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Molecular Cloning and Characterization of Decay-Accelerating Factor Deficiency
in Cromer Blood Group Inab Phenotype

By Li Wang, Makoto Uchikawa, Hatsue Tsuneyama, Katsushi Tokunaga, Kenji Tadokoro, and Takeo Juiji

An additional decay-accelerating factor (DAF) mutation, des-
ignated as Inab phenotype in the Cromer blood group
system, was recently identified in a 28-year-old Japanese
woman (H.A.). The red blood cells of H.A., like those of other
Inab phenotype individuals, were negative for Cromer sys-
tem antigens, Cr3, Tcd, Dr3, UMC, and IFC. The deficiency of
DAF on the red blood cells of H.A. has been shown by
immunoblotting with a murine monoclonal antibody to DAF.
Molecular analysis has shown that H.A. is homozygous for a
single nucleotide substitution, C1579—A, at the position 24 bp
upstream of the 3’-end of exon 2 of the DAF gene. This

site and results in the production of mMRNA with a 26 bp
deletion. The deletion introduces a reading frame shift and
creates a stop codon immediately downstream of the dele-
tion. Translation of MRNA would be terminated at the first
amino acid residue of the second short consensus repeat
(SCR2) domain (exon 3) of DAF. The functional domains of
DAF’'s complement regulatory activity and the carboxy-
terminal signal domains for glycosylphosphatidylinositol
(GPI) anchoring are predicted to be lacking in H.A. Thus,
there would be no DAF present on the cell surface.
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substitution causes the activation of a novel cryptic splice

ECAY-ACCELERATING factor (DAF) is a 70-kD glyco- and genomic DNA levels showed that a molecular mechanism
phospholipid-anchored membrane protein that protectainderlay the Inab phenotype in H.A., which was different from
cells from complement-mediated damageThe deficiency of  that in the case of the original Inab phenotype propositus.
DAF and CD59, together with other glycosylphosphatidylinosi-
tol (GPI)-anchored proteins, causes the acquired hematopoietic
stem cell disorder, paroxysmal nocturnal hemoglobinuria

(PNH) 88 The single copy of the human DAF gene is located on ) i ; ;
the long arm of chromosome 1, 3&nd organized into four throughout. Antiglobulin tests were performed in tubes after centrifuga-
’ tion using antihuman IgG or antimouse IgG. Human polyclonal red cell

short Consen§US repeats (SCRS) that ar_e homologous to ea&ﬁing reagents were from our in-house collection. A murine monoclo-
other. The third SCR of DAF is responsible for complement nal antibody to DAF, CBC98, was produced in our laboratory. Murine

regulatory activity and signalinty:* monoclonal anti-DAF, BRIC110, BRIC128, and BRIC230, were ob-
The Cromer system antigens are located on BAfThe tained from Dr D.J. Anstee (IBGRL, Bristol, UK). Anti-Brand

system includes at least 10 individual antigens, of which 7 areescherichia coliOX75 were supplied by Dr C. Levene (Government

very high frequency antigens and three are low frequencyCentral Laboratory, Jerusalem, Israel) and Mr J.J. Mould (Gamma

antigens® The Inab phenotype is a very rare one in which the Biological Inc, Houston, TX), respectively.

red blood cells (RBCs) lack all Cromer system antigis. Immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel elec-

The RBCs of individuals with Inab phenotype have a deficiency”(‘;phorelf_is (SDIS'PAG E) WZ‘S performed on ""I 10% sfpafj“”%gd witha
of DAF but these individuals are not known to have any 3% stacking gel. Separated proteins were electroblotted and immuno-

associated hematologic abnormalities stained with ant-DAF antibody (CBCI8).
9 ) In vitro DNA amplification. Total cellular RNAs were extracted

The molecular QnalyS's of the DAF gene of t_he Or'g'n_al I_nab_from Epstein-Barr virus-transformed lymphoblastoid cell lines (EBV-
phenotype propositus showed a single nucleotide substitution ipcy ) from H.A. and normal control using the guanidinium thiocyanate-
codon 53 of exon 2: TGG, a tryptophan codon, to TGA, a stopphenol-chloroform extraction meth@®l. The cDNA synthesis was
codon!®19This truncation near the amino terminus explains theperformed following the manufacturer’s instructions (RNadd-#ILV
complete absence of surface DAF in this propositus. reverse transcriptase, Superscript; GIBCO-BRL, Gaithersburg, MD).

