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Abstract: Pannexin 1 (PANX1) was proposed to drive ATP release from red blood cells (RBCs) in
response to stress conditions. Stomatin, a membrane protein regulating mechanosensitive channels,
has been proposed to modulate PANX1 activity in non-erythroid cells. To determine whether
stomatin modulates PANX1 activity in an erythroid context, we have (i) assessed the in situ stomatin-
PANX1 interaction in RBCs, (ii) measured PANX1-stimulated activity in RBCs expressing stomatin or
from OverHydrated Hereditary Stomatocytosis (OHSt) patients lacking stomatin, and in erythroid
K562 cells invalidated for stomatin. Proximity Ligation Assay coupled with flow imaging shows
27.09% and 6.13% positive events in control and OHSt RBCs, respectively. The uptake of dyes 5(6)-
Carboxyfluorescein (CF) and TO-PRO-3 was used to evaluate PANX1 activity. RBC permeability for
CF is 34% and 11.8% in control and OHSt RBCs, respectively. PANX1 permeability for TO-PRO-3 is
35.72% and 18.42% in K562 stom+ and stom− clones, respectively. These results suggest an interaction
between PANX1 and stomatin in human RBCs and show a significant defect in PANX1 activity in the
absence of stomatin. Based on these results, we propose that stomatin plays a major role in opening
the PANX1 pore by being involved in a caspase-independent lifting of autoinhibition.

Keywords: erythrocyte; ATP release; pannexin activity; stomatin; overhydrated hereditary stomatocytosis

1. Introduction

Pannexin 1 (PANX1), a plasma membrane pore-forming channel, is widely expressed
in various cell types and tissues [1]. In contrast to other members of the gap junction protein
family, this single-membrane channel is no longer considered to form intercellular channels
but rather described as exerting a physiological role mainly in nucleotide release [2]. In
apoptotic cells, activated PANX1 has been proposed to mediate a ‘find-me’ signal for
cell clearance by phagocyte recruitment [3]. In these cells, the most commonly accepted
molecular mechanism of PANX1 activation is an irreversible cleavage by caspases 3 or 7 of
its C-terminal (CT) tails [3–5], leading to a lift of autoinhibition by releasing the CT tails
from the pore of the previously physically plugged channel.

The heptameric structure of PANX1 has been recently solved [6–11], giving new
insights into the channel conformation though none of the presented structures could
provide a precise visualization of the CT tail. Moreover, the CT tail cleavage cannot explain
the PANX1 function under most physiological situations [12], where PANX1 is reversibly
activated by several ligands in the absence of caspase activation. Such a mode of pore
activation might entail a displacement of the CT tail due to sequential posttranslational
modifications and/or binding of diverse stimuli on PANX1 subunits [12,13]. Alternatively,
conformational changes in other parts of the macromolecule might participate in the gating
mechanism. In this respect, dynamic conformational changes of the N-terminus of PANX1
have been associated with lipid movement in and out of the pore and with modifications of
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the functionality, suggesting a role in this domain of the gating mechanism of the membrane
protein [14]. Among efficient stimuli tested in vitro, the most commonly described are
pressure/stretch, hypotonicity, and increased extracellular K+ or intracellular Ca2+ [13].
PANX1 activation has been monitored by quantifying membrane currents, the release of
intracellular ATP, and/or dye permeation [15–17]. However, K+ and Ca2+ have recently
been shown to have no direct effect on PANX1 conformation [11].

Previous studies revealed the expression of PANX1 at the human and mouse erythro-
cyte membranes [18–21], and others showed that it is the main channel regulating ATP
release from RBCs in response to either hypotonic and high K+ stress [17,22] or pharma-
cological and physiological stimuli [23,24]. In human, mouse, and Xenopus RBCs [25],
ATP release directly correlated with the uptake of dyes with an exclusion limit >1 kDa.
Moreover, RBCs from wild-type (WT) mice exhibited an activation of both ATP efflux and
5(6)-carboxyfluorescein (CF) uptake when stimulated with hypotonic high K+ medium,
whereas RBCs from PANX1 deficient mice (Panx1−/−) did not take up the dye under
similar conditions [21]. More recently, in response to hemoglobin deoxygenation (physio-
logical stimulus), a significant lack of ATP export has been reported in vivo Panx1−/− mice
compared to WT [26].

PANX1 was suggested to react to local modifications or deformations of its mem-
brane environment [15]. In the erythroid context, we wondered whether the integral
membrane protein stomatin might directly interact with PANX1, affecting its function. A
previous report showed an interaction between recombinant proteins PANX1 and stomatin
co-expressed in HEK293 cells, highlighting the involvement of the CT tail of PANX1 in this
interaction [27]. Moreover, stomatin is known to interact with various ion channels and
modulate their activities [28]. As regards the acid-sensing ion channel 3 (ASIC3) in sensory
neurons, an accurate relationship was described between the inhibition of the channel and
the oligomeric state of the SPFH (stomatin, prohibitin, flotillin, HflC/K)-domain of stom-
atin [29,30], a domain then reported to be common to stomatin-like and related proteins [31].
Interestingly, the molecular mechanism of this inhibition has recently been highlighted [32].
Stomatin has also recently been shown to interact with the Na+ taurocholate cotransporting
polypeptide (NTCP) in hepatocytes and to modulate bile salt uptake [33]. In RBCs, stomatin
is particularly well expressed and localized in cholesterol-rich lipid rafts, with connections
to actin and the spectrin-based skeleton [34]. The monomeric form of stomatin, also known
as protein 7.2 or as the major component of band 7, exhibits an apparent molecular weight
of 31-kDa [35,36] and is totally absent from mature RBCs of a rare human haemolytic
anaemia, hereditary stomatocytosis (OHSt) [37]. Previous studies clearly identified the
interaction between stomatin and several channels or transporters in erythrocyte mem-
brane domains [38]. They demonstrated its capability to regulate the activity of membrane
transporters in RBCs, such as the glucose transporter GLUT-1 and the anion exchanger
Band 3 (or AE1) [39,40].

In this study, we characterized, for the first time, a physical and functional link between
PANX1 and stomatin at the human RBC membrane. We used an in situ Proximity Ligation
Assay (PLA) to highlight the colocalization (<40 nm) of stomatin and PANX1 at the RBC
membrane. We also took advantage of samples from three OHSt patients previously
described to naturally lack stomatin [41] to investigate the role of stomatin on PANX1
activity. Finally, we confirmed our results by measuring PANX1 activity on both WT K562
(stom+), and K562 invalidated for stomatin (stom−).

2. Results
2.1. Deformability Properties over an Osmotic Gradient Measured in RBCs from Controls and
OHSt Patients

Osmotic gradient ektacytometry (osmoscan) was used to determine RBC deformability
or the Elongation Index (EI) under defined shear stress as a function of medium osmolality
(in mOsm/kg). Osmoscan curves are similar for each OHSt patient compared to appropriate
controls (Figure 1A). A characteristic shift to the right was observed with Osmolality values
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significantly higher for the patient RBCs (Omin: 187.7 vs. 147.6 mOsm/kg, O(EImax):
396.3 vs. 326.0 mOsm/kg and Ohyper: 630.3 vs. 497.3 mOsm/kg, for OHSt and Control,
respectively) (Figure 1B), indicating an osmotic fragility and overhydration, as previously
described in OHSt RBCs [42,43]. The Elongation Index values were similar among all the
tested RBCs from both controls and OHSt patients except for EImin, which was significantly
higher for OHSt (0.219 vs. 0.122 in controls) (Figure 1B). This result might be related to the
Omin increase in the patient RBCs.
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Figure 1. Rheological properties of OHSt RBCs compared to controls. (A) Osmoscan curves of the
3 studied OHSt patients (in grey) compared to healthy control (Ctrl) subjects (in black) with critical
points (Osmolality: Omin, Omax, Ohyper and Elongation Index: EImin, EImax, EIhyper) specified on each
curve. (B) The values of these critical points have been determined, and their averages have been
compared between OHSt and Ctrl using a multiple t-test (p values ≤ 0.05: * and ≤0.001: ***).

2.2. Stomatin and PANX1 Expression at the RBC Membrane of Controls and OHSt Patients

Western blot analysis confirmed the expected lack of stomatin in OHSt samples
(Figure 2A), using a mouse monoclonal antibody (E-5, see material and methods) raised
against amino acids 1–45 mapping at the intracellular N-terminus of the human stom-
atin. Similarly, using a KO-validated rabbit polyclonal antibody raised against amino acids
18–31 mapping at the intracellular N-terminus of PANX1 revealed the presence of PANX1 at
the RBC membrane of control and OHSt patients (Figure 2A). On the immunoblot, PANX1
could be detected at the expected molecular weight of 40 kDa representing a monomeric
form. Moreover, large bands at 80 kDa were also detected in all samples, and these bands
most probably correspond to a dimer of PANX1. We used the same antibodies in flow
cytometry analysis to measure stomatin and PANX1 expression levels in permeabilized
RBCs from controls and OHSt patients. The values of Mean Fluorescence Intensity (MFI)
confirmed the stomatin-deficiency in OHSt RBCs (MFI: 85.8 vs. 978.3 in Controls). Re-
garding the expression level of PANX1, this study revealed a slight increase in OHSt (MFI:
783) compared to controls (MFI: 553) (Figure 2B), suggesting either a higher PANX1 copy
number at the OHSt RBC membrane or increased accessibility of the anti-PANX1 antibody
in the absence of stomatin. A similar trend was found when quantifying the expression
level of AE1 on OHSt RBC membranes with anti-AE1 (unpublished results). Even though
the specificity of the anti-PANX1 antibody signal has been previously demonstrated by
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the supplier using KO samples, it was also validated here by flow cytometry using RBCs
previously incubated with a competitor peptide (Figure S1).
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Figure 2. Stomatin and PANX1 expression in OHSt RBCs compared to controls. (A) Western
blot analysis of RBC ghosts from 3 controls (C1, C2, C2) and the 3 OHSt patients (O1, O2, O3)
using mouse monoclonal anti-stomatin (E-5), rabbit polyclonal anti-PANX1 and rabbit polyclonal
anti-p55 as control. The molecular weights (kDa) of the detected bands are mentioned. (B) Flow
cytometry analysis of stomatin expression in the RBCs of the 3 controls and the 3 OHSt patients after
permeabilisation. Negative controls consist of the observed fluorescence with only the secondary
antibody. The averages of Mean of Fluorescence Intensity (MFI) were compared between OHSt
and control (Ctrl) RBCs using a two-way ANOVA Sidak’s multicomparison test (p values > 0.05:
ns and ≤0.05: *, ns stands for not significant), paired for comparisons within OHSt samples when
signals with anti-stomatin were compared to that of Negative controls and unpaired when OHSt
were compared to Ctrl. (C) Flow cytometry analysis of PANX1 expression in the 3 controls and the
3 OHSt patient RBCs after permeabilization and comparisons of MFIs between controls and OHSt, as
performed in B.

