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Serum response factor (SRF) was recently shown to bind and activate the human T-cell leukemia virus type
1 (HTLV-1) promoter at bases �116 to �125 relative to the transcription start site. In addition to the SRF
binding site (CArG box), serum response elements (SRE) also typically contain a binding site for a member
of the ternary complex factor (TCF) family. Here we demonstrate the presence of two TCF binding sites
upstream of the viral CArG box. Binding of the TCF family member Elk-1 to these sites was shown to activate
transcription of the promoter. Based on these results, the position of the previously described viral SRE
(vSRE) within the HTLV-1 promoter can be extended from �116 to �157 to include the two newly identified
TCF sites. Purified Elk-1 bound to a probe containing the vSRE, and this complex formed a ternary complex
with SRF. In addition, the complex formed by nuclear extract on this probe contained Elk-1, as shown by
electrophoretic mobility shift assay supershift. Both of the predicted TCF sites independently bound Elk-1.
Elk-1 activated transcription of the HTLV-1 long terminal repeat (LTR), and mutations within either of the
TCF sites or the CArG box reduced responsiveness of the LTR to Elk-1. Chromatin immunoprecipitation
demonstrated that Elk-1 associates with the HTLV-1 LTR in vivo. These results identify a functional SRE
within the HTLV-1 LTR and suggest that both Elk-1 and SRF play important roles in regulating basal HTLV-1
gene expression.

Elk-1 is a member of the Ets transcription factor family and
the subfamily of ternary complex factor (TCF) proteins (19,
25). TCFs, in conjunction with serum response factor (SRF),
regulate the expression of a class of cellular genes known as
immediate-early genes. Immediate-early gene promoters con-
tain serum response elements (SRE), which typically include
an SRF binding site (CArG box) and a TCF binding site
(consensus sequence, CCGGAA) (26). Although recruitment
of SRF and TCF proteins to their respective binding sites can
independently activate transcription, the interaction between
TCF and SRF promotes the formation of a more stable ternary
complex, allowing increased transcriptional activity.

The retrovirus human T-cell leukemia virus type 1 (HTLV-1) is
the etiological agent of adult T-cell leukemia and the neuro-
degenerative disorder tropical spastic paraparesis/HTLV-1-as-
sociated myelopathy (16, 23, 33). Upon infection, the viral
genome integrates into the host cell chromatin and viral gene
expression is regulated by the viral promoter located in the U3
region of the 5� long terminal repeat (LTR). Initial rounds of
transcription result in expression of viral genes, including that
encoding the viral oncoprotein Tax. Transcriptional activity of
the LTR is required for viral genome production. Therefore,
transcriptional regulation of the viral promoter is important
both for disease progression and for viral replication.

Cellular transcription factors that are known to regulate the

viral promoter include CREB/ATF family members, Ap-2, c-
Myb, and SRF (1, 3, 10, 22, 30, 34). In addition to SRF and TCF
binding sites, the viral promoter contains three 21-bp imperfect
repeats, which are individually known as Tax-responsive element
1 (TRE1s) (6, 14, 24). CREB and other bZIP family members
bind to the TRE1s and recruit Tax to activate transcription. The
recently identified SRF binding site is located within a region of
the viral promoter known as Tax-responsive element 2 (TRE2)
(31). Other transcription factors known to bind this element in-
clude Sp-1, TIF-1, and c-Myb (32). The TRE2 binding site also
overlaps an element that binds Ets1 and Ets2, termed the Ets
responsive region 1 (ERR-1) (18). Therefore, a multitude of
transcription factors regulate basal and activated transcription of
the viral promoter.