In this report, we present the case of a fourth propositugBased on the published DAF cDNA sequefitehe oligonucleotide
(H.A.) with Inab phenotype. Like the third Inab propositus and primers flanking 1,152 bp of DAF mRNA sequence (from base 51 to

her brother, H.A. had no history of intestinal disease. The#éﬁ)e“"f;e)de‘:ﬁaed"?e sense Primeézﬁgﬁgglgil SA%TT%C'
. - -3) and the antisense primer -
present analysis of the Inab phenotype in H.A. at both CDNATAAGAAACTAGG-S’). Genomic DNAs were obtained from the
EBV-LCLs of H.A. and normal control using a conventional method.
Primers flanking 220 bp of the exon 2/intron 2 boundary region (from
From the Japanese Red Cross Central Blood Center, Tokyo, Japaase 1,531 to 1,780) were synthesized based on the published sequences
150; the Department of Biological Sciences, Graduate School ofofthe DAF gené* the sense primer DAF6 (F TCCTGGCGAGAAG-
Science, The University of Tokyo, Tokyo, Japan; and the Department dBACT-3') and the antisense primer DAF7{BAGCTGGAGTGTGAC-
Human Genetics, Graduate School of International Health, The Univer-GTG-3). The polymerase chain reaction (PCR) was performed in a
sity of Tokyo, Tokyo, Japan. DNA thermal cycler (Perkin Elmer-Cetus, Emeryville, CA) for 30
Submitted March 10, 1997; accepted September 5, 1997. cycles using 2.5 U of Taq DNA polymerase (Perkin EImer-Cetus) in a
Address reprint requests to Makoto Uchikawa, PhD, The Japaneseolution containing 200 pmol/L each of dNTPs; 50 mmol/L KCI; 10
Red Cross Central Blood Center, Hiroo 4-1-31, Shibuya-ku, Tokyo,mmol/L Tris-HCI (pH 8.3); 2.5 mmol/L MgGlin a final volume of 100
Japan 150. pL. The amplification cycles consisted of denaturation for 30 seconds at
The publication costs of this article were defrayed in part by page 95°C, annealing for 30 seconds at 59°C, and extension for 60 seconds at
charge payment. This article must therefore be hereby marked “adver-72°C.
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate Cloning and sequencing of amplified fragment$he amplified
this fact. products were cloned into T vectors (TA Cloning System; Invitrogen,
© 1998 by The American Society of Hematology. San Diego, CA). Individual colonies containing plasmids with inserts
0006-4971/98/9102-0040$3.00/0 were selected and the plasmid DNAs were purified using a plasmid

MATERIALS AND METHODS

Serological testing. Standard serological techniques were used
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failed to react with Cromer-related antibodies, antiCGmc?,
-Dr3 -IFC, and -UMC. H.A.'s RBCs showed no reactivity with
the monoclonal anti-DAF antibodies adcoli OX7522 Like
the other Inab phenotypes, H.A.'s RBCs were also shown to
carry other GPI-linked proteins, ¥1Gy?, and JMH blood group
antigens, which have been reported to reside on GPI-linked
«70,000 proteing* and CD59 by hemagglutination test.

(DAF) Immunoblotting. When anti-DAF antibody (CBC98) was
used to stain immunoblots of normal control, Dr(gaand H.A.
RBC membranes, a strong band in the case of the normal
control, a weak band in that of the D@, and no band in the
case of H.A. were detected, respectively (Fig 1).

Nucleotide sequence analysis of DAF cDNA from HAA
molecular study of the DAF gene of the original Inab phenotype
propositus has been performed. The nucleotide sequence analy-
sis of genomic DNA and cDNA showed a single nucleotide

1 2 3 substitution in exon 2 of the DAF gene. This substitution

introduced aBcl | restriction site. To determine whether the
1:KM, 2:HA. 3:normal same substitution was present in the DAF gene of H.A., the
amplified DAF cDNA from H.A. was digested witBcl | and
Fig 1. Immunoblotting of erythrocyte membranes with anti-DAF analyzed by PAGE. The results showed that the DAF gene of

antibody CBC98. The DAF band at 70 kD is present in normal controls . . . . -
and in Dr(a—) (weaker than normal) but not in H.A. Lane 1, Dr(a—): H.A. did not have this single nucleotide substitution (data not

