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After fixation in the human genome, human endogenous retroviruses (HERVs) are bona fide cellular genes
despite their exogenous origin. To be able to spread within the germ line and the early embryo, the ancient
retroviral promoters must have adapted to the requirements for expression in these cell types. We describe that
in contrast to the case for current exogenous retroviruses, which replicate in specific somatic cells, the long
terminal repeat (LTR) of the human endogenous retrovirus HERV-K acts as a TATA- and initiator element-
independent promoter with a variable transcription start site. We present evidence that the HERV-K LTR is
regulated by the transcription factors Sp1 and Sp3. Mutating specific GC boxes, which are binding sites for Sp
proteins, and knocking down Sp1 and Sp3 by use of small interfering RNA (siRNA) significantly reduced the
promoter activity. Binding of Sp1 and Sp3 to the promoter region was confirmed using electrophoretic mobility
shift assays (EMSAs) and chromatin immunoprecipitation (ChIP). Our data explain why certain HERV-K
proviruses have lost promoter competence. Since vertebrate promoters lacking canonical core promoter
elements are common but poorly studied, understanding the HERV-K promoter not only will provide insight
into the regulation of endogenous retroviruses but also can serve as a paradigm for understanding the
regulation of this class of cellular genes.

Human endogenous retroviruses (HERVs) bear witness that
during primate/human evolution exogenous retroviruses have
repetitively infected and colonized the germ lines of their re-
spective hosts. HERV sequences constitute approximately 8%
of the human genome. However, all present-day proviral loci in
the human lineage are rendered noninfectious by mutations
and deletions, probably through genetic drift and—given the
mutagenic potential of retroviruses—selection for replication-
incompetent proviruses. In addition, detailed in silico analyses
showed that several HERV proviruses are already inactivated
during the primary infection cycle by an APOBEC3G cytosine
deaminase, an antiretroviral gene which leaves specific muta-
tion marks within the proviral DNA (17, 33). The diverse
effects of the HERV load on the human genome, either ben-
eficial or detrimental, have been summarized in several com-
prehensive reviews (5, 13, 30, 46, 51, 55).

Among the HERVs, the betaretrovirus subgroup HERV-K/
HML-2 (HERV-K), is unique in the respect that several pro-
viruses have retained open reading frames for some, if not all,
retroviral proteins and are still able to form retrovirus-like
particles (7, 36, 44, 45). HERV-K is a complex retrovirus car-
rying, inter alia, the rec gene, encoding a nuclear RNA export

adapter essential for the expression of the viral proteins (37).
Although not interchangeable, rec is a functional homologue of
the HIV rev, human T-cell leukemia virus (HTLV) rex, and
mouse mammary tumor virus (MMTV) rem genes. rec has
been deleted in most of the HERV-K elements (type 1 provi-
ruses) but is present in the majority of the youngest human-
specific integrants (type 2 proviruses) (11, 18). Although they
are repressed in somatic tissues, HERV-K proteins are reex-
pressed in certain tumors, most prominently germ cell tumors
(GCTs) and melanomas. Such expression can induce T- and
B-cell immune responses (21, 22, 56). We found that in mel-
anoma patients, anti-HERV-K antibodies are inversely corre-
lated with survival time and thus are not only a diagnostic
marker but also a prognostic marker for disease progression
(21). Similar results were described for patients suffering from
germ cell tumors (27). It has been postulated that expression of
HERV-K proteins may directly contribute to malignant trans-
formation in melanomas (49, 58). In germ cell tumors, the Rec
protein potentially influences the onset and/or progression of
the disease owing to its interaction with the tumor suppressor
proteins PLZF and TLZF, which in turn leads to the activation
of proto-oncogenes such as c-myc (26, 55).

In the present study, we aimed to understand how the ex-
pression of HERV-K is regulated mechanistically in these tu-
mor cells. Transcription of exogenous retroviruses, which in-
fect somatic cells, is usually initiated by a TATA box motif and
other core promoter elements. Regulation of expression oc-
curs in a tissue-specific manner, by ubiquitous as well as tissue-
specific or even virally encoded transcription factors. Little is
known yet about the transcriptional regulation of HERV-K
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proviruses. In somatic tissues, their expression seems to be
tightly repressed, and it is generally supposed that epigenetic
mechanisms play a major role. For human CD4� cells, high-
throughput sequencing data displayed enrichment of HERV-K
elements in chromatin carrying the inactivating histone marks
H3K9 and H3K79me3 (12). Similarly, transcription of murine
endogenous retroviruses (muERVs) is silenced already, early
during embryogenesis, by epigenetic modifiers which induce
extensive CpG methylation of the proviral DNA and/or estab-
lish repressive histone marks associated with heterochromatin
(8, 43, 63). Deletion of the H3K9 methyltransferase ESET or
the retroviral restriction factor TRIM28, which binds to ESET,
reactivated muERV expression (43). Carcinogenesis is known
to perturb gene regulation and to alter epigenetic marks and
thus could lead to reexpression of silenced genes. Indeed, in
germ cell tumor and melanoma cell lines, the amount of
HERV-K transcription was found to be correlated inversely
with the density of CpG methylation in certain proviral pro-
moters (62). In those cell lines, it was possible to enhance the
amount of HERV-K transcripts with 5-azacytidine (5�-Aza), an
inhibitor of DNA methyltransferases (20). However, the fact
that the completely unmethylated promoter of the youngest
fixed HERV-K provirus was transcriptionally silent in T47D
cells argues that in addition to epigenetic mediators, transcrip-
tion factors play an important role in HERV-K expression
(32). In the study presented here, we characterize the
HERV-K promoter and its regulation in more detail. In agree-
ment with previously published data (29), we observed a num-
ber of slightly dispersed transcription start sites (TSS) in ad-
dition to a major TSS. We demonstrate that in contrast to
exogenous retrovirus long terminal repeats (LTRs), the
HERV-K LTR is not regulated by canonical core promoter
elements. We present evidence that, instead, the HERV-K
promoter is dependent on Sp1 and Sp3 proteins, and we iden-
tify essential binding sites for the Sp transcription factors. Our
data explain why certain HERV-K proviruses have lost pro-
moter competence. Transcriptionally active endogenous retro-
viruses seem to be regulated similarly to genes expressed in
pluripotent stem cells, by epigenetic DNA and histone modi-
fications as well as specific transcription factors. Tumors which
mirror, at least in part, such a genetic and cellular environment
may support their reexpression, although additional specific
activating or repressing factors have to be postulated, as
HERV-K proteins are expressed in some tumor types and not
in others.

