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RED CELLS

A splicing dteration of 4.1R pre-mRNA generates 2 protein isoforms with distinct
assembly to spindle polesin mitotic cells

Francois Delhommeau, Corinne Vasseur-Godbillon, Philippe Leclerc, Pierre-Olivier Schischmanoff, Laure Croisille, Patricia Rince,
Madeleine Moriniere, Edward J. Benz Jr, Gil Tchernia, Gabriel Tamagnini, Leticia Ribeiro, Jean Delaunay, and Faouzi Baklouti

The C-terminal region of erythroid cy-
toskeletal protein 4.1R, encoded by ex-
ons 20 and 21, contains a binding site for
nuclear mitotic apparatus protein (NUMA),

a protein needed for the formation and
stabilization of the mitotic spindle. We

have previously described a splicing mu-

tation of 4.1R that yields 2 isoforms: One,

CO.1, lacks most of exon 20-encoded
peptide and carries a missense C-termi-
nal sequence. The other, CO.2, lacks exon
20-encoded C-terminal sequence, but re-
tains the normal exon 2l-encoded C-
terminal sequence. Knowing that both
shortened proteins are expressed in red

cells and assemble to the membrane skel-
eton, we asked whether they would en-
sure 4.1R mitotic function in dividing cells.
We show here that CO.2, but not CO.1,
assembles to spindle poles, and colocal-
izes with NuMA in erythroid and lymphoid
mutated cells, but none of these isoforms
interact with NuMA in vitro. In microtubule-
destabilizing conditions, again only CO.2
localizes to the centrosomes. These data
suggest that the stability of 4.1R associa-
tion with centrosomes requires an intact
C-terminal end, either for a proper confor-
mation of the protein, for a direct binding
to an unknown centrosome-cytoskeletal

network, or for both. We also found that
4.1G, a ubiquitous homolog of 4.1R, is
present in mutated as well as control
cells and that its C-terminal region binds
efficiently to NuMA, suggesting that in
fact mitotic spindles host a mixture of the

two 4.1 family members. These findings
led to the postulate that the coexpression

at the spindle poles of 2 related proteins,
4.1R and 4.1G, might reflect a functional
redundancy in mitotic cells. (Blood. 2002;
100:2629-2636)
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Introduction

Protein 4.1R (4.1R) isamajor component of the red cell membrane
skeleton, which stabilizes the spectrin-actin lattice, and interacts
with various skeletal and transmembrane proteins.! Human 4.1R is
encoded by the EPB41 gene' (p33-p34.2), which encompasses
about 200 kb and contains over 25 exons, 22 of which are
expressed in erythroid cells.2 The prototypical 80-kDa erythroid
isoform of 4.1R is one of multiple protein isoforms, most of which
are generated by pree-mRNA alternative splicing, in a tissue- and
devel opmental -specific manner.24 In addition to this protein diver-
sity generated from 4.1R gene, recent studies have identified 3 new
proteins closely related to 4.1R but encoded by 3 different genes.
Among the new members of the 4.1 family of genes, 4.1G is the
most widely distributed in tissues.® In fact, 4.1R and 4.1G show
relatively opposite patterns of expression: 4.1R ismost abundant in
hematopoietic cells and tissues, whereas 4.1G is expressed at
higher levels in a wide range of tissues, but is relatively less
abundant in hematopoietic cells.®

Several studies have recently documented the expression of
4.1R-related isoforms in both the nuclear and the cytoplasmic
compartments, as well as in perinuclear structures: 4.1R associ-

ates with the nuclear matrix,®” splicing factors,® and centro-
somes,® where it binds to centrosomal P4.1-associated protein
(CPAP), and might therefore act as an adapter to anchor the
CPAP/y-tubulin complex to the centrosome.’® On the other
hand, in vitro studies have shown that 4.1R interacts specifically
with tubulin® and erythroid and skeletal muscle myosins.’213 |t
has also been shown that one isoform, probably a 135-kDa—
related isoform, binds with the nuclear mitotic apparatus protein
(NuMA) at the spindle poles of dividing cells.’* NUMA is a
nuclear protein that relocalizes to the spindle poles during
mitosis and meiosis. Its presence is required to focus microtu-
bules into spindle poles and to stabilize the mitotic spindle and
control its size until anaphase.>16

The erythrocyte membrane 4.1R protein isoform is composed of
4 domains, referred to as 30, 16, 10, and 22/24 kDa, from N- to
C-terminus.! The 30-kDa domain contains binding sites for band 3,
glycophorin C/D, p55, and camodulin. The 10-kDa domain
ensures the binding of 4.1R to actin and spectrin 3-chain. However,
little is known about the function of the 22/24-kDa domain in
mature red cells.
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To gain new insights into the functional importance of the
22/24-kDa domain, we analyzed the expression and the functional
properties of 2 4.1R variants resulting from a mutation in the gene
sequence encoding the 22/24-kDa C-terminal domain (CTD).Y
One of these 2 variants, named 4.1R Coimbra, derived from a
splicing mutation, a G—A substitution at position 2720, which is
the last position of exon 20 (AA/gt—AG/gt).l” The mutation
yielded 2 abnormal spliceoforms (Figure 1). One spliceoform,
named CO.1, resulted from the activation of a cryptic donor sitein
the 5’ region of exon 20, and left only thefirst 10 nucleotides of this
exon. The out-of-frame sequence downstream met a stop codon
only 7 nucleotides ahead of the physiological stop codon. All
together, it alowed a C-terminal tail (downstream of the exon
19-encoded segment) of 33 amino acids, among which the last 29
amino acids accounted for a missense sequence. The other spliceo-
form (CO.2) arose from the skipping of exon 20, leaving a
C-terminal sequence of 32 amino acids identical to the wild-type
sequence, encoded by exon 21. The 2 4.1R isoforms were truncated
by about the same length. They both appeared in nearly equal
quantities, yet the total amount of both was 30% of normal in the
homozygous patient. That patient presented with an unusually mild
picture, intermediate between the common heterozygous and
homozygous 4.1R hereditary elliptocytosis. We concluded that the
CTD must have no major functional role in mature red cell
skeleton, and that the mild functional loss is correlated with the
total amount of 4.1R translatable mRNA, rather than with the
primary structure of the mutated proteins.t’

