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ereditary Spherocytosis—Defects in Proteins That
onnect the Membrane Skeleton to the Lipid Bilayer

tefan Eber and Samuel E. Lux

he molecular causes of hereditary spherocytosis (HS) have been unraveled in the past decade. No frequent defect is
ound, and nearly every family has a unique mutation. In dominant HS, nonsense and frameshift mutations of ankyrin,
and 3, and �-spectrin predominate. Recessive HS is most often due to compound heterozygosity of defects in ankyrin,
-spectrin, or protein 4.2. Common combinations include a defect in the promoter or 5�-untranslated region of ankyrin
aired with a missense mutation, a low expression allele of �-spectrin plus a missense mutation, and various mutations
n the gene for protein 4.2. In most patients’ red cells, no abnormal protein is present. Only rare missense mutations,
ike ankyrin Walsrode (V463I) or �-spectrin Kissimmee (W202R), have given any insight into the functional domains of
he respective proteins. Although the eminent role of the spleen in the premature hemolysis of red cells in HS is
nquestioned, the molecular events that cause splenic conditioning of spherocytes are unclear. Electron micrographs
how that small membrane vesicles are shed during the formation of spherocytes. Animal models give further insight
nto the pathogenetic consequences of membrane protein defects as well as the causes of the variability of disease
everity.
emin Hematol 41:118-141. © 2004 Elsevier Inc. All rights reserved.
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EREDITARY spherocytosis (HS) is by far the
most common congenital hemolytic anemia in

orthern European descendants. The hallmarks of
he disease are anemia, intermittent jaundice (from
emolysis or biliary obstruction), and splenomegaly.
pherocytes are devoid of the normal surface surplus
nd rigid. They are trapped during their passage
hrough the metabolically unfavorable splenic pulp
nd selectively destroyed. The disease was first de-
cribed in 1871 by two Belgian physicians, Vanlair
nd Masius,1 as microcythemia, referring to the de-
reased diameter of spherocytes in the blood smear.

Prevalence and Genetics
S occurs in all ethnic groups. The highest frequency
f 1: 5,000 is found in Northern European countries.

De novo mutations of ankyrin or other membrane
rotein genes are a frequent cause of sporadic HS. In
bout two thirds of patients, the disease is inherited
n a dominant pattern and can be followed from
eneration to generation, mostly with the same sever-
ty. In the remaining cases, both parents are normal.
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bout half of these sporadic cases are due to de novo
utations of the type associated with dominant in-
eritance2; the others are assumed to be due to reces-
ive genes. If this assumption is correct, about 1% of
he population carries recessive HS genes.

One asymptomatic parent may carry a germ-line
osaicism for an ankyrin mutation or �-spectrin. De

ovo mutations of ankyrin3 or �-spectrin4 genes can
rise in one of the parental germ lines and be trans-
itted dominantly. Parental mosaicism also occurs

nd must be considered in genetic counseling. The
nheritance of HS is truly recessive in only about 10%
o 15% of families. In these cases, both parents have
inor signs of the disease—usually only an in-

reased osmotic fragility in incubated blood or a
light reticulocytosis.5,6 Patients with recessive HS
end to more profound anemia,7,8 but clinical severity
aries greatly.

Homozygosity for dominant HS is (nearly) lethal.
s will be described later, dominant HS is mostly due

o null (nonsense or frameshift) mutations: virtually
o abnormal protein is present. Homozygosity for
hese mutations is presumably lethal during fetal
evelopment, as homozygosity for dominant inheri-
ance has only been described in two cases, neither of
hom was a complete null mutation. A Portuguese
aby with severe hydrops fetalis was homozygous for
and 3 Coimbra (Y488M),9 and an Italian baby was
omozygous for band 3 Neapolis (16�2 T3C), in
hich a splicing defect impedes translation initia-

ion.10 A small amount of abnormal protein may be
roduced from both mutations. The parents of both
atients had only mild HS, whereas both children had

evere, life-threatening anemia.

o 2 (April), 2004: pp 118-141
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Hereditary Spherocytosis 119
HS is due to mutations at different chromosome
oci. Two genetic loci for HS have been identified by
tudy of balanced chromosomal translocations or
mall deletions, and by linkage analysis. One of the
oci, an interstitial deletion of chromosome 8p11.1-
21.2,11 eliminates the gene for ankyrin.12 The sec-
nd locus is the gene for �- spectrin, which resides on
hromosome 14q23-q24.2.13 As will be described,
ther loci involve the genes for band 3, protein 4.2,
-spectrin, and possibly �-adducin and dematin.

Clinical Presentation

ypical HS

n HS patients the family history is often positive for
nemia, gallstones, or splenomegaly. In most cases
he severity of HS is very similar in affected members
f a family. Typically, there are increased number of
pherocytes in the peripheral blood smear and in-
reased osmotic fragility of the red blood cells. Other
istinctive morphologic red cell alterations have
een found in specific membrane defects14 (Fig 1).
emolysis (as evidenced by hyperbilirubinemia and

haptoglobinemia) and reticulocytosis (a marker of
ompensatory erythropoiesis) are present.

HS typically presents in infancy or childhood, but
ay first manifest at any age.15 In children, anemia is

he most frequent complaint (50%), followed by
plenomegaly, jaundice, and a positive family history
all 10% to 15%).

The majority of patients (60% to 75%) have in-
ompletely compensated hemolysis and mild to mod-
rate anemia. It is often difficult for parents to recog-
ize the general symptoms of anemia (fatigue, mild
allor, or nonspecific findings such as “crabbiness”),
nd usually the true extent of reduced physical ability
nd school deficits only becomes apparent when pos-
tive behavioral changes following splenectomy.

Jaundice occurs in about half of patients, usually
n association with viral infections. When present it is
choluric, characterized by unconjugated indirect
yperbilirubinemia and the absence of bilirubinuria.

The incidence of palpable splenomegaly varies
rom about 50% in young children to 75% to 95% in
lder children and adults.16 The spleen is modestly
nlarged (2 to 6 cm) but may be massive. Although
ikely given the pathophysiology and the response to
plenectomy, there is no established correlation be-
ween spleen size and the severity of HS.

lassification According to Disease Severity

isease severity of HS can be classified according to a
ew common clinical laboratory parameters. We clas-
ify HS into mild, moderate, moderately severe, and

evere categories based on the hemoglobin and bili-
igure 1. Abnormal red cell morphology in HS due to different
embrane defects. (A) Ankyrin defects: in most blood smears
pherocytes and anisocytosis are the typical morphologic
hange. (B) Band 3 defects: a small number of mushroom
haped (or “pincered”) red cells (arrows) are usually seen. (C)
-Spectrin defects: a moderate proportion of acanthocytes and
chinocytes are present. (D) �-Spectrin defects: these severely
ffected patients have numerous spherocytes, contracted,
ense cells, and bizarre poikilocytes. (Reprinted with permission
rom Walensky LD, et al: Disorders of the red blood cell
embrane, in Handin RI et al (eds): Blood: Principles and
ractice of Hematology (ed 2). � 2003 Lippincott Williams &
ilkins.)
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120 Eber and Lux
ubin concentrations and the reticulocyte count5

Table 1). Asymptomatic carriers of a recessive HS
ene represent a separate group. The semiquantita-
ive evaluation of the osmotic fragility test in fresh
nd incubated blood as well as quantitation of spec-
rin by specific enzyme-linked immunsorbent assay
ELISA) or radioimmunoassay (RIA) also can con-
ribute to this classification.

Mild HS. Patients with mild HS have compen-
ated hemolysis. About one third of patients have a
ild form of HS, with slight reticulocytosis (3% to

%). Red blood cell production and destruction are
alanced or nearly equivalent,17 and the erythrocyte
roduction index18 is increased by no more than
hree- to fourfold to achieve a state of “compensated”
emolysis. Patients are not anemic or barely anemic
nd are usually asymptomatic. The drive for in-
reased erythropoiesis is still not fully understood.
ossibly the dehydrated, rigid spherocytes do not
dequately perfuse the juxtaglomerular renal vessels,
here erythropoietin is produced, even when the
emoglobin is normal. This hypothesis is consistent
ith recent observation that serum erythropoietin is

nappropriately high in patients with mild HS, main-
aining bone marrow hyperplasia.19 The diagnosis
ay be difficult because spherocytes are obvious in

nly two thirds of cases. Osmotic fragility is often
ncreased only after the blood is preincubated for 24
ours (the incubated osmotic fragility test). The con-
entration of spectrin is at least 80% of normal.

Parvovirus infection, pregnancy, exercise, and
plenic enlargement may exacerbate mild HS. Hemo-
ysis may become more severe in patients with mild
S who develop illnesses that cause splenomegaly,

uch as mononucleosis, or during pregnancy20 or
ith endurance sports. Some patients are diagnosed
hen they develop aplastic crises, typically caused by

Table 1. Classification of Spheroc

Mild HS

emoglobin (g/dL) 11-15
eticulocytes (%) 3-8
ilirubin (mg/dL) 1-2
smotic fragility
Fresh blood Normal or slightly 1
Incubated blood
ransfusions† 0-1
plenectomy§ Generally not necessary

*Patients depend on regular transfusions.
†One transfusion during an aplastic crisis and neonatal exchan
‡Some patients need 1 or 2 transfusions during infancy.
§May be a total or subtotal splenectomy.
arvovirus B19. Symptomatic gallstones may be the u
rst manifestation of mild HS in an otherwise asymp-
omatic patient.

