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Rivera A, Vandorpe DH, Shmukler BE, Andolfo I, Iolascon A,
Archer NM, Shabani E, Auerbach M, Hamerschlak N, Morton J,
Wohlgemuth JG, Brugnara C, Snyder LM, Alper SL. Erythrocyte
ion content and dehydration modulate maximal Gardos channel ac-
tivity in KCNN4 V282M/� hereditary xerocytosis red cells. Am J
Physiol Cell Physiol 317: C287–C302, 2019. First published May 15,
2019; doi:10.1152/ajpcell.00074.2019.—Hereditary xerocytosis (HX)
is caused by missense mutations in either the mechanosensitive cation
channel PIEZO1 or the Ca2�-activated K� channel KCNN4. All
HX-associated KCNN4 mutants studied to date have revealed in-
creased current magnitude and red cell dehydration. Baseline KCNN4
activity was increased in HX red cells heterozygous for KCNN4
mutant V282M. However, HX red cells maximally stimulated by
Ca2� ionophore A23187 or by PMCA Ca2�-ATPase inhibitor or-
thovanadate displayed paradoxically reduced KCNN4 activity. This
reduced Ca2�-stimulated mutant KCNN4 activity in HX red cells was
associated with unchanged sensitivity to KCNN4 inhibitor senicapoc
and KCNN4 activator Ca2�, with slightly elevated Ca2� uptake and
reduced PMCA activity, and with decreased KCNN4 activation by
calpain inhibitor PD150606. The altered intracellular monovalent
cation content of HX red cells prompted experimental nystatin ma-
nipulation of red cell Na and K contents. Nystatin-mediated reduction
of intracellular K� with corresponding increase in intracellular Na� in
wild-type cells to mimic conditions of HX greatly suppressed vana-
date-stimulated and A23187-stimulated KCNN4 activity in those
wild-type cells. However, conferral of wild-type cation contents on
HX red cells failed to restore wild-type-stimulated KCNN4 activity to
those HX cells. The phenotype of reduced, maximally stimulated
KCNN4 activity was shared by HX erythrocytes expressing heterozy-
gous PIEZO1 mutants R2488Q and V598M, but not by HX erythro-
cytes expressing heterozygous KCNN4 mutant R352H or PIEZO1
mutant R2456H. Our data suggest that chronic KCNN4-driven red
cell dehydration and intracellular cation imbalance can lead to re-
duced KCNN4 activity in HX and wild-type red cells.

dehydrated stomatocytosis; ionophore; potassium channel; red blood
cell; senicapoc

INTRODUCTION

Hereditary xerocytosis (HX; also known as dehydrated he-
reditary stomatocytosis) is an autosomal dominant hemolytic
anemia caused by heterozygous mutations in either of two
genes, the mechanosensitive cation channel PIEZO1 (1, 3, 60)
and the intermediate conductance calcium-activated K� chan-
nel KCNN4 (5, 41). The clinical and molecular characteristics
of HX patients were recently summarized in two large clinical
series (4, 6, 15, 39). HX can manifest as moderate to debili-
tating fatigue and with frank or fully compensated hemolytic
anemia accompanied by variable splenomegaly, hyperbiliru-
binemia and jaundice, gallstones, transient perinatal edema,
pseudohyperkalemia, and systemic iron overload dispropor-
tionate to the degree of hemolysis and transfusion frequency.
Splenectomy has been associated with a hyperthrombotic state
in mutant PIEZO1-associated HX, but this association has not
yet been reported among previously splenectomized mutant
KCNN4-associated HX patients. HX patients can show con-
siderable cellular and clinical phenotypic variability within
individual families, as well as among different families carry-
ing the same or different mutations (4, 6, 15, 39).

HX-associated mutations in both PIEZO1 and KCNN4 have
been characterized functionally as gain-of-function mutations
(1, 3, 5, 8, 22, 41). HX-associated PIEZO1 mutant polypep-
tides expressed in human embryonic kidney (HEK)-293 cells
generally exhibited delayed inactivation kinetics proposed to
increase Ca2� entry and elevate intracellular [Ca2�] (14, 33),
leading in turn to hyperactivation of erythroid KCNN4. HX-
associated KCNN4 mutant polypeptides studied in HEK-293
cells and in patient red cells generally exhibited increased
current magnitude in the presence of intracellular Ca2� (42,
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44). More recent studies of HX-associated PIEZO1 polypep-
tides expressed in HEK-293 cells, however, have revealed a
range of functional phenotypes, including some mutants that
expressed paradoxically reduced function or reduced sensitiv-
ity to particular cellular deformations (22).

Reported HX-associated KCNN4 mutations include R352H
located in the calmodulin-binding domain within the long
COOH-terminal cytoplasmic tail, V282M and V282E in the
transmembrane domain (5, 21, 41), and transmembrane do-
main mutants P204R and A279T reported in abstract (56).

Carriers of the KCNN4 V282M mutation were previously
shown (4, 6, 15) to exhibit hemolytic anemia with occasional
stomatocytes, increased resistance to osmotic lysis, increased
cell density, reduced cell K content with elevated cell Na
content, and a dramatically left-shifted ektacytometry curve
with reduced Dmax and Ohyp values indicative of decreased
shear-sensitive deformability consistent with severe cell dehy-
dration. V282M red cells were also shown to exhibit elevated
baseline NPo sensitive to the inhibitor senicapoc, along with
elevated, senicapoc-sensitive baseline influx of 86Rb�, and
elevated net K� efflux (41, 42, 44). KCNN4 residue V282 is of
particular interest, as its isopropyl side chains within each
homotetrameric KCNN4 channel together form the narrowest
constriction of the KCNN4 inner pore (28). Whereas recom-
binant HX mutant V282E exhibited reduced sensitivity to the
KCNN4 inhibitor senicapoc, recombinant mutant V282M pre-
served wild type (WT) senicapoc sensitivity (42).

The upstream action of PIEZO1-mediated elevation of in-
tracellular [Ca2�] on KCNN4 in red cells, together with reten-
tion of sensitivity to senicapoc inhibition by some HX-associ-
ated KCNN4 mutant polypeptides, suggested that senicapoc
might be an effective treatment for the gain-of-function phe-
notypes associated with both PIEZO1 and KCNN4 mutants
(41, 42, 44). In preparation for a clinical trial of senicapoc
treatment of HX in a family carrying the KCNN4 V282M
mutation (5), we have more extensively characterized the
properties of HX red cells from additional members of the
same family, relying primarily on measurement of 86Rb�

influx as a medium-throughput assay of KCNN4 activity.
Although we reproduced the earlier reported gain-of-func-

tion phenotypes in unstimulated HX V282M red cells, we were
surprised to find apparent loss-of-function phenotypes in HX
V282M red cells subjected to elevation of intracellular [Ca2�]
through in vitro exposure to either the Ca2� ionophore A23187
or the PMCA plasmalemmal Ca2�-ATPase inhibitor or-
thovanadate. Therefore, we set out to describe the loss-of-
function phenotypes in greater detail and compare them with
the originally reported gain-of-function phenotypes.

METHODS

Drugs and chemicals. Senicapoc was from Pfizer (Cambridge, MA).
A23187 was from Calbiochem (La Jolla, CA). 86RbCl and 45CaCl2
were from PerkinElmer Life Sciences (Boston, MA). BAPTA-AM
and calpain inhibitor PD150606 were from Tocris (R & D Systems,
Minneapolis, MN). All other reagents were from Sigma-Aldrich (St.
Louis, MO).

Blood samples. Human blood samples were obtained with written
informed consent from six hereditary xerocytosis (HX) patients from
a previously described family expressing the heterozygous mutation
KCNN4 V282M (5) and from six unrelated healthy control (unaf-
fected) subjects. Blood collected in EDTA-containing Vacutainer

tubes was transported by courier from collection centers to Boston
Children’s Hospital or to Beth Israel Deaconess Medical Center. All
procedures were HIPAA-compliant and approved by the Institutional
Review Boards of Boston Children’s Hospital and Beth Israel Dea-
coness Medical Center. Data in each figure or table derive from the
indicated number of HX subjects and from two to four unaffected
individuals.

ADVIA hematological parameters. Whole blood hematological
indices were determined by ADVIA 2120 Hematology Analyzer
(Siemens Diagnostic Solutions, Tarrytown, NY), as previously de-
scribed (17, 19, 40, 45). Whole blood was centrifuged 10 min at 1,500
g. Plasma was collected and stored at �90°C for subsequent study.