2.3. Proximity between Stomatin and PANX1 in Control RBCs

Using validated anti-stomatin and anti-PANX1 antibodies, an in situ PLA was per-
formed on fixed and permeabilized control red cells from unfrozen control blood of
7 different individuals. Following the incubation with the primary antibodies, the ad-
dition of PLA reagents and successive steps (probe coupling, ligation, polymerization, and
finally hybridization with a fluorescent dye) produced positive reactions that were char-
acterized by FarRed spots clearly visualized in some RBCs using an Amnis ImageStream
Imaging Flow Cytometer (Figure 3A). The positive reactions corresponding to the proximity
of 40 nm or less between the two stomatin and PANX1 proteins could be quantified by
determining a percentage of RBCs containing the FarRed spots designated as %PLA+. The
anti-stomatin/anti PANX1 antibody pair gave 27.09% PLA+ (Figure 3B). This result could
be compared to that obtained in the same conditions but using the anti-stomatin/anti-AE1
antibodies, which gave 42.38% PLA+ (Figure 3B), in agreement with previous studies [39].
The slightly higher percentage obtained for the positive control is consistent with the high
expression level of both stomatin and AE1 compared to a much lower expression level
of PANX1 in RBCs. In this assay, negative controls were initially composed of reactions
missing one of the two primary antibodies or both, giving 4.01% PLA+ and 1.57% PLA+,
when anti-stomatin and anti-PANX1 were used alone, respectively (Figure 3B). Moreover,
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we used stomatin-deficient RBCs to perform another PLA negative control, this time using
the anti-stomatin/anti-PANX1 antibody pair. This PLA was performed on frozen and
thawed RBCs and resulted in 6.13% PLA+ from the RBCs of the 3 OHSt patients (Figure 3C).
This value was significantly lower than that obtained from frozen and thawed control RBCs
(26.67%). Interestingly, values for the stomatin/PANX1 tests were very similar whether
control RBCs had been frozen/thawed or not (27.09% vs. 26.67% PLA+, respectively).
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Figure 3. Stomatin and PANX1 proximity in control and OHSt RBCs assessed by Proximity Lig-
ation Assay (PLA) and analyzed by Imaging Flow Cytometry. (A) PLA-positive (PLA+) events
characterized by red spots which result from the detection oligos coupled to fluorochromes (FarRed)
hybridizing to sequences in the amplified DNA were visualized by Imaging Flow Cytometry and
merged with Brightfield images of the corresponding Control RBCs. (B) Quantification of the assay
corresponding to the percentage of PLA+ RBCs was performed several times in different conditions:
without any primary antibody (none, N = 10), with only one antibody (anti-stomatin or anti-PANX1
or anti-AE1, N = 3 for each condition) and in the presence of two antibodies (anti-stomatin + anti-
PANX1 or anti-stomatin + anti-AE1, N = 7 in both conditions). A comparison was performed using
an unpaired One-way Anova Tukey’s test. (C) PLA using anti-stomatin + anti-PANX1 was performed
in identical conditions to those described above but on frozen/thawed control (Ctrl) and OHSt
RBCs and compared using paired or unpaired (between control and OHSt) Two-way Anova Sidak’s
multiple comparisons test (p values > 0.05: ns, ≤0.05: *, ≤0.01: ** and ≤0.001: ***). ns stands for
not significant.

2.4. ATP Release from RBCs

Rates of intracellular ATP release from RBCs were estimated by quantifying eATP
concentration by online luminometry. The first series of experiments were run on fresh RBCs.

In isoosmotic medium (iso), basal levels of eATP in RBCs amounted to
0.10 ± 0.02 pmol/106 cells (Figure 4A). The hypoosmotic treatment (hypo) led to a 7-fold
increase in total eATP concentration. In contrast, after stimulation, the increase of lytic ATP
accounted for only 13% of the hypotonically induced-ATP release. Carbenoxolone (CBX), a
well-known PANX1 inhibitor, significantly reduced the hypotonically elevated total eATP
content by 56% (i.e., from 0.76 to 0.33 pmol/106 cells) (Figure 4A).
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Figure 4. Activation of ATP release in fresh RBCs by a hypoosmotic challenge. (A) RBC suspensions
were exposed to isoosmotic (Iso) or hypoosmotic (Hypo, 240 mOsm/kg) stimulation. Experiments
were performed with or without preincubation with 100 µM CBX, a PANX1 inhibitor. Results are
expressed as eATP (pmol/106 cells). The hemoglobin concentration of paired samples was used to
estimate lytic eATP. A stacked graph was built to show the contribution of lytic ATP (hatched bars)
within total ATP release from RBCs. Lytic and total eATP values were compared using a One-Way
ANOVA Dunnett’s test for Multiple Comparisons (N = 5). The results shown are mean values ± SEM.
(B) The difference between total eATP and lytic eATP was calculated and denoted as non-lytic
eATP. Non-lytic eATP values were compared using a One-Way ANOVA Dunnett’s test for Multiple
Comparisons. (C) PS exposure was measured by flow cytometry on Lactadherin-FITC stained RBCs
in basal conditions after treatment with Fenton’s reagent, as a control of eryptosis, and in basal or
hypoosmotic conditions without Fenton. (D) Caspase activation was measured under conditions
similar to PS exposure but on FLICA 660 caspase3/7-stained RBCs. The statistical analysis of the last
two measurements (N = 5) was performed using an RM-one-way ANOVA test. (p values > 0.05: ns,
≤0.05: *, ≤0.01: ** and ≤0.001: ***). ns stands for not significant.

These results suggest that in fresh RBCs, most ATP release is mediated by PANX1.
Fresh RBCs showed neither PS externalization nor caspase activation (Figure 4C,D), thus
suggesting that PANX1 activation by hypotonicity does not require an irreversible caspase-
dependent CT tail cleavage.

ATP release was also assessed in frozen/thawed RBCs from OHSt RBCs and their
respective frozen/thawed control RBCs. Prior to experiments, cells were thawed and
rejuvenated to increase levels of intracellular ATP and 2,3-diphosphoglycerate (2,3-DPG) to
that of fresh cells [44].

The hypoosmotic treatment triggered a 2- and 2.9-fold increase of eATP in control and
OHSt RBCs, respectively, suggesting activation of ATP release (Figure 5A). Baseline (Iso)
eATP was equivalent between control and OHSt RBCs. However, these values are signif-
icantly higher than baseline values obtained using fresh RBCs (Figure 4B). Furthermore,
exposure to 100 µM CBX did not significantly affect the hypoosmotically stimulated ATP
release in both cell groups and was clearly less efficient than in fresh RBCs (decrease of 23%,
Figure 5B control cells, compared to 72%, Figure 4B). Results suggest that in frozen/thawed
rejuvenated RBCs, PANX1 is not the main conduit mediating ATP release in response to
hypoosmotic stimulation.
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(white bars) or OHSt (grey bars) RBCs. The hemoglobin concentration of paired samples was used 
to estimate lytic eATP. (B) Non-lytic eATP was calculated as the differences between total eATP and 
lytic eATP. Total, lytic, and non-lytic eATP values were compared using a One-Way ANOVA Dun-
nett’s test for Multiple Comparison (N = 3). The results shown are mean values ± SEM. (p values 
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tion, we decided to stimulate these cells using a high K+ buffer as previously described 
[17]. Uptake of the fluorescent tracer molecule 5(6)-carboxyfluorescein by human eryth-
rocytes was performed under conditions where Na+ was replaced by K+ without chang-
ing the osmolarity of the Krebs solution. The Mean Fluorescence Intensity (MFI) was de-
termined by flow cytometry following the protocol described in the patients and methods 
section below. 

For frozen/thawed control RBCs, a significant 34% increase in fluorescence intensity 
was observed in the presence of K+ (MFI Basal: 105 vs. MFI KCl: 160) (Figure 6A, white 
bars), and the use of three different PANX1 inhibitors resulted in a fluorescence signal 
was similar to that of basal conditions (Figure 6B). However, the RBC volume, corre-
sponding to the FSC intensity (that is proportional to the diameter of the cells), was un-
modified after stimulation (Figure 6C, black symbols). These results strongly indicated 
that PANX1 is activated in control RBCs by KCl. In contrast, on frozen/thawed OHSt 
RBCs, after KCl stimulation, the increase of fluorescence intensity was very weak and not 
significant (Figure 6A, grey bars). Moreover, the decrease of fluorescence intensity after 
preincubation with CBX was also non-significant. When frozen/thawed OHSt RBCs were 
compared to control RBCs in terms of their size, an expected significant increase of 31% 
(FSC basal OHSt: 118915 vs. FSC basal control: 90647) (Figure 6C, white symbols) was 

Figure 5. Activation of ATP release in frozen/thawed and rejuvenated RBCs from controls and OHSt
patients. Suspensions of frozen/thawed and rejuvenated RBCs were exposed to isoosmotic (Iso)
or hypoosmotic (Hypo, 240 mOsm/kg) stimulation. Experiments were performed with or without
preincubation with 100 µM CBX, a PANX1 inhibitor. Results are expressed as eATP (pmol/106 cells).
(A) Stacked graph showing total eATP including lytic eATP (hatched bars) released from control
(white bars) or OHSt (grey bars) RBCs. The hemoglobin concentration of paired samples was used to
estimate lytic eATP. (B) Non-lytic eATP was calculated as the differences between total eATP and lytic
eATP. Total, lytic, and non-lytic eATP values were compared using a One-Way ANOVA Dunnett’s
test for Multiple Comparison (N = 3). The results shown are mean values ± SEM. (p values > 0.05: ns,
≤0.05: *, ≤0.01: **). ns stands for not significant.

2.5. 5(6)-Carboxyfluorescein (CF) Uptake after High K+ Stimulation of Control and OHSt
RBC Membranes

Because frozen/thawed cells had lost the ability to respond to hypoosmotic stimulation,
we decided to stimulate these cells using a high K+ buffer as previously described [17].
Uptake of the fluorescent tracer molecule 5(6)-carboxyfluorescein by human erythrocytes
was performed under conditions where Na+ was replaced by K+ without changing the
osmolarity of the Krebs solution. The Mean Fluorescence Intensity (MFI) was determined by
flow cytometry following the protocol described in the patients and methods section below.

