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Only few of the human endogenous retrovirus (HERYV) sequences in the human genome can produce
proteins. We have previously reported that (i) patients with germ cell tumors often make antibodies against
proteins encoded by HERV-K elements, (ii) expression of the HERV-K rec gene in transgenic mice can interfere
with germ cell development and induce carcinoma in situ, and (iii) HERV-K np9 transcript is overproduced in
many tumors including breast cancers. Here we document that both Np9 and Rec physically and functionally
interact with the promyelocytic leukemia zinc finger (PLZF) tumor suppressor, a transcriptional repressor and
chromatin remodeler implicated in cancer and the self-renewal of spermatogonial stem cells. Interaction is
mediated via two different central and C-terminal domains of Np9 and Rec and the C-terminal zinc fingers of
PLZF. One major target of PLZF is the c-myc proto-oncogene. Coexpression of Np9 and Rec with PLZF
abrogates the transcriptional repression of the c-myc gene promoter by PLZF and results in c-Myc overpro-
duction, altered expression of c-Myc-regulated genes, and corresponding effects on cell proliferation and
survival. Thus, the human endogenous retrovirus proteins Np9 and Rec may act oncogenically by derepressing

c-myc through the inhibition of PLZF.

Approximately 8% of the human genome consists of se-
quences of retroviral origin (23). These stem from infections
and reinfections of the germ line by exogenous retroviruses
and from amplifications through retrotransposition in the past
40 million years (4). It is estimated that 2,000 proviruses (DNA
copies of the retroviral RNA genomes) and more than 30,000
solitary sequences related to the viral regulatory long terminal
repeats are present, of which the vast majority have accumu-
lated multiple nonsense mutations. However, up to 50 provirus
copies may contain intact open reading frames for the viral
proteins Gag, Prt, Pol, and Env (25, 29). Some of these pro-
teins have important functions; for instance, human endoge-
nous retrovirus W (HERV-W) Env is specifically expressed in
trophoblasts of the primate and human placenta, where it
induces cell fusion and thereby contributes to the generation of
the syncytiotrophoblast cell layer (31). Proteins encoded by the
HERV-K family have been implicated in pathological changes:
patients with germ line tumors frequently produce antibodies
directed against HERV-K proteins (35, 36), HERV-K rec ex-
pression interferes with germ cell development and causes
carcinoma in situ in transgenic mice (16), and HERV-K Np9 is
preferentially expressed in transformed cells and interacts with
ligand of Numb protein X, an important player in the Notch
signal transduction pathway (2, 3). rec transcript is produced

* Corresponding author. Mailing address: Department of Virology,
Bldg. 47, University of Saarland Medical School, Homburg/Saar
D-66421, Germany. Phone: 49 6841 1623931. Fax: 49 6841 1623980.
E-mail: vinmue@uniklinik-saarland.de.

¥ Published ahead of print on 14 March 2007.

from the env gene by alternative splicing and encodes the
14.5-kDa Rec relative of the regulatory Rev/Rex proteins of
the human immunodeficiency and T-cell leukemia viruses (16,
26, 27, 41). Due to a 292-bp deletion and the generation of a
specific splice donor site in a HERV-K provirus subtype, the
env open reading frame in this provirus produces np9 instead
of rec transcript, which codes for the 9-kDa nuclear Np9 pro-
tein (2). Np9 and Rec share only the N-terminal 14 amino acid
residues.

The promyelocytic leukemia zinc finger (PLZF) protein was
first identified in patients with acute promyelocytic leukemia as
part of a fusion protein containing, as the second partner, the
retinoic acid alpha receptor (RARa) (10, 11). Acute promy-
elocytic leukemia cells expressing the PLZF-RAR« fusion pro-
tein are nonresponsive to all-frans retinoic acid and come with
a poor prognosis (18). Functionally, PLZF is a 673-amino-acid
transcriptional repressor with nine C-terminal Kriippel-like
C2H2 zinc fingers and an N-terminal POZ (pox virus and zinc
finger) domain. The repression of target genes such as cyclin
A2 (42) and c-myc (30) requires DNA binding via the zinc
finger domain and is mediated through association of the POZ
domain with the transcriptional corepressors N-CoR (nuclear
receptor corepressor), SMRT (silencing mediator of retinoid
and thyroid receptor), Sin3A, and HDACI (histone deacety-
lase 1) (14, 17, 21, 22, 24). PLZF seems to act primarily as a
guardian of stem cell pluripotency in the hematopoietic system
(34) and the germ line (8, 12). We demonstrate here that the
tumor-associated HERV proteins Np9 and Rec can bind to the
PLZF tumor suppressor and stem cell regulator and inhibit it
as a transcriptional repressor.
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MATERIALS AND METHODS

