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The human endogenous retrovirus HTDV/HERV-K, which resides in moderate copy numbers in the human
genome, is expressed in a cell-type-specific manner, predominantly in teratocarcinoma cells. We have analyzed
the regulatory potential of the 5’ enhancer of the HERV-K long terminal repeat. Protein extracts of HERV-
K-expressing teratocarcinoma cell lines (GH and Tera2) and nonexpressing HeLa and HepG2 cells form
different protein complexes on the enhancer sequence as detected by electrophoretic mobility shift assays
(EMSA). Using competition EMSAs, DNase I footprinting, and supershift experiments, we localized the
binding site of these complexes to a 20-bp sequence within the enhancer and showed that the transcription
factor YY1 is one component of the HERV-K enhancer complex. Replacement of the YY1 binding site with
unrelated sequences reduced expression of the luciferase gene as a reporter in transient-transfection assays.

Endogenous retroviral sequences comprise a significant pro-
portion of the genome in all vertebrates. They probably are
remnants of ancient germ line infections of exogenous retro-
viruses which have been transmitted as stable genetic traits via
the germ line. Thus, endogenous retroviruses (ERVs) in prin-
ciple have the same genomic organization as exogenous ones.
Approximately 1 to 12% of the human genome consists of
ERYV elements. The high copy number most probably arose by
repeated cycles of infection and retrotransposition. ERVs may
still significantly contribute to recombination events and ge-
netic instability. Many different families of ERVs have been
detected in the human genome. However, the vast majority of
them have accumulated point mutations and deletions over
time, leaving either full-length or truncated proviruses, which
are unable to code for infectious virus particles (reviewed in
references 21 and 41). Almost all endogenous retroviruses are
expressed on the RNA level in a rather cell-type-specific man-
ner; however, only a few of them encode functional proteins. In
agreement with their fate as retroelements, ERVs are tran-
scribed primarily in cells and tissues of the reproductive tract
or in dedifferentiated tumor cells (14, 21, 41).

The human endogenous retrovirus HTDV/HERV-K family
consists of 25 to 50 proviral copies and approximately 10,000
solitary long terminal repeats (LTRs), which presumably orig-
inated from homologous LTR-LTR recombination and exci-
sion of the retroviral genome in between (16, 26). HERV-K
proviruses have retained the full complement of retroviral
genes (gag, pol, and env) and additionally contain a central
open reading frame encoding a small protein, termed cORF,
with similarities to the HIV Rev protein (20). Homologs of
HERV-K are found only in Old World monkeys and other
primates, so that the primary germ line infection is traced back
to a time after the separation of these species from New World
monkeys (36). Despite this long period, the retroviral genes of
HERV-K have retained coding competence, leading to forma-
tion of all viral protein products (reviewed in references 21 and
40). However, it is not known whether different proviruses
complement intact genes in frans or whether a single provirus
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contains all the retroviral genes in one functional sequence.
HERV-K is highly expressed in teratocarcinoma cell lines like
GH and Tera2, where four mRNA species have been identi-
fied: a full-length mRNA (8.6 kb), a singly spliced env mRNA
(3.3 kb), a doubly spliced cORF mRNA (1.8 kb), and a further
singly spliced mRNA (1.5 kb) of unknown function. This ex-
pression pattern thus resembles that of exogenous retroviruses
with complex regulation (18-20). Moreover, due to its coding
competence, HERV-K is the only ERV known to encode ret-
roviral particles, termed human teratocarcinoma-derived virus
particles (HTDV); however, they seem not to be infectious (4,
17, 19).

Expression of retroviral sequences is regulated primarily by
transcriptional regulatory elements within the LTR, especially
the U3 region, at the 5’ end of the provirus. Cellular factors
bind to these elements to initiate transcription (22). LTRs not
only regulate the expression of their own downstream provi-
ruses but also may influence the expression of neighboring
cellular genes. The 3" LTR of the mouse intracisternal A par-
ticles (IAPs) initiates transcription of the homeobox gene Hox-
2.4 (12). The human HERV-R provirus generates a read-
through hybrid transcript from its 5" LTR, with a downstream
gene (H-plk) encoding a putative zinc finger protein (9). A
hybrid transcript between HERV-H and the cellular gene
PLA2L, which contains two phospholipase A, homologous
domains, is also known (7). Moreover, during primate evolu-
tion, insertion of a HERV-E element in front of an ancestral
amylase gene converted its pancreas-specific promoter to a
parotidic promoter as well. In this case, retroviral insertion
altered the tissue-specific expression of a downstream cellular
gene (39). So far, no cellular gene is known to be regulated by
HERV-K; however, given the large number of HERV-K LTR
copies in the human genome, it seems likely that many exam-
ples await discovery. The above examples clearly stress the
importance of studying the potential of endogenous LTRs as
regulatory elements of cellular genes.

The U3 region of many retroviruses contains two major
domains which control expression: a promoter immediately
preceding the transcription start site at the U3-R boundary and
an enhancer domain further upstream within U3 (22). Detailed
studies have been performed to reveal the regulation of ex-
pression of exogenous retroviruses like the avian retroviruses
or human immunodeficiency virus (e.g., see references 10 and
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30); however, much less is known for ERVs. Transcription of
ERV-9, for example, is initiated at its promoter by the cellular
transcription factor Sp1 and an unidentified protein binding to
an initiator-like element (13, 37). Members of the Spl family
also activate transcription from the HERV-H promoter (35).
For HERV-K, we have identified a 5’ enhancer at the very 5’
end of U3 and a minimal promoter region at its 3’ end by
analyzing the ability of LTR deletion constructs to drive the
expression of the luciferase gene as a reporter in transient-
transfection experiments with teratocarcinoma cells. Deletion
of either the enhancer or the promoter markedly reduced the
expression of the reporter, indicating that both regions are
important determinants of transcriptional activation from the
HERV-K LTR (11).

