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Human immunodeficiency virus type 1 (HIV-1) is able to establish a latent infection during which the
integrated provirus remains transcriptionally silent. In response to specific stimuli, the HIV-1 long terminal
repeat (LTR) is highly activated, enhancing both transcriptional initiation and elongation. Here, we have
identified a specific binding sequence of the nuclear NF-�B-repressing factor (NRF) within the HIV-1 LTR.
The aim of this work was to define the role of NRF in regulating the LTR. Our data show that the endogenous
NRF is required for transcriptional activation of the HIV-1 LTR in stimulated cells. In unstimulated cells,
however, NRF inhibits HIV-1 LTR activity at the level of transcription elongation. Binding of NRF to the LTR
in unstimulated cells prevents recruitment of elongation factor DRB sensitivity-inducing factor and formation
of processive elongation complexes by hyperphosphorylated RNA polymerase II. Our data suggest that NRF
interrupts the regulatory coupling of LTR binding factors and transcription elongation events. This inhibitory
mechanism might contribute to transcriptional quiescence of integrated HIV-1 provirus.

In addition to its lytic pathway, human immunodeficiency
virus type 1 (HIV-1) is able to enter a latent state in which the
transcription of integrated provirus genome is repressed (21).
In cells harboring inactive provirus, HIV-1 transcription is
exclusively regulated by host cell transcription factors that bind
to the HIV-1 long terminal repeat (LTR) (see Fig. 1A, below).
The dimeric transcription factor NF-�B plays a central role in
the proviral transcription (17). In resting T cells and most
established cell lines, regulation of NF-�B activity occurs at
several levels, including nuclear shuttling and modulation of its
transcriptional activity in the nucleus (8). NF-�B is mainly
retained within the cytoplasm by I�B proteins but shuttles
permanently in and out of the nucleus (8, 9, 13). In response to
a variety of stimuli, including phorbol myristate acetate
(PMA), I�B is rapidly degraded and releases NF-�B to trans-
locate into the nucleus (16).

Although it was commonly assumed that NF-�B stimulates
only transcriptional initiation, it was also found to be impli-
cated in transcriptional elongation (28). Recently, it was shown
that NF-�B regulates activity of an immediate-early NF-�B
target gene, A20, via elongation factor 5,6-dichloro-1-�-D-ri-
bofuranosylbenzimidazole (DRB) sensitivity-inducing factor
(DSIF) (1). DSIF has been implicated in controlling the elon-
gation activity of RNA polymerase II (Pol II) both positively
and negatively (27, 29). RNA Pol II elongation activity is reg-
ulated by a series of phosphorylation events involving the car-
boxy-terminal domain (CTD) of RNA Pol II (25). During

initiation, hypophosphorylated Pol II is able to form a complex
with general initiation factors. Following initiation, however,
the CTD of RNA Pol II becomes highly phosphorylated at Ser
2 and 5, permitting interaction with several transcription elon-
gation factors (4, 10, 27, 29).

NF-�B-repressing factor (NRF) is a constitutively expressed
nuclear transcription factor that binds to beta interferon (IFN-
�), interleukin-8 (IL-8), and inducible nitric oxide synthase
(iNOS) promoters and represses the basal transcription of
these genes (5, 18, 20). Exceptionally in IL-8 transcription,
NRF plays an additional role and has been found to be re-
quired for IL-1-stimulated IL-8 gene expression (20). Al-
though NRF has been implicated in transcription regulation of
several genes, little is known about its molecular mechanism.

Detailed analysis of NRF cDNA revealed that the encoded
protein contains at least two functional domains (18). The
N-terminal domain spanning amino acids (aa) 1 to 296 inhibits
the transcription activity of NF-�B in reporter experiments. In
vitro, NF-�B proteins bind to the N-terminal domain of NRF
by a direct protein-protein interaction (18). Amino acids 296 to
388 constitute the DNA binding domain of NRF, which is
sufficient for binding to IFN-�, IL-8, and iNOS promoters. The
transcription activity of the C-terminal domain spanning amino
acids 389 to 690 is not yet known. However, this domain is not
required for either NRF binding to DNA or its interaction with
NF-�B proteins.

By sequence comparison, we identified a potential NRF
binding site in the HIV-1 LTR, termed NH. Considering the
important role of NF-�B in HIV-1 transcription, we hypothe-
sized that NRF might be involved in LTR regulation. Our data
demonstrate that NRF binds to the NH sequence element in
the HIV-1 LTR and inhibits basal transcription activity at the
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level of elongation in unstimulated cells. By binding to the
LTR, NRF prevents recruitment of the elongation factor DSIF
and, simultaneously, the formation of processive elongation
complexes by hyperphosphorylated Pol II.

MATERIALS AND METHODS

Plasmid constructions. Chloramphenicol acetyltransferase (CAT) reporter
plasmid p0 contains a minimal TATA box as described earlier (18). Double-
stranded oligonucleotides were inserted to the SphI site of p0 to create p�B,
p�B-NI, p�B-NH, and p�B-Nm as follows: NF-�B (sense), 5�-CCATGGGGG
ACTTTCCGCTGGGGACTTTCCATG-3�; NI (sense), 5�-CCATGGCAATTC
CTCTGACATG-3�; NH (sense), 5�-CCATGGCACTTCCCTGACATG-3�; Nm
(sense), 5�-CCATGGCAATTCCCCCGACATG-3�.

