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Abstract
In 1990, 90 years after the discovery of ABO blood groups by Karl Landsteiner, my research team at the Molecular Biology 
Laboratory of the now-defunct Biomembrane Institute elucidated the molecular genetic basis of the ABO polymorphism. 
Henrik Clausen, Head of the Immunology Laboratory, initiated the project by isolating human group A transferase (AT), 
whose partial amino acid sequence was key to its success. Sen-itiroh Hakomori, the Scientific Director, provided all the 
institutional support. The characterization started from the 3 major alleles (A1, B, and O), and proceeded to the alleles of 
A2, A3, Ax and B3 subgroups and also to the cis-AB and B(A) alleles, which specify the expression of A and B antigens 
by single alleles. In addition to the identification of allele-specific single nucleotide polymorphism (SNP) variations, we 
also experimentally demonstrated their functional significance in glycosyltransferase activity and sugar specificity of the 
encoded proteins. Other scientists interested in blood group genes later characterized more than 250 ABO alleles. However, 
recent developments in next-generation sequencing have enabled the sequencing of millions of human genomes, transition-
ing from the era of genetics to the era of genomics. As a result, numerous SNP variations have been identified in the coding 
and noncoding regions of the ABO gene, making ABO one of the most studied loci for human polymorphism. As a tribute 
to Dr. Hakomori's scientific legacy, a historical overview in molecular genetic/genomic studies of the human ABO gene 
polymorphism is presented, with an emphasis on early discoveries made at his institute.

Keywords ABO blood group system · ABO genes · A and B glycosyltransferases (AT and BT) · A and B oligosaccharide 
antigens

Introduction

The discovery of ABO blood groups by Karl Landsteiner 
revolutionized risky blood transfusion into a substantially 
safer medical practice [1, 2]. In 1900, he separated the 
cellular component composed primarily of red blood cells  
(RBCs) and the liquid component of sera from the blood 
of himself and his colleagues at the University of Vienna 
Pathology Laboratory, and mixed them in combinations. 
He observed RBC agglutination in some combinations, 

but not in others. Based on this discovery, he proposed 
a protocol to transfuse only compatible blood without 
RBC agglutination in a pre-transfusion test. Landsteiner 
well explained the potential mechanism of RBC agglu-
tination, assuming two antigens, later named A and B, 
on RBCs and antibodies against these antigens in the 
sera of individuals lacking the expression of these anti-
gens (Landsteiner’s Law). The chemical nature of these 
antigens was revealed in the late 1950s when Elvin 
Kabat and separately Walter Morgan and Winifred 
Watkins demonstrated that these antigens are glycans 
with specific structures, GalNAcα1- > 3(Fucα1- > 2)
Gal- and Galα1- > 3(Fucα1- > 2)Gal- for antigens A 
and B, respectively [3, 4]. Together with substance H 
(Fucα1- > 2Gal-) found in individuals of group O, these 
structures led Morgan and Watkins [5], and Ruggero 
Ceppellini [6] separately, to propose a hypothesis on 
the biosynthesis of antigens A and B from the common 
precursor H substance by transfer of a GalNAc and a 
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galactose by group A and B glycosyltransferases (AT and 
BT) encoded by functional alleles A and B at the ABO 
genetic locus, respectively. Victor Ginsburg and Akira 
Kobata later showed the concordant presence/absence of 
AT and BT activity in tissues from individuals of differ-
ent ABO groups [7]. However, the definitive demonstra-
tion of ABO’s central dogma, namely that alleles A and 
B encode AT and BT, which synthesize glycan antigens 
A and B, respectively, had to wait until 1990 when we 
cloned A, B, and O allelic cDNAs and elucidated the 
molecular genetic basis of the ABO polymorphism [8, 9].

Cloning of human group A transferase cDNA

Once an enzymatic assay was designed to measure AT and 
BT activities in vitro, isolation of AT and BT proteins was 
attempted. In fact, isolation to homogeneity was claimed 
[10, 11], but no follow-up studies were published. Taking 
advantage of our expertise in DNA transfection techniques, 
we tried to clone human AT cDNA by expression clon-
ing. We searched for appropriate cells to host transfection 
and found that HeLa cells of human uterine cancer origin 
express cell surface H substance, the acceptor substrate for 
the transfer of a GalNAc and a galactose by AT and BT, 
respectively. We made, in the eukaryotic expression plasmid 
vector pSG-5, a cDNA expression library of the stomach 
cancer cell line MKN45, which was previously shown to 
exhibit strong AT activity and express abundant A antigens. 
We obtained a library consisting of 2 ×  105 independent 
plasmid clones. Because the size of the library was small, 
and because this number included clones containing a 
cDNA in the wrong orientation, we planned to scale up the 
library construction by 5 times before starting expression 
cloning using HeLa cells. Meanwhile, Henrik Clausen and 
his colleague Thayer White isolated two protein fractions 
from human lungs, which appeared to represent human AT 
[12]. These fractions did not show any AT activity because 
the final reverse phase chromatography isolation protocol 
abolished the activity. However, these fractions were only 
present in the lungs of group A individuals, but not in the 
lungs of group O individuals. Subsequently, Koiti Titani 
and Koji Takio determined partial amino acid sequences 
of trypsinized peptides of these proteins. We searched the 
sequence database for proteins that possessed sequence 
homology to these proteins. Although the number of the 
genes whose sequences were determined was quite small at 
the time, we found that one of the two proteins was identical 
to the cystic fibrosis transmembrane conductance regulator 
(CFTR) protein. Apparently, one or a few individuals in 
group A, whose lungs were used as a source of AT, had 
cystic fibrosis. On the other hand, the partial amino acid 

sequence of the other protein did not share any homology 
with previously sequenced proteins. Encouraged by Henrik 
Clausen and Sen-itiroh Hakomori, we decided to clone the 
cDNA encoding this unknown protein.

