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Abstract

Background—Scianna (SC) blood group system comprises 2 anthithetical antigens, Scl and
Sc2, and 5 additional antigens. The antigens reside on a glycoprotein encoded by the erythroblast
membrane-associated protein (ERMAP) gene. For the common ERMAP alleles, we determined
the full length nucleotide sequence that encodes the Scianna glycoprotein.

Study design and methods—Blood donor samples from 5 populations were analyzed
including 20 African Americans, 10 Caucasians, 10 Thai, 5 Asians and 5 Hispanics for a total of
100 chromosomes. An assay was devised to determine the genomic sequence of the ERMAP gene
in 1 amplicon, spanning 21.4 kb and covering exon 2 to 12 and the intervening sequence (IVS).
All alleles (confirmed haplotypes) were resolved without ambiguity.

Results—Among 50 blood donors, we found 80 single nucleotide polymorphisms (SNPs),
including 6 novel SNPs, in 21,308 nucleotides covering the coding sequence of the ERMAP gene
and including the introns. The non-coding sequences harbored 75 SNPs (68 in the introns; and 7 in
the 3"UTR). No SNP indicative of a non-functional allele was detected. The nucleotide sequences
for 48 ERMAP alleles (confirmed haplotypes) were determined by allele-specific PCR and
sequencing in 100 chromosomes.
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Conclusions—We documented 48 ERMAP alleles of 21,308 nucleotides each. The 2 nucleotide
sequences available in GenBank for ERMAP alleles of similar length have not been found in our
100 chromosomes. Alleles determined without ambiguity can be used as templates to analyze next
generation sequencing data, which will enhance the reliability in clinical diagnostics.

Introduction

The human ERMAP gene (erythroblast membrane-associated protein; MIM#609017) is
located on chromosome 1 (1p34.2), 17.5 Mbp centromeric to RHCE, and encodes a single
pass transmembrane adhesion/receptor glycoprotein.! The ERMAP glycoprotein is highly
expressed on erythroid tissues and carries the 7 Scianna blood group antigens.2~° It is also
weakly expressed on leukocytes; and found in the thymus, lymph nodes, spleen and bone
marrow of adults and in fetal liver.1

The Scianna blood group system (SC; ISBT 013) comprises 2 antithetical antigens, the high-
frequency antigen Sc1% and the low-frequency antigen Sc2. Five other antigens, Sc3,8 Sc4
(Rd),3 Sc5 (STAR),? Sc6 (SCER)I? and Sc7 (SCAN)10 also reside on the ERMAP protein.
Observations of allo-and auto-antibodies against Sc antigens and their clinical implications
have been reviewed.11

The ERMAP RefSeqGene sequence, NG_008749.1, consists of 12 exons. The first 2 exons
are non-coding. The sixth nucleotide in exon 3 represents the ‘A’ of the start codon of the
coding sequence (CDS). The 475 amino acid protein is encoded by exons 3 to 12 from either
a 3,485 bp (NM_001017922.1) or a 3,381 bp (NM_018538.3) mRNA transcript. Thus in the
case of the ERMAP gene, nucleotide sequencing of genomic DNA starting in intron 2 and
including exon 12 covers the entire CDS.

A comprehensive population-based collation of ERMAPalleles and their protein products
was missing, because online databases such as doSNP12 and 1000 Genome Project!? lack
phase information. The allele (confirmed haplotype) information will be useful in
determining the evolutionary history of the ERMAP gene. We describe the nucleotide
variations in a large number of ERMAP alleles. The ERMAP alleles found in 100
chromosomes from 50 random individuals of 5 populations were resolved without
ambiguity.

