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The human genome contains sequences related to the simian sarcoma-associated virus SSAV. One of these endogenous
retroviral elements, S71, is truncated in the pol gene and carries an insertion' of a solitary HERV-K LTR. Using a PCR
approach we have now identified further $71-related retroviral efements that lack the HERV-K LTR inserticn and contain a
fult-length retroviral reverse transcriptase, Two of these sequences, pCRTK1 and pCRTKS, were cloned and further character-
ized. Clones pCRTK1 and pCRTKS showed between 85 and 90% nucleotide homology to each other and to S71 within the
“tether” region of the pof gene, indicating that pCRTK1{ and pCRTKE clearly belong to the S71 subgroup of C-type-related
human endogenous retroviral elements. Some point mutations inactivating the reverse transcriptase are located at the
same positions in pCRTK1 and pCRTK6. Therefore, we assume that these S71-related elements were dispersed in the
hurman genome by reintegration as defective proviruses, probably using enzymes for retrotransposition provided in trans
by other retrotransposons or by celivlar genes. Examiration of the presence of S71-related elements in apes and Old World
monkeys revealed that the deletion of reverse transcriptase sequencas in 571 has ocouired in the lineage of primates prior

to the insertion of the HERV-K LTR.

INTRODUCTION

The flow of information from DNA to RNA to protein
was an early dogma of biology. This dogma was chal-
lenged 1970 by the discovery of an enzyme able to con-
vert RNA into DNA: reverse transcriptase (Temin and
Mizutani, 1870; Baltimore, 1970). Since this enzyme was
found to be associated with retroviruses and to be essen-
tial for the replication of these RNA viruses, reverse tran-
scription was generally believed to occur exclusively as
part of the retrovirus life cycle. This view has since then
been repudiated by the discovery that not only the eu-
karyotic genome but alse bacieria contain seguences
related to retroviral reverse transcriptase and endonucle-
ase/integrase genes (Lampson ef al., 1989; for review
see Varmus, 1989, inouye and Inouye, 1991} in verie-
brates, about 10% of the genome is thought to have
emerged by reintegration of products of reverse tran-
seription (Weiner et a/,, 1988). The information generatad
in this manner includes sequences which seem to have
employed cellular mechanisms for passive retroposition
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as well as refroelements containing reverse tran-
scriptase- and/or integrase-related sequences possibly
initiating their own retrotransposition (Temin, 1989; Hull
and Will, 1989). Thus, reverse transcription is a basic
mechanism that has contributed substantially to the ar-
chitecture of the eukaryotic genome {Finnegan, 1989).
Among the retroelements which in themselves may have
the capacity to transpose are nonviral elements such as
LINES {long interspersed nuclear sequences) (Hutchison
et al.,1989) as well as retrovirus-like elements with struc-
tural analogies to infectious retroviruses.

In humans about 1% of the genome caonsists of such
endogenous retrovirus-related sequences. Most of them
resemble mammalian C-type or B-type retroviruses (for
review see: Callahan, 1988; Brack-Werner et a/., 1989b;
Larssen et a/., 1989; Leib-Mdsch et a/., 1990; Witkinson
et al., 1994). Generally, these elements do not contain
full-length retroviral genomes, but are partially deleted,
or their genes are interrupted by point mutations or
frameshifts. To date, no replication competent human
endogenous retrovirus (HERV) was detected. Neverthe-
less, a great number of HERVs is actively transcribed
(reviewed in Leib-Mdésch et al, 1992; Wilkinson et al.,
1994). Most transcripts are observed in ptacenta and
embryonic tissue, but many HERVs are also transcribed
in human neoplastic cells and normal tissues. Further-
more, antigens immunologically related to retroviral
structural proteins were discovered in human sers and
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tissues (Larsson et &/, 1989). Some HERVs are single-
copy elements, but the majority represents sequence
families with up tc 1000 members, pointing out the enor-
mous reservoir of retroviral genes in the human genome,
Recently, a B-type-related HERV-family (HERV-K) was as-
sociated with the formaticn of retrovirus-like panicles
(Ldwer et al., 1993; Boiler ef af., 1993). Since these parti-
cles have not been found to be produciively infectious,
they might be pseudotypes generated by complementa-
tion of several expressed HERV-K elements containing
a defective retroviral genome.