Expression plasmids p50, p52, p65, and pMBC (empty expression vector) were
described earlier (18). Internal control plasmids encoding CAT (pBHECAT),
firefly luciferase (pSV2LUC), and Renilla luciferase (pSVRLUC or phRG-B)

were described earlier (18). The HIV-1 LTR (isolate ARV-2/SF2, NCBI K02007,
8931/9737) from �1 to �806 with respect to the transcription start site was
inserted into pBHELUC containing the luciferase coding region to create pHIV-
LTR-LUC (18). pM-HIVLTR-LUC was created by mutating the NH site using
site-directed mutagenesis (Stratagene) and the following double-stranded oligo-
nucleotides: M1 (sense), 5�-GGTTTGACAGCAAACTAGCAATTCCCCCGA
TGGCCCGAGAGCTGCATCC-3�; M2 (antisense), 5�-CCATGCAGCTCTCG
GGCCATCGGGGGAATTGCTAGTTTGCTGTCAAACC-3�.

The HIV-1 LTR was introduced into the proviral clone pNL4-3.Luc.R-E-, in
which the N-terminal 34 amino acids of the nef gene were replaced by the
luciferase gene. The env reading frame was disrupted by introducing a frameshift
mutation (3).

The BamHI/BsmI and BamHI/XbaI fragments of pHIVLTR-LUC were in-
serted into pBluescript vector (Stratagene) in the antisense orientation to the
T7 promoter to create in vitro transcription plasmids pBLantiLUC102 and
pBLantiLUC304 for the synthesis of luciferase antisense probes.

Transferrin receptor cDNA fragment from �61 to �452 was inserted into a

FIG. 1. NRF binds to the negative regulatory domain in the HIV-1 LTR. (A) HIV-LTR and proximal binding sites for several transcription
factors are illustrated at the top. The NRF binding sequences in the IFN-� promoter (NI) and HIV-1 LTR (NH) as well as a functional mutant
of the NRF binding site (Nm) are shown for comparison. Numbers indicate positions of nucleotides with respect to the transcriptional start site
of the HIV-1 LTR and IFN-� promoter, respectively (�1). The gap (asterisk) was introduced to obtain maximal homology. (B) Three femtomoles
of radiolabeled NH oligonucleotide was incubated with 1 �g nuclear extract from HeLa cells where indicated. A 100-fold concentration of cold
competitor or 1 �g of antibody against NRF (�-NRF) or p65 (�-p65) was added to the binding reaction mixtures as indicated. Protein-DNA
complexes were analyzed by EMSA. NRF-specific complexes are indicated by arrowheads. The fronts of unbound oligonucleotides were run out
of the gel to separate the upper complexes.
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pcDNA3 (Invitrogen) vector in the antisense orientation to the T7 promoter to
create in vitro transcription plasmid pT7AS-TFR for the synthesis of luciferase
antisense probes.

Cell lines and DNA transfection. HeLa-tTA cells expressing tetracycline-
sensitive transactivator protein (18) as well as HeLa and 293T cells were main-
tained in Dulbecco’s modified Eagle’s medium with 10% fetal calf serum (FCS).
HeLa cells were transfected by calcium phosphate precipitation. Indicated
amounts of reporter plasmid and 1 �g of effector plasmids were transfected per
1.5 � 105 cells. CAT and luciferase reporter activities were detected, and the
resulting relative light units were calculated as described earlier (18).

TBC and TBC-NRFantisense cell lines were described earlier by transfection
of HeLa-tTA cells and maintained in Dulbecco’s modified Eagle’s medium with
10% FCS, 4.2 �g/ml puromycin, and 500 �g/ml G418 (5, 18, 20).

Jurkat T cells were maintained in RPMI 1640 medium plus 10% FCS and
transfected with Nucleofector technology according to the manufacturer’s in-
structions (Amaxa Biosystems). Briefly, for each transfection 107 Jurkat cells
were harvested and resuspended in Nucleofector solution with 1 �g HIV-LTR
firefly luciferase reporter plasmid and 0.5 �g phRG-B (Promega), which ex-
presses Renilla luciferase, to normalize transfection efficiency. The cell-DNA
mixtures were nucleofected, and cells were immediately transferred into 5 ml
RPMI 1640 medium plus 10% FCS for 2 h at 37°C. Luciferase reporter activities
were detected after stimulation as described earlier (18).

For stimulation, cells were treated with 10 ng/ml PMA in combination with 500
ng/ml ionomycin for the indicated times or, alternatively, with 25 �g/ml poly(rI-
rC) (double-stranded RNA [dsRNA]) together with 100 �g/ml DEAE-dextran
where indicated.

Western blotting. Western blot assays were performed as described earlier
(18). Endogenous NRF protein was detected using rabbit polyclonal antibody
directed against aa 25 to 45 of the NRF protein sequence. Antibodies against p65
(sc8008) and phosphorylated PKR (Thr 446; sc16565) were obtained from Santa
Cruz Biotechnology, Inc.

Electrophoretic mobility shift assay (EMSA) and competition assays. Gel shift
analysis was carried out according to the protocol of Fried and Crothers (6). One
microgram of HeLa nuclear extracts was incubated with 3 fmol (20,000 cpm) of
labeled double-stranded oligonucleotide in the presence of 0.01 U of poly(dI-dC)
in 10 mM HEPES, pH 8.0, 5 mM MgCl2, 50 mM KCl, 0.025% bromphenol blue,
0.025% xylene cyanol, and 10% Ficoll at room temperature for 10 min. The
indicated amounts of cold competitor, rabbit antibodies against NRF, or p65
were added to the reaction mixtures and incubated for a further 15 min. Samples
were analyzed on 8% native polyacrylamide gels that were run at 70 V for at least
8 h. After drying, the gels were exposed overnight to an autoradiographic film.