Moderate HS. This is the largest group of HS
atients, comprising about 60% to 70% of the total;
ost have typical HS as described above. The hemo-

lobin level is between 8 and 11 g/dL and reticulo-
ytes are nearly always above 8%. The diagnosis is
asy if there is spherocytosis and increased osmotic
ragility. Family history is positive in about two thirds
f cases. The amount of spectrin is usually below
0%. Ankyrin mutations are frequent causes of the
isease (see below).
Moderately severe HS. A small group of patients,

bout 10%, have a low hemoglobin level beyond
nfancy (6 to 8 g/dL) and require occasional transfu-
ions.21,22 In some cases the symptoms are more
vident during infancy and early childhood and
uch improve at school ages. Physical activities may

e normal or impaired. Careful evaluation can show
lightly retarded psychomotor development, espe-
ially motor coordination (Eber S, personal observa-
ion). Moderately severe HS is distinguished from
oderate HS mostly by the low hemoglobin levels

nd the patient’s intermittent need for transfusions.
n addition, reticulocytosis is greater (often �15%)
nd bilirubinemia more pronounced (often �3 mg/
L).
Severe HS. Only 3% to 4% of HS patients have

ife-threatening anemia and require regular transfu-
ions to maintain a hemoglobin level above 6 g/dL. In
ost cases inheritance is autosomal recessive (but we
ave observed a few dominant cases with severe HS).
atients develop hemosiderosis that may lead to or-
an failure. Continuous iron chelation therapy is
sually necessary, starting around 4 years of age.
ithout regular transfusions or splenectomy, the

atients may suffer growth retardation, delayed sex-

and Indications for Splenectomy

Moderate HS
Moderately
Severe HS Severe HS*

5 6-8 �6
�10 �10
�2-3 �3

ctly 1 Distinctly 1 Distinctly 1
clty 1 Distinctly 1 Markedly 1

�3 Regular
lity is decreased Necessary

(at �5 yr)
Necessary
(at � 3 yr)

nsfusions are not counted.
ytosis

8-11.
�8
�2

Distin
Distin
0-2‡
If vita

ge tra
al maturation, or thalassemia-like facies.
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Hereditary Spherocytosis 121
Silent carrier state. Heterozygous parents or rel-
tives of patients with recessive HS are carriers of an
symptomatic trait. They do not have anemia,
plenomegaly, or hyperbilirubinemia.5,23 Some carri-
rs can only be detected by scrupulous testing for
inor laboratory signs of HS. Some have a slight

eticulocytosis (1.5% to 3%) or signs of slightly in-
reased hemolysis such as a decreased haptoglobin
evel. The incubated osmotic fragility test is probably
he most sensitive method for detecting carriers, par-
icularly the 100% lysis point; the acidified glycerol
ysis test (AGLT) may also be useful. In carriers, the
alftime for hemolysis in the test may lie between the
alues for patients with overt HS (AGLT50 � 5 min-
tes) and normal controls (�30 minutes).
From the estimated prevalence of recessive HS (1

n 40,000 or about 12.5% of all HS, which is 1 in
,000 in the United States), about 1% of the popula-
ion can be estimated to be silent carriers. Indeed,
creens of normal Norwegian24 or German25 blood
onors with osmotic fragility or AGLT tests show a
.9% to 1.1% incidence of previously undetected HS
arriers.

HS in pregnancy. Transfusion is rarely neces-
ary. Unsplenectomized pregnant patients with HS
ave no significant complications except for anemia,
hich is aggravated by the plasma volume expansion

hat occurs normally in pregnancy,26 and sometimes
y increased hemolysis19 or megaloblastic crises.
ransfusions are rarely necessary but should be insti-

uted if the hemoglobin drops to less than 8 g/dL in
rder to guarantee optimal oxygen supply of the
etus. Folic acid at 1 mg daily should be provided to
revent vitamin deficiency and megaloblastic crises.
HS in the neonate. Increased hemolysis should

e suspected when a neonate develops precocious or
rolonged icterus, in Western Europe and the United
tates not infrequently due to HS. Approximately half
f infants with HS develop severe neonatal jaundice,
ompared with 8% of normal newborns, and 91% of
nfants discovered to have HS in the first week of life
ave hyperbilirubinemia (bilirubin � 10 mg/dL).
Newborns with the combination of HS and the trait

or Gilbert’s syndrome frequently have hyperbiliru-
inemia. The presence of the trait for Gilbert’s syn-
rome, a TATA box polymorphism in the bilirubin
ridine diphosphate (UDP) glucuronyltransferase
ene (UGT1A1), raises the frequency and severity of
yperbilirubinemia in newborns with glucose-6-
hosphate dehydrogenase deficiency27 and probably
lso with HS. Kernicterus is a risk if hyperbiliru-
inemia is not controlled. In most patients photo-
herapy is sufficient, but occasionally an exchange
ransfusion is required.

The natural history of HS during the first year of
ife was recently re-evaluated.28 The hemoglobin

oncentration was normal at birth (�15 g/dL) in 57% n
f HS patients, consistent with the absence of intra-
terine hemolysis. The normal intrauterine survival
f spherocytes is not completely understood but may
e due to the functional hyposplenia in neonates. The
umber of pocked red blood cells is increased in
ormal neonates up to the level of splenectomized
lder children, indicating impaired splenic phago-
ytic function at birth. Within the first weeks of life,
plenic function improves. The infrequency of ane-
ia in neonates with HS contributed to the low

etection rate of HS at birth (approximately two
hirds of affected neonates are undiagnosed). The
emoglobin value sharply decreased during the first 3
eeks of life, often necessitating transfusion,28 and
nderscoring the desirability of early detection of HS.
ue to current practice of early discharge of neonates

rom the nursery, physicians, midwives, and parents
ith a family history of HS must be alert for a drop of
emoglobin, especially if hyperbilirubinemia was
resent; it is not uncommon for infants with HS to be
dmitted at the age of 4 to 6 weeks with severe
nemia.

Many neonates with HS have transient sluggish
rythropoiesis. Many HS infants with only mild to
oderate anemia at birth develop a transiently severe

nemia (hemoglobin nadir of �6 g/dL) at the age of 4
o 8 weeks, probably due to increased hemolysis as
plenic function improves after birth, combined with
he “physiological” reduction of erythropoiesis in the
xygen-rich environment outside the uterus. In
bout 10% to 15% of cases, the erythropoietic re-
ponse remains sluggish and reticulocyte counts do
ot rise appropriately for the degree of anemia during
he first year. A moderate to severe anemia persists
hroughout infancy in these patients, who may need
epeated red blood cell transfusions up to the age of 9
onths. In a recent series,28 only 24% of HS infants

scaped transfusion: 34% needed a single transfu-
ion, usually before 2 months of age; 24% required
ultiple transfusions for up to 9 months to reach

ransfusion independence; and 18% had severe HS
nd required chronic transfusions. In our combined
xperience of about 1,000 HS patients, the number of
nfants who required transfusions was much lower,
nd less than 3% of infants remained transfusion-
ependent after the first year of life.
If a child is otherwise well, we allow the hemoglo-

in to fall to about 5 to 6 g/dL before we transfuse, to
elp to stimulate erythropoiesis. In addition, we only
ransfuse to a hemoglobin of 9 g/dL to avoid sup-
ressing the desired marrow response. Regular sub-
utaneous administration of erythropoietin is recom-
ended by some for infants with HS and sluggish

rythropoiesis to avoid blood transfusions.29 How-
ver, considering that subcutaneous injections may

eed to be administered for months and that antibod-
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122 Eber and Lux
es to erythropoietin may develop, further study of
he use of this hormone is needed in anemic infants
ith HS before routine use can be recommended
Close observation of infants with HS is necessary.

t is important to monitor hemoglobin levels and
eticulocyte counts in infants with HS at least
onthly during the first 6 months of life in order to

etect and treat late anemia. The observation interval
ay be prolonged to 6 to 8 weeks after 6 months of

ife, and to 3 to 4 months in the second year of life.
uring childhood, each patient should have hemo-
lobin, reticulocyte, and bilirubin levels checked ev-
ry 6 to 12 months up to the age of 5 years, and
pproximately yearly thereafter.

omplications of HS

Anemic crises. Most patients with typical moder-
te HS suffer a few hemolytic crises, often triggered
y viral infections, and characterized by increased
aundice and anemia. Abdominal pain, vomiting, and
ender splenic swelling are other typical features.
ncreased hemolysis is probably due to enlargement
f the spleen during infections as well as activation of
he reticuloendothelial system. For most patients
ith hemolytic crises, just supportive care is needed.
ed blood cell transfusions are only required if the
emoglobin level falls below 5 to 6 g/dL.
The characteristic rash of parvovirus infection is

bsent in patients with hemolytic anemias and aplas-
ic crises. With rare exceptions, severe aplastic crises
ccur only once in life. Most aplastic crises are caused
y infection with parvovirus B19,30 which confers
ife-long immunity. The virus infects and kills ery-
hroid precursors, leading to a 10- to 14-day suppres-
ion of erythropoiesis.31 The characteristic laboratory
nding is a low number of reticulocytes (�2%) de-
pite severe anemia. The earliest laboratory sign is an
ncrease in the serum iron level due to the loss of
rythroblasts and decreased hemoglobin synthesis.
oss of erythropoiesis in a patient with hemolysis can
apidly lead to a severe drop of hemoglobin (�3
/dL), and may be fatal. The authors know of several
hildren who died during an aplastic crisis, probably
ue to cardiac failure. Children with aplastic crises
hould be carefully observed and transfused if their
emoglobin decreases below 5 to 6 g/dL.
Parents should be advised to watch for pallor,

xtreme lassitude, and white conjunctivae after mild
onspecific signs of infection such as fever, vomiting,
nd abdominal pain. Children with HS should avoid
ontact with children with erythema infectiosum or
fth disease. There are anecdotal reports of the ad-
antage of using intravenous immunoglobulin,
hich contains anti-parvovirus antibodies, early dur-

