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FIG. 4. DNase I footprinting analysis of HTLV-I LTI
with tMyb. (A and B) DNase I footprints of fragment 2;
I footprint of fragment 3; (D) DNase I footprint of fragn
fragments were labeled on the positive strand of the LTF
G ladder; 2, A+G ladder; 3, labeled LTR fragment ti
DNase I in the presence of bovine serum albumin; 4 an(
LTR fragment treated with DNase I in the presence of 2
4 (lane 5) ,ug of tMyb protein. The boxed portion of th
sequence represents the putative Myb-binding site (2).

concentrations of tMyb protein (2 and 4 ,ug). Figure 4 (see
also Fig. 2) shows the protected regions of the LTR frag-
ments corresponding to the positive strand of the proviral
LTR sequence. LTR fragment 2 was found to be protected

DA by tMyb protein in two distinct regions which encompassed
T nucleotides (nts) 329 to 349 and nt 400 to 420. The putativeC
c Myb-binding sequences in these two regions are CAGTTC
c and CGGTTG, respectively (Fig. 4A and B). LTR fragment
G
_c_ 3 was protected by the recombinant tMyb protein in one
G distinct region encompassing nt 583 to 601. The protected
T region contained the putative Myb-binding motifTCGTTT in

[GAl this fragment (Fig. 4C). LTR fragment 4 was found to be
G protected in two distinct regions. One of these two regions
c was common to fragment 3, and the second protected region
c in fragment 4 was located between nt 683 and 702. This
3 particular protected region in LTR fragment 4 has been

found to contain a perfectly matching Myb binding motif,
CCGTTG (Fig. 4D). The results of DNase I protection
experiments are in agreement with those of EMSA studies.

/ c Thus, both fragments 2 and 4 were found to be protected in
G two distinct regions of the DNA, whereas fragment 3 binds
G with tMyb only in one region.
G Oligonucleotide binding and competition studies. To con-
A firm the results of the DNase I footprinting analysis, double-C
T stranded oligonucleotides were synthesized from the se-

quences corresponding to the four footprinted regions in
G LTR fragments 2, 3, and 4 (see Materials and Methods for
T the sequences of these oligonucleotides). The labeled oligo-T
G' nucleotides were tested by EMSA using tMyb (Fig. 5). ON-1
G (corresponding to fragment 2, LTR nt 324 to 358) and ON-4
C
T (corresponding to fragment 4, LTR nt 677 to 711) both were
c found to bind strongly with as little as 2.5 ng of tMyb protein
G (lanes 8 and 11, respectively). ON-2 (corresponding to
3' fragment 2, LTR nt 397 to 431) showed less avid binding and

R fragments
;(C) DNase
nent 4. The
L. Lanes: 1, ON-3 ON-2 ON-1 ON-4
reated with iiLnC:UO 0 In- tMyb
d 5, labeled 00 4 NU\ " NL L6 (ng)
Z (lane 4) or
[e protected

quences, we generated four overlapping LTR fragments by
PCR amplification (Fig. 1). The end-labeled LTR fragments
were then systematically examined by EMSA, using the
recombinant tMyb protein. As shown in Fig. 3, LTR frag-
ments 2 and 4 both showed very strong Myb-binding activ-
ity, while fragment 3 showed weak binding and fragment 1
showed very little or no binding activity. The presence of
two bands with fragments 2 and 4 suggests the possibility
that these fragments contained two Myb-binding sites. Bind-
ing of tMyb protein with fragments 2, 3, and 4 was found to
be concentration dependent, and this binding could be
readily detected in the presence of as little as 5 ng of the
recombinant tMyb protein (data not shown).
Mapping of Myb-binding sites in the HTLV-I LTR. To

further map the Myb-binding sites in the HTLV-I LTR, we
used fragments 2, 3, and 4 to perform DNase I footprinting
analysis. Both strands of the three fragments were analyzed,
and the results showed that the same regions were protected
in both strands. Further, in all DNase I footprinting experi-
ments, the same DNA regions were found to be occupied at
about the same points when titrated with two different

