Cell. Mol. Life Sci. 65 (2008) 3348 -3365
1420-682X/08/213348-18

DOI 10.1007/s00018-008-8495-2

© Birkhduser Verlag, Basel, 2008

ICeIIuIar and Molecular Life Sciences

Evolution of human endogenous retroviral sequences:

a conceptual account

V. Blikstad®, F. Benachenhou?, G. O. Sperber” and J. Blomberg"*

* Section of Virology, Department of Medical Sciences, Uppsala University, Academic Hospital, 751 85 Uppsala
(Sweden), Fax: +46 18 55 10 12, e-mail: Jonas.Blomberg@medsci.uu.se
" Department of Neuroscience, Physiology, Uppsala University, Uppsala (Sweden)

Online First 27 September 2008

Abstract. Endogenous retroviruses (ERVs) most
likely are remnants of ancient retroviral infections.
ERVs preserve functions of exogenous retroviruses to
a varying extent, and can be parasites, symbionts or
more or less neutral genetic ‘junk’. Their evolution has
two facets, pre- and post-endogenization. Although
the two are not clearly separated, the first pertains to
retroviral evolution in general and the second to the
fate of repetitive DNA and the evolution of the host
organism and its genome. The study of ERVs provides

much material for the understanding of retroviral
evolution. This sequence archive reflects the history of
successes and shortcomings of antiviral resistance, but
also of strategic evolutionary decisions regarding
genome organization and new gene acquisition. This
review discusses retroviral evolution illustrated
through HERVs, bioinformatic prerequisites for
ERV studies, the endogenization process and HERV
evolution post-endogenization, including relation to
disease. (Part of a Multi-author Review)

Keywords. Endogenous retrovirus, evolution, lateral transfer, virulence, vertebrate genome, bioinformatics,

sequence recognition.

Introduction

The human genome harbours groups of retrovirus-
like sequences (HERVs) that are remnants of
infections early during primate evolution. Thus,
retroviral genomes have been inherited in a Mende-
lian manner as endogenous retroviruses. Initially,
the provirus is a ‘selfish’ gene [1] i.e., it is optimizing
its own replication and replicates like an exogenous
retrovirus in somatic cells, occasionally infecting
other individuals, being more or less damaging to the
host. Unlike HIV, most ERVs accumulate outside
active transcription units; it is suggested that purify-
ing selection somehow dictates their distribution [2].
In general, mobile genetic elements (like ERVs)
cause disease by transposition [3]. Retrotransposons
have greatly influenced the evolution of the primate
genome through transposition, translocation and
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recombination [4-7]. Due to their age, the majority
of the ERVs contain numerous deletions and muta-
tions that compromise or abrogate their function.
However, some HERVs in the human genome seem
to have retained function. Potentially useful func-
tional modules offered by retroviruses are tissue-
specific enhancers [8, 9], polymerase II promoters
[10], splice donors [11], splice acceptors [12], a
myristylated cytoplasmic membrane protein [13],
structural and nucleic acid binding proteins capable
of packaging RNA, a dUTPase [14], a protease [15,
16], an RNA-dependent DNA polymerase with
RNAse H [17] (the reverse transcriptase may also
be involved in the pathogenesis of nonretroviral
RNA viruses due to their persistence as DNA copies
[18]), an integrase [19], an envelope protein which
binds to a host surface protein, a spring-loaded
transmembrane protein ready to fuse membranes
and possibly cause immunosuppression, and a poly-
adenylation signal and site [20—22]. The thousands
of HERVs can be viewed as a ‘proviral quasispecies’.
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Figure 1. General tree of retroviruses based on the Pol proteins of exogenous and endogenous retroviral sequences. From [32]. Chicken
and primate elements occur together in the tree, despite their hosts being separated by 300 million years. Data from a RetroTector (see the
section on bioinformatics) analysis of the chicken, human, chimpanzee and dog genomes, and from the literature, as specified in [32].

This genomic quasispecies is not static. From time to
time it is modified by gene conversion, which pastes
one sequence over a highly similar one [23-25].
Such nonreciprocal transfer of genetic information
between homologous sequences is a fundamental
mechanism of genome variation and rearrangement.
Although the frequency is in general uncertain, a

hotspot of gene conversion in the distal inter-AD
segment between two endogenous retrovirus
HERVs and the paralogous AZFa-repeats on the
Y-chromosome has recently been described [26].
The same locus can also suffer major deletions
through arelated mechanism, unequal crossing over,
leading to azoospermia [27]. A number of funda-
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mental observations regarding epigenetic control of
gene expression were published in the last 10 years.
These include methylation and heterochromatic
silencing through histone modification, posttran-
scriptional expression regulation with various forms
of inhibitory RNA and nonsense-mediated degra-
dation of untranslatable RNA. Most of these devel-
opments are beyond the scope of this brief review.
However, it is now clear that there is a regulatory
web of expression and replication controls which a
retrovirus must overcome. The ubiquity of trans-
posons probably made it necessary for the host to
keep their expression and reintegration under con-
trol. Although many retrotransposons become epi-
genetically silenced by methylation [28], their de-
gree of methylation varies [29]. Despite these multi-
layered controls, HERV RNA is abundant in most
cells [30]. Finally, an aspect of virus-host interaction,
pathogenicity, is also addressed briefly. Suggestions
of links with human disease have been obtained with
HERVK(HML2), HERVW, HERVE and HERVH
during the past 5-6 years [31].