lane 2, H.A.; lane 3, normal control. ShOWn)-

Analysis of the sequences of the entire DAF coding region
DNA purification kit (Wizard Minipreps, Madison, WI). The sequence from 10 'nd.epelndent DAF cDNA clones of H'A'.Showed a
reaction was performed according to the manufacturer’s instructions26-0p deletion in the DAF mRNA from H.A., which corre-
(Taq DyeDeoxy Terminator Cycle Sequencing Kit; Applied Biosys- sponded to bases 246 to 271 of the published DAF cDNA
tems, Foster City, CA). The sequence electrophoresis was performed agequenc® (Fig 2).
an 8% polyacrylamide gel using an automated DNA sequencer (373A; Computer analysis of the DAF cDNA sequence from H.A.
Applied Biosystems, Tokyo, Japan). showed that the deletion of these 26 bp resulted in the loss of an

Analysis of single-strand conformation polymorphisms (SSCPhe o || restriction site. PCR amplification of cDNA from base

220-bp PCR products of exon 2/intron 2 boundary region of genomic200 to base 495 and restriction fragment length polymorphism

DNA from H.A. and normal controls were mixed with a denaturing RELP Vi d t fi the deleti in th
solution (95% formamide, 20 mmol/L EDTA, 0.05% bromophenol ( ) analysis were used to confirm the deletion in the

blue, and 0.05% xylene cyanol FF) and denatured at 95°C for 5 minuted"RNA. The differences in the restriction pattern betv_veen the
Electrophoresis was performed in a neutral 10% polyacrylamide gel aPCR produpts of H.A. and normal control are Shown in Fig 3.
38°C. Single-strand DNA fragments in the gel were detected byThe restriction fragments of PCR products obtained from H.A.

silver-staining. were 160 bp and 110 bp long, in contrast with the 130 bp, 110
bp, and 53 bp fragments of those from normal controls.
RESULTS Nucleotide sequence analysis of DAF genomic DNA from
Serological testing. H.A.'s RBCs were of the following H.A. To determine whether a deletion corresponding to the

phenotypes: A, B-C+c—E—e+, M+N+S-s+, P+, MRNA from the EBV-LCLs of H.A. was present in the genomic
Le(a—b—), Fy(atb—), Jk(a+b+), Di(a—b+), Xg(a+) and  DNAof H.A., the 220 bp of genomic DNA in the exon 2/intron
positive for the high frequency antigens H, PKi#, k, Ku, U, 2 boundary region was cloned. Ten independent clones were
Ere |, Lub, Sc1, Vel, Cg Lan, Krt, McC? Ch, Rg, Ge2, Ge3, sequenced from base 1,531 to base 1,750 corresponded to the
AnWj, Jre, Er, LW2, In°, Rh17, Rh29, and YKRBCs of H.A.  published DAF gene sequen®eThe results showed a single

Mr X 1073

80 —

49.5 —

32.5 -

2mG S O W S D I E E F C N R S C E Vg
Normal -P1GC AGT CAA TGG TCA GAT ATT GAA GAG TTC TGC AAT CGT AGC TGC GAG GTG ™ -

G S o k.
Original Inab - - GGC AGT CAA TGl TCA GAT ATT GAA GAG TTC TGC AAT CGT AGC TGC GAG GTG - -

G S 0 W . ¥
HA --GGCAGTCAATG. ... ... . 26Dpdeletion . .G TAG CTG CGA GGT G- -

-- SCR1 (exon2) ,I: SCR2 (exon3)—-~

Fig 2. Sequencing analysis of DAF cDNA in H.A. Ten clones with identical sequence were obtained from the cDNA of H.A., and parts of the
cDNA and deduced amino acid sequences of DAF from normal control and H.A. were compared with the sequence of normal control and the
original Inab phenotype propositus. A 26-bp nucleotide deletion was identified in the cDNA derived from H.A. at the 3’ end of exon 2. The deletion
resulted in a reading frame shift and generation of a stop codon immediately downstream from the deletion.
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Fig 3. PCR-RFLP analysis of the cDNA derived from the EBV-LCL of
H.A. cDNA fragments extending from base 200 to base 495 were
enzymatically amplified from mRNA of the EBV-LCL of H.A. and
normal individuals. The PCR products, both before (=) and after (+)
digestion with the restriction enzyme Mbo 1l were analyzed on 5%
polyacrylamide gel stained with ethidium bromide. Lane 1, pBR322
Haelll digest size marker; lanes 2 and 4, normal controls; lanes 3 and
5, H.A.
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repeat (SCR1) near the amino terminus of the protein. This
deletion resulted in the loss of akWlbo Il restriction site,
providing an RFLP that permits discrimination of the Inab
phenotype from the normal one (Fig 3). Furthermore, the results
of the genomic DNA sequencing showed the presence of a
single nucleotide substitution rather than a 26-bp deletion in the
DAF genomic DNA from H.A. This substitution lay 24 bp
upstream from the mRNA splicing junction (exon 2/intron 2)
and was considered to be responsible for a 26-bp deletion of the
MRNA by creating an activated cryptic splice site (Fig 5).

