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The human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus that integrates randomly into the T-cell
genome. Two long terminal repeats (LTRs) flank the integrated provirus. The upstream and downstream LTRs
carry identical promoter sequences. Studies with other retroviruses suggest that the downstream promoter is
silent and that RNA polymerases initiating at the upstream promoter proceed through the 3� LTR. In this
study, we used the chromatin immunoprecipitation assay to compare the binding of transcription regulatory
proteins at both the upstream and downstream promoters in HTLV-1-infected cell lines and adult T-cell
leukemia-lymphoma cells. Unexpectedly, we detected a nearly equal distribution of activator (Tax, CREB,
ATF-1, ATF-2, c-Fos, and c-Jun) and regulatory protein (CBP, p300, TAFII250, and polymerase II) binding at
both the upstream and downstream promoters. Consistent with this observation, we found that the down-
stream promoter was transcriptionally active, suggesting that the two promoters are functionally equivalent.
We also detected asymmetrical binding of histone deacetylases (HDAC-1, -2, and -3) at both promoters. All
three HDACs strongly repressed Tax transactivation, and this repression correlated with displacement of Tax
from the HTLV-1 promoter. These effects were reciprocal, as Tax expression reversed HDAC repression and
displaced HDACs from the HTLV-1 promoter. These data suggest that HTLV-1 transcriptional regulation at
both the 5� and 3� LTRs is mediated, in part, through the mutually exclusive binding of Tax and HDACs at the
proviral promoters.

The human T-cell leukemia virus type 1 (HTLV-1) is a
retrovirus responsible for an aggressive and fatal malignancy
called adult T-cell leukemia-lymphoma (ATLL) (37, 46). Fol-
lowing infection, HTLV-1 integrates randomly into the host
cell chromosome (40). During this event, the 5� and 3� ends of
the retrovirus are duplicated, forming long terminal repeats
(LTRs). The LTRs of the integrated provirus carry two iden-
tical U3 regions containing two identical promoters. The 5�
promoter directs synthesis of the genomic RNA, whereas the
3� promoter, if active, synthesizes RNAs that extend into the
adjacent host cell genome. Previous studies with other retro-
viruses have suggested that RNA polymerase II (Pol II) ini-
tiates at the upstream U3 promoter and transcription proceeds
through the provirus and downstream U3 promoter, as the
polyadenylation signal is located adjacent to the TATA se-
quence and the polyadenylation site is downstream of the U3
region (13).

The U3 promoter regions of HTLV-1 each carry three
highly conserved 21-bp enhancer elements that are critical for
Tax-activated transcription. These 21-bp elements are referred
to as viral CREs. The viral CREs carry a central binding site
for the cellular transcription factor CREB and/or other ATF/
CREB family members (reviewed in reference 11). The CREs
are flanked by GC-rich DNA sequences that are conserved in
all HTLV family members. The virally encoded Tax oncopro-

tein is the regulatory protein responsible for strong transcrip-
tional activation of HTLV-1. Tax interacts with both CREB
and the GC-rich DNA sequences that immediately flank the
CREB binding site in the viral CRE (18, 25, 26, 30). These
protein-protein and protein-DNA interactions promote the as-
sembly of very stable ternary complexes on the HTLV-1 pro-
moter. The formation of the Tax/CREB promoter-bound com-
plexes is critical for the recruitment of the multifunctional
cellular coactivators CBP/p300 (10, 21) and subsequent strong
transcriptional activation of the virus (8, 9, 29).

Until recently, very little was known about which activators,
and/or other ancillary factors, interact with the viral promoter
in vivo. The chromatin immunoprecipitation (ChIP) assay has
been used to identify chromatin modifications, transcription
factors, and coactivators assembled at the chromosomally in-
tegrated proviral promoter in HTLV-1-infected cells. Not sur-
prisingly, these studies revealed the presence of Tax and a
variety of ATF/CREB and AP-1 family members (CREB,
CREB-2, ATF-1, ATF-2, c-Fos, and c-Jun) at the integrated
HTLV-1 promoter in vivo (23). The coactivators p300 and
CBP were also detected at the promoter (23, 29). Interestingly,
we detected histone H3 and H4 acetylation throughout the
proviral genome, with greater acetylation located in the gag
gene (23). Unexpectedly, the repressive histone deacetylase
(HDAC) complexes were also present at the viral promoter
and, following their inhibition, histone H4 acetylation and viral
RNA synthesis increased.

These studies revealed that a variety of transcriptional reg-
ulators bind the HTLV-1 promoter, but they did not discrim-
inate between factor occupancy at the 5� and 3� LTRs. There-
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fore, the data showed the average of factor binding at the two
LTRs. Although the 3� U3 region carries promoter sequences
identical to those in the 5� U3 region, including the three viral
CREs, it is currently not known whether this promoter is tran-
scriptionally active. Work with other retroviruses suggests that
transcription from the 3� LTR is blocked when the 5� LTR is
active (2). The mechanism of this silencing is not well under-
stood, but it may result from RNA Pol II elongation through
the 3� U3 region (transcriptional overlap interference [2]) or
by unfavorable chromatin topology at a 3� LTR linked to a
transcriptionally active 5� LTR (6). We were interested in
examining whether the HTLV-1 upstream and downstream
LTR promoters followed this same paradigm.

