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The human genome harbors thousands of long ter-
minal repeats (LTRs) that are derived from endoge-
nous retroviruses and contain elements able to regu-
late the expression of neighboring cellular genes. We
have investigated the ability of human endogenous
retroviral (HERV)-K LTRs to provide transcriptional
processing signals for nonviral sequences. Four chi-
meric cDNA clones isolated from a cDNA library de-
rived from the human cell line T47D were found to be
polyadenylated within an HERV-K-T47D-related LTR.
Two transcripts containing an as yet unknown cellu-
lar sequence were probably derived from the same
genomic locus but their 3’ ends were processed at
different positions of the LTR. Structural analysis of
the polyadenylation site suggests RNA stem-loop
structures similar to the HTLV-1 Rex responsive ele-
ment that bring the two remote AAUAAA and GU-rich
elements into the spatial juxtaposition necessary for
correct 3’ end processing. The cellular part of the third
chimeric clone shows significant homology to an exon
of the human tyrosine phosphatase 1 gene, although
oriented in the antisense direction compared to the
adjacent LTR. Furthermore, we found that the 3’ un-
translated region of the human transmembrane ty-
rosine kinase gene FLT4 is probably derived from a
partial HERV-K-T47D LTR sequence. Taken together,
our data suggest that LTRs of the HERV-K-T47D fam-
ily display biological function by mediating polyade-
nylation of cellular sequences. © 2000 Academic Press

Human endogenous retroviral (HERV) elements are
estimated to comprise up to 5% of human DNA (12).
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Originally derived from integrated exogenous retrovi-
ruses, they have spread throughout the human genome
by retrotransposition. The vast majority of HERVs are
defective; however, there still exist a number of ele-
ments that are actively transcribed or even give rise to
retrovirus-like particles (for review see Refs. 16, 17, 19,
27). Several distinct HERV families have been identi-
fied, most of them consisting of full-length or truncated
proviruses and a large number of solitary long terminal
repeats (LTRs). HERV LTRs contain elements that can
regulate the transcription and polyadenylation of
neighboring cellular sequences. However, although
many LTRs have been described to modulate transcrip-
tional initiation (6, 8, 13, 18), up to now only LTRs of
the HERV-H and the related HERV-F family have
been found to process the 3’ ends of nonviral tran-
scripts (10, 14, 20, 21).

To analyze further the influence of HERV LTRs on 3’
end processing of cellular genes, we focused on the
human endogenous retroviral element HERV-K-T47D,
a member of the HML-4 subgroup of the HERV-K
superfamily (25). HERV-K-T47D was identified during
the characterization of RNA sequences packaged in
particles released by the human mammary carcinoma
cell line T47D upon steroid treatment (24). We recently
showed that the human genome contains several hun-
dred solitary HERV-K-T47D-related LTRs (25), sug-
gesting that this family represents a reservoir of po-
tentially functional control elements with promoter,
enhancer, or polyadenylation activity that could be
involved in gene expression. In this study we screened
a human oligo(dT) primed A cDNA library with an
HERV-K-T47D LTR probe and retrieved several chi-
meric cellular cDNA/LTR transcripts. We show here
that the isolated HERV-K-T47D LTRs possess biolog-
ical function, since they are able to mediate polyade-
nylation of cellular transcripts at two different viral
polyadenylation sites.

To establish the cDNA library, T47D cells (American
Type Culture Collection) were cultivated and treated
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FIG. 1. Chimeric cellular cDNA/HERV-K-T47D-LTR clones.
Clones are drawn to scale. U3, R, and U5 LTR regions as well as
ORFs are indicated. Apart from the different poly(A) addition sites,
L5 and L50 display 99% nucleotide identity. Mismatches are posi-
tioned at nt 249 and 731 of U3/R (numbering refers to the related
HERV-K-T47D 5' LTR). The upstream cellular sequence is highly
homologous to a region of a cDNA isolated from human fetal brain.
Two mismatches are located at nt 93 and 257 of the fetal brain cDNA.
The cellular sequence of L48 contains a domain (shaded box) dis-
playing 77% amino acid identity and 67% nucleotide identity to exon
8 of the protein tyrosine phosphatase 1C gene (PTP1ex8), but in the
antisense orientation. The homologous regions are shaded, with the
degree of homology being given as a percentage number. The probe
used for screening of the cDNA library is indicated at the top. It was
generated by PCR amplification of the LTR-U3 region of the HERV-
K-T47D provirus (25), using the forward primer GCGGGATCCGAG-
GCAAGAGACTGAAGGCAC (nt 25-47 of the HERV-K-T47D 5’
LTR) and the reverse primer ACTTCTCACCAATGTCCCTTCAGC
(nt 232-254 of the HERV-K-T47D 5’ LTR). Hybridization with the
*p.labeled probe was performed under low-stringency conditions
[30% formamide, 5X SSC (1X SSC is 0.15 M NacCl plus 0.0015 M
sodium citrate), 50 mM NaH,PO,, pH 7.0, 5X Denhardt’s solution,
0.1% SDS, 1 mM EDTA, and 100 ng of denatured sheared herring
sperm DNA per milliliter]. Washing was carried out in 2X SSC and
0.1% SDS for 90 min at 55°C.

