RED CELLS

Elliptocytosis in patients with @erminal domain mutations of protein 4.1

correlates with encoded messenger RNA levels rather than with alterations in
primary protein structure

Madeleine Moriniere, Leticia Ribeiro, Nicole Dalla Venezia, Mireille Deguillien, Philippe Maillet, Thérése Cynober, Francois Delhommeau,
Helena Almeida, Gabriel Tamagnini, Jean Delaunay, and Faouzi Baklouti

Early biochemical studies defined 4 func-
tional domains of the erythroid protein
4.1 (4.1R). From amino-terminal to car-
boxy-terminal, these are 30 kd, 16 kd, 10
kd, and 22/24 kd in size. Although the
functional properties of both the 30-kd
and the 10-kd domain have been demon-
strated in red cells, no functional activi-
ties have been assigned to either the
16-kd or the 22/24-kd domain in these
cells. We here describe new mutations in
the sequence encoding the C -terminal
22/24-kd domain that are associated with

hereditary elliptocytosis. An unusually
mild phenotype observed in heterozy-
gous and homozygous members of 1
family suggested heterogeneity in the
pattern of expression of 4.1R deficiency.
Using a variety of protein and messenger
RNA (mRNA) quantification strategies,
we showed that, regardless of the alter-
ation in the C-terminal primary sequence,
when the protein is produced, it as-
sembles at the cell membrane. In addi-
tion, we found that alterations in red cell
morphologic features and membrane

function correlate with the amount of

membrane-associated protein—and there-
fore with the amount of mRNA accumu-
lated—rather than with the primary struc-

ture of the variant proteins. These data
suggest that an intact sequence at exons

19 through 21 encoding part of the
C-terminal 22/24-kd region is not required

for proper protein 4.1R assembly in
mature red cells. (Blood. 2000;95:1834-
1841)
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Introduction

Human erythroid protein 4.1 (4.1R) is encoded byERB41gene, functional aspects of mutations that affect thée@ninal region of
the genomic organization of which has been defihdtie 4.1R 4.1R. Two of these mutations are associated with hereditary
pre-messenger RNA (MRNA) is processed in a tissue-specific agltiptocytosis (HE). In 3 variants, analysis of both the mutated
developmental-specific fashion, mainly through multiple splicingnRNAs and the membrane-assembled polypeptides in mature red
eventst= The erythroid 80-kd isoform is the best characterized teells showed that the clinical and cellular severity of HE correlated
date. It results from 2 major pre-mRNA splicing events (Figure 1yvith the mMRNA metabolism (causing the reduced representation
the exclusion in early erythroblasts of a 17-nucleotide (NTpf other 4.1R domains) but not with protein alteration in the
sequence motif that contains the upstream initiation codon at the22/24-kd domain. This finding suggests that an inta¢e@ninal
end of exon 2 and the incorporation at a later stage of exon ¥egion of protein 4.1R is probably not critical to the integrity of the
which encodes part of the 10-kd spectrin-actin binding dorh&in. red cell membrane.

Four functional domains have been defined in 4.1R (Figufré 1)
(for review, see Baklouti et &nd Tang and Taf)y The first, the
N-terminal 30-kd domain, interacts with a variety of proteins in
erythroid and nonerythroid cells (Figure 1). The second, the 16- :
domain, has no known function. The third, the 10-kd domaillwf\,(}‘aterIaIS and methods
tightens the spectrin-actin interaction at the red cell membrane. Ti@tein electrophoresis and quantification
fourth, the 22/24-kd domain, undergoes a deamidation (Asn @OZ)R d . » .
Although its function in erythrocytes is still unknown, this do- ed cell membrane proteins were purified and analyzed by using homoge-

. . . o . . neous 7% or 9% sodium dodecyl sulfate-polyacrylamide gel electrophore-
main appears to play an important role in mitotic spindle formatlogS (SDS-PAGE), as previously descridédiwenty micrograms of total

in nucleated cells by means of a specific interaction with tr]Jﬁembrane protein were loaded in each lane. The gels were stained with
nuclear mitotic apparatidlt also binds to ZO-2, a tight junction- coomassie blue, and the amount of protein 4.1R was determined with
specific proteirt2 respect to other membrane proteins (primarily protein 4.2) after densitomet-

