A Grammastola spatulata mechanotoxin-4
(GsMTx4)-sensitive cation channel mediates
increased cation permeability in human hereditary
spherocytosis of multiple genetic etiologies

Hereditary spherocytosis (HS) is the most common
inherited hemolytic anemia among people of Northern
European descent. HS is caused by mutations in genes
encoding the erythroid cytoskeleton proteins ankyrin-1
(ANK1), B-spectrin (SPTB), and a-spectrin (SPTA1), the
major intrinsic erythroid membrane protein and chloride-
bicarbonate exchanger, SLC4Al1/band 3, and rarely
EPB42/protein 4.2. These mutations lead to destabiliza-
tion and progressive loss of red cell membrane lipids and
surface area, and in some cases to destabilization of
cytoskeletal-membrane attachment. The resulting red
cells often exhibit normochromic or hyperchromic, mild-
moderate microcytosis with increased incubated osmotic
fragility and reduced deformability. Anemia and chronic
hemolysis can be accompanied by hyperbilirubinemia
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and painful splenic enlargement. Splenectomy often pro-
vides symptomatic relief and attenuates anemia and
hemolysis.'

Increased erythroid cation permeability in HS was first
reported by Harris and Prankerd (1953) and Bertles
(1957), as subsequently cited by Zarkowsky et al.? Later
reports of increased red cell cation permeability appeared
in the setting of Southeast Asian ovalocytosis and cyro-
hydrocytosis in association with SLC4A1 mutations, in
the setting of overhydrated stomatocytosis in association
with mutations in RHAG, SLC2A1, and SLC4A1, and in
the setting of familial pseudohyperkalemia associated
with ABCB6 mutations.®> Spherocytic mouse red cells
genetically lacking EBP41 or EBP42, or haploinsufficient
for SLC4A1 exhibited enhanced Gardos channel activity
and increased hemolysis in the presence of the Gardos
inhibitor, clotrimazole,* consistent with enhanced non-
specific cation permeability associated with these mouse
HS models. Human HS red cells of diverse genotype were
uniformly characterized by increased steady-state con-

Table 1. Hereditary spherocytosis mutations accompanied by increased cation currents.

HS1 (M) SLCA4A1 E68X, novel' cDNA, gDNA n.d. n.d. n.d. na na na na
¢202G>T w NMD"

HS2 (F) SLC4AI R150X, c.448C>T, (9) cDNA, gDNA 143 0.14 35pS + n.a -+
Band 3 Lyon w NMD" (n=2) (n=1)

HS3, HS4 SLC4AI R490C, c.1648C>T, (h) cDNA 3.54 n.d. 28 pS + + -+

(M,F; sibs)  Band 3 Bicetre (n=1)

HS5 (F) SLC4A1 M663del, c.1987-9del*, @ gDNA 0.91+032 nd 25pS + + + -
Band 3 Osnabruck Il (n=4)

HS6 (F) SLCA4A1 R870W, c.2608C>T, ® cDNA n.d. n.d. n.d. + +- - =
Band 3 Prague Ill

HS7 (F) ANK1 E883Gfs32X, novel* cDNA, gDNA n.d. n.d. n.d. + na. + 4+
¢.2648delA, w NMD*

HS8 (F) A1110-Q1111del, novel cDNA, gDNA  0.56+0.13  0.059 22.5pS + + + o+
€.3328-3333del6, w pNMD™* (n=4) (n=1)
(Exon 28 mutant alters
splice acceptor site)

HS9 (M) ANK1 K1140Gfs86X, novel' cDNA, gDNA ~ 0.93+£0.17 n.d. 25.8 pS + + - -
¢.3416ins16, w pNMD"* (n=4)

HS10 (F) ANK1 E1289Gfs86X, novel cDNA, gDNA nd n.d. n.d. + + + o+
¢.3865dupG, w NMD"

HS11 (F) SPTB R1255G, ¢.3763A>G novel variant, gDNA 126 0.042+0.02 21 pS + na. - -

likely pathogenic™ (n=1) (n=4)

HS12 (M) SPTB G1450Rfs40X, novel cDNA, gDNA nd. n.d. nd. + + + -
¢.4346dupG, w NMD"

