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Abstract

The U antigen (MNS5) is one of 49 antigens belonging to the
MNS blood group system (ISBT002) carried on glycophorins
A (GPA) and B (GPB). U is present on the red blood cells in
almost all Europeans and Asians but absent in approximate-
ly 1.0% of Black Africans. U negativity coincides with negativ-
ity for S (MNS3) and s (MNS4) on GPB, thus be called S-s-U-,
and is thought to arise from homozygous deletion of GYPB.
Little is known about the molecular background of these de-
letions. Bioinformatic analysis of the 1000 Genomes Project
data revealed several candidate regions with apparent dele-
tionsin GYPB. Highly specific Gap-PCRs, only resulting in pos-
itive amplification from DNAs with deletions present, al-
lowed for the exact genetic localization of 3 different break-
points; 110.24- and 103.26-kb deletions were proven to be
the most frequent in Black Americans and Africans. Among
157 CEPH DNAs, deletions in 6 out of 8 African ethnicities
were present. Allele frequencies of the deletions within Afri-
can ethnicities varied greatly and reached a cumulative

23.3% among the Mbuti Pygmy people from the Congo. Sim-
ilar observations were made for U+"2" alleles, known to cause
strongly reduced GPB expression. The 110-and 103-kb dele-
tional GYPB haplotypes were found to represent the most
prevalent hereditary factors causative of the MNS blood
group phenotype S-s-U-. Respective GYPB deletions are
now accessible by molecular detection of homo- and hemi-

zygous transmission. ©2020 5. Karger AG, Basel

Introduction

Glycophorin A (GPA) and glycophorin B (GPB) are
glycoproteins of the human erythrocyte membrane that
carry the 49 antigens of the MNS blood group system [1],
i.e., the second blood group system discovered in human
historyafter ABO [2-4]. M/MNS1/N/MNS2 and S/MNS3/
s/MNS4 are the two pairs of antithetical antigens with
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common prevalence found on the extracellular domains
of GPA and GPB, respectively.

The antigen U/MNS5 was originally described in 1953
and was characterized as a high-frequency antigen that is
absent in 1.2% of African Americans [5]. In Europeans,
however, the phenotype S-s-U- is extremely rare [6]. In
1954, the association with the MNS blood group system
and the concurrent S-s- phenotype became evident [7]. In
1987, this phenotype was postulated to be caused by a ho-
mozygous deletion in GYPB [8-10]. Besides regular M and
N expression, U- red blood cells (RBCs) are almost always
S-s—. However, S—s— RBCs are often reacting weakly posi-
tive with anti-U antisera and are then referred to as S—s-
U+ [6, 11-13]. Using adsorption/elution tests with par-
ticularly potent anti-U antisera, about 50% of apparent S-
s—U- RBCs are in fact U+", most frequently encoded by
one of two distinct molecular variants of GYPB [13, 14].

The antigenic complexity of the blood group system
MNS as well as levels of genetic diversity in African pop-
ulations have led to speculation that this locus is under
evolutionary selection due to its function as a ligand for
the malaria parasite Plasmodium falciparum [15-18].
Complete absence of GPA and GPB on the erythrocyte
surface might therefore represent a genetic selection pro-
cess, influencing invasion and consequent progression of
malaria [19-21]. More recently, the MNS antigen Dantu
was shown to represent one of the strongest protective
genetic variants against infection with this parasite (OR
0.26-0.57) [22-24]. Leffler et al. [23] reported additional
structural variation in the GYP locus, also including
GYPB deletions, but differing from molecular variants re-
ported earlier [9-11].

Still, accurate molecular detection of U negativity, e.g.,
displaying correct genotypes and distinguishing heterozy-
gous (hemizygous) from S-s-U- homozygous individuals,
remained extremely difficult, if not completely impossible
until now. Therefore, 1000 Genomes Project (1000G) data
were analyzed by us and revealed approximate locations
for GYPB deletions [25]. Highly specific amplicons of
Gap-PCRs, only positive in DNAs with deletions present,
were then sequenced and delivered exact positions of 3
different deletional breakpoints. Using these novel in-
sights into the GYP locus on chromosome 4 as diagnostic
tools, comprehensive molecular detection of true S-s-U-
genotypes in Black Africans was made possible.

Materials and Methods

Samples

Ethical approval for the study was obtained from the Cantonal
Office of Public Health, Zurich, Switzerland (Swiss approval No.
2014-0408).

DNA samples were from various sources (Tables 1, 2). Table 1
DNA samples (116) were accumulated for S-s-U- blood group
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MNS pheno- and/or genotypes with and without S and s pheno-
types available. They consisted of samples with proven S-s-U-
(15) and proven S-s—-U- or U+" phenotypes (12) from the Blood
Research Institute, Versiti, Inc., Milwaukee, WI, USA. Three sam-
ples with S-s-U- phenotype came from the Austrian Red Cross,
Vienna, the German Red Cross, Hagen, and the Clinical Immunol-
ogy and Transfusion Medicine Department, Lund, Sweden. An-
other 27 samples were included due to their low GYPB:GYPE ra-
tios, indicative of the lack of at least 1 parental GYPB gene; they
were originally identified among 5,800 Swiss Caucasians and 50
Black Africans [26]. A panel of 55 DNA samples of known, or pre-
sumptive, Black African ancestry comprised donors or patients
from the greater area of the Canton of Zurich, Switzerland: 33 with
and 22 without S/s serology. The Coriell Cell Repository (Coriell
Institute, Camden, NJ, USA) provided 2 DNA samples with ex-
pected GYPB deletions as identified during bioinformatic analysis
ofthe1000G data. Another2 Coriellsamplescarried 1 GYPB*03N.02
allele [pers. commun., Ménica Lopez-Martinez, Progenika-Gri-
fols, Bilbao, Spain]. De-identified samples of EDTA-anticoagulat-
ed blood from Versiti, Inc., were provided under an approved ma-
terial transfer agreement for DNA extraction (QIAamp 96 DNA
blood kit; Qiagen, Valencia, CA, USA) to Zurich. DNA extraction
of samples from the Blood Transfusion Service Zurich (Switzer-
land) was done using a QIAamp DNA blood kit (Qiagen, Hilden,
Germany) or as described previously [27].

