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Abstract. Human endogenous retroviruses (HER-
Vs) are the remnants of ancient germ cell infection by
exogenous retroviruses and occupy up to 8% of the
human genome. It has been suggested that HERV
sequences have contributed to primate evolution by
regulating the expression of cellular genes and medi-
ating chromosome rearrangements. After integration
�28 million years ago, members of the HERV-K
(HML-2) family have continued to amplify and
recombine. To investigate the utility of HML-2
polymorphisms as markers for the study of more
recent human evolution, we compiled a list of the
structure and integration sites of sequences that are
unique to humans and screened each insertion for
polymorphism within the human genome databases.
Of the total of 74 HML-2 sequences, 18 corresponded
to complete or near-complete proviruses, 49 were
solitary long terminal repeats (LTRs), 6 were
incomplete LTRs, and 1 was a SVA retrotransposon.
A number of different allelic configurations were
identified including the alternation of a provirus and
solitary LTR. We developed polymerase chain reac-
tion-based assays for seven HML-2 loci and screened
109 human DNA samples from Africa, Europe, Asia,
and Southeast Asia. Our results indicate that the
diversity of HML-2 elements is higher in African than
non-African populations, with population differenti-
ation values ranging from 0.6 to 9.8%. These findings
denote a recent expansion from Africa. We compare
the phylogenetic relationships of HML-2 sequences

that are unique to humans and consider whether
these elements have played a role in the remodeling of
the hominid genome.
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Introduction

Endogenous retroviruses (ERVs) are vertically trans-
mitted genetic elements that remain from ancient ret-
roviral infection of germ line cells. Following the
original insertion of the provirus, intracellular retro-
transposition and recombination have led to an in-
crease in the copynumber of particular families (Lower
et al. 1996). ERVs are stably integrated into the ge-
nomes of all vertebrates and are transmitted as Men-
delian genes. Analysis of the draft sequence of the
human genome shows that approximately 8% is com-
posed of retrovirus-like elements, which includes both
proviral sequences and a large number of long terminal
repeats (LTRs) (Lower et al. 1996; Patience et al. 1997;
International Human Genome Sequencing Consor-
tium 2001). Several distinct human ERV families
(HERVs) have been identified, which show different
genomic integration patterns (Urnovitz and Murphy
1996) and range in copy number from 1 to 1000 (Tri-
stem 2000). HERVs are classified into families based
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upon their putative tRNA primer binding site speci-
ficity; HERV-I for Ile tRNA and HERV-K for lys
tRNA.Mutational events have rendered most of these
HERVs replication defective following integration,
although many remain transcriptionally active
(Goodchild et al. 1995; Huh et al. 2003). TheHERV-K
superfamily is acknowledged to be the most biologi-
cally active class of HERV, having retained the ability
to encode functional retroviral protein (Towler et al.
1998) andproduce retrovirus-like particles (Simpson et
al. 1996; Seifarth et al. 1998).
Since the identification of the HERV-K prototype,

HERV-K10 (Ono et al. 1986), phylogenetic analysis of
a conserved reverse transcriptase (RT) region has led to
the definition of six HERV-K subgroups, HML-1 to
HML-6 (Medstrand and Blomberg 1993; Zsiros et al.
1998). The HML-2 group appears to have integrated
into the germ line approximately 28 million years ago,
before the evolutionary split of lower Old World pri-
mates and hominoids (Reus et al. 2001b). Despite this
relative age, HML-2 open reading frames appear to be
maintained (Zsiros et al. 1999) and the presence of se-
quences that are unique to humans indicates that they
were continuing to undergo amplification relatively
recently (Medstrand andMager 1998; Barbulescu et al.
1999; Buzdin et al. 2002, 2003). HML-2 proviral ge-
nomes are classified into two types basedupona292-bp
deletion at the pol–env boundary, with Type I elements
carrying the deletion. Both Type I and Type II proviral
genomes have remained retrotranspositionally active
following the evolutionary split of chimpanzees and
hominids (Costas 2001). HML-2 elements are easily
distinguished from their progenitor, HERV-K(OLD),
as they have a 96-bp deletion in gag which has not
disrupted the open reading frame and further 8- and
23-bp deletions within their LTRs (Mayer et al. 1998;
Reus et al. 2001b).
Recent genome-wide comparisons of human and

chimpanzee have demonstrated that large-scale
genomic rearrangements, such as segmental duplica-
tions and the insertion of retroelements, provide a
significant source of DNA variation within the host
species (Liu et al. 2003; Frazer et al. 2003; Locke et al.
2003). To date, most evolutionary studies have fo-
cused on the interspersed repetitive elements, L1 (long
interspersed element 1) and Alu (short interspersed
element); these have shown that these retroelements
serve as mutagens at both the structural and genic
levels (Deininger and Batzer 2002). For the same
reasons, HML-2 elements may also have contributed
either by serving as nucleation points for homologous
recombination (Hughes and Coffin 2001) or by regu-
lating the expression of cellular genes (Lower et al.
1996; Akopov et al. 1998; Domansky et al. 2000;
Vingradova et al. 2001). In this study we have exam-
ined the genomic structure and integration sites of
HML-2 elements that are unique to humans and have

investigated their potential role in the remodeling of
the human genome. We have also analyzed their
phylogeny and demonstrated their utility for the study
of human genomic diversity.

Materials and Methods

Identification of HERV-K(HML-2) Polymorphisms

The GenBank nonredundant and high-throughput genomic se-

quence database (http://www.ncbi.nlm.nih.gov/genome/seq/Hs-

Blast.html), the Ensembl database (http://www.ensembl.org), and

the HERV-d (http://herv.img.cas.cz) database were screened using

the HERV-K10 sequence (accession No. M14123) as a probe.

Accessions containing full-length HML-2 genomes were aligned by

hand in the SIMMONIC sequence analysis package (Simmonds

and Smith 1999), with individual elements determined by their

cellular flanking sequences and chromosomal location. The flank-

ing regions of each genome were then screened by standard

nucleotide–nucleotide BLAST against the nonredundant and high-

throughput sequence databases, in order to detect paralogous se-

quences and to ascertain if polymorphism was present at specific

loci. Accessions reported to contain human-specific HML-2 LTRs

and near-complete genomes were also individually screened for

polymorphism within the human genome databases, with sub-

sequent designation according to their cytogenetic location and

flanking sequences.

DNA Samples and PCR Primers and Conditions

Samples from a chimpanzee (Pan troglodytes) and gorilla (Gorilla

gorilla) along with 25 African, 28 Asian, 22 European, and 34

Papua New Guinean humans were collected as buccal swabs or

serum. Genomic DNA was isolated using the QIAamp DNA kit

(Qiagen, UK), following the manufacturer’s instructions. DNA

quality and authenticity were confirmed by PCR amplification for

the sex chromosome-specific amelogenin gene (Faerman et al.

1995) on the human samples and the protamine gene on the

chimpanzee samples (data not shown).

Each sample was subjected to a series of PCR amplification

reactions in order to assess polymorphism within selected HML-2

loci (Fig. 1). DNA sequences adjacent to each HML-2 insertion

were used to design unique flanking region primers. Primers were

screened by standard nucleotide–nucleotide BLAST against the

nonredundant and high-throughput sequence databases, to ensure

that the DNA sequences were unique. Elements that resided in

repetitive sequence regions could not be examined by PCR. Uni-

versal primers for HML-2 LTR, gag, and env genes were designed

according to a consensus sequence, which was obtained by aligning

all of the HML-2 sequences examined in this study. Heminested

PCR reactions were performed in instances where single-round

PCR proved difficult to optimize. This process utilized two con-

secutive rounds of amplification, the first round using an external

pair of primers while the second round contained one of the first

primers and a single nested primer which is internal to the first

primer pair. The amplicon produced by the first round of PCR was

used as a template for the second PCR amplification.

PCR amplification primers and conditions for each HML-2 loci

are listed in Table 1. Reactions were carried out in volumes of 50 ll,
with each containing 200 ng of genomic DNA, a 200 lM concen-

tration of each dNTP, a 0.5 lM concentration of each primer, and

0.5 units of Taq DNA polymerase in standard PCR buffer as sup-

plied by Promega. The second round of PCR used 2 ll of first-round
PCR product and was performed in volumes of 30 ll, with a reac-
tion mix as listed above. The resulting PCR products were analyzed
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by electrophoresis through a 2% agarose gel, with the product size

confirmed by comparison to a 100-bp ladder (Promega). Nucleotide

sequencing was carried out directly on second-round PCR products

using ABI PRISM Big Dye kits (Applied Biosystems).