HS13 (M) SPTB E1815Pfs90X, novel cDNA, gDNA n.d. n.d. n.d. - + + +

¢.5443G>CC, w NMD*

“cDNA numbering from initiator ATG of the open reading frame; SLC4A1: NP000333.1,NM000342.4; ANK1 isoform 1: NP065209, NM020476.2; SPTA1: NP003117,NM003126.4;
SPTB erythrocyte isoform A: NP 001020029.1; var. 1 NM001024858. “complete nonsense-mediated decay (NMD); **partial nonsense-mediated decay (pNMD); *deletion of
any three consecutive nucleotides between ¢.1987-1992; n.d.: not done; n.a.:not available.*Unitary slope conductance measured in a single representative cell of specified
genotype, without GsMTx4 in the pipette solution."FamHx: family history of hereditary spherocytosis; ‘OsmFrg: results of osmotic fragility test; “Tx/AC: history of transfusion
without or with aplastic crisis; °Spx/Cx: history of splenectomy or cholecystectomy. Found with SLC4A1 R180H, ¢.539G>A, rs147390654, MAF 0.0001-0.01 in different popu-
lations, detected in cDNA and gDNA. #Alloisio N et al. Blood 1996;88:1062-1069, conallelic with SLC4A1 E40K, c.118G>A, Band 3 Montefiore. Rybicki AC et al. Blood
1993;81:2155-2165. Detected in cDNA and gDNA."Dhermy D et al. Br J Haematol 1997;98:32-40. Eber SW et al. Nat Genet 1996;13:214-218. Jarolim P et al. Blood 1995;85:634-
640, found together with benign variant SLC4A1 K56E, ¢.166A>G, Band 3 Memphis.Yannoukakos D et al. Blood 1991;78:1117-1120. Detected in ¢cDNA and gDNA. Found
together with SPTA1 R1074H, ¢.3221G>A, rs551084590, MAF 0.00004, detected in gDNA.'Found together with SLC4A1 P854L,c.2561C>T and K56E, ¢. 166A>G, Band 3 Memphis
11, Bruce LJ et al.J Biol Chem 1994;269:16155-16158. Detected in cDNA. "Found together with likely benign variant ANK1 R619H, c.1856G>A, rs2304877, Ankyrin Bruggen,
Nakanishi H et al. Int J Hematol 2001;73:54-63. Detected in gDNA.
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Figure 1. Electrophysiological properties of cation channels in hereditary spherocytosis red cells. (A) A representative current trace recorded at -Vp = -25mV
from an on-cell patch recording from a red cell of patient HS11 with hereditary spherocytosis (HS) carrying the novel heterozygous SPTB missense variant
R1255G (Polyphen-2 score 0.999). Identical bath and pipette fluid composition included (in mM) 140 NaCl, 4 KClI, 1 CaCl,, 1 MgCl,, 10 NaHEPES at a final pH
of 7.40. On-cell patch currents were recorded by an Axopatch 200b amplifier and digitized by a Digidata 1440A A-D converter (Molecular Devices, Sunnyvale,
CA, USA). Seal resistances were 6.0+1.0 GQ (n=7) in non-HS cells, 5.0£0.8 GQ (n=14) in HS cells without GsMTx4 in the pipette solution, and 4.8+1.0 GQ
(n=6) in HS cells with GsMTx4 in the pipette solution. Seal duration for recordings on HS cells unexposed to GsMTx4 was 18+11 min. Data were filtered at 500
Hz, digitized at 2 kHz by PClamp and analyzed offline by Clampfit (PCLAMP11, Molecular Devices). (B) Current-voltage relationship of HS11 red cell current meas-
ured in a representative on-cell patch, with unitary slope conductance of 21 pS. The current-voltage (I-V) relationship was generated in Clampex (PCLAMP 11,
Axon Instruments) with the real-time control window in gap-free mode to record current traces of 10-30 s duration. Test potentials were selected in 25-50 mV
increments ranging between a minimum of -100 mV to a maximum of +100 mV. (C) Summary data for NPo calculated from on-cell patch current traces of 5-
10 s duration recorded in 16 cells from six HS mutant genotypes and in six cells from three mutant HS genotypes in the additional presence of GsMTx4 (1 uM)
in the pipette fluid. NPo values recorded in seven non-HS red cells from four normal individuals (AA) are also shown. *P<0.05 for the t-test comparing normal

to HS cells, and for the Mann-Whitney test comparing HS cells in the presence versus absence of GsMTx4.

centrations of fluorometrically measured intracellular
[Ca®].> However, Petkova-Kirova et al.® recently reported
that HS red cells of the same individuals had a spectrum
of decreased, increased, or unchanged cation channel
activities as measured by an automated whole cell patch
clamp technique.