Table 2 DNA samples (157) came from different African eth-
nicities, were derived from lymphoblastoid cell lines, and had been
provided by the Centre d’Etude du Polymorphism Humain
(CEPH, Foundation Jean Dausset, Paris, France).

Blood donor reference samples “Verena”, “Bruno”, “Helmut,”
and “Urs” were from the Canton of Zurich (Switzerland) and had
MMSS, MMss, NNSS, and NNss phenotypes, respectively.

Phenotyping Procedures

Samples from Switzerland had M/N and S/s serology per-
formed as described previously [28]. Samples originating from
Versiti, Inc., were S/s phenotyped from EDTA blood using a test
tube method following the manufacturers’ recommendations
(Bio-Rad Laboratories, Hercules, CA, USA; Immucor, Norcross,
GA, USA; Ortho Clinical Diagnostics, Raritan, NJ, USA). Sero-
logical phenotype U testing was performed using an unlicensed
human source reagent. S—-s—U- blood donors were phenotyped
prior to confirmatory genotyping.

Analytical and Diagnostic Gap-PCRs, Diagnostic PCRs using

Sequence-Specific Priming, and Sequencing

PCRs and sequencing were done as described previously [29].
Primers, their concentrations, and combinations are provided in
the supplementary Table s1 (for all online suppl. Material, see
www.karger.com/doi/10.1159/000504946). Confirmatory geno-
typing for GYPB ¢.143C>T, ¢.230C>T, and ¢.270 + 5G>T was per-
formed on all samples originating from the USA using a nanoflu-
idic open-array system (OpenArray real-time PCR system; Life
Technologies Corporation) [30]. DNA that failed to amplify all 3
targets [21] were deemed to have a GYPB homozygous deletion
and were confirmed by S/s phenotyping with licensed reagents and
an unlicensed anti-U. Due to DNA depletion of some samples,
further analysis of all Table 1 and 2 samples were preterminated
whenever unambiguous genotypes, as defined by the unequivocal
identification of 2 different parental alleles/haplotypes, occurred
(online suppl. Material).

Briefly, methods for bioinformatic analysis of the 1000G phase
3 data included the following core steps: Potentially true large
deletion candidates in the region of interest were confirmed if
(a) paired-end reads were found with an extremely large separa-
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Table 1. Overview and summarized genotyping results for 116 samples accumulated for GYPB deletions