A sequence of eight nucleotides at the boundary between an
exon and an intron is known to be highly conserved, as the 5
donor splice sité% “Consensus values” (CVs), as defined by
Shapiro and SenapatPwere introduced to quantify nucleo-
tide sequence homology of mutated splice sites to the splice site
consensus sequence. The novel splice sites with higher CVs
than those of the normal sites successfully compete with the
normal sites for a splicing factor. Almost all novel splice sites
are situated upstream of the normal sA€Ehrough comparison
of the sequences of exon 2/intron 2 boundary region of normal
controls and H.A. with the consensus sequence of tlaoBor
splice site, a cryptic splice site (TGgtcaga) 26 bp upstream of
the B splice site (TCgtaagt) in the genomic DNA of a normal
subject and a mutated cryptic splice site (TGgtaaga) resulting
from a CG572=A substitution in H.A. were found. The calcu-
lated CVs of the normal and cryptic Splice site in normal
subjects and mutated Splice site in H.A. were 0.786, 0.765,
and 0.865, respectively. The CV of mutated splice site in H.A.
was higher than that of the splice site in normal subject. This
single base pair substitution led to activation of the cryptic

nucleotide substitution, C to A, at base 1,579 of exon 2 of the
DAF gene from H.A. rather than a 26-bp deletion as detected in
the cDNA derived from mRNA of H.A.

To further confirm that this nucleotide substitution was
present on both DAF alleles in H.A., 220-bp genomic DNAs in
the exon 2/intron 2 boundary region from H.A. and normal
controls were subjected to SSCP analysis. In SSCP analysis,
samples possessing a single allele showed two-band patterns
that corresponded to the sense and antisense strands, whereas
heterozygotes showed four-band pattéfrid.A. was shown to
be homozygous for the DAF gene carrying this single nucleo-
tide substitution (Fig 4).

DISCUSSION

Testing for GPI-linked proteins showed that DAF was absent,
whereas other GPI-linked proteins were present on RBCs from
H.A.

Amplification of the entire coding region of DAF cDNA
derived from mRNA of H.A. by reverse transcription-PCR
(RT-PCR) and sequence analysis of the products allowed us to
identify a 26-bp deletion at the exon 2/intron 2 boundary from

shift and generated a stop codon immediately downstream of-

1 2 3

base 246 to base 271. This deletion introduced a reading frameFi9 4. PCR-SSCP analysis of exon 2/intron 2 boundary region of

A. and normal controls. Bases 1,531 to 1,750 were enzymatically
amplified from genomic DNA from H.A. and normal control. Electro-

the deletion (Fig 2). Translation of the DAF mRNA in this phoresis was carried out at 38°C. Lanes 1 and 2, normal controls; lane

individual would not proceed beyond the first short consensus, H.A.
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exon 2 exon 3
Normal CAATGGTCAGATATTGAAGAGTTCTGCAATC|GTAGC mRNA
exon 2 intron 2 exon 3

CAATG GTCAGATATTGAAGAGTTCTGCAAIQI gtaagttct-/acttttag IGTAGC Genomic DNA

HA (Inab type)

* 26 bp >
exon 2* - intron 2 exon 3
CAAT! fgtaagatattgaagagttctgcaatc gtaagttct-,~acttttag |GTAGC Genomic DNA

ATGCAATG|GTAGC mRNA
exon 2* exon3

Fig5. Schematic representation of alternative splicing of the DAF gene in H.A. An alternatively spliced mRNA results from the activation of a
cryptic splice site due to a C—A mutation upstream from the normal splice site. This abnormal mRNA lacks the last 26 bp of exon 2, which causes
a reading frame shift and creates a stop codon next to the end of the deletion. (¥) base substitution, (—) normal 5’-splice site, (dashed line)
cryptic 5'-splice site, (=) mutated 5'-splice site, (*) the truncated exon.
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