Retroviral evolution illustrated through ERVs

ERVs provide a glimpse of a large evolutionary
retroviral tree of which only some branches have
extant exogenous members. Similar to exogenous
retroviral (XRV) evolution, the evolution of ERVs
depends on the high error rate of the reverse tran-
scriptase, and the recombination caused by its jumps
between the two RNA strands of the virus particle.
ERVs provide a far more comprehensive view of
retroviral evolution than can be obtained from studies
on the much fewer extant XRVs [32].

Figure 1 shows a continuum of retroviral evolution.
The three major branches of the retroviral tree, the
gamma-epsilon, the spuma and the delta-lenti-alpha-
beta ones, are all represented in the human genome as
HERVs. A classical division of ERVs is Class 1
(gammaretrovirus-like), Class II (betaretrovirus-
like) and Class III (spumaretrovirus-like). Bacteria
are of polyphyletic origin, largely due to activities of
transposable elements, giving rise to a multitude of
overlapping trees depending on the gene under study
[33]. Likewise, the retroviral tree is partially incon-
gruent with the vertebrate host tree (a brief version is
given in Fig. 2), compatible with occasional lateral
transfers.

The ability of retroviral sequences to ‘freeze’ at
multiple evolutionary stages in various host lineages
leads to accumulation of a vast range of retroviral
structures. Recombination arising from copackaging
of such past and present retroviral RNAs may lead to

Concepts of HERV evolution

reuse of retroviral structures optimized for viral
survival under conditions which occurred many mil-
lions of years ago. This is a gene transfer which is
‘horizontal’ in certain respects, and ‘vertical’ in others.
This evolutionary aspect is rather unique to retrovi-
ruses. Many recognizable, i.e. complete or relatively
complete, proviral sequences entered the primate
lineage during the last 100 million years. For unknown
reasons, a discontinuity was introduced at the time of
separation of the Old and New Worlds, 30—40 million
years ago.

The eight vertebrate genomes shown in Figure 2 have
both common and distinct features. Common to all is
the content of both gamma- and betaretrovirus-like
sequences. Betaretrovirus-like proviruses dominate
the mouse ERVs, while humans, chimpanzee and
opossum have proportionally more gammaretrovirus-
like sequences. Distinct are the occurrences of erran-
tiviral and epsilonretrovirus-like sequences in the
zebrafish, and alpharetroviruses in the chicken ge-
nome. However, a few erranti-, epsilon- and pseudo-
retroviral sequences occur also in the human genome
[32, 34-38]. Judging from their LTR divergence and
mutated interior, they seem to be old acquisitions
[Blomberg et al., unpublished].

Recently integrated proviral sequences in the
genome of humans and other vertebrates: indirect
evidence for horizontal transfer

A pattern of occasional horizontal transfers of XRVs
between primates during relatively recent evolution-
ary time is emerging. Prime examples are HIV-1 and
HIV-2 [39-47], HTLV-1, HTLV-2, HTLV-3 and
HTLV-4 [48-52], and HSRV [53, 54] . The recent
discovery of a mouse retrovirus in low copy number, in
some somatic cells, in a subset of human prostatic
carcinoma (XMRV) cases could be an indication that
this is still ongoing in humans [55].

Judging from similarities of the 26 new chimpanzee
integrations to other primate retroviruses (Fig.3),
their most likely origin is from viruses related to the
baboon endogenous retrovirus, a replication-compe-
tent gammaretrovirus. One new betaretroviruslike
integration, due to an HML2 element, occurred
during the same period. The new integrations in the
human genome consisted of 12 HML2 proviruses and
two HERVHs. The former constitute the ‘human-
specific’ HML2 proviruses, described earlier [S6-58].
Besides the 12, there are several polymorphic inte-
grations in the human population [59]. These betar-
etrovirus-like proviruses are intact or almost intact,
with open reading frames in the major genes, and have
a very low LTR divergence. Replication-competent
sequences were generated from them by minor
genetic surgery [60, 61]. The new gammaretrovirus-
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Figure 2. Grand overview of

€T Class I, I and III ERVs in eight
an' vertebrates, as detected by Ret-
I I I I roTector (see the section on bio-
égsyy- informatics). RetroTector de-

tects relatively complete provi-
ruses, which gives a lower ge-
nomic ERV percentage than
other techniques. Note also that
class III is underrepresented.
Approximate times, in millions
of years, of separation of major
taxa are shown in the tree. Abso-
lute numbers of detected provi-
ruses are given for each species.
The relative distribution of the
classes is indicated by bar
heights. More exact figures are
given in [34].