Since a functional CArG box was identified in the viral LTR
and Ets family members are known to bind this region, we
investigated the possibility that the LTR contained a TCF
binding site. Visual inspection of the viral promoter suggested
two possible TCF binding sites, 23 and 33 bp upstream of the
CArG box. The presence of these elements suggested that
the 5� end of the viral SRE (vSRE) should be expanded from
the previously identified position �125 to �157 relative to the
transcription start site (31). The predicted proximal TCF bind-
ing site contains a perfect consensus CCGGAA sequence and
is located at bases �141 to �146, while the predicted distal
TCF site has an additional G with the sequence CCGGGAA
and is located at bases �151 to �157 upstream from the
transcription start site. Therefore, we hypothesized that the
vSRE contains both SRF and TCF binding sites. Here we
report that Elk-1 and SRF bind to the vSRE. Specific binding
of Elk-1 was observed on both of the predicted TCF binding
sites. The wild-type LTR was activated by Elk-1 and SRF,
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while mutations in either the TCF site or the CArG box re-
duced activation. Finally, Elk-1 was shown to associate in vivo
with the viral promoter in an HTLV-1-positive cell line. We
conclude that the HTLV-1 LTR contains a functional SRE
that is regulated by both Elk-1 and SRF.

MATERIALS AND METHODS

Recombinant protein purification. Glutathione S-transferase (GST)-tagged
SRF was purified according to the manufacturer’s protocol (Amersham GE
Healthcare, Piscataway, NJ). Briefly, GST-SRF fusion protein was expressed in
Escherichia coli. Bacterial pellets were lysed in 100 mM Tris-HCl, pH 7.5, 200
mM KCl, 10 mM dithiothreitol, and 10 mM MgCl2, and GST-SRF protein was
purified from the lysates in batch using glutathione beads. GST-SRF protein was
eluted with glutathione elution buffer (25 mM reduced glutathione, 150 mM KCl,
50 mM Tris-HCl [pH 8.0]). His-tagged Elk-1 was also purified using nickel-
nitrilotriacetic acid His Bind resin according to the manufacturer’s instructions
for batch purification under native conditions (Novagen, Madison, WI).

Cell lines. CEM cells (a human T-lymphocyte cell line) were maintained in
RPMI medium supplemented with 10% fetal bovine serum (FBS). MS9 cells (28)
were maintained in RPMI supplemented with 10% FBS and 100 U/ml interleu-
kin 2 (NCI Preclinical Repository, Frederick, MD). 293 cells were maintained in
Dulbecco’s modified Eagle medium supplemented with 10% FBS.

Plasmids and oligonucleotides. The sequences of the vSRE and mutant sense-
strand oligonucleotides used in gel shift assays are shown in Table 1. The primers
5�-GAAGTCTGAGAAGGTCAGGG-3� and 5�-CCACGCTTTTATAGACTC
CTG-3� were used to amplify the LTR in chromatin Immunoprecipitation
(ChIP) assays. The primers 5�-ACCCTCGGTGTTGGCTG-3� and 5�-TCCTAA
TCTCGTGAGCATTTCG-3� were used to amplify the c-fos promoter in ChIP
assays. The Elk-1 expression vector, pRSV-Elk-1-RSPA, was a gift from Mau-
reen Shuh (Loyola University, New Orleans, LA). The SRF expression vector,
pSG-SRF, was a gift from Robert Schwartz (Institute of Biotechnology, Texas
A&M University, Houston, TX). The reporter constructs, pU3RLuc and
pmvSRELuc, have been previously described (31). Other mutant constructs were
made using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla,
CA). In this mutagenesis strategy, the parent plasmid was pU3RLuc or
pmCArGLuc when the CArG box was to be wild type or mutant, respectively.

EMSAs. Double-stranded oligonucleotides were labeled with [�-32P]dCTP
using Klenow enzyme. Electrophoretic mobility shift assays (EMSAs) using pu-
rified proteins included 1� EMSA buffer (20 mM HEPES, pH 7.4, 100 mM KCl,
0.5 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10%
glycerol), 1 �g sheared salmon sperm DNA (Sigma St. Louis, MO), 0.5 �g
His-Elk-1, 2 �g GST-SRF, and 0.5 nM labeled probe in a 20-�l total reaction
volume. The reaction mixtures were incubated at room temperature for 30 min.
Complexes were resolved on a 4% nondenaturing polyacrylamide gel in 0.6�
Tris-borate-EDTA. Antibodies (2 �g per 20-�l reaction mixture) used in super-
shift EMSA experiments (anti-SRF [SC-335], anti-Elk-1 [SC-355], and anti-AP-2
[SC25343] [Santa Cruz Biotechnology, Santa Cruz, CA]) were added 15 min
after initiating the protein and DNA incubation. Reaction mixtures were incu-
bated at room temperature for 30 min after addition of antibody. For EMSAs
using nuclear extracts, 10 �g of CEM nuclear extract was incubated with the
32P-labeled probe. Unlabeled competitor oligonucleotides were added in a 200-
fold excess over labeled probe.

