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A 21-year-old male student presented in 1980 as an Olympic ath-
lete with a 12-year history of jaundice, pallor, and darkened urine
induced by the atraumatic exercise of swimming [1]. Physical
examination at that time was remarkable only for moderate scleral
icterus without hepatosplenomegaly. Hematological examination
revealed moderate macrocytosis (mean corpuscular volume (MCV)
102 fL) without anemia (Hct 50%, Hb 17 g/dL, 9% reticulocytes).
The peripheral blood smear showed occasional target cells. Red cell
osmotic fragility was decreased. Red cell Na content was increased
and K content was decreased, with reduced total monovalent ion
content. Passive red cell permeability of both Na and K were
increased. A supervised 2.5 hr swimming workout increased free
plasma Hb from <5 to 45 mg/dL and decreased serum haptoglobin
from 25 to 6 mg/dL. The post-exercise urine sediment was remark-
able for hemosiderin-laden tubular epithelial cells, without frank
hemoglobinuria. The circulating 15-day erythrocyte half-life meas-
ured after 6 days without exercise was further shortened to 12 days
after resumption of twice-per-day swimming workouts for 1 week.
The patient’s red cells were hypersensitive to in vitro shear stress
applied by cone-plate viscometer.

The diagnosis of xerocytosis was made [1]. Hereditary xerocytosis
(HX) is a rare, autosomal dominant congenital hemolytic anemia
characterized by macrocytic stomatocytosis, and decreased red cell
osmotic fragility due to a defect in cation permeability. This defect
results in dehydrated erythrocytes with a deficit in intracellular potas-
sium incompletely compensated by intracellular sodium [2,3].

Recent studies have helped elucidate the molecular basis of HX
and other primary disorders of erythrocyte hydration. HX is one of
two types of autosomal dominant stomatocytosis. The other is over-
hydrated stomatocytosis (OHSt), also known as erythrocyte hydrocy-
tosis. OHSt is associated with high sodium content, decreased mean

corpuscular hemoglobin (MCH), increased osmotic fragility, and mis-
sense mutations in the red cell membrane gene products SLC4A1/
AE1, SLC2A1/GLUT1, and RHAG. HX, sometimes referred to as
dehydrated stomatocytosis (DHSt), is caused by missense mutations
in the ATP binding cassette transporter ABCB6 [4] and in the red
cell membrane mechanosensitive cation channel, PIEZO1 [5–7]. Fam-
ilial pseudohyperkalemia, a related benign condition, is characterized
by temperature-dependent loss of erythrocyte K, and is an incom-
pletely penetrant manifestation of mutations in either HX gene [4].

The clinical presentation of HX exhibits marked heterogeneity,
ranging from supernormal hemoglobin values to severe anemia.
While many patients are asymptomatic, cholelithiasis and, less com-
monly, perinatal edema and pulmonary arteriolar thromboses can
occur in some patients. Most patients with HX have evidence of iron
overload of variable severity. Splenectomy can be beneficial in heredi-
tary spherocytosis (HS), but is contraindicated in HX due to elevated
risk of venous thrombosis and thromboembolism.

In March 2013, the now 54-year-old patient returned to our
clinic for follow-up. He had been well except for a history of epi-
sodic jaundice and darkening of the urine in the setting of upper
respiratory infections, consistent with Gilbert Syndrome. Incidental
findings were splenomegaly of 14 cm on MRI and mild thrombo-
cytopenia (152,000 cells/mL). Physical examination revealed a pal-
pable spleen tip without jaundice. Hematological indices (Table I)
showed normal Hb, elevated reticulocytes, increased MCV, MCH,
and mean corpuscular hemoglobin concentration (MCHC), with
borderline reduction in platelet count (not shown) and reduced
osmotic fragility (Fig. 1A) that was preserved after overnight stor-
age at 4�C. Hemoglobin electrophoresis was normal. Serum lactate
dehydrogenase (LDH) activity was entirely normal. Total bilirubin
was 4.9 mg/dL (direct bilirubin 0.2 mg/dL). Plasma iron, serum
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ferritin, and total iron binding capacity were elevated at 178 mcg/dL,
606 ng/mL, and 218 mcg/dL, respectively with a calculated transferrin
saturation of 82% (Table I).