In this study, we have further analyzed the HTDV/HERV-
K 5" enhancer. Using electrophoretic mobility shift assays
(EMSA), we detected different protein complexes in nuclear
extracts of HERV-K-expressing cell lines (GH and Tera2), as
opposed to nonexpressing ones (HeLa and HepG2). All com-
plexes assemble at only a short sequence between bp 62 and 83
and contain the cellular transcription factor YY1 as a major
DNA-binding protein. In luciferase reporter assays, we further
show that these 5'-enhancer complexes activate HERV-K ex-
pression.

MATERIALS AND METHODS

Cell culture. The human teratocarcinoma cell lines GH and Tera2 (American
Type Culture Collection) (17), the human hepatocarcinoma cell line HepG2, and
the human cervical carcinoma cell line HeLa (both purchased from the Ameri-
can Type Culture Collection) were grown at 37°C in Dulbecco’s modified Eagle’s
medium (Biochrom) supplemented with 10% fetal calf serum, 2 mM glutamine,
and antibiotics. The cells were split weekly after trypsinization in a 1:10 (GH,
Tera2, and HepG2) or 1:20 (HeLa) ratio, with one change of medium after 3
days.

Protein preparation. Protein extracts were prepared as described previously
(6) and stored under a nitrogen atmosphere at —70°C. The protein concentration
was measured by the Bio-Rad protein assay.

Cloning of the LTR subfragments. The following oligonucleotides (Eurogen-
tec, Interactiva) were used for cloning; the name, sequence, and approximate
position within the HERV-K10 LTR are given (positions according to reference
26); mutated bases are in boldface type, restriction sites are underlined, and the
respective restriction enzyme is mentioned: MK13, GAGAGATCGAATTCTT
ACTGTG, nucleotide (nt) 25, EcoRI; MK14, TAACAGAATCTCGAGGCA
GAAG, nt 105, Xhol; MK15, GACTCCATCTAGATATGTGCTAAG, nt 75,
Xbal; MK16, GAGCACGGAATTCGGGGTAAGGTC, nt 135, EcoRI; MK18,
CATTCAACCTCGAGTTGACACAGC, nt 170, Xhol; MK21, P-AGCTTAGA
CATAGGAGACTCCATTA, nt 60, HindIlI; MK22, P-AGCTTAATGGAGTC
TCCTATGTCTA, nt 65, HindIIl; MK23, P-AGCTTAGGAGACTCCATTTTG
TTATGTGCTA, nt 70, HindIII; MK24, P~-AGCTTAGCACATAACAAAATG
GAGTCTCCTA, nt 75, HindIIl; MK25, P-AGCTTGTGTAGAAAGAAGTAG
ACATAGGA, nt 50, HindIII; MK26, P-AGCTTCCTATGTCTACTTCTTTCT
ACACA, nt 55, HindIIl; MK27, P-AGCTTTTTGTTATGTGCTAAGAAA
AA, nt 80, HindIIl; MK28, P-AGCTTTTTTCTTAGCACATAACAAAA, nt
85, HindIll; MK29, P-AGCTTAAGAAAAATTCTTCTGCCTTGAGA, nt 95,
HindIII; MK30, P-AGCTTCTCAAGGCAGAAGAATTTTTCTTA, nt 100,
HindIIl; MK39, CCCGGGCTGCAGGAATTCGATATCATGTCTACTTCTTTC
TAC, nt 60; MK40, GATATCGAATTCCTGCAGCCCGGGTAAGAAAAATTC
TTCTGCC, nt 80; MK41, CGGTATCGATAAGCTTTGTGGGGAAAAGCA
AGAG, nt 10, Clal, HindIII; and MK42, GGGAGAAACCTTGGACAATACC
TGG, nt 340.

The plasmids used in this work are based on pPBHK10LTR, which contains the
full-length HERV-K10 LTR (unpublished data). HERV-K10 LTR subfragments
were amplified by PCR from pBHKI10LTR with Tag DNA polymerase (Perkin-
Elmer) and the primers listed above. Subfragments were restricted according to
the restriction sites introduced by the primers, purified by agarose gel electro-
phoresis on low-melting-point (LMP) agarose, and ligated into appropriately
restricted and dephosphorylated pBluescript (Stratagene). Recombinant plas-
mids were transformed into Escherichia coli DH5« (Gibco BRL) and isolated by
using a plasmid kit (Qiagen) as specified by the manufacturer. All plasmids were
verified by sequencing with the Sequenase V2.0 DNA sequencing kit (Amer-
sham).

