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Abstract

Background—Landsteiner-Wiener (LW) is the human blood group system no. 16, which

comprises 2 antithetical antigens, LWa and LWb and the high prevalence antigen LWab. LW is

encoded by the Intracellular Adhesion Molecule 4 (ICAM4) gene. The ICAM4 protein is part of

the Rhesus complex in the red cell membrane and is involved in cell-cell adhesion.

Methods—We developed a method to sequence the whole 1.9 kb ICAM4 gene from genomic

DNA in 1 amplicon. We determined the nucleotide sequence of exons 1 to 3, the 2 introns and 402

bp 5′-UTR and 347 bp 3′-UTR in 97 Caucasian and 91 African American individuals.

Results—Seven variant ICAM4 alleles were found, distinct from the wild type ICAM4 allele

(GenBank KF712272), known as LW*05 and encoding LWa. An effect of the LWa/LWb amino

acid substitution on the protein structure was predicted by 2 of the 3 computational modeling

programs used.

Conclusions—We describe a practical approach for sequencing and determining the ICAM4

alleles using genomic DNA. LW*05 is the ancestral allele, which had also been observed in a

Neandertal sample. All 7 variant alleles are immediate derivatives of the prevalent LW*05 and

caused by 1 single nucleotide polymorphism (SNP) in each allele. Our data were consistent with
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the NHLBI GO Exome Sequencing Project (ESP) and the dbSNP databases, as all SNPs had been

observed before. Our study has the advantage over the other databases in that it adds haplotype

(allele) information for the ICAM4 gene, clinically relevant in the field of transfusion medicine.

Introduction

Blood group systems are determined by the presence or absence of specific antigens

(proteins, carbohydrates, glycoproteins, or glycolipids) on the surface of red blood cells

(RBC). Transfusions incompatible for blood group antigens can lead to life-threatening

clinical complications. To date, 33 blood group systems are identified in humans 1.

Landsteiner-Wiener (LW), discovered in 1940, is the 16th blood group system and consists

of two antithetical antigens, LWa and LWb, and the high prevalence antigen LWab 2,3. The

molecular basis of LWa/LWb antigen polymorphism is an A>G change at nucleotide 299

resulting in a Gln100Arg (Q100R) amino acid substitution 4. The LW antigens are more

strongly expressed on D antigen positive than D antigen negative RBCs 5 and are absent on

Rhnull cells 6. Alloanti-LWa and -LWb have been associated with mild hemolytic transfusion

reactions (HTR) 7–10, while alloanti-LWa, -LWb and -LWab are associated with mild

hemolytic disease of the fetus and newborn (HDFN) 8,11. Beside the 3 alloantibodies,

autoantibodies against the 3 LW antigens are common in individuals with warm type

autoimmune hemolytic anemia (AIHA) 2,12 and autoanti-LWa has been reported in a case of

HDFN 13.

The LW antigens reside on a 42 kilodalton (kDa) RBC membrane glycoprotein known as

LW or intercellular adhesion molecule 4 (ICAM4) 14. The ICAM4 glycoprotein is expressed

on RBCs, erythroid precursor cells and on other blood cells including T and B cells 15. It

belongs to the immunoglobulin superfamily (IgSF) consisting of five members designated

ICAM1 to ICAM5 16. The ICAM4 protein is part of the Rh macromolecular complex

consisting of Rh polypeptides (RhD and RhCE) and the Rh-associated glycoprotein

(RhAG). In addition CD47, glycoprotein B (GPB) and Duffy glycoproteins (FY) interact

with the complex by non-covalent bonds 17. The ICAM4 protein is known to maintain close

contact between the RBC surface and vascular endothelium and also plays a role in various

normal and pathological conditions, including erythropoiesis and microvascular occlusions

during painful crises of sickle cell disease (SCD), respectively 12,14,18–23.

An allele, broadly defined as a haplotype, is one of a number of alternative forms of the

same gene or genetic locus. A comprehensive population based collation of ICAM4 alleles

and their protein products was missing, because the online databases such as dbSNP 24 and

NHLBI GO Exome Sequencing Project (ESP) 25 lack haplotype (allele) and population data.

