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Abstract Polymorphic insertion frequencies of the retro-
transposons known as the “SVA” elements were investigat-
ed at four loci in the MHC class I genomic region to
determine their allele and haplotype frequencies and
associations with the HLA-A, -B or -C genes for 100
Japanese, 100 African Americans, 174 Australian Cauca-
sians and 66 reference cell lines obtained from different
ethnic groups. The SVA insertions representing different
subfamily members varied in frequency between none for
SVA-HF in Japanese and 65% for SVA-HB in Caucasians or
African Americans with significant differences in frequen-
cies between the three populations at least at three loci. The
SVA loci were in Hardy—Weinberg equilibrium except for
the SVA-HA locus which deviated significantly in African
Americans and Caucasians possibly because of a genomic
deletion of this locus in individuals with the HLA-4*24
allele. Strong linkage disequilibria and high percentage
associations between the human leucocyte antigen (HLA)
class I gene alleles and some of the SVA insertions were

Electronic supplementary material The online version of this article
(doi:10.1007/s00251-010-0427-2) contains supplementary material,
which is available to authorized users.

J. K. Kulski
Centre for Forensic Science, The University of Western Australia,
Nedlands, Western Australia 6008, Australia

J. K. Kulski * A. Shigenari - H. Inoko

Division of Molecular Life Science,

Department of Genetic Information, School of Medicine,
Tokai University,

Isehara, Kanagawa, Japan

J. K. Kulski (<)

Centre for Forensic Science, The University of Western Australia,
Mailbag M420. 35 Stirling Highway,

Crawley, Western Australia 6009, Australia

e-mail: kulski@me.com

detected in all three populations in spite of significant
frequency differences for the SVA and HLA class I alleles
between the three populations. The highest percentage
associations (>86%) were between SVA-HB and HLA-
B*(08, -B*27, -B*37 to -B*41, -B*52 and -B*53; SVA-HC
and HLA-B*07; SVA-HA and HLA-A*03, -A*1] and -
A*30; and SVA-HF and HLA-A*03 and HLA-B*47. From
pairwise associations in the three populations and the
homozygous cell line results, it was possible to deduce the
SVA and HLA class I allelic combinations (haplotypes),
population differences and the identity by descent of
several common HLA-A allelic lineages.

Keywords SVA - HLA class I alleles - Dimorphism -
Haplotype - Major histocompatibility complex -
Retrotransposon - Retroelement

Introduction

The human major histocompatibility complex (MHC) class
I region is located on chromosome 6 (6p21.3) and encodes
at least 130 protein-coding genes including the classical and
non-classical human leucocyte antigen (HLA) class I genes
that are important in the regulation of the immune response
system (Shiina et al. 2009). The identification of gene
polymorphisms and diversity in the MHC region is a focus
of attention for transplant donor and recipient genotyping
and many different population, evolution and disease
studies (Marsh et al. 2000). A large number of immune
diseases have been associated with HLA alleles, although
most association studies of the MHC in autoimmune and
inflammatory disease have been limited to a subset of ~20
genes and performed only in small cohorts (Fernando et al.
2008). Many disease associations may result from
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haplotypes (allele combinations at multiple loci) and the
evolutionarily neutral ‘hitchhiking effect’ of a deleterious
allele linked to a beneficial allele (Shiina et al. 2006). Some
haplotypes that had been defined solely on the basis of
matched HLA alleles were later shown to be different when
they were also typed for non-HLA alleles including
polymorphic microsatellites and retrotransposons (Dunn et
al. 2003, 2005; Witt et al. 2000). In this regard, an
examination of the relationship between extragenic sequence
markers and HLA allelic combinations might lead to a better
understanding of the genetic diversity and the strength of
conserved blocks within the MHC class I haplotypes and
help identify potential crossing-over (recombination) sites
between the HLA class I loci. For example, multiple forms
and differences of the Japanese HLA-B*48 haplotype (Dunn
et al. 2003) and the European HLA-B*07 and -B*57
haplotypes were identified simply on the basis of a few
polymorphic Alu insertions (Dunn et al. 2005). The analysis
of the presence and absence of polymorphic retrotransposon
structures, such as the different members of the Alu Y
subfamily, in combination with HLA genotyping appear to
better resolve class I haplotypic blocks when characterising
ethnic and geographic population lineages (Dunn et al. 2007,
Tian et al. 2008; Yao et al. 2009) and mapping the genetic
association between the MHC and disease (Dunn et al.
2006). Of the various retrotransposon families and family
members such as the long interspersed nuclear elements
(LINEs with the members L1 and L2), the short interspersed
nuclear elements (SINEs with the Alu member so called
because it was recognised by the restriction enzyme Alul),
the “SVA” element, so called because of its SINE, variable
nucleotide tandem repeat region (VNTR) and Alu compo-
nents, and the human endogenous retroviruses (HERVs),
only five polymorphic Alu loci (Kulski and Dunn 2005) and
a polymorphic HERVKY locus (Kulski et al. 2008) and its
long terminal repeat (LTR) sequence MER9 (Kulski et al.
2009) have been investigated in any detail with respect to
their genetic diversity within the HLA class I region of
different populations.

Recent comparative genomic analysis of different MHC
haplotypes has confirmed that the retrotransposon, SVA, is
widely distributed in the MHC genomic region and often
structurally polymorphic (absent or present) at different loci
(Stewart et al. 2004). The human SVA DNA element is a
composite retrotransposon composed of two previously
identified elements, SINE-R (Ono et al. 1987), a VNTR,
and an Alu (Shen et al. 1994). The SVA, first identified
within the RP gene of the human MHC genomic region on
chromosome 6 (Shen et al. 1994), was recognised to be a
retrotransposon because its nucleotide sequence ended in a
polyA tail and was flanked by target site duplication (TSD)
sequences which are the duplication products of the
genomic target site (TS) sequence involved in the insertion
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event (Ostertag et al. 2003). The original SINE-R study
(Ono et al. 1987) and subsequent studies of the SVA
sequences (Bennett et al. 2004; Wang et al. 2005) estimated
2,762-5,000 SVA copies within a human haplotype
genome with 27% to 38% of these copies structurally
polymorphic (absent or present at the TS insertion locus)
and actively mobile. The SVA are non-autonomous retro-
transposons, similar to processed pseudogenes (retropseu-
dogenes) and Alu, in that they are dependent on the L1
reverse transcriptase activity and retrotransposon molecular
machinery for their continued genomic proliferation in the
human population (Garcia-Perez et al. 2007; Strichman-
Almashanu et al. 2003). The ancestral SVA first originated in
great apes 14 Mya and subsequently proliferated into six
subgroups (A-F) based on their sequence divergence and
evolutionary time estimates (Wang et al. 2005) with 80% of
the SVA members possibly human-specific in origin (Ben-
nett et al. 2004). Some of the structurally polymorphic SVA
have been related as causative agents in disease (Ostertag et
al. 2003), such as hereditary elliptocytosis (Hassoun et al.
1994) and dystonia (Makino et al. 2007), and in genomic
deletion events such as the deletion of the HLA-A gene
(Takasu et al. 2007).