For this, we prepared another MKN45 cDNA library, but 
in a lambda gt10 phage vector. The cDNA was synthesized 
with poly (A)+ RNA prepared from MKN45 cells using ran-
dom hexamers by the method of Gubler and Hoffman. After 
cDNA methylation using EcoRI methylase, phosphorylated 
EcoRI linkers were added to the ends of the cDNA fragments. 
The cDNA fragments were then digested with EcoRI, and 
electrophoresed through a 1% agarose gel. cDNA fragments 
larger than 1.3 kilo base pairs (kbp) were size-selected and 
ligated to the dephosphorylated EcoRI arms of the lambda 
gt10 vector and packaged in vitro. The library consisting of 
more than 1×106 independent phage clones was obtained. 
The cDNA library was screened, using 32P-end-labelled 
degenerate oligonucleotides that were reverse-translated 
from the partial amino acid sequence of the isolated protein. 
After 3 rounds of selection, dozens of candidate clones were 
isolated. Phage DNA was prepared, digested with EcoRI, and 
ligated with dephosphorylated EcoRI arms of plasmid pT7T3 
or phagemid Phagescript SK. After DNA transformation of 
XL-1 Blue strain of Escherichia coli bacteria, the clones with 
insert were identified by color selection with Isopropyl-β-
D-thiogalactoside (IPTG) and 5-Bromo-4-Chloro-3-Indolyl 
β-D-Galactopyranoside (X-Gal). Next, the DNA sequences of 
the inserts were determined. However, none of the sequences 
of the identified phage clones showed any homology to the 
protein sequence.

After repeated failures using different degenerate oligo-
nucleotide probes, we changed the experimental strategy. 
Instead of oligodeoxynucleotides of low specificity due to 
degeneracy, we attempted to obtain a longer and unique 
DNA fragment probe by PCR using degenerate oligonucleo-
tide primers [8]. In addition to genomic DNA, cDNA from 
MKN45 cells was also used as templates because intron 
sequences could be present between those 2 primers. When 
we analyzed the products of the PCR reaction by agarose gel 
electrophoresis, multiple bands of DNA, as well as a DNA 
smear, were observed in those amplifications of genomic and 
complementary DNA. The DNA was electrically transferred 
from the gel to a nylon membrane and fixed by UV irra-
diation. Subsequently, the membrane was hybridized with 
32P-end-labelled degenerate oligodeoxynucleotides corre-
sponding to the internal amino acid sequence between the 
two amino acid sequences whose corresponding nucleotide 
sequences were used as PCR primers. After exposure to the 
X-ray film, a strong signal from a band located between 72 
and 118 bp was observed. The gel fragment corresponding 
to the band was excised and immersed in distilled water. 
The eluate was used as a template for PCR using the same 
primer pair of oligodeoxynucleotides. The PCR amplified 
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products were then cloned into plasmid pT7T3 and used 
to transform frozen competent bacteria. Plasmid DNA was 
isolated from the transforming clones and subjected to DNA 
sequencing. Several clones contained the 98 bp DNA frag-
ment, which corresponded to the expected size of the partial 
amino acid sequence of the protein. Bacteria were grown 
on a larger scale and plasmid DNA was prepared. After 
digestion, the 98 bp DNA fragment was excised and used 
to prepare the 32P-labelled probe by PCR. With the help 
of Tsutomu Tsuji and John Marken, we then screened the 
MKN45 cDNA library prepared in the λgt10 vector, using 
the 98 bp probe. After 3 rounds of selection, we isolated 
several dozen positive clones. We then subcloned a DNA 
fragment containing the longest insert into a plasmid vector 
to prepare the 32P-labelled probe by PCR to further screen 
the cDNA library. In this way, we were able to improve the 
probe specificity, starting with degenerate primers of 26-mer 
(a degeneracy of 576) and 29-mer (a degeneracy of 144) (tri-
plet codons that are rarely used in humans were excluded to 
decrease degeneracy) to 98 bp with potentially mismatched 
pairs, and to a DNA fragment greater than 1 kbp of unique 
sequence. Indeed, this use of degenerate oligodeoxynucleo-
tides for PCR primers and the selection of a single longer 
probe by hybridization with internal degenerate oligonucleo-
tides was a novel strategy.

Elucidation of the molecular genetic basis 
of ABO polymorphism

After successful screening of cDNA clones encoding the 
isolated protein from the MKN45 library, we prepared 4 
additional cDNA libraries using poly (A) + RNA isolated 
from colon cancer cell lines known to exhibit different 
ABO phenotypes [9]. We assumed that if the isolated pro-
tein was a true AT, the sequences of the cDNA clones to 
be isolated would reveal allele-specific single nucleotide 
polymorphism (SNP) variations. The cell lines used were: 
SW948 (phenotype O), SW48 (phenotype AB), COLO205 
(phenotype O) and SW1417 (phenotype B). Among them, 
SW948, SW48, and SW1417 were known to be derived 
from individuals with the ABO blood types of O, AB, and 
B, respectively. However, the ABO blood type of the indi-
vidual from whom the COLO205 cell line was derived was 
not known. From each screen, we obtained multiple cDNA 
clones that hybridized to the long specific cDNA probe iso-
lated from the MKN45 library. Representative clones con-
taining a long insert (> 1 kbp) were selected and the inserts 
were subcloned into a plasmid vector. Nucleotide sequenc-
ing was performed for individual clones. We found that all 
the clones had high sequence homology, but were different 
at the ends. We also observed some differences that could 
have resulted from premature splicing. The cDNA clones 

