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ABSTRACT

Background

Stomatocytoses are a group of inherited autosomal dominant hemolytic anemias and
include overhydrated hereditary stomatocytosis, dehydrated hereditary stomatocytosis,
hereditary cryohydrocytosis and familial pseudohyperkalemia.

Design and Methods

We report a novel variant of hereditary stomatocytosis due to a de novo band 3 mutation (p.
G796R-band3 CEINGE) associated with a dyserythropoietic phenotype. Band 3 genomic
analysis, measurement at of hematologic parameters and red cell indices and morphologi-
cal analysis of bone marrow were carried out. We then evaluated the red cell membrane
permeability and ion transport systems by functional studies of the patient’s erythrocytes
and Xenopus oocytes transfected with mutated band 3. We analyzed the red cell membrane
tyrosine phosphorylation profile and the membrane association of the tyrosine kinases Syk
and Lyn from the Src-family-kinase group, since the activity of the membrane cation trans-
port pathways is related to cyclic phosphorylation-dephosphorylation events.

Results

The patient showed mild hemolytic anemia with circulating stomatocytes together with
signs of dyserythropoiesis. Her red cells displayed increased Na* content with decreased
K*content and abnormal membrane cation transport activities. Functional characterization
of band 3 CEINGE in Xenopus oocytes showed that the mutated band 3 is converted from
being an anion exchanger (CI, HCOx) to being a cation pathway for Na*and K*. Increased
tyrosine phosphorylation of some red cell membrane proteins was observed in diseased
erythrocytes. Syk and Lyn membrane association was increased in the patient’s red cells
compared to in normal controls, indicating perturbation of phospho-signaling pathways
involved in cell volume regulation events.

Conclusions

Band 3 CEINGE alters function from that of anion exchange to cation transport, affects
the membrane tyrosine phosphorylation profile, in particular of band 3 and stomatin,
and its presence during red cell development likely contributes to dyserythropiesis.

Key words: stomatocytosis, anion exchanger, dyserythropoiesis, tyrosine
phosphorylation, Src family kinase.
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Introduction

Hereditary hemolytic disorders can be characterized
by abnormal red cell morphology and perturbation of
cell volume regulation. Abnormal red cells presenting a
slit-like central zone of pallor on dried blood smears and
named stomatocytic red cells characterize the hereditary
hemolytic anemia known as stomatocytosis.”® Two
major forms of stomatocytosis have been delineated:
overhydrated hereditary stomatocytosis and dehydrated
hereditary stomatocytosis (DHSt).”*

Overhydrated hereditary stomatocytosis (OMIM
185000) is generally associated with abnormal red cells
characterized by altered red cell membrane permeability
to Na* and K generating swollen erythrocytes with
decreased mean corpuscular hemoglobin concentration
(MCHC) and increased osmotic fragility.* Overhydrated
hereditary stomatocytosis is usually associated with the
absence of the red cell transmembrane protein 7.2b,
whose function is still undefined.

DHSt, also named hereditary xerocytosis (HX)
(OMIM194380), is likewise characterized by abnormal
red cells, which are shrunken with an increased
MCHC.”® Osmotic fragility is generally reduced, while
autohemolysis is increased and corrected by glucose.” In
DHSt/HX, the primary functional membrane defect is
increased leakage of K* from red cells with inability of
the Na-K pump to fully compensate for this leakage, so
that the net intracellular cation concentration and water
are decreased, leading to final red cell dehydration. In
addition, in DHSt/HX red cells the increased intracellular
calcium may further promote red cell water and potassi-
um loss and cross-linking of skeletal proteins.*’
DHSt/HX was first described by Glader in 1974 and sev-
eral other families have since been reported.*® Clinical
findings are very heterogeneous ranging from severe
hemolytic anemia to symptomless disease. Analysis of
all the cases showed that the unifying phenomenon is
perturbation of red cell membrane leakage of univalent
cations. A number of case reports on the different vari-
ants have alluded to temperature-related phenomena,
including K* loss on storage of cells at room temperature
(pseudohyperkalemia) and lysis of cells when stored at
cold temperatures (cryohydrocytosis).!

The molecular mechanism underlying DHSt/HX has
not been identified yet. Efforts have been made in the
last decade to map the DHSt/HX locus: some at risk fam-
ilies have been collected, including a large, three-genera-
tion Irish kindred. This strategy allowed the identifica-
tion of a locus on the long arm of chromosome 16
(16¢23-gter) as a possible candidate. However, in a large
French family of Flemish descent with familial pseudo-
hyperkalemia (FP), microsatellite analysis excluded
involvement of the 16g23-qter locus. Genome scanning
mapped FP Lille to 2q35-36 with a Lod score of 8.46 for
the D251338 markes. This duality suggests that the pro-
tein involved in abnormal membrane leakage may be a
heterodimer.

Recently, Bruce et al. examined several individuals
with stomatocytosis or spherocytosis associated with an
increase in membrane permeability to cations, particular-

ly marked at 0°C.” They found a series of single amino-
acid substitutions in the intramembrane domain of ery-
throcyte band 3 anion exchanger (AE1), showing that
these substitutions convert the protein from an anion
exchanger into a non-selective cation conducter, making
the scenario of stomatocytosis even more complex.*”*
Here, we report a case of hereditary stomatocytosis
due to a new band 3 mutation (band 3 CEINGE), trans-
mitted in a dominant fashion, characterized by conver-
sion of band 3 from an anion exchanger to a cation trans-
porter. This latter effect is associated with increased
tyrosine phosphorylation of some red cell membrane
proteins and increased membrane association of both
Syk tyrosine kinases and Lyn tyrosine kinase, from the
Src family, suggesting a pertubation of the red cell signal-
ing pathways involved in maintaining the optimal cell
volume/surface ratio. In addition, we observed signs of
dyserythropiesis that make stomatocytosis due to band
3 CEINGE a novel variant of hereditary stomatocytosis.