MATERIALS AND METHODS

Plasmids. HERV-K LTRpck30 and LTR21 were cloned into the HindIII
restriction site of pGL3_basic by use of pSVOAL vectors containing various
HERV-K LTRs (unpublished data; see reference 28). To generate the 3�-dele-
tion constructs, LTRpck30 was transferred to the HindIII site of the vector
pBluescript II KS (Stratagene). The sequence pck30_30dG was cut from the
pBS-pck30 plasmid with KpnI and SmaI and ligated into pGL3 cut with the same
enzymes. For the pGL3_pck30dH construct, the restriction enzymes KpnI and
BamHI were used, for pGL3_pck30dI KpnI and BclI were used, and for
pGL3_pck30dK KpnI and NsiI were used; after generation of blunt ends, the
fragments were cloned into pGL3_basic digested with KpnI. To produce
pGL3_pck30dA, a part of the LTR was cut out with Bsu36I and EcoRI. After
religation of the vector, the plasmid was digested with HindIII and the LTR
sequence was cloned back into the HindIII-digested acceptor plasmid
pGL3_basic. The mutated constructs were generated with a QuikChange II
site-directed mutagenesis kit (Stratagene). All HERV-K-specific primers used in

this publication are listed below. pGL3_pck30meth was methylated for 1 h at
37°C, using the SssI methylase (NEB) and S-adenosylmethionine. The methyl-
ated DNA was purified by agarose gel electrophoresis and eluted with a gel
extraction kit (Qiagen).

Primers. All primer sequences are given in the 5�-to-3� direction. Primers used
to create mutation constructs were as follows: Sp_1*_FW, AAACCACCTTAG
GGC; Sp_1*_RV, AGCCCTAAGGTGGTTT; Sp_2*_FW, ACCTGCAGGCA
GCAAT; Sp_2*_RV, ATTGCTGCCTGCAGGT; Sp_3*_FW, CACATCTCCC
TCGAGA; Sp_3*_RV, TCTCGAGGGAGATGTG; Sp_4*_FW, GGCTGGTG
GGATCCTCCA; Sp_4*_RV, TGGAGGATCCCACCAGCC; pck30dT_FW,
GGAATGTCTCGGTTTTTTTCCCGATTGTATGC; pck30dT_RV, GCATAC
AATCGGGAAAAAAACCGAGACATTCC; Inr_FW, CTCTTCGAGAAACA
CCCACAGATGAAAAAAAAATACTAAGGGAACTCAGAGGCTG; and
Inr_RV, CAGCCTCTGAGTTCCCTTAGTATTTTTTTTTCATCTGTGGGT
GTTTCTCGAAGAG. Primers used for PCR investigations after rapid amplifi-
cation of cDNA ends (RACE) were as follows: B2_new, GAAAAGCCTCCAC
GTTGGGCACCA; Lys1,2, GCCCCAGGTTGGGCGCCA; MKr17, CGGGCG
CAACTGCAACTCCGATAAATAACG, and Env-sense, CCAGACTCCCAG
ACTATAACCTGTG. Primers used to generate electrophoretic mobility shift
assay (EMSA) probes were as follows: pck30-1_FW, AATTGTCTTGTGACCC
TGACACATCCCCCTCTTCGAGAAACACCCACAGATGATCAGTAAAT
ACTA; pck30-1_RV, TAGTATTTACTGATCATCTGTGGGTGTTTCTCGA
AGAGGGGGATGTGTCAGGGTCACAAGACAATT; LTR21_FW, AATTG
TCTTGTGACCCTGACACATCTCCCTCTAGGAGAAACACCCACAGAT
GATCAGTAAATACTA; and LTR21_RV, TAGTATTTACTGATCATCTGT
GGGTGTTTCTCCTAGAGGGAGATGTGTCAGGGTCACAAGACAATT.
Primers used to analyze chromatin immunoprecipitation (ChIP) fragments were
as follows: ChIP-LTR-FW, ATGTTTGTCTGCTGACCCTCTCC; ChIP-Env-
FW, GTGCACAAGTGAGTCCAGCTGTT; and ChIP-Env-RV, CATATAAG
GGGGCTTTACGCAA.

Luciferase reporter assays. Luciferase assays were performed using a dual-
luciferase assay system (Promega) according to the manufacturer’s instructions.
A total of 0.5 � 106 cells were seeded in 6-well plates and incubated for 1 or 2
(GH cells) days. Cells were transfected with 0.9 �g of the respective pGL-vector
(encoding firefly luciferase) and 0.1 �g of the phRL vector (encoding Renilla
luciferase driven by a thymidine kinase promoter), using the GeneJuice trans-
fection reagent (Merck) according to the recommendations of the supplier.
Relative light units (RLU) were measured in a microplate luminometer
(MicroLumat Plus LB96V; Berthold). For normalization, firefly luciferase light
units were divided by Renilla luciferase light units. For luciferase assays with Sp
protein-ablated cells, we applied 150 ng small interfering RNA (siRNA), using
the HiPerfect transfection reagent (see “Sp protein immunodetection and knock-
down”). Twenty-four hours after siRNA transfection, cells were transfected with
luciferase constructs by using GeneJuice as described above. After 24 h, lucif-
erase activity was assayed using the dual-luciferase reagents and protocol.

5�- and 3�-RACE. Poly(A)-selected RNA was isolated with a PolyATract
mRNA isolation system (Promega). The TSS and termination sites of HERV-K
were identified using a GeneRacer kit with SuperScript III reverse transcriptase
(RT) (Invitrogen) according to the manufacturer’s instructions. For cDNA syn-
thesis and for the first PCR primer, B2new was used, and nested PCR was
performed with Lys1,2. Reaction products were analyzed by agarose gel electro-
phoresis, purified using a Minelute gel extraction kit (Qiagen), cloned into the
pGEM-T Easy vector (Promega), and sequenced. The TSS of pGL3_pck30 was
determined by transfecting GH cells with vector DNA. The luciferase-specific
primer MKr17 was used for cDNA synthesis and PCR amplification. For the
3�-RACE approaches, cDNA synthesis was performed using a GeneRacer
oligo(dT) primer, GeneRacer 3� primer, and Env sense primer for PCRs.

Sp protein immunodetection and knockdown. Cells were lysed in triple lysis
buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM EDTA, 0.1% SDS, 1%
Triton X-100, 1% desoxycholate) containing Complete protease inhibitor cock-
tail (Roche). The lysates were cleared by centrifugation. Total protein was
determined by Bio-Rad protein assay. Thirty micrograms of each sample was
mixed with SDS loading dye. After boiling, samples were subjected to gel elec-
trophoresis as previously described (21). Membranes were incubated in blocking
buffer (phosphate-buffered saline containing 0.1% Tween and 4% nonfat milk)
overnight at 4°C. Sp1 (Pep2) and Sp3 (D-20) antibodies from Santa Cruz and a
beta-actin antibody (AC74; Sigma) were used. All antibodies were incubated for
1 h in blocking buffer. Antibody binding was visualized using ECL chemilumi-
nescence detection solution (Amersham).