with steroids as described previously (25). Total RNA
was isolated by the guanidine isothiocyanate method
(3), followed by poly(A)” mRNA selection using oli-
go(dT) chromatography (22). The library was con-
structed with the ZAP cDNA synthesis kit (Stratagene
Cloning Systems, La Jolla, CA) as recommended by the
supplier’s protocols. Phages were transferred onto ni-
trocellulose membranes and hybridized with a *P- la-
beled 229-bp probe obtained by PCR amplification from
the U3 region of the HERV-K-T47D 5’ LTR (Fig. 1).
Upon screening of approximately one million plaques,
we obtained about 100 hybridization signals. We iso-

lated several hybridizing cDNA clones by amplification
of the inserts using the forward primer CGCTC-
GAAATTAACCCTCACTAAAGGG and the reverse
primer CTCACTATAGGGCGAATTCGGTACCGGG-
CC. PCR products were inserted into the EcoRI site of
the vector pBS (SK+) (Stratagene Cloning Systems).
Resulting clones were characterized by restriction en-
zyme analysis, and DNA sequences were determined
using the T7 sequencing kit (Amersham Pharmacia
Biotech, Uppsala, Sweden). For sequence analysis, we
used the Nucleic Acid and Protein Sequence Analysis
Program GeneWorks (IntelliGenetics Inc., Mountain
View, CA). The structure of three of the isolated clones
is illustrated schematically in Fig. 1. They are derived
from chimeric transcripts, each containing nonviral
sequences upstream of an LTR U3/R segment. The
U3/R regions display 79% (L5), 81% (L50), and 83%
(L48) nucleotide identity with the corresponding re-
gions of the HERV-K-T47D 5’ LTR and were found to
be polyadenylated. The complete sequences of the
cDNA/LTR chimeras can be retrieved from the EMBL
Data Library (Accession Nos. AF148948—-AF148950).
The chimeric cDNA/LTR clones L5 and L50 differ by
2 nucleotides only, suggesting that they are derived
from the same genomic locus. The mismatches may
represent natural polymorphisms or result from gen-
erating the clones with reverse transcriptase and Taq
polymerase, both of which are known to introduce er-
rors into the amplified product (26). The nonviral por-
tion upstream of U3/R and the first 14 nucleotides of
the HERV U3 region display 99% identity with nt 69 to
404 of a 404-bp cDNA with an as yet unknown function
that was isolated from human fetal brain by T. Fuji-
wara (unpublished results; Accession No. D60591).
Further screening of the expressed sequence tag data-
base revealed three additional cDNA clones (unpub-
lished results; Accession Nos. Al085192, A1825942,
and Al692688) derived from different human cells or
tissues (senescent fibroblasts, adenocarcinoma, and
lung, respectively) showing 94 to 100% nucleotide iden-
tity with clone L50. These clones comprise the com-
plete nonviral part of the human fetal brain-derived
sequence and extend 62 to 70 nt into the HERV-K-
T47D LTR sequence. Unlike clones L5 and L50, the
cDNAs do not contain the original polyadenylation site
since they end at an A-rich stretch located in the U3
region of the LTR that probably served as a binding
site for the oligo(dT) primer during cDNA synthesis.
Despite their almost identical nucleotide sequences,
both L5 and L50 cDNAs are polyadenylated at differ-
ent positions, indicating that they are derived from two
separate transcripts. The transcript L5 is polyadenyl-
ated 69 nt downstream of a unique canonical AAUAAA
sequence (3’ of the dinucleotide UA), whereas L50 uses
a distinct poly(A) addition site (CA) located 84 nt down-
stream of the AAUAAA hexamer (Fig. 2A). The large
distance between the putative polyadenylation signal
and the two poly(A) addition sites is unusual since it
normally comprises only about 20 nt (2). In general, to
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FIG. 2. Polyadenylation of chimeric cDNA/LTR transcripts. (A) Putative poly(A) elements located at the R/U5 boundary of the HERV-K
T47D LTR. Identical nucleotides are depicted as dots, and missing nucleotides are indicated by dashes. The two potential poly(A) addition
sites are underlined. (B) Secondary structures of the polyadenylation site. The putative poly(A) signal is underlined, and the U-rich sequences
located further downstream are emphasized by italics.
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ensure correct 3' end processing, the binding of the
cleavage/polyadenylation specificity factor CPSF to the
AAUAAA element must be stabilized by cooperative
interaction with the cleavage stimulating factor CstF,
which recognizes a U- or GU-rich element located 3’ of
the polyadenylation site (for review, see Ref. 4). This
interaction is a prerequisite for the formation of a
stable processing complex, which, after recruitment of
cleavage factors CF | and CF Il and poly(A) polymer-
ase, ultimately leads to cleavage and subsequent poly-
adenylation. Changing the spacing between the
AAUAAA element and the U- or GU-rich element ef-
fectively prevents correct 3’ end processing since the
factors CPSF and CstF can no longer interact. In the
case of HTLV-1, the large distance (274 nt) between the
poly(A) signal and the 3’ processing site is reduced by
the secondary structure of the Rex responsive element,
thus spatially juxtaposing the widely separated
AAUAAA hexamer and GU-rich elements (1). Here, we
analyzed the secondary structure of the HERV-K-T47D
LTR using the program mfold 3.0 (23) and found that,
similar to the Rex responsive element, the sequence
between the putative polyadenylation signal and the
U-rich sequence located immediately downstream of
the two cleavage sites adopts a stem-loop structure
(Fig. 2B). This might serve to bring the poly(A) ele-
ments into proper alignment and thus allow correct 3’
end processing. Furthermore, the two possible stem-
loop structures shown in Fig. 2B could explain the
alternative use of two different polyadenylation sites in
clones L5 and L50. Similar observations have also been
made for HERV-K10 LTRs (Roswitha Lower, Langen,
Germany, 1999), whereas with HERV-H LTRs the dis-
tance between the polyadenylation signal and the
poly(A) addition site lies within the normal range (10,
20) and therefore does not necessitate the formation of
a hairpin structure.