To produce pB30-103K10. The 102-bp PCR product, amplified with MK13
and MK14, was restricted with EcoRI and Xhol and ligated into pBluescript,
which had been digested with the same enzymes. The same strategy was also used
the next four constructs, so only the primers and enzymes used to produce the
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PCR fragments along with their sizes are mentioned: pB30-134K10, MK13/
MK16, 132-bp product, and EcoRI; pB78-170K10, MK15/MK18, 119-bp product,
and Xbal und Xhol; and subfragments [1-54] and [1-167], HindIII-AccI and
HindIII-Hincll restriction fragments of the HERV-K10 LTR, respectively. After
digestion of the LTR, the fragments were purified by agarose gel electrophoresis
on LMP agarose.

To produce the following constructs, 5'-phosphorylated oligonucleotides (list-
ed above) were annealed to yield double-stranded DNA fragments, which con-
tained HindIII sites at both ends and the HERV-K10 LTR sequence as demar-
cated in the plasmid name (in base pairs). The annealed fragments then were
cloned into HindllI-digested, dephosphorylated pBluescript: pB40-64K10,
MK25/MK26 hybrid; pB54-73K10, MK21/MK22 hybrid; pB60-86K10, MK23/
MK24 hybrid; pB72-93K10, MK27/MK28 hybrid; pB85-109K10, MK29/MK30
hybrid. All subfragments were isolated after HindIII digestion and electrophore-
sis with LMP agarose gels as described above.

For the YY1 binding-site mutant construct pB60PL85HK10, the LTR region
from bp —16 through 84 (containing 16 bp of the pBluescript polylinker 5’ of the
LTR, including a Clal site and a HindIII site) and the region from bp 61 through
350 (including a Sphl site) were amplified by PCR from pBHKIOLTR with
primers MK41 plus MK39 and MK40 plus MK42, respectively. Both overlapping
PCR products were used as templates in an assembly PCR with primers MK41
and MK42 to produce the 5'-terminal 350 bp of the LTR containing the mutant
YY1 binding site. The Clal- and Sphl-restricted product was used to substitute
the ClaI-Sphl fragment of the LTR in plasmid pBHK10LTR to create a full-
length LTR containing the mutated binding site. The mutant LTR was isolated
by HindIII digestion and cloned into the HindIII-cut luciferase vector pPSVOAL
5).

EMSA and supershift assay. Plasmid pBHKI10, containing the full-length
HERV-K10 LTR cloned into the HindIII site of pBluescript, was restricted with
HindIIl and Hincll to generate the LTR fragment bp 1 to 167. The other
subfragments were excised from the subcloned constructs listed above by HindIIT
digestion. The calf intestinal phosphatase (Promega)-dephosphorylated DNA
probes were separated by electrophoresis in LMP agarose gels (Biozym) and
visualized by ethidium bromide staining. Probe bands were cut out, supple-
mented with 115 mM NaCl and 11.75 mM EDTA, extracted from melted gel
slices with phenol (once), phenol-chloroform (once), and chloroform (twice),
and precipitated with ethanol containing 10 mM MgCl,. A 50-ng portion of
probe DNA was end labeled with T4 polynucleotide kinase (Promega) by using
10 pCi of [y-*?P]ATP (3,000 Ci/mmol; Amersham). Labeled probes were puri-
fied from unincorporated nucleotides by chromatography on a Sephadex G-50
column (Pharmacia). A specific activity of 2 X 107 to 8 X 107 cpm/pg was
routinely obtained.

A protein binding reaction mixture consisting of 0.09 to 0.12 ng of probe DNA
(6,000 to 15,000 cpm), 10 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1 mM MgCl,, 0.5
mM EDTA, 0.5 mM dithiothreitol, 4% glycerol, 1 pg of poly(dI-dC) and 2 to 3
wg of nuclear protein extract in a total volume of 20 wl was incubated for 30 min
at room temperature. In competition EMSAS, the reaction mixture was prein-
cubated for 20 min with a 400- to 500-fold excess of competitor DNA before
addition of labeled probe. In supershift assays, the binding-reaction mixture was
supplemented with 1.2 pg of anti-Y'Y1 immunoglobulin G (Santa Cruz Biotech-
nology) or 1 ul of cORF antiserum (20). The reaction was stopped by adding 2 .l
of 10X loading buffer (250 mM Tris-HCI [pH 7.5], 0.2% bromphenolblue, 0.2%
xylene cyanol, 40% glycerol), and the product was immediately loaded on a
native 5% (4% for supershifts) polyacrylamide gel (5% acrylamide, 0.26% bi-
sacrylamide [Gel 40, 19:1; Roth], 0.5X Tris-borate-EDTA [TBE], 2.5% glycerol).
Electrophoresis was performed in a Protean II xi system (Bio-Rad) in 0.5X TBE
buffer at 10 V/cm; the gel was prerun at 15 V/cm for 20 min. The gel was blotted
on filter paper (3 MM; Whatman), dried at 80°C, and exposed overnight at
—70°C with a Biomax MR film (Kodak).

DNase I footprinting. The full-length HERV-K10 LTR (HindIII restriction
fragment of pBHK10) was 5'-end labeled as described above and restricted with
Hincll to generate the LTR fragment from bp 1 to 167, which was radioactively
labeled only at one end (at bp 1). The probe was purified from LMP agarose (see
above). Less than 1 ng of probe DNA was incubated in EMSA buffer with 6 to
8 ug of nuclear protein extract in a total volume of 25 pl for 30 min at room
temperature. Free DNA was then degraded with 1 U of DNase I (Promega) for
exactly 1 min. After addition of 25 ul of 2X stop solution (200 mM NaCl, 200
mM KCI, 20 mM EDTA, 1% sodium dodecyl sulfate, 100 pg of tRNA per ml),
the DNA was extracted with phenol-chloroform and chloroform (once each) and
ethanol precipitated. The DNA fragments were resuspended in 95% form-
amide-20 mM EDTA-0.05% xylene cyanol-0.05% bromphenol blue and sepa-
rated on an 8% polyacrylamide sequencing gel, together with a chemically se-
quenced probe (24) to identify the positions of the DNase I fragments.

