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Abstract
Augustine (AUG) is a blood group system comprising four 
antigens: AUG1, AUG2 (Ata), and AUG4 are of very high fre-
quency; AUG3 is of very low frequency. These antigens are 
located on ENT1, an equilibrative nucleoside transporter en-
coded by SLC19A1. AUG antibodies are of clinical relevance 
in blood transfusion and pregnancy: anti-AUG2 have caused 
haemolytic transfusion reactions; the only anti-AUG3 was as-
sociated with severe haemolytic disease of the fetus and 
newborn. ENT1 is present in almost all human tissues. It fa-
cilitates the transfer of purine and pyrimidine nucleosides 
and is responsible for the majority of adenosine transport 
across plasma membranes. Adenosine transport appears to 
be an important factor in the regulation of bone metabolism. 
The AUGnull phenotype (AUG:–1,–2,–3,–4) has been found in 
three siblings, who are homozygous for an inactivating 
splice-site mutation in SLC29A1. Although ENT1 is very likely 
to be absent from all cells in these three individuals, they 
were apparently healthy with normal lifestyles. However, 
they suffered frequent attacks of pseudogout, a form of ar-
thritis, in various joints with multiple calcifications around 
their hand joints. Ectopic calcification in the hips, pubic sym-
physis, and lumbar discs was present in the propositus.
The three AUGnull individuals had misshapen red cells with 
deregulated protein phosphorylation, but no anaemia or 
shortening of red cell lifespan. Defective in vitro erythropoi-
esis in the absence of ENT1 was confirmed by shRNA-medi-
ated knockdown of ENT1 during in vitro erythropoiesis of 

CD34+ progenitor cells from individuals with normal ENT1.
Nucleoside transporters, such as ENT1, are vital in the uptake 
of synthetic nucleoside analogue drugs, used in cancer and 
viral chemotherapy. It is feasible that the efficacy of these 
drugs would be compromised in patients with the extreme-
ly rare AUGnull phenotype. © 2021 The Author(s).

Published by S. Karger AG, Basel

Introduction

The first example of anti-Ata, an antibody to a blood 
group antigen of very high frequency, was found in 1967 
in an African American woman during her third preg-
nancy [1]. Other examples were subsequently identified, 
all in individuals of African origin [2–6]. Across several 
surveys, about one in 16,450 African Americans was 
At(a–) [1, 2, 7–9]. Family analyses provided strong evi-
dence that the At(a–) phenotype results from homozy-
gosity for a recessive gene [1, 2, 5, 7, 10, 11].

An antibody in an At(a–) pregnant woman with con-
sanguineous parents reacted with all red cells tested, in-
cluding those of the At(a–) phenotype, except for her 
own red cells and those of her two At(a–) siblings. This 
suggested that the three siblings may have a null pheno-
type in a blood group system containing Ata. In 2015, 
this antibody was used to purify a protein, which was 
identified as Equilibrative Nucleoside Transporter 1 
(ENT1) encoded by SLC29A1 [12]. Consequently, a 
new blood group system, Augustine, was recognised by 
the International Society of Blood Transfusion [13] 
(Table 1). The Augustine system originally contained 
two antigens: Ata (AUG2) plus a new antigen, AUG1, 
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defined by the antibody made by the woman with the 
Augustine-null phenotype (AUGnull). Two more anti-
gens have been added to the system: AUG3 (ATML), an 
antigen only found in six members of one family [14]; 
and AUG4 (ATAM), a high-frequency antigen absent 
from red cells of one person, who had made the corre-
sponding antibody [15]. In this review, the At(a–) phe-
notype of the original African American type will be 
notated AUG:1,–2 and the null phenotype unique to 
one family (AUG:–1,–2) as AUGnull.

The discovery of a null phenotype in a blood group 
system in which the antigens are encoded by the ENT1 
gene has provided insight into potential diseases associ-
ated with ENT1 deficiency [12].

Clinical Importance of Augustine Antibodies in 
Transfusion and Pregnancy

Augustine-system antibodies have some clinical rele-
vance to blood transfusion. There are two reports of hae-
molytic transfusion reactions (HTRs) caused by anti-
AUG2: one was an immediate HTR with chills and nausea 
during a red cell survival study [10]; the other was a severe 
delayed HTR following transfusion of multiple units of 
AUG:2 red cells [11]. Anti-AUG2 facilitated rapid de-
struction of 51Cr-labelled antigen-positive red cells in 
vivo and gave positive results in in vitro functional assays 
[5, 10, 16]. Ideally, AUG:−2 red cell units should be se-
lected for transfusion to patients with anti-AUG2, al-
though obtaining these units may prove very difficult.