Plasmids. pGEX-rec-1.exon, pGEX-rec-47/105, and pGEX-rec-21/75 were
constructed by EcoRI and Xhol digestion of pJG4-5. The fragments were in-
serted in frame into pGEX-4T-1. pGEX-rec was described previously (7).
pGEX-rec-47/89 was constructed by amplification of a rec fragment with the
primers GGCAGAATTCCCAACTTGGGCACAACTAAA (A), and GGATA
CCTCGAGTCACACCATTGATACAATCATC (B) that introduced restriction
sites for EcoRI and Xhol. pGEX-np9, pGEX-np9AC, and pGEX-np9N were
previously described (3). pGEX-np9 was constructed by amplification of EGFP-
np9 (where EGFP is enhanced green fluorescent protein) (3) with primers
CGCGCGGATCCATGAACCCATCGCAGATGCAA (C) and CGCGCGGA
TCCAACAGAATCTCAAGGCAGAAG (D). pGEX-np9-55mutl was con-
structed by amplification of pGEX-np9-NLSmutl (3) with primers C and D.
Plasmids pSGS5-PLZF(245/399) and pSGS5-PLZF(395) were constructed by
BamHI digestion of pJG4-5; pJG4-5-PLZF(245/543) was digested with BamHI
and Xhol. The digested fragments were inserted into pSGS5. pSG5-PLZF(543)
was constructed by amplification of the relevant fragment from vector pSGS5-
PLZF using the primers GCGCCGGAATTCCCACCATGGACCCCTAC
GAGT (E) and GGCGCAGATCTTCACACATAGCACAG (F). pSG5-np9 was
previously described (3). pSG5-np9-55mutl was constructed by inserting the
BamHI fragment from pGEX-np9-55mutl into pSGS5 vector. pSG5-rec-47/89
was constructed by amplification from pGEX-rec-47/89 with primers GGGGG
GGAATTCATGGCACAACTAAAG (G) and GGGGGATCCTCAGACACC
ATTGATACAATCATC (H). The c-myc promoter reporter constructs cmyc2.5
and cmyc2,5APLZF were described previously (30).

Cell culture and transfection. All cells were maintained at 37°C in a 5% CO,
atmosphere. 293T cells were maintained in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum and 1% sodium pyruvate. The U937T:PLZF45
inducible PLZF system was previously described (30) and is based on the U937T
autoregulatory Tet-off system, in which withdrawal of tetracycline (Tet) leads to
gene expression. U937T cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (Invitrogen, Paisley, United Kingdom), 1
mg/ml of G418 (PAA, Linz, Austria), 0.5 pg/ml puromycin (Calbiochem, Not-
tingham, United Kingdom), and 0.1 pg/ml Tet (Sigma, St. Louis, MO). U937:
PLZF45-Rec was maintained in 300 pg/ml hygromycin B (PAA). PLZF expres-
sion was induced by washing the cells three times in phosphate-buffered saline
(PBS) and replating them in the medium described above. The stably Rec-
expressing U937:PLZF45 cells were developed by electroporating cells with the
pCMV-Rec (where CMV is cytomegalovirus) and pcDNA3.1/Hygro(—) vectors
and subsequent selection with hygromycin B (PAA). Cos-1 cells were maintained
in Dulbecco’s modified Eagle medium with 10% fetal bovine serum and 1%
sodium pyruvate. 293T cells (3 X 10°) were plated in 24-well dishes at 16 h before
transfection with Nanofectin I (PAA), according to the manufacturer’s recom-
mendations. Cos-1 and Tera-1 cells were plated in six-well dishes at 24 h before
transfection with FuGene-6 (Roche, Mannheim, Germany), as specified by the
supplier.