Pseudotyped HIV-1 virus. The HIV-1 proviral reporter construct pNL4-
3.Luc.R-E- (3) was used for the single-round infection assays. pNL4-3.Luc.R-E-
is an env-defective proviral construct which expresses the luciferase reporter
gene instead of the nef gene. A construct missing the 3�-LTR U3 sequences
(nucleotides 8793 to 9498 in the published HIV-1 NL4-3 sequence), named
NL43(e-n-L�)	3LTR, served as a negative control. For the generation of
pseudotyped viral particles, 293T cells were cotransfected with 6 �g of env-
defective proviral NL4-3 luciferase constructs and 3 �g of an expression plasmid
encoding the env protein of the vesicular stomatitis virus (VSV). After 24 h viral
stocks were aliquoted and frozen at �80°C. The p24 antigen concentration was
determined using an HIV enzyme-linked immunosorbent assay provided by the
NIH AIDS Research and Reference Reagent Program.

HIV-1 single-round infection assay. A total of 105 stable transfected HeLa-
tTA cells bearing empty vector pTBC or pTBC-NRFantisense were maintained
in the presence or absence of 2 �g/ml tetracycline. After 16 h cells were trans-
duced with an aliquot of reporter virus stock solution containing 500 ng of viral
p24 antigen for 40 h. Cells were harvested and subjected to a luciferase assay.

S1 protection assay. HeLa cells were transfected with pHIVLTR-LUC or
pM-HIVLTR-LUC. After 48 h, cells were stimulated with PMA or left untreated
as described above. Total RNA was extracted from cells using TRIzol reagent
(BD Biosciences) and then treated with 10 U of RNase-free DNase (Roche).
RNA was then extracted with phenol-chloroform-isoamyl alcohol (Roth) and
precipitated in ethanol and 0.6 M LiCl. Antisense probes were prepared using an
in vitro T7 transcription system (Promega) and the following templates: for the
synthesis of initiation probe, pBLantiLUC102 was linearized with BamHI en-
zyme; for the synthesis of elongation probe, pBLantiLUC302 was linearized with
Bsu36I enzyme; for the synthesis of transferrin receptor probe, pT7AS-TFR was
linearized with BsmI enzyme. Each protection was performed on equal amounts
of RNA (20 �g) and equal counts per minute of G50 purified in vitro-transcribed
antisense RNA as described earlier (19). The specific activity of initiation probe
was approximately 10�6 cpm/copy, and that of elongation probe was 0.5 � 10�5

cpm/copy. Protected fragments were analyzed by electrophoresis on 6% poly-

acrylamide gels containing 6 M urea. The quantitation of autoradiographic
fragments was conducted using the PhosphorImager software program.

ChIP assay. Cells were cross-linked in vivo with 1% formaldehyde for 10 min
at 37°C. Cross-linking reactions were stopped by adding 125 mM glycine, and
cells were washed in phosphate-buffered saline and then incubated in radioim-
munoprecipitation assay lysis buffer (40 mM Tris-HCl [pH 7.05], 120 mM NaPPi,
200 mM NaCl, 1% Triton, 8 mM Na3VO3, 2 mM NaF, 80 mM �-glycerolphos-
phate, 10 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 �M pepsta-
tin) on ice for 10 min. After sonication and centrifugation, 5 �l of the soluble
extract was analyzed as input control. DNA fragments bound to various proteins
were immunoprecipitated using 1 �g of the following antibodies: anti-DSIF
(�-DSIF; sc-13840) was obtained from Santa Cruz Biotechnology, Inc.; �-p65
(AB1606) was obtained from Chemicon. Antibodies against human Pol II
(MMS-128P) and phosphorylated RNA Pol II Ser 2 (MMS-129R) and Ser 5
(MM-134R) were obtained from Eurogentec. For immunoprecipitation of the
endogenous NRF, 2 �g of each polyclonal antibody directed against aa 256 to
272 and 272 to 288 of the NRF protein sequence was added. Specific LTR and
transcribed sequences in the immunoprecipitates were detected by PCR using
the following primers: �450, 5�AGTCAGACCTCAGGTACC-3�; �20, 5�CTC
TAGAGGATAGAATGG-3�; �110, 5�GGCTATGAAGAGATACGCCCTG
G-3�; �300, 5�CCGATAATAACGCGCCCAACACC-3�.

RESULTS

NRF binds to the negative regulatory domain in the HIV-1
LTR. Sequence comparison of HIV-1 LTR with NRF binding
sites in IFN-� (NI) and iNOS promoters revealed a potential
NRF binding element in HIV-1 LTR (NH) (Fig. 1A). NH is
located within a negative regulatory domain which was previ-
ously shown to repress the transcriptional activity of the HIV-1
LTR (15).

To examine whether NRF specifically binds to the HIV-1
LTR, we initially performed an EMSA and competition exper-
iments using NH double-stranded oligonucleotide and nuclear
extracts from HeLa cells. As shown in Fig. 1B, NH forms a
single complex with endogenous NRF. The formation of NH
complex is significantly impaired by addition of specific cold
competitor NH. Addition of the previously described mutant
NRF binding sequence Nm has no effect on formation of
NRF-NH complex (18). To confirm the identity of NRF in the
detected NH complex, we added �-NRF antibody. Figure 1B
shows that �-NRF antibody forms a supershift complex. With-
out HeLa nuclear extract, �-NRF antibody does not bind to
the NH probe, showing the specificity of the supershift signal.
As an additional control, NF-�B �-p65 antibody failed to form
a supershift complex.

We next utilized a reporter assay to demonstrate that NRF
is able to inhibit the enhancing activity of the NF-�B binding
site of HIV-1 LTR by binding to an adjacent NH element.
HeLa cells where transiently transfected with reporter plas-
mids containing NF-�B and NRF binding sites as schematically
presented in Fig. 2A. Insertion of HIV-1 NF-�B binding sites
in p�B led to a sevenfold activation of the CAT reporter
compared to control p0 reporter as demonstrated in Fig. 2B.
Additional insertion of the mutant element, Nm, into p�B
(p�B-Nm) revealed an identical CAT activity compared to
p�B. In contrast, the activity of the NF-�B binding site was
significantly reduced by the additional insertion of NH or NI.
This indicates the ability of endogenous NRF to specifically
bind to NI and NH and thereby repress NF-�B activity.

