were evaluated on laminin
(LN)-coated microchannels using a microfluidic platform, under shear stress of 0.25 dynj’cm2 (400 pm-wide microchannel; 4 pg/mL LN, 37°C, 2min)
(n=6-12 patients per treatment; three fields per channel). Data are expressed as the number of RBCs observed rolling or adhering per 0.186 pm” area. V,
DMSO vehicle. For (E-G), p values were calculated by Mixed effects analysis with Sidak's multiple comparison test.
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Yodal did not significantly increase their rolling or adhe-
sion (Figure S2A,B; p>0.05).

Flow cytometry showed that, while SS RBCs highly ex-
press the basal cell adhesion molecule (BCAM; CD239)
on their membrane surface (Figure 2A),** the activation
of Piezol by Yodal (0.5-5.0puM; 30 min) did not signifi-
cantly alter cell surface expression of this laminin-binding
molecule (Figure 2C). Expression of the CD49d subunit of
the VLA-4 integrin (an adhesion molecule that binds pri-
marily to fibronectin or VCAM-1) is also increased on SS
RBBCs, compared to RBC from healthy controls; however,
activation of Piezol on SS RBCs by Yodal (0.5-5.0 uM)
did not significantly alter VLA-4 cell surface expression
(Figure 2B,D).

Importantly, co-incubation of the SS RBCs with an
antibody that neutralizes the binding activity of BCAM
completely abolished the effect of Yodal (0.1 and 0.5 uM;
30min) on SS RBC rolling and adhesion, while an anti-
body that neutralizes CD49d binding had no effect on
these parameters (Figure 2E,F). Data indicate that Piezol
activation induces SS RBCs adhesion via a mechanism that
increases the binding affinity of BCAM, rather than by
BCAM expression.

Piezol stimulation triggers pronounced
membrane hyperpolarization linked to Gardos
Channel activation

Membrane potential measurement showed that Piezol
stimulation triggers immediate and pronounced mem-
brane hyperpolarization of S8 RBCs, suggestive of Gardos
channel activation triggered by Ca®" entry, via a phenom-
enon that was exacerbated by low oxygen partial pressure
(Figure 3A-C). Hyperpolarization was significantly more
pronounced under low oxygen partial pressure condi-
tions (Figure 3B) and this hyperpolarization lasted longer
(Figure 3C). Consistent with this result, flow cytometry
demonstrated a clear effect of Piezol activation and inhi-
bition by Yodal (10 pM; Figure 3D) and GsMTx4 (10 pM;
Figure 3E) on Ca’* influx. Yodal also increased Ca®* in
AA RBC (n=8) (MFI: 221£10 vs. 251£6; p<0.01), but
no significant effect of GTMx4 was observed on AA RBC
(231+9). Further experiments showed Ca?" influx was
directly associated with the propensity of sickling under
decreased O, partial pressure (Figure 3F) and subse-
quent Gardos channel activation, as demonstrated by co-
incubation of SS RBCs with TRAM?34, a Gardos channel
inhibitor, albeit no direct measurement of calcium influx
kinetics has been conducted in this series of experiments.
This Ca®" entry through Piezol is sufficient to activate the
Gardos channel as shown by the transient hyperpolariza-
tion recorded, where the extent of hyperpolarization trig-
gered by calcium through Piezol activation, both in oxy
and deoxy conditions, correlated with the susceptibility
of RBCs to sickle, as measured by the PoS by oxygenscan
(Figure 3G,H).

In additional experiments, SS RBC suspensions were in-
cubated with the cell permeable Ca®* chelator, BAPTA-AM
(10 pM, 30min), before observing Yodal-induced cellular
rolling and adhesion to LM-coated microchannels under
shear stress. The chelation of intracellular Ca** abrogated
the enhanced cell adhesion triggered by Piezol activation
using Yodal (0.1 and 0.5uM), but did not affect cell rolling
on laminin (Figure 3L]).

Piezol stimulation induces PS exposure and
CD47 expression on sickle RBC

Flow cytometry experiments demonstrated a clear effect
of Piezol activation by Yodal (10 pM) on CD47 expression
and on PS exposure on SS RBCs (Figure S3A,B), where
CD47 expression was suppressed and PS exposure was
augmented. The use of GsMTx4 (10 pM) increased CD47
exposure but had no impact on PS exposure, compared to
the control condition (Figure S3C,D). The percentage of
RBCs with externalized PS was higher in SS than in AA
(n=8) (0.28+0.16; p<0.001) and Yodal tended to increase
PS exposure in AA RBCs (0.35+0.17; p=0.08). GSTMx4
had no effect on PS exposure in AA RBCs (0.27 £0.13).
CD47 exposure in AA RBCs (6492 +2014) was higher than
in SS RBCs (p <0.001). Neither Yodal, nor GSMTx4 signif-
icantly affected CD47 exposure on AA RBCs (6667 + 2187
and 7476 + 2594, respectively).

Sickling tendency and RBC PS exposure are
greater in patients with the gain of function
E756del variant in PIEZO1, compared to
those without

Using next generation sequencing, eight frequent SNV were
found in SCA patients (rs2911442 [13%], rs7404939 [20%)],
rs11076706 [23%], rs13333358 [34%], rs35265318 [12%],
1$59446030 [13%], rs750038587 [18%), rs1803382 [17%]) in
the heterozygous or homozygous state. Of interest, the PoS
and the percentages of RBCs with externalized PS were sig-
nificantly higher in patients with rs59446030 (E756del) in
the heterozygous (N=7) and homozygous states (N =3). PoS
was 42.3+7.2 and 48.1 +6.8 mmHg in SCA patients without
and with the gain of function E756del variant in Piezol, re-
spectively (p<0.05); PS=2.4+1.8 and 4.2£2.5% of positive
RBCs in SCA patients without and with the gain of func-
tion E756del variant in Piezol, respectively (p<0.01). The
presence of the other frequent SNV had no effect on RBC
rheological properties and biological parameters (data not
shown).

DISCUSSION

Piezol is a non-selective membrane cation channel, in-
volved in the regulation of RBC hydration status and volume
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under mechanical constraints.”® Hereditary xerocytosis,

a rare haemolytic anaemia, is demonstrated to be due to
gain of function mutations in PIEZO1.”® Several electro-
physiological studies demonstrated that this gain of func-
tion phenotype is characterized by a delayed inactivation of
Piezol, accompanied by increased cation permeability.'*”"**
Vandorpe et al.”’ previously demonstrated that hypoxia acti-
vated a Cal"-permeable cation conductance, which was sen-
sitive to GsMTx-4, a mechanosensitive and stretch-activated
ion channel inhibitor, in human and mouse sickle RBCs.
Indeed, Brugnara8 suggested that Pt that is, the increase
in permeability to Ca** and other ions occurring during de-
oxygenation, and sickling, which causes RBCs from SCA pa-
tients to become so dehydrated, could be mediated by Piezol.

Our findings showed that activation of Piezol in sickle
RBCs, but also in RBCs from healthy individuals, leads to
intracellular Ca®* accumulation, while its inhibition caused
the opposite in sickle RBCs. Although we did not examine
the detailed kinetics of intracellular Ca® changes using
Yodal and GSMTx4, our results reinforce the previous find-
ings of Wadud and colleagues.”” Consequently, the stimu-
lation of Piezol caused immediate pronounced membrane
hyperpolarization of sickle RBCs, linked to Gardos channel
activation, via a phenomenon that was exacerbated by low
oxygen partial pressure. This channel activation, and possi-
bly ensuing RBC dehydration, affected the deformability of
RBCs and increased their propensity to sickle when oxygen
pressure was reduced. Experiments conducted in AA RBCs
also demonstrated that activation of Piezol was followed by
a decrease in their deformability. Electrophysiological and
ektacytometry measurements were also both performed
in the same subset of SCA patients and showed significant
negative correlations between the degree of RBC membrane
hyperpolarization and the PoS under Yodal stimulation. A
comparison of SCA patients with the gain of function variant
in Piezol (E756del), to those without, demonstrated a pro-
pensity of RBCs to sickle at higher oxygen partial pressure
(greater PoS) in the former population, confirming previous
findings showing an association between the E756del allele
and RBC density in SCA.*" The use of a Gardos channel
inhibitor (i.e. TRAM34) with the Piezol activator (Yodal)
during oxygen gradient ektacytometry measurements re-
stored baseline PoS, indicating that the increased propen-
sity of RBC to sickle during deoxygenation and upon Piezol
activation was mediated ultimately by Gérdos channel

activation. Altogether, these findings support a key role of
Piezol protein in RBC sickling in SCA that could be medi-
ated by RBC dehydration (although not directly tested in the
present study) following Gardos channel activation. We sus-
pect that alterations in membrane tension and red cell mor-
phology may further activate the mechanosensitive Piezol
channel, leading to a vicious cycle of cellular dehydration,
HbS polymerization and, thereby, cell sickling. Our results
also showed that sickle RBCs responded to GsMTx4 without
prior stimulation with Yodal. These findings could indicate
that Piezol is constitutively active in sickle RBCs and could
contribute to their higher nominal calcium concentration
compared to healthy RBCs. However, it is worth noting that
almost all experiments performed in this study were done
under flow/shear stress conditions that could mimic the me-
chanical stress applied to Piezol within the circulation and
activate the channel. Furthermore, wall shear stress has been
shown to be increased in SCA patients, which could further
increase the mechanical constraints that RBCs are subjected
to, further increasing Piezol activation and subsequent dele-
terious consequences.*’

The stimulation of Piezol also caused a rise in the num-
ber of RBCs positive for PS and a decrease in membrane
CD47 level; two changes indicating enhanced RBC senes-
cence. These findings are consistent with a recent study
showing that Yodal caused an increase in intracellular
Ca’" and PS exposure on sickle RBCs, which was inhib-
ited by its antagonist Dookul and the Piezol inhibitor
GsMTx4."” Accumulation of Ca® in RBCs may activate
scramblase, causing the disruption of membrane phospho-
lipid asymmetry and the externalization of PS at the outer
leaflet of the RBC membrane.">*? Additionally, Wadud
et al."” showed that Yodal could induce PS externaliza-
tion independently of extracellular calcium concentration,
suggesting an effect that is not mediated by Piezol-
dependent calcium influx. It should also be mentioned
that Yodal and GsMTx4 do not exhibit complete specific-
ity towards Piezol, and may elicit off-target effects, imply-
ing that other channels or pathways could be involved in
the effects observed. Increased PS externalization and de-
creased membrane CD47 level have been reported in sickle
RBCs,"* compared to healthy RBCs, indicating accelerated
RBC senescence in this disease,’”'® which may lead to
early recognition by macrophages and increased eryth-
rophagocytosis.* ** Interestingly, SCA patients with the

FIGURE 3  Effects of Piezol activation on membrane hyperpolarization, sickling and adhesion are mediated by direct activation of the Gardos
channel or calcium influx. Changes in membrane potential of SS RBCs (A) following Piezol activation by YODAI (625nM, n= 13 averaged curve + SEM)
in oxy (black) and deoxy (grey) conditions, showing a more pronounced hyperpolarization (B), associated with a decreased pace of repolarization (C)
when partial pressure of 0, is reduced to 10% of nominal air partial pressure (0.8 mg/mL, n=13). (D-E) Calcium influx in SS RBCs following Yodal

(10 uM) or GsTMx4 (10 uM) incubation was determined by flow cytometry in 50000 gated RBCs (n=23, 19). (F) Oxygen gradient ektacytometry was used
to observe the effect of inhibition of the Gérdos channel with Tram 34 (10 uM) on the point of sickling of S RBCs incubated with/without Yodal (10 pM;
30min, 37°C, n=7). (G, H) Correlations between RBC membrane hyperpolarization following Piezol activation and PoS, both in oxy (G) and deoxy
conditions (H). (I, J) Calcium chelation of §§ RBCs with BAPTA-AM (10 pM, 30 min) did not significantly affect the Yodal-induced rolling of cells on
laminin (LN) (H), but significantly decreased Yodal-induced SS RBC adhesion (1), as demonstrated by a microfluidic assay (400 pm-wide microchannel;
4pg/mL LN; 0.25dyn/cm?, 37°C, 3min; n=9 patients per group, <3 fields per channel). Data are expressed as the number of RBC observed per 0.186 pm*
area. Paired f-test, except (F), Friedman multiple comparison test and (I, J), non-parametric ANOVA/Sidak's multiple comparison test.
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gain of function variant in Piezol (E756del) had a greater
number of RBCs positive for PS than those without. The
membrane phospholipid asymmetry disruption and the
resulting membrane blebbing could also favour the release
of extracellular vesicles from RBCs, which are known
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to play a key role in SCD pathophysiology and vascular
dysfunction.*>*

