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The HERV-H family is one of the largest human endogenous retrovirus families, with approximately 1000 elements. Using
a direct coupled in vitro transcription/translation approach (PTT for protein truncation test) and an extended series of primers
on human genomic DNA, on monochromosomal hybrids and on a BAC library, we could demonstrate that there are only three
envelopes with a large open reading frame encompassing the immunosuppressive (ISU) domain, corresponding to 62-, 60-,
and 59-kDa potential translational products. The associated proviruses, HERV-H/env62, HERV-H/env60, and HERV-H/env59
were sequenced together with their flanking DNA and mapped by FISH, and their entry times within the primate lineage were
determined. Analysis of the LTR sequences revealed numerous recombinational and/or homogenization events in the course
of evolution, with divergences between 59 and 39 LTRs higher than expected for a simple time-dependent genetic drift. PTT
analyses further revealed that the three large envelopes in humans are prematurely stopped in the majority of primates, and
sequencing of the largest envelope gene, from HERV-H/env62, in five human individuals revealed two polymorphic sites. The
results are consistent with the absence of a strong selective pressure for the conservation of a functional envelope gene of
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possible benefit for the host, but do not exclude somatic effects possibly associated with the immunosuppressive domain
carried by these genes. © 2001 Academic Press
INTRODUCTION

Approximately 1% of the human genome consists of
proviral structures called human endogenous retrovi-
ruses (HERVs). These proviruses most probably origi-
nate from primary infections of germline cells by ancient
retroviruses. Thereafter, they were replicated as host
genes and, in some cases, amplified by retrotransposi-
tion and/or reinfection in the course of evolution (re-
viewed in Löwer et al., 1996; Urnovitz and Murphy, 1996;
Wilkinson et al., 1994). HERVs fall into several families
according to sequence homologies, but the nomencla-
ture of these families is not yet stabilized. Many of these
proviruses are expressed in several organs, especially in
the placenta and in tumor tissues, but most HERVs carry
defective (i.e., noncoding and/or truncated) gag, pol, and
env genes. However, a few HERV proteins were previ-
ously reported to be expressed under physiological con-
ditions, particularly envelope proteins. The erv3/HERV-R
envelope, for instance, is expressed in the syncytiotro-
phoblast layer of the placenta (Venables et al., 1995). One
provirus of the HERV-W family also encodes an envelope
expressed in the placenta (Blond et al., 1999). This
HERV-W envelope is able to induce cell fusion in cells in
culture upon interaction with the type D retrovirus recep-
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tor (Blond et al., 2000). Besides a possible, but still
hypothetical, fusogenic role in vivo in placental develop-
ment (Mi et al., 2000), HERV envelopes could also (i)
protect against infection by closely related exogenous
retrovirus via receptor interference (reviewed in Boeke
and Stoye, 1997), and (ii) participate in the protection of
the fetus from the mother’s immune system via a domain
(the immunosuppressive, or ISU, domain) located in the
transmembrane subunit of most retroviral envelopes and
known to inhibit immune effector functions (Cianciolo et
al., 1985; reviewed in Harris, 1998).

The HERV-H family is one of the most represented
among human endogenous retroviruses, with approxi-
mately 1000 elements per haploid genome (Mager and
Henthorn, 1984). HERV-H elements first entered the pri-
mate genome .40 million years ago since they are
present in the genome of New World monkeys, but the
majority of them result from a later expansion, some
30–35 million years ago (Anderssen et al., 1997; Mager
and Freeman, 1995). Expression of HERV-H elements
was previously detected at a high level in normal pla-
centa (Wilkinson et al., 1990) and at lower levels in lung
(Lindeskog et al., 1993) and peripheral blood mononu-
clear cells (Kelleher et al., 1996; Lindeskog et al., 1993;
Medstrand et al., 1992). Several tumor cell lines, mainly
teratocarcinoma, bladder carcinomas, testicular tumors,

and lung tumors, also express significant levels of
HERV-H transcripts (Hirose et al., 1993; Wilkinson et al.,
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1990). Most of the HERV-H proviruses are partially de-
leted, in that they are only 5.8 kb long, but a small subset
(about 10%) is structurally intact, having full-length gag,
pol, and env domains (Hirose et al., 1993; Wilkinson et al.,
1993). The prototype full-length sequence, rgh2, is 8.7 kb
long but its gag, pol, and env genes are interrupted by
several stop codons. The incomplete rgh1 cloned provi-
rus contained the first almost open envelope reading
frame, interrupted by a unique stop codon located at the
second third of the ORF (near the SU/TM junction) (Hi-
rose et al., 1993). In the course of this study, a first
HERV-H env gene with a complete open reading frame
was described (Lindeskog et al., 1999). Considering that
approximately 100 HERV-H envelope genes are present
in the genome (Hirose et al., 1993), we tried to isolate,
using a protein truncation test (PTT), all the HERV-H
envelope genes coding for complete retroviral enve-
lopes. Here we show that only three HERV-H proviruses
have the coding capacities for large envelopes encom-
passing the ISU domain (which is located in the very 39
part of the ORF). These proviruses were characterized in
humans and in the course of primate evolution.

