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Abstract

The Scianna system was named in 1974 when it was appreciated that two antibodies described in
1962 in fact identified antithetical antigens. However, it was not until 2003 that the protein on
which antigens of this system are found and the first molecular variants were described. Scianna
was the last, previously serologically defined, protein-based blood group system to be
characterized at the molecular level, marking the end of an era in immunohematology. This story
highlights the critical role that availability of laboratory reagents for serologic testing has played in
the initial characterization of a blood group and sets the stage for the development of new
reagents, such as recombinant proteins, to assist in this process. The central role that genetics has
played, both by classic pedigree analysis and by molecular techniques, in the discovery and
characterization of this blood group is reviewed.

History

The high- and low-prevalence antigens that constitute the Scianna (SC) blood group system
are caused by variants in the erythroid membrane-associated protein (ERMAP).1 Scianna
was initially identified by serologic methods; the clinical significance of antibodies specific
to SC is uncertain, although case reports demonstrating rare cases of hemolytic disease
attributed to SC variants exist. Genetic analyses, both in the classic and molecular
approaches, have been central to the discovery and elaboration of the SC system. This article
reviews the story of the SC blood group from a genetic point of view, emphasizing the way it
has been brought into focus thanks to genetic tools ranging from pedigree analysis to
physical mapping.

Nomenclature: Scl, Sc2, Sc3, and Sc4

The story of the 13th International Society of Blood Transfusion (ISBT) blood group system
began in 1962, when a new high-prevalence antigen was reported alongside a coexisting
anti-D in a 25-year-old, multiparous woman of Italian descent in Miami, Florida, who
experienced several fetal deaths as a result of hemolytic disease of the fetus and newborn
(HDFN).2 She came to clinical attention because of difficulty obtaining compatible blood.
Her ABO and Rh typings were O ccddee, and her husband’s were O CCDee. After an
unremarkable first pregnancy and birth, she experienced three subsequent and progressively
earlier fetal demises at term and at 7 and 6 months gestation in the late 1950s. After her
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second fetal death, her anti-D titer was demonstrated at 256, and the new antibody to a high-
prevalence antigen, originally named anti-Sm, was demonstrated at a titer of 16. An
informative family study revealed three antigen-negative siblings with a likely autosomal
dominant mode of antigen inheritance, and no unrelated antigen-negative specimens were
identified in a population survey of 600 D- random individuals. A clue to the genetic
position of the responsible locus was present even in this defining family: based on the
pedigree, it could not be determined whether the new antigen was part of the Rh system as it
was in linkage disequilibrium with cc in that kindred.

In spite of this very dramatic introduction, the clinical importance of the new antigen was
uncertain, as the concurrent anti-D clearly could account for the proband’s unfortunate
obstetric history. While the work of the Miami group was in the pipeline for publication, the
Winnipeg Rh Laboratory, in Manitoba, reported an antibody to a new low-prevalence
antigen arising in a 50-year-old man with stomach cancer. In this patient, the antibody
originally named anti-Bu@ found in serum Char. was identified during a routine
pretransfusion crossmatch. As the patient had been transfused with three units of blood 14
days earlier, this delayed serologic transfusion reaction was investigated, which revealed that
although his serum was crossmatch-compatible with all three donor samples before
transfusion, it reacted with one of the three samples after transfusion. A follow-up survey of
18 panel red blood cells (RBCs) demonstrated one reactive cell, suggesting a relatively high
prevalence for this new antigen; however, this proved not to be the case, as only one of the
next 1,000 donors was positive. The families of all three of these probands took part in
pedigree analysis, one of which was extremely informative with a kindred of both parents
and nine offspring. These studies in classic genetics demonstrated that the new locus
segregated independently from ABO, MNSs, P, Rh, Kell, Kidd, Duffy, and X-chromosome.

Genetics and Inheritance

It did not take long for the relationship between the Sm and Bu@ to be postulated, tested, and
proven. In 1964, the anti-Bu® serum was used to type the available members of the index Sm
family (Fig. 1). The importance of using this serum as a typing reagent is underscored by the
fact that it was required to demonstrate that the parent generation consists of a mating of two
Sm/Bu? heterozygotes (parents PM Sr. and RM): the F1 generation consists of four Sm—
homozygotes, one Sm/Bu? heterozygote (individual AM), and one Bu®/Bu? homozygote
(individual CS). Without it, the zygosities of AM and CS could not be determined. This is
the only outbred family in which both parents are Sm/Bua heterozygotes.

Concurrent with their suggestion that Sm and Bu? were the result of a biallelic
polymorphism, the Winnipeg Rh Laboratory also reported an extensive study of a Mennonite
population in whom the Bu? antigen had a considerably higher frequency of 5 in 348
samples than the 1 in 1,000 prevalence observed in other Caucasian populations.*
Although they tested 145 Caucasian families for Bu? and rigorously examined 19 based on
the presence of Bu@, it was not until additional reagent serum was available in 1966 that
definitive proof of this relationship was found.
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Further examples of anti-Bu? were discovered in a group of individuals from Poland and the
United Kingdom (particularly the strongest serum Soch.) who had produced anti-Bu? after
having been artificially immunized with D+ cells to stimulate the production of Rh
antibodies.® Through a careful study of the donors used for these stimulations, three
additional subjects who were also stimulated with these cells were found to have created an
anti-Bu?, although it was much weaker than that in the Soch. serum. The prevalence of the
Bu? allele was determined as 0.88 percent in a Warsaw and 0.67 percent in a London cohort.

Using this reagent after adsorption to remove the iatrogenically generated anti-D also
present in the serum, the Winnipeg Rh Laboratory identified a large, six-generation
Mennonite kindred that included two cousin matings of Sm/Bu? heterozygotes, which
produced 20 offspring.” Through a methodical review of the serologic data from samples
from the kindred, which showed the effects of antibody dosage on antigen expression, this
report confirmed and expanded the definition of the new system to exclude all blood groups
reported before 1962 (except Diego, Yt, and Auberger) and Do? and Cs?. Independence from
Yt was established in two British families.8: Finally, the currently accepted nomenclature
(Table 1) was proposed in 1974 to reflect the surname of the index family in the discovery of
anti-Sm, Scianna, 19 such that Sm was renamed Sc1 and Bu? was renamed Sc2.

The SC Gene Lies on Chromosome 1

The focus then shifted from definition of the system to characterization of the locus
responsible for the antigen at a chromosomal level. Much of this seminal work was
performed in the Winnipeg Rh Laboratory. So it is not surprising that their detailed
investigations of the genetic mapping of chromosome 1 contributed significantly to the
progress on SC. Their unique access to informative kindreds certainly hastened this process,
and in a series of reports from 1976 to 1978, linkage between RHand SC was established,
showing a logarithmic odds ratio score (LOD) of 5.34 at a recombination fraction, 6=0.10
if paternally segregated,1! and the relative position of SCwas determined12-14 and refined.1>

A Third Antigen in the System: Sc3 or Scianna Null Alleles

The appearance of “minus-minus” phenotypes, i.e., individuals whose RBCs tested negative
for both Sc1 and the antithetical Sc2 antigen (Sc:-1,-2), was first documented in 1973 and
demonstrated the existence of apparent SCnull alleles.1® However, the term Sc3 was not
coined until 1980 when an antibody from an Sc:-1,-2 individual demonstrated no evidence
of a separable anti-Sc1 or anti-Sc2.1” The index patient examined in 1973 was a female
surgical patient from the Likiep Atoll in the Marshall Islands, who had been transfused 7
months earlier without crossmatching difficulty. Her cells phenotyped as Sc:-1,-2 as did
those from one cousin, but both women’s RBCs could still adsorb anti-Sc2. Despite four
pregnancies with an Sc:1,—2 husband, the proband’s cousin had a negative antibody screen.
Because these RBCs reduced the titer of anti-Sc2, but not anti-Sc1, they may have had some
weak Sc2 expression, and a new antigen was not definitively characterized at that time.

However, in 1980, a 67-year-old man in New York being treated with chemoradiotherapy for
metastasis to the throat of a carcinoma of unknown origin required a preoperative
transfusion, and demonstrated a positive antibody screen.1’” He had been transfused four
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years earlier without event. Unlike the Likiepian Sc:—1,-2 erythrocytes, RBCs from this
patient did not reduce the titer of either anti-Sc1 or anti-Sc2. When tested against the
Likiepian Sc:-1,-2 cells, the New York serum did not agglutinate the RBCs. No other Sc:—
1,-2 cells were found in a family study. No separable anti-Sc1 was present in this patient’s
serum, which is somewhat unusual because patients who completely lack all known antigens
for a blood group and have been transfused typically make a polyclonal mixture of
antibodies directed at the common epitopes of that system.18

The next report of a null phenotype for SC was described in 1986, in another Pacific
Islander.1® This patient was a 4-year-old girl from Papua New Guinea with thalassemia
major who had been transfused many times. Anti-Sc3 was demonstrated. Erythrocytes from
the patient’s mother were compatible, and both mother and daughter were found to have the
Sc:-1,-2 phenotype. In this community, the Sc:-1,—2 phenotype was surprisingly common:
A survey of 29 family members and apparently unrelated villagers revealed 6 others (2 of
whom had no obvious relationship to the patient) who were also Sc:—1,-2. This very high
phenotype prevalence (20.6%) makes heterozygosity for a putative recessive Sc3allele in
the patient’s father quite likely (although his RBC phenotype is not reported in the short
abstract), as well as explaining the homozygosity for the same allele observed in her mother.