Transfections. 293 cells were transfected using Fugene (Roche, Indianapolis,
IN). Briefly, cells were distributed into six-well plates and allowed to adhere
overnight. The Fugene transfection master mix was prepared by adding Fugene

to serum-free Dulbecco’s modified Eagle medium to create a final reaction
mixture containing a ratio of 3 �l of Fugene to 2 �g of DNA. Aliquots of the
Fugene-medium mixture were placed in individual tubes, and each reporter
construct was added. Aliquots of each DNA mixture were placed in tubes for
appropriate addition of an Elk-1 and/or SRF expression vector. After all com-
ponents were added, reaction mixtures were incubated at room temperature for
30 min and then the transfection mixture (100 �l) was added to a well containing
293 cells. Each transfection was done in duplicate within each experiment, and
each experiment was repeated three times.

Luciferase assays. Cells were harvested 48 h after transfection by passive lysis
(Promega, Madison, WI). Cells were washed once with phosphate-buffered sa-
line, and then 250 �l of 1� passive lysis buffer was added to the wells and plates
were rocked for 20 min. Relative luciferase activity was determined by adding 50
�l of a firefly luciferase substrate (Promega, Madison, WI) to 10 �l of lysate, and
luminescence was detected using a Sirius luminometer (Berthold Detection
Systems, Pforzheim, Germany). The degree of activation was determined by
averaging the duplicate results in each experiment and normalizing them to the
basal activity of each reporter. Results are displayed as the average n-fold
activation from three independent experiments.

ChIP. ChIP assays were performed as previously described (31). Briefly, ly-
sates from 5 � 107 CEM or MS9 formaldehyde-cross-linked cells were pre-
cleared with protein-G beads (Upstate Biotechnology, Charlottesville, VA).
Beads were prebound with an SRF-specific antibody (SC-335; Santa Cruz Bio-
technology, Santa Cruz, CA) or Elk-1-specific antibody (SC-355; Santa Cruz
Biotechnology, Santa Cruz, CA). Prebound beads were incubated with pre-
cleared lysates in immunoprecipitation (IP) buffer (20 mM Tris-HCl, pH 8.0, 150
mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 �g/ml leupeptin, 1 �g/ml aprotinin,
1 �g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride) (7). Precipitated beads
were washed sequentially with IP buffer once, IP buffer with 0.5 M NaCl twice,
LiCl wash buffer (20 mM Tris-HCl, pH 8.0, 250 mM LiCl, 2 mM EDTA, 0.5%
Nonidet P-40) twice, and Tris-EDTA (pH 8.0) once (4, 5, 7). Elution buffer (0.1
M NaHCO3, 1% sodium dodecyl sulfate, 0.5 M NaCl) was added to the precip-
itated DNA-protein complexes, and the cross-links were reversed at 65°C over-
night. Recovered DNA was analyzed by PCR with primers specific for the LTR
or c-fos promoter that spanned the SRE in both promoters.

RESULTS

The HTLV-1 LTR can be activated by SRF, and SRF re-
sponse elements typically contain binding sites for members of
the TCF transcription factor family. Therefore, we investigated
the possibility that Elk-1, a predominant TCF family member,
would bind to the LTR and regulate transcription in combina-
tion with SRF. Visual examination of the LTR sequence up-
stream of the SRF binding site revealed two possible TCF
binding sites at positions �141 to �146 and �151 to �157
relative to the transcription start site.