In this study, we used the ChIP assay to examine the binding
of transcription regulatory proteins at the 5� versus the 3�
promoter of the integrated provirus in both an HTLV-1-trans-
formed cell line and ATLL patient cells. We found that the
binding of most activators and coactivators (Tax, CREB,
ATF-1, ATF-2, c-Fos, c-Jun, CBP, p300, TAFII250, and Pol II)
were generally evenly distributed between the 5� and 3� U3
regions. Consistent with this observation, we detected RNA
that accurately initiated from the downstream U3 region. We
found that the binding of the HDACs 1 and 2 was higher at the
5� promoter, whereas the binding of HDAC-3 was higher at the
3� promoter. HDAC overexpression strongly inhibited Tax
transactivation. Reciprocally, Tax reversed HDAC repression
of HTLV-1 transcription. These effects appear to be mediated
through the mutually exclusive binding of Tax and the HDAC
proteins at the HTLV-1 promoter, as indicated by ChIP anal-
ysis. These data reveal a complex interplay between transcrip-
tional activators and repressors in the regulated expression of
the integrated HTLV-1 provirus.

MATERIALS AND METHODS

Cell culture and transient-transfection assays. HTLV-1-transformed T cells
(SLB-1 and MT2) and Jurkat T cells were cultured in Iscove’s modified Dulbec-
co’s medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and
penicillin-streptomycin. ATLL cells, mononuclear cells obtained from the blood
of patients with ATLL (acute-type leukemia) and separated on Ficoll, were a gift
from R. Harrod (Southern Methodist University, Dallas, Tex.) and Shigeki
Takemoto and Hirokuni Taguchi (Department of Hematology and Respiratory
Medicine, Kochi Medical School Hospital, Kochi, Japan). The ATLL patient
materials were obtained from HTLV-1-infected individuals after informed con-
sent. The cells were maintained in culture as described above, except the medium
also contained 50 U of interleukin-2 (Roche)/ml. CHOK1-Luc hamster ovary
cells (34) were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, penicillin-streptomycin, and
500 �g of G418 (Geneticin; Invitrogen)/ml. For transient-cotransfection assays,
cells were transfected with Lipofectamine Plus reagent for adherent cells (In-
vitrogen) and a constant amount of DNA. After 24 h, the cells were harvested
and lysed, and luciferase activity was measured using the dual-luciferase reporter
assay system (Promega) with a Turner Designs model TD 20-e luminometer.
Luciferase activity was normalized to Renilla luciferase activity from the herpes
simplex virus thymidine kinase (TK) promoter (pRL-TK; Promega). For the
ChIP experiments the cells were electroporated as described elsewhere (41).
Briefly, 2 � 107 cells were electroporated with the GenePulser Xcell from Bio-
Rad in the presence of 20 �g of total DNA. The cells were then harvested at 24 h
for luciferase and ChIP analyses. The electroporation transfection protocol used
in this study produced transfection efficiencies approaching 40%. Expression
plasmids for Tax (pSG-Tax [39]), Flag–HDAC-1, Flag–HDAC-2, and Flag–
HDAC-3 (16), and pminLuc-viral CRE (10) have been previously described.

Antibodies. Antibodies against ATF-1 (C41-5.1), ATF-2 (N-96), c-Jun (H-79),
c-Fos (H-125), p300 (N-15), CBP (A-22), TAFII250 (6B3), HDAC-2 (H-54),
HDAC-3 (H-99), mSin3A (AK-11), N-CoR (H-303), and RNA Pol II (H-224)
were purchased from Santa Cruz Biotechnology. Antibodies against acetylated

lysines 9/14 of H3 (06-599), acetylated lysines 5/8/12/16 of H4 (06-866 or 06-598),
dimethylated lysine 4 of H3 (07-030), and HDAC-1 (06-720) were purchased
from Upstate Biotechnology. The CREB (CREB-1/p43) antibody (Ab 7540) and
trimethylated lysine 4 of H3 (Ab 8580) were purchased from Abcam. Tax mono-
clonal antibody (hybridoma 168B17-46-92) was obtained from the NIH AIDS
Research and Reference Reagent Program.

ChIP assay. The ChIP assay was performed essentially as described elsewhere
(20, 23).

Reverse transcriptase PCR. Cytoplasmic RNA was extracted from MT2 cells
that were mock treated or treated with trichostatin A (TSA; 400 nM) using the cy-
toplasmic RNA reagent (Invitrogen) to avoid DNA contaminants. mRNA (2 �g)
was reverse transcribed using the I-Script cDNA synthesis kit provided by Bio-Rad.

PCRs and primers. Real-time PCRs were performed as described elsewhere
(23), using iQ SYBR Green Supermix (Bio-Rad) and a 100 to 200 nM concen-
tration of primer per reaction mixture. PCR primers were as follows: primer 1,
AATGACCATGAGCCCCA; primer 2, GTGAGGGGTTGTCGTCA; primer 3,
AACGAAAAAGAGGCAGATGA; env, 5�-GTCTCTGTTCCATCCTCTTCTT
and 5�-GGGGTCAAAGCAGTGGGT; �255 primer, GCCGCTACAGATCG
AAAGTT; �462 primer, AAGATTTGGCCCATTGCCT; MT2 (clone 1), GA
ACAAGCTGGGCATCAGAA; MT2 (clone 2), GAGCAGCTTCTGTTCAG
ACT; B-myb forward, CGACGCGCTTGGCGGGAGATAGA; B-myb reverse,
GCTCCTCGCTCGCAGGAACTG; elongation factor 1� (EF-1�) forward, GC
CTCTCCAGGATGTCTACAAA; EF-1� reverse, GTTTGAGAACACCAGTC
TCCACTC. Standard curves were generated for all primer sets using 10-fold
serial dilutions of pHTLV-1563 (23) plasmid and/or genomic DNA from infected
cells. PCR efficiencies ranged from 94 to 110%, with correlation coefficients of
0.990 or greater. Threshold cycle data were quantified relative to the input, as
described previously (7). The value for an immunoglobulin G (IgG) sample in
each experiment was used for background subtraction 2�CT(sample) � 2�CT(IgG).
For 3� versus 5� LTR comparisons of a given immunoprecipitation, the values
obtained using primers 1 and 2 were set at 100%, as these primers amplify both
LTRs. The percent occupancy of the 5� LTR was then determined by the
difference between the total and the values obtained using primers 2 and 3, which
specifically amplify the 3� LTR.

