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Hereditary xerocytosis (HX) is an autosomal dominant hemo-
 channel (Gardos channel) gene KCNN4,2 increasing red cell

lytic anemia characterized by red blood cells (RBC) with elevated
mean corpuscular hemoglobin concentration (MCHC), osmotic
resistance and occasional stomatocytes, and variably associated
with systemic iron overload, pseudohyperkalemia, and transient
neonatal edema.1 HX is caused by missense mutations in
mechanosensitive cation channel gene PIEZO1 or Ca2+-gated K+
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rigidity and susceptibility to hemolysis.1–3

We present here the molecular basis for sporadic HX in a
Brazilian female with hemolytic anemia (Proband II:1 in pedigree
of Fig. S1, Supplemental Digital Content, http://links.lww.com/
HS/A14) characterized by macrocytic stomatocytosis (Fig. S2,
Supplemental Digital Content, http://links.lww.com/HS/A14),
resistance to osmotic lysis, and hyperferritinemia in the absence
of HFE mutations.4 Following neonatal ascites and transfusion-
dependence since childhood, the proband experienced jaundice
and underwent splenectomy and cholecystectomy without
known subsequent thrombotic events. Proband’s liver biopsy
indicated hepatosiderosis, and she later presented with cardiac
failure secondary to parenchymal iron deposition responsive to
chelation therapy.4

We have found Proband II.1 to be heterozygous for the (then
novel) PIEZO1 exon 14 mutation c.1792G>A encoding the
amino acid substitution V598M. The mutation affects an
evolutionarily conserved residue (Fig. S2, Supplemental Digital
Content, http://links.lww.com/HS/A14), and is predicted to be
damaging (PolyPhen-2 score 1.000). None of the proband’s
unaffected parents and siblings shared the V598M mutation
(Figs. S1–S3, Supplemental Digital Content, http://links.lww.
com/HS/A14). The proband had no missense variants in cDNA
sequences of the only other known HX gene, KCNN4, or in the
familial pseudohyperkalemia gene, ABCB6.
The V598M mutation in PIEZO1 was also unusual insofar as

previously reportedHX-associated PIEZO1mutations resided in
the C-terminal third of the PIEZO1 polypeptide. Here, we extend
the hematological and functional phenotypes of the PIEZO1
V598M mutant polypeptide. While this work was being
completed, Rapetti-Mauss et al5 reported an unrelated French
HX patient of similar hematological phenotype with the same
PIEZO1 mutation.
At age 35, proband’s hemoglobin was 9.9g/dL, hematocrit

32.8%, and reticulocytes 14.8% with MCV 115 fL and RDW
18.1% (values more abnormal than observed in many HX
patients with PIEZO1 mutations), but MCHC and CHCM were
normal, and dense cells (>41g/dL) were rare (Table S1,
Supplemental Digital Content, http://links.lww.com/HS/A14),
despite moderate stomatocytosis (Fig. S3, Supplemental Digital
Content, http://links.lww.com/HS/A14). Ektacytometry in this

mailto:salper@bidmc.harvard.edu).
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://links.lww.com/HS/A14
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://dx.doi.org/10.1097/HS9.0000000000000055
http://dx.doi.org/10.1097/HS9.0000000000000055


Figure 1. Functional properties of PIEZO1 V598M erythrocytes. (A–B) K+ influx into wild-type (WT) and heterozygous mutant PIEZO1 V598MRBCwasmeasured as
baselineunidirectional 86Rb+ influxat37°C in thepresenceofouabain (0.1mM)andbumetanide (1mM), and in theabsence (whitebars,WT;graybars,V598M)orpresence (red
bars)of200nMsenicapoc (SCP).Rateswerecalculated from86Rb+uptakesmeasuredat2and10minutesafter initiationof influx.Thesenicapoc-sensitive fractionofK+ influx (B)
representsKCNN4activity,andwaselevated inV598MRBC.Values inpanelsAandBaremeans from2triplicateexperiments (

∗
P<0.05;

∗∗
P<0.01comparingV598MvsWT).