GST pull-down assays. Gluthatione S-transferase (GST) proteins were gen-
erated by transforming Escherichia coli with plasmids pGEX, pGEX-rec, pGex-
rec-1.exon, pGEX-rec-PES, pGEX-rec-47/105, pGEX-rec-21/75, pGEX-rec-47/
89, pGEX-np9, pGEX-np9AC, pGEX-np9-55, pGEX-np9-55mutl, or pGEX-
np9N. Exponentially growing cultures were induced with isopropyl-1-thio-f-
galactopyranoside (final concentration, 100 nM) for 4 h at 37°C, and cell pellets
were resuspended in GST lysis buffer (10 mM Tris-HCI, pH 7.5, 0.14 M NaCl, 3
mM MgCl, 0.5% NP-40, 2 mM dithiothreitol [DTT], 0.2 mM phenylmethylsul-
fonyl fluoride [PMSF], 20 pg/ml aprotinin, and lysozyme in a final concentration
of 50 mg/ml). The extracts were sonicated for 1 min on ice and cleared by
centrifugation; 200 pl of supernatant was then added to glutathione-Sepharose
beads (80 pl, diluted 1:1 in PBS) (Amersham Biosciences, Freiburg, Germany)
and incubated for 4 h at 4°C with gentle shacking. Beads were collected by
centrifugation and washed five times in GST linking buffer (500 mM Tris-HCI,
pH 7.5, 200 mM NaCl, 2 mM EDTA 0.1% NP-40, 2 mM DTT, 0.2 mM PMSF,
20 pg/ml aprotinin). PLZF, PLZF carrying amino acid residues 245 to 399
[PLZF(245/399)], PLZF carrying amino acid residues 395 to 673 [PLZF(395)],
PLZF(245/543), or PLZF(543) labeled with 3°S-translabeled methionine-cys-
teine were synthesized in vitro employing pSG5 as a vector in the rabbit reticu-
locyte lysate-based TNT T7-coupled in vitro transcription and translation system
(Promega, Madison, WI), following the manufacturer’s protocol. Protein-coated
glutathione-Sepharose beads were incubated overnight at 4°C with GST linking
buffer and 15 pl of radiolabeled protein. Pellets were then washed five times with
GST linking buffer and boiled for 5 min in sodium dodecyl sulfate (SDS) gel
loading buffer. The supernatants were loaded onto SDS-polyacrylamide gels. The
gels were fixed with (50% [vol/vol] methanol, 10% [vol/vol] acetic acid) for 30
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min, washed three times for 15 min in H,O, and incubated for 1 h in 1 M
Na-salicylate before drying. Ten percent of the in vitro translated protein input
(1.5 pl), diluted in 18.5 ul of SDS gel loading buffer, was used as input control.

In vitro coimmunoprecipitation. GST, GST-Np9, PLZF, or PLZF(245/543)
labeled with 3°S-translabeled methionine-cysteine was synthesized in vitro using
the pSGS5 constructs in the rabbit reticulocyte lysate-based TNT T7-coupled in
vitro transcription and translation system (Promega). A total of 10 pl of each
preparation was mixed and incubated for 1 h on ice. The monoclonal GST
antibody 6G9 was added to 80 wl of protein G-Sepharose (Amersham Bio-
sciences) and linking buffer (radioimmunoprecipitation assay buffer: 150 mM
NacCl, 0.1% NP-40, 0.5% deoxycholate, 0.1% SDS, 2 mM DTT, 0.2 mM PMSF,
20 pg/ml aprotinin) and incubated for 4 h at 4°C with gentle shacking. Beads
were collected by centrifugation and washed three times in linking buffer. Pro-
tein-coated protein G-Sepharose beads were incubated overnight at 4°C with
linking buffer and 20 pl of radiolabeled protein. Pellets were then washed three
times with linking buffer and boiled for 5 min in SDS gel loading buffer. The
supernatants were separated on SDS-polyacrylamide gels. The gels were fixed
50% (vol/vol) methanol-10% (vol/vol) acetic acid for 30 min, washed three times
for 15 min in H,O, and incubated for 1 h in 1 M Na-salicylate before drying. Ten
percent of in vitro translated protein input (1.5 pl) in 18.5 wl of SDS gel loading
buffer was used as an input control.

SDS-polyacrylamide gel electrophoresis gradient, Western blot analysis, and
antibodies. SDS-polyacrylamide gel electrophoresis gradients containing 9.5 to
20% acrylamide were produced following standard procedures. Western blotting
was carried out as described elsewhere (7). Np9 was detected with the rabbit
polyclonal antiserum K82 (2) diluted at 1:100. The rabbit polyclonal Rec antiserum
K3086 was used at a dilution of 1:100. The monoclonal mouse anti-PLZF antibody
(Calbiochem) was used at a dilution of 1:50. The monoclonal mouse anti-B-actin
antibody (Sigma) was used at 1:2,500; the monoclonal mouse c-Myc antibody sc-40
(Santa Cruz, CA) was used at 1:500; the monoclonal mouse p53 antibody (Cal-
biochem) was used at 1:2,000, the monoclonal mouse PCNA antibody sc-56
(Santa Cruz) was used at 1:500, and the monoclonal mouse IkBa antibody C-21
(Santa Cruz) was used at 1:500. Immunoprecipitation was performed with 10 pl
of the mouse monoclonal GST antibody 6G9 (concentration, 20 wg/ml). The
intensities of the immunoblot signals were measured with a Molecular Dynamics
Personal Laser Densitometer.