Luciferase assay. Cells (1.2 X 10°) were seeded into 25-ml flasks (Greiner)
and transfected after 24 h with 3 pg of the promoterless pSVOAL plasmid
containing the luciferase gene (5) into which the different LTR constructs were
cloned as promoters, using the DOTAP liposomal transfection reagent as spec-
ified by the manufacturer (Boehringer Mannheim). Transfected cells were incu-
bated in medium without fetal calf serum for 5 h and then transferred to medium
supplemented with 10% fetal calf serum. At 24 h later, the cells were washed
twice with phosphate-buffered saline and lysed in 250 I of luciferase lysis buffer
[1 M Tricine, 100 mM (MgCO3),Mg(OH),, 100 mM MgSO,, 10 mM ATP, 10 mM



1256 KNOSSL ET AL.

FIG. 1. Schematic representation of HERV-K LTR and LTR subfragments
used for competition EMSAs. U3, R, and U5 regions are represented by different
shadings; numbers delineate nucleotide positions in the LTR.

coenzyme A, 0.5 M EDTA, 1 M dithiothreitol (DTT), (pH 7.8) (Promega)] for
5 min. The cell debris was pelleted, and the supernatant was stored at —70°C.
Background light emission of 20 pl of cell lysate was measured for 3 min in a
luminometer (LB9505; Berthold). Then 100 pl of luciferin solution [71 pg of
luciferin in 20 mM Tricine, 1.07 mM (MgCO;),Mg(OH),, 2.67 mM MgSO,, 0.1
mM EDTA, 33.3 mM DTT, 0.53 mM ATP, and 0.27 mM coenzyme A (Pro-
mega)| was added to measure the luciferase activity for another 3 min.

RESULTS

HERV-K enhancer complex: binding site and composition.
Three regions within the HTDV/HERV-K LTR mainly control
expression of the provirus: the 5’ enhancer, the promoter, and
the R region. Among these, we started to analyze the regula-
tory potential of the 5’ enhancer, which roughly comprises the
first 170 bp of the U3 region (Fig. 1). The regulatory control
exerted by the 5’ enhancer in different cell types should be
reflected in a different subset of proteins which bind to the 5’
enhancer depending on whether the cell expresses HERV-K.
To test this, EMSAs were performed, with the HERV-K10
(27) LTR 1 to 167 restriction fragment (Fig. 1) as a probe and
nuclear protein extracts of the HERV-K-expressing teratocar-
cinoma cell lines GH and Tera2 as well as of the weakly
expressing cervicalcarcinoma Hela and the nonexpressing
hepatocarcinoma HepG2 cell lines (Fig. 2; HERV-K-express-
ing and weakly or nonexpressing cell lines will be referred to as
two different cell types throughout this paper). In addition to
three intense common bands (C1, C2, and C3) one high-mo-
bility teratocarcinoma-specific protein complex, T1, and two
low-mobility hepatocarcinoma specific complexes, H1 and H2,
were observed (Fig. 2). Tera2 extracts always showed a strong
T1 band, whereas GH extracts formed only a very weak one. In
some HepG2 nuclear extract preparations, the H1 complex
resolves into two bands. The HeLa extract, on the other hand,
resulted only in bands with identical mobility but different
intensities from bands observed with the other cell extracts.
The cell-type-specific band shift pattern observed strongly sug-
gested that the 5’ enhancer of HERV-K actively is involved in
regulation of the expression of the provirus.

We next were interested in identifying the binding site or
sites of the 5'-enhancer protein complexes. For this purpose,
overlapping subfragments of the K10 LTR 5’ enhancer were
cloned (Fig. 1, 1 to 54, 55 to 167, 30 to 134, 78 to 170, 30 to 103,
78 to 134, 123 to 170) and used as competitors in EMSAs with
fragment 1 to 167 as the DNA probe. Competition, i.e., disap-
pearance of bands, indicates that the respective competitor
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FIG. 2. EMSA of the HERV-K LTR subfragment from bp 1 to 167 as a
probe with nuclear extracts of the cell lines indicated. Lanes: O: no protein
extract added; N, no competitor added; S, unlabeled LTR fragment from bp 1 to
167 as specific competitor; U, unlabeled oligonucleotide containing the Spl
binding site as a nonspecific competitor. All bands are competed specifically.
One teratocarcinoma-specific (T1) and two hepatocarcinoma-specific (H1 and
H2) complexes are discernible; C1, C2, and C3 are common to all cell lines.