The aim of this study was to characterize the structural amid scanning of the gels. Densitometric measurements were performed by
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Figure 1. Schematic representation of 4.1R comple- 200 bp
mentary DNA (cDNA) and functional domains. ~ The 17 . 5 S B T B e G o R 2,
nucleotides (NTs) at the 5’ end of exon 2 and exon 14, 15, s # I ] | 3 Compiled cDNA
17a, and 17b sequences are absent from the erythroid e = T'm
mRNA isoform. Functional domains deduced from limited
chymotryptic digestion are shown at the bottom of the D il vl D, Erythroid 80kD isoform
cDNA depiction. The 4.1R interacts with many membrane
or intracellular components. Some of these interactions
(asterisks) were found in nonerythroid cells. PS indicates
phosphatidylserine; and CaM, calmodulin. #Z, constitu- . Band3 |h‘iru::lr!n 1..(\;1;‘ 4.1R interactions
tive coding sequences; [, alternative coding sequences; Gheopsocins G Fodtin® ;
X, alternative non-coding sequence; [, untranslated PS
regions. I.,,:‘;":.‘fn
dlghdlg*
CD44"
pICIn*

using ImageQuantMac software (version 1.2; Amersham Pharmacia Bdwuble prediction method, and the homologue method, which allows
tech AB, Uppsala, Sweden). prediction of secondary structures by using not only sequence homology
but also sequence similarity.

Western blot analyses

) ) ) ) PCR methods and analysis of PCR products
Western blot experiments were carried out as previously deséfibiaay

using 4 antibodies. In addition to a polyclonal antibody raised against tReripheral blood samples were used for simultaneous preparation of
whole erythroid 80-kd isoforr¥t 3 new polyclonal antibodies were reticulocyte total RNA and genomic DNA. PCR amplification of genomic
prepared and affinity-purified (VALBEX, IUT A, Universitayon I, DNA was done with use of intronic primers surrounding each of the
Villeurbanne, France). Ab10kd was raised against the spectrin-actin 104@throid-coding exons, as previously describe&eticulocyte RNA was
binding domain. The region encoding this domain was amplified witfeverse transcribed by using random hexamers as primers, and the
polymerase chain reaction (PCR) using the following forward and reversemplementary DNA (cDNA) was amplified by PCR according to previ-
primers: 3-GCGGATC@AGAAAAAGAGAGAAAGACTAGAT-3 ' and  ously described protocots® The PCR primers were designed to obtain over-
5'-GGGGTACOCAGAAGGGTGAGTGAGTGGATAA-3, respectively lapping fragments$® which permits screening for changes at the sequences
(the boldfaced letters correspond to an added stop codon, and the sequegigegmpassing the primers, as well as screening for splicing alterations.
in italic letters contain restriction sites to facilitate cloning). The PCR Two quantitative reverse transcriptase (RT)-PCR methods were used. In
fragment was cloned asBarHI/Kpnl insert into pQE-30 expression vector the experiment shown in Figure 2B, a duplex PCR was performed by using
(Qiagen, Hilden, Germany). The fusion 10-kd protein was expressed a8 pairs of primers designed to simultaneously amplify 4.1R and protein 4.2
poly-His fusion polypeptide ifEscherichia coliJM109 (Promega, Madi- CDNA fragments (145 base pairs (bp) and 246 bp in size, respectively).
son, WI) and purified on a nickel-nitrilotriacetic acid-agarose columBoth the forward and the reverse 4.1R primers were designed within
(Qiagen), according to the manufacturer’s recommendations. The purityasinstitutive exons 11 and 12 to allow amplification of all the isoforms,
the fusion protein was assessed by 15% SDS-PAGE. deriving from either normal or shortened transcripts. Protein 4.2 primers
AbCT and AbCO were directed against synthetic peptides CT and C@gre designed within exons 9 and 10. The RT step was performed as a
respectively. The synthetic peptides were obtained from Synt:émegd|i  standard reaction, that is, at 42°C for 20 minutes with use of random
France). Peptide CT (\MHMCEAKEQHPDMSVTKV-CONH,) corresponds hexamers, and corresponded to a master RT reaction. The PCR reagents
to the normal amino acid sequence at thée@ninal of 4.1R. The Cys were then added, and the resulting master PCR mix was dispensed in ice
residue (boldfaced letter) at the N-terminal was added for couplirigto 5 time-course tubes. The PCR amplification was carried out for 20, 22,
purposes. Peptide CO (NHHVSDQGGRPPGDRDC-CONJ) is a mis- 24, 26, and 30 cycles. Each time-point PCR contained, as final concentra-
sense amino acid sequence specific to the 4.1R Coimbra 1 truncdiedas, 200 nmol/L of each primer. When the desired number of cycles was
isoform. Both CT and CO peptides are encoded by exon 21. To raieempleted, the corresponding time-point PCR was stopped by chilling the
the antibodies, the fusion 10-kd protein and the synthetic peptides wéude in dry ice. The PCR products were analyzed on agarose gels and
coupled to either bovine serum albumin (10 kd) or keyhole limpejuantified on a Fluorimager 595 system (Molecular Dynamics, Sunnyvale,
hemocyanin (CT and CO) and injected into rabbits. After 4 weeks, tieA) after gel staining with Vistra Green dye (Amersham Pharmacia
rabbits were given boosters of immunogens every 3 weeks, and serBiatech AB). The 4.1R mRNA level was measured as a ratio of 4.1R to 4.2
samples were collected 8 days after the third or the fourth booster. All theeach sample by using ImageQuantMac software (version 1.2).
immune antibodies were affinity-purified from serum by using either In the experiment shown in Figure 3, the forward primer was
Sepharose 4B (Pharmacia, Uppsala, Sweden) and poly-His 10-kd fusin-labeled by using T4 polynucleotide kinase (New England Biolabs,
peptide as immobilized affinity ligand (Ab10kd) or HiTrap affinity columnBeverly, MA) andy-phosphorus 32¢P) adenosine triphosphate for 1 hour
(Pharmacia) and uncoupled CT or CO peptides (AbCT and AbC@f 37°C, according to the manufacturer’s instructions. After heat inactiva-
respectively). tion of the enzyme, the oligonucleotide was extracted with phenol and
further purified through G-25 Sephadex columns (Boehringer Mannheim,
Mannheim, Germany). The RT step was also performed as a standard
reaction, and the master PCR mix was dispensed into 8 time-course tubes.
The deformability and stability of red cell membranes were assessed Tlye PCR amplification was carried out for 10, 13, 17, 20, 22, 25, 30, and 35
osmotic gradient ektacytometfy(Technicon ektacytometer, Tarrytown, cycles. Each time-point PCR contained, as final concentrations, 200 nmol/L
NY). The deformability index was recorded at different osmolalities inf radioactive 5 terminals and 200 nmol/L of cold reverse primers. The
samples from control subjects and from patients with 4.1R deficien®3CR products were fractionated by PAGE and visualized and quantified by
resulting from different genetic defects. phosphorimaging on a Molecular Imager GS-525 (Bio-Rad, Hercules, CA).