32
ng the infection. However, in most patients the t
plastic crisis is discovered at the start of clinical
ymptoms, when the patient is producing his own
ntibodies to parvovirus; hence, the clinical benefit
ould be only marginal. Immunoglobulin therapy

annot be recommended before clinical efficacy is
roven by a formal study.
Even though megaloblastic crises due to folate

eficiency are very rare in developed countries,
here nutrition and prenatal care are good, this

omplication can occur in patients who are mal-
ourished or pregnant. Folic acid intake may be in-
dequate to minimize plasma homocysteine levels
ven in normal individuals.33 Due to the higher de-
and for folic acid to support increased erythro-

oiesis, the risk of folate deficiency is increased in HS.
e recommend 1 mg/d of folic acid for all patients
ith HS.
Gallstones. Bilirubin (pigment) gallstones are

ound in at least 5% of children less than 10 years of
ge with HS; the frequency reaches 40% to 50% in the
econd to fifth decade, with the increased incidence
ostly during the second and third decades. Patients
ho inherit both HS and homozygosity for the muta-

ion in the promoter of the UGT1A gene that charac-
erizes Gilbert’s syndrome34 have a four- to fivefold
ncreased rate of gallstone formation compared to
ases with normal bilirubin clearance.35

The best technique to detect gallstones is ultra-
onography. We recommend an abdominal ultra-
ound every third to fifth year and before splenec-
omy. About 40% to 50% of patients with gallstones
ventually develop symptoms of gallbladder disease
r biliary obstruction. The treatment of gallbladder
isease in HS is debatable, especially in patients with
ild HS or asymptomatic gallstones. Surgery is

learly necessary if there are recurrent episodes of
holecystitis. Isolated laparoscopic cholecystectomy
s recommended mostly for children with mild to

oderate HS. Children with more severe disease,
ho will need a splenectomy later, may profit from

imultaneous subtotal splenectomy (see below) and
holecystectomy. A recent Markov analysis sug-
ested that splenectomy (total or subtotal) and cho-
ecystectomy should be done in adults who are less
han 39 years old and have no gallbladder symp-
oms.36 If the patient has occasional biliary colic,
oth operations are recommended up to age 52. Cho-
ecystectomy alone is preferred in older patients with
iliary colic.
Other complications. Leg ulcers and extramed-

llary hemopoietic tumors are rare complications
hat occur mostly in adults. Spinocerebellar degener-
tion and myocardiopathy have been described in
ssociation with HS, but the relationship, if any, to

he hemolytic anemia is unclear.
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Hereditary Spherocytosis 123
Diagnosis and Laboratory Features

or patients with typical HS, the diagnosis is estab-
ished by increased red blood cell osmotic fragility
nd spherocytosis on the blood smear, and if the
irect Coombs test is negative. The combination of a
igh mean cellular hemoglobin content (MCHC), a
idened red cell distribution width, and shifts in
istribution curves are often sufficient to suggest
S.37 The MCHC is greater than 36 g/L in half of
atients.

iagnostic Findings

equired diagnostic criteria are at least one sign of
ncreased hemolysis: reticulocytosis, increased indi-
ect bilirubin, increased lactate dehydrogenase, or
ecreased haptoglobin; increased spherocytes, subtle

n mild cases, and anisocytosis; increased red blood
ell osmotic fragility, especially after 24-hour prein-
ubation of the blood and increased MCHC or a right
hift in the MCHC histogram. All required signs must
e present, with the exception that two optional signs
an substitute for one of the required signs other than
ncreased hemolysis and osmotic fragility. Optional
iagnostic findings include a positive family history;
pleen enlargement (a slight increase may escape
etection); anemia (about one third of HS patients are
ot anemic); and decreased concentrations of spec-
rin, or spectrin and ankyrin, or band 3, or protein 4.2
n red blood cell membranes. Except for the most
evere variants, anemia and hemolysis are virtually
ured in HS patients by splenectomy. If significant
emolysis persists after splenectomy, a faulty diagno-
is must be considered.

Detection of hyperdense red cells is a new diagnos-
ic tool. Patients with HS consistently have a sub-
opulation of hyperdense red blood cells (MCHC
40 g/dL) in MCHC histograms. However, the mea-

urement can only be made with modern-generation
aser-based blood counters (such as the Bayer Tech-
icon/Advia).38 Similar information can be obtained

rom data generated by aperture impedance (Coulter)
nalysis.37 These tests are appropriate to screen fam-
ly members.

Osmotic gradient ektacytometry is a very sensitive
ethod for diagnosing HS: it detects the characteris-

ic decrease of membrane surface area in all cases.39

he deformability index of the red cell is measured as
function of the osmolality of the suspending me-

ium, which is continuously varied (Fig 2). The
smolality at which the red cell deformability index
eaches a minimum is the same as the osmolality
here 50% of the red blood cells hemolyze in an
smotic fragility test.40,41 Unfortunately, the equip-
ent needed for this technique is only available in a
mall number of laboratories. t
ifferential Diagnosis of HS
here are only a few diseases that can be confused
ith HS.
As noted earlier, the diagnosis of HS can be diffi-

ult in newborns. Only 35% of affected neonates have
reticulocyte count greater than 10% (normal: �8%
n the first day of life) and 33% of neonates do not
how distinct spherocytosis.42 In addition, the os-
otic fragility of fetal/neonatal red cells is dimin-

shed if adult control values are used; control values
or neonates have been determined and should be
mployed for neonatal osmotic fragility tests.42 The
GLT,43 with modifications,25 offers an easier ap-
roach to the diagnosis of HS in neonates.

ABO incompatibility is important in the differen-
ial diagnosis of HS in neonates because it is four
imes more often the cause of hyperbilirubinemia; it
an be difficult to distinguish from HS, especially in
he rare cases of Coombs-negative ABO incompatibil-
ty with spherocytosis.

In older children and adults an autoimmune he-
olytic anemia (AIHA), especially with IgG (warm)

ntibodies or the biphasic IgG antibodies of the Do-
ath-Landsteiner type, must be excluded by a nega-

igure 2. Osmotic gradient ektacytometry of red blood cells with
arying degrees of spectrin deficiency. In the spectrin-deficient
ells, the minimum deformability index observed in the hypotonic
egion (thin arrow) is shifted to the right of the control (shaded
rea), indicating a decrease in the cell surface area-to-volume
atio. The maximum deformability index (DImax) associated with
he spectrin-deficient cells (thick arrow) is less than that of control
ells, implying reduced surface area. The more pronounced the
pectrin deficiency, the greater is the loss of surface area and the
ower is the DImax. The osmolality in the hyperosmolar region at
hich the DI reaches half its maximum value is a measure of the
ydration state of the red cells. It is decreased in the patient with
he lowest spectrin content, indicating cellular dehydration. (Re-
rinted with permission from Walensky LD, et al: Disorders of the
ed blood cell membrane, in Handin RI et al (eds): Blood: Principles
nd Practice of Hematology (ed 2). � 2003 Lippincott Williams &
ilkins.)
ive Coombs test. The demonstration of a subnormal
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124 Eber and Lux
pectrin concentration in the red cell membrane can
istinguish HS from AIHA, in which it is generally
ormal.21

pecific Tests of Membrane Proteins and
enes
Measuring membrane protein composition.
easuring the amount of spectrin (and/or ankyrin,

and 3, or protein 4.2) in the red cell membrane can
upport the diagnosis of HS in atypical cases (when
here is concomitant presence of red blood cell anti-
odies). However the measurements are difficult be-
ause small variations from normal must be accu-
ately measured; some patients with HS have only a
0% to 15% decrement in the affected membrane
rotein. The simplest method is sodium dodecyl sul-
ate polyacrylamide gel electrophoresis (SDS-PAGE)
f red cell membranes, but to achieve the required
recision multiple samples must be tested. Because
and 3 is used as an internal standard to quantitate
embrane proteins on SDS-PAGE and some band 3 is

ost when membrane surface is shed and spherocytes
orm, small decreases in the other membrane pro-
eins may be hard to measure in mild cases. The
mount of spectrin and ankyrin is best determined by

7,44 45

igure 3. Reduced expression of one cDNA allele in an ankyrin no
f a patient with a nonsense mutation (stop codon in exon 28 of a
he patient is heterozygous in the genomic DNA, one of the two all
f one cDNA allele. (Modified with permission from Özcan R, et a
creening is an efficient strategy for detecting ankyrin-1 mutatio
003.)
se of RIA or ELISA. Unfortunately these meth- o
ds have not been developed to a robust routine level
nd they are not presently available. SDS-PAGE mea-
urements are done in a few specialized laboratories
ut, in general, investigation of specific membrane
roteins plays no practical part in the diagnosis or
anagement of HS.
Defining specific molecular defects. Several ap-

roaches have been used to define specific molecular
efects. In families with multiple affected members,
ack of linkage between HS and polymorphic markers
or �- or �-spectrin, ankyrin, band 3, or protein 4.2
an be used to genetically exclude specific membrane
roteins from consideration. Frameshift and non-
ense mutations are common in HS (see later sec-
ion); they are often accompanied by absence of the
utant mRNA as well as the protein due to nonsense-
ediated mRNA decay,46 which can be detected by

oss of heterozygosity of a polymorphic reticulocyte
DNA marker for one of the four HS genes compared
o the same marker in genomic DNA (Fig 3 and Table
).47,48 This method also has been used to detect de
ovo dominant HS patients who lack a family his-
ory.49 Finally, suspect proteins can be sequenced
sing genomic DNA and polymerase chain reaction
PCR) primers to amplify the exons.50 Because most

se mutation. SSCP analysis of genomic DNA and mRNA (as cDNA)
n) on a chromosome with a polymorphic ankyrin marker.48 While
s (nearly) missing in the cDNA, demonstrating reduced expression
ultaneous (AC)n microsatellite polymorphism analysis and SSCP
dominant hereditary spherocytosis. Br J Hematol 122:669-677,
nsen
nkyri
eles i
l: Sim
ns in
f the proteins that cause HS are large and contain
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Hereditary Spherocytosis 125
any exons, this approach is arduous. Hence, a mo-
ecular diagnosis of HS is of scientific interest, for
nclear heritage in patients with severe disease, or in
atients with atypical HS associated with other clini-
al features (such as cardiomyopathy or spinocere-
ellar degeneration) that suggest the mutation may
rovide some new insight into the function of the
efective protein. A rational procedure in these cases

s to combine the use of polymorphic markers with a
ingle-strand conformation polymorphism (SSCP)
creen,48 as will be discussed later.

