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Letter to the Editor
Transfusion and Cell Therapy

Dear Editor, 
The ABO blood group system, established by Karl Landsteiner
over a century ago, continues to be the cornerstone of blood
transfusion, prenatal serological testing, and bone marrow and
organ transplantation. To date, more than 200 ABO alleles have
been documented on the International Society of Blood Transfu-
sion (ISBT) website (https://www.isbtweb.org/resource/001abo
alleles.html, accessed on Jan 31, 2024). The majority of weak
ABO phenotypes or subgroups frequently arise from sequence
variants within coding exons, flanking introns, and hybrid forma-
tion between common alleles. Some weak ABO subgroups are
attributable to mutations in regulatory regions, such as the
CCAAT-binding factor/nuclear factor Y (CBF/NF-Y) binding site [1]
(although controversial [2]), the proximal promoter [3-5], and the
+5.8-kb site [6]. These subgroups are often misclassified as
having common ABO genotypes. Long-read single-molecule real-
time sequencing, developed by Pacific BioSciences (PacBio,
Menlo Park, CA, USA), has immense potential in the quest for
comprehensive haplotype sequence collections of blood group
alleles [7]. Compared with Sanger and next-generation sequenc-
ing technologies, this third-generation sequencing technology,
which has not been widely promoted in the field of blood group-

ing, can capture two ABO haplotypes containing the full-length
and flanking regulatory regions of the ABO gene without ignoring 
mutations outside the coding region.

We describe two cases of patients harboring an ABO gene 
promoter mutation, NC_000009.12:g.133275211_133275228
del i.e., c.–35_–18delGGCGGAAGGCGGAGGCCG, which resulted 
in weakened B antigen expression, identified using PacBio third-
generation sequencing. Case 1 was that of a male patient who 
underwent maxillofacial surgery, and Case 2 was that of a male 
low-birthweight premature infant; both had not received blood 
transfusions. The research protocol was reviewed and approved 
by the Ethics Committee of the Dalian Blood Center, Dalian, 
China (approval No: LL-05001), and informed consent was ob-
tained from the patient/guardian. ABO typing using the saline 
tube method [8] revealed weakened B antigen expression and 
mixed-field agglutinations in two probands displaying AB3- and 
B3-like phenotypes, respectively (Table 1). To further identify the 
reason for the inconclusive blood typing results, the entire ABO 
gene, including the flanking regulatory regions, was sequenced 
using PacBio technology, as previously described [8]. Based on 
the PacBio sequencing results, probands 1 and 2 were found to 
have the ABO*A1.02/ABO*B.01 and ABO*O.01.01/ABO*B.01 
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Table 1. Serologic ABO blood grouping results

Proband
Forward grouping Reverse grouping

–A –B –A1 –AB –H A1 cells B cells O cells

1 4+ 3+ mf 4+ 4+ 1+ - - -

2 - 2+ mf - 2+ mf 3+ NT NT NT

Abbreviations: NT, not tested; mf, mixed field.
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B
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ABO5'-flanking region
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Runt related transcription factor 1 binding site

Miscellaneous Mature peptide

Exon 2 Exon 3 Exon 5 Exon 7

Exon 4 Exon 6

Miscellaneous
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Alpha 1-3-N-acetylgalactosaminyltransferase and alpha 1-3-galactosyltransferase (ABO), NG_006669.1

ABO

ABO mRNA

5'-flanking region

Sp1 transcription factor binding site

ABO

Exon 1

c. 35_ 18del

c. 35_ 18del

51

Met Ala Glu Val Leu Arg Thr Leu Ala

Haplotype 1

Haplotype 2

Fig. 1. Genetic structure of the ABO gene. (A) Three overlapping segments of the long-range PCR amplification covering the entire ABO gene. 
These segments were circularly sequenced multiple times to directly obtain high-quality consensus sequences. The fragments overlapped 
by more than 1 kb. The vertical lines in the blue and red arrows indicate the mutation sites. Full-length gene haplotypes can be assembled 
based on the mutation sites in the overlapping regions. A key advantage of long-read sequencing over short-read sequencing is its ability to 
sequence very long DNA fragments as haplotypes. (B) Mutation c.–35_–18del in the probands. NG_006669.1 was used as the reference 
sequence. Sequence alignment and analysis were performed using the SnapGene v6.0.2 software, with the ISBT Names for ABO (ISBT 001) 
blood group alleles v1.1 171023 serving as the reference data source.
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genotypes, respectively. Exons 1–7 and their exon–intron 
boundaries harbored no sequence variants that could account 
for the mixed-field phenotypes. However, both probands har-
bored the same mutation, c.–35_–18del (Fig. 1), in the proximal 
promoter region, which was cis-linked to the ABO*B.01 allele. 
Because mutations in CBF/NF-Y binding site and +5.8-kb site 
can also cause weak ABO subgroups, we searched for these re-
gions; however, no mutations were detected compared with the 
normal ABO*B.01 allele. 

The proximal promoter mutation c.–35_–18del was first re-
ported by Cai, et al. [3] in six unrelated Chinese B3 or AB3 indi-
viduals. Dual luciferase assays confirmed that mutant promoter 
activity was reduced by more than 50% compared with that of 
the wild type [3]. A previous study has shown that the –117 to 
+31 region was essential for directing the expression of a re-
porter gene in red blood cells (RBCs), and the ABO promoter se-
quence from –22 to 14 serves as a binding site for the transcrip-
tion factor Sp1 or Sp1-like protein(s) [9]. Further, the absence of 
the sequence from –35 to –18 may disrupt the binding of tran-
scription factors, leading to mixed-field weak B antigen expres-
sion on RBCs. Subsequently, the same deletion was reported in 10 
B3 or AB3 Japanese individuals [10]. The mutation c.–35_–18del 
is recorded in the NCBI dbSNP database (rs1588650511), with 
frequencies of 0.0006 in Koreans and 0.00006–0.00007 in 
the Japanese. Interestingly, this mutation has been hitherto de-
scribed only in Asian populations and was observed in cis with 
the B allele, leading to weakened B antigen expression, and not 
in cis with A or O alleles, suggesting the existence of a popula-
tion-specific distribution and linkage disequilibrium with the B 
allele.

In summary, third-generation PacBio sequencing was em-
ployed to sequence the entire ABO gene and flanking regulatory 
regions in two probands, revealing the mutation c.–35_–18del 
as the sole variant from the consensus ABO*B.01 sequence in 
the CBF/NF-Y binding site, proximal promoter, +5.8-kb site, ex-
ons 1–7, and exon–intron boundaries. This mutation leads to 
mixed-field weak B antigen expression on RBCs and may inter-
fere with the binding of transcription factors to the promoter, 
thereby affecting transcriptional activity.
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