In this study, we sequenced the whole ICAM4 gene in 97 Caucasians and 91 African

American individuals to identify alleles defined by nucleotide variations in the full length of

the gene.
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Materials and Methods

Blood samples

EDTA blood samples were drawn from blood donors at the NIH Blood Bank and genomic

DNA was isolated from the buffy coat (Qiagen EZ1 DNA blood kit on the BioRobot EZ1;

Qiagen, Valencia, CA).

Primers

The primers were designed using the online version of Primer3 26. Primers LWF (5′-

GCAACATTGCCCAGACTTCC-3′) and LWR (5′-TCCTCCGAAGAAGGGCAGTA-3′)

were used for the amplification and primers LWF, LWR, LW1R (5′-

CCAGGCTTTCGGAATAGATG-3′) and LW2R (5′-CCACCACACCAGGCTAATTT-3′)

were used for sequencing.

ICAM4 gene amplification

One amplification reaction (total volume 25 μl) covering the complete ICAM4 gene (Chr.

19:10,397,239-10,399,246 on NCBI Build GRCh37/hg19; 2008 bp) contained 25 ng

genomic DNA, 2x Master Mix (OneTaq Hot Start; New England Biolabs, Beverly, MA), 10

μM each forward and reverse primers, and nuclease free water. Thermocycling conditions

were 94 °C for 30 sec; 30 cycles of 94 °C for 30 sec, 61 °C for 1 min, 68 °C for 3 min; and a

final extension at 68 °C for 5 min (Bio-Rad C1000; Bio-Rad, Hercules, CA). The 2008 bp

PCR amplicon was cleaned and eluted in a 20 μl volume (QIAquick PCR purification kit;

Qiagen).

ICAM4 nucleotide sequencing

Four sequencing reactions (total volume 20 μl each; (Chr.19:10,397,278-10,399,197 on

NCBI Build GRCh37/hg19; 1920 bp) contained 2.5 μl PCR product, 1.8 μl Master Mix

(BigDye Terminator v3.1; Applied Biosystems, Carlsbad, CA), 1.25 μl of 10 μM sequencing

primer (LWF, LWR, LW1R or LW2R), and nuclease free water. Thermocycling conditions

were: 25 cycles of 96 °C for 15 sec, 58 °C for 10 sec, and 60 °C for 4 min. Unincorporated

dye was removed (DyeEx 96 well plates; Qiagen), sequencing reaction products were

dehydrated (Savant SPD 2010 SpeedVac Concentrator; ThermoScientific, Wilmington, DE),

suspended in 10 μl formamide (Hi-Di; Applied Biosystems) and analyzed (3500xL Genetic

Analyzer; Applied Biosystems). Nucleotide sequences were aligned (CodonCode Aligner;

CodonCode, Dedham, MA) to NCBI RefSeq NG_007728.1 and nucleotide positions defined

using the first nucleotide of the coding sequence (CDS) of NM_001039132.2 (ICAM4

isoform 3).

Phylogenetic tree

The topologic associations between various ICAM4 alleles were analyzed using Neighbor-

Joining method (CodonCode Aligner).27 Each variation was counted as 1 event. The ICAM4

sequence from chimpanzee (Pan troglodytes, NC_006486.3) was used for external rooting

as previously described 28.
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Neandertal genome

The published DNA sequence of the Neandertal genome (www.eva.mpg.de/neandertal/;

Altai, Southern Siberia)29 was analyzed using Integrative genomics viewer version 2.3.20 30

and aligned to the human genome (NCBI Build GRCh37/hg19). The other 5 Neandertal

fossil genomes lacked nucleotides sequences for ICAM4 and were excluded from

analysis 31–33.

Protein structure

Representative models of the 3 ICAM4 protein isoforms were predicted with

TMHMM2.0,34 Phobius,35 InterProScan36 and SOSUI37 (using default settings) and were

based on Isoform Long (1) as described in UniProt38 and AceView39 databases.