RESULTS

Identification of HERV-H envelopes with large open
reading frames by PTT on total genomic DNA

To select 59-primers appropriate for PCR amplification
of the HERV-H envelope gene copies and further in vitro
transcription and translation by PTT, we first amplified a
1.2-kb HERV-H domain encompassing the 39 end of pol
and the 59 end of env using the 59-primer H59.4 and the
39-primer H39.4, devised using the previously character-
ized rgh1 sequence as a reference (Fig. 1). The amplified
fragments were cloned and 10 clones sequenced. At
variance with the rgh1 clone in which the first methionine
of the envelope ORF is encoded by nucleotides (nts)
2545–2547 (M2 in Fig. 1), the first Met was encoded by
nts 2502–2504 (M1 in Fig. 1) in the 10 clones, because of
the absence in all cases of nt 2538 (thus resulting in

FIG. 1. Structure of the archetypal HERV-H rgh1 clone and position
figured, with complete vertical bars representing stop codons and sh
referred to in the text as M1, M2, M3, to the stop codon interrupting th
in-phase M1 and M2).
We then designed three different 59-primers, one lo-
cated between M1 and M2 (H59.2) and the two others
downstream of M2 (H59.1 and H59.3), and three different
39-primers, two located between the first stop codon and
the beginning of the 39 LTR (H39.1, H39.2) and the other
located in the 39 LTR (H39.3) (Fig. 1). The 59-primers
contained a T7-spacer-Kozak sequence, allowing direct
transcription and translation of the PCR product (PTT).
PCRs were performed on total human genomic DNA
using seven combinations of primers, and the amplifica-
tion products were subjected to in vitro transcription/
translation. Depending on the primers used, different
translation products were obtained (Table 1; Fig. 2A, lane
1; Fig. 2B, lane 1). Considering the length of the rgh1
open reading frame (without the central stop codon), the
HERV-H envelope should have a size of 62 kDa; actually,
three large translation products, of approximately 62, 60,
and 59 kDa, were obtained by PTT. Other proteins, #42
kDa, were also obtained with some of the primers (see
Table 1 and Fig. 2).

Chromosomal assignment of the corresponding
envelope genes

Considering the expected number of env-containing
HERV-H elements, the envelope PCR amplification prod-
uct obtained from total genomic DNA should contain
approximately 100 different molecular species. We there-
fore performed a PTT on isolated chromosomes, which
on average should contain four HERV-H copies, to facil-
itate the cloning and characterization of the PCR prod-
ucts of interest. PTT was performed on a panel of mono-
chromosomal hybrids, using two primer pairs: H59.2–
H39.1 and H59.2–H39.3. The assay disclosed that the 62-
and 59-kDa coding genes were located on chromosome
2 and the 60-kDa coding gene on chromosome 3 (Figs.
2B and 2C). Translation products of intermediate size
were also observed. For example, proteins of about 42
kDa were encoded by chromosomes 1, 14, and 19 (Table
1, Fig. 2D, and data not shown), and of about 38 kDa by
chromosome 12 (Fig. 2B, lane 3). As can be seen in Table

rimers used in the present study. The ORFs for the three phases are
ical bars representing methionines. Arrows point to the methionines
ORF (asterisk), and to the primers (arrowheads).
of the p
1, some translation products could be detected on iso-
lated chromosomes but not on total genomic DNA, even
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using the same pair of primers: this was the case for p60
(detected with the H59.2–H39.1 primer pair on chromo-
some 3 but not on total genomic DNA) and for p42
(detected with the H59.2–H39.1 primer pair on chromo-
some 19 but not on total genomic DNA), most probably
resulting from the fact that amplification of one definite
copy among a few copies should be easier than among
a hundred.

PCR products from chromosomes 2 and 3 were then
cloned and a series of plasmids were submitted to PTT
to analyze their coding potential. Plasmids containing
genes coding proteins of the corresponding sizes (i.e.,
59, 60, and 62 kDa) were obtained, and some of them
were sequenced. In that these envelope genes were
later resequenced directly from the BAC clones contain-
ing the complete corresponding proviruses, they are
described below.

T

Translational Products Obtained by PTT with HERV-H env Prime

DNA PCR primer pair p62a

Total genomic DNA H59.1–H39.2 1
H59.1–H39.3 2
H59.2–H39.1 1
H59.2–H39.2 1
H59.2–H39.3 1
H59.3–H39.1 1
H59.3–H39.2 2

Chromosome 2 H59.2–H39.1 2
H59.2–H39.3 1

Chromosome 3 H59.2–H39.1 2
Chromosome 12 H59.2–H39.3 2
Chromosome 19 H59.2–H39.1 2

a As 59.1 and 59.3 primers are located downstream of 59.2 and yield s
efer to the 59.2-primed products (i.e., have been corrected when the t

FIG. 2. Protein truncation test (PTT) of HERV-H envelopes in human
(A) the H59.3–H39.1 primer pair on total genomic DNA (lane 1) and no t
1), chromosome 2 somatic hybrid DNA (lane 2), chromosome 12 soma
pair on total genomic DNA (lane 1) and chromosome 3 somatic hybrid D

DNA (lane 1) and no template (lane 2). Arrows indicate specific translation p
obtained from single chromosomes.
Cloning of the corresponding proviruses and precise
chromosomal localization