Ektacytometry

Secondary-structure predictions Single-strand conformation polymorphism (SSCP) analysis,

. . . DNA cloning, and sequencing
Four different algorithms were used to determine the secondary structures

of protein 4.1R variants (for review, see Bohinthe GOR | and GOR Il PCR products resulting from DNA or RNA amplifications were analyzed
methods using the theory of information with conditional probability, thby SSCP as previously describ®dSpecific mutations were tested by
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Figure 2. Quantitative analysis of reticulocyte 4.1R messenger RNA (MRNA). (A) RNase protection assay. In the top panel is an autoradiograph showing phosphorus 32

(32P)-labeled protected fragments. Mk indicates size marker (32P end-labeled pBR 322 Mspl fragments); P, undigested probe; Ctl and Ct2, control mRNAs; and Y, yeast RNA
used as negative control. The middle panel shows a schematic representation of the probe and the expected protected fragments. The bottom panel shows the 4.1R mRNA
quantitation measured as a normalized ratio of total 4.1 to band 3. (B) Quantitative RT-PCR using protein 4.2 mRNA as the internal control. Three time points (20, 22, and 24
cycles) were considered. Mk indicates 100-base-pair size marker. Total 4.1R mRNA amounts are presented as ratios of 4.1R to 4.2.

restriction digestion of selected PCR fragments, according to the supplier's Family B (Figure 4) originated from Coimbra, Portugal. The
instructions. Nucleotide sequencing was performed either directly §jtopositus, the grandmother (B1), had chronic anemia, spleno-
purified PCR products or after DNA cloning into the TA-vector pCR “megaly (spleen palpable 6 cm below the costal margin), and a
(Invitrogen, Carlsbad, CA). massive elliptocytosis (100% elliptocytes) without fragmentation.
RNase protection assay Her son (B2) and grandson (B3) were asymptomatic and had an