Materials and Methods

Blood samples

Blood samples from 20 African American, 10 Caucasian, 5 Hispanic and 5 Asian blood
donors were collected at random in the NIH Blood Bank, along with 10 samples of -
thalassaemia major patientsl4 (REC:57-0148-05-1 approval by the Institutional Ethics
Committee of the Faculty of Medicine, Prince of Songkla University, Thailand). Genomic
DNA was extracted from EDTA anticoagulated whole blood (EZ1 DNA blood kit on the
BioRobot EZ1 Workstation; Qiagen, Valencia, CA). The explorative study was restricted to
50 samples, similar to previous comparable approaches.1®16 We over-represented
individuals with African descent as they are known to carry many polymorphic alleles, and
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we also included a representative number of Caucasian and Asian samples. The 10 Asian
samples came from a recently published study.14

ERMAP gene amplification

For our study, we designed a sequencing approach capturing the whole 3,381 bp
NM_018538.3 mRNA transcript including the non-coding exon 2, but excluding the non-
coding exon 1. A 21,406 nucleotide stretch of ERMAP gene was amplified as a single
amplicon using 100 ng of genomic DNA. The amplification was done using the long range
Taq polymerase (LongAmp Taq DNA Polymerase; New England Biolabs, Ipswich, MA,
USA\) along with the primers 5'-GTGCTCCATGAGTCAAGCGATTAC-3" and 5'-
TACCTTCCCCACAACTCCTCATTC-3" (Eurofins MWG Operon; Huntsville, AL).
Thermocycling conditions were: initial denaturation at 94 °C for 2 min; 35 cycles of 94 °C
for 30 sec, 62.9 °C for 30 sec, 68 °C for 22 min and a final extension at 68 °C for 5 min
(DNA Engine Tetrad 2 Peltier Thermal Cycler; Bio-Rad, Hercules, CA). This primary
amplicon covered the 1,428 nucleotides of the CDS in the exons 3 to 12 and, in addition,
1,993 bp of intron 1, 116 bp of the non-coding exon 2 and 5 non-coding nucleotides of exon
3, 1,803 bp of the 3’-UTR and 16,061 bp of the introns 2 to 11.

Nucleotide sequencing

The primers for sequencing were designed using Primer3 (Table S1).17 The primary
amplicons were purified and sequenced as previously described8 with extensive
confirmatory resequencing. Nucleotide sequences were aligned (CodonCode Aligner;
CodonCode, Dedham, MA) to NCBI RefSeq NG_008749.1 and nucleotide positions defined
using the first nucleotide of the CDS of NM_001017922.1. The genotype sequence of all 50
samples was determined for 21,308 nucleotides.

Determination of haplotypes

The unphased genotype data obtained from sequencing the samples was used as input in the
Markov Chain based haplotyper MaCH 1.01° software to infer the ERMAP alleles
(haplotypes). Briefly, the software starts by randomly generating a pair of haplotypes,
compatible with observed genotypes, for each sampled individual. These initial haplotypes
are then refined using Hidden Markov Model (HMM)-based iterations that describe the
haplotype pair as an imperfect mosaic of the other haplotypes. After a number of iterations,
typically 20 to 100 steps, the consensus haplotypes are constructed by merging the
haplotypes sampled in each round.

Confirmation of haplotypes

Complete homozygosity or heterozygosity at a single site allowed umambiguous assignment
of a haplotype.20 Allele-specific PCR and subsequent sequencing of the PCR products was
used to construct haplotype structure in samples with more than one heterozygous site.
Briefly, 10 allele-specific PCR primers (Table S1) were designed for the first and last
heterozygous sites found in the amplicons of 34 individuals. Long range allele-specific
PCRs, nested in the primary 21,406 nucleotide amplicon, were carried out and all variant
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positions between the first and last heterozygous sites were sequenced in an allele-specific
way.

Computational modeling of amino acid substitutions

PredictSNP was used to predict the functional impact of non-synonymous amino acid
substitutions.2 We used PredictSNP to determine a consensus prediction for a given SNP.
PredictSNP is a metaserver that combines experimental annotations from Protein Mutant
Database and UniProt with the predicted outcomes from 6 /n silico prediction tools: MAPP
(Multivariate Analysis of Protein Polymorphism), PhD-SNP (Predictor of human
Deleterious SNP), PolyPhen-1 (Polymorphism Phenotyping-1), PolyPhen-2 (Polymorphism
Phenotyping-2), SIFT (Sorting Intolerant From Tolerant) and SNAP (Screening for Non-
Acceptable Polymorphisms).