Real-time PCR for quantification of mRNA transcripts was done using 2 �l of
a 1:10 dilution of cDNA per 25-�l reaction mixture. Data were analyzed using
the 2���CT method as described elsewhere (28), taking into account any differ-
ences in PCR efficiencies between the housekeeping gene EF-1� and the 3�-
LTR-generated transcripts as described elsewhere (36).

LM-PCR. Cellular DNA sequences directly flanking the 3� LTRs in MT2 cells
were determined using ligation-mediated PCR (LM-PCR) as described else-
where (43), with the exception that Pfu was used in place of Taq to limit muta-
tions arising from PCR amplification. Two clones were identified, corroborating
Southern blotting and real-time PCR experiments, showing that the MT2 cells
carry two provirus copies. The sequences flanking the 3� LTRs were as follows:
MT2 clone 1, AGTAGAAGTCTTGATTTTCTGATGCCCAGCTTGTTCAT;
MT2 clone 2, TATACCTATGTAACAAACCTGCACGTTGTGCACATG.

Primer extension. Total RNA was extracted from MT2 cells with RNA-Bee
reagent as described by the manufacturer (ISO-TEX Diagnostics). Primer ex-
tensions were done with avian myeloblastosis virus reverse transcriptase essen-
tially as described by the manufacturer (Promega). To ensure reverse transcrip-
tion of �400 nucleotides, three successive hybridization-extension steps were
done for each reaction with 50 �g of RNA and 0.4 pmol of 32P-end-labeled
primer added only at the first step. For both the second and third hybridization-
extension steps, the reaction volumes were doubled but maintained the same
concentrations of reaction buffer, deoxynucleoside triphosphates, and avian my-
eloblastosis virus reverse transcriptase as in the first step. Following reverse
transcription, reactions were processed as described for in vitro transcription
reactions (25).

Western blot analysis. SLB-1 and ATLL cells were lysed in radioimmunopre-
cipitation assay buffer and resuspended in sodium dodecyl sulfate sample dyes.
Proteins were separated on a sodium dodecyl sulfate–10% polyacrylamide gel
electrophoresis and analyzed by Western blotting with the indicated antibodies.

RESULTS

Transcriptional regulators and histone modifications are
found at both the 5� and 3� LTRs in HTLV-1-transformed cell
lines. We have previously used the ChIP assay to show that a
wide variety of transcriptional activators, coactivators, and re-
pressors bind to the HTLV-1 promoter in living SLB-1 and
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MT2 cells (23). However, it is important to note that the PCR
primers used in these assays amplified promoter sequences
within both the 5� and 3� LTRs. Therefore, these studies re-
vealed the average of factor binding at both the upstream and
downstream promoter regions of the integrated provirus. Since
it is currently unknown whether transcription regulatory pro-
teins bind at this region or whether the 3� U3 promoter of
HTLV-1 is transcriptionally active, we performed a series of
experiments to specifically address these questions.

We designed a PCR primer that anneals at position �7910
of the proviral genome located in the pX region, immediately
upstream of (and slightly overlapping) the 3� LTR (Fig. 1,
primer 3). This primer was paired with primer 2, which anneals
at �97 relative to the putative 3� start site (Fig. 1). PCRs using
this primer pair specifically amplify the 3� U3 promoter region,
including the three viral CREs. To assess the relative binding
of factors at each promoter simultaneously, we performed par-
allel reactions using primers 1 and 2 to amplify both upstream
and downstream promoters and primers 2 and 3 to specifically
amplify the 3� promoter region. We then deduced the binding
at each promoter by subtracting the signal obtained from the
3�-specific PCRs from the 5� plus 3� PCR signal.

Using this approach, we examined the binding of the tran-
scriptional activators Tax, ATF-1, ATF-2, CREB, c-Jun, and
c-Fos, the coactivators CBP and p300, the TBP-associated fac-
tor TAFII250, and RNA Pol II in SLB-1 cells (Fig. 2A and B).
Unexpectedly, we found that all of these proteins were present
at both the 5� and 3� promoters. In general, transcription factor
binding was nearly evenly distributed. However, we detected
slightly higher binding of Tax and significantly higher binding
of CREB at the 5� promoter region. Similarly, we also ob-
served modestly higher binding of CBP, p300, TAFII250, and
Pol II at the 5� LTR, although these factors were also clearly
present at the 3� promoter. Comparable results were obtained
in another HTLV-1-infected cell line, MT2 (data not shown).