These studies led us to investigate whether HS red cells
might be characterized by increased cation channel activ-
ity as detected by on-cell patch clamp analysis. We isolat-
ed DNA and RNA from whole blood of 13 patients with
a clinical diagnoses of HS under protocols approved by
Investigational Review Boards of Boston Children’s
Hospital and Beth Israel Deaconess Medical Center. The
hematologic indices of the patients’ red cells are present-
ed in Ounline Supplementary Table S1. From the isolated
total RNA, we generated complementary DNA (cDNA)
for Sanger sequencing of SLC4A1. cDNA and/or genomic
DNA (gDNA) from those patients lacking an evident
SLC4A1 mutation in blood cDNA was subjected to
Sanger sequencing of ANK1 and SPTB. Whole exome
sequencing was reserved for gDNA from the six of 13
patients’ samples that remained uninformative.
Mutations detected by whole exome sequencing were
subsequently confirmed by Sanger sequencing (Table 1).
We found seven novel pathogenic mutations and one
novel missense variant of very high predicted patho-
genicity in previously identified HS genes among these
patients with clinical diagnoses of HS. A subset of HS
mutant red cells was subjected to on-cell patch clamp
analysis (Figure 1). All cells in which stable gigohm seals
were achieved exhibited substantial cation channel activ-

ity as compared to non-HS red cells. Mean cation channel
unitary conductance among HS red cells was 26+2.1 pS
(n=6 genotypes encompassing 16 cells; see Table 1). This
increased activity, in the cases tested, was nearly com-
pletely inhibited by the mechanosensitive cation channel
inhibitor, Grammastola  spatulata  mechanotoxin-4
(GsMTx4) at a concentration of 1 uM in the recording
pipette (Table 1, Figure 1C). Non-HS red cells from
healthy donors exhibited minimal channel activity
(Figure 1C), as we had previously reported.”

In this collection of HS patients, we found mutations
in SLC4A1, ANK1, SPTA1, and SPTB (Table 1). Several
patients exhibited mutations in SLC4A{ previously
reported in HS. HS2 was heterozygous for both HS
mutant Band 3 Lyon (SLC4A1 R150X) and Band 3
Montefiore (SLC4A1 E40K). Each mutation was unde-
tected in cDNA but confirmed in gDNA, strongly sug-
gesting that the mutant transcript carrying both muta-
tions was a substrate of nonsense-mediated mRNA
decay. Siblings HS3 and HS4 were each heterozygous for
Band 3 Bicetre (SLC4A1 R490C). HS5 was heterozygous
for Band 3 Osnabruck (SLC4A1 del663). HS6 was het-
erozygous for Band 3 Prague 111 (SLC4A1 R870W), accom-
panied by the nonpathogenic Band 3 Memphis I (SLC4A1
E56K).

Our HS patients also revealed a novel mutation in
SLC4A1 and several novel mutations in ANK1 and SPTB,
including a novel SPTB missense variant strongly predict-
ed to be pathogenic (Table 1). The novel SLC4A1 E68X
mutation in HS1 was associated with nonsense-mediated
decay, whereas the known rare SLC4A1 R180H variant



found on the other allele was detectable in both cDNA
and gDNA. Four HS patients exhibited novel, heterozy-
gous ANK1 loss-of-function mutations, including ANK1
E883Gfs32X in HS7 (accompanied by the known, rare
SPTA1 R1074H variant of uncertain significance), ANK1
A1110del2 in HS8 (mutating a splice acceptor site), ANK1
K1140G£s86X in HS9 (accompanied by the SLC4A1/Band
3 Memphis II polymorphism) and ANK1 E1289Gfs86X in
HS10. Combined cDNA and gDNA sequencing indicated
that mRNA encoding both ANK 1 mutations E883Gfs32X
and E1289Gfs76X were substrates of nonsense-mediated
decay, whereas the other two ANK{ mutations under-
went partial nonsense-mediated decay (Table 1).

