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Background
Protein 4.2 deficiency caused by mutations in the EPB42 gene results in hereditary spherocyto-
sis with characteristic alterations of CD47, CD44 and RhAG. We decided to investigate at
which stage of erythropoiesis these hallmarks of protein 4.2 deficiency arise in a novel protein
4.2 patient and whether they cause disruption to the band 3 macrocomplex.

Design and Methods
We used immunoprecipitations and detergent extractability to assess the strength of protein
associations within the band 3 macrocomplex and with the cytoskeleton in erythrocytes.
Patient erythroblasts were cultured from peripheral blood mononuclear cells to study the
effects of protein 4.2 deficiency during erythropoiesis. 

Results
We report a patient with two novel mutations in EPB42 resulting in complete protein 4.2 defi-
ciency. Immunoprecipitations revealed a weakened ankyrin-1-band 3 interaction in erythro-
cytes resulting in increased band 3 detergent extractability. CD44 abundance and its associa-
tion with the cytoskeleton were increased. Erythroblast differentiation revealed that protein
4.2 and band 3 appear simultaneously and associate early in differentiation. Protein 4.2 defi-
ciency results in lower CD47, higher CD44 expression and increased RhAG glycosylation start-
ing from the basophilic stage. The normal downregulation of CD44 expression was not seen
during protein 4.2(-) erythroblast differentiation. Knockdown of CD47 did not increase CD44
expression, arguing against a direct reciprocal relationship. 

Conclusions
We have established that the characteristic changes caused by protein 4.2 deficiency occur
early during erythropoiesis. We postulate that weakening of the ankyrin-1-band 3 association
during protein 4.2 deficiency is compensated, in part, by increased CD44-cytoskeleton binding.
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Introduction

Hereditary spherocytosis (HS) is the most common dis-
order of the erythrocyte membrane, affecting approxi-
mately 1 in 2,000 individuals of northern European ances-
try. Clinical symptoms of hereditary spherocytosis include
hemolysis, anemia, jaundice, gallstones and reticulocyto-
sis.1-4 The disease results from mutations in the anion
exchanger band 3 (SLC4A1), ankyrin-1 (ANK1), protein
4.2 (EPB42) or specific mutations in α/b-spectrin
(SPTA1/SPTB) genes and affect the horizontal link
between the membrane and the underlying skeleton
resulting in spherocytic erythrocytes. Together with gly-
cophorin A and the Rh complex [Rh associated glycopro-
tein (RhAG), the Rh polypeptides (RhCE, RhD), CD47,
glycophorin B (GPB) and ICAM-4 (LW)],5 these proteins
form the band 3 macrocomplex.6
The peripheral membrane protein, protein 4.2, shares

significant homology to transglutaminases but lacks the
catalytic triad residues required for transglutaminase activ-
ity.7-9 Stable expression of protein 4.2 in erythrocytes
depends on its interaction with the band 3 and ankyrin-
1.8,10-12 Protein 4.2 is thought to be expressed late during
erythropoiesis13 and stabilizes the band 3-ankyrin-1 asso-
ciation.14-16 To date, nine mutations in EPB42 have been
associated with hereditary spherocytosis,6, 17-22 some of
these mutations influence protein 4.2 stability and band 3-
ankyrin-1 binding.8,23 Protein 4.2 deficiency in humans
causes a severe reduction in the marker of self,24 CD47 (by
approximately 80%),6,25,26 suggesting an association
between protein 4.2 and CD47. Furthermore, protein 4.2
deficiency causes elevated expression of the ankyrin bind-
ing protein CD4427 and increased RhAG glycosylation.6, 25
CD44 and CD47 may have a complementary role during
cell migration from the bone marrow or in the circulation
that explains their observed reciprocal expression during
protein 4.2 deficiency. It is currently not known at what
stage the characteristic alterations in protein 4.2 deficient
erythrocytes occur, or whether the striking increase in
CD44 is a compensatory mechanism of membrane stabi-
lization25 or due to selective enrichment during erythro-
cyte membrane loss.28
To gain a better understanding of the effects of protein

4.2 deficiency, we examined the protein associations
within the band 3 macrocomplex and with the cytoskele-
ton in peripheral erythrocytes from a new hereditary
spherocytosis patient lacking protein 4.2. In addition, the
patients’ peripheral blood mononuclear cells (PBMC) were
used to culture progenitors and differentiated to enucleat-
ed cells, to establish when key membrane protein alter-
ations occur during erythropoiesis.