The present study also explores the effect of Piezol acti-
vation on RBC adhesion. We found that activating Piezol
resulted in increased rolling and adhesion of sickle RBCs
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PIEZOL IN SICKLE CELL DISEASE
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FIGURE 4 Role of Piezol in modulating red blood cell (RBC) physiology and function in sickle cell anaemia (SCA). Activation (pharmacological
or physical) of Piezol on sickle RBCs leads to intracellular calcium influx and probable Gardos channel activation, with triggering of further calcium
influx and potassium efflux, leading to RBC dehydration. These events exacerbate the increased sickling of sickle RBCs and reduced deformability that
occurs under lower oxygen pressure (PaO,). Piezol activation also leads to phosphatidylserine (PS) exposure on the RBC surface, possibly facilitating
microvesicle production, and reduced expression of CD47, potentially augmenting cell clearance propensity. Furthermore, Piezol activation induced the
adhesion of sickle RBC to laminin via a mechanism dependent upon BCAM adhesion molecule activation (conceivably mediated by BCAM clustering).
Increased sickle RBC adhesiveness can contribute to vaso-occlusive processes, Figure created at Biorender.com. [Colour figure can be viewed at

wileyonlinelibrary.com]

to laminin, without any changes in BCAM expression
at the RBC membrane level. Increased expression of the
Lutheran(Lu)/BCAM glycoproteins, which bind to the lami-
nin a5 chain, has been reported on sickle RBCs and a role for
this molecule in the increased adhesive properties of sickle
RBCs suggested.”””" Furthermore, a more recent study re-
ported that Gardos channel activation on RBCs triggers
cellular senescence and the shedding of glycophorin-C-
containing vesicles, resulting in Lu/BCAM and CD44 acti-
vation.”® Importantly, the use of an antibody to neutralize
the function of the BCAM molecule decreased the adhesion
of Piezol-stimulated sickle RBCs to laminin, while an an-
tibody that binds to the CD49 integrin subunit, which is
also highly expressed on sickle RBCs, had no effect on sickle
RBCs adhesion. Although we did not directly measure the
effects of BATPA-AM on RBC Ca’' in the present study, our
findings suggest that BCAM-dependent adhesion of Piezol-
activated sickle RBCs could also be dependent on intracellu-
lar Ca®* accumulation. As Piezol stimulation by Yodal was
not associated with any alteration in RBC surface BCAM
expression, we suggest that the increase in the adhesion of S
RBCs to laminin was mediated by BCAM clustering at the
cell surface. Indeed, Caz*—dependent BCAM clustering and
consequent adhesion to laminin has recently been described
in uninfected RBCs during malaria infection™ and on sickle
RBCs under conditions of oxidative stress.”* One curiosity
of our findings was that we found that activation of SS RBC

adhesion to laminin occurred at lower concentrations of
Yodal than needed to reduce cell deformability and augment
sickling. A range of Yodal concentrations have been used to
activate Piezol, with recent studies employing between 1
and 10puM Yodal to induce P$ exposure on SS RBCs'” and
1 uM to stimulate integrin-mediated erythroblast adhesive
interactions.” We postulate that the exacerbated sickling of
sickle RBCs that we observed at concentrations of greater or
equal to 5uM Yodal may in fact interfere with the ability of
the cells to adhere to ligands such as laminin. Notably, it is
known that Piezol sensitivity to shear stress is dependent on
the surrounding lipid environment, and also on the proteins
of the extracellular matrix with which Piezol channel can
interact.”®”” Clearly, the topology and the Piezol-protein
interaction at the RBCs membrane is still elusive, but the
preferential location of Piezol channels at the rim of healthy
red blood cells™ suggests that, in the case of aberrant forms
(such as upon sickling), this location may be altered and in-
duce different mechanisms or sensitivities to shear stress.

In conclusion, our results demonstrated that Piezol ac-
tivation and the resulting Ca*" accumulation provoke a
decrease in sickle RBC deformability and a greater propen-
sity of RBCs to sickle upon deoxygenation via its effects on
Gardos channel activation. In addition, Piezol activation
increased sickle RBC senescence and RBC adhesiveness in
a calcium- and BCAM-dependent manner (Figure 4). Our
results strongly support a role of the Piezol mechanosensor
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in the alterations in RBC properties that can contribute to
vaso-occlusive crises and other complications in SCA and
may represent a potential therapeutic target molecule for the
treatment of this devastating disease. Nevertheless, our re-
sults showed a high variability for most of the parameters
studied that could reflect the fact that RBCs from SCA pa-
tients are very heterogeneous in properties. Further studies
are warranted in larger groups of patients to test the associa-
tions between clinical severity, membrane electrophysiolog-
ical properties, RBC adhesiveness and sickling propensity.
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The results suggested an increased activation of the Gardos channel in deoxygenated SS (Figure
3A in the article) since the hyperpolarization was more pronounced (Figure 3B in the article) and
lasted longer (Figure 3C in the article) when the media was deoxygenated. Following this, flow
cytometry results assessed that intracellular Ca** was significantly increased upon activation of
the PIEZO1 channel with Yodal (Figure 3D in the article). In addition, Ca*" levels were
significantly decreased after inhibition of the PIEZO1 channel with GsMTx-4 toxin (Figure 3E in
the article). Panel F of Figure 3 showed that the inhibition of Gardos channel by Tram34 reversed
the loss of deformability initially caused by Yodal, indicating by such that the increased propensity
of RBC to sickle during deoxygenation and upon PIEZO1 activation was ultimately mediated by
Gardos channel activation. The extent of hyperpolarization dependent on the Gardos channel
activation correlated both in oxygenated and deoxygenated conditions with the susceptibility of
RBC:s to sickle, as measured by the PoS by oxygenscan (Figure 3 G-H in the article). In the article,
the oxygen-gradient ektacytometry study showed that PIEZO1 activation significantly decreased
sickle RBC deformability and augmented the sickling propensity. This article also revealed that
Yodal induced a Ca*"-dependent adhesion of sickle RBCs to laminin, mediated by increased
BCAM binding affinity. Altogether, these findings shed light on a potential key role of the PIEZO1
protein in SCA sickling, which may be mediated by RBC dehydration following Gardos channel
activation (Gibson and Stewart, 2023).

2. Unpublished results

In addition to the results reported in the paper, additional experiments were performed.

First, the results shown in the article did not include control experiments of healthy cells exposed
to Yodal in oxygenated and deoxygenated conditions. Figure 45, shows the comparison of
maximal hyperpolarizations (panel A) and repolarization rates (panel B) of healthy RBCs between
oxygenated and deoxygenated conditions. The results clearly show no differences, indicating that
the oxygenation state does not affect the behavior of healthy RBCs, and that deoxygenation only
affects sickle RBCs.
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hyperpolarization, and (B) the repolarization rate, showing no significant difference between
oxygenated (in red) and deoxygenated (in blue) conditions. The statistical test is paired t-test.
Histograms represent means + SEM, n=14.

Knowing that the Gardos channel is activated by intracellular Ca?*, it was also necessary to test
the effects of NS309 on these cells. By shifting the Ca?" sensitivity of the Gardos channel, NS309
proved to be a powerful pharmacological agent for studying K™ movements via the Gardos without

altering intracellular Ca®" concentrations.

Cells from sickle cell patients are known to have a higher basal Ca®" content than those found in
normal cells (Eaton et al., 1973). Moreover, the effects of GsMTx-4 on Ca*" content in sickle cell
anaemia patients clearly show that a 15-minute incubation with this inhibitor is sufficient to

significantly reduce intracellular Ca®>" concentration in sickle cell anaemia patients.

While under oxygenated conditions the effects of NS309 (10uM) are similar to those observed in
normal cells, abrupt deoxygenation causes a significant more pronounced hyperpolarization in SS
RBCs (Figure 46A-C) in a Ca**- free media. Remarkably, pronounced deoxygenation does not

trigger a more pronounced hyperpolarisation in healthy cells, with only a slight hyperpolarization.
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means +SEM.
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The difference in hyperpolarization recorded with NS309 in a Ca®*- free media, was not observed
in the presence of 2 mM of Ca?’ in the extracellular media (Figure 47A). This may be due to a
maximal state of hyperpolarization reached whenever Ca?" is present in the media, leading to
automatic and maximal activation of the Gardos channel whenever PIEZO1 is open, especially in
SS RBCs, which are usually more loaded with Ca**. This is why, the study of the activation of the
Gardos channel with NS309 could be more valuable in the absence of Ca*", because it strongly
reflects the difference of the activation between oxygenated and deoxygenated conditions of sickle

RBCs.

However, it is noteworthy to observe the significant difference in the maximal hyperpolarization
between normal and sickle RBCs, when using NS309, 10 pM with the presence of Ca** in the

extracellular medium in oxygenated condition (Figure 47B). This is presumably linked to the fact
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that SS RBCs are initially more loaded in Ca** than normal cells. As a consequence, the usage of
NS309 with the presence of Ca?" in the extracellular media, shifts the Gardos sensitivity towards
its maximal activation levels, even at the oxygenated conditions. This could be the main reason
for the non-significant difference between oxygenated and deoxygenated conditions in Figure

47A.

We also tried to inhibit the effects of Yodal in sickle cells using GsMTx-4. Figure 48A shows the
membrane potential traces of one patient’s RBCs, representative of the results obtained.
Nevertheless, it is noteworthy that the inhibition was really variable, in both oxygenated (Figure
48B) and deoxygenated (Figure 48C) conditions. Therefore, we think that GsMTx-4 is not an
optimal inhibitor of PIEZOIl and alternatives should be found. For now, no satisfactory
conclusions can be drawn from this experiment. Knowing that GsMTx-4 interferes with membrane
phospholipids, we can hypothesize that the phospholipid and cholesterol content of SS RBCs may
alter the efficiency of GsMTx-4 in some patients. Further measurements in SS RBCs could help

to clarify this hypothesis.
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Adverse effects of delta-9-tetrahydrocannabinol on sickle red

blood cells

To the Editor,

Sickle Cell Disease (SCD) is characterized by the presence of an
abnormal hemoglobin HbS that crystalizes in deoxygenated condi-
tions, causing the sickling of red blood cells (RBCs). During deoxy-
genation, increased RBC cation conductance, especially of Ca?t,
has been shown to promote RBC dehydration through Gardos
channel activation, hence increasing RBC sickling. Thus, any path-
way that may increase Ca®" represents a threat to the lifespan of
the sickle RBCs within the circulation. Notably, Piezol has been
recently demonstrated to play a role in the increased Ca®* entry
observed in sickle RBCs.! Furthermore, the presence of the tran-
sient receptor potential channel vanilloid type 2 (TRPV2) in RBCs
has also been validated,? opening immediate questions on its phys-
iological relevance for RBC life. TRPV2 channels share several fea-
tures with Piezol such as mechanosensitivity as well as a strong
permeability for calcium ions.> More importantly, it can be acti-
vated by A’-tetrahydrocannabinol (A’THC) even in RBCs.* The
instantaneous changes in cell shape and filterability that occur
upon A’THC stimulation in normal RBCs* have led us to wonder
what could happen to sickle RBCs, which are even more suscepti-
ble to alterations of shape and deformability.

Figure 1A shows whole-cell current traces of normal (AA) and
sickle (SS) RBCs before and after stimulation with 80 uM A’THC.
While AA RBCs display a conductance below 0.5 nS (Figure 1A—
left panel, B),” S5 RBCs exhibit a three times higher conductance
as already demonstrated in other SCD studies (Figure 1A,B).° Fur-
thermore, despite both cell types respond positively to ATHC, the
magnitude of the response obtained for SS RBCs is much more
pronounced with an average conductance of 2.3 +0.5nS (h = 10)
compared with AA cells (0.7 £ 0.2 nS, n = 4). Importantly, not all
cells tested in both groups respond to A’THC stimulation, showing
again the heterogeneity of the RBC population.” Nevertheless, the
percentage of responding RBCs in the SS group is much higher
than the percentage observed in the control cells (20% vs. 47%
n =4 out of 20 and n = 10 out of 21 respectively) (Figure 1A).
When monitored by the Macey-Bennekou-Egee (MBE) method,
the addition of A’THC causes only a very small change in mem-
brane potential of AA RBCs (—3.75 = 0.7 mV, n = 12, Figure 1C,D),
whereas the same concentration of A°THC triggers a highly signifi-
cant hyperpolarization of —16.3+1.5mV in SS RBCs (n = 35,
p < .001, Figure 1C,D). This hyperpolarization is strictly dependent
on oxygen, as once the oxygen of the experimental media is

decreased, with levels of oxygen reduced to 0.8-1 mg/L (O, par-
tial pressure: 19.6-24.5 mmHg) only, the hyperpolarization was
enhanced, reaching —28.4 + 2.3 mV (n = 20, Figure 1C,D). The
observed hyperpolarizations are accounted for an increased activ-
ity of the Gardos channel because all are prevented by pre-
incubation with charybdotoxin (100 nM, Figure 1D). It is notewor-
thy that the resting membrane potential of sickle RBCs is on aver-
age less electronegative than AA cells (Figure 1E) and that such a
difference may be related to a different aging process (120 days
vs. 15-20 days, respectively).

