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Abstract

The HLA region shows diversity concerning the number and content of DRB genes present per haplotype. Similar observations
are made for the equivalent regions in other primate species. To elucidate the evolutionary history of the various HLA-DRB genes,
a large panel of intron sequences obtained from humans, chimpanzees, rhesus macaques, and common marmosets has been
subjected to phylogenetic analyses. Special attention was paid to the presence and absence of particular transposable elements
and/or to their segments. The sharing of different parts of the same long interspersed nuclear element-2 (LINE2, L2) and various
Alu insertions by the species studied demonstrates that one precursor gene must have been duplicated several times before the
Old World monkey (OWM) and hominid (HOM) divergence. At least four ancestral DRB gene families appear to have been
present before the radiation of OWM and HOM, and one of these even predates the speciation of Old and New World primates.
Two of these families represent the pseudogenes DRB6/DRB2 and DRB7, which have been locked in the genomes of various
primate species over long evolutionary time spans. Furthermore, all phylogenies of different intron segments show consistently
that, apart from the pseudogenes, only DRB5 genes are shared by OWM and HOM, and they demonstrate the common history
of certain DRB genes/lineages of humans and chimpanzees. In contrast, the evolutionary history of some other DRB loci is difficult
to decipher, thus illustrating the complex history of the evolution of DRB genes due to a combination of mutations and
recombination-like events. The selected approach allowed us to shed light on the ancestral DRB gene pool in primates and
on the evolutionary relationship of the various HLA-DRB genes.
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Introduction

HLA-DR (Human Leukocyte Antigen-D-related) specificities
have originally been described as the serological equivalents of
HLA-D that had earlier been defined by cellular assays (van
Rood et al. 1977). Subsequent sequencing, transfection stud-
ies, and reactivity profiles with alloantisera pinpointed which
major histocompatibility complex (MHC) class Il molecules
were responsible for the reactivity with these antisera. Later
on, molecular studies demonstrated the presence of one DRA
gene, encoding the alpha chain, and multiple DRB genes,
encoding the beta chain, on different haplotypes, which dis-
play, in addition, copy number variation. Similar analyses have
been performed with nonhuman primates allowing the iden-
tification of multiple DRB genes as well. Although the DRA
gene in humans is highly conserved, nine different HLA-DRB
genes have been described. HLA-DRBT1, -B3, and -B5 encode
functional gene products, whereas -B2, -B6, -B7, -B8, and -B9
represent pseudogenes as manifested by various insertions/
deletions (indels) and deleterious mutations. HLA-DRB4 may
represent a pseudogene, depending on the haplotype on
which it is embedded. HLA-DRB genes show different degrees
of allelic variation, of which DRBT is the most polymorphic.
HLA-DRB6 is an example of a highly variable pseudogene,
whereas -DRB7 is more or less monomorphic. In humans
and other primate species, each haplotype contains a DRA

gene in concert with various numbers of DRB genes. Within
the human population, five major region configurations have
been described, characterized by the presence of a unique
combination of DRB genes/pseudogenes per haplotype.
Region configuration polymorphism may be even more pro-
nounced in other primate species. For the chimpanzee (Pan
troglodytes) and some macaque species (Macaca mulatta and
M. fascicularis), nine or even more than 30 different DRB
haplotypes have been described, respectively, whereas such
polymorphism is absent in common marmosets (Callithrix
jacchus), a New World primate species (Antunes et al. 1998;
de Groot et al. 2008; Doxiadis, de Groot N, de Groot, et al.
2008). The paralogous or orthologous relationship of the var-
ious DRB genes in primates appears to be complex and has
long been a matter of debate.

The divergence time of Old World monkey (OWM)-hom-
inid (HOM) on the one hand and OWM-New World mon-
keys (NWM) on the other hand have been calculated to be
~25 My, and ~36 Ma, respectively (Glazko and Nei 2003;
Perelman et al. 2011). Most primate DRB alleles appear to be
relatively young entities, as sharing is only observed for closely
related species (Blancher et al. 2006; Doxiadis et al. 2006;
O’Connor et al. 2007). Comparative studies, mainly based
on exon 2 analyses, demonstrate that orthologs of different
HLA-DRB genes may be present in other species such as the
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chimpanzee, gorilla, orangutans, and macaques (Klein et al.
1997; Brandle et al. 1992; Schonbach et al. 1993; Slierendregt
et al. 1994). In NWM, however, similarity of DRB exon 2 seg-
ments appears to be based on convergent evolution
(Antunes et al. 1998; Kriener, O'HUigin, Tichy, et al. 2000).
Subsequent intron analyses, indeed, showed that the majority
of contemporary HLA-DRB1 alleles have been generated
during the past 250,000 years, whereas many DRB lineages
and loci predate the divergence of the hominoid species
(Erlich et al. 1996; Bergstrom et al. 1998). A recent compari-
son of exon 2 and introns obtained from HOMs and OWMs
indicated that DRB5 and DRB6 loci are >25-My-old entities
(Doxiadis, de Groot N, de Groot, et al. 2008). However, the
number of DRB genes that have been present in the ancestral
pool of primates at given speciation events is not yet known.

In addition to intron sequences being studied, the sharing
of certain transposable elements (TE) has been employed for
the deciphering of the evolutionary relationships of genes. TE,
first described in 1956 (McClintock 1956), were regarded for a
long time as “junk” DNA but appear to make up more than
40% of the mammalian genome (Bannert and Kurth 2004,
2006; Goodier and Kazazian 2008; Oliver and Greene 2011). In
the past decade, TE have been increasingly recognized as
powerful facilitators of evolution by promoting recombina-
tion and gene transfer (Deininger and Batzer 2002; Bannert
and Kurth 2004; Kazazian 2004; Belancio et al. 2008; Goodier
and Kazazian 2008; Xing et al. 2009; Britten 2010; Iskow et al.
2010; Levin and Moran 2011; Munoz-Lopez et al. 2011; Oliver
and Greene 2011).