DNA contains the identical protein binding site to the probe.
Of these competitors, only subfragments containing HERV-K
LTR sequences between bp 55 through 77 (i.e. subfragments
55 to 167, 30 to 134, and 30 to 170) were able to compete all
complexes completely (Fig. 3 and data not shown). However,
both low-mobility hepatocarcinoma complexes could also be
competed with subfragments containing LTR sequences either
upstream (H1; 30 to 134) or downstream (H1, H2; 78 to 170)
or bp 55 to 77. In addition, when the subfragments 55 to 167,
30 to 134, and 30 to 170 were used as probes, band shift
patterns very similar to those obtained with fragment 1 to 167
as the probe emerged, with only minor deviations. Again, all
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FIG. 3. EMSA of the HERV-K LTR fragment from bp 1 to 167 as a probe
with nuclear cell extracts and different LTR subfragments as competitors. Lanes:
O, no protein extract added; N, no competitor added. Other lanes contain LTR
subfragments as specific competitors; the nucleotide positions are indicated (Fig.
1). Complexes are competed with LTR subfragments containing bp 55 to 77. H1
and H2 complexes are also competed with subfragments containing LTR regions
upstream of bp 55 (H1) and downstream of bp 77 (H1 and H2).
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FIG. 4. EMSA of the HERV-K LTR fragment from bp 1 to 167 as a probe with GH (a), Tera2 (b), and HepG2 (c) nuclear cell extracts and smaller LTR
subfragments as competitors. Lanes: O, no protein extract added; N, no competitor added. Other lanes contain specific competitors; the nucleotide positions are
indicated (Fig. 1). All complexes of teratocarcinoma cells (a and b) are competed with the LTR subfragment from bp 60 to 86. Most HepG2 complexes are competed
by the subfragment containing bp 60 to 86; the intensity of one of the complexes is increased. Some low-mobility complexes of HepG?2 cells are competed with LTR

sequences adjacent to bp 60 to 86.

the complexes could be competed only with subfragments con-
taining bp 55 to 77 (data not shown).

This competition behavior raised the possibility that with the
exception of the low-mobility hepatocarcinoma complexes H1
and H2, all other 5’-enhancer complexes assemble at only one
or two DNA binding protein(s), which bind within the region
between bp 50 and 80. We therefore generated a second set of
five smaller HERV-K enhancer subfragments, each about 20
to 25 bp long and overlapping each adjacent one roughly by
half (Fig. 1; 40 to 64, 54 to 73, 60 to 86, 72 to 93, and 85 to 109).
Using these as competitors in EMSAs with 1 to 167 as a probe,
only subfragment 60 to 86 was able to completely compete all
complexes of GH, Tera2, and HeLa nuclear extracts (Fig. 4a
and b; HeLa not shown). The fact that fragment 54 to 73
already showed a slight competition effect, especially with
Tera2 nuclear extracts, indicates that the 3’ part of this frag-
ment harbors sequences relevant but not sufficient for the
formation of the complexes. With HepG2 nuclear extracts,
however, the H1 complex could not be competed with subfrag-
ments 60 to 86; rather, the H1 band became more intense in
the presence of this competitor. The other four subfragments
competed H1 and H2 only to an extent (Fig. 4c). With the
subfragments as a probe, only fragment 60 to 86 generated
bands which could be competed specifically, regardless which
cell extracts were used (data not shown). GH, Tera2, and HeLa
extracts gave the same number of bands with similar relative
intensities with both 1 to 167 and 60 to 86 as probes. Both
probes also gave the same high-mobility complexes with
HepG?2 extracts. The HepG2 low-mobility complexes H1 and
H2, on the other hand, could not be generated with probe 60
to 86 but could be generated only with longer probes, contain-
ing additional LTR sequences adjacent to this 27-bp region
(compare Fig. 2, 3, and 4). Moreover, probes 54 to 73, 72 to 93,
and 85 to 109 gave specifically competable bands of low mo-
bility only when hepatocarcinoma extracts were used (data not
shown), further indicating the importance of LTR sequences
abutting the sequence from 60 to 86 for assembly of these
HepG2 complexes.

To exactly map the binding site of the HERV-K enhancer
complex, we applied the DNase I footprinting technique. Both
teratocarcinoma and hepatocarcinoma nuclear extracts re-
sulted in a clear footprint between bp 62 and 83 (GGAGAC
TCCATTTTGTTATGTG) (Fig. 5).

In summary, three lines of evidence indicate that the 22-bp
element between bp 62 and 83 is the major HERV-K 5'-
enhancer complex binding site. First, all protein complexes
could be competed with competitor DNA containing contigu-
ous sequences either between bp 55 and 77 or between bp 60
and 86. Second, all teratocarcinoma cell and HelLa cell com-
plexes, as well as the high-mobility HepG2 cell complexes,
could be generated on DNA probes containing these se-
quences. Third, a DNase I footprint was obtained with nuclear
extracts between bp 62 and 83. Taken together, these results
show that all HERV-K 5’-enhancer complexes bind to and
assemble at the site between bp 62 and 83 in both cell types.
The EMSA data clearly indicated that in HepG2 cells, al-
though not detectable by DNase I footprinting, sequences ad-
jacent to this binding site, presumably covering the region from
bp 50 to 110, contribute important determinants the assembly
of the whole enhancer complex in this cell line. Furthermore,
the enhancer complexes of HERV-K-expressing and nonex-
pressing cell types do contain at least partly different protein
components.

