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Distinct transcriptional regulatory sequences located within the upstream sequences required for p40x
trans-activation of the human T-cell leukemia virus type I (HTLV-I) long terminal repeat (LTR) were
chemically synthesized and cloned upstream of the basal HTLV-I LTR promoter. Plasmids containing a single
21-base-pair (bp) repeat were weakly inducible by p40x. The level of trans-activation by p40x was increased
when two (30-fold) or three (40-fold) 21-bp repeats were present in the upstream control region. In the mutant
containing two 21-bp repeats, the upstream 21-bp repeat could be positioned in either the sense (30-fold) or the
antisense (16-fold) orientation. Plasmids containing a 51-bp repeat element, which included a single 21-bp
repeat, were induced to levels similar to that obtained with the 21-bp repeat sequence alone. Template DNAs
containing a single copy of the HTLV-I sequences between —117 and —160 were stimulated approximately
10-fold by p40x when one copy of the 21-bp element was located downstream.

Transcription of the human T-cell leukemia virus type I
(HTLV-I) viral genome originates from the long terminal
repeats (LTRs) located at both ends of the HTLV-I genome.
Recently, it has been demonstrated that transcription from
the viral LTR is increased in the presence of an HTLV-I
gene product, p40x (4, 5, 7-9, 26, 29, 31, 33, 34). Analysis of
the HTLV-I LTR has revealed several interesting se-
quences. First, there are three imperfect repeats of 21
nucleotides located at positions —84 to —104, —183 to —203,
and —233 to —253 relative to the mRNA cap site. The two
upstream 21-base-pair (bp) repeats are located within a
larger imperfect tandem repeat sequence of 51 bp located
between —158 and —269. Previous investigators have dem-
onstrated that sequences between —159 and —350 which
include the two 51-bp repeats can act as transcriptional
enhancers (29). In addition, the sequences between —159
and +3 were shown to confer p40x inducibility on a heter-
ologous promoter.

The ability of p40x to trans-activate the HTLV-I promoter
is similar to the trans-acting abilities of simian virus 40
(SV40) T antigen and adenovirus E1A gene products to
stimulate transcription of viral and cellular genes. We and
others have shown that SV40 T antigen can stimulate tran-
scription from the SV40 late promoter in the absence of
DNA replication (1-3, 13, 20, 21). Current evidence suggests
that activation of the SV40 late promoter and heterologous
promoters can occur by both direct and indirect mecha-
nisms. Similarly, the adenovirus E1A gene product is able to
trans-activate a wide variety of eucaryotic genes, including
the adenovirus E2, E3, and late genes and cellular genes
such as the B-globin, B-tubulin, and heat shock genes (12, 15,
16, 19, 25, 35). Because the sequences required for E1A
induction do not show any sequence homology and because
specific binding of E1A to the reactive sequences has not
been demonstrated (6), it is likely that E1A trans-activates
these promoters indirectly, either through induction of syn-
thesis of eucaryotic transcription factors or through modifi-
cation of these factors (22, 23).

Sequences important for regulation of eucaryotic tran-
scription have been identified primarily by deletion, linker
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scanning, or base substitution mutation. An alternative
approach involves the de novo synthesis and substitution of
eucaryotic transcriptional control elements. With this ap-
proach, putative control sequences are synthesized, cloned
into appropriate plasmid constructs, and tested for biological
activity. In this study, we have used this synthetic approach
to identify sequences in the HTL V-1 LTR responsive to p40x
trans-activation. Our experiments demonstrate that two
distinct regulatory sequences respond to p40x trans-
activation at the transcriptional level.

MATERIALS AND METHODS

Cell culture and transfection. CV-1 cells were passed into
35-mm culture dishes with Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum. Twenty-four hours
later, when cells were 60 to 80% confluent, they were
transfected by the calcium phosphate precipitation tech-
nique (11). The total DNA concentration was kept constant
(10 p.g) with carrier plasmid DNA. Cells were incubated with
transfection mixtures for 12 h, washed, and cultured with
fresh medium until 48 h posttransfection.