Both SLB-1 and MT2 cells express significant amounts of Tax
protein (14, 32). The association of activators and coactivators
with the upstream and downstream promoters is consistent
with both promoters existing in a transcriptionally active state
in these cell lines.

TAFII250 and the cellular coactivators CBP and p300 harbor
histone acetyltransferase activity, and we have previously shown
that acetylated nucleosomes are present at the HTLV-1 promot-
er (23). Consistent with the observed enrichment of these fac-
tors at the 5� LTR relative to the 3� LTR, we detected en-
hanced acetylation of the histone H3 and H4 amino-terminal
tails in the same region (Fig. 2C). However, dimethylation and
trimethylation of lysine 4 on the H3 tail were evenly distributed
between the upstream and downstream promoters. Both his-
tone tail acetylation and methylation have previously been
shown to be associated with transcriptionally active genes (17).

A similar pattern of transcription factor-coactivator binding
is observed at the 5� and 3� LTRs in patient-derived ATLL
cells. To verify the physiological significance of the factor bind-
ing profile detected in cultured HTLV-1-transformed cell lines,
we tested activator-coactivator binding in ex vivo ATLL cells.
These HTLV-1-infected T cells were recently isolated from the
Ficoll-separated peripheral blood mononuclear cells from a
patient with ATLL. ATLL cells generally carry a single inte-
grated HTLV-1 provirus and express Tax, albeit at levels below
that observed in SLB-1 cells (Fig. 3A). We focused on the binding
of factors that are known to play an essential role in transcription
from the provirus. In these cells, we detected the binding of Tax,
CREB, CBP, p300, TAFII250, and Pol II, each with modestly
higher levels at the 5� LTR relative to that at the 3� LTR (Fig.
3B). This pattern of factor binding at the 5� and 3� promoters was
similar to the pattern observed in SLB-1 cells (Fig. 2A and B).

The 3� LTR of HTLV-1 is transcriptionally active. Our ob-
servation that transcription regulatory proteins associate with
the HTLV-1 3� LTR suggests that this promoter is transcrip-

FIG. 1. Schematic representation of the HTLV-1 provirus. The U3, R, and U5 regions of the 5� and 3� LTRs and the structural organization
of the HTLV-1 genome are shown. The TATA sequence, transcription start site (U3-R junction; �1), and the three viral CREs (boxes), are also
shown. The viral CREs are located at approximately �100, �200, and �250 relative to the transcriptional start site. The real-time PCR primers
are indicated by arrows and are denoted according to the nucleotide position at the 5� end of the primer. Positions are relative to the transcription
start site. The primer 3 position is mapped relative to the 5� LTR start site. Primers 1 and 2 amplify the viral CREs from the 5� and 3� LTRs. Primers
2 and 3 amplify only the 3� LTR.
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tionally active. To directly address this question, we cloned and
sequenced the cellular DNA that immediately flanks the 3�
LTRs in MT2 cells. We chose this cell line because it harbors
only two copies of the provirus, while SLB-1 cells carry five
copies of the provirus (data not shown) (4). We obtained two
clones representative of the two proviruses in the MT2 cell line
(see “LM-PCR”’ of Materials and Methods for sequences) and
designed reverse PCR primers from these sequences (clone 1
and clone 2) (Fig. 4A). Reverse transcriptase PCR revealed
the presence of RNA generated from the 3� LTR (data not
shown). This level of amplification was significantly greater
than background expression observed for the p56lck gene,
which is transcriptionally silent in HTLV-1-infected T cells
(24). We performed primer extension analysis (Fig. 4B) to
confirm that the 3� RNA accurately initiated from the down-
stream promoter and not from read-through transcription
originating from the 5� LTR. Furthermore, we wanted to quan-
titatively compare the levels of RNA that initiated from the 3�
LTR relative to those from the 5� LTR. For these assays, we
used the MT2 clone 1 and clone 2 primers for detection of
3�-initiated RNA (Fig. 4A). A primer that annealed at �462
was used to detect 5�-initiated RNA. As expected, the 5� LTR-
specific primer generated a product that mapped to the up-
stream U3-R junction (Fig. 4B, lane 2). Similarly, the extension
products detected with primers specific to both clone 1 and
clone 2 produced products that mapped to the downstream
U3-R junction (Fig. 4B, lanes 3 and 4). Quantitation of the
extension products revealed that the 3� LTR was three- to

FIG. 2. Distribution of transcription factors, coactivators, and histone modifications between the 5� and 3� HTLV-1 LTRs in SLB-1 cells. (A)
Quantification of the relative binding of Tax, ATF/CREB members, c-Jun, and c-Fos at the 5� and 3� LTRs. Real-time PCR was used to quantify
the DNA in each immunoprecipitation. The graph shows data averaged from two to three independent ChIP experiments. (B) Quantification of
relative binding of CBP, p300, TAFII250, and Pol II at the 5� and 3� LTRs. Experiments were performed as described for panel A. (C) Quanti-
fication of relative histone modification levels at the 5� and 3� LTRs. The graph shows data representative of two independent ChIP experiments.