For frozen/thawed control RBCs, a significant 34% increase in fluorescence intensity
was observed in the presence of K+ (MFI Basal: 105 vs. MFI KCl: 160) (Figure 6A, white
bars), and the use of three different PANX1 inhibitors resulted in a fluorescence signal was
similar to that of basal conditions (Figure 6B). However, the RBC volume, corresponding to
the FSC intensity (that is proportional to the diameter of the cells), was unmodified after
stimulation (Figure 6C, black symbols). These results strongly indicated that PANX1 is
activated in control RBCs by KCl. In contrast, on frozen/thawed OHSt RBCs, after KCl stim-
ulation, the increase of fluorescence intensity was very weak and not significant (Figure 6A,
grey bars). Moreover, the decrease of fluorescence intensity after preincubation with CBX
was also non-significant. When frozen/thawed OHSt RBCs were compared to control RBCs
in terms of their size, an expected significant increase of 31% (FSC basal OHSt: 118915 vs.
FSC basal control: 90647) (Figure 6C, white symbols) was observed, consistent with the well-
known increased volume of OHSt RBCs compared to that of control RBCs (in this study,
mean RBC volume for OHSt: 138.2fl and for controls: 90fl, Supplementary Table S1). In
high K+ conditions, the size of OHSt RBCs was also unmodified. All these results strongly
indicate that stomatin-deficient OHSt RBCs appear insensitive to K+ stimulation regarding
the fluorescein uptake, suggesting a potential inactivation of PANX1 in these cells.
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ulated cells or cells stimulated in the presence of CBX using a paired Two-way Anova Sidak’s mul-
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knock down the STOM gene and compare PANX1 activity in WT (stom+) vs. stom− cells. 

Endogenous expressions of stomatin and PANX1 in K562 cells were tested by flow 
cytometry with the anti-stomatin and anti-PANX1 antibodies previously used on RBCs. 
Clear positive signals (MFI anti-stomatin: 1013 and MFI anti-PANX1: 2153) were obtained 
(Figure 7A and Figure 7B, respectively) compared to controls. 

In these cells, PANX1 activity was assessed by the uptake of the FarRed fluorescent 
tracer molecule TO-PRO-3, as previously described [4], after stimulation by hypotonic 
stress of 80 mOsm. However, TO-PRO-3, impermeant to live cells, can penetrate cells not 
only through activated PANX1 channels but also through compromised membranes char-
acteristic of dead cells. Importantly, these dead cells had to be excluded from the analysis 

Figure 6. 5(6)-carboxyfluorescein uptake in control (Ctrl) and OHSt RBCs after stimulation by high
K+. (A) MFI due to the dye uptake in Ctrl (black) and OHSt (grey) frozen/thawed rejuvenated
RBCs measured by flow cytometry in basal conditions and after stimulation by KCl without or
with incubation with CBX. (B) Carbenoxolone (CBX), probenecid (PBC), and mefloquine (MFQ),
three different PANX1 inhibitors, were added to RBC 20 min before the stimulation, resulting
in a fluorescence signal similar to that of basal conditions. (C) FSC was also determined in all
the conditions described above under KCl stimulation. Data obtained from stimulated cells were
compared to that of unstimulated cells or cells stimulated in the presence of CBX using a paired
Two-way Anova Sidak’s multiple comparisons test. The same test but unpaired was used when
Ctrl and OHSt RBCs were compared. (p values > 0.05: ns, ≤0.05: *, ≤0.0001: ****). ns stands for
not significant.

2.6. Endogenous Expression of Stomatin and PANX1 in K562 Cells and PANX1-Dependent
TO-PRO-3 Uptake

As we could not completely exclude that OHSt RBCs display other membrane abnor-
malities besides stomatin deficiency, we decided to test PANX1 activity using the nucleated
erythroid K562 cell line. As we show below, using this cell line, it was possible to knock
down the STOM gene and compare PANX1 activity in WT (stom+) vs. stom− cells.

Endogenous expressions of stomatin and PANX1 in K562 cells were tested by flow
cytometry with the anti-stomatin and anti-PANX1 antibodies previously used on RBCs.
Clear positive signals (MFI anti-stomatin: 1013 and MFI anti-PANX1: 2153) were obtained
(Figures 7A and 7B, respectively) compared to controls.

In these cells, PANX1 activity was assessed by the uptake of the FarRed fluorescent
tracer molecule TO-PRO-3, as previously described [4], after stimulation by hypotonic
stress of 80 mOsm. However, TO-PRO-3, impermeant to live cells, can penetrate cells
not only through activated PANX1 channels but also through compromised membranes
characteristic of dead cells. Importantly, these dead cells had to be excluded from the
analysis of TO-PRO-3 uptake, and this could be done by detecting their specific positive
stain with Sytox blue. In addition, the apoptotic cells exhibiting a possible irreversible
activation of PANX1 by caspase cleavage of the CT tail also had to be excluded. They were
specifically stained with Lactadherin FITC, detecting extracellular phosphatidylserine. The
TO-PRO-3 uptake was analyzed on at least 85% of viable K562 clones (Sytox-negative and
Lactadherin-negative, Figure 7C).
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PANX1 expression analysed by flow cytometry on permeabilized K562 cells using anti-PANX1 
(Alomone Labs, Jerusalem, Israel). (C) Gating strategy of Sytox-negative (Pacific Blue) and Lactad-
herin-negative (FITC) K562 cells (at least 85%, Q4) in which the TO-PRO-3 staining (APC) was eval-
uated by flow cytometry. (D) TO-PRO-3 uptake was measured on K562 cells in basal conditions 
and, after a hypotonic stimulation (80 mOsm/kg), on K562 cells that were preincubated or not with 
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plasmids, cells were stabilized for 3 weeks in the presence of puromycin for selection of 
cells where Cas9-induced DNA cleavage had occurred. The puromycin-resistant cells 
from both co-transfections were tested by flow cytometry after permeabilization and in-
cubation with an anti-stomatin antibody (Figure 8A). Cells co-transfected with HDR and 
control CRISPR/Cas9 plasmids were distributed into a homogenous population express-
ing stomatin (MFI: 1315). In contrast, cells co-transfected with HDR and stomatin 
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Figure 7. Endogenous expression of stomatin and PANX1 in K562 cells and PANX1-dependent
TO-PRO-3 uptake by non-apoptotic K562 cells. (A) Stomatin expression analysed by flow cytom-
etry on permeabilized K562 cells using anti-stomatin E5 (Santa Cruz Biotechnology, Dallas, TX,
USA). (B) PANX1 expression analysed by flow cytometry on permeabilized K562 cells using anti-
PANX1 (Alomone Labs, Jerusalem, Israel). (C) Gating strategy of Sytox-negative (Pacific Blue) and
Lactadherin-negative (FITC) K562 cells (at least 85%, Q4) in which the TO-PRO-3 staining (APC) was
evaluated by flow cytometry. (D) TO-PRO-3 uptake was measured on K562 cells in basal conditions
and, after a hypotonic stimulation (80 mOsm/kg), on K562 cells that were preincubated or not with
several PANX1 inhibitors (carbenoxolone [CBX], probenecid [PBC], and mefloquine [MFQ]) (N = 3).

Preincubation of K562 cells with several PANX1 inhibitors (carbenoxolone [CBX],
probenecid [PBC], and mefloquine [MFQ]) before hypotonic stimulation resulted in flu-
orescence intensities comparable to that obtained in isotonic conditions (Figure 7D CBX:
88.37, PBC: 91, MFQ: 89.8 compared to control Iso: 88.57). This indicates that the increase
of TO-PRO-3 fluorescence after stimulation is PANX1 dependent.

2.7. Generation of Stomatin CRISPR/Cas9 Knockout K562 Cell Clones

After co-transfecting K562 cells with stomatin Homology-Directed DNA Repair (HDR)
plasmids with either control CRISPR/Cas9 or stomatin CRISPR/Cas9 Knockout plas-
mids, cells were stabilized for 3 weeks in the presence of puromycin for selection of cells
where Cas9-induced DNA cleavage had occurred. The puromycin-resistant cells from
both co-transfections were tested by flow cytometry after permeabilization and incubation
with an anti-stomatin antibody (Figure 8A). Cells co-transfected with HDR and control
CRISPR/Cas9 plasmids were distributed into a homogenous population expressing stom-
atin (MFI: 1315). In contrast, cells co-transfected with HDR and stomatin CRISPR/Cas9
KO plasmids were distributed into two sub-populations, one showing a similar expression
level of stomatin to the control cells (MFI: 1071) and the second one exhibiting a marked
decrease in stomatin expression (MFI: 307). A limiting dilution of these cells gave rise to
several clones. A flow cytometry analysis of each clone regarding stomatin expression
clearly showed that each was derived from one of the two sub-populations (Figure 8B).
Five clones (C2, C9, E3 D8, and G8) were identified as stomatin-negative (stom−) with a
stomatin expression level similar to that of the negative control (average MFI for negative
control: 305 (not shown) and the average of MFI for the 5 clones: 368.8, Figure 8C).
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intensities measured in several conditions. As shown in Figure 9D, the same hypotonic 

Figure 8. Stomatin deficiency on stomatin Knockout transfected K562 cells and generation of stom+

and stom− clones. (A) Stomatin expression was assessed by flow cytometry on puromycin-resistant
K562 cells after co-transfection with stomatin Homology-Directed DNA Repair (HDR) plasmids
together with either control CRISPR/Cas9 (CRISPR Control) or stomatin CRISPR/Cas9 Knockout
(CRISPR KO) plasmids. This led to two different dot plot representations (HDR/ CRISPR Control
and HDR/ CRISPR KO), where fluorescence intensity corresponding to stomatin expression was
plotted on the x-axis and Forward Scatter (FSC) on the y-axis. (B) Flow cytometry profiles of K562
stomatin-negative clones (C2, C9, E3 D8, and G8) compared to stomatin-positive controls (WT)
and controls incubated without the primary anti-stomatin antibody (negative). (C) MFI averages
of stomatin-negative (stom−) and stomatin-positive (stom+) K562 clones. A comparison of their
stomatin expression level was performed using an unpaired t-test. (p values ≤ 0.0001: ****).

2.8. PANX1 Expression and Caspase-Independent TO-PRO-3 Uptake in stom+ and stom− K562
Cell Clones

A similar endogenous expression level of PANX1 was detected for the stom+ (average
MFI: 2943) and the stom− (averaged MFI: 2893) K562 clones (Figure 9A) compared to WT
K562 cells (Figure 7B).