Design and Methods

Case report

A 43-years old Caucasian female (II-2, Figure 1A) with
unrelated parents was admitted to our hospital for eval-
uation of mild anemia. The patient had been in good
health until 7 years previously when she began to expe-
rience asthenia frequently. She was first recognized to be
anemic at the age of 8 years with the presence of jaun-
dice and hyperchromic urine, but she never received
blood transfusions. Bone marrow aspirate showed
remarkable dyserythropoiesis with increased numbers of
erythroblasts and binucleate erythroblasts, basophilic
erythroblasts with alterations, irregular nuclear matura-
tion, intererythroblastic bridges and erythroblasts with

Figure 1. (A) Family tree of proband II-2 and her son llI-1. Open
symbols, not affected; closed symbols, affected. (B) Bone marrow
aspirate of proband II-2 and her son lll-1 showed remarkable
dyserythropoiesis with an increased number of erythroblasts and
binucleate erythroblasts, basophilic erythroblasts with alterations,
irregular nuclear maturation, intererythroblastic bridges (arrows)
and erythroblasts with basophilic stippling. (C) Peripheral blood
smear of proband II-2 and her son IlI-1 showed anisopoikilocyto-
sis with rare stomatocytes and no spherocytes.
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basophilic stippling (Figure 1B). These bone marrow fea-
tures in association with a low reticulocyte count and a
low hemoglobin concentration suggested a diagnosis of
congenital dyserythropoietic anemia type L.

At the age of 35 years, the patient became pregnant
and she gave birth to a boy (III-1) in August 2000.
Delivery was normal. At birth, the baby weighed 3,000
g and was 48 cm long. He was breastfed and was affect-
ed by anemia since infancy.

The mother and the child were admitted to our hospi-
tal for re-evaluation of their anemia.

In the mother we observed a mild hypochromic
macrocytic anemia with a hemoglobin level of 11.5
g/dL, a mean cell volume (MCV) of 110 fL, and a mean
hemoglobin concentration (MCH) of 36.1 pg; her reticu-
locyte count was 64x10°/L. Her leukocyte count was
7.2x10°/L with a normal differential count and her
platelet count was 255x10°/L (Table 1). She had typical
hemolytic features: high levels of indirect bilirubin (3.48
mg/dL) and lactate dehydrogenase (567 U/L, normal
value 240-480 U/L) and negative direct and indirect
Coombs’ tests. Her spleen was enlarged and ultrasonog-
raphy detected a longitudinal size of 15 cm. She had
undergone cholecystectomy at the age of 14 years
because of numerous symptomatic small stones in the
gall bladder. Serum iron, soluble transferrin receptor,
serum ferritin and transferrin saturation levels were all
increased (Table 1).

Other blood tests including osmotic fragility with incu-
bated and fresh erythrocytes, serum electrolytes, B12 and
folate levels, erythrocyte enzyme levels, the eosin-5'-
maleimide (EMA) test and Pink test were normal.

A peripheral blood smear showed anisopoikilocytosis

with rare stomatocytes and no spherocytes (Figure 1B).

The son (III-1) showed mild anemia (Hb 10.5-11.8
g/dL) with macrocytosis (MCV 101-115 fL) and hyper-
chromia (MCH 36.1-37 pg). Increased levels of serum
iron and ferritin, transferrin saturation, soluble transfer-
rin receptor, indirect bilirubin, and lactate dehydroge-
nase were detected (Table 1). His reticulocyte count,
osmotic fragility tests, serum electrolytes, Biz and folate
levels, erythrocyte enzyme levels, EMA test and Pink
test were all in the normal range for the patient’s age. At
physical examination the spleen was enlarged.

A peripheral blood smear and bone marrow aspirate
showed the same features as those observed in his
mother (II-2) (Figure 1B, 1C). In particular a large num-
ber (approximately 3%) of intracytoplasmic bridges
were present in the late erythroblastic stage in the bone
marrow smears (Figure 1B).

After informed consent, blood was obtained for
genetic analysis from the proband, her relatives, hus-
band and son. Blood from healthy control subjects was
obtained after informed consent provided according to
the Declaration of Helsinki and processed within 24 h.
Approval for these studies was obtained from the
Federico II University Medical School institutional
review board.

Nucleotide sequence analysis of CDAN1 and SLC4A1
from genomic DNA

Anticoagulated (EDTA-treated) blood samples were
obtained and stored at -20°C. Genomic DNA was isolat-
ed using a QJAmp DNA Blood Mini Kit (Promega
Corporation, Madison, WI, USA) according to the man-
ufacturer’s instructions.

Table 1. Hematological data of the patients (lI-2 and Ill-1) and their parents.

-1 1-2 -1 11-2 13 -1 Normal values (range)
male female

Hb, g/dL 15.8 144 139 115 144 118 12.0-17.5 12.0-16.0
WBC, x10%/L 8.64 72 738 10.1 48-10.8
RBC, x10%L 5.36 462 455 32 5.04 3.98 42-5.6 4.0-54
Het, % 43 2.7 38 374 43 403 37-54 35.0-48.0
MCV, L 80 92.5 83 110 85.2 105 80-97
MCH, pg 29 311 30 36.1 285 34 25-34
MCHC, g/dL 36 33.6 36 33 334 33.2 32-37
RDW, % 12.9 20 113 17 11-16.5
Reticulocyte, % 1.08 0.82 0.71 2 0.63 1.8 0.5-2
Reticulocyte count, x10%L 57.8 37.7 32.5 64 31.7 715 20- 120
MCVr, fL 99.9 121 98.9 110.9 92.4-103
HDWr, g/dL 3.17 4.15 2.56 472 2.8-4.0
Platelet count x10%L 363 255 290 402 130-400
MPV, um? 94 9.5 9.85 7.06 7.1-10
Indirect bilirubin, mg/dL 0.38 0.5 348 2.7 0.98-0.75
Ferritin, pug/L 146 440 78 18-370 9-120
Serum iron, pg/dL 55 113 118 145 106 16-124
Transferrin, mg/dL 217 152 230 174-446
Transferrin saturation, % 31.3 68.5 58.8 15-35
Soluble transferrin receptor, mg/L 0.91 3.36 9.58 0.83-1.16