Elk-1 and SRF form a ternary complex on the vSRE. EMSAs
using a vSRE probe were used to determine whether Elk-1
bound to the predicted TCF sites and whether Elk-1 and SRF
together could form a ternary complex on this element. Since
SRF has previously been shown to bind the vSRE (31), it was
used as a positive control in these experiments. Recombinant

TABLE 1. Sense sequences of oligonucleotides used in EMSAs

Oligonucleotide Sequencea

dist prox CArG
vSRE...................................................................................................CGGAGACCTCCGGGAAGCCACC-GGAACCACCCATTTCCTCCCCATGTTTGTCAAGCC
mCArG...............................................................................................CGGAGACCTCCGGGAAGCCACC-GGAACCACCCATTTCCTCCACATGTCTGTCAAGCC
mprox..................................................................................................CGGAGACCTCCGGGAAGCCACCAAGAACCACCCATTTCCTCCCCATGTTTGTCAAGCC
mprox/mCArG...................................................................................CGGAGACCTCCGGGAAGCCACCAAGAACCACCCATTTCCTCCACATGTCTGTCAAGCC
mdist ...................................................................................................CGGAGACCTCCGTCTCGCCACC-GGAACCACCCATTTCCTCCCCATGTTTGTCAAGCC
mdist/mCArG ....................................................................................CGGAGACCTCCGTCTCGCCACC-GGAACCACCCATTTCCTCCACATGTCTGTCAAGCC
mprox/mdist .......................................................................................CGGAGACCTCCGTCTCGCCACCAAGAACCACCCATTTCCTCCCCATGTTTGTCAAGCC
mvSRE................................................................................................CGGAGACCTCCGTCTCGCCACCAAGAACCACCCATTTCCTCCACATGTCTGTCAAGCC

a dist, distal TCF site; prox, proximal TCF site.
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purified His-tagged Elk-1 and GST-tagged SRF were used to
establish that these proteins can bind the vSRE independently
(Fig. 1A, lanes 2 and 3), as well as in a ternary complex that
migrates more slowly than either protein by itself (Fig. 1A, lane
4). As previously reported, SRF alone binds the vSRE weakly
(31); therefore, approximately four times more SRF protein
than Elk-1 protein was needed to detect a band by EMSA.
Addition of Elk-1 or SRF antibody, but not a nonspecific
antibody, produced a slower-migrating ternary complex in
lanes containing both Elk-1 and SRF. The ability of either
Elk-1- or SRF-specific antibody to shift virtually all of the
ternary complex demonstrated that Elk-1 and SRF are both
present in the complex (Fig. 1A, lanes 5 to 7). Thus, Elk-1 and
SRF can independently bind the vSRE, and together they form
a ternary complex on this element.

To determine whether Elk-1 can bind the vSRE in the pres-
ence of a complex protein mixture, antibody supershifts were
used to detect Elk-1 and SRF binding from CEM nuclear
extracts (Fig. 1B). In the presence of nuclear extract alone, we
observed a band that migrated to a position in the gel similar
to that of the recombinant SRF–Elk-1 complex. Other bands
were also visible which were not observed when recombinant
protein was used. The additional bands are likely due to the
binding of as yet unidentified factors present in nuclear ex-
tracts, which contain a cadre of transcription factors, cofactors,
and DNA binding proteins.

To determine whether Elk-1 can bind to the vSRE in the
presence of a complex protein mixture, Elk-1 antibody was
added to EMSA reaction mixtures containing nuclear extract.
These reactions produced a band that migrated slightly faster
in the gel than did recombinant Elk-1 (Fig. 1B, lane 3), indi-
cating the presence of Elk-1 in these complexes. Binding of the

Elk-1 antibody may displace one or more as yet unidentified
cellular proteins from the complex, resulting in the faster-
migrating band. The Elk-1 antibody supershift was specific
because it was not observed with antibody to the unrelated
transcription factor, AP-2. When the SRF antibody was used,
a supershifted band was observed as expected (Fig. 1B, lane 4).

To determine whether the binding of Elk-1 from nuclear
extracts to the vSRE was specific, unlabeled wild-type vSRE
was used as a specific competitor and unlabeled mutant vSRE
(mvSRE) was used as a nonspecific competitor (Fig. 1C, lanes
2 to 4). The mvSRE did not compete for any of the complexes,
while the wild-type vSRE competed for the Elk-1 band. The
ability of vSRE to compete for a slower-migrating band sug-
gests that the vSRE binds different combinations of Elk-1,
SRF, and possibly other transcription factors and cofactors.
Taken together, these results establish that Elk-1 and SRF
form a ternary complex on the vSRE.