To examine the inhibitory action of NRF on different NF-�B
homo- and heterodimers, we simultaneously overexpressed
both NRF and NF-�B proteins. Figure 2C shows that p65
homodimers and p52-p65 or p50-p65 heterodimers are able to
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stimulate p�B-NH reporter. These activities are significantly
reduced by overexpression of NRF protein (Fig. 2C). In com-
parison to p65 homodimers, the activity of p52-p65 or p50-p65
heterodimers appears to be more sensitive to NRF. In sum-
mary, the data in Fig. 2 confirm the inhibitory interaction of
NF-�B and NRF transcription factors.

Endogenous NRF inhibits HIV-1 LTR transcriptional activ-
ity. The experiments described above focused on the isolated
NF-�B binding site of the HIV-1 LTR. To explore the role of
endogenous NRF in the complete HIV-1 LTR, we used an
approved NRF antisense expression system (Tet-Off). Two
tetracycline-sensitive expression vectors, empty vector pTBC
and pTBC-NRFantisense vector containing NRF antisense se-
quences, were stably transfected into HeLa-tTA cells to obtain
two stable cell lines designated TBC and TBC-NRFantisense.
TBC cells served as control, whereas TBC-NRFantisense cells

express NRF antisense RNA by withdrawal of tetracycline
(20). Western blot analysis using �-NRF antibody showed that
the level of endogenous NRF protein is reduced by the induc-
tion of NRF antisense RNA (TBC-NRFantisense) (Fig. 3A,
�tetracycline). TBC cells fail to reduce the endogenous NRF
protein (TBC, � and � tetracycline).

Both cell lines, TBC and TBC-NRFantisense, were culti-
vated in the presence or absence of tetracycline to reduce the
expression of endogenous NRF before cells were transfected
with pHIVLTR-LUC. In TBC cells, HIV-1 LTR activity is not
significantly affected by omitting tetracycline from the medium
(Fig. 3B, TBC, �tetracycline). In TBC-NRFantisense cells, in
contrast, reduction of endogenous NRF increases the tran-
scriptional activity of the HIV-1 LTR. This suggests an inhib-
itory role of NRF in the HIV-1 LTR. Since the HIV-1 LTR could
be unspecifically activated by dsRNA in TBC-NRFantisense

FIG. 2. NRF binding site in the HIV-1 LTR inhibits the transcriptional activity of NF-�B. (A) Schematic diagrams of reporter plasmids used
for monitoring the NRF and NF-�B interaction. The plasmids contained a minimal synthetic TATA box to direct CAT reporter gene transcription.
NF- �B binding sites of the HIV-1 LTR (�B), NRF binding sites of HIV-1 LTR (NH) or IFN-� promoter (NI), and mutated NRF binding element
(Nm) were inserted upstream of the TATA box in the indicated orientation. (B) HeLa cells were transfected with 5 �g of the indicated CAT
reporter plasmids and 1 �g of a firefly luciferase control plasmid. After 48 h CAT and luciferase reporter activities were determined. CAT activities
were normalized to luciferase activities. CAT activity in cells transfected with empty vector p0 was set to 1 in each experiment. The mean activity,
expressed as relative CAT activity, is shown 
 the standard error of the mean (SEM) from three independent experiments. (C) HeLa cells were
cotransfected with 1 �g of reporter plasmid p�B-NH and either 1 �g of an empty control plasmid pMBC (white bars) or NRF-expressing plasmid
(black bars). In addition, 1 �g of either p65-expressing vector alone or a combination of expression vectors encoding p50 and p65 (0.5 �g each)
or p52 and p65 (0.5 �g each) was cotransfected. After 48 h CAT and luciferase reporter activities were determined. CAT activities were normalized
to luciferase activities. CAT activity in cells cotransfected with p�B-NH was set to 1 for each single experiment. The mean activity, expressed as
relative CAT activity, is shown 
 the SEM from three independent experiments.
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cells, we added 2-aminopurine (2-AP) as a control. 2-AP is a
potent inhibitor of dsRNA-dependent kinase (PKR) (12). As
shown in Fig. 3B, addition of 2-AP shows no effects on activa-
tion of HIV-1 LTR in TBC-NRFantisense cells. This excludes
an unspecific activation by dsRNA. In parallel, we examined by
Western blotting firstly that PKR is not phosphorylated in
TBC-NRFantisense cells and secondly that the 2-AP concen-
tration used in the transfection experiment in Fig. 3B is suffi-
cient to block PKR phosphorylation (Fig. 3C).

In order to demonstrate that the inhibitory role of NRF is
due to its binding to the LTR, we mutated the NRF binding
sequence in the HIV-1 LTR. TBC-NRFantisense cells were
transfected with either pHIVLTR-LUC or pMHIVLTR-LUC
lacking the NRF binding site (Fig. 3D). The inhibitory function

of NRF was confirmed by mutation of the NRF binding site
leading to LTR activation (�tetracycline). Furthermore,
downregulation of NRF in TBC-NRFantisense cells (�tetra-
cycline) increases the activity of wild-type LTR but shows no
effect on mutant LTR. In summary, the results in Fig. 3 dem-
onstrate that endogenous NRF directly represses the transcrip-
tional activity of HIV-1 LTR by binding to the NH sequence.