Hb: hemoglobin; WBC: white cell count; RBC: red cell count; Het: hematocrit; RDW: red cell distribution width; MPV: mean platelet volume; HDWr: reticulocyte hemoglobin dis-

tribution width.
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To screen for mutations of codanin gene (CDANY) in
the patients (mother and son), each of the 28 exons with
exon-intron boundaries were amplified by polymerase
chain reaction (PCR) using specific primers. PCR frag-
ments were sequenced directly. A similar approach was
used to analyze the SLC4A1 gene: all coding exons,
including splice junctions, and portions of the promoter
region were amplified by PCR. The amplified products
were isolated by electrophoresis on 1% agarose gel and
purified using a QlAamp purification kit (Qiagen,
Valencia, CA, USA). Direct sequencing was performed
using a fluorescence-tagged dideoxy chain terminator
method in an ABI 310 automated sequencer (Applied
Biosystem, Foster City, CA, USA), according to the man-
ufacturer’s instructions. Primers used for PCR and
sequencing and PCR conditions are available on request.
The CDAN1 and SLC4A1 cDNA sequences from
GenBank accession numbers NC_000015.8 and
NC_000017.9, respectively, were used as reference
sequences.

We investigated the identified SLC4A1 mutation in
DNA samples from 50 healthy white controls (100 chro-
mosomes). We sequenced the amplified exon 17 using
the following primers: sense 5’-ttattcccagccccagata-3’
and antisense 5’-acttattcacgggcatccag-3’.

Red cell membrane protein analysis

Red-cell ghosts were prepared according to the proce-
dure of Dodge et al.,” except that 5 mM phenylmethyl-
sulfonyl fluoride was added during the lysis step (for
details see also Online Supplementary materials).

Measurements of red cell cation content and Na/K
pump, Na/K/2Cl, K/CI co-transport and Na/H
exchange activities in red cells

The erythrocyte content of Na*" and K* was determined
by an atomic absorption spectrometer (ANALYST 2000,
Perkin-Elmer, Branchberg, NJ, USA) using standards in
double-distilled water. Cation transport activities were
estimated according to previously published methods."
Briefly, the maximal rates of Na/K pump and Na/K/Cl
co-transport activities were measured in cells containing
equal amounts of Na® and K* (50 mmol/L of cells,
obtained with the nystatin technique). With this proce-
dure the internal sites for both transport systems were
saturated.'”™® The nystatin loading solution contained
70 mmol/L NaCl, 70 mmol/L. KCI and 55 mmol/L
sucrose. The Na/K pump activity was estimated as the
ouabain-sensitive fraction of Na* efflux into a medium
containing 130 mmol/L choline chloride and 10 mmol/L
KCIl. The ouabain concentration was 0.1 mmol/L.
Na/K/Cl/ co-transport was estimated as the bumeta-
mide-sensitive fraction of Na* efflux into a medium con-
taining 140 mmol/L choline chloride and 0.1 mmol/L
ouabain. The bumetamide concentration was 0.01
mmol/L. All media contained 1 mmol/L MgCl, 10
mmol/L glucose, and 10 mmol/L Tris-MOPS pH 7.4. The
Na/H exchange rate was evaluated as the amiloride-sen-
sitive Na* efflux stimulated by hypertonic shrinkage
from cells containing equal amounts of Na* and K*.'**
The media contained 140 mmol/L choline chloride and
the osmolarity was increased with sucrose. 5-N,N hexa-

methyleneamiloride, at a final concentration of 10
mmol/L, was used as a specific inhibitor of the sys-
tem 10,12,13

Red cell membrane protein tyrosine phosphorylation
profile and immunoblot analysis

Red-cell ghosts separated by one-dimensional elec-
trophoresis were solubilized by Sample Buffer (SB: 50
mmol/L Tris, pH 6.8, 100 mmol/L B-mercaptoethanol,
2% v/v SDS, 10% v/v glycerol, and a few grains of bro-
mophenol blue), and loaded on either 10% or 8% gel.
The gels were either stained with colloidal Coomassie or
transferred to membranes for immunoblot analysis and
probed with either specific anti-phosphotyrosine anti-
bodies (PY99-clone SantaCruz Biotechnology, CA, and
4G10-clone, UpState, NY, USA) or anti-Lyn antibody
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA), and
anti-Syk antibody (Cell Signaling, Danvers, MA, USA)."

To evaluate whether cell swelling induced changes in
the tyrosine-phosphorylation profile of red cell mem-
brane proteins, control red cells were incubated with and
without urea (600 mmol/L final concentration) as previ-
ously described by Joiner ez al.” and red-cell ghosts were
prepared for immunoblot analysis with specific
antiphosphotyrosine antibodies. In some experiments
tyrosine-enriched proteins were obtained by immuno-
precipitation with a specific anti-phosphotyrosine anti-
body (clone 4G10, UpState, NY, USA) as previously
reported by De Franceschi e al.'*" Briefly, red-cell ghosts
were solubilized in a medium containing 50 mmol/L
Tris-HCI, pH 7.4, 100 mmol/L NaCl, 5 mmol/L EDTA,
1% Triton X-100, 1 mmol/L Na- orthovanadate, 0.004%
benzamidine, and 1 tablet of a protease inhibitor cocktail
(Roche, Germany). After incubation for 60 min at 4°C,
the protein extract was centrifuged at 15,000 g for 15
min and the supernatant was used for immunoprecipita-
tion. Anti-phosphotyrosine (clone 4G10) was used to
immunoprecipitate tyrosine-phosphorylated proteins
with protein A-Trysacryl followed by washing. The
immunoprecipitated proteins were then either used for
immunoblot analysis with specific anti-f spectrin anti-
body (clone 4C3, Acris Hiddenhousen, Germany), anti-
band 3 antibody (clone IVF12, DSHB, Iowa City, lowa,
USA), anti-stomatin antibody (a kind gift from R
Prohaska, Wein University, Wein, Austria) or stained
with colloidal Coomassie for protein identification as
previously described." Secondary antibodies were from
GE Healthcare (Little Chalfont, UK). ECL-Plus
(Amersham, UK) was used as the revealing system.