Considering the high number of HERV-H envelope
genes in the human genome and their high sequence
homology, hybridization or PCR strategies as methods to
clone the three envelope genes defined above were
ruled out. In collaboration with the Centre d’Etude du
Polymorphisme Humain (CEPH), we made use of a BAC
human library arranged in pools and superpools, that we
screened by combined PCRs and PTTs. The CEPH hu-
man BAC library is organized in 35 superpools, each
containing 6144 BAC clones, in which the human ge-
nome is represented six times. We first applied PTT on
the 35 superpools using the H59.2–H39.3 primer pair. The
62-, 59-, and 38-kDa envelope proteins were obtained in
five, seven, and five superpools, respectively, out of 35.

otal Human Genomic DNA and on Monochromosomal Hybrids

p60a p59a p42a p38a

1 1 1 1
2 1 2 2
2 1 2 2
1 1 1 1
2 1 2 1
1 1 2 1
1 1 2 1
2 1 2 2
2 1 2 2
1 2 2 2
2 2 2 1
2 2 1 2

ranslational products, the sizes of the indicated translational products
er primers are used).

enomic DNA or DNA from monochromosomal somatic hybrids, using
e (lane 2); (B) the H59.2–H39.3 primer pair on total genomic DNA (lane
rid DNA (lane 3) and no template (lane 4); (C) the H59.2–H39.2 primer
ne 2); (D) the H59.2–H39.1 primer pair on chromosome 3 somatic hybrid
ABLE 1

rs on T
total g
emplat
tic hyb
NA (la
roducts with their corresponding size, and arrowheads point to those
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561HERV-H PROVIRUSES WITH COMPLETE ENVELOPE
Superpool number 4 happened to encode all three pro-
teins and was therefore selected for further analysis. The
next screening was performed by PCR with the same
pair of primers as the one used for PTT, using a matrix
approach to minimize the number of PCRs. This led to
the isolation of one candidate BAC. A final PTT with this
BAC yielded a translation product of 62 kDa. Superpool
number 15, which was found to encode the 62- and
59-kDa proteins, was further assayed to isolate the 59-
kDa coding envelope. PCR screening (again with the
H59.2–H39.3 primer pair) yielded three candidate BACs,
which were tested by PTT and two of which encoded the
59-kDa protein. A new primer pair, H59.3–H39.2, was
used to screen the superpools by PTT, to isolate a BAC
containing the provirus encoding the 60-kDa protein. The
60- and 59-kDa proteins were each obtained in six su-
perpools out of the 35. Superpool number 30 encoded
both 60- and 59-kDa proteins and was chosen to be
PCR-screened with the H59.3–H39.2 primer pair, which
led to two candidate BACs, one of which yielded a
60-kDa protein by PTT and the other, a 59-kDa protein.
Sequencing of a 500-bp fragment from each of the three
p59-encoding BACs isolated by the two screenings re-
vealed that they contained the same gene.

To further define the localization of the three provi-
ruses, chromosome metaphases were analyzed by fluo-
rescence in situ hybridization (FISH) using the corre-
sponding BACs (B231E12, H734E12, and B916F3) as
probes. Each BAC gave a single hybridization signal per
haploid genome, on the same chromosomes as those
identified by PTT in the monochromosomal hybrids panel
experiment reported above. The precise localization is
2q24.3 for HERV-H/p62, 2q23 for HERV-H/p59, and 3q26
for HERV-H/p60 (data not shown).

Analysis of the three proviral structures in humans

Using primers scattered along the rgh2 HERV-H pro-
totype provirus sequence, the DNA of the three BACs
(each encoding one of the three proteins) was directly
sequenced. When a sequence could not be obtained
with a primer on a given BAC, a new sequencing primer
was designed, and so on, until the complete sequence of
the three proviruses was obtained. Figure 3A shows the
ORF maps of the three proviruses that we named HERV-
H/env62, HERV-H/env60, and HERV-H/env59, referring to
the sizes of the putative envelope proteins. The presence
of a 5-bp cellular sequence duplication (imperfect for
HERV-H/env62; see Fig. 4) bordering the three proviruses
indicates that they integrated through retroviral transpo-
sition. The LTRs vary in length from 416 bp (for the 59
HERV-H/env60 LTR) to 497 bp (for the 59 HERV-H/env59
LTR). Two out of the three previously characterized sub-
types of HERV-H LTRs (Goodchild et al., 1993; Mager,

1989) are represented here, with HERV-H/env62 and
HERV-H/env59 LTRs belonging to type I LTRs, and HERV-

i
n

H/env60 LTRs to type II. A histidine tRNA primer binding
site is found 2 nts downstream of the 59 LTR and a small
purine stretch (12 residues interrupted by one pyrimi-
dine) is present just upstream of the 39 LTRs for the three
proviruses.