The possibility that the copy number of TRPV2 channels in SS
RBCs is higher than in control cells was tested by western blot on
two different controls and three patients (Figure 1F). No differ-
ence in expression could be detected between the two popula-
tions, indicating that the differences in response between the two
populations are likely to be related to the differential ability of
TRPV2 to drive Ca?* entry. The Gardos channel is strictly depen-
dent on the intracellular Ca®* concentration, which affects not
only its gating but also more precisely its open probability.” There-
fore, it was necessary to determine whether the Ca®>* movements
were similar between the two cell populations. To this end, the
Ca®" content in RBCs after stimulation with A’THC was assessed
by flow cytometry using Fluo-4 fluorescence intensity. As
expected, S5 RBCs have a higher Ca?* content than AA cells at the
resting state (Figure 1G,H). Thus, the mean fluorescence intensity
of Fluo-4 is significantly higher (p = .04, Suppl. Figure 1) for SS
compared with AA RBCs (Figure 1G, gray and black traces respec-
tively). Moreover, when the cells are subjected to A’THC stimula-
tion, not only is the number of responding RBCs higher in SS, but
so is the intensity of the measured fluorescence (Figure 1G, purple
and red traces and Figure 1H). Importantly, it should be noted that
this increase in [Ca®*]; affects more the SS cells compared with the
AA RBCs because only 25% are positive for high Ca®* content
compared with almost 50% of SS RBCs (Figure 1H). This finding is
consistent with the results obtained by the patch-clamp technique
(Figure 1A,B) or the MBE method (Figure 1C). Indeed, only 20% of
the control RBCs were responsive to A°THC compared with 47%
of the SS RBCs in the whole-cell configuration of the patch-clamp
technique. More importantly, the MBE method measures the aver-
age change in membrane potential of a whole population of cells.
The response obtained is affected by the capacity of all the popu-
lation to react simultaneously to the stimulus. It is therefore likely

Am J Hematol. 2023;1-4.

wileyonlinelibrary.com/journal/ajh
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CORRESPONDENCE

that the large difference observed between the two populations
(AA vs. SS) is also partly due to the susceptibility of all or part of
the cell population to respond to A’THC. Finally, Gardos channel
activity, measured by the extent of hyperpolarization, is dependent
on other conductance pathways in the cell, in particular chloride,
which counteracts the efflux of K™ (from an electrical point of
view), but also on the capacity of the cell to limit the intracellular
Ca®* increase by the action of the Ca?*-pump (PMCA). To investi-
gate the potential effects of A°THC on RBC deformability, ektacy-
tometry tests were practiced. The results revealed a significant
loss of SS deformability (Figure 11) in response to A°THC without
any effect on normal AA cells (data not shown).
From all presented data, we can conclude that:

1. RBCs from SCD patients are more responsive to acute A’THC stim-
ulation compared with control RBCs without any difference in the
copy number of TRPV2 channels. The immediate consequences of
this reactivity to ATHC are a rapid and prolonged increase in intra-
cellular Ca?* concentration, which—in contrast to healthy RBCs—
reaches and exceeds the threshold for activation of the Gérdos
channel. The latter stays open long enough to presumably cause a
substantial loss of potassium, overcompensating the volume
increase caused by the sodium entry through TRPV2 and thus the
propensity to sickle by increasing the intracellular hemoglobin con-
centration. This enhanced responsiveness of SS cells can be due to
the increased basal levels of Ca?* in these cells, making the thresh-
old of Gérdos activation easier to attain. In addition, we speculate
about a role of difference in cellular age between these two cell
types, because SS cells are usually removed earlier from the circula-
tion than the average 120 days for AA cells. Finally, the slower
activity of PMCA in SS cells can also provoke delayed Ca2* effects.?

BE WiLey L 3

2. The heterogeneity observed in A’THC responses clearly raises the
question of the relationship between RBCs ion channel response
and the age of the cells within the circulation. The physiological
environment of sickle RBCs is disturbed by increased oxidative
stress, coupled with nitric oxide and change in ions' balance. This
likely could change the activity of various channels, which makes it
interesting for future investigations.

The present results were obtained with a high A°THC concentra-
tion, above regular levels detected in blood of daily smokers.” Never-
theless, upon puff on the cannabis cigarette, RBCs may encounter an
acutely high A’THC concentration peak in the lungs. This raises a fur-
ther question in the perspective of recent and very encouraging
results on the use of cannabinoid derivatives (CBD) for the treatment
of pain associated with the disease,’® as well as studies showing that
daily cannabis users with SCD had worse pain episode severity scores
than others, yet they were associated with a lower rate of hospital
admission and emergency room visits.** Thus, a longitudinal clinical
study would be timely and relevant to shed light on this risk.
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FIGURE 1

Transient receptor potential channel vanilloid type 2 (TRPV2) activation in SS and AA red blood cells (RBCs). (A) Raw traces of

current amplitude (pA) were recorded using patch-clamp from healthy controls (AA cells), n = 4 (left panel), before A”-tetrahydrocannabinol
(A®THC) (black trace) and after 80 uM of A*THC (red trace), and from sickle patients (SS cells), n = 10 (right panel), before A’THC (gray trace) and
after 80 uM of A*THC (purple trace). The percentage of responding cells is indicated for each type of cells in both panels of (A). (B) Differences in
membrane conductance (nS) before and after A’THC application, calculated at positive voltages (between 80 and 100 mV) in AA and S5 cells
(paired t-test, **p < .01). (C) Representative traces for the variations of membrane potential after injection of APTHC (80 puM) in AA oxygenated
cells (orange trace), AA deoxygenated cells (brown trace), SS oxygenated cells (light blue trace), and SS deoxygenated cells (dark blue trace).

(D) Statistical comparison of the hyperpolarization magnitudes reached at different conditions with and without inhibiting the Gardos channel
with charybdotoxin. N = 12 for AA oxygenated cells, N = 11 for AA deoxygenated cells, N = 7 for AA oxygenated cells with charybdotoxin, and
N = 7 for AA deoxygenated cells with charybdotoxin; N = 33 for 5SS oxygenated cells, N = 19 for SS deoxygenated cells, N = 8 for SS
oxygenated cells with charybdotoxin, and N = 5 for SS deoxygenated cells with charybdotoxin. Hyperpolarization magnitudes (mV) are obtained
after the deduction of resting membrane potential (Eyy) from the maximal hyperpolarization (Vj,,) reached at each condition. (E) Resting
membrane potentials, obtained at different conditions before the application of ATHC (80 uM). N = 12 for AA oxygenated cells, N = 11 for AA
deoxygenated cells, N = 35 for SS oxygenated cells, and n = 20 for SS deoxygenated cells. (F) Western blot showing the expression of TRPV2
and actin (as loading control) in healthy donors (AA1 and AA2), and SCA patients (S51, $52, and SS3) (top panel), and the quantitative comparison
of band densities (ratio TRPV2/actin) on western blots from AA (N = 2) and SS cells (N = 3) (bottom panel). (G) Representative normalized
histograms of Fluo-4 intensity in high Ca?* population of AA cells without A*THC (black trace), SS cells without A’THC (gray trace), AA cells with
80 uM of A’THC (red trace), and SS cells with 80 pM of A’THC (purple trace). (H) Quantitative analysis of AA and S5 RBCs with high Ca®* in
response to 80 UM of A°THC, N = 8 for all conditions. All histograms represent means + SEM. Statistical difference was assessed using two-way
analysis of variance. (I) Elongation index (EI) in response to A*THC stimulation in patients' RBCs (paired t-test, *p < .05; **p < .01; ***p < .001;
***¥p < .0001). In the legend, “n” refers to the number of individual cells that could be patched using patch-clamp technique and “N” refers to the

number of experiments of a cell population.
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ing Information section at the end of this article.
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A. Supplementary Figures
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Supplementary Figures. 1. Statistical comparison of the Fluo-4 intensity before THC
stimulation between AA and SS cells. Values are normalized and statistical comparison is
assessed using paired Welch’s #-test. N=8.
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Supplementary Figures 2. Dose-response effects of THC in healthy RBCs. The curve shows
the percentage of responding cells in response to different concentrations of A’THC after 1
minute of incubation. (N=4).
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Supplementary Figures 3.MBE traces from a random patient under different THC
concentrations in oxygenated and deoxygenated conditions.

2. Unpublished results

THC is one of the chemicals commonly dissolved in ethanol. Therefore, we did control
experiments to make sure that the effects were due to THC only. Indeed, ethanol was not able to

trigger any hyperpolarization, unlike THC (Figure 49).

171



A THC/ EtOH Triton-X B 10- 0.0004

20+
1
o 0 .'. e
200 E oo ¢
; 0 I : 10_ L
£ ot 248¢
= i LIV
. § -20- 3333°
2 éo e
< 304 °°
-40- o
-40 I I
THC80 EtOH

Figure 49: Ethanol has no effects on SS RBCs. A. Mean MBE + SD traces of SS cells stimulated with
THC (red trace, 80 nM, oxygenated condition n=35) or solvent (black trace, EtOH, oxygenated
condition, n=5). B. Statistical comparison of changes in membrane potentials. Statistical test is
unpaired t-test.

Experiments were done using 30 and 80 uM of THC. Only experiments with 80 uM THC were
presented in the published manuscript. 30 uM was clearly sufficient to ensure calcium entry into
the cells. However, we chose 80 uM because at this concentration we start to reach the plateau of
responding cells for Ca?>" measurement by flow cytometry (Suppl. Figure 2). Second, the results
were more variable when it came to measuring membrane potential variations, where we should
remember that this is an indirect effect that we record through the development of the
hyperpolarization generated by the activation of the Géardos channel. Thus, we could detect a
higher TRPV2 activation in response to THC using 80 uM (Suppl. Figure 3). Below are the results
of the experiments with 30 uM THC. As we can see in Figure 50, Ca?" influx measurements by
flow cytometry results at 30 uM THC (panels A and B) were comparable to the results obtained
at 80 uM. Same for MBE experiments, the only significant difference was between oxygenated
and deoxygenated sickle RBCs (Figure 50C). Finally, using the patch-clamp technique, a
significant difference was recorded in sickle cells at positive voltages (panel D, SS (+)) but not at
negative voltages (panel D, SS (-)), indicating that the activation of TRPV2 induced an increase in

the outward currents, probably due to Gardos channel activation, only in SS RBCs (Figure 50D).
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Figure 50: TRPV2 evaluation using THC at 30 uM. (A-B) Flow cytometry results A. Normalized
representative curve of SS and AA cells before and after stimulation with THC. B. Statistical
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comparison in time of calcium entry in both AA and SS cells. Statistical test is one-way-ANOVA (C)
Statistical comparison of the hyperpolarization magnitudes reached at different conditions with and
without inhibiting the Gardos channel with charybdotoxin. N = 12 for AA oxygenated cells, N = 11
for AA deoxygenated cells, N = 6 for AA oxygenated cells with charybdotoxin, and N = 6 for AA
deoxygenated cells with charybdotoxin; N = 33 for SS oxygenated cells, N = 19 for SS deoxygenated
cells, N = 4 for SS oxygenated cells with charybdotoxin, and N = 3 for SS deoxygenated cells with
charybdotoxin. Statistical difference was assessed using one-way ANOVA. (D) Slope comparison of
patch-clamp recordings of positive voltages (+; between +80 and +100 mV), and negative voltages (-
; between -80 and -100 mV) in AA cells (n=6), and SS cells (n=12). A paired t-test to attest statistical
differences.

III.  Chapter discussion and conclusion

In this chapter, we illustrated the roles of two different non-selective cation channels in the
manifestation of Sickle Cell Disease. We demonstrated that both PIEZO1 and TRPV2 channels

could be key players in the characteristic increased cation permeability in sickle cells.

We showed that the activation of PIEZO1 by Yodal induced a more pronounced activity of the
Gardos channel, probably with a more pronounced dehydration. Unfortunately, we didn’t measure
dehydration in this study. The extent of hyperpolarization reached after Gadrdos channel activation,
was correlated with the point of sickling (PoS) in sickle cells, showing that the activation of
PIEZO1 augments the sickling propensity. Importantly, the inhibition of PIEZO1 by GsMTx-4
reversed this effect. The same study showed that HbSS RBCs have an increased activation of the
Gardos channel under deoxygenated conditions. This is a demonstration that the PIEZO1-KCNN4
tandem is overactivated in sickle cells, and is sensitive to the oxygenation state. This made us
suggest that PIEZO1 could be involved in Psicie phenomenon. Going back to the MBE method,
the recorded hyperpolarizations represent the average cell behavior. Here, the important
heterogeneity of the HbSS RBC population may be the reason behind the exacerbated
hyperpolarizations. HbSS RBCs have a higher fraction of young cells whose calcium content may
differ from that of the oldest cells. This may explain why HbSS RBCs show more currents in
deoxygenated conditions; these populations may have cells with a calcium content high enough to
cross the activation threshold of the Gardos channel more rapidly. This explanation could be the
most valid, especially since in the NS309 (10 uM) without extracellular calcium (Figure 46), the
difference cannot be attributed to a massive influx of calcium into the cells linked to

deoxygenation, but rather to the variation in the age of the cell population in sickle blood.

174



In the second part of this chapter, we showed that the stimulation of TRPV2 by A’-THC resulted
in increased activity of the Gardos channel in SS RBCs compared to healthy RBCs. In addition,
we showed that TRPV2 activity in SS RBCs was oxygenation-sensitive, which made us recall to

the activation of Psickie in hypoxic conditions.