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 5. EMSA of synthetic double-stranded oligonucleotides
derived from the DNase I-protected regions of LTR fragments 2, 3,
and 4 (see Fig. 4). End-labeled oligonucleotides were treated with
the indicated amounts of tMyb protein. ON-1 and ON-2 were
derived from LTR fragment 2; ON-3 and ON-4 were derived from
LTR fragments 3 and 4, respectively.
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FIG. 6. Oligonucleotide competition experiments with labeled LTR fragments. (A) Competition experiments using labeled fragment 2.
Since fragment 2 contains two DNase I footprint regions, oligonucleotides derived from both of these regions were used independently for
competition experiments. Lanes: 1 and 8, free probe (labeled fragment 2); 2 and 9, probe plus tMyb (50 ng); 3 to 6, probe plus tMyb (50 ng)
in the presence of 0.2, 0.4, 0.8, and 1 ,ug, respectively, of unlabeled homologous competitor ON-1; 7 and 14, probe plus tMyb (50 ng) in the
presence of unlabeled heterologous competitor ON-5; 10 to 13, probe plus tMyb (50 ng) in the presence of 0.2, 0.4, 0.8, and 1 ,ug, respectively,
of unlabeled homologous competitor ON-2. (B) Competition experiments using labeled fragment 3. Lanes: 1, free probe (labeled fragment 3);
2, probe plus tMyb (50 ng); 3 to 6, probe plus tMyb (50 ng) in the presence of 0.2, 0.4, 0.8, and 1 ,ug, respectively, of unlabeled homologous
competitor ON-3; 7, probe plus tMyb (50 ng) in the presence of unlabeled heterologous competitor ON-5. (C) Competition experiments using
labeled fragment 4. Since fragment 4 contains two DNase I footprint regions, oligonucleotides derived from both of these regions were used
independently for competition experiments. Lanes: 1 and 8, free probe (labeled fragment 4); 2 and 9, probe plus tMyb (50 ng); 3 to 6, probe
plus tMyb (50 ng) in the presence of 0.2, 0.4, 0.8, and 1 1±g, respectively, of unlabeled homologous competitor ON-3; 7 and 14, probe plus
tMyb (50 ng) in the presence of unlabeled heterologous competitor ON-5: 10 to 13, probe plus tMyb (50 ng) in the presence of 0.2, 0.4, 0.8,
and 1 ,g, respectively, of unlabeled homologous competitor ON-4.

required 5 ng of tMyb protein to exhibit significant binding
(lane 6). On the other hand, ON-3 (corresponding to both
fragments 3 and 4, LTR nt 577 to 611) showed weak binding
even when 5 ng of tMyb protein was used (lane 3).
To test whether the oligonucleotides derived from the

footprinted regions could also compete with their corre-
sponding LTR fragments for Myb-binding activity, different
amounts of unlabeled oligonucleotides were allowed to com-
pete for Myb binding in the presence of labeled LTR
fragments (Fig. 6). With increasing oligonucleotide concen-
tration, a gradual decrease in labeled protein-DNA complex
formation was observed for all four oligonucleotides tested.
On the other hand, this complex formation was not inhibited
by a noncompetitive unlabeled oligonucleotide (ON-5) even
when this oligonucleotide was used at 1 pug per reaction (Fig.
6).

Transactivation of HTLV-I LTR-CAT by Myb. To examine
whether Myb was able to increase the basal promoter
activity of HTLV-I LTR in vivo, an expression plasmid
encoding tMyb protein (pCMVtMyb) was cotransfected into

HeLa cells with a reporter plasmid containing the CAT gene
under the control of HTLV-I LTR (pHTLV-I LTR-CAT).
As negative controls, the reporter plasmid was either trans-
fected alone or cotransfected with the same expression
vector lacking the tMyb DNA insert. A recombinant plasmid
containing the bacterial lacZ gene under the control of the
Rous sarcoma virus LTR (pRSVLacZ) was also included in
all transfection experiments to correct for the variations in
transfection efficiencies. The results are expressed as n-fold
stimulations of CAT activity compared with values for the
reporter plasmid alone. Using this procedure, we reproduc-
ibly observed four- to sixfold stimulation of HTLV-I LTR-
mediated transcription of the reporter gene when the tMyb
expression vector was cotransfected with the reporter plas-
mid (Fig. 7, lane 3). On the other hand, cotransfection of the
reporter plasmid along with the same expression vector
lacking the tMyb insert failed to enhance the CAT activity
(lane 4). These results suggest that HTLV-I LTR-mediated
expression can be transactivated by coexpression of Myb
protein.
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FIG. 7. Transactivation of HTLV-I LTR CAT activity in HeLa
cells by a tMyb expression vector. Lanes: 1, HeLa cells transfected
with the tMyb expression vector (4 ,ug); 2, HeLa cells transfected
with HTLV-I LTR-CAT plasmid (1 jig); 3, HeLa cells cotransfected
with HTLV-I LTR-CAT (1 ,ug) and tMyb (4 p.g) expression plas-
mids; 4, HeLa cells transfected with HTLV-I LTR-CAT (1 ,ug) and
empty tMyb (4 ,ug) expression plasmids. As an internal control, 1 ,ug
of pRSVLacZ (1) was included in all transfection experiments;
tissue extracts containing identical amounts (0.10 optical density
equivalent) of ,B-galactosidase activities were used in all CAT
assays. Also, lanes 1 and 2 contain Bluescript KS vector (1 and 4 ,ug,
respectively) in order to maintain equal amounts (6 ,ug) of DNA in all
transfections. Transactivation of CAT activity is fourfold greater in
lane 3 than in lane 2.