Erythrocyte KCNN4-mediated changes in hematological indices in
baseline and activated states. Whole blood was partially leuko-
depleted by filtering through cotton and then centrifuged for 4 min at
4°C 1,500 g (Sorvall Legend RT; Thermo Scientific, Asheville, NC).
Erythrocytes were washed five times with choline wash solution
(CWS) containing (in mM) 150 choline Cl, 1 MgCl2, and 10 Tris-
MOPS at pH 7.4 (4°C) and stored at 4°C until use (generally within
18–24 h, always within 72 h). Washed erythrocytes were resuspended
in 3% hematocrit in flux medium [normal saline containing (in mM)
2 KCl, 148 NaCl, 0.15 MgCl2, 10 glucose, and 10 Tris-MOPS at pH
7.4 with either 1.5 or 0.1 CaCl2]. Ouabain (0.1 mM) and bumetanide
(1 mM) were added to incubation media at time zero. Erythrocyte
KCNN4 was activated by addition to cell suspensions of either 5�M
A23187 in the presence of 100 �M CaCl2 or by the addition of 1 mM
sodium orthovanadate (VO3) in the presence of 1.5 mM CaCl2.
Time-dependent ADVIA hematological indices were determined in
the absence or presence of 200 nM senicapoc (SCP).

Ektacytometry. Ektacytometry at constant osmolarity was per-
fomed at 37°C on the RheoScan-D Plus (RheoMeditech, Seoul, South
Korea) at default settings.

Intracellular cation content. Intracellular contents of Na and K
were determined in freshly isolated erythrocytes by atomic absorption
spectrophotometry (AAnalyst 800; PerkinElmer, Norwalk, CT) as
described (44, 45). Erythrocytes washed five times in CWS-Mg were
suspended at 50% hematocrit in CWS-Mg, and an aliquot was used
for manual determination of hematocrit. Lysates of suspensions di-
luted 1:50 (for cell Na determination) and 1:500 (for cell K determi-
nation) were prepared in 0.02% acationox, clarified by centrifugation
at 3,000 rpm, and stored at 4°C for later atomic absorption spectro-
photometry.

86Rb influx in WT (V282) and HX (V282M) erythrocytes. Measure-
ment of 86Rb� influx (a surrogate for K� influx) was performed in
freshly washed erythrocytes. Cells were suspended at 3% hematocrit
in normal saline influx media containing (in mM) 148 NaCl, 2 KCl,
0.15 MgCl2, 0.1 ouabain, 10 Tris-MOPS pH 7.4 (22°C or 37°C as
noted), 1.0 bumetanide, and 10 �Ci/ml 86RbCl in the presence or
absence of 200 nM senicapoc (diluted from 50 �M DMSO stock).
Measurements of 86Rb� influx at baseline conditions or in the pres-
ence of 1 mM sodium orthovanadate were performed in media
containing 1.5 mM CaCl2. Samples were preincubated in the absence
or presence of orthovanadate for 30 min before the addition of isotope.
Baseline and orthovanadate-stimulated 86Rb� fluxes were measured
at 37°C or at room temperature in the absence of A23187 during the
period 2–10 min following isotope addition. Measurements of 86Rb�

influx activated by 5 �M A23187 were performed in media containing
100 �M CaCl2. Fluxes were measured at 37°C or room temperature
(as noted) during the period 2–6 min following isotope addition.
Aliquots of cell suspension (100 �l) were removed and immediately
microcentrifuged through 0.8 ml of ice-cold saline containing 5 mM
EGTA resting on a 300-�l undercushion of N-butyl phthalate. After
aspiration of both supernatant layers, tube tips containing cell pellets
were cut off, and erythrocyte-associated 86Rb was counted in a
�-counter (model 41600 HE; Isomedic ICN Biomedicals, Costa Mesa,
CA). Ion fluxes were calculated from linear regression slopes.
KCNN4 Ca2� activation curves were performed by buffering extra-
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cellular free Ca2� from (nominal) 0 to 7 �M with either 1 mM EGTA
or 1 mM citrate buffer at pH 7.4 in the presence of A23187 (5 �M)
as described (43). Free [Ca2�] was calculated from citrate or EGTA
dissociation constants, correcting for ionic strength in the presence of
0.15 mM MgCl2. Senicapoc concentration-response curves of
KCNN4 were measured across the range of 0–10 �M senicapoc in the
presence of 5 �M A23187 and 100 �M extracellular Ca2�. Senicapoc
dilutions were prepared from a frozen stock solution of 1 mM in
DMSO.

Cell-attached patch clamp of WT and HX erythrocytes. Cell-
attached patch clamp of WT and V282M erythrocytes was performed
as previously described (44, 57). Human red cells allowed to settle on
coverslips were mounted on an inverted microscope in a 200-�l open
chamber (WPI, Sarasota, FL). Symmetric bath and pipette solutions
contained (in mM) 140 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, and 10
HEPES (pH 7.4). Cell-attached patch currents were recorded at room
temperature (Axopatch 1-D amplifier, Molecular Devices, Sunnyvale,
CA). For current-voltage relationships (I-V curves) in Clampex
(PCLAMP10, Molecular Devices), the real-time control window in
gap-free mode recorded current traces of 10-to-30 s duration at
holding potentials ranging from �100 to �100 mV in 25-mV incre-
ments. The bath reference electrode was a silver chloride wire with a
3 M KCl agar bridge. Data were filtered at 500 Hz, digitized at 2 kHz
by Clampex, and analyzed offline by Clampfit (PCLAMP10). Holding
potentials in on-cell patch experiments were expressed as �Vp, the
negative of the pipette potential.

45Ca influx, Ca2� pump activity, and intracellular total Ca2�.
Freshly isolated erythrocytes washed three times with normal saline
were stored at 4°C as pellets (~80% hematocrit) until use. Calcium
fluxes were performed as previously described (40) with modifica-
tions. Flux media contained (in mM) 148 NaCl, 2 KCl, 0.15 MgCl2,
10 Tris-MOPS, pH 7.4 at 37°C, 0.1 CaCl2, 10 glucose, and 10 �Ci/ml
45Ca. Washed erythrocytes were resuspended at 10% hematocrit in
flux media at 37°C. 10 �� A23187 ionophore was added at time zero,
followed by immediate vortexing. To test the effect of 1 mM sodium
orthovanadate, 50-�l aliquots were transferred from triplicate samples
every 15 s into ice-cold Eppendorf tubes containing 1 ml of stop
solution (normal saline containing 400 �� CoCl2) overlying 0.3 ml of
phthalate oil and centrifuged. After aspiration of supernatants, tube
tips containing cell pellets were cut and transferred into scintillation
fluid tubes. Pellets were lysed with 300 �l of 0.02% acationox in
double-distilled water, followed by the addition of 3 ml of scintillation
fluid. Tubes were well mixed and subjected to scintillation counting
(Perkin-Elmer). Ca2� pump activity was determined by subtraction of
45Ca2� efflux in the presence of 1 mM orthovanadate from that in its
absence and expressed as �mol·1013 cells�1·min�1. Intracellular
calcium content at steady state was estimated from 45Ca2�-loaded
cells after 2 h of equilibration at 37°C. One hundred microliter
aliquots of 45Ca-loaded cells were centrifuged for 10 s at 4°C through
an 800 �l stop solution containing 2 mM Na orthovanadate overlying
a 0.4 ml phthalate oil cushion. Cutoff cell pellets were dissolved in
0.02% Acationox and counted. Values corrected by mean cellular
volume (MCV) were expressed as picomoles per 1013 cells.

Erythrocyte cation and volume modification by nystatin. Nystatin
modification of erythrocyte cation content was performed as previ-
ously described (11). Freshly isolated erythrocytes washed five times
with CWS-Mg were stored at 4°C as pellets (�80% hematocrit).
Packed erythrocytes (0.5 ml) were gently resuspended in 5 ml of
nystatin loading solution (NLS) containing (in mM) 5–75 NaCl,
75–145 KCl, and 55 or 200 sucrose, respectively, for isotonic or
hypertonic conditions. After the addition of nystatin (40 �g/ml)
during gentle vortexing, followed immediately by 20-min incubation
on ice with mixing at 5-min intervals, cells were centrifuged at 1,500
g at 4°C, then resuspended in the same solution lacking nystatin, and
again incubated 20 min at 4°C. These nystatin-treated cells were
centrifuged and washed four times at 37°C in the same NLS supple-
mented with 0.5 mM KPO4, 0.5 mM NaPO4, 10 mM glucose, and

0.1% bovine serum albumin (BSA; fraction V) to remove nystatin.
Between each wash, cells were incubated for 10 min at 37°C with
gentle shaking. Cells at this stage were again washed five times at 4°C
with isotonic CWS-Mg or CWS-Mg rendered hypertonic by the
addition of 200 mM sucrose to remove contaminating extracellular
Na� and K�. Cell aliquots were then collected for ADVIA analysis of
hematological indices, for atomic absorption analysis of intracellular
cation content and for 86Rb� influx measurement.