) o ~unusually low percentage of elliptocytes in circulating blood, with
Reticulocyte 4.1R mRNA output was assessed by chimeric probe-medla}%irmal reticulocyte counts (B2). In B1, 4.1R was absent with a
RNase protection assay (RPA) as previously detdfiethree different _, . ker 4.2 band tin .tr n t’ d. 41R comiarating with
probes were used. Two of them, 4.1(16-17)/band 3 and 4.1(20-22)/ban(§@,c ? -2 band, suggesting a truncated 4. comigrating
were previously describ&® they encompass the 10-kd-domain_Protein 4.2 (not_ shown). In B2 and B3, 4.1R was decree_tsed and the
encoding and @erminal-encoding regions, respectively, of the erythroidh-2 band was increased but to a lesser degree than in B1. These
4.1R isoform. The new probe, 4.1(18-20)/band 3, was designed to test ataservations suggested a 4.1R mutation in the homozygous state
region of the mRNA from exon 18 to exon 20. Taking advantage of they the grandmother and in the heterozygous state in the 2
cassette feature of the original recombinant plasthidie cut out the other relatives.
4.1(16-17) region from the plasmid and replaced it with the 4.1(18-20) Using 7% SDS-PAGE, we separated protein 4.2 and the variant
region. In all these RPA experiments, phosphorimaging quantification was, . . o . S

. : 1(}? fractions. Protein quantitation showed a slight but significant

measured as a normalized ratio of 4.1R to band 3, where a band 3 protecté o .
fragment served as an internal control to quantify the 4.1R mRNA. decrease of.abc.)ut 17.5% of total 4.1R in t.he heterozygote B2-and
41% reduction in the homozygote B1 (Figure 5A). The shortened
fractions in the membrane in B2 accounted for approximately

Results 28.5% of the normal 4.1R produced frans (Figure 5B). The
homozygous and the heterozygous states were much milder than
Genealogic, cellular, and protein analyses described previoush?2%-22at both the cell-phenotypic and protein-

In this study, we investigated 3 families in which at least 1 memb&xPression levels. To further analyze the functional behavior of this
had HE. Family A (Figure 4) was mentioned (as family LA) in a/nusual variant, we tested red cell deformability in both B1 and B2
previous report® Mother Al and daughter A2 were studied in thigPatients (Figure 5C). Consistent with the cell-morphologicizodein-
work. Both had a typical 4.) HE in the heterozygous state. Thequantitation findings, the ektacytometric curves revealed a deform-
cell morphologic picture was characterized by nearly 100%pility index in B1 that was intermediate between that observed in a
smooth, elongated elliptocytes in the peripheral blood, with no cdlbmozygous patient with complete absence of 4.1R andbszrved
fragmentation or hemolysis. Protein measurements revealed 30%& heterozygous patient with typical 44 HE. Similarly, the

and 31.5% deficiencies in membrane-assembled protein 4.1R in ¢keformability index was higher in B2 than in the heterozygous
mother and the daughter, respectively (Figure 5A). patient with typical 4.1 ) HE but lower than in the control.
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Figure 3. Quantitative reverse transcription-polymerase chain reaction (RT-
PCR) of CO.1 and CO.2 mRNA species. The experiment was performed on
reticulocyte mRNA obtained from the heterozygous individual B2 in family B. In the
top panel is an autoradiograph showing the normal bands and the bands expected
with CO.1 and CO.2. Longer exposure revealed the 3 specific bands at all the time
points. The bottom panel shows phosphorimaging measurements of both the total
CO mRNA levels compared with the normal 4.1R mRNA produced in trans (curve)
and the relative amounts of CO.1 and CO.2 (bars).
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acids. Yet, she had no clinical symptoms, and her red cells had
normal morphologic features and normal mechanical properties
(Feo et al, unpublished data). The son (C3) was a compound
heterozygote for the 2 mutations and had the same phenotype as his
father. Family C is included here for comparison. Consistent with
our previous data®?* protein quantitation showed a 4.1R defi-
ciency of~ 26.5% and 32% in the father and son, respectively, but
no significant reduction in the mother, the 4.1R Presles carrier
(Figure 5A). The shortened variant in the membrane appeared
slightly reduced compared with the normal 4.1R producedains
(Figure 5B). This apparent reduction is most likely related to the
8-kd loss in the primary sequence of 4.1R Presles, which generates
a proportional decrease in band intensity in the gel, rather than a
decrease in the amount of 4.1 molecules per se.

Mutations at the gene level

Genomic DNA was first investigated by SSCP and restriction
digestion of exon PCR products, as previously describdd.
family A, an abnormal SSCP pattern was found in exon 19 (not
shown). Sequencing analysis revealed a dinucleotide frameshift
deletion at position 2591-2592 (TA) or 2592-2593 (AT) (numbered
according to Baklouti et &), resulting in a premature termination
codon (PTC) within the same exon (encoding the amino acids

Family C was described previoush?* (Figure 4). The father
(C1) had a typical 4.1) HE in the heterozygous state that was
associated with a complete absence of 4.1R transcripts from th
affected allelé* (and unpublished data). The mother (C2) carried
4.1R Presles, a shortened variant lacking exon 19-encoding amir

Family A Family B Family C

i c?