Additional Sc:-1,-2 individuals have been reported (including a patient who experienced an
apparent delayed hemolytic transfusion reaction), some of whom have also lacked several
other high-prevalence antigens.1® Evidence that each patient in their series produced
antibodies with different specificities is discussed in Antibodies section.

Radin: A “New” Low-Prevalence Antigen Is Linked to Scianna (via RH)

At the time of its first description in 1967,20 the relationship between Radin and Scianna
was not appreciated. Although the clinical significance of antibodies generated to antigens
within the SC system in general is controversial, the analysis of the antibodies that led to the
discovery of the Radin antigen is based on its clinical importance, with the initial description
encompassing five cases of mild to moderate hemolytic disease of the newborn, one of
whom required exchange transfusion and one appearing in the first pregnancy.2® Additional
cases and confirmation of the low general frequency (1 in 205) appeared shortly thereafter.2!

Once again, it was the unique analysis performed by the Winnipeg Rh Laboratory that
elucidated the putative connection between Radin and SC. Linkage analysis of eight
propositi in ten nuclear families demonstrated linkage between Rdand RH.22 Similar to the
Sc1/5c2linkage analysis in the present dataset, the Winnipeg analysis demonstrated
heterochiasmy, with the paternal LOD. score exceeding 3 at a recombination fraction of
0.10, whereas the corresponding maternal LOD neither suggests nor refutes linkage (LOD =
0.41 at a recombination fraction of 0.10). This finding was only sufficient to propose the
connection between SCand Rd, as heterozygotes at both of these (i.e., double recombinants)
had not been found. Incorporation of the gene encoding the Rd antigen into the bigger
picture of chromosome 1 mapping placed it so close to SCthat it was proposed even at that
time that the gene encoding /d“is either very closely linked to or identical with SC."23
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There were few additional reports on the SC blood group system for more than 20 years
until its molecular basis was finally resolved in 2003.1 Since then, molecular analysis has
identified the three additional alleles underpinning the three antibodies described by Devine
and coworkers in 1988.18

Molecular Basis

The ERMAP Expresses the SC Antigens

The molecular basis of the SC blood group system was identified in 2003 by merging the
genetic mapping data with protein chemistry showing that the SC antigens were on a single
glycoprotein of approximately 60 to 68 kDa that must be expressed by RBCs.2425 The SC
gene had been mapped to chromosome 1, and based on its linkage to the RH genes, the
chromosomal location had been further refined to 1p34 to 1p36. This led to the identification
of a strong candidate gene.!

The ERMAP is a 475-amino acid, type 1 single-pass membrane glycoprotein that is a
member of the butyrophilin (BTN) family and is encoded by the ERMAP gene.28:27 |t
consists of a predicted signal sequence of 29 amino acids at the NH3 terminus, an
extracellular immunoglobulin VV domain (amino acids 50-126), a short transmembrane
domain spanning amino acids 157 through 176, and an intracellular carboxyl terminus
encompassing a B30.2 domain from amino acids 238 through 395.1

The nomenclature for the transcripts of £RMAPis complicated and has been revised many
times. At least two transcript variants have been described, which result from use of an
alternative upstream promoter and alternative splicing.28 The longer variant is 3,423 bp and
is designated as transcript 1, or as transcript b by GenBank curators?? as it was the second
transcript variant identified, and includes an additional upstream exon (GenBank
NM_001017922.1). The shorter variant is designated as transcript 2 or as transcript a, is
3,369 bp, excludes this upstream exon (GenBank NM_018538.3), begins transcription 45 bp
upstream from the start of exon 2, and was the first variant discovered; thus, early reports
describe this gene as consisting of 11 exons. However, the revised current nomenclature for
this gene is based on the presence of 12 exons spanning approximately 28 kb. The relative
production of these two mRNAs is not known, nor has it been determined whether the use of
either promoter is favored in some tissue types or physiologic conditions. Both transcripts
share the common ATG start codon in exon 3; thus, there is no predicted difference in the
protein product of the two transcripts. They differ in both the transcript initiation site and the
DNA stretch of exon 2 that becomes part of the final transcript; consequently, there are two
alternative exon 2s, named exon 2a and exon 2b. The longer transcript 1 comprises exon 1,
exon 2b, and exons 3 through 12, whereas the shorter transcript 2 starts with exon 2a and
also includes exons 3 through 12 (Fig. 2).

The Ensembl genome browser curators have delineated five transcripts in ERMAP,30:3! three
of which are protein coding and two of which generate a processed transcript only. Two of
the Ensembl transcripts correspond to GenBank’s transcripts 1 and 2; however, unique to the
Ensembl database is a 3,949-bp transcript (named ERMAP-002),31 which is reported as
protein coding and generates a short protein encoding 385 amino acids rather than the usual
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475. However, only the two transcripts that encode the 475-amino acid protein are included
in the Consensus Coding Sequence Project (CCDS; both with identification number
CCDSA475), so the biological significance of the 3,949-bp transcript is unclear.

In addition to explaining the Sc1/Sc2 biallelic single nucleotide polymorphism (SNP) at
Gly57Arg, a binucleotide GA deletion was identified at nt307 (now known as SC*03N.01,
provisional name suggested by the ISBT Working Party on Red Cell Immunogenetics and
Blood Group Terminology). This deletion causes a frameshift and premature stop codon
which explain the SC null phenotype! The Rd antigen (Sc4) was defined as the Pro60Ala
variation, and two other variants in the presumed leader signal peptide (54C>T and 76C>T)
were described in the original study elucidating the molecular basis by Wagner and
colleagues! (Table 2).

Understanding the Variants Discovered in the Post-ERMAP Era

Sc5 (STAR)

The knowledge of the gene responsible for the antigens of this blood group protein opened
the floodgates through which variant descriptions of unknown, unresolved serologic cases
promptly flow. This was clearly the case for SC, for which three new variants were
discovered within just a few years after the characterization of ERMAP as the SC gene.
Careful molecular follow-up of the three patients described by Devine and coworkers?8 in
1988 revealed three distinct ERMAP/SC variants, demonstrating the importance of
molecular testing in the resolution of serologic SC mysteries. The success of these
investigations depended not only on the cooperation among an international collaborative,
but also on the supportive participation of two patients and a family who kindly released two
autologous RBC units. It was appreciated in the initial case reports in 1988 that the SC
protein carried multiple high-prevalence antigens other than Sc1/2.18 Sera or eluates from
these three Sc:1,-2 patients who had developed high-prevalence antibodies did not react
with the Sc:-1,-2 null RBCs, but the samples were not mutually compatible.

In 1982, a 65-year-old man with a history of transfusion of three units of crossmatch-
compatible whole blood before presentation underwent routine preoperative blood bank
testing, demonstrating anti-C and anti-e. He was transfused with another three units of C—e-
RBCs, and 1 week later, a new anti-Jk? and an antibody against a high-prevalence antigen
were detected. Because his serum reacted with all cells except his own (phenotyped as Sc:
1,-2), those of a sibling, and Sc:-1,-2 RBCs, it was suspected that he had developed an
antibody to another antigen on the SC protein.3° Blood needs for the patient were met with
autologous units. Blood samples from the proband and 16 family members had been frozen.
Sequencing of the exons encoding the extracellular and transmembrane domains
demonstrated homozygosity at a new nonsynonymous polymorphism at amino acid 47
(glutamic acid to lysine), which is in the A-terminal domain.3® This variation is catalogued
as rs56047316 in the SNP database (dbSNP), and it results from the guanine—adenine
transition at nucleotide 139 in the complementary DNA (cDNA). Frequencies of this allele
in population studies have not been reported, nor have additional cases of this antibody.
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Sc6 (SCER) and Sc7 (SCAN)

The remaining two antibody cases described by Devine and colleagues!8 were
concomitantly resolved using the same approach as for the Sc5 antigen.3” These
investigators sequenced all 11 exons of ERMAPknown at the time, which encompasses all
cDNA. They also solicited others to submit suspected SC variants and the eight other orphan
low-prevalence antigens By, To?, Pt?, Re?, Je?, Li# SARA, and Sk2. The proband for case 1
reported by Devine and colleagues® demonstrated homozygosity for a guanine-adenine
transition at cDNA nucleotide 242, predicted to cause an amino acid change at position 81
(from arginine to glutamine), which is in the immunoglobulin V loop.18 The case 2 proband
demonstrated a new homozygous, nonsynonymous variant at cONA nucleotide position 103
(again a guanine—adenine transition), corresponding to a glycine to serine change at amino
acid 35 in the NH3 terminus. This specimen also demonstrated two other SNPs (at cDNA
nucleotides 54C>T and 76C>T), which had been previously reported, are common in
Caucasian populations, and are in tight linkage disequilibrium (LD).! Because these variants
are both in the predicted leader sequence (and the 54C>T is a silent mutation), they are not
predicted to directly impact on ERMAP structure. This report also excluded the eight orphan
low-prevalence antigens from the SC system because the only variants found were in the
leader sequence or in introns.