CAT assays. Cells were harvested and assayed for chlor-
amphenicol acetyltransferase (CAT) activity as described by
Gorman et al. (10).

S1 nuclease analysis of RNA. RNA was extracted and
analyzed by the S1 nuclease technique as described previ-
ously (24). Briefly, RNA was extracted by the hot acid-
phenol method described by Queen and Baltimore (28).
Purified RNA (20 pg) and labeled DNA probe were sus-
pended in 20 wl of 0.4 M NaCl-0.04 M PIPES [piperazine-
N,N'-bis(2 ethanesulfonic acid), pH 6.4]-1.25 mM EDTA-
80% formamide and heat denatured at 68°C for 15 min. The
samples were then transferred immediately to a 45°C water
bath and incubated for 12 h. Hybridizations were terminated
by the addition of 9 volumes of 0.25 M NaCl-0.03 M sodium
acetate (pH 4.6)-1 mM ZnSO, which had been preequili-
brated to 4°C. S1 nuclease was added to a final concentration
of 1,800 U/ml, and the reaction sample was incubated for 60
min at 37°C. Protected DNA fragments were then purified
and analyzed by electrophoresis in a denaturing acrylamide-
urea gel.
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Synthetic oligonucleotide sequences. The following oligonucleotides were synthesized.
(i) p40x region I: 21-bp repeat (—84 to —103, —183 to —202, and —233 to —253);
5'-CTAGACTCGAGAAGGCTCTGACGTCTCCCCCCGGA-3’
3'"TGAGCTCTTCCGAGACTGCAGAGGGGGGCCTGATC-5'
(ii) p40x region II: 51-bp repeat (—156 to —212, —214 to —269);
5'-CTAGACTCGAGGGTCAGGGCCCAGACTAAGGCTCTGACGTCTCCCCCCGGAGGGCAGCTCAGCACCA-3'
3"TGAGCTCCCAGTCCCGGGTCTGATTCCGAGAC TG CAGAGGGGGGCCTCCCGTCGAGTCGTGGTGATC-5'

(iii) p40x region III: (—117 to —160);

5'-CTAGACTCGAGCCT CCGGGAAGCCACCAAGAACCACCCATTTCCTCCCCATGTTTGA-3'

3" TGAGCTCGGAGGCCCTTCGGTGGTTCTTGGTGGGTAAAGGAGGGGTACAAACTGATC-5'

(iv) p40x region III (mutant 1);

5'-CTAGACTCGAGCCTCCGGGAAGAAATTAAGAAAAATTCATTTCCTCCCCATGTTTGA-3
3" TGAGCTCGGAGGCCCTTCTTTAATTCTTTTTAAGTAAAGGAGGGGTACAAACTGATC-5'

(v) p40x region III (mutant 2):

5'-CTAGACTCGAGCCTCCGGGAAGAAATTAAGAAAAATTCATTTAAATTCCATGTTTGA-3'
3" TGAGCTCGGAGGCCCTTCTTTAATTCTTTTTAAGTAAATTTAAGGTACAAACTGATC-5’

RESULTS

Analysis of promoter deletion mutants. A series of BAL-31
deletion mutants was prepared by first restricting the plas-
mid pU3Rcat (34) at the unique Xhol site (HTLV-I map
position [mp] 8213). The linearized DNA was digested with
BAL-31 exonuclease for various lengths of time to generate
a series of progressive 5’ deletions and restricted with
HindIII (HTLV-I mp 8916) to create a defined 3’ end. DNA
fragments 250 to 700 bp in length were isolated from an
agarose gel. These fragments were ligated into the pCAT3M
vector at the unique Bg/II site, immediately upstream of the
CAT coding sequence (10). A schematic of the deletion
mutants is presented in Fig. 1.