YY1 is the HERV-K enhancer binding protein. Having
mapped the binding site of the HERV-K enhancer complex,
we were interested in identifying the enhancer binding pro-
tein(s). The enhancer sequence was checked for putative tran-
scription factor binding sites in the TRANSFAC database with
the search routine TFSEARCH (42), and a consensus se-
quence for the cellular transcription factor YY1 was found
between bp 64 and 80 (AGACTCCATTTTGTTAT) with a
homology score of 88.9%. In addition, high scoring consensus
sequences were found for C/EBP (CAAT enhancer binding
protein; 87.7%) between bp 78 and 90 and for SRY (sex region
Y protein; 85.9%) between bp 70 and 81. Among these, the
C/EBP consensus sequences does not lie completely within the
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FIG. 5. DNase I footprint of HERV-K LTR bp 1 to 167. Lanes: 1, no protein
extract added; 2 to 4, nuclear extracts of GH, Tera2, and HepG2 cells added,
respectively. The vertical bar earmarks the protected region between bp 62 and
83.

mapped binding site. Since the subfragment from 72 to 93,
containing both C/EBP and SRY binding sites, was not effec-
tive as a competitor and did not generate specific EMSA bands
with any of the cell extracts tested (see above), we assumed
that YY1 was the most likely candidate for being a major
HERV-K enhancer binding protein.

To identify the binding protein, supershift assays were used.
In an EMSA with bp 1 to 167 as a probe and nuclear extracts
of both cell types, an anti-Y Y1 antiserum produced at least five
supershifted bands with identical mobilities but different inten-
sities depending on the cell type (Fig. 6). With only the binding
site from bp 60 to 86 as a probe, the same EMSA bands could
be supershifted by anti-Y'Y1 antiserum but resulted in only two
supershifted bands (data not shown). The supershifted bands
were not caused simply by the addition of serum proteins, as
demonstrated by the inclusion in some reaction mixtures of an
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unrelated antiserum against the HERV-K cORF protein,
which did not change the mobility or the intensity of any of the
complexes. In addition, no supershift was obtained with an
anti-C/EBP antiserum, supporting the exclusion of this tran-
scription factor as a HERV-K enhancer protein (data not
shown). Furthermore, all anti-YY1 supershifted bands could
be competed specifically with the YY1 binding site containing
subfragment 30 to 103. Importantly, the teratocarcinoma-spe-
cific T1 complex was the only complex that did not supershift
with either probe (Fig. 6). The transcription factor YY1 is
present in all cell lines used in this study, as tested by Western
blotting (data not shown).

Both observations, i.e., the presence of a highly conserved
YY1 consensus sequence within the borders of the enhancer
binding site and the positive result of the YY1 supershift,
strongly suggest that YY1 is the main HERV-K enhancer
binding protein. As inferred from the supershift experiments,
YY1 is present in all enhancer complexes in HepG2 and HeLa
cells, whereas in teratocarcinoma cells an additional and as yet
unidentified DNA binding protein, which also binds to the 62
to 83 region of the HERV-K LTR, is present.

YY1 enhances HERV-K expression. We next wanted to
know whether binding of YY1 to the HERV-K enhancer has
any effect on the expression of HERV-K. To test this, we
completely replaced the YY1 binding site containing the re-
gion from bp 61 to 84 with the unrelated sequence from bp 718
to 695 of the pBluescript plasmid polylinker and cloned this
otherwise unaltered full-length (988-bp) HERV-K LTR in
sense orientation upstream of the luciferase gene as a reporter.
This construct, 60PL85, along with the wild-type HERV-K
LTR as a control, was transiently transfected in GH, Tera2,
HepG2, and HelLa cells. The luciferase activity obtained was
determined relative to the activity evoked by the wild-type
LTR and taken as a measure of the promoter activity of the
mutant LTR. However, since the luciferase counts of both
wild-type and mutant LTR measured with HepG2 cell lysates
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FIG. 6. Supershift with the HERV-K LTR fragment from bp 1 to 167 protein
complexes with an anti-YY1-antibody. Lane 1, no protein extract added; other
lanes, anti-Y'Y1-antibody, anti-cORF-antiserum, and subfragment from bp 30 to
103 as a specific competitor were added to individual binding reactions as
indicated. Except for complex T1 of both teratocarcinoma cells, all protein
complexes are retarded by the anti-Y'Y1-antibody.
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FIG. 7. Relative luciferase activity of HERV-K LTR constructs carrying
wild-type and mutant YY1 binding sites. Each column represents the mean
relative luciferase activity of the LTR constructs indicated. Luciferase counts
were measured in triplicate in four independent transfections into Tera2 and
HeLa cells. The activity of the wild-type HERV-K LTR was set as 1. The
standard deviation is indicated by the error bars. The decrease in luciferase
activity is statistically significant according to the 7 test.

were in the background range of the luminometer (=~10*
counts), presumably due to strong repression of the LTR, the
HeLa cell line was chosen to represent HERV-K-nonexpress-
ing cells. Figure 7 shows the relative luciferase activity for GH,
Tera2, and HeLa cells. The mutant LTR construct resulted in
a strong reduction of activity compared to the wild-type LTR
activity. The decrease in activity was statistically significant on
the basis of #-test analysis. With this mutated enhancer as a
probe in an EMSA, the nuclear extracts of the cell lines used
in the luciferase assay resulted in only a few weak and non-
specific bands; furthermore, no YY1 supershift could be ob-
tained (data not shown). Hence, the loss of specific EMSA
bands correlates well with a decrease in luciferase activity.
These results demonstrate that YY1 acts as an activator of
HERV-K expression in both HERV-K-expressing and nonex-
pressing cell types.