were classified into groups, based on the sequence differ-
ences at the corresponding positions. The cDNA clones from 
the SW48 library were divided into 2 groups. The cDNAs 
whose sequences were more homologous to those of the 
MKN45 library were assumed to represent the A allele, 
while those with less homology represented the B allele. 
The cDNA clones from the SW948 library showed identi-
cal sequences although the ends of the fragments and the 
splicing patterns were diverse. Compared to the sequences 
assumed to represent the A allele of SW48, the correspond-
ing sequences were nearly identical with the exception of a 
single nucleotide deletion of guanine at nucleotide 261 of 
the coding sequence, c.261delG, which causes a frameshift 
in codon reading. Because this deletion was located rela-
tively close to the N-terminus of the protein, it explained 
well the inactivity of the O allele. Therefore, the sequences 
were assumed to represent the O allele. The cDNA clones 
from the COLO205 library showed the same sequences at 
corresponding positions, although splicing patterns and cov-
erage regions varied. Compared to the O allele of the SW948 
library, they also possessed the unique guanine deletion, but 
also contained several additional nucleotide substitutions. 
We assumed that they also represented the O allele due to 
the single nucleotide deletion. The SW1417 library cDNA 
clones were separated into 2 groups. The sequences of one 
group showed the same sequences corresponding to the B 
allele of the SW48 library, while those of the other group 
were identical to the sequences corresponding to the O allele 
of the SW948 library. This finding had an important implica-
tion. We previously knew that SW 1417 cells were derived 
from a colon cancer patient whose blood type was B. But 
with the results, we were able to deduce that the individual’s 
genotype was BO and not BB. This actually became the first 
successful ABO genotyping. Furthermore, the results also 
demonstrated that the isolated protein was a true AT.

We found that AT and BT were comprised of 354 amino 
acids encoded by 1,065 nucleotides, including the termina-
tion codon (353 amino acids and 1,062 nucleotides in some, 
due to the loss of 3 nucleotides at the splice site). Allelic 
cDNAs A and B were highly homologous, but there were 
several nucleotide substitutions between them, among which 
4 resulted in amino acid substitutions between AT and BT. 
They were arginine, glycine, leucine and glycine in codons 
176, 235, 266 and 268 of the AT, while they were glycine, 
serine, methionine and alanine in these codons of the BT: 
c.526C > G (p.Arg176Gly), c.703G > A (p.Gly235Ser), 
c.796C > A (p.Leu266Met), and c.803G > C (p.Gly268Ala). 
We identified 2 types of O allelic cDNAs that were different 
by several nucleotide substitutions (c.297A > G, c.646 T > A, 
c.681G > A, c.771C > T, c.829G > A). Still, both had a single 
nucleotide deletion, c.261delG. Due to the codon reading 
frameshift (p.Thr88fs), these O allelic cDNAs were assumed 
to be translated into truncated proteins, possibly without AT 
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activity. To conclude, by cloning the human AT cDNA and 
B and O allelic cDNAs followed by determination of their 
nucleotide and deduced amino acid sequences, we were 
able to elucidate the molecular genetic basis of the ABO 
blood group polymorphism. Assuming that 99 alleles would 
be sufficient for some time, we later proposed an allele 
nomenclature composed of the phenotype plus a 2-digit 
number in the order of discovery. We named the A allele 
of SW48 as the A101 allele, and used the nucleotide and 
deduced amino acid sequences of this allele as standards. 
Similarly, the B alleles in SW48 and SW1417 were named 
B101 alleles because they possessed identical sequences at 
the corresponding positions. Furthermore, the O alleles of 
SW948 and SW1417 were designated O01 alleles, while 
the O alleles of COLO205 were designated O02 alleles. 
Compared to the nucleotide sequence of the A101 allele, 
the O01 and O02 alleles contained the same c.261delG, but 
the O02 allele possessed several additional nucleotide sub-
stitutions. The A alleles of MKN45 had 1 nucleotide substi-
tution (c.467C > T) resulting in the amino acid substitution 
(p.Pro156Leu). Hence, we called it the A102 allele.

It should be noted that we were able to elucidate the 
allelic basis of the ABO polymorphism without using human 
RBCs. Instead, we used human cancer cell lines of the stom-
ach and colon. This was possible only because those cells 
were known to express ABO differential phenotypes, exem-
plifying the importance of selecting the most suitable experi-
mental system for scientific demonstration. It should also 
be emphasized that this elucidation was possible because 
the isolated protein was a true AT. Subsequently, we found, 
by PCR, the presence of the AT cDNA in the MKN cDNA 
library that we prepared in pSG-5. Therefore, it is possi-
ble that expression cloning would also have been success-
ful. However, considering the competition with others, our 
timely cloning owed a lot to Henrik Clausen and Sen-itiroh 
Hakomori.