Source N  UnknownS,s, KnownS, Serology Allele GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB*
serology s, serology S-s-U- count 03 03N.02 03N.03 03N.04 06.01 06.02 04 05N.01 05N.02 05N.03 05N
(del 110 kb) (del 103 kb) (del 19kb) unknown
Ist Blood Center 9 0 9 9 18 - - - - - - - 18 - - -
of Wisconsin 5 0 5 5 10 - - - - - - - 5 5 - -
Milwaukee, USA 1 0 1 1 2 - - - - - - - 1 - - 1
15 0 15 15 30 24 5 1
2nd Blood Center 4 0 4 4 8 - - - - - - 8 - - -
of Wisconsin 1 0 1 1 2 - - - - - - - 1 1 - -
Milwaukee, USA 1 0 1 1 2 - - - - - - - 1 - - 1
20 2 0 4 - - - 2 - - - 2 - - -
10 1 0 2 18 - - - - - - 1 - - -
10 1 0 2 - - - - - 1 - - - -
10 1 0 2 - 1 - - - - - - - -
10 1 0 2 - 1 - - - - 1 - - - -
12 0 12 6 24 1 2 3 2 14 1 1
Austrian Red Cross, Vienna* 1 0 1 1 2 - n.t. n.t. n.t n.t. n.t. - 1 1 n.t -
DRK West, Hagen, Germany* 10 1 1 2 - n.t. n.t. n.t. n.t. n.t. - 2 - n.t. -
Lund Blood Bank, Sweden* 1 0 1 1 2 - n.t. n.t. n.t. n.t. n.t. - 1 1 n.t. -
3 0 3 3 6 4 2
18 of 20 with lowest B:E ratio 7 0 7 0 14 7 n.t. - - - - 7 - - n.t. -
Reference [26], Figure 4b 8 0 8 0 16 - n.t. - - - - 16 - - n.t. -
2 0 2 0 4 - n.t. - - - - 2 2 - n.t. -
del GYPB 103 kb “Lorena”™ 10 1 0 2 - nt. - - - - 1 1 nt. -
18 0 18 0 36 7 26 2 1
9 of 50 with lowest B:E ratio 1 0 1 0 2 - n.t. - - - 1 1 - - n.t. -
Reference [26], Figure 4c 3.0 3 0 6 - n.t. - - - 3 3 - n.t. -
del GYPB 110 kb “Gerold™* 1 0 1 0 2 = n.t - - = - 1 1 - n.t -
NY Blood Center, Uvar, “P876” 1 0 1 0 2 - n.t. - 1 - - - 1 - n.t. -
NY Blood Center, Uvar, “CW” 1 0 1 0 2 - n.t. - 2 - - - - - n.t. -
NY Blood Center, S-s-U-, “AO” 1 0 1 1 2 - n.t. - - - - - n.t. 1
NY Blood Center, S-s-U-, “JB™* 1 0 1 1 2 - n.t. - - - - - 2 n.t.
9 0 9 2 18 3 1 5 6 2 1
BTS Zurich, Switzerland, “black” 1 0 1 0 2 2 n.t. - - - - - - n.t. -
with S, s serology 6 0 6 0 12 6 n.t. - - - - 6 - - n.t. -
18 0 18 0 36 n.t. - - - - 36 - - n.t. -
20 2 0 4 nt. - - - - 2 - n.t. -
4 0 4 0 8 nt. - - - - 4 4 - n.t. -
2 0 2 0 4 - n.t. - 2 - - 2 - - n.t. -
33 0 33 0 66 10 2 48 6
BTS Zurich, Switzerland, “black” 2 2 0 0 4 4 n.t. - - - - - - n.t. -
lacking S, s serology 1 1 0 0 2 1 n.t. - - - - 1 - - n.t. -
77 0 0 4 - nt. - - - - 14 - - n.t. -
11 0 0 2 - nt. - - - - - 2 - n.t. -
8 8 0 0 16 - nt. - - - - 8 8 - nt. -
11 0 0 2 - nt. - 1 - - - - - n.t. 1
11 0 0 2 - nt. - 1 - 1 - - - n.t. -
11 0 0 2 - n.t. - - - 1 1 - - nt. -
22 22 0 0 44 5 2 2 24 10 1
Coriell, HG02970*A1/”del 32 kb” 1 1 0 0 2 - n.t. n.t. n.t. n.t. n.t. - 1 1 - -
del GYPB 19 kb, Coriell HG01880*C1* 1 1 0 0 2 1 n.t. n.t. n.t n.t. n.t. - - - 1 -
Coriell, NA19379*1 1 1 0 0 2 1 1 - - - - - - - n.t -
Coriell, NA19404*1 1 1 0 0 2 - 1 - - - - 1 - - n.t -
4 4 0 0 8 2 2 1 1 1 1
All numbers 116 26 90 26 232 25 4 0 10 0 3 106 67 12 1 4

Samples indicated by “*” were the first 6 samples analyzed for GYPB deletions by Gap-PCRs. SEQ submission. Sequences of the deletional GYPB breakpoint regions of the samples marked in gray were submit-
ted to GeneBank and were MN005664, MN005663, and MN005662 for the deletional GYPB haplotypes of 110-, 103, and 19-kb types, respectively (online suppl. Table s5). * Though showing a Uvar phenotype,
SNP-based genotyping did not deliver any of the known Uvar alleles. Sequencing of the respective sample was not performed.

tion distance after alignment, especially if a soft-clipped part of one
end could be mapped in the region of the other end, or (b) distinct
coverage drops were found, or (c) complete coverage gaps were
found, or (d) a combination of several of these criteria was true.
Details of the bioinformatic 1000G phase 3 data, homology analy-
sis of the GYP locus, and allele frequency (AF) calculations are
given in the online supplementary material.

Two Prevalent ~100-kb GYPB deletions
in S-s-U- phenotypes of Black Africans

Results

Homology Analysis of the GYP Locus

Using GenBankaccession No. NC_00004.12 (GRCh38.
p12) as a reference, multiple sequence alignment of the
paralogous GYP locus on chromosome 4 highlighted the
3 tandemly organized units (Fig. 1; online suppl. Fig. s1).
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Table 2. Overview and summarized genotyping results for 157 samples representing 8 African ethnicities and provided by CEPH
(Centre d’Etude du Polymorphism Humain, Foundation Jean Dausset, Paris, France)