Statistical analysis. Results are expressed as means � SE. Statis-
tical significance of normally distributed data was determined by
one-way ANOVA. Statistical significance of nonparametric data was
determined by Mann-Whitney test or Wilcoxon signed-rank test.
Differences were judged significant for P 	 0.05.

RESULTS

Hematological indices of HX V282M erythrocytes. The hema-
tological indices of six individuals of family WO, each affected by
HX (5), are presented in Supplemental Table S1 (Supplemental
Material for this article is available at https://doi.org/10.6084/
m9.figshare.8156198), extending data from two family members
presented previously. Affected red cells were macrocytic, hyper-
chromic, and reduced in number to a degree proportionately
greater than the reduction in hemoglobin. The % hyperchromic
cells (Hb 
 41g/dl) in HX patients was �36% vs. WT values of
	2%. RDW and HDW values in HX patients were also increased.
Some indices, such as MCV and reticulocyte count, varied con-
siderably among individual affected family members.

Plasma analyses from the HX V282M patients in this family
were remarkable for hyperbilirubinemia, variably elevated
LDH, uniformly depressed haptoglobin, and variably elevated
ferritin levels in the setting of normal serum iron and transfer-
rin levels (Supplemental Table S2).

Baseline function of HX V282M erythrocytes. Freshly ob-
tained HX V282M erythrocytes were resistant to shear stress-
dependent deformation at constant osmolarity, as determined
by Rheoscan (Supplemental Fig. S1), as previously observed
with erythrocytes analyzed 24–30 h postvenisection by os-
motic gradient ektacytometry (44). Reduced deformability was
accompanied by elevated intracellular Na content and severely
reduced intracellular K content, both of which were exacer-
bated after 24 h incubation (Supplemental Table S3).

Cell-attached patch recording of WT red cells revealed A23187-
stimulated KCNN4 activity completely blocked by senicapoc
(SCP; Supplemental Fig. S2B). Baseline KCNN4 NPo in
unstimulated HX V282M cells was considerably higher than
the low values of unstimulated WT cells (Supplemental Fig.
S2, C and D). Elevated baseline HX V282M current was
further increased by exposure of cells to Ca2� ionophore
A23187 (Supplemental Fig. S2, A and D), and this incremental
current remained sensitive to inhibition by SCP (Supplemental
Fig. S2, A, C, and D).

Measurement of stimulated KCNN4-mediated isotopic flux re-
veals a loss-of-function phenotype for HX mutant V282M red
cells. As reported previously (44), baseline SCP-sensitive
KCNN4-mediated 86Rb� influx into HX V282M red cells was
elevated compared with that of WT cells (Fig. 1A). SCP-sensitive
flux was intracellular Ca2�-dependent, as it was abrogated by
preincubation in BAPTA-AM (Supplemental Fig. S3). Unexpect-
edly, however, the A23187-stimulated, KCNN4-mediated, SCP-
sensitive 86Rb� influx was dramatically reduced in V282M red
cells compared with WT cells (Fig. 1B). A similar pattern was
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observed comparing HX V282M and WT cells in which intracel-
lular Ca2� was elevated by pretreatment with orthovanadate (Fig.
1C). Thus, whereas baseline unstimulated KCNN4 activity in HX
V282M red cells exhibited gain-of-function properties in the
presence of elevated intracellular [Ca2�] produced by A23187-
mediated enhanced extracellular Ca2� entry or by orthovana-
date-mediated blockade of PMCA Ca2�-ATPase-mediated
Ca2� efflux, KCNN4 V282M activity exhibited a previously
undescribed loss-of-function phenotype (Fig. 1D). The seni-
capoc-sensitive relative increase in % hyperchromic cells
(Fig. 2, A and C), and to a lesser extent in CHCM (Fig.
2B,D), was also reduced in HX V282M cells compared with
WT cells after treatment with orthovanadate or with A23187
exposure (Fig. 2, A and C).

Ca2� and senicapoc sensitivity of HX V282 red cells. This
surprising loss-of-function phenotype prompted evaluation in
WT and V282M red cells of concentration-response relation-
ships for senicapoc and for [Ca2�]. As previously reported for
recombinant KCNN4 V282M in HEK-293 cells (42) and for
unstimulated KCNN4 activity in HX V282M red cells (44),

KCNN4 activity in WT red cells and KCNN4 activity in HX
red cells expressing heterozygous KCNN4 V282M exhibited
similar senicapoc ID50 values of 1.94 �0.5 and 0.69 � 0.2 nM,
respectively (Fig. 3, A and B). However, these ID50 values
were approximately five to 10-fold lower than reported for
whole cell currents in HEK-293 cells (42). Native erythroid
KCNN4 Ca2� sensitivity measured by A23187 equilibration of
intracellular [Ca2�] with varying extracellular [Ca2�] allowed
estimates of [Ca2�] EC50 values for KCNN4 of 1.02 � 0.1 �M
in WT erythrocytes and 1.20 � 0.01 �M in HX V282M
erythrocytes (Fig. 3C). As noted previously (44), both EC50

values exceed those measured by whole cell patch clamp of
HEK-293 cells (42). Thus, although native WT and heterozygous
KCNN4 V282M activities measured by 86Rb� influx in red
cells differed slightly from those measured by whole cell
patch clamp in HEK-293 cells, the apparent “loss-of-func-
tion” phenotype of HX V282M red cells does not reflect
altered intracellular Ca2� affinity or senicapoc sensitivity of
KCNN4 as measured in those red cells.

Fig. 1. Activation of KCNN4 by A23187 (A23) or by sodium orthovanadate (VO3) in wild type (WT) and hereditary xerocytosis (HX; V282M) erythrocytes
at 37°C. A: freshly isolated erythrocytes incubated in the absence (black) or presence of 200 nM senicapoc (SCP, red) were subjected to measurement of baseline
(unstimulated) 86Rb� influx, as described in METHODS. B: 86Rb� influx measured in the presence of 5 �M A23187 and 100 �M CaCl2, in the absence and presence
of SCP. C: 86Rb� influx measured after 30 min preincubation in the presence of 1 mM orthovanadate (VO3), in the continued presence of VO3. D: SCP-sensitive
86Rb� influx values derived from A–C. Values in parentheses represent means � SE for (n) experiments, each performed in triplicate, on samples from 5 different
HX subjects. *P 	 0.033, **P 	 0.0021, ***P 	 0.0002, and ****P 	 0.0001 comparing absence vs. presence of SCP (Wilcoxon matched pairs test) or
comparing V282M vs. WT in the absence of SCP (Mann-Whitney test).
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Ca2� transport activity in HX V282M red cells. The reduced
activity of stimulated KCNN4 in HX V282M red cells might
reflect altered Ca2� handling. However, A23187-induced 45Ca2�

entry into HX V282M red cells in the presence of orthovanadate
blockade of Ca2� efflux was equivalent to or slightly greater than
that into WT cells (Fig. 4A). Although the rapid phase of Ca2�

entry was slightly delayed in HX cells, early plateau 45Ca2�

accumulation was at least equivalent to that of WT cells (Fig. 4B)
and at later times exceeded that of WT cells (Fig. 4C). Consistent
with these results, vanadate-sensitive Ca2� efflux rates (reflecting
PMCA activity) were lower in HX V282M than in WT red cells
(Fig. 4, D–F). Thus, these results did not explain a loss-of-
function KCNN4 phenotype in HX V282M red cells.