Among the three proviruses, HERV-H/env62 is the one
that contains the longest ORF in the expected gag gene.
A BLAST computer search against a viral division of
GenBank ascertained the gag origin of the domain be-
tween nt 1300 and nt 2400 (according to the nucleotide
numbering in Fig. 3A) for this HERV-H element, upon
alignment with HTLV-1, Mo-MLV, and BaEV gag proteins.
A sequence possibly corresponding to the major homol-
ogy region (located at the carboxyl-terminus of the cap-
sid subdomain of gag in most retroviruses) (Craven et al.,
1995) can be tentatively positioned around nt 1900 upon
alignment with the Mo-MLV and BaEV gag proteins, but
did not display the three conserved residues of this
domain. Similarly, two characteristic motifs of the nucleo-
capsid subdomain of gag (CX2CX4HX4C domains) (Cov-
ey, 1986) can be identified around nt 2280 upon align-
ment with the HTLV-1 gag protein, but with an imperfect
match.

The pol gene of HERV-H/env62 disclosed significant
imilarities with the Mo-MLV pol gene, which initiate at nt
460 and stop at nt 5960. An amino acid homology
nalysis program [framesearch from the Genetics Com-
uter Group (Madison, WI) package] revealed that the
rotease-encoding region is not in the same reading

rame as the RT and the integrase. Four regions, desig-
ated A, B, C, and D and located in the pol region, were
reviously identified as present only in HERV-H full-

ength elements (Lindeskog and Blomberg, 1997; Wilkin-
on et al., 1993). Recently, env-containing HERV-H ele-
ents were described, devoid of A, B, and C regions

Lindeskog et al., 1999). Two out of the three proviruses
escribed here (HERV-H/env60 and HERV-H/env59) lack
ll four regions (see Fig. 3A). The D region contains the
plice acceptor sites used to generate env subgenomic
RNAs in the HERV-H family (Lindeskog and Blomberg,

997). It is worth noting that an Alu element, 300 nt long,
s found in the 59 part of the HERV-H/env60 pol gene (see
ig. 3A).

The three identified envelope genes have, on average,
5% similarity in nucleotides and 90% in amino acids. All

hree genes display strong homology with the rgh1 env
94% in nt, on average; see Fig. 3B). As can also be seen
n Fig. 3B, the first stop codon for the p62 env is the same
s in the rgh1 clone, while the two smaller proteins use
common stop codon located 21 aa upstream. In addi-

ion, the p56 env harbors an 8-aa deletion in the 39 half of
he consensus retroviral immunosuppressive domain.
he three envelope gene products described here dis-
lose hydrophobicity profiles as well as other character-
stic features of retroviral envelopes, i.e., a putative sig-
al peptide located just downstream of the M2 methio-



FIG. 3. Structure of the three HERV-H proviruses disclosing large open env reading frames and characterization of the corresponding putative
proteins. (A) ORF map of the three HERV-H proviruses, with the LTRs and the splice donor and acceptor sites (SD, SA) indicated. The A, B, C, D regions
present in HERV-H/env62 are deleted in HERV-H/env59 and HERV-H/env60, as observed in the majority of the HERV-H; the open envelope reading
frames are in dark gray, the protease and the polymerase reading frames of HERV-H/env62 in intermediate and pale gray, respectively; the gag
homology region of HERV-H/env62 is delineated with stripes. (B) Structure of the corresponding HERV-H envelopes and their expected functional
domains in comparison with the rgh1 prototypic HERV-H envelope. The open rectangles delineate open reading frames, with the grayed domains
corresponding to hydrophobic regions associated with the signal peptide, the fusion peptide, and the transmembrane region, respectively; the
sequences of the CWLC motifs and the proteolytic cleavage sites (located just upstream of the fusion peptide) are indicated above the open reading
frames; the putative immunosuppressive domains are represented with striped boxes and their sequences compared with that of Mo-MLV are given
below, with the identical positions indicated with dots and gaps with dashes. A hydrophobicity profile of the putative rgh1 envelope (similar profiles

were obtained for the three presently identified envelopes) and values of nucleic acid similarities between the four envelopes are given on top and
bottom of the figure, respectively.
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nine, a CWLC motif (involved in the linkage between SU
and TM subunits), a furin cleavage site at the junction of
the two subunits (which does not fit the consensus
R/KXR/KR, except for the p60 protein) followed by a
hydrophobic fusion peptide, a putative immunosuppres-
sive domain, and a hydrophobic membrane-spanning
domain (see Fig. 3B). We compared the nucleotide se-
quence of the HERV-H complete envelope recently
cloned by Lindeskog (HERV-H19) (Lindeskog et al., 1999)
with that of the three presently identified envelope
genes, and found two single nucleotide differences with
the HERV-H/env62 envelope, resulting in two amino acid
substitutions. To exclude the existence of a fourth fully
open HERV-H envelope gene, and to determine whether
the HERV-H/env62 gene could be polymorphic in the
human population, we sequenced the complete p62 en-
velope gene from five unrelated individuals. Sequence
analysis revealed that these two nucleotide differences
indeed corresponded to polymorphic sites (see Table 2).