Translation of Sp1 and Sp3 was silenced with the siRNA duplexes
Hs_SP1_1_HP and Hs_SP3_1_HP (Qiagen), respectively. siRNA against the
HIV capsid, with the target sequence 5�-AAGATTGTACTGAGAGACAGG-
3�, was used as an unrelated control. Applying the HiPerfect transfection reagent
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(Qiagen) according to the manufacturer’s protocol, cells were transfected with
150 or 300 ng siRNA per 0.5 � 106 cells. Forty-eight hours after transfection,
cells were harvested for detection of Sp1 and Sp3 proteins by immunodetection.

Cell lines, ChIP, and EMSA. The human teratocarcinoma cell line GH was
established and grown as described previously (36). The cell line Mel-C9 was
subcloned from UKRV Mel 2 by N. Fuchs (unpublished data). UKRV Mel 2 and
HCl Mel 19 are human melanoma cell lines kindly provided by D. Schadendorf
(University Hospital, Essen, Germany). All melanoma lines were grown in RPMI
1640 supplemented with 10% fetal calf serum.

A ChIP-IT Express kit (Active Motif) was used according to the supplied
protocol. The samples were lysed and subjected to enzymatic shearing. DNA
digestion was performed overnight at 37°C, using 15 U each of the restriction
enzymes HindIII, NspI, and AflIII in buffer 2 containing bovine serum albumin
(BSA) (New England Biolabs). Two micrograms of specific antibody for Sp1
(Pep2) or Sp3 (D-20) (Santa Cruz) or of beta-actin antibody (AC74; Sigma) was
used for each immunoprecipitation, with overnight incubation. After elution of
the digested chromatin, reversion of cross-linking, and proteinase K treatment,
immunoprecipitated DNA was detected by PCR, using 5 �l eluate as a template.
For amplification of the HERV-K LTR, the ChIP-LTR-FW and B2_new primers
were used. PCR was performed with Taq polymerase (Applied Biosystems) and
the following cycle conditions: 1 cycle of 94°C for 5 min; 36 cycles of 95°C for 30 s,
58°C for 30 s, and 72°C for 40 s; and 1 cycle of 72°C for 10 min. Primers targeting
the HERV-K env gene were used as a control (ChIP-Env-FW and ChIP-Env-
RV). PCR conditions were the same as those for the LTR sequence, except that
the annealing temperature was decreased to 55°C. Fractionated protein extracts
for EMSA were prepared as described previously (28). The probe was generated
by annealing of the complementary oligonucleotides pck30-1_FW and pck30-
1_RV at equimolar concentrations. The double-stranded oligonucleotides were
5�-end labeled using T4 polynucleotide kinase (NEB) and [�-32P]ATP (3,000
Ci/mmol; Amersham).

Statistics. The hypothesis of a significant deviation from 100% (pGL3_pck30
vector) for TATA box mutants, initiator element (Inr) mutants, and siRNA was
tested for each cell line and group separately by means of a t test, using log
percentages. For GC boxes and 3� deletions, analysis of variance (ANOVA) was
performed, with an additional random factor day included in the model account-
ing for the high variability between some experiments. For statistically significant
results, the following convention was used: *, P � 0.05; **, P � 0.01; ***, P �
0.001. Analysis was performed with SAS/STAT software, version 9.2 (SAS Sys-
tem for Windows).

RESULTS

HERV-K LTR promoter activity is cell type dependent and
is inactivated by point mutations and CpG methylation. To
characterize the promoters of endogenous HERV-K provi-
ruses, we chose two LTRs, LTRpck30 and LTR21, from a
selection of HERV-K promoter sequences previously isolated
and analyzed in our laboratory. These two LTRs differ by 5.6%
of their nucleotides (Fig. 1). LTRpck30 was chosen because we
had previously identified and extensively studied the Rec-re-
sponsive element (RcRE) sequence of this LTR (39, 40). To
obtain an active promoter, we had combined in LTRpck30 the
3� U3/R and 5� R/U5 regions of a HERV-K cDNA clone
generated from HERV-K mRNA isolated from the GCT cell
line GH (39). An NCBI Blast search (http://www.ncbi.nlm.nih
.gov) identified the HERV-K provirus 108 on chromosome 7 as
the source of LTRpck30. HERV-K 108 is human specific (6),
and its LTR was recently confirmed to be an active promoter
in luciferase reporter assays (62). LTR21 was amplified by
PCR, together with a variety of other LTR sequences, from
genomic DNA isolated from GH cells (unpublished data). To
avoid the amplification of 3�-LTRs and solitary LTRs, we
chose a sense primer located in the beginning of the U3 region
and an antisense primer spanning the primer binding site
(PBS). The LTR21 sequence is most similar to the 5�-LTR of
HERV-K 110/18 (48) on chromosome 1, differing by only 9
point mutations. This divergence may reflect single-nucleotide

polymorphisms similar to those described for two other
HERV-K proviruses (24) or may have resulted from PCR
amplification. HERV-K 18 is evolutionarily older, as it is also
present in most hominoids (6).

We cloned the LTRs into the promoterless luciferase re-
porter vector pGL3_basic to analyze their promoter strengths
in various transiently transfected cell lines, using a dual-lu-
ciferase assay system (Fig. 2). In contrast to LTRpck30, LTR21
showed only very weak activity in all cell lines, indicating that
the LTRs of certain HERV-K proviruses have been inactivated
by point mutations during the course of evolution. Importantly,
LTRpck30 was active in the cell lines expressing HERV-K
proteins, the GCT line GH and the melanoma line Mel-C9, but
not in the HERV-K-negative melanoma line HCl Mel 19. In
GH cells, LTRpck30 was even significantly more active than
the simian virus 40 (SV40) control promoter. In agreement
with a previous publication describing that reactivation of
HERV-K Gag expression in Raji cells by treatment with 5�-
Aza and trichostatin A failed (20), we could not reactivate
HERV-K transcription in HCl Mel 19 cells by using the same
agents. These findings indicate that the erasure of inactivating
epigenetic marks by chemical agents or during carcinogenesis
is insufficient to reactivate HERV-K transcription if the nec-
essary cell line-specific transcription factors are lacking. Con-
versely, when we transfected GH cells with pGL3_pck30 DNA
treated with the methyltransferase SssI to generate methylated
CpG dinucleotides, we observed a complete loss of the lucif-
erase activity (Fig. 2D). This result confirms previous data (62)
showing that HERV-K promoters are silenced by epigenetic
modifications despite the presence of transcription factors
which principally support HERV-K transcription. Thus, both
epigenetic and transcription factors regulate HERV-K expres-
sion.