Statistical description

Results

95% confidence intervals (CI) for allele frequencies were calculated using the Poisson
distribution.2?

A random survey in 50 individuals was performed to describe the genetic variability of the
ERMAP gene and to determine a large number of alleles (confirmed haplotypes). We
determined the genomic sequence of 21,308 nucleotides of the ERMAP gene in each
individual. Among the 1,065,400 nucleotides such sequenced, we observed a total of 80
positions with SNPs (Fig. 1).

Nucleotide variations

Among the 80 SNPs observed, 5 occurred in the CDS, 7 in 3’UTR and 68 in the 11 introns
(Table S2). In the CDS, 2 SNPs were non-synonymous and 3 were synonymous. No non-
sense or splice site mutation was detected, and 6 intronic SNPs were novel, not previously
documented in the dbSNP database.

Genotype patterns and haplotype determination

In the 50 individuals, 46 distinct genotype patterns were observed (Table S3). One African
American, Caucasian and Thai individual each was observed as being homozygous for an
ERMAP allele, allowing us the unambiguous assignment of 3 distinct alleles (x, y and z,
respectively). Another 2 Thai individuals were heterozygous for 2 of the distinct alleles (y
and z). In another 10 individuals, the predicted haplotypes /n transto 1 of the 3 distinct
alleles were amplified with allele-specific PCR primers and confirmed by sequencing. In the
remaining 35 individuals, the 2 alleles were amplified by allele-specific primers, and all
heterozygous sites were sequenced to determine the alleles. Among the 100 chromosomes
studied, we determined 48 alleles (Fig. 2) and deposited 21,308 nucleotides for each of the
48 alleles in the GenBank database (Table 1).
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ERMAP alleles

All 48 alleles detected carried the SNP indicative of the common SC:1 phenotype. No SNPs
characteristic of the other 6 Scianna phenotypes were observed (SC:2, SC:4, SC:-3, SC:-5,
SC:-6 and SC:-7). No SNP encoding a non-sense mutation or a frame-shift mutation was
observed.

Comparison with previous ERMAP sequences

There were 2 sequences in the nucleotide databases exceeding in length the DNA stretch
analyzed by us (Table 3), including the RefSeqGene sequence for the ERMAP gene
(NG_008749.1). Both of the published ERMAP sequences were not observed as alleles in
our study. Among the 7 and 19 nucleotides that differed from any of our 48 alleles, 8 SNPs
in RefSeqGene sequence (NG_008749.1) and 1 SNP in DQ090843.1 may be very rare in
humans, if they occur at all (Table 3).

Effect on protein structure

Computational modeling predicted structural changes induced by the 2 non-synonymous
SNPs, p.Ala4Val (rs35757049) and p.His26Tyr (rs33953680), to be neutral (Table 2).

Computerized haplotype prediction

With the genotype information (Table S3) as input, the MaCH software predicted 54
haplotypes. Using allele-specific PCR and sequencing, 48 ERMAP alleles were identified
(Table 1). Out of these 48 alleles, only 42 alleles (87.5%) were correctly predicted by
MaCH, as confirmed by our allele-specific PCR (Table S4). In 6 individuals, the 12 alleles
predicted by MaCH, each calculated by the software to occur only once among the 100
chromosomes, were not confirmed. In these 6 individuals however, 6 alleles (12.5%), not
predicted by MaCH, were identified by our allele-specific PCR.

Discussion

The aim of this study was to determine alleles (confirmed haplotypes) of ERMAP gene in
general population. We sequenced 21,308 nucleotides of the ERMAP gene and identified 80
SNPs and 48 alleles in 50 individuals from 5 populations. This is the first study to
systematically categorize SNPs found at the ERMAP gene locus into defined alleles.