The U3/R sequence located at the 3’ end of the chi-
meric clone L48 displays 88% nucleotide identity with
the LTR of clones L5 and L50. As in the case of L50, the
L48 transcript is polyadenylated 84 nt downstream of
the AAUAAA hexamer. The nonviral part of L48 up-
stream of the LTR contains a continuous open reading
frame (ORF) that is oriented in the antisense direction
compared to the adjacent LTR (nt 420 to 145 of the L48
cDNA) (Fig. 1). The first 31 amino acids encoded by this
ORF are 77% identical with the amino acid sequence
encoded by exon 8 of the human protein tyrosine phos-
phatase 1 gene (PTP1).The high level of amino acid
homology and the fact that the extension of the homol-
ogous region (named PTP1ex8hom, nt 418 to 325 of the
L48 cDNA with 67% nucleotide identity to PTP1 exon
8) exactly matches the length of PTP1 exon 8 suggest
that clone L48 might contain portions of an as yet
unknown human protein tyrosine phosphatase gene
related to PTP1. PTP1 is a nontransmembrane human
phosphatase that has been described to influence the
interferon-a/B stimulated Jak/Stat pathway in macro-
phages (5) and to counteract the erythropoietin-medi-
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ated activation of tyrosine kinase JAK2 (15). Northern
blot experiments performed under high-stringency
conditions with the PTP1ex8hom sequence of clone L48
as hybridization probe revealed that an mRNA of about
4 kb in length is expressed in a similar amount in
untreated as well as in steroid-treated T47D and in
HelLa cells (data not shown). Since the processed hu-
man PTP1 transcripts described in GenBank do not
exceed 2277 nt in length, we suggest that the 4-kb
MRNA might represent the transcript from which
clone L48 was derived.

We analyzed the nonviral sequences located 5’ and 3’
of PTP1ex8hom (317 and 77 bp, respectively), but could
not detect homologies to known cellular genes. In par-
ticular, comparison with the intron sequences between
exon 7 and exon 9 of the PTP1 gene did not reveal any
similarities. It is possible that PTP1ex8hom represents
a solitary exon, a relic of a PTP1 homologous gene that
has arisen by duplication of a PTP1 ancestor and then
lost its functionality by genomic rearrangements and
mutations in the course of evolution. Southern blot
analysis using PTP1ex8hom as a probe revealed that
the human genome harbors at least five distinct loci
containing PTPlex8hom-related sequences (data not
shown). Since PTP1ex8hom is oriented in the opposite
direction to the adjacent polyadenylated LTR, the chi-
meric cDNA/LTR transcript contains sequences that
are complementary to an assumed PTP1 transcript. It
is tempting to speculate that this transcript may act as
an antisense RNA that regulates the expression of
PTP1 or a PTP1-related gene by RNA:RNA hybridiza-
tion. Although direct evidence for gene regulation by
naturally occurring antisense RNA has not yet been
found, the expression pattern of some antisense RNAs
in mammalian cells suggests an interaction with sense
DNA that may affect expression of the gene (for review,
see Ref. 7).