Deletion mutant DN As were either transfected into CV-1
cells alone or cotransfected with a recombinant clone encod-
ing the HTLV-I p40x protein (9). At 48 h posttransfection,
cell extracts were prepared and gene expression was assayed
for CAT activity (Fig. 2, Table 1). In the absence of p40x
protein, the pU3Rcat (—440) extract gave approximately
10% conversion of the [*C]chloramphenicol substrate to the
acetylated form (Fig. 2A, lane 3; Table 1). Deletion to
nucleotide —306 (pU3Rcat d/10-1) decreased the basal level
of gene expression 50 to 70% (Fig. 2A, lane 4). Deletion to
nucleotide —242 (pU3Rcat dl6-3) led to a further drop in the
level of basal gene expression (Fig. 2A, lane 5). In the
representative experiment presented here, approximately
0.4% CAT activity was detected. Further deletion to —101

(pU3Rcat di11-2) or —52 (pU3Rcat dl6-2) abolished detect-
able basal promoter activity (Fig. 2A, lanes 6 to 8).

In parallel experiments performed in the presence of the
p40x protein, the level of expression for pU3Rcat, pU3Rcat
dl10-1, and dl6-3 was increased to 98, 63, and 38% conver-
sion, respectively (Fig. 2B, lanes 3 to 5). Since the value of
98% is beyond the linear range of the enzyme reaction,
assays were repeated with 1/10 the amount of the pU3Rcat
extract from cotransfection with HTLV-I p40x. The p40x
induction ratios for plasmids pU3R, 10-1, and 6-3 were 67-,
21-, and 100-fold above their respective basal levels. Weak
p40x induction was observed with deletion mutants 11-2,
6-2, and 4-2 (Fig. 2B, lanes 6 to 8), indicating that sequences
critical for efficient trans-activation were located between
—242 and —101.

To establish that the level of CAT expression accurately
reflected a change in the steady-state levels of CAT mRNA,
total cell RNA was isolated 48 h after transfection and
assayed by quantitative S1 nuclease protection (Fig. 2C).
The probe used in these studies was synthesized from an
M13 vector containing a portion of the CAT coding se-
quences (24). The intact probe was 458 nucleotides in length.
A protected DNA band of 256 nucleotides corresponded to
complete protection of the CAT sequences within the probe.
The intensity of the 256-nucleotide DNA fragment observed
following hybridization of the single-stranded probe to RNA
extracted from pU3Rcat-transfected cells (Fig. 2C, lane 1)
was significantly increased in the presence of p40x (Fig. 2C,
lane 2). While similar levels of the CAT-specific protected
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R L S e TABLE 1. Activity of HTLV-I deletion mutants ih the presence
-~ — and absence of p40x“
'
10-1)  E— CAT activity” (U)
¥ ) Plasmid Deletion endpoint
63 — Without p40x With pdox
-2 { pU3Rcat —440 10 670
L dl10-1 -306 3 63
o di6-3 -242 0.4 38
- dini-2 -101 0.08 1.1
FIG. 1. Schematic of HTLV-I LTR and promoter deletion mu- dl6-2 =52 0.11 0.78
tants. pU3Rcat (34) was digested with Xhol, digested with BAL 31 dl4-2 =21 0.12 1.3

exonuclease, and digested with HindIll, and DNA fragments 200 to
700 bp in length were isolated. These DNA fragments were then
ligated into the pCAT3M vector at the unique Bg/II site. The
endpoints of each deletion mutant were determined by DNA se-
quence analysis.

“ The transfection protocol used in this experiment is described in the
legend to Fig. 2.

% The values presented are based on the percentage of ['*C]chlorampheni-
col substrate converted to the acetylated form. Each unit represents 1%
conversion.
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FIG. 2. Analysis of transcriptional activity of HTLV-I promoter
deletion mutants. The HTLV-I promoter deletion mutants (2 pg)
depicted in Fig. 1 were transfected into CV-1 cells in the absence (A)
or presence (B) of p40x (0.2 pg). At 48 h, extracts were prepared and
CAT enzyme activity was determined. Lane 1, pSV2CAT; lane 2,
pA10CAT?2; lane 3, pU3Rcat; lane 4, d/10-1; lane S, dl6-3; lane 6,
dl11-2; lane 7, dl6-2; lane 8, dl4-2; lane 9, enzyme control. (C)
Samples (20 ng) of whole-cell RNA were probed by S1 nuclease
protection analysis for CAT mRNA as described in Materials and
Methods. The position of the intact S1 probe (458 bases) and the
DNA fragment protected by CAT mRNA (256 bases) are indicated.
Lane 1, pU3Rcat; lane 2, pU3Rcat plus p40x; lane 3, d/10-1 plus
p40x; lane 4, dl6-3 plus p40x; lane S, d/11-2 plus p40x; lane 6, dl6-2
plus p40x.