Both PIEZO1 and TRPV2 are mechanosensitive, non-selective cation channels in the RBC
membrane. We demonstrated that they could potentially be overactivated in HbSS RBCs. Once
triggered, their activities were exacerbated under deoxygenated conditions. This could be a clue
that Ps;ckie 1S @ phenomenon involving several channels that act together and have a common effect.
We cannot assert this hypothesis, especially because the experiments were often undirect; we
manipulated the subsequent activation of the Gardos channel rather than directly inhibiting TRPV2

or PIEZO1 themselves. Further molecular evidence is needed to establish the true identity of Psickie.
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Chapter IV- Alectinib and RBCs

I.  Foreword
Several recent reports in the literature indicate that the second-generation of ALK inhibitors,
Alectinib, albeit highly efficient against non-small cell lung cancers (NSCLC), invariably induces
subclinical hemolysis, which is presumably caused by acanthocytic deformation and splenic
trapping of erythrocytes as observed during hematological follow-up post-treatment (Yuan et al.,
2020; Kuzich et al., 2021). In this context, Dr. Wassim El Nemer, scientific director at EFS-
Marseille, was contacted by oncologists, who wondered what could be the cause of such a
systematic change in shape, which is usually associated with non-compensated anemia. Thus, on
the assumption that there is a real possibility that the shape change originates from altered ion

movements at the membrane, Dr. Wassim El Nemer suggested that we test this hypothesis.

II. Introduction
ALK inhibitors are anti-cancer drugs that target tumors with variations of anaplastic lymphoma
kinase (ALK). They belong to the family of tyrosine kinase inhibitors, which act by inhibiting
proteins implicated in the abnormal growth of tumor cells. The current approved ALK inhibitors
work by binding to the ATP pocket of the abnormal concerned ALK protein to block its access to
energy and deactivate it. Non-small cell lung cancers (NSCLCs) commonly exhibit ALK
rearrangement. This category of cancer affects more particularly patients who never or lightly
smoked, with adenocarcinoma histology, very young patients, and female patients. Thus, these
high-risk populations are systematically tested for EML4-ALK translocations or mutations and
treated with ALK inhibitors in the frame of personalized cancer therapy. Crizotinib constituted the
first approved ALK inhibitor by the US Food and Drug Administration (FDA) and by the European
Medicines Agency (EMA) with the only inconvenient that patients developed Crizotinib-
resistance within the first 12 months. Alectinib is a highly selective ALK inhibitor that was shown
to be active against Crizotinib-resistant cases. It demonstrated a safety profile and yielded a robust

treatment response (Sullivan and Planchard, 2016).

As mentioned in the forewords, severe hemolytic anemia under treatment associated with

reticulosis and shape changes (anisopoikilocytosis, spheroacanthocytosis, acanthocytosis) of
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circulating RBCs is usually observed during treatment (Yuan et al., 2020; Kuzich et al., 2021;
Kunz et al., 2022; Legland Ep Dejean et al., 2022; Misawa et al., 2023).

Thus, a series of samples from patients under Alectinib treatment were obtained to test the
hypothesis that the shape change is associated with upregulated ion channel activity leading to
dehydration and is involved in the rapid removal of RBCs from the circulation. In parallel, several
tests were performed on normal RBC treated in-vitro to look for short and mid-term shape

responses.

III. Results

A. RBCs from patients treated with Alectinib

Seven blood samples from patients treated with Alectinib were sent to Roscoff, systematically
associated with a control sample. All the patients were treated with Alectinib for lung cancer and
followed up at the Hospital of Marseille. Table 10 shows the date of withdrawal, the age of the
patients, and the hematocrit on arrival to assess that the transportation of the samples did not induce

any massive hemolysis.

Table 10: Summary about the received blood samples of patients treated with Alectinib (N.A. means
not available).

Date Patient age Hematocrit upon arrival
of samples
18/11/2022 6 years Patient: 38.4%
Control: 44.6%
09/01/2023 8 months Patient: 36.5%
Control: 43.9%
16/01/2023 33 years Patient: 29.5%
Control: 44.6%
06/02/2023 N. A. Patient: 43.8%
Control: 44%
15/02/2023 N. A. Patient: 39.5%
Control: 45.4%
19/05/2023 62 years Patient: 42.85%
Control: 46.97%
23/11/2023 63 years N. A.
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In order to simplify the chapter’s organization, all experiments are shown with a representative

experiment (one patient taken randomly among the 7 samples received).

Upon arrival, we measured the hematocrit of almost all the blood samples to ensure that there was
no massive hemolysis during transport, and to compare these values with those obtained during
the hospital visit of the patient at the time of sampling. No specific hemolysis linked to
transportation was observed. However, the hematocrit of the patient samples was systematically

lower than that of to the control (n=6, p=0.013) (Figure 51).
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Figure 51: Hematocrit of control cells and Alectinib-treated patient cells. Statistical difference was
assessed using the unpaired t-test.

1. Cell imaging, and morphological characterization

Live images obtained on fresh cells suspended in NECM-BSA medium showed a large number of
cells with abnormal shapes compared to the discocytes observed in the control sample (Figure 52).
The population of patient RBCs presents a significant number of echinocytes and acanthocytes (>

70%).
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Figure 52: Brightfield images of RBCs from control and Alectinib-treated patient upon arrival
(received the 23/11/2023). The left panel is 4 random fields from control cells and the right panel
corresponds to 4 random fields obtained on patient cells. Cells were suspended in NECM-BSA and
images were taken of cells on polylysine-coated coverslips.

Morphometric analyses realized on fixed smears (Figure 53) confirmed this observation, with
almost the entire population of patient cells showing echinocytosis/acanthocytosis. However, it
must be considered that smears and fixation can profoundly modify the morphology, worsening

the results obtained in live imaging (Simionato et al., 2021).

In this case, it would have been judicious to check the number of cells/mL, as the hematocrit is a

volume estimate.
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Figure 53: Blood smears fixed with methanol and stained with Giemsa coloration of control and
Alectinib-treated patient cells on arrival. (A) control blood and the (B) patient blood.

The morphological analysis confirms the observations made on live cells or initial observation of
smears. The projected surface area is significantly reduced in patient cells (e.g. patient received on
18/11/2022). (Figure 54A) (32.5 pm? £ 5.3 vs 38.4 um? + 4.6, n= 1519 and 1510, respectively).
This apparent cell shrinkage is associated with a considerable number of abnormal shapes, as

shown by the spread of points on the cell circularity graphic (Figure 54B).
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Figure 54: Morphological characteristics of RBCs from one patient (received 18/11/2022) treated
with Alectinib. Comparison between control (black) and patient (red) of the projected area (A),
circularity (B), roundness (C), and aspect ratio (D). Statistical difference was assessed using the
unpaired t-test. **** p<0.0001 Control cell n=1510, Patient cells n=1519).
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2. Membrane potential monitoring with MBE method

To determine whether the cell shrinkage is accompanied by a massive efflux of K™ and CI,
enhanced after Alectinib treatment, channel activity was challenged using the MBE method. First,
PIEZO1 was stimulated by promoting its activity with Yodal (625 nM) (Figure 55A). The
hyperpolarization induced by Yodal reached a higher hyperpolarization magnitude in patient cells
compared to control cells (6 out of 7 samples) (Figure 55A). Knowing that Yodal stimulates Ca**
entry through PIEZO1, this indicates that a faster and/or stronger Ca®" entry occurred, or that
Gardos channel has an increased sensitivity to Ca**. The speed of hyperpolarization is similar
between control and patients. Due to the extended hyperpolarization, K™ efflux probably lasts

longer.

The shift in the Ca®" sensitivity of the Gardos channels with NS309 (Figure 55B,D) shows that
when this compound is used at 100 uM with a low extracellular calcium concentration (0 mM) or
at 10 uM with a physiological calcium concentration (2 mM), larger hyperpolarizations develop
(6 out of 7 samples), indicating that the intracellular calcium concentration is certainly higher in
the patient cells compared to control cells, albeit a higher Ca" sensitivity of patient Gardos channel

cannot be ruled out.

However, as mentioned above, shrinkage upon Gardos channel activation or any K" efflux implies
an additional chloride efflux. In RBCs, this is usually considered to be rate-limiting. To test the
contribution of CI to the observed phenomenon, cells were treated just before experiment (1-2
min) with 10 uM of NS3623 (Bennekou et al., 2001, 2003). Contrary to previous observations,
patient and control cells responded similarly upon inhibiting the chloride conductance, using
NS3623. With a chloride conductance inhibited by more than 98% at this concentration, this would
indicate that the difference of hyperpolarization extent obtained without NS3623 is probably due
to a change in chloride conductance, with patient cells having an overall reduced nominal anionic
permeability. This was confirmed when we induced the hyperpolarization with A23187, a Ca?*
ionophore that causes a maximal Gardos channel activation; patient cells reached the same
magnitude of hyperpolarization with and without NS3623, contrary to the control cells in which

the inhibition of chloride conductance, generated a bigger hyperpolarization (Figure 55E).
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Figure 55: Representative MBE traces of a patient treated with Alectinib. (A) in response to Yodal
(625 nM) with 2 mM of Ca?" in the media, (B) NS309 (100 uM) without Ca?* in the medium, (C)
NS309 (10 pM) without Ca?" in the media, (D) NS309 (10 pM) with 2 mM of Ca** in the medium, and
(E) with A23187 (10 pM) without Ca** in the media. Patients are represented in red and controls in
black. The solid lines represent experiments performed without NS3623 in the extracellular media,
and the dashed lines represent experiments with NS3623 (10 uM) in the extracellular media.

To summarize this experimental part, we statistically compared the difference in the magnitude of
hyperpolarization between control and patients using different hyperpolarizing molecules (Figure
56). Indeed, as shown in the representative graphics (Figure 55), patient cells showed higher
hyperpolarizations in almost all cases (6 out of 7 patients). In Figure 56 below, the red points
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represent an outlier patient sample among the seven we have tested (15/02/2023). The
corresponding values of this sample were excluded from the statistical test. Unfortunately,

experiments with NS3623 were not performed on all patients, so we did not include statistics with
the NS3623 part.
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Figure 56: Membrane potential variations of Alectinib-treated patients. (A) in response to Yodal
(625 nM) with 2 mM of Ca?" in the medium, (B) NS309 (100 pM) without Ca?* in the medium, (C)
NS309 (10 uM) without Ca?" in the medium, (D) NS309 (10 pM) with 2 mM of Ca?" in the medium,
and (E) with A23187 (10 uM) without Ca?" in the medium. Only one patient was excluded. Statistical
differences are assessed by paired t-test, n=6. The red points correspond to values obtained with the
outlier patient (15/02/2023), and were not included in the statistics.
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3. Ca’' imaging

To determine whether the change in Ca?* permeability leads to a massive efflux of K* and CI" is
the reason for the enhanced hyperpolarizations observed in the MBE method, we tested the
intracellular Ca?" content in each condition to understand whether Alectinib acts by inducing a
Ca?" entry. Curiously, patient red cells treated with Alectinib were less loaded with Ca?" than
control RBCs (Figure 57). This result indicates that the shape changes, greater hyperpolarizations,

and altered ion content, were not seemingly due to an Alectinib-induced Ca?" entry.
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Figure 57: Ca’" imaging of control and patient red cells (received 16/01/2023). Fluorescence
measurement of control and patient RBCs, stained with Fluo-4. Values are represented as means +
SD. Statistical differences were assessed using an unpaired t-test.

4. Intracellular content of water, Na+, and K+

Previous experiments clearly show that treatment with Alectinib affects not only shape but also,

probably directly or indirectly, membrane transport.

To determine whether the alteration in shape is accompanied by an alteration in the water status of
the cells, measurements of water content combined with measurements of intracellular Na” and K*
concentrations were performed. Given that the cells were not always transported under the same

conditions (duration), it is difficult to average the water, K*, and Na" content parameters.
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Figure 58 shows all the results obtained from the 7 patient samples received to date. 4 out of 7
patient samples showed pronounced dehydration, in line with what had been concluded from the
morphometric analyses (Figure 54). Surprisingly, the three others were slightly overhydrated
compared to control cells. Measurements of intracellular Na” and K* content, expressed here as
concentration, show a lowering trend in intracellular Na* and a constant or even slightly higher

intracellular potassium concentration.
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Figure 58: Intracellular water content, Na*, and K" in Alectinib-treated patients (A) Water content,
(B) intracellular Na* content, and (C) intracellular K* content. Each pair belongs to a patient and the
control sent in the same date.

B. In-vitro effects of Alectinib on healthy RBCs

Due to the dramatic shape changes observed in patients treated with Alectinib, it was important to
understand whether these shape-changing effects are rapid or develop gradually over time. To
determine this, we performed a series of experiments in which we incubated normal RBCs in vitro

with Alectinib.
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1. Cell imaging

While incubation of cells with DMSO (control vehicle) for 60 minutes does not alter RBCs shape,
Alectinib (300 nM or 1 uM) induced echinocyte formation in less than 5 minutes in a dose- and
time-dependent manner (Figure 59). These concentrations were chosen because Alectinib is
usually given to patients twice a day at doses ranging between 141-1944 ng/mL (292-4028 nM)

for each administration (Groenland et al., 2021).

186



Figure 59: Brightfield images of normal RBCs perfused with (A) DMSO, (B) Alectinib (300 nM), and
(C) Alectinib (1 uM) for 1 hour, in NECM-BSA. Alectinib/DMSO were perfused at 0°.
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2. Intracellular content of water, Na*, and K*

To determine whether this alteration in shape was accompanied by drastic changes in the water
and ionic status of the RBCs, the cells were incubated in their autologous plasma for 15 minutes,
24 H, and 48 H in the presence or absence of Alectinib. Similar to cells from patients treated with
Alectinib, cells treated in vitro with Alectinib (10 uM) showed a similar water content as cells
treated with DMSO (control vehicle), but a drastic decrease in Na* and K content after 15 mins

and 24 hours of exposure to Alectinib.