Our characterization of additional ABO 
alleles

As mentioned above, some cDNA clones isolated from cDNA  
cloning contained unspliced intron sequences. Taking advan-
tage of the sequences, we showed that the sequences of the 
last two coding exons could be amplified by PCR of genomic 
DNA, using appropriate oligonucleotide primers. The por-
tion of proteins encoded in these exons covered 90% of the 
coding sequence of the soluble form of AT [12]. Using PCR 
followed by cloning into a DNA sequencing vector, Patricia 
McNeill, Miyako Yamamoto and I determined the partial 
nucleotide sequences and deduced the amino acid sequences 
of the following A and B subgroup alleles (one A2 allele, one 
A3 allele, one Ax allele, and one B3 allele), in collaboration 

with Teresa Harris (Pacific Northwest Regional Blood Ser-
vices), W. John Judd and Robertson Davenport (The Uni-
versity of Michigan Hospital), and Imelda Bromilow and 
Jennifer Duguid (National Blood Transfusion Service, Liv-
erpool). Compared to the corresponding sequences of the 
A101 allele, the A2 allele (A201) that we characterized [13] 
contained a single nucleotide deletion, c.1060delC, in one of 
the three cytosine residues (3Cs) at nucleotides 1059–1061, 
resulting in a frameshift at the C-terminal end of the coding  
sequence p.Pro354fs, in addition to the nucleotide/amino  
acid substitution (c.467C > T p.Pro156Leu) that was also 
found in the A102 allele. The A3 allele (A301) was identical 
to the A101 allele except for a single nucleotide substitu-
tion (c.871G > A) that resulted in an amino acid substitution 
(p.Asp291Asn) [14]. We analyzed several samples showing 
the A3 phenotype-specific mixed-field agglutination with 
anti-A antibodies. However, not all samples contained this 
mutation, indicating that there was heterogeneity among  
the A3 samples. The Ax01 allele that we characterized 
contained a single nucleotide substitution that resulted in 
an amino acid substitution at another position (c.646 T > A 
p.Phe216Ile) [15]. The B3 (B301) allele was found to pos-
sess a single nucleotide substitution (c.1054C > T) resulting 
in an amino acid substitution (p.Arg352Trp), compared to 
the sequences of the B101 allele [14]. In addition to these A  
and B subgroup alleles, we also molecularly characterized 
mutations in a cis-AB allele [16] and a B(A) allele [17], in 
collaboration with Yoshihiro Fujimura (Nara Medical Uni-
versity) and Teresa Harris. The cis-AB allele (cis-AB01)  
that we characterized was basically the A101 allele, except 
for the nucleotide/amino acid substitution (c.467C > T 
p.Pro156Leu) which was also found in the A102 and A201 
alleles and an additional nucleotide/amino acid substitution 
(c.803G > C p.Gly268Ala) [18]. Since the latter substitution 
was also found in the B alleles, it was deduced that the cis-
AB01 allele encoded a chimeric AT-BT protein. In contrast, 
the B(A)01 allele was basically the B101 allele except for  
a single nucleotide substitution (c.657 T > C) and a nucleo-
tide/amino acid substitution (c.703A > G p.Ser235Gly) [15]. 
The latter was also found in the A alleles. Consequently, it 
was deduced that the B(A)01 allele encoded another type 
of chimeric AT-BT protein. While we were determining the 
nucleotide and deduced amino acid sequences of the B301 
allele, we found a strange allele that appeared to be another 
type of O allele. Compared to the standard A101 sequences, 
this allele had a synonymous mutation (c.297A > G), and 2 
nonsynonymous mutations (c.526C > G p.Arg176Gly and 
c.802G > A p.Gly268Arg). We called this allele O03. The 
inactivity of this allele was demonstrated by a functional 
analysis employing DNA transfection of the expression con-
struct, which will be described later.

In total, we determined the complete nucleotide and 
deduced amino acid sequences of 2 A1 (A101 and A102), 
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one B (B101) and 2 O (O01 and O02) allelic cDNAs in all 
coding sequences. Furthermore, we also determined partial 
nucleotide and amino acid sequences of 1 A2 (A201), 1 A3 
(A301), 1 Ax (Ax01), 1 B3 (B301), 1 cis-AB (cis-AB01), 
1 B(A) (B(A)01), and 1 O (O03) alleles by sequencing the 
PCR-amplified genomic DNA fragments. The comparison 
of the nucleotide and deduced amino acid sequences of the 
ABO alleles that we characterized are shown in Fig. 1.

ABO genotyping

Once the allele-specific SNP variations were identified, 
we realized that several of them are located at the cleav- 
age sites for certain restriction endonucleases [9]. For 
example, KpnI which recognizes the sequence 5’-GGT 
ACC  and BstEII which recognizes the sequence 5’-GGT-
NACC differentially cleave the sequences of ABO alleles 
with the c.261delG deletion and those without it. Simi-
larly, at positions 1, 2 and 3 of 4 amino acid substitutions 
that discriminate between AT and BT, allele-specific SNP 
variations are cleaved by BssHII (5’-GCG CGC )/NarI (5’-
GGC GCC ), HpaII (5-CCGG)/AluI (5’-AGCT), and BstNI 
(5’-CCWGG)/NlaIII (5’-CATG) for A and O alleles versus 
B alleles, respectively. Consequently, we thought about 
designing ABO genotyping protocols, taking advantage 
of restriction fragment length polymorphism (RFLP). 
Allele-specific SNP variations used for original ABO 
genotyping by RFLP are shown in Fig. 2. Using Southern 
hybridization of BstEII or KpnI-digested genomic DNA 