Computational modeling of amino acid substitutions

Polymorphism Phenotyping algorithm (PolyPhen-2) 40, Sorting Tolerant From Intolerant

(SIFT) 41 and Protein Variation Effect Analyzer (PROVEAN) 42 were used to predict the

functional impact of amino acid substitutions.

Statistical description

95% confidence intervals (CI) for allele frequencies were calculated using the Poisson

distribution (Statistics Calculators, online). The Fisher’s exact test was performed to

compare the allele frequency distributions between Caucasians and African Americans;

because of the multiple testing, we applied the Bonferroni multiple comparisons correction.

Results

A method was developed to amplify one stretch of 2,008 nucleotides encompassing the

whole ICAM4 gene. We applied the method to determine the full length ICAM4 nucleotide

sequence in a survey of 97 Caucasian and 91 African American blood samples.

ICAM4 alleles

We observed a total of 8 ICAM4 alleles including the wild type allele KF712272 (Table 1).

Among the 6 previously identified alleles, 1 allele carried the single nucleotide

polymorphism (SNP) in the promoter region (rs3093030), 2 in intron 1 (rs34385135,

rs35165411) and 3 in the exons (rs150654072, rs77493670, rs36023325) (Table S1).

Another allele with the non-synonymous variation c.773A>C (p.Lys258Thr) was not

documented in the dbSNP database at the time of detection but added since (rs201399464).

The amino acid positions differ in the 3 isoforms for two of the 4 exonic variants (Fig. 1 and

Table S2).

Two African American individuals were found to harbor 2 different SNPs each (Table S1,

patterns 9 and 10): -286C>T/c.299A>G and -286C>T/c.545G>C. Using allele specific

PCRs, we determined that the 2 SNPs in each individual were caused by the heterozygous

occurrence of 2 known alleles (KF725837/KF725831 and KF725837/KF725832). Hence, no

new allele was found in our study. A search returned no ICAM4 alleles that differed from the
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currently described alleles or the LW*05N.01 null allele43 in the GenBank database (updates

inclusive of 2013-11-06).

Population frequencies

Based on the number of analyzed samples, we calculated the variant frequency and allele

frequency and its 95% confidence interval (CI) in our cohort and compared it with the data

from NHLBI GO Exome Sequencing Project (ESP) 25 (Table 2 and Table S3).

Phylogenetic tree of ICAM4 alleles

Using the ICAM4 sequence of chimpanzee (NC_006486.3) 44 for external rooting, we found

the wild type ICAM4 allele (KF712272) to be the ancestral allele from which all the other

alleles (KF725831 to KF725837) derived (Figure 2). The only other LW allele listed by the

International Society of Blood Transfusion (ISBT) Working Party on Red Cell

Immunogenetics and Blood Group Terminology 45 is LW*05N.01 (not shown, because the

whole ICAM4 allele sequence was not determined).

ICAM4 alleles in a Neandertal sample

We analyzed the 99.9% complete Neanderthal genome (Altai, Southern Siberia; 50-fold

coverage) for the ICAM4 sequence (Table 3). The wild type ICAM4 allele (KF712272)

identified in our study was also present in the Neandertal genome without any variation in

the 1920 bp nucleotides sequenced.

Effect on protein structure

The Lys63Arg (rs150654072) and Gln100Arg (rs77493670) amino acid substitutions were

located in the first Ig domain of all 3 isoforms (Fig. 1). The SNP rs36023325 encoded a

Val208Leu in the second Ig domain of Isoform Long (1) and Isoform Short (2), while this

SNP encoded an Arg182Pro in Isoform 3. The SNP rs201399464 encoded Lys258Thr in

Isoform 3 only, as it did not occur in the cDNA of Isoform Long (1) and Isoform Short (2)

(Fig. 1).