The experiment was extended to 48 hours, at which point there was no difference, but this provides
us with important information because it is likely that at 48 hours the cells, including the control

cells, are in a state of energetic exhaustion (Figure 60).

A . 0.99 0.93 0.99
1 o e Alectinib
- 2.0- o e DMSO
7 B
o 1.5
=] °
§-‘ 1.0
I
= 0.5+
0.0 T : .
15mins 24 H 48 H
B
<0.000001 0.000007
C
0.22
0.000004 0.000014
100 200-
w80+ ) —
E 8 150- g § 0.97
i g B
£ g 100
= 40 H .
T —
2 20- m & 50 ﬂ ﬂ
0 IH IH 1 0 I T |
15 mins 24H 43H 15 mins 24 H 48 H

Figure 60: Comparison of intracellular water, Na*, and K* contents of healthy cells treated with 10
uM Alectinib (in red) or DMSO (in black) for 15 mins, 24H, and 48H. (A) Water content, (B)
intracellular Na* content, and (C) intracellular K* content. n=5 in all cases. Statistical comparison
was assessed using a multiple unpaired t-test.
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3. Membrane potential monitoring with MBE method

Consistent with what we observed on patient cells, stimulation with NS309 of cells incubated with

Alectinib developed a more pronounced hyperpolarization than the one incubated with DMSO

(control vehicle) or Crizotinib, another inhibitor of ALK, a first generation that does not affect

RBC shape or lead to blood anemia side effect (Figure 61).
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Figure 61: MBE experiments on healthy RBCs pre-treated with Alectinib or Crizotinib for 15
minutes. The used hyperpolarizing molecule is NS309, 10 pM with or without 2mM of Ca”* in the
extracellular media (Ca?*, 2 mM and Ca?*, 0 mM respectively).
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4. Ca’ imaging

Treatment of RBCs with Alectinib (1 uM) did not alter the Ca** content compared to RBCs treated
with DMSO only (Figure 62).
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Figure 62: Ca’" imaging of control and healthy RBCs treated with Alectinib. Fluorescence of control
cells (treated with DMSO) and healthy RBCs treated with Alectinib (1 pM) for 20 minutes. Values
are represented as means + SD. Statistical differences were assessed using an unpaired t-test.
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C. Results summary

In Table 11 below, we summarized the main findings we obtained in different parts of this study.
RBCs from patients treated with Alectinib were in general dehydrated, with smaller area and shape
alteration (mainly acanthocytes). In addition, RBCs from patients treated with Alectinib showed a
decreased content of Na* and an increased content of K*, with higher hyperpolarization magnitudes
in response to various hyperpolarizing molecules. The discrepancy between the results obtained
from RBCs of patients treated with Alectinib and healthy RBCs exposed to Alectinib suggests that
the method of exposing cells to compounds to mimic the effects of that compound, may not be the
best approach.

Table 11: Summary comparison of RBCs from patients treated with Alectinib and healthy RBC
treated with Alectinib (responses are judged compared to control).

RBCs from Alectinib-
treated patient

Healthy RBCs treated
with Alectinib

Hematocrit

Systematically lower

Not measured

Water content 4/7 dehydrated No effect (10 uM, over
48H)
Na™* content Mainly slight decrease Huge decrease (10 uM,

from 15 min)

K* content

Stable or slight increase

Huge decrease (10 uM,
from 15 min)

Ca2* content

Slightly lower than
control

No effect (1 uM)

Morphology

Majority of acanthocytes

Many acanthocytes (from
300 nM, 1H treatment)

Surface area Smaller Not measured
Circularity Smaller (acanthocytes) Not measured
Roundness Slightly smaller Not measured
Aspect ratio Higher Not measured
PIEZO1 stimulation Increased Not measured
(Yodal, 625 nM) hyperpolarization

Gardos channel Increased and longer Increased and longer
stimulation (NS309, 10 hyperpolarization hyperpolarization

&100 pM)

Gardos channel

Increased and longer

stimulation (A23187, 10 hyperpolarization
pM) (difference abolished
with NS3623)

Not measured
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IV. Discussion

The high percentage of echinocytes observed in confocal microscopy and blood smears (Figures
52-53) and the results obtained in morphological and electrophysiological studies are tightly linked
(Figures 54-55).

Alectinib may act by increasing the permeability of the Gardos channel in the membrane of RBCs
via a mechanism still undefined. MBE results showed that Alectinib may make the Gardos channel
more sensitive to Ca®", and in this case, this could be an alteration that affects the role of
calmodulin. Calcium levels might be sufficient to trigger vesiculation and PS exposure.
Morphological studies could indicate that Alectinib induces alterations in the cytoskeleton and the

cellular shape.

Nevertheless, the results obtained in the MBE method after the inhibition of the CI” permeability
with NS3623 favors the hypothesis that Alectinib induces changes in the chloride permeability in
RBCs; The same response of patient and control in response to Alectinib after hyperpolarization
with A23187 (Figure 55E) could mean that the difference between patient and control cells differed

only in their CI" conductance; control cells had a higher CI" conductance than patient cells.

Alectinib may alter the activity of Band 3, which would induce abnormalities in cell shape, notably
microvesiculation and echinocyte formation, a reduced cell volume, and eventually hemolysis.
Given this result, we thought that it could be important to test Band 3 functionality. Therefore, as
part of EVIDENCE, I went to Marseille for a secondment to test Band 3 in RBCs exposed to
Alectinib. I performed flow cytometry tests with EMA and BRIC6: BRIC6 is an antibody used to
check the presence of Band 3 on the membrane of RBCs. The EMA (eosin 5-maleimide) test
allows the investigation of the oligomeric state of Band 3 in the RBC membrane. Preliminary
results show that the number of Band 3 as well as the level of oligomerization are similar between
control and in-vitro RBCs exposed to Alectinib. Nevertheless, the stainings were not fully

optimized and should be repeated on patient cells and in-vitro Alectinib-treated RBCs.

At the same time, our collaborators in Marseille conducted observations on patients treated with
Alectinib: They tested the effects of Alectinib on late erythropoiesis by adding it in-vitro to CD34+

cells, undergoing erythroid differentiation. Their results showed that cell proliferation was strongly
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inhibited, and the differentiation process was slowed down. This observation raised the question

of whether the effect of Alectinib might also be central by affecting the erythropoiesis process.

V. Perspectives
As a next step, we are planning to test the functioning of the NaK pump with our collaborators in
Marseille. In addition, further characterization of the cytoskeleton and Band 3 needs to be revisited.
Considering that Alectinib is a kinase inhibitor, and of course quite selective, it cannot be excluded
that some important phosphorylations are inhibited, thus threatening the stability of the
membrane/cytoskeleton of patient RBCs. Thus, it would be very pertinent to realize a
phosphoproteome of RBCs. Eventually, shape examinations have shown tremendously abnormal
shapes, so it would interesting to 1) determine the age of the cells to discover their exact lifespan
and 1i) to determine if these patients have a higher propensity to form exovesiculation leading to

membrane loss and then increased sphericity, that comprise their survival within the circulation.
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General Discussion and Conclusion

I.  Discussion
The aims of the thesis, carried out as part of the ITN-MSCA EVIDENCE consortium, were to
better characterize the role of cationic conductance pathways in erythrocytes under physiological
and pathological conditions. As stated in the introduction of the thesis, at the beginning of this
work, only two cation channels had been unambiguously identified in the membrane of red blood
cells, namely the calcium-dependent potassium channel or Gardos channel (Hoffman et al., 2003)
and the PIEZO1 channel (Zarychanski et al., 2012). However, in 2021, the TRPV2 channel was
added to the family of non-selective cation channels present and potentially active in this cell type
(Belkacemi et al., 2021). Finally, despite the progress made in progenitor culture (Gautier et al.,
2020), which makes it possible to avoid contamination by other cell types during these studies
(Minetti et al., 2013), combined with transcriptomic (An et al., 2014) or proteomic studies (Gautier
etal., 2016, 2018), today we have only a very fragmented picture of the role of channels in human
red blood cell function. Indeed, numerous studies reported pharmacological or experimental
evidence for cationic channels (mostly non-selective and permeable to Ca’"), reviewed by

Kaestner et al. 2020 (Kaestner et al., 2020).

In this context, the studies carried out focused on the three formally identified channels: the Gardos
channel, the PIEZO1 channel, and the TRPV2 channel. Given the deformability of erythrocytes,
not only in the capillaries (Cahalan et al., 2015) but also during splenic filtration (Deplaine et al.,
2011), it is clear that a channel such as PIEZOI1, with its proven intrinsic mechanosensitive
properties (Wang and Xiao, 2018), is a prime target for this study. Indeed, RBCs have unique
membrane and cytoskeletal properties that allow them to withstand enormous shear stress through
deformation: a high surface-area-to-volume ratio, their membrane having the highest
cholesterol/lipid ratio of any biological membrane (Subczynski et al., 2017), and a submembranous
network of cytoskeleton connecting filaments to transmembrane proteins (Fowler, 2013). These
elements confer to the RBCs the deformability property that allows them to flow and bend into the

narrowest capillaries.
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Our initial finding that Dookul can activate, rather than just inhibit, the effects of Yodal (Evans
et al., 2018) is certainly based on these unique properties of RBCs and their membrane
environment. However, only three molecules are recognized for their ability to block mechano-
sensitive channels or mechano-transduction signalling: gadolinium and other trivalent lanthanides,
ruthenium red, and the spider toxin GsMTx-4. Although not yet fully understood, the
acknowledged mode of action of these three compounds is more directly related to their effects on
the membrane than actually on the transporters themselves. Recent studies suggest that these
molecules compromise the membrane by increasing its modulus, which indicates that the
membrane becomes more rigid (Reyes-Pardo and Sanchez-Herrera, 2019). These compounds act
through different mechanisms and in a non-specific manner, each showing a preference for a
specific cell subpopulation, depending on their cell size. More interestingly, even GsMTx-4 does
not interfere with the channel itself but alters the membrane properties through its insertion into
the membrane (Gnanasambandam et al., 2017). In this sense, the first chapter of this thesis

highlighted the need for a new and specific inhibitor of PIEZO]1.

In terms of the properties conferred by the erythrocyte membrane, membrane proteins and
membrane lipids interact in a complex and reciprocal biophysical manner: membrane proteins can
exert a force on the lipid bilayer, generating local curvatures depending on their hydrophobic
surface. To counteract this effect, lipids in the bilayer can exert a force on the membrane protein
(Lee, 2004; Andersen and Koeppe, 2007) and can interact at various levels with the proteins
present in the membrane (Brown, 2017). Lipids constitute an important part of membrane
composition, and the lipid composition of each membrane differs depending on the function of
that membrane (Harayama and Riezman, 2018). As explained in the introduction, lipids influence
the activity of membrane transporters. For example, the activity of the NaK-ATPase pump in rat
RBCs is strictly dependent on the fatty acid composition of the membrane (Bloj et al., 1973). In
another cell type, HEK 293, which expresses the rat serotonin transporter-1, the activity of this
transporter was reduced after cholesterol depletion. In contrast, cholesterol replenishment restored
the activity of this transporter (Scanlon et al., 2001). The effect of cholesterol on the activity of
ion channels and transporters is complex (Stieger et al., 2021). In an important finding, Ridone
and colleagues demonstrated that PIEZO1 forms clusters in the plasma membrane whose size and
density are reduced upon cholesterol depletion (Ridone et al., 2020). This finding assesses that

cholesterol controls the organization of PIEZO1 clusters in the membrane, which was expected
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knowing that PIEZO1 is activated via a force-from-lipid procedure (Cox et al., 2016; Syeda et al.,
2016), suggesting that blades and helical beams of PIEZO1 may transfer mechanical forces from
lipids to the pore via a lever-like mechanism (Wang et al., 2018). This paradigm suggests that the
ion channel is gated by mechanical perturbations in the surrounding lipid layer (Teng et al., 2015).
This “force-from-lipid” is not the only gating mechanism proposed to activate the
mechanosensitive channels; the “force-from-filament” also known as “force-from-tether”, is the
other model that suggests that the gating of mechanosensitive channels occurs through a tether that
directly or indirectly connects the channel to the cytoskeleton or the cytoskeleton-associated
proteins that transmit the force and activate the mechanosensitive channels (Ranade et al., 2015;
Zhang et al., 2015; Chuang and Chen, 2022). For example, the “force-from-filament” activation
PIEZO1, happens via Matrigel or collagen IV- mediated pulling force (Gaub and Miiller, 2017)
and through sensitization by non-muscle myosin II-dependent actin contractility (Bavi et al.,
2019). The first finding by Gaud and Muller demonstrates that the extracellular elements are
important for mechanical activation of PIEZO1, and the second finding by Bavi proves that force
from substrate deflection, which affects membrane tension and cytoskeletal stress, is crucial for
PIEZOL1 activation. Such behavior may also explain why in some pathologies not associated with
any mutation in PIEZO1, cation leak and thus alteration of the ion gradient is observed. Indeed,
PIEZOI1 channel adopts a non-uniform distribution on the red blood cell surface, with a bias

towards the biconcave “dimple” (Bozi¢ and Svetina, 2022; Vaisey et al., 2022).