Sequence and Population Genetic Analysis

Sequence data obtained using the ABI PRISM kits were viewed

using the CHROMAS sequence viewer and directly imported into

the SIMMONICS sequence analysis package. Eighty-six full-length

LTRs which were representative of 67 human-specific HML-2

insertions were aligned by hand in SIMMONIC. A neighbor-

joining tree was constructed using MEGA, version 2.1 (http://

www.megasoftware.net/), with the Kimura two-parameter distance

estimate and pairwise deletion of gaps. Allele frequencies, Hardy–

Weinberg tests, and Wright’s Fst statistic were estimated using

PopGene, version 1.31 (http://www.ualberta.ca/�fyeh/).

Results

Activity of HERV–K(HML-2) Elements Within the
Human Lineage

Screening of the human sequence databases for
HML-2 proviruses revealed 3 novel sequences and 29
formerly identified complete and near-complete ele-
ments (Table 2). A further 15 less intact proviral se-
quences have also previously been identified (Hughes
and Coffin 2001; Reus et al. 2001b), bringing the total
number of identified HML-2 proviruses within the
human genome to 47. The three HML-2 near-com-
plete proviruses identified in this study were located
at 4p16 (AC105916), Xq28 (AF277315), and 10q24.2
(AL392107). The chimpanzee orthologue of the pro-
virus contained within the pseudoautosomal region

of the human X chromosome (Xq28) was also de-
tected within accession AC144385.
Eight of 18 human-specific HML-2 proviral ge-

nomes were Type I and 10 were Type II, indicating
the coexistence of two retrotranspositionally active
master elements during hominid speciation. Further
computational screening with the flanking regions
of individual elements revealed that five were
polymorphic, showing a number of different con-
figurations (Fig. 1). Two proviruses, HERV-K113
and HERV-K115, were dimorphic for insertion,
with one allele representing the presence and the
second the absence of a complete provirus. Other
variable features included the alternation of a
complete provirus with a solitary LTR (HERV-
K103 and HERV-K106) and, finally, the variable
existence of a tandem duplication of the HERV-
K108 provirus.
Human-specific HML-2 LTR sequences have

previously been identified by targeted genomic dif-
ference analysis (TGDA) and BLAST determina-
tion, with subsequent phylogenetic identification by
PCR amplification (Buzdin et al. 2002; Lebedev et
al. 2000). We catalogued all of the human-specific
HML-2 LTR sequences discovered to date, deter-
mined their cytogenetic location, and assigned sub-
type according to their classification in previous
publications (Table 3). During sequence alignment
we observed that several LTR sequences either had
been observed by more than one study and were
assigned different names or were misinterpreted as
solitary LTRs when they were part of a complete
provirus. Of the total of 74 human-specific HML-2
LTR sequences, 18 were complete or near-complete

Fig. 1. PCR scheme for detecting
HERV-K(HML-2) allelic variants.
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proviruses, 49 were solitary LTRs, and a further 6
could not be distinguished between near-complete
proviral sequences and solitary LTRs, as they have
lost the 5¢ or 3¢ end of their sequence. Further se-
quence comparison of the HML-2 LTR contained at
Xq26.3 (AL359703) to the SVASTPA1 retroelement
(AC016142) (Ostertag et al. 2003) revealed that this
human-specific sequence was a member of the SVA
(SINE, VNTR, and Alu) retrotransposon family. As
SVA elements are derived from SINE.R retroele-
ments which are composed of a partial HERV-
K(HML-2) env and a 3¢-LTR (Shen et al. 1994), it
can be concluded that the LTR at Xq26.3 is not a

direct product of the retrotransposition of a HERV-
K (HML-2) provirus. Computational screening of
the flanking regions of each of the human-specific
HML-2 LTRs indicated that two solitary LTRs were
polymorphic for insertion. The first was located at
6p21.32 (Z80898) and is reported to have arisen
through duplication of the MHC complex (Horton
et al. 1998); the second was located at 9q12
(AL39220). With the exception of chromosomes 13,
15, 18, and Y, all chromosomes contained at least
one human-specific HERV-K(HML-2) LTR se-
quence that arose through the process of retro-
transposition.

Table 1. PCR primers and annealing temperatures

PCR amplification 5¢ primer sequence 3¢ primer sequence ATa

K113 insertion site TGCATGGGGAGATTCAGAACC ATCCATACATTTCTGAGTCCTGA 56

K113 LTR TGCATGGGGAGATTCAGAACC AATGGAGTCTCCYATGTCTACT 56

K113 full provirus TGCATGGGGAGATTCAGAACC GGATCTCTYGTCGACTTGTCC 58

K115 insertion site AGCACTGAGATCCAAACTCATAT CAGTCTATAGATGTGGATGCCT 58

K115 LTR AGCACTGAGATCCAAACTCATAT AGGGMGTRGTGATGACTCTTAA 58

K115 full provirus AGCACTGAGATCCAAACTCATAT GGATCTCTYGTCGACTTGTCC 58

K103 insertion site CCACCATCTGAGAAGTGTGATG GGCAACAAAGGGTTCATATGAGAA 50

K103 LTR CCACCATCTGAGAAGTGTGATG AATGGAGTCTCCYATGTCTACT 50

K103 full provirus CCACCATCTGAGAAGTGTGATG GGATCTCTYGTCGACTTGTCC 58

K103 solitary LTR CCACCATCTGAGAAGTGTGATG GGCAACAAAGGGTTCATATGAGAA 58

K106 insertion site TCCACCTGCGGACCTCCTCT TATTGGTGACAGAGAGATGCAG 58

K106 LTR TCCACCTGCGGACCTCCTCT AATGGAGTCTCCYATGTCTACT 58

K106 full provirus TCCACCTGCGGACCTCCTCTA

TTCCACCAGCCTGTAGGGGA

GGATCTCTYGTCGACTTGTCC 58

K106 solitary LTR TCCACCTGCGGACCTCCTCTATT

CCACCAGCCTGTAGGGGA

TATTGGTGACAGAGAGATGCAG 58

K107 insertion site GGACACCCAACCTGCATGGT ACACCACTGACAGTTACAGTACC 58

K107 LTR GGACACCCAACCTGCATGGT AATGGAGTCTCCYATGTCTACT 58

K107 full provirus GGACACCCAACCTGCATGGTTC

AACTCACTGCTGTGGGGAA

GGATCTCTYGTCGACTTGTCC 58

K107 solitary LTR GGACACCCAACCTGCATGGTTC

AACTCACTGCTGTGGGGAA

GCCGGAGGTTGTGTAGGGG 58

K108 LTR GTTACAGGAGTGCGCCATCAC AGGGMGTRGTGATGACTCTTAA 58

K108 full provirus GTTACAGGAGTGCGCCATCAC GGATCTCTYGTCGACTTGTCC 58

K108 tandem repeat GGATCTCTYGTCGACTTGTCC GCAGGTKTAMCCAACAGCTC 58

K108 solitary LTR GTTACAGGAGTGCGCCATCACA

GAGATGGGTTTCTGTGGGGA

GAATTAGGCTTTCGGGACTT

CAGATGGTGGAAACCTGTAGGGGG

58

3q27.2 LTR TGAGACAGGTACATGTGGGGAA AGGGMGTRGTGATGACTCTTAA 58

3q27.2 full provirus TGAGACAGGTACATGTGGGGAA GGATCTCTYGTCGACTTGTCC 58

3q27.2 solitary LTR TGAGACAGGTACATGTGGGGAA GTATTTTATGTTATGTACCTGTAGG 58

7p21.2 insertion site CCACTGTGTACAAGTATATGTG

GAGTCAGGGTCTCTTCTGTTG

GATTGCTCTTATAAGTCAGTTTGA 50

7p21.2 LTR CCACTGTGTACAAGTATATG

TGGAGTCAGGGTCTCTTCTGTTG

AATGGAGTCTCCYATGTCTACT 50

17q22 insertion site GATTGCTCTTATAAGTCA

GTTTGAGGGATCTTACAGATACACCAGT

GGGTGCAGCACACCAACATG 50

17q22 LTR GATTGCTCTTATAAGTCAGTTTGAGGGA

TCTTACAGATACACCAGT

AATGGAGTCTCCYATGTCTACT 50

aAmplification required 2 min of initial denaturing at 94�C, and 35 cycles of 30 s at 94�C, 30 s at the annealing temperature (AT), and 30 s of
elongation at 72�C. A final extension time of 6 min at 72�C was added.
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Table 2. Complete and near-complete HERV-K(HML-2) proviruses within the human genome

HERV Speciesa Location Typeb Accession No.