We have shown previously that 571 is a truncated
retroviral element homologous to simian sarcoma-asso-
ciated virus (SSAV). S71 consists of a compiete gag gene,
a panly deleted pol! gene lacking the coding region for
reverse transcriptase and an LTR-like structure at the 3’
terminus {Leib-Mdsch et a/., 1986; Brack-Werner et al.,
1989a; Werner et al., 1990). Further studies of the geno-
mic crganizaticn of S71 revealed that gag and po/ homol-
cgous sequences are separated by a 920-bp insertion
of a solitary HERV-K LTR element which exisis in several
thousand copies in the human genome (Leib-Mésch et
af., 1993). The endogenous element 571 is found only
once per hapicid genome and was localized on chromo-
some 18921 (Brack-Werner et a/., 1989a). However, we
have estimated the human genome to contain at least
25-35 38AV-related sequences in addition to 871 by
low-stringency hybridization with a SSAV po/ probe {Laib-
Mésch et &/, 1988). In this report we demonstrate that
about 1520 of these sequences are related to S71 po/
and gag sequences and that at least some of these ele-
ments contain pol genas with fuli-length retroviral re-
verse franscriptase.

MATERIALS AND METHODS
DNA

Genomic DNA used for PCR analysis was extracted
from human lymphocyies by standard procedures (Sam-
brook et al, 1983} PCR controls were performed with
genomic DNA of spinach, kindly provided by Dr. M. Salo-
mon (Botanisches Institut, MUnchen). Sources of primate
genomic DNA were: orangutan, liver tissueg; and marmo-
set, blood {Zoolegical garden Helabrunn, Minchen); Afri-
can green monkey, vero kidney cell line (ATCC CCL 81);
rhesus monkey, LLC-MK,p kidney cell iine (ATCC CCL
7.1). Chimpanzee genomic DNA was kindly provided by
Dr. J. Heeney (Primate Center TNO, Rijswijk, The Nether-
lands).

PCR analysis

PCR analyses were carried cut using primers derived
frem S71-specific regions flanking the HERV-K LTR inser-
tion (Fig. 2). Two 5" primers {1, 2) originated from gag
p10 sequences of 571, two 3’ primers (3, 4) were derived

TABLE 1

Primers Used for Amplification of §71-Related po/ Sequences

Primer Sequence Position”
1. gag specific 5" ATCACAGAACACTAGCCAGG 3" 1831-1849
2. gag conserved 5 CAAGCAGATAGGACACTGG 3’ 1924-1942
3: Tether 5" GACAAATAGATGACTGGG 3° 3130-3113
4: Tether 5" GAAGTCTGGATCAGGGAGC 3 3409-3382
5: Reverse

transcriptase® 5" CTTGGGGTAGTACTITCC 3'

? Positions of S71-specific primers 1-4 are numbered according 10
Werner et al. (1990},

® Primer 5 was derived from a highly conserved region within the
reverse transcriptase of retroviruses (Shih et al, 1989).

from the tether region of S71 pol, and one 3’ primer (5)
was designed using a highly conserved domain of re-
verse transcriptase {Shih et a/., 1989). Sequences of prim-
ers are shown in Table 1. All of them were produced by
an Applied Biosystems oligonucleotide synthesizer (0.2
pmol scale) and purified with OPC columns according
to manufacturer's instructions {Applied Biosystems, Wei-
terstadt, Germany). PCR conditions per 100 gl reaction
volume were 10 mM Tris, pH 8.3, 50 mM KCI, 1.5 mM
MgCl,, 0.001% gelatine, 200 uM each dNTP, 2.5 Units
AmpliTag pelymerase, 0.5 uM each primer. PCRs were
perfermed with 1 pg human genomic DNA. PCR cycle
parameters were: 2 min 94°C; 2 min 45°C (50°C, 55°C);
3 min 72°C, 1X; 1 min 94°C: 2 min 45°C (50°C, b5°C); 3
min 72°C, 29X; 7 min 72°C, 1X. To check for possible
coniaminations, each set of reactions also included two
negative controls with 1 pg spinach DNA and without
DNA, respectively. These controls gave uniformly nega-
tive results.