Under hypotonic stimulation, the average (three different measurements for each
clone) of the fluorescence intensities due to TO-PRO-3 uptake was determined. In stomatin-
negative clones, a significant decrease in fluorescence, as compared to stomatin-positive
clones (normalized fluorescence (F − F0)/F0 × 100: 18.42 for stom− and 35.72 for stom+)
was observed, indicating that PANX1 is inactive in these clones (Figure 9B). Interestingly, the
cell volume of stimulated K562 cells increased similarly whether they expressed stomatin
(Figure 9C), ensuring accurate comparisons between the TO-PRO-3 fluorescence intensities
measured in several conditions. As shown in Figure 9D, the same hypotonic stimulation led
to a slight but significant activation of caspases 3/7 in both stom+ and stom− K562 clones,
respectively 2.49% and 1.90%, but this was not enhanced in the absence of stomatin.
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between stom+ (black squares) and stom- (grey squares) K562 cell clones using an unpaired t-test. 
(C) Cell volume of stom+ (black) and stom− (grey) K562 clones assessed by flow cytometry compar-
ing FSC geomean values obtained in isotonic (circles) and hypotonic (80 mosm/kg, squares) condi-
tions. (D) Caspase 3/7 activity measured by flow cytometry analysis allowing the determination of 
the percentage of fluorescent stom+ (iso: black and hypo: black with white dots) and stom− (iso: 
grey and hypo: grey with white dots) K562 cell clones preloaded by the NucView substrate and 
stimulated by hypotonic stress (two-way ANOVA Sidak’s multiple comparisons test). (p values 
>0.05: ns, ≤0.05: *, ≤0.01: ** and ≤0.0001: ****). 

3. Discussion 
To study the functional properties of the mechanosensitive channel PANX1 and to 

explore its modulation by stomatin, we carried out investigations using RBCs and K562 
cells. While stomatin is ubiquitously expressed at the membrane of both cell types, the cell 
surface expression of PANX1 has not been clearly identified to date. Indeed, in human 
RBCs, the presence of PANX1 has been essentially demonstrated by functional studies 
[17,24] or by western blot [18], and, in K562 cells, its expression has previously been re-
ported from proteomic studies [45]. In the present study, we used a specific anti-PANX1 
antibody which allowed a clear identification of PANX1 at the membrane of human RBCs 
and K562 cells. On RBCs, a glycosylated form of the channel was revealed, consistent with 
a glycosylation site previously described at the second extracellular loop (Asn-254, [46]). 
Glycosylation in PANX1 is considered essential to prevent two oligomers from docking 
and forming an intercellular channel, thus ensuring that they form a single-membrane 
channel connecting the intra- and extracellular compartments of cells. 

Furthermore, to highlight proximity (<40 nm) between PANX1 and stomatin at the 
erythrocyte membrane, an in situ PLA coupled with imaging flow cytometry was used to 
visualize and quantify, for the first time in RBCs, PLA-positive events. The in situ stoma-

Figure 9. TO-PRO-3 uptake in viable and non-apoptotic stom+ and stom− K562 cells after hypotonic
stress. (A) Expression of PANX1 in stom− and stom+ K562 clones was assessed by flow cytometry, giv-
ing similar levels. (B) Comparison of the relative TO-PRO-3 fluorescence intensity (F − F0/F0 − 100)
between stom+ (black squares) and stom− (grey squares) K562 cell clones using an unpaired t-test.
(C) Cell volume of stom+ (black) and stom− (grey) K562 clones assessed by flow cytometry comparing
FSC geomean values obtained in isotonic (circles) and hypotonic (80 mosm/kg, squares) conditions.
(D) Caspase 3/7 activity measured by flow cytometry analysis allowing the determination of the
percentage of fluorescent stom+ (iso: black and hypo: black with white dots) and stom− (iso: grey
and hypo: grey with white dots) K562 cell clones preloaded by the NucView substrate and stimulated
by hypotonic stress (two-way ANOVA Sidak’s multiple comparisons test). (p values > 0.05: ns, ≤0.05: *,
≤0.01: ** and ≤0.0001: ****).

3. Discussion

To study the functional properties of the mechanosensitive channel PANX1 and to ex-
plore its modulation by stomatin, we carried out investigations using RBCs and K562 cells.
While stomatin is ubiquitously expressed at the membrane of both cell types, the cell sur-
face expression of PANX1 has not been clearly identified to date. Indeed, in human RBCs,
the presence of PANX1 has been essentially demonstrated by functional studies [17,24] or
by western blot [18], and, in K562 cells, its expression has previously been reported from
proteomic studies [45]. In the present study, we used a specific anti-PANX1 antibody which
allowed a clear identification of PANX1 at the membrane of human RBCs and K562 cells.
On RBCs, a glycosylated form of the channel was revealed, consistent with a glycosylation
site previously described at the second extracellular loop (Asn-254, [46]). Glycosylation
in PANX1 is considered essential to prevent two oligomers from docking and forming an
intercellular channel, thus ensuring that they form a single-membrane channel connecting
the intra- and extracellular compartments of cells.

Furthermore, to highlight proximity (<40 nm) between PANX1 and stomatin at the
erythrocyte membrane, an in situ PLA coupled with imaging flow cytometry was used to
visualize and quantify, for the first time in RBCs, PLA-positive events. The in situ stomatin-
PANX1 proximity in RBCs revealed in this study is consistent with a previously reported
interaction between the two recombinant proteins stomatin and PANX1 by an in vitro
pull-down assay [27]. Since stomatin was reported as a major protein in cholesterol-rich
microdomains of RBCs (lipid-rafts) [47], present data strongly suggest that PANX1-stomatin
interactions occur in these microdomains of the RBC membranes.
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Many stimuli have been described to activate PANX1 in a large number of cells ex-
pressing the endogenous or the recombinant mechanosensitive channel [13]. In the present
study, when fresh RBCs were stimulated in vitro by applying hypotonic stress, a substantial
non-lytic ATP release, sensitive to PANX1 inhibitor carbonoxolone (CBX), strongly indi-
cated that PANX1 plays an essential role in ATP release from RBCs, as previously described
with other stimuli [4,22,23,48]. However, a considerable release of ATP was also observed
in unstimulated frozen/thawed and rejuvenated RBCs, not due to hemolysis. Furthermore,
the stimulation by the hypotonic stress induced a small but significant increase of ATP
release that could not be inhibited by CBX, suggesting other exit pathways than PANX1
for ATP. The voltage-dependent anion channel (VDAC) previously proposed to be able to
release ATP once oligomerized [49] could be involved in this pathway, and the oligomer-
ization state of VDAC would be interesting to investigate in frozen/thawed RBCs. The
present study shows that in vitro ATP release assays, which can be successfully used to
specifically study the PANX1 activity on fresh RBCs, are unsuitable for such investigations
on frozen/thawed and rejuvenated RBCs. In contrast, stimulation by K+ previously de-
scribed to induce 5(6)-Carboxyfluorescein dye uptake through the activated PANX1 [20]
could be efficiently reproduced in this study on fresh as well as on frozen/thawed RBCs.

We took advantage of the availability of blood samples of 3 OHSt patients, genetically
defined by a mutation in the RHAG gene [41] and phenotypically characterized by a cation
leak and a stomatin deficiency [50–52]. In the absence of mutation in the STOM gene,
the origin of this deficiency in mature erythrocytes is still unknown [53]. However, the
rheological properties of the patient RBCs, as previously described for OHSt [43], resulted
in specific values on the osmoscan curves that were characteristic of an increase in osmotic
fragility and overhydration [54], and this could be compared for the first time between
various OHSt patients. The present study also revealed a common EImin value for the
3 OHSt, indicating an altered surface/volume of their RBCs. Importantly, the stomatin
deficiency reasonably suggests that the activity of RBC membrane channels or transporters
that are shown to interact with stomatin in control RBCs [38] could be impacted in OHSt,
as previously described for GLUT1 [40] and AE1 [39]. Using frozen/thawed control and
OHSt RBCs tested simultaneously, we have demonstrated that cells expressing both PANX1
and stomatin can uptake 5(6)-Carboxyfluorescein and that this uptake is inhibited by three
well-characterised inhibitors of PANX1 belonging to different chemical families [55–57].
Moreover, OHSt lacking stomatin was not able to take up the dye. Altogether, the data
presented in this study demonstrate that PANX1 is endogenously expressed in RBCs and
colocalizes with stomatin which regulates PANX1 activity.

To confirm results obtained with stom+ (control) and stom− (OHSt) RBCs, we used
CRISPR Cas9 to generate K562 stom− clones exhibiting unchanged endogenous PANX1
expression levels and no modification in their cell volume. In stom− K562 clones, TO-
PRO-3 uptake was measured by flow cytometry after a hypoosmostic (80 mOsm/kg)
stimulation of cells. Uptake of this impermeant dye was previously associated with PANX1
activation in HEK293 cells [4]. However, Chui et al. described that the apoptotic process
in these cells could be associated with the activation of caspases 3/7, which can cleave
the CT tail end of PANX1 and, therefore, irreversibly open the channel [3]. Together with
increased permeability to TO-PRO-3 in dying cells [58], this caspase activation can lead to a
dye uptake independently of the mechanical stimulation. Unlike these previous studies
focusing on the irreversible activation of PANX1, we were interested in investigating the
role of stomatin in the caspase-independent activation of PANX1. The apoptotic and dead
cells were therefore excluded from the TO-PRO-3 uptake analysis. When only viable cells
were tested, the dye uptake was compared between stom+ and stom− K562 clones, showing
a significant decrease in fluorescence in the absence of stomatin. As for CF uptake in RBCs,
the TO-PRO-3 uptake in K562 cells was strongly inhibited by 3 different PANX1 inhibitors,
clearly indicating that this uptake is due to PANX1 activity. Interestingly, the hypoosmotic
stimulation weakly but significantly induced the activation of caspases. However, caspase
activation was similar in stom− clones and could therefore not account for a lower dye
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uptake in these cells. Consequently, the stom− K562 cells appeared less sensitive to the
hypotonic stress regarding caspase-independent PANX1 activation.

All these results clearly demonstrate a role of stomatin, shown here to be in the
proximity of PANX1, in this alternative small conductance ion-conducting pathway that
involves side tunnels [11]. In addition, the recent description of a dynamic conformational
change of the N-terminal ends in association with lipid movement in and out of the pore
leading to modifications of the functionality [14] also supports the involvement of the
stomatin. Indeed, this major lipid-raft protein at the RBC membrane could play an indirect
role in this gating mechanism, probably by maintaining a specific lipid environment around
the PANX1 membrane protein. In the future, it will be interesting to carry out ATP release
studies on fresh stomatin-deficient RBCs from OHSt patients when they are available, as
well as biochemical and structural characterization of native PANX1-stomatin complexes
using recently developed detergent-free protocols specially adapted to studying RBC
membrane proteins [59].