Protein identification

The selected bands were identified by MALDI-TOF
MS/MS analysis and automated LC-MS/MS analysis.
Mass spectrometric analysis was performed using a
Tofspec SE (Micromass, Manchester, UK). Peptide spec-
tra were obtained in positive ion mode over the m/z
range of 800-4000 Da or 1000-3000 Da in reflectron
mode. The peptide solution was prepared by mixing
equal volumes of matrix (matrix: saturated o-cyano-4-
hydroxy cynnamic acid solution in 40% acetonitrile,
60% of 0.1% trifluor acetic acid). Between 100-120 laser
shots were summed for each MS spectrum. The meas-
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ured peptide masses were searched for in the Swiss-Prot
database (taxa human) using the MASCOT search
engine (Matrix Science Ltd., London, UK). Only protein
identifications with a significant Mascot score (p<0.05)
were taken into consideration. A mass accuracy of 0.3
Da and a single missed cleavage were allowed for each
matching peptide. Searches were not constrained by pl
or molecular weight.'"'"® Peptide mixtures were also ana-
lyzed using microflow capillary liquid chromatography
coupled with electrospray quadrupole time of flight tan-
dem mass spectrometry (ESI Q-TOF MS/MS). ESI-
MS/MS tandem spectra were recorded in the automated
MS to MS/MS switching mode, with an m/z-dependent
set of collision offset values. Singly to quadruply
charged ions were selected and fragmented, using argon
as the collision gas. External calibration was performed
with a solution of HsPO: 0.05% in H.0/MeCN 50/50.
Mass data collected during RP-LC-MS/MS analysis were
processed and converted into a PKL file to be submitted
to the automated database searching Mascot, MS/MS
lons Search. Search parameters were: parent tolerance 0.6
Da, fragment tolerance 0.3 Da, tryptic specifity allowing
for up to one missed cleavage, database SWISSPROT.

Plasmid preparation and studies in oocytes

Point mutations to get a G796R substitution on ery-
throid human AE1 (eAE1) were made by PCR using the
Quick change site-directed mutagenesis kit from
Stratagene with the following forward primer: G796R :
ATCTTCCTCTACATGAGGGTCACGTCGCTCAGC
and reverse primer: GCTGAGCGACGTGACCCT-
CATGTAGAGGAAGAT. One positive clone was
entirely sequenced before further use. pSP65 eAE1 was
a gift from Dr. Appelhans.

Oocytes were harvested from anesthetized female
Xenopus laevis according to the procedure recommended
by the ethical committee of the CNRS (Centre National
de la Recherche Scientifique).

Oocytes were defolliculated as previously described’
with overnight incubation in 2 mg/mL collagenase NB4
Serva (Heidelberg, Germany) and 30 min incubation in
Ca’ free medium. Stage V-VI oocytes were selected for
cRNA injection. cRNA were prepared from cDNA using
a SP6 transcription kit from Ambion (Huntingdon, UK).
The concentration and quality of cRNA were deter-
mined by OD measurements and with formami-
de/formaldehyde agarose gel in MOPS (3-[N-morpho-
line]propanesulfonic acid) buffer. Ten nanograms of
wild type or mutant eAE1 cRNA were injected per
oocyte. Oocytes were kept in MBS (Modified Barth
Saline) consisting of NaCl 85 mmol/L; KCI 1 mmol/L;
NaHCOs: 2.4 mmol/L; MgSOs 0.82 mmol/L; Ca(NOs)
0.33 mmol/L; CaClz 0.41 mmol/L; HEPES (N-2-hydrox-
yethlylpiperazine-N-2-ethanesulfonic acid) 10 mmol/L;
NaOH 4.5 mmol/L; pH 7.4 supplemented with penicillin
(10 U/mL) and streptomycin (10 pg/mL).

Lithium was used as a substitute for sodium to
measure oocyte cation permeability. Oocytes (7 per
condition) were incubated for 2 h at 19°C in MBS in
which NaCl was substituted by LiNOs, for a final com-
position of LiNOs 85 mmol/L; KNOs 1 mmol/L;
KHCOs 2.4 mmol/L; MgSO:« 0.82 mmol/L; Ca(NOs)

0.33 mmol/L; CaCl: 0.41 mmol/L; HEPES 10 mmol/L;
NaOH 4.5 mmol/L; pH 7.4. In addition, oubain (0.5
mM) and bumetanide (5 WM) were added to block
Na*/K* pump activity and Na*-K*-2Cl" co-transport.
Oocytes were rinsed three times in milliQ H-O and
placed one by one in a tube heated at 95°C to desiccate
them. Intracellular lithium was extracted by addition
of 50 uL 0.1N NaOH and further diluted by addition of
250 pl milliQ H20. The lithium content in each oocyte
extract was measured by atomic absorption spectrom-
etry with a Perkin Elmer AAS 3110 (Perkin-Elmer,
Branchberg, NJ, USA). Data are the means + s.e.m. of
112 oocytes (non-injected), 70 oocytes (wild type
eAE1), and 21 oocytes (G796R).