DNA fragment were observed in cells transfected with
deletion mutants 10-1 and 6-3 in the presence of p40x (Fig.
2C, lanes 3 and 4, respectively), little CAT-specific RNA
was detected in samples obtained from cells transfected with
mutant 11-2 or 6-2 plus p40x (Fig. 2C, lanes 5 and 6). These
data confirm that p40x rrans-activation of the HTLV-I LTR
occurs at the transcriptional level and requires regulatory
sequences between —242 and —101.

Synthesis and cloning of synthetic oligonucleotides corre-
sponding to suspected transcriptional control sequences. In
view of the DNA sequence and the deletion mutant analysis
results, three potentially important nucleotide sequences
were synthesized and analyzed for transcriptional activity.
The first sequence was the HTLV-I 21-bp repeat, which we
will refer to as p40x region I; the second sequence was the
51-bp repeat, which we will refer to as p40x region II; and
the third oligonucleotide, which we will refer to as p40x
region III, encompassed DNA sequences which are located
between the 51-bp repeats and the downstream 21-bp repeat.
The oligonucleotides were cloned into HTLV-I deletion
mutant vectors 11-2 and 6-2, which exhibited no basal
promoter activity. The series of plasmids derived from this
procedure are outlined in Fig. 3. The 11-2 deletion mutant
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TABLE 2. Activity of 21-bp insertion plasmids in the presence

of p40x*

Plasmid CAT activity (U)
di11-2 0.8
di11-2-35S 42
di11-2-35AS 26
di11-2-35S/AS 59

“ See Table 1, footnotes a and b.

contained one 21-bp sequence at the extreme end of the
deletion (Fig. 3A). Mutant 11-2-35S contained an additional
21-bp repeat cloned in the sense orientation (Fig. 3B), while
mutant 11-2-35AS contained one additional 21-bp repeat in
the antisense orientation (Fig. 3C). Mutant 11-2-35S/AS
contained two additional 21-bp repeats (Fig. 3D). Plasmids
containing a single copy of the 21-bp repeat in the dl6-2
mutant were cloned in both the sense (Fig. 3E) and antisense
(Fig. 3F) orientation. Two clones were isolated which con-
tained p40 region II in the sense (11-2-67S) and antisense
(11-2-67AS) orientation upstream of the single 21-bp repeat
in mutant d/11-2 (Fig. 3G and H).

Plasmid 11-2-57S contained p40x region III in the sense
orientation immediately upstream of the 21-bp repeat in
mutant 11-2 (Fig. 3I). The final construct contained one copy
of the p40x region III in the sense orientation (6-2-67S) (Fig.
3K) in mutant 6-2.