There are at least 18 SVA retrotransposons in the human
MHC genomic region (Fig. 1). Although some of these are
known to be polymorphic structures (Bennett et al. 2004;
Stewart et al. 2004; Horton et al. 2008), there have been no
detailed studies of their population allele and/or haplotype
frequencies and LD or associations with HLA alleles.
Therefore, in this study, we developed PCR assays to

Fig. 1 a Location map for 18 SVA insertions within the MHCp
genomic region. The location of different SVA, polymorphic Alu and
HERV sequences (labelled) are indicated by the arrows. The MHC
gene map and location of the alpha, beta and kappa blocks are based
on the information provided by Shiina et al. (2006). The polymorphic
Alu locations are taken from Stewart et al. (2004) and Kulski and
Dunn (2005). Information on the location of HERVK9 and HERKC4
was taken from Kulski et al. (2008) and Shen et al. (1994),
respectively. RepeatMasker (http://www.repeatmasker.org/) was used
to identify the locations of the 18 SVA using the HLA genomic
sequences of the cell lines COX and PGF downloaded from The MHC
Haplotype Project at http://www.sanger.ac.uk/HGP/Chr6/MHC/.
b Summary map of the location of the four SVA insertions
investigated in this study and the positions of the PCR primers
(Table 2) relative to the SVA insertion target site (7.S). The genomic
distances (kb) start at the HLA-B gene and end at the MOG gene. The
many genes located in the 1,100-kb region between the CDSN and
HLA-A genes (see Fig. 1a) are not shown in this simplified map. The
unlabelled thick vertical arrows represent the sites of the SVA
insertions. The labelled thin vertical arrows indicate the relative
locations of the PCR primers (listed in Table 2) inside and outside the
SVA insertions (labelled rectangles). The solid horizontal double
arrows indicate the size of the PCR products with the SVA insertion,
and the dashed horizontal arrows indicate the size of the PCR
products without the SVA insertion. The shaded circles represent the
target sites for SVA insertions or the target site duplications that flank
the SVA insertions as part of the mechanism for the insertion event
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detect four SVA polymorphic structures within the MHC
class I region and examined their allele and haplotype
frequencies, LD and percentage association with HLA-4,
HLA-B and HLA-C alleles in Japanese, African Americans
and Australian Caucasians.

Materials and methods
DNA samples

A reference set of 100 Japanese (J) DNA samples
genotyped at the HLA-4, -B and -C loci by DNA
sequencing was obtained from the Department of Legal
Medicine, Shinshu University School of Medicine, Matsu-
moto, Nagano, Japan. This reference set of DNA samples
represents a Japanese population of registered donors from
the Nagano region in the Japanese unrelated bone marrow
donor registry (Moriyama et al. 2006). A reference set of
174 Australian-Caucasian (AC or C) DNA samples
genotyped for HLA alleles at the HLA-A, -B and -C class
I gene loci by DNA sequencing was obtained from the
Department of Clinical Immunology and Biochemical
Genetics, Royal Perth Hospital, Perth, Western Australia
(Kulski et al. 2008). This reference set of samples represents
a Caucasian population from the seaside town of Busselton in
Western Australia (http://www.busseltonhealthstudy.conv). A
panel of 100 African-American (AA or A) DNA samples
was purchased from Coriell Cell Repositories as Human
Variation panel HD100AA (http://ccr.coriell.org/nigms/
nigms_cgi/panel.cgi?id=2&query=HD100AA). The
African-American DNA samples represent a multiracial
population with mostly African and European ancestors
and a more complex genetic structure than the Europeans
(Caucasians) or Japanese. Another 66 DNA samples
extracted from B-lymphoblastoid cell lines of different ethnic
origins and genotyped and/or serotyped for HLA alleles at
the HLA-A, -B and -DR loci (Table 1) were purchased from
the European Collection of Cell Cultures (http://www.ecacc.
org.uk/). Information about these cell lines can be obtained at
http://www.ebi.ac.uk/imgt/hla/help/cell_help.html.

HLA genotyping and nomenclature

The Japanese and Australian-Caucasian DNA samples were
previously genotyped for HLA-A4, -B and -C alleles to two
or four digits by direct sequencing (Kulski et al. 2008;
Moriyama et al. 2006). The African-American DNA
samples were genotyped for HLA-A and -B alleles to two
or four digits by the PCR-SSOP-Luminex method as
previously described (Itoh et al. 2006).

The HLA alleles are reported and analysed here
statistically as two- or four-digit alleles where the first
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two digits of an allele such as 02 in HLA-A*020! (Table 1)
represent the ancestral group or type of highly related
alleles and often correspond to the serological antigen
carried by an allotype. The third and fourth digits such as
the 01 in A*0201 describe the subtype that has been
assigned in the order of the determined DNA sequences
and represent differences in one or more nucleotide
substitutions that have changed the amino acid sequence
of the encoded protein (Marsh 2000).

Location of SVA within the HL4 genomic region

The map positions of the four SVA, SVA-HB, SVA-HC,
SVA-HA and SVA-HF distributed across the HLA class I
genomic region and investigated in this study are shown in
Fig. 1. The locations of the SVA within the accession
numbers previously reported by Stewart et al. (2004) are
listed in Table 2. RepeatMasker (http://www.repeatmasker.
org/) was used to identify the locations of the SVA, Alu and
HERVs in Fig. 1a using the HLA genomic sequences of the
cell lines COX and PGF downloaded from The MHC
Haplotype Project at http://www.sanger.ac.uk/HGP/Chr6/
MHC/.

Figure 1b shows a summary map of the location of the
four SVA insertions and the positions of the PCR primers
(Table 2) relative to the SVA insertion TS. All the PCR
primers are placed outside the site of integration for each
SVA, except for the primer 6S which is inside the SVA-HF
sequence and the primer ASint which is inside the SVA-HA
sequence. The DNA nucleotide sequences of the PCR
products for the four SVA insertions with the relative
positions of the PCR primers inside and outside of the SVA
sequence, the SVA sequence and the TSD flanking the SVA
insertion are shown in Electronic supplementary materials
(ESM), Fig. S1. These nucleotide sequences are each a
single example of the SVA insertion loci from the few that
were identified within the NCBI GenBank database using
the primer sequences in a BLAST search.

SVA PCR analysis

Table 2 shows the PCR primer nucleotide sequences,
amplicon product sizes and the annealing temperatures
and cycle times that were used for the amplification of the
presence or absence of the SVA-HF, SVA-HA, SVA-HC and
SVA-HB insertions. PCR assays were designed mostly to
detect the presence and absence of the SVA insertion in a
single assay by employing sense and antisense primers that
flanked the insertion site. Because the insertion product size
of the SVA sequence may be beyond the amplification
efficiency of normal PCR protocols, we also developed a
single PCR assay to detect only the presence of the SVA
insertion by amplifying a fragment of the SVA sequence
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using an SVA internal and external primer set for SVA4-HA
and SVA-HF.

Each SVA PCR assay was performed in 10 pl aliquots
using 2 pmol of each primer (200 nmol/l), 1 ng of genomic
DNA, 0.25 U of LA Tagq polymerase (TaKaRa, Shiga, Japan)
or Amp Taq gold (Applied Biosystem), 0.8 ul of dNTP
mixture (2.5 mM each) and 5 pl of 2x GC reaction buffer 1
with 5 mM MgCl, purchased from TaKaRa. The PCR was
performed in eight strips of 0.2-ml thin-walled PCR tubes
(QSP) using a GeneAmp PCR System 9700 Thermal cycler
programmed for 35 cycles with a denaturation (96°C, 30 s),
annealing and extension step at each cycle (see Table 2 for
annealing temperatures and times). The reaction products
were stained with ethidium bromide and the sizes compared
with molecular size markers by horizontal gel electrophoresis
in 2% agarose using Tris-borate-EDTA running buffer.

Figure 2 shows an example of the results of the
electrophoresis of the PCR products amplified by the SVA
PCR assays of the DNAs extracted from the typing cell line
Lab. no. 1 to 21 (Table 1) including the COX (Lab. no. 36)

Fig. 2 Electropherograms

of the amplification products of

the SVA PCR assays (a—e). "
The molecular sizes on the

right-hand side of the gels are

the sizes of the stained PCR

products. Lanes m molecular

weight markers, lanes cl and

¢2 amplification products from

the cells PGF and COX,

respectively, in the SVA4-HA b
assay (a). ¢l and c2 are ampli- .
fication products from the cells
COX and PGF, respectively, in
the SVA-HA assay (b) to the
SVA-HB assay (e). Lanes 1-21
PCR products from the Lab nos. m
1 to 21 in Table 1