Two HS patients were found to have novel heterozy-
gous loss-of-function mutations in the SPTB gene encod-
ing B-spectrin, SPTB G1450Rfs41X in HS12 and SPTB
E1815P£s90X in HS13 (Table 1). Both of these frameshift
termination mutations encoded substrates of nonsense-
mediated decay. Patient HS11 exhibited compound het-
erozygosity for the novel, “probably damaging” missense
variant SPTB R1255G (Polyphen-2 score 0.999) and the
known non-pathogenic ANK1 R619H variant. The likely
pathogenic SPTB R1255G substitution is located in the
ninth of B-spectrin’s 17 repeat domains, portions of
which comprise a dimerization domain, a tetrameriza-
tion domain, and the ankyrin-binding domain.
Remarkably, the purified recombinant ninth B-spectrin
repeat generated in E. coli was found to be more unstable
(with a melting temperature of 20°C) than any other
recombinant B-spectrin repeat polypeptide, each of
which had melting temperatures 237°C,° demonstrating
increased mutation-associated susceptibility to dysfunc-
tional conformational change.

We assessed some of the HS mutants shown in Table 1
for cation channel activity in on-cell patches, preserving
any regulatory components of the red cell cytosol and
membrane cytoskeleton. Red cells from patients carrying
the known SLC4 HS mutants R150X, R490C, and
M663del each exhibited channel activity. Red cells from
the patients carrying the novel HS-associated mutations
ANK1 A1110del2 and ANK1 K1140G£s86X also exhibit-
ed channel activity. In addition, red cells from the patient
carrying the novel, predicted pathogenic VUS SPTB
R1255G exhibited channel activity. The representative
current trace from patient HS4 in Figure 1A with reversal
potential of ~0 mV and unitary conductance of 21 pS
(Figure 1B) is consistent with cation channel activity. On-
cell patch recordings of red cells from patients HS2, HS4,
HS5, HS8, HS9 and HS11, representing mutations in
SLC4A1, ANK1, and SPTB, exhibited a mean unitary
conductance of 26+2.1 pS.

In on-cell patch recordings of red cells from patients
with the previously known SLC4A1 HS mutation R150X
(HS2), the novel ANK1 mutation delA1110Q1111 (HS8),
and the novel, rare predicted pathogenic SPTB variant
R1255G (HS11), channel activity was also monitored
under conditions in which the micropipette fluid includ-
ed the mechanosensitive cation channel blocker,
GsMTx4 (1 uM). Mean NPo of channel activity was
1.44+0.44 as measured in 16 cells representing six geno-
types (Figure 1C, Table 1). The presence of 1 pM
GsMTx4 in the recording pipette was associated with
~95% inhibition of channel activity, reducing mean NPo
to 0.08+0.03 as measured in six cells representing three
genotypes (Figure 1C, Table 1). The unitary conductance,
reversal potential, and sensitivity of the current to inhibi-
tion by GsMTx-4 are each consistent with PIEZO1 medi-
ation of, or contribution to, the measured cation channel
activity in HS red cells. The increased membrane tension
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of the gigaseal inside the pipette’ may unmask increased
cation current in on-cell patches which might be less
readily detected in whole cell patch recordings.’
Interestingly, however, small increases in whole cell cur-
rent were detected in some, if not all HS patients’ red
cells haploinsufficient for SPTB or for SPTA1.%

Cation channel activity in the presence of pathogenic
stomatocytosis mutations in transmembrane transporters
such as SLC4A1, RHAG, GLUT1, and ABCB6 has been
attributed either to direct cation permeation through the
dysfunctional mutant membrane protein itself, or to
direct or indirect modulation of PIEZO1 activity.'
However, the similar properties of the increased cation
channel activities measured in the presence of pathogenic
HS mutants of the cytoskeletal proteins B-spectrin and
ankyrin very likely arise from direct or indirect modula-
tion of PIEZO1 (and/or another unidentified cation chan-
nel), possibly by perturbations transmitted through one
of the SLC4A1/Band3-nucleated macro-complexes."
This modulation might reflect PIEZO1 properties such as
the lower hydrostatic pressure threshold for PIEZO1 acti-
vation in on-cell patches of actin cytoskeleton-depleted
cellular blebs than in on-cell patches with intact cell cor-
tex, and/or the inhibition by cytochalasin D of pressure-
activated PIEZO1 in on-cell patches of normal cultured
cells, and by glass probe-mediated cell indentation as
measured by whole cell currents.’

Our data suggest that PIEZO1 likely mediates or con-
tributes a major fraction of the incremental cation perme-
ability of HS red cells. Clarification of the relationships
between apparent cytoskeletal modulation of erythroid
PIEZO1 and PIEZO1 modulation by flow' and by mod-
ulation of lateral membrane tension via the ceramide-
sphingomyelin balance of the red cell membrane'® will
require further study.
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