Source n Unknown S,  Known S, Serology  Allele GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB* GYPB*
(CEPH “African”) s, serology s, serology ~ S-s-U-  count 03 03N.02 03N.03 03N.04 06.01 06.02 04 05N.01 05N.02 05N.03 05N
(del 110 kb)  (del 103 kb)  (del 19kb)  unknown
Biaka Pygmy 6 6 0 0 12 6 n.t. - - - - 6 - - - -
Central African Republic 15 15 0 0 30 - n.t. - - - - 30 - _ - _
3 3 0 0 6 - n.t. 3 - - - 3 - - - -
1 1 0 0 2 1 n.t. - 1 - - - - - - -
1 1 0 0 2 - n.t. - 1 - - 1 - - - -
1 1 0 0 2 - nt - 2 - - - - - - -
8 8 0 0 16 - nt - - - - 8 - 3 _ _
1 1 0 0 2 - n.t. - - - - - - 2 - -
36 36 0 0 72 3 4 48 10
Haplotype frequency, % 100.0 9.7 42 5.6 66.7 13.9
Mbuti Pygmy 2 2 0 0 4 - n.t. - - - - 4 - - - -
Democratic Republic 3 3 0 0 6 - nt. - 6 - - - - - - -
of Congo 303 0 0 6 - n.t. - 3 - - 3 - - - -
1 1 0 0 2 - - - - 2 - - - - - -
1 1 0 0 2 - n.t - - - - 1 1 - - -
1 1 0 0 2 - n.t. - 1 - - - 1 - - -
1 1 0 0 2 - n.t. - - - - - 1 1 - -
303 0 0 6 - n.t. - 3 - - - - 3 - _
15 15 0 0 30 13 2 8 3 4
Haplotype frequency, % 100.0 43.3 6.7 26.7 10.0 13.3
Bantu, NE 1 1 0 0 2 2 n.t. - - - - - - - - -
Kenya 3 3 0 0 6 3 nt. - - - - 3 - - - -
6 6 0 0 12 - n.t. - - - - 12 - - - -
2 2 0 0 4 - 2 - - . - 2 - - _ _
12 12 0 0 24 5 2 17
Bantu, 2 2 0 0 4 2 n.t. - - - - 2 - - - -
SE and SW 5 5 0 0 10 - n.t. - - - - 10 - - - -
South Africa 1 1 0 0 2 - n.t. - - - - 1 1 - - -
8 8 0 0 16 2 13 1
Mandenka 4 4 0 0 8 4 n.t. - - - - 4 - - - —
Senegal 14 14 0 0 28 - n.t. - - - - 28 - - - -
1 1 0 0 4 - - - - 3 1 - - - - -
2 2 0 0 4 - n.t. - 2 - - 2 - - - -
1 1 0 0 2 - n.t. - - - - 1 1 - - -
2 2 0 0 2 n.a. n.a. na na na na n.a n.a n.a n.a 2
24 24 0 0 48 4 2 3 1 35 1 2
Mozabite 1 1 0 0 2 2 n.t. - - - - - - - - -
Algeria (Mzab) 7 7 0 0 14 7 n.t - - - - - - - -
18 18 0 0 36 - n.t. - - - - 36 - - - -
1 1 0 0 2 - n.t - 1 - - 1 - - - -
1 1 0 0 2 1 n.t. - - - - - 1 - - -
2 2 0 0 4 - n.t. - - - - 2 2 - - -
30 30 0 0 60 10 1 46 3
San 1 1 0 0 2 1 n.t - - - - 1 - - - _
Namibia 1 1 0 0 2 - - - - - 1 1 - - - -
5 5 0 0 10 - n.t. - - - - 10 - - - -
7 7 0 0 14 1 1 12
Yoruba 3 3 0 0 6 3 n.t. - - - 3 - - - -
Nigeria 15 15 0 0 30 - n.t - - - - 30 - - - -
2 0 0 4 n.t. - 2 - - 2 - - -
2 0 0 4 - n.t - - - - 2 - - -
1 1 0 0 2 1 n.t. - - - - - - 1 - -
2 2 0 0 4 - n.t - - - - 2 - 2 - -
25 25 0 0 50 4 2 39 2 3
CEPH all, n 157 157 0 0 314 33 2 3 22 5 2 218 10 17 0 2
Haplotype frequencies, 100 10.51 0.64 0.96 7.01 1.59 0.64 69.43 3.18 5.41 0.00 0.64

Each segmental duplication consisted of the gene and con-
tinued with a large intergenic sequence, summing up to
their individual unit lengths of 121.3, 110.3, and 130.6 kb,
for GYPA, GYPB, and GYPE, respectively. Sequence simi-
larity was mainly interrupted by unit-specific insertions,
the longest with approximately 16.0 kb, carrying exon 6
and 7 of GYPA and being absent from GYPB and GYPE.
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Fine Mapping of Breakpoint Candidate Regions

Bioinformatic analysis of the 1000G phase 3 data re-
vealed multiple hits for 2 distinct GYPB deletions, ~110and
~110 kb in length, with corresponding haplotype frequen-
cies of approximately 0.05 and 0.02, respectively, and 1 hit
each for a ~19- and ~32-kb GYPB deletion. All deletions
were identified among Black Africans (AFR of the 1000G

Gassner et al.
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Fig. 1. GYPlocus on chromosome 4 and GYPB deletions identified
in Black Africans. Paralog units of 121.3-kb GYPA, 110.3-kb GYPB,
and 130.6-kb GYPE are indicated in the upper most line. The GYPA
homologous unit started approximately 7.3 kb, 5’ of its start codon
before ending 7.3 kb 5" of GYPB. Homology of the 3rd unit started
10.8 kb 5’ of GYPE. The drawing is in scale with exons magnified
10 times in relation and 60.0 kb not shown for every unit as indi-
cated by //. In the second line, exons of the 3 genes as found in a

data set). Both ~100-kb GYPB deletions affected all GYPB,
the ~19- and ~32-kb deletions were located within GYPB.
Due to the high paralogy of the GYP locus, sequences de-
rived from GenBank accession No. NT_016354.20 were re-
viewed for accuracy by a comparison to sequences derived
from 4 wild-type DNAs of the MMSS, NNSS, MMss, and
NNiss phenotype, respectively (Fig. 2).