DISCUSSION

The results presented in this report show that Myb protein
binds to HTLV-I LTR sequences at four distinct regions:
two high-affinity and two low-affinity binding sites. The two
high-affinity binding sites occur in the U3 and U5 regions of
the LTR, spanning nt 329 to 349 and nt 683 to 702, respec-

tively (Fig. 2). The low-affinity binding sites map to locations
in the R and U5 regions, spanning nt 400 to 420 and nt 583 to
601, respectively. DNase I footprinting analysis and oligo-
nucleotide competition experiments show that binding of
Myb to these four sites in the LTR is sequence specific. Co
transfection of the HTLV-I LTR-CAT construct along with
a myb expression vector into HeLa cells resulted in a four- to
sixfold increase in the transcriptional activation of the LTR.
Taken together, these results suggest that Myb protein binds
to HTLV-I LTR and activates LTR-mediated transcription.
This is particularly significant since mitogenic stimulation of
T cells, a prerequisite for HTLV-I transcription and replica-
tion, is also known to induce Myb production in these cells.

Transcription of genes in eukaryotic cells is a complex
process involving multiple steps and a variety of transcrip-
tional factors (22). To date, a number of cellular protein
factors have been described which interact either with the
HTLV-I LTR 21-bp repeat elements or with distinct respon-

sive regions in the LTR to confer transcriptional activation
of viral gene expression (reviewed in reference 18; 19, 23, 26,
37, 38, 40, 43, 44). Many of these cellular protein factors are
ubiquitously expressed and may or may not actively partic-
ipate in transcriptional regulation of HTLV-I in the target
cells. HTLV-I is predominantly T lymphotropic, and the
virus infects the helper/inducer subset of T cells defined by
the surface antigen CD4 (11, 13, 30). Therefore, it is reason-
able to believe that lymphoid-specific putative transcription
factors may play a crucial role in the expression of viral
RNA. Recently, the HTLV-I LTR has been shown to
contain a sequence motif which is recognized by the ets-J
and ets-2 proto-oncogene products (3). This sequence, which
also contributes to Taxl responsiveness of the HTLV-I
LTR, is characterized by the presence of four repeats of a
pentanucleotide sequence, CC(T/A)CC, and binding of the

ets-I or ets-2 product to this region seems to result in three-
to fourfold transcriptional activation of the HTLV-I LTR (3).
Our results show that Myb protein binds to sequences in the
HTLV-I LTR and activates transcription of a reporter gene
linked to the LTR. While a number of nuclear factors have
been shown to bind to the HTLV-I LTR, Myb and Ets
proteins constitute a special case in that they activate
HTLV-I LTR transcription in the absence of Taxl protein.
Further, both Myb and Ets proteins are preferentially ex-
pressed at high levels in lymphoid tissues, particularly in the
CD4+ T cells which are also natural targets for HTLV-I
infection. Therefore, the simultaneous presence of both Myb
and Ets proteins in activated T cells may play a critical role
in HTLV-I gene expression and propagation of the virus in T
cells in vivo. Recently, it has been shown that the v-myb and
v-ets genes of E26 virus cooperate in mitogenic stimulation
of fibroblasts (28). The observation that Myb and Ets acti-
vate HTLV-I LTR transcription in the absence of Taxl
suggests that these transcription factors play a crucial role in
early viral transcription and thus the synthesis of mRNA
coding for Taxl and Rexl. A better understanding of the
function of Myb and Ets proteins in HTLV-I transcription
could provide valuable insights into the regulation of viral
gene expression in vivo.
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