Nevertheless, both the “force-from-lipid” and “force-from-filament” paradigms are valid, and they
probably work in concert to ensure the opening of mechanosensitive channels such as PIEZO1
(Cox et al., 2019). This was equally suggested by a recent study that claims that PIEZO1 clusters
increase in abundance in regions of higher membrane tension and lower curvature, and interact
with the spectrin cytoskeleton in both resting and activated states, demonstrating a link between
plasma membrane tension gradients, curvature, and the cytoskeleton (Dumitru et al., 2021). In
PIEZO1, the interaction of surrounding lipids and cytoskeletal elements with the channel itself is
revealed by the protein stomatin-like protein 3 (STOML3), which is one of the proteins associated
with PIEZO1 and lowers its activation threshold (Poole et al., 2014). Cholesterol could act at the
level of this protein to modulate the activity of the channel (Short, 2020). The importance of the
surrounding medium is clearly exemplified in the recent work of Yamaguchi et al. in 2021

(Yamaguchi et al., 2021), which shows that although RBCs with PIEZO1 mutations exhibited a
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dehydrated phenotype, the activity of V598M, F681S or R808Q in response to stretch was not
significantly different from that of WT channels when expressed in the HEK293 cell line.

Studying the effects of cholesterol on channel physiology seemed fundamental because this
molecule stiffens and thickens biological membranes. During my Ph.D., we attempted to alter
membrane cholesterol content using methyl-f-cyclodextrin (MBCD). Our primary results showed
that incubation of cells with MBCD led to an enhancement of cellular hyperpolarization in
response to Yodal, 100 nM (Figure 63A). However, the results were variable and not
homogeneous (Figure 63B). We believe that this is mainly due to our lack of expertise in this area.
In fact, MBCD is supposed to deplete the membrane from cholesterol, but we did not check the
efficacy of such a depletion. Knowing the importance of phospholipid membrane dynamics at the
red blood cell membrane, it would be relevant to address this caveat in our experiments. Indeed,
there are four stable submicrometric lipid domains enriched in either cholesterol, sphingomyelin,
ganglioside 1, or phosphatidylcholine in RBCs (Conrard et al., 2018). Their distribution across the
membrane corresponds to a specific area of curvature and may play a role in the ability of PIEZO1
to be activated. More attention should be paid to these elements in the coming years, especially
since the distribution of PIEZO1 channels on the membrane is not at all random, with a preferential

distribution at the rim (Vaisey et al., 2022).

In general, cholesterol depletion using MBCD is known to slow the activation and the inactivation
of PIEZOI1 in response to mechanical force by decreasing its pressure sensitivity (Short, 2020).
Our results differ from what is commonly known in the literature about MBCD in terms of slowing
down the activation but are consistent with the idea that MBCD slows the inactivation process.
Cholesterol depletion alters the viscoelastic properties of the membrane; cholesterol forms links
between PIEZO1 clusters, making their activation easier and faster; when cholesterol is depleted
from the membrane, connections and synchronization between PIEZO1 clusters are disrupted

resulting in slower activation and inactivation (Short, 2020).
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Figure 63: Depletion of cholesterol from healthy RBCs using MBCD. (A) An experiment where
MBCD enhanced the hyperpolarization in response to Yodal (100 nM). (B) An experiment where the
pre-incubation with MBCD didn’t cause any change to hyperpolarization magnitude caused by
MBCD. Traces in blue represent experiments where RBCs were preincubated with MBCD (10 mM)
for 30 mins at 37°C. Traces in black represent control experiments, where cells that are not
preincubated with MBCD where challenged with Yodal, 100 nM. The experimental media was
Ringer solution supplemented with 2 mM of Ca?".

Cholesterol depletion from membranes shares a common consequence with the gain-of-function
mutations of the PIEZO1 channel in the patient cells: PIEZO1 gain-of-function mutations leading
to xerocytosis are characterized by a delayed inactivation of the channel, just as cholesterol
depletion enhances this slow inactivation in mutant PIEZO1 cases (Ridone et al., 2020). In
addition, a recent study showed that several cases of hereditary spherocytosis (HS), caused mainly
by mutations in membrane and cytoskeletal proteins such as Band 3, Ankyrin, Spectrin A and B,
and protein 4.2, all show an increase in cation permeability due to PIEZO1 activation (Vandorpe
et al., 2021a). This strongly suggests that PIEZO1 (if PIEZO1 is the sole channel responsible for
this apparent cation leak) mediates or contributes significantly to the increased cation permeability
in HS RBCs. Of note, in an interesting publication, Bruce ef al. showed in a study involving 11
pedigrees that when the Band 3 protein undergoes substitution mutations, it is converted from an
anion exchanger to an unregulated cation channel (Bruce et al., 2005). This observation was further
modeled to understand how mutations in the Band 3 helices lead to the transformation of an anion
exchanger into a leaky cation channel, permeable to Na“ and K* (Barneaud-Rocca et al., 2013).
Chapter II, which deals with variants of PIEZO1 or Gardos channels sent by clinicians, reinforces
the idea of the need to establish a systematic functional experimental repertoire to study and

understand all the mutations discovered thanks to genetic approaches. In fact, the variants of
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unknown significance (VUS) predicted in silico could be benign and have no effect on the proteins.
This makes diagnosis by functional assays mandatory to understand each mutation individually
(Kaestner and Bianchi, 2020). Furthermore, as we saw in Chapter II, these uncharacterized
mutations were often associated with other complications in the patients themselves or in their
families. In such cases, the initially benign mutation could be aggravated by its association with
other diseases, such as B-thalassemia, SCD, etc., but also with mutations in the heterozygous state
that are normally asymptomatic or without consequence. Obviously, these carriers of multiple
mutations deserve very special attention. Although they are not currently associated with any role
in the structure or stability of the red cell membrane, ion channels, despite their limited number,
play a role because of their transmembrane properties. Furthermore, it is noteworthy that PIEZO1
is expressed in several tissues of the body, and not only in RBCs (Murthy et al., 2017).
Interestingly, the only symptom these patients had was anemia, showing that in these cases, gain-
of-function mutations in PIEZO1 had deleterious effects only on RBCs, emphasizing the idea of
the uniqueness of RBCs and that they should be considered separately in any study, as said in

Chapter L.

As a solution to Chapter 11, we suggest that each case should be carefully studied separately, taking
into account the family’s history of diseases. Functional studies should preferably be performed
immediately on fresh blood withdrawn from the patient and the close relatives. Our work has
shown that phenotypic and electrophysiological tests could be used as functional tests after variant
discovery as a functional validation strategy of the discovered VUS. Genetic tools and big data
(NGS, proteomics...) do not allow to study of the activity of the discovered ion channels.
Otherwise, functional studies usually focus on the patch-clamp technique, which in its whole-cell
configuration, gives an idea of the global currents throughout the cells, without knowing, in some
cases, which channel is specifically activated. In addition, patch-clamp recording in its single-
channel configuration is challenging and time-consuming due to the small number of copies of
cation channels across the membrane. In this sense, the development and improvement of
automatic patch-clamp devices is and will be a major advantage for the development of rapid test
protocols on cell populations that are, after all, very heterogeneous in pathological cases
(Rotordam et al., 2019; Crew et al., 2023). Furthermore, the activity of cation channels is generally
hindered by the predominant chloride conductance of the erythrocytes. The originality of my thesis

was the use of the MBE method along with other techniques to study the activity of different cation
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channels. We have used pharmacological tools to activate or inhibit specific ion channels under
specific and defined conditions. This can be done by creating artificial membrane
hyperpolarizations using these pharmacological tools. The MBE method allows us to instantly
visualize hyperpolarizations due to K" efflux. This is due to Gardos channel activation. In other
words, what we mainly see in the MBE method is only the Gardos channel activation. In addition,
during the MBE experiment, the RBCs are subject to an indeterminate (albeit constant) shear stress
linked to the rotation in the thermostatically-controlled beaker of the experiments. It could be
advantageous to quantify the magnitude of this applied shear stress for better interpretation of the
experiment. Another limitation of this method is that it measures the average behavior of the cell
population. In most cases, this is not a problem if the entire population responds at the same speed
in the same order of magnitude. However, some cases, as it was for the study of SS RBCs (and
TRPV2), given the inter-individual variability of the cells present and the heterogeneity of the
patients, it was likely that the response will not be observed if the stimulation is progressive or
slower for certain cells. The experiments used in this thesis, such as MBE, flow cytometry,
morphological analysis, and water and ions contents, are done in-vitro where they undergo
necessarily a deviation of their physiological reality, first of all due to sampling and handling of
the cells in the testing tube. As soon as the blood is withdrawn and collected through a tube, RBCs
change environment and are no longer subject to the same constraints. /n-vivo study would be
necessary, although this seems unrealistic at present. The solution could be the performance of ex-
vivo analysis, typically through microfluidics schemes that mimics blood vessels’ conditions. On
another note, the morphological analysis of RBCs on blood smears may not reflect the
physiological reality of RBCs since it is just a classical 2D characterization. A 3D morphological

characterization of RBCs could be more specific and adapted (Simionato et al., 2021).

Nevertheless, the real limitation to conducting such a cross-sectional study is the access to samples.
On the one hand, it is difficult to extend studies to patients awaiting diagnosis, and on the other
hand, it is sometimes difficult to ensure an efficient transport of the samples that does not alter the
responses of the cells to the different tests performed. Indeed, once collected, control samples and
patient samples can be completely different. With respect to membrane transport, we know very
well that temperature affects the activity of the pumps, and hence their ionic content and hydration
status. Furthermore, patient cells are often more fragile and, by their definition, have a shorter

lifespan, so how can we unambiguously compare cells with different age distributions? Since red
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blood cells can never replace their proteins once they are in the circulation, how can we be sure
that the proteins in the membrane are truly functional? It is likely that the number of copies of

functional PIEZO1 or Gardos channels in the membrane decreases with age.

When we talk about pathologies involving the dysregulation of cation conductance, it is difficult
to ignore sickle cell anemia, with an estimated number of almost 60,000 patients in Europe. In
2023, the number of cases is estimated to have increased by 50% in 10 years (more than 400 births
affected per year in France). It is therefore important to seek a better characterization of the Psickie
phenomenon, which is to some extent responsible for the dehydration and eventual irreversible
sickling of RBCs (Lew and Bookchin, 2005). Psickie is defined as the deoxygenation-induced
increase of non-selective cation permeability (Vandorpe et al., 2010). Importantly, HbSS are
known to be more rigid (Li et al., 2017a), and to have a higher basal Ca>" content (Eaton et al.,
1973). Once Ca*" entry via the Psicie pathways exceeds the activation threshold of the Gardos
channels, this triggers rapid KCIl and water loss (Lew et al., 2002). These factors call into question
again the interplay between membrane rigidity and non-selective cation conductance. In Chapter
111, we demonstrated the relationship between the activation of two non-selective cation channels
(PIEZO1 and TRPV2) and sickling events (Hatem et al., 2023; Nader et al., 2023). The activity of
these two channels was shown to be oxygen-dependant, as deoxygenation performed in the MBE
method enhanced hyperpolarizations in response to corresponding activators. This finding is
important because it could bring us closer to the idea that Ps;ckie is not just the up-regulation of a
single transporter, but rather the concomitant activation of several non-selective cation channels.
While it is clear that deoxygenation remains the primary driver, the relationship between this
phenomenon and channel activity has yet to be determined. Interestingly, it has been shown that
the activity of cation channels in cell-attached human or mouse HbSS cells triggered by
deoxygenation and sensitive to inhibition by GsMTx-4, dipyridamole, and DIDS, a common
feature of Psickie, 1s also inhibited by carbon monoxide (Vandorpe et al., 2010). This observation
clearly demonstrates a direct relationship between the tensed or relaxed state of hemoglobin and
the activity of the channels. Considering that elevated O, promotes the strengthening of band 3—
ankyrin interactions, thereby stabilizing the erythrocyte membrane during its turbulent flow from
the lungs into the capillary beds, and that hypoxia (Stefanovic et al., 2013) leads to the disruption
of this important membrane-cytoskeleton bridge, allowing the deoxygenated RBCs to move more

efficiently through narrow capillaries during their transit back to the lungs (Chu et al., 2016), this
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raises the question to what extent ion channels might not themselves be sensitive to such a

phenomenon, or at least to the destabilization of the membrane or membrane complexes.

We suggest that PIEZO1 and TRPV2 could be involved in Psickie although further studies are
needed, in particular to identify the molecular identity of this channel. An experiment is lacking in
this field; we should have placed the cells in deoxygenated media, activated PIEZO1 or TRPV2,
and checked under the microscope whether or not they undergo sickling or simply dehydration
associated with activation of the Gardos channels triggered by Ca?" entry. In the deformability test
that we performed with Oxygenscan, we only obtained the critical level of oxygen around which
cells start to lose their deformability, using Yodal, A>-THC, and GsMTx4. The results obtained
using this technique could be biased, especially when using Yodal at 10uM, because even at low
concentrations (625 nM), Yodal is able to induce a rapid and irreversible Ca*" entry that
dehydrates even normal cells (see Chapter I). We should have harmonized the concentrations of
Yodal used in this study between the different types of studies carried out in the three different
laboratories (PIEZO1-SCD). In fact, we stress that 10 uM of Yodal constitutes huge amounts for
RBCs; if this concentration is acceptable for other cell types, using these amounts for RBCs is
harmful. It is worth noting that in another series of experiments on RBCs, Conrard and colleagues,
incubated the cells with 500 nM of Yodal for only 20 seconds, and then washed the cells to get
rid of this molecule (Conrard et al., 2018). This is consistent with the results of Ca*" imaging
results we have obtained using Yodal at 625 nM, where we see that Yodal generates a maximum

fluorescence intensity within only 5 minutes (see Chapter I).