There are mainly three groups of class | retro elements, all
moving in a “copy and paste” manner and involving the re-
verse transcription of an RNA intermediate and an insertion
of its copy into a new site in the genome. The first group
consists of retrotransposons characterized by long terminal
repeats (LTR) and includes, for instance, the human endoge-
nous retroviruses (HERV) comprising ~8% of the human
genome. These are relics of past rounds of germline infections
caused by viruses that lost their ability to reinfect and became
trapped in the host genome (Goodier and Kazazian 2008;
Oliver and Greene 2011). Several ERV families are also present
in both OWM and NWM, indicating that the primary infec-
tion event occurred more than 25 Ma (Bannert and Kurth
2006).

The second and most numerous group comprises the long
interspersed nuclear repeats (LINE), which make up approx-
imately 20% of the human genome. These elements lack LTR
structures. The oldest element, LINE2 (L2), represents an au-
tonomous retrotransposon that was spread before the mam-
malian radiation and is now present as a truncated molecular
fossil at 3% in our genome (Smith A, personal communica-
tion). L2 has a maximum length of 5kb; however, the only
available consensus sequence is 3-kb long and has only one
open reading frame for pol (Kohany et al. 2006; Oliver and
Greene 2011). Far more abundant are LINET (L1) elements,
which comprise 17% of the human DNA and have been
active in the mammalian genomes since the marsupial—eu-
therian split and have expanded over the past 100-150 My
(Smit 1996). However, the expansion has slowed since 25 Ma,
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and most human L1 insertions are molecular fossils that
cannot retrotranspose to new genomic locations.

The third group of TE comprises the short interspersed
nuclear elements (SINE). SINEs are small, nonautonomous
elements, because they have no protein coding capacity.
They are therefore dependent on LINEs for their amplification
and retrotransposition. In humans, Alu elements are the most
abundant SINEs, with ~1 million copies, making up more
than 10% of the genome. Full-length Alu elements are
~300 bp long and commonly found in introns and intergenic
segments. Most of the Alu elements duplicated more than 40
Ma (AluSx and Alu)), whereas others are far younger, such as
AluSg (~25 My) and AluY, which expanded during the period
of the OWM and HOM divergence (Jurka and Smith 1988;
Batzer and Deininger 2002).

In the past, TE have also been used to decipher the evo-
lutionary relationships of Mhc class | genes (Sawai et al. 2004)
and class Il DRB genes (Andersson et al. 1987; Mayer et al.
1993; Mnukova-Fajdelova et al. 1994; Klein and O’HUigin
1995; Satta et al. 1996; Gongora, Figueroa, Klein, et al. 1997;
Andersson et al. 1998; Fernandez-Soria et al. 1998; Bontrop
et al. 1999; Kriener, O’HUigin, Klein, et al. 2000; Klein et al.
2007; Doxiadis, de Groot, Bontrop, et al. 2008). However, be-
cause of the limited number of TE and DRB sequences that
were available for analysis, there is as yet no clear picture of
the evolution of these genes. Thus, the aim of this study was
to analyze the integration of the various TE into the introns of
DRB genes of common marmosets, rhesus macaques, chim-
panzees, and humans. To gain a complete as possible insight
into the evolution of the DRB genes in primates, we com-
pared the resulting data with the phylogenies of the diverse
DRB intron sequences of the species studied.

Materials and Methods

Nomenclature

Most nonhuman primate DRB genes and alleles have been
named on the basis of the similarity of exon 2 to HLA coun-
terparts. In the instance in which these similarities are lacking,
DRB sequences received a “W” (Workshop) designation
(Robinson et al. 2003). Allele names are given according to
the nomenclature for factors of the HLA system (Marsh et al.
2010; de Groot et al. 2012).

Long Polymerase Chain Reaction of Patr-DRB Alleles

Genomic DNA has been extracted from immortalized B-cell
lines of two chimpanzees that were known to encode for
Patr-DRB1*10:01  (Lady, Pan troglodytes verus) and
Patr-DRB4*02:01 (Brigitte, Pan troglodytes troglodytes; de
Groot et al. 2009) using a standard salting-out procedure.
For the amplification of intron 1 to exon 5 of
Patr-DRB1*10:01, two different amplifications were performed
with the primer sets Patr-DRB1*1001F AAG CTC CCT GGA
GGC TCC TGC ATG GCA GCG and Patr-DRB1*1001-R" GCG
CAC GTC CTC CTC CTG GTT ATG GAT GCG for the am-
plification of intron 1 and DRB1*10_ex2-F2 AGC GGG TGC
GGT TGC TGG AAA GAC GCG TCC and 3'Mamu-
DRB1*0306/1007-ex5_R CCT GTT GGC TGA AGT CCA
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GAG TGT CCT GGG for the amplification of exon 2 to exon 5,
respectively. Polymerase chain reactions (PCRs) were per-
formed in a 50 ul reaction volume containing 2.5 units of
Long PCR Enzyme mix with 0.6 «M of each primer, 5mM
MgCl,, 1x PCR buffer, 0.2 #M dNTPs (Fermentas, Germany),
and 10 ul of 50 ng/ul genomic DNA.

