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Structure and function of

normal red cell membrane

Structural organization of the membrane
enables the normal red cell to undergo
large-scale rapid and reversible deforma-
tions while also maintaining mechanical
integrity during its circulatory life span of
approximately 120 days. Moreover, the
organization of the membrane allows the
cell to maintain a constant membrane
surface area without cell fragmentation
during deformation. These unusual mem-
brane properties are the consequence of
a composite structure in which a plasma
membrane envelope composed of lipid
molecules is anchored to a two-dimen-
sional elastic network of skeletal proteins
through tethering sites (membrane pro-
teins) embedded in the lipid matrix (Figure
1) (1). Membrane proteins, such as band 3,
glycophorin C, and RhAG, that link the lip-
id bilayer to the spectrin-based membrane

» Related Article: p. 2878

Anemia is defined by low levels of circulating hemoglobin, resulting in
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our understanding of the structural basis for normal red cell membrane
function and allowed definition of the genetic and pathophysiological bases
of many human RBC membrane disorders. Despite these advances, there
are continued uncertainties in the genotype-phenotype relationship in cases
of severe, membrane-linked anemia. In this issue of the JCI, Gallagher and
colleagues have identified a severe form of inherited anemia that results
from aberrant splicing of a-spectrin, which in turn leads to abnormal
erythrocyte membrane structure and function. The identification and
characterization of this splicing-associated genetic disease will facilitate
diagnosis and treatment of severe anemia in affected patients. These
findings not only improve understanding of red cell disorders, they are likely
to impact many disciplines, as the disease-associated alternate branch point
utilization defined in the report may be the underlying etiology for many
other inherited or acquired disorders.

skeleton regulate the structural integrity
of the membrane (Figure 1). These link-
ages play a key role in regulating cohesion
between the bilayer and membrane skel-
eton. Weakened anchors or a decreased
number of linkages results in lipid loss and
decreased membrane surface area, result-
ing in increased cell sphericity and subse-
quent splenic sequestration.

The major structural component of
the two-dimensional skeletal network is
the spectrin tetramer, which is formed
by the lateral interaction of two spectrin
dimers with the single N-terminal repeat
of a-spectrin of one dimer interacting with
two helical repeats at the C-terminus of
B-spectrin of the second dimer (Figure 1).
This dimer-dimer interaction in intact red
cell membranes is dynamically regulat-
ed, and decreased avidity of dimer-dimer
interaction results in decreased mechani-
cal stability of the membrane. A junctional
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complex between the spectrin dimer, actin,
and protein 4.1R is assembled at the other
end of spectrin, and this spectrin-actin-
protein 4.1R protein complex is also a key
regulator of membrane mechanical sta-
bility. Decreased membrane mechanical
stability (Figure 1) leads to cell fragmenta-
tion during the circulatory life span, with
resultant increases in cell sphericity, which
promotes splenic sequestration of the frag-
mented red cells.

Inherited red cell membrane
disorders
The two most common inherited red
cell membrane disorders are hereditary
spherocytosis (HS) and hereditary ellipto-
cytosis (HE), whichlead tovariable degrees
of anemia (2-4). HS is the most common
inherited hemolytic anemia in people of
Northern European ancestry, although
people of every ethnic background are
affected. Inheritance is autosomal domi-
nant in approximately two-thirds of cases,
while autosomal recessive inheritance or
de novo mutations account for the remain-
ing cases. Mutations that lead to decreased
membrane content of ankyrin, such as
those in band 3, a- and B-spectrin, and pro-
tein 4.2, and subsequent loss of membrane
cohesion results in HS (2). As described
by Peter Agre in a series of papers (5-8),
clinically, patients with recessive inherited
HS (rHS) are more severely affected than
patients with typical, dominant HS. Many
rHS patients present with life-threatening
hemolytic anemia in infancy or early child-
hood, and some rHS patients are transfu-
sion-dependent for life. Erythrocytes from
most rHS patients are spectrin deficient,
and the degree of spectrin deficiency cor-
relates with the degree of hemolysis and
clinical response to splenectomy. The
mechanisms of spectrin deficiency in most
cases of rHS, until the report by Gallagher
et al. in this issue, have not been defined.
HE, another common inherited hemo-
lytic anemia, is also found in every ethnic
background but is particularly prevalent in
malaria endemic regions of West Africa.
Mutations in o- and B-spectrin and pro-
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Figure 1. Key red cell membrane proteins regulating membrane cohesion and mechanical stability.
Simplified schematic representation of the structural organization of key red cell membrane proteins
that regulate membrane cohesion and membrane mechanical stability (top). Decreased numbers of
vertical linkages leads to HS, and weakening of lateral interactions leads to HE. In both HS and HE,
additional genetic changes that result in quantitative spectrin deficiency lead to a severe anemic
phenotype with marked alterations in red cell morphology (bottom). Original magnification, x4250.