The question arose as to whether in the homozygote any of the 2
abnormal 4.1R protein isoforms would bind NUMA in nucleated
cells, and whether NUMA could assemble to the spindle polesin the
absence of intact 4.1R. To address these issues, we analyzed 4.1
expression in purified erythroblasts and immortalized lymphoblasts
obtained from peripheral blood in 4.1R Coimbra carriers. Messen-
ger RNA analysis showed that the splicing site mutation at the end
of exon 20 generates in both erythroid and lymphoid cells the same
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Figure 1. Schematic representation of 4.1R, CO.1, CO.2, and 4.1G in their
C-terminal regions. (A) Abnormal splicing events generated at 4.1R pre-mRNA from
exon 20 mutation, and leading to the spliceoforms encoding CO.1 and CO.2. (B)
Amino acid sequence alignment of normal 4.1R, CO.1, and CO.2. Peptide epitopes
for specific antibodies AbCO and AbCT are highlighted in black boxes. (C) Sequence
alignment of 4.1R and 4.1G CTDs. Note the high degree of amino acid identity
between the 2 proteins at 4.1R exons 20-encoded (shaded) and 21-encoded
(boxed) sequence.
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splicing alterations described in reticulocyte mRNA.Y Cultured
erythroid precursors displayed norma morphological features
through day 14 of culture. Using confocal microscopy, we observed
that the CO.2, but not the CO.1, isoform colocalizes with NUMA in
the nuclel of erythroid precursors and lymphoid cells, whereas in
vitro binding assays showed no interaction between NUMA and
either of the shortened protein isoforms. In nocodazole-treated
cells, the CO.2 shortened form of 4.1R appears to colocalize with
centrosomal y-tubulin, whereas CO.1 fails to assemble to centro-
somes. These data suggest that an intact CTD is required for 4.1R
assembly to the centrosome and to the mitotic spindle poles; this
CTD would provide either a proper conformation for the whole
4.1R protein, and/or a bonafide protein-binding site for a centroso-
mal component. On the other hand, we showed that 4.1G is also
targeted to spindle poles in mitotic cells and colocalizes with
NuMA. In vitro binding assays further supported a direct interac-
tion between NUMA and 4.1G. These results suggest a possible
functional redundancy between 4.1R and 4.1G.

Patients, materials, and methods

Case reports

Most of the experiments were carried out on blood samples obtained from a
patient homozygous for the 4.1R Coimbra mutation and her heterozygous
grandson after informed consent. Further details regarding this family were
presented previously.”

Cell culture

After Ficoll hypague separation of mononuclear cells, erythroid-progenitor
enrichment was performed by negative selection with the use of carbonyl
iron (Sigma, St Louis, MO) and an immunomagnetic bead procedure with
the use of Dynabeads anti-CD2 (Dynal, Oslo, Norway). Erythroid progeni-
torswere grown for 7 or 14 daysin standard methylcellul ose assayswith the
use of 50 ng/mL recombinant stem cell factor, 3000 IU/L recombinant
erythropoietin, and 30 1U/mL recombinant interleukin-3. Colonies derived
from erythroid burst-forming units (BFU-ES) were enumerated and plucked
at days 7 and 14 and then processed for May-Grunwald-Giemsa staining,
immunofluorescence microscopy, and RNA extraction.

Epstein-Barr virus (EBV)-infected lymphoid cell lines were kindly
established by Dr A. Calender (Laboratoire de Cytogénétique, Hopital
Edouard Herriot, Lyons, France). The cells were grown in RPMI 1640 with
Glutamax, HEPES (Life Technologies, Paisley, United Kingdom), and 10%
fetal bovine serum. They were harvested during the exponential growth
phase.

To test the microtubule dependence on 4.1R association with centro-
somes, cells were exposed to nocodazole at 2 p.g/mL in culture medium for
2 hours, then washed with phosphate-buffered saline (PBS), and stained for
tubulin and 4.1R immunofluorescence (see below).

Reverse-transcriptase polymerase chain reaction

Total RNA was isolated from erythroid and lymphoid cells by means of
RNADble (Eurobio, Les Ulis, France). Following areverse transcription step
using Superscript |1 and random hexamers (Life Technologies), cDNA was
amplified by polymerase chain reaction (PCR) as previously described,'”
with the use of a sense primer (5 TGAGACCAAGACCATCACTT3')
within exon 18 and areverse primer (5 TCAGCAATCTCGGTCTCCTG3')
within exon 21.

Antibodies

The antibodies used were as follows: (1) A polyclonal antibody against the
N-terminal sequence of 4.1R (headpiece antibody [AbHP]), was kindly
provided by Dr T. K. Tang (Institute of Biomedical Sciences, Academia
Sinica, Taipei, Taiwan). The corresponding epitope encompassed mostly
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exon 2—encoding sequence. (2) Affinity-purified polyclonal antibodies
against the C-termina peptides of normal 4.1R (AbCT) and CO.1 (AbCO)
were previously described (Figure 1).1” Note that AbCT also reacted with
CO.2 isoform.” (3) A mouse monoclona antibody against NUMA (Ab-
NuMA) was used as described previously.!* (4) An affinity-purified
polyclonal antibody specific for human 4.1G, AbHG13, was raised in
chicken by Agro-Bio (La Ferte-Saint-Aubin, France). It was directed
against the peptide NH2-CDGDGRREV RSPTKAP-CONH2 prepared by
Synt:em (Nimes, France; the underlined C residue was added for coupling
purposes). This peptideis present within a4.1G sequence, which appears as
one of the most divergent peptide sequences among 4.1 protein members.>
(5) Goat antibodies against glutathione S-transferase (GST; AbGST) and
mouse anti—y-tubulin (AbyT) were purchased from Amersham Pharmacia
Biotech Europe (Freiburg, Germany) and Sigma-Aldrich (St Louis, MO),
respectively.