The cycling parameters for both reactions consisted of a
denaturation step of 2min at 94°C initial, followed by 10
cycles with a denaturation step of 10s at 94°C, an annealing
step of 30s at 60°C, and an extension step of 7 min at 68°C,
then followed by 20 cycles with a denaturation step of 10s at
94°C, an annealing step of 30's at 58 °C, and an extension step
of 8 min at 68°C. A final extension step was performed at
68°C for 10 min. Accordingly, two different PCR reactions
were performed for the amplification of Patr-DRB4*02:01.
Primer pair 5'Mamu-DRB1*0306-ex1_F TGG AGG CTC
CTG CAT GGC AGC GCT GAC AGT and Patr-DRB7*0101-
ex2_R ATA GTT GTG TCT GCA GTA GGT GTC CAC CGC
were used for the amplification of intron 1, and primer pair
Patr-DRB4*0201_ex2_F1 ACA GCA CGT TTC TTG GAG
CAG CTT AAG TTT and 5'DRB1*0306/1007-ex5_R CCT
GTT GGC TGA AGT CCA GAG TGT CCT GGG for the am-
plification of exon 2 to intron 4 (partial). The PCR reactions
were performed in a 50 ul reaction volume containing 2.5
units of Long PCR Enzyme mix with 0.6 #M of each primer,
5 mM MgCl,, 1x PCR buffer, 0.2 M dNTPs (Fermentas), and
10 pl of 50 ng/l genomic DNA. The cycling parameters for
the amplification of intron 1 were an initial denaturation step
of 2min at 94°C, followed by 10 cycles with a denaturation
step of 10s at 94°C, an annealing step of 30's at 60°C, and an
extension step of 14 min at 68°C, followed by 20 cycles with a
denaturation step of 10s at 94°C, an annealing step of 30s at
58°C, and an extension step of 15 min at 68°C. A final exten-
sion step was performed at 68°C for 10 min. The cycling pa-
rameters for the amplification of exon 2 to intron 4 (partial)
were an initial denaturation step for 2 min at 94°C, followed
by 10 cycles with a denaturation step of 10s at 94°C, an
extension step of 30s at 64°C, and an annealing step of
7min at 68°C, followed by 25 cycles with a denaturation
step of 10s at 94°C, an annealing step of 30s at 63°C, and
an extension step of 8 min at 68°C. A final extension step was
performed at 68°C for 10 min.

Sanger Sequencing

PCR fragments were purified using a gel extraction kit
(Fermentas) according to the manufacturer’s guidelines.
Purified PCR products were sequenced on an ABI 3130xl
Genetic analyser (Applied Biosystems, Foster City, CA, USA)
with the help of several internal primers synthesized by
Invitrogen (Paisley, Scotland). The sequencing reaction was
performed by using 0.2 ;M of the respective forward or re-
verse primer, 1l BigDye terminator (Applied Biosystems),
and 2 ul of 5x dilution buffer (400 mM Tris-HCl and 10 mM
MgCl,) in a total volume of 10 wl. The resulting sequences
were analyzed using the SeqManPro 9.04 (DNASTAR,
Madison, WI, USA) software.

Alignment of DRB Sequences and Detection of TE

The recently published C jacchus (Caja), M. mulatta
(Mamu)-, P. troglodytes (Patr)-, and HLA-DRB genomic se-
quences (Doxiadis, de Groot, Bontrop, et al. 2008; Doxiadis,
de Groot N, de Groot, et al. 2008) were compared with the
two newly described Patr-DRB1*10:01 (Accession number
HE800526, Kitty) and Patr-DRB4*02:01 (accession number:
HE800525, Brigitte) sequences and to diverse full-length
DRB sequences obtained from the National Center for
Biotechnology Information database (Caja-DRB: AC242730;
Mamu-DRB; AM910414, AM910415, AM 910417, AC148706,
AM910419, AM91042, AM910410, AC148697, AM910411,
AC148700, AM910413, AM910412, AC148663, AM910421,
AM910422, AMI910423; Patr-DRB: AM910425, NW_
01236523, AP006503, AM910426, AM910428, AM910424,
AM910429; HLA-DRB: AY663400, AL662842, NG_002433,
AL137064, CR75330, NW_923051, AM910430, AY66341,
AY663415, AY663405, AL713966, AL929581, AL662842,
BX927235, AL713966, NW_923051) intron—exon boundaries
of all DRB sequences were annotated (data not shown). For
phylogenetic analyses of noncoding sequences, various
TE and repeats were removed by using the RepeatMasker
version: open-3.3.0 (Smit AFA, Hubley R, and Green P,
unpublished data; http://www.repeatmasker.org/cgi-bin/
WEBRepeatMasker, accessed August 6,2012). The remaining
intron sequences were aligned per intron using the MacVec
12.0.3 software with manual interference, and major indels
were removed. For the detection of TE, all full-length
DRB sequences were analyzed using repeat masking
from the Repbase database (http://www.girinst.org/censor/
index.php, accessed August 6, 2012; Kohany et al. 2006).

Phylogenetic Analyses

Phylogenetic trees were reconstructed using the maximum
likelihood method, Phyml (Guindon and Gascuel 2003),
whereby for each of the DRB intron sequence alignments,
the employed evolutionary model was chosen based on
jModelTest (Posada 2008). In each case, the underlying
model is specified in the respective figure legend as either
the generalized time-reversible (GTR) model (Rodriguez
etal. 1990) or the Hasegawa-Kishino-Yano model
(Hasegawa et al. 1985). For each phylogeny, 1,000 bootstrap
runs were performed. For the presence/absence clustering,
each of the DRB alleles was binary encoded based on the
presence (1) or absence (0) of each of the identified TE
given in table 1 and supplementary table ST,
Supplementary Material online. The distance between two
alleles was defined as the percentage of matching bits, also
known as the Hamming distance. The resulting distance
matrix was then used to perform a neighbor joining clustering
using PHYLIP version 3.68. All trees were visualized using the
software Dendroscope (Huson et al. 2007).