Southern blot analysis

A 1/10 vol of the PCR mixtures was electrophoresed
in 1.6—2% agarose gels and transferred tc Zeta-Probe
membranes (Bio-Rad, Miinchen} by the vacu-blot proce-
dure (Vacu-Gene XL, Pharmacia/LKB, Freiburg, Ger-
many). The membranes were hybridized sequentially to
probes specific for HERV-K LTR, 871 pol/iether and re-
verse transcriptase of AKV (Fig. 2). Prehybridization was
carried out for 2 hr at 65°C in 6X SSC (1XSSC =015 M
NaCl, 0.0156 M sodium citrate), 0.05 M NaH,PQO,, pH 8.5,
0.5% SDS, 0.7% powdered milk. Hybridization was per-
formed for at least 16 hr at 65°C in 8X SSC, 0.02 M
NaHPQO, 0.5% SDS, and 0.7% powdered milk. The final
wash was done at 66°C in 0.5X 88C, 0.1% SDS. Between
hybridizations the membranes were stripped using boil-
ing 0.1X S8C and 0.5% SDS. Probes were labeled by the
nick translation method (Rigby et a/,, 1977} and 1 X 10°
cpm *P-labelad DNA/mMI solution was used for each hy-
bridization.
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FiG. 1, Southern analysis of 571-related endogenous retroviral elements in human genomic BNA. Genomic DNA from 3 unrelated individuals
was digested with Psti {lanes 1-3), Hindill {lanes 4 and 5}, Bg/ll (lanes 5—8), and Accl (lanes 8—11) and sequentially hybridized tc a S71 gag-
specific probe {A) and to a S71 pol-specific probe (B) under low stringency conditions. Arrows indicate bands specific for the original S71 element.

Sequence analysis

Amplification products were extracted from the aga-
rose gel by the freeze—squeeze method (Tautz and Renz,
1982) and subcloned into the Smal site of pUC19 vector,
For direct seguencing fragments were purified with the
Qiaquick gel extraction kit (Quiagen, Hilden, Germany).
Sequencing was performed using the dideoxy-chain ter-
mination method (Sanger et a/,, 1977). The method was
modified for use with double-stranded templates and
AmpliTag polymerase on the ABl sequencer 373A (Ap-
plied Biosystems, Weiterstadt, Germany), Labeling of the
reaction products resulted from fluorescence-labeled
primers or terminators {Prober et &/, 1987). Sequence
data were collected and evaluated by the ABl Sequencer
373A and Macintosh ilex (ABI analysis program for AB!
Sequencer 373A). Seguence comparison and alignments
were done with the aid of the software package Gene-
Works (IntelliGenetics, Inc.) and the IntelliGenetics-suite
for the VAX station 3200 (VMS 5,1).

RESULTS
ldentification of $71-related pof sequences

To address the question whether the human genome
cehtains endogenous retroviral sequences related to 871
we carried out Southern blot analyses {Fig. 1). Human
genomic DNA was digested with different restriction en-
donucleases and the Southern blot was probed sequen-
tially with a fragment cornprising the whole 871 gag gene

and a 571 pol-specific probe (Fig. 2), respectively, Hybrid-
izations were carried out under low-stringsncy condi-
tions. Both §71 pof and 871 gag probes yielded complex
signal patterns. However, the hybridization with the po!-
specific probe showed bands of higher intensity than the
patiern obtained with $71 gag. This observation can be
axplained by the fact that the pof regions of retroviruses
contatn highly conserved domains (McClure et al., 1988,
Xiong and Eickbusch, 1990) and that many different en-
dogenaous retroviral elements with related po/ genes are
dispersed throughout the human gencme. We estimated
S71-related endogenous elements 16 encompass about
15-20 copies in the haploid genome on the basis of
number and intensity of the signals compared with the
single-copy $71-specific hybridization signals.

We then investigated whether any S71 homolcgous
sequences identified by Southern blotting contain full-
length po/ genes and lack the HERV-K LTR insertion. For
this purpose we used the PCR strategy outlined in Fig.
2. Primer combinations for PCR consisted of ong of two
different 5" primers derived from the $71 gag/p10 region,
combined with one of two 3" primers from the S71 pof/
tether domain, or with a 3" primer from a highly con-
served part of the C-type retroviral reverse tfranscriptase.
The PCR amplification products of all possible primer
combinations were analyzed by agarose gel electropho-
resis and seguential hybridizations of the appropriate
Southern blots (Fig. 3) with probes specific for 571 HERV-
K LTR and S$71 pofftether region (Fig. 2A). Furthermore,
a 1-kb fragment containing the full-length reverse tran-
scriptase of the murine leukemia virus AKYV was used 10
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FIG. 2. PCR strategy for identification of $71-related reverse transcriptase coding sequences. The numbered arrows indicate the locations of
primers listed in Table 1. Hybridization probes are reprasented by black bars.