Computational modeling using PolyPhen-2 and SIFT predicted structural changes induced

by the Gln100Arg substitution (Table 4), which PROVEAN did not predict. However, the

only 3 missense variations occurring between chimpanzee and humans (Table 3: c.97A>G,

Ser33Gly; c.706C>T, Pro236Ser; and c.731G>T, Gly244Val) were consistently predicted to

be “benign”, “tolerated” and “neutral” by PolyPhen, SIFT and PROVEAN, respectively

(data not shown).

Discussion

We presented a practical approach for sequencing the ICAM4 gene and determining the

ICAM4 alleles using genomic DNA. In 188 Caucasian and African American blood donors,

we identified a total of 8 ICAM4 alleles, including nucleotide substitutions in the promoter

and intron 1 (Table 1). The allele frequencies differed significantly between the Caucasian

and African American populations indicating that the overall profile of genetic differences

in the ICAM4 gene may be distinguishable.
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Based on population frequency (Table 2) and published data 46, the LW*05 and LW*07

alleles are known to encode the LWa and LWb antigen, respectively. It is likely that all other

6 alleles (Table 1) express the LWa antigen, which can eventually be documented. These

alleles can also be analyzed for their role in the expression of the ICAM4 protein and its

effect on RhD protein expression.

The ICAM4 glycoprotein is encoded by the ICAM4 gene located on chromosome

19p13.3 43,46. Three mRNA isoforms are transcribed from the ICAM4 gene, which are

translated into 3 different proteins (Fig. 1, upper panel). Two of the 3 proteins are soluble

(Table 5) 38. Isoform Short (2) has 2 exons, while Isoform Long (1) and Isoform 3 have 3

exons (Fig. 1, lower panel). In the common Isoform Long (1) coding for the membrane

bound protein, exon 1 encodes the 5′ untranslated region (UTR) including the 22 amino acid

signal peptide 47 and the first immunoglobulin superfamily (IgSF) domain (Fig. 1). Exons 1

and 2 are separated by intron 1, an intervening sequence (IVS), of 129 bp length and exon 2

encodes the second immunoglobulin superfamily (IgSF) domain. Exons 2 and 3 are

separated by intron 2 of 147 bp length and exon 3 encodes the transmembrane domain,

cytoplasmic tail and the 3′ UTR.

We established the phylogeny of the observed 8 ICAM4 alleles (Fig. 2). LW*05, encoding

the LWa antigen, is the primordial allele, from which all other infrequent alleles are derived

by 1 distinct nucleotide substitution each (GenBank accession no. KF725831 to KF725837),

including the LW*07 allele. This phylogenetic relationship among the 8 alleles may have

been expected, because the LWb antigen (LW*07 allele) is rare (0.5% in Caucasians and

0.04% in African Americans) as compared to the LWa antigen (LW*05 allele).

The incomplete nucleotide sequence of the ICAM4 gene sequence in chimpanzee (Pan

troglodyte) differed, where data were available, from the primordial human LW*05 allele by

15 nucleotide positions (Table 3). In contrast, these 15 nucleotide positions and the 7

variable positions identified in this study did not differ between humans and Neandertals

(Table 3). The ICAM4 gene locus in the Neandertal individual and the human ICAM4 wild

type allele (KF712272) were identical. LW*05 must have occurred in our common ancestors

and may have been maintained by potential interbreeding. Because the human LW*05 allele

sequence was homozygous in this individual (Table 3) who lived approximately 29,200 to

48,650 years ago 29 and has now been genotyped, we can conclude that this Neandertal

carried the LW(a+b−) phenotype.

The prediction of an amino acid substitution to affect protein structure or clinical impact can

be sensitive to the specific algorithm setting of a bioinformatics analysis program and to the

specific alignment used 48, thus making it difficult to draw conclusions from any one tool

alone 49. Hence, 3 common bioinformatics tools were applied to explore the impact of the 4

observed missense substitutions (Table 4). The PolyPhen-2 program classified the

Gln100Arg variation, responsible for LWa/LWb antigen polymorphism, as “possibly” to

“probably damaging” for all 3 isoforms; SIFT as “damaging” for isoform 2 only; and

PROVEAN as “neutral” in all isoforms. Our results, in agreement with previous studies 50,

suggest that the use of in silico platforms are not consistent enough to reliably predict the

impact of amino acid substitution. Similarly, in vitro binding assays excluded protein
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misfolding caused by the Gln100Arg variation 22, despite its unequivocal clinical relevance

effected by antibody binding. However, the only 3 missense variations occurring between

chimpanzee and humans were predicted to have no structural effect, which may indicate,

that the overall ICAM4 protein structure is quite conserved in the primate lineage.