FIG. 3. Distribution of transcription factors and coactivators be-
tween 5� and 3� HTLV-1 LTRs in patient-derived ATLL cells.
(A) Comparison of Tax expression in SLB-1 and ATLL cells. A West-
ern blot of SLB-1 and ATLL cell extracts (50 �g) was probed with a
monoclonal antibody directed against Tax. Protein standards (in kilo-
daltons) are indicated. (B) Quantification of the relative binding of
Tax, CREB, CBP, p300, TAFII250, and Pol II at the 5� and 3� LTRs.
Real-time PCR was used to quantify the DNA in each immunopre-
cipitation. The graph shows data representative of two independent
ChIP experiments.
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fourfold less transcriptionally active than the 5� LTR. These
values are likely an underestimate of the amount of 3� LTR
transcription, as the 3� RNA is potentially unstable due to
improper processing. These results indicate that the 3� LTR of
the integrated HTLV-1 provirus is transcriptionally active,
consistent with the binding of transcription factors and coac-
tivators within this region.

Distinct HDAC complexes bind the 5� and 3� HTLV-1 pro-
moters in vivo. The regulation of transcriptional activity
through histone tail acetylation is strongly influenced by
HDAC complexes that are generally associated with transcrip-
tional repression (3, 15). Previously, we detected HDAC-1, -2,
and -3 binding at the HTLV-1 promoters in SLB-1 cells (23).
At the time, we postulated that a portion of the observed
HDAC binding arose from the putatively inactive 3� promoter
region of the provirus. However, as discussed above, our assays
did not distinguish between the two promoters. Furthermore,
the data presented in Fig. 4 indicate that the 3� LTR is tran-
scriptionally active. For these reasons, we measured HDAC-1,
-2, and -3 binding specifically at the upstream versus the down-
stream promoter in SLB-1 cells. Comparison of HDAC bind-
ing at the 5� and 3� LTRs revealed enrichment of both
HDAC-1 and -2 at the 5� LTR and enrichment of HDAC-3 at
the 3� LTR (Fig. 5A). We corroborated specific HDAC bind-

ing by measuring the association of two corepressors that have
previously been shown to form a complex with the different
deacetylases in vivo. The mSin3A corepressor associates with
HDAC-1 and -2, whereas the N-CoR corepressor associates
with HDAC-3 (12, 27, 44, 47). The pattern of corepressor
binding at the 5� and 3� LTRs correlated with HDAC binding
in SLB-1 cells (Fig. 5B), ATLL cells (Fig. 5C), and MT2 cells
(data not shown). To assess the relevance of HDAC binding at
the two LTRs, we also measured the binding of all three
HDACs within the coding region of the virus. Figure 5D shows
that the binding of HDACs 1 and 2 was similar to that ob-
served at the 3� LTR, whereas HDAC-3 binding was interme-
diate between the 5� and 3� LTRs. These data corroborate the
observation of enhanced binding of HDAC-3 at the 3� LTR.

The differential association of the mSin3A subunit to HDAC-
1 and -2 was confirmed by coimmunoprecipitation. Transient
transfection of either Flag-tagged HDAC-1 or HDAC-2 into
CHOK1 cells led to enrichment of mSin3A in the anti-Flag
antibody immunoprecipitates. In contrast, mSin3A was not
present in the HDAC-3 complex (data not shown).

Finally, we were interested in assessing the relative level of
HDAC protein binding to the transcriptionally active HTLV-1
promoter relative to that with a transcriptionally repressed
promoter. We compared the binding of HDACs at the 5�

FIG. 4. The 3� LTR is transcriptionally active. (A) Schematic representation of HTLV-1 provirus showing the 5� and 3� LTRs. The annealing
positions of the primers used for primer extension are indicated by short arrows, and the sizes of the cDNA products obtained from primer
extension are indicated by long arrows. (B) Primer extension analysis of transcripts initiated from the 5� and 3� LTRs. The gag-specific primer
(�462) was used to measure 5�-initiated RNA, and clone 1 and clone 2 primers were each used to measure 3�-initiated RNA. Size markers and
transcripts are indicated.
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HTLV-1 promoter and the B-Myb promoter in SLB-1 cells.
B-Myb has previously been shown to be transcriptionally re-
pressed by Tax (33) and to bind HDAC-1 (38). Quantitation of
ChIPs using antibodies against HDAC-1 and -2 revealed that
HDAC binding was significantly greater at the transcriptionally
repressed B-Myb promoter relative to that at the 5� HTLV-1
promoter (Fig. 6). We did not detect HDAC-3 binding at the
B-Myb promoter (data not shown). These data clearly support
a role for HDAC proteins in transcriptional repression. How-
ever, the data also suggest that the HDAC proteins partic-
ipate in dynamic interactions at transcriptionally active pro-
moters.

Inhibition of HDACs leads to an increase in transcription
from the 3� LTR. Our observation that HDAC-3 and, to a
lesser extent, HDAC-1 and -2 bind to the 3� HTLV-1 promoter
prompted us to test whether the HDAC proteins are involved
in transcriptional regulation from the downstream promoter.
To test this hypothesis, we treated MT2 cells with the HDAC
inhibitor TSA and measured the level of RNA generated from
the 3� LTR. RNA purified from TSA-treated or untreated cells
was reverse transcribed, and real-time PCR was performed
with a primer that anneals at �255 (U5 region) paired with the
reverse primer from clone 1 or clone 2 (Fig. 4A). Figure 7
shows that TSA treatment produced a two- to threefold in-
crease in transcript levels initiated from the 3� LTR. This
increase is similar to the TSA-induced increase in transcription
from the 5� LTR (23).