Elk-1 binds to both TCF sites. Since two putative TCF
binding sites were identified within the vSRE, we next wanted
to determine whether both of these sites could bind Elk-1.
vSRE probes containing mutations in the proximal TCF site
(mprox), distal TCF site (mdist), or the CArG box (mCArG)
(Table 1) were used in EMSAs to examine their ability to bind
purified Elk-1 or SRF. Elk-1 bound to each probe that con-
tained at least one wild-type TCF site (Fig. 2A to F, lane 2) but
not to probes containing mutations in both TCF sites (Fig. 2G
to H, lane 2). Interestingly, the proximal TCF site appeared to
bind Elk-1 more efficiently than the distal TCF site whether an
SRF binding site was present (compare Fig. 2C with 2E) or not
(compare Fig. 2D with 2F). Minor sequence differences be-
tween the two TCF sites or their positions within the SRE are
most likely responsible for these differences in binding effi-

FIG. 1. Elk-1 and SRF form a ternary complex on DNA. (A) EMSA using a 32P-labeled vSRE probe (lane 1) in the presence of recombinant
SRF (rSRF) (lane 2), recombinant Elk-1 (rElk-1) (lane 3), or rElk-1 and rSRF (lanes 4 to 7). Specific antibody to Elk-1 (lane 5), SRF (lane 6),
or AP-2 (lane 7) was added in the indicated reactions. The locations of supershifted bands are indicated on the right. (B) EMSA using 32P-labeled
vSRE probe (lane 1) incubated with CEM nuclear extracts (lanes 2 to 5). Antibodies were added to the indicated lanes. The positions and identities
of supershifted bands are indicated on the right. (C) EMSA using a vSRE probe (lane 1) incubated with CEM nuclear extracts (lanes 2 to 4) and
a 25-fold excess of unlabeled vSRE (lane 3) or mvSRE (lane 4) used as specific or nonspecific competitors, respectively. Wild-type vSRE competes
for the Elk-1 band (arrow). (D and E) Western blots of SRF and Elk-1 using recombinant proteins (D) or whole cell extracts (E) from MS9, 293,
or CEM cells.
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ciency. The proximal TCF site has a perfect CCGGAA con-
sensus sequence, while the distal TCF site (CCGGGAA) con-
tains an additional G. Similar to Elk-1, SRF bound to each
probe that contained a wild-type CArG box (Fig. 2A, C, E, and
G, lane 3) but not to probes containing a mutation in the
CArG box (Fig. 2B, D, F, and H, lane 3). Since the wild-type
viral CArG box is 80% identical to a canonical CArG box, SRF
alone binds to the viral CArG box with weak affinity (31).

Incubation of Elk-1 and SRF together with a labeled probe
containing at least one TCF site or CArG box produced a band
that migrated more slowly than Elk-1 alone (compare Fig. 2A
to G, lane 4, with Fig. 2H, lane 4). This slower-migrating band
apparently reflects the binding of both Elk-1 and SRF to the
probe. Even probes containing only a single binding site for
TCF (Fig. 2D and F) or SRF (Fig. 2G) formed this slower-
migrating band, suggesting that the ability of SRF and TCF to
interact allows each of them to be recruited indirectly into the
complex by the other. For example, mutation of the CArG box
disables its ability to bind SRF alone (Fig. 2D, lane 3), but the
interaction of Elk-1 with the distal TCF indirectly recruits SRF
to the complex (lane 4), resulting in a slower-migrating ternary
complex. These results confirm the ability of Elk-1 and SRF to
form a ternary complex on the vSRE.

Elk-1 and SRF activate transcription from the vSRE. Since
Elk-1 and SRF are recruited to the vSRE, we next wanted to
determine whether Elk-1 could activate transcription of the
viral LTR. Each mutant analyzed in Fig. 2 was introduced into
a reporter construct containing the viral LTR driving expres-
sion of firefly luciferase. Each reporter was transfected into 293
cells alone or together with an Elk-1 or SRF (Fig. 3A) expres-
sion vector. All mutants were activated less efficiently by Elk-1
than was the wild-type LTR (Fig. 3A). These results suggest
that the CArG box and both TCF binding sites are necessary
for full activation of the vSRE by Elk-1. Surprisingly, each
mutant reporter retained some Elk-1 responsiveness, suggest-
ing that additional unidentified Elk-1-responsive element(s)
may exist elsewhere in the LTR. Although recombinant Elk-1
bound to the proximal TCF site more efficiently than to the
distal TCF site (Fig. 2), constructs containing a wild-type prox-
imal TCF binding site were not more responsive to Elk-1. This
result suggests that Elk-1 binding affinity observed in in vitro
EMSAs does not fully reflect in vivo functional activity.