Immunofluorescence and confocal microscopy

Erythroid or lymphoid cells were washed in PBS and cytocentrifuged onto
poly-L-lysine-coated slides. Cells were then fixed and permeabilized by
immersion in PBS containing 2% paraformal dehyde and 0.2% Triton X-100
for 25 minutes at room temperature. After 3 washes in PBS, preparations
were blocked for 2 hours with PBS containing 10% bovine serum abumin
(BSA) at room temperature. The slides were incubated with primary
antibodies with the use of the following dilutions in PBS/3% BSA/0.1%
Tween 20 (AbCT, 1/40; AbCO, 1/40; AbHP, 1/1000; and AbHG13, 1/50) for
1 hour at room temperature. After 3 washes in PBS, cells were incubated
with AbNuUMA or AbyT diluted at 1/50 or 1/500, respectively, in the same
conditions. Following thorough washing with PBS, cells were incubated
with the secondary antibodies: goat antirabbit antibodies conjugated with
Alexa 488 (Molecular Probes, Eugene, OR), goat antimouse antibodies
conjugated with Alexa 546 (Molecular Probes), or donkey antichicken
immunoglobulin Y (IgY) conjugated to fluorescein isothiocyanate (Inter-
chim, Montlugon, France), diluted according to the supplier’s recommenda-
tions for 1 hour at room temperature. Negative controls were prepared by
replacing primary antibodies by nonimmune rabbit serum, mouse serum, or
chicken IgY. All the incubations were performed at room temperature in a
humidified chamber. Finaly, preparations were mounted in 150 mM
Tris-HCI (tris(hydroxymethyl)aminomethane-HCI), glycerol 25%, pH 8.60.
The samples were observed with aconfocal ZeissAxiovert 135 microscope
(Gottingen, Germany) through a X 40 oil immersion objective. Images
were processed by means of Photoshop software (Adobe Systems, San
Jose, CA).

Recombinant plasmid constructs

A fragment encompassing the CTD of 4.1R was obtained by reverse-
transcriptase PCR (RT-PCR) amplification of acontrol RNA template, with
the use of the following primers designed within exons 17 and 21: sense,
5'AAGCGGCCGCCCCGGGGGATCCCGAACTCTTAACATCAATGG-
G3'; antisense, 5’ AACCCGGGGCGGCCGCTCTAGATCACTCATCAGC-
AATCTCGGT3'. The truncated CTDs of CO.1 and CO.2 isoforms were
also obtained by RT-PCR from a homozygous 4.1R Coimbra RNA sample,
with the use of the same set of primers.

A cDNA fragment encoding amino acids 856 through 1005 at the 3’
region of 4.1G mRNAS was amplified by PCR with the following primers:
sense, 5’ AAGCGGCCGCCCCGGGGGATCCGTTGACATTGATGTTTT-
GCCAC3'; antisense, 5’ AACCCGGGGCGGCCGCTCTAGATTAAT-
CTTCCCCTTCCTCAGC3'. Following agarose gel electrophoresis, the
bands were cut out, digested with BamHI and Notl, repurified by agarose gel
dectrophoresis, and ligated in frame with GST into pGEX-4T-1 plasmid
(Amersham Pharmacia Biotech Europe). The 4 recombinant plasmids obtained
arereferred to aspGEX/R, pGEX/CO.1, pGEX/CO.2, and pGEX/G, respectively.

All the constructs were further sequenced to ascertain the inframe
insertion of the DNA fragments and the absence of nucleotide mismatches.
Finally the NuMAL/TOPO construct containing amino acids 1697 through
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2101—encoding region of NuMA was previously described and used for in
vitro translation experiments.

In vitro binding assays

The pGEX constructs described above were expressed in bacteria, and
GST-fusion proteins, designated GST/R (for normal), GST/CO.1, GST/
C0.2, and GST/G, were purified basically according to the manufacturer’s
recommendations (Amersham Pharmacia Biotech Europe): The expression
of the GST-fusion proteins was carried out in the presence of 0.1 mM
isopropylthiogalactopyranoside (IPTG) at 37°C. After cell harvest and
centrifugation, the cell pellet was resuspended in a PBS (150 mM NaCl, 10
mM Na;HPO4, pH 7.50) containing 0.1 mM phenylmethyl sulfonyl fluoride
or 1 mM Pefabloc, 5 mM dithiotreitol, and 1000 mg/L lysozyme. After 30
minutes of incubation on ice, the cells were disrupted in a Sonifier 11
disrupter (Branson Ultrasonic, Carouge-Geneva, Switzerland) for a maxi-
mum of 3 pulses of 10 seconds each, avoiding frothing. The postsonication
solution was incubated in the presence of 1% Triton X-100 for 1 hour. The
homogenate was then centrifuged at 13 000 rpm for 30 minutes at 4°C. The
GST-fusion peptides present in the supernatant were immediately mixed
with glutathione-Sepharose 4B beads for different times (20 minutes; 2, 20,
and 43 hours). All the purification steps were carried out on ice. After
incubation, the beads were washed by the addition of 10 bead volumes of
PBS. Finally, the GST-fusion peptides were eluted from the beads by adding
1 vol glutathione elution buffer (10 mM reduced glutathione in 50 mM
TrissHCI, pH 8.0) and analyzed by Western blot with the use of the
above-described AbCT, AbCO, and AbGST antibodies.