Endogenous NRF is required for activation of HIV-1. Tran-
scriptional activity of HIV-1 LTR can be spontaneously en-
hanced by viral infection, resulting in activation of cellular
regulatory proteins and expression of HIV-1-encoded regula-
tory proteins, like transactivator protein of HIV-1 (Tat) (7, 23).
Both cooperatively stimulate the transcriptional activity of the
HIV-1 LTR (26). To further implicate a role for NRF in

FIG. 3. Endogeous NRF inhibits HIV-1 LTR transcriptional activity. HeLa-tTA cells were stably transfected with tetracycline-regulated
plasmids containing none (pTBC) or a 300-bp fragment of the NRF cDNA in antisense orientation (pTBC-NRFantisense). Two stable cell lines
were obtained and were designated TBC and TBC-NRFantisense. (A) TBC and TBC-NRFantisense cells were cultured in the presence (�) or
absence (�) of 2 �g/ml tetracycline. After 30 h, endogenous NRF expression was determined by Western blotting using �-NRF antibody. The
NRF-specific protein band is indicated. As control, p65 expression was determined using �-p65 antibody. (B) TBC and TBC-NRFantisense cells
were cultured in the presence (white bars) or absence (black bars) of 2 �g/ml tetracycline. After 24 h cells were cotransfected with 1 �g of HIV-1
luciferase reporter plasmid (pHIVLTR-LUC) and 1 �g of CAT-expressing control plasmid. Where indicated, cells were incubated with 10 mM
2-AP. After 48 h cells were harvested and luciferase and CAT activities were determined. In each experiment, luciferase activities were normalized
to CAT activities. Luciferase activity of TBC cells in the presence of 2 �g/ml tetracycline was set to 1 in each single experiment. The mean value
of the relative luciferase activity is shown 
 the standard error of the mean (SEM) from four independent experiments. (C) TBC-NRFantisense
cells were incubated with tetracycline where indicated. After 24 h cells were incubated with 10 mM 2-AP, and 4 h later cells were stimulated with
synthetic dsRNA where indicated. After 2 h PKR phosphorylation was monitored by direct Western blotting using �-P-PKR antibody. Phosphor-
ylated PKR signal is indicated by an arrowhead. (D) TBC-NRFantisense cells were cultured in the presence (white bars) or absence (black bars)
of 2 �g/ml tetracycline. After 24 h cells were cotransfected with 1 �g of HIV-1 luciferase reporter plasmids (pHIVLTR-LUC or pM-HIVLTR-
LUC) and 1 �g of CAT-expressing control plasmid. After 48 h cells were harvested and luciferase and CAT activities were determined. Luciferase
activities were normalized to CAT expression levels. In each single experiment, luciferase activity of TBC-NRFantisense cells transfected with
pHIVLTR-LUC in the presence of 2 �g/ml tetracycline was set to 1. The mean value of the relative luciferase activity is shown 
 the SEM from
three independent experiments.
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stimulation of HIV-1 transcription, we utilized a VSV enve-
lope-pseudotyped HIV-1 virus which enabled us to infect
HeLa TBC and TBC-NRFantisense cells (schema in Fig. 4A).
The pseudotyped HIV-1 virus particles were produced in 293T
cells by the simultaneous transfection of a VSV envelope-
expressing vector and a mutant HIV-1 construct (pNL4-
3.Luc.R-E-). This construct contains a frameshift mutation in
the env coding region and a luciferase reporter gene (3). Thus,
the generated virus particles are able to transduce mutant
HIV-1 genome into TBC and TBC-NRFantisense cells. Since
these viral particles are completely incompetent to produce
new infective virus, this approach allows monitoring of a sin-
gle-round infection (22). Therefore, in infected cells, luciferase
activity corresponds to the entire transcriptional activity of the
HIV-1 LTR in the presence of Tat protein (22).

TBC and TBC-NRFantisense cells were infected with the
pseudotyped HIV-1 virus. As shown in Fig. 4A, TBC cells
comprised an equal level of luciferase activity in the presence
or absence of tetracycline. TBC-NRFantisense cells showed a
small reduction of luciferase activity in the presence of NRF
(presence of tetracycline) compared to TBC cells. By reduction
of NRF (in TBC-NRFantisense cells), in contrast, luciferase
activity was significantly reduced. This indicates that NRF is
required for full activation of the HIV-1 LTR upon HIV-1
infection.

As outlined above, cellular pathways also contribute to
HIV-1 LTR activation (24, 26). Protein kinase C (PKC) is one
of the key signaling intermediates in stimulation of HIV-1
transcription. PMA is a well-characterized activator of classical
and novel PKC family members (14). We next investigated the

FIG. 4. Endogenous NRF is required for activation of HIV-1. (A) On the right side, a schematic description shows the generation of
pseudotyped HIV-1 particles in 293T cells (see Materials and Methods for details). TBC and TBC-NRFantisense cell lines (as outlined in the
legend of Fig. 3) were cultured in the presence (white bars) or absence (black bars) of 2 �g/ml tetracycline. After 16 h cells were infected with
pseudotyped HIV-1 virus (500 ng of viral p24 antigen) containing the luciferase reporter gene. Cells were harvested after 40 h, and luciferase
activity was determined. Luciferase activity of TBC cells in the presence of 2 �g/ml tetracycline was set to 1 in each single experiment. The mean
value of relative luciferase activity is shown 
 the SEM from four independent experiments. (B) TBC and TBC-NRFantisense cells were cultured
in the presence (white bars) or absence (black bars) of 2 �g/ml tetracycline. After 24 h cells were cotransfected with 1 �g of HIV-1 luciferase
reporter plasmid (pHIVLTR-LUC) and 1 �g of CAT-expressing control plasmid. After 24 h cells were stimulated with 10 ng/ml PMA. Eighteen
hours later cells were harvested and luciferase and CAT activities were measured. Luciferase activities were normalized to CAT expression. The
mean value of normalized luciferase activity (RLU) of PMA-stimulated transfected cells is shown 
 the standard error of the mean from four
independent experiments.
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role of endogenous NRF in activation of the HIV-1 LTR after
PMA stimulation (Fig. 4B). TBC and TBC-NRFantisense cells
were cultivated in the presence or absence of tetracycline.
Twenty-four hours later cells were transfected with pHIVLTR-
LUC and then stimulated with PMA. PMA stimulation almost
led to an equal activation of HIV-1 LTR in TBC cells in the
presence or absence of tetracycline. Comparable luciferase
activity was detected in TBC-NRFantisense cells in the pres-
ence of NRF. In contrast, PMA-mediated activation of the
HIV-1 LTR was significantly reduced by reduction of endog-
enous NRF (TBC-NRFantisense).