Results

TE within DRB Intron Sequences

The intron sequences of 28 human, 14 chimpanzee, 22 rhesus
macaque, and 3 common marmoset DRB genes have been
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Table 1. Integration of L2 Parts 1-3 in Intron 1 of Various DRB

Alleles.

L2 Part 3 L2 Part 2 L2 Part 1
Caja-DRB1*03:03
Caja-DRB*W12:01 2,275-2,560 2,032-2,207
Caja-DRB*W16:05
Mamu-DRB1*03:03:01 2,020-2,194
Mamu-DRB1*03:06 2,253-2,560 2,020-2,194
Mamu-DRB1*03:09 2,061-2,194
Mamu-DRB1*03:10 2,875-3,080 2,253-2,790 2,020-2,194
Mamu-DRB1*04:04 2,253-2,797 2,020-2,194
Mamu-DRB1*10:07 2,037-2,194
Mamu-DRB*W2:01 2,253-2,810 2,060-2,195
Mamu-DRB*W3:03:01 2,255-2,560 2,060-2,203
Mamu-DRB*W3:05 2,253-2,560 2,078-2,194
Mamu-DRB*W4:01 2,253-2,811 2,060-2,194
Mamu-DRB*W25:07 2,253-2,810 2,060-2,194
Mamu-DRB*W6:03
Mamu-DRB*W6:02
Mamu-DRB*W6:09:01 2,255-2,560 2,060-2,194
Mamu-DRB3*04:05 2,253-2,790 2,020-2,194
Mamu-DRB3*04:08 2,253-2,790 2,020-2,194
Mamu-DRB5*03:01 2,873-3,071 2,038-2,194
Mamu-DRB6*01:14 2,489-3,008 2,090-2,194
Mamu-DRB6*01:18 2,489-3,008 2,090-2,194
Patr-DRB1%*02:01:01 2,253-2,560 2,020-2,193
Patr-DRB1%*02:04 2,253-2,560 2,020-2,193
Patr-DRB1*07:01 2,253-2,797 2,060-2,194
Patr-DRB1*10:01 2,262-2,560 2,078-2,203
Patr-DRB2 2,489-3,008 2,090-2,194
Patr-DRB3*01:02:01/02 2,262-2,557 2,078-2,194
Patr-DRB3*01:03 2,253-2,557 2,078-2,194
Patr-DRB3%*02:08 2,871-3,009 2,262-2,557 2,078-2,194
Patr-DRB3*07:01 2,253-2,557 2,078-2,194
Patr-DRB4*02:01 2,871-3,009
Patr-DRB5*01:02 2,871-3,008 2,258-2,369 2,142-2,203
Patr-DRB6*01:09N 2,489-3,002 2,090-2,194
Patr-DRB7*01:01N Not tested
HLA-DRB1*01:02:01 2,279-2,532 2,037-2,194
HLA-DRB1*03:01:01:01 2,253-2,810 2,064-2,194
HLA-DRB1*04:01:01 2,887-3,009 2,253-2,579 2,043-2,194
HLA-DRB1*04:03:01 2,887-3,009 2,253-2,579 2,043-2,194
HLA-DRB1*07:01:01:01 2,871-3,009 2,253-2,597 2,060-2,194
HLA-DRB1*09:01:02 2,871-3,009 2,253-2,597 2,060-2,194
HLA-DRB1*10:01:01 2,253-2,810 2,078-2,194
HLA-DRB1*11:01:01 2,260-2,810 2,064-2,194
HLA-DRB1*13:01:01 2,253-2,810 2,078-2,194
HLA-DRB1*14:01:01 2,253-2,810 2,078-2,194
HLA-DRB1*15:01:01:01 2,257-2,560 2,020-2,194
HLA-DRB2*01:01 2,489-3,008 2,090-2,194
HLA-DRB3*01:01:02:01 2,871-3,009 2,253-2,557 2,078-2,194
HLA-DRB3*02:02:01:01 2,253-2,797 2,078-2,194
HLA-DRB4*01:01:01:01 2,882-3,079 2,253-2,810 2,043-2,194
HLA-DRB5*01:01:01 2,871-3,008 2,254-2,369 1,918-2,194
HLA-DRB6*02:01 2,489-3,008 2,090-2,194
HLA-DRB7*01:01:01 2,875-3,080 1,918-2,866

HLA-DRB8*01:01

Deletion
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analyzed for the presence/absence and location of TE (listed
in fig. 1 and supplementary fig. S1, Supplementary Material
online). As could be expected from the high variable lengths
of intron 1 DRB sequences (Doxiadis, de Groot N, de Groot,
et al. 2008), most of the TEs map within this intron (fig. 1).
Many different sorts of TE have been observed, and examples
will be given for the use of these TE as evolutionary markers.
Special attention will be paid to the L2 element that was
incorporated into the ancestral mammalian genome more
than 80 Ma.