and a 32P-labelled human A102 allelic cDNA probe, we 
first demonstrated that these differences in the nucleotide 
sequence were also present in genomic DNA, in addition 
to cDNA, of cell lines used for cDNA cloning. Unlike 
BstEII and KpnI, which are not frequent cutters, the other 
enzymes mentioned above cleave DNA very frequently, 
and thus Southern hybridization was difficult to per-
form due to the smaller sizes of the digested fragments. 
Therefore, we used PCR in combination with restriction 
enzyme digestion to determine the presence/absence 
of the cleavage sites for these enzymes. Practically, we 
amplified the DNA fragment containing the BssHII/NarI 
site or the DNA fragment containing the HpaII/AluI site, 
digested separately with these enzymes and analyzed by 
polyacrylamide gel electrophoresis. These sites were also 
confirmed to be present in the genomic DNA of those 
cell lines. In addition, we also examined genomic DNA 
isolated from 14 blood specimens from individuals with 
predetermined ABO phenotypes. No discrepancies were 
observed between blood ABO phenotypes and inferred 
ABO phenotypes from the RFLP results of ABO geno-
typing, indicating that these SNP variations are widely 
present in the human population. It should also be empha-
sized that thanks to the successful ABO genotyping, dis-
crimination between genotypes A/A and A/O or between 
genotypes B/B and B/O was made possible, which was not 
achieved by immunohematological/serological methods. 
It should also be noted that we knew that simple PCR fol-
lowed by DNA sequencing would also be useful for ABO 
genotyping, in addition to RFLP. In reality, a variety of 

Fig. 1  Comparison of the nucleotide and deduced amino acid sequences 
of the twelve ABO alleles that we molecular genetically character-
ized. Only the differences of the nucleotide and deduced amino acid 

sequences from the A101 allele are shown. Similar tables have been 
published previously [20, 34, 41, 42]
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modifications have been applied to ABO genotyping over 
the past 30 years, and ABO genotyping is now routinely 
performed in immunohematology reference laboratories.

Demonstration of the functional significance 
of the identified mutations

As mentioned above, we initially planned to clone human 
AT cDNA by expression cloning. Because the correlation 
between the putative ABO alleles and their unique nucle-
otide and amino acid sequences clearly demonstrated the 
identity of the isolated protein as human AT, we did not 
restart the backup plan of expression cloning. However, the 

experimental system that we established for this purpose 
turned out to be quite useful in examining the functional-
ity of the SNPs/mutations that we identified from various 
ABO alleles. HeLa cells expressing cell surface H substance 
were thought to provide a useful host for DNA transfection. 
However, the possibility existed that the A and/or B anti-
gens were not expressed in these cells due to the absence 
of transcription of the ABO gene, rather than a structural 
deficiency of the encoded protein. In that case, the results 
can be confused to interpret, because the DNA transfection 
procedure alone could activate gene expression. Therefore, 
we first determined the ABO genotype of HeLa cells [19]. 
We took advantage of the KpnI RFLP specific to the O01/
O02 alleles. Although the KpnI digestion was partial, no 

Fig. 2  ABO genotyping by 
allele-specific restriction frag-
ment length polymorphism. 
ABO alleles with c.261delG 
and those without it can be 
discriminated by digestion 
with restriction endonucleases, 
KpnI and BstEII, respectively. 
Similarly, at positions 1, 2 and 
3 of the 4 amino acid substitu-
tions that discriminate AT and 
BT, A/O alleles and B alleles 
can be discriminated by cleav-
age by BssHII and NarI, HpaII 
and AluI, or BstNI and NlaIII, 
respectively
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BstEII digestion was observed. Therefore, we concluded that 
HeLa cells are homozygous for the O alleles with c.261delG. 
With this assurance, we chose these cells to examine the 
functionality of the SNPs/mutations that we identified in 12 
ABO alleles.

The protocols of the functional assay we designed are 
shown schematically in Fig.  3. We first elaborated the 
expression constructs of the A101 and B101 allelic cDNAs 
that contained the complete coding sequences of AT and 
BT, respectively, in the correct orientation in pSG-5. DNA 
transfection resulted in the appearance of A and B antigens 
on the cell surface, which were immunologically detect-
able using anti-A and anti-B antibodies, respectively [19]. 
Next, we introduced the single nucleotide c.261delG dele-
tion specific for alleles O01 and O02 in construct A101. 
The DNA from these constructs was co-transfected with a 
fixed amount of pSG-5 vector DNA to express green fluo-
rescent protein (GFP) to normalize differences in transfec-
tion efficiency among different constructs. A antigens were 
not detected, probably because the deletion caused a codon 
reading frameshift in AT translation and abrogated trans-
ferase activity [20]. When we introduced the 2 nucleotide 
substitutions that resulted in amino acid substitutions of 
the O03 allele (c.526C > G p.Arg176Gly and c.802G > A 
p.Gly268Arg), A antigens were also not detected [21]. We 
later showed that p.Gly268Arg, and not p.Arg176Gly, was 
responsible for the inactivation of AT activity [22]. When we 
introduced the specific mutation of the A201 or A301 allele, 
A antigens were still expressed, but decreased in number 
[13, 20]. The A201 allele had an amino acid substitution 
(c.467C > T p.Pro156Leu) and a single nucleotide dele-
tion (c.1060delC) at the C-terminus of the encoded protein, 

causing a reading frameshift of codons and an extension of 
21 additional amino acids p.Pro354fs. We later showed that 
c.1060delC was responsible for the decrease in AT activity, 
possibly due to the steric hindrance of the additional domain 
that partially inhibited AT access to the reaction substrates 
[20]. The results are summarized in Fig. 4.