Nucleotide

difference Featuresc,d Reference

K101 Human 22qll.2 I AF16409 2 Barbulescu et al. (1999)

AC007326/FID 83799 5

K102 Human 1q21 I AFI64610 4 Barbulescu et al. (1999)

AL353807/FID 1 2

AC044819 2

K103 Human 10p12.1 I AF164611/AF59796 7 Barbulescu et al. (1999)

AL591164 6

AL139404 Solo LTR Polymorphic This study

K104 Human 5p14.3 II AF164612 17 Barbulescu et al. (1999)

AC025757/AC116309 17

K106 Human 3ql3.2 I AF16540/AC078785 1 Barbulescu et al. (1999)

AC024108 Solo LTR Polymorphic This study

K107 Human 5q33.3 I M14123 2 Ono (1986)

HERV-K10 AF164613 4

AC016577/FID27409 2

K108 Human 7p22.1 II AC072054/AC0104060 2 Polymorphic Mayer et al. (1999)

HML-2.HOM Y17832/AF164614 6 Tonjes et al. (1999)

HERV-K(C7) AF074086 0 Reus et al. (2001a)

FID37994 3

AF261945

K109 Human 6q14.1 II AL590785 2 Barbulescu et al. (1999)

AC0055116 5

K113 Human 19p13.11 II AY037928 3 Polymorphic Turner et al. (2001)

AC092364

K115 Human 8p23.1 II AY037929 14 Polymorphic Turner et al. (2001)

AC130464/AC130367 14

12q14.1 Human 12q14.1 II AC0025420 4 Costas (2001)

AC074261 19

FID58908 20

11q22.1 Human 11q22.1 II AP007776/FID54721 4 Costas (2001)

HERV-K(II) Human 3q21.2 II AB047209/AC092902 18 Sugimoto et al. (2001)

AC069047/AC092903 18

AC026957

3q27.2 Human 3q27.2 I AC069420 3 Hughes and Coffin (2001)

AC015525/AC133473

1p31.1 Human 1p31.1 I AC093156 0 D2846 bp pol Hughes and Coffin (2001)

21q21.1 Human 21q21.1 I AL109763 D164 bp gag Kurdyukov et al. (2001)

AL163218 D712 bp 3¢ LTR
AF240627

HERV-K(C19) Human 19p12-q12 II AFO17229

AC112702/

AC010508

Y 17833

D5¢ LTR Tonjes et al. (1999)

12q24.11 Human 12q24.11 II AC002350 D520 bp env

3¢ LTR
Medstrand and Mager (1998)

4q23.1 Chimp 4q32.1 I AC106872 37 D1937 bp pol Hughes and Coffin (2001)

AC108519/AC068369

K105 Gorilla 21q11.1 I AF16419 40 Barbulescu et al. (1999)

AF260249

AF260253

K110 Gorilla 1q23.3 I AL121985/AC068728 34 Ono (1986)

HERV-K18 Y18890/FID2 33

AF164618 36

AF134984/AF012336

11q23.2 Gorilla 11q23.2 I AP000831/FID54716 6 Costas (2001)

10p14 Gorilla 10pl4 II AC015686/FID50753 30 Costas (2001)

AL392086 30

HERV-K(I) Gorilla 3q12.1 I AB047240 19 Sugimoto et al. (2001)

AC084198/FID13837 18

6p21.1 Gorilla 6p21.1 II AL035587 39 Ins Alu Y gag Reus et al. (2001b)

3p25 Orangutan 3p25 I AC018829/AC018809 53 D2554 bp pol Hughes and Coffin (2001)

19p13.11 Orangutan 19p13.11 I AC011467/AC036240 62 Ins 6760 bp Hughes and Coffin (2001)

AC068369/AC078899 5¢ LTR D2554 bp pol

(Continued)
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Inter- and Intraelement Recombination—Comparison
of Direct Repeat Sequences

In common with infection by exogenous retrovi-
ruses, retrotransposition and subsequent integration
of HERV-K endogenous retrovirus result in the
generation of short target site duplications of 4 to 6
bp at the integration site. These direct repeat se-
quences flank either end of the newly integrated
provirus and should be identical at the time of
integration. Integrated proviruses or solitary LTRs
with different target site duplications serve as po-
tential signatures of interelement homologous
recombination, which would be expected to have
resulted in large-scale chromosomal rearrangements
(Hughes and Coffin 2001). We examined the target
site duplications of the 74 human-specific HML-2
sequences in order to investigate the impact of such
events during hominid evolution. The three near-
complete proviruses, 12q24.11 (AC002350); HERV-
K(C19) (AF017229), and 21q21.1 (AL109763),
along with the six incomplete LTRs, were not in-
cluded in the data set, as they had lost one or more
of their direct repeats. The human-specific HML-2
LTR at Xq26.3 (AL359703), which was a compo-
nent of a SVA retroelement, and the polymorphic
solitary LTR at 6p21.32 (Z80898) were also not
included, as they did not represent the recent ret-
rotranspostion and integration of a proviral se-
quence. This left a total of 63 HML-2 elements that
could be analyzed.
Each of the respective allelic variants of the poly-

morphic loci, HERV-K103 and HERV-K106, had
identical direct repeats, implying that the solitary
LTRs were generated as a result of (intraelement)
homologous recombination between the 5¢- and the

3¢-LTRs of each respective provirus. Such an event is
also expected to produce and result in the loss of a
near-complete provirus consisting of a single LTR
along with the gag, pol, and env genes. For the same
reasons, intraelement recombination leading to the
internal duplication of a proviral sequence is also
likely to have generated the tandem duplication of the
HERV-K108 provirus and is expected to have also
led to the formation of a solitary LTR at the same
chromosomal location.
If HERV-K sequences with inconsistent direct

repeats arose through (interelement) homologous
recombination between proviruses located either on
different chromosomes or in different regions of the
same chromosome, then exchanges would be expected
to produce a reciprocal HERV-K element with an
opposite configuration of direct repeats and flanking
regions. Of the remaining HML-2 sequences, two had
disparate target site duplications, indicating their likely
hybrid nature. Within the human genome databases
they exist as solitary LTRs and are located on chro-
mosomes 7p21.2 (AC006035) and 17q22 (AC032016).
We screened the human genome databases for the

expected reciprocal product of each of the ‘‘hybrid’’
HML-2 sequences; none of the predicted sequences
were present. This implied either that the reciprocal
products were not present in the representative indi-
viduals sequenced by the human genome projects or
that the expected reciprocal sequences do not form a
constituent of the contemporary human gene pool. In
order to confirm that the two human-specific solitary
LTRs were a product of interelement recombination,
wedesignedunique5¢and3¢flanking regionprimers for
the solitary LTRs at 7p21.2 (AC006035) and 17q22
(AC032016) and conducted amplification for both the
solitary LTR and the preintegration site in human and

Table 2. Continued1

HERV Speciesa Location Typeb Accession No.

Nucleotide

difference Featuresc,d Reference

19q13.13 Gibbon 19ql3.13 II ACO12309 78 Reus et al. (2001b)

6p22.1 Gibbon 6p22.1 II AL121932

AL390196/

AL671879

60 Ins solo LTR pol Reus et al. (2001b)

4p16 4p16 II AC105916 70 This study

Xq28 Xp28 II AF277315 49 D2181 bp gag–pol This study

10q24.2 10q24.2 II AL392107 33 (335) Ins 9598 bp 5¢ LTR
D634 bp 5¢LTR
D1375 bp env

This study

aThe most distant species in which a given provirus is reported to be found (Barbulescu et al. 1999; Kurdyukov et al. 2001; Hughes and

Coffin 2001; Turner et al. 2001).
bHERV-K(HML-2) proviral genome classification, based upon the presence of the diagnostic, 292-bp deletion at the pol–env boundary, with

Type I elements carrying the deletion.
cIns, insertion.
dD, deletion.
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nonhumanprimates. Initial results confirmed thatboth
of the solitary LTRs were not present in chimpanzee
and gorilla, indicating either that they were not fixed in

the gene pool at the time of human/chimpanzee/gorilla
divergence or that they had integrated during hominid
evolution. We then performed amplification for the

Table 3. HERV-K(HML-2) LTR sequences that are unique to humans

Location Accession no. Features Subfamilya Reference

1p22.1 AF370125/AL139421 LTR II-L/HS-a Buzdin et al. (2002)

1p31.2 AL356736/AL359701 LTR II-L/HS-a Buzdin et al. (2002)

1q22 AL135927 Buzdin et al. (2003)

2p22.2 AC007390 Buzdin et al. (2003)

2p23.14 AC021294 LTR II-L/HS-a Buzdin et al. (2002)

2p23.3 AC074117 LTR II-L/HS-a Buzdin et al. (2002)

2q21.2 AC084028/AC093787 DLTRc LTR II-L/HS-a Buzdin et al. (2002)

2q33.2 AC074019 LTR II-T Mamedov et al. (2002)

3p12.3 AF042089 LTR II-L Buzdin et al. (2002)

3p21.31a Z84493/AL450422 HS-a Medstrand and Mager (1998)

3p21.31b AC025548/AC104447 Buzdin et al. (2003)

3q26.31 AC068566/AC104640 LTR II-L/HS-b Buzdin et al. (2002)

3q28 AC0620087/AC112909 LTR II-L Buzdin et al. (2002)

4q13.3 AC055844/AC106051 Buzdin et al. (2003)

5p15.31 AC091985 LTR II-L4 Mamedov et al. (2002)