1 2 3 45

+ + + + - - - - -
d. SVA-HC (primer set 3a, insertion and absence)
6 7 8 9 10 11 12 13 1415 16 17 18 19 20 21

m 1 2 3 45

and PGF (Lab. no. 41) control DNA. The amplification
bands were easily visualised, genotyped and scored as the
presence (+) or absence () of an insertion both as either
homozygotes (Fig. 2) or heterozygotes (not shown). The
result in lane 6 of Fig. 2 for the SVA-HA assay (a) was
equivocal, but it was later resolved to be a negative after
triplicate repeats (data not shown) and by the SVA-HA assay
(b) using the primer set 2c. Lane 6 in the SV4-HB assay (e)
was confirmed to be a negative result (no SVA insertion)
after triplicate repeats. The 6¢ primer set (Table 2) permitted
the detection of the SVA-HF insertion (290 bp) and its
absence (190 bp) in a single PCR. The SVA4-HA insertion was
detected using two separate PCR assays. One PCR assay
used a set of primers (2a) that detected the presence
(1,957 bp) and the absence (200 bp) of the SVA insertion
in a single assay, whereas the other PCR assay (primer set
2c) was used only to confirm the presence of the SVA
insertion (572 bp). There was 95% agreement between the
two PCR assays for the insertion of SV4-HA, but where there
was disagreement, the positive sample was assumed to be

a. SVA-HA (primer set 2a, insertion and absence)

QuickTime™ and a

are needed to sel:?:;o;ralcmre. 1957 bp

200 bp

........ B -

primer set 2c, insertion only)
6 7 8 9 10

11 12 13 1415 16 17 18 19 20 21 m cl 2

572 bp
+ +

¢. SVA-HF (primer set 6c, insertion and absence)
6 7 8 9 10 11 12 13 1415 16 17 18 19 20 21

m cl c2
290 bp
190 bp

o

m cl 2
1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 8 19
zﬂd;p

646 bp
+ + + + - - - - - N S R -+
e. SVA-HB (primer set 5, insertion and absence)
m 1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 17 18 19 20 21 m cl <2
1041 bp
264 bp

@ Springer



Immunogenetics (2010) 62:211-230

219

correct. Only a single PCR assay was used for the detection
of the SVA-HC and SVA-HB structural alleles, respectively,
after initial testing for a number of different primer sets using
typing cell lines, including COX and PGF which were
previously known to have one or other of the SVA insertions.

SVA allele, genotype and diplotype designations

For data analysis, the allele with no SVA insertion (absent) at
a locus was designated with the number 1, and the allele
with the SVA insertion (present) at a locus was designated
with the number 2." The number 0 was given to a
reproducible failed PCR reaction to indicate that the failure
was possibly due to a deletion or mutation at one or both
primer sites. Genotypes at a particular locus were designated
the allele numbers 11 (homozygous absence of the SVA
insertion on both chromosomes), 22 (homozygous presence
of the SVA insertion on both chromosomes) and 12
(heterozygous locus, absence or presence of the SVA
insertion on one of the chromosomal pairs). Diplotypes were
designated with a series of letters A, I or H where A is the
homozygote genotype 11 with SVA absent at the same locus
of each chromosome, I is the homozygote genotype 22 with
SVA present at the same locus of each chromosome, and H
is the heterozygous genotype 12 with one SVA present and
one SVA absent at the same locus of each chromosome.

As with Alu deletions, a SVA deletion is expected to
involve either the entire retrotransposon sequence together
with one or both of the flanking genomic regions (Kulski et
al. 1999) or a portion of the retrotransposon sequence
whereby a fragment or signature of the original insertion
event is retained (Edwards and Gibbs 1992). On the basis of
our confirmatory sequencing analysis (data not shown) and
the expected and observed PCR product sizes, the SVA allele
designation of “absent” is unlikely to reflect a full-length
deletion of a previously inserted SVA sequence located
between the target site duplication sequences (ESM
Table S1).

Statistical analyses

Gene and allele frequencies, heterozygosity, Hardy-
Weinberg equilibrium (HWE) and LD pairwise tests
(D’ and %) of the association between the HLA class I
gene two-digit alleles and the SVA alleles were performed
using the online software programmes GENEPOP (Raymond
and Rousset 1995) at http://genepop.curtin.edu.au/,
LINKDOS (Garnier-Gere and Dillmann 1992) at http://
genepop.curtin.edu.au/linkdos.html, DE FINETTI at
http://ihg.gsf.de/cgi-bin/hw/hwal.pl (Sasieni 1997) and
also the downloaded programmes MIDAS (Gaunt et al.
2006) from http:/www.oege.org/software/midas/index.shtml,
Arlequin v3.1 (Excoffier et al. 2005) from http://cmpg.unibe.

ch/software/arlequin3 and FSTAT v 2.9.3.2 (Goudet 1995)
from http://www?2.unil.ch/popgen/softwares/fstat.htm.
Heterozygosity (H) was estimated as 2pg, where p and g
are the allele frequencies. A 2x2 contingency two-sided test
with 2 df and Fisher’s exact test in the DE FINETTI
programme were used to detect the significant difference for
SVA frequencies between populations.

The LD tests and LD values D' and #* and haplotype
frequencies were calculated in a multi-allele pairwise
analysis of the association between the HLA class I gene
two-digit alleles and the SVA alleles using the default
settings for MIDAS (Gaunt et al. 2006). The Arlequin
haplotype frequencies were calculated for genotypic
data with unknown gametic phase using expectation—
maximisation (EM) algorithm and parameter settings of 50
for the number of starting values for EM, 100-500 for the
initial conditions for bootstraps, 100-5,000 for the number
of iterations and 1,000 for the number of bootstrap
replicates. No statistical corrections were applied for
multiple testing to maintain sensitivity (Perneger 1998).
Unpaired ¢ tests between the means were performed with
GraphPad Software online at http://www.graphpad.com/
quickcalcs/ttest] .cfm?Format=SD. The percentage associ-
ation between an SVA insertion and HLA allele was
calculated as the percentage of the total HLA allele
frequency that was associated with the presence of the
SVA insertion at an inferred haplotype using the observed
haplotype frequency data generated by the Midas software.

Phylogeny of HLA-A alleles

HLA-A protein sequences representing different alleles
(cDNA sequences) were obtained from the Anthony
Nolan Bone Marrow Trust HLA database (http://www.
anthonynolan.org.uk/HIG/seq/hla.html). The multiple
protein sequences were aligned using the CLUSTAL W 1.8
programme, and the phylogenetic analysis was undertaken
using the neighbour joining (NJ) method (Saitou and Nei
1986) at DDBJ (http://www.ddbj.nig.ac.jp/search/clustalw-e.
html) with the default settings for “protein” type,
p-correction, a phylip distance (output tree) tree and
bootstrap analysis (1,000 counts, 111 seed). The phylip
format (phb) of the phylogenetic tree was displayed using
the NJplot programme (Perriére and Gouy 1996).

Results and discussion

HLA class I and SVA allelic and haplotype associations
in reference cell lines

To test the reliability of the SVA PCR assays and examine
the haplotype linkage between the HLA-A, HLA-B and
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HLA-DRBI and SVA alleles, we analysed a DNA reference
set of 66 typing cell lines of various ethnic origins with 46
cells that were homozygous for HLA-A and HLA-B alleles
and 26 that were heterozygous either for the HLA-A or
HLA-B alleles. Table 1 lists the individual cell lines by Lab.
number, name, IHW ID, ethnicity, HLA-A, HLA-B and
HLA-DRBI alleles and the SVA insertion results at the four
loci, SVA-HF, SVA-HA, SVA-HC and SVA-HB.

Of the two SVA insertion loci near the HLA-A gene locus,
SVA-HF was linked to all ten samples with the homozygous
or heterozygous HLA-A*(3 allele and in particular the five
homozygous samples with the HLA-A*03/HLA-B*07/
DRBI*150! haplotype. None of the other nine HLA-A
alleles were linked to SVA-HF. The SVA-HA insertion was
linked to all ten samples with the HLA-4*03 allele, but also
to the HLA-A*11 and HLA-A*3002 alleles. Interestingly, the
SVA-HA PCR yielded no amplification products in the five
samples with the homozygous HLA-4*24 allele, suggesting
that the SVA-HA locus is probably deleted in most
HLA-A*24 haplotypes. In the Caucasian population analysis,
the SVA-HA PCR also failed to amplify the DNA sample
from a single case of the HLA-A*24/24 homozygote (data
not shown). This finding is consistent with a previous report
of a 50-kb genomic deletion upstream of the HLA-4 gene
with the HLA-A*24 allele (Watanabe et al. 1997) and the
deletion of the MER9-LTR in the HLA-A*24, which is only
4.2 kb from the SVA-HA locus in the other HLA-A alleles
(Kulski et al. 2009).