The HERV-K LTR acts as a TATA-less promoter, and anal-
ysis by 5�- and 3�-RACE defines the authentic U3, R, and U5
regions. In retrovirus LTRs, the U3 region usually harbors the
core promoter elements. Based on the hypothesis that tran-
scription is initiated by a putative TATA box motif at nucleo-
tide positions 532 to 538, the structural parts of the HERV-K
LTR were previously predicted by computational comparisons
(48). To identify the HERV-K core promoter experimentally,
we generated a series of consecutive 3�-deletion LTR con-
structs (Fig. 3A) and tested their activity in GH and Mel-C9
cells (Fig. 3B). Deletion of up to 139 nucleotides (nt)
(pGL3_pcK30dG and pGL3_pcK30dH) had no statistically
significant effect. Thus, we could not confirm the existence of a
negative regulatory element within this region (15). Further 3�
deletions, however, significantly decreased the promoter activ-
ity in both cell lines. pGL3_pck30dI produced approximately
40% of the relative luciferase counts measured with
pGL3_pck30, and pGL3_pck30dK produced only about 20%
of the relative counts. No promoter activity was detected for
pGL3_pck30dA. These results were unexpected, as the
pGL3_pck30dA construct still included the predicted U3 re-
gion and the putative core promoter. Therefore, we analyzed
whether the TATA box was at all functional. The TATAAAA
motif was changed to a heptamer of thymidines, generating the
construct pGL3_pck30dT. This mutation did not decrease pro-
moter function in transiently transfected GH and Mel-C9 cells.
Instead, we observed significantly increased transcriptional ac-
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FIG. 1. Nucleotide alignment of HERV-K LTRs. Identical nucleotides are indicated by dots, and variations are shown by the one-letter code for
nucleotides. The insertion/deletion of a nucleotide is depicted by a dash. GC boxes 1 to 4 are boxed, and the RcRE sequence is marked by a black line.
The binding sequence for the yin yang transcription factor (YY1) is shown in gray. TSS, transcription start site; TTS, transcription termination site.
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tivity (Fig. 3C), indicating that mutating the motif may have
abolished the binding of a transcriptional repressor or may
have enabled the binding of an enhancing factor. All constructs
tested remained inactive in HCl Mel 19 cells (data not shown).
Based on these experimental results, we hypothesized that the
U3 region comprised nt 1 to 793 within LTRpck30dI.

To determine the exact TSS of the HERV-K promoter by
5�-RACE, we used two complementary approaches. For con-
sistency with the luciferase promoter assays, the TSS from the
promoter construct pGL3_pck30 was defined using RNA from
transfected GH cells and downstream primers located within
the luciferase gene. To identify the TSS of HERV-K proviruses

FIG. 2. HERV-K LTR reporter plasmids analyzed with a dual-luciferase reporter system. GH (germ cell tumor) (A), Mel-C9 (melanoma) (B),
and HCl Mel 19 (melanoma) (C) cells were transfected with pGL3_pck30, pGL3_LTR21, pGL3_basic (promoterless), or pGL3_control (SV40
promoter) DNA. (D) GH cells were also transfected with pGL3_pck30 DNA treated with the CpG dinucleotide-methylating enzyme SssI
(pGL3_pck30meth). % RLU are shown as means � standard deviations (SD) for six (A to C) or three (D) individual transfections. LTR21 was
inactive in all cell lines (A to C, 4th bars), and LTRpck30 was active in GH and Mel-C9 cells (A and B, 3rd bars) but was silenced upon methylation
of CpG (D, 2nd bar).

FIG. 3. The HERV-K LTR is a TATA-less promoter with a core promoter different from the predicted one. (A) Putative HERV-K LTR
structure predicted in the literature and 3�-deletion constructs. The putative TATA box motif is indicated. (B) Promoter competence of the
3�-deletion constructs was determined in GH and Mel-C9 cells and compared to that of the pGL3_pck30 promoter. % RLU are shown as means �
SD for nine individual transfections. The 3� deletions within the putative R region induced significant losses of promoter activity (pGL3_pcK30dI
and -dK). No promoter activity was seen with the predicted U3 core promoter region (pGL_pck30dA). (C) When the TATA motif was mutated
to TTTTTTT (pck30dT), the promoter function was significantly enhanced in GH and Mel-C9 cells.
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reactivated in germ cell tumors and melanomas, we used
RNAs from untransfected cells and downstream primers span-
ning the PBS (Fig. 4A). The resulting amplification products
were cloned and sequenced (Fig. 4C and D). We identified a
major TSS at nt 793 and observed that the TSS of the
pGL3_pck30 plasmid was identical to the major TSS of
HERV-K proviruses expressed in GH and Mel-C9 cells. Some
RACE clones, especially those from Mel-C9 cells, showed

slightly different TSS, ranging from up to 10 nt upstream to
approximately 30 nt downstream of the major TSS. This vari-
ation in TSS is a feature often observed in TATA-less promot-
ers. The TSS defines the boundary between the U3 and R
regions (Fig. 4B). The data precisely corroborate the results
obtained in the transient reporter assay using 3�-deletion mu-
tants. The pGL3_pck30dI construct, which exerts a moderate
activity that can be expected for a viral core promoter, indeed

FIG. 4. Definition of HERV-K LTR structure by 5�- and 3�-RACE. (A) Locations of the PCR primers used for amplification in 5�-RACE
experiments. For endogenous transcripts, the reverse primer binds to the HERV-K PBS, whereas for amplification of cDNAs from pGL3_pck30
transfectants, the reverse primer binds within the luciferase gene. (B) Schematic presentation of redefined U3, R, and U5 regions. �1, major TSS
at nt 793 in the 5�-LTR. The transcription termination site in the 3�-LTR is also plotted. Alternative TSS and termination sites are indicated in
a light shade. (C) 5�-RACE nested PCR products of 370 bp for transcripts from the transfected plasmid pGL3_pck30 (lane 1) and of 220 bp for
endogenous HERV-K transcripts (lane 2). (D) Sequences of clones from endogenous transcripts of GH (1) and Mel-C9 (2) cells in comparison
to the 5�-RACE product obtained from the transfected pGL3_pck30 plasmid. The first bases transcribed from the pGL3_pck30 plasmid are AAT;
transcription of endogenous proviruses started with AGT. This difference resulted from the LTRpck30 construct which combined the U3 region
of the HERV-K 108 3�-LTR with the R/U5 region of its 5�-LTR. (E) 3�-RACE clones from Mel-C9 (1) and GH (2) cells, with the major
polyadenylation site at nt 877 and a second polyadenylation site at nt 812 compared to the sequence of the pGL3_pck30 plasmid.
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harbors the U3 region as defined by 5�-RACE. Thus, the U3
core promoter region is 233 nt longer than the predicted one.
The boundary of the R and U5 regions is defined by the
polyadenylation site in the 3�-LTR. Our group previously pub-
lished that the polyadenylation site of HERV-K proviruses
expressed in GH cells is located at nt 877, 84 nt downstream
from the polyadenylation signal AATAAA (36). This poly-
adenylation site was confirmed in Mel-C9 cells by 3�-RACE
(Fig. 4E), using PCR primers targeting a region within the
HERV-K env gene. A second polyadenylation site, at position
812, only 19 nt downstream from the polyadenylation signal,
was also observed in Mel-C9 cells (Fig. 4E). In summary, the
U3 region—the core promoter—comprises nt 1 to 792, and
the R region spans nt 793 to 876 (a total of 84 nt), starting with
the polyadenylation signal. The U5 region spans nt 877 to 968
(a total of 92 nt). Transcription start and termination sites are
more precisely regulated in germ cells than in melanoma cells.