After injection, oocytes were incubated at 19°C for 3
days in MBS with oubain (0.5 mM) and bumetanide (5
UM) to prevent any Na* or K* recycling or movement
through the Na"/K* pump or Na'-K*-2CI co-transporter.
For each condition and experiment, three sets of five
oocytes were quickly rinsed twice in milliQH-O and
dried overnight at 80°C. Intracellular cations were
extracted from dried oocytes by overnight incubation in
4 mL of milliQ H-O. Na* and K* were quantified by
flame photometry (Eppendorf AG, Hamburg,
Germany). Data, expressed in pmol per gram of dry
weight, are the means of two different experiments +
s.e.m. (n=6).

Oocyte intracellular pH was measured using selective
microelectrodes as previously described.” The ability of
wild type eAE1 and mutant G796R to regulate intracel-
lular pH was assessed by measuring intracellular pH of
oocytes adapted in MBS without HCOs™ then incubated
in the following medium: NaCl 63.4 mmol/L; KCI 1
mmol/L; HCOs™ 24 mmol/L; MgSOs 0.82 mmol/L;
Ca(NOs)2  0.33 mmol/L; CaCl: 0.41 mmol/L;
HEPES/NaOH 5 mmol/L pH 7.35; CO2 5%, 02 95% and
then bathed in MBS without Cl (Na gluconate 63.4
mmol/L; K gluconate 1 mmol/L; HCOs 24 mmol/L;
MgSO+ 0.82 mmol/L; Ca(NOs): 0.74 mmol/L;
HEPES/NaOH 5 mmol/L; pH 7.35, CO2 5%, Oz 95%).
Traces are representative of three oocyte recordings for
each condition.

Results

Genomic analysis

Based on the patient’s history and hematologic data,
we first considered the possibility of congenital dysery-
thropoietic anemia type I, related to a codanin-1 muta-
tion. We sequenced the CDANY gene without finding
mutations in either the mother or her son (data not
shown). The absence of any clinical signs of anemia dur-
ing the neonatal period and the lack of skeletal malfor-
mations in both subjects, associated with the absence of
any detectable mutation in the codanin gene led us to
exclude congenital dyserythropoietic anemia type I as
the cause of our patients’ anemia.

The increased red cell MCV and the dominant inheri-
tance pattern led us to consider hereditary stomatocy-
toses, which are associated with hemolytic anemia,
macrocytosis, and abnormally shaped red blood cells
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(stomatocytes) (Figure 1C). We investigated the gene
encoding for the red cell membrane protein band 3
(SLC4A1), which is one of the genes involved in heredi-
tary stomatocytosis.” We screened the SLC4A1 coding
sequence and exon-intron junctions for mutations by
direct sequencing and identified a G>A transition at

nucleotide 2500 in exon 17 (Figure 2A) in both the
proband and in her son in the heterozygous state. No
mutation was found in the grandmother; DNA from the
grandfather was not available. The mutation identified
changes the GGG codon to AGG, causing the substitu-
tion of glycine 796 with arginine (p.G796R) in band 3
protein. This novel mutation does not create or abolish
any enzyme restriction site, so we analyzed 50 controls

A Wild ¢ (100 chromosomes) by direct sequencing of exon 17.
e e paras o G{pec . None of the control population had the mutation, sug-
- = e - ) gesting that this gene defect is causative of this anemia

and is not a genetic polymorphism (data not shown). In
b ﬂ _ , addition, by using PROGRAM blastn-SNP (http://www-
-'II }| \ II|| A f r\ Tl T Hp . bils.jst.go.jp/cgibin/Homology_Blast-SNP/submission_
i|||'| ||"' LA '| _Hf}. || .".f HATHY v3.cgi¢ PROGRAM_blastn-SNP), we excluded that this
Il { l} \ \ \ VT ||| / | 'J i nucleotide change corresponds to a previously identified
2 -LI' ARRARASAR '. i SLLIVVEYV Y l_ b single nucleotide polymorphism.
Glycine 796 is perfectly conserved in mammals as well
as in other species, suggesting that it has an essential role
1I-2 in the structure and function of band 3 (see also Online
TLCTTCC £ T CATGE[R ¥ 6 TCAC 6§ TCGECTCA . .
Supplementary materials, Figure 2B). In transmembrane
r segments glycine is often located at helix-helix interfaces
II ) ; 3 allowing close packing (see Online Supplementary Figure
f . 1 ] S1). The G796R mutation would introduce a positive
|| | y %
" | '| I | |~ M A | (| '!_} charge and could seriously disrupt helix packing.
[ 1 | L
' \ ( -'\ |I '; || T \
|I I| AR | IR J 1l ]l l
ol Yalal ~4 . ey ..,J».'-.t Al FALL L daY
III-1
T TeecreTacaToflre st e TECECTC Figure 2. (A) Identification of the SLC4A1 mutation in 1I-2 and IlI-
1. Partial sequence of exon 17 of the proband and wild-type DNA
f identifying the G>A transition at nucleotide 2500. The mutation
i (’| S T changes the GGG codon to AGG, causing the substitution of
A (| AL glycine 796 with arginine (p. G796R) in the protein (boxed). (B)
'-} I i |I' | Alignment analysis of the amino acid sequences of SLC4A1 (Band
1! 5' (1 \| IRTR| | 3) from different species, showing complete conservation of the
VU Hl\;= \ G796 residue (boxed).
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Fluorescent binding studies and protein membrane
composition of red blood cells

We then evaluated the amount of mutated band 3 in
the red cell membrane. Band 3 red cell membrane con-
tent was quantified using two separate methods: by
flow cytometry of EMA-labeled red cells and by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis. Previous studies have shown that
the intensity of fluorescence detected by fluorescence
microscopy following EMA binding is directly propor-

0
Na-K ATPase pump Na-K 2Cl cot

tional to the abundance of cellular band 3 protein.” We
compared EMA-labeled red cells from patients II-2 and
III-1 and normal controls and did not observe significant
differences, indicating neither deficiency nor defective
band 3 protein in diseased red cells (data not shown). In
addition, SDS-PAGE analysis did not show any major
changes in red cell membrane band 3 content or in other
cell membrane proteins, so we further excluded heredi-
tary spherocytosis but also congenital dyserythropoietic
anemia type Il (data not shown).