Therapy

plenectomy
Pros and cons of splenectomy. HS is the most

ommon indication for splenectomy in childhood.
plenectomy cures almost all patients with HS. The
pherocytes remain but the hemoglobin rises to nor-
al and the reticulocyte count falls to 3% or less.
nly in very rare patients with extremely severe HS is

he response incomplete, and even they experience
reat improvement following splenectomy7,23 (Lux S,
ersonal communication).
However, the indications for splenectomy must be

arefully weighed, as between 0.05 and 0.3 patients
ie of fulminant postsplenectomy sepsis for every
00 person-years of follow-up.51-55 A recent, long-
erm 30-year evaluation up of more than 200 patients
eported a frequency of 0.073 deaths per 100 person-
ears.56 The actual incidence is lower because the risk of
ethal sepsis declines with age and time postsplenec-

51,56

Table 2. Heterozygote Frequency of the Common
Polymorphisms of Candidate Genes for Spherocytosis

Gene Polymorphisms of cDNA*†

Proportion of
Heterozygous

Middle Europeans
(%)

nkyrin-1 Exon 4 (cd 105 AAC3AAT)/Exon
26 (cd 971 CTT3CTG)

39

Exon 18 (cd 691 GGC3GGT)/Exon
21 (cd 783 ACC3ACT)

36

Exon 39 (cd 1755 GTG3GTA) 33
VNDR of 3�- UTR (AC-repeat)47 54

and 3 Exon 11 (cd 417 CTG3TTG) 13
Exon 12 (cd 441 CTG3CTA) 11

-Spectrin Exon 11 (N439S) 50
Exon 14 (C3A at nucleotide 2249) 41
Exon 16 (D1151N) 45

Abbreviation: cd, codon.
*With the exception of exon 11 and 14 in �-spectrin all other
olymorphisms are silent.
†�-Spectrin polymorphisms are according to Hassoun et al.101;
ll others from Eber et al.50
omy—although it never disappears completely. m
The spleen is important in controlling parasites
ike babesia and malaria, and patients who are sple-
ectomized have an increased risk of fulminant infec-
ions from these organisms, an increasingly impor-
ant consideration today, when travel to distant parts
f the world is common.
Finally, the incidence of coronary heart disease

nd cerebral stroke is increased at least sixfold in
plenectomized HS patients older than 40 years of
ge.57 However the risk of coronary heart disease
fter splenectomy in patients is only slightly higher
han in the normal population.57,58 Much of the
ncreased risk of atherosclerosis in splenectomized
S patients seems to due to the loss of protective

actors (low hemoglobin and blood viscosity, low
holesterol level) associated with anemia rather
han caused by the splenectomy.58 The risk in
onsplenectomized (presumably anemic) HS pa-
ients appears to be much lower than among con-
rols. These results and the increased risk of sepsis
rgue against splenectomy in all HS patients. Who
hould be splenectomized, when and what kind of
peration should be performed, and how should
he patient be treated postoperatively?

Who should have a splenectomy?. Splenectomy
s indicated in moderate to severe or severe HS if
ecurrent transfusions are necessary beyond the neo-
atal period. Growth retardation (in severe transfu-
ion-dependent HS) or significantly reduced physical
bility due to anemia (in moderate or moderately
evere HS) probably also justify the operation. Occa-
ionally, marked, persistent visible jaundice, due to
he combination of mild to moderate HS and ho-
ozygosity for the Gilbert’s polymorphism, leads to

onsideration of a splenectomy for cosmetic reasons.
ore controversial justifications include fatigue with

n attention deficit disorder or frequent absences
rom school plus consistently poor scholastic
chievement. There is no proven relationship be-
ween severity of HS and school performance, but the
mprovement in energy and behavior that is often
bserved following splenectomy is suggestive. Sple-
ectomy simply to remove a large spleen is not ad-
ised because there is very little risk of splenic rup-
ure in HS. A transfusion-dependent aplastic crisis
lso should not require a splenectomy because the
isk of a second aplastic crisis is low.

Patients with severe HS and frequent transfusions
hould have splenectomy around the age of 5. We
refer an earlier splenectomy rather than to initiate
aily subcutaneous iron chelation with deferoxamine
or transfusional iron overload, but we never under-
ake splenectomy before the patient is 3 years of age.
plenectomy is not recommended for mild HS during
hildhood and adolescence; exceptions may be adults
ith mild HS undergoing cholecystectomy or with

arked jaundice, as noted earlier.
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126 Eber and Lux
Subtotal (partial) splenectomy. Because of the
isk of postsplenectomy sepsis, subtotal (or partial)
plenectomy has been advocated as an alterna-
ive.59-63 Subtotal splenectomy has been done in
ore than 100 HS patients, who showed stable long-

erm improvement in hemoglobin and reticulocyte
ounts (Fig 4). Tchernia and coworkers59 and Rice et
l62 remove about 80% to 90% of the enlarged spleen,
eaving behind a remnant with about 25% of the
olume of a normal spleen (�30 mL). Eber et al61 use
more radical approach, featuring near total splenec-

omy, and the remnant has a volume of only about 10
L. Both approaches seem to ensure prolonged re-

uction, although not complete elimination, of he-
olysis (Table 3).
In the studies of Tchernia et al and Eber et al,

plenic phagocytosis, evaluated by postoperative nu-
lear scintigraphic scans and by counts of pitted red
ells, showed that the splenic remnants retained
unction. It is not known whether subtotal splenec-
omy prevents postsplenectomy sepsis, although pre-

igure 4. Long-term follow-up of subtotal splenectomy in hered
rocedure in 40 patients (1 to 25 years).59 (A, B) Change in hem
plenectomy (arrow). Mean and standard deviation are shown. B
ustained for more than a decade. (C) The size of the spleen dur
specially early. (Reprinted with permission from Walensky LD, et
lood: Principles and Practice of Hematology (ed 2). � 2003 Lipp
umably the risk is decreased. s
Rapid regrowth of the splenic remnant was noted
uring the first 2 years after surgery by both groups
Fig 4). After this initial spurt, the remnant spleen
nlarged more slowly; regrowth has not ceased after
2 years of follow-up. Thus, it is possible that re-
rowth of the splenic remnant will eventually cause
S to recur.
In most patients the quality of life improves (92%

f patients) and there is a gain in physical growth
ollowing subtotal splenectomy. Children may also
rofit by improved school performance (Eber SW,
iekhof J, unpublished data). In the French study,
artial splenectomy did not fully prevent the forma-
ion of gallstones, particularly in patients with more
evere disease.59

Indications for subtotal splenectomy. The major
dvantages of subtotal splenectomy are long-term
ormalization of hemoglobin value, improved phys-

cal ability and school performance, comparable to
hat obtained after full splenectomy, and avoidance of
ransfusions. The procedure appears to reduce the

HS. The data are the result of 12 years of experience with the
in and reticulocyte count with time before and after the subtotal
the rise in hemoglobin and decline in reticulocytess have been
he same period; there is some regrowth of the splenic remnant,
isorders of the red blood cell membrane, in Handin RI et al (eds):
Williams & Wilkins.)
itary
oglob
oth
ing t
al: D
everity of HS by about one grade and thus can be
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Hereditary Spherocytosis 127
ecommended for mild to moderate disease (see Ta-
le 1) but not for moderately severe or severe dis-
ase—these patients should have a total splenec-
omy. Patients with mild disease tend to have a
upernormal hemoglobin concentration after a full
plenectomy, which may predispose to coronary
eart disease. Also, a second operation likely will not
e necessary in patients with mild or moderate dis-
ase. Due to the increased risk of postsplenectomy
nfection, children between 3 and 5 years with severe
S who require a splenectomy should be considered

or subtotal splenectomy, with the realization that a
ull splenectomy may be needed later. We do not
ecommend any kind of splenectomy before 3 years
f age or prophylactic removal of gallbladder at the
ime of subtotal splenectomy.

Subtotal splenectomy is usually an open operation,
ut a laparoscopic procedure has been reported. The
ubtotal operation is more time-consuming than
omplete splenectomy and recovery is longer, since
otal splenectomy is frequently laparoscopic.64 The
uthors are aware only of one local bleeding episode
equiring conversion to a total splenectomy. Sur-
eons are strongly advised to seek the advice and
ollow the guidelines of one of the experienced inter-
ational groups.
Prophylaxis after splenectomy. Virtually every

atient without a spleen has a significantly increased

Table 3. Success of Subtotal Spl

Bader-Meunier et al,59

2001
de Bu

perative technique Subtotal (80-90%;
ie, about 30 mL
residual volume)

Parti
the
vo

o. of patients (age) 40 (1-15 yr) 5 (1-
bservation period 14 yr 6 yr
ostoperative hemoglobin
(g/dL)

12.7 � 1.2 8.3-1

ostoperative reticulocytes �50-66% of preop
level

NA

ostoperately transfused
patients

5 (aplastic crisis) 2

ostoperative splenic
regrowth

�2� normal size Distin

econdary total
splenectomy (years after
surgery)

3 (3-6 yr) 2 (3-

oss of splenic remnant None None

Abbreviation: NA, data not available.
*In no case was postsplenectomy sepsis observed.
†Data of Stöhr G, Sobh H, Eber SW 2003 (unpublished).
‡In one patient the splenic remnant was lost due to an inapprop
plenectomy; after changing procedure, no further loss was obser
isk of severe infection, mostly Streptococcus pneu- a
oniae. Therefore, immunizations against S pneu-
oniae, Haemophilus influenzae, and, in cetain cases,
eisseria meningitidis are recommended.65

Penicillin should be administered after splenec-
omy but there is controversy regarding the duration
f prophylaxis. There is no scientific justification for
ny specific regimen. One of us (S.W.E.) recom-
ends treatment for at least 3 years followed by

ifelong administration of broad-spectrum antibiotics
arly in any unclear infection or high fever.65 In
hildren with subtotal splenectomy, continuous pen-
cillin prophylaxis may be stopped as early as 1 year
fter surgery if phagocytic function is normal, as
ssessed by the proportions of pocked red cells or by
he uptake of radioactive colloid by the spleen. The
ther author (S.E.L.) prefers lifelong penicillin pro-
hylaxis. The main argument for this approach is that
ate episodes of postsplenectomy sepsis, which are
ot uncommon,51 almost always occur in individuals
ho have a poor response to pneumococcal immuni-

ation,51 and who are not taking daily penicillin.56

nless pneumococcal antibody titers are be mea-
ured periodically following immunization and
hown to be satisfactory, this author believes it is
afest to continue penicillin prophylaxis.