4. Methods and Materials
4.1. Control and Patient RBCs

Blood from healthy volunteers and 3 OHSt patients with the Phe65Ser RhAG mutation
was obtained by venipuncture on the same day ektacytometry was done. All samples
containing the whole cells from blood were washed with NaCl 0.9% and frozen in 20%
glycerol solution as previously described [39]. These samples were stored by the Centre
National de Référence des Groupes Sanguins (CNRGS). To remove glycerol, the blood
cells were first washed in glycerol 10%, then in sorbitol 8%, and finally three times in
NaCl 0.9%. Finally, RBCs derived from the last pellet were resuspended in ID-CellStab
(Biorad, Marnes la Coquette, France) and washed in DPBS (Dulbecco’s Phosphate Buffer
Saline Gibco, ThermoFisher Scientific, Illkirch, France) before being used in some of the
experiments described below.

4.2. RBC Deformability Index and Elongation Index Measurements by Ektacytometry

One hundred µL of blood from each patient was run on an ektacytometer (LoRRca Max-
Sis, RR Mechatronics®, Zwaag, The Netherlands). Each patient was compared to a matched
healthy control. Fresh whole blood cells suspended in a viscous aqueous polyvinylpyrrolidone
solution were exposed to a fixed shear stress of 30 Pa, changing the RBC shapes from circular
to elliptical, as previously described [60,61]. The deformation of RBC was then monitored
as a continuous function of suspending medium osmolality. In particular, the deformability
index (DI) and the elongation index (EI) of cells were determined along an osmotic gradient
between 100 and 550 mOsm at a constant temperature of 37 ◦C.

Distinct features of OHSt RBC ektacytometry curve patterns were compared to that of
controls, in particular: Omin, reflecting the surface area-to-volume ratio and correspond-
ing to the osmolality at which 50% of the RBCs hemolyzed during the regular osmotic
resistance test; EImax, reflecting the membrane surface and corresponding to the maximal
deformability index (DI) or elongation index (EI); and O′ or hyper points reflecting the
hydration state of the cells and corresponding to the osmolality at which RBCs reach 50%
of the DImax in the hyper-osmolar area.

4.3. Cell Culture and Transfection

K562 (human erythroleukemia) cell line (American Type Culture Collection, Rockville,
MD, USA) was grown between 2 × 105 and 1.5 × 106 cells/mL in Iscove’s Modified
Dulbecco’s Medium (IMDM) glutamax (ThermoFisher Scientific, Illkirch, France) supple-
mented with FBS 10% and Gibco™ Antibiotic-Antimycotic at 37 ◦C with humid 5% CO2
atmosphere. Cells were counted by trypan blue counting in a Malassez cell or CASY cell
counter (OMNI life science, Bremen, Germany) and used for less than 20 passages.

During the exponential growth phase, 106 K562 cells were co-transfected by elec-
troporation using the Amaxa® Cell Line Nucleofector® kit V (Lonza, Basel, Switzerland)
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with 1 µg human Stomatin Homology-Directed DNA Repair (HDR) plasmids containing a
puromycin resistance gene and 3 µg of human Stomatin CRISPR/Cas9 KO plasmids and
3 µg of human Stomatin CRISPR/Cas9 KO plasmids (Santa Cruz Biotechnology, Dallas,
TX, USA). Immediately after the transfection, cells were transferred into 2 mL of culture
medium to which 5 µg/mL of puromycin (Santa Cruz Biotechnology, Dallas, TX, USA)
were added 24 h post-transfection. The expression of both plasmids was stabilized for
3 weeks by keeping puromycin in the culture medium. Puromycin-resistant cells were then
subjected to a limiting dilution cloning in 96-well microplates before expanding for flow
cytometry analysis of several clones.

4.4. Stomatin and PANX1 Membrane Expression Analysis by Flow Cytometry

RBCs, diluted in DPBS to 1% hematocrit, were fixed in ice for 20 min in 1% paraformalde-
hyde (Sigma-Aldrich, St Quentin Fallavier, France)-0.025% glutaraldehyde (Sigma-Aldrich,
St Quentin Fallavier, France), washed twice in DPBS and permeabilized in 0.1% n-Octyl-
β-D-glucopyranoside (Bachem, Bubendorf, Switzerland) for 10 min at room temperature
before incubation with primary antibodies.

K562 cells, diluted in DPBS at 2 × 106 cells/mL, were fixed in ice for 20 min in
4% paraformaldehyde, washed twice in DPBS by centrifugation (1000× g, 5 min), and
permeabilized in 0.1% saponin for 15 min at room temperature before incubation with
primary antibodies.

All cell types were saturated in DPBS-BSA 1% for 1 h at 37 ◦C. Proteins were stained
with 1/200 mouse anti-Stomatin E5 monoclonal antibody (Santa Cruz Biotechnology, Dallas,
TX, USA) or 1/100 rabbit anti-PANX1 polyclonal antibody (Alomone Labs, Jerusalem, Israel)
in DPBS-BSA 0.2% for 1 h at 37 ◦C. Both antibodies recognize intracellular epitopes.

After 2 successive washes in DPBS by centrifugation (1000× g, 5 min), secondary
antibodies were coupled for 30 min at room temperature: for RBCs, 1/50 Allophycocya-
nine (APC) anti-rabbit (Jackson Laboratory, Bar Harbor, ME, USA), 1/100 Fluorescein
Isothiocyanate (FITC) anti-mouse (Jackson Laboratory, Bar Harbor, ME, USA), and for
cells, 1/50 APC anti-mouse (Jackson Laboratory, Bar Harbor, ME, USA) and 1/100 FITC
anti-rabbit (Jackson Laboratory, Bar Harbor, ME, USA) in DPBS-BSA 0.2%. After 2 washes
with DPBS, cells were analyzed using a flow cytometer (FACS Canto II, BD Biosciences, San
Jose, CA, USA). Results were analyzed using FlowJo software (FlowJo, Ashland, OR, USA).

4.5. Stomatin and PANX1 Membrane Expression Analysis by Western Blot

Ghosts from washed RBCs were obtained by hypotonic lysis for 20 min at 4 ◦C in 5 mM
sodium phosphate buffer pH8. After successive washes by centrifugation (27,000× g for
15 min at 4 ◦C) and removal of the supernatants that contain hemoglobin, the ghost pellets
were collected. Protein quantification of these ghosts was obtained using Bicinchoninic acid
assay by mixing samples with reagents of the Pierce™ BCA Protein Assay Kit (ThermoFisher
Scientific, Illkirch, France) for 30 min at 37 ◦C and measuring absorbance at 562 nm using a
plate reader (BioRad, Marnes la Coquette, France).

Ghost samples containing 20 µg of proteins were denaturized in 5X Laemli buffer
(5% SDS, 5 mM Tris pH 6.8) with 2 mM β-mercaptoethanol (Sigma-Aldrich, St Quentin
Fallavier, France) and were loaded in a 4–12% gradient acrylamide/bis-acrylamide gel
(BioRad, Marnes la Coquette, France).

Proteins were transferred from acrylamide gel to nitrocellulose membrane by Trans-
Blot Turbo system as preconized by the supplier (BioRad, Marnes la Coquette, France).
The membrane was saturated in TBS (Tris Buffered Saline)-milk 5% for 1 h and incubated
overnight at 4 ◦C with primary antibodies, anti-stomatin E5 (Santa Cruz Biotechnology,
Dallas, TX, USA), and anti-PANX1 (Alomone Labs, Jerusalem, Israel) 1/1000 in TBS-milk
5%. Washes were carried out in TBS-Tween 0.1 %. HRP-conjugated secondary antibodies
(Abliance, Compiègne, France) were incubated for 30 min at room temperature. After
final washes in TBS, ECL Prime reagent (GE Healthcare Life Sciences, Velizy-Villacoublay,
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France) was added. The signal was detected by a Chemidoc MP apparatus (Biorad, Marnes
la Coquette, France).

4.6. Proximity Ligation Assay

RBCs, previously fixed and permeabilized as described above, were washed twice by
centrifugation at 1000× g for 5 min in DPBS and saturated for 1 h in Duolink® Blocking
Solution (Sigma-Aldrich, St Quentin Fallavier, France) and incubated with anti-stomatin
or/and anti-PANX1 or neither for 1 h at 37 ◦C.

The proximity ligation assay was made according to the Duolink® flowPLA Mouse PLUS
/Rabbit MINUS kit-FarRed protocol (Duolink), using Duolink® PLA Probes (1/5 MINUS
anti-rabbit for anti-PANX1 and 1/5 PLUS anti-mouse for anti-Stomatin) and the FarRed
Duolink® Fluorescent Detection Reagent.

After 2 washes in DPBS, PLA positive (PLA+) RBCs were determined by detecting
FarRed spots using Amnis Imagestream Mk II (Luminex, Minneapolis, MN, USA) and
IDEAS software (EMD Millipore, Seattle, WA, USA) for the analysis.

4.7. Dye Uptakes

RBCs were washed twice by centrifugation (450× g, 5 min) in basal Krebs solution
(in mM, 126 NaCl, 25 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, pH 7.4,
300 ± 5 mOsm). In the RBC suspension diluted at 0.1% hematocrit, PANX1 was stimulated
by substituting basal Krebs with Krebs in which Na+ was replaced by K+ in the presence of
2 mM of 5(6)-carboxyfluorescein (Sigma-Aldrich, St Quentin Fallavier, France) for 10 min.
For inhibitions, 20 µM of carbenoxolone (Sigma-Aldrich, St Quentin Fallavier, France) or
100 µM of probenecid (Sigma-Aldrich, St Quentin Fallavier, France), or 0.1 µM of meflo-
quine (Bioblocks, San Diego, CA, USA) were added to the RBC suspension incubated for
20 min in the basal Krebs and then for 10 min with 2 mM of 5(6)-carboxyfluorescein in the
K+ Krebs also containing the inhibitors. After 3 washes, carboxyfluorescein fluorescence
in control and OHSt RBCs were analysed using a flow cytometer (FACS Canto II, BD
Biosciences, San Jose, CA, USA).

In K562 transfected clones diluted at 1 × 106 cells/mL in Tyrode Buffer (in mM,
135 NaCl, 5 KCl, 10 HEPES, 5 D-glucose, 1 MgCl2, 1.5 CaCl2, pH 7.4, 300 ± 5 mOsm),
PANX1 channel, previously blocked or not, was then activated by adding 1/3 volume
of water corresponding to a decrease of 80 mOsm. The inhibition was performed by
adding 100 µM of carbenoxolone (or 500 µM of probenecid or 0.5 µM of mefloquine)
20 min beforehand. Non-viable cells were stained with Sytox blue (ThermoFisher Scientific,
Illkirch, France), and apoptotic cells were stained with Lactadherin FITC (Haematologic
Technologies, Essex Junction VT, USA) to exclude them from the analysis of dye uptake.
After 5 min staining in 1/5000 TO-PRO-3 (ThermoFisher Scientific, Illkirch, France), the
intensity of TO-PRO-3 fluorescence was analysed for intact cells (Sytox−/Lactadherin−)
using a flow cytometer (FACS Canto II, BD Biosciences, San Jose, CA, USA). Three different
measurements were performed for each clone and averaged before comparison.