The Tax-responsive viral CREs are targets of HDAC repres-
sion in vivo. The unexpected association of HDAC proteins
and Tax with both the HTLV-1 upstream and downstream
promoters led us to test the functional role of these proteins in
Tax transactivation. A previous study showed that HDAC-1
specifically functions as a negative regulator of Tax transacti-
vation (5). We were interested in extending these studies to
test whether HDAC-2 and -3 were also involved in the repres-
sion of Tax transcriptional activity at the HTLV-1 promoter.
To examine this possibility, we cotransfected expression plas-
mids for Tax and each of the three HDAC proteins into
HTLV-1-negative CHOK1-Luc cells. These cells carry two to
four copies of the integrated HTLV-1 promoter (U3 region)
driving expression of the luciferase gene (34). A previous study
showed that transfection of Tax into these cells produced
strong transcriptional activation from the integrated HTLV-1
promoter (34). Figure 8A shows that all three HDAC proteins
similarly repressed Tax transactivation in a dose-dependent
fashion. Comparable results were obtained using Jurkat T cells
transiently transfected with the HTLV-1 promoter driving lu-
ciferase (data not shown). To show that the deacetylase activi-
ties of the HDACs are essential for their repression of HTLV-1

FIG. 5. Distribution of HDACs between 5� and 3� LTRs. (A)
Quantification of HDAC-1, -2, and -3 binding at the 5� and 3� LTRs in
SLB-1 cells. Real-time PCR was used to quantify the DNA in each
immunoprecipitation. The graph shows data averaged from three in-
dependent ChIP experiments. (B) Quantification of mSin3A and
NCoR binding at the 5� and 3� LTRs in SLB-1 cells. Real-time PCR
was used to quantify each immunoprecipitation. The graph shows data
representative of two independent ChIP experiments. (C) Quantifica-
tion of HDAC-1, -2, and -3, mSin3A, and NcoR binding at the 5� and
3� LTRs in ATLL cells. Real-time PCR was used to quantify the DNA
in each immunoprecipitation. The graph shows data representative of
two independent ChIP experiments. (D) HDAC binding within the
HTLV-1 provirus in SLB-1 cells. Quantification is shown of relative
HDAC binding at the 5� LTR, env region, and 3� LTR of the provirus.
Real-time PCR was used to quantify HDAC-1, -2, and -3 immunopre-
cipitations from SLB-1 cells. The HDAC-1 and -2 signals were nor-
malized to the 3� LTR, and HDAC-3 was normalized to the 5� LTR.
The graph is representative of two independent ChIP experiments.

FIG. 6. Comparison of HDAC-1 and -2 binding at the B-Myb pro-
moter and at the 5� LTR in SLB-1 cells. Real-time PCR was used to
quantify the DNA in each immunoprecipitation. The graph shows data
averaged from two independent ChIP experiments. HDAC binding at
the 5� HTLV-1 LTR was set to 1.
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transcription, we used HDAC mutants defective for deacety-
lase activity. A specific point mutation in the catalytic domain
of HDAC-1, and carboxy-terminal deletions in HDACs 2 and
3, partially or fully relieved the HDAC repression of Tax tran-
scription function (data not shown).

Since the HTLV-1 promoter contains multiple transcription
factor binding sites, we were interested in determining whether
the viral CREs, which are the primary cis regulatory elements

involved in Tax transactivation, are the targets of HDAC re-
pression. To address this question, we utilized a reporter plas-
mid carrying three tandem copies of the third viral CRE cloned
upstream of a core promoter (pminLuc-viral CRE [10]). All of
the other known cis regulatory elements in the HTLV-1 pro-
moter are absent from this reporter construct. The pminLuc-
viral CRE reporter plasmid was cotransfected with expression
plasmids for Tax and HDAC-1 into Jurkat T cells. As with the
full promoter, a dose-dependent decrease in Tax transactiva-
tion was observed (Fig. 8B). These data suggest that the viral
CREs are sufficient for mediating HDAC-1 repression and
support a role for Tax in this process.

We were next interested in testing whether the effects of Tax
and HDACs on HTLV-1 transcription were reciprocal. To per-
form this experiment, we measured HTLV-1 promoter activity
in CHOK1-Luc cells in the presence of a constant amount of
an expression plasmid for HDAC-1, -2, or -3. We added in-
creasing amounts of the Tax expression plasmid to determine
whether Tax would oppose the HDAC-induced transcriptional
repression. Figure 8C shows that in all cases, Tax partially
recovered HTLV-1 transcription in the presence of the trans-
fected HDACs.

Tax and HDAC binding at the HTLV-1 promoter are mu-
tually exclusive. The opposing effects of Tax and the HDAC
proteins on transcription from the HTLV-1 promoter raised
the question as to whether these proteins displace one another
from the promoter. To test this hypothesis, we used the ChIP
assay to measure the binding of endogenous HDAC proteins at
the chromosomally integrated HTLV-1 promoter in CHOK1-
Luc cells in the absence and presence of Tax. Transfection of
Tax into the CHOK1-Luc cells produced strong transcriptional
activation from the integrated HTLV-1 promoter (Fig. 9A). As

FIG. 7. Inhibition of HDAC activity increases transcription initi-
ated from the 3� LTR, as shown by real-time PCR of reverse-tran-
scribed cytoplasmic RNA from MT2 cells untreated or treated with
TSA (400 nM) for 24 h. The amplification was normalized to that with
the housekeeping gene EF-1�. The level of RNA expression for un-
treated cells was set to 1.