Design and Methods

Case Study
Patient history, blood smears, erythrocyte indices and ektacyto-

metric parameters are provided in the Online Supplementary
Appendix. 

Antibodies
Monoclonal antibodies (IBGRL, Bristol, UK) were BRIC235

and BRIC222 (CD44), BRIC172 (α-spectrin), BRIC274 (ankyrin-
1), BRIC4 and BRIC10 (GPC), R1.3 (GPA/GPB), BRIC163 and
BRIC256 (GPA), BRIC14 (band 3/GPA), BRIC126 and BRIC125

(CD47), LA1818 (RhAG), BRIC170, BRIC155, BRIC6 and
BRAC66 (band 3;29), c-kit-PE (Pharmingen, San Diego, CA),
CD71 (Pharmingen). Polyclonal antibodies to protein 4.2, pro-
tein 4.1, p55, aquaporin 1, Rh, RhAG, GPA and ankyrin-1 were
described previously.26,28 Polyclonal actin and ERK-1 were pur-
chased (Santa Cruz Biotechnology, CA, USA). CD47out1 was
raised against a synthetic peptide to the first extra-cellular loop
of CD47 (University of Bristol, Peptide Synthesis Facility, U.K).
Secondary antibodies: rabbit anti-mouse PE conjugated, rabbit
anti-mouse IgG2B and IgG1, HRP-conjugated rabbit anti-mouse
and swine anti-rabbit (DAKO, Glostrup, Denmark).

cDNA and DNA analysis 
mRNA isolation was carried out as described.30 Further details

of the cDNA synthesis and DNA analysis are provided in Online
Supplementary Figure S1. 

Erythrocyte ghosts
Erythrocyte membranes were prepared as previously

described.26,31

Immunoprecipitations and total cell lysates
Cells were lysed as described32 and quantified by Lowry assay

(Biorad, Hercules, CA, USA). For immunoprecipitations 1.5×107

erythroblasts or 5×107 erythrocytes were pre-cleared (1h) with
unbound protein-G-beads. Antibodies were pre-bound to beads
and incubated with pre-cleared lysates for 1h at 4°C whilst
rotating. Beads were washed 5 times in lysis buffer and proteins
eluted from the beads twice using sample buffer at 95°C. Pooled
eluates and total cell lysates were subjected to SDS-PAGE and
stained directly with Coomassie G-25033 or electroblotted to
PVDF membranes and visualized with specific antibodies stated
in the legends.

C12E8 Detergent extractability of ghosts.
C12E8 Detergent extractability was performed as previously

described.34 Briefly, 1 volume of ghosts was added to 1 equal
volume of 1% C12E8 and incubated for 10 min in hypotonic
5mM phosphate buffer (pH 7.2) at 4°C. Following ultracentrifu-
gation at 100,000g (30 min), the supernatant contained the
extractable fraction and the pellet contained the cytoskeleton
fraction. 

Flow cytometry 
Cells (3×105) were washed in ice-cold PBS and ice-cold PB

(PBS, 4% BSA). Cells were reconstituted in PB supplemented
with normal rabbit serum and stained for 1h at 4°C with specif-
ic antibodies (see Figure legends). When appropriate, cells were
washed once in ice-cold PB and incubated with PE conjugated
anti-mouse secondary antibodies. Fluorescent signals were
measured using Beckman Coulter (FC-500 MPL, Wycombe, UK)
or FACS CantoII-F60 machine (BD Biosciences, Oxford, UK). To
detect enucleation, aliquots (3×105) from cultures were washed
once in PBS and loaded with 0.1 μg/mL Hoechst 33342 for 30
min at room temperature. Dead cells were measured with pro-
pidium Iodide (PI; 2μg/mL, Invitrogen). Fluorescent signals were
measured using a BD Biosciences flow cytometer (LSR-II-F60).
Data was analyzed using Flowjo 7.2.5 software (Flowjo,
Ashland, OR).