The standard regimens of prophylaxis after sple-
ectomy with proven efficiency are penicillin V doses
f 200,000 IU (125 mg) twice per day until 5 years of

omy in Hereditary Spherocytosis

essingh et al,60

002* Rice et al,62 2003*

Eber et al,61 2001
� data by Stöhr et

al, 2003*†

mnant 1/4 of
rged splenic

Subtotal (80-97%) Near total: 10
mL residual
volume

16 (4-15 yr) 29 (3-21 yr)
6 yr 9 yr
11.5-14.7 12.2-15.9

1.4-11.5% 2.6-13.3%

1 None

Stable at 15-30%
of original size
for 2 yr

To normal size

0 0

None 2 (early period)‡

surgical procedure (cauterization) in the first year after near total
enect

ys Ro
2

al; re
enla

lume
7 yr)

2.8

ct

4 yr)

riate
ge and 400,000 IU (250 mg) twice per day after 5
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128 Eber and Lux
ears. In case of penicillin allergy an oral macrolide or
ephalosporin may be given.

Molecular Defects and Etiology of HS

eticulous work of several research groups has
hown that HS is caused by defects in the red cell
embrane proteins ankyrin, spectrin, band 3, and

rotein 4.2. There is no single frequent defect in
uropean populations except in the rare patients
ith HS caused by a defect in �-spectrin (see below).
ecause most mutations are unique to a family, it is
sually not worth determining the specific molecular
efect. Molecular analysis should be reserved for
evere cases needing prenatal diagnosis or for HS
ith a unique phenotype of special scientific interest.

For a full list of all defects, the reader is referred to
xcellent summaries by Walensky et al66 and Ya-
ata.67)

ature of Defects
summary of the various molecular defects causing
S is given in Table 4 and Fig 5.
Ankyrin. Ankyrin defects are estimated to ac-

ount for 30% to 60% of HS in northern European
opulations,50,68,69 but only 5% to 10% of cases in

70

Table 4. Membrane Protein a

Affected
Protein

Frequency
(% of HS) Heredity Prevailing Mutations

nkyrin US, Europe:
30-60%

AD, AR AD: null mutations

Japan: 5-10% AR: missense; �
promoter
mutation (often
�108T3C)

and 3 20-30% AD All rare,
functionally null
mutations

-Spectrin �5% AR �-Spectrin LEPRA
(low expression,
splicing defect)
� null
mutations

-Spectrin 15-30% AD Null mutations

rotein 4.2 US, Europe:
�5% Japan:
45-50%

AR Missense (esp. 4.2
Nippon)

Abbreviations: AD, autosomal dominant; AR, autosomal recess
tates; EU, Europe.
apan. Patients with HS and ankyrin defects have m
rominent spherocytosis without other morpholo-
ies. Hemolysis and anemia vary from mild to mod-
rately severe.50,71,72 Ankyrin mutations cause both
ominant and recessive HS and range from clinically
ild to severe.
Because of its double linkage to �-spectrin and

and 3, ankyrin plays a pivotal role in the stabiliza-
ion of the membrane. Ankyrin is the high affinity
inding site for spectrin heterodimers, which are
table only when bound to the membrane.73 Since it
s present in limiting amounts, deficiency of ankyrin
eads to loss of both proteins.

Many spherocytes are deficient in both spectrin
nd ankyrin. A combined deficiency of spectrin and
nkyrin was first described in two patients with atyp-
cal severe HS.22 Later, two independent groups mea-
ured ankyrin and spectrin contents either by RIA44

r ELISA45 in 65 unrelated patients with typical HS:
heir combined data (Fig 6) show that about two-
hirds have a diminution of both proteins to 40% to
0% of normal. The deficiency of one protein is
trictly correlated with that of the other and is pro-
ortional to clinical severity.
Null mutations (frameshift, splicing, nonsense
utations) are frequent in dominant HS. Based on a

omprehensive genomic screen of 46 unrelated Ger-

ene Defects in Spherocytosis

rotein Reduction Hemolytic Anemia Abnormal Morphology

ctrin � ankyrin;
5-50%

Mild to
moderately
severe

Mostly typical
spherocytes

d 3 � 4.2: 15-
0%

Mild to moderate Spherocytes, occasional
mushroom-shaped or
pincered cells

ctrin: 50-75% Severe,
transfusion
dependent

Spherocytes, contracted
cells and other
poikilocytes,

ctrin: 15-40% Mild to moderate Spherocytes and 5-10%
acanthocytes and
echinocytes, or
Spherocytic
elliptocytes

tein 4.2: 95-
00%

Mild to moderate Spherocytes,
acanthocytes,
ovalostomatocytes,

, dominant spherocytosis; R, recessive spherocytosis; US, United
nd G

P

Spe
1

Ban
4

Spe

Spe

Pro
1

ive; D
an kindreds analyzed by SSCP and exon sequenc-
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Hereditary Spherocytosis 129
ng,50 we concluded that ankyrin mutations account
or 45% to 65% of HS in European populations; a
imilar high frequency of ankyrin mutations was
ound by others.47,48 De novo mutations leading to
ecreased expression of one ankyrin allele are fre-
uent in patients with HS who lack a positive family
istory49; frameshift or nonsense mutations prevail

n dominant HS. These null mutations result in either
nstable ankyrin transcripts or truncated peptides. In
ost cases the mutant mRNA is destroyed by non-

ense-mediated mRNA decay46 and no abnormal pro-
ein is detectable. Occasionally, if a truncation occurs
ear the C-terminus, the mutant mRNA is not de-
troyed and a stable, usually shortened protein re-
ults. Ankyrin Rakovnik, a nonsense mutation within
he C-terminal domain, leads to selective deficiency
f the major ankyrin isoform, band 2.1, but the minor
soform, band 2.2 is preserved.74 Ankyrin mutations
re located throughout the molecule, and nearly ev-
ry family has its own mutation. The amount of
esidual “normal” ankyrin content is diminished in
arious degrees due to differing compensation by the
ormal allele.
Promoter defects and compound heterozygosity

or ankyrin defects are common in recessive HS.
everal ankyrin defects have been identified in pa-

50

Figure 5. Membrane defects in HS affect the “vertical” intera
ients with recessive HS, mostly missense or pro- r
oter mutations. Mutations in the promoter disrupts
ranscription factor binding sites or insulator func-
ion; examples include �108T3C, �153G3A, and
el �72/73. In transgenic mice, these mutations re-
uce the expression of a reporter gene, confirming
heir relevance to the pathogenesis of HS.75,76

In a few families with recessive HS, patients have
ad a defect in the ankyrin promoter or 5�-untrans-

ated region on one ankyrin allele and a missense or a
ull mutation in the other (Fig 7).50 The mutation
108T3C50 in the ankyrin promoter is particularly

ommon and was found in four of eight families with
ecessive HS of different clinical severity (50%;
llele frequency 	 0.29), in none of 29 patients
ith dominant HS, and in 4% of 93 normal controls

allele frequency 0.02). In two of those families a
urther missense mutation was found on the other
llele (ankyrin Walsrode [V463I] and ankyrin
ocholt [5619�16C3T]) (Fig 7).50

Ankyrin Walsrode contains a missense mutation
V463I) in the band 3 binding domain and has de-
reased affinity for band 377; the affected patient has
ed blood cells that are more deficient in band 3 than
n spectrin or ankyrin, opposite of the trend in other
nkyrin defects. Ankyrin Bocholt bears a missense
utation in a rare alternate splice product, that may

s connecting the membrane skeleton and the lipid bilayer.
esult in aberrant splicing. In each family one clini-
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130 Eber and Lux
ally unaffected parent carried the promoter defect
Fig 7). The heterozygous carriers of ankyrin Walsrode
nd ankyrin Bocholt are healthy.

Band 3 (AE1). Fifty-five band 3 gene mutations,
ncluding 27 missense and 23 frameshift mutations,
ave been described; all are rare private mutations.
onserved arginine residues are frequent sites of mu-

ations; examples include arginines R490C, R518C,
760Q, R808C, R808H, and R870W50,78 (Fig 8).
hese highly conserved sites are positioned at the

nternal boundaries of transmembrane segments (Fig
), and substitution probably interferes with co-
ranslational insertion of band 3 into the membranes
f the endoplasmic reticulum during synthesis of the
rotein. In one case, mRNAs for both alleles were
resent but the mutant band 3 was not detected,
emonstrating either a functional defect in incorpo-
ation of the protein into the membrane or instability
f the mutant protein.79 The effect of the mutation
as been studied in band 3 Prague, a 10 nucleotide
uplication near the C-terminus80 that leads to a shift
n the reading frame and an altered C-terminal se-
uence after amino acid 821. This mutation affects
he last transmembrane helix and probably elimi-
ates the carbonic anhydrase II binding site on band
81; it may also impair insertion of band 3 into the
embrane and abolish anion transport function.80

igure 6. Spectrin and ankyrin diminution in HS. Combined
ata44,45 show a good relationship between deficiency of ankyrin
nd spectrin in most patients with HS. Many of the patients were
ater proven to have specific ankyrin mutations.50 Some patients
ith near normal concentrations of spectrin and ankyrin suffer
rom HS due to band 3 defects.
Mutations in the cytoplasmic domain of band 3 can O
nterfere with its binding to other membrane skeleton
roteins, resulting in a functional defect. An amino
cid substitution (G130A) in the cytoplasmic domain
n band 3 Fukuoka possibly affects protein 4.2 bind-
ng.82 However, all patients with band 3 deficiency
ave a proportional decrease in protein 4.2 (as in
and 3 Montefiore and Tuscaloosa) because band 3
pparently is needed for 4.2 stability or delivery to the
embrane.83 A mild decrement in protein 4.2 may

imply reflect loss of band 3 rather than damage to 4.2
inding sites.
Band 3 deficiency causes HS in about 30% of Euro-

ean patients.69,70,78,84 The protein is decreased by
5% to 40% in HS red cells. HS due to band 3 is
nherited dominantly and is generally milder than HS
aused by ankyrin or spectrin mutations. Most