We compared our results to the NHLBI GO Exome Sequencing Project (ESP) 25 and the

dbSNP 24 and HapMap database 51. The ESP study identified 44 SNPs in the ICAM4 gene,

of which 29 were in coding and 15 in noncoding gene segments. It documented 28 distinct

SNPs in 4300 Caucasian and 24 in 2203 African American individuals. Five of these 44

SNPs (3 missense and 2 intronic) were also identified in the current study. With the

exception of the LW*05 allele, all SNPs occurred with a frequencies of less than 2% (Table

S3) and were explained by a combined effect of explosive, recent accelerated population

growth and weak purifying selection 25.

The dbSNP database listed more than 170 SNPs, including those of the ESP study, in

Isoform Long (1) of ICAM4 gene (NM_001544.4), most of them without any population

frequency data 24. Because the genotypes deposited in the dbSNP database are unphased, no

haplotype (allele) information was available. All 8 SNPs identified in the current study were

listed in dbSNP. When analyzing the HapMap database 52, we did not find a significant

linkage disequilibrium (LD) among our 8 SNPs. This lack of LD was compatible with our

result that no more than 1 SNP occurred in any of the 376 alleles among the 188 individuals.

Our study overcame shortfalls of the online databases, such as lack of haplotype and

population data, by taking a systematic approach to sequencing the ICAM4 gene in a random

sample of Caucasians and African Americans.

The ESP and dbSNP databases exemplify how allele identification is progressing rapidly by

various initiatives independent of blood group research, yet still covering the genes of the 33

blood group systems 1. Hence, novel ICAM4 alleles are recognized almost monthly. For

instance, the SNP underlying c.773A>C (p.Lys258Thr) was “novel”, when we identified the

KF725833 structure in our study (Table 1), and has been independently submitted to the

dbSNP database, while this manuscript was under preparation. Molecular

immunohematology needs to be prepared and develop tools for utilizing the large datasets

that are established without regard to blood group related information. We can contribute by

establishing the alleles (haplotypes) and adding protein expression and antigen data, which

are of clinical relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICAM4 protein and ICAM4 pre-mRNA
Schematic models of ICAM4 protein are depicted for the 3 known isoforms (upper panel).

Variations were found at 3 amino acid positions (red circles). The first 22 amino acid

positions are predicted to be a signal peptide (blue circles). Additional predicted structural

features are the 2 immunoglobulin (Ig) domains (yellow and orange circles) and a

transmembrane segment (brown circles). Isoform Long (1) is a single-pass transmembrane

protein (A), while Isoform Short (2) and Isoform 3 are secreted (B and C). Some protein

segments in isoforms 2 and 3 differ from isoform 1 (purple, pink and green circles). The

projections on circle surfaces denote the positions of the 4 N-glycosylation sites. The 7

variant nucleotide positions are depicted in the 3 pre-mRNA ICAM4 isoforms (bottom

panel). Three variants were found in the exons (boxes) and 4 in the introns (lines). The

nucleotide stretches of the exons are colored according to the encoded protein segments. The

exon boundaries in the ICAM4 cDNA, as reflected in the amino acid sequence, are indicated

(black bars).
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Figure 2. Phylogeny of ICAM4 alleles in humans
A phylogenetic tree of ICAM4 is shown for the 8 alleles found in this study using the ICAM4

sequence from Pan troglodytes (NC_006486.3) for external rooting. Clustering of the

described ICAM4 alleles is based on Neighbor-Joining method. For each evolutionary step,

the event is indicated; depicted distances of the alleles are arbitrary.
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