1 2 0 Opossum (Monodelphis domestica) I
7456 (~2 %) || -
70 Dog (Canis familiaris)
_ 670 (0.2 %) - _
Mouse (Mus musculus)
7852 (~2 %)
1 [ |
Rhesus (Macaca mulatta)
2690 (<0.8 %) I I -
Placental
mamm aIS ' Chimpanzee (Pan troglodytes)
(Eutheria) | 2919 (<0.8 %) ] -
Humans (Homo sapiens) I
3149 (0.8 %) —

*RetroTector underestimates these
**Poor sequence quality leads to underestimation

like integrations are defective HERVHs with low LTR
divergence, presumably arising from copackaging into
particles provided by less-damaged related, ‘midwife’,
elements [62, 63].

The likely source of the new chimpanzee integrations
are baboons and/or other primates. The source of the
new human integrations is uncertain. The simplest
explanation is that they came from pre-existing HML2
proviruses [55, 64—67]. Recombination and/or gene
conversion could have mobilized a replication-com-
petent HML2. However, they may also have come
from animals close to humans during this evolutionary
period. A bovine endogenous provirus similar to the

HMLs, BERV, was recently described [68] (see
below). If chimpanzees acquired baboon retroviruses
from their prey, it is possible that humans acquired
HML2 from prey artiodactyls, like antelopes. In
contrast to chimpanzees, in this same time period,
humans evolved into bipedalism and high mobility on
the savannah, being able to catch fast prey [69]. The
ongoing accumulation of sequence information from
many species will undoubtedly provide additional
surprises.

It was recently reported that the cow genome, on
chromosome 5, contains a betaretrovirus-like se-
quence, here refererred to as BERVK(beta3), with
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Figure 3. New retroviral integrations in the human (black squares) and chimpanzee (black dots) genomes since the split between the two
ca. 5 million years ago. Reference sequences are also included. Reference HERVs are shown as open squares. Modified, from [40].

open reading frames in all major genes. Interestingly,
it is intermediate to the highly degenerated HMLS
and HML6 elements, the oldest betaretrovirus-like
sequences in the human genome [66] (Fig. 4).

Genomes of higher primates, with the exception of
orangutan, contain a small group of recently integrat-

ed gammaretrovirus-like two-zinc-finger elements,
HERVFc [70]. Two of them have env ORFs. They
must have entered the human genome in recent
evolutionary times. Among the most intact of dog
ERVs are a related group of HERVFc-like sequences
(although they have a PBS complementary to proline
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Figure 5. An almost intact provirus, related to HERVFc1, in the dog genome, on chromosome X [Blomberg et al., unpublished; Martinez-
Barrio et al., in preparation], as depicted by RetroTector (see the section on bioinformatics). Because of the low LTR divergence and
interior intactness it should be a recent acquisition. It has two zinc-finger motifs (NC1 and NC2) in gag [32, 65, 73, 74]. Frames with up to
one stop and one frameshift are shown as open rectangles. The longest totally open reading frame is indicated by a black bar within the
rectangle. Characteristic motifs are shown as vertical bars with a motif label.

tRNA) (Figs. 5 and 7). HERVFc-related viruses thus
seem to have been transmitted to several vertebrates
recently. One-zinc-finger MLV-related gammaretro-
viruses seem to have spread even more widely in a
comparable time frame, see e.g. this paper and [71,
72].

The opossum genome contains a large number of
gammaretrovirus-like one-zinc-finger ERVs related
to mouse leukemia virus (MLV) and to HERVT
(Fig. 6). Due to alow LTR divergence, absence of stop
codons, frameshifts, they probably represent a recent
expansion. The most-related elements in the human
genome are HERVTs which in most cases are highly
degenerated (Fig. 7).

The mutational rate of a neutral sequence is around
0.2 % per million years for many vertebrates. Thus, the
given examples of structurally intact or almost intact

proviruses, which are similar to intact or decayed
proviruses in distant vertebrate species, are compat-
ible with recent occasional horizontal transfers of
infectious retroviruses. The alternative explanation,
that some proviruses are immune to mutation in some
host genomes, is not likely. Some of the infecting
XRVs become fixed as endogenous elements. Others
continue to undergo a fast evolution as exogenous
viruses. A further example of this process has been
demonstrated in the rhesus macaque genome where
eight proviruses were predicted to be recent acquis-
itions [73].