The HERV-K LTR does not possess a functional Inr, but
Sp1 and Sp3 proteins mediate promoter activity. In TATA-less
promoters, transcription may be initiated at an Inr (57). We
found the sequence TCAGTAA at the major HERV-K TSS,
which differs by only the last two nucleotides from the consen-
sus sequence of Inr motifs [YYA�N(T/A)YY] (23). When this
putative HERV-K Inr sequence was mutated to a heptamer of
adenines, generating the reporter construct pGL3_pck30_Inr,
no decrease in promoter activity was observed (Fig. 5A). Thus,
HERV-K transcription initiation in GH and Mel-C9 cells is not
mediated by either an initiator or a TATA motif. It appears
that HERV-K endogenization induced a switch from conven-
tional LTR regulation by core promoter elements to an alter-
native form of regulation.

Transcription initiation of TATA-independent cellular pro-
moters can be mediated by the ubiquitous transcription factors
Sp1 and Sp3. Sp1, for instance, has been shown to tether the
transcription preinitiation complex to a TATA-less promoter
by interacting with a component of TFIID (60), a complex
composed of the TATA binding protein (TBP) and TBP-asso-
ciated factors. We determined the levels of Sp1 and Sp3 pro-
teins in the cells used in this study by immunoblot analysis (Fig.
5B). The amount of Sp1 protein was largest in GH cells and
was very small in Mel-C9 cells. Four isoforms of Sp3 exist, with
two long isoforms harboring two activation domains and two
shorter isoforms with only one activation domain (reviewed
recently in reference 34). Both melanoma lines expressed sim-
ilar levels of all Sp3 isoforms. In GH cells, however, the
amounts of both short Sp3 isoforms were reduced significantly.

To elucidate the roles of Sp1 and Sp3 in HERV-K promoter
function, we first analyzed if ablation of Sp1 or Sp3 by RNA
interference reduced HERV-K LTR activity in luciferase re-
porter assays. The functionality of the siRNA (Qiagen) di-
rected against Sp1 or Sp3 was confirmed by Western blot
analysis. A total of 150 ng of siRNA effectively knocked down
the Sp1 or Sp3 protein level in Mel-C9 and GH cells, as shown
for Mel-C9 cells in Fig. 5D. Subsequently, the luciferase re-
porter plasmid pGL3_pck30 was cotransfected with 150 ng
siRNA into GH or Mel-C9 cells and compared to transfections
with unrelated siRNA. Upon Sp1 or Sp3 knockdown, we ob-
served a significant but not complete reduction in promoter
activity in both cell lines (Fig. 5C). Thus, both Sp transcription

factors mediate the transcriptional activity of the HERV-K
LTR and may, at least partly, substitute for each other.

In vivo and in vitro binding of Sp1 and Sp3 proteins to the
HERV-K LTR. HERV-K LTR inspection using the Transcrip-
tion Element Search System (TESS), an Internet tool for pre-
dicting transcription factor binding sites in DNA sequences
(http://www.cbil.upenn.edu/cgi-bin/tess/tess), suggested 10 pu-
tative binding sites for the transcription factors Sp1 and Sp3.
Six of these GC boxes have identical sequences in LTRpck30
and LTR21 (Fig. 6A, gray asterisks), but four GC boxes differ
between LTRpck30 and LTR21 (Fig. 1, boxed areas, and Fig.
6A, black asterisks). Two of these boxes are located approxi-
mately 30 nt upstream and downstream of the TSS. The other
two are clustered in the region from nt 570 to 600.

To illustrate that the transcription factors Sp1 and Sp3 in-
deed bind to the promoters of endogenous HERV-K provi-
ruses, we performed ChIP assays using GH, Mel-C9, and HCl
Mel 19 cells. Focusing on the putative GC boxes in the vicinity
of the TSS, we designed a strategy that favors analyses of
proviral 5�-LTRs over proviral 3�-LTRs and solitary LTRs.
After formaldehyde cross-linking and cell lysis, the DNA was
digested with two restriction enzymes cutting most proviral
HERV-K 5�-LTRs at positions 710 (U3) and 1078 (5�-UTR) to
generate a fragment of optimal size for ChIP (Fig. 6A). The
protein-DNA complexes were subjected to immunoprecipita-
tion, using anti-Sp1 or anti-Sp3 antibody as well as anti-actin
antibody as a control. Cross-linking was reversed and the pre-
cipitated DNA purified. The region spanning nt 710 to 995 was
then amplified by PCR. For comparison, a coding region of
similar size was analyzed for the HERV-K env gene (nt 7301 to
7615). For all cell lines, amplicons of the 284-bp LTR fragment
were detected in the DNAs isolated from precipitations with
anti-Sp1 and anti-Sp3 antibodies (Fig. 6B, panel 1). Sequenc-
ing confirmed that the amplicons were indeed derived from
HERV-K proviruses (data not shown). In contrast, the primer
pair specific for HERV-K env sequences never yielded any
PCR product (Fig. 6B, panel 2). No PCR signal was detected
for precipitations with anti-actin antibodies or using the cross-
linked and digested protein-DNA complexes (mock IP and
input control), whereas a genomic template yielded the ex-
pected positive results. In the setting of the ChIP protocol used
here, a positive signal should occur only after IP enrichment,
explaining why the input control was negative. With HCl Mel
19 cells, the anti-Sp3 ChIP generated a stronger PCR signal
than those with GH and Mel-C9 cells. This finding suggests
that Sp3 may contribute to the silencing of HERV-K provi-
ruses in HCl Mel 19 cells, as Sp3 can enhance or repress
transcription, depending on posttranslational modifications
and/or the presence or absence of coactivators and corepres-
sors. Although we could demonstrate by ChIP that the tran-
scription factors Sp1 and Sp3 bind to the examined promoter
region of HERV-K proviruses in vivo, the approach was not
suitable to determine which of the GC boxes was functional.