C3

Figure 4. Hematologic variables and phenotypic expression of 4.1R deficiency

in families A and B. Note the unusually low elliptocyte counts in heterozygous
members of family B compared with the typical 100% hereditary elliptocytosis HE in
heterozygous members of family A; n.e. indicates not examined. Family C, which was
described previously,?324 is included for comparison. Numbers to right of circles and
squares represent, in descending order, percent of elliptocytes; amount of hemoglo-
bin, g/dL; and the reticulocyte count as a percentage of the whole blood cell
population. [J, normal 4.1R; [, 4.1R Fier; &, 4.1R Coimbra; N, uncharacterized
4.1R mutation; f, 4.1R Presles.

Osmolality, mOsm/kg

Figure 5. Quantitative and functional analysis of the C-terminal 4.1R variants.

Red cell membrane proteins were fractionated with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), stained with Coomassie blue, and
analyzed densitometrically. (A) Total protein 4.1R expression was measured as the
ratio of protein 4.1R to protein 4.2. (B) The 2 truncated protein 4.1R variants (4.1R
Coimbra and 4.1R Presles) and the normal 4.1R produced in trans in the heterozy-
gous patients were estimated separately. WT and Mut indicate wild-type and mutated
protein 4.1R, respectively. Note that the expression levels of both normal 4.1R are
very similar (WT 4.1/4.2 bars), whereas 4.1R Coimbra is produced in a significantly
lower amount than 4.1R Presles (Mut 4.1 bars). (C) Osmotic gradient ektacytometric
curves. DI indicates deformability index; A, control; B, 4.1R Coimbra heterozygote (family
member B2); C, 4.1R Algiers heterozygote 2%; D, 4.1R Coimbra homozygote (patient
B1); and E, 4.1R Algiers homozygote.?* Each 4.1R Coimbra allele yields a partial
deficiency of 4.1R. Each 4.1R Algiers allele yields a complete deficiency of 4.1R.
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(A) Identification of the genomic

mutations by restriction digestion. In 4.1R Fier, the deletion neither creates nor
abolishes a restriction site. (A1 + Ct) and (B1 + Ct) correspond to mixtures of patient
and control DNAs. The restriction map is indicated at the bottom. Ct indicates control
DNAs; and Mk, size markers. All sizes are in base pairs. (B) Reticulocyte 4.1R mRNA
analysis. Ddel restriction digestion of RT-PCR product in 4.1R Fier revealed a single
band that corresponds to the normal allele. In 4.1R Coimbra, RT-PCR amplification
yielded 2 additional bands, CO.1 and CO.2, in the affected family members.
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4.1R Coimbra, abolished Bsll restriction site. It was confirmed
with different PCR products and was found in the heterozygous
state in both the son and grandson and in the homozygous state in
the grandmother (Figure 6A, right panel). In family C, the mutation
responsible for allele 4.1R Presles remained elusive at the DNA
level. So did the 4.1{) HE mutation located itrans?*

Alterations at the mRNA level

Reticulocyte 4.1R mRNA was analyzed by RT-PCR. No shorter
band was found on restriction digestion of RT-PCR products in
family A, suggesting absence of the mutated transcripts (Figure 6B,
left panel). The restriction fragments were also analyzed by SSCP;
no abnormal pattern was observed. Direct sequencing of the PCR
products showed a normal exon 19 sequence, further confirming
the absence of MRNA species containing the dinucleotide deletion.
In family B, RT-PCR amplification around exon 20 yielded 2
smaller bands in addition to the normal band in the heterozygous
subjects (Figure 6B, right panel). This doublet was the exclusive
product in the homozygous family member. Strikingly, the addi-
tional bands had a low intensity in comparison with the normal
band in the heterozygous subjects. Nucleotide sequencing revealed
that the upper band of the doublet (4.1R Coimbra 1, CO.1)
contained only the first 10 NTs of exon 20, whereas the lower band
(4.1R Coimbra 2, C0O.2) was missing the whole exon 20 (Figure 7).
Reticulocyte RNA from the homozygote B1 was further analyzed
by overlapping RT-PCR coupled to SS&Mo additional abnor-
malities were found.