Gap-PCRs to Track GYPB Deletions

Combining the working principle of Gap-PCRs [31]
with PCR amplification using sequence-specific priming
[32, 33] allowed for bridging the GYPB deletions by ex-
clusively deletion-specific amplicons (Gap-PCRs, suppl.
table s1A). Gap-PCRs were tested on an original 4 DNAs
of known S-s- individuals and 2 samples with low
GYPB:GYPE gene ratios (Table 1), indicative of the lack
of 1 parental GYPB gene [26]. Gap-PCRs for the 2 expect-
ed ~100-kb GYPB deletions resulted in positive amplifi-
cation in 4 of the 6 samples each and were reproduced on
additional samples with low GYPB:GYPE gene ratios.
Amplicons were sequenced (suppl. table s1A, B) from 3
independent samples each and showed identical break-
point nucleotide sequences for both distinct ~100-kb
GYPB deletions (Fig. 2a, b). The breakpoint of the expect-
ed ~19-kb GYPB deletion could only be identified and
sequenced from the 1000G Coriell sample HG01880*C1
(Fig. 2c). Linkage exploration of the 110- and 103-kb
GYPB deletions is detailed in the supplementary Material
(online suppl. Results and online suppl. Tables s2, s3).

Two Prevalent ~100-kb GYPB deletions
in S-s-U- phenotypes of Black Africans

wild-type GYPlocus and given as vertical boxes colored in blue, red,
and gray for GYPA, GYPB, and GYPE, respectively. Pseudoexons
(y) present in GYPB and GYPE are uncolored and numbered so
that homologous exons maintain the same number in all 3 genes.
Lines 3-5 show the relative positions and extent of the 110-kb (light
red), 103-kb (light blue), and 19-kb (grey) deletions of GYPB ob-
served in this study. Sizes of the 110- and 103-kb GYPB deletions
approximately corresponded to the length of 1 paralog unit.

Appearance of 3 GYPB Deletions

One 110.24-kb deletion stretched from 5.78 kb up-
stream of the GYPB start codon until 9.32 kb upstream of
the GYPEstartcodon(genomiccoordinatesNC_000004.12,
GRCh38.p12, 144025065-143914828). The 103.26-kb de-
letion started 16.47 kb downstream of the GYPA stop co-
don and ended 4.58 kb downstream of the GYPB stop co-
don (coordinates 144094973-143991719). Both deletions
encompassed the whole GYPB gene and involved flanking
paralogous sequences, separated in undeleted haplotypes
by the approximate length of a single GYP unit. The ~19-
kb GYPB deletion was 18.61 kb in length and started 1.48
kb 5’ of the donor splice site of exon 2 and reached until
12.63 kb downstream of the stop codon (coordinates
144002272-143990949) (ALl shown in Figure 1, 2; online
suppl. Fig. s1.)

Diagnostic Typing for the 110-, 103-, and 19-kb GYPB

Deletions

Diagnostic Gap-PCRs different from the analysis de-
scribed above specifically detected the presence of any of
the 3 GYPB deletions. Additional detection of undeleted
(wild-type) sequences at the homologous positions of the
5" and 3’ deletional endpoints (“breakpoints”) enabled
the discrimination of homo- versus heterozygous 110-,
103-, and 19-kb GYPB deletions, respectively (Fig. 3;
online suppl. Table s1C).

Among all 26 samples (Table 1) of S—s—-U- phenotype
with proven serology, 14 were homozygous for the 110-
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kb GYPB deletion, 8 were heterozygous for 110- and 103-
kb deletions, 1 was homozygous for the 103-kb deletion,
and 3 were heterozygous for the 110-kb deletion and a
second GYPB deletion not yet further analyzed. Among
these 26 samples, 39 (75.0%), 10 (19.2%), and 3 (5.8%)
deletional GYPB haplotypes were observed for the 110-
kb, the 103-kb, and 3 GYPB deletions of yet unknown
specificity, respectively. With respect to genotypes, 23 of
the 26 (88.4%) samples with proven S-s-U- phenotype
were exclusively defined by the 110- and 103-kb GYPB
deletions. Among all other 90 samples of Table 1, a fur-
ther 28 samples carried the 110-kb and 2 samples carried
the 103-kb GYPB deletional haplotypes. The 1000G Cori-
ell sample originally identified as representing a putative
~32-kb GYPB deletion (Coriell HG02970*A1) turned out
to be heterozygous for the 2 deletions of 110 kb and 103
kb, causing a compound overlap void of any GYPB se-
quences with a calculated length of 33.3 kb. Another 8
samples of Table 1 and 1 sample of Table 2 were also
shown to share this heterozygous 110-/103-kb GYPB de-
letion genotype (Tables 1, 2).

Among the 157 CEPH-DNAs (100.00%) representing
8 different African ethnicities (Table 2),9 samples (5.73%)
carried one 110-kb deletional haplotype, 14 (8.91%) car-
ried one 103-kb haplotype, 1 (0.64%) showed compound
heterozygosity for 110/103 kb, and 1 (0.64%) homozygos-