80%) band 3 deficient patients have a small num-
er (1% to 2%) of mushroom-shaped cells in blood
mears, sometimes called “pincered” cells, as though
hey had been pinched by a tweezers. These peculiar
ells seem to occur only in band 3 mutants (there are
o mushroom-shaped red blood cells in ankyrin
alsrode, a mutant ankyrin with predominant band
deficiency).
Band 3 mutations sometimes also cause distal renal

ubular acidosis. The red cell form of band 3 is also
resent in the acid-secreting intercalated cells of the
idney cortical collecting ducts where it serves as the
CO3-Cl� exchanger. Patients who are homozygous

or band 3 Coimbra (V488M)9 and band 3 Pribram
1431�1G3A) have incomplete distal renal tubular
cidosis.85 The patient with homozygous band 3 Co-
mbra has chronic hyperchloremic metabolic acidosis
plasma HCO3 	 15 mEq/L), a borderline low serum
� (3.5 mEq/L), nephrocalcinosis, and evidence of a
istal urinary acidification defect.9 In HS due to band
Campinas (694�1G3T), there is increased basal

rinary bicarbonate excretion but efficient urinary
cidification.86 However, most patients with HS and
and 3 deficiency do not have metabolic acidosis.87

n contrast, band 3 missense mutations other than
hose identified in HS have been found in patients
ith dominant distal renal tubular acidosis without

n accompanying hemolytic anemia.87-90 Mutations
ffecting Arg 589 are particularly common in distal
enal tubule acidosis (eight of 11 families). Appar-
ntly mutations in HS and distal renal tubule acidosis
ffect two different functional sites of band 3, and the
idney lesion is not caused by heterozygous loss of
he anion transport activity of band 3.87-89 Instead,
he phenotype may result from faulty targeting of
and 3 to the apical rather than the basolateral mem-
rane of collecting tubule type A intercalated cells.
Protein 4.2. This form of HS is common in Japan

ut is rare in other populations (Table 4). Protein 4.2
s either completely or almost completely absent.91
nly three mutations have been reported outside
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Hereditary Spherocytosis 131
apan (protein 4.2 Tozeur, protein 4.2 Lisboa, and
rotein 4.2 Nancy). Protein 4.2 Nippon is the most
requent mutation (A142T)92: it affects the process-
ng of 4.2 mRNA, so that red blood cells contain only
races of the 72/74-kd isoforms instead of the usually
bundant 72-kd species. Most Japanese patients are
ither homozygous for 4.2 Nippon or compound
eterozygous for 4.2 Nippon and another missense or
plice mutation, such as 4.2 Fukuoka (W119X), No-
ame (a splice variant), or Shiga (R317C). The hemo-
ytic anemia is moderate and red cell morphology is
ariable. Also the MCHC (34.8% � 0.1) is not as high
s in other HS patients.91 In patients who totally lack
rotein 4.2, the red blood cells may be a mixture of
valocytes and stomatocytes with only a few sphero-
ytes. This confusing phenomenon raises the ques-
ion whether protein 4.2 Nippon should be classified
s HS.91 In addition, splenectomy markedly improves
ut does not abrogate hemolysis in patients with HS
ue to 4.2 deficiency, also resembling hereditary sto-
atocytosis (see article by Delaunay in this issue). The

isease is inherited as an autosomal recessive trait. Het-
rozygous parents are asymptomatic.

As noted above, mild red cell protein 4.2 deficien-
ies are associated with primary loss of band 3, which
ontains its binding site.93 Protein 4.2 probably also
inds to ankyrin. Protein 4.2 Nippon–deficient
embranes lose 70% of their ankyrin during low

igure 7. Compound heterozygosity for ankyrin defects in recess
he ankyrin promoter (�108T3C) on one allele and a missense m
[619�16C3T]) on the other allele.50 Note the greater reduction o
o the weakened binding of ankyrin Walsrode to band 3.76 Both p
onic strength extraction, where ankyrin is usually p
table,70,92 and the ankyrin loss is blocked by prein-
ubation of the membranes with purified protein 4.2.

Spectrin. Spectrin deficiency is the most com-
on protein alteration in HS. Red blood cells with
utations in the ankyrin or spectrin genes show

arious degrees of spectrin deficiency,5,7,21,23 the ex-
ent of which is related to red cell spheroidic-
ty,21,23,40 the severity of hemolysis,21,23 and the resis-
ance of red cell membranes to shear stress.40,94 The
verall architecture of the membrane skeleton is pre-
erved in spectrin-deficient red blood cells, but the
umber of junctional complexes interconnecting
pectrin, actin, and protein 4.1 is reduced.

In general, HS caused by �-spectrin defects is a
ecessive trait and that due to �-spectrin mutations is
ominant, because �-spectrin chains are produced in
hree- to fourfold excess compared with �-spectrin.95

ence, a moderate reduction of �-spectrin produc-
ion, as would be seen in a heterozygote, would not
ecrease formation of the spectrin ��/�� dimer.
Patients with �-spectrin defects are often com-

ound heterozygous for missense and low expression
utations. They have a marked reduction of spectrin

imer content (25% to 50% of normal). In many but
ot all of these families, one allele contains a missense
utation in the �-II domain (�-spectrin Bughill) that

hanges an alanine to an aspartic acid at residue
09 (A970D).96 Peptide analysis of the �-spectrin

S. In two families with recessive HS, the patients had a defect in
ion (ankyrin Walsrode [V463I]) or a splice defect (ankyrin Bocholt
d 3 than ankyrin in the patient with ankyrin Walsrode—this is due
s arere unaffected carriers of one of the two mutations.
ive H
utat
f ban
eptides from the affected patients shows only
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132 Eber and Lux
-spectrin Bughill, but genomic DNA analysis re-
eals both an allele with �-spectrin Bughill and one
ithout, indicating that the second �-spectrin allele
robably contains a null mutation.96 A candidate
efect was discovered in a family with severe, non-
ominant HS.8 One of the alleles, designated �-spec-
rin Prague (5187-2A3G), had a mutation in the
enultimate position of intron 36, leading to skipping
f exon 37 and premature termination of the �-spec-
rin peptide. The other �-spectrin allele had a partial
plicing abnormality in intron 30 and produced only
bout one sixth of the normal amount of �-spectrin.
his low-expression allele, named �-spectrinLEPRA

low-expression allele Prague) (4339-99C3A), was
inked to the �-spectrin Bughill variant in this patient
nd several others with severe, nondominant HS.97

omozygosity for �-spectrinLEPRA alone does not
ppear to cause disease.

Patients with recessive HS and �-spectrin defi-
iency are rare. Clinically, only homozygous �-spec-

6-8,21

igure 8. Defects in the transmembrane region of band 3 in
atients with HS. The structure of band 3 is shown schematically
nd is not to scale or correctly folded. Missense mutations are
ostly substitutions of critical arginine residues (closed triangles)
t the internal boundaries of transmembrane segments of band 3.
rameshift mutations (open doughnuts) and nonsense mutations
closed rectangles) are also shown. Homozygous band 3 Coimbra
auses severe hydrops fetalis. Band 3 Coimbra is associated with
ncomplete renal tubular acidosis. Band 3 Prague is a 10 nucleo-
ide duplication near the C-terminal end. The deletion in South East
sian ovalocytosis (SAO) just at the transition from the cytoplasmic
o the transmembrane portion of band 3 is marked because of its
mportance, although SAO is not a form of HS.
rin deficiency causes hemolytic anemia. Blood m
mears contain numerous spherocytes and micro-
pherocytes. Patients with very severe spectrin defi-
iency may also have misshapened spherocytes, spic-
lated red blood cells, and bizarre poikilocytes.21,23

Monoallelic expression of �-spectrin occurs fre-
uently in HS patients with spectrin deficiency,2,6,98

uggesting that null mutations of �-spectrin are com-
on. About 15 null mutations have been described,

ncluding initiation codon disruption, frameshift and
onsense mutations, gene deletions and splicing de-

ects. �-spectrin Kissimmee, from a missense muta-
ion (W202R),99 is both unstable and defective in its
apacity to bind protein 4.1100 (Fig 9). Patients with
his spectrin–4.1 binding defect have only 80% of
ormal red blood cell spectrin, which may be the real
xplanation of their HS.

Overall, �-spectrin defects account for about 15%
o 30% of HS in northern European populations.
atients with �-spectrin deficiency typically have
ild to moderately severe HS. Where described, their

lood smears contain moderate numbers (8% to
0%) of spiculated red blood cells (echinocytes and
canthocytes)4,100 as well as spherocytes, a fairly re-
iable differentiating feature.