On the other hand, we need to go further to find the link between TRPV2 and SCD. In our study,
we showed that SS RBCs are more reactive in response to A°-THC, even though they express the
same levels of TRPV2 protein on their membrane. There are several possible explanations for this
higher activity, which may ultimately be concomitant. First, SS RBCs have higher basal levels of
Ca?" (Eaton et al., 1973), which lowers the required Ca?* entry to reach the threshold for Gardos
channel activation. Such an assumption is fully consistent with the observations that the extent of
hyperpolarization is much more pronounced in SS compared to AA cells, as well as a higher
outward current in patch-clamp recordings upon THC stimulation. Moreover, flow cytometry
experiments clearly showed a higher Ca?" entry via TRPV2 in HbSS cells. We thought that this
could be related to the age of cells since normal RBCs can live up to 120 days but SS RBCs only
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live for about 10 to 20 days (Inusa et al., 2019). Hence, TRPV2 might be more functional in young
RBCs. Nevertheless, the hypothesis of a difference in downstream response due to a differential
Ca”' extrusion rate via the PMCA might be valid too, given the fact that PMCA activity is known
to be lower in SS RBCs (Gopinath and Vincenzi, 1979; Niggli et al., 1982) and probably linked to
ATP exhaustion. This can extend the time of free Ca?" activity in the cells and this is why we
observe higher hyperpolarizations. Finally, it is clear that one of the ultimate targets of calcium is
PKC. It is clear that numerous publications report an essential role in the alteration of PKC-
dependent phosphorylation in SS red blood cells (cytoskeleton proteins, membrane ion and glucose
transport, etc.) (George et al., 2010; Soderblom et al., 2013). Concerning the levels of THC used
in the study (80 uM) and according to the literature, a concentration of 30 uM of THC was
sufficient to activate TRPV2 in human RBCs (Flormann et al., 2022) and in mouse RBCs
(Belkacemi et al., 2021). We took this concentration as a reference and determined the dose-
response curve for this concentration. We carried out experiments at 30 uM and 80 uM. 30 uM
was clearly sufficient to guarantee calcium entry into the cells. However, we chose 80 uM because
at this concentration we start to reach the plateau of responding cells (Supp.Fig.1 in Chapter III,
part B). Second, the results at 30 pM were more variable when it came to measure membrane
potential variations, where we should remember that this is an indirect effect that we are recording
through the development of the hyperpolarization generated by the activation of the Gardos
channel. So likely, we could detect a higher TRPV2 activation in response to THC using 80 uM
(Supp.Fig. 3 in Chapter III part B). This concentration of THC was nevertheless higher than THC
values found usually in the blood of smokers; In smokers’ blood, THC levels rise and peak at 10
minutes often at levels around 84.3 to 162 ng/mL in whole blood, depending on the person and
dose (Huestis, 2007). These values correspond to concentrations of THC between 0.26 and 0.5 uM
in the blood given the molar mass of THC which is 314.45 g/mol. THC concentrations we used in
our study were two orders of magnitude higher, and in general, they can’t be found in-vivo.
Nevertheless, 80 uM of THC, and more, can be considered as an acute dose that could probably
be reached in the lungs of smokers. This is known, because inhalation of marijuana smoke
produces lung tissue concentrations of THC that were 8-10 times higher than those measured in
the blood suggesting high local exposure (Sarafian et al., 2006). In that case, we can assume or
speculate that some of the RBCs close to the lungs may encounter high exposition to THC. At the

very least, this initial study could encourage clinicians to take a closer look at the relationship
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between the severity of vaso-occlusive crisis (in terms of pain and clinical consequences) and
regular cannabis use. In this study, we decided to use a much higher concentration (80uM) than
that commonly found in cannabis users in order to simulate an acute stimulation. However, as
stated within the text, this concentration may be locally close to the one we used, implying that
part of the red blood cell population could be affected and thus premature sickling linked to erratic
activation of the Gardos channel, which could also exacerbate dehydration of the RBCs. In
addition, with around thirty patients, the experiments showed a certain variability in responses to
THC, which would require a more in-depth clinical study. Thus, we have no clue about why
cannabis consumer may experience increased pain albeit the known analgesic properties of
cannabinoid, but one can imagine that if adverse effects occurs it may enhance the severity of the

crisis only due to the resilience to pain and the postponed entrance to emergency room.

Returning to the molecular level, TRPV2 has recently been suggested to be involved in the
dissipation of the cation gradient in storage-lesion events (Murciano and Kaestner, 2023); in fact,
the deterioration of blood quality during storage is a common public health issue (Recktenwald et
al., 2022). To counteract the transfusion of deteriorated blood samples, quality control of stored
red blood cells was suggested (Lopes et al., 2023). Nevertheless, we see that research topics
concerning mechanosensitive non-selective cation channels in RBCs are in general more focused
on PIEZO1 and its roles. The presence of TRPV2 in mice and human RBCs was only confirmed
in 2021 (Belkacemi et al., 2021) and global interest in the comprehension of the role of TRPV2 in
RBC:s followed (Egée and Kaestner, 2021; Flormann et al., 2022).

Finally, it is interesting to note that although these two channels (PIEZO1 and TRPV2) have been
formally identified in the membranes of red blood cells, other ion channels or conductances that
could represent a cation permeability pathway have at least been identified, at least
pharmacologically. The VDAC channel could also represent a pathway capable of generating a
significant flux (Bouyer et al., 2011), especially since the complex it forms with ANT and TSPO2
has recently been highlighted in the release of ATP by red blood cells (Marginedas-Freixa et al.,
2018), in addition to the probable role of pannexins (Locovei et al., 2006).

Furthermore, evidence that the red blood cells from sickle cell patients possess a significant
number of potentially activatable NMDA receptor channels remains to be explored (Hegemann et

al., 2020). Finally, the recently proposed hypothesis that red blood cells can acquire proteins
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(including the TRPC6 channel) as they pass through the splenic slit is very tempting to explore
(Hertz et al., 2023). Indeed, sickle cell red blood cells, may have an increased transit time in the
spleen due to their increased membrane rigidity, favoring membrane fusion acquisition of

membrane proteins contained in spleen-dwelling microvesicles.

II. Conclusion
Taken together, the different studies included in this thesis, contribute to the understanding of
cation permeabilities under physiological and pathophysiological conditions. Finally, all these
results question the specificity of erythrocytes in terms of cation permeability and biophysical
membrane properties compared to other cell types and, more importantly when mechanosensitive

pathways are involved in such ion movements.

III.  Perspectives
Overall, the results of this Ph.D. have opened new horizons to understanding the non-selective
cation channels in RBCs, their activation, their roles, and their complex interplay with other factors

that characterize RBCs such as the lipid composition of the membrane.

In the discussion part of this thesis, we have evoked the tight correlation between membrane lipid
composition and channel activation. It would be judicious to establish a lipidomic profiling of the
RBCs membranes, especially of those from patients treated with Alectinib or from patients with

PIEZO1 and KCNN4 variants.

In addition, our MBE method relies on a homogeneous response of the entire population of tested
cells. This could bias the results we obtain in this type of experiment for example, as we explained
in the case of SS RBCs where sickle cells are younger than normal RBCs. For this reason, the
separation of cells according to their density and thus their age could be a key to start understanding
the activity of cation channels in each of the populations. This highlights the importance of
studying the aging process in vitro and in vivo and how NSCs are involved in it. Furthermore,
abnormal ferroptosis was found to damage the development of RBCs by disrupting systemic iron
homeostasis, leading to erythropoiesis suppression and anemia. Thus, targeting ferroptosis, which
is an iron-dependent cell death pathway, has been suggested as a new therapeutic potential for

blood-cell-related diseases (Chen et al., 2022). We believe that investigating the role of ferroptosis
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during aging could be of interest, especially if it interferes with the activity of cation channels at

the end of the life of the RBCs.

Finally, the study of channel mutations using progenitor cells (CD34+) is one of the perspectives
that could help to understand the fundamental role of each of the channels in the normal

development of RBCs.
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Appendix 1: Blood smears of Piezol and KCNN4
variants

In this Appendix, we placed the images of blood smears that correspond to PIEZO1 and KCNN4

variants presented in Chapter III.

A. PIEZO1 variants

R2019H (A: Control- B: Patient)

L1697F+A344V (A: Control- B: Patient)
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L1708Q (A: Control- B: Patient- C: Father- D: Mother)

(A: Control- B: Patient)

P2282A

208



Unknown 4 (Piezol + 3-Thalassemia) (A: Control- B: Patient- C: Control B-Thalassemia- D:

Mother)
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Unknown 2 (No control, patient only)

S1726T (Control CR- B: Control MZ- C: Patient AG- D: Patient GK- E: Patient RK)

——
AR
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Y2143C (A: Control- B: Patient- C: Father- D: Mother)

B. KCNN4 variants

S386N (A: Control- B: Patient)
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R352H (A: Son- B: Father)

Unknown (A: Control- B: Patient)

A279D (A: Control- B: Patient)
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H340N (A: Control- B: Patient- C: Father- D: Mother)
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Appendix 2: Science Is Wonderful!

Science is Wonderful! is a science fair organized once per year by the European Commission
(Directorate-General for education, youth, sport, and culture- Unit EAC.C.2-MSCA)
in Brussels-Belgium. This fair attracts around 4000 primary and secondary school pupils every
year, giving them the chance to engage with over 100 international scientists, learn more about
their work, and explore research careers. Science is Wonderful! celebrates the value and impact of
EU-funded research. Every year, a call for projects is open for MSCA fellows, alumni, and projects

to showcase and engage their research. The call is open for two types of activities:
1. The Science is Wonderful! fair
2. The Science is Wonderful! competition

1. For the Science fair, I made a proposal for a stand called “What’s in our blood?”” with the slogan
“Healthy blood, healthy you”. My project included three types of hands-on experiments to teach
the pupils about the blood components, blood circulation, and shapes of RBCs. Amongst more
than 140 proposals, only 43 projects were selected for the fair, including mine! In addition, I was
selected as one of Science is wonderful! 2023 ambassadors, and the hands-on experiments I created

were filmed professionally and will be published on the EU’s website in January 2024 (Figure A).

2. The competition gives the chance to primary or secondary school teachers to find and collaborate
with an MSCA researcher to generate an interactive learning resource. A platform was created by
the organizers where teachers could match with researchers, develop a common project together,
submit it, and get famous. I collaborated with Dr. Katerina Kapodistria, a secondary school teacher
in Athens-Greece. The idea was to develop a game around blood typing. The final game we created
was about a crime scene investigation. Over 500 researchers and teachers took part in the
competition with more than 100 submitted proposals. Three proposals were only selected! Gladly
my proposal with Katerina won the competition! Our proposal was professionally produced by
the European Commission’s Directorate-General for Education, Youth, Sport, and Culture and
translated into the EU’s 24 official languages. It consists of a video that I filmed professionally in
Brussels (Figure B), and two printable assets that I invented (the documents below); The video

and the printable assets will be released on the official site of the EU in 2024: the first asset is
214



dedicated to the students with the quizzes and story-telling of the crime scene. The second is
dedicated to the teachers to help them organize the experiment in the classroom and with the

answers to the quizzes. They were published on the 16" of February on the EU website

https://audiovisual.ec.europa.eu/en/video/1-253456

L

Aline Hatem, PhD student
- Station Biologique de Roscoff-France

Figure A: Screenshot from “What’s in our blood” experiment video.

Aline Hatem, PhD student
Station Biologique de Roscoff (ITN-EVIDENCE)

Figure B: Screenshot from “Crime scene investigators: catch the murderer”.

Printable assets of “Crime scene investigators: catch the murderer” project with EU (Students and

teachers’ versions)
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CRIME SCEN
VESlR
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CRIME
SCENE
SCENARIO

On a cold December night, Mr. Jeffrey B. was sitting by the chimney
when he suddenly heard a noise in the apartment of his absent neighbors.
He went to investigate and was surprised to find a burglary in progress
that was taking place.

The thief was frightened by the presence of the victim and
attacked him. In his haste, the criminal cut his arm on the broken window
through which he had entered the flat. A small piece of clothing stained
with the criminal’s blood was taken from the scene of the crime.

A weapon with a blood sample was also found at the scene. Three
suspects were identified who either knew the victim or had been seen
in the area before the body was discovered.

You are a criminologist working for the Crime Laboratory of the
Ministry of Justice. You are called to the scene of the crime. Your task is to

analyze the two samples found at the crime scene and to investigate if A.
the weapon found is the murder weapon and B. who the killer is.