Defining the Ancestral DRB Gene Pool

The data illustrate that somewhere in the evolutionary past,
an L2 element must have been integrated into intron 1 of an
ancestral primate DRB gene. Footprints of this intron are
present in nearly all DRB genes, but the element itself has
not been stable. As can be seen, based on size and composi-
tion, three major antisense integrated segments of an L2 el-
ement can be defined (table 1; fig. 1). Thus, by comparing the
presence and absence of these segments in different species
belonging to various infra orders, one can start to determine
the age of the different genes. The first segment is present in
nearly all DRB alleles including Caja-DRB*W12:01 (table 1 and
fig. 1). This testifies to the fact that the original L2 integration
took place more than 25 Ma. Most of the DRB alleles of all
four species share a second L2 part, which is, though, sepa-
rated from part 1 on the chromosome. Nevertheless, this is
not the case for HLA-DRB7, which harbors a contiguous
L1+ L2 part. The third part of the L2 element can be detected
only in some of the Mamu-, Patr-, and HLA-DRB alleles but
not in the Caja-DRB alleles. According to the presence or
absence of the three L2 segments, a scheme for the evolution
of the DRB genes has been developed (fig. 2). An ancient DRB
precursor has been duplicated several times, leading to at
least four DRB precursor genes that should have been present
in primates before the OWM—-HOM divergence. One of these
is the DRB7 pseudogene, which contains the longest segments
of the L2 element: namely, the contiguous parts 1 and 2, along
with part 3, which may have become separated by the incor-
poration of an AluS element after one duplication round
(fig. 1). The second branch of DRB precursors may have un-
dergone a separation of the L2 parts 1 and 2+ 3 by the
incorporation of an unknown TE. The result of a second
round of duplication seems to be, on the one hand, the
DRB2/DRB6 pseudogene, which has remained up to the pre-
sent in OWM and HOM, and, on the other hand, a second
precursor gene with separated L2 parts 1, 2, and 3, probably
caused by an AluSq integration (fig. 1). However, another
duplication seems to have given rise to the precursor of
Mamu/Patr/HLA-DRB5,  Patr/HLA-DRB4,  and  Patr/
HLA-DRB1*04/07/09 and most probably to Patr/HLA-DRB3
genes. Although some Patr/HLA-DRB3 genes have apparently
lost their L2 part 3, the clustering of all DRB3 genes/alleles of
these species on one branch in the N) tree—illustrating the
presence/absence of all TEs—supports this interpretation
(table 1 and supplementary fig. S2, Supplementary Material
online). The other precursor gene has an integration of an


http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1

Intron Analysis of Primate Mhc-DRB Genes - doi:10.1093/molbev/mss186

‘uwnjod g ued g7 aya ur aniq Spep
Ul palojod ale s3dj[e 9g¥d Pue zg¥d Jo (L 3|qel) € + g sHed g snonSnuod ay | Ixal 3yl Ul Jayny passndsip s1 JUSWIJ3 9AN3dsal Y3 JI uasoyd si Suljjy paiojod \ JUIWJd aA1dadsas a3 Jo duasaid a3 saxedipul
Sulj|y pa10jod 10 Aesd v *(SUISIUE ‘S pUE ISUSS ‘S) IUSI|S dA11D3dSaL 33 JO UOIIEIUSLIO S SIAIS MOI PAIYI U3 PUE ] 341 3GLIDSIP SMOJ OMI 1SIL OMI 3Y | "SI[3|[e gy SNOLIBA JO | UOLIUI Ul J] JO DUISAIJ °| "Dl

IN3S3ud LON 10°,0,885G-VIH
I T T T T T T T TTTTTTTTTTT £0:10:10,L840 "V TH]
G3IS3LLON 107209890V 1H

<
)
:'=|

10-10-10:594Q-
L0:10°10-10:¥EHA-V

N}
?'=|

N}
:'=|

L840
-1 8¥0-
LY
01,1850
60,1 85G-
LY
70,1 84C-|
LGH0V
10:10°10°€0,L8¥G-VIH
20710, 188GV TH

<
N
:’=|

<
3
I|

<
N}
I|

<
3
I|

<
a
I|

<
)
:'=|

N}
?'=|

Q31831 LON NLO:L0.2840-41ed
. N60:10.9940-53ed
20-10.5940-43ed
L0-20-vgHa-1ed
10:20-£940-1ed
80:20-£94G-5ed
£0-10.£8940-41ed
20:10-£940-43ed
. z2g¥a-sed
L0:0L-L8Ha-1ed

10:20-1840-1ed
¥0:20.1 940-3ed

10:20.18980-43ed
81:10.984a-nwep
¥1:10-984a-nwepn
10-€0-594Qa-nwepn

80°%0,E6G-NWEN
S0:-¥0.£940-nwew
£0:60°9/, §HG-NUEN

20:9M.88g-nwep
£0:9M.gHa-nwepn
20°52M- 8 QTN
LO:5MGHTTWEN
S0°EM. GHA-NUEN
L0:£0-EM.8HQ-nwen
L0:Z2M.gHa-nwew
20704, LGHa-NEN