In parallel, after the same hypoosmotic stimulation, caspase activation was evaluated
by adding 1 µM of NucView 405 Caspase-3 substrate (Biotium, Fremont, CA, USA) and
incubating at room temperature for 20 min.

4.8. ATP Release and Hemolysis

Immediately after fresh blood collection, plasma, platelets, and leukocytes were re-
moved by centrifugation (900× g at 20 ◦C for 3 min). The supernatant and buffy coat
were removed and discarded. Isolated red blood cells (RBCs) were resuspended and
washed three times in an isoosmotic medium (in mM: 137 NaCl, 2.7 KCl, 2.5 Na2HPO4,
1.50 KH2PO4, 1.32 CaCl2, 1.91 MgSO4, 5 glucose, pH 7.4 at 25 ◦C, 300 mOsM) and supple-
mented with 0.1% BSA. Packed RBCs were resuspended in an isoosmotic medium to the
corresponding final hematocrit.
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Thawed RBCs were treated with Rejuvesol (Zimmer Biomet, Warsaw, IN, USA),
diluted 6 times in DPBS with 5mM of Glucose (Sigma, St Quentin Fallavier, France) for 1 h
at 37 ◦C, as previously described [44].

For ATP measurements, all reagents were of analytical grade. Bovine serum albumin
(BSA), carbenoxolone, glucose, firefly luciferase (EC 1.13.12.7), and ATP were purchased
from Sigma (St. Louis, MO, USA). D-luciferin was purchased from Invitrogen/ Molecular
Probes Inc. (Eugene, OR, USA).

Total extracellular ATP (eATP) measurements were performed by online luminometry
using the luciferin-luciferase reaction as described previously [16,23,24]. Briefly, 3 × 106 RBCs
were incubated in 50 µL of luciferin-luciferase reaction mix prepared in iso- or hypoosmotic
(in mM: 113.6 NaCl, 2.7 KCl, 2.5 Na2HPO4, 1.50 KH2PO4, 1.32 CaCl2, 1.91 MgSO4, 5 glucose,
pH 7.4 at 25 ◦C, 240 mOsm/kg) media. Experiments were performed with or without
preincubation (20 min) of 100 µM CBX. Light emission was monitored for 20 min and then
transformed into eATP concentration using a calibration curve. That is, at the end of each
experiment, ATP from 1 to 32 µM was sequentially added to the assay medium from a stock
solution of pure ATP dissolved in iso- or hypoosmotic medium. Results were expressed as
eATP in pmol/106 cells at 20 min post-stimulus.

Hemolysis was assessed in eATP measurement-paired samples by an enzymatic
method described by Vazquez et al. [62] (Figure S2). Results were expressed as a percentage
of hemolyzed RBCs (% Hemolysis). Hemoglobin concentration was used to estimate lytic
eATP. The difference between total eATP and lytic eATP was calculated and denoted as
non-lytic ATP.

4.9. PS Exposure and Caspase Activity on RBCs

To induce PS exposure and caspase activation, 1 µL of RBCs from 5 different donors was
washed twice and resuspended at 0.1% hematocrit in RBC-2 buffer (in mM: 137 NaCl, 2.7 KCl,
2.5 Na2HPO4, 1.50 KH2PO4, 1.32 CaCl2, 1.91 MgSO4, 5 glucose, pH 7.4 at 25 ◦C, 300 mOsm)
with Fenton solution (2 mM of H2O2 and 0.3 mM of FeSO4) during 1 h at RT. 1 µL of RBCs
was resuspended in basal RBC-2 (300 mOsm/kg) or hypotonic RBC-2 (in mM: 113.6 NaCl,
2.7 KCl, 2.5 Na2HPO4, 1.50 KH2PO4, 1.32 CaCl2, 1.91 MgSO4, 5 glucose, pH 7.4 at 25 ◦C,
240 mOsm/kg) at 0.1% hematocrit. RBCs resuspended in the three different conditions (basal
with Fenton, basal or hypotonic without Fenton) were stained with FLICA 660 caspase3/7 at
a 1:60 ratio (v/v) during 20 min at 37 ◦C. After 2 washes in PBS-BSA 0.2%, RBCs were stained
with Lactadherin-FITC 1/100 for 5 min at RT, and samples were analyzed by flow cytometry.

4.10. Statistics

Data were statistically analyzed using Prism Graph Pad 7.0 software (San Diego, CA,
USA). Corresponding tests were indicated in the legend of each figure, as well as the
number of independent experiments (N) used to estimate the mean and standard error
of the mean. p values (>0.05: ns, ≤0.05: *, ≤0.01: **, ≤0.001: *** and ≤0.0001: ****) were
obtained with a confidence interval of 95%.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23169401/s1. Reference [62] is cited in the supplementary materials.

Author Contributions: Conceptualization, S.R., I.M.-C.; Methodology, S.R., S.G., M.D., M.F.L.D.;
Validation, M.A.O., I.M.-C.; Formal analysis, S.R., S.G., M.F.L.D., M.D., I.M.-C.; Investigation, S.R.,
S.G., M.D., M.F.L.D., I.M.-C.; Resources, P.J.S., M.A.O., I.M.-C.; Data curation, S.R., S.G., M.F.L.D.;
Writing original draft preparation, S.R., M.F.L.D., P.J.S., M.A.O., I.M.-C.; Writing review and editing,
S.R., M.A.O., I.M.-C.; Project administration, M.A.O., I.M.-C.; Funding acquisition, I.M.-C. All authors
have read and agreed to the published version of the manuscript.

Funding: P.J.S. was funded by PIP 11220200101013C0, UBACYT 20820160401330BA, and Guest
Researchers program from Université Paris Cité. M.F.L.D. was funded by PICT 201961430.

https://www.mdpi.com/article/10.3390/ijms23169401/s1
https://www.mdpi.com/article/10.3390/ijms23169401/s1


Int. J. Mol. Sci. 2022, 23, 9401 17 of 19

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. Comité d’Ethique de l’Institut National de la Transfusion Sanguine (INTS)
DC-2016-2872.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Experimental data of the results within this work would be available
under request.

Acknowledgments: S.R. received an MSc scholarship from Club du Globule Rouge et du Fer and
a Ph.D. scholarship from Collectivité Territoriale de Martinique. M.F.L.D. and P.J.S. are career
researchers at Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET). M.A.O. is a
full professor at University Paris Cité. I.M.-C. is a career researcher at the INSERM. We thank our
native English-speaking colleague Alice Tomlinson for the English revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Penuela, S.; Gehi, R.; Laird, D.W. The biochemistry and function of pannexin channels. Biochim. Biophys. Acta 2013, 1828, 15–22.

[CrossRef]
2. Sosinsky, G.E.; Boassa, D.; Dermietzel, R.; Duffy, H.S.; Laird, D.W.; MacVicar, B.; Naus, C.C.; Penuela, S.; Scemes, E.; Spray, D.C.; et al.

Pannexin channels are not gap junction hemichannels. Channels 2011, 5, 193–197. [CrossRef]
3. Chekeni, F.B.; Elliott, M.R.; Sandilos, J.K.; Walk, S.F.; Kinchen, J.M.; Lazarowski, E.R.; Armstrong, A.J.; Penuela, S.; Laird, D.W.;

Salvesen, G.S.; et al. Pannexin 1 channels mediate ‘find-me’ signal release and membrane permeability during apoptosis. Nature
2010, 467, 863–867. [CrossRef]

4. Chiu, Y.H.; Jin, X.; Medina, C.B.; Leonhardt, S.A.; Kiessling, V.; Bennett, B.C.; Shu, S.; Tamm, L.K.; Yeager, M.; Ravichandran, K.S.; et al.
A quantized mechanism for activation of pannexin channels. Nat. Commun. 2017, 8, 14324. [CrossRef]

5. Sandilos, J.K.; Chiu, Y.H.; Chekeni, F.B.; Armstrong, A.J.; Walk, S.F.; Ravichandran, K.S.; Bayliss, D.A. Pannexin 1, an ATP release
channel, is activated by caspase cleavage of its pore-associated C-terminal autoinhibitory region. J. Biol. Chem. 2012, 287, 11303–11311.
[CrossRef]

6. Deng, Z.; He, Z.; Maksaev, G.; Bitter, R.M.; Rau, M.; Fitzpatrick, J.A.J.; Yuan, P. Cryo-EM structures of the ATP release channel
pannexin 1. Nat. Struct. Mol. Biol. 2020, 27, 373–381. [CrossRef]

7. Jin, Q.; Zhang, B.; Zheng, X.; Li, N.; Xu, L.; Xie, Y.; Song, F.; Bhat, E.A.; Chen, Y.; Gao, N.; et al. Cryo-EM structures of human
pannexin 1 channel. Cell Res. 2020, 30, 449–451. [CrossRef]

8. Michalski, K.; Syrjanen, J.L.; Henze, E.; Kumpf, J.; Furukawa, H.; Kawate, T. The Cryo-EM structure of pannexin 1 reveals unique
motifs for ion selection and inhibition. eLife 2020, 9, e54670. [CrossRef]

9. Mou, L.; Ke, M.; Song, M.; Shan, Y.; Xiao, Q.; Liu, Q.; Li, J.; Sun, K.; Pu, L.; Guo, L.; et al. Structural basis for gating mechanism of
Pannexin 1 channel. Cell Res. 2020, 30, 452–454. [CrossRef]

10. Qu, R.; Dong, L.; Zhang, J.; Yu, X.; Wang, L.; Zhu, S. Cryo-EM structure of human heptameric Pannexin 1 channel. Cell Res. 2020,
30, 446–448. [CrossRef]

11. Ruan, Z.; Orozco, I.J.; Du, J.; Lu, W. Structures of human pannexin 1 reveal ion pathways and mechanism of gating. Nature 2020,
584, 646–651. [CrossRef]

12. Mim, C.; Perkins, G.; Dahl, G. Structure versus function: Are new conformations of pannexin 1 yet to be resolved? J. Gen. Physiol.
2021, 153, e202012754. [CrossRef]

13. Chiu, Y.H.; Schappe, M.S.; Desai, B.N.; Bayliss, D.A. Revisiting multimodal activation and channel properties of Pannexin 1.
J. Gen. Physiol. 2018, 150, 19–39. [CrossRef]