The clinical picture again strongly suggested HX. In view of
interim advances in the understanding of RBC cation leak disorders,

the clinical diagnosis would be strengthened by ion transport studies
demonstrating a potassium leak. Molecular diagnosis requires candi-
date gene testing of the patient and closely related family members
for missense mutations in the disease genes PIEZO1 and/or ABCB6.
The patient’s iron overload might be due to HX itself, but the

Figure 1. HX osmotic fragility and mutation detection. A: Osmotic fragility curve of proband’s red blood cells. Gray lines represent normal limits. B: Sanger
DNA sequence of the proband’s PIEZO1 cDNA (sense strand) showing heterozygous mutation (asterisk) encoding missense substitution R2488Q. C: Partial
pedigree of the family, with proband (I.1) and his three sons (II.1, II.2, II.3). Genotypes are shown for PIEZO1aa2488, UGT1A1 TA6/7 polymorphism, and HFE
aa282. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. Genetic, Hematologic, and Iron Parameters in Proband and Sons

Reference values I.1 (proband) II.1 (affected son 1) II.2 (affected son 2) II.3 (unaffected son 3)

Age (years) 54 27 24 17
Genetics
PIEZO1 R2488Q/WT R2488Q/WT R2488Q/WT WT/WT
UGT1A1 TA7/TA7 TA6/TA7 TA6/TA7 TA6/TA7
HFE WT/WT C282Y/WT WT/WT C282Y/WT

Hematology
Hemoglobin (g/dL) 11.4–15.1 15.1 16.2 15.7 15.5
MCV (fL) 81–95.5 103 97.3 94.8 93.3
MCH (pg) 27–32.8 36.8 33 32.7 31.5
MCHC (g/dL) 32.5–35.2 35.6 33.9 34.5 33.8
Reticulocyte (%) 0.8–2.2 5.6 4.3 5.0 1.7
Absolute Reticulocyte (M cells/mL) 0.043–0.085 0.185 0.099 0.101 0.063

Chemistry
LDH (unit/L) 100–210 137 140 199 220
Total bilirubin (mg/dL) 0.3–1.2 4.94 1.65 2.1 0.32
Direct bilirubin (mg/dL) 0.1–0.4 0.2 0.24 0.26 0.09
Indirect bilirubin (mg/dL) 0.2–0.8 4.74 1.41 1.84 0.23
Haptoglobin (mg/dL) 33–183 10 6 35 31
Iron (mcg/dL) 65–175 178 151 177 85
Ferritin (ng/dL) 10–320 606 363 275 44
Transferrin (mg/dL) 200–400 179 221 244 259
TIBC (mcg/dL) 250–420 218 266 309 309
Transferrin saturation (%) 82 57 57 28
Hepcidin (ng/mg creatinine) 71–1762 47 24 38 17
Hepcidin/ferritin ratio N/A 0.078 0.066 0.14 0.39
sTfR (mg/mL) 2.2–5.0 8.6 8.1 10.2 4.0
GDF 15 (pg/mL) 200–500 677 304 269 302
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apparent absence of ineffective erythropoiesis encourages screening
for hemochromatosis-causing gene variants and for Gilbert Syndrome
to account for the hyberbilirubinemia.

Further investigation showed that hyperdense, dehydrated
patient red cells (>41 g Hb/dL) increased from the already elevated
level of 3.0% to 7.4% after overnight cold storage. This was equally
accompanied by an increase in red cell Na content from the base-
line elevated value of 39.2 to 55.5 mmol/kg Hb (control 31.5), and
by K content reduction from the already low value of 176 mmol/
kg Hb to 166 (control 238). These findings were further corrobo-
rated by a reduced osmotic fragility (Fig. 1A). The ouabain-
sensitive Na1 pump activity of the proband’s red cells was
increased, as was hypotonic swelling-activated K-Cl cotransport
activity and Na/H exchange activity (not shown). On-cell patch
recordings revealed substantially increased cation-permeable ion
channel activity (Fig. 2A), with a single channel conductance of
25.6 pS (Fig. 2B). NPo of 1.286 0.36 was reduced to 0.046 0.04
in the presence of the mechanosensitive cation channel inhibitor,
GsMTx4 (1 lM, Fig. 2C, n5 4), a value similar to that recorded in
control erythrocytes (not shown) [4,7,8].

The elevated red cell Na content and reduced red cell K content are
consistent with a cation leak stomatocytosis. The lack of effect of cold stor-
age on intracellular cation content is more suggestive of HX than OHSt.
The reduced osmotic fragility, together with the elevated hemoglobin indi-
ces, strongly suggest HX. Furthermore, the elevated cation channel activity
and sensitivity to GsMTx4 are consistent with a gain-of-function muta-
tion in PIEZO1 [9] similar to those previously reported [4,5,10,11]. The
increased sodium pump activity likely represents a compensatory
response to elevated intracellular Na content resulting from increased cat-
ion channel activity. The elevated K-Cl cotransport activity in response to
hypotonic swelling might equally represent a compensatory response to
the moderately elevated MCV. Nevertheless, the elevated Na/H exchange
activity observed in this and other cases remains unexplained.