Erythroblast expansion and differentiation 
PBMC were isolated by density purification (Percoll; GE

Healthcare, Little Chalfont, UK) (ρ1.077). Informed consent was
given in accordance with the Declaration of Helsinki. Cells were
cultured as described.35
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Erythroblast lentiviral transduction 
HEK293T cells were cultured in DMEM (Invitrogen) contain-

ing 10% fetal calf serum (Invitrogen) and 1% penicillin/strepto-
mycin (Invitrogen). Cells were seeded in 10cm2 dishes and calci-
um-phosphate-transfected using lentiviral packaging vectors
pVSV (5μg) and pPAX (15μg) and the shRNA containing lentivi-
ral vector pTRIPempty or pTRIPshRNACD47 (20μg; sequences,
cloning and vector information upon request). After 24h,
DMEM was removed and cells were put on STEMSPAN expan-
sion media as described above. Twenty-four hours later the
media was filtered (0.45μm filters), 8μg/mL polybren (Sigma)
was added and then incubated for 24h with erythroblasts to
induce transduction.

Cytospins and hemoglobin assays
Cell volume was calculated by taking the diameter of cells (>20)

during differentiation and using the formula 4/3π(d/2)3.
Hemoglobin was measured as described.36 Hemoglobin concen-
tration was normalized to cell volume. 

Results

Genetic analysis
Genetic analysis showed that the patient was a com-

pound heterozygote for two novel mutations within the
EPB42 gene. One mutation referred to as Chartres-1, was
C1305>G resulting in amino acid substitution Tyr435Stop
(Online Supplementary Figure S1C). Stop mutations can
influence gene transcription by giving rise to truncated
transcripts or exon skipping.37 Here, C1305G resulted in
mis-splicing and complete skipping of exon 9 from the
mRNA. However, exon 8 remained in frame with exon 10
(Online Supplementary Figure S1D). The other mutation,
referred to as Chartres-2, was a di-nucleotide deletion
A1176-T1177 in exon 9 (Online Supplementary Figure S1E),
taking the sequence out of frame and coding for a prema-

ture stop signal after five altered amino acids, Ser392,
Cys393, Gly, Leu, Glu, Val, Leu, Stop. An alignment of
mutant mRNAs with wild-type mRNA is shown in the
Online Supplementary Figure S1F.

Erythrocyte membrane analysis confirmed 
protein 4.2 deficiency in the patient
Analysis of membrane preparations (Figure 1) and lysates

(data not shown) showed the absence of protein 4.2. It is cur-
rently unknown if this is due to instability of the mutant
mRNAs or an instability of the proteins produced. No pro-
tein 4.2 peptides were detected in the patient’s lysates
using mass spectrometry (data not shown). As reported pre-
viously for protein 4.2 deficient patients,6,25 CD47 expres-
sion was reduced to approximately 20%, CD44 expression
increased 4-fold and RhAG migrated more slowly during
SDS-PAGE (Figure 1B and C). Protein 4.1, p55, aquaporin-
1, GPA, GPB and GPC levels were similar between control
and mutant membranes (Online Supplementary Figure S2)
and lysates (data not shown). Flow cytometry analysis con-
firmed these results (Online Supplementary Table S2). 

The band 3 association with ankyrin-1 is severely
attenuated in protein 4.2(-) erythrocytes
Co-immunoprecipitations on erythrocyte lysates demon-