Critical amino acids for differential sugar specificity 
between AT and BT were investigated using functional 
assays [19]. As mentioned above, we found 4 amino 
acid substitutions between these two enzymes. They are 
p.Arg176Gly, p.Gly235Ser, p.Leu266Met and p.Gly268Ala 
(AT versus BT). To examine which amino acid substitu-
tions are important in the difference in specificity of GalNAc 
versus galactose, we prepared 14 AT-BT chimeras that pos-
sessed AT or BT amino acids at those 4 positions. The origi-
nal plasmid constructs of AT and BT were named pAAAA 
and pBBBB, respectively. The chimeras were: pAAAB, 
pAABA, pAABB, pABAA, pABAB, pABBA, pABBB, 
pBAAA, pBAAB, pBABA, pBABB, pBBAA, pBBAB, 
and pBBBA. The DNA of these constructs was transfected 
separately into HeLa cells, and cell surface expression of A 
and B antigens was quantified by immunocytometry using a 
fluorescence-activated cell sorter (FACS) after the first stain-
ing with anti-A and anti-B antibodies, respectively, and later 
with FITC-conjugated secondary antibody. The results are 
shown in Fig. 5. They can be summarized as follows. When 
the constructs had AT amino acids in the last two positions 
(pAAAA, pABAA, pBAAA, and pBBAA), the constructs 
showed a strong AT activity. Similarly, when the constructs 
had BT amino acids in the last two positions (pAABB, 
pABBB, pBABB, and pBBBB), the constructs showed a 
strong BT activity. When the constructs had the AT and BT 
amino acids in this order in the last two positions (pAAAB, 
pABAB, pBAAB, and pBBAB), the activity depended 
on the amino acid in the 2nd position of the 4 amino acid 

Fig. 3  The functional assay protocols are shown schematically. 
Expression constructs are prepared in pSG-5 of the A101 and B101 
allelic cDNAs encoding AT and BT, respectively. DNA is transfected 
into HeLa cells, and the appearance of A and B antigens on the cell 
surface is immunologically detected, using anti-A and anti-B anti-
bodies, respectively. Once the system is established, expression con-
structs possessing mutations/SNPs are then analyzed

Fig. 4  Functional significance of the mutations (SNP variations) that 
we identified in the ABO alleles. DNA from the A1 construct (AT), B 
construct (BT), and their derivative constructs possessing the muta-
tions/SNPs was transfected separately into HeLa cells, and cell sur-
face expression of A and B antigens was quantified by FACS. The 
antigen expression levels are schematically shown: +  +  +  + (very 
strong); +  + (strong);—(no); and ND (not determined). Similar tables 
have been published previously [20, 41]
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substitutions. When it was from AT, the constructs (pAAAB 
and pBAAB) showed only a strong AT activity. On the other 
hand, when it was from BT, the constructs (pABAB and 
pBBAB) showed a weak BT activity, in addition to a strong 
AT activity. And finally, when the constructs had the BT 
and AT amino acids in this order in the last two positions 
(pAABA, pABBA, pBABA, and pBBBA), strong activities 
of both AT and BT were observed. Based on these results, 
we reached the following conclusion: The amino acid sub-
stitution in the 1st position (arginine versus glycine) is not 
important for the differential specificity of sugars between 
AT and BT. Substitution of amino acids in the 2nd position 
(glycine versus serine) plays a role, but not much. The most 
important are the amino acid substitutions at positions 3 and 
4. They are leucine and glycine in AT and methionine and 
alanine in BT, and these amino acids determined the sugar 
specificity of AT and BT. Subsequently, others determined 
the three-dimensional structures of the crystalized catalytic 
domains of human AT and BT, with and without substrates 
[23]. The results showed that codon 176 did not physically 
interact with the substrates, but codon 235 was in proxim-
ity, and codons 266 and 268 showed direct contact, which 
confirmed our results obtained from functional analysis.

Later, we expanded this line of enzymological analysis 
even further, preparing in vitro mutagenized derivative 
constructs that have any amino acid at codon 268 with 
the backbone of human AT or BT [22]. In these experi-
ments, African green monkey kidney COS 1 cells were 
also used as host for DNA transfection, in addition to 
HeLa cells. The pSG-5 vector contains the SV40 pro-
moter and the SV40 origin of replication. Because COS 

1 cells express SV40 T antigens, the cDNA in pSG-5 
was highly expressed by transient transfection. However, 
COS 1 cells do not express H substances and therefore 
AT and BT activities had to be examined using an in 
vitro enzymatic assay system. The DNA from the con-
structs was co-transfected with DNA from the control 
vector pSV-β-galactosidase to normalize the differences 
in transfection efficiency among the constructs. For COS 
1 cells, cell extracts were prepared and used as sources 
of enzymes (AT, BT and β-galactosidase). For the detec-
tion of AT and BT activities, 2’-fucosyllactose was used 
as the acceptor substrate and 14C-labelled UDP-GalNAc 
and UDP-galactose were used as donor substrates. After 
enzymatic reactions with appropriate cacodylate buffer 
and manganese ions in the presence of reaction sub-
strates, neutral reaction products were separated from 
acidic nucleotide-sugars by AG1-X8 anion exchange col-
umn chromatography and quantified using a γ-scintillation 
counter. The activity of β-galactosidase was measured by 
hydrolysis of o-nitrophenyl-β-D-galactopyranoside, a 
substrate for β-galactosidase. For HeLa cells, cells were 
fixed after DNA transfection, and A and B antigens were 
detected by cytometry. The percentages of cells stained 
for β-galactosidase activity in situ were used to normalize 
the efficiency of transfection. Although experiments using 
HeLa and COS 1 cells showed similar results, the FACS 
results showed somewhat greater sensitivity due to higher 
background in in vitro enzymatic assays potentially caused 
by enzymes endogenous to COS 1 cells. The results con-
firmed our earlier finding that amino acids at codon 268 of 
AT and BT are critical for the determination of GalNAc/
galactose specificity.