The clinical phenotype as well as GsMTx4-sensitive cation chan-
nel activity prompted examination of PIEZO1 as the most likely
candidate gene [6]. Indeed, the patient’s PIEZO1 cDNA revealed
the heterozygous variant, c.G7463A, encoding the missense substi-
tution p.R2488Q (Fig. 1B), and the mutation was confirmed pres-
ent in patient genomic DNA. Two of the patient’s three sons
shared this heterozygous variant (Fig. 1C).

We previously described this same heterozygous PIEZO1 variant
in cis with a second, heterozygous missense variant c.2152G>Z;
p.G718S [6]. The absence of this second variant in the present family
conclusively demonstrates that the R2488Q variant is the HX disease-
associated allele. In contrast to the present case, the family cosegre-
gating the G718S variant also exhibited familial pseudohyperkalemia,
suggesting that this second missense variant could further exacerbate
the potassium leak phenotype.

Several HX-associated PIEZO1 mutations (p.R2456H,
p.M2255R, p.A2020T, p.R1358P, p.T2127M, and p.E2496ELE)
have been studied functionally in transiently transfected HEK-293
cells [7,10]. Figure 3 shows the properties of our patient’s muta-
tion p.R2488Q. HEK-293 cells overexpressing the mutant PIEZO1
polypeptide revealed a prolonged inactivation time constant of
mechanically stimulated whole cell currents. The mean current
trace from cells expressing mutant PIEZO1 R2488Q exhibited an
inactivation time constant of 33 ms (n5 10), compared to the
wildtype value of 22 ms (n5 15). Mean values of the inactivation
time constants measured from current traces of the same individ-
ual cells also revealed prolongation in cells expressing the mutant
(536 11.6 ms vs. the control wildtype value of 296 4.8 ms (mean-
6 s.e.m.; P< 0.05). These biophysical properties of the mutant
R4288Q polypeptide resemble those reported for multiple hetero-
zygous PIEZO1 mutations found in other HX families [7,10].

The prolonged inactivation time that characterizes the mutant PIEZO1
polypeptides found in HX could account in part for the increased Na

Figure 2. HX red cell channel activity. A: Representative trace from cell-attached patch on the proband’s erythrocyte. The negative of the command poten-
tial applied to the pipette (2Vp)5 2100 mV. “C” indicates closed level. “O” indicates open channel. B: Composite single channel current voltage relationship
from four patches. Mean slope conductance was 25.6 pS (r250.99). C: NPo value from the proband’s erythrocyte cell-attached patches in the absence (left
open bar) and presence (right filled bar) of 1 mM GsMTx24 (*P<0.05).
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content and decreased K content of HX red cells. It is also possible that
increased PIEZO1 activity in red cells regulates other erythroid cation
channels to eventuate in the observed hematological indices.

Maturation and senescence of circulating RBCs were evaluated
by single-RBC volume and hemoglobin measurements and a math-
ematical model of erythrocyte population dynamics to estimate in
vivo rates of change in RBC volume and hemoglobin [12]. The
proband’s circulating RBC population was abnormally homogene-
ous: coefficients of variation for RBC volume (RDW), hemoglobin
mass (HDW), and concentration (CHDW) were low-normal or
below the normal range (data not shown). The proband’s reticulo-
cytes were similarly homogeneous (rRDW, rHDW, rCHDW).

Normal RBCs undergo rapid volume and hemoglobin concentra-
tion reduction during their first several days of circulation, followed
by a slow phase of continued reduction in both quantities until clear-
ance. Modeling predicted nearly two-fold acceleration of both phases
of proband RBC maturation, consistent with the previously measured
short RBC lifespan.

Additional genetic tests for iron overload (HFE mutations C282Y
and H63D) and for Gilbert’s hyperbilirubinemia were performed
(Table I). The proband and one of his HX-affected sons were wild-
type for the disease associated C282Y allele in the hemochromato-
sis protein HFE, whereas the other HX-affected son was
heterozygous for the HFE C282Y mutation (Fig. 1C). A second
major HFE disease allele, H63D, was wildtype in all four family
members. The proband was also homozygous for the UGT1A1 var-
iant, consistent with Gilbert Syndrome, while his two PIEZO1
mutant sons were, as expected, heterozygous.

Further hematological evaluation of the proband’s three sons
revealed absence of anemia, with hemoglobin values ranging from
15.1 to 16.2 g/dL. The proband’s HX-affected sons had elevated
MCH (33 and 32.7 pg) and reticulocytes (4.3% (0.099 3 106 cells/
lL) and 5% (0.101 3 106 cells/lL), whereas their unaffected brother
had normal values for both. Indirect bilirubinemia of 1.41 and
1.84 mg/dL in the two HX-affected sons was six times higher than
that of their unaffected brother. Transferrin saturation was elevated
at 57% in both HX-affected sons. (Please see supplementary infor-
mation for complete methods.)