Fig. 2. Sequence alignments of breakpoint regions corresponding
to the 110-kb (a), 103-kb (b), and 19-kb GYPB deletions (c). Unit-
specific nucleotides of the homologous breakpoint regions corre-
sponding to the 110-, 103-, and 19-kb GYPB deletions are given in
blue for unit GYPA, in red for unit GYPB, and in gray for unit
GYPE. For each gene, reference sequence NT_016354.20 and wild-
type sequences of 4 blood donors, dubbed Verena, Bruno, Helmut,
and Urs of MMSS, MMss, NNSS, and NNss blood group MNS
phenotype, respectively, are given (DNAs c). With the exemption
of 2 unit GYPE-specific wild-type sequences, all other and 1 break-
point sequence of every deletional type each, e.g. the 110, 103, and
19 kb, presented in a-c were submitted to GenBank (accession
Nos. MN005662-MN005698; online suppl. Table s5). Breakpoints
of the 3 deletions are indicated by a vertical black line. Position
numbers given in the header line indicate nucleotide positions in
relation to the deletional breakpoint (negative counts for positions
downstream of the breakpoint and positive counts for positions
upstream of the breakpoint). Unavailable sequence information is
indicated by “*”, and deletion of nucleotides is indicated by “-”
Framed nucleotides show linkage to either the M/N, or S/s caus-
ative SNPs in exon 2 of GYPA (e.g., 1s7682260) and exon 4 of GYPB
(e.g., 1s7683365). a Breakpoint region corresponding to the 110-kb
GYPBdeletion (GYPB*05N.01). The 110.24-kb deletion complete-
ly removed GYPB and extended from genomic coordinates
144025065-143914828 (GRCh38.p12, NC_000004.12). A hybrid
sequence between unit GYPB and unit GYPE was created. Four
resultant hybrid sequences are shown in the lower part of the align-
ment. Three were from samples of our study, 1 submitted to Gen-
Bank (MN005664) and 1 (DEL1) was found by Leffler et al. [23].
Nucleotides shown in green (“privates”), i.e., -800A, -217, and
+36A, were identified as SNPs with potential specificity for the
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ity for the 103-kb deletional GYPB haplotypes, respec-
tively. Pygmy people of the Democratic Republic of the
Congo (DR Congo) and the Central African Republic
(CAR) showed the highest frequencies of the 2 GYPB de-
letions, summing up to a combined 23.33% in Mbuti and
13.89% for the solely present 103-kb deletion in the Biaka.
Overall, African (CEPH) frequencies were 3.18 and 5.41%
for the 110- and 103-kb deletional GYPB haplotypes, re-
spectively (Table 2). Despite the low number of individu-
als investigated, differences in the geographic distribu-
tion of the 2 different GYPB deletions were observed. The
110-kb GYPB deletion seemed to be more widely spread
throughout the African continent, whereas the 103-kb
deletional haplotype was observed exclusively in Equato-
rial Africa (Fig. 4).

Comprehensive Molecular Typing of All Samples

Following the described typing hierarchy (online
suppl. Materials), all samples were tested for SNPs GYPA
¢.59C>T (M/N, rs7682260) and GYPB c¢.143C>T (S/s,
rs7683365), for deletions of GYPB of the 110-, 103-, or
19-kb type plus 5" and 3’ breakpoint positions only pres-
ent in wild-type haplotypes, and GYPB SNPs ¢.59T>G
(He) and U+" alleles as defined by GYPB SNPs ¢.230C>T
and ¢.270 + 5g>t. All 157 CEPH-DNAs of African origin
(Table 2) were additionally tested for “private” SNPs

110-kb deletional GYPB haplotype. Subsequent genotyping of
2 SNPs (-800A and +36A) in all 157 African CEPH samples, how-
ever, did not confirm suspected full linkage of these polymor-
phisms to the 110-kb GYPB deletion (online suppl. Table s2).
b Breakpoint region corresponding to the 103-kb GYPB deletion
(GYPB*05N.02). The 103.26-kb deletion completely removed
GYPB and extended from genomic coordinates 144094973-
143991719 (GRCh38.p12, NC_000004.12). A hybrid sequence be-
tween unit GYPA and unit GYPB was created. Three resultant hy-
brid sequences are shown in the lower part of the alignment. All
were from samples within our study, 1 was submitted to GenBank
(MNO005663). At first, nucleotides shown in green, “privates,” were
specifically identified on hybrid sequences only. Subsequent typ-
ing of nucleotide —-402T and +70C among all 157 African CEPH
samples resulted in full linkage of these polymorphisms to the 103-
kb GYPB deletion (online suppl. Table s2). ¢ Breakpoint region
corresponding to the 19-kb GYPB deletion (GYPB*05N.03). The
18.61-kb deletion removed all DNA from 1.48 kb 5’ of the donor
splice site of exon 2 until 12.63 kb downstream of the stop codon
of GYPB and extended from genomic coordinates 144002272
143990949 (GRCh38.p12, NC_000004.12). The hybrid sequence
was created within GYPB and could only be identified in sample
HGO01880*C1 of the Coriell Human Genetic Cell Repository.
Breakpoint region sequence of HG01880*C1 was submitted to
GenBank (MN005662). In this alignment, continuation of wild-
type sequences into the area of the deletion indicated by 2 vertical
black lines is shown. The gray vertical bar represents approximate-
ly 18.61 kb of sequence not shown. Whereas the hybrid sequence
3" of the breakpoint clearly shows specificity for GYPB. Green nu-
cleotides up to position -207, 5" of the breakpoint, however, lack
homology to either of the 3 genes. (For figure see next page.)
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the DR Congo 13 U+", GYPB*03N.04 alleles were ob-
served, resulting in a local AF of 43.3%. Beside the com-
and +70C (143991649, rs142534144, G) of the 103-kb  bined local haplotype frequency for the 110- and 103-kb
regular (defined by SNP-based typing only) GYPB*04 al-
leles were found, representing 26.7% local AF (Table 2).
Data Submission and Allele/Haplotype Names
All novel sequences were submitted to the GenBank
under accession Nos. MN005662-MN005698 (online

deletional GYPB haplotypes in Mbuti of 23.3%, only 8
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The investigated 36 Biaka Pygmy people from the CAR
were the only carriers of the U+"", GYPB*03N.03 alleles