detect reverse transcriptase-specific amplification prod-
ucts (Fig. 2B). The ethidium bromide-stained agarose gel
showed a few additional bands beside the 571-specific
fragments, above all with primer combination 2/4 (Fig.
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3A). Hybridization with HERV-K LTR showed signals cor-
responding to the molecular weights expected for 871
products (Fig. 3B). In contrast, the S71 poi-specific probe
yielded in addition to the 371 products bands of 1.9,

B
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FIG. 3. PCR analysis of 871 pof-related seguences. (A) Ethidium bromide-stained agarose gel of PCR products. Amplified 871-related RT sequences
were identified by hybridization with (B} 871 HERV-K LTR, {C} AKV reverse transcriptase, and (D} $71 pof.
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0.7-0.9, and 0.4-0.5 kb {Fig. 3D). Two of these bands
obtained with primer combination 2/4 also hybridized
with the reverse transcriptase prcbe (Fig. 3C). The upper
fragment corresponded to a length of 1.9 kb which is
sufficient to contain the predicted po/ region missing in
S871. This 1.9-kb band was extracted from an agarose
gel and subcloned into the pUC19 vector. Two of the
subclones (pCRTK1 and pCRTKG) hybridized strongly
with the AKV reverse transcriptase probe (data not
shown) and were subsequently sequenced.

Sequence analysis of amplified $71-related pof
sequences

A nucleotide seguence comparison of pCRTK1 with
pCRTKSE revealed that these clenes show 86% nuclectide
identity. In order to assess the relation of pCRTK1/6 to
571, both subclones were compared with the 871 se-
guence in a DNA dot matrix analysis. Figure 4A shows
the comparison of the DNA sequences of S§71 and
pCRTK&. The abscissa corresponds 1o the whole insert
of pCRTK8, whereas the ordinate comprises the 871 seg-
ment between the PCR primer 2 within the p10 sequence
and primer 4 within the tether region that were used for
the amplification reaction (Fig. 2). This illustration indi-
cales regions with >>60 % similarity as diagcnals. The
first 60 bp {diagonal a) of the pCRTKGE sequence are
homologous to S71 sequences preceding the HERV-K
LTR insertion which is indicated by the large interruption
between a and b. (Fig. 4A). Diagonal b shows a homolo-
gous demain corresponding to a 100-bp stretch in S71.
The third domain with an obvious relationship between
571 and pCRTKE covers the tether region {diagonal c).
Between diagonals b and ¢ is a large deletion within the
S71 sequence that comprises the reverse transcriptase
domain of the po/ gene. This figure shows that the iso-
lated PCR clone lacks the HERV-K LTR insertion (shifting
of the diagonals a and b) and instead contains 1500
additional basepairs preceeding the tether region of S71
po! {shifting of the diagonals b and ¢). The comparison
of clone pCRTK1 and 871 produced similar results (data
not shown).

For identification of the additional sequences found in
the PCR clones, nucleotide and amino acid sequences
of pCRTK1 and pCRTKB were compared with the pof
gene of AKV. Figure 4B shows the resulting dot matrices
of DNA and deduced amino acid sequences, respec-
tively. The abscissae correspend to the pol gene of AKV,
the ordinates represent the PCR clone pCRTK8. The dot
matrices show more or iess uninterrupted diagonals over
the complete length of the compared seguences, illus-
trating the colinearity and high degree of similarity of
both sequences. The relationship of the sequences is
more clearly revealed in the dot matrix based on the
amino acid data, where the background signals are ess
and the diagenal is more continuous, indicating a higher
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FIG. 4. Dat matrix comparison of (A) pCRTKS and 871, nuclectide
position 1900-3500 (Werner et a/, 1990) and (B) pCRTK6E and AKV pof
sequences, nuclectide position 2250—4080 (Ezerodt et a/., 1984). Dots
signify a minimal match of 60% in a window size of 20 residues.

degree of consarvation on the aming acid level than on
the nucleotide level. The most distinct hamology is lo-
cated in the reverse transcriptase segment, yielding up
to 70% identity on protein level. The overall amino acid
identity amounts to 46%. Simitar results were obtained
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FIG. 5. Structure of 871 and pCRTK1/pCRTKE pof region. The striped boxes indicate the regions homologous in 871 and TK1/6. The position of
primers is shown by stippled boxes. 871 carries an additional 30-bp deletion between p10 and the protease coding region compared with pCRTK1

and pCRTKSE.