5q23.1 AC010267 LTR II-L/HS-b Buzdin et al. (2002)

5q35.l AC008648 Buzdin et al. (2003)

5q35.3 AC023559/AC113425 LTR II-L/HS-a Buzdin et al. (2002)

6q15 AL021774/AL139090 LTR II-L/HS-a Buzdin et al. (2002)

6q23.2 AL596188 LTR II-L4 Mamedov et al. (2002)

6p21.32a Z80898/U92032 Polymorphic HS-b Horton et al. (1998)

6p21.32b AC022567/X87344 LTR II-T Buzdin et al. (2002)

7p21.2 AC006035 Direct repeats vary LTR II-L4 Mamedov et al. (2002)

7q31 AC006029 LTR II-L/HS-a Buzdin et al. (2002)

7q31.3 AC02508 LTR II-L3/HS-a Medstrand and Mager (1998)

7q31.33 AC019155 LTR II-L4 Mamedov et al. (2002)

9q22.2 AC015640/AL590377 Buzdin et al. (2003)

9q12 AL39220/AL773545 Polymorphicb LTR II-L/HS-a Buzdin et al. (2002)

9q21.12 AL162412 LTR II-L/HS-a Buzdin et al. (2002)

9q33.2 AL359644 LTR II-L4 Mamedov et al. (2002)

9q34.13 AL158039/AL354855 LTR II-L/HS-a Buzdin et al. (2002)

11p15.4 AC018539/AC080023 LTR II-L4 Mamedov et al. (2002)

11q12.3a U73641/AP001591 HS-a Medstrand and Mager (1998)

11q12.3b AC003023/AP002793 LTR II-L Buzdin et al. (2002)

11q13.3 AP001184 DLTRc LTR II-L/HS-a Buzdin et al. (2002)

11q21.31 AP002513/AC021821 LTR II-L4 Mamedov et al. (2002)

12p11.21 AC068887/AC048344 Buzdin et al. (2003).

12p13.31a U47924 HS-b Medstrand and Mager (1998)

12p13.31b AC006432 Buzdin et al. (2003)

12q13.13 AC027750/AC107031 Buzdin et al. (2003)

12q13.3 AC079034 DLTRc LTR II-L/HS-a Buzdin et al. (2002)

12q13.3 AC024884/AC025574 LTR II-L/HS-a Buzdin et al. (2002)

14q22.2 AL352982 Buzdin et al. (2003)

14q23.3 AL139022 DLTRc LTR II-L/HS-a Buzdin et al. (2002)

16p12.3 AC002400/AC008870 HS-b Medstrand and Mager (1998)

16p13.12 AC009167 DLTRc LTR II-L Buzdin et al. (2002)

16q23.1 AC009132 DLTRc LTR II-L4 Mamedov et al. (2002)

17p13.2 AC012146 LTR II-L/HS-b Buzdin et al. (2002)

17q21.2 AC068014 LTR II-L Buzdin et al. (2002)

17q22 AC032016/AC000389 Direct repeats vary LTR II-L/HS-b Buzdin et al. (2002)

19q13.31 L47334/AC073898 LTR II-L2/HS-b Medstrand and Mager (1998)

20q11.22 AL121753 Buzdin et al. (2003)

21q22.3 Q39E10/AF260248 LTR-L/HS-a Kurdyukov et al. (2001)

Xp22.13 AC009858/AL732371 LTR II-L Buzdin et al. (2002)

Xq21.31 AL162723 LTR II-L2 Mamedov et al. (2002)

Xq26.3 AL359703 3¢LTR (SVA) LTR II-L Buzdin et al. (2002)

aSubfamily classification as defined (Lebedev et al. 2002; Mamedov et al. 2002; Buzdin 2003).
bThis study.
cDeletion.
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preintegration site in thenonhumanprimatesunder the
expectation that a negative result indicated interele-
ment recombination. If recombination had occurred
between different proviruses located at different chro-
mosomal regions, then the expected product either
would be too large to amplify or would not exist in
nonhuman primates. Contrary to expectation, ampli-
cons were produced, suggesting that the disparate tar-
get site duplications were generated by an alternative
mechanism (Figs. 2 and 3).
Sequence analysis of the preintegration site and

solitary LTR at 7p21.2 indicated that the variable di-
rect repeats were a result of an apparent duplication of
the 5¢ flanking sequence (Fig. 2A). A similar situation
was also observed for the human-specific provirus at
21q21.1, where the 3¢-LTR of the provirus appears to
be truncated by a sequence paralogous to the 5¢
flanking sequence (Fig. 2B). Presuming that the pro-
virus contained two identical LTRs at insertion, this
duplication must have occurred following integration.
For the solitary LTR at 17q22, sequence data on the
preintegration site indicated that the downstream di-
rect repeat was 4 bp shorter than the upstream one
(Fig. 3). These observations indicate that inconsistent

direct repeat sequences do not always reflect interele-
ment recombination events (see Discussion).

Phylogeny of HML-2 LTRs Unique to Humans

In order to further examine the retrotransposition
and evolution of the human-specific HML-2 ele-
ments, we generated a neighbor-joining tree from the
alignment of 87 full-length HML-2 LTR sequences
(Fig. 4). Individual LTR sequences are identified
according to their consensus name or genomic loca-
tion. With the exception of the HERV-K115 provi-
rus, the 5¢- and 3¢-LTR of each individual HML-2
provirus grouped together, supporting the view that
they had not undergone interelement recombination
or sequence exchange. However, the LTRs of the
HERV-K115 provirus were divergent, reflective of
the provirus having undergone gene conversion. The
solitary LTRs of the polymorphic loci HERV-K103
and HERV-K106 grouped with the LTRs of their
progenitor provirus, confirming that they were gen-
erated through intraelement homologous recombi-
nation. The respective 5¢- and 3¢-LTRs of the

Fig. 2. Flanking region
duplication leading to variable
direct repeat sequences. A Solitary
LTR 7p21.2. The preintegration
sequence in chimpanzee and gorilla
is represented by the top figure and
contains a 250-bp sequence with the
respective nucleotide sequences
GGATGA and AGGCAA at each
end. The human-specific solitary
LTR at 7p21.2 (accession No.
AC006035) has inconsistent direct
repeat sequences AGGCAA and
GGATGA, which are underlined.
Sequence comparison indicates that
the solitary LTR is flanked by a
250-bp duplication of the
preintegration sequence. B Provirus
21q21.1. The top figure represents
the preintegration sequence present
in chimpanzee (accession No.
BS000043). The near-complete
human-specific provirus at 21p21.1
(accession No. AL109763) contains
a truncated 3¢-LTR of 257 bp which
is adjacent to a 450-bp duplication
of the preintegration site sequence.

Fig. 3. Sequence alignment of the human-specific HERV-K
(HML-2) solitary LTR at chromosomal location 17q22 and pre-
integration site in primates. The human sequence of the HERV-
K(HML-2) LTR-containing locus (accession No. AC032016) is

shown on the top line. Nucleotide substutions at each position are
indicated with the appropriate nucleotide. Alignment gaps are
indicated by dashes. The direct repeats of the solitary LTR are
underlined.
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tandemly repeated provirus and the single, provirus
located at 7p22.1 (HERV-K108) also grouped, indi-
cating that the tandem proviral sequence also arose
through intraelement recombination. Interestingly,
the distribution of the Type I and Type II proviral
LTRs was not monophyletic, as would be expected if

these elements follow a ‘‘master’’ or ‘‘source’’ model
of retrotransposition (see Discussion).
HERV-K LTRs have previously been classified

according to diagnostic nucleotide differences and
intragroup divergence. Recently, 40 human-specific
HML-2 LTR sequences were classified into the sub-
types Hs-a and Hs-b (Buzdin et al. 2003). Superim-
position of these subtypes on the phylogenetic tree
indicated that this taxomony was consistent, al-
though the two subtypes were not clearly distin-
guished and grouped independently of the Type I and
Type II proviral genomes. This suggests that HML-2
LTRs may be subject to a high degree of sequence
exchange between closely related sequences.