Subcellular protein localization and fluorescence microscopy. For subcel-
lular localization and colocalization assays, cells were grown to about 20%
density on glass coverslips and were transfected with FuGene-6 (Roche),
using 1 pg of each DNA construct, according to the supplied protocols. Cells
were fixated in paraformaldehyde (4% in PBS) at 48 h after transfection, and
DNA was stained with 200 ng/ml DAPI (4',6’-diamidino-2-phenylindole) in
methanol to visualize the nuclei. Intracellular localization and colocalization
were studied with a Leica DM IRB/E fluorescence microscope equipped with
an Axio Cam color camera (Zeiss) and were analyzed with the Axio Vision 3.0
software.

Reporter gene assays and statistical analysis. Reporter and effector plasmids
were used in a 1:4 ratio, with 100 ng of pEGFP to detect transfected cells in
fluorescence-activated cell sorting analyses. 293 cells were transfected with
Nanofectin (PAA) as described above. Transfected cells were harvested at 42 to
45 h posttransfection, and lysates were assayed for luciferase activity with a Dual
Luciferase kit (Promega) as recommended by the manufacturer. The luciferase
activity was normalized to the transfection efficiency measured by fluorescence-
activated cell sorting. Each experiment was performed at least three times and in
triplicate per transfection. P values were calculated with the Sigma Plot, version
4.01, software (SPSS, Inc., Chicago, IL).

MTT and apoptosis assays. The relative rate of proliferation was quantified
by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) as-
say. U937T:PLZF45, U937T:PLZF45-CMV, and U937T:PLZF45-Rec cells
were grown as specified above in the presence of Tet at the doses indicated
in the figure legends. Cells were seeded at a density of 3 X 10° live cells per
well on 96-well dishes. At 24 h after Tet exposure, the cells were treated with
MTT and analyzed as specified by the supplier (Roche, Mannheim, Ger-
many). To determine the rate of apoptosis, U937T:PLZF45 and U937T:
PLZF45-Rec were washed three times in PBS and replated. Tet was added as
indicated in the figure legends. Cells were fixed with methanol and incubated
with propidium iodide for 15 min according to the supplier’s protocol (Boehringer
Mannheim, Mannheim, Germany) and were then analyzed by flow cytometry
(Beckton Dickinson FACScan) for the number of cells with a sub-2N DNA
content.
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FIG. 1. The origins of the endogenous retrovirus proteins Np9 and Rec. (A) Schematic presentation of the HERV-K type 1 and 2 proviral
sequences. The indicated open reading frames encode the proteins Gag (group-specific antigens and the viral capsid proteins), Prt (protease), Pol
(reverse transcriptase/RNase H) and Env (envelope proteins). A 292-bp deletion in the env reading frame of HERV-K type 1 gives rise to the
alternatively spliced np9 transcript; the rec transcript is spliced from the full-length env reading frame in the type 2 sequence. Np9 and Rec share
the N-terminal 14 amino acid residues (hatched boxes). NES, nuclear export signal; LTR, long terminal repeat. (B) Results of reverse transcription-
PCR amplification of the rec and np9 transcripts from Tera-1 cells are shown in the top panel. M, marker; RT, reverse transcriptase. The bottom
panel shows the expression of Rec and Np9 in Tera-1 cells. Western blot analysis was performed on 15 pg total protein with the rabbit polyclonal

anti-Np9 antibody K82 and anti-Rec antibody K3086 at a 1:100 dilution.