Molecular Basis of SC Null Phenotypes

Central to the set of specimens originally reported with the discovery of ERMAP as SC was
an Sc:—1,-2 sample from a Saudi Arabian pedigree,! which demonstrated homozygosity at
three SNPs: the common 54C>T and 76C>T (described in an earlier section) as well as a 2-
bp deletion starting at cDNA nucleotide 307 (307Aga) that is predicted to cause a frameshift
mutation and early termination codon after 113 amino acids. The nt54 and nt76 SNPs were
genotyped in an additional 111 European blood donors and were found in tight LD. The
frameshift would account for a complete lack of an intact ERMAP protein in the cell
membrane.

Two Sc:—1,-2 individuals from northern and southern California were then sequenced in a
follow-up study,3” and both shared a new SCnull allele formed by a nonsense mutation at
codon 332. This is the first report of a variant in the B30.2 intracellular domain in a patient
immunized to SC. It is not, however, the only variant in the B30.2 domain (Table 2), because
three others have been described in dbSNP, two of which are nonsynonymous amino acid
changes (C259R and G263E) and one of which is silent (E296E). This result suggests that
an early translation termination, even as late as at codon 332 of the expected 475,
sufficiently interferes with correct protein trafficking, membrane insertion, or stability so as
to render the individual susceptible to alloimmunization at the Sc1/2 site (codon 57).

Other Variants in ERMAP: Using dbSNP and HapMap

Variants in the coding region, particularly those in the extracellular domain of
transmembrane proteins, are of particular clinical interest in transfusion medicine, as their
location provides an obvious mechanism for putative clinical significance by
alloimmunization. However, much variation in the human genome is found outside of coding
regions, and ERMAP is no exception. Studies of this variation are a critical tool in the
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investigation of human disease and basic sciences. Several collaborative projects in human
genomics focus on gathering, sharing, and interpreting human genetic variation, and
although a full cataloguing of these is beyond the scope of this review, we will present
variants in ERMAPthat are part of two such projects: dbSNP38 and the International
HapMap Project.3 Table 2 integrates some of these variants (identified by their rs numbers)
with those described in the transfusion medicine literature. These data allow informative LD
studies of ERMAP (Fig. 3). This LD map shows two distinct LD blocks that correspond to
the exons encoding the extracellular immunoglobulin-like domains and the intracellular
B30.2 domains of ERMAP. The importance of this pattern of LD is that it reveals a possible
evolutionary vestige of the modular nature of the butyrophilin-like (BTNL) protein family
and is even more pronounced in the Nigerian population. Long stretches of LD such as that
illustrated in the extracellular domain of £RMAP, where all of the SC antigens are encoded,
raise the possibility that a selective advantage by genetic hitchhiking may be operating at
ERMAPA0

Global Variation

Some ethnographic trends have already been historically appreciated with SC variants
during the early years of their investigation (Table 2). For instance, Sc4 has been identified
most often in Ashkenazi Jews and Slavic populations, and the few Sc:-1,-2 phenotypes have
been reported particularly in populations from Oceania. Sc2appears to be more common in
a consanguineous Canadian Mennonite population (derived from a small region in Eastern
Europe),® but it remains very rare or absent from populations of African®33 or Native
Americanl0 descent. However, it is not sufficient to rely on case reports to propose
generalizations regarding population frequencies. Fortunately, recent technologies are
available to rapidly genotype ERMAP variants using an automated genotype-calling
platform, and additional population studies will continue to be reported.33

Biochemistry and Physiology

ERMAP |s a Member of the Butyrophilin-like Family of the Immunoglobulin Superfamily

By virtue of its extracellular immunoglobulin V and the intracellular B30.2 domains,
ERMAP is a member of the BTNL protein family, which is a subset of the immunoglobulin
superfamily.! The compact, globular 110-amino acid immunoglobulin domain defines this
superfamily and is found in three operational domain subclasses: variable (immunoglobulin
V), intermediate (immunoglobulin 1), or constant (immunoglobulin C).4243 These proteins
are central to many immunologic processes, especially cell adhesion, costimulation, and
signalling.#44> The immunoglobulin superfamily is one of the largest in all eukaryotic
organisms.® Other members of this family well known to the transfusion medicine
community include the Lutheran, LW, OK, JMH, and Indian blood groups, which are found
on the B-CAM, ICAM4, CD147, CD108, and CD44 molecules, respectively.*” BTN
proteins are within the B7-CD28-like branch of this superfamily#® and have been extensively
studied in cows.*? The prototype of the human BTN family of proteins is BTN1A1, which is
primarily expressed in the lactating breast, where it makes up 20 percent of the protein in the
membrane of milk fat globules. The name derives from the Greek butyros and philos,
meaning “having an affinity for butterfat.” Although ERMAPIs carried on chromosome 1,
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the genes for many members of this family are located in the major histocompatibility
complex (MHC) on chromosome 6.50

The lactational and immunologic functions of BTNs as a part of the secretory granule—to—
plasma membrane zipper complex and as an inhibitor of T-cell activation are only recently
described,51:52 and even less is known about the BTNL proteins. There are six known
human BTNL proteins, which are defined by their homology to BTN proteins (Fig. 4). The
most extensively studied of these is BTNLZ2, the gene for which is located in the MHC class
Il cluster at 6p21.3. A truncating splice site mutation in B7/NLZ2 has been associated with
sarcoidosis,>3 and although this SNP has been investigated in many other infectious and
autoimmune diseases, some of these associations have been attributable to LD with the
MHC.54 BTNL2 inhibits T-cell activation by inhibiting proliferation in response to the
stimulatory T-cell receptor signal.®® This inability for BTNL2 to propagate a cell signal has
led some investigators to propose its role as “decoy receptor” because it lacks the B30.2
intracellular domain present in most other BTN and BTNL proteins.>*

The B30.2 Cytoplasmic Domain: A Role in Erythropoiesis?

The B30.2 (or PRYSPRY) domain was described in 1993 with the discovery of an exon in
the MHC class | region showing similarity to other mammalian and amphibian proteins,
which have since been termed the tripartite motif family.56:57 Such a domain was
demonstrated in bovine BTN®8 and in human BTN proteins.>® The B30.2 domain is
proposed to be a recent evolutionary adaptation in the immune system of mammals as a
fusion of two ancient domains (PRY and SPRY), which are found in all eukaryotes.?° The
genes for proteins in this family have a modular structure, suggesting that they arose by
duplication.>® Mutations in the B30.2 domain in the tripartite motif-branch of the B30.2
proteins have been associated with Opitz syndrome (MID1 protein) and familial
Mediterranean fever (pyrin protein). However, human syndromes have not been associated
with mutations in the B30.2 domain of the BTN or BTNL families.

The crystal structure of the B30.2 domain of pyrin was recently elucidated. A p-barrel
consisting of two antiparallel B-sheets has been described, forming a central cavity.5% The
ligand(s) that interact with the B30.2 domain are yet to be described, although binding
analyses suggest that it is the site of protein—protein interactions.%1 The crystal structure of
one other B30.2 domain interacting with a peptide has shown that there is a
conformationally rigid peptide binding pocket (consisting of a core p-sandwich around
variable loops) binding to a short-sequence motif, which may allow multiple intracellular
targets to bind.52 Recently, BTN1A1 has been shown to bind xanthine oxidoreductase via
B30.2, apparently stabilizing the milk fat globule membrane in mammary tissue, but it is
also hypothesized to function as a novel signaling pathway in nonmammary tissues or
perhaps in the innate immune system via generation of reactive oxygen species.%3

A role for B30.2 domains in erythropoiesis has been revealed through study of an unlikely
model organism: Antarctic icefish. These animals are the only vertebrate taxon that fails to
produce RBCs (Fig. 5), and as such have been studied in a hunt for genes important in

erythropoiesis and cardiovascular biology.84 Using this approach, a new B30.2-containing
protein, called bloodthirsty (bty), was identified in the pronephric kidney of a red-blooded
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Antarctic rockcod (Notothenia coriiceps), which was present at levels tenfold higher than
that in an icefish (Chaenocephalus aceratus).%® Interestingly, disruption of bty synthesis in
zebrafish suppressed both erythrocyte production and hemoglobin synthesis, and although
interactions between bty and ERMAP have been hypothesized, they have not been
empirically demonstrated (H. William Detrich, personal communication, January 20, 2010).