Spectrin defects that affect the self-association of
pectrin �/�-heterodimers lead to hereditary ellipto-
ytosis (HE) or hereditary pyropoikilocytosis (HPP),
ot HS (see article by Gallagher in this issue). Most of
hese defects involve the N-terminal end of the
-spectrin chain but some are missense mutations
t the C-terminus of the �-chain (as in �-spectrins
agliari, Providence, and Buffalo). C-terminal trun-
ations of the �-spectrin chain that damage the spec-
rin self-association site and remove the more distal
hosphorylation region (as in �-spectrins Prague,
andil, Nice, Campinas, and Göttingen) cause
pherocytic elliptocytosis—rounded elliptocytes
ith an increased osmotic fragility. The molecular

xplanation of this interesting intermediate pheno-
ype is unknown.

rocedure for Molecular Screening Using
nnocent Polymorphisms of Membrane
rotein Genes

n addition to pathogenetically relevant molecular
efects in HS, a wide variety of silent or innocent
olymorphisms have been detected during screening
or ankyrin, spectrin, and band 3 genes. These poly-

orphisms offer a rational approach to the study of
nkyrin and other membrane proteins.48 Frameshift
r nonsense mutations are most common in domi-
ant HS in most cases, and no mutant RNA or protein

s present in reticulocytes and mature erythrocytes,
espectively, reflecting either reduced transcription
f one of the ankyrin alleles or instability of its

RNA. In either case, finding that one ankyrin,
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Hereditary Spherocytosis 133
-spectrin, or band 3 gene is not expressed, by com-
aring frequent polymorphisms in genomic DNA and
DNA (mRNA), is proof that a null mutation exists,
nd is an efficient procedure for identifying candi-
ates for frameshift or nonsense mutations in one of
he three genes.

Limited characterization of the underlying muta-
ion may be useful in families with unclear heritage or
evere or atypical disease. Because ankyrin mutation
re most common, one option is to first compare
enomic DNA and reticulocyte mRNA (as cDNA) for
educed expression of one cDNA allele using the
AC)n repeat of ankyrin47-49 or other common
nkyrin (ANK1) polymorphisms (Table 2).50 If neg-
tive, reduced expression of one allele of band
50,84or �-spectrin2,101 can be sought. SSCP screening
f all the exons in the candidate gene can then be
one in patients who show absence of one allele in
eticulocyte RNA. Alternatively, candidate genes may
e identified by SDS-PAGE analysis of red cell mem-
rane proteins and then characterized by SSCP
nd/or DNA sequencing.

Pathophysiology

oss of Membrane Surface by Vesiculation
he primary membrane lesions described above all

nvolve the “vertical interactions” between the skele-

igure 9. Defect in the binding site for protein 4.1 in �-spectrin
-spectrin Kissimmee was passed over a column containing immob
ound and could be eluted under conditions unfavorable for spect
he column and, in a separate assay, this fraction (Sp Kissimmee)
efect to �-spectrin (W202R).99 The mutation is in a conserved re
omain. The region is a likely location for the 4.1 binding site. (Re
lood cell membrane, in Handin RI et al (eds): Blood: Principles and
on and the bilayer, consistent with the prevailing a
heory that HS is caused by local disconnection of the
keleton and bilayer, followed by vesiculation of the
nsupported surface components. These processes,

n turn, lead to progressive reduction in membrane
urface area and to a “spherocyte,” actually a shape
hat ranges between a thickened discocyte and a
pherostomatocyte. The phospholipid and choles-
erol contents of isolated spherocytes are decreased
y 15% to 20% due to the loss of surface area.102

Since budding red cells are rarely observed in
ypical blood smears of patients with HS, microscopic
esicles are probably lost; loss may occur preferen-
ially in bywaters of the circulation, such as the re-
iculoendothelial system. When membrane vesicles
re induced in normal red blood cells, they originate
t the tips of spicules, where the lipid bilayer uncou-
les from the underlying skeleton.103 The vesicles are
mall, about 100 nm, and devoid of hemoglobin and
keletal proteins, so that they are invisible on conven-
ional examination of stained blood films. Tiny 50- to
0-nm bumps that may be vesicles have been de-
ected in HS red cells on atomic force microscopy.104

owever, the hypothesis that spherocytes in HS orig-
nate by membrane vesiculation during shear stress
n the circulation or in the metabolically inhospitable
plenic cord and reticuloendothelial system has been
ecently questioned by Costa et al,105 who found a
imilar decrease in the surface area of mature red cells

mmee. Spectrin from a normal individual or from a patient with
normal protein 4.1. All normal spectrin and 61% of the HS spectrin
1 interactions. However, 39% of the HS spectrin failed to bind to
d the ability to bind protein 4.1. Subsequent studies localized the
in the N-terminal end of �-spectrin, just beyond the actin binding
ed with permission from Walensky LD, et al: Disorders of the red
tice of Hematology (ed 2). � 2003 Lippincott Williams & Wilkins.)
Kissi
ilized
rin-4.
lacke
gion
print
nd reticulocytes in HS. Their findings suggest in-
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134 Eber and Lux
tead that surface area loss occurs in the bone marrow
uring the genesis of HS red blood cells.105

s HS Caused by Disconnection of the
keleton or a Lack of Band 3-Lipid
nteractions?
he observation that spectrin or spectrin-ankyrin
eficiencies are common in HS has led to the hypoth-
sis that interactions of spectrin with bilayer lipids or
roteins are required to stabilize the membrane (Fig
0, Hypothesis 1). Budding off of spectrin-deficient
reas would lead to HS. Unexplained is how sphero-
ytes develop in patients whose red blood cells are
eficient in band 3 or protein 4.2 but have normal
mounts of spectrin.83,92

The alternate hypothesis argues that the bilayer is
tabilized by interactions between lipids and the
bundant band 3 molecules (Fig10, Hypothesis 2).
ach band 3 contains about 14 hydrophobic trans-
embrane helices, many of which must interact with

ipids. In deficient red cells the area between band 3
olecules would increase, on average, and the stabi-

izing effect would diminish. Transient fluctuations

igure 10. Two hypotheses concerning the mechanism of mem-
rane loss in hereditary HS. Hypothesis 1 assumes that the
membrane” (the lipid bilayer and integral membrane proteins) is
irectly stabilized by interactions with spectrin or other elements of
he membrane skeleton. Spectrin-deficient areas, lacking support,
ud off, leading to HS. Hypothesis 2 assumes that the membrane
s stabilized by interactions of band 3 with neighboring lipids. The
nfluence of band 3 extends into the lipid milieu because the first
ayer of immobilized lipids slows the lipids in the next layer and so
n. In band 3–deficient cells the area between lipid molecules
ncreases and unsupported lipids are lost. Spectrin-ankyrin defi-
iency allows band 3 molecules to diffuse and transiently cluster,
ith the same consequences. (Reprinted with permission from
alensky LD, et al: Disorders of the red blood cell membrane, in
andin RI et al (eds): Blood: Principles and Practice of Hematology
ed 2). � 2003 Lippincott Williams & Wilkins.)
n the local density of band 3 could aggravate this
nstability and allow unsupported lipids to be lost,
esulting in HS. Spectrin- and ankyrin-deficient red
lood cells could become spherocytic by a similar
echanism. Since spectrin filaments corral band 3
olecules and limit their lateral movement,106 a de-

rease in spectrin would allow band 3s to diffuse and
ransiently cluster, fostering vesiculation. However,
t is more likely that both mechanisms operate to
ariable degrees in different diseases: hypothesis 1
ominating in spectrin and ankyrin defects, and hy-
othesis 2 controlling in band 3 and protein 4.2
isorders.

Spectrin and ankyrin deficiency lead to secondary
lterations of band 3, such as increased mobility,
ligomerization, and aggregation, which could con-
ribute to the loss of spectrin-free vesicles from the
embrane. Red blood cells from HS patients with

nkyrin mutations exhibit a marked increase in band
rotational diffusion.107 The magnitude of the in-

rease correlates inversely with the ankyrin/band 3
atio and with the fraction of band 3 retained in the
embrane skeleton following detergent extraction.
hese data suggest that ankyrin deficiency relaxes
otational constraints on the population of band 3
olecules. Increases in band 3 rotation could be due

o release of band 3 from low-affinity binding sites on
nkyrin, and there is evidence for increased band 3
ensity and aggregation in HS.108

oss of Cellular Deformability
ereditary spherocytes hemolyze because of the

heologic consequences of their decreased surface-
o-volume ratio. The red cell membrane is very flex-
ble but can only expand its surface area 2% to 3%
efore rupturing. Thus, the cell becomes increasingly
ess deformable as surface area is lost. For red blood
ells in HS, poor deformability is a hindrance only in
he spleen, since the cells have a nearly normal life-
pan following splenectomy.

equestration of Hereditary Spherocytes in
he Spleen
igure 11 illustrates our current understanding of the
athophysiology of HS. The dominant role of the
pleen is unquestioned, but the exact mechanism by
hich HS red cells are further damaged (“condi-

ioned”) and ultimately removed in the spleen is not
ell understood.
Spherocytes are selectively sequestered at the

ordal-sinus junction. As a consequence, spleens
rom patients with HS have massively congested
ords and relatively empty sinuses. In electron micro-
raphs, few spherocytes are seen in transit through
he sinus wall, in contrast to normal spleens where
ransiting cells are readily found.109
Spherocytes are “conditioned” in the metaboli-
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Hereditary Spherocytosis 135
ally inhospitable splenic cords. There is also abun-
ant evidence that red blood cells in HS suffer during
etention in the spleen. The mechanism of this pro-
ess, called “splenic conditioning,” is less certain due
o the lack of information about the cordal environ-
ent.110 The average residence time of HS red cells in

he splenic cords is 30- to 300-fold longer than that of
ormal red blood cells; still, this delay is far short of
he time required for metabolic depletion.

Consequences of splenic trapping. The follow-
ng consecutive damage in the spleen should lead to
he premature hemolysis of spherocytes. (1) Oxi-
ants may exacerbate membrane and water loss. Po-
assium loss and membrane instability may be in-
reased by the high concentrations of acids and
xidants that must exist in a spleen filled with acti-
ated macrophages ingesting trapped HS red cells.
2) Splenic residence may activate membrane pro-
eases. Oxidatively damaged membrane proteins are
lso subject to proteolysis in vitro111; proteolysis in
ivo would contribute to skeletal weakness and mem-
rane loss. (3) Macrophages may directly condition
ereditary spherocytes. The involvement of macro-

igure 11. Pathophysiology of the splenic conditioning and
istinctly with functionally similar defects (such as frameshift
odifying factors must exist that regulate the clinical expressi
rotein 4.2. The primary defect leads to a weak “vertical” intera
he plane of the lipid bilayer (such as band 3). Secondary events
nchoring of the lipids and may contribute to the loss of spectrin
f “splenic conditioning” that ultimately lead to premature hem
f the red blood cell membrane, in Handin RI et al (eds): Bloo
illiams & Wilkins.).
hages is supported by the historic observations of e
oleman and Finch,112 who found that large doses of
ortisone markedly ameliorated HS in nonsplenecto-
ized patients. Similar doses of corticosteroids in-
ibit splenic processing and destruction of IgG-or
3b-coated red blood cells in patients with immuno-
emolytic anemias, probably by suppressing mac-
ophage-induced red cell sphering and phagocytosis.