RESULTS

The HERV-K family of human endogenous retroviruses
contains intact open reading frames for proteins specifically
overproduced in transformed cells and certain cancers. The
aim of our work is to examine whether these proteins merely
constitute markers for tumors or whether they can actively
contribute to the various stages of tumor development. In
particular, we paid attention to the nuclear HERV-K proteins
Np9 and Rec which are encoded by transcripts spliced from the
eny reading frames of the HERV-K subtypes 1 and 2, respec-
tively (Fig. 1A). Amplification by reverse transcription-PCR of
the np9 transcript from Tera-1 cells gives rise to a 222-bp
fragment; the rec transcript can be amplified from the same
cells as a 305-bp fragment. The 9- and 14.5-kDa proteins pro-
duced by these transcripts can be detected with our specific
polyclonal anti-Np9 antibody K82 and anti-Rec antibody K3086
(Fig. 1B; 15 pg of total protein loaded per lane). To find
protein interaction partners of Np9 and Rec, yeast two-hybrid
screens were employed. An initial search with Rec (formerly
called cORF) as bait identified PLZF as an interacting protein
(7). Since Np9 and Rec share the N-terminal 14 amino acid
residues, we asked whether Np9 can also associate with PLZF.
Figures 2 and 3 document that both proteins bind to PLZF,
and they summarize the mapping of the interaction domains.
Np9 with a mutated nuclear localization signal 1 (NLS1; amino
acid positions 22 to 29) can no longer bind to PLZF in GST
pull-down assays (Fig. 2A). In contrast, the interaction of Rec
with PLZF is dependent upon amino acid positions 21 to 47 in
the center and 89 to 105 in the C terminus of Rec (Fig. 2B).
PLZF with a deletion of the C-terminal four zinc fingers fails

to associate with Np9 (Fig. 2C), whereas deletion of all nine
zinc fingers is required to inhibit binding to Rec in GST pull-
downs (Fig. 2D). The interaction of Np9 with PLZF (Fig. 2E)
and Rec with PLZF (7) was confirmed by direct coimmuno-
precipitation of proteins generated from in vitro transcribed
and translated material. The extreme instability of Np9 protein
in vivo (see reference 3) precluded coimmunoprecipitation
from transfected cells.

In summary, Np9 and Rec interact with PLZF not through
their identical N termini but via distinct domains in the center
and the C termini (Fig. 3A). The association of Np9 with PLZF
requires amino acid positions 23 to 29 containing NLSI,
whereas Rec-PLZF interaction is dependent upon amino acid
positions 21 to 47 in the center and 89 to 105 in the C terminus
of Rec. Both make contact with the zinc fingers of PLZF but in
a distinct manner. The domains on Np9 and Rec do not share
any detectable homology or similarities in local hydrophobic-
ity; the PLZF-interacting NLS1 of Np9 is distinct from the
other NLSs in Np9 and Rec (Fig. 3B).

Since interaction in vivo would require codistribution of the
proteins in cellular compartments, colocalization studies were
performed. For this purpose, plasmids expressing fusion pro-
teins consisting of (i) the green or red fluorescent proteins and
full-length PLZF and (ii) the green or red fluorescent proteins
and Np9 or Rec were employed. All fusion proteins as well as
the native proteins localized to the nucleus (Fig. 4A). Cotrans-
fections of the plasmids into Cos-1 cells revealed that both Np9
and Rec partially colocalize with PLZF in dot-like subnuclear
structures, of which some appeared to be identical with the
nucleoli (Fig. 4B). Similarly, colocalization was observed in
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FIG. 3. Schematic summary of the interaction between Np9 and
Rec with PLZF and comparison of the Np9 and Rec domains that
interact with PLZF. (A) The NLS1 region between amino acid resi-
dues 23 and 29 on Np9 associates with the four C-terminal zinc fingers
of PLZF. On Rec, a region between amino acid residues 21 and 47
situated downstream of the NLS and the C-terminal 16 amino acid
residues make contact with the PLZF zinc fingers. NES, nuclear export
signal. (B) Alignment and comparison of the PLZF-interacting do-
mains on Np9 and Rec (highlighted). NES, nuclear export signal. Note
the differences between the PLZF-interacting NLS1 of Np9 and the
noninteracting NLS of Rec.

Tera-1 cells (Fig. 4C). Combined, these data are compatible
with the idea that Np9 and Rec interact with PLZF in the cell
nucleus.