Functional Studies of ERMAP

The function of ERMAP itself, however, is not well understood. The murine homolog,
Ermap, was described first and named as such because it was found to be produced
exclusively in erythroid cells.5¢ The human homolog was characterized shortly thereafter,
and Northern blots demonstrated high expression in hematopoietic tissues, like fetal liver
and bone marrow, with weaker expression in peripheral blood leukocytes, thymus, lymph
node, and spleen.26 Sc1 has been demonstrated on phagocytic leukocytes using an antibody
absorption technique.®” Recent RNA array expression analysis supports this finding, having
detected low levels of ERMAPtranscripts in leukocytes, especially monocytes; however,
quantitative protein expression remains to be assessed.>* An in silico analysis of nucleotide
database searches of human expressed-sequence tags using the ERMAP transcript 1
(GenBank NM_001017922.1) as the probe detected the transcript in cDNA libraries from
hematogenous tissues, like bone marrow, a chronic myeloid leukemia cell line, peripheral
blood pool, thymus, spleen, and fetal liver, as well as in neural tissues.58 However, it is
difficult to definitively ascribe transcript production to the nonerythroid cells in the neural
tissues, as contamination from the vasculature cannot be completely eliminated. ERMAP
MRNA levels in fetal liver peaks in the 18th through 20th weeks, and is present from the
15th through 32nd weeks in fetal bone marrow, suggesting that ERMAP may be related to
the migration of erythroid cells to these sites during hematopoietic development.89

Additional evidence that ERMAP may be involved in erythroid differentiation has been put
forward, although only abstracts of these reports are available in the English literature. Using
fluorescent quantitative polymerase chain reaction,”® ERMAP expression has been found in
the K562 cell line, which is derived from chronic myeloid leukemia and is of
undifferentiated granulocytic lineage.”! To test the degree of erythroid-specificity of
ERMAP in hematopoiesis, this group used cytarabine (Ara-C) to induce these cells toward
erythroid differentiation and 12- O-tetradecanoylphorbol-13-acetate to induce development
toward the macrophage lineage, but found an increase in ERMAP mRNA after an Ara-C
stimulation only.”2 This finding suggests that although ERMAP may be present on cells of
the monocyte/macrophage lineage, its functional importance may be limited in these cell
types. RNA silencing experiments using an ERMAP shRNA/K562 cell line also reported by
this group showed decreased ERMARP expression and morphologic features, including the
relative amounts of surface erythrocyte maturation markers, leading the authors to conclude
that ERMAP shRNA inhibited Ara-C—induced erythroid differentiation.”3 A second model
of erythroid differentiation using umbilical cord blood with two naturally occurring
hormones (namely stem cell factor and IL-3) and erythropoietin to provoke differentiation
also showed a concurrent rise in ERMAP mRNA with erythrocyte maturation.’#
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Many structural features of ERMAP point toward a putative role in immunity, perhaps by
adhering to other cells or pathogens via its extracellular immunoglobulin V domain, or by
immunoregulatory mechanisms such as the modulation of cellular activation signals via
B30.2 as is observed in its BTN family members.52 Much work is needed in this area to
better characterize the proteins that interact with ERMAP, both extracellularly and
intracellularly, and to determine whether ERMAP has a central role in erythropoiesis itself.

Antibodies in the System

The discovery of the SC blood group system began with and has relied on the detection and
investigation of alloantibodies. The effects of enzymes and chemicals and the in vitro
characteristics of SC antibodies were recently reported elsewhere.”® In general, SC antigens
are resistant to ficin plus papain, trypsin, a-chymotrypsin, sialidase, and 50 mM
dithiothreitol (DTT), and they are sensitive to pronase and 200 mM DTT. The exception to
this trend is the variable sensitivity of Sc4 to trypsin and a.-chymotrypsin. Enzymatic
properties of anti-SCER and anti-SCAN are only described in the initial case report as
showing no change in the strength of antibody activity when tested with RBCs that had been
treated with ficin, papain, trypsin, ZZAP (mixture of 0.1 M DTT plus 0.1% cysteine-
activated papain), or chloroquine diphosphate.18 Anti-STAR demonstrated enhanced
reactivity with enzyme-treated RBCs.36 Patients or donors in whom an antibody to an SC
antigen has been reported (Table 3) have been thoroughly reviewed recently.”® Thirteen of
the 19 reports of alloantibodies to SC system antigens listed in Table 3 have occurred in
cases in which they do not appear to manifest a major clinical significance. All six of the
reports with clinical significance occurred in cases of HDFN. All six of the reported
autoantibodies to SC system antigens in patients were in the context of clinically significant
autoimmune hemolytic anemia, although five of these cases were presented as an abstract
only, without the full clinical details. Alleles Sc4—7were not tested in any of these cases.
Such an investigation is warranted because heterozygosity for alleles with weak expression
in the Rh blood group system has been associated with D autoantibodies.86

Clinically important reactions to an erythrocyte antibody typically result from significant
RBC destruction and usually manifest in the patient as a hemolytic anemia or HDFN. In the
SC system, significant HDFN defined the blood group in a patient named Ms. Scianna;
however, she also had anti-D to account for her severe obstetric complications in addition to
the anti-Sc1.2 Anti-Sc2 has been reported in a case of HDFN requiring simple transfusion in
a 20-day-old infant.83 Importantly, the search for antibodies to low-prevalence antigens in
this patient was only performed because the neonate and the mother were ABO-compatible:
had they been ABO-incompatible, the HDFN would likely have been attributed to this, and
the anti-Sc2 antibody may not have been detected.

The recent availability of recombinant reagents to assist in the detection of SC antibodies®’
may bring this ability into the wider immunohematology arena. This novel technique will
allow one to appraise the relevance of SC antibodies in conjunction with other antibodies
and tease out their relative clinical importance, which may have been previously
underestimated. The ERMAP protein has been expressed in its native form in a eukaryotic
system,87 and so although the initial report describes the utility of this reagent for detecting
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the high-prevalence SC antigens, a screening protein for low-prevalence antigens Sc2 and
Sc4 would also be feasible.

Some SC alloantibodies (Table 3) resulted in delayed serologic transfusion reactions without
associated hemolysis, including a so-called naturally occurring anti-Sc4 described in a 55-
year-old man without a transfusion history.21 Many of these patients were transfused with
crossmatch-compatible blood without incident. However, some surgeries were delayed
owing to lack of availability of crossmatch-compatible units, and other patients were
transfused with autologous products in nonurgent scenarios.18

The remaining reports of important reactions involving SC antibodies are in cases of
autoimmune hemolytic anemia. Auto-anti-Sc1 and -Sc3 have been eluted from direct
antiglobulin test—positive RBCs of these patients. In many cases, these antibodies were
transient and associated with decreased expression of SC antigens.”®:84 Several patients
underwent splenectomy in addition to treatment with many types of immunosuppressant
medications. One patient with erythroid hypoplasia and diagnosed with an Evans-like
syndrome even underwent a total of 20 plasma exchanges over the course of 11 weeks.82
After the ninth exchange, the antibody was no longer detectable, although it reappeared 1
week later. He was finally transfused after 16 exchanges, despite the continued presence of
the antibody, with a resultant rise in his hematocrit from 14% to 30%.

Clinical Significance

Is It Worth Phenotype or Genotype Matching?

Of the 23 cases of SC alloantibodies catalogued here (Table 3), one case of HDFN83 and one
delayed hemolytic transfusion reaction (case 2)18 relate sufficient information in their
reports to convincingly attribute clinical relevance to SC antibodies. The HDFN cases
described in the initial report of the Radin antigen also speak to the potential importance of
antibodies to Sc4 (especially the case that required exchange transfusion); however, these
cases are not reported in sufficient detail to definitively implicate anti-Sc4 to the exclusion
of all other causes.29 Even the very dramatic presentation of Ms. Scianna’s antibody does
not incriminate anti-Sc1 as the cause of her poor obstetric outcomes, as an anti-D of a higher
titer was also found.2 The fundamental question of when and whether antibodies to SC
system antigens are of clinical importance remains unresolved because these antibodies are
not routinely characterized, especially if they are detected along with other, better-
understood alloantibodies that can account for a clinical presentation.