In what ways are ERVs different from XRVs? For
nearly all ERVs, imperfect structural information
inferred from sequence is what is available. The
proviral model used by RetroTector (see below) is
able to detect ERV sequences in many different
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shown. Reading frames with more than one stop or one framshift are cross-hatched. Otherwise, see the legend of Figure 5.
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Figure 7. Pol protein similarity based neighbour-joining tree
depicting the degree of relationship of selected human, mouse,
chicken, dog and opossum gammaretrovirus-like proviruses de-
tected by RetroTector (see the section on bioinformatics). The tree
was rooted with the Pol sequence of a Drosophila transposon. ERV
sequences from chicken genome assembly gg01 are shown in light
gray. The recently active gag one- and two-zinc finger elements,
shown as ‘1 zf’ and ‘2 zf’, respectively, of opossum and dog,
respectively, are shown in the context of related elements.

vertebrate genomes. Thus, ERV proviral structure
conforms to the proviral structure of known extant
XRVs, and there are no indications that ERVs are
fundamentally different from XRVs. However, they
must fulfill at least two criteria: low virulence [74] and

the ability to infect germ line cells and their progen-
itors. The envelope genes of ERVs therefore define
germ line tropism, at least as it was in the past. The
great number of HERVs necessitates clustering them
into groups. Current taxonomy is mainly based on the
tRNA primer preference [75]. Owing to the variability
of tRNA usage within an HERV group [76], new
taxonomic principles are needed. We will briefly
discuss this in the next section, on ERVs and
bioinformatics.

The bioinformatic study of ERVs

Techniques for detection of ERV have been built
based on several principles.

i. Detection of repetitive sequences. These are collected
in Repbase [77], which provides a valuable basis for
ERYV studies. The program RepeatMasker [78] uses
RepBase in genomewide searches of a great variety of
species. According to our experience, RepeatMasker
efficiently detects most ERVs. It is the de facto
standard for repetitive element detection. Drawbacks
are an inability to detect low copy number elements, a
nonsystematic nomenclature and fragmentation of
proviral sequences into short repeats.

ii. Detection of retroviruslike structures. LTR_Struc is
based on the presence of LTR-like repeats at a
predetermined distance [79]. Its focus is the detection
of reverse-transcriptase motifs. LTR_Struc can detect
many kinds of autonomous LTR and non-LTR retroid
elements. It has evolved to also detect some of the
internal proviral structure and has been used on
several vertebrate genomes. The retroid element
detection Genome Parsing Suite (GPS) [80] is a
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generic multistep automated process. It is used to
detect reverse-transcriptase motifs as well as many
kinds of autonomous LTR and non-LTR retroid
elements.

The program developed in our group, RetroTector
[81], is based on a collection of conserved motifs from
gag, pro, pol and env, and constraints on intermotif
distances of known retroviruses. It also suggests a
reconstruction of the proteins of even highly mutated
ERV sequences. The detailed structural character-
ization gives confidence regarding the nature of the
detected provirus, and the ability to look for long-
range similarity and classify a wide range of retro-
viruses via protein alignments. The detailed and exact
characterization of the proviral contents is unique to
RetroTector. A complete analysis of a 3-Gbase
genome takes 1-2 days on the Uppmax computer
cluster. RetroTector currently misses many of the
highly mutated Class IIT ERV elements. Its modular
structure may allow modifications to remedy this
shortcoming. Neither is it currently suited for detec-
tion of single LTRs. Relatively long stretches (around
5000 bp) of proviral structure are needed for a clearly
positive identification. Therefore, sequence quality
should be high. The relatively poor quality of the first
chicken and chimpanze genome assemblies resulted in
significantly fewer detected ERV chains than with
subsequent versions [Sperber, Jern, Benachenhou and
Blomberg, unpublished]. The availability of a panel of
approaches to retrotransposon detection now allows a
more complete detection and understanding of this
dynamic and dominating genomic component.

iv. Detection of single LTRs. Retroviral LTRs, paired
or single, are plastic structures which contribute
profoundly to vertebrate genomic and transcriptional
diversity [82]. Single LTRs are remnants of past
complete proviruses, which underwent homologous
recombination betwen their LTRs (Fig. 8). As men-
tioned earlier, single as well as proviral LTRs, can act
as enhancers, promoters (sometimes bidirectional),
polyadenylation sites and building blocks for exons
(neo-exons).

Like a complete provirus, single LTRs are surrounded
by direct repeats. Although they possess a variety of
retroviral expression regulatory sequences, these are
hard to pinpoint bioinformatically as discrete se-
quence features. Their most clear internal feature is
the AATAAA polyadenylation signal or variations
thereof. Single LTR detection is necessary to under-
stand the genomic impact of ERVs. Single LTRs are
far more abundant in the host genome than proviruses
[83]. The structural features of LTRs are, however, too
general for unequivocal LTR identification. Repeat-
Masker can detect single LTRs by virtue of their
multitude, and their occasional presence in complete
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Figure 8. Generation of single LTRs by homologous recombina-
tion.

proviruses. RetroTector uses a combination of fea-
tures to select LTR candidate sequences before
attempting to construct proviral chains [81]. We
recently found that the specificity can be increased
with the help of hidden Markov models trained on
known LTRs [Benachenhou, unpublished]. Although
an all-pervasive bioinformatic solution seems far
away, it may become possible to identify many single
LTRs ab initio, without reference to related proviral
LTRs.