PLZF can suppress cell proliferation, and the PLZF-RAR«
fusion protein has been associated with neoplastic transforma-
tion (10, 11, 18). Previous studies have pointed to PLZF acting
as a pleiotropic transcriptional repressor that regulates numer-
ous target genes; however, recent work has indicated that a
substantial fraction of the transcriptional changes caused by
PLZF may be induced indirectly through the repression of the
gene for the cell growth and proliferation-associated transcrip-
tion factor c-Myc (30). To address whether the PLZF-associ-
ating Np9 and Rec proteins can affect PLZF’s function as a
transcriptional repressor, we first resorted to transient coex-
pressions of the proteins in the presence of a reporter plasmid
carrying the PLZF-responsive fragment of the human c-myc
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gene promoter or a mutated variant, in front of a luciferase
gene. As reported before (30), PLZF was able to significantly
suppress luciferase expression driven by the wild-type c-myc
promoter fragment in 293T cells whereas, in contrast, the pro-
tein exerted no suppressive effect on a construct harboring the
promoter with a mutated PLZF recognition site (Fig. 5A),
documenting the specificity of the suppressive effect. While
expression of Np9 or Rec alone had no effect on the luciferase
production by the reporter, coexpression of either protein with
PLZF was able to abrogate the suppressive effect of the latter
(Fig. 5B). Thus, the PLZF-associating Np9 and Rec proteins
can interfere with PLZF’s function as a transcriptional repres-
sor in transient reporter assays.

To test whether Rec can regulate the endogenous c-myc
gene promoter via PLZF, we employed a U937-derived cell
line harboring a PLZF gene under the control of a Tet-respon-
sive promoter. As documented before (30), almost no PLZF
was detectable in the presence of Tet (0.1 wg/ml) whereas
complete removal of the drug from the culture medium for
24 hresulted in a maximal accumulation of PLZF that was fully
reversible. The steady-state levels of PLZF could be fine-tuned
by adding increasing amounts of Tet to the culture medium
(Fig. 6A). We used this cell line as the basis to develop a new
conditionally PLZF-producing cell line that stably expresses
Rec from the CMV promoter/enhancer. Stable detectable ex-
pression of Np9 could not be achieved due to the very short
half-life of this protein (3). The regulation of the PLZF ex-
pression levels by Tet was similar in the Rec-deficient and
-proficient cell lines (Fig. 6A). In accord with the results by
McConnell and colleagues (30) showing that PLZF can di-
rectly repress the c-myc gene promoter, the PLZF levels were
inversely correlated with the levels of c-Myc at 24 h of incu-
bation with different concentrations of Tet (Fig. 6B). The dif-
ference in c-Myc expression in the presence of PLZF and in
the presence or absence of Rec was statistically significant (P =
0.04) (Fig. 6B, first two lanes). Furthermore, quantities of
Tet that elicited equal PLZF levels in the Rec-negative and
-positive cells (0.0 and 0.001 wg/ml, respectively) induced a
higher steady-state level of c-Myc in the Rec-producing cells
(Fig. 6B). Concomitantly, the Rec-positive cells showed an
increase in the expression of the c-Myc-responsive PCNA,
IkBa, and p53 genes but not the Myc-independent B-actin
gene (Fig. 6C). Thus, the PLZF-interacting HERV-K pro-
teins Np9 and Rec can inhibit the PLZF-mediated repres-
sion of the c-myc gene promoter in transient reporter assays,
and Rec can counteract the repression of the endogenous
c-Myc production by PLZF.

Finally, we asked whether Rec’s interference with PLZF-
mediated c-myc repression can cause specific phenotype alter-

FIG. 2. Mapping of the interaction of Np9 and Rec with PLZF by GST pull-down assays. (A) GST-Np9 and the indicated GST-Np9 mutants
but not GST alone precipitate full-length in vitro translated *>S-labeled PLZF. An outline of the Np9 variants and the PLZF interaction is also
shown at bottom. Np9-55mut1 harbors a mutation that incapacitates the NLS1. (B) GST-Rec and the indicated variants bind to radiolabeled PLZF.
A scheme summarizing the interactions is given below. NES, nuclear export signal. (C) GST-Np9 but not GST alone precipitates the indicated
full-length or truncated variants of in vitro translated **S-labeled PLZF. (D) GST-Rec precipitates the indicated deletion mutants of radiolabeled
PLZF. (E) In vitro coimmunoprecipitation of Np9 and PLZF. The GST-Np9 and PLZF proteins as well as the Np9 binding-defective PLZF(245/
543) were transcribed and translated in vitro and coprecipitated with the anti-GST monoclonal antibody 6G9. Note that GST-Np?9 fails to bring

down PLZF(245/543).
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A PEGFP-Rec