Transcriptional activity of 21-bp insertion templates in the
presence and absence of p40x. The recombinant plasmids
containing insertions of the 21-bp oligonucleotide in various
orientations and duplications (Fig. 3A to F) were transfected
into CV-1 cells in the presence or absence of p40x (Fig. 4,
Table 2). Consistent with the data presented above, in the
absence of p40x, deletion mutant 11-2, which contained one
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FIG. 3. Schematic of HTLV-I promoter construct containing
inserts of p40x regions I, II, and III. Synthetic oligonucleotides
corresponding to the HTLV-1 21-bp repeat (p40x region I), 51-bp
repeat (p40x region II), or the DNA sequences located between the
51-bp repeats and the downstream 21-bp repeat (p40x region III)
were inserted into HTLV-I promoter deletion mutant 11-2 or 6-2.
The number and orientation of inserts were determined by restric-
tion enzyme analysis. Symbols: Arrows indicate orientation of 21-bp
repeat; [0 , location of 21-bp repeat units (p40x region I); 1,
position of 51-bp repeats (p40x region II); &=, position of p40x
region III.
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FIG. 4. Analysis of p40x region I insertion mutants. The HTLV-I
promoter mutants (2 pg) containing an insert(s) of p40x region I
were transfected into CV-1 cells in the absence or presence of p40x
(0.2 pg). (A) At 48 h posttransfection, extracts were prepared and
CAT enzyme activity was determined. Lane 1, pU3Rcat; lane 2,
mutant 10-1; lane 3, 6-3; lane 4, 11-2; lane 5, 11-2-35S; lane 6,
11-2-35S/AS; lane 7, 11-2-35AS; lane 8, 11-2-35S plus p40x; lane 9,
11-2-35S/AS plus p40x; lane 10, 11-2-35AS plus p40x; lane 11,
enzyme control. (B) Samples (20 pg) of whole-cell RNA were
probed by S1 nuclease protection analysis for CAT mRNA as
described in Materials and Methods. The position of the intact S1
probe (458 bases) and the DNA fragment protected by CAT mRNA
(256 bases) are indicated. Lane 1, pU3Rcat; lane 2, 11-2-35S; lane 3,
11-2-35S/AS; lane 4, 11-2-35AS; lane 5, 11-2; lane 6, pU3Rcat plus
p40x; lane 7, 11-2-35S plus p40x; lane 8, 11-2-35S/AS plus p40x; lane
9, 11-2-35S plus p40x; lane 10, 11-2 plus p40x.

copy of the 21-bp repeat sequence, was inactive (less than
1% conversion of [**C]chloramphenicol to the acetylated
form) (Fig. 4A, lane 4). The addition of either one 21-bp
repeat in the sense (Fig. 4A, lane 5) or antisense (Fig. 4A,
lane 7) orientation or the insertion of the two 21-bp repeats
(Fig. 4A, lane 6) had little effect on the basal CAT activity.

At the RNA level, a modest increase in the level of
steady-state CAT mRNA was observed with the 21-bp
repeat insertions. The level of the 256-base CAT mRNA-
specific DNA fragment was increased with each of the
mutants (Fig. 4B, compare lanes 2 to 4 and lane 5). The level
of the CAT mRNA S1-protected DNA fragment was signif-
icantly below that observed with the control plasmid
pU3Rcat (Fig. 4B, lane 1).

In the presence of p40x, each of the 21-bp repeat insertion
mutants demonstrated a significant increase in both CAT
activity (Fig. 4A, Table 2) and CAT mRNA (Fig. 4B). The
single 21-bp insertion mutant in the sense orientation,
11-2-35S (Fig. 3B), generated 42% conversion of [**C]chlor-
amphenicol to the acetylated form (Fig. 4A, lane 8). The
plasmid containing a single 21-bp insertion in the antisense
orientation, 11-2-35AS, resulted in approximately 26% con-
version (Fig. 4A, lane 10), suggesting that the orientation of
the two 21-bp repeats contributes to the induction by p40x.
The plasmid containing three copies of the 21-bp sequence,
11-2-35S/AS (Fig. 3D), gave approximately 59% conversion
of the [*Clchloramphenicol substrate in this experiment

J. VIROL.

TABLE 3. Activity of p40x region II insertion plasmids in the
presence and absence of p40x“

CAT activity (U)

Plasmid . With pd0x
Without p40x
0.2 ug 1.0 pg
pU3Rcat 10.7 600 750
di11-2 0.5 1.3 5
di11-2-35S 0.4 38 92
di11-2-35AS 0.2 13 93
di11-2-67S 0.2 11 88
di11-2-67AS 0.4 28 91

“ See Table 1, footnotes a and b.

(Fig. 4A, lane 9). In other experiments, we observed an even
greater stimulation of CAT activity with this template.