14. Kuzuya, M.; Hirano, H.; Hayashida, K.; Watanabe, M.; Kobayashi, K.; Terada, T.; Mahmood, M.I.; Tama, F.; Tani, K.; Fujiyoshi,
Y.; et al. Structures of human pannexin-1 in nanodiscs reveal gating mediated by dynamic movement of the N terminus and
phospholipids. Sci. Signal. 2022, 15, eabg6941. [CrossRef]

15. Bao, L.; Locovei, S.; Dahl, G. Pannexin membrane channels are mechanosensitive conduits for ATP. FEBS Lett. 2004, 572, 65–68.
[CrossRef]

16. Leal Denis, M.F.; Lefevre, S.D.; Alvarez, C.L.; Lauri, N.; Enrique, N.; Rinaldi, D.E.; Gonzalez-Lebrero, R.; Vecchio, L.E.; Espelt, M.V.;
Stringa, P.; et al. Regulation of extracellular ATP of human erythrocytes treated with alpha-hemolysin. Effects of cell volume,
morphology, rheology and hemolysis. Biochim. Biophys Acta Mol. Cell Res. 2019, 1866, 896–915. [CrossRef]

17. Locovei, S.; Wang, J.; Dahl, G. Activation of pannexin 1 channels by ATP through P2Y receptors and by cytoplasmic calcium.
FEBS Lett. 2006, 580, 239–244. [CrossRef]

18. Alvarez, C.L.; Chene, A.; Semblat, J.P.; Gamain, B.; Lapoumeroulie, C.; Fader, C.M.; Hattab, C.; Sevigny, J.; Denis, M.F.L.;
Lauri, N.; et al. Homeostasis of extracellular ATP in uninfected RBCs from a Plasmodium falciparum culture and derived
microparticles. Biochim. Biophys. Acta Biomembr. 2022, 1864, 183980. [CrossRef]

http://doi.org/10.1016/j.bbamem.2012.01.017
http://doi.org/10.4161/chan.5.3.15765
http://doi.org/10.1038/nature09413
http://doi.org/10.1038/ncomms14324
http://doi.org/10.1074/jbc.M111.323378
http://doi.org/10.1038/s41594-020-0401-0
http://doi.org/10.1038/s41422-020-0310-0
http://doi.org/10.7554/eLife.54670
http://doi.org/10.1038/s41422-020-0313-x
http://doi.org/10.1038/s41422-020-0298-5
http://doi.org/10.1038/s41586-020-2357-y
http://doi.org/10.1085/jgp.202012754
http://doi.org/10.1085/jgp.201711888
http://doi.org/10.1126/scisignal.abg6941
http://doi.org/10.1016/j.febslet.2004.07.009
http://doi.org/10.1016/j.bbamcr.2019.01.018
http://doi.org/10.1016/j.febslet.2005.12.004
http://doi.org/10.1016/j.bbamem.2022.183980


Int. J. Mol. Sci. 2022, 23, 9401 18 of 19

19. Keller, A.S.; Diederich, L.; Panknin, C.; DeLalio, L.J.; Drake, J.C.; Sherman, R.; Jackson, E.K.; Yan, Z.; Kelm, M.; Cortese-Krott, M.M.; et al.
Possible roles for ATP release from RBCs exclude the cAMP-mediated Panx1 pathway. Am. J. Physiol. Cell Physiol. 2017, 313, C593–C603.
[CrossRef]

20. Locovei, S.; Bao, L.; Dahl, G. Pannexin 1 in erythrocytes: Function without a gap. Proc. Natl. Acad. Sci. USA 2006, 103, 7655–7659.
[CrossRef]

21. Qiu, F.; Wang, J.; Spray, D.C.; Scemes, E.; Dahl, G. Two non-vesicular ATP release pathways in the mouse erythrocyte membrane.
FEBS Lett. 2011, 585, 3430–3435. [CrossRef] [PubMed]

22. Sridharan, M.; Adderley, S.P.; Bowles, E.A.; Egan, T.M.; Stephenson, A.H.; Ellsworth, M.L.; Sprague, R.S. Pannexin 1 is the conduit
for low oxygen tension-induced ATP release from human erythrocytes. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H1146–H1152.
[CrossRef] [PubMed]

23. Leal Denis, M.F.; Incicco, J.J.; Espelt, M.V.; Verstraeten, S.V.; Pignataro, O.P.; Lazarowski, E.R.; Schwarzbaum, P.J. Kinetics of
extracellular ATP in mastoparan 7-activated human erythrocytes. Biochim. Biophys. Acta 2013, 1830, 4692–4707. [CrossRef]

24. Montalbetti, N.; Leal Denis, M.F.; Pignataro, O.P.; Kobatake, E.; Lazarowski, E.R.; Schwarzbaum, P.J. Homeostasis of extracellular
ATP in human erythrocytes. J. Biol. Chem. 2011, 286, 38397–38407. [CrossRef]

25. Qiu, F.; Dahl, G. A permeant regulating its permeation pore: Inhibition of pannexin 1 channels by ATP. Am. J. Physiol. Cell Physiol.
2009, 296, C250–C255. [CrossRef]

26. Kirby, B.S.; Sparks, M.A.; Lazarowski, E.R.; Lopez Domowicz, D.A.; Zhu, H.; McMahon, T.J. Pannexin 1 channels control the
hemodynamic response to hypoxia by regulating O2-sensitive extracellular ATP in blood. Am. J. Physiol. Heart Circ. Physiol. 2021,
320, H1055–H1065. [CrossRef]

27. Zhan, H.; Moore, C.S.; Chen, B.; Zhou, X.; Ma, X.M.; Ijichi, K.; Bennett, M.V.; Li, X.J.; Crocker, S.J.; Wang, Z.W. Stomatin inhibits
pannexin-1-mediated whole-cell currents by interacting with its carboxyl terminal. PLoS ONE 2012, 7, e39489. [CrossRef]

28. Brand, J.; Smith, E.S.; Schwefel, D.; Lapatsina, L.; Poole, K.; Omerbasic, D.; Kozlenkov, A.; Behlke, J.; Lewin, G.R.; Daumke, O. A
stomatin dimer modulates the activity of acid-sensing ion channels. EMBO J. 2012, 31, 3635–3646. [CrossRef]

29. Langhorst, M.F.; Reuter, A.; Stuermer, C.A. Scaffolding microdomains and beyond: The function of reggie/flotillin proteins. Cell.
Mol. Life Sci.CMLS 2005, 62, 2228–2240. [CrossRef]

30. Tavernarakis, N.; Driscoll, M.; Kyrpides, N.C. The SPFH domain: Implicated in regulating targeted protein turnover in stomatins
and other membrane-associated proteins. Trends Biochem. Sci. 1999, 24, 425–427. [CrossRef]

31. Lapatsina, L.; Brand, J.; Poole, K.; Daumke, O.; Lewin, G.R. Stomatin-domain proteins. Eur. J. Cell Biol. 2012, 91, 240–245.
[CrossRef] [PubMed]

32. Klipp, R.C.; Cullinan, M.M.; Bankston, J.R. Insights into the molecular mechanisms underlying the inhibition of acid-sensing ion
channel 3 gating by stomatin. J. Gen. Physiol. 2020, 152, e201912471. [CrossRef] [PubMed]

33. Appelman, M.D.; Robin, M.J.D.; Vogels, E.W.M.; Wolzak, C.; Vos, W.G.; Vos, H.R.; Van Es, R.M.; Burgering, B.M.T.;
Van de Graaf, S.F.J. The Lipid Raft Component Stomatin Interacts with the Na+ Taurocholate Cotransporting Polypeptide (NTCP)
and Modulates Bile Salt Uptake. Cells 2020, 9, 986. [CrossRef] [PubMed]

34. Wilkinson, D.K.; Turner, E.J.; Parkin, E.T.; Garner, A.E.; Harrison, P.J.; Crawford, M.; Stewart, G.W.; Hooper, N.M. Membrane raft
actin deficiency and altered Ca2+-induced vesiculation in stomatin-deficient overhydrated hereditary stomatocytosis. Biochim.
Biophys. Acta 2008, 1778, 125–132. [CrossRef] [PubMed]

35. Hiebl-Dirschmied, C.M.; Adolf, G.R.; Prohaska, R. Isolation and partial characterization of the human erythrocyte band 7 integral
membrane protein. Biochim. Biophys. Acta 1991, 1065, 195–202. [CrossRef]

36. Hiebl-Dirschmied, C.M.; Entler, B.; Glotzmann, C.; Maurer-Fogy, I.; Stratowa, C.; Prohaska, R. Cloning and nucleotide sequence
of cDNA encoding human erythrocyte band 7 integral membrane protein. Biochim. Biophys. Acta 1991, 1090, 123–124. [CrossRef]

37. Stewart, G.W.; Hepworth-Jones, B.E.; Keen, J.N.; Dash, B.C.; Argent, A.C.; Casimir, C.M. Isolation of cDNA coding for an
ubiquitous membrane protein deficient in high Na+, low K+ stomatocytic erythrocytes. Blood 1992, 79, 1593–1601. [CrossRef]

38. Rungaldier, S.; Oberwagner, W.; Salzer, U.; Csaszar, E.; Prohaska, R. Stomatin interacts with GLUT1/SLC2A1, band 3/SLC4A1,
and aquaporin-1 in human erythrocyte membrane domains. Biochim. Biophys. Acta 2013, 1828, 956–966. [CrossRef]

39. Genetet, S.; Desrames, A.; Chouali, Y.; Ripoche, P.; Lopez, C.; Mouro-Chanteloup, I. Stomatin modulates the activity of the Anion
Exchanger 1 (AE1, SLC4A1). Sci. Rep. 2017, 7, 46170. [CrossRef]

40. Montel-Hagen, A.; Kinet, S.; Manel, N.; Mongellaz, C.; Prohaska, R.; Battini, J.L.; Delaunay, J.; Sitbon, M.; Taylor, N. Erythrocyte
Glut1 triggers dehydroascorbic acid uptake in mammals unable to synthesize vitamin C. Cell 2008, 132, 1039–1048. [CrossRef]

41. Bruce, L.J. Hereditary stomatocytosis and cation-leaky red cells—Recent developments. Blood Cells Mol. Dis. 2009, 42, 216–222.
[CrossRef] [PubMed]

42. Caulier, A.; Rapetti-Mauss, R.; Guizouarn, H.; Picard, V.; Garcon, L.; Badens, C. Primary red cell hydration disorders: Pathogenesis
and diagnosis. Int. J. Lab. Hematol. 2018, 40 (Suppl. S1), 68–73. [CrossRef] [PubMed]