Calpain inhibitor response in HX V282M red cells. Calpain-
1-knockout mouse erythrocytes exhibited decreased A23187-
stimulated KCNN4 activity (58). Chronic in vivo treatment
with calpain inhibitor BDA-410 also reduced KCNN4 activity
and hypoxia-induced red cell dehydration in the SAD mouse
model of sickle cell disease and altered KCNN activity in red
cells from WT mice (19). Although interpreted as KCNN4
regulation by PKC or peroxiredoxin, the results may have

reflected inhibition of calpain-mediated KCNN4 cleavage. We
found, however, that calpain inhibitor PD150606 substantially
stimulated baseline KCNN4 activity in WT human red cells
and stimulated baseline KCNN4 activity in HX V282M cells to
a lower degree (Fig. 5A). A23187-stimulated KCNN4 activity
was further increased by PD150606, whereas the much lower
KCNN4 activity measured in A23187-stimulated HX V282M
cells was not increased further by the calpain inhibitor (Fig.
5B). Assuming specificity of the calpain inhibitor’s effects
used at high concentration, these results suggest that propor-
tional calpain sensitivity of KCNN4 or its regulators is main-
tained in unstimulated HX V282M cells, but to a reduced
extent in stimulated HX V282M cells. The observed stimula-
tion of human erythroid KCNN4 by a calpain inhibitor is, to
our knowledge, novel.

Stimulated KCNN4 activity of WT red cells can be converted
to the reduced activity phenotype of HX V282M cells by
hypertonic shrinkage and modulation of intracellular monova-
lent cation content. We hypothesized that the altered cation
contents of HX V282M red cells might contribute directly to
the reduced sensitivity of KCNN4 in HX V282M red cells to

Fig. 2. Senicapoc (SCP) inhibition of wild type (WT) red blood cell (RBC) dehydration induced by A23187 (A23) or by orthovanadate (VO3) at 37°C is
attenuated in V282M hereditary xerocytosis (HX) RBC. A and B: freshly isolated cells were incubated for 10 min at 37°C in the absence (white) or presence
(black and red) of 5 �M A23 and 100 �� CaCl2, in the absence or presence of 200 nM SCP, followed by hematological analysis (ADVIA). Values represent
means � SE from (n) experiments. *P 	 0.033; **P 	 0.01 (Wilcoxon signed-rank test), comparing the absence of A23 or SCP; ***P 	 0.001 (Mann-Whitney
test), comparing WT vs. HX V282M. C and D: freshly isolated cells were incubated with or without 1 mM orthovanadate (VO3) in the presence of 1.5 mM CaCl2
for 1 h at 37°C in the presence (red) or absence of 200 nM SCP (white and black), after which cells were subjected to hematological analysis (ADVIA). Values
represent means � SE for (n) experiments performed on samples from 4 different HX subjects. *P � 0.02, **P � 0.002 (Wilcoxon signed-rank test).
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activation by A23187 or vanadate, rather than merely reflect
the increased cation leak of HX cells. Previous studies have
demonstrated inhibition of KCNN4 activity by Na� loading
and K� depletion in resealed red cell ghosts (59) and in intact
red cells subjected to overnight pretreatment in cation-permea-
bilizing cold thiocyanate medium (54). In this context, we
tested whether nystatin modification of WT red cell cation
content to resemble that of HX red blood cells (RBC) might
elicit reduction in the stimulated KCNN4 response correspond-
ing to the suppressed KCNN4 stimulation of HX V282M cells.
Incubation of wild-type red cells in nystatin load solution
(40Na:110K) containing 200 mM sucrose elevated intracellular
Na content to baseline HX V282M levels and reduced intra-
cellular K content to below baseline HX V282M levels (Table
1) while increasing WT values of MCHC, CHCM, and %
hyperchromic cells approximately to baseline HX V282M
values (Tables 2 and 3). The resulting modified WT cells were
more microcytic than HX red cells. A23187-stimulated
KCNN4 activity in WT cells was reduced by nystatin treatment
in these conditions, but not to the low level of A23187-
stimulated activity in nystatin-untreated HX V282M cells (Fig.
6A). However, orthovanadate-stimulated KCNN4 activity in
nystatin-treated WT red cells was suppressed to or below the
KCNN4 activity of vanadate-stimulated, nystatin-untreated
HX V282M cells (Fig. 6B).

Thus, nystatin manipulation of intracellular Na and K con-
tents in the setting of hypertonic shrinkage partially converted
the WT KCNN4 response to A23187 and completely converted
the WT KCNN4 response to orthovanadate to resemble the
corresponding responses of nystatin-untreated HX V282M red
cells. Alternately stated, the orthovanadate-stimulated KCNN4
phenotype of WT cells was converted to that of HX V282M
cells by combined hypertonic shrinkage and nystatin-induced
elevation of cell Na and reduction of cell K. The A23187-
stimulated KCNN4 phenotype of WT cells was only partially

converted to that of HX V282M cells by nystatin treatment in
these conditions.

Can the phenotype of abnormally low stimulated KCNN4
activity of HX V282M red cells be converted to that of WT red
cells by normalizing intracellular monovalent cation content?
We showed above that the stimulated KCNN4 phenotype of
WT red cells can be converted to that of HX V282M cells. We
next considered the clinically more interesting possibility of
converting the stimulated KCNN4 activity phenotype of HX
V282M cells to that of WT cells. We compared KCNN4
activity of untreated WT and HX V282M red cells at baseline
and after nominally isotonic nystatin treatment either to mimic
normal intracellular cation concentrations (10Na:135K) or to
mimic intracellular cation concentrations of HX (75Na:75K)
(Table 1). KCNN4 baseline activity in nystatin-untreated HX
red cells was higher than in WT cells (Fig. 7A), but orthovana-
date-stimulated KCNN4 activity was much higher in WT than
in HX cells (Fig. 7D).

Baseline KCNN4 activity patterns were preserved in both
cell types after nystatin treatment at 10Na:135K to mimic normal
intracellular cation concentrations, although WT baseline ac-
tivity was relatively higher than in nystatin-untreated cells
(Fig. 7B). Nystatin 10:135 preincubation of HX V282M cells
reduced and normalized intracellular Na but only moderately
elevated intracellular K (Table 1). These nystatin conditions
also normalized the elevated MCHC, CHCM, and % hyper-
chromic cells of HX V282M at the cost of cell enlargement
beyond the baseline macrocytosis of these HX V282M cells
(Tables 2 and 3).

Thus, partial normalization of ion content in HX red cells
did not alter the baseline gain-of-function phenotype of
KCNN4 V282M in HX red cells. However, the combination of
nystatin 10Na:135K pretreatment with orthovanadate stimula-
tion reduced orthovanadate-stimulated KCNN4 activity by
90–95% in WT red cells and by 50–70% in orthovanadate-

Fig. 3. Senicapoc concentration-response relationships and extracellular Ca2� (Ca2�
o) activation curves of KCNN4 in intact A23187-stimulated wild type (WT)

and V282M hereditary xerocytosis (HX) erythrocytes. A: 86Rb� influx was measured at room temperature in freshly isolated erythrocytes stimulated with A23187
in the presence of senicapoc concentrations ranging from 0 to 10 �M (n � 4). Calculated IC50 for senicapoc was 1.94 � 0.5 nM for WT and 0.69 � 0.2 nM
for V282M. KCNN4 activity was measured as in METHODS. B: data in A plotted as relative % inhibition of KCNN4 activity. C: Ca2� activation of 86Rb� influx
was measured at the indicated nominal intracellular Ca concentrations equilibrated with extracellular bath in EGTA or citrate buffer in the presence of A23187,
as previously described (43). EC50 values for nominally equilibrated Ca2�

o were 1.02 �M for WT and 1.20 �M for V282M. Data are means � SE (n � 5), each
performed in triplicate on samples from 3 different HX subjects.
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stimulated KCNN4 activity in HX V282M cells without abro-
gating orthovanadate stimulation (Fig. 7, D vs. E). Moreover,
orthovanadate-stimulated KCNN4 activity in WT and HX
V282M cells treated with nystatin at 10Na:135K differed only
minimally, such that the KCNN4 mutant V282M gain-of-
function phenotype with respect to WT KCNN4 was not
apparent. Thus, nystatin treatment at 10Na:135K normalized
the proportional relationship between vanadate-stimulated
KCNN4 activity of HX V282M red cells with that of WT red
cells. However, this “rescue” was complicated by the accom-
panying severe reduction in stimulated activity in both cell
types.

After nystatin pretreatment in 75Na:75K conditions, base-
line KCNN4 activity in WT red cells was higher (Fig. 7C) than
in nystatin-untreated WT cells (Fig. 7A), whereas baseline

KCNN4 activity in HX V282M red cells was much lower (Fig.
7C) than in nystatin-untreated HX cells (Fig. 7A). Nystatin
treatment at 75Na:75K reduced vanadate-stimulated KCNN4
activity �90% in both WT and HX V282M cells (Fig. 7F)
from levels in nystatin-untreated cells (Fig. 7D). However,
even with these greatly reduced activities, orthovanadate-stim-
ulated KCNN4 activity in HX V282M cells was only 20% that
of WT cells (Fig. 7F).