AFs among Biaka and Mbuti Pygmy People

(Fig. 2a,b) -800A (144025051, rs143076335 T) and +36A  with alocal AF of 4.2%. Among the 15 Mbuti Pygmy from

(143913980, no rs) of the 110-kb GYPB deletion and
-402T (genomic coordinate 144095375, rs186872886, A)
Materials). Detailed results of the CEPH-DNA are given

GYPB deletion for further linkage analysis (online suppl.
in online supplementary Table s4.

Two Prevalent ~100-kb GYPB deletions
in S-s—U- phenotypes of Black Africans



= 215 103-1.3 GXPB*05N.02 (del 103 kk
r~ 365 103-1.1 position 103 kb, wt 5'
w 339 103-1.2 position 103 kb, wt 3'
& 917 110-1.3 GXPB*05N.01 (del 110 kk
v 778 110-1.1 position 110 kb, wt 5'

< bp

o 349 110-1.2 position 110 kb, wt 3'

phenotype: SS, Ss, or ss
genotype: GYPB*0x [/ GYPB*Qy

phenotype: SS, or ss
genotype: GYPB*0x [/ GYPB*05N.01
(110 kb GYPB deletion)

phenotype: S-s-U-
genotype: GYPB*05N.01 [ GYPB*05N.01
(110 kb GYPB deletion homozygous)

phenotype: S-s-U-
genotype: GYPB*05N.01 / GYPB*05N.02
(110 kb / 103 kb GYPB deletion heterozygous)

Fig. 3. Diagnostic PCRs for the 110- and 103-kb GYPB deletions.
Primers used and reaction numbers of diagnostic Gap-PCRs and
PCR sequence-specific priming are given in the supplementary Ta-
ble s1C. A positive amplification control is run in every lane (480
bp). Lane 1 corresponds to 103-1.3 and detects the presence of the
103-kb deletion of GYPB (GYPB*05N.02). Lane 4 corresponds to
110-1.3 and detects the presence of the 110-kb GYPB deletion
(GYPB*05N.01). Reactions 2, 3, 4, and 6 are detecting wild-type
sequences corresponding to the 5’ and 3’ breakpoint ends of both
deletional haplotypes, respectively. Typing for 4 DNA samples is

suppl. table s5). Reference sequences of the breakpoint re-
gions of the characterized GYPB deletions are: BP_GYPB-
del19kb_HGO01880*C1, accession Nos. MN005662,
BP_GYPB-del103kb_Lorena, MN005663,and BP_ GYPB-
del110kb_Gerold, accession No. MN005664. Due to their
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shown, and their pheno- and genotype is given. The uppermost
sample represents a wild-type DNA of either SS, Ss, or ss blood
group MNS phenotype, with all reactions positive except for Nos.
1and 4. GYPB*0x denotes any GYPB allele other than the deletional
haplotypes GYPB*05N. The lowermost sample is compound het-
erozygous for the 110- and 103-kb GYPB deletion, e.g., has the
compound heterozygous genotype GYPB*05N.01/GYPB*05N.02,
with reactions 1, 2, 4, and 6 positive. Wild-type reactions 2 and 6
are also positive, since reaction 2 detects the corresponding wild-
type sequence present on GYPB*05N.01, and reaction 6 vice versa.

overall frequency, GYPB*05N.01 was granted as allele
name for the GYPB deletional haplotype of 110-kb (span-
ning from 5’ across GYPB to GYPE) and GYPB*05N.02 for
the 103-kb (spanning from 3’ of GYPA across GYPB) vari-
ant from the Terminology Working Party of the ISBT [1].

Gassner et al.



Discussion

GYPB is not essential for RBC development or surviv-
al in humans. Hence, the precise functional role of GYPB
in humans remains unclear. Its polymorphism, however,
is essential for the survival of patients in the context of
blood transfusion. Fatal hemolytic transfusion reactions
or hemolytic disease of the fetus and newborn have been
reported in GPB-negative individuals with antibodies
against S, s, or U antigens, normally expressed on GPB [6,
34]. Bioinformatic data analysis of phase 3 1000G whole
genomes delivered approximate positions for GYPB dele-
tions on chromosome 4 among Black Africans. Positions
of the approximate breakpoints were analyzed in detail
and resulted in the identification of 110- and 103-kb dele-
tions, both including the complete GYPB gene. In 26
Black Africans, most of them from the US and all of them
with a serologically proven negativity for S, s, and U, 23
(88.4%) were homo- or compound heterozygous for these
2 deletions. Only 3 individuals carried a second, yet un-
identified, deletional haplotype involving parts of GYPB
aside a 110-kb deletional haplotype. Among the 26 sam-
ples, the 110- and 103-kb GYPB deletions had haplotype
frequencies of 75.0 and 19.2%, respectively, representing
94.2% of all deletional haplotypes causative of the MNS
S-s-U- phenotype.