¥0:70:L 4 a-NWepn
01-80: LG4 a-Nwew
-€0« LY a-Nwew
)« LEHg-nwep

). LY g-nwep

50-91M.g¥a-eled
L0-2IM-8HQ-eled
£0-€0:,94a-e/ed

SHEBEEZEBEEDDEHEEEDEEEEDEHEEEEHEAEREED EBEEANEEEEAEEREDNEEEDEEEEEEER DB BEBEE
AL o & o AL & AL o & o o ] 5|5 5 o 5|5 |8 ala[%[8 o AL o o AL ala)s [RS8 [8]8]a]|a]a]8 (|8
wlo|ln|g|2|o NImIz|X|P»|o|T|gIoIN|IZ|IDIZ|IZ|IS]> I|Do|> clislz|elQo|o FlelzlelzIBlZ|Z2|2|2]|2|9|F2|D|IS | clzlcim|mje|sic|a|c|z|x|ZIS2|I5|2|S |zl |o|®
qvwmmnnowmmn.uxwm.momm.aam.mmwmmmmmmtmwoonnuxm.Amzmmmmmvaa..mnmmMNNow,zzmmmmtmmmﬂmwmmsm
MEHEHEENHEBEEHHEEHE H EREEHRHEEERRHEA F BHEHH H3HEBEHHEE Y HBEHEHBEEEEE R EHEHEHAEE S
HHEEEN NHAEBENEE R A E HHEHBEE HHE HENEN EER #I1° 5 M EHNEBRENEE MEHHEHAEE
= N o|& |2 |7 5 | [0 ) S ole|e 3 8 = © G B E) > = 2|5 ©
o o > <
] 2 °
HEEBEBEHEEEEE8HEEEBEBBEAaEEEEEBEEEBEEEEEaEaaEaEE8E8a8EAas AABEBEBEBEEEHEBEEHEEBEBEEEBAEEHABEAEABEEHEHBEE
z z z z z z Zl|lzZz|z Zz|Zz z Z|= Zzlz|Zz|Z|2 Zl|Z|IZ|Z|Z|2 Z|Zz z ZlZ|Zz|Z2|Z2|2 z
2E1E[2(FIFE[5|1Z 1551217512125 |RIRIRISIR17 |5 |2 |7 5 5|5 (R|7 |5 2|2 |&l&|2 |7 |7 |7 |7 |&| |7|7|7|7|7 (2|2 (R|R|&| 7| 7|5|5(5|2|7|F|2|2|7|2|R|A|R|R|7[7|5|5[5|2]|3]|7
5 5 i > 5 5
3 2 BIE |3 2 A x z
5 ala a 4 5
e bl 4 = 5
] )
o
o
3
3

3847



Doxiadis et al. - doi:10.1093/molbev/mss186

MBE

DRB precursor

L2 (14+2+3)

DRB precursor | L2 (1, 2+3)

/+AIuSq

I DRB precursor I L2 (1,2, 3)

+AluS

+AluY (HLA)
+7?
DRB7 DRB6/DRB2 M //Patr/HLA-DRB5 Caja-DRB
[ower | [omennsz | Fumaporrironee, | [ea0o52, | o5 e
Patr/HLA-DRB1*04/07/09 HLA/Patr-DRB
L2 (142, 3) L2 (1,2+3) L2 (1,2, 3) L2 (1, 2)

Fic. 2. Evolution of Mhc-DRB genes based on the presence of L2 seg-
ments. “?” indicates the integration of an Alu/TE element of which the
nature remained unknown.

AluY, at least in HLA intron 1 sequences, which may have
caused the loss of the third L2 part. In the other species, the
loss of L2 part 3 may have been caused by another yet un-
known agent. This latter DRB precursor includes all other
Mamu, Patr, and HLA-DRB genes, as well as the
Caja-DRB*W12 lineage. Thus, it is highly probable that a
common ancestor of OWM and HOM already possessed at
least four DRB genes.

Evolution of Primate DRB Genes Currently Present:
Intron Analyses and TE

Phylogenetic analyses of all introns have been performed sep-
arately (figs. 3 and 4; supplementary figs. S3 and S4,
Supplementary Material online) in addition to the phyloge-
netic analysis of an AluJb element present in intron 1 of most
DRB alleles (supplementary fig. S5, Supplementary Material
online). Furthermore, a hierarchical clustering based on the
presence/absence pattern of TEs within introns 1-5 has been
performed (supplementary fig. S2, Supplementary Material
online). Several clades with deep branch lengths supported
by high bootstrap values can be observed consistently for all
phylogenies. Concerning the different intron analyses, intron
2 comprises the most informative sequences, and therefore its
phylogeny is illustrated in figure 3, whereas figure 4 shows the
phylogenetic analysis of intron 3 as an example for the shorter
introns 3-5. The other intron phylogenies are available as
supplementary material (supplementary figs. S3 [intron 1]
and S4 [intron 4], Supplementary Material online, and
intron 5, data not shown).

A first clade consists of the HLA- and Patr-DRB7 pseudo-
genes, which, in addition, share a 6-kb long HERVK14l ele-
ment in intron 2 (fig. 3; supplementary fig. S1, Supplementary
Material online). As has been shown by the existence of the
long L2 segment in intron 1 of HLA-DRB7, this pseudogene(s)
should be regarded as an evolutionarily old and stable entity

3848

that probably got lost in other primate species. Therefore, the
tree has been rooted with this cluster.

As expected, representatives of the NWM species—
namely, the three Caja-DRB genes—cluster apart in all differ-
ent phylogenies (figs. 3 and 4, supplementary figs. S3 and S4,
Supplementary Material online). However, Caja-DRB*W12:01,
which is the most frequent allele of the nearly monomorphic
Caja-W12 lineage, is divergent from Caja-DRB1%03:03 and
Caja-DRB*W16:05.