On the Detection of SC System Antibodies in Routine Pretransfusion Testing

The most important obstacle to understanding the clinical consequences of transfusing
across SC antigens is that serologic reagents to simply define these antigens in both patients
and test RBCs have not been widely available. Akin to the Dombrock blood group system,88
molecular approaches help resolve these situations. It has been estimated that approximately
13 percent of the transfused population are immunologic responders capable of creating
alloantibodies,9 but unless RBC reagents with SC antigens are included in the routine
laboratory workup, these antibodies may go unnoticed. It is also problematic if an antibody
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to one of the high-prevalence SC antigens is in fact detected because the mere presence of
the antibody does not necessarily correspond to clinical importance. Such a qualitative assay
is insufficient. The quantitative characterization of the antibody, such as by titer, has only
been performed in a few SC antibody cases, and we recommend that this parameter be more
routinely evaluated in cases of possible hemolysis caused by antibodies in the SC system
and in most other blood group systems. Especially because HDFN has been reported,
establishing a better understanding of antibody potency as detected by the titer would help
inform practice guidelines.

An economic and rational approach would be the routine use of recombinant SC protein
during pretransfusion testing before titration to effectively screen only for antibodies present
above a threshold titer.8” In this way, nuisance antibodies (akin to the low-titer cold
autoantibodies detected before routine testing at higher temperatures) would fall under the
radar as desired and precious laboratory resources would not be spent working up these most
likely incidental findings. Only higher titer antibodies would be detected, focusing the
laboratory investigation on cases more likely to be of consequence to the patient. If these
laboratory techniques do lead to the increased identification of SC system alloantibodies, the
medical importance of respecting them in a particular patient’s transfusion recommendation
remains debatable.

Should We Genotype for SC Alleles?

The integration of molecular diagnostics to transfusion medicine has been a slow, but steady,
process, with applications ranging from individual patient prenatal diagnosis to routine high-
throughput donor testing.9%:° Although the rate of implementation of these technologies
varies among nations® and local transfusion services,? it is expanding.%* The transfusion
community should move these procedures from potentially inaccessible research
laboratories to standard clinical practice.9® For optimal performance of such an approach
toward personalized medicine, ideally all donors and all recipients should be evaluated at a
molecular level. Economic barriers to this strategy are falling as high-throughput and
multiplexed assays are achieved, because the incremental cost of adding a handful of
additional SNPs when designing a DNA microarray is negligible. Consequently, molecular
testing strategies are shifting from decisions about which variants to include in a genotyping
system that force the prioritization of well-studied variants already known to have medical
importance, to finding effective platforms to analyze data derived from genotyping as many
known variants as possible, regardless of their allele frequencies or uncertain clinical effects.

The most compelling reason to genotype SC variants in greater depth, both by increasing the
number of donors and patients and also by including more variants regardless of their
prevalence, is that such data are necessary to clarify the presently ambiguous role of SC in
clinical transfusion practice. At the same time, valuable data for research into ERMAP
biology are accrued without added costs. Inclusion of the SC*01to SC*07 alleles in high-
throughput assays would be a move in the right direction, and in cases of unresolved
serology, a referral to the molecular laboratory for an in-depth investigation may be
desirable. By using a high-throughput genetic test to determine the potential for
alloimmunization by a variant homozygote, we can collect such genetic data almost for free.
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The pursuit of alloantibodies in such variant homozygous patients is a feasible strategy to
achieve complete resolution of all alloantibodies in a posttransfusion sample submitted as a
transfusion reaction investigation. Consequently, knowing these genetic data gives us the
opportunity to better define which antibodies are of clinical importance.

Conclusion

The SC story is an excellent example of the essential roles that classic genetics played in the
original physical mapping of a blood group system and is an exceptional illustration of
transfusion laboratories that were in the right place at the right time to finally identify the
responsible locus in the era of whole genome analysis. Parsing out the meaning of global
polymorphism frequency distributions in light of founder effects or selection pressures
would be a useful adjunct to in vitro studies of transcript utilization and protein expression
and function. The continued study of ERMAP homologues, such as the BTNL family of
proteins in general, and their physiologic interactions in other species, such as the B30.2-
containing bloodthirsty gene in Antarctic icefishes, is a promising avenue to explore
fundamental insights into erythropoiesis. Investigators in transfusion medicine are uniquely
poised not only to carry out this work but also to lead the way toward a more comprehensive
understanding of the “lucky 13th” blood group SC, making us the lucky ones indeed.
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B

PM Sr. RM

sc*01 | sc*o1
(sc*02) | (sC*02)

7
7

NS LM AM PM Jr. CS FM

SC*02 L R 77 Scrol1 L B 54 SC*01 SCY02
SC*02 SC*02 SC*02 5C*02 Sc*o1 SC*02

Fig. 1.
Index family in the characterization of the Sm antigen and demonstration of the antithetical

relationship between Sm and Bu? antigens. The proband (patient Ms. Scianna) is indicated
by the arrow. Solid color represents Sm+ (Sc:1+) antigen test. Striped fill represents Bu2+
(Sc:2+) antigen test. Inferred genotype is shown below the symbol for each family member.
The proband’s parents were deceased at the time of Bu@ testing, so are inferred to be
heterozygotes, indicated by the interrupted stripes and parentheses in their genotype
designation. The combination of Sm and Bu@ typing confirms that subject AM is a
heterozygote, which was suggested by observations of dosage effects in serologic testing.
(Redrawn with data from references 2 and 4.)
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9 10 11
exon 1 2 34 5 6 7 8 12
Unprocessed Transcript 1 P BEE “_'_'_'_'_“_.
Unprocessed Transcript 2 f,b,,

5 WTR 3 TR
_

s —
FrOGa i TomeTpt: L B 111110 - 1kb
Processed Transcript 2 Fl.ll“. .
i

exon 4:

cDNA
-
35 47 57 60
lyHisAlaGl yAspAlaGly LysPheHisV alAlaleule uGlyGlyThr AlaGluLeul euCysProle uSerLeuTrp ProGlyThrV alProLysGl uValArgTrp LeuArgSerP
GCCACGCAGG GGATGCCGGC AAGTTCCACG TGGCCCTACT AGGGGGCACA GCCGAGCTGC TCTGCCCTCT CTCCCTCTGG CCCGGGACGG TACCCAAGGA GGTGAGGTGG CTGCGGTCCC
Ser Lys Arg Ala
Sc7 Sc5 Sc1/2 Scd
81 103
roPheProGl nArgSerGln AlaValHisI lePheAr L Gl lub uMetPr oGluTyrlys GlyAr: alleuValAr aGln GluGlySerV

CATTCCCGCA GCGCTCCCAG GCTGTTCACA TATTCCGGGA TGGGAAGGAC CAGGATGAAG ATCTGATGCC GGAATATARG GGGAGGACGG TGCTAGTGAG AGATGCCCAA GRGGGAAGTG

Gln CysProArg GlyLysCysH
Scb Se3

alThrleuGl nIleLeuAsp ValArgLeuG luAspGlnGl ySerTyrArg CysLeulleG lnValGlyAs nleuSerLys GluAspThrV allleleuGl nValAlahA
TCACTCTGCA GATCCTTGAC GTGCGCCTTG AGGACCAAGG GTCTTACCGA TGTCTGATCC AAGTTGGAAA TCTGAGTARA GAGGACACCG TGATCCTGCA GGTTGCAG

isSerArghs pPro-STOP

Fig. 2.
Transcripts, exon structure, and variants of erythroid membrane-associated protein

(ERMAP). Codon numbers are indicated above amino acids involved in described variants.
The immunoglobulin variable domain is underlined. Exon 4 is expanded to the nucleotide
level in the green box to show the locations of most ISBT-recognized Scianna
polymorphisms. The wild-type reference sequence is under the corresponding amino acid
and is the chromosome 1 reference sequence GenBank NC_000001.10. * = nucleotide
deletion.
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NM_018538

ERMAP: erythroblazt membrane-associated protein
NM_001017922

ERMAP: erythroblast mewmbrane-associated protein

. 7
' 4
4

Pairwise linkage disequilibrium (LD) heat plot of the logarithmic odds ratio (LOD) score for
single nucleotide polymorphisms in erythroid membrane-associated protein (ERMAP) in a
Nigerian population. Darker shades (red) = areas of high LD, lighter shades (blue) = areas of
lower LD. The areas of tightest LD correspond to the extracellular domains of ERMAP, on
the left-hand side of the figure. Increased LD is also seen in the intracellular domains, at the
right side. This segmental pattern of LD reveals a possible evolutionary vestige of the
modular nature of the butyrophilin-like protein family. YRI = Yoruba in Ibadan, Nigeria.
(Source: Haploview™ software run at http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/
hapmap3r2_B36/#search; accessed April 27, 2010.)
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Butyrophilin-like family
A

BNTL3

BNTLS ERMAP MOG
BNTLS

B7 family Butfyroialhilin
amily

Fig. 4.
The organization of the butyrophilin-like (BTNL) family in comparison to the butyrophilin

(BTN) and B7 families. The B7 branch of the immunoglobulin superfamily is characterized
by variable (IgV) and constant (IgC) immunoglobulin domains. The BTN subfamily
includes the B30.2 intracellular domain. The BTNL proteins exhibit various combinations of
these features. MOG = myelin oligodendrocyte glycoprotein, an autoantigen implicated in
multiple sclerosis. (Modified from reference 52.)
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Fig.5.
On the left, blood from a fish of the genus Notothenia (with hemoglobin-containing

erythrocytes) and on the right is blood from Chaenocephalus aceratus. |cefish transport
oxygen strictly in physical solution, without a carrier molecule. The recent discovery that
bloodthirsty (bty), a B30.2-domain—containing protein like ERMAP, has dramatically
decreased expression in hemoglobinless icefish provides a fascinating link between this
protein domain and erythropoiesis. Courtesy of Professor Guillaume Lecointre.