Dating the three proviral insertions

Since retroviruses integrate randomly in the genome,
the presence of a provirus at the same given locus
among different species dates the integration event in
the germline of their common ancestor. A classical PCR
strategy was therefore used to characterize the distribu-
tion of the three above-identified proviruses among pri-
mates (Fig. 4). The presence of a provirus was assessed

FIG. 4. Status and characterization of the loci associated with three e
proviruses together with the location of the primers used for the PCRs
boundaries in the indicated primate species are given in the lower par
site duplications are underlined. On the right, the status of the thr
corresponding target site, and “2” for the empty site; only a solo LTR
by PCR amplification (i) of its 59 LTR and flanking DNA
(amplification with primers 1 and 2) and (ii) of the region
encompassing the envelope, the 39 LTR and flanking
DNA (amplification with primers 3 and 4). Absence of the
provirus was assessed by amplification of the empty
target site using the two flanking primers (amplification
with primers 1–4), followed by sequencing of the PCR
product. As can be inferred from Fig. 4, which provides
the sequences of the junction between the target DNA
and the provirus for several primates, the HERV-H/env62
provirus integrated in the germline of the common an-
cestor of gorillas, chimpanzees, and humans, after the
split of the orangutan lineage. In the gorilla lineage, the
presence of a solo LTR indicates a recombination event
leading to excision of the internal proviral sequence. On
the other hand, HERV-H/env60 and HERV-H/env59 pro-
viruses are present in the orangutan genome but not in

ding HERV-H proviruses among primates. The structure of the HERV-H
ematized in the upper part of the figure. The sequences of the proviral
he proviral sequences, when present, in brackets, and the 5-bp target
are schematized, with “1” to indicate a full-length provirus in the

ent in Gorilla for the HERV-H/env62 locus.

TABLE 2

Identification and Distribution of Polymorphic Sites
within the HERV-H/env62 Envelope Gene

Positiona Nucleotide
Amino acid

change
No. of

chromosomesb Distribution

6553 G/T Val/Leu 13 8/5
6762 T/A Phe/Leu 13 8/5

a According to the nucleotide numbering of the HERV-H/env62 pro-
irus deposited in GenBank with accession number AJ289709.

b Corresponding to diploid genomes (from five unrelated individuals)
nv-enco
are sch
t, with t
and haploid sequences (from a BAC, a monochromosomal hybrid PCR
fragment, and the HERV-H19 sequence).
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the gibbon genome, indicating that they integrated in the
germline of the common ancestor of great apes.

A second method to date the integration of a provirus
is to measure the sequence divergence between its 59
and 39 LTRs. Indeed, the two LTRs should be identical at
the time of integration, as a result of the molecular
mechanism of retroviral replication, and the percentage
of divergence between the two LTRs is therefore an
indication of the time elapsed since this initial event. In
the present case, the percentages of divergence be-
tween the two LTRs were 4.3, 4.3, and 2.4% for HERV-H/
env62, HERV-H/env60, and HERV-H/env59, respectively.
The fact that the percentage is lower for HERV-H/env59
than for HERV-H/env62, despite the fact that the latter
integrated more recently in the primate lineage, is indic-
ative of a bias in the method and actually strongly sug-
gests that homogenization events take place between
LTRs. To further investigate this phenomenon, the 59 and
39 LTRs of the three proviruses in each primate species
were sequenced and their structures compared. As illus-
trated in Fig. 5A, the number of internal repeats present
in each LTR already reveals a structural diversity. This
diversity exists for a given provirus among species, and
also between the 59 and 39 LTRs of a given provirus, e.g.,
for HERV-H/env60 in humans and in gorillas, or HERV-
H/env59 in humans.

Recently, Johnson and Coffin (1999) showed that
HERVs can be used as phylogenetic markers by con-
structing trees with the LTRs of proviruses among pri-
mates. Assuming that the two LTRs are identical at the
time of integration and are evolving independently, the
repartition of 59 and 39 LTRs of a particular provirus in
different species should display a separate clustering of
the 59 and the 39 LTRs, with each cluster having the same
topology as the standard tree of primate evolution. When
we similarly built phylogenetic trees using the LTRs of
the three proviruses among the primate species, we
observed within each major branch (corresponding to
each proviral integration) a strong deviation of the result-
ing trees from the predicted model, with very frequent
clustering of the 59 and 39 LTRs from the same primate
species (especially in the orangutan lineage) (Fig. 5B).
This, again, is a strong hint for the occurrence of homog-
enization events between the two LTRs of the proviruses.

Analysis of the HERV-H envelope open reading
frames in the primate genomes

To determine whether the three coding envelope
genes identified in humans are also open in the primates
carrying the corresponding proviruses, we performed a
PTT specific for each of the three envelopes on genomic
DNAs, using the H59.2 forward primer and the reverse
flanking primers specific for each provirus. As shown in

Fig. 6, HERV-H env genes corresponding to HERV-H/
env62, HERV-H/env60, and HERV-H/env59 encode
smaller proteins in primates, except for the p59 envelope
in chimpanzees for which the ORF is as long as that in
humans. In two cases (HERV-H/env60 in chimpanzees
and HERV-H/env59 in gorillas), no protein could be de-
tected by PTT. Expectedly, sequencing of the two corre-
sponding envelope PCR products revealed premature
stop codons, leading to putative proteins of 10 kDa for
HERV-H/env60 in chimpanzees and of 6 kDa for HERV-
H/env59 in gorillas. To determine whether other coding-
competent HERV-H envelope genes are present in the
primate genomes apart from the three presently de-
scribed loci, we performed a “general HERV-H envelope
PTT” on genomic DNAs from chimpanzees, gorillas, and
orangutans, using two internal env primer pairs (H59.2–
H39.2 and H59.3–H39.1). Several translation products
were obtained (among which, as expected, were the
proteins associated with the three specific loci), ranging
from 60 to 25 kDa. Interestingly, the chimpanzees’ and
the gorillas’ genomic DNA revealed a 60-kDa HERV-H
envelope, and the orangutans’, a 59-kDa HERV-H enve-
lope (data not shown). These envelope genes are nec-
essarily associated with a fourth HERV-H locus, since the
three proviruses characterized above encode smaller
proteins in these primates (see Fig. 6).