The increased % hyperchromic cells of HX V282M geno-
type in either the absence or presence of orthovanadate stim-
ulation (Fig. 8A) was nearly normalized upon nystatin-medi-
ated normalization of intracellular cation content (Fig. 8B and
Table 1). However, nystatin treatment at 75Na:75K restored
baseline % hyperchromic cells but abrogated the effect of
orthovanadate on hyperchromic cell number (Fig. 8C). Partial

Fig. 4. A23187-stimulated Ca2� uptake and plasmalemmal Ca2�-ATPase (PMCA)-mediated Ca2� efflux in wild type (WT) and V282M hereditary xerocytosis
(HX) erythrocytes. A: time-dependent 5 �M A23187-induced Ca2� uptake at 37°C in WT (black) and V282M HX erythrocytes (red) in normal saline containing
100 �M CaCl2 and 10�8 M 45Ca (means � SE; n � 4 triplicate experiments). B: time-dependent 5 �M A23187-induced Ca2� uptake at 37°C in WT (black;
n � 4) and V282M HX erythrocytes (red; n � 3), initiated following 30 min preincubation in 1 mM orthovanadate (VO3) with continued presence of
orthovanadate (means � SE, with each experiment performed in triplicate). C: steady-state (2 h) Ca2� uptake at 37°C into WT (black) and V282M erythrocytes
(red, 10% hematocrit) in the presence of 1.8 mM bath CaCl2 (10�7 M 45Ca2�) and 1 mM orthovanadate (without A23187). Means � SE of 3 experiments
performed in triplicate. *P 	 0.041 (Mann-Whitney test). D and E: time-dependent Ca2� efflux from WT (black; D) or HX V282M red blood cells (RBC) (red;
E) after 30 min preincubation in the absence (closed diamonds) or presence of 1 mM orthovanadate with continued presence of orthovanadate (open diamonds).
Means � SE (n � 3), each performed in triplicate; *P 	 0.0001 (paired F-test). F: PMCA activity calculated from efflux activity data in D and E (means � SE
of 5 or 8 experiments, each performed in triplicate at 37°C). Data represent determinations on samples from 3 different HX subjects. *P 	 0.01 (Mann-Whitney
test).

C293CONDITIONAL KCNN4 LOSS-OF-FUNCTION PHENOTYPE IN HX

AJP-Cell Physiol • doi:10.1152/ajpcell.00074.2019 • www.ajpcell.org

https://www.ncbi.nlm.nih.gov/nuccore/833253
https://www.ncbi.nlm.nih.gov/nuccore/833253
https://www.ncbi.nlm.nih.gov/nuccore/833253
https://www.ncbi.nlm.nih.gov/nuccore/833253


normalization of HX V282M cell cation content largely
preserved orthovanadate responsiveness of MCV (Fig. 8, D
and E) and MCHC (Fig. 8, G and H). Nystatin treatment of
HX V282M cells at 75Na:75K abrogated orthovanadate-
induced changes in MCV (Fig. 8, D and F) and MCHC (Fig.
8, G and I).

Intracellular monovalent cation concentration dependence of
the maximally stimulated KCNN4 activity phenotype. We next
sought to determine thresholds for nystatin-induced changes in
intracellular cation contents of WT and V282M red cells that
might interconvert the orthovanadate-stimulated KCNN4 phe-
notypes of the two cell genotypes. Baseline KCNN4 activity
was invariant across the range of tested intracellular cation
contents in WT red cells (Fig. 9A). The higher baseline
KCNN4 activity of HX V282M red cells was also statistically
unchanged across the range of cation concentrations, but high
variance in measurements may have obscured a decrease upon

lowering K content and elevating Na content (Fig. 9D). In
contrast, A23187-stimulated KCNN4 activity in nystatin-
treated WT red cells was most active at lower intracellular Na
and higher intracellular K, and fell with further Na elevation
and K reduction (Fig. 9B). The lower A23187-stimulated
KCNN4 activity of HX V282M red cells exhibited a qualita-
tively similar pattern of dependence on altered intracellular
cation content (Fig. 9E). Even the greatly reduced levels of
orthovanadate-stimulated KCNN4 activity observed in
nystatin-pretreated red cells of both genotypes were further
inhibited in graded fashion by elevation of intracellular Na and
reduction of intracellular K contents. The intracellular cation
content dependence of orthovanadate-stimulated KCNN4 ac-
tivity in nystatin-treated WT red cells at intracellular Na:K
ratios of 8:256 or 28:224 (mmol/kg Hb) had no effect, but
KCNN4 activity was severely suppressed at Na:K ratios of
60:136 or 90:98 (Fig. 9C). The yet lower levels of orthovana-
date-stimulated KCNN4 activity in nystatin-treated HX
V282M cells were also further suppressed by elevated intra-
cellular Na and reduced intracellular K contents (Fig. 9F).

These data demonstrate that nystatin treatment in physi-
ological saline yielding a near physiological intracellular
cation ratio of 8 Na: 256 K (mmol/kg Hb) preserves the
loss-of-function phenotype of A23187- or orthovanadate-
stimulated KCNN4 activity in HX V282M red cells as
compared with WT cells. However nystatin-treated WT and
HX V282M cells in which intracellular Na and K contents
were equalized exhibited comparably severe reductions in
KCNN4 activity in both WT and HX V282M red cells (Fig.
9, B–F).

Is the phenotype of reduced maximal stimulation of KCNN4
activity unique to HX red cells of patients heterozygous for
KCNN4 V282M? The loss-of-function phenotype for V282M
red cell KCNN4 activity stimulated by A23187 or by vanadate
in HX V282M red cells contrasts markedly with the gain-of-
function phenotype for baseline KCNN4 activity in the same
cells. However, stimulated KCNN4 activity in HX red cells of

Table 1. Cation content of nystatin-treated wild type and
V282M HX erythrocytes

ID n [Na]i, mmol/Kg Hb [K]i, mmol/kg Hb [Sucrose], mM

WT
Baseline 18 24.3 � 0.9 295.2 � 11 0
NyLS 10:135 4 21.49 � 0.3 231.27 � 12 55
NyLS 75:75 4 68.1 � 2 86.1 � 5 55
NyLS 40:110 3 39.8 � 0.6 95.0 � 0.7 200

V282M
Baseline 18 37.3 � 2** 164.7 � 7** 0
NyLS 10:135 7 21.44 � 3 176.2 � 11* 55
NyLS 75:75 6 74.4 � 4 93.7 � 8 55

Freshly isolated wild type (WT) and V282M HX erythrocytes pretreated
without (baseline) or with nystatin in nystatin loading solutions (NyLS)
containing the indicated concentrations of Na and K (in mM:mM, leftmost
column) and of sucrose (rightmost column) were suspended in CWS-Mg as
described in METHODS. Ion content was measured by atomic absorption
spectroscopy. Values represent means � SEM of (n) experiments, each
performed in triplicate on samples from 5 different HX subjects. *P 	 0.033;
**P 	 0.0021 for WT vs. V282M (Mann-Whitney test).

Fig. 5. Effect of cell-permeant calpain inhibitor PD150606 on senicapoc (SCP)-sensitive 86Rb� influx in wild type (WT) and V282M erythrocytes. Baseline (A)
or A23187-stimulated, SCP-sensitive 86Rb� influxes (B) were measured in freshly isolated erythrocytes preincubated at 10% hematocrit for 45 min at 37°C in
the absence or presence of 500 �M PD150606 in normal saline containing 10 mM glucose and 1.5 mM CaCl2. Cells were centrifuged and resuspended in 37°C
flux media, and baseline or A23187 (A23)-stimulated fluxes were measured in the continued absence or presence of 500 �M PD150606 with or without 200 nM
senicapoc (SCP). The senicapoc-sensitive component of flux here (and in all subsequent figures) was calculated as in Fig. 1. Data are means � SE for (n)
experiments, each performed in triplicate, on samples from 3 different hereditary xerocytosis (HX) and 2 WT subjects. *P 	 0.028, **P � 0.002 comparing
presence and absence of calpain inhibitor (Mann-Whitney test).
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other mutant genotypes has been reported to date only in
association with KCNN4 mutation R352H (41, 42) or with
several PIEZO1 mutations (14, 33, 42). Therefore, we com-
pared baseline and stimulated KCNN4-mediated 86Rb� influx
activities in red cells from HX patients with several additional
types of mutations, whose hematological indices are assembled
in Supplemental Table S4.