Consistent with the results of the CAT assay, an increase
in the steady-state level of RNA was observed with the 21-bp
insertion mutants (Fig. 4B). The most dramatic increase was
observed with the tandem insertion mutant 11-2-35S/AS
(Fig. 4B, lane 8) and the single 21-bp insertion plasmid
11-2-35S (Fig. 4B, lane 7). The level of CAT-specific mRNA,
as measured by the intensity of the S1-protected 256-base
DNA fragment, was below that observed with pU3Rcat (Fig.
4B, lane 6). The level of CAT-specific mRNA was signifi-
cantly less for the plasmid containing a single additional
21-bp repeat insert in the antisense orientation (Fig. 4B, lane
9). This level was greater than that observed with the 11-2
mutant containing only a single copy of the 21-bp repeat
(Fig. 4B, lane 10).

We have also assayed the mutants containing 21-bp inserts
in the sense and antisense orientation upstream of the
sequences retained in mutant 6-2 (Fig. 3E and F). No CAT
activity or RNA could be detected with these plasmids in
either the absence or presence of p40x (data not shown).

Transcriptional activity of 51-bp insertion templates in the
presence and absence of p40x. The recombinant plasmids
containing insertions of the 51-bp repeat (p40x region II) in
the sense and antisense orientation were transfected into
CV-1 cells in the presence or absence of p40x. The addition
of one 51-bp repeat in the sense (Fig. 3G) or antisense (Fig.
3H) orientation had little effect on the basal CAT activity
(Table 3).

In the presence of p40x, the level of gene expression was
significantly increased in plasmids containing the S51-bp
repeat (Table 3). The plasmid containing a single copy of the
51-bp repeat in the sense orientation (11-2-67S) (Fig. 3G)
generated 11% conversion of [**Clchloramphenicol to the
acetylated form, while the plasmid containing a single copy
of the 51-bp repeat in the antisense orientation (11-2-67AS)
(Fig. 3H) generated approximately 28% conversion. These
conversion levels were approximately 10- and 28-fold, re-
spectively, above the activity observed with the basal 11-2
mutant. Higher levels of induction were observed when the
plasmids were cotransfected with 1.0 pg of p40x. For
comparison, insertion mutants containing a single copy of
the 21-bp repeat were included in the assay. The results of
this experiment demonstrate that the 51-bp repeat insertion
mutants were not significantly more inducible by p40x than
the 21-bp repeat insertion mutants. This result suggests that
the nucleotides which flank the 21-bp sequence within the
51-bp repeat are not functionally important in p40x trans-
activation in CV-1 cells.

Transcriptional activity of p40x region III insertion tem-
plates in the presence and absence of p40x. We next tested the
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level of gene expression observed when a single copy of the
p40x region III was cloned upstream of a single copy of the
21-bp repeat sequence (Fig. 5, Table 4). Similar to the results
presented in Fig. 2, pU3Rcat (96%), 10-1 (84%), and 6-3
(53%) were quite active in the presence of p40x (Fig. 5A,
lanes 1 to 3). In addition, mutants 11-2 (0.9%), 6-2 (0.5%),
and 4-2 (0.4%) showed almost no transcriptional activity in
the CAT assay (Fig. SA, lanes 6 to 8). The addition of the
p40x region III to mutant 11-2 (Fig. 3I) partially restored its
inducibility to the p40x trans-acting protein. Two indepen-
dent isolates (Fig. 5A, lanes 4 and 5) of this plasmid induced
CAT enzyme activity to 11 and 9% conversion of
[**C]chloramphenicol. This activity was approximately 10-
fold more than that observed with deletion mutant 11-2 (Fig.
5A, lane 6). S1 nuclease analysis demonstrated that activa-
tion of gene expression by p40x region II occurred at the
transcriptional level (Fig. 5B, lanes 5 and 6). In the absence
of a single 21-bp repeat in the basal HTLV-I promoter
element, mutant dl6-2-57S (Fig. 3K) gave no detectable
induction by p40x.