mMRNA quantification

The RT-PCR experiments suggested that the mutated 4.1R mRNA
species were either absent (4.1R Fier) or reduced (4.1R Coimbra).
We next analyzed 4.1R mRNA by RPA using a chimeric probe
containing sequences upstream of the mutated region (probe 16-17;
Figure 2A). Alternatively, we performed quantitative RT-PCR
using protein 4.2 mRNA as an internal control. As in the previous
experiments, the 4.1R mRNAwas amplified at a constitutive region

QTHIStop compared with QTITSE in the wild-type sequence). Thidat is not affected by either of the mutations (Figure 2B). Both
mutation, defined as 4.1R Fier, neither created nor abolishednathods led to the following observations. In family A, the ratio of
restriction site but was recognized as a smaller band on PAGE41R to band 3 and the ratio of 4.1R to 4.2 showed a decrease in
restriction-digested PCR product (for examphdul [Figure 6A, 4.1R mRNAin the heterozygous subjects, which we assumed to be
left panel] orBsd [not shown] enzymes).
In family B, an abnormal SSCP pattern was found at exon 2uantitation experiments also showed a decrease in both 4.1R
Direct sequencing of the PCR products revealed a single baSeimbra heterozygous subjects and a more conspicuous decrease
substitution at position 2720 (SA), the last NT of exon 20. Both in RNA samples derived from 2 different blood samples from the
G and A residues were found in the grandson (B3), whereas omlsopositus. These data confirmed the observations suggesting that
the A appeared in the grandmother (B1). The mutation, definedeson 20 mutation was associated with a decrease in mRNA and

ARAAG/GTGGGAT

e s>

G

ATCRA/gtgggaa

exclusively associated with the 4.1R Fier allele. In family B, RNA

18 19 20" 21 22
18 19 21 22
l Figure 7. The splicing defect in 4.1R Coimbra. The
18 19 21 22 G—A substitution precludes the splicing at the exon 20

donor splice site and partly activates an internal cryptic
site 10 NTs downstream of the acceptor site. This splicing

co.
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alteration leads to the production of CO.1 and CO.2
isoforms, with a partial and a total skipping of exon 20,
respectively. CO.1 would possibly encode an out-of-
frame C-terminal amino acid sequence. The predicted
amino acid sequences of the truncated C-terminals are

aligned to the wild-type sequence at the bottom.
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protein levels. Total MRNA levels in the 4.1R Coimbra heterozyerythroid isoform (Ab4.1) or against the 10-kd domain (Ab10 kd)
gous subjects were higher than in the 4.1R Fier heterozygowvealed that, in addition to the normal 80-kd 4.1R, there was a
subjects but were significantly lower than control levels. Thishortened doublet in 4.1R Coimbra heterozygous subjects (Figure
difference was accounted for by the presence of the small amognt1 and 7). The doublet was the exclusive product in the
of CO.1 and CO.2 mRNA species observed in the RT-PCRomozygous subject (6 in Figure 8). Ab10 kd recognized a peptide
whereas no shortened mMRNA species were detectable in 4.1R Ei@dmence upstream of the affected region in all 3 families.
carriers (Figure 6B). Consistent with the absence of mutated mRNA, 4.1R Fier red cell
Two RPA probes encompassing exon 20 (probes 18-20 apfémbrane did not contain any truncated form (5 in Figure 8). In
20-22; data not shown) were also used to quantitate the mRNAntrast, 4.1R Presles was fully expressed in the membrane in the
species. These experiments confirmed the virtually complgigterozygous parent (4 in Figure 8), as previously demonsttated.
absence of normal-size mRNA in the homozygous 4.1R Coimbra \1emprane-assembled protein 4.1R species were further ana-
patient. The 2 4.1R Coimbra heterozygous subjects had similggeq in 4.1R Coimbra samples by using specific AbCT and AbCO
levels of normal allele mRNA. The reduction in the mRNA levelninqgies directed against the wild-type or the missense peptide
was thus exclusively associated with the mutated aIIe_Ie. sequences encoded by exon 21. Immunodetection with AbCT
To measure CO.1 and CO.2 mRNA accumulation, We Pefagiteq in a pattern quite similar to that obtained with the common

formed a quantitative RT-PCR using an end-lgbeled primer (Figug tibodies. However, the shortened forms that appeared in both the
3). The sum of the shortened mRNA species averaged 30%ho mozygous 4.1R Coimbra subject (9 in Figure 8) and the

wild-type 4.1R mRNA produced itrans, which corresponded to . : P )
24% of total 4.1R in B2, again indicating a decrease in mRNReterozygous 4.1R Coimbra subject (10 in Figure 8) now corre

. : . s&onded specifically to the CO.2 isoform. Finally, when the
accumulation from the mutated allele. The relative eXpreSSIonsantibod directed specifically against the missense sequence at the
CO.1 and CO.2 were reproducibly about 43% and 57%, resp y P yag q

. ) . %-ierminal of CO.1 (AbCO) was used, Western blot analysis
tively. In family C, previous work showed that mMRNA from aIIeIeShOWed a shortened doublet in 4.1R Coimbra, with a stronger

4.1R Presles was present in normal amoéhts. L . R .