When an SRF expression vector was transfected together
with a wild-type or mutant vSRE reporter construct, significant
activation was observed only on the wild-type (vSRE), mdist,
and mprox/mdist reporters (Fig. 3B). This was expected due to
the presence of a wild-type CArG box in these vectors. How-
ever, the mprox reporter, which also contains a wild-type
CArG box, was not activated by SRF. Thus, a factor that binds
to the distal TCF site may repress SRF transactivation. This
would explain why SRF activation was observed when the
distal TCF site was mutated. These results also suggest that the
proximal TCF binding site plays a positive role in SRE func-
tion, which is consistent with our finding that Elk-1 bound to
the proximal TCF binding site more efficiently than to the
distal TCF binding site.

Since the TCF sites and CArG box were independently
responsive to their respective binding factors, we wanted to
determine whether these activities were additive or coopera-
tive, Cotransfection of SRF and Elk-1 expression vectors into
293 cells together with a wild-type LTR resulted in twice as
much reporter activity than was observed with either factor
alone (Fig. 4). Transfection of a reporter containing mutations
in the CArG box and both TCF binding sites (mvSRE) resulted
in only a modest increase in activity with either factor alone
or in combination. These results suggest that the cellular tran-
scription factors SRF and Elk-1 induce additive transcriptional
activation of the vSRE. Thus, although SRF can recruit Elk-1
to the vSRE when the TCF site(s) is mutated and visa versa,
recruitment alone is not sufficient to fully activate transcrip-
tion. It appears that both Elk-1 and SRF must bind DNA to
fully activate transcription, probably because the binding of
each protein to its respective DNA binding site and interac-
tions between the proteins allow a more stable ternary complex
to form and recruit necessary cofactors.

Elk-1 associates with the HTLV-1 LTR in infected cells.
Since in vitro EMSA and in vivo transactivation studies dis-
cussed above suggest that Elk-1 associates with the HTLV-1
LTR in vivo, ChIP was performed to rigorously test this
possibility. Extracts from formaldehyde-cross-linked MS9
(HTLV-1 positive) or CEM (HTLV-1 negative) human T-cell
lines were precipitated with Elk-1-specific antibody, SRF-spe-
cific antibody, or normal rabbit immunoglobulin G (IgG), and

FIG. 2. Elk-1 binds to both TCF sites in the vSRE. 32P-labeled
probes corresponding to wild-type vSRE (A), mutations in the CArG
box (mCArG) (B), mutations in the proximal TCF (mprox) (C), mu-
tations in the proximal TCF and CArG box (mprox/mCArG) (D),
mutations in the distal TCF site (mdist) (E), mutations in the distal
TCF site and CArG box (mdist/mCArG) (F), muations in the proximal
and distal TCF sites (mprox/mdist) (G), or mutations in all three
elements (mvSRE) (H) were incubated with rElk-1 alone (lane 2),
rSRF alone (lane 3), or rElk-1 and rSRF (lane 4). A schematic diagram
of each probe is shown below each panel. Samples were analyzed by
EMSA. The sequence of each probe is shown in Table 1.
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PCR was performed using primers specific for the SRE regions
of either the LTR or c-fos promoter (positive control). Since
we had previously demonstrated that SRF could bind the LTR,
an antibody to SRF was used as a positive control (31). As
expected, the HTLV-1-positive MS9 cells produced a positive
PCR signal for both the LTR (Fig. 5A) and c-fos promoter
(Fig. 5B) when Elk-1 and SRF antibodies were used (lanes 2
and 3). These results demonstrate that SRF and ELK-1 asso-
ciate both with the viral LTR and with the c-fos promoter in
vivo. ChIP analysis of uninfected CEM cells demonstrated
binding of Elk-1 and SRF to the c-fos promoter but not to the
HTLV-1 LTR, which was expected since CEM cells do not
contain the HTLV-1 LTR (Fig. 5A and B, lanes 6 and 7). The
negative control rabbit IgG did not produce a positive PCR
signal in any of our samples (Fig. 5A and B, lanes 1 and 5). The
association of Elk-1 with the viral LTR in vivo further supports

our hypothesis that Elk-1 is a transcriptional regulator of the
HTLV-1 promoter.