Of the two SVA insertion loci near the HLA-B gene
locus, the SVA-HC insertion was found in all eight
homozygous samples with the HLA-B*(7 allele and the
two heterozygous HLA-B*67 samples, but was not linked
to the other HLA-B alleles. In contrast, the SVA4-HB
insertion was present in 24 of the 46 homozygous samples
and linked to a variety of HLA-B alleles including HLA-
B*0801, -B*1302, -B*1402, -B*1501, -B*17, -B*3501,
-B*3502, -B*3508, -B*3801, -B*4001, -B*4403, -B*4701,
-B*5201, -B*5701, -B*58, and -B*60. The SVA-HB insertion
was absent from samples with HLA-B*07, -B*1402,
-B*1801, -B*4006, -B*4402 and -B*46.

HWE, allele and diplotype frequencies of SVA insertions
in three populations

PCR for the detection of the presence and/or absence of
the SVA insertion at four loci was performed on three
distinct populations. In the 174 Australian Caucasians, the
SVA-HB PCR failed to amplify in a HLA-B*46/48
heterozygote, whereas in the 100 African Americans, the
SVA-HB PCR had failed to amplify in four cases, a HLA-
B*39/53, -B*35/68, -B*40/40 and one case with an
unknown genotype. Similarly, the SV4-HC PCR failed to
amplify using the DNA from 5 of 100 African Americans,
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HLA-B*02/11, -B*15/51 and three cases with unknown
HLA-B genotypes. These PCR assays may have failed in
part because nucleotide mutations (SNPs and/or indels) at
the primer binding sites within the template DNA prevented
hybridisation between primer(s) and target DNA templates.
The SVA-HB and SVA4-HC genomic regions within the MHC
have extensive nucleotide variability and are possibly
susceptible to a rapid mutation rate (Gaudieri et al. 2000).
These negative samples were excluded from the calculation
of HWE and the frequency of the SVA insertions, but future
assays may benefit from the inclusion of sequencing analysis
and/or internal PCR controls to better assess the reasons for
the failed PCR reactions.

The frequencies and the results of the HWE test for the
SVA genotypes in the MHC class I region of 100 Japanese,
100 African-American, and 174 Australian-Caucasian DNA
samples are shown in Table 3. The SVA genotypes were in
HWE at three of the four loci. The main exception was for
SVA-HA when not corrected for its deletion on the HLA-
A*24 haplotype. If the SVA-HA on the HLA-A*24 haplotype
was counted as absent rather than deleted, then the number
of observed heterozygotes was increased and the number of
observed homozygotes for the SVA-HA insertion was
decreased, resulting in HWE at the P value of 0.5244.

The statistical differences and P values between the three
populations for the allele and the genotypic insertion
frequency, heterozygosity and homozygosity for the four
SVA loci are shown in Table 4. The highest SVA insertion
frequency (range, 0.25-0.65) was for SVA-HRB in all three
populations (Table 3) with a significant difference (P<0.05)
between the Japanese and African Americans or Australian
Caucasians, but not between the African Americans and
Australian Caucasians (P>0.05, Table 4). However, there
was a significant difference (P=0.026) in the heterozygous
frequency between African Americans and Australian
Caucasians. The lowest SVA insertion frequencies (<0.15)
were for SVA-HC and SVA-HF (Table 3) with significant
differences (P<0.05) between the Australian Caucasians
and the African Americans or Japanese, but not between the
African Americans and Japanese for the frequency of the
SVA-HC insertion (Table 4). The Japanese had no detect-
able SVA-HF insertions. The highest SVA4-HA frequency
was 0.23 in Australian Caucasians when the deletion of the
SVA-HA locus was taken into account for the HWE
calculations (P=0.5244) in individuals with the HLA-
A*24. The Armitage’s test for trend also shows some
similarity (P>0.05) between the SVA-HA or SVA-HC
insertions of Caucasians and African Americans and
between the SVA-HC insertions of African Americans and
Japanese (Table 4).

The frequency of the absence and/or presence of the
SVA insertions at the four loci can be estimated as
diplotype (a set of haplotype pairs or genotypes at multiple
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Table 3 SVA insertion frequencies and HWE test results for Australian Caucasians, Japanese and African Americans

Ethnic group and SVA genotypes SVA loci

SVA-HB SVA-HC SVA-HF SVA-HA® SVA-HA® SVA-HA®
Australian Caucasians, sample no. 173 174 174 174 130 174
No. of observed homozygote insertion 70 3 3 20 11 11
No. of observed heterozygote 86 29 44 50 49 59
No. of observed homozygote deletion 17 142 127 104 80 104
No. of expected homozygote insertion 73.81 1.76 3.59 11.64 18.58 9.43
No. of expected heterozygote 78.38 31.48 42.82 66.72 64.84 62.15
No. of expected homozygote deletion 20.81 140.76 127.59 95.64 56.58 102.43
Insertion frequency 0.65 0.1 0.14 0.26 0.36 0.23
SD of insertion frequency 0.024 0.017 0.019 0.026 0.025 0.023
HWE test P exact 0.24 0.39 1 0.001366 0.00653 0.5244
Japanese, sample number 100 100 100 100
No. of observed homozygote insertion 7 0 0 0
No. of observed heterozygote 36 6 0 11
No. of observed homozygote deletion 57 94 100 89
No. of expected homozygote insertion 6.25 0.09 0 03
No. of expected heterozygote 375 5.82 0 10.39
No. of expected homozygote deletion 56.25 94.09 0 89.3
Insertion frequency 0.25 0.03 0 0.06
SD of insertion frequency 0.031 0.012 0 0.016
HWE test P exact 0.79 1 0 1
African American, sample no. 96 95 100 100 92 100
No. of observed homozygote insertion 43 0 0 7 6 6
No. of observed heterozygote 36 1 8 22 21 23
No. of observed homozygote deletion 17 94 92 71 65 71
No. of expected homozygote insertion 38.76 0 0.16 3.24 2.96 3.06
No. of expected heterozygote 44.48 0.99 7.68 29.52 27.08 28.88
No. of expected homozygote deletion 12.76 94 92.16 67.24 61.96 68.06
Insertion frequency 0.64 0.01 0.04 0.18 0.18 0.17
SD of insertion frequency 0.038 0.005 0.014 0.03 0.031 0.029
HWE test P exact 0.077 1 1 0.015529 0.036646 0.0725

http://ihg2.helmholtz-muenchen.de/cgi-bin‘hw/hwal .pl
?Includes samples with HLA-4*24 allele
b HLA-A*24 samples removed from analysis

®Includes samples with HLA-4A*24 allele, but all SVA positive samples associated with HLA-4*24 allele were called heterozygote and not

homozygotes

loci) frequencies by counting the number of individuals
with homozygous insertions (I), heterozygotes (H) or the
absence of SVA insertions as homozygous genotypes (A) at
each locus. ESM Table S1 shows the diplotype percentage
frequencies at the four SVA loci in the three populations
with ten different diploids in Japanese, 17 in African
Americans and 33 in Caucasians. The absence of SVA
insertions as homozygous genotypes (AAAA) at the four
loci was 50% in the Japanese in comparison to 9% in the
African Americans and 2.3% in Australian Caucasians. The
percentage frequency of the diplotype, IAAA (no. 25), was

significantly higher (P<0.05) in the Australian Caucasians
(23%) and African Americans (22.4%) than in the Japanese
(5%). The African Americans (12%) had a significantly
higher (P<0.05) percentage frequency of the IAHA
diplotype (no. 27), which differentiated them from the
Australia Caucasian (5.2%) and Japanese (1%). On the other
hand, all three populations had 22.4% to 29% of the HAAA
diplotype (no. 12). Some multiple SVA homologous
insertions (diploid nos. 11, 18, 24, 29, 30, 31) were found
in Caucasians and to a lesser extent in African Americans,
but not in the Japanese.