P reactivity in the homozygous subject (12 in Figure 8) than in the
Expression of 4.1R C -terminal variants in the heterozygous subject (13 in Figure 8) and a complete absence of
red cell membrane immunoreactivity in the control subject (11 in Figure 8).

Total skipping of exon 20 did not affect the reading frame, and
translation of CO.2 mRNA isoform generated a shortened proteBL .
lacking exon 20-encoding peptide but containing d@e@ninal IScussion
amino acid sequence identic_:al to the wild-type sequence (Figure Impact of the mutations on mMRNA metabolism
In contrast, insertion of the first 10 NTs of exon 20 in CO.1 led to a
frameshift and a potential 4.1R isoform with a missense C-termin®RNA molecules containing a PTC either accumulate at a normal
sequence of 29 amino acids and a PTC only 7 NTs upstream of tR¥e! or are targeted by nonsense-mediated mRNA decay. In many
wild-type termination codon (Figure 7). Consistent with previouistances, nonsense mRNAs are also associated with aberrant
work by Conboy et affy Secondary.structure ana|ysis using 45p||C|ng (for review, see Maillet et% Several models have been
different prediction methods suggested @ihelical structure for Proposed in attempts to explain this discrepancy in the fate of
the Gterminal end of 4.1R in the erythroid isoform, as well as imonsense mRNA>?"In 4.1R Fier, the frameshift deletion gener-
the shortened isoforms lacking either exon 19-encoding peptidds a PTC within exon 19, which most likely leads to degradation
(4.1R Presles) or exon 20-encoding peptides (CO.2). In contragt,nonsense MRNA, as suggested by qualitative and quantitative
the predicted secondary structure of CO.1 isoform with a misser®&NA analyses (Figure 2 and Figure 6B). This interpretation is
C-terminal sequence indicate®asheet structure. consistent with the recently described rule for termination-codon
We assessed whether the shortened proteins, possibly translg@iesition?”-2¢ The rule stipulates that stop codons, including
from mRNAs with total or partial skipping of exon 20, were able t&°TC, mediate a reduction in mRNA abundance only when they
assemble to the red cell membrane. Western blot analysis of red egé located more than about 50 NTs upstream of the last exon-
membrane proteins using antibodies raised against the 804bn junction.

Figure 8. Western blot analysis of membrane- Normal co1

associated 4.1R. Schematic representation of ery- 200

throid domains and corresponding cDNA structure for % &Eﬁ c¢DNAs

the normal 4.1R and CO.1 missense C-terminal do- wp o A */jm

main is shown. The asterisk indicates the premature

termination codon in CO.1. Red cell membrane pro- 30KD YOKD OKD 2D Cw"" proteins
teins were resolved with SDS-PAGE and transferred to

a nitrocellulose membrane. Each sample corresponds Abi1 ABI0D AvCr AbCo antibodies
to 20 pg of total membrane protein. The antibodies

used in this set of Western blot studies are depicted 1 2 3 4 5 6 7 8 9 10 11 12 13
beneath the structural domains, except that Ab4.1 ¥ : | k
epitopes are not indicated precisely because this poly- .
clonal antibody was raised against the whole 80-kd " Sgolmais] o S e w—_ o s W o1 H“
isoform. The tested samples were as follows: heterozy- b Pregies B " Wy . i

gous 4.1R Coimbra (family member B2: 1, 7, 10, and i /s

13), homozygous 4.1R Coimbra (family member B1: 6, g - H %

9, and 12), heterozygous 4.1R Fier (family member A1:
5), heterozygous 4.1R Presles (4), and control mem-
brane samples with normal 4.1R (2, 3, 8, and 11). Aba.1 AblOKD AbCT AbCO
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P mRNA exp % Memb bled Red cell these families have roughly the same mRNA expression level, we
B Toal  PriemddR % Morphology Deformahility can consider that they would produce 50% of the mMRNA molecules
Nommal 50 in normal diplotypes. In the families with HE, if we assign the same
Normat 50 b 1 = = rate (50) to each of the normal 4.1R chromosomes, the contribution
= of the mutated alleles itrans would accordingly be 50 for 4.1R
Normal T ] . 100 _ . Presles, 5 for 4.1R Coimbra, and 0 for 4.1R Fier (Figure 9). The