DAPI

FIG. 4. Intracellular localization of Np9, Rec, and PLZF. (A) Cos-1 cells were transiently transfected with plasmids producing the
indicated fusion proteins involving EGFP or the red fluorescent protein (Dsred). (B) Transient transfection of Cos-1 cells with plasmids
producing the indicated fusion proteins revealed a partial colocalization of Np9 and Rec with PLZF in dot-like subnuclear structures. Some
of these were identical with the nucleoli spared in the DAPI-stained nuclei. (C) Transient transfection of Tera-1 cells with the indicated
plasmids.

ations. Previous work determined that ectopic expression of
PLZF leads to cell cycle arrest and apoptosis, that this effect is
predominantly caused by the repression of c-myc expression,
and that the effect is reversible by ectopic c-Myc (30). In this
previous study, U937 cells that conditionally produced PLZF
ceased to proliferate upon stimulation and instead showed
signs of cell cycle arrest and apoptosis. For our studies we
employed two derivatives of this cell line that were stably
transfected to either harbor empty vector or vector producing
Rec. A standard MTT proliferation assay revealed that Rec™
and Rec™ cells grew equally well in the absence of PLZF. In
contrast, low levels of PLZF (induced by 0.005 pg/ml Tet)
(compare with Fig. 6B) and, to an even greater extent, large
PLZF levels (induced in the absence of Tet) led to a signifi-
cantly reduced proliferation of the Rec-deficient cells (Fig.
7A), in accord with the earlier findings (30) and in agreement
with the idea that Rec counteracts the suppressive effects of
PLZF. Standard apoptosis assays measuring, by flow cytom-
etry, the number of cells with a sub-2N DNA content were

pDsred-Np9

pEGFP-PLZF

pEGFP-Rec

pEGFP-PLZF  pDsRed-Np9

J. VIROL.

pEGFP-PLZF  pDsred-PLZF

pDsRed-Np9

merge

pDsRed-PLZF merge

merge

performed in parallel and showed that PLZF-expressing cul-
tures experience more apoptosis in the absence of Rec (Fig.
7B), again in agreement with the capacity of Rec to counteract
the antiproliferative effects of PLZF. Thus, HERV-K proteins
may function as oncoproteins by activating c-myc in cells that
express PLZF.

DISCUSSION

Our analysis has revealed that Np9, a 9-kDa nuclear pro-
tein whose transcript is spliced from the env gene of the
endogenous type 1 HERV-K101 retroviral sequences, and
Rec, a 14.5-kDa HERV-K type 2-encoded endogenous rel-
ative of the Rev/Rex RNA transporters from the exogenous
retroviruses human immunodeficiency virus and human T-
cell leukemia virus, can directly bind to the zinc finger do-
main in the C terminus of the PLZF tumor suppressor and
stem cell regulator. The interaction abrogates the function
of PLZF as a transcriptional repressor of the c-myc proto-
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FIG. 5. Effect of Np9 and Rec on the repression of the c-myc
promoter by PLZF. (A) 293T cells were transiently cotransfected with
the reporter plasmids cmyc2.5 or cmyc2.5APLZF defective for PLZF
binding and with either empty vector or an effector plasmid producing
PLZF. The relative luciferase activity was calculated as the percentage
of the controls. Error bars indicate the standard deviations from at
least three experiments. (B) Transient cotransfection of the cmyc2.5
reporter plasmid with empty vector alone, with empty vector plus Np9-
or Rec-producing effector plasmids, and with the PLZF expression
plasmid. Note that Np9 and Rec alone do not affect luciferase expres-
sion in these PLZF-negative cells. In contrast, PLZF represses lucif-
erase production, and Np9 and Rec can overcome this effect. Luc,
luciferase.

oncogene promoter and results in overproduction of this
pleiotropic transcription factor and inducer of cell growth
and proliferation. Previous studies had already established
links between (i) HERV protein expression and the devel-
opment of germ cell tumors in humans (35, 36), (ii) expres-
sion of Rec and the development of carcinoma in situ-like
lesions in the testes of transgenic mice (16), and (iii) defi-
ciency of PLZF in knockout mice and the severe testicular
dysfunction associated with dysregulated self-renewal of
spermatogonial stem cells (5, 8, 12). It is therefore tempting
to speculate that Rec and possibly also Np9 can act as
oncoproteins through the inhibition of PLZF.