Figure 3. (A) Erythrocyte cation
content and membrane cation
transport pathways. Red blood
cell histograms generated for
erythrocyte volume (RBC V)
and cell hemoglobin concen-
tration (RBC HC) and plot of
RBC HC (x-axis) vs. RBC vol-
ume (y-axis) from control red
blood cells (RBC) and from I-2,
1I-2 and IllI-1 are presented. (B)
Red cell Na* and K* contents in
normal controls (black bar)
and in subjects -2 (dark gray
bar), II-2 ( light gray bar) and
IlI-1 (white bar). Data are
reported as meanstSD (con-
trols; n=6, I-2, 1I-2, lll-1 n= 3)
*p<0.05 compared to control
red cells. (C) Cation transport
pathways in red cells from nor-
mal controls (n=6) and sub-
jects 1-2 (dark gray bar), II-2
(light gray bar) and IlI-1 ( white
bar). Data are expressed as
means + SD (controls; n=6; |-
2, 1I-2, -1 n=3); *p<0.05
compared to control red cells.

1111 RBCs

Na-H exchange

Figure 4. (A) Cation transport properties
of the G796R mutation. Intracellular
Na* and K' contents of oocytes non-
injected (NI) or expressing wt eAE1 or
G796R eAE1 mutation 3 days after
injection. Oocytes had been kept in MBS
with 0.5 mM ouabain and 5 uM
bumetanide. Results are expressed in
umol per g of dry weight, meansts.e.m.,
n=6. There was no statistically signifi-
cant difference in cation contents
between NI and wt eAE1. p<0.005 for
G796R mutant compared to wt eAE1.
(B) Lithium influx: oocyte Li* uptake was
measured during the linear phase of
kinetics in MBS in which Na* was substi-
tuted by Li* (see Design and Methods),
in the presence of 0.5 mM ouabain and

eAE1 G796R

5 pM bumetanide. Oocytes were non-
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injected (NI) or expressed wt eAE1 or
G796R eAE1 mutation for 3 days. Data
are meansts.e.m. (C) pHi recordings:
intracellular pH in oocytes expressing wt
eAE1 or G796R mutation as a function
of extracellular medium. Representative
traces (n=3). The slope of the acidifica-
tion as well as the pHi value at plateau
differ significantly between wt and
mutant AE1 due the ability of wt eAEL
to compensate the acidification induced
by CO: uptake.
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Erythrocyte cation content and membrane cation
transport pathways

The fact that the MCV and hemoglobin distribution
width of reticulocytes from II-2 and III-1 were increased
(Table 1 and Figure 3A) suggested that abnormalities in
red cell volume regulation were already present in retic-
ulocytes and were not related to the permanence of red
cells in the peripheral circulation.

Cell Na* content was significantly higher in red cells
from II-2 and III-1 than in those from I-2 and controls,
while red cell K* content in II-2 and III-1 was significant-
ly lower than in I-2 and control erythrocytes, indicating
a reduction in total red cell cation content similarly to
what has been observed in other cases of dehydrated
hereditary stomatocytosis (Figure 3B).” Since previous
reports suggested a possible functional relationship
between red cell membrane proteins and cation trans-
port pathways,****" we evaluated the activity of the
main cation transport pathways in normal and diseased
red cells. We observed a significant decrease in the activ-
ity of the Na-K ATPase pump in II-2 and III-1 compared
to the level in I-2 and in control erythrocytes, suggesting
a perturbation in Na-K pump ATPase in our anemic sub-
jects; Na-K-2Cl co-transport, K-Cl co-transport and Na-H
exchange were significantly increased in II-2 and III-1

compared to in I-2 and in control erythrocytes (Figure
30).

Functional studies of band 3 CEINGE in oocytes

To investigate the ion functional properties of the
G796R mutation, Xenopus oocytes were injected with
control eAE1 (wild type erythroid anion exchanger 1: wt
eAEl) or G796R-eAE1. Whole cell membrane prepara-
tions of wild type or mutated AE1 were loaded on an
electrophoresis gel. Immunodetection showed similar
patterns of expression between the two proteins (Online
Supplementary Figure S2). As in red cells G796R was cor-
rectly addressed to the plasma membrane, there being
no indication to suspect a fault in G796R expression in
oocytes. The Na" and K* contents of oocytes were meas-
ured 3 days after injection and the cation permeability
was also assessed by measuring Li* influx. To prevent
cation movements through the Na-K-ATPase and the

endogenous Na-K-2Cl co-transporter, measurements
were done in the presence of their specific inhibitors,
ouabain and bumetanide. Whereas wt eAE1 did not
change oocyte Na* and K*contents, which were similar
to those in control oocytes (NI) (Figure 4A), the G796R
mutation induced a reversal of Na* and K* oocyte con-
tents. There was a net Na* uptake of 39+6 umol/g d.w.
compensated by a similar net K* loss of 31+4 pmol/g
d.w. (p<0.005 versus wt eAE1). These changes in oocyte
cation contents were associated with increased cation
permeability (Figure 4B). The cation transport induced
by the G796R mutation was not sensitive to 0.1 mmol/L
SITS (data not shown), in contrast to previously studied
AE1 point mutations also inducing cation transport
through the anion exchanger.””

The CI/HCOs exchange activity of G796R mutation
was also assessed. Oocyte intracellular pH was recorded
as a function of extracellular medium. In medium
buffered with 24 mM HCOs/5% CO: the rapid CO:
equilibration through oocyte plasma membrane induced
intracellular acidification. Then, in this medium CI was
substituted by gluconate, an anion to which the oocytes
are impermeable. In the presence of functional
CI/HCOs exchange, this condition induced rapid intra-
cellular alkalinization. Figure 4C shows representative
pHi recordings of oocytes expressing wt eAE1 or G796R
mutant. Following intracellular acidification, oocytes
expressing wt eAE1 alkalinized in the absence of extra-
cellular CI'. In contrast, oocytes expressing G796R
mutant did not recover from the initial acidification. We
also carried out experiments in the presence of co-inject-
ed glycophorin A which did not modify the cation trans-
port properties of the mutated band 3 (data not shown).
Thus, the band 3 point mutation G796R abolishes anion
exchange activity whereas it induces Na"and K* trans-
port.