Presles 50 allele expression rate of 15 in Coimbra corresponds to 30% of the
normal allele expression tnans, as shown in Figure 3.
Previous studies have emphasized that protein 4.1R is synthe-

MNormal 50 ]

65 B0-85 + +
- 15 . . . . .
o — sized in excess in maturing red ceél*$® Therefore, a unique
ol 5 - functional allele can partly compensate for the absence of protein
50 6570 ++ nd

synthesis irtrans the resulting protein deficiency being restricted
= to approximately 30% instead of 50%?!* Consistent with these
Coimbra L . observations, subjects heterozygous for 4.1R Fier had 65% to 70%
i = bt *h total 4.1R in red cell membranes (Figure 5 and Figure 9). The
efficient use of the excess protein also applies to the 4.1R Coimbra
poure 3. cone " pression wib | 205 : A allele; the amount of membrane-assembled 4.1R was higher than
B s drs, e 1% hrere o ET077% - would be expected on the basis of the MRNA quantiatons (Figure
(unpublished data); and nd, not determined. The 4.1R Fier is a typical 41R D and Figure 9).
deficiency, in which only 1 haploid set of 4.1R is expressed. Therefore, the red cell Collectively, the data shown in Figure 9 suggest that the
membrane properties in family A must be comparable to those described for most of membrane functional defect correlates with the available amount of
the heterozygous 4.1R deficiencies reported to date, including heterozygous 4.1R . R
Algiers?021 (Figure 5). protein 4.1R as represented by the mRNA level rather than with the
integrity of the primary sequence of the protein. More specifically,
In 4.1R Coimbra, the splicing mutation is associated with @ 4.1R Presles, the mRNA level was normal, the truncated protein
reduced amount of total (CO.1 plus CO.2) mMRNA. One possiblgas present in the membrane in a normal amount, the blood smear
explanation for this finding is that the reduction occurs exclusivelyas devoid of elliptocytes, and the mechanical properties of the
at the expense of the nonsense mMRNA species CO.1. However, embrane were normal. In 4.1R Fier, only mRNA from the normal
PTC in this case appears only 7 NTs upstream of the wild-type staltele intranswas detected, and (consistently) no truncated protein
codon (ie, 16 NTs upstream of the exon 21-exon 22 junction) amhs present in the membrane. The massive elliptocytosis was due
should therefore elicit a normal expression of the nonsense mRN#nply to the presence of 1 haploid set of 4.1R. However, it is likely
according to the rule for termination-codon position. Alternativelythat the truncated protein, if produced, would also assemble.
the low mRNA expression could possibly derive from an addition@#revious work showed that the presence of the 10-kd domain alone
molecular defect that is inherent to the 4.1R Coimbra allele, suchigssufficient for binding to the spectrin-actin cytoskeletal com-
a promoter mutation. Accordingly, we would assume that bogblex3132Finally, 4.1R Coimbra showed an intermediate pattern at
CO.1 and CO.2 mRNAs are affected and, consequently, that #iemRNA, protein, and functional levels. These findings suggest
percentage of CO.1 mRNA species relative to total 4.1R Coimbfigat the 4.1R @erminal domain has a limited functional impor-
MRNA (~ 43%) reflects the efficiency of use of the internal cryptigance for protein 4.1R assembly in mature red cells. In the light of
site (Figure 7). recent findings, however, it will be interesting to examine the
behavior of the altered proteins during erythroid differentiation

and, more generally, in nucleated cells, in which the role of protein
To assess the role of thet€rminal region of 4.1R in red cells, we 4.1 is currently being elucidatéd.

examined the effects of 3 different mutations on both the cell

morphologic features and the 4.1R membrane assembly. The 3

muta_ti_ons Igd or would lead to 4 altereet€minal domains. Us!ng Acknowledgments

specific antibodies, we showed that the 3 altered 4.1R proteins that

are actually produced in the red cells (Presles, CO.1, and COV thank Dr C. Martin and Dr L. Roda for referring family A; Dr

assemble to the cytoskeletal membrane where they are probahbly Yvorra for performing the secondary structure prediction
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Coimbra 15

Figure 9. Correlation of mRNA expression with protein assembly and mem-

Limited role for the C-terminal domain in mature red cells
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