strated unchanged interactions between band 3 and GPA,
GPB and RhAG in protein 4.2(-) erythrocytes (Figure 2A and
B). As expected, protein 4.2 was co-immunoprecipitated
with multiple band 3 antibodies in control but not in pro-
tein 4.2(-) cells (Figure 2C). Although CD47 is reduced in
protein 4.2(-) cells (Figure 1D) the remaining CD47 is still
associated with band 3, and, when adjusted for CD47 lev-
els, the amount of co-immunoprecipitated band 3 was sim-
ilar to control (Figure 2D and E). Importantly, co-immuno-
precipitation with ankyrin-1 antibody demonstrated that
there is a severe reduction in the amount of band 3 associ-
ated with the cytoskeleton in protein 4.2(-) cells (Figure 2F). 
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Figure 1. Erythrocyte membrane analysis reveals protein 4.2 deficiency.  Control blood was matched to the patient’s serotype DCe/DCe. (A)
10μg control and 4.2(-) ghosts were subjected to SDS-PAGE and stained with Coomassie. (B and C), equal amounts of ghosts (5μg, right
panels) were subjected to SDS-PAGE and immunoblotted using polyclonal antibodies against protein 4.2, CD47, RhAG, Rh, ankyrin-1 and
actin and monoclonal antibodies against BRIC170 (band 3) and BRIC235 (CD44). Panels are representative of at least three experiments.
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Protein 4.2 deficiency leads to increased CD44-
cytoskeleton association and increased extractability
of some band 3 macrocomplex proteins.
CD44 interacts with ankyrin-1 in a multitude of cells.38

Despite the significant increase in CD44 protein levels in
the protein 4.2(-) cells, we could not specifically co-
immunoprecipitate ankyrin-1 with CD44 (results not
shown). Furthermore we could not co-immunoprecipitate
band 3 with CD44 or CD44 with band 3 (data not shown).
Therefore, we used cytoskeleton extractability in the non-
ionic detergent C12E814 to evaluate cytoskeleton linkage.
Consistent with a reduced ankyrin-1-band 3 interaction,
band 3 is more extractable from protein 4.2(-) ghosts
(Figure 3A and B). The choice of detergent is important, as
band 3 levels were unchanged in TritonX100 extractions.25
Protein 4.2 was not extractable from control ghosts indi-

cating that the band 3-protein 4.2 complex was primarily
associated with cytoskeleton. Rh and RhAG were more
extractable from protein 4.2(-) ghosts but the majority of
these proteins were non-extractable. A small amount of
ankyrin-1, but not α/b-spectrin, was extractable from pro-
tein 4.2(-) ghosts confirming that specific interactions of
the cytoskeleton with the plasma membrane were attenu-
ated in strength but the spectrin cytoskeleton remains
intact. 
Slightly more CD44 was present in cytoskeleton frac-

tions in both control and protein 4.2(-) ghosts. However,
the amount of CD44 residing in the cytoskeleton fraction

Erythropoiesis in protein 4.2 deficiency
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Figure 2. The band 3-ankyrin-1 association is attenuated in protein
4.2(-) erythrocytes. Erythrocytes were lysed in NP40 based lysis
buffer and indicated proteins were immunoprecipitated, subjected
to SDS-PAGE and Western blotted using the indicated antibodies. (A)
RhAG (LA1818) immunoprecipitation. (B) GPA immunoprecipita-
tions (BRIC163, GPA). Lower part: 1= GPB dimer; 2= GPA monomer
and 3= GPB monomer. (C) BRIC155, BRIC170 and BRAC66
immunoprecipitates. BRAC66 consistently immunoprecipitated
more band 3 and protein 4.2 than the other band 3 antibodies. (D
and E) CD47 immunoprecipitates (BRIC126), 6x (E, last lane) indi-
cates that 6 times more lysate was used to correct for lower CD47
levels in protein 4.2(-) cells. (F) Ankyrin-1 (BRIC274) immunoprecip-
itation showing that the band3-ankyrin-1 association is attenuated. 