We hypothesized that GC boxes 1 to 4, which are mutated in
the inactive LTR21, are functional in LTRpck30. We first
analyzed GC box 3 because it is located only 36 nt upstream of
the TSS and because its deletion significantly reduced the
HERV-K promoter activity (the 3�-deletion construct pck30dk
had only 10 to 20% of the wild-type activity [Fig. 3B, 5th bars]).
To investigate whether this GC box indeed constitutes a bind-
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ing site for the transcription factors Sp1 and Sp3, we per-
formed gel retardation analyses using PCR-generated ampli-
cons comprising the sequences depicted in Fig. 7A. Incubation
of the labeled LTRpck30 probe with nuclear extracts isolated
from GH and Mel-C9 cells revealed several DNA-protein
complexes (Fig. 7B). The high-molecular-mass complexes
marked by bold arrows indicate specific binding of proteins to
the GC box, since they could be competed with a 50-fold molar
excess of the unlabeled LTRpck30 probe but not with the
unlabeled LTR21 probe. Nuclear extracts from GH cells
formed a single specific DNA-protein complex; nuclear ex-

tracts from Mel-C9 cells induced two shifts of the probe. To
demonstrate the presence of Sp1 or Sp3 within the specific
DNA-protein complexes, we performed supershift experi-
ments using Sp1- and Sp3-specific antibodies and anti-actin
antibody (negative control). All of the specific complexes ob-
served with GH and Mel-C9 nuclear extracts shifted in the
presence of Sp1 as well as Sp3 antibody (Fig. 7C). No super-
shift was induced with anti-actin antibody. These assays dem-
onstrate that both Sp1 and Sp3 bind to the examined GC box,
probably as a heteromer. The significance of the two specific
Sp1/Sp3-containing complexes formed with Mel-C9 nuclear

FIG. 5. The HERV-K LTR does not possess a functional initiator element, but silencing of Sp1 and Sp3 reduces pGL3_pck30 promoter activity.
(A) HERV-K transcription initiation is not mediated by an initiator element (Inr). The putative Inr wild-type sequence, TCAGTAA, was changed
into a heptamer of adenines in the LTR reporter pGL3_pck30_Inr construct. Luciferase activities of pGL3_pck30 (wild type) and the
pGL3_pck30_Inr mutant were determined in GH and Mel-C9 cells at 24 h posttransfection. The promoter activity of LTRpck30 was set to 100%
for each cell line. The results are means � SD for six individual experiments. (B) Immunoblot analysis of endogenous Sp1 and Sp3 protein levels
in HeLa, HCl Mel 19, GH, and Mel-C9 cell lines. Fifty micrograms of cell lysate was used. Actin served as a loading control. (C) GH and Mel-C9
cells were cotransfected with pGL3_pck30 DNA and 150 ng specific siRNA or with 150 ng unrelated siRNA. % RLU are given as means � SD
for three individual transfections. The mock level was set to 100%. HERV-K LTR activity was significantly reduced by Sp1 as well as Sp3 ablation.
(D) Sp1 or Sp3 knockdown reduced HERV-K promoter activity. Mel-C9 and GH cells were transfected with 150 or 300 ng of either Sp1- or
Sp3-specific siRNA. Immunoblot analysis using 30 �g of protein revealed that the amounts of Sp1 and Sp3 proteins were significantly reduced by
150 ng of the respective siRNA at 48 h posttransfection. Actin was used to control for equal loading of cell lysates.
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extracts remains elusive. They may contain different additional
proteins or different Sp3 isoforms, or they may represent a
different stoichiometry of Sp1 and Sp3 within the DNA-protein
complex.

Three GC boxes mediate transcriptional activity of the
HERV-K LTR. In addition to GC box 3, there are three puta-
tive Sp1/Sp3 binding sites which differ between LTRpck30 and
LTR21 (Fig. 6A). Deletion of GC box 4 (pGL3_pck30dI) led
to significantly reduced promoter activity (Fig. 3B). Deletion of
both GC boxes in the vicinity of the TSS (pGL3_pck30dK)
further reduced the activity. The pGL3_pck30dA construct, in
which three of the GC boxes were missing, had no promoter
activity (Fig. 3B). These findings indicated that the GC boxes
might have additive effects. To analyze whether individually
mutating the four Sp1/Sp3 binding sites would produce similar
results to those for the deletions, we introduced the respective
GC box motifs from the LTR21 sequence (Fig. 1) into the
pGL3_pck30 backbone and measured the effects on the LTR
promoter in GH and Mel-C9 cells, using a dual-luciferase
reporter assay. The pGL3_pck30*4 construct induced a signif-
icant loss of luciferase activity in both cell types (Fig. 8). Mu-
tating GC box 3 (pGL3_pck30*3 construct) had an even more
severe effect. This result correlates with the finding that the
respective LTR21 sequence did not bind Sp proteins in the

EMSA experiments (Fig. 7B, no competition). Both GC box
mutants corroborated the data obtained with the respective
deletion mutants. Mutation of GC box 2 (pGL3_pck30*2) had
only a moderate effect, while mutation of GC box 1 (pGL3_
pck30*1) again evoked a drastic reduction of promoter activity.
In summary, we have shown by deletion and mutation that the
HERV-K promoter is regulated by GC boxes which are bind-
ing sites for Sp1 and Sp3. Mutation of GC box 3 had the
strongest inactivating effect in Mel-C9 cells, and mutation of
GC box 1 had the strongest inactivating effect in GH cells. This
observation may indicate that Sp1 and Sp3 interact with co-
activators which differ between cell lines and tissues to regulate
the HERV-K promoter activity. Alternatively, other LTR re-
gions with transcription factor binding sites may differentially
modulate HERV-K promoter activity, depending on the cel-
lular context.

We achieved a partial (40% of LTRpck30 activity) reactiva-
tion of the LTR21 promoter by exchanging nt 580 to 988
(containing GC boxes 2 to 4) with the respective LTRpck30
sequence. Replacing nt 238 to 988 (containing all four CG
boxes) yielded no improvement, and replacing sequences con-
taining only GC box 1 or GC box 4 had no significant effect.
We obtained even better promoter activity (80% of LTRpck30
activity) with a chimera harboring a functional YY1 binding
site and three intact GC boxes (nt 1 to 283 of LTRpck30
combined with nt 284 to 580 of LTR21 and nt 581 to 988 of
LTRpck30) (data not shown). The data corroborate our pre-
vious observation that YY1 is an important enhancer of
HERV-K promoter activity (28). In our previous publication,
we reported that mutation of the YY1 binding site induced a
50% reduction in the relative light units measured in luciferase
reporter assays. In summary, these findings indicate that three
GC boxes are essential for HERV-K promoter activity, but
they also indicate that other transcription factor binding sites,
such as the YY1 binding site, positively or negatively regulate
HERV-K transcription.