The dbSNP databasel? lists more than 1700 nucleotide variations for the ERMAP gene. In
the present study, we observed 80 SNPs in 50 individuals from 5 populations. Many variants
described in the dbSNP database, although not observed in our study, may not be
polymorphic in the populations we studied or so rare that our screening panel lacked
adequate power to detect them. We also did not detect any variant associated with a non-
functional ERMAP protein, although these have been reported in literature and online
databases such as Ensembl.23 Interestingly, the 68 intronic variations were found to be non-
randomly distributed along the length of ERMARP gene, being mostly concentrated in introns
2,4, 7 and 11. The relative dearth of sequence variations in other introns indicate that these
regions may have high functional constraints, which are yet to be discerned.
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A large number of ERMAP alleles identified in our samples were observed with a low
frequency (Table 1). Many of these rare alleles are population specific and more prevalent in
our African American cohort, correlating with its more diverse genetic background.24
Because we defined alleles by a large region spanning more than 21 kb, most of the
individuals have unique alleles with limited population overlap. All these features, if well
consolidated in suitable databases, will be useful for precision medicine using high
throughput technologies such as next generation sequencing (NGS).25

The MaCH algorithm inferred 54 alleles, of which only 42 were confirmed by using our
assay with allele-specific PCR and nucleotide sequencing from 1 chromosome (Table S4).
The algorithm computed 12 alleles that were not present and missed 6 alleles that were
recognized by our assay (Fig. 2). These prediction errors always concerned rare alleles with
1 observation only (mean frequency 1%). Thus, depending on the ethnicity of the
population, computerized allele prediction approaches may replace physical sequencing
approaches for determining common alleles. However, the rare alleles must be molecularly
haplotyped due to problems related to imputations of untyped SNPs, as illustrated by our
results. Data sets like the current one may aid in validating complicated allele prediction.

The 1000 Genome Project lists many more alleles of the ERMAP gene which are inferred
using the /n silico algorithms.13 Due to the large number of samples tested, currently
encompassing 2,504 samples, it is expected that most of these inferred alleles, though rare,
are still correct due to haplotype redundancy. In the present study, we used a small sample
size of 50 individuals (100 chromosomes) to experimentally identify alleles (confirmed
haplotypes) for the ERMAP gene locus. The ERMAP alleles that are unambiguously
identified in our study can be applied in refining the 1000 Genome data on the ERMAP
gene. The comprehensive data set presented here will lend itself to analyze the evolutionary
relationships of ERMAP alleles, such as constructing a phylogeny tree. This approach has
previously been applied, for example, to predict an intermediate allele of the RHD gene,26
later confirmed by observation?” and dubbed DFV,28 and also to several intermediate alleles
of the ACKRI gene.2® Comprehensive data on actually observed and on inferred, possibly
extant, alleles can be used as templates and will such facilitate the analysis of next
generation sequencing (NGS) data.

The prediction of an amino acid substitution to affect protein structure using PredictSNP for
the 2 non-synonymous variants p.Ala4Val and p.His26Tyr turned out to be neutral with more
than 65% prediction accuracy (Table 2). The result should be interpreted with caution as
there is no known protein structure available for ERMAP.

Further studies may overcome 2 limitations possibly relevant for Scianna antigen prediction.
Because we excluded the non-coding exon 1 and the associated promoter, any variation was
missed which occurred in the 5"UTR of the longer ERMAP transcript NM_001017922.1.
Moreover, all the samples tested had the common SC*01 allele and were predicted to have
the SC:1 phenotype. Although this prediction may well be correct, it could not be
serologically confirmed. Mutations in the untested regions of the promoter might affect the
expression of ERMAPtranscripts, even abolishing the expression of ERMAP on the RBC
surface. The amino acid mutation closest to the SC:1 SNP, was 32 amino acid positions
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removed. This or any other amino acid substitution may still affect the expression of the SC:
1 antigen.