A third clade with deep branch lengths is formed by the
alleles of the Mamu-, Patr-, and HLA-DRB6/DRB2 pseudo-
genes, thus confirming that they are orthologs and originated
before the divergence of OWM and HOM, as illustrated based
on the presence of the same L2 segments (fig. 2). In addition
to various LTR sequences, intron 1 of all DRB2/DRB6 pseudo-
genes is characterized by the integration of a more than 5 kb
long sequence of HERVK3I (fig. 1). The existence of identical
HERV sequences in all these introns confirms their common
evolutionary history of more than 25 My. HLA- and Patr-DRB2
sequences are located closer to each other than to their re-
spective DRB6 paralog in introns 3 and 4 (fig. 4; supplemen-
tary fig. S4, Supplementary Material online), verifying that
Patr- and HLA-DRB2/DRB6 are indeed orthologs of each
other and that the duplication of both (pseudo)genes took
place before the divergence of humans and chimpanzees. This
conclusion is supported by the observation that the Alujb
sequence, which is present in intron 1 of most of the primate
DRB genes/alleles, is deleted in Patr- and HLA-DRB2 but is
present in Patr-DRBG6 (fig. 1). Furthermore, both pseudogenes,
DRB2 and DRB6, can be present on the same haplotype in
chimpanzees (Brandle et al. 1992).

The DRBS genes of rhesus, chimpanzee, and humans form
a fourth clade with deep branch lengths. Thus, in addition to
the DRB6/DRB2 pseudogenes, DRB5 is indeed the only DRB
locus shared by OWM and HOM.

A fifth extensive cluster is formed by DRB1 gene alleles of
the DRB1 genes typifying DR53, the only region configuration
shared by humans and chimpanzees (figs. 3 and 4; supple-
mentary figs. S2-S5, Supplementary Material online).
Although located on the same branch, the human DRB1*04
lineage is located at a considerable distance from the HLA/
Patr-DRB1%07/09  lineages. Because no ortholog of
HLA-DRB1*04 is known in chimpanzees, this lineage must
have separated after the divergence of both species or
became lost in chimpanzees. Furthermore, the common an-
cestry of the HLA/Patr-DRB1*07 alleles could be illustrated by
the presence of the same part of two LINE 1 elements (fig. 1;
supplementary fig. S1, Supplementary Material online).

All other DRB genes/alleles analyzed form a large, widely
distributed cluster with far fewer deep branches (figs. 3 and 4).
Except for Mamu-DRB5 and -DRB6, Mamu-DRB intron se-
quences cluster apart from the human and chimpanzee al-
leles/lineages (fig 3). Some Mamu-DRB alleles are separated
from each other by deep branch lengths, indicating that these
sequences may represent separate lineages or even loci that
appear to be evolutionarily old entities.

Several Patr- and HLA genes/lineages cluster together in
the various phylogenies: for instance, DRB3 alleles and the


http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss186/DC1

Intron Analysis of Primate Mhc-DRB Genes -

doi:10.1093/molbev/mss 186

MBE

|1000

Caja-DRB*W12:01

865

4| 1000

fro00

Caja-DRB*W16:05 Caja-DRB

Caja-DRB1*03:03

[ HLA-DRB5"01:01:01
L— Ppatr-DRB5*01:02
Mamu-DRB5*03:01

DRB5

319

1000

398

330

292 978

1000

Mamu-DRB1*03:09

Mamu-DRB1*03:03:01

Mamu-DRB1*03:06

—|343
910
Mamu-DRB1*04:04

Mamu-DRB1*03:10
Mamu-DRB3*04:05
Mamu-DRB*W3:05

Mamu-DRB*W2:01
Mamu-DRB*W25:07
Mamu-DRB*W4:01

689

50

582
98

1000

298

1,

Mamu-DRB*W3:03:01
Mamu-DRB*W6:09:01

Mamu-DRB1*10:07

HLA-DRB3*02:02:01:01
HLA-DRB3*01:01:02:01

]

660

434

3 Patr-DRB3*01:02
Patr-DRB3*01:03
Patr-DRB3*02:08
Patr-DRB3*07:01
Patr-DRB4*02:01
HLA-DRB4*01:01:01:01
|Mamu-DRB*W6:02

L Mamu-DRB*W6:03

01
01:01

HLA-DRB1*10:01:01
Patr-DRB1*10:01
HLA-DRB1*13:
HLA-DRB1*11:
HLA-DRB1*03:01:01:01
I— HLA-DRB1*14:01:01

4|E|Patr-DRB 1%02:04
1000 Patr-DRB1%02:01

HLA-DRB1*15:01:01:01

HLA-DRB1%01:02:01

HLA-DRB6*02:01

fro00

- 01 -
Mamu-DRB6*01:14 DRB6

Mamu-DRB6*01:18

1000

Patr-DRB6*01:09N

[ HLA-DRB1*07:01:01:01
1000 Patr-DRB1*07:01

HLA-DRB1*09:01:02

DRB1 (DR53)
| HLA-DRB1%04:01:01

— HLA-DRB7*01:01:01
L Patr-DRB7*01:01N

L HLA-DRB1*04:03:01
DRB7

Fic. 3. Phylogeny of DRB intron 2 sequences. The phylogeny was reconstructed using a maximum-likelihood approach, employing the GTR model of
nucleotide substitution with gamma-distributed rate heterogeneity. The depicted phylogram is a consensus of 1,000 bootstrap runs. Bootstrap values
are given as absolute numbers. DRB7 sequences were used as outgroup. The five ancestral DRB gene families are highlighted.

DRB1*15 alleles of humans and the DRB1*02 alleles of chim-
panzees. The latter result confirms the earlier observation
that Patr-DRB1*02 represents an ortholog of the human
DRB1*15/16 (DR2) lineage (Kenter et al. 1992; Mayer et al.
1992). Furthermore, all intron sequences of the DRB1 alleles
of the DR52 region configuration—namely, HLA-DRB1*03,
*11, *13, and *14 alleles—always form one clade.