Among the many genes that are downregulated in response
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to PLZF expression, only those coding for cyclin A2 (42),
HoxD11 (5), and c-Myc (30) have so far been documented to
be directly targeted by PLZF. In accord with the ideas that
c-Myc itself is a transcription factor and that PLZF directly
inhibits c-myc expression, more than one-fourth of the genes in
a B-lymphoid lineage altered in response to PLZF turned out
to be known targets of c-Myc (30). The details of the function
of c-Myc in cells are still not fully understood; however, it
seems clear that c-Myc is critical for the cell mass increase
associated with the entry of cells from G, phase into the cell
cycle. In addition, c-Myc can drive cells into proliferation and
control cell survival and differentiation (33). Even without a
complete picture of c-Myc function, it is doubtlessly true that
the protein is critically involved in tumorigenesis, in particular,
leukemogenesis (13, 32). This is thought to depend primarily,
if not exclusively, on c-Myc acting as a transcription factor, and
a large number of screens have identified more than 600 pu-
tative, direct and indirect target genes (33). The findings that
testicular germ cell tumors frequently express Rec (35, 36) and
that Rec physically associates with and inhibits the c-Myc an-
tagonist and regulator of germ cell differentiation, PLZF (this
paper), may point to c-Myc’s having a role in germ cell tumor-
igenesis. However, to date, c-Myc has not been implicated in
this lesion. A clinical study has revealed that the levels of
c-Myc were unaltered in eight seminomas and elevated in only
one of 13 nonseminoma germ cell tumors (37). It should be
noted, though, that in contrast to the c-myc gene amplifications
and translocations observed in many tumors, overexpression of
c-myc through a putative Rec/Np9/PLZF pathway may be tran-
sient. Transient overproduction of c-Myc has been implicated,
for instance, in the development of genomic instability through
the generation of reactive oxygen species, a hallmark of many
cancers (38).

Several studies have linked endogenous retrovirus proteins,
in particular, polypeptides encoded by env-related sequences,
to the development and progression of neoplasia. For instance,
expression of HERV-K10 gag has been linked to leukemia
(15), and env expression has been correlated with human
breast cancer (39). Production of Moloney murine leukemia
virus full-length Env protein or the Env transmembrane do-
main allowed immune escape of murine MCA205 cells in im-
munocompetent mice (28). Interestingly, the presence of se-
rum antibodies directed against the transmembrane domain of
HERV-K Env was perfectly correlated with germ cell tumors
in humans, whereas antibodies against HERV-K Gag or Env in
general were occasionally also observed in patients with other
diseases (35). Although Env and the Rec protein studied here
share the N-terminal 87 amino acid residues including a do-
main that interferes with PLZF, it is likely that both proteins
contribute to tumorigenesis via distinct pathways as Env is
exclusively cytoplasmic while Rec and PLZF are nuclear pro-
teins.

The splice variant Np9, apart from being an interaction
partner of PLZF (this paper), can in contrast to Rec also bind
to and functionally interfere with the ligand of Numb protein
X, a RING-type E3 ubiquitin ligase that regulates the tran-
scription factor Notch via degradation of the Notch-antagonist
Numb (3). As an essential part of proproliferative Ras signal-
ing (40), the Numb/Notch pathway has so far been linked
primarily to breast cancers, leukemias, and germ cell cancers
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three experiments.
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(1,6, 9, 19, 20). Recent work has suggested that Notch signal-
ing may be involved in the development of germ cell tumors by
causing dysfunction of the mitotic-meiotic switch and, as a
consequence, genetic instability (1). Leukemias and germ cell
tumors have also been associated with dysregulated PLZF
function (16, 43), and both Notch and PLZF have been impli-
cated in stem cell maintenance (8, 12, 19). Np9 and Rec may
thus constitute pleiotropic HERV factors that can affect tu-

at a dilution of 1:2,500, and the anti-Rec antiserum K3086 at a dilution
of 1:100. (B) Western blot analysis shows that Rec expression causes
overproduction of endogenous c-Myc despite equally high levels of
PLZF. The monoclonal c-Myc antibody 9E10 was used at a dilution of
1:500. The bar diagram indicates the relative signal intensities of the
PLZF and c-Myc bands, normalized to B-actin and measured by laser
densitometry. The standard deviations of the levels of c-Myc depend-
ing on Rec were determined from three blots. (C) Western blots
documenting the elevated expression of c-Myc and of known c-Myc-
responsive genes in the presence of Rec. The anti-p53 monoclonal
antibody DO-1 was used at 1:2,000, the anti-PCNA monoclonal anti-
body SC56 was used at 1:200, the anti-IkBa antibody was used at 1:500,
and the anti-actin antibody was used at 1:2,500. The bar diagrams show
the signal intensities.
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morigenesis through their effects on stem cell regulatory PLZF
pathways.
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