In 157 CEPH samples without serological data for S, s,
or U, the 110-kb GYPB deletion was found in 5 of 8 dif-
ferent African ethnicities. Presence of the 103-kb GYPB
deletion appeared to be limited to Equatorial Africa, e.g.,
the Yoruba people from Nigeria, and Biaka and Mbuti
pygmy people from the CAR and DR Congo, respectively.
Recently, Leffler et al. [23] reported on structural vari-
ants, e.g., duplications and deletions affecting the GYP
locus. Though lacking phenotypically derived proof for U
negativity, they identified different deletions among the
1000G phase 3 reference sample set, 5 of them also affect-
ing GYPB. Breakpoint sequences of their DEL1 and our
110-kb GYPB deletion seem to be identical with respect
to the overlapping sequence information. For DEL2 and
DELS, no sequences were given, but the first seems to cor-
respond to our 103-kb GYPB deletion, and the latter to
our 19-kb deletion, where all coding sequences except
GYPB exon 1 is absent. Other deletional GYPB variants
have been reported earlier but did not correspond to the
ones reported here or previously [8-10, 23].

Haplotype frequencies of the 110- and 103-kb dele-
tions were 3.18 and 5.14% among all 157 African (CEPH)
samples investigated. African Americans, in contrast,
showed the 110-kb deletional haplotype almost 6 times
more frequently than the 103-kb type. In Africa, Leffler et
al. [23] found the 110-kb deletional haplotype, e.g., their
DELL1 (our 110-kb deletion), at a frequency of 4.10% and
their DEL2 (our 103-kb deletion) at a frequency of 0.75%.

Two Prevalent ~100-kb GYPB deletions
in S-s-U- phenotypes of Black Africans

Fig. 4. Distribution of relative allele and haplotype frequencies for
the various GYPB variants in CEPH samples of African cohorts.
Frequencies shown are according to Table 2. Red, GYPB*05N.01
(del GYPB 110 kb); blue, GYPB*05N.02 (del GYPB 103 kb); green,
GYPB*03N.04; purple, GYPB*03N.03; gray, all other GYPB alleles.
Black dots represent the approximate geographical location of the
various populations investigated and were: Mozabite (Algeria,
Mzab, n = 30), Mandenka (Senegal, n = 24), Biaka Pygmy (Central
African Republic, n = 36), Mbuti Pygmy (Democratic Republic of
the Congo, n = 15), Yoruba (Nigeria, n = 25), Bantu (NE, Kenya,
n = 12), San (Namibia, n = 7), and Bantu (SE and SW, South Af-
rica, n = 8).

Taking all data into account, the 110-kb GYPB deletion
seems to be the most frequent hereditary factor causative
of the S—s-U- blood group phenotype, followed by the
103-kb GYPB deletion. Therefore, GYPB*05N.01 and
GYPB*05N.02 were assigned as allele names for the 110-
and 103-kb deletional GYPB haplotypes by the ISBT
Working Party Red Cell Immunogenetics and Blood
Group Terminology, respectively [1].

With the elevated frequencies observed as the only
indicator, it could be speculated that both deletions orig-
inated in CAR Pygmy people and that the 110-kb GYPB
deletion represents the more ancestral mutation, since
it is more widely spread throughout the African conti-
nent (Fig. 4). Additional interest for the MNS blood
group genetics of Pygmy people arose from the U+",
GYPB*03N.03 allele, exclusively found among the Biaka
people of the CAR. Also, only Biaka people showed the
103-kb GYPB deletional haplotype but had no 110-kb
deletions. Mbuti Pygmy people from the DR Congo ad-
ditionally exhibited high frequencies for variants of
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GYPBs, 74.3% of all chromosomes either carried alleles
of the He (GYPB*06.01), U+"* (GYPB*03N.04), or 1 of the
2 GYPB deletions, all of which are known to express low-
ered, trace amounts, or no GPB at all, respectively [13, 35].
As a consequence of these high AFs, only 6 out of 15 Mbu-
ti Pygmy people were shown to express an apparently nor-
mal wild-type S-s+ phenotype, whereas 9 out of 15 were
predicted to have an altered, remnant, or lacking expres-
sion of GPB on their erythrocyte surface (Table 2; online
suppl. Table s5). Though only analyzed within a small sam-
ple collection, these frequencies are highly remarkable.

Investigating structural variation in the GYP locus,
Leffler et al. [23] were not able to prove a protective effect
against malaria of altered GPB expression other than the
presence of the MNS antigen Dantu [23, 24]. However, a
potentially cumulative effect of all allelic/haplotypic vari-
ation in GYPB causative of variant, remnant, or full ab-
sence of GPB expression, as shown among Pygmy people,
has not been ruled out in the course of protection against
malaria until now [19-21]. It might be of interest to spe-
cifically address such cumulative blood group MNS anti-
gen variation and its molecular background on the pro-
tective effect against malaria and other diseases.

Our work allowed for the design of diagnostic Gap-
PCRs, capable of positively detecting the presence of ei-
ther of the 2 GYPB deletional haplotypes and addition-
ally included testing for the presence of wild-type se-
quences at their 5" and 3’ junctions. Comprehensive
molecular genotyping, e.g., calling both parental haplo-
types in all their zygosities, is now possible for U and
U+". Primarily in Black Africans and admixed popula-
tions, this will allow for the discrimination of true pheno-
type S—s—U- individuals from carriers of GYPB genes still
expressing trace amounts of GPB, as expressed in U+"*"
phenotypes [13]. DNA-based diagnosis of U is now also
possible in prenatal settings.
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