As shown in Supplemental Fig. S4A, orthovanadate-stimu-
lated KCNN4 activity was elevated in HX red cells from a
single patient heterozygous for KCNN4 mutation R352H (5) as
compared with WT red cells. However, this gain-of-function
phenotype in HX versus WT cells was not evident when
assayed as A23187-stimulated KCNN4 activity (Supplemental
Fig. S5A).

HX RBC from three additional HX patients with PIEZO1
mutations were also examined. Whereas baseline KCNN4
activity in HX RBC from patients heterozygous for PIEZO1
mutations R2488Q (7) and V598M (23) was higher than in WT
red cells, orthovanadate-stimulated KCNN4 activity in both
types of PIEZO1 mutant HX red cells was substantially lower
than that of WT red cells (Supplemental Fig. S4, B and C). In
contrast, the baseline KCNN4 activity gain-of-function pheno-
type of HX red cells from a patient heterozygous for PIEZO1
R2456H (49) was maintained as a gain-of-function phenotype
in the presence of vanadate (Supplemental Fig. S4D). Thus, as
evaluated through orthovanadate-stimulated, senicapoc-sensi-
tive 86Rb� influx, HX red cells expressing KCNN4 or PIEZO1
mutant polypeptides can exhibit either gain-of-function or
loss-of-function phenotypes.

Characterization of individual HX mutations as gain or loss
of function was further complicated by evaluation of A23187-
stimulated, senicapoc-sensitive 86Rb� influx (Supplemental
Fig. S5). HX red cells from the patient carrying PIEZO1
mutation R2456H maintained gain of stimulated function in the
presence of A23187 compared with WT cells (Supplemental
Fig. S5D). In contrast, PIEZO1 R2488Q HX red cells exhibited
A23187-stimulated KCNN4 activity only marginally lower
than WT cells (Supplemental Fig. S5B), and HX red cells
carrying the robust KCNN4 gain-of-orthovanadate-stimulated-
function mutation R352H show A23187-stimulated function at
WT levels (Supplemental Fig. S5A). Moreover, HX red cells
carrying the robust PIEZO1 loss-of-orthovanadate-stimulated
function mutation V598M also exhibit A23187-stimulated
function equivalent to that of WT red cells (Supplemental Fig.
S5C).

Thus, in HX red cells of all genotypes tested to date,
unstimulated KCNN4 activity was higher than unstimulated
levels in WT red cells. However, stimulated KCNN4 activity in
HX red cells, measured as orthovanadate-stimulated or
A23187-stimulated 86Rb� influx, was either lower than, higher
than, or equivalent to WT activity. These patterns were muta-
tion specific whether HX reflected mutations in KCNN4 or
PIEZO1.

DISCUSSION

Autosomal dominant or spontaneous hereditary xerocytosis
(HX) is a hemolytic anemia attributed to gain-of-function muta-
tions in the PIEZO1 or KCNN4 polypeptides of the red cell
membrane, all leading to increased red cell K� loss and
dehydration. The mechanisms by which red cell dehydration
leads to decreased red cell deformability, sequestration, hemo-
lysis, and shortened erythrocyte lifespan in the circulation
remain incompletely understood. Our present study has inves-
tigated the unexpected dual gain- and loss-of-function phe-
notypes of the HX KCNN4 mutant V282M as expressed in red
cells assayed by measurement of isotopic fluxes. Baseline
senicapoc-sensitive KCNN4 activity of HX V282M red cells
was higher than in WT red cells whether measured as 86Rb�

influx (Fig. 1, A and D) or by cell-attached patch clamp
(Supplemental Fig. S3 and Ref. 44). In contrast, senicapoc-
sensitive KCNN4-mediated 86Rb� influx stimulated by A23187
or by orthovanadate was much lower in HX V282M red cells
than in WT cells (Fig. 1, B–D). Secondary reduction in a
possible rate-limiting chloride conductance in HX V282M red
cells was considered unlikely, as suppression of stimulated
KCNN4 activity in these cells was neither rescued nor attenuated

Table 2. Hematological indices of wild type erythrocytes and wild type erythrocytes treated with nystatin

WT (n � 3) WT-Ny (40:110) (n � 3) WT-Ny (10:135) (n � 6)* WT-Ny (75:75) (n � 4)

MCHC, g/dl 33.5 � 1.2 38.2 � 0.9 28.4 � 2 28.9 � 0.8
CHCM, g/dl 34.4 � 0.4 41.0 � 0.3 31.3 � 0.7 33.2 � 0.8
% Micro 0.87 � 0.5 3.0 � 1.2 0.35 � 0.1 0.9 � 0.3
% Hyper 3.8 � 1.2 43.1 � 6.5† 3.4 � 2 2.85 � 0.2
RDW, % 14.3 � 0.6 13.7 � 0.8 14.4 � 0.7 14.7 � 0.3
MCV, fl 91.6 � 2.9 83.5 � 1.8 99.0 � 4 89.5 � 0.5
Retics, % 2.8 � 0.6 2.3 � 1 1.8 � 0.8 (3) 1.72 � 0.3

ADVIA hematological indices of WT erythrocytes untreated and pretreated with nystatin (WT-Ny) in the presence of solutions containing (in mM:mM) Na
and K at 40:110, 10:135, and 75:75. Values are means � SEM for (n) experiments on samples from 5 different HX subjects, with (n)* denoting a smaller (n �
3) for retics. †P 	 0.025 vs. WT (paired Wilcoxon signed-rank test).

Table 3. Hematological indices of nystatin-untreated and
nystatin-treated HX V282M erythrocytes

V282M (n � 3)
V282M-Ny (10:135)

(n � 8)*
V282M-Ny (75:75)

(n � 6)*

MCHC, g/dl 39.1 � 0.6 31.2 � 0.5‡ 33.5 � 0.6
CHCM, g/dl 41.2 � 0.7 33.8 � 1† 39.1 � 0.3‡
%Micro 0.4 � 0.1 0.15 � 0.1 0.42 � 0.1
%Hyper 52.6 � 7 4.8 � 1† 26.1 � 3†
RDW, % 14.7 � 0.6 15.6 � 0.4 15.2 � 0.3
MCV, fl 96.9 � 1.6 107.0 � 1.5† 98.9 � 2.3
Retics, % 10.8 � 0.9 0.94 � 0.6 (4)§ 7.26 � 0.8 (5)

ADVIA hematological indices of HX V282M erythrocytes untreated
(V282M) or pretreated with nystatin (V282M-Ny) in the presence of solutions
containing (in mM:mM) Na and K at 10:135 or 75:75. Values are means �
SEM for (n) experiments on samples from 3 different HX subjects, with (n)*
denoting a smaller (n) for % retics. †P 	 0.025; ‡P 	 0.04; §P 	 0.002
compared with V282M (paired Wilcoxon signed-rank test).
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by flux medium replacement of 10 mM Cl� with equimolar
thiocyanate, a more highly permeant anion (not shown).

Insights from KCNN4 structure. The baseline gain-of-func-
tion phenotype of KCNN4 mutant V282M may reflect closed-
state destabilization due to steric clash of the Met side chains with
intermittent widening of the WT channel’s closed-state inner pore
radius of 	1 Å (28), possibly facilitating partial population of
KCNN4 activated state I (or even state II) at resting red cell
[Ca2�]. Conversely, the maximally activated loss-of-function
phenotypes in the presence of A23187 or orthovanadate may
reflect reduction of WT inner pore diameter in KCNN4 activated

states I and/or II by the Met282 side chain, resulting in decreased
maximal ion transport, with or without changes in activated state
occupancies (28). As heterozygous V282M red cells express a
mix of WT and V282M homotetramers and of V282/M282
heterotetramers in (ideally) a binomial distribution of KCNN4
protomer stoichiometries, assessment of coexpression and con-
catamer expression could characterize stoichiometry-dependent
functional differences among tetrameric subtypes.

Genotype specificity of the HX loss-of-function phenotype.
Combined gain- and loss-of-function phenotypes are not
limited to KCNN4 HX mutant red cells. Indeed, a recent

Fig. 6. Combined nystatin treatment and
dehydration of wild type (WT) erythrocytes
decreases stimulated KCNN4 activity in-
duced by A23187 (A23) or by orthovanadate
(VO3). 200 nM senicapoc (SCP)-sensitive
86Rb� influx stimulated by 5 �M A23 (A23,
A) or by 1 mM orthovanadate (VO3, B) was
measured at 37°C in wild-type (WT) eryth-
rocytes treated without (white bars) or with
nystatin (Ny; black bars) in chloride solution
containing (in mM:mM) 40 Na:110 K � 200
mM sucrose) and compared with those val-
ues in nystatin-untreated V282M cells (red
bars). Values represent means � SE (n � 3),
each performed in triplicate, on samples
from 2 different hereditary xerocytosis (HX)
subjects. *P 	 0.028 in A. ***P 	 0.0002
and *P 	 0.028 in B (Mann-Whitney tests).