Despite numerous cases of pregnancies in women with 
anti-AUG2, there has been no report of severe haemo-
lytic disease of the fetus and newborn (HDFN). One case 
is described in which mild HDFN was treated with pho-
totherapy [4]. The only known example of anti-AUG1 
was probably responsible for a positive direct antiglobu-
lin test on neonatal red cells, but there was no evidence of 
HDFN [12]. The only example of anti-AUG3, however, 
was responsible for severe HDFN, requiring two ex-
change and four top-up transfusions [14].

Molecular Biology of the Augustine Blood Group 
System

The antibody now called anti-AUG1 was used to pu-
rify a red cell membrane protein by immunoprecipitation 
and polyacrylamide gel electrophoresis [12]. Three tryp-
tic peptides were analyzed by mass spectrometry and the 
gene encoding their sequences was identified as SLC29A1, 
the gene for the equilibrative nucleoside transporter 1 
(ENT1, or solute carrier 29A1).

SLC29A1 sequencing of DNA from five AUG:1,–2 in-
dividuals and DNA from serum samples containing anti-
AUG2 (and presumed to be from AUG:1,–2 individuals) 
showed that all were homozygous for c.1171G>A in exon 
12, encoding p.Glu391Lys in the fifth extracellular loop of 
ENT1 (Table 1; Fig. 1) [12]. The c.1171G>A transition in 

Antigens Molecular basis (SLC29A1)*

ISBT number Name Nucleotides Exon/intron Amino acids

AUG 1 036001 c.589+1G (C) Intron 6 Splice site mutation
AUG2 036002 Ata c.1171G (A) Exon 12 p.Glu391 (Lys)
AUG3 036003 ATML c.1159C (A) Exon 12 p.Pro387 (Thr)
AUG4 036004 ATAM c.242A (G) Exon 3 p.Asn81 (Ser)

* Molecular basis of antigen-negative phenotype provided in parentheses.

Table 1. Antigens of the Augustine blood 
group system and their molecular 
backgrounds

Fig. 1. Diagrammatic representation of the conformation of ENT1 
in the red cell membrane, with 11 membrane-spanning domains, 
internal amino-terminal domain (N), external carboxy-terminal 
domain (C), and showing the approximate positions of the AUG2, 
AUG3, and AUG4 variants.
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SLC29A1 corresponds to the minor (A) allele of rs4548701, 
which has only been detected in people of African ances-
try. The US National Institutes of Health, Heart, Lung, 
and Blood Institute-sponsored Exome Sequencing Proj-
ect found 49 heterozygotes in 2,203 African Americans, 
suggesting a frequency of about 1% for the rare allele, but 
none was found in 4,300 Americans of European origin 
[12]. From the allele frequency, AUG:1,–2 phenotype 
would be predicted to be present in about 1 in 10,000 Af-
rican Americans.

Five family members with the rare AUG3 antigen were 
heterozygous for c.1159A>C in SLC29A1, encoding 
p.Thr387Pro in the fifth extracellular loop of ENT1, four 
amino acids from the substitution associated with loss of 
AUG2 (Table 1; Fig. 1) [14].

Loss of AUG4 is associated with homozygosity for 
c.242A>G in SLC29A1 encoding p.Asn81Ser [15] (Ta-
ble 1). The expression level of ENT1 in the red cells of the 
AUG:–4 propositus was decreased by about 30% of nor-
mal, suggesting that p.Asn81Ser affects ENT1 expression 
at the cell surface [15].

Sequencing of SLC29A1 in the patient who produced 
anti-AUG1 and who was suspected of having the AUGnull 
phenotype revealed that she was homozygous for a trans-
version at the +1 position of intron 6 (c.589+1G>C) (Ta-
ble 1). This splice-site mutation was absent from the DNA 
of controls and in public databases. Her two AUGnull sib-
lings were also homozygous for the mutation, and her 
parents, who were first cousins once removed, were both 
heterozygous for the mutation. Furthermore, immuno-
blotting revealed no ENT1 protein in the red cell mem-
branes of the propositus [12].