for clone pCRTK1 (data not shown). Hence, pCRTK1 and
pCRTKS contain complete protease and reverse tran-
scriptase domains that are missing in S71. These results
are summarized in Fig. 5 showing the structure of §71
and pCRTK1/6 derived from the dot matrices. The first
160 bp of pCRTK1/6 are strongly related to $71 and corre-
spond to the 3" part of gag/p10 and the 5" domain of
the retroviral protease. In $71 the hamologous region is
interrupted by an HERV-K LTR insertion (Leib-Mésch et
al, 1993). The remainder of the protease and the com-
plete reverse transcriptase that is deleted in S71 is pres-
ent in both PCR clones. The following sequences consti-
tuting the tether regicn are again homologous in $71 and
pCRTK1/8. In contrast to S71, both S71-related se-
quences isolated by PCR contain full-length RT and pro-
tease domains. The coding regions of the prolease as
well as of the reverse transcriptase genes are disrupted
by termination codons and frame shifts; therefore, func-
ticnal proteins are not expected to be produced. Some
of the point mutations leading to inactivation of the open
reading frames are identical with respect t¢ nucleotide
and position in pCRTK1 and in pCRTKS, indicating that
these elements may have been integrated into the human
genome after inactivation of these genes (Fig. 6).

Phylogenetic analysis of S71-related po/ genes

\We have previously shown that S71 represents a sepa-
rated phylogenetic subgroup among C-type-related
HERVs (Werner et af, 1990). The 571 element seems 1o

be more related to infectious murine and primate provi-
ruses than to other human endogenous retroviral ele-
ments. To determine the phylogenetic position of pCRTK1
and pCRTKB, a 300-bp-long nucleotide sequence from
the tether region was used for a multiple alignment with
the corresponding sequences of other HERVS, such as
571, ERV4-1, and ERV9 as well as the mammalian endog-
enous and exogenous retroviruses SSAV, GalV, BaEv,
FelV, and AKV. The resulting phylogenetic tree indicates
that pCRTK1 and pCRTKG clearly belong to the S71 sub-
group (Fig.7). ERV4—-1, another C-type-retrovirus-related
human endogenous element, shows about the same phy-
logenetic distance to the S71 group as to the mammalian
C-type retroviruses AKV, FelV, BaEV, GalV, and SSAV.
Of all analyzed sequences, the element with the greatest
distance to the $71 elements is the human endogenous
retrovirug ERVA.

Previously performed Southern analysis showed that
S71-related seguences are present in apes and Old
World monkeys (Leib-Mdsch et a/, 1992). In order to
investigate the spreading of 571-related elements in pri-
mates and to trace back the insertion and deletion evenis
that truncated the §71 element, PCR analyses with geno-
mic DNA from orangutan, chimpanzeg, African green
monkey, rhesus monkey, and marmaoset were performed.
We used the same primer combinaticns (1/4, 1/3, 2/4, and
2/3) that led to the identification of S71-related reverse
transcriptase sequences in human DNA. The amplifica-
tion products were separated by agarose ge! electropho-
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A