Relative Age of HML-2 Loci

During the retrotransposition of a provirus, reverse
transcription generates a new retrovirus-like sequence
containing two identical LTR sequences. Assuming
that a provirus has not undergone any form of se-
quence exchange and there is no selective pressure
acting on it, the accumulative nucleotide differences
between the LTRs can serve as a molecular clock
(Dangel et al. 1995). We calculated the number of
nucleotide differences between the 5¢- and the 3¢-
LTRs of the 32 intact HML-2 proviruses that were
present within the human genome and compared
each result to the relative age of the provirus (Ta-
ble 2). Several inconsistencies were observed which
were indicative of sequence homogenization between
the LTRs of individual elements.
First, sequence data for individual elements were

discrepant; this is exemplified by the human-specific
provirus at 12q14.1 where the accession clone
AC025420 has 4 nucleotide differences but the anal-
ogous accessions AC074261 and FID58908 had 19
and 20 differences, respectively. Second, relative age
did not correspond with accumulative nucleotide
differences. As the provirus at 11q23.2 (AP000831) is
present in humans, chimpanzees, and gorillas, its
relative age is expected to be between 6.2 and 12 mya
(Chen and Li 2001). However, it contains only six
accumulative nucleotide differences between the
LTRs, which, compared to the relative age of com-
parable proviral loci such as 10p14 (AC015686), is
indicative of a more recent insertion. Additionally,
the LTRs of the insertionally polymorphic HERV-
K113 provirus (AY037928) vary by 3 bp, whereas the
HERV-K106 provirus (AC078785), which is reported
to be universal in contemporary humans (Barbulescu
et al. 1999), has only a 1-bp difference between the
LTRs. In order to further investigate these discrep-
ancies we designed PCR-based assays and tested for
the absence of two human-specific proviral loci;
3q27.2 (AC069420) and HERV-K107 (5q33.3),
which, according to their accumulative differences

Fig. 4. Phylogeny of human-specific HML-2 LTRs. Individual
LTRs are named according to the chromosomal location of the
corresponding accession clone or bibliographic name of the se-
quence. P5—5-LTR; P3—3-LTR; S—Solitary LTR; R—direct re-
peats vary. The shaded LTRs are polymorphic and have arisen
through intraelement recombination. The arrows emphasize the
divergent LTRs of the HERV-K115 provirus. Roman numerals
denote the genome structure of the HERV-K(HML-2) proviral
sequences, with Type I sequences carrying a 292-bp deletion at the
pol–env boundary. (s) LTR subfamily HS-a. (d) LTR subfamily
HS-b.
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(three and two), appear to have integrated into the
human germ line relatively recently.

PCR Analysis of HML-2 Loci

HERV-K polymorphisms serve as ideal genetic
markers for examining human evolution, as they are
stable and identical by descent and the ancestral state
is known to be the absence of the insertion. We
developed a PCR-based assay to examine the allelic
variation associated with sevenHML-2 proviral loci—
HERV-K113 (19p12), HERV-K115 (8p23.1), HERV-
K103 (10p12.1), HERV-K106 (3q13.3), HERV-K108
(7p22.1), 3q27.2 (AC069420), and HERV-K107
(5q33.3)—and determined their geographical distri-
bution by amplifying for their presence in 109 DNA
samples from four diverse human populations. A
schematic diagram of our PCR-based strategy and the
predicted outcomes of intraelement homologous
recombination are depicted in Fig. 1. Unique 5¢ and 3¢
flanking region primers were designed in order to de-
tect the preintegration site sequence or solitary LTR at
each of the selected loci. The absence of PCR product
indicated either the deletion or the presence of aHML-
2 provirus. This was evaluated by amplifying for a
complete proviral sequence using the unique 5¢ flank-
ing primer and universal gag primer. Detection of the
allelic variation present at the HERV-K108 loci,
which can contain a tandemly repeated provirus (Reus

et al. 2001a), initially involved conformational
screening for the presence of proviral sequence at that
locus, using the unique 5¢ flanking region primer and
universal gag primer. The presence of at least one copy
of the tandemly repeated provirus was analyzed by
amplifying with the universal primers gag and env.
Computational screening within the human genome
databases for the potential combinations of the uni-
versal primers gag and env indicated that the predicted
amplicon was unique to the HERV-K108 on chro-
mosome 7.
The first polymorphic HML-2 locus that we

examined was HERV-K108 on chromosome 7. As we
did not perform amplification reactions that spanned
the entire length of the HERV-K108 loci, we were
unable to distinguish between individuals who were
heterozygous in possessing one copy of the ancestral
single proviral allele (A) and a copy of the tandemly
repeated provirus (B) from individuals who were
homozygous for the tandemly repeated provirus (BB)
(Table 4). However, in performing conformational
amplification for the presence of the HERV-K108
insertion, we were able to determine the number of
individuals who were homozygous in possessing the
ancestral copy of the provirus (AA). Interelement
recombination leading to the production of a tan-
demly repeated provirus is also expected to generate a
solitary LTR. We detected such a solitary LTR in a
single individual, indicative of an allele frequency of

Table 4. Genomic variation associated with the HERV-K108 locus

Population n AA AB/BB AC

Africa 25 8 16 1

Asia 28 17 11 0

Europe 21 7 14 0

Papua New Guinea 17 12 5 0

Total 91 44 46 1

Note. A, single provirus; B, tandemly repeated provirus; C, solitary LTR.

Table 5. Genomic variation associated with HERV-K(HML-2) loci

HERV-K locus

K113a K115a K103b K106b

Population n (+) Frequency hc n (+) Frequency h n (+) Frequency h n (+) Frequency h

Africa 25 0.2 0.32 25 0.2 0.32 25 0.04 0.08 25 0.1 0.18

Asia 28 0.107 0.19 28 0.0 0.0 28 0.0 0.0 27 0.074 0.1

Europe 22 0.0 0.0 22 0.0 0.0 22 0.0 0.0 21 0.071 0.09

Papua New Guinea 26 0.231 0.36 34 0.088 0.18 15 0.0 0.0 28 0.071 0.13

Average 0.134 0.217 0.072 0.125 0.01 0.02 0.079 0.125

Total 101 0.138 0.216 109 0.073 0.126 90 0.011 0.019 101 0.069 0.126

Fst 0.069 0.098 0.03 0.006

aProvirus insertion.
bSolitary LTR.
cHeterozygosity.
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0.02 within the African population and a worldwide
frequency of 0.005.
The human genomic variation associated with the

remaining six HML-2 loci indicated that four of the
loci were dimorphic and two loci were monomor-
phic, consistent with the data retrieved from the
human genome databases (Table 5). Allele fre-
quencies for the bi-allelic loci ranged from 0.231 for
the HERV-K113 provirus in the Papua New
Guinean population to 0.00 for all loci in a number
of cases. Interestingly, the allele frequencies for the
solitary LTR at the HERV-K103 locus ranged from
0.04 in the African population to zero in all other
populations, perhaps suggesting that the solitary
LTR has arisen relatively recently. The average
heterozygosity values for each locus also varied,
from 0.217 for the HERV-K113 locus to 0.00 for
the monomorphic loci HERV-K107 and 3q27.2.
Only one significant departure from Hardy–Wein-
berg equilibrium was observed in 24 individual tests;
this was for the HERV-K106 solitary LTR in the
Papua New Guinean population (data not shown).
As 1 of 20 tests are expected to be significant at the
5% level by chance alone, this departure may be due
to random statistical fluctuation. The between-pop-
ulation differentiation values for each bi-allelic locus
ranged from 0.098 for the HERV-K115 to 0.006 for
the HERV-K106 solitary LTR and were all signifi-
cant by contingency analysis (data not shown). This
implies that 90.2 to 99.4% of the genetic variation
associated with the polymorphic HML-2 loci is
within a population, supporting a recent demo-
graphic expansion of contemporary human popu-
lations.

Discussion

HERV elements make up a significant proportion of
the human genome (8%) and have been proposed to
be pacemakers in the evolution of primates (Sverdlov
2000). Determining the structure and cytogenetic
location of HML-2 sequences that are unique to
humans can be regarded as a starting point for
studies investigating their impact, perhaps in regu-
lating the expression of cellular genes or in remodel-
ing the human genome. Here we have reported the
structure and cytogenetic location of 74 human-spe-
cific HML-2 sequences, of which 15 are complete
proviruses and 3 sequences represent near-complete
proviral sequences which have lost one of their LTRs
(Turner et al. 2001; Barbulescu et al. 1999; Costas
2001; Hughes and Coffin 2001; Sugimoto et al. 2001;
Tonjes et al. 1999; Reus et al. 2001a). A single SVA
retrotransposon was also characterized, which is lo-
cated at Xq26.3. Intraelement homologous recombi-
nation between the 5¢- and the 3¢-LTRs of a provirus

results in the excision of the retrovirus-like sequence
and leaves behind a solitary LTR (Mager and
Goodchild 1989). In this study we also describe 49
solitary LTRs, all of which are unique to humans
(Mamedov et al. 2002; Medstrand and Mager 1998;
Buzdin et al. 2002, 2003; Lebedev et al. 2000; Ku-
rdyukov et al. 2001). A further six sequences have lost
the 5¢ or 3¢ end of their LTR sequence, so we are
unable to determine if they were solitary LTRs or
complete proviral elements prior to sequence loss.
Within this study we have not considered HML-2
sequences which subsist solely as gag, pol, or env
genes, although the human genome is likely to con-
tain a significant number of such sequences (Mayer et
al. 1997a,b), many of which could be unique to hu-
mans.