The results in Fig. 4A and B demonstrate that NRF is re-
quired for activation of the HIV-1 LTR in stimulated cells, in
contrast to its inhibitory role in nonstimulated cells, as shown
in Fig. 3.

NRF regulates transcription initiation and elongation from
HIV-1 LTR. We next utilized wild-type and mutant HIV-1
LTR reporter to prove that NRF binding to LTR is a prereq-
uisite for its effects on transcriptional activity of HIV-1 LTR.
In Fig. 5A and B, we compared the wild-type HIV-1 LTR
activity (pHIVLTR-LUC) to the mutant HIV-1 LTR lacking a
functional NRF binding site (pM-HIVLTR-LUC). The exper-
iments were carried out in HeLa cells (Fig. 5A) and, addition-
ally, in Jurkat T lymphoma cells (Fig. 5B). In comparison with
the wild-type LTR, mutation of the NRF binding site leads to
basal activation of HIV-1 LTR in nonstimulated HeLa and
Jurkat T cells. Following PMA stimulation, the activity of
HIV-1 LTR is impaired by blocking NRF binding. These data
confirm both the inhibitory function of NRF in nonstimulated
cells as well as its activating function after stimulation.

In contrast to NRF antisense-expressing cells, the experi-
mental design in Fig. 5 allowed us to instantly monitor the
transcriptional events in the presence or absence of NRF bind-
ing to LTR upon PMA stimulation. These reporters were also
used for the experiments shown in Fig. 6. In transiently trans-
fected HeLa cells, we compared the level of transcription ini-
tiation and elongation mediated by the wild-type LTR (pHIV-
LTR-LUC) to the mutant LTR (pM-HIVLTR-LUC). We
used two different probes able to separately monitor either
initiation or elongation of luciferase transcripts by S1 protec-
tion analysis. As illustrated in Fig. 6A, hybridization to the
proximal probe allows the detection of all initiated transcripts
by a 102-nucleotide-long protected fragment. Hybridization to
the distal probe detects only those elongated transcripts which
have been extended. These transcripts are detected by a pro-
tected 304-nucleotide-long fragment. Noteworthy, the distal
probe is three times larger than the proximal probe and
thereby causes stronger radioactive signals by incorporation of
radiolabeled nucleotides (Fig. 6B). To simplify, the number of
detected specific transcripts was calculated from three inde-
pendent experiments and is summarized in Fig. 6C. An addi-
tional antisense probe, transferrin receptor, was utilized to
control experimental variations. As expected, PMA treatment
increases the time-dependent transcription initiation rate from
wild-type HIV-1 LTR (Fig. 6C). In comparison, mutant LTR
exerts a striking reduction in transcription initiation rate (Fig.
6C). This indicates that NRF improves the transcription initi-
ation rate from the HIV-1 LTR upon PMA stimulation.

However, transcription elongation appears to be differently
regulated by NRF. In nonstimulated cells, elongation efficiency

from wild-type LTR is marginal while the transcription elon-
gation rate from mutant LTR is strikingly higher. This indi-
cates that NRF causes a decline in the transcription elongation
rate in nonstimulated cells. Upon PMA stimulation, the num-

FIG. 5. NRF binding to LTR is a prerequisite for the effects on
transcriptional activity of the HIV-1 LTR. HeLa cells (A) and Jurkat
T cells (B) were cotransfected with 10 �g of either wild-type HIV-1
LTR reporter containing an intact NRF binding site (pHIVLTR-LUC)
or a mutant HIV-1 LTR reporter lacking the NRF binding site (pM-
HIVLTR-LUC) and 2.5 �g of a Renilla luciferase expression plasmid.
DNA amounts were kept constant by adding empty expression vector
pMBC in each transfection experiment. After 18 h cells were left
untreated (white bars) or were stimulated with 10 ng/ml PMA in
combination with 500 ng/ml ionomycin (black bars). Cells were lysed
24 h after transfection, and firefly and Renilla luciferase reporter ac-
tivities were determined. Firefly luciferase activities were normalized
to Renilla luciferase activities. Normalized luciferase activity of un-
treated cells transfected with wild-type LTR reporter (pHIVLTR-
LUC) was set to 1 in each single experiment. The mean values of
luciferase activities compared to the wild-type LTR reporter activity in
untreated cells are shown 
 the standard error of the mean from three
independent experiments.
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ber of transcripts was significantly enhanced by wild-type LTR,
as expected, whereas the number of elongated transcripts was
only temporarily increased by mutant LTR. During longer
PMA treatment, the transcription elongation rate returned to
the level observed in nonstimulated cells (Fig. 6C, right). We
suppose that this is partially, but not completely, caused by the
reduction of the transcription initiation rate at the mutant
LTR (Fig. 6C, left).