3156
AKY CAATTAACCTGGACCAGACTCUCACAGEGTTTCAARRACAGTCCCACCCTGTTTGATGAG
o L T W TRULP OQGF KNS PTULFTDE

pCRTKL CARATTAACCTGGACTCAATTACCCCAGGGTTTTARAAAACTCCCCTACCC TTTTTGGGGAR
9 L T W T ¢ L P g 6 F KN B P TTLF G E

PCRTKE CAATTGACCTGGACCCGGTTACCTCAAGGTTTTAAAAATTCCGCCACCCTTTTTGGGGAR
Q L T w TR L P 0 G F KNS ATTULTF G E

3272
BKV GGACTACACAGAGACCTAGCAGACTTCCGGATCCAGCACCCAGACTTCATCCTCLTACAG
G L H R DILADTFURIUHuUPUDIL IL L Q

PpCRTKL GCCUTCCAACAGGATCTTATACCATTCTORGCCASTARCCCTCACTGCACTCTTCTCCAS
A L Q ¢ DL L I P F * A S N P HCTUL L Q

pCRTEG GOCCTCCAARCARGATCTTCTACCATTCTGAGCCAGTCCCCTTAACTGTAACTC TTOTTCA
AL Q@ 9 DL L P F * A S PLNCHN S 5 8

3702
BEV AAGCCCTTTGARACTCTTTGTCGACGAGAAGCAGGGCTACGCCARAGGCOTCCTAACGCAA
K P F ELF VY DEZEKZ®RGYAZEKGVLTQ

pCRTK1 AMACCATTTCACCTTTTTGTTCATGAAAGCCAGGCATCACTAARGGGGETACTCACTTAGA
K P FHL FV HEZSSEOQ GG S L KSGY S5 L R

BCRTKS ARACCATTCCACCTPTTITTCATGAARGCCAAGCAGTCGCTARAGGGGTACTCACTCAAR
¥ P FH L F F M KA XESLZKGTY S5 L K

3818
ARV AAACTGGGACCTTGGCGTCGGCCCGTGGCCTACCTGTCCAAAAAGCTAGATCCAGTGGCA
K L G P WUERZRUP YV A Y K K L D P V A

PCRTKL CPT-TGGGACCATGECAATGCCCAGTCGCCTACTTGTCTAAGAGACTAGACCCTGAGGCC
L G P W Qg C P V A Y L S KR L D P E A

pCRTKS CTT-TGCGECCATGTC GACGCCCAGTGECCTGTTTATCTAAAAGACTGGATCCTGTTGIC
L R P CRPRPV B CLSKRTILDPV A

FIG. 6. Comparison of reverse transcriptase sequences of pCRTK1
and pCRTKS with the corresponding AKY sequences (Etzeredt ef af.,
1984). The aligned stretches show peint mutations creating a termina-
tion codon (A) and a frameshift (B} that are conserved in pCRTK1 and
pCRTKE.

resis and hybridized with pCRTK1 and HERV-K LTR
probes. With the exception of marmoset DNA that did not
yield any hybridizing bands (data not shown), fragments
hybridizing with pCRTK1 could be amplified from all pri-
mate DNAs with at least one or two primer pairs (Figs.
8A—8D). Chimpanzee and African green monkay DNA
vielded the expected bands of approximately 1.9 kb {Fig.
8A) and 1.7 kb {Fig. 8C) corresponding to a full-length
retroviral reverse transcriptase with primer combinations
1/3 and 2/3, respectively. In case of orangutan DNA, cnly
short fragments of 0.6 and 0.5 kb could be detected with
primer pairs 1/4 and 2/4 (Fig. 8B). These fragments corre-
spond in length 1o a truncated S71 po/ gene with the
deletion of reverse transcriptase, but without the inser-
tion of HERV-K LTR. In rhesus monkey DNA, both types,
the truncated and the nontruncated po/ sequences, rep-
resented by bands of 1.9 and 0.8 kb, respectively, were
amplified with primer combination 1/4 (Fig. 8D). Frag-
ments hybridizing with HERV-K LTR cculd only be identi-
fied for chimpanzee and orangutan DNA (Figs. 8E and
8F), indicating that the deletion of reverse transcriptase
sequences has occurred in the lineage of primates prior
to the integration of the HERV-K LTR.

Te confirm the resulis obtaind by Southern analysis,

short fragmants hybridizing with §71 po/ were isolated
from agarose gels. Sequence analysis verified that the
deletion site of reverse transcriptase sequences is identi-
cal in short po/ fragmenis amplified from human DNA
{S7T1DEL-HUY and ST1DEL-HUZ) and orangutan DNA
(S71DEL-OU), compared with the original 571 element
(Fig. 9). The human po! fragments show an overall nucle-
otide identity of about 80% with 571. The orangutan-de-
rived sequence is less related to 871 showing a se-
guence homology of 74% within the region located down-
strearmn of the deletion site. Furthermore, S71DEL-OU
contains an additional small detetion of 25 bp that is
located 18 bp upstream from the large deletion. There are
only three nucleotide changes between the two human
sequences that may reflect either individual variations or
the presence of several closely related elements in the
human genome carrying the same pof deletion.

DISCUSSION

The majerity of known HERVs represent families of
related seguences with up to 1000 members in the hap-
loid genome. In thig study we demonstrate that $71, a
truncated HERV related to the SSAV, represents one copy
of a family consisting of abhout 15-20 members. In S71,
the 5" domain of the pol gene, coding for retroviral prote-
ase and reverse transcriptase, is deleted and the gag-—
pol redion is interrupted by an HERV-K LTR insertion.
Using the PCR strategy we succeeded in isolating two
different genome fragments of the S71 family (pCRTK1
and pCRTKB) that contain the missing po/ domains and
also lack the HERV-K LTR insertion. The two po/ isolates
are notigentical but show a nuclectide sequence identity
of 86%. None of the investigated po/ regions (protease,
reverse transcriptase) show long open reading frames
but contain stop codons and frameshift mutations. Thus,