Detection and alignment of single LTRs is a bioinfor-
matic challenge. In an ongoing project [Benachenhou
et al., submitted], all or subsets of over 6000 LTRs
collected from five genomes (human, chimp, mouse,
opossum and chicken) using RetroTector, were used
for training of Hidden Markov Models (HMMs). The
more narrowly targeted HMMs had a high sensitivity
and specificity, but also had a limited detection range.
One of the narrowly HML-specific HMMs could
detect 90% of all known HML LTRs, with a false
positive rate (compared to RepeatMasker) of 10%.
More general HMMs could detect around 20% of
LTRs from a broad collection of genomes, from
zebrafish, chicken, opossum, mouse, dog, rhesus,
chimpanzee and humans. Apart from this novel source
of information, LTRs are annotated through the
RepBase/RepeatMasker system. Around 1% of the
human genome consists of single LTRs, and around
7% of largely damaged proviruses [83]. Whether this
figure is inclusive of all LTRs is unknown. The
RepBase/RepeatMasker system is based on multiple
ocurrences of a sequence, and will therefore miss low
copy number single LTRs. It may also misclassify
LTRs. However, the experience from our HMM-
based detection systems, which are repeat-inde-
pendent, does not indicate this to be a common
problem.

v. The bioinformatic use of LTR divergence. A special
property of retroviral sequences is that their LTRs are
identical at the time of integration. Following the
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gradual divergence of LTRs post-endogenization is
thus a convenient way of following the mutational
decay of proviruses. However, this parameter is
compromised by several factors. Gene conversion
may obscure the pattern of accumulated mutations.
Mobilization of old and defective elements by pack-
aging into particles formed by more intact elements
leads to a newly integrated, but internally mutated,
provirus with low LTR divergence [55, 63, 84]. More-
over, genomic positions may differ in mutational rate.
Inference of element age on the basis of LTR
divergence alone therefore should be complemented
by estimates of the degree of internal mutation.
RetroTector provides this information.

vi. Classification of HERVs, taxonomy. 1t is reasonable
to base a viral taxonomy on viral pheno- and genotypic
properties. Because these are undisturbed in the virus
prior to endogenization, ERV taxonomy should be
based on the pre-endogenized virus. For old ERVs this
ideal is hard to live up to. Obscure structure leads to
weakly founded functional inference and classification.
Viral taxonomies can be based on sequence divergence,
structural features like presence of dUTPase, inferred
functional features like translational strategy (gag-pro-
pol frameshifting) and phenotypic properties such as
host preference [32, 85-92]. In order to get a compre-
hensive view, ERVs of many different hosts, and XRVs,
should be considered. HERV evolution and HERV
taxonomy are only special cases of general retroviral
evolution and taxonomy. An optimal retroviral taxon-
omy has yet to be constructed, in large part because of
its relationship to the larger question of transposon
classification [93].

The endogenization process

The endogenization process (Fig. 9) is dependent on
several factors. These include the ability of the virus to
withstand restrictions common to all cells, to infect
reproductive tissues in order to reach the germ line, to
infect germ cell progenitors, to allow the infected germ
line cell survive, to let the progeny organism to survive
without loss of fitness and finally to proceed to
fixation, and survive population bottlenecks, in the
host species. A highly pathogenic ERV cannot go
through this fine-meshed sieve.

It is logical that HERVs are highly expressed in
reproductive tissue, as this is how they were intro-
duced into the germ line originally. As further
described below, Hu looked at expression in many
different human tissues with the help of real-time
PCRs for gammaretrovirus-like and betaretrovirus-
like HERV groups [30, 94-96]. An especially high
expression was seen in reproductive tissue.

Concepts of HERV evolution

wn
XRV — & —fb

7]

3

c Transnjission/
@ -2 fixafion

Q

£ Gametes

]

& "Germ line” ERV

Figure 9. The endogenization process. Before an exogenous
retrovirus (XRV) can reach the germ line, it is prevented by an
array of antiretroviral restrictions. Once the germ line cells or their
progenitors have been successfully integrated, the progeny must be
fit, and the new trait must be fixed, before the endogenous
retrovirus (ERV) is established.

Obstacles to endogenization

An incoming infectious retrovirus can vary in its
pathogenic potential, and it can be of vital importance
for the organism to defend itself. The ubiquity of
retrotransposons in most genomes indicates that the
interaction between organism and ‘selfish’ nucleic
acid is a profound aspect of both host and viral
evolution.