In Table 1, we have compiled data on all proviruses which
have been found to be expressed in cell lines or tissues by us
(unpublished data) or others (references 18, 32, and 54 and
references therein). All transcriptionally active proviruses har-
bor at least three of the LTRpck30 GC box motifs. Proviruses
that are not expressed carry two or more mutant GC boxes
displaying either the respective LTR21 motif or a slightly dif-
ferent one. These in vivo data strongly support our finding that
the HERV-K promoter is regulated by binding of Sp1 and Sp3
proteins to three essential GC boxes in the vicinity of the
transcription start site. Thus, HERV-K proviruses have been
inactivated not only by mutations or deletions within the open
reading frames but also by direct hits of sensitive motifs in the
viral promoter.

DISCUSSION

The retroviral LTR structure, composed of the U3, R, and
U5 regions, is unique owing to its specific assembly during the
retroviral replication cycle. The U3 region usually harbors the
principal core promoter elements as well as important tran-
scriptional enhancers. Using 5�- and 3�-RACE, we determined
the HERV-K LTR composition (Fig. 4) and found that it is
significantly different from a previous prediction based on

FIG. 6. Sp1 and Sp3 bind to HERV-K LTRs in vivo. (A) ChIP
assays were performed, with cutting of proviral HERV-K LTRs at the
indicated sites. Putative binding sites for Sp1/Sp3 are depicted by
asterisks; black asterisks indicate sequence differences between
LTRpck30 and LTR21 in four Sp1/Sp3 binding motifs. (B) Immuno-
precipitation was performed with antibodies directed against Sp1, Sp3,
or actin. Specific PCR primers excluding amplification of products
from solitary LTRs were used to analyze the precipitates (see panel A;
PBS denotes the primer binding site), as well as env-specific primers.
PCRs on digested and cross-linked fragments before the immunopre-
cipitation step (input) and on mock IPs served as negative controls, as
well as PCR without a template (H2O). Genomic DNA from GH cells
was amplified as a positive control. ChIP with anti-Sp1 and anti-Sp3
antibodies yielded PCR amplicons with LTR-specific primers but not
env-specific primers.
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computational comparisons (48). In particular, the U3 region,
with a total length of 792 nt, is considerably longer than esti-
mated. This is in agreement with results obtained by studying
the TSS within solitary HERV-K LTRs and proviral HERV-K
LTRs expressed in human testicular parenchyma specimens
(29). Embedded within this region is the RcRE, involved in the
Rec-mediated nuclear export of viral transcripts (39). Several
contemporary complex retroviruses also display long U3 re-
gions harboring regulatory elements or genes, e.g., the human
and simian T-cell leukemia virus U3 regions encode Rex-re-
sponsive elements with a function similar to that of the RcRE
(2). Unusually, the TSS coincides with the transcription termi-
nation signal. We previously published that the termination
signal and the termination site are 84 nt apart (36), the actual
length of the R region as determined by our RACE ap-
proaches.

Furthermore, we have demonstrated that the HERV-K LTR
acts as a TATA-independent promoter, despite the presence
of a putative TATA box (Fig. 3C). Likewise, a putative initiator
motif (61) spanning the transcription start site was not func-
tional (Fig. 5A). No other putative canonical core promoter
motifs (25), neither a downstream promoter element nor up-
stream or downstream TFIIB recognition elements, could be
predicted at the expected distances in the HERV-K LTR.
Thus, the HERV-K LTR belongs to a class of human promot-

FIG. 8. Mutation of the four GC boxes affects HERV-K promoter
activity in GH and Mel-C9 cells. GC boxes 1 to 4, depicted by black
asterisks in Fig. 5A, were individually mutated to the respective LTR21
sequence. The promoter competence of the mutants was determined
in GH and Mel-C9 cells and compared to that of the wild-type
pGL3_pck30 promoter. % RLU are shown as means � SD for nine
individual transfections. Every mutation evoked a significant loss of
luciferase activity. Mutation of GC box 2 had the slightest effect.

FIG. 7. In vitro binding of Sp1 and Sp3 proteins to the GC box upstream of the TSS. (A) HERV-K LTR sequences generated by PCR as probes
for EMSA. Nucleotide differences are depicted in bold. (B) Nuclear extracts of GH cells or Mel-C9 cells were incubated with the 32P-labeled
LTRpck30 probe. Protein-probe complexes were separated by polyacrylamide gel electrophoresis and detected by autoradiography. A 50-fold
molar excess of unlabeled LTRpck30 probe competed with the specific complexes (lane 3), but the unlabeled LTR21 probe did not (lane 4).
(C) When anti-Sp1 or anti-Sp3 antibody was added to the EMSA reaction mixtures, the respective specific probe-protein complexes (black arrows)
were shifted to complexes of higher molecular mass (supershift; gray arrows). Incubation with an anti-actin antibody did not induce a supershift.
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ers which assemble transcription preinitiation complexes inde-
pendently of any core promoter elements. Such promoters are
poorly understood mechanistically but represent the majority
of vertebrate promoters and are usually rich in G and C nu-
cleotides (3, 57).

Transcription at TATA-independent promoters may be ini-
tiated by transcription factors of the SP/KLF family. In our
study, we have shown by RNA interference (RNAi) that the
Sp1 and Sp3 proteins mediate HERV-K transcription (Fig. 5C
and D) and that both transcription factors bind to promoter
sequences in vivo and in vitro (Fig. 6 and 7). The transcription
factor Sp1 is involved in the activation of many housekeeping
and pluripotency genes and contributes to regulatory processes
such as chromatin remodeling and the protection of methyla-
tion-free CpG islands, predominantly during early embryogen-
esis and in germ cells (9, 16, 38). Importantly, these are the
cells in which endogenous retroviruses must be able to repli-
cate in order to spread within a host genome.

Using mutation and deletion constructs, we studied four Sp
binding sites (GC boxes) which positively influence HERV-K
promoter activity (Fig. 3 and 8). Our analyses suggested that
LTR21 was inactivated due to point mutations within the rel-
evant GC boxes. The C-to-T conversion present in GC box 4 as
well as the G-to-A conversion in GC box 1 may have resulted
in the course of evolution from the occasionally occurring
deamination of 5-methylcytosine to thymidine, an indication
that the provirus may have been silenced transcriptionally by
CpG methylation after integration. In contrast, GC box 2 may
have been mutated initially during the integration of the pro-
virus into its host, as it displays a plus-strand GGG-to-AGG
change, a signature typical for the action of the APOBEC3G
deaminase during the first-strand synthesis of retroviruses. All
proviruses described as being expressed, in the literature or by
us (Table 1), contain at least three functional GC boxes in the
5� LTR. If two or more of these boxes are mutated, the affected
LTR is not promoter competent.