AKY

——— Felv
BaEV
Galy
S5aV
571

pCRTKE

PCRTK1

ERV4-1

ERv 9

FIG. 7. Phylogenetic relationship of human endogencus retroviral
elements and mammalian retroviruses based on sequence homology
of pof 1ether region,
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FIG. 8. PCR analysis of S71-reiated pof sequences in primates. (A) Chimpanzee, {(B) orangutan, {C) African green monkey, and {0} rhesus monkey
DNA hybridized with pCRTK1; (E) chimpanzee and (F) orangutan DNA hybridized with 571 HERV-K LTR.

functional proteins are not expecied to be produced. The
nucleotide as well as the deduced amino acid seguences
of pCRTK1 and pCRTK& were compared with the corre-
sponding region of AKV, a reproduction competent en-
dogenous retrovirus of the mouse. The resulting dot ma-
trices show distinct but interrupted diagonals in alt areas
compared. The homology of the isolated po/ genes to
AKV is more clearly seen in the protein dot matrix which
exhibits shorter interruptions and less background sig-
nals. This observation points to a higher congervation on
protein level than on nucleotide level. Such differences
in the relationship of nuclectide and protein sequences
signify a former functicnal activity of the gene product.
Selection pressure toward function leads to a slower
mutation rate on protein level than on nuclectide level
because the wobble base of the codon can mutate with-
out changing the seguence of the gene product.
Comparison of the structure of pCRTK1 and pCRTKS
with the 571 eiement (Fig. b) clarifies some details how
the 871 mutations arose. Figure 5 shows that the HERV-
K LTR insertion is located between 871 gag p10 and the
5' part of the protease gene, whereas the pol deletion
of the 371 element covers the 3" domain of the retroviras
protease and the compiete reverse transcriptase. Thus,
the HERV-K LTR insertion and the po/ deletion are sepa-
rated by about 100 bp of S71 protease segquences. Obvi-

ously, both mutations were independant events and the
pol sequences were not lost as a consequence of the
HERV-K LTR insertion. This suggesticn is supported by
Southern blot analyses of PCR products (Fig. 3) which
show fragments of about 500 bp that hybridize strongly
with the §71 pof probe but give no signals with the HERV-
KLTR probe. These observations confirm the assumption
that some 371-related elements in the human genome
carry a partial po/ deletion but are not interrupted by the
HERV-K LTR insertion.

There is also evidence about the temporal succession
of these events. 871-related deleted po/ genes without
HERV-K LTR insertions are found nct only in humans but
also in orangutan, African green mankey, and rhesus
mcnkey. In conirast, 871 related sequences carrying a
HERV-K LTR insertion could only be detected in orang-
utan DNA. Therefore, the deletion of $71 po/ regions must
have cccurred before the divergence of cercopithecoidea
and hominoidea, between 45 and 30 million years ago,
whereas the HERV-K TR integration probably happened
later on during the evolution of the hominoidea lineage
between 30 and 17 million years ago.

Like the 871 familiy, most examined HERV sequences
arose early in primate evolution (Harada et af, 1987;
Fraser et al, 1988; Johansen et al, 198%; Mariani-Con-
statini et al., 1989, Perl et &/, 1989; Kannan et af,, 1991,
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HERV-K LTR insaned

871 AAGCCAGAGGAGAAACC-AGA-AMACARAA- - -GG TCACTCTCCCC 50
ATT.A. . ... .Colll.

S7LDEL-HU1 ..AE...T.,.A--.T.-...—., G.
S71DEL-HU2
S71DEL-QU

571 100
S71DEL-HUL
S71DEL~-HU2

S7LDEL-CU

871 150
S571DEL-HUL
S71DEL-HU2

S$71DEL-OU

571 200

S71DEL-HU1 .CG..AGC...C ............. A, Tt CCAA.
S71DEL-HU2 LCGLLAGC. LG G..G..A ..... Teveiinna. CCAA.
S71DEL-QU A-.C.GTGGA.G--. . .. A.~-==AG..A.,.... K -———

871 GGACAAGTTGTCTGTGGGCCATAGCAGCCACAGCAAGCCTGATTCAGGAG 250
S71DEL-HU1 ARG

S$71DEL-HU2

S71DEL-0U

571 300
S7T1DEL-HUL

S71DEL-HU2

S71DEL-OU

571 350
S71DEL-HU1

S71DEL-HU2
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FIG. 9. Nucleotide sequence comparison of amplified short po! frag-
ments with the corresponding regions of 871 pol. S71DEL-HU1 and
S71DEL-HU2 were amplified from human genomic DNA of two unre-
lated individuzals by semi-nested PCR using primers 2 and 4 (Table 1,
Fig. 2} in the first PCR reaction. The second PCR reaction was carried
out with primer 2 and a primer derived from a sequence highly con-
served in 571, pCRTK1, and pCRTKS tether region {b" GGAGAGAAAGT-
TAAACGAGGCCAATC 3', position 3365—3339 in §71}. S71DEL-OU was
isolated from orangutan DNA by PCR using primers 2 and 4.