Figure 3. Protein 4.2 deficiency affects the extractability of band 3
macrocomplex proteins. (A and B), Protein 4.2 deficiency results in
increased C12E8 extractability of band 3 macro-complex proteins.
Control and protein 4.2(-) ghosts were subjected to the non-ionic
detergent C12E8. (A) Coomassie staining showing 10μg of ghosts
(input) extracted fraction (supernatant) and non-extractable (pellet)
fraction. Arrows and brackets indicate the molecular height of spe-
cific proteins. (B) Western blot of C12E8 extracted ghosts.
Antibodies used were: BRIC170: band 3; rabbit anti-protein 4.2;
BRIC274: ankyrin-1 (and α/b-spectrin); BRIC172: α-spectrin;
BRIC235: CD44; rabbit-CD47out1; rabbit anti-RhAG; rabbit anti-
Rh30. For CD47, extended lanes, 4 times more extractable fractions
were loaded to be able to detect CD47 in protein 4.2(-) ghosts. 
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was strikingly larger in protein 4.2(-) ghosts, suggesting
that more CD44 associates with the cytoskeleton in pro-
tein 4.2 deficiency. In control cells, CD47 was mainly non-
extractable but the remaining CD47 in protein 4.2(-)
ghosts was completely extracted by C12E8 treatment, sig-
nifying that CD47 cytoskeleton attachment, primarily via
band 3, is severely weakened. 

Protein 4.2 deficiency does not interfere
with erythroblast expansion and differentiation
To study how protein 4.2 deficiency affects erythro-

poiesis we used a modified version35 of a recently
described in vitro culture system.39 A comparison between
control and protein 4.2(-) cells revealed no obvious differ-
ences in cell proliferation rate and erythroblast yield
(Figure 4A). Following differentiation induction, the initial
proliferation followed by cell cycle arrest (Figure 4A), cell
volume loss (Figure 4B) and enucleation rate (Figure 4D)
were also similar. Cell death during differentiation
remained typically below 10% (Figure 4C). A small
increase in hemoglobinized cells in protein 4.2(-) cells was
observed (Figure 4B) but overall, protein 4.2 deficiency did
not grossly interfere with the general process of erythro-
poiesis. 

Protein 4.2 deficiency leads to changes in the band 3
macrocomplex during erythropoiesis
We explored the protein expression dynamics of band 3

macrocomplex proteins during differentiation of erythrob-

lasts to reticulocytes by Western blotting. Figure 5A and B
show that at the start of control cell differentiation (pro-
erythroblast stage) most band 3 macrocomplex proteins
are expressed at low levels, including band 3, protein 4.2,
RhAG and Rh. However, expression of these proteins
increased dramatically during erythroblast maturation.
Protein 4.2 expression increased in tandem with band 3
and maximal expression was reached within 96h. Band 3
co-immunoprecipitated protein 4.2 from the moment
these proteins appeared during differentiation (24h-144h;
Figure 5C). CD47 was present at the earliest erythroblast
stage and increased marginally during differentiation. 
Protein 4.2 was not detected in protein 4.2(-) cells at any

stage of differentiation (Figure 5A). The expression pro-
files of band 3, Rh, and CD47 between mutant and con-
trol were similar. Therefore, the gross reduction in CD47
observed in mature protein 4.2(-) erythrocytes is not sim-
ply explained by protein expression changes during differ-
entiation. The gradual decrease of CD44 expression nor-
mally observed during erythropoiesis in control cells
(Figure 5A) was absent in protein 4.2(-) cells, and thus
CD44 expression was effectively increased. In addition,
RhAG mobility was decreased during the later stages of
differentiation (Figure 5B). 

Cell surface expression of CD47 and CD44 but not
other band 3 macrocomplex proteins are affected by
protein 4.2 deficiency during differentiation.
Consistent with previous reports40,41 and our Western
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Figure 4. There are no gross defects in protein 4.2(-)
in vitro erythropoiesis with respect to expansion, pro-
liferation, cell volume, hemoglobinization, enucle-
ation and cell morphology. Comparison of erythro-
poiesis between nomal (black squares) and 4.2(-)
cells (white squares). (A) Outgrowth, expansion and
differentiation of erythroblasts from 1x108 PBMC
from control and protein 4.2(-)blood. The arrow indi-
cates the time of differentiation induction and the
dotted lines indicate the different culture phases as
described in Design and Methods.