ENT1

ENT1 (SLC29A1) is a member of the very large family 
of solute carriers: integral membrane glycoproteins that 
typically traverse cell membranes several times and trans-
port physiologically important molecules across the 
membrane. Purine and pyrimidine nucleosides are hy-
drophilic molecules requiring specialized transport pro-
teins to pass through cell membranes. There are two types 
of nucleoside transporters: equilibrative bidirectional 
transporters (ENTs, SLC29), driven by chemical concen-
tration gradients, and concentrative transporters (CNTs, 
SLC28), driven by the sodium electrochemical gradient 
[17]. The human ENT1 (hENT1) gene (SLC29A1) was 
initially isolated from a human placental DNA library in 
1997 [18]. It is located on chromosome 6p21.1-21.2. 
ENT1 is a 456-amino acid glycoprotein that, like other 
ENTs, spans the membrane 11 times and has a cytosolic 
N-terminal domain and an external C-terminal domain 
as shown in Figure 1 [19, 20]. N-linked glycosylation at 

Asn-48 in the first extracellular loop (Fig. 1) is reported 
as critical for localization, function, and oligomerization 
of hENT1 [21]. In addition to its presence on red cells, 
ENT1 is almost ubiquitously distributed in human tis-
sues. It facilitates the transfer of both purine and pyrimi-
dine nucleosides and is responsible for the majority of 
adenosine transport across plasma membranes, includ-
ing both the cell envelope and mitochondrial membranes 
[22]. Intracellular adenosine metabolism regulates vital 
biosynthetic pathways, in particular synthesis of adeno-
sine triphosphate (ATP), cyclic adenosine triphosphate 
(cAMP), and nucleotides for nucleic acids.

Disease Associations

The AUGnull phenotype arises from homozygosity for 
an inactivating mutation in SLC29A1 [12], so it can be 
surmised that the AUGnull propositus and her AUGnull 
siblings are deficient in ENT1 from all tissues and that 
some resultant morbidity might be expected. When these 
three individuals were studied, at the ages of 45–50 years, 
they had no obvious developmental abnormalities and 
they all had normal lifestyles. Nevertheless, all three had 
suffered frequent attacks of pseudogout since the age of 
18–20 years, mainly in the hands, but also in the feet, el-
bows, and knees [12]. This was not apparent in their par-
ents or children. Pseudogout or calcium pyrophosphate 
dihydrate deposition (CPPD) disease is a form of arthritis 
associated with painful inflammation and swelling of 
joints, most commonly knees and wrists. It results from 
the presence of CPPD crystals within the joints. X-ray 
analysis revealed multiple calcifications around the hand 
joints of the AUGnull siblings and, in the propositus, at age 
47 years, ectopic calcification in the hips, pubic symphy-
sis, and lumbar discs [12]. Serum levels of urea, uric acid, 
creatinine, and electrolytes were within normal range. 
From the analysis of just one family, it is not possible to 
confirm that ENT1 deficiency is responsible for these 
symptoms, but other evidence suggests that adenosine 
transport is an important factor in the regulation of bone 
metabolism. Four adenosine receptors are expressed by 
bone marrow cells, osteoclasts, and osteoblasts, and this 
is consistent with adenosine and its receptors playing a 
role in bone and cartilage homeostasis [23]. CD73, or 
ecto-5′-nucleotidase, is an enzyme encoded by NT5E, 
which converts adenosine monophosphate (AMP) to  
adenosine [24]. In three families, different mutations in 
NT5E that result in nonfunctional CD73 were responsible 
for calcification of lower-extremity arteries and hand and 
foot joints [25].

The importance of ENT1 in regulation of bone me-
tabolism is supported by information obtained from  
Slc29a1−/− (“knockout”) mice. By 12 months of age,  
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Slc29a1−/− mice developed spinal stiffness, hind limb 
dysfunction, and calcified lesions resembling symptoms 
of diffuse idiopathic skeletal hyperostosis in humans [26]. 
Furthermore, Slc29a1−/− mice have reduced bone den-
sity and bone mineral density in the lower thoracic and 
lumbar spine, leading to severe deficit in motor coordina-
tion and locomotor activity. This suggests that ENT1-reg-
ulated adenosine signaling plays an essential role in lum-
bar-spine and femur bone density [27].

In addition to ENT1 being abundant in the mem-
branes of mature red cells [18], SLC29A1 is highly ex-
pressed in early erythroid progenitor cells [12]. Nucleo-
sides are essential precursors for nucleotide biosynthesis 
and the regulation of intracellular adenosine is critical for 
self-renewal of haemopoietic stem cells (HSCs) and for 
erythroid commitment [28]. Transport of nucleosides 
into HSCs is dependent on nucleoside transporters and 
ENT1 is the major membrane transporter of adenosine in 
HSCs [29, 30]. GATA transcription factors, which actuate 
genetic networks in HSCs, erythroid precursor cells, and 
other erythroid cells [31], regulate many membrane 
transporters, including ENT1 during erythropoiesis [32]. 
Slc29a1−/− mice had macrocytosis, anaemia, and re-
duced numbers of erythroid progenitors in the bone mar-
row [33]. In an acute anaemia mouse model, an Slc29a1-
dependent mechanism promoted erythroblast survival 
and differentiation and reduced anaemia [32].