Recently, we used the same in vitro mutagenesis strat-
egy to produce AT derivatives that contained various 
amino acid substitutions around codons 266–268, and 
codons 263–268 in some, which were found in the ABO 
genes in different species of organisms. We then deter-
mined AT and BT activities by DNA transfection to HeLa 
cells and generated a code table that associated amino acid 
sequences with AT and BT activities/specificities [24]. We 
combined the data in the table with the results of phylo-
genetic analysis of ABO genes in a variety of species and 
demonstrated that there are vertebrate species that possess 
multiple ABO genes and that several species even pos-
sess non-allelic A and B genes. These findings were not 
entirely new because rats had previously been shown to 
possess non-allelic A and B alleles. However, our results 
showed that multiple ABO genes in the genome are not 
confined to rats, but are observed widely. We also dem-
onstrated that both horizontal and vertical transmissions 
have occurred during the evolution of bacterial ABO genes 
[24].

Fig. 5  Functional significance of amino acid substitutions between 
AT and BT. The DNA from the AT, BT, and 14 AT-BT chimeric 
expression constructs was transfected separately into HeLa cells, 
and cell surface expression of A and B antigens was quantified by 
FACS. The numbers indicate the percentages of cells expressing A/B 
antigens above background levels. The symbol “NT” indicates “not 
tested”. Similar tables have been published previously [19, 41]
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Genomic organization of the human ABO 
gene

To determine the organization of the ABO gene and better 
understand the molecular mechanisms that control gene tran-
scription, we cloned genomic DNA that encompassed the 
human ABO gene [25]. For this purpose, we screened one 
million independent phage clones from a human genomic 
DNA library containing partially MboI-digested male 
leukocyte genomic DNA at the unique BamHl site of the 
λEMBL-3 vector, using a 32P-radiolabelled AT cDNA probe 
primed with random hexamers. We obtained a positive clone, 
which contained most of the coding sequence except for the 
latter part of the last coding exon. We then screened 5 mil-
lion clones from a human placenta genomic DNA library 
that contained partially Sau3AI-digested genomic DNA at the 
unique XhoI site of the λFIX™ II vector. We identified sev-
eral positive clones. Preliminary analysis showed that they all 
covered most of the 3' end of the gene. We then re-screened 
1 million additional phage clones from the λEMBL-3 library 
and isolated another positive clone covering the 5' region 
upstream of Exon 1, potentially containing the promoter and 
enhancer sequences. Restriction enzyme cleavage sites for 
EcoRI, SstI and SalI were determined, and a map was con-
structed. In total, the genomic DNA sequence spanning more 
than 30 kbp was cloned. Using Southern hybridization of the 
digested DNA fragments of inserts with a 32P-labelled human 
AT cDNA probe, the exons were mapped. The nucleotide 
sequences of the genomic DNA around possible exon–intron 
boundaries were determined and compared with those of the 
cDNA. And finally, the precise exon–intron boundaries were 
determined. The coding sequences are dispersed in 7 coding 
exons (Exon 1–7). The hydrophobic region, which appears 
to be a possible transmembrane domain, was found mainly 
in Exon 3. The N-terminal end of the soluble form of AT 
(codon 54) was mapped into Exon 4. And most of the coding 
sequence was located in the last 2 exons (Exon 6 and 7). The 
single nucleotide deletion of c.261delG present in the O01/
O02 alleles was located in Exon 6, while the 4 amino acid 
substitutions that discriminate AT and BT were in Exon 7, 
the largest exon of all. Furthermore, we used cloned genomic 
DNA to determine the transcription start sites of the ABO 
gene mRNAs and to characterize the transcriptional regu-
latory elements of the ABO gene. Yoshihiko Kominato, a 
former postdoctoral fellow, initiated work to define epithelial 
and erythroid cell-specific regulatory elements in ABO gene 
expression, in collaboration with us [26–28], and has later 
expanded independently [29, 30]. In addition, his research 
team also identified mutations in several alleles of A and B 
subgroups that caused a deficiency in gene expression (see 
Kominato’s recent review of the ABO gene expression [31] 
for more details).