A minor band of 24 kDagradually developed in the course of incubation
of the bacterial lysate with glutathione-Sepharose 4B beads (20 minutes; 2,
20, and 43 hours), with GST/CO.1, but not with GST/R or with GST/CO.2
(not shown). The 24-kDa band stemmed presumably from proteolysis, in
spite of the presence of protease inhibitors. Upon Western blotting (not
shown), GST/R GST/CO.2, and, notably, GST/G reacted with AbCT and
ADbGST. The crossreaction of 4.1G C-termina peptide with AbCT
antibody was rather expected considering the high degree of homology
observed between al the 4.1 family members at their CTDs.1® GST/CO.1
(38.5-kDa band) reacted with AbCO and AbGST. The 24-kDa band reacted
with AbGST only. The GST/CO.1 high susceptibility to degradation was
addressed by reducing the incubation time to 20 minutes. After the bacterial
lysate was eliminated, GST/CO.1 bound to glutathione-Sepharose beads
could be kept at 4°C for 10 hours without degradation.

The in vitro transcription/tranglation experiments were performed on
NUuMAL/TOPO,* with the use of the TNT Quick coupled transcription/
trandation system (Promega, Madison, WI) in the presence of [®S]-
methionine. Equivalent amounts of labeled NUMA1 peptides were incu-
bated with each of the affinity-purified GST-fusion proteins, coupled to
glutathione-Sepharose beads for 1 hour at 4°C in PBS binding buffer (150
mM NaCl, 10 mM Na,HPOy,), containing leupeptine (4 n.g/mL), antipain (4
wg/mL), and pepstatin (12 pg/mL). After washing the loaded column with
PBS, the bound protein complex was eluted with glutathione elution buffer
(30 mM reduced glutathione in 50 mM Tris-HCI, pH 8.0). The eluted
protein complexes were analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and the bound NUMA was visualized
by autoradiography.

Results

Normal morphology but slight decrease in growth of 4.1R
Coimbra cells

Erythroid progenitors were purified from peripheral blood and
cultured for 7 and 14 days in methyl cellulose standard assay. The
number of BFU-Es and of total cellswere slightly, but consistently,
decreased in 4.1R Coimbra cells (CO cells), in comparison with
control cells (Table 1). Similarly, slight but not significant differ-
ences in the time of lymphoid cell doubling were repeatedly
observed (3 sets of experiments; Table 1). On the other hand,
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Table 1. Effect of 4.1R Coimbra mutation on cell proliferation

Erythroid cells* Lymphoid cellst

Blood sample Day 7 Day 14 Population-doubling time
Control 16.6 (10.4/22.8) 19.8 (14.6/25.0) 40.3 = 8.0
Heterozygote 13.6 16.6 44
Homozygote 11.0 12.8 46.0 = 8.0

*The number of BFU-Es obtained in standard methylcellulose assay after 7 and
14 days of culture is expressed as a mean of 4 experiments (minimum/
maximum values).

tPopulation-doubling time of EBV-transformed cell lines calculated during
exponential growth phase by the formula T = [(t; — to) X log 2])/(log n; — log ng), with
n; and no being the numbers of cells at times t; and to.

May-Grunwald-Giemsa staining of cultured erythroblasts showed
normal appearance of CO cells, as compared with control cells,
with more than 90% of immature proerythroblasts at 7 days of
culture (Figure 2).

Effect of 4.1R Coimbra mutation on exon 20 splicing

Exon 20 mutation generates apartial or total skipping of theexonin
reticulocyte RNA.Y” We asked whether this mutation acts in a
similar fashion in dividing erythroid and lymphoid cells. RT-PCR
amplification of the exon 19-exon 21 region yielded 2 shorter
bands, corresponding to CO.1 and CO.2 (Figure 1). In heterozy-
gous cells, the smaller bands were present along with the normal
fragment, whereas they were the exclusive products in homozy-
gous CO cells (not shown). These data suggested that unlike the
tissue- and/or stage-specific behavior of 4.1R aternatively spliced
motifs, %4 the exon 20 mutation is associated with the same splicing
alteration in different nucleated cells and during erythroid
development.

Expression of 4.1R variant isoforms in mitotic erythroblasts
and lymphoid cells

To assess the expression of CO.1 and CO.2 and their assembly at
the spindle poles of dividing cells, a series of double labeling
experiments using various anti-4.1R antibodies and anti-NuMA
antibody were performed on erythroid and lymphoid cells.

The 4.1R displays a punctate distribution within the cytoplasm
and the nucleus of interphasic normal cells®” with no obvious
colocalization with the nuclear protein NuMA, which appears
uniformly distributed, as shown previously'* (Figure 3). In mitotic
cells, NuMA accumulates almost entirely at the poles of the mitotic
spindlein acrescent-shaped distribution. The 4.1R colocalizes with
NuMA at the spindle poles of mitotic cells. However, this
colocalization only partly covers the NUMA labeling at the poles
and seems in some cases to be concentrated at asingle central spot,
suggestive of the centrosome (Figure 3).

The homozygous CO cells contained no full-length 4.1R, but
only CO.1 and CO.2 truncated forms. Therefore, AbCT- and
ADbCO-specific antibodies must necessarily recognize only CO.2 or
CO.1, respectively (Figure 1).17 AbCT produced the same result as
in control cells, suggesting a colocalization of CO.2 isoform with
NuMA at the spindle poles. AbCO showed a similar punctate
immunofluorescence labeling in CO cells, but virtually no staining
in control cells. However, this antibody failed to show acolocaliza-
tion with NuMA at the mitotic spindle poles in CO cells. It
therefore appears that (1) both CO.1 and CO.2 are expressed at the
protein level in both cell types (Figure 3) and preferentialy
condense at the plasma membrane of maturing erythroblasts (not
shown), confirming our previous data stating a proper assembly of
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these truncated forms to the red cell skeleton'”; and (2) CO.2, but
not CO.1, assembles to the spindle poles in CO cells and
colocalizes with NUMA. Moreover, CO.1 and CO.2 distribution is
very similar in mitotic erythroid and lymphoid cells, as shown in
Figure 3.