(B) Hemoglobinization and cell volume of control (black squares; black circles) and protein 4.2(-) (white squares; white circles) during ery-
throblast differentiation (three independent measurements). (C) Cell death during differentiation as measured by propidium iodide (PI) pos-
itive population is represented as a percentage of the whole cell population. (D) Enucleation is approximately 95% after 7 days of differen-
tiation. The three scatter plots show Hoechst33342 plotted against PI or undifferentiated cells (0 h) and fully differentiated cells (168 h,
control and protein 4.2(-) cells). The Hoechst+/PI- population indicates nucleated cells (I), the Hoechst-/PI- population indicates enucleat-
ed cells (III) and the Hoechst+/Pi+ population indicates nuclei (II). 
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blotting data, the majority of surface proteins (e.g. band 3,
GPA, RhAG and Rh) investigated increased during differ-
entiation albeit with different expression profiles (flow
cytometry data, Online Supplementary Figure S3). Band 3
and GPA, and separately RhAG and Rh, follow parallel
expression patterns. RhAG appeared slightly later in our
culture system (at approximately two days) than previous
reports40 coinciding closely with the appearance of the Rh
proteins. CD47 and GPC cell surface expression only mar-
ginally increased during differentiation in control cells. 
CD47 cell surface expression was 50% lower in protein

4.2(-) cells relative to control cells within 48h of differenti-
ation (Figure 5D). This 50% decrease was maintained
throughout differentiation. Simultaneously, we detected a
2-fold increase in CD44 cell surface levels relative to con-
trols, which increased during the rest of the differentiation
(Figure 5D).  To test if increased CD44 was a direct result
of decreased CD47 cell surface levels, CD47 was knocked-
down using shRNA (Figure 6A and B; Online Supplementary
Figure S4). A knockdown of CD47 below the level
observed in protein 4.2(-) cells (60% reduction; Figure 5)
showed no reciprocal rise in CD44 during differentiation
(Figure 6A and B). Thus increased CD44 expression is not

a direct response to decreased CD47 expression. In addi-
tion, CD44 levels were decreased in an ankyrin-1 deficient
patient (E van den Akker, TJ Satchwell, and AM Toye,
unpublished results, 2010) without affecting CD47 levels
(Figure 6C). 

Discussion

We describe a patient with two novel protein 4.2 muta-
tions (protein 4.2 Chartres 1 and 2) that result in complete
absence of protein 4.2 during erythropoiesis and in ery-
throcytes. We confirm the characteristic membrane pro-
tein changes caused by protein 4.2 deficiency,6,25 and
demonstrate that protein 4.2 (-) erythrocytes possess a
dramatically weakened band 3/ankyrin-1 association with
accompanying increased band 3 detergent extractability.
This agrees with previous observations using reconstitut-
ed systems or in vitro binding assays14-16 that suggested that
protein 4.2 influences the binding of ankyrin-1 to band 3.
Only a small increase in Rh and RhAG extractability was
observed in the patient’s erythrocytes, and the
RhAG/band 3 association was unaffected. Importantly,

Erythropoiesis in protein 4.2 deficiency

haematologica | 2010; 95(8) 1283

Figure 5. Immunoblotting of proteins from control and 4.2(-) erythroblast differentiation courses reveal several hallmarks of protein 4.2 defi-
ciency as observed in erythrocytes. (A) Equal amounts (20μg) of total cell lysates from control and protein 4.2(-) differentiating erythrob-
lasts taken at 24 h intervals were subjected to SDS-PAGE. Immunoblotting was performed with polyclonal antibodies against protein 4.2,
CD47, Rh, RhAG and actin and monoclonal antibody against band 3 (BRIC170). (B) Comparison by Western blotting, of CD44, CD47, RhAG,
and actin levels during differentiation of normal and protein 4.2(-) erythroblasts. Equal cell numbers were loaded (1.0x106 cell/lane). (C)
Protein 4.2 co-immunoprecipitates with band 3 during erythroblast differentiation. Lysates from differentiating erythroblasts were used to
immunoprecipitate band 3 (BRAC66). Immunoprecipitates were subjected to SDS-PAGE and Western blotting and stained with BRIC170
(band 3, upper part) and rabbit anti-protein 4.2 (lower part). (D) Expanded erythroblasts were differentiated to reticulocytes over 7 days. The
cell surface expression of the indicated proteins was followed daily by flow cytometry. The median intensity values for each antibody label-
ing of the protein 4.2(-) cells divided by the median intensity values of the control is defined as fold induction (a fold induction of 1 means
no change). Intensity values were normalized against isotype controls. Time is measured in hours. 
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the increased CD44 levels were accompanied by a marked
increase in CD44 cytoskeleton attachment consistent with
a compensatory change. Although describing the alter-
ations and their consequences in patient’s erythrocytes is
clearly important, these studies only provide information
about the endpoint of erythropoiesis. So, complementary
to the investigation of these protein complexes in erythro-
cytes, we extended the study to encompass erythro-
poiesis.