DISCUSSION

The results of these experiments extend our definition of
the vSRE to include the two predicted TCF sites and ex-
pand the repertoire of cellular transcription factors that regu-
late the HTLV-1 LTR to include Elk-1. Not only did Elk-1
bind the vSRE in vitro and in vivo through EMSAs and ChIPs,
but we also demonstrated that Elk-1 forms a ternary complex
with SRF and the vSRE. Functionally, Elk-1 activated the
vSRE independently and in conjunction with SRF.

The Ets family members Ets1 and Ets2 are known to bind
and activate the LTR at two locations, termed Ets responsive
regions 1 and 2 (ERR-1 and ERR-2) (2). ERR-1 is located

FIG. 3. Mutation of the vSRE reduces Elk-1 and SRF activation of the HTLV-1 LTR. (A) 293 cells were transfected with reporter plasmids
containing either wild-type LTR (white bars) or LTR containing mutations within the three vSRE elements (patterned and shaded bars) alone (�)
or with 2 �g of pRSV-Elk-1-RSPA expression plasmid (�). The mutant LTRs contained the same mutations shown in Table 1 and analyzed in
Fig. 2. Results are presented as the average n-fold activation over the basal activity of each reporter from three experiments. (B) 293 cells were
transfected as for panel A, but a pSG-SRF expression plasmid was used instead of Elk-1.
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from bases �116 to �162 upstream of the transcription start
site and therefore overlaps the vSRE (18). Within ERR-1, two
Ets1 binding sites were identified, at bases �126 to �134
(ERE-A) and �149 to �157 (ERE-B). Interestingly, ERE-B
corresponds to the distal TCF site, but ERE-A does not cor-
respond to the proximal TCF site. Elk-1 and Ets1 are members
of the same protein family and bind similar DNA sequences.
While the core Ets binding sequence is GGAA, Elk-1 binding
requires additional bases, optimized by the sequence CCGGAA
(26). Slight differences in the sequence specificity of Ets1 and
Elk-1 probably account for the identification of different bind-
ing sites for these factors within the LTR. The original char-
acterizations of Ets binding sites in the LTR did not identify
the proximal TCF site even though it contains the core GGAA
sequence and was protected in footprinting analysis (2, 18).
Therefore, the proximal TCF binding site was not previously
recognized until this report demonstrated that Elk-1 can bind
to, and activate through, the proximal TCF.

Although Elk-1 activated the vSRE, transcriptional activa-
tion was not completely abrogated by any of the vSRE muta-
tions. Several possibilities may explain these results. First, SRF
may indirectly recruit Elk-1 when the TCF sites are mutated
and vice versa. Such indirect complexes may not be as stable as
ternary complexes formed when both factors bind to adjacent
sites, but the indirect complexes may promote some level of
transcription. Second, an Elk-1 binding site, which may exist
elsewhere in the viral promoter, could recruit Elk-1 to the
promoter even when TCF binding sites within the vSRE are
mutated. Third, since Elk-1 and SRF activate the expression of
immediate-early genes, many of which are transcription fac-
tors, upregulation of one of these genes may encode a tran-
scription factor that could activate the LTR through another
element. Continued investigation of the complex regulation of
this element will provide new insights into the transcriptional
control of viral and cellular gene expression.

Our studies demonstrated that the proximal TCF site bound
recombinant Elk-1 more efficiently than did the distal TCF site
(Fig. 2C and E). However, Elk-1 did not preferentially activate
the proximal TCF site in transfection experiments (Fig. 3). The
difference in Elk-1 binding is probably due to slight variation of

the distal TCF site sequence (CCGGGAA) from the canonical
TCF site (CCGGAA), which is conserved in the proximal TCF
site (26). Since ternary complexes containing Elk-1 and SRF
formed regardless of TCF site status (Fig. 2C and E), the
binding of SRF to the CArG box appears to recruit Elk-1 even
if the TCF binding site is mutated. These interactions support
equivalent activation from both the distal and proximal TCF
reporter constructs (Fig. 3).