DISCUSSION

HERV-K is expressed in a cell-type-specific manner: where-
as most human tissues show only basal expression, detectable
by a sensitive reverse transcriptase PCR approach (28a), ter-
atocarcinoma cell lines display high levels of expression in a
complex pattern of four distinct mRNA species, as can be seen
in Northern blots (19). Luciferase reporter gene assays iden-
tified three regions within the 5" LTR of HERV-K with a pro-
found influence on the promoter activity: the 5’ terminus of the
LTR (termed the 5" enhancer), the promoter region, and the R
region (11). Among these, we started to investigate the 5" en-
hancer. We identified a YY1 binding site between bp 62 and
83 of the HERV-K LTR and showed that YY1 is the major
HERV-K enhancer binding protein in human teratocarcinoma
(GH and Tera2), hepatocarcinoma (HepG2), and cervical car-
cinoma (HeLa) cells. Furthermore, in functional reporter gene
assays, we showed that the YY1 enhancer complexes activate
HERV-K expression irrespective of the cell type.

The cellular protein YY1 is a 414-amino-acid zinc finger-
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type transcription factor with four C-terminally located C,-H,-
type fingers (32). YY1 is highly conserved from frogs to hu-
mans (29) and is ubiquitously expressed in pluripotent as well
as differentiated cells, including the mouse teratocarcinoma
cell line F9 and HeLa cells (2, 32). The range of YY1-express-
ing cells has been expanded here to the human teratocarci-
noma cell lines GH and Tera2 and the hepatocarcinoma cell
line HepG2. It is well established that YY1, together with
different cofactors, mediates activation, repression, or initia-
tion of transcription depending on the genes regulated by YY1
(see reference 33 for a compilation). Besides its effect on
expression of cellular genes, it regulates viral systems as well.
Human immunodeficiency virus type 1, for example, is re-
pressed by YY1 (23). In addition, several retroelements are
regulated (activated in this case) by YY1; these include the
human long interspersed element LINE-1 (3, 34) and the
mouse IAP (31). Regulatory sequences of LINE-1 elements,
which do not contain LTRs, are located within the 5" untrans-
lated region of the transcription unit, i.e., at the 5" end of the
element itself (38). It is from within the first 20 bp of these
elements that YY1 activates LINE-1 expression (3). Mouse
IAPs do carry LTRs, which contain an IAP upstream enhancer
element, located 180 bp upstream of the transcription start
site, i.e., within the U3 region. YY1 binds to this enhancer
element to stimulate IAP transcription (31). YY1, most nota-
bly, is even able to act as both an activator and repressor on the
very same gene. The adeno-associated virus P5 promoter nor-
mally is repressed by YY1; however, after association with the
adenovirus transactivator E1A, it acts as an activator on the P5
promoter (15).

For HTDV/HERV-K, the EMSA pattern obtained with nu-
clear extracts of HERV-K-expressing GH and Tera2 cells, as
opposed to poorly expressing HelLa cells and nonexpressing
HepG2 cells, showed that these cell types do have a partly
different set of protein factors constituting the enhancer com-
plexes. Teratocarcinoma cells strongly express HERV-K and
form an additional, teratocarcinoma-specific complex in EM-
SAs (T1) (Fig. 1). However, expression is more elevated in GH
cells than in Tera2 cells, but the T1 complex is more intense
with Tera2 extracts. Two specific complexes (H1 and H2) are
seen with HepG2 nuclear extracts, the cell line not expressing
HERV-K at all. HeLa cells display an intermediate level of
HERV-K expression and have only enhancer complexes com-
mon to all cell lines tested (C1, C2, and C3). It thus appears
that the presence or absence of certain protein complexes, i.e.,
the protein composition of the 5’ enhancer complexes, roughly
correlates with the magnitude of HERV-K expression in each
cell line. These different complexes might exert functionally
different effects upon the HERV-K LTR promoter activity.
However, to verify this hypothesis, more cell lines must be
examined. The enhancer complexes in GH, Tera2, and HeLa
cells all seem to bind only between bp 62 and 83, since there is
a complete competition of these complexes with the subfrag-
ment from bp 60 to 86 (Fig. 4). Furthermore, when used as a
probe, this subfragment generates the same bands as the frag-
ment containing the complete enhancer (bp 1 to 167 [data not
shown]). The behavior of both HepG2-specific complexes (H1
and H2) is more complex, and neither can be generated in
EMSAs with probe bp 60 to 86. This indicates that sequences
adjacent to the YY1 binding site may contain important de-
terminants for assembly of the complete enhancer complex in
HepG?2 cells. However, besides YY1, no further components
of the enhancer complexes have been identified. Furthermore,
preliminary experiments indicated that the C3 complex con-
sists of the full-length YY1 protein bound to the enhancer. In
this case, the C1 and C2 complexes are likely to consist of YY1
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degradation products. The H2 complex may contain YY1 and
a second protein component, and the H1 complex may consist
of a YY1 degradation product and a second protein. Retained
DNA binding capacity has been observed with YY1 degrada-
tion products in cellular protein extracts and with YY1 pro-
teins containing artificially introduced deletions (2, 25).