tein 4.1 that weaken lateral interactions
among skeletal proteins lead to decreased
membrane mechanical stability and the
resultant elliptocytic morphology and
membrane fragmentation. While HE-
associated anemia is generally mild to
moderate, a subset of patients with HE
exhibit severe anemia characterized by
erythrocytes that are abnormally sensitive
to heat and have morphology similar to
that seen in patients with thermal burns
(9). The genetics of hereditary pyropoi-
kilocytosis (HPP) suggest that patients
with this disorder usually fall into one of
three categories: (a) those who are homo-
zygous for a structural variant of spectrin,
typically in the region of spectrin self-
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association, (b) those who may be com-
pound heterozygous for structural vari-
ants of the self-association site, and final-
ly, (c) those who may be heterozygous
for a single structural variant of spectrin
self-association and who possess a second,
uncharacterized defect (2, 10, 11). The last
group of patients exhibits marked spectrin
deficiency, suggesting the presence of a
production-defective or a thalassemia-like
a-spectrin allele in trans with the structural
variant. The parent who transmits the pro-
duction-defect allele is clinically and bio-
chemically normal. As with rHS, the mech-
anisms of spectrin deficiency in HPP, until
the report by Gallagher and colleagues,
has not been defined.
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Mechanistic insights into
spectrin-deficiency in HS

and HPP

Gallagher et al. utilized whole-exome
sequencing (WES) to analyze the DNA
from 24 kindreds with rHS, HPP, or undi-
agnosed transfusion-dependent anemia
and identified numerous mutations in
genes encoding erythrocyte membrane
a-spectrin (SPTAI) (12). Twenty-eight of
the identified mutations were novel, and
null alleles were found in trans to missense
mutations. Interestingly, while a third of
alleles (17/48) had no mutations, a rare
intron 30 variantin SPTAIwas seeninall 17
mutation-negative alleles. Bioinformatic
analyses suggested this rare intron variant
activates an alternate branch point (BP), a
critical element of normal mRNA splicing.
Minigene and CRISPR/Cas9-based gene
editing studies revealed that the intron 30
variant changes a weak alternate BP to a
strong BP in the context of a poor primary
BP. This change leads to increased utiliza-
tion of an alternate 3’ splice acceptor site,
creating an elongated mRNA transcript
that causes a frame shift during protein
synthesis, leading to spectrin deficiency.
Inhibition and minigene studies demon-
strated that the newly created termina-
tion codon activates nonsense-mediated
decay, accounting for spectrin deficiency.

Therapeutic implications and
conclusions
In most symptomatic cases of inherited
hemolytic anemia due to disorders of the
erythrocyte membrane, splenectomy is
curative. However, in some patients with
rHS and HPP, splenectomy is only pallia-
tive, as the need for transfusion in these
patients with severe anemia is decreased,
but not eliminated. The identification of
a splicing-associated cause for spectrin
deficiency raises a potential new target
for therapeutic manipulation using gene-
based strategies to alleviate severe anemia.
The reported findings of Gallagher
et al. represent a significant advance in
our mechanistic understanding of severe
anemia in human red cell membrane dis-
orders. Exome sequencing and whole-
genome sequencing are very helpful for
defining the molecular basis for human
diseases in well-characterized protein
coding and RNA splice junction regions.
However, the present study shows that
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other less well-studied regions, such as
splice BPs and splicing enhancers, must
also be examined. Importantly, the report-
ed observations are likely to have much
broader impact across many disciplines,
as alternate BP utilization may be the
underlying etiology of other inherited or
acquired human disorders. Finally, the
findings of Gallagher and colleagues sug-
gest potential therapeutic targets for gene-
based and other therapeutic strategies in
these human disorders.
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