Fig. 7. Effect of nystatin-loading on senicapoc (SCP)-sensitive K� influx without and with orthovanadate (VO3) stimulation in wild type (WT) and V282M
hereditary xerocytosis (HX) red blood cells (RBC). Freshly isolated erythrocytes at 10% hematocrit were untreated (A and B) or nystatin-loaded in solutions
containing (in mM:mM) either 10 Na:135 K (C and D) or 75 Na:75 K (E and F), as described in METHODS. Nystatin-loaded cells were then incubated for 30
min at 37°C in the absence of ouabain and bumetanide and in the absence (A–C) or presence of 1 mM orthovanadate (D–F). 200 nM SCP-sensitive 86Rb influx
was measured in the presence of 1.5 mM CaCl2, in the absence (A–C) or presence of 1 mM orthovanadate (D–F). Values are means � SE for (n) experiments,
each performed in triplicate, on samples from 3 different HX subjects. *P 	 0.02 for WT vs. V282M (unpaired Mann-Whitney test); **P � 0.0021 for
V282M � VO3; ***P � 0.0002 for WT � VO3; �P 	 0.033 for WT � VO3; §P � 0.046 for V282M � VO3 (paired Wilcoxon signed-rank test).
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functional characterization of seven HX-associated PIEZO1
mutants expressed in inducible, stably transfected HEK-293
Flp-In T-Rex cells reported for each mutant a distinct com-
bination of WT or prolonged inactivation kinetics, WT or
reduced activation thresholds of mechanical indentation,
and WT, reduced, or absent activation by sublytic hypotonic
stress (22). Thus, depending on the PIEZO1 mutation and

functional stimulus examined, a single HX mutant polypep-
tide can exhibit gain of function, loss of function, or WT
function as measured by different functional assays.

Similar heterogeneity was evident in stimulated KCNN4-
mediated 86Rb� influx into red cells from HX patients heterozy-
gous for KCNN4 mutations as well as in red cells of those HX
patients heterozygous for PIEZO1 mutations. Thus, whereas

Fig. 8. Effect of orthovanadate (VO3) on cell density and volume in Na�- and K�-loaded erythrocytes. Freshly isolated red cells at 10% hematocrit were untreated
(A, D, and G) or nystatin-loaded with Na:K solutions (in mM:mM) of 10 Na:135 K (B, E, and H) or 75 Na:75 K (C, F, and I), as described in METHODS. Cells
were then incubated for 30 min at 37°C in the absence (black bars) or presence of 1 mM orthovanadate (red bars) without ouabain or bumetanide and then
subjected to ADVIA analysis of % hyperchromic cells (
41 g/dl Hb; A–C), of mean corpuscular volume (MCV; D–F) and mean corpuscular hemoglobin
concentration (MCHC; G–I). Means � SE for (n) experiments on samples from 3 different hereditary xerocytosis subjects. *P � 0.02; **P � 0.002; ***P �
0.0002; ****P � 0.0001 for baseline vs. VO3 (paired Wilcoxon signed-rank tests).
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KCNN4 R352H red cells exhibited orthovanadate-stimulated
KCNN4 activity threefold higher than in WT cells, A23187-
stimulated KCNN4 activity was equivalent in WT and mutant
HX red cells (Supplemental Figs. S4A and S5A). Ortho-
vanadate-stimulated KCNN4 activities of PIEZO1 R2456H
HX red cells and of PIEZO1 V598M HX red cells resembled
that of KCNN4 V282M red cells, �20–30% that of WT cells
(Supplemental Figs. S4B and S5B). In contrast, A23187-stim-
ulated activity of HX cells of each genotype approximated that
of WT cells, unlike KCNN4 V282M HX red cells (Supple-
mental Figs. S4C and S5C). Among the tested genotypes, only
PIEZO1 R2456 HX red cells maintained a KCNN4 gain-of-
function phenotype when stimulated either by orthovanadate or
by A23187 (Supplemental Figs. S4D and S5D).

Measurement technique dependence of the HX loss-of-func-
tion phenotype. Unlike the KCNN4 loss-of-stimulated function
phenotype exhibited by HX KCNN4 V282M red cells (Fig. 1),
a cell-attached patch clamp recording of KCNN4 currents from
cells of the same patients exhibited a phenotype of wild-type
or increased function. A23187-stimulated, senicapoc-sensitive,
cell-attached patch current was equivalent or slightly higher
than for WT cells (Supplemental Fig. S3).

Whole red cell patch recordings of HX KCNN4 R352H red
cells in symmetrical KCl solutions containing 1 �M Ca2� re-
vealed raw currents �2.5-fold higher than in WT cells (42), or
approximately twofold increased if normalized for the reported
�15–20% increased HX red cell surface area (48). In contrast to
the V282M mutation, this gain-of-function phenotype of HX
R352H red cells parallels the mutant red cells’ increased stimu-
lated senicapoc-sensitive 86Rb� influx (Supplemental Fig. S4).
Indeed, HEK-293 cells expressing KCNN4 V282M exhibited
whole cell currents only 35% higher than those expressing the
wild-type protein (42), an increase compatible with A23187-
stimulated, senicapoc-sensitive, cell-attached patch current on HX
V282M red cells that matched or slightly exceeded that of WT
cells (Supplemental Fig. S3). However, both contrasted with the
75–90% reduction in A23187- or vanadate-stimulated KCNN4-
mediated 86Rb� influx into HX V282M red cells (Fig. 1).

Unlike whole cell patch clamp current measurements in
which electrochemical K� gradients were identical in HX and
WT cells, cell-attached patch clamp currents measured in
unmodified HX red cells with lower intracellular K content
reflect their reduced chemical gradient for K� as compared
with that of wild-type cells. Moreover, the red cell membrane

Fig. 9. Changes in intracellular cation content decrease rates of A23187-induced and orthovanadate (VO3)-induced K� influx compared with baseline activity.
86Rb� influx was measured in wild type (WT; A–C) and V282M erythrocytes (D–F) at baseline (A and D) or stimulated by A23187 (B and D) or by orthovanadate
(C and F). Cells in each condition were nystatin-pretreated in one of four solutions containing 55 mM sucrose plus (from left to right in each panel, in mM:mM)
145 Na 5:K, 140 Na 10:K, 110 Na 40:K, or 75 Na 75:K, as described in METHODS. Intracellular contents of Na (Nai) and K (Ki) measured by atomic absorption
after nystatin pretreatment in each of these four extracellular solutions are indicated along the x-axis of each graph. Values of senicapoc (SCP)-sensitive 86Rb�

influx are expressed as means � SE (n � 3), with each experiment performed in triplicate on samples from 2 different xerocytosis subjects subjects. *P � 0.02;
§P 	 0.05 for each V282M value vs. corresponding WT value directly above (unpaired Mann-Whitney test); #P � 0.03 vs. leftmost bar within each panel
(Wilcoxon paired test).
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in the cell-attached patch pipette is under altered tension that
may mimic or exceed that of physiological red cell deformation
during circulation. Such tension may account for previously
observed technique-dependent differences in red cell para-
meters, such as those observed for anion conductance, which
calculated from on-cell patch measurement was one to two
orders of magnitude higher than that calculated from ion flux,
voltage-sensitive dye fluorimetry, or microelectrode imped-
ance measurements (2).

Ca2� handling in the reduced flux phenotype of HX V282M
red cells. The small steady-state elevation of intracellular Ca2�

accumulation in HX V282M cells may contribute to the in-
creased KCNN4 baseline activity of V282M cells, but the
causes of this elevated Ca2� content remain unclear. KCNN4
in V282M HX red cells exhibited Ca2� affinity somewhat
lower than that of recombinant wild-type KCNN4 expressed in
HEK-293 cells (42) but comparable with WT red cell KCNN4
(Fig. 3C). A23187-induced Ca2� entry was not decreased but
rather mildly increased in HX V282M red cells, as was steady-
state Ca2� accumulation, whereas orthovanadate-sensitive
PMCA activity was reduced �50% (Fig. 4). These data do not
support reduced intracellular [Ca2�] as a mechanism for sup-
pressed KCNN4 stimulation in HX V282M red cells. They are
compatible with possibly reduced intermediate effector activity
and/or reduced effector Ca2� affinity, perhaps reflecting sec-
ondary adaptations to reduced KCNN4 function.