@ Springer



222

Immunogenetics (2010) 62:211-230

Table 4 Test for association and SVA loci differentiation between populations

Population comparisons

Significance P level at four SVA insertion loci

SVA-HA

SVA-HB SVA-HC SVA-HF
Tests for association (TA) by Sasieni analysis®
Allele frequency difference, AC v J 1.10E-19 0.0025 2.73E-09 '1.87E-08
Allele frequency difference, AC v AA 0.67963 0.00002 0.0323 0.00015
Allele frequency difference, AA v ] 1.51E-14 0.12327 0.0001 0.0077
Heterozygous, AC v J TE-4/1E-10 0.43/0.009 0.04/8E—5 1/3E-8
Heterozygous, AC v AA 0.166/0.026 0.748/9E-5 0.65/0.13 0.46/0.0004
Heterozygous, AAv] 4E-5/TE-4 1/0.6 0.07/0.02 1/0.004
Homozygous, AC v J 3.04E-17 0.1605 0.00006 0.12624
Homozygous, AC v AA 0.21399 0.1605 0.13991 0.14237
Homozygous, AAv J 5.61E-12 1 0.00389 1
Armitage’s trend test: AC v J 6.03E-18 0.00358 1.16E-07 3.09E-08
Armitage’s trend test: AC v AA 0.68073 0.00006 0.05623 0.00014
Armitage’s trend test: AA v ] 6.68E-12 0.06342 0.0004 0.00389
Population differentiation (PD) by GenePop analysis®

Genic differentiation, all populations® >0.00000 >0.00000 >0.00000 >0.00000
Genic differentiation, AC v J >0.00000 0.00135 >0.00000 >0.00000
Genic differentiation, AC v AA 7.79E-01 >(0.00000 0.02757 0.00001
Genic differentiation, AA v J >0.00000 0.12219 0.00004 0.00779
Genotypic differentiation, all® >0.00000 >0.00000 >0.00000 >0.00000
Genotypic differentiation, AC v J >0.00000 0.00251 >0.00000 >0.00000
Genotypic differentiation, AC v AA 7.82E-01 >0.00000 6.10E—02 >0.00000
Genotypic differentiation, AA v J >0.00000 0.11869 0.00026 0.0061

An unbiased estimate of the P-value of a log-likelihood ratio (G) based exact test was performed.

AC Australian Caucasians, J Japanese, 44 is African American

2TA used the software programme at http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwal pl

®PD by GenePop Analysis using software at http://genepop.curtin.edu.au/

©Genic differentiation is the distribution of alleles in the various populations
9 Genotypic differentiation is the distribution of diploid genotypes in the various populations

Four-locus SVA haplotype frequencies and population
differences

ESM Table S1 shows the maximum-likelihood estimations
of the four-locus SVA haplotype frequencies using the EM
algorithm in the Arlequin software package and the P values
of the population differences analysed by the unpaired
Student’s ¢ test. There were 15 four-locus SVA haplotypes
for the three populations with 7 in the Japanese, 9 in the
African Americans and 14 in the Caucasians. There were
another seven haplotypes with missing data at one or more
haplotypes in the three populations. The SVA null haplotype
(no SVA insertions) was the most common in Japanese at
70.9%, which was significantly different (P<0.0001) to the
24.6% in African Americans and 19.2% in Caucasians. The
most frequent SVA haplotypes in Caucasians and African
Americans was the single SVA-HB insertion at a frequency
of 47.1% for both populations. The most frequent multiple
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SVA insertions were the SVA-HA/SVA-HB haplotype at
11.2% in African Americans, 9% in Caucasians and 2.8% in
Japanese.

The percentage association, LD and haplotype frequencies
of SVA alleles paired with HLA class I alleles in three
populations

The LD as a D' or ¥ measure, the observed haplotype
frequencies of SVA associations and the percentage
association (percentage of the HLA class I allele total
frequency associated with an SVA insertion) between SVA
insertions and HLA-A, -B or -C alleles at paired loci in
African Americans, Caucasians and Japanese were calculated
using the Midas software (Gaunt et al. 2006) and are shown
in the ESM Table S3 to Table S5, respectively. The LD
pairwise allele analysis by LinkDos, GenePop (option2,
suboption]) and Midas each revealed significant LD
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(P<0.05) between SVA-HF and SVA-HA, SVA-HF and
SVA-HC, SVA-HA and SVA-HC and between SVA-HC and
SVA-HB in Caucasians, but not in African Americans or
Japanese. On the other hand, there was significant LD
and a high percentage association between some of the
SVA insertions and HLA class I alleles in the three
populations.

The percentage frequency (>50%) of the HLA class 1
alleles associated with one of the four SVA insertions in the
SVA/HLA class I haplotypes of each population is shown in
Table 5. The moderate frequency SVA insertions SVA-HA
and SVA-HB (Table 3) are in strong association (>50%)
with both HLA-A and HLA-B alleles probably due to
linkage disequilibria between HLA-A and -B and the
formation of different haplotypes. For example, some of
the strong associations between the SVA insertion and the
HLA-4 and -B allelic pairs in Table 5 can be seen linked
together in the haplotypes of some of the cell lines listed in
Table 1, such as the SVA-HA insertion in the haplotypes
HLA-A*1101/HLA-B*3501 (cell line 5) and HLA-A*0301/
HLA-B*4701 (cell line 40) and the SVA-HB insertion in the
haplotypes HLA-A*1101/HLA-B*3501 (cell line 5), HLA-
A*33/HLA-B*5801 (cell lines 9 and 10), HLA-A*2601/
HLA-B*3801 (cell line 11), HLA-A*0201/HLA-B*1501
(cell lines 19 and 20), HLA-A*0201/HLA-B*3503 (cell line
22), HLA-A*0201/HLA-B* 1302 (cell line 23), HLA-A*0101/
HLA-B*5201 (cell line 24) and HLA-A*0101/HLA-B*0801
(cell lines 28 to 30). The SVA4-HA insertion in the haplotype
HLA-A*0301/HLA-B*0701 (Table 5) had a 49% association
with HLA-B*07 and 95% association with HLA-A*03 in
Caucasians (ESM Table S4).

The SVA-HF insertion was most frequently (90.4%)
associated with the HLA-4A*03 allele (Table 5) and the
Caucasian HLA haplotype A*0301/C*0702/B*0702/
DRBI1*1501/DQOB*0602 (data not shown). Forty-seven
(27%) of the 174 Caucasian individuals and none of the
100 Japanese individuals were positive for SVA-HF. Of the
non-HLA-A*03 alleles, ten SVA-HF-positive samples were
associated with a variety of HLA-A alleles including one
sample homozygous for HLA-A4*24. This implies a
crossing-over (recombination) rate of about 21% between
the HLA-A and SVA-HF loci (220 kb, Fig. 1b) in the 41
Caucasians with the HLA-4A*03. In African Americans,
only 8 of 100 (8%) individuals were SVA4-HF-positive, with
four of these having the HLA-4*03 allele. However, 7 out
of the 11 individuals with the HLA-4*03 allele were
SVA-HF-negative. SVA-HF was also associated strongly
(>60%) with the low-frequency HLA-B alleles, HLA-B*39,
-B*47 and -B*52 (Table 5) as also seen in the cell line PLH
(lab no. 40) with the HLA-4*0301/HLA-B*4701 haplotype
(Table 1).

The SVA-HA insertion, which has low to moderate
frequencies in the three populations, was found to be

relatively haplospecific with significant LD (P<0.05) and
strong percentage associations (>79%) for HLA-A*03,
HILA-A*1] and HLA-A*30 in Caucasians and African
Americans, but not the Japanese. The percentage association
between the SVA-HA insertion and HLA-4*1] was strong in
the Caucasians (100%), moderate in African Americans
(57.2%) and weak in the Japanese (37.5%) and with
significant LD (P<0.05) in all three populations. The
identity by descent of the SVA-HA insertion with a
phylogenetic reconstruction of the HLA-A alleles (Fig. 3)
suggests that the SVA-HA insertion in Caucasians and
African Americans has been inherited mainly through the
HLA-4*03 and HLA-A*30 lineages after their separation
from the HLA-A*0I lineage. In Caucasians and African
Americans, the SVA4-HA insertion has strong association with
the HERVKY insertion, which is located between SVA-HA
and SVA-HF (Fig. 1a) and also has a strong association with
the HLA-A*03 and -A*30 alleles (Kulski et al. 2008).