We developed and applied an assay to genotype and phase 21,308 nucleotides of the
ERMAP gene using genomic DNA. The present study is the first to experimentally verify
the haplotypes of a clinically relevant large stretch of the ERMAP gene in the general US
population and in a set of 10 individuals from Thailand.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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primary amplicon (21,406 nucleotide)

Figure 1. Genetic variationsin the ERMAP gene
The ERMAP gene is located at chromosome 1p34.2 and consists of 12 exons encoding a

protein of 475 amino acids. The exons (0) are shown schematically along with their 5"-UTR,
3’-UTR and 11 introns (—). The primary 21,406 nucleotide amplicon covered the
complete 1,428 nucleotide coding sequence (CDS) in the exons 3 to 12. It also encompassed
1,941 bp of intron 1, 116 bp of the non-coding exon 2, 1,757 bp of the 3’-UTR and 16,066
bp of the introns 2 to 11. The positions of the 80 variations (SNPs) are indicated ( | ) in the
exons (red) and introns (green). The 7 additional SNPs in the exons indicative for the
Scianna phenotypes SC:1, SC:2, SC:-3, SC:4, SC:-5, SC:-6 and SC:-7 were not observed in
this study (blue).

Transfusion. Author manuscript; available in PMC 2017 December 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srivastava et al.

Page 10

Samples (N=50)
Homozygous
No Yes %
N=47 N=3 =
O
=
T
=
Heterozygous —
No ;w}:h one of the Yes
N=35 omozygous N=12
haplotypes
e L S ——
n=36
0
Computationally 2
e predicted IS %
n=6 n=30
Alleles (confirmed haplotypes; n=48)

Figure 2. Flow diagram of ERMAP allelesidentified in this study
Based on our nucleotide sequencing results, the 50 samples that were entered into the study

were split in 3 groups of 3, 12 and 35 samples. In the group of 3 homozygous samples, 3
alleles were found. In the group of 12 samples, 9 alleles were confirmed. In the group of 35
samples, 36 alleles were confirmed, 30 of which had been computationally predicted and 6
of which were only found based on additional nucleotide sequencing by nested PCR. All 48
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alleles (see Table 1) had thus been confirmed by physical nucleotide sequencing from single
chromosomes.
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Table 3
The prevalent ERMAP alleles compared with the 2 published alleles of similar length

GenBank
ERMAP Reported haplotype* Number Nucleotides Year Comment
Allele 1 ATETGGCACBCAGGCCGCCGCCCTGCTTAAGCECCTEGGCGTGGTACTCGTCACGGTCCAGCCGGRAGEGCCGG-ACTTARA KX265235 21,308 2016 This study
ERMAP*001.1.1 --f----G-f------------ G-—=====-] BT--B-A-A----GT-TC------ c--B----- G-B-—---- cE----- NG_008749.1 27,885 2008  NCBI Reference
ERMAP complete CDS ~ =~ff-—---=--=-=--=——-——- G-mmmm—m- To===RA-A====Gm== === === mmmmm e O DQ090843.1 23,197 2005 SeattleSNPst

*

The 8 SNPs in NG_008749.1 and 1 SNP in DQ090843.1 (grey), which were not observed in any of the 48 confirmed haplotypes (see Table 1): c.
—121-795T>C; rs6600425, ¢.—6+1835C>A; rs1471747, ¢.433+1239A>G; rs11210725, ¢.433+1548A>G; rs10789427, c.617-398C>A,;
rs11210728, ¢.712+250G>A; rs1466549, ¢.713-606 A>G; rs11210730 and ¢.*939G>C; rs10789428. One nucleotide insertion (c.*484_*485insT;
rs55986603) in DQ090843.1 (black) was also not observed among any of the 48 alleles.

fSeattIeSNPs. NHLBI HL66682 Program for Genomic Applications

n.a. — not applicable
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Table 4

Functional significance of non-synonymous SNPs predicted by PredictSNP

Variation Computational analysisresults

dbSNP reference no Nucleotidechange* Amino acid substitution?  Classification Expectedaccuracy(%);t

rs35757049 c.11C>T p.Ala4dVal Neutral 68
rs33953680 c.76C>T p.His26Tyr Neutral 65

*
relative to NCBI Reference Sequence NM_001017922.1
7‘relative to NCBI Reference Sequence NP_001017922.1

fnormalized confidence as calculated by the software (PredictSNP)
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