The small steady-state elevation of intracellular Ca2� accu-
mulation in HX V282M cells may predispose to calpain acti-
vation, as occurs in response to PIEZO1 activation in vascular
smooth muscle cells (31) and in activated T lymphocytes (32).
Calpain can associate with PIEZO1 (35), and PIEZO1 knock-
down can reduce calpain expression (36). However, treatment
of RBC with a calpain inhibitor led to a previously undescribed
enhancement of baseline KCNN4 activity, which in HX V282M
cells was only 40% of that of WT cells (Fig. 5). The calpain
inhibitor also increased A23187-stimulated KCNN4 activity
in wild-type but not V282M cells. These changes likely reflect
calpain stimulation of basal PMCA activity as well as calpain
cleavage-mediated abrogation of calmodulin-stimulated PMCA
activation (9, 38), although direct calpain action on KCNN4 or
its regulators cannot be ruled out.

Red cell consequences of maximal elevation of intracellular
[Ca2�]. Unfractionated HX red cells share with aged normal
red cells the properties of increased cell dehydration, rigidity,
and susceptibility to oxidative damage. Maximal activities of
both KCNN4 (55) and PMCA (30) decline monotonically with
increasing age by yet-undefined mechanism(s) that may be accel-
erated in HX V282M red cells. The coincidence of elevated
baseline KCNN4 activity and decreased stimulated KCNN4 ac-
tivity in the same red cells suggests altered regulation of a stable
channel population rather than changes in KCNN4 red cell surface
copy number, which have varied between 10 and 125 channels/
cell in older functional studies (10) and �100–300 protomers/cell
and �2,000–4,000 protomers/white ghost in proteomic studies
(12, 20).

HX V282M red cells undergo twofold accelerated ATP deple-
tion during glucose-free incubation at 37°C (50), conditions
shared by most of our measurements. However, during the
37°C influx periods of 6 min (in A23187) or 10 min (in
orthovanadate), ATP levels should decline only 10–20% in
WT and HX cells, declines that are further retarded by the

wide-spectrum phosphatase inhibition of orthovanadate.
Whether these changes might further modify ATP concentra-
tions in delimited compartments (17, 18), decrease levels of
phosphatidylinositol-bis-phosphate (required to prevent post-
activation rundown for many ion channels), phosphatidylino-
sitol-3-phosphate (52), or the already decreased levels of 2,3-
diphosphoglycerate (48), or increase susceptibility to oxidative
damage (51) remains unknown. Similarly unknown is how
intracellular [Ca2�] in WT and HX red cells interacts with
these signals, with NME2-mediated histidine phosphorylation
(20, 53) and other kinase and phosphatase pathways (27)
shown to regulate KCNN4.

RBC exposure to A23187 increases microvesicle formation
within 15 min, with prominent release within 2 h (37). Although
the present experiments exposed RBC to A23187 for only 6
min, HX red cells have increased propensity to microvesicu-
lation (50), likely accelerated by ionophore-mediated elevation
of intracellular [Ca2�]. Intracellular Ca2� elevation also pro-
motes phospholipid scramblase activity, exposing outer leaflet
phosphatidylserine (PS) to promote erythrophagocytosis. Al-
though surface PS exposure in the setting of elevated intracel-
lular Ca2� has not been reported higher in HX than in WT
cells, red cell PS externalization promotes endothelial adhe-
sion. In this context, comparison of HX red cells mutant in
KCNN4 with those mutant in PIEZO1 might be a promising
approach to investigate the predisposition to systemic throm-
bosis in HX secondary to PIEZO1 mutations but is not yet
observed among the smaller numbers of HX patients with
KCNN4 mutations (4, 39)

Regulation of stimulated KCNN4 activity by intracellular
cations. We used nystatin treatment and removal to modulate
intracellular monovalent cation content. We found that confer-
ral on WT cells of an intracellular cation content resembling
that of severe HX conferred on WT cells a partial (A23187) or
near-complete (orthovanadate) loss-of-function phenotype
comparable with that of HX V282M red cells (Fig. 6). Con-
versely, conferral on HX V282M red cells of an intracellular
cation content resembling that of WT cells equalized
orthovanadate-stimulated KCNN4 activity in WT and HX
V282M cells (Fig. 7E). These results suggest that the intracel-
lular balance of Na and K contributes to regulation of KCNN4
activity and to the functional changes in circulating red cells
that result from heterozygosity for KCNN4 V282M.

Effect of nystatin modulation of red cell cation content on
stimulated KCNN4 activity. Nystatin decreases KCNN4 activ-
ity stimulated by A23187 by �10-fold and that stimulated by
vanadate 
20-fold. Nystatin is known to promote phospho-
lipid scrambling (34), bind and sequester membrane choles-
terol (16), and disrupt cholesterol-enriched lipid rafts in red
cells (13, 25, 26). Incubation of cells with methyl--cyclodex-
trin (MCD) is a standard approach to deplete cholesterol from
the plasmalemmal outer leaflet and other cell cholesterol
sources (29, 61), and membrane depletion or restoration/sup-
plementation of cholesterol differentially modifies function and
regulation of many ion channels and transporters (29). Choles-
terol is enriched in lipid rafts in erythrocytes (47) and in other
cell types, and MCD disrupts lipid rafts. Lidocaine can
disrupt erythrocyte lipid rafts, but without depleting membrane
cholesterol (25, 26). Preliminary data suggest that exposure to
neither MCD (2 mM) nor lidocaine (2 or 18 mM) consistently
inhibits orthovanadate-stimulated KCNN4 activity (not
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shown), and neither cholesterol extraction nor lipid raft disrup-
tion likely explains the inhibitory effect of nystatin on stimu-
lated KCNN4 activity at all modified intracellular ion contents.

Ether lipids can be important components of lipid rafts. Cho-
lesterol sequestration by nystatin has indeed been reported to
stabilize fatty acyl-CoA reductase 1 (24), likely increasing
cellular levels of the ether lipid KCNN4 agonist platelet-
activating factor (43). Thus, nystatin-mediated inhibition of
vanadate-stimulated KCNN4 probably operates through a dis-
tinct mechanism. Indeed, functional interaction of KCNN4 and
BK channels in lipid rafts of mouse parotid acinar cells was
weakened after cholesterol depletion by MCD, without re-
ported decrease in KCNN4 activity (46). Finally, the severe
reduction in KCNN4 activity produced by nystatin pretreat-
ment itself is not intrinsically nystatin-dependent, since com-
parable modification of intracellular cation content by pro-
longed incubation in thiocyanate solutions produced compar-
able inhibition of KCNN4 (54).

Conclusion. We have shown that the HX-associated KCNN4
gain-of-baseline function mutation V282M exhibits a loss-of-
function phenotype in patient red cells stimulated by A23187
or by orthovanadate and studied by unidirectional 86Rb� in-
flux. The mechanism by which maximally (A23187-) or near-
maximally (orthovanadate-) activated KCNN4 HX V282M red
cells is suppressed relative to WT KCNN4 activity is not
easily explained by differences in intracellular Ca2�, Ca2�

sensitivity or senicapoc sensitivity of KCNN4 V282M, or
calpain activation. However, activation state-dependent changes
to the inner pore of the KCNN4 tetramer resulting from the
V282M substitution likely contribute to some if not all of the
complex red cell phenotype. The reduction in stimulated ac-
tivity may also reflect in part the reduced intracellular K and
elevated intracellular Na contents in HX RBC, but that con-
clusion is complicated by experimental conditions that them-
selves reduce KCNN4 activity.

We speculate that the phenotype of reduced stimulated
KCNN4 activity in circulating HX V282M red cells subjected
to measurement of 86Rb� influx may reflect accelerated cell
aging and oxidative damage in the circulation and perhaps
during erythropoiesis as well. Thus, maximally effective
senicapoc treatment of HX patients heterozygous for the
senicapoc-sensitive KCNN4 mutant V282M will likely require
inhibition of the mutant channel throughout erythropoiesis, as
well as for the subsequent circulating lifetime of the mature
HX red cell. Further research will be required to understand the
dual gain-of-function and loss-of-function phenotypes of
KCNN4 activity in red cells of HX patients of KCNN4 geno-
type V282M/�.
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