Immunohematology. Author manuscript; available in PMC 2016 December 27.



Page 24

Brunker and Flegel

ABojoulwia) dnoio poojg pue sonsuabounwwl] |90 pay uo Aled Bupidopn (1.GSH) uoisnisuel] poolg 40 A18190S [euoiieuaiu] ay) Ag paisabbins aweu [euoisInOld

il
—NVOS J3SSE BEOT 20x0S +NvOS A195¢ Beot NVOS L3S
-430S U918 Lt 744 90x0S +430s fiv1s beve 4308 93S
-yvis sy e6ET 50x0S +HVLS NI9LY B6eT dvis §9S

+Pd BIV09 fg.LT 70x0S —-py 01d09 98LT Py oS

linu :doiszee wee  JCONEOKOS Biveee 66 linu o5 €93

JINU g1ysaLwe. vioe  JFONEOxOS 1Inu 25 €95

20S By .G B69T 20x0S (eng) ¢S ¢3S

195 A19.5 66971 10x0S (ws) ¢35 1798

uebiue aoueereid-mo]  adAloueD apIlV usbue aouweemld-ybiH adAloues ap|lY  Bweu [RIALLL  ubiuy
juelren adA)-plIMm

wa1sAs dnoub poojq euueldsS ayl Jo ABojoulwial | S| pue ‘suabijue paposus ‘sa|9||v

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Immunohematology. Author manuscript; available in PMC 2016 December 27.



Page 25

(gzusImar S10A
M3N 1'UewIsD
1z Uslued
¢ UBDLIBWY
yuoN doo| ABI 14 el 0lid 09 uonmusgns snowAuouAsuou 6 ) 8y 8.1 LE/9ETISSI pyd ¥0S
uelseane))
2000
(gesnelS)
€000

(geUreoLIBWY
uelsy) 0
‘(ceUoLIBWY
-UedLyY)
2000
‘(ggUreoLIBWY
o1uedsiH)

G000 doo| AB| 12 iy A9 1S uonnnsgns snowAuoudsuou  (z0S) e (105) 6 6ev 69T 8€2G2096s! 20S 'SA
‘(zuewaD)
8000
‘(yeuenizelg
g UBOLIBWY
UuoN
ueiseane))
100

SNUIWIRY-EHN 14 skl no 1y uonnsgns snowAuouAsuou e 6 60 6ET 9TE./ 70958/ Uv1S
SNUILWIBY-EHN ¥ 198 A9 Ge uonnNIIsgns snowAuouAsuou e 6 €le €0T NVOS

(zeUeoLIBWY
-UedLY/) G0'0
‘(dNSap) T'0
‘(zgUeOLIBWY
YuoN 1opesT] € AL SIH 9 uonnsgns snowAuouAsuou 1 2 e 9L 089e56€£€s4
ueiseane))
S20
‘(zuewIaD)
€€0
(dNSap) T0
écm::wov Japea] e na7 na 8T us|is ] e} vee 1251 L2¢0S6EES)
820
(dNSAP) ¥50°0 lapeaT] € [eA ey 14 uonnnsgns snowAuouAsuou 1 2 182 11 6v0,5.GgS!

Immunohematology. Author manus@@ipt;@vailable in PMC 20163December 27.

jS4ouop uopod

ap|fe JoulN oulwy

10949 uLI0Id werrepn  (Lm)edArppm VNEW U wN@O  :AIANSGP  auweuaAndiinssg aweu s

Brunker and Flegel

sa1ouanbaly uonendod eqojb pue uoibal Buipod ayp ul swsiydiowAjod uisioid pajeIdosse-aueiquiaw plroJyiAig

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 26

'8pN0sIoNU = U 'YNY Jabuassaw = wNYHW ‘A utingojfounwiwi = AB| ‘aseqelep wsiydiowAjod apnosjonu ajbuls = dNSAP ‘NQA Areluaws|dwod = <W_Qo
(<]

's9)06Az04818Y ase usbnue atel e 1oy aasod sfenpiaipul Bulwnsse pue adAjousyd 2160]048s Jo suodal Aq pautwialep ale suolejndod awos 1o} sa1ouanbaiy aja|e S:m\,_qN

T°226.TOTO0 AN :UORISOd 8ouanbas aousiayey |9

ece:
6P

Brunker and Flegel

—
=
Jnow O]
uonejAioydsoyd =
(dNSAP) ¥50°0 (Qn)] 4 na na 1414 s } b 9297 9GET  €9€//9GGs! e
auIn3|Ip € ‘»
® 1e snuiuwle}D m
Jnow m
uonejAioydsoyd &
) 4 oid na ZGy  uonnmsgns snowAuouAsuou 9 1 G291 GSeT €€050195s! i
aulna|Ip € S
® Je snuiuwlg}D m
@
snuIwIRkO A oid 183 Zyy  uonnmsgns snowAuouAsuou 0 1 65T y2eT 1282.856s1 €
o
snuIwIRkD 43 na na 607 wayis 6 e L6VT 1221 6S2€./GGS! =
urewop z-0ed 4 dol1s By zee (dO.LS) asuasuou 1 2 ¥92T 766 lInu 93 M
IS
(dNSOP) TTO'0  urewop z'oed 4 no no 962 wayis e 6 8STT 888 8292/65€S! S
~
(dNSOP) TTO'0  urewop z'0ed 4 no A9 €9z  uonnmsgns snowAuouAsuou e 6 8501 88/ 89ZTriyes! m
(dNSap) 2200 urewop z'0eg 4 iy sAD 6G¢  uonmmsgns snowAuouAsuou 2 1 S¥0T GlL 228.LYTSES m
S
(1apaboy g
dooj A v Wysswey  dsy €01 Hlysawey T-18p e 8.S 80E  L9CTSTOSS) g0 |nuog g
(4ayraboy
dooj AB| ¥ W1ysawesy dsy €01 ylysawesy T-19p 6 L1S 10€ ¢¥2G6955s4 26 V) |INU 25
dooj AB| ¥ uo [\V] 18 uonnsgns snowAuouAsuou e 6 1S e d30s 928
(dNSAP) 2700 dooj| AB| v iy By €l wayis 1 9 681 6TC YSTYS6EES
JSdouop uopoo
poo|q (ee) ) .
u fowenbe 1y urewop uplold UOX3 eejuelrep ee |\ poe 109} UBlOId werrep  (Lm)edArpim (VNYW U wNad  :QIdNSAP  swreuaAndiiossg awreu oS
ap|e Jouln oulwy