CO0.2, but not CO.1, assembles to the centrosome

In light of previousin vitro binding assays,* we hypothesized that
none of the shortened 4.1R Coimbra isoforms would bind to
NuMA. Therefore, it was rather unexpected to find CO.2 as-
sembled at the spindle poles of CO cells. To test whether this
assembly is dependent on NUMA, we performed a new set of
immunofluorescence labeling in microtubule-destabilizing condi-
tions (Figure 4). NuMA is known to be a pericentriolar protein; its
assembly occurs at the minus ends of microtubules.’® Cells were
treated with nocodazol e prior to immunofluorescence labeling with
ADbHP. As shown in Figure 4, AbHP decorates 2 spots in mitotic
cells and a single spot in some interphasic cells (not shown). This
staining coincides with y-tubulin, an inherent centrosomal compo-
nent, in double-labeling experiments (Figure 4). Note that the
colocdlization of 4.1R and y-tubulin is in most cases only partial
and asymmetric; this observation is consistent with previous work
by Krauss et al.? Anti-NuMA antibody showed a diffused immuno-
fluorescence in nocodazole-treated cells in mitosis, whereas DAPI
(4,6-diamidino-2-phenylindole) staining ascertained the chromo-
some condensation at the median region between the centrosomes
(not shown).

ADbCO once again revealed CO.1 isoforms scattered within the
cytoplasm and the nucleoplasm, but none was assembled at the
centrosome (Figure 4).

All together, these results suggest that CO.2, but not CO.1,
assembles to the centrosome in a NuUMA- and microtubule-
independent fashion.

Coexpression at the spindle poles of both 4.1R and 4.1G

The anti-4.1R CTD antibody AbCT used here was directed against
apeptide encoded by exon 21.17 However, this peptide showed only

D7 D14

Figure 2. Effect of 4.1R Coimbra mutation on cell morphology. Erythroid cells
from control (R/R), heterozygous (R/CO), and homozygous (CO/CO) persons after 7
(D7) and 14 (D14) days of culture. No obvious morphologic changes were noticed in
CO cells in comparison with the control cells. Bar indicates 10 pm.
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Figure 3. Immunolocalization of 4.1R and NuMA in A
erythroid and lymphoid cells. Column A shows 4.1
isoform distribution; column B, NuMA distribution; column
C, colocalization of various 4.1 isoforms and NuMA;
column D, higher magnification of the mitotic cells shown
in column C; column E, results obtained with the use of
lymphoid cells. In all of these, only the high magnifica-
tions are shown. Bar indicates 5 um. AbCT gave a
positive reaction with 4.1R in the control and with CO.2 in
the patient. AbCO recognized only the missense se-
quence of CO.1 in the patient (note the complete absence
of fluorescence in the control, lane 3). Normal 4.1R
(control), and CO.2 and CO.1 (homozygote) showed a
punctate distribution within the cytoplasm and the nucleus

anti-4.1

entirely in the mitotic spindle poles in dividing cells. The
4.1R and CO.2, on the one hand, and AbNuMA, on the
other, colocalized in control and homozygote mitotic cells,

while CO.1 was missing from the spindle poles (AbCO ABCO
plus AbNuUMA; lane 4, columns C, D, and E).

a2—-amino acid difference with itshomolog in 4.1G (Figure 1C). In
fact, AbCT does recognize arecombinant 4.1G C-terminal peptide
upon Western blotting (GST/G; see “Patients, materials, and
methods”). To ask whether the fluorescent labeling reflected a
cross-reaction with 4.1G, and whether 4.1G compensated for 4.1R
deficiency, we performed new sets of immunohistochemical obser-
vations using antibodies AbHG13 and AbHP. AbHG13 was raised

A AbHP AbyT Merge Mag

=Noc

+Noc

Cut

Figure 4. Immunolocalization of shortened CO.1 and CO.2 isoforms at the
centrosome. Lymphoid control (not shown) and CO cells (panels A and B) were
cultured in the absence (—Noc) or presence (+Noc) of nocodazole. (A) Double
staining with AbHP and AbyT revealed the presence of 4.1R epitopes at the
centrosome, in a microtubule-independent manner. Further staining with specific
antibodies ascertained the absence of NUMA at the spindle poles in nocodazole-
treated cells and the chromosome condensation between the centrosomes. (B)
Staining with AbCO antibody showed a punctate distribution of CO.1 isoform
throughout the cell, but failed to show a specific localization at the centrosome, in
both microtubule-stabilizing and microtubule-destabilizing (not shown) conditions.
Bar indicates 10 pm.

- . .
- - -
of interphasic and dividing cells. The 4.1R partly concen-

trated at the center of each mitotic pole in dividing cells.

AbNuMA gave a positive reaction in both the control and Ab coO

the homozygote. NUMA had a diffuse distribution in the

nucleus in interphasic cells and concentrated almost
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against a 4.1G human sequence. This sequence is within the most
divergent region among 4.1 gene family members>>18.19; it corre-
sponds to exon 13—encoded peptide on 4.1R. AbHP was directed
against the N-terminal extension of human 4.1R. This unique
N-terminal region is not homologous among 4.1R family mem-
bers.1® AbHG13 was tested for its specificity by immunoblotting,
with the use of Hela cell lysate and red blood cell membrane
proteins (Figure 5). The same blot was reprobed with AbHP to
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AbHP AbG

Figure 5. Characterization of anti-4.1G antibody AbG. To test a possible
cross-hybridization between AbHP and AbG, HelLa whole-cell extract and red blood
cell membrane (RBC mbr) samples were immunoblotted with AbHP (left panel). The
blot was then stripped and probed with AbG (right panel). Red blood cell membrane
proteins served as negative control for both antibodies. AbHP revealed bands around
98 and 54 to 59 kDa, comparable in size to 4.1R isoforms found in nuclear matrix.”
AbG revealed a high-molecular-weight isoform of approximately 160 kDa, similar to a
full-length 4.1G isoform observed in transfected cells,> or an endogenous 4.1G
isoform found in PC12 cells.26 Other smaller and uncharacterized bands reacted with
AbG, but not with AbHP. The band approximately 96 kDa in particular is slightly
smaller than the 98-kDa isoform reacting with AbHP.
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confirm the absence of cross-reaction between these 2 antibodies
(Figure5).