An unusual involvement of an HERV-K-T47D-re-
lated LTR in regulation of gene expression was ob-
served in the case of the human transmembrane ty-
rosine kinase gene FLT4 (described in Ref. 9). In addi-
tion to the three chimeric clones described above,
screening of the cDNA library with the HERV-K-T47D
LTR probe led to the isolation of a 1269-bp fragment
(L42 in Fig. 3) comprising the 3’ portion of the FLT4
coding region as well as the complete 3’ untranslated
region. Sequence analysis revealed that the latter is
composed of an LTR fragment with 84% identity to the
U3-R region (nt 158 to 671) of the HERV-K-T47D
5'LTR (Fig. 3). However, the proviral LTR is oriented
in the opposite direction compared to the FLT4 gene,
thus excluding regulation of 3’ end processing of FLT4
by the poly(A) signal located in the LTR-R region. The
partial LTR sequence was probably assimilated by the
FLT4 gene in the course of evolution, with the hexamer
AUUAAA located 31 nt upstream of the FLT4 polyad-
enylation site serving as a new poly(A) signal. Al-
though this sequence is a variant of the classical
AAUAAA poly(A) signal, it nevertheless has been



102

5UTR _ J/

SHORT COMMUNICATION

// _human tyrosine kinase FLT4 mRNA
/

+1 ‘
+3182

L42

HERV-K-T47D

- 5LTR
@l: R VR
+671 +158

84 %

R JUTR ... ] AAAAAA
AUUAAA -~

4450

—AAAAAA

FIG. 3. Schematic comparison of the HERV-K-T47D 5’ LTR with the 3’ untranslated region of the human tyrosine kinase gene FLT4.
About 160 bp of the 5" and the 3’ ends of clone L42 (shown at the bottom) were sequenced, revealing 98 and 100% identity with FLT4,
respectively. The entire clone comprises 1269 bp, corresponding to position 3182 to 4450 of the FLT4 mRNA (as described in Ref. 9). An inner
part of an HERV-K-T47D LTR present in the antisense orientation (nt 671-158) displays 84% nucleotide identity with the 3’ untranslated
region (3'UTR) of the FLT4 cDNA. A putative poly(A) signal AUUAAA located 31 nt upstream of the poly(A) addition site is provided by the
LTR. The homology between the 3'UTR and the LTR sequence terminates 7 bp downstream of this putative signal, with the last 18 bp of the

FLT4 mRNA displaying no homology.

shown to be functional in several genes (28). A similar
recruitment of a reverse-transcribed element for cellu-
lar gene polyadenylation has been described for the
mouse thymidylate synthase gene (11). In this case, a
truncated LINE 1 element has integrated in the oppo-
site direction immediately downstream of the transla-
tional stop codon, thus providing a polyuridine stretch
that leads to the activation of a cryptic polyadenylation
site.

In conclusion, this study shows that HERV-K-T47D-
related LTRs are able to provide functional signals for
3’ end processing of cellular mRNAs. So far, polyade-
nylation of cellular transcripts within LTRs has been
reported only in association with the HERV-H and
HERV-F families. Mager (20) isolated two chimeric
clones, each consisting of a cellular sequence and an
HERV-H LTR that is polyadenylated at the typical
viral poly(A) site. Goodchild et al. (10) described a third
HERV-H LTR that contributes a polyadenylation sig-
nal to the transcript of a novel gene (termed PLT)
found in normal human placenta. By screening the
expressed sequence tag database, Mager et al. recently
identified two genes, termed HHLA2 and HHLA3, that
also utilize an HERV-H LTR as a polyadenylation sig-
nal (21). Finally, an expressed sequence tag that ends
in the 5'LTR of HERV-Fb has been identified (14). This
element is located immediately downstream of the
Kriuppel-related zinc finger gene ZNF195, suggesting
that at least a fraction of the ZNF195 mRNAs might
use the HERV-Fb 5’'LTR as an alternative poly(A) site.

The frequency of solitary HERV LTRs in the human
genome and hence the potentially innumerable signals
sufficient for 3’ RNA processing of cellular sequences
strongly indicate that the number of LTRs involved in
regulating gene expression is much higher than the
few known cases described above. Moreover, the pres-
ence of potential RNA stem-loop structures that serve
to bring poly(A) elements into correct juxtaposition
could not only extend the repertoire of alternative tran-
scripts, but also possibly contribute some added level of
control over 3’end processing.
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