The interactions with defenses against transposons
and foreign nucleic acid in general are powerful
selective forces which profoundly influence the evo-
lution of retroviruses (Fig. 10). Retroviral restriction
factors have been known since the classical work of
Lilly, see e.g. [97]. Restrictions may be due to other
ERVs, trans-dominant Gag interference, FV1 [98] or
enJSRV [99, 100], and cell surface receptor interfer-
ence [101, 102]. Thus, the previous ERV protects the
genome against ensuing similar XRVs. APOBEC3G
is a cytosine deaminase which can be encapsidated and
hypermutate the new negative cDNA strand inside
the virion during reverse transcription. It restricts
retroviruses in many hosts and cell types [103, 104].
TRIMSalpha is another host protein which probably
ubiquitinylates the newly incoming preintegration
complex, which may send it to degradation at the
proteasome [105-110]. Other defenses against retro-
viruses are shown in Figure 10. The field of RNA-
mediated transposon control is too large and too
rapidly evolving to be covered here, see [111, 112]. All
these restriction factors are obstacles that must be
overcome by an ERV. The same restriction factors
may also restrict XRVs, like HIV. Thus, ERV research
can indicate defects in the antiretroviral armour
existing in a host species at the time of endogenization.
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Figure 10. Retroviral restrictions. An allegorical rendition of an
imaginary fight between target cell defenses of the organism
(‘Geena’) and parasite (dragon) at the genetic battlefield. A
collection of measures and countermeasures of the two combatants
is shown. They are not all present in all hosts and in all parasites.
Abbreviations: RIGs, repeat-induced gene silencing [98, 99]; RIP,
repeat-induced point mutation [100, 101]; Lsh, lymphoid-specific
helicase [102]; miRNA, micro inhibitory RNA; siRNA, short
interfering RNA; piRNA, piwiRNA. Further explanations are
given in the text.

Certain genomes are more vigilant in their antiretro-
viral defenses. In a recent study using the RetroTector
proviral detection system, Blomberg et al. [in prepa-
ration] and Martinez-Barrio et al. [in preparation]
found that dog and chicken genomes contained
approximately five times fewer relatively complete
proviruses than the human, mouse and opossum
genomes. ERV content of various genomes as detect-
ed by RetroTector is shown in Fig. 11.

HERY evolution post-endogenization

Functional role of LTRs

Retroviral LTRs, paired or single, are plastic struc-
tures which contribute profoundly to vertebrate
genomic and transcriptional diversity. A number of
examples demonstrate that single or proviral LTRs
can act as enhancers [9, 113-115], promoters (some-
times bidirectional) [10, 22, 116-123], polyadenyla-
tion sites [124] and building blocks for protein
sequence [125, 126].

HERY polymorphisms

These may be a sign of proliferation, i.e. retroviral
function, within a cell, an organism and within a host
species. There are at least three kinds of polymor-
phisms: insertional polymorphism [59, 127, 12§],
variable tandem repeats [7, 129] and sequence poly-
morphism due to single-nucleotide polymorphisms
(SNPs), see e.g. [130].

Copy number variation can occur after unequal
crossing over (Fig.12). Copy number variation in
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Figure 11. Distribution of RetroTector chain scores in eight
genome assemblies [34, and Blomberg, Jern and Sperber, unpub-
lished]. The chain score is a measure of degree of fit to the
retroviral structural model used by RetroTector. The chains of the
genomes segregate into three groups with different degrees of
permissiveness of the species to retroviral integration. Abbrevia-
tions: mm, Mus musculus, mouse; galGal, Gallus gallus, chicken;
rheMac, Rhesus macaque; hg, human genome; monDom, Mono-
delphis domestica, opossum; dm, Drosophila melanogaster, fruit
fly; canFam, Canis familiaris, dog; panTro, Pan troglodytes,
chimpanzee.
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Figure 12. Generation or loss of chromosomal sequence by
unequal homologous crossing over between repetitive sequences
during meiosis.

repetitive sequences seems to be a major source of
genetic difference between individual humans [131-
133]. Gain or loss of tandem repeats also affects
HERVs [7, 65, 134, 135].

HERVs: some functional considerations

Antisense signalling

Transposable elements constitute half the human
genome [83]. Both LINE elements and several
HERVs have bidirectional promoters [4, 111, 123,
136-145]. This is a natural source of antisense RNA
which may regulate both transposon expression and
any gene in the vicinity which becomes included into a
complementary transposon-promoted transcript.
Thus, HERVs may be part of an intricate transcrip-
tional network [146-148].