In contrast, certain human and chimpanzee DRB loci/al-
leles cluster dissimilarly in trees based on different introns/
intron segments. An example is given for Patr- and
HLA-DRB1*10, which cluster together for introns 2—4 (figs. 3

and 4; supplementary fig. S4, Supplementary Material online)
but separately in intron 1 (supplementary fig. S3,
Supplementary Material online) and the Alujb-intron 1 phy-
logeny (supplementary fig. S5, Supplementary Material
online). The same holds true for HLA-DRB4*01, which is lo-
cated apart from other DRB lineages in intron 1 (supplemen-
tary fig. S3, Supplementary Material online) but next to and/
or within the DRB6/DRB2 cluster for its intron 3—5 sequences
(fig. 4, supplementary fig. S4, Supplementary Material online;
intron 5 not shown). Another example concerns the
HLA-DRB8 pseudogene, a member of the DR53 haplotype
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that is shared in humans and chimpanzees. This pseudogene
has lost its exon 1, intron 2, exon 2, and part of its intron 2
sequences. Therefore, only introns 3—5 were available for phy-
logenetic analyses. Although HLA-DRBS is located as a sepa-
rate branch next to HLA-DRB4 in intron 3, it clusters next to
Mamu-DRB6 in intron 4, a result that is supported by high
bootstrap values (fig. 4, supplementary fig. S4, Supplementary
Material online).

Therefore, these human and chimpanzee genes/lineages as
well as many of the DRB loci/lineages of rhesus macaques are
most probably a result of recombination-like processes.
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Discussion

The evolutionary history of the DRB region of nonhuman
primates belonging to both the Platyrrhini and the
Catarrhini infraorders has been compared by analyzing vari-
ous intron segments. Because L2 non-LTR retrotransposons in
the primates’ genome were active from 200 to ~80 Ma, the
presence and absence of different segments of an L2 element
and its nucleotide composition were highly informative con-
cerning the time period before the divergence of both infra-
orders. In addition, the presence and absence of all TE
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analyzed in various introns gives a more complete picture
than the analysis of parts of the intron sequences alone
(Satta et al. 1996; Bergstrom et al. 1998) or of only certain
TE sequences (Bontrop et al. 1999; Kriener, O’HUigin, Klein,
et al. 2000). Therefore, we have been able to demonstrate
that at least four ancestral DRB genes must have been present
before the divergence of OWM and HOMs. Moreover, our
data indicate that one of the four DRB precursor genes must
have existed before the NWM-OWM split. However, it is
highly probable that there was more than one precursor
gene present at that time point, because DRB6 sequences
have also been observed in Strepsirrhines, which diverged
from Haplorhines ~63 Ma (Figueroa et al. 1994). In contrast
to earlier publications (Satta et al. 1996; Klein et al. 2007), our
data indicate that pseudogenes such as DRB7 and DRB6/
DRB2 or their precursors are the ancestors of the present
HLA-DRB genes. All OWM and HOM DRB haplotypes ana-
lyzed so far contain a remnant gene, DRB9, of which the
constancy of its position may be related to the evolutionary
stability of the DRA locus; this remnant gene seems to be a
remainder of an ancient DRB subregion that may have func-
tioned before the OWM-NWM deviation but later became
truncated during contractions of the region (Gongora,
Figueroa, O’'Huigin, et al. 1997; Klein et al. 2007). Therefore,
it is likely that the DRB9 pseudogene was also present before
the Catarrhini radiation.

All phylogenetic analyses of intron sequences and from TE
located within the introns confirm that the DRB5 locus is
common to the Catarrhini’s DRB region, and it therefore orig-
inates before the OWM-HOM deviation. In addition, the
DRB1 lineage of DR53 appears to be an old entity although
not present in the DRB region of OWM, from which it has
apparently been lost, like the DRB7 pseudogene during
contraction—expansion events. Furthermore, the data suggest
that these loci/lineages have not been subjected to
recombination-like procedures as is supported by the obser-
vation that these old entities could also be defined by the
phylogeny of exon 2 (Doxiadis, de Groot N, de Groot, et al.
2008). In contrast, other DRB genes apparently underwent
such recombination-like events during their evolution, a phe-
nomenon also observed by the comparison of intron and
exon 2 sequences, which could be explained by the reshuffling
of peptide motifs among DRB family members (Doxiadis, de
Groot N, de Groot, et al. 2008). An example is given for
the HLA-DRB1*10 gene, of which the intron 1 sequence
and its TE cluster within or next to the DRB1*03 branch,
whereas sequences of the other introns form a separate
branch together with Patr-DRB1*10. Therefore, a rearrange-
ment of the DRB1*10 gene should have taken place before the
human-chimpanzee divergence, and our data are in accor-
dance with the earlier suggestion that the DRB1*10 gene is
composed of different segments (Gongora, Figueroa, Klein,
et al. 1997).

TE are useful means to trace these sorts of rearrangements
or recombination-like processes and are also discussed as
being the originators. In particular, L1 elements and HERV
sequences are known to induce gene conversions and/or re-
combinations and therefore give rise to rearrangements of

DNA segments. Both elements are predominantly present
not only in DRB pseudogenes such as DRB6, DRB7, and
DRBS8 but also in the DRB4 gene. Because there are known
DRB4 variants of the same HLA-DR53 region configuration,
which have been rendered pseudogenes, a role involving
these specific TE in the inactivation process of genes may
be postulated. Future experiments such as whole genome
association studies and the haplotyping of large DNA regions
may help to elucidate these postulations.

Supplementary Material

Supplementary figures S1-S5 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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