NRF inhibits the recruitment of DSIF to the HIV-1 LTR.
Recently, it was shown that NF-�B can regulate transcrip-
tion elongation via the elongation factor DSIF (1). Consid-
ering the inhibitory effect of NRF on transcription elonga-
tion, we investigated recruitment of the elongation factor
DSIF to wild-type (pHIVLTR-LUC) and mutant (pM-HIV-
LTR-LUC) LTRs. In this case we performed parallel exper-
iments in HeLa and Jurkat T cells, presuming a general cell

FIG. 6. NRF regulates transcription initiation and elongation from the HIV-1 LTR. (A) The pHIVLTR-LUC plasmid and probes correspond-
ing to initiated or elongated transcripts are illustrated. Lengths of protected regions are indicated. (B) HeLa cells were transfected either with
pHIVLTR-LUC or with pM-HIVLTR-LUC as indicated. A Renilla luciferase expression plasmid (phRG-B; Promega) was cotransfected to
estimate the transcriptional efficiency in each experiment. After 48 h cells were stimulated with 10 ng/ml PMA for the indicated times or left
untreated. Then, cells were harvested and total RNA was purified. Twenty-micrograms aliquots of RNAs were hybridized to antisense initiation
or elongation probes of transfected constructs. As control, 10 �g of total RNA was hybridized to transferrin receptor coding sequences.
Hybridization products were subjected to the S1 mapping analysis and were analyzed by electrophoresis through 6% denaturing polyacrylamide
gel electrophoresis. The autoradiography of protected transcripts is shown. (C) Before electrophoresis the total amounts of protected fragments
were measured (in counts per minute). The number of transcripts per 20 �g of total RNA is shown 
 the standard error of the mean from three
independent experiments.
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type-independent mechanism. Data were gained by chroma-
tin immunoprecipitation (ChIP) analysis. Cells were trans-
fected with the respective reporter plasmids and were left
untreated or stimulated. Transcription factors associated
with the LTR were detected using specific primers which
amplify the region between �450 and �20 with respect to
the transcription start site (Fig. 7A). As shown in Fig. 7B,
constant amounts of cross-linked chromatin (input) were
added for each PCR. Immunoprecipitation with rabbit im-
munoglobulin G served as a negative control showing no
signal. Vice versa, �-TBP and �-Pol II antibodies reveal a
continuous positive signal in ChIP experiments. Most im-
portantly, ChIP using �-NRF antibody detects a significant
binding of endogenous NRF to wild-type LTR. Noteworthy,

the level of NRF binding to the LTR is not changed upon
stimulation. In contrast, mutating the NRF binding site
completely abolishes binding of NRF to the LTR. To ex-
plore a possible involvement of DSIF in LTR regulation as
outlined above, we next compared DSIF recruitment to
wild-type and mutant LTR. Prior to stimulation, a very small
amount of DSIF binds to wild-type LTR, whereas lack of
NRF binding strikingly improves DSIF signal. However,
there is no difference of DSIF binding between wild-type
and mutant LTR upon stimulation.

Using �-p65 antibody, we noticed that the impact of NRF on
DSIF recruitment does not depend on p65 binding to LTR,
since p65 binding is almost identical in wild-type and mutant
HIV-1 LTR. This is consistent with our previous data, showing

FIG. 7. Recruitment of transcription factors to the HIV-1 LTR. HIV-LTR and proximal binding sites for several transcription factors are
illustrated at the top. A ChIP assay was performed using soluble chromatin extract from control or PMA- and ionomycin-stimulated (PMA/Iono)
HeLa and Jurkat T cells transfected with wild-type HIV-1 LTR containing intact NRF binding sites (pHIVLTR-LUC) or mutant HIV-1 LTR
missing NRF binding sites (pM-HIVLTR-LUC), as indicated. In order to internally control the experiments for variations in transfection efficiency,
a Renilla luciferase expression plasmid (phRG-B; Promega) was cotransfected. Cells were harvested, and an aliquot was subjected to a Renilla
luciferase assay (data not shown). The extracts were precipitated using the indicated antibodies or left untreated as an internal quality control
(input). The precipitated DNAs were used for PCR with primers spanning the core and LTR-proximal region as indicated at the top. Results are
representative of four independent ChIP experiments.
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that NRF exclusively interferes with transcriptional activity but
not with DNA binding activity of p65 (18, 19).

Considering the fact that hyperphosphorylation of the CTD
of RNA Pol II correlates with the formation of elongated
transcripts, we analyzed distribution of phosphorylated iso-
forms of Pol II. We observed very low amounts phosphorylated
RNA Pol II associated with the LTR (data not shown). There-
fore, we next analyzed distribution of Pol II and its phosphor-
ylated isoforms, Ser 2 and Ser 5, within downstream coding
sequences (�110/�300) (Fig. 7A). Significant amounts of Pol
II were found associated within the downstream region prior to
and after PMA stimulation in HeLa and Jurkat T cells (Fig.
7C). The loss of NRF binding to the LTR had no significant
effects on Pol II association. However, analysis of phosphory-
lated forms of Pol II showed that loss of NRF binding elevated
the ratio of associated Ser 2- and Ser 5-phosphorylated Pol II
in unstimulated cells. Upon stimulation, NRF binding does not
influence the ratio of phosphorylated forms of Pol II.

The data in Fig. 7 demonstrate that NRF by its ability to
bind to the LTR in unstimulated cells prevents recruitment of
DSIF and contributions of hyperphosphorylated isoforms of
Pol II.

DISCUSSION

Initiation and elongation of transcription are considered dis-
tinctive regulatory events accomplished by different sets of
regulatory factors. There is little known about DNA binding
transcription factors regulating initiation just as elongation
events. In this study, we show for the first time an unusual
feature for the transcription factor NRF, regulating both tran-
scriptional initiation and elongation at HIV-1 LTR. In fact, the
HIV-1 LTR was previously implicated in both initiation and
elongation of proviral transcription in infected cells (7, 23, 26,
28, 30).

The NRF binding site in the HIV-1 LTR was identified by
EMSA and reporter experiments. By binding to this site, NRF
exerts direct effects on transcriptional events at the HIV-1
LTR. As discussed below, NRF displays a different role in
unstimulated and stimulated cells. The effects were consis-
tently confirmed by two different approaches. Firstly, cellular
NRF protein expression was reduced by NRF antisense ex-
pression; secondly, NRF binding to LTR was eliminated by
mutation of the NRF binding site.