Expression of HERV's
A high transposon expression in germ line cells, and in
adjacent tissue, i.e. reproductive tissue, is common in
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Figure 13. Overview of expression of Class I HERVs in different tissues [30], available at the URL http://publications.uu.se/theses/
abstract.xsql ?dbid=8213. Expression was measured with four broadly targeted real-time PCRs for gammaretrovirus-like HERVs [73].
The dotted line indicates the approximate position of one HERV RNA equivalent per cell (low-abundance transcripts). Some reproductive
tissues can have a 10000-fold higher expression than this. Expression is normalized versus histone 3.3 RNA [30, 73, 96, 97]. Histone 3.3
expression is approximately evenly expressed at around 1000 copies per cell. One HERV RNA equivalent is calculated from a standard
curve of an appropriate reference plasmid DNA. PCR efficiencies vary for different target ERV sequences. Hence, an equivalent may
represent one or several copies of an aberrant target ERV DNA. ‘Reproductive tissues’ are placenta, ovary, endometrium and testis. ‘Brain
tissue’ are brain (different areas) and cerebellum. ‘Other tissue’ includes adrenals, bone marrow, colon, small intestine, kidney, prostate,
salivary gland, heart, spleen, skeletal muscle, thymus and thyroid glands. ‘Cell lines’ are A549, human fibroblasts, RD, VERO A6 and GMK
AHI. The latter two are of primate, but not of human, origin. From [30].

many animals, see e.g. [149]. HERVs seem to be no
exception (Fig. 13). A simplistic view is that ERVs had
to go through several somatic replication rounds in
reproductive tissue before reaching the germ line, and
therefore have a natural tropism for these tissues. The
germ line is guarded against transposons by several
mechanisms (Fig. 11). A primary line of defense is the
piwi (rasi) RNA pathway, which is specifically ex-
pressed in germ line cells [112, 149]. This provides a
strong selection barrier for incoming XRVs before
they can become ERVs. From our experience with
reverse transcription real-time PCRs for expression of
gamma- and betaretrovirus-like HERVs, it is evident
that many HERYV loci, even highly mutated ones, are
expressed. This parallels the recent findings of the
ENCODE project, which indicate that many more
genes than previously understood are expressed,
albeit at a low frequency [150]. The functions of the
low copy number defective ERV RNAs are uncertain.
One suggestion is that they might be a training set for
antiretroviral RNA functions, preventing similar
XRVs from entering a new host, especially its germ
line.

Frequency of ORFs or near-ORFs

A central question for the understanding of late events
during ERV evolution is the balance between coop-
tion and decay. How and why are open reading frames

kept open? Any element with a high LTR sequence
divergence, a high defectiveness of other retroviral
genes, and a gene which is open from translational
start, with a high portion of synonymous mutation, to a
significant portion of its length, is a candidate for
having been coopted for a protein function. With this
definition, random mutation will favour gag and env
ORFs, and disfavour pro and pol ones, because of their
downstream position in the transcript. Another factor
is gene length. Random mutation, even without
selection, will tend to spare the small pro and damage
the large pol gene. RetroTector reports stops and
frameshifts. A definition of open or near-open frames
(near)ORFs with 0-1 stops and 0-2 frameshifts
shows that the human genome (hgl8 assembly)
contains 131 Gag, 921 Pro, 27 Pol and 146 Env
(near)ORFs [Blomberg et al., unpublished]. HERV
groups with (near)ORFs were HERVW, HERVH,
HERVF, HERVT, HERVE, HML1, HML2 (of which
many human-specific), HML3 and HML6. Genome-
wide searches for retroviral ORFs, sometimes com-
bined with cloning and the protein truncation test,
have been made by others [151-154]. However, the
exact identification of all of them is not yet complete.
Deficiences of current genomic assemblies make it
hard to predict ORFs with absolute certainty. The
relatively high frequency of (near)ORFs raises the
possibility of additional complete ORFs in some
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individuals. It is difficult to dissociate assembly and
sequencing errors from true interindividual variation.
Therefore, PCR analysis of ORF loci of several
individuals, with a protein translation test and studies
on protein expression in cell lines and in vivo, are
desirable.