Recently, the region from bp 60 to 87 of the HERV-K
enhancer has been mapped by DNase I protection with Jurkat
nuclear extracts (1). This region is slightly larger than the
footprint we obtained. In UV cross-linking experiments, three
proteins of 81, 91, and 98 kDa, tentatively designated ERF1,
ERF2, and ERF3, respectively, have been found to constitute
the most intense band found in EMSAs with Jurkat extracts.
However, none of these proteins has been identified, and all
are significantly larger than YY1 (68 kDa). Furthermore, the
effect of these ERFs on HERV-K expression is also not known.
It thus remains to be determined whether expression of
HERV-K is subject to a different mode of regulation in T-cell
lines from that in teratocarcinoma cell lines.

The YY1 binding site between bp 62 and 83 overlaps with
highly conserved consensus binding sites for C/EBP and SRY.
Binding of these transcription factors to the HERV-K en-
hancer, as discussed above, is rather unlikely. Furthermore, a
sequence which also overlaps the YY1 binding site has been
described as a putative glucocorticoid responsive element
(GRE) located between bp 75 and 80 (27). As with many other
retroviruses, HERV-K expression can be stimulated by steroid
hormones, suggesting steroid receptor binding to the HERV-K
LTR (28). However, bp 75 to 80 contains only half of a GRE
and thus is most probably not recognized by glucocorticoid
receptors (8). Accordingly, no EMSA band could be super-
shifted with an anti-GR immunoglobulin G antibody (Santa
Cruz) in preliminary experiments. Furthermore, this half-site
element was not identified in our TRANSFAC database
search, whereas three other complete GREs were found at bp
18 to 33, bp 194 to 209, and bp 388 to 403, all of which reside
within the U3 region. We therefore suggest that one or more
of these GREs are responsible for the steroid hormone stim-
ulation of expression.

Since the identity of the proteins of the HERV-K enhancer
complexes, except for YY1 itself, is still elusive, the relative
contributions of each single component to the functional en-
hancer complexes could not be determined. Luciferase assays,
performed with the mutant YY1 binding-site construct (Fig.
7), suggested that the YY1 enhancer complexes act as activa-
tors irrespective of the cell type. The competition behavior of
some EMSA bands obtained with nuclear extracts of HepG2
cells indicated that sequences outside bp 62 to 83 provide
determinants for complete assembly of the protein complex in
HepG?2 cells. However, in the constructs tested in the lucif-
erase assay, only the YY1 binding site itself has been mutated.
We therefore cannot rule out the possibility that some HepG2
enhancer complexes are repressive.

On the YY1 binding-site construct, 60PL85, neither the
YY1 complexes nor the T1 complex assembled, as tested by
EMSA (data not shown). Since the luciferase activity was re-
duced by 60PL85 to approximately the same extent in GH,
Tera2, and HeLa cell lines (Fig. 7) and T1 is not present in
HeLa cells, YY1 alone appears to be the main stimulating
protein of the HERV-K enhancer. In all four cell lines tested,
the 60PL85 construct never resulted in an elevated level of
luciferase activity above the reference activity of the wild-type
LTR. This suggests that YY1 is an activator even in cell lines
with only basal HERV-K expression. However, the luciferase
assays also support the notion that the YY1 enhancer complex
alone cannot be responsible for the cell-type-specific nature of
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HERV-K expression. The difference in LTR activity between
HERV-K-expressing and nonexpressing cell types is not evi-
dent from Fig. 7, which gives only the relative luciferase activ-
ities of the mutant constructs relative to the activity of the
wild-type LTR in the same cell line. However, the absolute
luciferase counts measured clearly reflect the cell-type-specific
influence integrated over the full-length LTR: in teratocarci-
noma cells, the wild-type HERV-K LTR evoked a luciferase
activity on the order of ~10” to 10® counts as opposed to ~10°
counts in HeLa cells and only ~10* counts in HepG2 cells
(which is within the background range of the luminometer).
Using a luciferase construct with a Rous sarcoma virus LTR
promoter as the internal control, we could show that these
differences are not due to differences in transfection efficien-
cies.

In addition, we have cloned many full-length HERV-K
LTRs differing in sequence from the human genome and
tested them for promoter activity by the luciferase assay (un-
published data). Some of them were active as promoters,
whereas others resulted in no luciferase activity even in terato-
carcinoma cell lines (unpublished data). Within the YY1 bind-
ing site, as determined by DNase I footprinting, the sequences
of all LTRs differed in only one or three positions with re-
spect to the HERV-K10 LTR sequence. The YY1 core con-
sensus sequence (CCATNTT) (33), however, is identical in
all HERV-K LTRs. Moreover, the EMSA pattern, the com-
petition behavior, and the YY1 supershift pattern of different
active and inactive LTRs were identical to the ones observed
with the K10 enhancer sequence (data not shown [Fig. 2, 3, and
6 give results for K10]). This also indicates that the YY1
enhancer complex is not involved in transcriptional repression
of HERV-K. We therefore believe that repression is mediated
by other regions of the LTR, e.g., the promoter region, which
outweigh the activating effect of the enhancer region in cell
lines which do not express HERV-K.

In this report, we have shown that the human endogenous
retrovirus HERV-K is activated by an YY1-enhancer complex
which assembles at the very 5’ end of the U3 region. To gain
further insight into the complex regulation of HERV-K ex-
pression, it will be necessary to identify the additional compo-
nents of the 5'-enhancer complexes present in expressing ver-
sus nonexpressing cell lines and to functionally characterize
their contribution to the enhancing effect of the complexes.
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