Analysis of AUGnull individuals has revealed that ENT1 
deficiency results in defective human erythropoiesis, al-
though anaemia was not apparent [33]. Absence of ENT1 
in individuals with the AUGnull phenotype is associated 
with misshapen red cells (macrocytosis, anisopoikilocyto-
sis) and with deregulated protein phosphorylation, but no 
shortening of red cell lifespan. In addition, defective in 
vitro erythropoiesis of human CD34+ progenitors derived 
from individuals with normal ENT1 expression occurred 
following shRNA-mediated knockdown of ENT1, con-
firming that reduction of ENT1 in human erythroid pro-
genitors impedes erythropoiesis [33].

ATP-binding cassette sub-family C member 4 (ABCC4), 
also known as the multidrug resistance-associated protein 
4 (MRP4), acts as a regulator of intracellular cyclic nucleo-
tide levels and as a mediator of cAMP-dependent signal 
transduction to the nucleus [34]. Partial compensation of 
ENT1 deficiency in two of the three AUGnull siblings re-
sulted from heterozygosity for a loss-of-function variant in 
ABCC4 (c.559G>T; p.Gly187Trp). The AUGnull sibling 
without the inactive ABCC4 allele had a greater red cell phe-
notypic defect. In addition, pharmacological inhibition of 
ABCC4 rescued erythropoiesis in Slc29a1−/− mice. In 
summary, inhibition of ABCC4 enhances erythroid differ-
entiation in the absence of ENT1 [33].

The rare AUG:1,–2 phenotype (the original At(a–) 
phenotype) is not known to be associated with any disease 

and the p.Glu391Lys ENT1 substitution responsible for 
AUG:1,–2 does not alter the activity of the ENT1 trans-
porter [35].

Prolonged ethanol exposure increased adenosine uptake 
activity of cells transfected with a variant form of hENT1 
(ENT1-216Thr) compared with cells transfected with wild-
type protein (ENT1-216Ile). This hENT1 variant, not 
known to be associated with any blood group change, was 
also found to be associated with alcohol dependence with 
withdrawal seizures. In addition, mice lacking ENT1 
showed an increased tendency to ethanol withdrawal sei-
zures compared to littermates with ENT1 [36].

Pharmacological Significance

Synthetic nucleoside-analogue drugs are used in can-
cer and viral chemotherapy, and nucleoside transporters 
such as ENT1 are vital in the uptake of these drugs [37–
39]. For example, the cancer treatment drug cytarabine is 
a pyrimidine analogue and is primarily transported into 
malignant cells by ENT1 [37]. Decreased SLC29A1 ex-
pression in tumour cells is correlated with poor prognosis 
in patients with hepatocellular carcinoma because of re-
duced drug sensitivity [40]. Patients with pancreatic ad-
enocarcinoma with uniformly detectable ENT1 immuno-
staining have longer survival after gemcitabine chemo-
therapy than patients with tumours without detectable 
ENT1 [41]. Uptake into hepatic cells and red cells of the 
nucleoside analogue ribavirin, used as front-line treat-
ment for hepatitis C viral infection, appears to be ENT1-
dependent [42, 43]. It is very likely that the efficacy of 
such drugs would be compromised in patients with the 
extremely rare AUGnull phenotype.

Conclusion

Three siblings with the previously unknown AUGnull 
blood group phenotype are homozygous for inactivating 
mutations in SLC29A, the gene encoding the equilibrative 
nucleoside transporter ENT1. Despite the importance of 
this molecule as a major transporter of nucleosides across 
membranes, these three AUGnull individuals were rela-
tively healthy and had normal lifestyles, although further 
analysis revealed a form of arthritis with calcification 
around the joints and defective erythropoiesis, but with 
no symptom of anaemia [12, 33]. Blood group null phe-
notypes are usually rare and are generally only found 
through blood group antibodies identified in blood trans-
fusion reference laboratories. AUG joins many other 
blood group systems that have provided valuable infor-
mation on the importance and functions of cell surface 
glycoproteins.
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