p40x region III contains a pentanucleotide sequence,
CC(T/A)CC, which is repeated four times within the 43-base
HTLV-I regulatory sequence (see Materials and Methods).
To test the importance of this sequence, we constructed
mutations within the pentanucleotide. Mutant d/11-2-57S-1
base substitutions changed the sequence of the second and
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FIG. 5. Analysis of p40x region III insertion mutants. The
HTLV-I promoter mutants (2 pg) containing an insertion of p40x
region III were transfected into CV-1 cells in the presence of p40x
(0.2 pg). (A) At 48 h posttransfection, extracts were prepared and
CAT enzyme activity was determined. Lane 1, pU3Rcat; lane 2,
10-1; lane 3, 6-3; lane 4, 11-2-57S; lane 5, 11-2-57S; lane 6, 11-2; lane
7, 6-2; lane 8, 4-2; lane 9, enzyme control. (B) Samples (20 ng) of
whole-cell RNA were probed by S1 nuclease protection analysis for
CAT mRNA as described in Materials and Methods. The intact S1
probe was 458 bases. The DNA fragment protected by CAT mRNA
(256 bases) is indicated by the arrow. Lanes 1 and 4, pU3Rcat; lanes
2 and S, di11-2; lanes 3 and 6, d/11-2-57S. Transfections for lanes 4
through 6 were performed in the presence of p40x. Lane M, Size
markers.
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TABLE 4. Activity of p40x region III insertion plasmids in the
presence of p40x¢

Expt Plasmid CAT activity” (U)

1 pU3Rcat 96
di10-1 84
dl6-3 53
di11-2-57S 11
dl11-2-57S 9
dil1-2 0.9
dl6-2 0.5
di4-2 0.4

2 di11-2-57S 22
dl11-2-578-1 3
dl11-2-57S-2 3

2 The transfection protocol used in these experiments is described in the
legend to Fig. 5.
® See Table 1, footnote b.

third repeat to AAATT, while mutant d/11-2-57S-2 changed
repeats two, three, and four to AAATT. The base substitu-
tion mutants and parent plasmid d/11-2-57S were transfected
into CV-1 cells in the presence of p40x. Both mutants were
approximately seven- to eightfold less active than the wild-
type plasmid (Table 4), suggesting that the CC(T/A)CC
pentanucleotide repeat may be an important sequence within
p40x region III.

DISCUSSION

The experiments presented in this manuscript provide
information about the sequences required for basal and p40x
trans-activation of the HTLV-I LTR. Deletion of sequences
between —440 and —306 decreased HTLV-I basal gene
expression approximately 50 to 70%. Further deletion to
approximately —242 decreased the level of HTLV-I gene
expression to essentially background levels (<1%). Thus,
the DNA sequences between —306 and —242 are apparently
important for basal activity. Our data are consistent with
those of Rosen et al. (29), who previously demonstrated that
basal HTLV-I promoter activity decreased to background
levels following deletion of sequences between —294 and
—240. More recently, Paskalis et al. (26) presented evidence
that sequences upstream of —322 were required for basal
HTLV-I promoter activity. While we observed a decrease in
gene expression after deletion of similar sequences, our
—300 deletion mutant retained some basal activity. With a
HeLa cell nuclear extract, a DNase I footprint region
extending from —262 to —314 overlaps the basal-level up-
stream control region (K.-T. Jeang, personal communica-
tion). Further experiments will determine whether the
DNase I-resistant sequence and the transcriptional control
element are identical.

We have shown that two specific sequences within the
HTLV-I LTR can be activated by the trans-acting protein
p40x. The first sequence constitutes the 21-bp repeat located
in the HTLV-I upstream control region (p40x region I).
Activation of this sequence by p40x was dependent on the
presence of at least two tandem 21-bp repeats. In the
presence of p40x, we observed up to a 30-fold induction of
CAT activity. Further oligomerization increased the extent
of p40x inducibility to approximately 40-fold. Quantitative
S1 nuclease analysis demonstrated that the activation oc-
curred at the level of transcription. It is interesting that a
simple duplication of the 21-bp repeat sequence allowed



2180 BRADY ET AL.

p40x induction. A direct duplication of the 21-bp repeat is
not observed in the wild-type LTR sequence; the closest
21-bp repeats are separated by approximately 50 bp of DNA.