Protein 4.2 is expressed simultaneous to band 3 
during erythropoiesis
We have shown that protein 4.2 and band 3 express

simultaneously within 24h and associate at the basophilic
erythroblast stage, which is in agreement with the expres-
sion profiles in mice.42 It contradicts an earlier report
showing late expression of protein 4.2 during erythro-
poiesis (orthochromatic stage), with band 3 expressed ear-
lier at the basophilic stage.40,41 However, an earlier simulta-
neous expression profile is in keeping with the known

dependence of protein 4.2 on band 3 expression.8,10-12 The
level and association of band 3 and protein 4.2 remains
constant after 72h (normoblast stage) suggesting that the
majority of protein 4.2 may already be associated with
band 3 early in differentiation. 
Since we observed that RhAG and Rh expression occurs

later during erythropoiesis, this raises the exciting possi-
bility that a basic band 3 tetrameric complex (consisting of
band 3, ankyrin-1, protein 4.2, GPA) may form early dur-
ing erythropoiesis and recruit CD47 ahead of the Rh pro-
teins. This is consistent with observations in differentiat-
ing mice erythroblasts where the tetrameric band 3 com-
plex is initially formed followed by the dimeric band 3
complexes.43

Protein 4.2 deficiency during erythropoiesis
We have shown that protein 4.2 deficiency does not

affect pro-erythroblast differentiation, expansion or prolif-
eration rate, and the expression of the majority of erythro-
cyte membrane proteins investigated was unaffected. The
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Figure 6. The relationship between CD47 and CD44 is not reciprocal. (A and B) Erythroblasts were induced to differentiate 5 days after trans-
duction and the GFP positive population (expressing pTRIPshRNACD47) was compared to the GFP negative population in the same culture
(culture 3, Online Supplementary Figure S4) by flow cytometry using anti-CD47 (BRIC125), anti-CD44 (BRIC235), anti-band 3 (BRIC6) and
anti-IgG2b (isotypic control). (A) Dot plot and histogram data used to calculate the fold changes described in (B). The graphs display the cell
surface binding of antibodies against band 3, CD47, CD44 and an IgG2b isotypic control on pTRIPCD47shRNA transduced cells as a func-
tion of GFP expression (top scatter plots) or alone as histograms (bottom panel; dark gray indicate GFP negative (GFP-) cells and light gray
lines indicate GFP positive (GFP+) cells. Three independent experiments were performed. (B) Fold change was calculated on 0 h (gray bars)
and 72 h in differentiation (white bars) as the median fluorescence intensity level of GFP- cells (non-transduced) divided by the GFP+ cells
(transduced) in the same culture. No fold change is calculated for band 3 on time point 0 h in differentiation because at this stage the cells
do not express band 3. (C) CD44 protein levels are changed in patient erythrocytes with reduced ankyrin-1 levels. (C) A representative
Coomassie gel showing ankyrin-1/spectrin protein levels. (D) The cell surface expression fold change of CD44, CD47 and isotypic controls
calculated as the median intensity of mutant divided by control (in percentages). *= <0.05 (Student’s t-test).
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alterations to CD47 and CD44 in protein 4.2(-) cells
occurred early in erythropoiesis (48h) and was maintained
throughout the differentiation course. The changes were
approximately 2-fold lower than those observed in
peripheral erythrocytes. This may reflect the absence of in
vivo context, i.e. erythroblastic islands, or that further
changes in protein expression levels occur at the reticulo-
cyte membrane remodeling stage or in circulation, which
is not covered by our culture system. Erythrocyte aging by
storage of erythrocytes for 12 weeks at 4°C in plasma
revealed no significant difference in CD47 loss by exo-
somes between control and protein 4.2(-). This suggests
no accelerated loss of CD47 occurs in mutant erythrocytes
(data not shown). 
The decrease in CD47 cell surface expression during