Copy Number of HML-2 LTRs

The higher proportion of solitary LTRs within the
human lineage indicates that the recombination
events which led to the loss of structural genes oc-
curred at a faster rate than the retrotransposition,
integration, and fixation of novel proviral sequences
within the germ line. Further implications are that
the solitary LTRs are more genetically stable and/or
less deleterious than a full-length provirus and that
the recombination events leading to their produc-
tion are occurring in quick succession after proviral
integration. As three of the seven polymorphisms
identified within this study (HERV-K103 HERV-
K106, and HERV-K108) originate from human-
specific proviruses and are generated through
intraelement recombination, this observation is
confirmed. Interestingly, only 1 individual possessed
the HERV-K108 solitary LTR, whereas 46 indi-
viduals possessed at least one copy of the reciprocal
tandem repeat, perhaps suggesting that the tandem
provirus is more genetically stable than the solitary
LTR. The increase in HERV-K copy number within
the human lineage may also be attributed to com-
plex and recurrent DNA arrangements such as
duplication (Medstrand and Mager 1998; Nadezh-
din et al. 2001) and is exemplified by the solitary
LTR at 6p21.32 (Z80898), which is reported to have
arisen through the duplication of the MHC complex
(Horton et al. 1998).

Interlocus Recombination

In addition to operating as insertional mutagens,
retroelements also serve as substrates for gene con-
version and recombination, which has led to a variety
of human diseases (Stankiewicz and Lupski 2002;
Deininger and Batzer 2002; Ostertag et al. 2003).
With the exception of a recombination event between
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two HERV15 proviruses that flank the AZFa region
on the human Y chromosome (Sun et al. 2000; Bosch
and Jobling 2003), interelement/interlocus recombi-
nation between HERVs is not a frequent cause of
human mutation. Despite this, HERV sequences are
highly recombingenic (Johnson and Coffin 1999;
Hughes and Coffin 2001). The recently recharacter-
ized family of retrotransposons, SVA (SINE, VNTR,
and Alu), is derived from SINE and HERV-K(HML-
2) elements (Zhu et al. 1994; Ostertag et al. 2003) and
a chimeric HERV-H/HERV-K retroelement trans-
posed onto chromosomes 10, 19, and Y before the
divergence of the human/chimpanzee gorilla lineages
(Lapuk et al. 1999). Recombination or gene conver-
sion has led to the concerted evolution of the HERV-
H family (Mager and Freeman 1995) and has also
resulted in the homogenization of the LTRs of the
RTVL-1a and HERV-K(HML-2) K110/K18 proviral
loci (Johnson and Coffin 1999).
Disparate target site duplications are proposed to

serve as a signature of involvement of a HERV pro-
viral sequence in interelement/interlocus recombina-
tion events. As at least 16% of the HERV-K(HML-2)
proviruses that are present within the human genome
are estimated to have been involved in such events,
they may have had a major impact in primate genome
evolution by mediating large-scale chromosomal
rearrangements (Hughes and Coffin 2001). We ana-
lyzed the direct repeats of all human-specific HML-2
sequences that could be determined to have arisen
through the retrotransposition of a HML-2 proviral
genome, in order to assess their effect upon the
plasticity of the hominid genome. Of the 63 elements
that could be considered, two solitary LTRs had
disparate target site duplications. PCR amplification
and sequencing of their respective preintegration sites
in nonhuman primates revealed that neither of these
HML-2 loci had been involved in interlocus recom-
bination events. The most parsimonious explanation
for the flanking sequence duplication of the solitary
LTR at 7p21.2 (Fig. 2A) and the provirus at 21q21.1
(Fig. 2B) is that unequal crossover occurred within a
common ancestor who was heterozygous in possess-
ing an allele of the preintegration site sequence and a
second allele containing the integrated provirus. If
such an event did occur, then the reciprocal sequence
would be expected to appear as a preintegration site
sequence with a deletion immediately upstream of the
site of integration. In the case of the provirus at
21q21.1, in addition to a 450-bp deletion of host
chromosomal DNA, the reciprocal would also con-
tain the last 712 bp of the 3¢-LTR. We also screened
the human genome databases for the expected re-
ciprocal products of unequal crossover and did not
detect any such sequences, indicating either that they
were not present in the representative individuals se-
quenced by the human genome projects or that they

no longer formed a constituent of the contemporary
human gene pool.
Sequence analysis of the preintegration site of the

solitary LTR at 17q22 revealed that the downstream
direct repeat was 4 bp shorter than the upstream
(Fig. 3). The downstream target site duplication could
either have lost 4 bp through deletion or during inte-
gration when an incomplete target site duplication of
only 2 bp was generated. As our results show that dis-
parate direct repeats do not always reflect interlocus
recombination events and that at least 3% (2 of 63) of
HERV-K(HML-2) sequences,whicharose through the
retrotransposition of a proviral genome, are a result of
unequal crossover, the prediction that at least 16% of
HML-2 proviruses have been involved in interlocus
recombination events during primate genome evolu-
tion may be an overestimate. However, it should be
considered that the genomic retroviral elements that
exist today represent only a small fraction of total germ
line integration and subsequent recombination events
that have occurred, namely, those that were not detri-
mental to the host and that also became fixed in the
genome of common ancestors.

Gene Conversion of HML-2 Proviral Loci

Mobile element families are expected to evolve fol-
lowing a ‘‘master gene’’ model of retrotransposition,
whereby a few ‘‘master’’ elements give rise to the vast
majority of novel sequences with subfamilies evolving
either through the accumulation of mutations within
the master genes or by the successive replacement of
master genes by novel ones. Sequence exchange or gene
conversion between different subfamilies of elements
can confuse the expected topology, resulting in the
apparent accelerated or decelerated evolution of a
family (Shih et al. 1991; Mager and Freeman 1995;
Kass et al. 1995;Roy-Engel et al. 2002). The phylogeny
of HERV-K(HML-2) LTRs presented in this study
suggests that a high degree of gene conversion has oc-
curred within the human lineage (Fig. 4). First, the
distribution of Type I proviral genomes is not mono-
phyletic, as would be expected if these novel insertions
arose from the clonal expansion of a master proviral
genome which carried a 292-bp deletion at the pol–env
boundary. We also observed similar topology for the
gag, pol, and env structural genes (data not shown),
indicating that sequence exchangewas not restricted to
the LTRs. This suggests that the diagnostic 292-bp
deletionhasbeen exchanged several timeswithin recent
evolutionary time scale between the Type I and the
Type II genomes, leading to the production of mosaic
proviruses (Costas 2001). Second, the classification of
HML-2LTRs into the subtypesHs-a andHs-b (Buzdin
et al. 2003) is also not consistent with clonal expansion,
as the subtypes group independently of the Type I and

653



Type II proviral genomes.During sequence analysiswe
also observed that none of the human-specific LTRs
contained the diagnostic 8- and 23-bp insertions that
are present within the LTRs of the HML-2 ancestor
sequences, HERV-K(OLD) (Reus et al. 2001b), indic-
ative of sequence exchange exclusively between highly
homologous and recently retrotransposed sequences.
The divergent LTRs of the HERV-K115 provirus
support this view, as the element is predicted to have
entered the human gene pool relatively recently
(Turner et al. 2001). However, if gene conversion has
occurred as frequently as the Type I/Type II phylogeny
suggests, then additional HERV-K(HML-2) provi-
ruses would also be expected to possess highly diver-
gent LTRs. Gene conversion leading to the
homogenization of the LTRs within a provirus would
counteract this effect and is likely to have occurred
regularly within the human lineage as exemplified by
the provirus at 12q14.1. This phenomenon has previ-
ously been observed within the HERV-K(HML-2)
K110/K18 and RTVL-1a proviral loci (Johnson and
Coffin 1999). A major consequence of such gene con-
version events would be that the accumulative nucle-
otide differences between the two LTRs of a provirus
donot accurately reflect the relative ageof theprovirus,
as demonstrated by the provirus at 11q23.2, which
represents an underestimate of time since integration.