Insertion of the 51-bp repeat sequence (p40x region II)
upstream of the basal HTLV-I promoter increased gene
expression to approximately the same level as did an inser-
tion of the 21-bp repeat sequence. This result suggests that
the nucleotides which flank the 21-bp sequence within the
51-bp repeat are not functionally important in p40x trans-
activation in CV-1 cells. In view of the sequence homology
between the two 51-bp repeats, this result may not be
unexpected. While the two 21-bp repeats are 85 to 90%
homologous, the flanking sequences are less than 50% ho-
mologous. Due to the somewhat artificial nature of our
promoter constructs, we cannot rule out the possibility that
the context of the 21-bp sequence within the 51-bp repeat is
important for HTLV-I transcription in an intact LTR. In
addition, the 51-bp repeats might play an important role in
HTLV-I transcription in a T cell. Experiments to address
these questions are under way.

The second sequence which conferred inducibility in the
presence of p40x was p40x region III, which consisted of the
upstream HTLV-I sequences between —160 and -117.
When this sequence was positioned upstream of a single
21-bp repeat, we reproducibly observed an approximately
10-fold induction in p40x trans-activation. This level of
induction is significant, but less than that observed with the
21-bp repeats. This result at first suggests that p40x region
III is a weaker transcriptional control element. However, it
should be kept in mind that our selection of sequences for
the p40x region III oligonucleotide was somewhat arbitrary.
Thus, it is possible that the synthetic oligonucleotide does
not contain critical regulatory sequences of this domain.
Within the p40x region sequence, the pentanucleotide se-
quence CC(T/A)CC was repeated four times. Our results
demonstrate that specific mutations within the second and
third repeat decrease inducibility by p40x (Table 4), suggest-
ing a functional role for these sequences.

It is not clear at present how p40x stimulates transcription
from a promoter containing p40x region I or III. One
possibility is that p40x stimulates the expression of or
modifies preexisting transcription factors which interact with
these DNA sequences. This model is similar to that recently
proposed for the adenovirus E1A protein trans-activation of
the E2 promoter (22). An increase in the binding activity of
transcription factors which interact with upstream
adenovirus E2 promoter sequences has been observed. In
still another set of experiments, it has been suggested that
the adenovirus E1A protein specifically induces the level of
the active polymerase III transcription factor, TFIIIC (14,
36). Alternatively, p40x may bind to region I and III either
directly, by sequence recognition, or indirectly, through an
intermediate transcription factor. Further studies are re-
quired to distinguish among these various possibilities.

The position of the p40x region III, between the two 21-bp
repeat sequences, raises an interesting possibility concern-
ing the function of p40x in the rrans-activation mechanism of
the intact HTLV-I LTR. In one model, transcription factors
binding to p40x region III might act to stabilize the binding of
transcription factors to the 21-bp repeats. Interaction be-
tween individual transcription factors binding to separate
domains of the DNA has been reported for other eucaryotic
promoter elements (3, 17, 30). In the case of SV40 late gene
trans-activation by the early gene product T antigen, effi-
cient and stable binding of transcription factors to T-antigen-
binding site II and sequences within the SV40 72-bp repeats
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apparently occurs only when the two transcriptional do-
mains are correctly spaced (3). Similarly, Sawadogo and
Roeder have demonstrated that the binding of transcription
factor TFIID is stabilized by the binding of transcription
factor USF to the adenovirus major late upstream control
region (30). Jones and Tjian have also demonstrated that
efficient transcription of the herpesvirus thymidine kinase
gene requires the presence of two transcription factors, SP1
and CTF (17). The CTF-binding sequence is located directly
between the two SPl-binding sites and perhaps acts to
stabilize SP1 binding. To test this hypothesis in HTLV-I, we
increased the spacing between the tandem 21-bp repeats to
the wild-type spacing interval, but without the intervening
p40x region III sequences. Analysis of these mutant tem-
plates should help to determine the importance of the p40x
target sequences.

During final editing and preparation of this manuscript,
Shimotohno et al. (32) published experiments demonstrating
that the HTLV-I 21-bp repeats conferred p40x inducibility
on a basal HTLV-I promoter.
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