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 27

Brunker and Flegel

‘abueyoxe Y6 ay) Jeye
a]qeoa19pun Apognuy
.'UMO s1y 1daoxa

Ajayes pasnysues|
‘spuessalddns sunwiwi

‘Awo1dsua)ds ‘spiosals - Panjosal
A y .
uw_mw“ﬂm_\ﬂimmﬁww ha ‘papodal JoN ‘suoneziendsoy Jo UeISeane) W 44 " .m_wwmu 2861 2g[B 10 BUeAlS 10U OJY
orym ewseyd siy Ut sIeak g ‘uonoagul Bun| . ‘SA 0Ny
Apognue ue Jo souasaid, © Buninp eiwaue Lyim
NG +1vQ povioday SWO0IPUAS 1|-SueAT
-0 dnoB Juaned ‘oS .
/TS padAiouas s||8d Say m:rr__: _mm_%uﬂw
s.jualjed 0} +Mm pajoeal . B cc = p
Tos-nuy /B 26 IS QY Ip/bw §'G = a1 pue
— qBHy UOISNJSURINSO, annebau Ajsnoinaid euNewsay ssolo *(p sisAjoway
- n_.?_.hm: 5 ww,:mmw: d ‘Adesayrowayd /6 1°G 01 T°6) asealdap a)noe ‘elwaue uelseane) 4 0z 1:9S 0102 TgSWeNlM pue AResurey
rp) _+>> (lendsou) Bunnp Jaises sieak q6H Aep-z ‘anbiyey anAjowsH
L va (rounusp) €08y SHun 6T 30 S493M € YUm
- pajussald ‘uoIssILUaI
1IB Ul +2—T U33105 qy ur 9seasip UB{BpOH
‘Awoyosusds Jale
syjuow 2 paddois
*T9S-1UE PajelIsuowap wu_o_wwmo:wmw m:vwﬂs
ajen|a pue Wneg .W_o_w:u mch
*dn-mo[|o} yam aniehau Awoiaualds w:mmﬂ
F{D.hmm_ﬁ_mﬂ_mmsm: ‘uoIsnjsuel) ‘DIAI pUB  eIWaUE INAjowsH SaIpu] 1S9 4 syjuow 0T 2-'T:98 2661 0g 819 Mo
vmu;,ue uign. mu., 131S UM pajessy
paebinfuooun pajensje u.m_mMMmﬂw |<m_a_M
(ped pue 961) +1va ‘AfeBaworeday yim
J13ndy ‘10| [ed ‘aa1punel
195U0-USPPNS
“Jale] sieak z sOgY
s,Jualted Ynm +g pajoeal . (4a1e] S1eak
uonejuesaid [eniur 49119 pasnisuel elWwaue onAjowsH z+€INq 2z 8sed 9861 6, 1812 119MOQON
0gy suun 4T) 2-'T:98
uabnue og juaisues ]
"T9S-Nue
pamoys alenja aus|Ax
mwunm wwzo\ﬂm_m_“mm m_mﬂ\m,m elWaue dNA[oWaH Z-'T:9S T aseD 986T 6, [ 12 119MOQIN
‘Jeay Aq saren|3 1vI
ur 7os-hue pue 1vQ +€
‘painja
TOS-Nue Seam (qe0
pue 96 ylog) 1va
Seam Asn :g0B) 10)oe}
uone[nfeod e Yy)Im sjoeal “Jouop poo|q AuieaH 4 2- ‘198 6161 g, 1e® sejjaballL ony
I Uaym uaas Ajuo si
Apoqnueoine funsebibns
‘ewuseld ul 10U ‘WwInJes Ul
pajensuowsap Apognuy
“(ze 01 97) pajgnop -
13111 pUe fx pasesioul . ¢ TS PuRasy
00QV wnyedisod (e)npue 3 av m>_ﬁmmmmﬂ_ww ‘q _wm__“c_m_ ﬁ__/_mw_o_.m_aom
£ ! ! s ‘[e 10 akey
SMMNNBW _mogﬂmﬁwﬂmou 1da9Xa |[e papn|ox3 pajearjdwosun pue 1p/6 5'€T = qbH N4dH ON UeIpUl 4 8¢ ¢1-98 0667 1
andsap 55y Ul 85 SeM 1ST ‘29 g ‘T9S-NUE painje
Apeals ssejoqns €061 '1vVQ +E UM 81euosN
. ‘g-nue Jo
N4aH 90uasaid ul TOS-nue . N -
Qa-hue ynm Ageq 1sT N4aH Uelseaned El Sz 2'T-198 S'N 'SIN 2961 Z/[B18IpIuys onv ToS-nue
Jaye ‘snosedniniAl 4o 3jo1 ysinburisip
- 01 a|qissodwj
. LoINne
sa1poqliue Kios1y Aoueube id ésuoiea s (s1e9A) adAloueyd Jaynuep! <
eep Alokeoge| BYI0 BUIO . UoBnEsUe1L ssdoufs feoul|o Sueriodu Apoyia x5 By euLeRs 500 L= sioyiny o”o< Apognuy

Author Manuscript

Author Manuscript

walsAs dnoab poojq euurlaS ayl ul suabiue 01 seipognue Jo suodai paysiignd

€ 9lqeL

Author Manuscript

Author Manuscript

PMC 2016 December 27.

in

available

Immunohematology. Author manuscript



Page 28

Brunker and Flegel

“ua1pjIyd
16 pue yy, ut

2358] ‘N4aH noynm
+PY €1ST ‘N4QH ou

- ‘|e 19 uasne;
oo onAlowsy el € seaifiped a1aA3s NAQH UROLIBWY UROLYY o (+pY) =05 Id-zAnwes 2961 oz'e¥ d
UM ulogman,, ur uaip|iyo o1
.’P00|q P03 J0 Bunsa) “ualpyd N4aH
utingojB-nue sunnou, Aq pJg pue IsT ul aney Jou pIp ‘-py B ‘[e 18 uasne, - -
Pa19913p 359 S8 "N4aH aseasip onAjowsy PINA T INAAH Pey N4aH UsImar uelssny El (+pY) v-95  pd-TApwed 2961 (g €19 ussney oy (py-nue) yog-nue
pliw Assn Ajqewnsald UJIM UIOgMBN,, Y10q ‘+py UBIPIIYD Z
*a|qussod jou dn-mojjoy ‘Kynoygip
[euonippe ‘uoisnysues INOYIM pasnysuel)
Ja)je 1axeam Apognue “J1|4e3 pasnjsues) poojq ajqnedwooul £9S pue “re 10 uInbola,
winJag "aAneBau afenja sOgy suun suun g eweue  EHWRUE onfjowar vs TS Seam (2 6861 g B33 UInbold
‘9B| ynm annedau ajeIapow ‘4HD
‘PED YUM +€ 1va “aseasip up{BpoH
. *RNd14IP INOYNM
shej 141
nwama%mw_w (\Nww_%_\w:{ pesnisuell Sogy £9S pue .
“an1eBau Sa1eNd PED a|qnedwodur syun $9 195 eam T ased 686T pglew uinbojad ony
b G ‘BILUBUE 3IBASS UM
pue 961 Lm fesm 1va uaned ewoydwAT
‘Awoyosusids
"poojq a|qedwod- X JusMIBpUN
10 asn Aq parenwins uaned (z-'1-
jou pue Awojsus|ds ‘suoisnysuel) Auepy 195 0s|e) Jouop 23UIN9 MaN ended 4 v 2-'T-198 986T 67 1812 PI3UPOOM
Jaye 8|qeIoalzpuUN 3|qejrene Ajuo se
sem Apognuy pasn Jaylow ‘qy 9|
M3U )M d1wasseley L
"poojq ajqnedwod
J05{9€] pUB UONIPUOD
s oy
-1JUe J0 TIS-1JUE qIospe NOYIM I3l 1Ies - 10N “Asabins dl1sa ue|Iseane) W 19 Z-'T1-19S 086T D._m 18 uoseN
10U pIp ‘1A aAneBaN sseak i pasnjsuel ewoulo=d oneseIaw
10} U3310s Apoqnue
annisod anneladoald
‘K1an0dsip Jaye Afjioys *RNau4Ip oYM
S|aA8] 8]qe10818p MOojaq Ja1}Jea syuow 53] aAneladosld mn,:mo_m_ _pmw,um__mﬁ 4 Z-'T-198 €16T or'lB® Area1doN oY £9S-nue
0} paddoup Apognuy / pasnjsuel ] low al
s08Y -8 eyl
2-'T:9S pue [eusaled +8 JBYION %€'9E
uo + 81en|3 ‘(€D pue = J3Je| syluow
‘9B *0adsAjod) +2 1va 10H ‘W G pasnjsues)
027100 U0 UoISSILpesy ‘e1pJeakyjoe)
+Z Po0|q SNOUBA ‘eaudAyoey
[esayduiad eyeucaN U329 qy ‘Ki0ys) “10]1ed yn i ‘2 19 02IBIS
:96| + A|jeordoasooew [euatew aAneBaN uoIsnJsUEN OU 0D 06€"2T 10H “IP/BW §'9 N4aH ueIseanes 4 6¢ 2-'198 66T eg B ¥ Ned
1va poolq = 11191 02704 ‘%SY
P10J 91BUOSN 'Z'T:9S =10H pabireyosip
$OgY [eulaled 'sOgy Adesayroroydisod
2'T-:9S pue (¥9 Jo Ja)
sOgy [eussyed Jsurefie
+E WINJ3S [eulalelN JUBJUI UI BdIpUNEL
‘uononpoid
@-Nue Joj paziunwiwi ‘1210 PaLLAa
Alteaiuaboser siouop Ino4 996T g [& 18 paryhes
siouop AyijeaH
. ‘palers
Jaded s1u) ul pagrosap 10U SI 5143 INq ‘158Nbal
sey1HQJ e wol y1sa po0Iq puz 3y} oy
e ysinbunsip jouued .
M. *210431450] “PaEIS J0U 1811188 uoseal 3y} aq p|nod
51 Bunse) :o_m.em%:wa $3409M Z pasnjsuel) sisAjowaH “aAmsod Y1Ha 'shylsa UeISeaneD W 0s 2-'T:9S ey IN £96T ¢'[B 19 uosiapuy oy 20S-nue
s - ogysnung 83195 Apognue
aul patinbal uoisnjsuesnaid
snyy pue BuizAjoway : w,;umEEm
sem juaired 8y} JaYIBUM U} JO eLOUIDIED)
‘sabueyoxa
‘sabueyoxa
alow v Jayye paseaddesip
uay} ‘paseaddeal 31 Ing euise|d 9T Jalye
Kliosiy Aoueube id ¢suoloea (s 1eak) adAousyd cone
elep Alojeloge| JBylo J UoBNSUR 1L sisdoufs feo1u1d weyodw) XS 2By euuens J=2)N sJoyiny oyo( Apoqnuy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2016 December 27.