In unstimulated cells, NRF, NF-�B, and several regulatory
transcription factors are associated with the HIV-1 LTR as
demonstrated in ChIP experiments (Fig. 7). Additionally, S1
experiments have shown that this basal transcription complex
is capable of initiation, but not of processive elongation (Fig.
6). In this state, the elongation process is apparently inhibited
by NRF, since elimination of NRF binding to the LTR pro-
vokes the processive elongation of initiated transcripts (Fig. 6).
This raises the question of which components of LTR-associ-
ated transcription factors mediate transcription elongation in
the absence of NRF in these experiments. West et al. demon-
strated that overexpressed NF-�B dimers, primarily p65, are
able to stimulate transcription elongation in unstimulated cells
(28). Therefore, we suggest that in the absence of NRF the
basal transcription elongation is at least partially mediated by
NF-�B proteins binding downstream of the NRF binding site.

We tested this possibility by deletion of the NF-�B site in the
HIV-1 LTR. This led to a dramatic reduction of basal tran-
scription initiation; thus, it was most difficult to detect proces-
sive elongation of reporter transcripts (data not shown).

NF-�B has been shown to regulate transcription elongation
at the A20 promoter via DSIF (1). Interestingly, those authors
have identified a negative regulatory element (ELIE) upstream
of the NF-�B sites in the A20 promoter that inhibits transcrip-
tion elongation by the Pol II-DSIF complex (1). Our results
indicate that transcription elongation in the absence of NRF is
accompanied by the recruitment of elongation factor DSIF
(Fig. 6 and 7). We compared the ELIE sequence with NRF
binding sites, but we found no significant homology. Thus,
NRF is unlikely to be involved in A20 elongation inhibition.

The molecular basis for the NF-�B-mediated recruitment of
DSIF is not known, but one possibility is that NF-�B recruits
DSIF to the LTR by a direct protein-protein interaction. We
tested this possibility by coimmunoprecipitation, but p65 failed
to directly bind to DSIF (data not shown). A second possibility
is that NF-�B recruits a specific isoform of the Pol II complex
which is already engaged with DSIF in unstimulated cells (27,
29). In this case, NRF could affect the ability of NF-�B to
recruit the Pol II-DSIF complex to the HIV-1 LTR.

The association of different phosphorylated forms of Pol II
is known to correlate with processive transcription elongation
(11). The Pol II CTD is composed of multiple repeats of
Tyr-Ser-Pro-Thr-Ser-Pro-Ser, which are phosphorylated dur-
ing transcription (11). Ser 5 phosphorylation was primarily
detected at promoter regions, whereas Ser 2 phosphorylation
was observed at promoter and downstream coding sequences
(2). It was therefore important to determine whether the en-
hanced processivity we observed in the absence of NRF was a
direct consequence of CTD phosphorylation. In ChIP experi-
ments, we observed marginal levels of both Ser 2 and Ser 5
phosphorylation associated with the LTR in nonstimulated
cells (data not shown). In downstream coding regions, how-
ever, Ser 2 and Ser 5 phosphorylation was markedly detected,
although at equally higher levels in the absence of NRF. The
appearance of Ser 2 and Ser 5 phosphorylation is consistent
with the processivity of elongation in S1 analysis. We therefore
propose that NRF binding to the LTR prevents processivity of
elongation by phosphorylated Pol II at downstream coding
sequences.

The molecular mechanism of NRF action in stimulation of
the HIV-1 LTR remains elusive. In PMA-stimulated Jurkat
and HeLa cells as well as in pseudotyped HIV-1-infected HeLa
cells, the HIV-1 LTR is highly activated by NF-�B and a
number of other transcription factors. Accordingly, we found a
significant increase in the recruitment of NF-�B to the LTR
accompanied by activation of transcription initiation and elon-
gation from wild-type HIV-1 LTR. S1 experiments showed that
activation of both initiation and elongation of transcription was
impaired, but not completely abolished, by mutating the NRF
binding site in the HIV-1 LTR (Fig. 6). As efficiency of tran-
scription elongation directly depends on initiation events, it is
difficult to conclude a direct activating role of NRF in proces-
sive elongation following specific stimulation.

As examined in ChIP experiments, NRF exerts no effects on
recruitment of Pol II, TBP, or NF-�B to the HIV-1 LTR upon
stimulation. The question arising from these data is how does
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NRF coactivate the transcriptional initiation downstream?
One possibility is that NRF modifies (directly or indirectly)
components of transcriptional machinery, rendering them
more active. Alternatively, NRF itself can be modified, thereby
positively affecting activity of the Pol II complex. However, we
previously tested this possibility using reporter plasmids con-
taining a minimal promoter (5). NRF showed no significant
effect on activity of a Pol II-dependent minimal promoter upon
stimulation. Thus, we presume that NRF is unlikely to play a
true direct activating role.

In summary, the role of NRF in HIV-1 transcription regu-
lation can be considered on two different levels, a basal state in
which proviral transcription is inhibited and an activated state
in which viral gene transcription is highly activated. The tran-
scriptional active state occurs either immediately after viral
entry, which itself stimulates different cellular signaling path-
ways, or a long time after proviral integration, in which proviral
transcription is induced in response to specific stimuli. In the
activated state, NRF contributes to the enhancement of tran-
scription initiation and elongation. In the state of proviral
transcription latency in which the cellular signaling pathways
are not active, NRF inhibits the basal transcription elongation
at the HIV-1 LTR. The inhibition of transcription elongation
by NRF may guarantee either the specificity of HIV-1 tran-
scription activation by certain stimuli or that randomly initi-
ated transcript will not form a processive elongation complex.
Whether these postulated mechanisms can initiate or maintain
the proviral transcription latency is yet to be determined.
Nonetheless, this study reveals a unique mechanism of tran-
scription repression by NRF which affects the regulatory link
between transcription initiation and elongation events.
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