FIG. 8. Reciprocal transcriptional repression between Tax and HDACs. (A) HDAC-1, -2, and -3 repress Tax transactivation of HTLV-1.
CHOK1-Luc cells were transfected with pSG-Tax (100 ng) in the absence or presence of increasing amounts of HDAC-1, -2, and -3 (75, 150, or
300 ng) expression plasmids. Reported values for all transient-transfection experiments are the average luminescence from one experiment
performed in duplicate. The standard error is indicated. Experiments were repeated at least three times. (B) HDAC-1 represses Tax transactivation
from a minimal promoter carrying only the viral CREs. The pminLuc-viral CRE reporter plasmid (100 ng) (10) was cotransfected into Jurkat T
cells with pSG-Tax (200 ng) and increasing amounts of HDAC-1 (100, 200, and 400 ng), as indicated. (C) Tax reverses HDAC repression of
HTLV-1. CHOK1-Luc cells were transfected with an expression plasmid for Tax alone (100 ng) or with HDAC-1, -2, or -3 (300 ng), in the presence
of increasing amounts of pSG-Tax (50 and 100 ng).
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expected, this transcriptional activation correlated with the
binding of Tax at the HTLV-1 promoter (Fig. 9B). Interest-
ingly, transfection of the Tax expression plasmid significantly
reduced the association of all three endogenous HDAC pro-
teins at the promoter (Fig. 9C). In all cases, at least a twofold
reduction in HDAC binding was observed in the presence,
compared with the absence, of Tax.

Since endogenous HDACs were displaced from the HTLV-1
promoter by Tax, we were interested in testing whether, con-
versely, Tax is displaced by the HDAC proteins. To test this
hypothesis, we examined HTLV-1 promoter occupancy of Tax
in the presence of transfected HDAC-1 in CHOK1 cells. As
shown above, transfection of Tax increased transcription from
the integrated HTLV-1 promoter, and cotransfection of
HDAC-1 significantly repressed the effect of Tax (Fig. 10A).
Factor occupancy mirrored this observation, as transfection of
the HDAC-1 expression plasmid increased binding of HDAC-
1 and decreased binding of Tax at the HTLV-1 promoter (Fig.
10B and C). Since the HDACs may also reduce expression of
proteins from transfected plasmids, we measured Tax levels in
the presence of HDAC-1. Western blot analysis showed that
Tax was modestly lower in the presence of transfected HDAC-
1 (Fig. 10D). Together, these data indicate that the opposing
effects of Tax and the HDAC complexes may be carried out via
a dynamic mechanism of factor displacement at the HTLV-1
promoter. Furthermore, the data suggest that the net effect of
activators or repressors at a given promoter may be deter-
mined by their relative local concentrations.

DISCUSSION

In this study we compared transcription factor occupancy at
the 5� versus the 3� LTR promoter of the integrated HTLV-1

provirus. ChIP analyses using cultured HTLV-1-transformed
cell lines and ATLL cells revealed that Tax, ATF-1, ATF-2,
CREB, c-Jun, c-Fos, CBP, p300, TAFII250, and Pol II were
found at both the 5� and 3� LTRs. Although we found modest
enrichment of most factors at the 5� promoter, we also de-
tected significant binding of transcription regulatory proteins
at the 3� promoter. This result was somewhat unexpected, as
the 3� LTRs of most mammalian retroviruses are generally
believed to be transcriptionally silent (13). This pattern of
factor binding was also observed in patient-derived ATLL
cells, indicating that the results are not specific to long-term
cell culture of productively infected T cells. It is intriguing to
consider that transcription regulatory factors can associate
with the HTLV-1 3� promoter despite Pol II read-through
from the highly active 5� promoter.

Consistent with the binding of activators and coactivators at
the 3� U3 region, we also found that this promoter is transcrip-
tionally active. Primer extension analysis revealed that the 3�
LTR-initiated transcripts represent 25 to 33% of the total viral
RNA, demonstrating that the HTLV-1 3� promoter has signif-
icant activity compared with other mammalian retroviruses.
For example, transcripts initiated from the 3� LTR of human
immunodeficiency virus have not been detected and are esti-
mated to account for less than 10% of LTR-generated tran-
scription (19). Furthermore, a comparative analysis of the
chromatin structure of the 5� and 3� LTRs of human immu-
nodeficiency virus suggests that the 3� promoter is inactive
(42). It is possible that the transcriptional activity of the
HTLV-1 3� LTR is actually higher, since it is likely that these
transcripts are not processed or packaged into virions and,
therefore, are less stable. The functional significance of an
active 3� promoter in HTLV-1-infected T cells is currently

FIG. 9. Tax displaces HDAC-1, -2, and -3 from the HTLV-1 promoter. (A) Tax transactivation of HTLV-1 in CHOK1-Luc cells. Luciferase
activity was determined in the same sample used for the ChIP experiments shown in panels B and C. (B) Quantification of relative Tax binding
at the integrated HTLV-1 promoter. CHOK1-Luc cells were transfected with pSG-Tax, or with pUC19 (20 �g each) as a control. ChIP analysis
was performed 24 h following transfection. Real-time PCR was used to quantify the DNA in each immunoprecipitation. The graph is representative
of four independent ChIP experiments, and the background signal was normalized to 1. (C) Quantification of endogenous HDAC-1, -2, and -3
binding at the HTLV-1 promoter. CHOK1-Luc cells were transfected with pSG-Tax, or with pUC19 (20 �g each) as a control. ChIP analysis was
performed 24 h following transfection. Real-time PCR was used to quantify the DNA in each immunoprecipitation. The graph is representative
of four independent ChIP experiments, and HDAC binding in the absence of Tax was set to 1.
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unknown. It is formally possible that transcription from an
active 3� promoter of HTLV-1 contributes to oncogenic effects
of this virus, as 3� promoter activity has previously been shown
to mediate malignant transformation with other retroviruses
(2). However, HTLV-1 integration into T-cell DNA is essen-
tially random, and only about 6% of the integration events
occur in transcribed regions of the genome (22).