in

available

Immunohematology. Author manuscript



Page 29

Brunker and Flegel

Yl pasanodsip usbnue

qy uoisnjsuenaid

0 Amuap] ‘sypuow PEINLE] o0jeuay
6 UILIIM P3joa)ap s1eak € DgY snun Ul 95E8103p UedLIsuy .
g Qa-hue . 5 pey juaned ‘A1abins ¥1Ha 8AlEN pue W 0s -'T:98 zased 886T gr I8 8uneq onv (NVOS-hue) £05-nue
18buo] ou Apognuy 2 ‘1911183 sreak . h
i : i a1padoynio Jaye Ogy ys116u3 ‘uewsdD)
2-'T-05 1do0xa s|180 80gysuung SHUN Z JO UoISnysue.}
11e ynm pajoesl ayen|3 ’ 18148 sAep T
*Pa}aa||02 3¢ pInod
S porpnonsty S s stof 4 Seeidoe u1sa uewse W oL Z-198 Tased 8861 grleleauneg olly (4305-1ue) gog-nue
p e 1y 1101 1y6u Jo
uaBhue Jo Anuap| TTLOBUSUUNE 101 oy UsBIoS Gy
od anljeladoald
'sjiun snofiojoine
‘pIemislye UNM pasnysuely
s1eak funse) Jejnasjow pue ewoydwA|
YlIM PaJan0dsIp ynm pasoubeip
uabnue jo Anuap| - Airemuana Em_an Gg'T® 1@ Dispenis
“(¢-'1:05 adAjouayd) PiC-ues-nued-nue . ‘-1vqQ ‘usbnue d1sa yst|6uz pue yst 4 59 2-'T:98 €9sed 8861 | oy (Yv.LS-nue) Gog-nue
Burirs s.1uaned g €08YSWUNE  Kouanbauy-ybiy e pue PUB g7'Ie 35 3UINSQ
ay) pue ‘snofojoine QiC-Nue mau pamoys
‘2-'7-:08 1de0xa §|180 U8193 Qv ‘0gY
118 U}IM pajoeal Wwniss SHuN € Jo uoisnysuesy
Jalfe >j9am T
“anijebau
11ns sOgY Buiusaids
g (DHV pue ‘0.8
“YOJeWSS0.d “uoISNysUEL} 91043¢ *14) YIJeLSSO1d U0 ‘sisAjoway Jo
1 9|quedwodur MA-IUE U33195 QY aAIeBau 3|qnedwooul punoy 30USPIAS [eD1UID UeISeaneD W 6T 961 gg'le 18 UM
10} SJUNOJJE MA-UR ‘1vqQ annebaN nun T (5/g pue ‘L1/. ON ‘¥1sa
‘g/L) A1abins punom
joysunb 1oy sayep
€U0 Dgy suun 117
«/Apognue
Burnago Ajjeinyeu,,
‘paziendsoy ® Se PaIapIsuo) i~ B
10 pasnjsuel) JansN “K186ans 191106 d1x0re N ss (+pa) 108 OTIN B96T  TZU3SUSL PUE PIEEDSPUNT
10§ UB310s Apoqnue
E) od anleladoald
uoisn. mcMEMma_Anw uaned ‘Alanesadoaid
_Bwumm_ﬁwo: o _m i ‘uonesado U9a12s QY aAnebaN
Ew. o JoH ° mu n%omm 2160]093UAB “3LUI} UHM pauaXesm sisAjowsy Jo
\Sm.m_.wzmwﬂw_\ﬂ o _mm Buninp pasnysuen ‘(pyY-nue pamoys 80U3PIAS [eDIUID El yA4 (+pY) -:05 d'rSIN 896T Tguesuar pue preebspun-
aAnavas Aibo poojq SHuN Z “piIyo arenja-obj pue ON :41Sa
“UoIsnysues) Jaye plo-1eak-6 & peH o19adsAjod) 1va
${8aM 2 +0 1 UaNed Buons Ajaresspoy
"NQH yum +py T Ag
'Snjay wlog|Ins Pamoj|o} (13pI0 yu1g USHII-41005
au Jo ABojouped ur pig) uiogqis T N4aH 10 USIMAL UeLiIoD 4 (+pY) ¥—95 19 G Ajiurey L96T (g &8 ussney
40 uonduosap oN INJQH ou yum —py ;
€ Aliwey ur uaipiiy §
‘N4dH yim
+pY TIsel ‘N4aH
INOYUM +PY 2 1ST N4aH UBDLIBLIY SAIEN El (+p¥) v=198  aM- v Alwed /96T
INQH ou yum —py
T :Aliwey ur uaippiyo
‘N4QH pey Jayisu ‘N4dH yim
‘~py puzZ pue +py 1ST "PIYD Uiy ul +PY T s8] ‘N4aH
‘uaIp|Iyd Z pey pueqold .2seasip anAjowsy MNOYIM +PY Z IST N4aH ueadon3 ussyHON El (+py) -9 eH-gAnwes /96T 0z I8 19 ussney
NQH J0 Jayjowpuesd — M UIOGMIN,, ‘N4QH ou ynum —py
py ‘aa.Bipad awes ayy uj T :AJ1wey ur usIppiyd ¢
*(uoisnysuely
abueyoxa
Burinbai asayy Jo
3ST) NAQH Unm +py
Kliosiy Aoueube id ¢suoloea (s 1eak) adAousyd cone
elep Alojeloge| JBylo J UoBNSUR L sisdoufs feo1uld weyodw) XS 2By euuens J=2)N sJoyiny oyo( Apoqnuy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2016 December 27.

in

available

Immunohematology. Author manuscript



Page 30

Brunker and Flegel

"Y2JRWSS0I = X ‘UIgnai|iqg [e10) = 1]1q L ‘ainjeladwa) Wool = 1Y ‘S||8d poojq pal = sOgy ‘ulingojfounwiwi snousaeiul = OIA]L ‘O ulingojfounwiwi = 9B 1s8} urngojbiue 18a1pul = Jy/| ‘uigojBoway
= gBH ‘ulogmau pue sniay sy} 40 aseasip ankjowsy = N4QH ‘H11001eway = 19H ‘Uoioeal uoisnysues) 9160]01as pake|ap = ¥1Sa ‘a)1] 40 Aep = 70Q ‘UonIeal uoisnysues) ankjowsy pakejsp = Y1HJ ‘1591
uingojBnue 19311p = 1vQ ‘aInjrey Leay aAnsabuod = 4HD ‘elwsue JAjoWaY sunwwioINe = \YH|Y ‘uljngo|f uewnynue = 9HY ‘A121X010140 pajeipaw-|[ad Juspuadap-Apognue = DDAV ‘Apogiue = qy

. (€0 pue
pienalje
sieak Bunsa) Jenasjow wm_wmﬂ_mmmn_x_.__wmmw
; ;one
salpoqliue Kios1y foueube id Zsuoloes (s1e0h) adAousyd JBnuep! <
elep Alojeloge| JBylo BUI0 J UoBNSUR 1L sisdoufs feo1uld weyodw) Apuya XS By euURS > J=2)N sJoyiny oﬁ_o< Apognuy

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Immunohematology. Author manuscript; available in PMC 2016 December 27.



	Abstract
	History
	Nomenclature: Sc1, Sc2, Sc3, and Sc4

	Genetics and Inheritance
	The SC Gene Lies on Chromosome 1
	A Third Antigen in the System: Sc3 or Scianna Null Alleles
	Radin: A “New” Low-Prevalence Antigen Is Linked to Scianna (via RH)

	Molecular Basis
	The ERMAP Expresses the SC Antigens
	Understanding the Variants Discovered in the Post-ERMAP Era
	Sc5 (STAR)
	Sc6 (SCER) and Sc7 (SCAN)
	Molecular Basis of SC Null Phenotypes
	Other Variants in ERMAP: Using dbSNP and HapMap
	Global Variation

	Biochemistry and Physiology
	ERMAP Is a Member of the Butyrophilin-like Family of the Immunoglobulin Superfamily
	The B30.2 Cytoplasmic Domain: A Role in Erythropoiesis?
	Functional Studies of ERMAP

	Antibodies in the System
	Clinical Significance
	Is It Worth Phenotype or Genotype Matching?
	On the Detection of SC System Antibodies in Routine Pretransfusion Testing
	Should We Genotype for SC Alleles?

	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig.5
	Table 1
	Table 2
	Table 3