Strong SVA insertion associations of more than 80%
with HLA alleles were observed between SVA-HB and
HLA-B*08, -B*13, -B*15, -B*27, -B*35, -B*37 to -B*41,
-B*45 and -B*50; SVA-HC and HLA-B*07; SVA-HA and
HLA-A*03, -A*11, -A*30 and -4*69; SVA-HF and HLA-
A*03; and SVA-HB and HLA-A*01, -A*23, -A*25, -A*30
and -4*69 in Caucasians. Similar trends were observed in
Japanese and African Americans. The few HLA-B alleles
that did not have the SVA-HB insertion were HLA-B*(7,
-B*14, -B*4402 and -B*18. The SVA-HB insertion also
had strong associations with a number of different HLA-C
2-digit alleles, such as HLA-C*03, -C*04, -C*06, -C*12,
-C*16 and -C*17 in Caucasians and HLA-C*02, -C*06
and -C*12 in Japanese (Table 5).

The SVA-HC insertion is in significant LD (P<0.05) and
has 86.4% and 31.3% association with HLA-B*07 and
HLA-C*07, respectively, in the Caucasian population
(Table 5 and ESM Table S4) and was found in all the
HLA-B*07 homozygous cell lines (Table 1). Twenty-nine
(90.6%) of 32 SVA-HC-positive Caucasian individuals also
had the HLA-B*0702 and HLA-C*0702 alleles (data not
shown). Only four (12%) of the 33 Caucasian individuals
with the HLA-B*0702 and HLA-C*0702 allelic combination
did not have an accompanying SVA-HC insertion. The
SVA-HC insertion has significant (P<0.05) LD, but a weak
percentage association with HL4-B*07 in Japanese (21.7%)
and African Americans (7.7%). Only 3 of the 13 (23.1%)
individuals with the HLA-B*0702 and HLA-C*0702 alleles
were positive for the SVA4-HC insertion in the Japanese, and
only one of 12 (8.3%) African Americans with the HLA-
B*(7 allele also had the SV4-HC insertion (data not shown).
The frequency of the SV4A-HC insertion is three to ten times
higher in the Caucasians than in Japanese or African
Americans (Table 3). This suggests that S¥V4-HC was inserted
originally into a member of the Caucasian population and is
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Table 5 Percentage (>50%) association of the SVA insertions at four loci with particular HLA class I alleles in the SVA/HLA class 1 haplotype
pairs of each population

SVA allele insertion HLA class I allele Population (n) Frequency of SVA insertion Frequency of HLA allele % Association of SVA
with HLAcI allele
SVA-HF HLA-B*47 African American (96) 0.005 0.005 100.0
SVA-HF HLA-B*39 Caucasian (174) 0.019 0.026 74.0
SVA-HF HLA-B*52 Caucasian (174) 0.005 0.009 60.2
SVA-HF HLA4-4*03 Caucasian (173) 0.112 0.124 90.4
SVA-HA HLA-A*30 African American (96) 0.124 0.146 85.0
SVA-HA HLA-A*03 African American (96) 0.046 0.057 79.9
SVA-HA HLA-A*11 African American (96) 0.009 0.016 572
SVA-HA HLA-4*11 Caucasian (172) 0.084 0.084 100.0
SVA-HA HLA-4*30 Caucasian (172) 0.032 0.032 100.0
SVA-HA HLA-A*69 Caucasian (172) 0.003 0.003 100.0
SVA-HA HLA-A*03 Caucasian (172) 0.119 0.125 94.8
SVA-HA HLA-A*01 Japanese (100) 0.005 0.005 100.0
SVA-HA HLA-B*41 African American (96) 0.010 0.010 100.0
SVA-HA HLA-B*47 African American (96) 0.005 0.005 100.0
SVA-HA HLA-B*54 African American (96) 0.005 0.005 100.0
SVA-HA HLA-B*71 African American (96) 0.010 0.010 100.0
SVA-HA HLA-B*42 African American (96) 0.049 0.049 72.7
SVA-HA HLA-B*45 African American (96) 0.009 0.009 57.2
SVA-HA HLA-B*38 Caucasian (173) 0.009 0.009 100.0
SVA-HA HLA-B*41 Caucasian (173) 0.006 0.006 100.0
SVA-HA HLA-B*13 Caucasian (173) 0.010 0.014 69.7
SVA-HA HLA-B*52 Caucasian (173) 0.006 0.009 66.7
SVA-HA HLA-B*35 Caucasian (173) 0.042 0.072 58.8
SVA-HA HLA-B*39 Caucasian (173) 0.015 0.026 579
SVA-HA HLA-B*37 Japanese (99) 0.005 0.005 100.0
SVA-HA HLA-C*12 Caucasian (172) 0.029 0.047 62.7
SVA-HA HLA-C*04 Caucasian (172) 0.052 0.033 56.1
SVA-HA HLA-C*06 Japanese (99) 0.005 0.005 100.0
SVA-HB HLA-A*26 African American (93) 0.011 0.011 100.0
SVA-HB HLA-A*36 . African American (93) 0.016 0.016 100.0
SVA-HB HLA-A*43 African American (93) 0.005 0.005 100.0
SVA-HB HLA-A*66 African American (93) 0.022 0.022 100.0
SVA-HB HLA-A*80 African American (93) 0.005 0.005 100.0
SVA-HB HLA-A*74 African American (93) 0.006 0.054 88.1
SVA-HB HLA-A*29 African American (93) 0.009 0.059 84.1
SVA-HB HLA-A*68 African American (93) 0.012 0.059 79.4
SVA-HB HLA-A*24 African American (93) 0.011 0.048 71.3
SVA-HB HLA-A*33 African American (93) 0.023 0.075 70.0
SVA-HB HLA-A*34 African American (93) 0.015 0.048 68.4
SVA-HB HLA-A*03 African American (93) 0.019 0.054 64.9
SVA-HB HLA-4*30 African American (93) 0.055 0.145 62.1
SVA-HB HLA-A*02 African American (93) 0.074 0.183 59.7
SVA-HB HLA-A*23 African American (93) 0.038 0.081 52.7
SVA-HB HLA-A*23 Caucasian (172) 0.005 0.005 100.0
SVA-HB HLA-A*25 Caucasian (172) 0.006 0.006 100.0
SVA-HB HLA-A*30 Caucasian (172) 0.032 0.032 100.0
SVA-HB HLA-A*69 Caucasian (172) 0.003 0.003 100.0
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Table 5 (continued)

SVA allele insertion HLA class I allele Population (n)