DISCUSSION

Downsizing of a multigene family

In this report, we show that among one of the largest
families of HERVs, the HERV-H family, only three ele-
ments maintained a large open envelope reading frame.
We showed that the HERV-H19 envelope gene cloned
recently by Lindeskog et al. (1999), using a hybridization
screening method with an env fragment on a genomic
library, is an allelic variant from HERV-H/env62. Several
arguments allow us to assert that no other completely
coding HERV-H envelope gene exists in the human ge-
nome. First, we used a redundant series of primers for
the screening of the human genome for open env read-
ing frames by the protein truncation test (PTT). PTTs
using total human genomic DNA and monochromosomal
hybrids actually led to the same results, that is, occur-
rence of only three large proteins of 59, 60, and 62 kDa,
one of which is encoded by chromosome 3 and the two
others, by chromosome 2. Moreover, when the genomic
loci were cloned from the BAC library, using PTT as a
screening procedure, the frequency of occurrence for
each protein was fully compatible with a unique repre-
sentation in the genome. In addition, sequences of the
BACs coding for these proteins were almost identical to
the sequences of the PCR products obtained from the
monochromosomal hybrids, and the localization of the
BACs by FISH was also in agreement with the results
from the PTT on monochromosomal hybrids. Finally, a

computer search in databases recently performed (on
June 29, 2000) did not reveal any other envelope (with the
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exception of HERV-H19; see above), thus confirming the
exhaustiveness of the present investigation. In this re-
spect it is worth noting that, although the Human Ge-
nome Program should have released .82% of the hu-
man genome, the p59 and p60 encoding genes were still
not found at that time.

Two other HERV families were tentatively screened for

FIG. 5. Structure of the LTRs of the three env-encoding HERV-H amo
LTRs of the three proviruses among primates, grouped according to t
human; Ch, chimpanzee; Go, gorilla; Or, orangutan. (B) Phylogenetic
constructed with the U3-R region). Parsimony methods yielded similar r
and branch lengths indicate the degree of divergence between sequen
numbers AF108838 and AF108841).
complete envelope genes, the HERV-K (Mayer et al.,
997; Tönjes et al., 1999) and the HERV-W families (Vois-
set et al., 2000). Both families comprise approximately 30
env-containing proviruses, and both entered the primate
genome 25–30 million years ago. The HERV-K family was
shown by both PTT analysis and screening of a genomic
library to contain two fully coding envelopes. The
HERV-W was screened by a PTT approach, and was
shown to contain only one complete envelope. Because

ates, and phylogenetic analysis. (A) Schematic representation of the
btype as defined from the nature of the repeats in the U3 region. Hu,

the LTRs of the three proviruses in primates (neighbor-joining tree
data not shown). Numbers indicate bootstrap values for 100 replicates,
e outgroup used in this study contains the HERV-H10 LTRs (accession
ng prim
heir su
tree of

esults (
of the screening procedures (only one pair of primers
was used for PTT in these studies), a definite conclusion
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cannot be derived for these two families. Yet, the propor-
tion of coding versus noncoding envelope genes seems
to be comparable within the three families (three out of
100 for HERV-H, two out of 30 for HERV-K, and one out of
30 for HERV-W).

Evolution of integrated retroviral genomes

One interesting outcome of the present investigation
of the three HERV-H proviruses among primates is the
demonstration that these sequences are submitted to a
series of alterations, some of which are possibly specific
for proviral structures. Actually, we could demonstrate
that dating of the insertion of the HERV-H proviruses
described here could not rely on the degree of diver-
gence between their 59 and 39 LTRs, as homogenization
phenomena between both LTRs were observed for each
of the proviruses. This phenomenon does not necessar-
ily concern all HERV-H elements since, in the Johnson
and Coffin (1999) study, the RTVL-Ha provirus LTR tree is
totally congruent to the expected topology. As discussed
in their study, homogenization of both LTRs of a provirus
probably occurred by intrachromosomal gene conver-
sion (i.e., transfer of a portion of sequence by homolo-
gous recombination). The existence of a solo LTR for the
HERV-H/env62 locus in the gorilla genome is an addi-
tional evidence of recombination events in endogenous
retroviral genomes. Another LTR recombinational phe-
nomenon seems to be superimposed on this homogeni-
zation pattern, which to our knowledge was never de-
scribed before. As shown in Fig. 6, the structure of the U3
region of a given provirus varies between species, and
even between the 59 and 39 LTR within a particular
species. This variation concerns short-sequence (,30

p) duplications or deletions, which probably arose

FIG. 6. Coding capacity of the envelope genes of the three HERV-H
presented, with the integration times for the three proviruses. In the ri
indicated primates is given for each of the HERV-H locus mentioned. S
products when no translational product could be detected by PTT (pro
no amplification obtained).
hrough a slipped-strand mispairing mechanism during
ellular DNA replication (Levinson and Gutman, 1987).

a
s

A role for coding endogenous retroviral genes?