To date, an SRE that contains two TCF binding sites has not
been described. However, both of the TCF binding sites in the
HTLV-1 LTR reside within the reported tolerated distance of
TCF binding sites (2 to 35 bases) from a CArG box within a
functional SRE (29). Our previously published report charac-
terizing the viral CArG box demonstrated that SRF has weak
binding affinity for the vCArG box, probably because it shares
only 80% identity with the canonical CArG box (31). Thus,

FIG. 4. Elk-1 and SRF activate the HTLV-1 LTR. 293 cells were
transfected with reporter plasmids containing either the wild-type LTR
(white bars) or an LTR containing mutations in all three vSRE elements
(mvSRE) (black bars) along with 0.5 �g of pRSV-Elk-1-RSPA, 0.5 �g of
pSG-SRF, or 0.5 �g of Elk-1 and pSG-SRF expression plasmid. These
results are the averages for three independent experiments.

FIG. 5. Elk-1 associates with the vSRE in vivo. (A) Cross-linked MS9
(HTLV-1-positive) or CEM (HTLV-1-negative) nuclear lysates were im-
munoprecipitated using protein G beads prebound with anti-Elk-1 (�-
Elk-1) or anti-SRF (�-SRF) antibody. Precipitated DNA was amplified
using LTR-specific primers. Rabbit IgG was used as a negative control.
Ten percent of the MS9 or CEM lysate used for IPs was PCR amplified
as a positive control. Negative PCR control reactions were carried out in
the absence of template. Positive PCR control reactions were carried out
with a pU3RLuc plasmid. (B) PCR analysis of MS9 and CEM ChIPs with
c-fos promoter-specific primers. DNA samples precipitated with anti-
Elk-1 and anti-SRF antibodies as in panel A were amplified with c-fos
promoter-specific primers. Negative PCR control reactions were carried
out in the absence of template, and positive PCR control reactions used
genomic CEM DNA. Each ChIP analysis was performed at least three
times, and a representative result is shown.
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redundancy of the TCF sites in the HTLV-1 promoter may
increase the efficiency of SRF recruitment.

The viral promoter contains multiple regulatory elements
that are responsive to the viral oncoprotein Tax. Three copies
of TRE1 bind CREB/ATF family members and are potently
activated in the presence of Tax (32). The other Tax-respon-
sive element, TRE2, can be activated by Tax but not as strongly
as the TRE1s (21). Interestingly, Tax is known to activate SRF
transcription and to interact with Elk-1 (12, 13, 27). Since the
vSRE is located in TRE2, it is possible that the vSRE contrib-
utes to transcriptional regulation in both the presence and
absence of Tax. Fluctuation of Tax expression during viral
infection, may allow the vSRE to modulate viral RNA expres-
sion when Tax expression is low.

Identification of an SRE regulated by SRF and Elk-1 within
the HTLV-1 LTR establishes a new mechanism of HTLV-1
transcriptional regulation. Continued study of the role of this
element during the viral life cycle will increase our understand-
ing of viral gene expression and replication. Both SRF and
Elk-1 are activated in response to mitogenic signals (8, 9, 17).
Interestingly, HTLV-1 virions have been shown to induce the
activation of resting T lymphocytes (11, 15), and SRF is known
to be activated upon T-cell activation (9, 20). Thus, viral entry
may activate mitogenic pathways, which could consequently
result in activation of Elk-1 and SRF. The availability of these
factors may allow the vSRE to play an important role in acti-
vation of viral gene expression from latency or during the
initial phase of infection (20). We hypothesize that the vSRE
could also play an important role in reactivation from latency
when latently infected cells encounter mitogenic signals that
activate Elk-1 and SRF. Continued study of these pathways
will provide increased understanding of the mechanisms of
HTLV-1 reactivation from latency and may reveal new thera-
peutic strategies for treatment of infected individuals.
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