(C–F)ADVIA120hemoanalyzerprofiles showingYODA-1effectsonRBCmeancell volume (MCV;C,E) andmeancorpuscular hemoglobin concentration (MCHC;D,F). Freshly
isolated andwashedRBC (WT [C,D] or heterozygousPIEZO1V598M [E, F]) were resuspendedat 10%cytocrit in normal saline containing 1.5mMCaCl2, 10mMglucose, 0.1
mMouabain,and1mMbumetanideand incubatedat roomtemperature in thepresenceof15mMYODA-1 in theabsence(greensquares)orpresenceof200nMsenicapoc(red
triangles). Control red cells of both genotypes were exposed to neither YODA-1 nor senicapoc (black diamonds). Results in panels C–F are single experiments, each
representative of 2 with similar results. (G-I) Single channel characteristics of cell-attached patches on RBC of the affected proband II:1 (V598M) and of an unaffected family
member(WT).Symmetricbathandpipettesolutionsincluded(inmM)140NaCl,5KCl,1CaCl2,1MgCl2,10mMNaHEPES,pH7.4.1 (G)Representativecell-attachedRBCpatch
traces (2.5seconds) in unstimulated conditions show low-channel activity in a patch from an unaffected family member (WT, upper trace), in contrast to the high spontaneous
channel activity in apatch from theHXproband II:1heterozygous forPIEZO1V598M (lower trace).�Vp=�50mV. (H)Single channel current-voltage relationof a representative
cell-attachedpatchonanHXprobandII:1redcellheterozygousforPIEZO1V598M.Singlechannelslopeconductancewas19.6pSwithextrapolatedreversalpotentialat+1mV,
r2=0.99. (I)NPo(measuredfrom10secondssweeps)was1.39±0.30incell-attachedpatcheson3RBCfromHXprobandII:1, incontrast toanNPoof0.05±0.03 inpatcheson
RBCfromanunaffectedfamilymember(P=0.02).Singlechannel recordingsfromRBCwereperformedaspreviously1withseal resistancesof>5Gigohms.Bloodsamplesused
in these studies were shipped on coldpack fromSaoPaulo and arrived in Boston on the 2nd day post-venisection. Cells were immediately washed and used for experiments.
Washed cells were also stored in choline storage solution until additional experimental use on the 3rd and 4th day post-venisection. RBC = red blood cells.
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splenectomized patient revealed reduced elongation index upon
increasing shear stress (Fig. S4A, Supplemental Digital Content,
http://links.lww.com/HS/A14) and reduced isotonic and hyper-
tonic deformability (Fig. S4B, Supplemental Digital Content,
http://links.lww.com/HS/A14).
Proband II:1 RBC exhibited higher total unstimulated K+

influx (Fig. 1A, P<0.05) and senicapoc-sensitive unstimulated
K+ influx (Fig. 1B, P<0.01) than observed in RBC from the
proband’s unaffected (wild-type [WT]) mother (I:1). These results
were consistent with the <2-fold-increased higher senicapoc-
sensitive whole cell current from RBC of the French HX patient
with the same mutation,5 as well as with properties of other HX-
associated mutations in the C-terminal third of the PIEZO1
polypeptide.1 Treatment of PIEZO1V598 RBCwith the PIEZO1
agonist YODA-16 produced larger acute decreases in proband
MCV within 2minutes after exposure (Fig. 1E; 10 fL) than in
unaffected maternal MCV (Fig. 1C; 4 fL). The same YODA-1
exposure increased CHCM in proband RBC by ∼4g/dL within 2
minutes (Fig. 1F), but only ∼2.5g/dL in unaffected maternal RBC
(Fig. 1D).
Figure 2. Single channel properties of PIEZO1 V598M transiently expressed
transfected 24hours previously with cDNA encoding human PIEZO1 V598M. Chan
the interpulse intervals (red boxes) with only residual intrinsic stress remaining in the p
prolonged stimulation (50seconds). The time-resolved inset for pulse 2 shows a su
�60mV. (C) Left, amplitude histogram with predominant amplitude at 2.5 pA, co
amplitude of 3.06 pA, corresponding to traces of panel B. (D) Representative cell-at
step of 1 second duration, showing rapid activation of multiple channels with slow
representative of similar recordings from 3 cells. (E) Relationship between applied n
transferred during the entire pressure pulse, as fit with the Boltzmann equation for 3
7.4; pipette solution (in mM) was 150 KCl, 10 HEPES, pH 7.4. Additional single
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The increased PIEZO1 activity evidenced in measurements of
isotopic influx and hematological indices was reflected in
experiments with cell-attached patch recording of ion channel
activity. Whereas maternal WT red cells revealed minimal basal
activity in cell-attached patches, proband II:1 red cells (V598M)
exhibited increased ion channel activity (Fig. 1G) with single
channel conductance of 19.6 pS (Fig. 1H), and patch NPo of 1.39
± 0.30 compared with NPo of 0.05±0.03 in unaffected (WT)
maternal RBC (Fig. 1I; n=3, P=0.02), similar to HX RBC from
patients with C-terminal PIEZO1 mutations.
Cell-attached patch recordings from HEK-293 cells previously