Only three HERV-H out of 100 env-containing provi-
ruses still possess an open envelope reading frame.
There are a priori two possible reasons why open read-
ng frames of transposable elements should be main-
ained over such a long period: either because the ORFs
re of benefit to the host or because the ORFs are
ssential for the parasite. Numerous roles beneficial to

he host have been hypothesized, including protection
gainst infection and basic roles in placenta formation or
lacental local immunosuppression (reviewed in Harris,
998). Although such roles cannot be excluded, one has
o acknowledge that until now only protection against
nfection has been convincingly demonstrated, with the
nraveling of the molecular nature of the Fv loci in mice

reviewed in Boeke and Stoye, 1997). The alternative
nterpretation simply states that functional proteins are

aintained only by chance, as a result of a favorable
alance between the genetic drift of individual integrated
lements and the rate of replication of still functional
nes making “safety” copies within the family. This inter-
retation, already highlighted in our previous analysis of
n ancient family of mammalian ERVs (Bénit et al., 1999),
oes not impose any selective pressure from the host for

he maintenance of open reading frames, and simply
ccounts for the fact that some HERV families are most
robably already dead ends that are no longer functional
s a family, whereas other are surviving precisely be-
ause they can still retrotranspose. This replicative func-

ion is not necessarily associated with definite copies
nd/or loci (taking into account that some retroviral func-

ions can be complemented in trans among dispersed
lements), consistent with our present observation that

mates. In the left part of the figure a scheme of primate evolution is
t of the figure, the length of the open envelope reading frames in the
kDa were derived from the PTT, and by direct sequencing of the PCR

10 kDa). 2, absent provirus; ND, status of the locus not determined
in pri
ght par
izes in
mong primates open envelopes are not carried by the
ame integrated proviruses.
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Along this line, the situation of the env gene is para-
doxical. Indeed, this gene, which is initially required for
the entry of the virus into the host, in principle should not
be necessary for the intracellular transposition of the
integrated provirus, which requires only the gag and pol
genes for its replication (Tchenio and Heidmann, 1991,
1992). Although it was previously shown in the case of
the mouse that reinfection of the germline by viral parti-
cles of endogenous origin might be responsible for pro-
virus expansion (Lock et al., 1988; Panthier et al., 1988),
this is not the case for several Drosophila endogenous
retroviruses, which have a still fully coding env gene but
do not require this gene for their germline transpositional
activity (e.g., gypsy) (Chalvet et al., 1999). Accordingly, it

eems finally plausible that endogenous env genes that
ncode full-length proteins, as presently observed, may
ave actually lost their initial virus-associated function,
ithout having necessarily and already gained a new

unction of benefit to the host.

erspectives

Besides possible roles at the time-scale of species
volution, it has to be kept in mind that endogenous

etroviruses disclose impressive similarities with exoge-
ous infectious retroviruses, from which they most prob-
bly derive. Therefore, it remains possible that endoge-
ous retroviruses have conserved some features of ex-
genous retroviruses that could be responsible for
athogenic “somatic” effects. In this respect, we previ-
usly demonstrated that the immunosuppressive activity
f the Mo-MLV envelope gene could be involved in a

umorigenic process, at least in an in vivo assay involving
he engrafting of tumor cells to immunocompetent mice
hat can normally reject these cells (Mangeney and Heid-

ann, 1998). Since the HERV-H env contains a sequence
ost closely related to the so-called immunosuppressive

omain of Mo-MLV, also shared by other infectious ret-
oviruses (Cianciolo et al., 1985; Mangeney and Hei-
mann, 1998), we are now testing its possible immuno-
uppressive effect in the above-mentioned in vivo assay
nd already have strong hints that, at least, the longest
ERV-H env (envH p62) has the capacity to allow tumor

ells to escape immune rejection in immunocompetent
ice (unpublished results). Interestingly, HERV-H ele-
ents are induced in several tumor tissues and cell lines

Hirose et al., 1993; Wilkinson et al., 1990), but it is still not
nown whether this induction involves one of the cloned
ERV-H elements. Answering this question will require a

efined analysis of the pattern of expression of the iden-
ified proteins via the development of antibodies, allow-
ng the screening of human tissues for the expression of
n HERV-H envelope.

In conclusion, this study provides de facto the first

xhaustive, yet still limited, list of candidate genes for the
ossible involvement of HERV-H in a human physiopa-
hology. The identified genes together with their chromo-
omal positioning should allow further studies of their

unction via classical genetic approaches [identification
f susceptibility loci, search for polymorphisms among

he human population as previously performed for the
rv3 locus (de Parseval et al., 1998)], whereas the limited
umber of unraveled coding sequences downsizes an a
riori insoluble multigenic analysis to a simpler one.