3 Good luck detectivel \

#SciencelsWonderful
™\ WYY E WY WE W WY
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CRIME
SCENE
PLAN

victim :
Mr. Jeffrey B

Y™V YWY UEE WY WW WY
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CRIME

SCENE
SUSPECTS
1A
Oliver M
2\
3 k Agatha S

Sylvia Z

Y™V YUY UEEY WY W WY
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PRE-LAB QUESTIONS

]- \ What does a person’s blood type tell you? Be specific.

2 \ Complete the table below. Use your biology text for reference.
Hypothesize the reactions with anti-serums.
Clumping will indicate a (+) reaction.

Clumping= + (positive) No clumping= -(negative)

Blood Antigens Genotypes Reaction w/anti-A = Reaction w/anti-B
type present possible serum serum

A
B
AB

Rh clumping = Rh + blood

Y™V WYY EE W W W WY

220



ANALYSIS OF RESULTS

Do the experiments, and fill in the table below.
Blood agglutination (clumping) results:

(Hint: If the blood sticks together (agglutinates) after an anti-serum is added,
then the suspect has that blood type).

Observations

Source Anti-A serum | Anti-B serum Rh serum Blood Type

Crime scene sample
Weapon sample
Victim - Mr Jeffrey B
Suspect #1 (Oliver M)
Suspect #2 (Agatha S)
Suspect #3 (Sylvia Z)

1 \ Which blood type will clump with the addition of Anti-A serum? Why?

YW WY YWY W W W WY
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ANALYSIS OF RESULTS

2 \ Why can't people with Type-0 blood receive blood from any other type
(A, B, or AB)?

3 \ Was the weapon found used to kill Mr. Jeffrey?
How do you know?

Y™V WYY UEE WY W W WY
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ANALYSIS OF RESULTS

4 \ Based on the blood typing results, which of the suspects most likely
committed the burglary? Why?

5 \ Why was it necessary to type the victim’s blood?

YW WY W WY W W W WY
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ANALYSIS OF RESULTS

6 \ Can you think of some limitations to using blood typing in
a criminal investigation?

7 \ Can you think of other biological evidence which can be taken from
a crime scene by a detective that allow an individual to be linked
to a crime?

™ WY YUYW EYEWWWY
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CRIME SCENI

CATCH‘HU |
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TEACHER’S
CHECKLIST

FOR A SUCCESSFUL
INVESTIGATION

You are running a crime scene investigation scenario
and experiments with your students.
Here’s what you need to do:

1. Read this package first.

2. Prepare the blood and set up testing labs, including
a print-out of the crime scene.

3. Print the sections your students need, or have it set up
digitally (e.g. on iPad) if you are able.

4. Ask your students to dress up as crime scene investigators -
provide lab coats and equipment if you can.

5. Play the video - it will include instructions where to pause.
Refer to this package when you pause the video.

6. Have fun! This should be an immersive, interactive learning
experience, so make sure your students stay engaged

throughout.

Good luck to you and your investigators!

#SciencelsWonderful
Y™V WY YWY EY W W WY
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BLOOD TEST KIT

1 \ MATERIALS FOR 6 KITS

2 cups milk

2 bottles of food colouring (red and green)

2 cups water (+ additional water for the serum bottles)
18 small cups (Dixie cup size)

6 permanent markers

6 boxes of toothpicks

white vinegar

18 small dropper bottles

6 small plastic storage containers

labels for bottles and containers

2 \ PREPARATION

1 - Mix 2 cups of milk with 2 cups of water. Add enough red food colouring
to get a bright red colour and then add a few drops of green to make it a deeper
red colour which looks more realistic.

2 - Label 6 dropper bottles to correspond with the three suspects, the victim,
the weapon sample and the crime scene sample. Take time to label each of the
6 storage containers to correspond to the bottles of fake blood. Fill each bottle
with the fake blood mixture.

3 - Label 6 dropper bottles with “Anti-A Serum”, label 6 others with “Anti-B
Serum”, and label the final 6 “Anti-Rh”. Use the information in the chart below to
fill the bottles with either vinegar or water. (Note that the contents differ depen-
ding on the suspect or the sample!) You may want to code the bottles in a way
that you can tell the contents easily, but it will not be obvious to the students.

4 - Create the testing kits by placing the correct bottle of fake blood in each
kit along with the correct serums, a permanent marker, 3 small cups, and a box

of toothpicks in a small plastic storage container.

Y™V YUY EE WY W W WY
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DIRECTIONS

]- \ Discuss the Crime Summary and go over the directions for the lab.

Observations
Source Anti-A serum ~ Anti-B serum Rh serum Blood Type

Crime scene sample vinegar water vinegar A+
Weapon sample water water vinegar 0+
Victim - Mr Jeffrey B water water vinegar 0+
Suspect #1 (Oliver M) vinegar water vinegar A+
Suspect #2 (Agatha S) water vinegar water B-
Suspect #3 (Sylvia Z) vinegar vinegar water AB-

2 \ Provide one testing kit for each group of students and have then label
the cups in the kit as directed.

3 \ Allow time for the groups to complete the testing of their blood sample
as outlined in the directions.

CONCLUSION

Through this investigation, students should conclude that the crime scene
sample matched suspect #1 Oliver M and the weapon sample matched
the victim, Mr Jeffrey B.

™V WYY EE W W W WY
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PRE-LAB ANSWERS

1 l What does a person’s blood type tell you? Be specific.

A person’s blood type reveals the presence or absence of antigens on
the membrane of red blood cells; the ABO antigens ; antigen A; antigen B,
and the RhD antigen. This creates the eight most common blood types:
A+ A-, B+, B-, AB+, AB-, 0+, and O-.

There is the A blood type if the blood has A antigens, B blood type if
the blood has B antigens, AB type if your blood has the two antigens,
and O blood type if no antigen is present.

In addition, a blood type is positive if the RhD antigen is present,
and a blood type is negative if this antigen is absent

2 \ Complete the table below. Use your biology text for reference.
Hypothesize the reactions with anti-serums.
Clumping will indicate a (+) reaction.

Clumping= + (positive) No clumping= - (negative)
Blood Antigens Genotypes Reaction w / anti-A = Reaction w / anti-B
type present possible serum serum

A A AAAQ + -
B B BB,BO - +
AB A,B AB + o
O NONE 00 = =

Y™V YUY UEEY WY W WY
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ANALYSIS OF RESULTS ANSWERS

Do the experiments, and fill in the table below.
Blood agglutination (clumping) results.

(Hint: If the blood sticks together (agglutinates) after an anti-serum is added,
then the suspect has that blood type)

Observations
Source Anti-A serum ~ Anti-B serum Rh serum Blood Type

Crime scene sample + - + A+
Weapon sample - - + 0+
Victim - Mr Jeffrey B - - + 0+
Suspect #1 (Oliver M) + - + A+
Suspect #2 (Agatha S) - + - B-
Suspect #3 (Sylvia Z) + + - AB-

]. \ Which blood type will clump with the addition of Anti-A serum? Why?

Blood type A because red blood cells from this blood type have on
their membranes Antigen A.

™ WYY UEWEY W R WWY
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ANALYSIS OF RESULTS ANSWERS

2 \ Why can't people with Type-0 blood receive blood from any other type
(A, B, or AB)?

Because their blood contains anti-A and anti-B antibodies.
All the other blood types have antigens A and/or B.
This will trigger an agglutination reaction.

3 \ Was the weapon found used to kill Mr. Jeffrey?
How do you know?

Yes, the weapon found was used to kill Mr. Jeffrey because the blood
of Mr. Jeffrey and the blood found on the weapon had the same blood
type HO+"‘

Y™V YUY UEEYWYW W WY
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ANALYSIS OF RESULTS ANSWERS

4 \ Based on the blood typing results, which of the suspects most likely
committed the burglary? Why?

Suspect n°1 has most likely committed the burglary because its blood
type matched the blood found in the crime scene “A+”.

5 \ Why was it necessary to type the victim’s blood?

It was necessary to type the victim’s blood so it could be distingui-
shed from other blood that may be found at the crime scene. It is a
significant biological clue, necessary for the investigations to proceed.

™V YWY WY W W W WY
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ANALYSIS OF RESULTS ANSWERS

6 \ Can you think of some limitations to using blood typing in
a criminal investigation?

Blood typing can be used to establish whether someone has A, B, AB,
or O blood, but cannot point to a person. Indeed, if many suspects had
the same blood type or shared the same blood type with the victim,
we cannot discriminate which blood corresponds to which person, and
this is confusing.

7 \ Can you think of other biological evidence which can be taken from
a crime scene by a detective that allow an individual to be linked to
a crime?

Fingerprints, hair, skin cells, saliva, sweat, semen, bones, tissues,
urine, or any other biological sample source of DNA

YW WY W W W W W WY
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Abbreviations

[X]i: The intracellular concentration of ion X
[X]o: The extracellular concentration of ion X
2-APB: 2-aminoethoxydiphenyl borate
SHMF': aldehyde 5-hydroxymethyl-2-furfural
AD: Autosomal dominant

AE1: Anion Exchanger I (aka Band 3)

ALK: Anaplastic lymphoma kinase

ANT: Adenine nucleotide transporter

AQP: Aquaporin

AQPI-Aquaporin tetramer 1

AR: Autosomal recessive

ATP: Adenosine triphosphate

BFU-E: Burst-forming unit-erythroid

C: Coulombs

CA: Carbonic anhydrase

Ca’*: Calcium

cAMP: cyclic adenosine monophosphate
CBD: cannabidiol

CCC: cation-CI cotransporters

CD71: Transferrin receptor

CFTR: Cystic fibrosis transmembrane conductance regulator
CFU-E: Colony-forming unit-erythroid
ChTX: Charybdotoxin

Cr: Chloride anion

CO:: Carbon dioxide
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Covidl9: Coronavirus disease appeared in 2019
Cs": Cesium ion

CTD: C-terminal domain

CVD: cardiovascular disease

des: dry cell solid

DHS: Dehydrated Hereditary Stomatocytosis
ECso: half maximal effective concentration
ECD: Extracellular domain

EDTA: Ethylenediaminetetraacetic acid

E: the resting membrane potential, in millivolts
EMA: Eosine-5-maleimide

EMA: European Medicines Agency

e-NMDA-R: Erythroid N-methyl D-aspartate receptor

ERK: Extracellular signal-regulated kinases

ES: External solution

Ex: Potential membrane at the equilibrium of ion X
F: The Faraday constant

FDA: The US Food and Drugs Administration
Fe’*: ferrous atom (iron)

G3PD: glyceraldehyde-3-phosphate dehydrogenase
GO6PD: Gluose-6-phosphate dehydrogenase
GLUTI: Glucose transporter 1

GPA: Glycophorin A

GPB: Glycophorin B

GPC: Glycophorin C

GSH: Glutathione

GsMTx4: Grammastola spatulata mechanotoxin #4

G Conductance for ion “X”
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Hb: Hemoglobin

HbF': Fetal hemoglobin

HC': Hydroxycarbamide

Hct or HT: Hematocrit

HE: Hereditary Elliptocytosis

HPP: Hereditary Pyropoikilocytosis

HSC: Hematopoietic stem cell

HSPC: hematopoietic stem cell and progenitor cells

HX: Hereditary Xerocytosis

Ix: Currents generated due to the movement of ion X or due to the activity of a channel X.

IL-1: Interleukin 1

IL-3: Interleukin 3

lew: litre of cell water

Li*: Lithium ion

LIS: Low ionic strength condition

Ln: natural logarithm

m/s.: meter per second

MBCD: methyl-S-cyclodextrin

MCH: Mean corpuscular hemoglobin

MCHC: mean corpuscular hemoglobin concentration
MCV: Mean corpuscular volume

MVB: Multi vesicular bodies

MPV: Mean platelet volume

NADPH: Nicotinamide adenine dinucleotide phosphate
NGS: Next generation sequencing

NMDA: N-methyl D-aspartate

NMDA-R: N-methyl D-aspartate receptor

NO: Nitric Oxide
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NPP: New permeability pathway

NSC: Non-selective cation channel

NSCLC: Non-small cell lung cancer
NSVDC: Non-selective voltage-dependent cation channel
OMIM: Online mendelian inheritance in man
PAS: periodic acid Schiff reagent

PC: Phosphatidylcholine

PE: Phosphatidylethanolamine

PE: Primitive erythroblasts

PGE>: Prostaglandin E>

PI, PIP, PIP>: phosphoinositide

PK: Pyruvate kinase

PKC: Protein Kinase C

PMCA: Plasma membrane calcium- ATPase
PS: Phosphatidylserine

pS: picosiemens

Psickie: Deoxygenation-sensitive cation channels activity
Px: the permeability for ion X

Rb": Rubidium ion

RBC: Red Blood Cell

RDW: Red cell distribution width

Rh: Rhesus

RhAG: the Rh-associated glycoprotein

RT: Room temperature

SCA: Sickle Cell Anemia

SCD: Sickle Cell Disease

SCF: Stem cell factor

SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis
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SI: The international system of units

STATS: Signal transducer and activator of transcription 5
STOML3: Stomatin-like protein 3

TM: transmembrane domain

TPO: Thrombopoietin

TRP: Transient receptor potential channel

TRPC: Transient receptor potential channel, canonical type
TRPV: Transient receptor potential channel, vanilloid type
TSPO: Translocator protein

V: Volts

Vu: Potential Membrane

VUS: Variant of uncertain significance

WBC: White blood cells

A’THC: delta9-tetrahydrocannabinol
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