Frequency of SVA insertion Frequency of HLA allele % Association of SVA

with HLAcl allele
SVA-HB HLA-A*01 Caucasian (172) 0.145 0.177 81.9
SVA-HB HLA-A*24 Caucasian (172) 0.084 0.105 79.8
SVA-HB HLA-A*31 Caucasian (172) 0.032 0.041 78.7
SVA-HB HLA-A*26 Caucasian (172) 0.020 0.026 77.1
SVA-HB HLA-A*29 Caucasian (172) 0.047 0.061 76.6
SVA-HB HLA-A*68 Caucasian (172) 0.032 0.049 64.2
SVA-HB HLA-A*02 Caucasian (172) 0.133 0.247 53.8
SVA-HB HLA-A*11 Caucasian (172) 0.045 0.084 53.8
SVA-HB HLA-A*01 Japanese (100) 0.005 0.005 100.0
SVA-HB HLA-A*33 Japanese (100) 0.017 0.030 57.1
SVA-HB HLA-B*08 African American (93) 0.059 0.059 100.0
SVA-HB HLA-B*27 African American (93) 0.032 0.032 100.0
SVA-HB HLA-B*39 African American (93) 0.011 0.011 100.0
SVA-HB HLA-B*40 Afican American (93) 0.011 0.011 100.0
SVA-HB HLA-B*4] African American (93) 0.011 0.011 100.0
SVA-HB HLA-B*47 African American (93) 0.005 0.005 100.0
SVA-HB HLA-B*50 African American (93) 0.011 0.011 100.0
SVA-HB HLA-B*52 African American (93) 0.016 0.016 100.0
SVA-HB HLA-B*53 African American (93) 0.086 0.086 100.0
SVA-HB HLA-B*71 African American (93) 0.011 0.011 100.0
SVA-HB HLA-B*72 African American (93) 0.005 0.005 100.0
SVA-HB HLA-B*78 African American (93) 0.011 0.011 100.0
SVA-HB HLA-B*35 African American (93) 0.090 0.108 83.8
SVA-HB HLA-B*58 African American (93) 0.037 0.048 71.3
SVA-HB HLA-B*42 African American (93) 0.050 0.070 71.8
SVA-HB HLA-B*13 African American (93) 0.019 0.027 71.5
SVA-HB HLA-B*I5 African American (93) 0.052 0.075 68.8
SVA-HB HLA-B*45 African American (93) 0.011 0.016 66.6
SVA-HB HLA-B*44 African American (93) 0.057 0.086 66.3
SVA-HB HLA-B*51 African American (93) 0.016 0.027 60.0
SVA-HB HLA-B*08 Caucasian (173) 0.142 0.142 100.0
SVA-HB HLA-B*27 Caucasian (173) 0.032 0.032 100.0
SVA-HB HLA-B*37 Caucasian (173) 0.020 0.020 100.0
SVA-HB HLA-B*38 Caucasian (173) 0.009 0.009 100.0
SVA-HB HLA-B*39 Caucasian (173) 0.026 0.026 100.0
SVA-HB HLA-B*40 Caucasian (173) 0.075 0.075 100.0
SVA-HB HLA-B*41 Caucasian (173) 0.006 0.006 100.0
SVA-HB HLA-B*45 Caucasian (173) 0.006 0.006 100.0
SVA-HB HLA-B*50 Caucasian (173) 0.006 0.006 100.0
SVA-HB HLA-B*13 Caucasian (173)" 0.013 0.014 86.6
SVA-HB HLA-B*35 Caucasian (173) 0.060 0.072 83.7
SVA-HB HLA-B*15 Caucasian (173) 0.079 0.098 80.8
SVA-HB HLA-B*55 " Caucasian (173) 0.022 0.029 76.3
SVA-HB HLA-B*52 Caucasian (173) 0.006 0.009 713
SVA-HB HLA-B*58 Caucasian (173) 0.006 0.009 713
SVA-HB HLA-B*57 Caucasian (173) 0.020 0.035 57.6
SVA-HB HLA-B*13 Japanese (99) 0.010 0.010 100.0
SVA-HB HLA-B*27 Japanese (99) 0.015 0.015 100.0
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Table 5 (continued)

SVA allele insertion HLA class I allele Population (n)

Frequency of SVA insertion Frequency of HLA allele % Association of SVA

with HLAcI allele
SVA-HB HLA-B*37 Japanese (99) 0.005 0.005 100.0
SVA-HB HLA-B*55 Japanese (99) 0.017 0.030 57.2
SVA-HB HLA-B*52 Japanese (99) 0.078 0.141 554
SVA-HB HLA-C*06 Caucasian (172) 0.073 0.073 100.0
SVA-HB HLA-C*12 Caucasian (172) 0.047 0.047 100.0
SVA-HB HLA-C*16 Caucasian (172) 0.049 0.049 100.0
SVA-HB HLA-C*17 Caucasian (172) 0.009 0.009 100.0
SVA-HB HLA-C*03 Caucasian (172) 0.171 0.186 92.0
SVA-HB HLA-C*04 Caucasian (172) 0.080 0.093 86.1
SVA-HB HLA-C*02 Caucasian (172) 0.030 0.035 . 86.0
SVA-HB HLA-C*02 Japanese (99) 0.005 0.005 100.0
SVA-HB HLA-C*06 Japanese (99) 0.005 0.005 100.0
SVA-HB HLA-C*12 Japanese (99) 0.095 0.152 62.7
SVA-HC HLA-B*07 Caucasian (174) 0.092 0.106 86.4

This is a summary table of the more detailed percentage frequency associations and LD analyses between SVA and HLA allelic pairs for each
population presented in ESM Tables S3 to S5. The haplotype frequency of the SVA absent and present at each loci was associated with a
particular HLA class I gene allele in the pairwise haplotype LD analysis using the Midas programme of Gaunt et al. (2006)

now being transmitted through to other population groups at
a lower frequency.

A six-locus haplotype analysis of the HLA-A/HLA-B/
four-locus SVA insertions was performed on the population
data using the likelihood method and EM algorithm in the
Arlequin software package. Table 6 shows the frequency of
the six most common six-locus haplotypes in the three

populations. The two most common estimated haplotypes in
the African Americans were HLA-A*02/HLA-B*35/SVA-HB
and HLA A*02/HLA-B*44/SVA-HB at 2.5% each. The most
common estimated haplotypes in Caucasians and Japanese
was HLA-A*01/HLA-B*08/SVA-HB at 9.4% and HLA-A*24/
HLA-B*52/SVA-HB at 6.7%, respectively. In Caucasians, an
estimated haplotype containing SVA multilocus insertions,

SVA-HA 0000
insertion 0, HLA_A"010101
nsertio JL_r—-Huu\'oloz
HLA_A"3601(-,13,-)
(CAJ) HLA_A*03010101(95,80,-)
©.0,0) HLA_A*0302
0, HLA_A"110101 (100,57,38)
HLA_A*1103
HLA_A"300101 (100,85,-)
HLA_A*300201
(-0.) 000 svaHAlocusdeleted |HLAA24020101
(130 HLA_A"240203
— HLA_A"02010101
000 HLA_A"0207
HLA_A*020601
HLA_A*0210
HLA_A*020301
©220) 1y 4 a-310102
HLA_A®3301 (-,12,31)
HLA_A*330301
S HLA_A*3201
HLA_A"3402
HLA_A"3401
L HLA_A*2603
L HLA_A*2605
HLA_A"260101
I— HLA_A*2602
L— HLA_A*2604

Fig. 3 Phylogenetic tree of HLA-A alleles and association with the
SVA-HA insertion. The phylogenetic tree was constructed using the
Jukes—Cantor distance calculations and the neighbour-joining method.
Minimum evolution analysis of the complete cDNA sequences of
HLA-A alleles. The SVA-HA insertion association with HLA-A alleles
is lineage-dependent. Vertical arrowheads indicate strong association
with SVA-HA insertion. The hypothetical point for the SVA-HA

@_ Springer

insertion is indicated. The numbers in parenthesis are the percentage
association of an HLA-A allele with the S¥4-HA insertion in Caucasians
(C), African Americans (4) and Japanese (J) reading from left to right
(C, A, J). The dash in place of a number in parenthesis indicates the
HLA-A allele is missing from the population. No outgroup was included
as the topology is similar to previous publications (McKenzie et al.
1999)
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Table 6 Maximum-likelihood (ML) frequency estimation (Arlequin) of the six most common six-locus HLA-A/HLA-B/SVA-four-loci

haplotypes in each of 3 populations

Haplotype

HLA-A*02/HLA-B*35/SVA-HB/other 3 SVA absent
HLA-A*02/HLA-B*44/SVA-HB/other 3 SVA absent
HLA-A*23/HLA-B*49/SVA-HB/other 3 SVA absent
HLA-A*03/HLA-B*57/SVA-HA/other 3 SVA absent
HLA-A*33/HLA-B*15/SVA-HB/other 3 SVA absent
HLA-A*33/HLA-B*42/SVA-HB/other 3 SVA absent

HLA-A*01/HLA-B*08/SVA-HB/other 3 SVA absent
HLA-A*02/HLA-B*44/all 4 SVA absent
HLA-A*29/HLA-B*44/SVA-HB/other 3 SVA absent

HLA-A*03/HLA-B*07/SVA-HF/SVA-HA/SVA-HC/
other SVA absent

HLA-A*02/HLA-B*07/SVA-HC/other 3 SVA absent
HLA-A*02/HLA-B*27/SVA-HB/other 3 SVA absent