HERV-K(HML-2) Polymorphisms for the Study of
Human Evolution

HERV insertional or structural mutations leading to
the production of a solitary LTR offer several
advantages for examining human genomic diversity.
First, large numbers of DNA samples can be rapidly
typed using PCR-based assays. Second, as with LINE
and SINE retroelements, the de novo insertion of a
HERV sequence within the germ line represents a
unique event in human genome evolution. The large
number of potential target sites within the human
genome and the random nature of retroviral inte-
gration denote that homoplasy is highly unlikely.
Third, HERV sequences are stable, as there are no
known mechanisms for completely removing them
without deleting host chromosomal DNA or leaving
behind a solitary LTR. Accordingly, the directional-
ity of the insertion and the formation of a solitary
LTR can unambiguously be assigned to a specific
lineage, as individual loci containing the same HERV
sequence are identical by descent. Fourth, the
ancestral state of a HERV sequence is ultimately its
absence and is represented by a preintegration site
sequence. HERV sequences that are unique to hu-
mans can be determined through PCR analysis of the
orthologous region in nonhuman primates. This
information can be used to root trees of population

relationships derived from analysis of HERV poly-
morphisms. Finally, as the process of reverse tran-
scription generates two LTR sequences that are
identical at the time of HERV sequence insertion, the
accumulative nucleotide differences between them
can serve as a molecular clock (Dangel et al. 1995).
However, this measure will be invalidated if a HERV
sequence has been subject to recombination or gene
conversion after integration.
To ascertain the utility of HERV polymorphisms

for examining human evolution, we screened each of
the 74 human-specific sequences reported within this
study for polymorphism within the human genome
databases and determined that seven HML-2 ele-
ments were dimorphic. Two of these were solitary
LTRs which were polymorphic for insertion. The first
is located at 6p21.32 and is reported to have arisen
through the duplication of the MHC complex (Hor-
ton et al. 1998); the second is located at 9q12. As this
chromosomal region is highly repetitive, it is impos-
sible to confirm through PCR amplification the allelic
variation of the loci.
In order to examine the genomic variation asso-

ciated with the remaining five polymorphic HML-2
loci, we developed a PCR-based assay to determine
the allelic variation associated with each of them in
four diverse human populations. Three bi-allelic loci,
HERV-K113, HERV-K115, and HERV-K108,
showed geographical distributions that were consis-
tent with previous reports (Reus et al. 2001a; Turner
et al. 2001). The two remaining loci, HERV-K103
and HERV-K106, were dimorphic for a solitary LTR
and complete copy of the provirus. The HERV-K106
solitary LTR had an average allele frequency of 0.079
and was present in all populations, whereas the
HERV-K103 solitary LTR was only present in the
heterozygous state in two African individuals. This
indicates that the HERV-K103 solitary LTR may be
a structural mutation that has arisen relatively re-
cently or that it was unfixed at the time of human
expansion from Africa.
Computational screening for the detection of novel

retroelement insertion has previously been observed
to be subject to bias (Myers et al. 2002). This dictates
that high-frequency polymorphisms are lost in the
screening process and low-frequency polymorphisms
are underrepresented in the human genome databases.
We surveyed the genomic variation associated with a
further two human-specific HML-2 proviral loci,
HERV-K107 and 3q27.2, in order to assess if poly-
morphism was present. According to the accumula-
tive nucleotide divergence of their respective LTRs,
both of these proviruses entered the human gene pool
recently and so were likely candidates for insertional
or solitary LTR allelic variation. Our results indicated
that each of the loci was monomorphic, in accordance
with the human genome databases. These results
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further emphasize that for recent evolutionary events,
the accumulative nucleotide differences of the LTRs
of a HML-2 provirus do not serve as an accurate
measure of time since insertion.
The debate over recent human origins has focused

on two models (reviewed by Stringer 2002). The
‘‘multiregional model’’ proposes that over the last 1.5
million years, modern humans arose independently in
different regions of the world but remained a single
species through worldwide gene flow. In contrast, the
‘‘recent replacement model,’’ or ‘‘Out of Africa 2,’’
suggests that a single population of modern humans
migrated from Africa approximately 100,000 to
200,000 years ago and replaced archaic human pop-
ulations throughout the world. Our survey of the
human genomic diversity of HML-2 loci indicates
that the genetic diversity of the African population is
far higher than non-African populations and that 90.2
to 99.4% of this genetic variability is within a popu-
lation, supporting a recent demographic expansion of
modern humans from Africa.

Acknowledgment. We would like to thank Alastair Macdonald,

Rochelle Bleeker, Anna Meredith, Benjamin Searle, and Sonia Lee

for their help with sample collection.

References

Akopov SB, Nikolaev LG, Khil PP, Lebedev YB, Sverdlov ED

(1998) Long terminal repeats of human endogenous retrovirus

K family (HERV-K) specifically bind host cell nuclear proteins.

FEES Lett 421:229–233

Barbulescu M, Turner G, Seaman MI, Deinard AS, Kidd KK,

Lenz J (1999) Many human endogenous retrovirus K (HERV-

K) proviruses are unique to humans. Curr Biol 9:861–868

Bosch E, Jobling MA (2003) Duplications of the AZFa region of

the human Y chromosome are mediated by homologous

recombination between HERVs and are compatible with male

fertility. Hum Mol Genet 12:341–347

Buzdin A, Khodosevich K, Mamedov I, Vinogradova T, Lebedev

Y, Hunsmann G, Sverdlov E (2002) A technique for genome-

wide identification of differences in the interspersed repeats

integrations between closely related genomes and its application

to detection of human-specific integrations of HERV-K LTRs.

Genomics 79:413–422

Buzdin A, Ustyugova S, Khodosevich K, Mamedov I, Lebedev Y,

Hunsmann G, Sverdlov E (2003) Human-specific subfamilies of

HERV-K (HML-2) long terminal repeats: three master genes

were active simultaneously during branching of hominoid lin-

eages. Genomics 81:149–156

Chen FC, Li WH (2001) Genomic divergences between humans

and other hominoids and the effective population size of the

common ancestor of humans and chimpanzees. Am J Hum

Genet 68:444–456

Costas J (2001) Evolutionary dynamics of the human endogenous

retro virus family HERV-K inferred from full-length proviral

genomes. J Mol Evol 53:237–243

Dangel AW, Baker BJ, Mendoza AR, Yu CY (1995) Complement

component C4 gene intron 9 as a phylogenetic marker for pri-

mates: Long terminal repeats of the endogenous retrovirus

ERV-K(C4) are a molecular clock of evolution. Immunoge-

netics 42:41–52

Deininger PL, Batzer MA (2002) Mammalian retroelements.

Genome Res 12:1455–1465

Domansky AN, Kopantzev EP, Snezhkov EV, Lebedev YB, Leib-

Mosch C, Sverdlov ED (2000) Solitary HERV-K LTRs possess

bi-directional promoter activity and contain a negative regula-

tory element in the U5 region. FEES Lett 472:191–195

Faerman M, Filon D, Kahila G, Greenblatt CL, Smith P, Op-

penheim A (1995) Sex identification of archaeological human

remains based on amplification of the X and Y amelogenin

alleles. Gene 167:327–332

Frazer KA, Chen X, Hinds DA, Pant PV, Patil N, Cox DR (2003)

Genomic DNA insertions and deletions occur frequently be-

tween humans and nonhuman primates. Genome Res 13:341–

346

Goodchild NL, Freeman JD, Mager DL (1995) Spliced HERV-H

endogenous retroviral sequences in human genomic DNA:

Evidence for amplification via retrotransposition. Virology

206:164–173

Horton R, Niblett D, Milne S, Palmer S, Tubby B, Trowsdale J,

Beck S (1998) Large-scale sequence comparisons reveal unusu-

ally high levels of variation in the HLA-DQB1 locus in the class

II region of the human MHC. J Mol Biol 282:71–97

Hughes JF, Coffin JM (2001) Evidence for genomic rearrangements

mediated by human endogenous retroviruses during primate

evolution. Nat Genet 29:487–489

Huh JW, Hong KW, Yi JM, Kirn TH, Takenaka O, Lee WH, Kim

HS (2003) Molecular phylogeny and evolution of the human

endogenous retrovirus HERV-W LTR family in hominoid

primates. Mol Cells 15:122–126

International Human Genome Sequencing Consortium (2001)

Initial sequencing and analysis of the human genome. Nature

409:860–921

Johnson WE, Coffin JM (1999) Constructing primate phylogenies

from ancient retrovirus sequences. Proc Natl Acad Sci USA

96:10254–10260

Kass DH, Batzer MA, Deninger PL (1995) Gene conversion as a

secondary mechanism in SINE evolution. Mol Cell Biol 15:19–

25

Kurdyukov SG, Lebedev YB, Artamonova II, Gorodentseva TN,

Batrak AV, Mamedov IZ, Azhikina TL, Legchilina SP, Efi-

menko IG, Gardiner K, Sverdlov ED (2001) Full-sized HERV-

K (HML-2) human endogenous retroviral LTR sequences on

human chromosome 21: map locations and evolutionary his-

tory. Gene 273:51–61

Lapuk AV, Khil PP, Lavrentieva IV, Lebedev YB, Sverdlov ED

(1999) A human endogenous retrovirus-like (HERV) LTR

formed more than 10 million years ago due to an insertion of

HERV-H LTR into the 5¢ LTR of HERV-K is situated on

human chromosomes 10, 19 and Y. J Gen Virol 80:835–839

Lavrentieva I, Khil P, Vinogradova T, Akhmedov A, Lapuk A,

Shakhova O, Lebedev Y, Monastyrskaya G, Sverdlov ED

(1998) Subfamilies and nearest-neighbour dendrogram for the

LTRs of human endogenous retroviruses HERV-K mapped on

human chromosome 19: Physical neighbourhood does not

correlate with identity level. Hum Genet 102:107–116

Lebedev YB, Belonovitch OS, Zybrova NV, Khil PP, Kurdyukov

SG, Vinogradova TV, Hunsmann G, Sverdlov ED (2000) Dif-

ferences in HERV-K LTR insertions in orthologous loci of

humans and great apes. Gene 247:265–277

Liao D, Pavelitz T, Weiner AM (1998) Characterization of a novel

class of interspersed LTR elements in primate genomes: Struc-

ture, genomic distribution, and evolution. J Mol Evol 46:649–

660

Liu G, Zhao S, Bailey JA, Sahinalp SC, Alkan C, Tuzun E, Green

ED, Eichler EE (2003) Analysis of primate genomic variation

655



reveals a repeat-driven expansion of the human genome. Gen-

ome Res 13:358–368

Locke DP, Segraves R, Carbone L, Archidiacono N, Albertson

DG, Pinkel D, Eichler EE (2003) Large-scale variation among

human and great ape genomes determined by array compara-

tive genomic hybridization. Genome Res 13:347–357

Lower R, Lower J, Kurth R (1996) The viruses in all of us: Char-

acteristics and biological significance of human endogenous

retrovirus sequences. Proc Natl Acad Sci USA 93:5177–5184

Mager DL, Freeman DJ (1995) HERV-H endogenous retroviruses:

Presence in the new world branch but amplification in the old

world primate lineage. Virology 213:395–404

Mager DL, Goodchild NL (1989) Homologous recombination

between the LTRs of a human retrovirus-like element causes a

5-kb deletion in two siblings. Am J Hum Genet 45:848–854

Mamedov I, Batrak A, Buzdin A, Arzumanyan E, Lebedev Y,

Sverdlov ED (2002) Genome-wide comparison of differences in

the integration sites of interspersed repeats between closely re-

lated genomes. Nucleic Acids Res 30:e71

Mayer J, Meese E, Mueller-Lantzsch N (1997a) Chromosomal

assignment of human endogenous retrovirus K (HERV-K) env

open reading frames. Cytogenet Cell Genet 79:157–161

Mayer J, Meese E, Mueller-Lantzsch N (1997b) Multiple human

endogenous retrovirus (HERV-K) loci with gag open reading

frames in the human genome. Cytogenet Cell Genet 78:1–5

Mayer J, Meese E, Mueller-Lantzsch N (1998) Human endogenous

retrovirus K homologous sequences and their coding capacity in

Old World primates. J Virol 72:1870–1875

Medstrand P, Blomberg J (1993) Characterization of novel reverse

transcriptase encoding human endogenous retroviral sequences

similar to type A and type B retroviruses: Differential tran-

scription in normal human tissues. J Virol 67:6778–6787

Medstrand P, Mager DL (1998) Human-specific integrations of the

HERV-K endogenous retrovirus family. J Virol 72:9782–9787

Myers JS, Vincent BJ, Udall H, Watkins WS, Morrish TA,

Kilroy GE, Swergold GD, Henke J, Henke L, Moran JV,

Jorde LB, Batzer MA (2002) A comprehensive analysis of

recently integrated human Ta L1 elements. Am J Hum Genet

71:312–326

Nadezhdin EV, Lebedev YB, Glazkova DV, Bornholdt D, Arman

IP, Grzeschik KH, Hunsmann G, Sverdlov ED (2001) Identi-

fication of paralogous HERV-K LTRs on human chromosomes

3, 4, 7 and 11 in regions containing clusters of olfactory receptor

genes. Mol Genet Genomics 265:820–825

Ono M, Yasunaga T, Miyata T, Ushikubo H (1986) Nucleotide

sequence of human endogenous retrovirus genome related to

the mouse mammary tumor virus genome. J Virol 60:589–598

Ostertag EM, Goodier JL, Zhang Y, Kazazian HH (2003) SVA

elements are nonautonomous retrotransposons that cause dis-

ease in humans. Am J Hum Genet 73:1444–1451

Patience C, Wilkinson DA, Weiss RA (1997) Our retroviral heri-

tage. Trends Genet 13:116–120

Reus K, Mayer J, Sauter M, Scherer D, Muller-Lantzsch N, Meese

E (200la) Genomic organization of the human endogenous

retrovirus HERV-K(HML-2.HOM) (ERVK6) on chromosome

7. Genomics 72:314–320

Reus K, Mayer J, Sauter M, Zischler H, Muller-Lantzsch N, Meese

E (2001b) HERV-K (OLD): Ancestor sequences of the human

endogenous retrovirus family HERV-K (HML-2). J Virol

75:8917–8926

Roy-Engel AM, Carroll ML, El-Sawy M, Salem A, Garger RK,

Nguyen SV, Deininger PL, Batzer MA (2002) Non-traditional

Alu evolution and primate genomic diversity. J Mol Biol

316:1033–1040

Seifarth W, Baust C, Murr A, Skladny H, Krieg-Schneider F,

Blusch J, Werner T, Hehlmann R, Leib-Mosch C (1998) Pro-

viral structure, chromosomal location, and expression of

HERV-K- T47D, a novel human endogenous retrovirus derived

from T47D particles. J Virol 72:8384–8391

Shen L, Wu LC, Sanlioglu S, Chen R, Mendoza AR, Dangel AW,

CarrollMC,ZipfWB,YuCY(1994) Structure andgenetics of the

partially duplicated geneRP located immediately upstreamof the

complement C4A and C4B genes in the HLA class III region:

Molecular cloning, exon-intron structure, composite retroposon,

and breakpoint of gene duplication. J Biol Chem 269:8466–8476

Shih A, Coutavas EE, Rush MG (1991) Evolutionary implications

of primate endogenous retroviruses. Virology 185:495–502

Simmonds P, Smith DB (1999) Structural constraints on RNA

virus evolution. J Virol 73:5787–5794

Simpson GR, Patience C, Lower R, Tonjes RR, Moore HD, Weiss

RA, Boyd MT (1996) Endogenous D-type (HERV-K) related

sequences are packaged into retroviral particles in the placenta

and possess open reading frames for reverse transcriptase.

Virology 222:451–456

Stankiewicz P, Lupski JR (2002) Molecular-evolutionary mecha-

nisms for genomic disorders. Curr Opin Genet Dev 12:312–319

Stringer C (2002) Modern human origins: progress and prospects.

Philos Trans R Soc Lond B Biol Sci 357:563–579

Sugimoto J, Matsuura N, Kinjo Y, Takasu N, Oda T, Jinno Y

(2001) Transcriptionally active HERV-K genes: Identification,

isolation, and chromosomal mapping. Genomics 72:137–144

Sun C, Skaletsky H, Rozen S, Gromoll J, Nieschlag E, Oates R,

Page DC (2000) Deletion of azoospermia factor a (AZFa) re-

gion of human Y chromosome caused by recombination be-

tween HERV15 proviruses. Hum Mol Genet 9:2291–2296

Sverdlov ED (2000) Retroviruses and primate evolution. Bioessays

22:161–171

Tonjes RR, Czauderna F, Kurth R (1999) Genome-wide screening,

cloning, chromosomal assignment, and expression of full-length

human endogenous retrovirus type K. J Virol 73:9187–9195

Towler EM, Gulnik SV, Bhat TN, Xie D, Gustschina E, Sumpter

TR, Robertson N, Jones C, Sauter M, Mueller-Lantzsch N,

Debouck C, Erickson JW (1998) Functional characterization of

the protease of human endogenous retrovirus, K10: Can it

complement HIV-1 protease? Biochemistry 37:17137–17144

TristemM(2000) Identificationandcharacterizationof novel human

endogenous retrovirus families by phylogenetic screening of the

human genome mapping project database. J Virol 74:3715–3730

Turner G, Barbulescu M, Su M, Jensen-Seaman MI, Kidd KK,

Lenz J (2001) Insertional polymorphisms of full-length endog-

enous retroviruses in humans. Curr Biol 11:1531–1535

Urnovitz HB, Murphy WH (1996) Human endogenous retrovi-

ruses: nature, occurrence, and clinical implications in human

disease. Clin Microbiol Rev 9:72–99

Vinogradova TV, Leppik LP, Nikolaev LG, Akopov SB, Kleiman

AM, Senyuta NB, Sverdlov ED (2001) Solitary human endog-

enous retroviruses-K LTRs retain transcriptional activity in

vivo, the mode of which is different in different cell types.

Virology 290:83–90

Zhu ZB, Jian B, Volanakis JE (1994) Ancestry of SINE-R.C2 a

human-specific retroposon. Hum Genet 93:545–551

Zsiros J, Jebbink MF, Lukashov VV, Voute PA, Berkhout B (1998)

Evolutionary relationships within a subgroup of HERV-K-re-

lated human endogenous retroviruses. J Gen Virol 79:61–70

Zsiros J, Jebbink MF, Lukashov VV, Voute PA, Berkhout B (1999)

Biased nucleotide composition of the genome of HERV-K re-

lated endogenous retroviruses and its evolutionary implications.

J Mol Evol 48:102–111

656