Characterization of additional ABO alleles 
in the era of genetics

Millions of blood samples are determined for ABO pheno-
types each year primarily to test transfusion compatibility. 
There are two kinds of tests. Forward typing examines RBCs 
for the presence or absence of A and B antigens, using anti-
A and anti-B antibodies. Anti-A,B antibodies and anti-A1 
Dolichos biflorus plant lectin can also be used. Reverse typ-
ing examines plasma/sera for the presence or absence of 
anti-A and anti-B antibodies, using reference type A1 and 
type B RBCs. Additionally, a cross-match is also performed 
to further ensure transfusion compatibility. The ABO typ-
ing of so many samples has led to the identification of dis-
crepancies between the forward and reverse typing results 
in some, mainly due to A/B subgroups or diseases. Once we 
determined the nucleotide and amino acid sequences of the 
12 ABO alleles and demonstrated that mutations in ABO 
alleles could be easily identified by genomic DNA PCR 
followed by DNA sequencing of the amplified fragments, 
some researchers took advantage of the sequence informa-
tion that was available from our studies and characterized 
the ABO alleles in their samples showing such discrepan-
cies. As the number of ABO alleles that were molecularly 
characterized increased, confusion ensued because different 
investigators sometimes identified the same alleles without 
knowing that others had previously characterized the same 
alleles due to the delay in publication. To house the informa-
tion on the alleles of the blood group systems and avoid such 
a problem, Olga Blumenfeld established the Blood group 
antigen Gene MUTation (BGMUT) database in 1999 [32]. 
She assigned me as a curator of the ABO system. Follow-
ing the guidelines of the Human Variation Genome Society, 
we used an allele nomenclature based on the ABO pheno-
type followed by the 2-digit number in the order of discov-
ery. In 2006, BGMUT became part of the NCBI’s dbRBC 
(database Red Blood Cells) resource at National Institute 
of Health. Over 250 ABO alleles were deposited into the 
database, including alleles specifying A1, A2, A3, Ael, Aint, 
Am, Aw, Ax, cis-AB, B(A), B (B1), B3, Bel, Bw, Bx, and 
O phenotypes. Many missense mutations, nonsense muta-
tions, and frameshift mutations (insertions and deletions) 
identified in the coding sequence of the ABO gene have been 
extensively reviewed and therefore are not duplicated in this 
review (see review articles [33, 34] for detailed information 
on individual alleles and their references). Mutations have 
also been discovered that changed the mRNA splicing pat-
tern of the ABO gene [35–37] or that altered the promoter/
enhancer activity in the transcription of the ABO gene [31, 
38, 39]. In 2016, BGMUT was closed due to the unfortunate 
death of Dr. Blumenfeld. However, data previously on the 
site became available on the website (ftp:// ftp. ncbi. nlm. nih. 
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gov/ pub/ mhc/ rbc/ Final Archive). The International Society 
of Blood Transfusion (ISBT) subsequently organized the 
Working Party on red cell immunogenetics and blood group 
terminology and used an allele nomenclature similar to that 
of BGMUT.

Identification of numerous single nucleotide 
polymorphism (SNP) variations in the ABO 
gene in the era of genomics

Over the past decade, millions of human genomes have been 
sequenced, thanks to recent advances in next-generation 
sequencing technology. And many of the sequences are 
available in public databases, such as Genbank and Ensembl. 
As a result, thousands of SNP variations have been identified 
in the ABO gene. The nucleotide and deduced amino acid 

sequences of the A101 allelic cDNA are shown in Fig. 6, 
along with the known SNP variations listed in the Ensembl 
database. Different types of SNP variations are highlighted 
in different colors. In this figure, the original data (ABO-
203 ENST00000611156.4) of the O01 allele was modified 
to encode functional AT. Of 1,065 nucleotides in the cod-
ing region, at more than 500 positions, SNP variations have 
already been identified. Because the ABO gene is close to 
25 kbp in length, the number of SNP variations that have 
been identified throughout the gene is much higher because 
the noncoding sequence occupies most of the genetic locus. 
Furthermore, this number increases rapidly as additional 
genomes are sequenced. If alleles are defined as genes that 
occupy the same genetic locus but have different sequences, 
the number of ABO alleles can be in the millions, consider-
ing SNP combinations. In 2012, predicting this situation, we 
proposed a new allele nomenclature based on the assortment 

Fig. 6  SNP variations identified in the human ABO gene. Recent 
advances in next-generation sequencing technology have enabled the 
identification of thousands of SNP variations in the coding region of 
the ABO gene, in addition to previously characterized SNPs in ABO 
alleles that specify a variety of ABO phenotypes. Together with the 

transcript sequence of the A101 allele, the different types of SNP 
variations are highlighted in different colors. This figure was modified 
from the transcript of the O01 allele (ABO-203 ENST00000611156.4) 
(retrieved on July 15, 2021). Similar figures have been published pre-
viously [41, 42].
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of SNP variations, using the nucleotide and amino acid 
sequences of allele A101 as standards [40]. Although ISBT 
has not yet used this nomenclature, we anticipate that time 
will come soon. It is obvious that the ISBT numbering sys-
tem currently in use cannot keep up with the rapid increase 
in new alleles, and that members of the task force will soon 
tire of curating them. What is important are the SNP varia-
tions, especially  allele-specific SNP variations with func-
tional significance, and not the allele names. The transition 
from the age of genetics to the age of genomics has revolu-
tionized ABO research, although most of the SNP variations 
identified through genome sequencing may have little or no 
functional relevance, unlike those that were shown respon-
sible for specific ABO phenotypic variations.

Since the end of 2019, the world has been suffering from 
the SARS-CoV-2 infection outbreak and the COVID-19 
pandemic. The ABO polymorphism appears to affect the 
infectivity of SARS-CoV-2 through modified glycosylation 
of Spike and other viral proteins and the inhibition/neutrali-
zation by natural antibodies against A/B antigens. It may 
also influence the progression and severity of COVID-19 
disease due to differential susceptibility to blood clotting 
(see our reviews [41, 43] for additional information). It will 
be exciting to find out what the next breakthrough discover-
ies in ABO’s research field would be.
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