HLA-A*24/HLA-B*52/SVA-HB/other 3 SVA absent
HLA-A*02/HLA-B*40/all 4 SVA absent
HLA-A*24/HLA-B*54/all 4 SVA absent
HLA-A*24/HLA-B*52/all 4 SVA absent
HLA-A*24/HLA-B*15/all 4 SVA absent

ML haplotype
Freq. SD
African-American (=200 chromosomes, 125 listed haplotype frequencies of a possible 460)
0.0250 0.0134
0.0250 0.0147
0.0200 0.0106
0.0200 0.0107
0.0200 0.0106
0.0200 0.0110
Australian-Caucasian (n=348 chromosomes, 138 listed haplotype frequencies of a possible 852)
0.0939 0.0158
0.0758 0.0149
0.0371 0.0097
0.0360 0.0108
0.0260 0.0099
0.0247 0.0092
Japanese (7=200 chromosomes, 72 listed haplotype frequencies of a possible 217)
0.0669 0.0206
0.0636 0.0203
0.0600 0.0178
0.0406 0.0185
0.0396 0.0160
0.0383 0.0161

HLA-A*02/HLA-B*51/all 4 SVA absent

Arlequin conventional EM algorithm (one pass), bootstrap was 1,000, number of random conditions for EM was 50

HLA-A*03/HLA-B*07/SVA-HF/SVA-HA/SVA-HC, was
relatively high at 3.6%.

The evolution of classical HLA class I gene/SVA insertion
haplotypes

The SVA-HB insertion appears to be the oldest of the four
SVA insertions in this study based on its high insertion
frequency, significant LD and high percentage association
with many different HLA-B alleles in the cell lines and the
three populations. This was confirmed by the Repeat-
Masker alignment programme that identified the SVA4-HB
sequence as a member of the SVA_B subfamily (Table 2)
that emerged 11.56 Mya, probably before the origin of the
great apes, the orangutan, the gorilla, the chimpanzee and
the human (Wang et al. 2005). In comparison, Repeat-
Masker and phylogenetic analysis (Wang et al. 2005)
diagnosed the SVA-HA insertion as a SVA-D subtype that
emerged with the great apes about 9.55 Mya, the SVA-HF
insertion as a SVA_E subtype that emerged in the human
evolutionary lineage about 3.46 Mya and the SVA-HC
insertion, which has the lowest overall population frequency

(Table 3), as a SVA_F subtype that emerged 3.18 Mya after
the separation of the chimpanzee and human lineages. On
this basis, it is evident that SV4-HB is the oldest and SVA-HC
is the youngest of the four SVA insertions in this study.
The level of association of a SVA insertion with a
particular HLA allele in a population might depend largely
on the frequency of the HLA allele that was originally
linked to the SVA insertion and whether or not the original
HLA allele and SVA combination (haplotype) has changed
with the ensuing generations due to either sequence
mutation of the original HLA allele or the occurrence of
allelic exchange due to crossing-over events (as outlined in
ESM Fig. S2). Most HLA/SVA haplotypes generated due to
a mutation in the HLA gene are expected to have remained
at 100% linkage (identity by descent) if no further changes
had occurred in the haplotype structure in subsequent
generations due to crossing-over or deletions. On the other
hand, HLA class I gene and SVA allelic combinations due
to crossing over are expected to have generated mostly low
frequency haplotypes, unless the crossing: over had
occurred very early in the HLA allele’s life history. On the
basis of phylogeny, the SV4-HA appears to have been first
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inserted in the HLA-A*24 or HLA-A*30 lineage before
being passed on to the HLA-4A*03 and HLA-A*11 lineages
(Fig. 3), assuming that the original SV4-HA/HLA-A haplo-
type has survived. The low percentage association of
SVA-HA with other HLA-A alleles such as HLA-A*01,
-A*26, -A*31, -A*33, -A*36 and -4*66 may have then
arisen by crossing over or by other genomic exchange
mechanisms. Because the SVA-HB is an older insertion than
SVA-HA and has a much higher frequency across three
populations, the original SVA-HB/HLA-B haplotype was not
identified among the many different SVA-HB/HLA-B allele
combinations. Most of the SVA associations with HLA4-B
alleles appear, however, to be HLA-B allele lineage-
dependent (McKenzie et al. 1999) with a small phyloge-
netic cluster of HLA-B alleles, such as HLA-B*(7, -B*48
and -B*81, largely free of SVA-HB insertions, and the
neighbouring phylogenetic clusters of HLA-B*08, -B*27,
-B*40 and -B*47 with 100% SVA-HB association in
Caucasians and African Americans. Some neighbouring
phylogenetic clusters such as those with HLA-B*14 or
-B*39 that have diverged from HLA-B*(07 or HLA-B*08
(McKenzie et al. 1999) were found to have a low (<15%) or
high (100%) association with SVA-HB, respectively. Thus, a
phylogenetic tree analysis (data not shown) may reveal
which associations between the SVA-HB and HLA-B alleles
have arisen by direct lineage inheritance, HLA-B allelic
mutations, crossing over or gene conversion events as
outlined in the schemes shown in ESM Fig. 2S and for the
SVA-HA insertion in the HLA-A lineages (Fig. 3). In this
regard, phylogenetic analyses of the HLA-B allele associa-
tions with the SV4A-HB insertion, similar to that shown for
HLA-A alleles and the SV4-HA insertion in Fig. 3, may help
reveal interesting HLA-B allele and haplotype lineages when
more population frequency data have been obtained.

In comparison to SVA-HB and SVA-HA, the other SVA
insertions appear to have originated more recently and
consequently have been linked to fewer specific HLA class
I alleles, such as between SVA-HC and HLA-B*0702 and
HLA-C*0702. Thus, the frequencies of the SVA-HC and
SVA-HF are much lower (Table 3) and their insertions are
associated at a high percentage with only a few HLA class I
alleles rather than a wider range and a relatively larger
number of HLA class I alleles as in the case of SV4-B. In
this regard, the frequencies and HLA allelic relationships
for the other 14 or more SVA sequences that have been
identified within the MHC genomic region (Fig. 1a) warrant
investigation.

Conclusions

This is the first comparative genetic study of a set of
multilocus SVA in the HLA class I region of three distinct
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populations which shows that these SVA alone or together
with the HLA class I alleles are informative genetic markers
for the identification of allele and haplotype lineages and
variations within the same or different populations. This -
study has provided an insight into the relationships between
SVA structural polymorphism at four loci and the
adjacent classical HLA class I loci and has helped in the
characterisation of extended HLA haplotypes. These issues
are of importance for population differentiation studies in
anthropology and DNA forensics, the identification of
disease associations and for a better definition of donor—
recipient compatibility in bone marrow grafts through the
typing of haplospecific markers.

Finally, the PCR assays for the SVA insertions in this
study were developed from SVA sequences in the common
Caucasian haplotypes, HLA-A*0101/HLA-B*0801/HLA-
DRB1*030] and HLA-A*0301/HLA-B*0702/HLA-
DRBI*1501 (Stewart et al. 2004). This method of SVA
PCR primer selection and development is unlikely to have
contributed significantly to an ascertainment bias where the
frequencies of the SVA insertion alleles and haplotypes in
this study were highest in the Caucasians, intermediate for
African Americans and lowest in Japanese because only
two distinct alleles (absent and present) are the intrinsic
measure of this system. Ascertainment bias is more likely to
occur in the analysis of SNP data and affect the frequency
spectra and summary population statistics such as frequencies
of SNP alleles, genotypes and haplotypes when minor SNP
alleles are not accounted for in geographically restricted
ascertainment population panel of a small number of
individuals (Clark et al. 2005). A number of other common
Caucasian HLA haplotypes that have been completely
sequenced (Horton et al. 2008) were not investigated for
additional polymorphic SVA markers in this study. The
development of polymorphic SVA insertion markers to better
discriminate between Caucasians, Japanese, African Ameri-
cans and other population groups may require a more detailed
analysis of the other common HLA haplotype genomic
sequences of Caucasian and non-Caucasian populations.
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