43. Gallagher, P.G. Disorders of erythrocyte hydration. Blood 2017, 130, 2699–2708. [CrossRef] [PubMed]
44. Marin, M.; Roussel, C.; Dussiot, M.; Ndour, P.A.; Hermine, O.; Colin, Y.; Gray, A.; Landrigan, M.; Le Van Kim, C.;

Buffet, P.A.; et al. Metabolic rejuvenation upgrades circulatory functions of red blood cells stored under blood bank conditions.
Transfusion 2021, 61, 903–918. [CrossRef]

45. Gautier, E.F.; Ducamp, S.; Leduc, M.; Salnot, V.; Guillonneau, F.; Dussiot, M.; Hale, J.; Giarratana, M.C.; Raimbault, A.; Douay, L.; et al.
Comprehensive Proteomic Analysis of Human Erythropoiesis. Cell Rep. 2016, 16, 1470–1484. [CrossRef]

http://doi.org/10.1152/ajpcell.00178.2017
http://doi.org/10.1073/pnas.0601037103
http://doi.org/10.1016/j.febslet.2011.09.033
http://www.ncbi.nlm.nih.gov/pubmed/21983290
http://doi.org/10.1152/ajpheart.00301.2010
http://www.ncbi.nlm.nih.gov/pubmed/20622111
http://doi.org/10.1016/j.bbagen.2013.05.033
http://doi.org/10.1074/jbc.M111.221713
http://doi.org/10.1152/ajpcell.00433.2008
http://doi.org/10.1152/ajpheart.00651.2020
http://doi.org/10.1371/journal.pone.0039489
http://doi.org/10.1038/emboj.2012.203
http://doi.org/10.1007/s00018-005-5166-4
http://doi.org/10.1016/S0968-0004(99)01467-X
http://doi.org/10.1016/j.ejcb.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21501885
http://doi.org/10.1085/jgp.201912471
http://www.ncbi.nlm.nih.gov/pubmed/32012213
http://doi.org/10.3390/cells9040986
http://www.ncbi.nlm.nih.gov/pubmed/32316189
http://doi.org/10.1016/j.bbamem.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17961506
http://doi.org/10.1016/0005-2736(91)90230-6
http://doi.org/10.1016/0167-4781(91)90047-P
http://doi.org/10.1182/blood.V79.6.1593.1593
http://doi.org/10.1016/j.bbamem.2012.11.030
http://doi.org/10.1038/srep46170
http://doi.org/10.1016/j.cell.2008.01.042
http://doi.org/10.1016/j.bcmd.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19261491
http://doi.org/10.1111/ijlh.12820
http://www.ncbi.nlm.nih.gov/pubmed/29741259
http://doi.org/10.1182/blood-2017-04-590810
http://www.ncbi.nlm.nih.gov/pubmed/29051181
http://doi.org/10.1111/trf.16245
http://doi.org/10.1016/j.celrep.2016.06.085


Int. J. Mol. Sci. 2022, 23, 9401 19 of 19

46. Boassa, D.; Ambrosi, C.; Qiu, F.; Dahl, G.; Gaietta, G.; Sosinsky, G. Pannexin1 channels contain a glycosylation site that targets the
hexamer to the plasma membrane. J. Biol. Chem. 2007, 282, 31733–31743. [CrossRef]

47. Salzer, U.; Prohaska, R. Stomatin, flotillin-1, and flotillin-2 are major integral proteins of erythrocyte lipid rafts. Blood 2001,
97, 1141–1143. [CrossRef]

48. Dahl, G. The Pannexin1 membrane channel: Distinct conformations and functions. FEBS Lett. 2018, 592, 3201–3209. [CrossRef]
49. Marginedas-Freixa, I.; Alvarez, C.L.; Moras, M.; Leal Denis, M.F.; Hattab, C.; Halle, F.; Bihel, F.; Mouro-Chanteloup, I.;

Lefevre, S.D.; Le Van Kim, C.; et al. Human erythrocytes release ATP by a novel pathway involving VDAC oligomerization
independent of pannexin-1. Sci. Rep. 2018, 8, 11384. [CrossRef]

50. Eber, S.W.; Lande, W.M.; Iarocci, T.A.; Mentzer, W.C.; Hohn, P.; Wiley, J.S.; Schroter, W. Hereditary stomatocytosis: Consistent
association with an integral membrane protein deficiency. Br. J. Haematol. 1989, 72, 452–455. [CrossRef]

51. Lande, W.M.; Thiemann, P.V.; Mentzer, W.C., Jr. Missing band 7 membrane protein in two patients with high Na, low K
erythrocytes. J. Clin. Investig. 1982, 70, 1273–1280. [CrossRef] [PubMed]

52. Zarkowsky, H.S.; Oski, F.A.; Sha’afi, R.; Shohet, S.B.; Nathan, D.G. Congenital hemolytic anemia with high sodium, low potassium
red cells. I. Studies of membrane permeability. N. Engl. J. Med. 1968, 278, 573–581. [CrossRef] [PubMed]

53. Fricke, B.; Argent, A.C.; Chetty, M.C.; Pizzey, A.R.; Turner, E.J.; Ho, M.M.; Iolascon, A.; von During, M.; Stewart, G.W. The
“stomatin” gene and protein in overhydrated hereditary stomatocytosis. Blood 2003, 102, 2268–2277. [CrossRef] [PubMed]

54. Llaudet-Planas, E.; Vives-Corrons, J.L.; Rizzuto, V.; Gomez-Ramirez, P.; Sevilla Navarro, J.; Coll Sibina, M.T.; Garcia-Bernal, M.;
Ruiz Llobet, A.; Badell, I.; Velasco-Puyo, P.; et al. Osmotic gradient ektacytometry: A valuable screening test for hereditary
spherocytosis and other red blood cell membrane disorders. Int. J. Lab. Hematol. 2018, 40, 94–102. [CrossRef] [PubMed]

55. Anderson, C.L.; Thompson, R.J. Intrapore lipids hydrophobically gate pannexin-1 channels. Sci. Signal. 2022, 15, eabn2081.
[CrossRef] [PubMed]

56. Iglesias, R.; Spray, D.C.; Scemes, E. Mefloquine blockade of Pannexin1 currents: Resolution of a conflict. Cell Commun. Adhes.
2009, 16, 131–137. [CrossRef] [PubMed]

57. Navis, K.E.; Fan, C.Y.; Trang, T.; Thompson, R.J.; Derksen, D.J. Pannexin 1 Channels as a Therapeutic Target: Structure, Inhibition,
and Outlook. ACS Chem. Neurosci. 2020, 11, 2163–2172. [CrossRef]

58. Jiang, L.; Tixeira, R.; Caruso, S.; Atkin-Smith, G.K.; Baxter, A.A.; Paone, S.; Hulett, M.D.; Poon, I.K. Monitoring the progression of
cell death and the disassembly of dying cells by flow cytometry. Nat. Protoc. 2016, 11, 655–663. [CrossRef]

59. Desrames, A.; Genetet, S.; Delcourt, M.P.; Goossens, D.; Mouro-Chanteloup, I. Detergent-free isolation of native red blood cell
membrane complexes. Biochim. Biophys. Acta Biomembr. 2020, 1862, 183126. [CrossRef]

60. Clark, M.R.; Mohandas, N.; Shohet, S.B. Osmotic gradient ektacytometry: Comprehensive characterization of red cell volume and
surface maintenance. Blood 1983, 61, 899–910. [CrossRef]

61. Mohandas, N.; Clark, M.R.; Health, B.P.; Rossi, M.; Wolfe, L.C.; Lux, S.E.; Shohet, S.B. A technique to detect reduced mechanical
stability of red cell membranes: Relevance to elliptocytic disorders. Blood 1982, 59, 768–774. [CrossRef] [PubMed]

62. Vazquez, A.; Tudela, J.; Varon, R.; Garcia-Canovas, F. Determination of hemoglobin through its peroxidase activity on chlorpro-
mazine. J. Biochem. Biophys. Methods 1991, 23, 45–52. [CrossRef]

http://doi.org/10.1074/jbc.M702422200
http://doi.org/10.1182/blood.V97.4.1141
http://doi.org/10.1002/1873-3468.13115
http://doi.org/10.1038/s41598-018-29885-7
http://doi.org/10.1111/j.1365-2141.1989.tb07731.x
http://doi.org/10.1172/JCI110726
http://www.ncbi.nlm.nih.gov/pubmed/7174793
http://doi.org/10.1056/NEJM196803142781101
http://www.ncbi.nlm.nih.gov/pubmed/5637754
http://doi.org/10.1182/blood-2002-06-1705
http://www.ncbi.nlm.nih.gov/pubmed/12750157
http://doi.org/10.1111/ijlh.12746
http://www.ncbi.nlm.nih.gov/pubmed/29024480
http://doi.org/10.1126/scisignal.abn2081
http://www.ncbi.nlm.nih.gov/pubmed/35133865
http://doi.org/10.3109/15419061003642618
http://www.ncbi.nlm.nih.gov/pubmed/20218915
http://doi.org/10.1021/acschemneuro.0c00333
http://doi.org/10.1038/nprot.2016.028
http://doi.org/10.1016/j.bbamem.2019.183126
http://doi.org/10.1182/blood.V61.5.899.899
http://doi.org/10.1182/blood.V59.4.768.768
http://www.ncbi.nlm.nih.gov/pubmed/7059678
http://doi.org/10.1016/0165-022X(91)90049-3

	Introduction 
	Results 
	Deformability Properties over an Osmotic Gradient Measured in RBCs from Controls and OHSt Patients 
	Stomatin and PANX1 Expression at the RBC Membrane of Controls and OHSt Patients 
	Proximity between Stomatin and PANX1 in Control RBCs 
	ATP Release from RBCs 
	5(6)-Carboxyfluorescein (CF) Uptake after High K+ Stimulation of Control and OHSt RBC Membranes 
	Endogenous Expression of Stomatin and PANX1 in K562 Cells and PANX1-Dependent TO-PRO-3 Uptake 
	Generation of Stomatin CRISPR/Cas9 Knockout K562 Cell Clones 
	PANX1 Expression and Caspase-Independent TO-PRO-3 Uptake in stom+ and stom- K562 Cell Clones 

	Discussion 
	Methods and Materials 
	Control and Patient RBCs 
	RBC Deformability Index and Elongation Index Measurements by Ektacytometry 
	Cell Culture and Transfection 
	Stomatin and PANX1 Membrane Expression Analysis by Flow Cytometry 
	Stomatin and PANX1 Membrane Expression Analysis by Western Blot 
	Proximity Ligation Assay 
	Dye Uptakes 
	ATP Release and Hemolysis 
	PS Exposure and Caspase Activity on RBCs 
	Statistics 

	References