La Mantia et a/, 1991, Shih et &/, 1991). The type | and
type It subfamilies of RTVL-H elements, for instance, have
also most significantly expanded after the split of Old
World and New World monkeys but before the ape/Qld
World monkey divergence. In contrast, the type la RTVL-H
elements form an ape-specific subfamily like the HERV-K
LTR containing $71 elements. (Goodchild et a/,1993).
Taken together the data avzilable on the evolutionary
history of HERVs, the most significant expansion of
HERVs, and the majority of retrotranspositicn events
seem 10 trace back to early primate evolution.
Retrotransposition leading to insertion mutagenesis
has often been observed in situ in nonprimate mammals
(Econcmou-Pachnis et 4f., 1985; Katzir et a/, 1985; Leslie
et al, 1991, Steinmever et a/, 1991; Adachi et al., 1993;
Mitreiter et af., 1994; for review see Favor and Morawetz,
1992). Some recent cases of insertion mutagenesis
caused by retrotransposable elements have alsc been
detected in the human genome (Kazszian et al., 1988,
Morse et al, 1988: Miki et af., 1992; Narita et a/, 1993;
Holmes et &/, 1984). Two active LINE-1 elements, locus
LRE1 (Dombroski ef a/, 1991; Mathias et af, 1991} and
locus LREZ {Holmes et al, 1994), were identified recently.
Locus LRE1 is the full-length direct precusor of a trun-
cated LINE-1 element identified as de novo ingertion in
the factor VIl gene of an hemaophilia A patient {(Kazazian

et af., 1988). Another de novo insertion of a rearranged
LINE-1 element originating from locus LREZ2 was local-
ized in the dystrophin gene leading to muscuiar dystro-
phy of the JH-1001 type (Holmes et a/., 1994). Both LRE1
and LREZ2 contain two open reading frames enceding
an intact reverse transcriptase and a p40 protein with
unknown function.

The fact that the first two human LINE-1 elements
known 1o have transposed recently code for functional
reverse transcriptases supports the hypothesis that use
of protein products /n cis is preferred to trans retrotrans-
position of defective elements. The results of our se-
quence analyses of pCRTK1 and pCRTK6, however, sug-
gests that defective retroviral elements may be retro-
transposed with the help of proteins provided in trans,
since point mutations inactivating the reverse tran-
scriptase are located at the same position in both PCR
clones. Furthermore, expansion of RTVL-H involved trun-
cated elements with shared deletions within the po/
genes (Goodchild et &/, 1993; Wilkinson et af., 1994).
There are several ways for duplicating defective provi-
ruses: One possibility is the amplification on DNA level
as has been observed for the human endogenous retrovi-
rus 4—1 {Steele et al., 1986). in this case, provirus ffanking
seguences have been found to be identical. Another pos-
sibility is the reintegration of the defective sequences
making use of enzymes for retrotransposition detivered
in frans by other retrotransposons or by celflular genes.
Abundant expression of retroviral reverse transcriptase-
related transcripts has been detected in many human
tissues (Medstrand and Blomberg, 1993). Tchenio and
Heidmann {(1991) demonstrated that a dsefective retrovi-
rus deleted for gag, pol, and env cpen reading frames
can disperse in the human genome by intracellutar trans-
position if gag and po/ gene products are provided in
trans. Synthesis of retroviral cDNA is even possible by
two defective reverse transcriptase proteins that comple-
ment each other. Telesnitsky and Goff (1993) showed
that retroviral DNA synthesis can be completed when
DNA polymerase and RNaseH activities are provided by
separate reverse transcriptase motecules, although
much less efficiently. The integration of proviruses can
also ceceur with reverse transcriptase and integrase deliv-
ered by different polyprotein precursors. Taken together,
these data suggest that intact po/ genes are not prerequi-
site for dispersion and consequently also for insertion
mutagenesis of human endogenous retroviruses and ret-
roviral elements.
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