Binding of naturally occurring band 3 antibodies
nhances the premature clearance of spherocytes
ith band 3 deficiency from the circulation.113 In

plenectomized patients with band 3 deficiency, red
lood cell deformability inversely correlates with the
umber of red cell–bound IgG molecules (up to 140
er cell).

ummary of Pathophysiology

ed cells in HS are selectively detained by the spleen
nd this custody is detrimental, leading to a loss of
embrane surface that fosters further splenic trap-

ing and eventual destruction (Fig 11). The primary
embrane defects involve deficiencies or defects of

pectrin, ankyrin, protein 4.2, or band 3, but the

uction of hereditary spherocytes. The clinical symptoms vary
onsense mutations with no abnormal protein present). Thus
primary defects in the genes for ankyrin, band 3, spectrin, or
between the membrane skeleton and the integral proteins in

a disturbed structure and function of band 3 that decreases the
lipid vesicles. The circle at the right represent the many factors
. (Modified with permission from Walensky LD, et al: Disorders
inciples and Practice of Hematology (ed 2). � 2003 Lippincott
destr
or n

on of
ction
are
-free
olysis
d: Pr
tiologic relationship of these defects to surface loss
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136 Eber and Lux
s less clear. Current speculation is that the mem-
rane skeleton (including band 3) may not ade-
uately support all regions of the lipid bilayer in HS,
eading to loss of small areas of untethered lipids and
ntegral membrane proteins. Uncertain is whether
he effect is directly due to deficiency of spectrin and
nkyrin, or spectrin-ankyrin deficiency indirectly in-
reases the lateral mobility of band 3 molecules and
ecreases their stabilization of the lipid bilayer, or
oth (Fig 11). In addition, the loss of band 3 due to
and 3 or protein 4.2 defects may directly diminish
ipid anchoring in HS. The mechanisms of splenic
onditioning and red blood cell destruction also re-
ain uncertain.

Animal and Fish Models of HS

he availability of well-characterized mouse and ze-
rafish models has contributed to our understanding
f the pathophysiology of HS. Four types of sphero-
ytic hemolytic anemia have been identified in the
ommon house mouse, Mus musculus114: ja/ja (jaun-
ice); sph/sph (spherocytosis) and its alleles [sph1J/
ph1J (hemolytic anemia), sph2J/sph2J (now lost),
ph2BC/sph2BC, and sphDem/sphDem]; nb/nb (normo-
lastosis); and wan/wan. The nomenclature indicates
hat anemia is observed only in the homozygous state
nd that the mutants represent four loci: ja, sph, nb,
nd wan. All of the mutants have severe hemolysis.

pectrin Mutants
he ja/ja mutant has no detectable spectrin. The mice
arry a nonsense mutation in the �-spectrin gene
R1160X).

The sph/sph variants lack �-spectrin but have small
mounts of �-spectrin; they have defects in �-spec-
rin synthesis, function, and/or stability. The sph and
ph2BC alleles are frameshift mutations and null al-
eles. These mice have both spherocytes and ellipto-
ytes, and some poikilocytes, and are a cross between
S and hereditary pyropoikilocytosis. The sph1J al-

ele, previously called ha and sphha, lacks the last 13
mino acids of �-spectrin and exhibits marked
pherocytosis.115 The mutant protein is produced in
early normal amount, proving that the C-terminus
f �-spectrin has some critical although still mysteri-
us function in supporting the lipid bilayer.

Cardiac thrombi, fibrotic lesions and renal hemo-
hromatosis are found in ja/ja and sph/sph mice in
dulthood.116 Transplantation of hematopoietic cells
rom sph/sph mice are sufficient to induce thrombotic
vents in the recipients.117

nkyrin Mutants
b/nb mice have 50% to 70% of the normal quantity

f spectrin and no normal ankyrin. They have normal t
pectrin synthesis118 but are moderately spectrin-
eficient because their ankyrin is very unstable (in
ontrast with human ankyrin deficiency where
nkyrin and spectrin levels are comparably de-
ressed). The nb mutation causes premature termina-
ion of the ankyrin protein in exon 36 at the begin-
ing of the C-terminal domain. A small amount of the
57-kd remnant is found in mature nb/nb red blood
ells and, along with some expression of an Ank2-
elated peptide, may explain why fetal nb/nb mice
ave normal reticulocyte counts and no anemia at
irth.119 Humans may also be protected in utero, at
east partially, since hydrops fetalis has not been
eported in patients with ankyrin defects or probable
nkyrin defects (such as combined spectrin-ankyrin
eficiency).

The nb/nb mice develop ataxia when they reach
aturity, due to loss of cerebellar Purkinje cells120;

nk-1 protein is markedly reduced in the Purkinje
ells, which may explain their fragility. Spinocerebel-
ar degeneration and related syndromes have also
een reported in a few adults with HS, although it is
ot yet known whether ankyrin is affected.

linical Variability of Band 3 Mutations
ndicates the Presence of Genetic Modifiers
f Disease Severity

Complete absence of band 3 was first described in
recessive form of HS in cattle , due to a nonsense
utation at codon 646.89 The cattle, like band 3–de-

cient mice and humans, have deficient anion trans-
ort, lack protein 4.2, and have a reduced number of
ntramembranous particles by electron microscopy.
owever, they have a relatively mild hemolytic phe-
otype compared to other band 3–deficient organ-

sms.
New mouse mutants with defects in membrane

keleton proteins have been generated by targeted
utagenesis in embryonic stem cells. Mice com-

letely deficient in band 3 survive gestation but tend
o die in the neonatal period,83 often from thrombotic
omplications.121 Survivors have a profound sphero-
ytic hemolytic anemia, closely resembling the most
evere forms of HS in humans. The mice have unde-
ectable protein 4.2 and glycophorin A but normal
mounts of spectrin, actin, and protein 4.1 in their
ed cell membrane skeletons, and normal membrane
keleton architecture by electron microscopy. De-
pite their normal skeletons, red blood cells lacking
and 3 shed astonishing amounts of membrane sur-
ace in small vesicles and long tubules (Fig 12).83

hese observations indicate that band 3 is, surpris-
ngly, not required for membrane skeleton assembly
ut has a critical function in stabilizing membrane
ipids. Loss of this function may be fundamental to

he pathogenesis of HS.
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Hereditary Spherocytosis 137
A newly discovered mouse mutation (wan), in a
3H/HeJ background, is a null defect in the band 3
ene. wan/wan mice also have a very severe anemia
100% lethal in the neonatal period). But when wan/
an mice are crossed to wild-type Mus castaneus
ice, the F2 generation shows a wide variation in

igure 12. Marked membrane fragility of mice lacking band 3.
canning electron micrographs of red cells from wild-type (A),
eterozygous (B), and homozygous band 3–deficient (C-E) mice.83.
ote the markedly spherocytic shape of the band 3 (-/-) red cells.
any are shedding multiple tiny membrane vesicles (arrowheads).
thers extrude rod-like membrane extensions (arrows), which are
requently detached (D, arrow). The membrane extensions often
each considerable length and are highly coiled (E). Bar, 1 �m.
Reprinted with permission from Walensky LD, et al: Disorders of
he red blood cell membrane, in Handin RI et al (eds): Blood:
rinciples and Practice of Hematology (ed 2). � 2003 Lippincott
illiams & Wilkins.)
everity, from lethal anemia to normal hematologic
alues (hemoglobin, hematocrit, and mean corpus-
ular volume). These observations show that a strong
enetic modifier is segregating in the M castaneus
ackground. A genome-wide scan for the modifier
termed a “quantitative trait locus” or QTL), using
ean corpuscular volume as the variable trait, iden-

ified a single QTL on chromosome 12, centered over
he �-spectrin gene,122 an obvious candidate for a
odifier gene.
Band 3–wan/wan and band 3 knockout mice also

ontain excess binucleate erythroblasts, which sug-
ests that absence of band 3 is associated with a defect
n cytokinesis. Indeed, in homozygous retsina (ret/
et) zebrafish with HS the mitotic spindles of late
rythroblasts are grossly disrupted and the masses of
NA separate poorly and interfere with cell cleavage.
his behavior explains the high frequency of binucle-
te cells in zebrafish and mouse erythroblasts lacking
and 3, but not in other forms of severe HS.123 Since
and 3 is only expressed in erythroblasts and one cell
ype in the kidney collecting duct, the data imply that
ertebrates have developed a special kind of cytoki-
esis for the last one or two cell divisions, a cyto-
inesis that depends on band 3—perhaps to help
ttach the mitotic spindle to the poles of the cell.

Zebrafish with spherocytosis and null mutations
n �-spectrin (reisling) and protein 4.1 (merlot/cha-
lis) also have been identified.124,125 These fish
hould prove useful for in vivo structure-function
tudies, since it is relatively easy to test whether a
erivative of the missing protein can rescue the HS
henotype. For example, normal band 3 cDNA in-
ected into a one- or two-cell embryo rescues the
nemia of band 3–deficient ret/ret zebrafish, but band
lacking both 4.1 binding sites is unable to rescue

hese deficient animals124; band 3 with only one of
he two 4.1 sites has intermediate rescue function.
he 4.1-band 3 interaction appears functionally im-
ortant, at least in fish, and likely band 3–skeleton as
ell as band 3–lipid interactions have pathogenic

oles in HS.
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