Confocal microscopy using AbHG13 revealed a strong and
homogeneous labeling mostly throughout the nucleus during
interphase (Figure 6). These findings contrast with the punctate
aspect and mostly cytoplasmic distribution of 4.1R (Figures 3 and
6). These differences are better evidenced in merged imagesin both
Figures. Most remarkably, 4.1G was concentrated almost entirely
in the mitotic spindle poles within dividing cells. Upon AbHG13
and AbNuMA double staining, 4.1G and NuMA appeared to
colocalize at the spindle poles. Again, this colocalization is
restricted to the central area of the crescent distribution of NUMA.
Interestingly, similar results were obtained in normal and CO
lymphoid and erythroid cells, suggesting that 4.1G isintrinsically a
component of the mitotic spindle poles.

ADbHP reproduced the punctate distribution within the cyto-
plasm and the nucleus of interphasic cells as AbCT and AbCO
(Figure 4). Even though AbHP indiscriminately recognized CO.1
and CO.2, colocalization with NUMA is expected to stem only from
CO0.2 in homozygous CO cells, which again do not express any
full-length 4.1R protein (compare patient rows in Figure 3 with
ADbCO and in Figure 6 with AbHP).

All together, these data suggest that both 4.1R and 4.1G are
expressed at the mitotic spindle poles. Whether this coexpression
reflects a functional redundancy between 4.1 protein members
during cell division, or whether each component is endowed with a
specific role, remains to be elucidated.

Altered CTDs of 4.1R Coimbra do not interact with NUMA in
in vitro binding assays

We next tested the ability of CO.1 and CO.2 to bind NUMA uponin
vitro assays. Four different affinity-purified GST-fusion proteins
were prepared. They included the CTDs of intact 4.1R, migrating at
41 kDa (GST/R); the atered CO.1 (GST/CO.1) and the altered
CO.2 (GST/CO0.2), both migrating at 38.5 kDa; and the intact 4.1G
(GST/G) of 41 kDa apparent size.

Each of the fusion peptides was incubated with in vitro
trandated and radiolabeled NUMA C-terminal region (amino acids
1697 to 2102).14 The bound NuMA/4.1 protein complexes were
then analyzed by electrophoresis. Coomassie blue staining and

Control

Patient

Control

Patient
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E Figure 6. Immunolocalization of 4.1G and NuMA in
the nuclei of erythroid and lymphoid cells. Similar
results were obtained in erythroid progenitors (columns
A-D) and lymphoid cells (column E): Column A shows 4.1
isoform distribution; column B, NuMA distribution; column
C, colocalization of various 4.1 isoforms and NuMA;
column D, higher magnification of the mitotic cells shown
in column C; column E, results obtained in lymphoid cells.
In all of these columns, only the high magnifications are
shown. AbHG13 (AbG) gave a positive reaction in both
control and patient CO cells, and it colocalized with NuUMA
at the mitotic spindle poles. AbHP reacted with 4.1R
(control) and indiscriminately with CO.2 and CO.1 (ho-
mozygote). This antibody reproduced the punctate distri-
bution within the cytoplasm and the nucleus of interphasic
cell seen in Figure 3. Even though AbHP recognized both
isoforms, CO.1 and CO.2, which are shortened at their
C-termini, colocalization with NuMA necessarily stems
only from CO.2 (Figure 3). Bars indicate 5 pm.

autoradiography were performed to detect protein 4.1 isoforms and
NUuMA, respectively. In agreement with previous observations,*
the C-terminal region of NUMA interacted with the intact CTD of
4.1R (Figure 7), but not with 4.1R peptides lacking exon 20—
encoding sequence (CO.2), or most of the exon 20— and 21—
encoding sequence (CO.1). Most remarkably, NuUMA also bound to
4.1G at least through its CTD, as shown in this assay. These
findings, together with the immunochemical studies presented
above, suggest that 4.1G is another 4.1 component of the mitotic
spindle poles, whereit potentially bindsto NUMA.

Discussion

Recent studies gathered from different groups have emphasized the
potential role of the CTD of 4.1R in nucleated cells. Hence, it
appears to bear the 4.1R-binding site for NUMA at the mitotic
spindle poles.} It has also been shown to interact with ZO-2, acell
tight junction protein,° and el F3-p44, a subunit of the eukaryotic
trandlation initiation factor 3.2* The interaction with NUuMA in-
volves the segment of protein 4.1R encoded by exons 20 and 21
(27 + 32 amino acids), that is its C-terminal region.!* The binding

A M 1 2 3 4
id ﬂ

50— * “
07| g =

Figure 7. In vitro binding assays. A fragment (amino acids 1697-2102) of NuMA
C-terminal region was tested in vitro for its binding to the CTDs of 4.1R, CO.1, CO.2,
or 4.1G. (A) Coomassie blue detection of 4.1R (1), CO.1 (2), CO.2 (3), and 4.1G (4).
M indicates molecular size markers (kDa). (B) Autoradiography of radiolabeled
NuMA. NuMA bound to 4.1R and 4.1G (1 and 4), but not to either CO.1 or CO.2 (2 and 3).
Nu: appearance of NuMA alone following the in vitro coupled transcription/translation
reaction.
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site for protein 4.1R lies within amino acids 1788 to 1810
on NuMA.