Tyrosine phosphorylation pattern of red cell
membrane and tyrosine kinase Syk and Lyn
membrane association

Since changes in protein tyrosine phosphorylation
state have been shown to be involved in the modulation
of membrane transport and channels involved in cell vol-

Table 2. Identification of proteins differently phosphorylated from those of the patient’s red cell membrane.

Protein Matching

Coverage (%)

Phosphorylated Phosphorylated peptides

peptide

residues (STY)

75 83 (R)ITDLYKDLR(D)

380 387 (K)VYTPHDGK(L)
1 P11277 Spectrin 120 48 509 521 (R)LWSYLQELLQSRR(Q)

594 611 (K)FTEGKGYQPCDPQVIQDR (M)
2 P16157 Ankyrin 35 22 733 755 (K)LGYSPLHQAAQQGHTDIVTLLLK(N
3 P02730 Band 3 20 21 346 360 (R)RYQSSPAKPDSSFYK(G)
4 PI1171 Band 4.1 14 23 451 466 (K)IRPGEQEQYESTIGFK(L)
5 P16452 Band 4.2 12 18 654 673 (R)LDGENIYIRHSNLMLEDLDK(S)
6 P60709 Actin B 9 29 178 191 R.LDLAGRDLTDYLMK.I

184 196 RDLTDYLMKILTER.G
7 P27105 Stomatin 12 41 nd nd

The corresponding bands are indicated in Figure 5, nd: not identified.
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ume regulatory events,”* we evaluated the red cell

membrane tyrosine phosphorylation profile in II-2 and
III-1. As shown in Figure 5A, membrane tyrosine phos-
phorylation was markedly increased in the affected sub-
jects compared to in normal controls.

In order to evaluate whether changes in the tyrosine-
phosphorylation pattern of red cell membrane proteins
were part of the physiological response to a cell swelling
stimulus, we incubated normal erythrocytes with and
without urea and then evaluated the red cell membrane
tyrosine-phosphorylation profile.”” In urea-treated red
cells, we observed increased tyrosine-phosphorylation
of proteins with a molecular weight greater than 181
KDa, one band between 181-115 KDa and one at 82
KDa which were also found in diseased red cells (bands
1, 2, 3; Figure 5A), suggesting a possible adaptive mech-
anism of red cells to swelling involving these proteins.
However, in diseased red cells we observed additional
changes in tyrosine phosphorylation state of other
membrane proteins, indicating an independent effect of
the hematologic phenotype (Figure 5A). In order to iden-
tify the erythrocyte membrane proteins differently tyro-
sine-phosphorylated, we analyzed anti-phosphotyro-
sine immunoprecipitated proteins separated by one-
dimensional electrophoresis (Figure 5B). Bands that
were differently tyrosine phosphorylated were excised
and analyzed by mass spectrometry. We identified the
following proteins: B spectrin, ankyrin, band 3, band 4.1,
band 4.2, B actin and stomatin (Table 2). We then evalu-
ated the amount of B spectrin, band 3 and stomatin on
anti-phosphotyrosine immunoprecipitated proteins sep-
arated by one-dimensional electrophoresis (Figure 5B).
We observed a slightly increased amount of 3 spectrin in
diseased red cells compared to in normal controls but a
marked increase of both band 3 and stomatin compared
to in control erythrocytes (Figure 5B). These data sug-
gest that the mutated band 3 might affect membrane
organization either directly favoring the exposure of
phosphorylable docking sites on red cell membrane pro-
teins or indirectly through activation of signal transduc-
tion pathways related to abnormal red cell volume/sur-
face ratio (Figure 5). Since band 3 is a known substrate
for both Syk tyrosine kinase and Lyn tyrosine kinase of
the Src family,"* we evaluated the amount of both tyro-
sine kinases bound to the membrane in red cells from
both patients and controls. As shown in Figure 5C, Syk
and Lyn kinase membrane association was markedly
higher in patients’ red cells than in normal controls,
most likely being responsible for the increased band 3
tyrosine-phoshorylation state in patients’ red cells.

Discussion

Here, we report a case of hereditary stomatocytosis
due to a de novo band 3 mutation (p. G796R) associated
with signs of dyserythropoiesis. Band 3 is a 911 amino-
acid multispanning membrane protein that conducts
bicarbonate-chloride exchange in red cells. Mutations in
the band 3 gene resulting in a decrease of band 3 protein
in red cells are frequent causes of hereditary spherocyto-
sis. Deletion of 400-408 amino acids near the first trans-