erythropoiesis was not observed at the total protein level.
Thus, during protein 4.2 deficiency, CD47 either has a
reduced stability at the plasma membrane or has dis-
turbed trafficking to the plasma membrane. Further work
is necessary to explain why the absence of protein 4.2
causes a decrease in CD47 surface levels at this specific
point in erythropoiesis. The reduction in CD47 leads to a
concomitant increase in CD44 at the basophilic erythrob-
last stage and could indicate a correlative reciprocal con-
nection. However, CD47 knockdown did not cause a
simultaneous increase in CD44 during differentiation.
Furthermore, CD44 was reduced in an ankyrin-1 deficient
patient whose CD47 levels were normal. Taken together,
these data strongly argue against a direct link between
CD44 and CD47 expression.
Another characteristic of protein 4.2 deficiency in ery-

throcytes is increased glycosylation of RhAG and this was
evident during the final stages of erythroid differentiation.
RhAG appears to express at higher levels, earlier, in the
protein 4.2(-) cells, so increased glycosylation may be a
consequence of this earlier expression. In addition,
although we did not detect an alteration in the RhAG
association with band 3 in protein 4.2(-) erythrocytes, we
cannot rule out the possibility that the interaction of band
3 with RhAG is compromised during erythropoiesis, caus-
ing enhanced recycling or slower trafficking through the
Golgi complex.

CD44 may compensate for a weakened 
band 3-ankyrin-1 interaction in 4.2 deficiency 
and band 3 deficiency
The GPC complex of proteins represents another

cytoskeleton attachment site but these proteins were
unaffected in the mutant cells. We speculate that the aug-
mented CD44-cytoskeleton association observed in pro-
tein 4.2 deficient cells may be a result of the weakened
interaction of ankyrin-1 with band 3. This could poten-

tially occur through competition for ankyrin-1 binding by
CD44. Lokeshwar et al. demonstrated that CD44 com-
petes with the cytoplasmic domain of band 3 for ankyrin-
1 in in vitro binding studies.44 During erythropoiesis, CD44
may compete with the band 3-protein 4.2 complex for
ankyrin-1 binding. In the absence of protein 4.2, the
observed reduction in band 3 affinity for ankyrin-1 may
enable a concomitant increase in CD44 association with
ankyrin-1. This model predicts reduced CD44 protein lev-
els upon ankyrin-1 deficiency in erythrocytes and indeed,
lower levels of CD44 were observed in an ankyrin-1 defi-
cient patient (unpublished mutant provided by Prof. J
Delaunay, 20th May 2009). However, at this stage, we can-
not rule out other compensatory cytoskeleton interac-
tions for CD44. Future work will establish whether there
is a direct link between ankyrin-1 availability and CD44
levels during erythropoiesis. The increased CD44-
cytoskeleton association may explain the relatively mild
phenotype observed in HS patients with protein 4.2 defi-
ciency and also suggests a potential compensation mech-
anism for membrane stabilization during band 3 deficien-
cy. Indeed, CD44 expression is increased in several hered-
itary spherocytosis patients with reduced band 3 protein
levels despite unchanged or slightly decreased ankyrin-1
levels.26,28,45
In summary we have described, two novel protein 4.2

mutations that lead to complete protein 4.2-deficiency
and hereditary spherocytosis. We have, for the first time,
followed the consequences of protein 4.2 deficiency on
erythrocyte membrane assembly during in vitro erythro-
poiesis and determined the stages at which key changes
occur. This has identified a specific stage where protein
4.2 deficiency results in reduced CD47 cell surface expres-
sion and simultaneous CD44 stabilization. We are now
entering an exciting stage where we can explore the con-
sequences of specific protein deficiencies on membrane
composition and function during erythropoiesis, and
combine these studies with what is already known in
erythrocytes in both health and disease. 
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