MATERIALS AND METHODS

NA samples

Human DNAs were extracted from peripheral blood
eukocytes from healthy donors. The monochromosomal
omatic hybrids panel was obtained from Coriell Institute

Camden, NJ). The Human BAC library was from the
entre d’Etude du Polymorphisme Humain (CEPH, Paris,
rance). Chimpanzee DNA was extracted from periph-
ral blood leukocytes from healthy animals provided by
rançoise Barré-Sinoussi (Institut Pasteur). Gorilla (Go-

illa Gorilla), orangutan (Pongo pygmaeus), and gibbon
Hylobates Lar Moloch) DNAs were extracted from pri-

ary fibroblast cells provided by Florence Richard (Insti-
ut Curie). Rhesus macaque (Macaca cynomolgus) DNA

as prepared from tissue donated by Guy Germain
INRA, Jouy en Josas, France).

CR and sequencing of PCR products

Primers used to amplify the 59 part of the envelope
ere as follows: H59.4 (CCCACACAAGGCAAATGGTTC),
39.4 (CCCATTCTCTCCTAGCCGCTTCT). PCRs were car-

ied out for 35 cycles (1 min at 94°C, 1 min at 60°C, 4 min
t 72°C), using 50 ng of genomic DNA, 50 pmol of each
CR primer, 1.5 mM of MgOAc, and 0.2 mM of each
NTP, in 50 ml PCR reaction buffer (Tth polymerase and

buffer; Perkin–Elmer, Palo Alto, CA). Resulting fragments
were T/A cloned in pGEM-T easy (Promega, Madison,
WI) and 200 ng of plasmid sequenced with the H39.4
primer using the Applied Biosystems Taq DyeDeoxy Ter-
minator Cycle Sequencing kit with an ABI 373A se-
quencer (Perkin–Elmer).

Primers for the amplification of the full-length envelope
genes of the HERV-H family were as follows: three for-
ward primers containing the T7 promoter and Kozak ATG,
H59.1 (GCTAATACGACTCACTATAGGAACAGACCACCAT-
GCACCCTCTACCTCTCCCCAG), H59.2 (GCTAATACGACT-
CACTATAGGAACAGACCACCATGAGGGCACCCTCCAAT-
ACTTC), and H59.3 (GCTAATACGACTCACTATAGGAACA-
GACCACCATGCACCACAGTATCAACCTTAC); and three
reverse primers, H39.1 (CTCAGGGCTGCTTCAAGCGG),
H39.2 (GATTAAGCTGAAGGGAGATC), and H39.3 (CATCAG/
TTTAAGGT/CG/AGGGCAGGG). Amplification products
obtained from the monochromosomal mapping panel

were T/A cloned in pGEM-T easy (Promega). Plasmids of
interest (200 ng) were sequenced using the following
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primer set: H59.2, HS5 (CCCTACACCTCCGAACTTCC), HS6
(CTCCGAAGCCCAACTACACAC), HS4 (GCAGTTACCCCAT-
CAGTCCC), and H39.1.

Primers used to amplify the envelope gene of HERV-
H/env59, HERV-H/env60, and HERV-H/env62 were H59.2
as forward primer and, respectively, flR59 (ACCCCATGT-
TCTAGTCTTCC), flR60 (AGCAATAGTTTGTTAAATTC), and
flR62 (GTGAGGGAAAGAATATTAGG) as reverse primers.

Primers used to amplify LTRs from primates and the
proviral cellular target sequences were flF59 (GAAAAG-
TAAAGAAAGAAGCC), flF60 (GATTTCCTTGTATTCTGT-
CC), flF62 (CTTAAGTCAATAATGCAGTG), flR59, flR60,
flR62, LTR5R (GAAGAGACCACCAAACAGG), and LTR3F
(CCACCCCTAATACCGCTTGA). PCR products were gel-
purified and sequenced directly with the primers used for
amplification.

Protein truncation test (PTT)

T7 promoter-containing PCR products were ethanol
precipitated and 200 ng of the amplification products
were used in the TNT Coupled Reticulocyte Lysate Sys-
tem (Promega), according to the manufacturer’s instruc-
tions, with [3H]methionine (ICN, Irvine, CA) for protein
labeling. After electrophoresis of the translation prod-
ucts, the SDS–polyacrylamide gels were impregnated in
En3hance (Dupont de Nemours, Geneva, Switzerland),
insed with water, dried, and autoradiographed.

equencing of the BACs and computer sequence
nalyses

BAC DNAs were prepared using a Qiagen plasmid
axi kit (Qiagen, Chatsworth, CA) and a protocol modi-

ied following the instructions of the manufacturer. They
ere sequenced directly, following a procedure devel-
ped by V. Lazar at the Institut Gustave Roussy.

Sequences were analyzed using software provided by
he Genetics Computer Group and homology searches
n the databases were conducted using the BLAST
erver at NCBI. Alignments were performed with the
LUSTALW multialignment program.

ccession numbers

The HERV-H proviruses and the primate LTRs of the
hree proviruses were deposited in GenBank with acces-
ion numbers AJ289709, AJ289710, AJ289711, AJ291349,
J291350, AJ291351, AJ291352, AJ291353, AJ291354,
J291355, AJ291356, AJ291357, AJ291358, AJ291359,
J291360, AJ291361, AJ291362, and AJ291363.
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