The HDACs are believed to play a major role in maintaining
the balance between the acetylated and deacetylated states of
lysine residues in the histone tails (3, 15). Our studies surpris-
ingly revealed enrichment in the binding of HDAC-1 and -2 at
the 5� LTR and of HDAC-3 at the 3� LTR. These data indicate
that at least two HDAC complexes preferentially associate
with the LTR sequences at the integrated proviral DNA. We
also showed that RNA initiated from the 3� LTR is increased
by treatment with the HDAC inhibitor TSA, suggesting that
the HDAC complex is involved in transcriptional regulation at
the 3� LTR. The mechanism that promotes differential HDAC
distribution at the 5� versus the 3� LTR is unknown. Whether
this distribution directly impacts relative transcription levels is

also unknown. In both SLB-1 and MT2 cells we observed
significant enrichment of CREB at the 5� LTR. Since both
HDAC-1 and HDAC-2, but not HDAC-3, have previously
been coimmunoprecipitated with CREB (1), it is possible that
CREB binding at the upstream promoter facilitates the selec-
tive binding of HDAC-1 and -2 to this region. None of the
factors tested in the ChIP analysis was significantly enriched at
the 3� LTR. Therefore, the DNA binding factors that selec-
tively recruit HDAC-3 to the 3� LTR are unknown. Regulatory
elements identified in the R and U5 regions of the LTR may
bind a repressor protein necessary for HDAC-3 recruitment,
and this repressor may be enriched within the 3� R and U5
regions due to the lower level of polymerase read-through
from the 3� transcription unit (31, 35, 45).

All of the cell lines examined expressed the potent transcrip-
tional activator protein Tax and, thus, the integrated provi-
ruses are generally believed to be transcriptionally active.
Although HDAC binding to the HTLV-1 LTRs is less than
that observed at a transcriptionally repressed promoter, it is
clear that the HDAC repressor complexes participate in
regulation of HTLV-1 transcription in the presence of Tax.
Therefore, we examined the interplay between Tax and the
HDAC proteins on the HTLV-1 promoter. We found that
endogenous HDAC proteins are associated with the inte-
grated HTLV-1 promoter, and transfection of Tax led to
their physical displacement with concomitant transcriptional
activation. This relationship was reciprocal, as we also found
that overexpressed HDAC proteins displaced Tax from the
HTLV-1 promoter. These observations suggest that a dy-
namic exchange occurs between Tax and the HDAC pro-
teins and that increased local concentrations of activator
versus repressor complexes dictate what class of regulator is
bound to the promoter. This exchange then influences the
acetylation state of promoter histones, the recruitment of
other regulators, and thus the transcriptional output of the
virus. The mechanism of this regulation is unclear, as coim-
munoprecipitation assays indicate that Tax physically inter-
acts with HDAC-1 (5) as well as HDAC-2 and HDAC-3
(data not shown). These observations suggest that the phys-
ical interaction between Tax and the HDAC proteins facil-
itates the exchange process. It therefore appears that this
interaction must be transient, enabling the dissociation of
HDAC proteins concomitant with the stable binding of Tax
to the viral CREs.
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ADDENDUM IN PROOF

During the review of the manuscript, two reports showing
that �50% of HLTV-1 integration sites occur within transcrip-
tion units in cells derived from ATL patients were published
(S. Hanai, T. Nitta, M. Shoda, M. Tanaka, N. Iso, I. Mizoguchi,
S. Yashiki, S. Sonoda, Y. Hasegawa, T. Nagasawa, and M.

FIG. 10. HDAC-1 displaces Tax from the HTLV-1 promoter.
(A) HDAC-1 repression of Tax transactivation of HTLV-1. Luciferase
activity was determined in the same sample used for the ChIP exper-
iments shown in panels B and C. (B) Quantification of relative
HDAC-1 binding at the integrated HTLV-1 promoter. CHOK1-Luc
cells were transfected with pSG-Tax (10 �g), pUC19 (20 �g), or pSG-
Tax and HDAC-1 together (10 �g each). ChIP analysis was performed
24 h following transfection. Real-time PCR was used to quantify the
DNA in the HDAC-1 immunoprecipitations, and HDAC binding in
the absence of Tax was set to 1. (C) Quantification of Tax binding at
the HTLV-1 promoter. CHOK1-Luc cells were transfected and pro-
cessed as described for panel B. Real-time PCR was used to quantify
the DNA in the anti-Tax immunoprecipitations, and the background
signal was normalized to 1. (D) Western blot analysis of Tax expression
in CHOK1-Luc cells following transfection.
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Miwa, Cancer Sci., 95:306–310, 2004; T. Ozawa, T. Itoyama, N.
Sadamori, Y. Yamada, T. Hata, M. Tomonaga, and M. Isobe,
J. Hum. Genet. 49:154–165, 2004).
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