transfected with PIEZO1 V598M cDNA (Fig. 2) revealed single
channel openings in response to brief negative pressure pulses of
20mmHg (Fig. 2A). However, short-lived channel openings were
also evident between pressure pulses during periods when the
patch was experiencing only intrinsic stress (gray-boxed portions
of Fig. 2A trace). The amplitude histogram revealed a
predominant unitary (single channel) current of 2.5 pA
(Fig. 2C, left panel). Figure 2B presents the variable responses
of a single, long-lived, cell-attached patch to 3 consecutive
in HEK-293 cells. (A) Representative cell-attached patch from a cell transiently
nels opened predominantly during the pressure pulse and occasionally during
atch. (B) Responses of the same cell-attached patch to 3 subsequent pulses of
bconductance level of 1 to 1.5 pA (red box). Holding potential in A and B was
rresponding to trace of panel A; right, amplitude histogram with predominant
tached patch at holding potential of�60mV subjected to�50mm Hg pressure
, partial inactivation to a lower steady-state activity level. Panels A–D are each
egative pressure (conditions as in panel D) and normalized magnitude of charge
cells. For all panels, bath (inmM) was 150 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, pH
channel recording conditions were as described.10.
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negative pressure pulses of 40mm Hg, each of 50 seconds
duration. The traces show multiple channel openings and
quiescent periods of varying duration. The amplitude histogram
for this patch (Fig. 2C, right panel) shows a predominant current
amplitude of 3.06 pA, with an additional, less frequently
populated subconductance state of 1 to 1.5 pA.
The cell-attached patch of Figure 2D shows application of a 1

second duration negative pressure pulse of 50mm Hg leading to
rapid activation of multiple channels, followed by rapid mono-
exponential decay to a sustained plateau current of ∼25% of
peak current value. Cessation of the pressure pulse triggers
further rapid inactivation to a nonzero baseline current. In
Figure 2E, recombinant PIEZO1 V598M polypeptide expressed
in HEK-293 cells was subjected in cell-attached patches to
repeated negative pressure pulses of increasing magnitude, each
of 1 second duration. PIEZO1V598M exhibited a P50 of∼32mm
Hg for pressure-activation of transmembrane charge transfer.
This value is left-shifted compared to reported P50 values of WT
PIEZO1 ranging between 38 and 45mm Hg,7,8 but comparable
to the left-shifted P50 values of WT PIEZO1 in cell-attached
patches from cytoskeleton-depleted plasmalemmal blebs and
from plasma membrane of cells treated with the nonmuscle
myosin inhibitor, blebbistatin.9 This increased sensitivity to the
incremental stretch imposed by hydrostatic pressure on the
prestressed membrane patch is consistent with increased PIEZO1
activity associated with the HX mutant V598M.
Thus, we have demonstrated in HX RBC from a patient

heterozygous for PIEZO1 mutant V598M increased senicapoc-
sensitive 86Rb+ fluxes and increased currents recorded in cell-
attached patch mode. These data extend a previous demonstra-
tion of increased whole cell K+ currents in RBC from a patient
heterozygous for the samemutation.5 Our report further suggests
(Fig. 1C-F) enhanced YODA-1 responsiveness of PIEZO1
V598M RBC versus control RBC. We have also documented
in PIEZO1 V598M the first evidence for spontaneous single
channel openings without imposed pressure, for the existence of a
substate conductance, and for enhanced responsiveness to
negative hydrostatic pressure within the patch membrane
(membrane stretch), comparable to that ofWT PIEZO1 recorded
4

in osmotically generated plasmalemmal blebs or in patches
pharmacologically depleted of cytoskeleton.9 These properties
are consistent with the postulated location of the V598M
missense substitution within the “blade” of the trimeric PIEZO1,
believed to contribute to the channel’s membrane tension sensor
function.
Our report confirms that mutations throughout the PIEZO1

polypeptide can cause HX, and suggests that the HX mutation
V598M may lower the channel activation threshold to the
mechanical perturbation of increased hydrostatic pressure
applied to patch membranes in cell-attached mode. This
increased sensitivity of mechanically stimulated PIEZO1 in
RBC is accompanied by increased downstream activity of the
volume-regulatory K+ channel, KCNN4.
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