Virulence of ERVs

Adaptation of an XRV to ERV existence should
involve a decreased pathogenicity. Eiden et al. found
that endogenization of Koala retrovirus (KoRV) was
accompanied by an envelope mutation which reduced
the ability to cause syncytia [74]. This is reminiscent of
the minor mutations in HS influenza hemagglutinin
which govern the highly pathogenic phenotype. Vir-
ulence switches are a fundamental property of patho-
gens (Fig. 14). ERVs probably are the most persistent
of all transmissible agents. They are therefore expect-
ed to have a low pathogenicity. The experience so far is
that generally ERVs are of low pathogenicity. There
are no straightforward examples of human diseases
caused by ERVs, contrasting to the evident associa-
tion of HIV with AIDS [155] and HTLV-I with adult T-
cell leukemia (ATL) [156], which are fatal infections,
but often after a delay of many years which allows the
virus to transmit before death of the host. HIV
transgenic mice have a low fitness, if they survive the
fetal stage [157]. Indeed, lentiviruses, which have a set
of host-cell regulating trans-active proteins, endogen-
ize only rarely [158]. However, this reasoning does not
mean that ERVs are completely apathogenic. The
experience from mice, chicken, felines and sheep
shows that newly endogenized ERVs may retain a
considerable pathogenicity. Moreover, there are ge-
netic diseases which are caused by mutations occur-
ring generations ago. Thus, the removal of disease-
causing genes by the evolutionary ‘selection filter’ is
imperfect. The same imperfection should pertain to
ERVs. Indeed, a number of observations indicate an
association between the most recently endogenized
ERVs, the human-specific subset of the HML2
betaretrovirus-like ERVs, and seminoma [159-166].
We therefore still think that it is worthwhile to look for
disease associations of ERVs.

HERVs and disease

This subject was covered in a previous review [167].
However, a few new findings may contribute to the
discussion on HERV evolution. Multiple Sclerosis
(MS) is a disease with bouts of neurological impair-
ment. HERVW and HERVH have been implicated
[168—-174]. The syncytin-1 encoding ERVWEI locus
on chromosome 7 may be selectively expressed in MS
[175], and may contribute to cytotoxicity in lesions
[176]. However, a causal link between HERVW and
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Figure 14. Approximate relation between virulence (the tendency
of the microbe to cause disease) and persistence. The longer the
coexistence of a microbe (depicted as ‘Mr Microbe’) in a host, the
stronger the selection against the tendency to cause disease.
Among the most pathogenic (parasitic) microbes, Variola major
was a lethal form of smallpox, while Variola minor was a milder,
often endemic form of smallpox. Rhinovirus is a cause of common
cold. HIV and syphilis are sexually transmitted diseases which
initially are harmless, but then more or less rapidly become deadly.
Likewise, hepatitis C often causes little short-term disease, but can
have deadly consequences later in life. Commensals are microbes
which may colonize a locale without normally causing disease, but
may turn virulent under certain cirumstances. Gut bacteria and
mitochondria are clear examples of bacteria with a very long
persistence and are obviously symbiotic with the host. This view of
host-microbe interaction is approximately the one promoted by
Ewald [172].

MS is not established. During post-integrational
HERVW evolution, one of the proviruses found a
function useful for the organism before its sequence
and promoter were damaged by mutation. However,
the envelope function was previously optimized for
use in a virus, not necessarily for a eukaryotic
organism. Beneficial effects (syncytiotrophoblast for-
mation in the human placenta) may have had to be
traded against infrequent deleterious effects. This
situation is reminiscent of the sickle cell anemia trait,
which confers relative resistance against malaria.
There may exist a paradoxical dualism during exapta-
tion of ERV mechanisms. Positive effects on the host
may overshadow negative ones. Thus, exapted provi-
ruses could be especially prone to also cause disease.
Regarding the HERV-cancer connection, malignant
melanoma cells in culture were found to produce viral
particles which contain RNA and regulatory proteins
from HERVK (a sequence which belongs to the
HML2 group of betaretrovirus-like sequences) [177,
178]. HML2- and HML6-encoded [179, 180] envelope
antigens occur as tumour antigens on the surface of
malignant melanoma cells. The rec gene, encoded by
HML2, was found to give a high frequency of germ cell
tumours in mice transgenic for it [165]. The Rec
protein may thus promote growth of certain germ line
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cells, and is a potential virally encoded oncogene.
Immune recognition of a HERVE-encoded kidney
tumour antigen was related to tumour regression
[181]. AHERVH transcript was highly and selectively
expressed in bladder carcinoma [182].

Other diseases

Two single-nucleotide polymorphisms in a retroviral
dUTPase were strongly associated with psoriasis, a
chronic inflammatory skin disease involving kerati-
nocyte differentiation [183]. dUTPase is a gene typical
of betaretroviruses [32, 184] which is colinear and
coexpressed with the retroviral protease. dUTPase is
involved in nucleic acid metabolism [185]. The find-
ings indicate that this HML-encoded enzyme can
somehow influence skin differentiation. The subject
merits further investigation.

Concluding remarks

HERVs mirror exposure of our progenitors to various
exogenous retroviruses, and the viral ability to pene-
trate anti-transposon and anti-retroviral defences.
Retroviral evolution is a product of properties of both
virus (transmissibility, virulence and ability to endogen-
ize) and of host (fitness, habitat, habits and encounters
with other animals). Although they often follow
Mendelian rules, retroviruses have a unique potential
to criss-cross between hosts and evolutionary stages,
due to their endogenous and exogenous phases.
Decayed HERVs, which entered the germ line many
millions of years ago, can have close ERV relatives in
other vertebrates which are structurally intact.
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