The 4.1R Coimbramutation is associated with amild elliptocy-
tosis, which is expressed virtually only at the homozygous state.r”
We showed that it stemmed from the fact that 4.1R was reduced by
more than 50%, in keeping with an equivalent decrease in the
corresponding mRNA, rather than from the qualitative changes in
the CTD of the 2 isoforms of 4.1R generated. We assumed that
protein 4.1R CTD probably had alimited role, if it had arole at al,
in the membrane of the mature red cell. On the other hand, the
patient failed to present any routine laboratory stigmata pointing to
any abnormalities of erythropoiesis. Although preliminary, the
slight decreasein growth of CO cells observed in this study appears
to be genuine and would be worth further investigation using other
cell-system models.

The molecular composition of the centrosome at interphase and
during mitosis has been actively investigated.?? Recent works have
described 2 new components of the centrosome: 4.1R and CPAP210
A direct association between the HP of 4.1R 135-kDaisoform and
CPAP has been demonstrated.® CPAP localizes to the centrosome
throughout the cell cycle and was defined as a bona fide core
component of the centrosome. However, 4.1R was not detected in
isolated centrosomes.'® Data presented here led to the observation
that CO.1 isoform does not assemble to the spindle poles in intact
cells. Nor does it assemble to the centrosomes in the presence of
microtubule-disrupting drugs, whereas CO.2 assembles to the
spindle poles and to the centrosomes, but does not bind to
NuMA in vitro. These results collectively suggest that 4.1R
might be located at the vicinity of the centrosome, within a
cytoskeletal protein complex, as previously suggested.l© It
would bind to CPAP through its N-terminal HP, but a stable
assembly would require an association to a yet-to-be-defined
cytoskeletal network. This uncharacterized association would
involve a direct binding of the C-terminal exon 21—-encoded
peptide, or at least an intact C-terminal sequence needed for a
specific conformation of the whole protein.

The finding that centrosomal distribution of CO.2 and CO.1 is
independent of NUMA and microtubules, the apparent contradic-
tion between CO.2 assembly at spindle poles in vivo, and the
absence of interaction with NUMA in vitro al further support the
view that the defined bindings of HP with CPAP on the one hand
and the CTD with NuMA on the other, are probably not sufficient to
stabilize the centrosome-cytoskeletal complex. In fact, it has been
shown that NuMA isrequired for the mitotic spindle formation and
stabilization. Its assembly to the spindle poles seems to occur
through adirect interaction with dynein.’>2 The 4.1R also interacts
with the dynein-dynactin complex, and it has been speculated that,
at the spindle poles, 4.1R might stabilize a protein complex
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including NUMA, dynein, dynactin, and microtubule ends.* Further-
more, analysis of potential 4.1R partners derived from immuno-
preci pitation experiments using anti-HP antibody showed that at
least 15 components coimmunoprecipitate with 4.1R.1* The
binding sites on 4.1R to one or the other of these proteinsremain
to be defined. It is however tempting to speculate that among
these 4.1R partners, the dynein-dynactin complex appears to be
agood candidate.

In the present study, we found that in addition to 4.1R, the
mitotic spindle poles contain 4.1G, the 4.1R ubiquitous homolog.
This observation was based on in vitro binding studies and
immunocolocalization using anti-HP- and anti-4.1G—specific anti-
bodies. Sequence alignment presented in Figure 1C shows that the
CTDsof 4.1R and 4.1G are highly homologous. Most remarkably,
the peptide sequences encoded by exons 20 and 21 in 4.1R are
amost identical to their counterpartsin 4.1G. The strong homology
between these parts of 4.1R and 4.1G presumably accounted for the
ability of 4.1G to bind NuMA.. Thesefindings raised the question as
to whether the coexpression of these related 4.1 family members
reflectsafunctional redundancy. Thefinding that 4.1R~/~ knockout
mice show no apparent abnormality of cell divison and have
instead a normal viability and fertility?* is very supportive of the
ideathat a 4.1 family member, probably 4.1G, can rescue for 4.1R
function. Equally conceivable is the occurrence of phenotypic
manifestations, associated with 4.1R deficiencies, only in mature
red cells. The 4.1G is indeed virtualy absent from red cell
membrane (see Figure 5), and therefore could not compensate for
4.1R function at the red cell membrane skeleton.

Itisnot surprising that redundant proteins occur in relation with
essential cellular functions, such as cell division. For instance,
dynein and kinesin microtubule-based motor superfamilies act
within the mitotic spindles to segregate replicated chromosomes to
progeny cells. Seven of these motors have been identified in yeast,
but owing to functional overlap or redundancy, none of them seems
to be individually essential for cell division.® It is therefore
tempting to hypothesize that at least the 2 4.1 members, 4.1R and
4.1G, would play similar and perhaps complementary roles in
stabilizing spindle pole protein complexes. It would be of interest
to simultaneously alter the expression of both proteinsin cells and
to examine the effect on spindle formation and on cell division.

Acknowledgments

We are most grateful to Dr Shu-Ching Huang for critical discus-
sion, A. Calender for establishing the lymphoblastoid cell lines, and
Dr T. K. Tang for kindly providing us with anti-HP antibodies.

1. Takakuwa Y. Protein 4.1, a multifunctional protein

handas N. Tissue- and development-specific al-

dynamic rearrangements during cell division.

of the erythrocyte membrane skeleton: structure
and functions in erythrocytes and nonerythroid
cells. Int J Hematol. 2000;72:298-309.

. Baklouti F, Huang SC, Vulliamy TJ, Delaunay J,
Benz EJ Jr. Organization of the human protein
4.1 genomic locus: new insights into the tissue-
specific alternative splicing of the pre-mRNA.
Genomics. 1997;39:289-302.