The persistence of a chronic hemolytic process reducing red cell
life span, in the setting of elevated values of transferrin saturation,
prompted recommendation of monthly therapeutic phlebotomies for
the proband and his 27-year-old HX-affected son, with a target ferri-

tin level of< 50 ng/dL. Volume indices have also been proposed as
clinical target values in hemochromatosis [13].

� Discussion
The molecular diagnosis presented here confirms a previously pro-

posed case of HX and highlights the clinical variation among and
within HX families. Our patient and two of his three sons carry a
heterozygous R2488Q missense mutation in PIEZO1; all are healthy
and none is anemic. They do, however, share features commonly
found in patients with HX, an elevated MCH and excess iron load.
PIEZO1 knockout reduces erythrocyte volume in a zebrafish model
[14]. Its activation might, perhaps, exert independent trophic effects
on hemoglobin synthesis and erythroid cell volume reflected in eleva-
tion of MCH and MCV. Furthermore, reticulocytosis and a young
mean erythrocyte age independently increase MCH and MCV as do
high iron stores. As iron absorption increases, transferrin saturation
rises and provides more iron for hemoglobin synthesis and concomi-
tant erythrocyte volume [15]. Other unknown modifiers may also
influence the macrocytic phenotype in this curious disorder [15–17],
possibly including other polymorphic variations in PIEZO1.

HX itself confers chronic iron overload [18]. In other types of
hemolytic anemia such as thalassemia intermedia, ineffective erythro-
poiesis can cause severe hepcidin deficiency and concomitant hemo-
chromatosis [19]. However, our patient and his affected sons exhibit
no evidence of ineffective erythropoiesis. The elevated levels of soluble
transferrin receptor (STfR; 8.1–10.2 mg/dL; normal 2.2–5.0 mg/dL) in
all three affected family members reflects increased marrow erythro-
blast input from progenitors and excess production of immature retic-
ulocytes into the peripheral blood. This is itself not indicative of
increased ineffective erythropoiesis (defined as excessive death of mar-
row erythroblasts). Elevated serum LDH typically accompanies such
increased death of immature erythroid precursors. The low or normal
LDH values seen in this family indicate that while total erythropoiesis
is surely elevated in affected family members with mutant PIEZO1,
ineffective erythropoiesis, as ordinarily defined, is not present.

HS is another type of hemolytic anemia that does not demonstrate
excessive ineffective erythropoiesis. HS has been (infrequently) associ-
ated with iron overload, but only very rarely in the absence of a con-
comitant HFE mutation [20–23]. Our patient and one HX-affected
son were wildtype for the hemochromatosis protein HFE, whereas the
other HX-affected son was heterozygous for HFE variant C282Y (Fig.

Figure 3. The effect of PIEZO1 mutation R2488Q on mechanically activated whole-cell currents. A: Whole-cell currents were elicited by applying indenting
stimuli to the surface of HEK-293 cells transiently transfected with cDNA encoding wild-type hPiezo1. The stimuli (waveforms above current traces) consisted
of indentation steps of 500 ms duration, applied in successive, 1 mm depth increments from 1 to 6 mm. Shown in black are mean whole-cell current traces eli-
cited from cells transfected with wild-type PIEZO1 (n5 15). The inactivation phase of the mean trace at 6 mm indentation depth was curve-fitted (red) using a
mono-exponential equation (y5Aex/t 1 y0), yielding the time constant of inactivation (s6 mm). B: Mean whole-cell current traces elicited from cells transfected
with PIEZO1 mutant R2488Q (n5 10), and the curve-fit of the mean data at 6 mm indentation (red). C: Superposed, normalized current traces elicited from
indentation of 4, 5, and 6 mm (taken from panels A and B) with R2488Q currents shown in red. The inactivation half-times of whole-cell currents in cells
expressing the PIEZO1 R2488Q mutant were longer than in cells expressing wild-type PIEZO1 protein. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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1C). Therefore iron loading in these cases is not caused by HFE
mutation.

Despite the absence of ineffective erythropoiesis and a common
HFE mutation, hepcidin levels and hepcidin/ferritin ratios are low in
our patient and his two affected sons (Table I). The hepcidin regula-
tory signal accompanying accelerated erythropoiesis remains unde-
fined. GDF15 is unlikely to correlate with hepcidin levels [24].
Venisection or erythropoietin administration to mice is followed
within hours by release of erythroferrone, a putative hepcidin regula-
tor derived from marrow erythroblasts in vitro [25]. Activated

PIEZO1 might induce marrow erythroblasts to release such a
circulating product that would in turn down-regulate hepcidin syn-
thesis in hepatocytes. Alternatively, activated PIEZO1 on hepatocytes
might directly down-regulate hepcidin synthesis in the liver [26]. Fur-
ther studies in animal models are needed to test both hypotheses.
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