Interestingly, GC boxes 1 and 3 are 189 nt apart, GC boxes
1 and 4 are 245 nt apart, and GC boxes 2 and 4 are 213 nt apart,
distances covered by a nucleosome (146 nt) and the spacing
between two nucleosomes (30 to 50 nt; in some instances, 10 to
114 nt). In order to initiate transcription, regulatory factors
must compete with and disassemble the preexisting nucleo-
somes at promoter regions, especially at the TSS. Histone
binding factors such as nucleoplasmin and chromatin remod-
eling enzymes can increase the binding of transcription factors
such as Sp1 to nucleosomal DNA, which in turn can initiate
nucleosomal disassembly (10). In such a setting, one could
envision that binding of Sp1 and Sp3 proteins to two adjacent
nucleosomes upstream of the HERV-K TSS (e.g., GC boxes 1
and 3) could create a nucleosome-free region to initiate tran-
scription. This is supported by the fact that the regions up-
stream and downstream of the TSS were accessible to restric-
tion enzyme cleavage in our ChIP experiments (Fig. 6), which
is only possible if they were not obscured by nucleosomes.

Our data add to findings that the transcription of several
other groups of HERVs, as well as muERVs related to
HERV-K, is not initiated at a TATA motif present in the LTR
but is mediated by Sp1 or Sp3 protein binding to several GC
boxes in the vicinity of the TSS, although the involvement of an
Inr has often been postulated (31, 41, 59). This suggests that
the potential to infect and replicate in pluripotent embryonic
stem cells and germ cells requires switching the transcriptional
regulation of a retrovirus from a TATA-dependent to a
TATA-independent mechanism. Endogenous retrovirus pro-
moters obviously adapt to the environment present in early
embryonic and germ cells, with the precise parameter allowing
ERV expression only slowly being understood. TATA-depen-
dent cellular genes and exogenous retroviruses are generally
regulated not only by ubiquitous transcription factors such as
Sp1 but also by a variety of cell-type-specific transcription
factors regulated by various signaling pathways. Early after
zygote formation, such specialized inducible factors are not yet

TABLE 1. Activity of LTRs in reporter assays and/or expression of HERV-K transcripts in germ cell tumors and melanomas correlates with
the presence of at least three intact GC boxes in the respective proviral promoterc

Provirus GenBank accession no. Chromosome Typea
GC boxb

In vivo expression �reference(s)	
1 2 3 4

HERV-K 108 AC072054 7p22.1 2 Yes (18, 32, 54; our results)
HERV-K 101 AC007326 22q11 1 Yes (18, 54; our results)
HERV-K 102 AC044819 1q22 1 Yes (18, 54; our results)
HERV-K 109 AL590785 6q14.1 2 Yes (18, 32, 54; our results)
HERV-K 10 AC016577 5q33 1 Yes (18, 54; our results)
HERV-K 68 AC078785 3q13.2 1 Yes (18, 54; our results)
HERV-K 115 AC134684 8p23.1 2 Yes (18)
PHOENIX 2 Yes (14)
HERV-K 4 AC093156 1p31 1 A Yes (18)
HERV-K 50b AC099661/AC133473 3q27 1 Yes (18)
HERV-K 37 AP002954 11q23.3 1 A Yes (18, 54)
HERV-K 60 AF240627 21q21 2 A Yes (18)
HERV-K 36 AP000776 11q22 2 A Yes (18, 32, 54)
HERV-K 33 AL392086 10p14 2 A Yes (18; our results)
HERV-K 50d AC025757 5p13 2 A X No (32)
HERV-K 18 AL121985 1q23 1 X X X X No (our results)

a Presence (2) or absence (1) of the nuclear export adaptor gene rec.
b Shading indicates that GC box motifs 1 to 4 are identical to the respective LTRpck30 sequences, “X” indicates that GC box motifs 1 to 4 are identical to the

respective inactivating signatures of the LTR21 sequences, and “A” indicates that the GC box motif carries another point mutation.
c Only full-length LTR sequences were included in the analysis.
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present, whereas regulators such as Sp1 are already in place.
Sp1 is involved, inter alia, in the transcription of the TATA-less
pluripotency Oct3/4 gene (50) and the TATA-less Dnmt3 pro-
moters (1). Sp1 and Sp3 also regulate their own TATA-less
promoters in a positive-feedback loop (35, 47).

Recently, it was published that multiple epigenetic modifi-
ers, such as chromatin remodeling factors, polycomb repressor
complexes, and DNA methyltransferases, are involved in si-
lencing endogenous retroviral elements and that different fac-
tors may exert differential effects between stem cell types. We
have shown that a fully methylated HERV-K promoter loses
its promoter competence. Using methylation-sensitive PCR
and bisulfite sequencing analyses, a recent publication showed
a generally higher level of proviral promoter methylation in
melanoma cell lines which did not express HERV-K (62).
Similar results have been shown for HERV-K expression in
germ cell tumors (32) and for HERV-E promoter activity in
the placenta (52). Murine ERVs are also silenced by DNA
hypermethylation (42), but they display an unexpected vari-
ability, especially high interindividual variances in their DNA
methylation patterns (53). Such stochastic individual variances
may explain why HERV-K reactivation was observed in only a
percentage of melanoma patients (21). The high prevalence of
HERV-K reactivation in germ cell tumors may result from the
general DNA hypomethylation typical for embryonic stem cells
and germ cells.

Although our data revealed an essential role of the tran-
scription factors Sp1 and Sp3 in the regulation of the HERV-K
LTR, our observation that the unmethylated LTRpck30 was
active in Mel-C9 but not HCl Mel 19 cells argues for the
presence of additional tissue-specific transcription factors to
achieve full promoter competence or silence. We have previ-
ously shown that the transcription factor YY1 (which is equally
expressed in both melanoma lines) positively influences
HERV-K LTR activity. On the other hand, YY1 can function
as a polycomb repressor protein in vivo, requiring, e.g., the
corepressor CtBP for transcriptional repression (4). It has also
been shown that activated YY1 counteracts Sp1 by interfering
with the general transcription machinery (19). Further exper-
iments are needed to decipher the epigenetic modifiers in-
volved in HERV-K expression and silencing and to identify
further potential tissue-specific transcription factors.

In summary, we have shown that the LTRs of HERV-K
proviruses are TATA-independent promoters regulated by
three GC boxes which are binding sites for the transcription
factors Sp1 and Sp3. Together with coactivators or enhancers,
Sp1 and Sp3 might mediate the formation of a nucleosome-
free active chromatin structure at the TSS and enable tran-
scription.
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