membrane domain causes Southeast-Asian ovalocyto-
sis. Red cells from patients with this condition have
been shown to leak cations at low temperature, this
phenotype justifying the inclusion of Southeast-Asian
ovalocytosis in the group of hereditary stomatocy-
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Figure 5. (A) Tyrosine phosphorylation profile of red cell mem-
brane from controls (C), 1I-2 and Ill-1 and effects of cell swelling
induced by urea on control erythrocytes. Red cell ghosts were sep-
arated by one-dimensional electrophoresis and blotted with spe-
cific anti-phosphotyrosine antibodies to evaluate the tyrosine
phosphorylation pattern of red cell membrane proteins. One out
of three independent experiments with similar results is present-
ed. (B) Red cell ghosts underwent immunoprecipitation with spe-
cific anti-phosphotyrosine antibodies and were then used for
immuno-blot analysis with specific anti-} spectrin antibody, anti-
band 3 antibody and anti-stomatin antibody. One out of three
independent experiments with similar results is presented. The
red boxes in panel A and the red lines in panel B indicate the iden-
tified proteins (see Table 2); the red arrows indicate the bands dif-
ferently tyrosine-phosphorylated in urea-treated normal red cells
with behavior similar to those observed in diseased erythrocytes;
ni: protein not identified. (C) Immunoblot analysis with anti-Syk
and anti- Lyn antibodies of red cell ghosts from controls (C) and
from II-2 and IlI-1. Gels were loaded with the same amount of pro-
teins used in the colloidal Coomassie-stained gel shown in the
upper part of the panel. One out of three independent experi-
ments with similar results is presented.
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toses.”" Mutations in the 9-10® membrane spanning
domains are associated with hereditary cryo-stomatocy-
tosis and cation leak. The present de novo mutation is
located in this latter area and causes the same effect on
cation leak, but appears to be associated with some
dyserythropoietic features.

Hereditary stomatocytoses can be classified in dehy-
drated hereditary stomatocytosis, overhydrated heredi-
tary stomatocytosis, hereditary cryo hydrocytosis and
familial pseudohyperkalemia. In our case there was no
pseudohyperkalemia, and the ion content was similar to
that in hereditary cryohydrocytosis. Thus, it could be
considered a variant of hereditary cryohydrocytosis
because the reticulocyte count was associated with sev-
eral dyserythropoietic findings, as supported by the low
reticulocyte count, bone marrow abnormalities and
increased soluble transferrin receptor but near normal
hemoglobin content (Table 1). A literature review of
hereditary stomatocytosis revealed two case reports
with similar findings. One case had mild anemia,
increased MCV, slightly reduced red cell K* content and
normal Na® content, reduced reticulocyte count with
respect to the anemia and alterations of erythroid pro-
genitors in bone marrow consistent with atypical con-
genital dyserythropoietic anemia type 1. The red cell
membrane showed reductions of band 7 and 8 on SDS-
PAGE analysis.” The second case, reported by Jarvis et
al., had an abnormal intracellular cation content and
increased MCYV, inherited in a dominant manner, inter-
estingly due to a de novo mutation. Unfortunately, the
biochemical and molecular defects were not reported.”
Evidence of connections between dyserythropoiesis and
band 3 mutation has been recently found in zebrafish
mutant retsina (ret), which is characterized by band 3
mutations associated with an erythroid-specific defect in
cell division causing marked dyserythropoiesis similar to
that occurring in human congenital dyserythropoietic
anemia.” In our cases we observed dyserythropoiesis
characterized by a large number of intracytoplasmic
bridges (approximately 3%) between late erythroid pre-
cursors, suggesting a possible role of mutated band 3.

Recently the analysis of 11 human pedigrees with
dominantly inherited hereditary stomatocytosis (heredi-
tary cryohydrocytosis subtype) and hereditary spherocy-
tosis has shown an increased membrane permeability to
Na* and K, related to a series of single amino acid sub-
stitutions in the band 3 anion exchanger, characterized
by a conversion of the mutated band 3 function from an
anion exchanger into a non-selective cation leaker.*” We,
therefore, searched for band 3 mutations and identified a
G>A transition at nucleotide 2500 in exon 17 (Figure 2A)
in the proband and in her son in the heterozygous state.
This molecular bona-fide event was due to a de novo
mutation since the red cell MCV of the proband’s par-
ents was normal. Functional studies showed that mutat-
ed band 3 converted the anion exchanger (CI;, HCOS")
function to a cation pathway for Na" and K*.

The patients’ red cells showed abnormal cation con-
tent, associated with decreased Na-K pump activity,
most likely related to metabolic alterations already
described in stomatocytosis,” but also increased Na-K-

2Cl co-transport activity which is strictly dependent on
the intracellular Na* content, and may contribute to the
net Na* extrusion from diseased red cells. The Na-H
exchange and K-Cl co-transport might be secondarily
activated either by possible abnormal functional interac-
tions between membrane proteins and the transmem-
brane ion transport pathway or by perturbations in sig-
nal transduction pathways modulating ion movements
through the membrane, as previously described in
mouse red cells genetically lacking band 4.1."%” Since the
activity of the membrane cation transport pathways is
related to cyclic phosphorylation-dephosphorylation
events by kinase phosphatases, we evaluated the mem-
brane tyrosine phosphorylation profile in diseased red
cells. In diseased red cells, we observed an increase of
band 3 tyrosine phosphorylation, most likely due to
increased membrane association of Syk and Lyn kinases
which have already been reported to tyrosine-phospho-
rylate band 3.°% In addition, changes in the tyrosine-
phosphorylation of band 4.1, band 4.2, and stomatin
were evident in diseased red cells and were independent
of the adaptive mechanisms to cell swelling (Figure 5),
suggesting a perturbation of intracellular signaling path-
ways toward the membrane-cytoskeleton network.”*%
Previous studies in skate red cells have shown that vol-
ume expansion is associated with increased Syk and Lyn
activity and changes in phosphorylation state of various
membrane proteins and in their association with mem-
brane lipid rafts.*>*® Here, it is of interest to note that
the patients’ red cells showed increased tyrosine-phos-
phorylation of stomatin, which is the major protein in
lipid rafts; changes in tyrosine-phosphorylation state of
stomatin may affect its conformational state and func-
tion, most likely contributing to the red cell pheno-
type.37,38

These finding, together with the demonstration of the
causative role of this band 3 mutation, led us to classify
this case as stomatocytosis, but as a novel variant
because of the lack of appearance of anemia in the
neonatal period, normal or reduced reticulocyte count
and normal hemoglobin level in the mother and her
affected son. In addition, the reduced reticulocyte count
and appearance of the bone marrow erythroid compart-
ment supported our conclusion that this is a new variant
of stomatocytosis with several dyserythropoietic fea-
tures.
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