. Tang TK, Qin Z, Leto T, Marchesi VT, Benz EJ Jr.
Heterogeneity of mMRNA and protein products
arising from the protein 4.1 gene in erythroid and
nonerythroid tissues. J Cell Biol. 1990;110:617-
624.

. Conboy JG, Chan JY, Chasis JA, Kan YW, Mo-

ternative RNA splicing regulates expression of
multiple isoforms of erythroid membrane protein
4.1. J Biol Chem. 1991;266:8273-8280.

. Parra M, Gascard P, Walensky LD, Snyder SH,

Mohandas N, Conboy JG. Cloning and character-
ization of 4.1G (EPB41L2), a new member of the

skeletal protein 4.1 (EPB41) gene family. Genom-
ics. 1998;49:298-306.

. De Carcer G, Lallena MJ, Correas |. Protein 4.1 is

a component of the nuclear matrix of mammalian
cells. Biochem J. 1995;312:871-877.

. Krauss SW, Larabell CA, Lockett S, et al. Struc-

tural protein 4.1 in the nucleus of human cells:

10.

J Cell Biol. 1997;137:275-289.

Lallena MJ, Martinez C, Valcarcel J, Correas I.
Functional association of nuclear protein 4.1 with
pre-mRNA splicing factors. J Cell Sci. 1998;111:
1963-1971.

Krauss SW, Chasis JA, Rogers C, Mohandas N,
Krockmalnic G, Penman S. Structural protein 4.1
is located in mammalian centrosomes. Proc Natl
Acad Sci U SA. 1997;94:7297-7302.

Hung LY, Tang CJ, Tang TK. Protein 4.1 R-135
interacts with a novel centrosomal protein (CPAP)
which is associated with the gamma-tubulin com-
plex. Mol Cell Biol. 2000;20:7813-7825.

%20z Ael 81 uo }senb Aq ypd 629200206 | 8U/9L LEST L/629Z/LI00 1 /4pd-ajd1E/POO|gAeU sUoledlqndyse//:diy woly papeojumoq



2636

11.

12.

13.

14.

15.

16.

DELHOMMEAU et al

Correas |, Avila J. Erythrocyte protein 4.1 associ-
ates with tubulin. Biochem J. 1988;255:217-221.
Pasternack GR, Racusen RH. Erythrocyte protein
4.1 binds and regulates myosin. Proc Natl Acad
Sci U SA. 1989;86:9712-9716.
Kontrogianni-Konstantopoulos A, Huang SC,
Benz EJ Jr. A nonerythroid isoform of protein
4.1R interacts with components of the contractile
apparatus in skeletal myofibers. Mol Biol Cell.
2000;11:3805-3817.

Mattagajasingh SN, Huang SC, Hartenstein JS,
Snyder M, Marchesi VT, Benz EJ Jr. A noneryth-
roid isoform of protein 4.1R interacts with the
nuclear mitotic apparatus (NuMA) protein. J Cell
Biol. 1999;145:29-43.

Merdes A, Ramyar K, Vechio JD, Cleveland DW.
A complex of NuMA and cytoplasmic dynein is
essential for mitotic spindle assembly. Cell. 1996;
87:447-458.

Zeng C. NuMA: a nuclear protein involved in mi-
totic centrosome function. Microsc Res Tech.
2000;49:467-477.

17.

18.

19.

20.

21.

BLOOD, 1 OCTOBER 2002 - VOLUME 100, NUMBER 7

Moriniére M, Ribeiro L, Dalla Venezia N, et al.
Elliptocytosis in patients with C-terminal domain
mutations of protein 4.1 correlates with encoded
messenger RNA levels rather than with alter-
ations in primary protein structure. Blood. 2000;
95:1834-1841.

Parra M, Gascard P, Walensky LD, et al. Molecu-
lar and functional characterization of protein 4.1B,
a novel member of the protein 4.1 family with high
level, focal expression in brain. J Biol Chem.
2000;275:3247-3255.

Walensky LD, Blackshaw S, Liao D, et al. A novel
neuron-enriched homolog of the erythrocyte
membrane cytoskeletal protein 4.1. J Neurosci.
1999;19:6457-6467.

Mattagajasingh SN, Huang SC, Hartenstein JS,
Benz EJ Jr. Characterization of the interaction
between protein 4.1R and ZO-2: a possible link
between the tight junction and the actin cytoskel-
eton. J Biol Chem. 2000;275:30573-30585.

Hou CL, Tang C, Roffler SR, Tang TK. Protein
4.1R binding to elF3—p44 suggests an interaction

22.

23.

24,

25.

26.

between the cytoskeletal network and the transla-
tion apparatus. Blood. 2000;96:747-753.

Bornens M. Centrosome composition and micro-
tubule anchoring mechanisms. Curr Opin Cell
Biol. 2002;14:25-34.

Gaglio T, Dionne MA, Compton DA. Mitotic
spindle poles are organized by structural and mo-
tor proteins in addition to centrosomes. J Cell
Biol. 1997;138:1055-1066.

Shi ZT, Afzal V, Coller B, et al. Protein 4.1R-
deficient mice are viable but have erythroid mem-
brane skeleton abnormalities. J Clin Invest. 1999;
103:331-340.

Hoyt MA, Geiser JR. Genetic analysis of the mi-
totic spindle. Annu Rev Genet. 1996;30:7-33.

Kontrogianni-Konstantopoulos A, Frye CS, Benz
EJ Jr, Huang SC. The prototypical 4.1R-10-kDa
domain and the 4.1g-10-kDa paralog mediate
fodrin-actin complex formation. J Biol Chem.
2001;276:20679-20687.

%20z Ael 81 uo }senb Aq ypd 629200206 | 8U/9L LEST L/629Z/LI00 1 /4pd-ajd1E/POO|gAeU sUoledlqndyse//:diy woly papeojumoq



