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FIG. 5. Methylation interference analysis. (A) Double-strande_
-56 to -34 probes labeled on top (lanes 1 to 4) or bottom (lanes 5 to
8) strands were partially methylated with dimethyl sulfate. EMSA
was performed with Jurkat nuclear extracts and these probes. Free
probe (lanes 1, 4, 5, and 8) and probes from the Ci (lanes 2 and 6)
and C2 (lanes 3 and 7) complexes were excised from the gel, treated
with piperidine, lyophilized, resolved on a 12% sequencing gel, and
autoradiographed. (B) Summary of the data from panel A. Strong
interference of binding due to methylation of G residues is indicated
by solid circles, and weak interference of binding is indicated by
open circles.

These data strongly suggest that the GGAA EBS at -41 to
-38 is recognized by Ets family proteins.

Ets-1 and GABP are involved in formation of the Cl and C2
complexes, respectively. The EBS in the -56 to -34 en-
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FIG. 6. Competition of nuclear binding to the -56 to -34 region
with wild-type (WT) and mutant (Mut) PEA3 and MSV LTR
oligonucleotides. (A) Sequences of the oligonucleotides. Wild-type
and mutant EBSs are boxed; mutated nucleotides are underlined.
(B) EMSA using the 32P-labeled -56 to -34 probe and Jurkat
nuclear extracts (lane 1). Competition was performed with 25 ng of
unlabeled wild-type (WT) and mutant (Mut) PEA3 (lanes 2 and 3) or
wild-type and mutant MSV LTR (lanes 4 and 5) oligonucleotides. Ci
and C2 complexes and free probe are indicated.

hancer region (ACAGGAAGTG) is highly homologous to
the preferred binding site (AIgCC/aGGAA/TG/aCfTN) for
Ets-1 (12, 31, 51). This striking sequence similarity as well as
the competition of binding by PEA3 and MSV LTR EBSs led

TABLE 2. Comparison of EBSs

Promoter/enhancer' Sequenceb Binding protein(s) Reference(s)

Viral genes
PEA3 AGCAGGAAGT Ets-1, Ets-2, Erg, Elk-1 49
MSV LTR GAGCGGAAGC Ets-1, Ets-2 13, 17
HTLV-I LTR GGAGGAAAT Ets-1, Ets-2 4

CCGGGAAGC Ets-1, Ets-2 4
HIV-2 LTR GACAGGAACAG Elf-1 24

GGCAGGAAGTA Elf-1 24
HSV ICP4 promoter 6(CGGAAA/G) GABPa/13 22, 24

Cellular genes
ets-2 promoter TGGAGGAAGT Ets-1, Ets-2 28, 34
Stromelysin 1 promoter GCAGGAAGC Ets-1, Ets-2 50

CCAGGAAAT Ets-1, Ets-2 50
TCRa enhancer CAGAGGATGT Ets-1 19
TCRP enhancer (1E2) AACAGGATGTG Ets-1 32
TCR,B enhancer (,BE3) GCCGGATGCG Ets-1 32
IL-2 enhancer (NFAT-1) AGGAGGAAAAA Elfl 43
IL-2 enhancer (IL-2B) AAGAGGAAAAA Elfl 43
IL-2RO promoter/enhancer CACAGGAAGT Ets-1, GABPa/1 This study
a HTLV-I, human T-cell leukemia virus type I; HIV-2, human immunodeficiency virus type 2; HSV, herpes simplex virus; TCRa, T-cell receptor a chain;

TCRI, T-cell receptor j3 chain.
b Boldfaced nucleotides represent the GGAAfT Ets motif.
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FIG. 7. Ets-1 and GABP bind to the -56/-34 region. (A) EM-
SAs using the 32P-labeled -56 to -34 probe and purified human
Ets-1 protein. Preimmune serum (lane 1) or R4641 anti-Ets-1 anti-
serum (lane 2) was added prior to the probe. Ets-1 binding activity
and the R4641 supershifted complex are indicated (arrows). (B)
EMSA using Jurkat nuclear extracts and the 32P-labeled -56 to -34
probe in the presence of preimmune serum (lane 1) or antiserum to
Ets-1 (lane 2), GABPa (lane 3), or GABP3 (lane 4). GABP and Ets-1
binding activities and the supershifted band are indicated. (C) In
lane 1, purified GABPa and GABPP were incubated with the
32P-labeled -56 to -34 probe; in lanes 2 to 4, prior to addition of
probe, proteins were incubated with preimmune serum, anti-
GABPa, and anti-GABPP, respectively. GABP-binding activity is
indicated.

us to hypothesize that Ets-1 binds to the -56 to -34 probe.
Indeed, as shown in Fig. 7A, purified human Ets-1 formed
major and minor complexes with the -56 to -34 probe (lane
1). The major (lower) complex comigrated with the C2
complex seen with Jurkat nuclear extracts (data not shown).
Since an Ets-1-specific antiserum, R4641 (see Materials and
Methods), can supershift both Ets-1 complexes (Fig. 7A,
lane 2), we used R4641 to determine whether the nuclear
binding activities from Jurkat cells contained Ets-1. Prein-
cubation of the Jurkat nuclear extracts with R4641 resulted
in a supershift of the C2 complex (Ets-1; Fig. 7B, lane 2) but
not the Cl complex. These data indicate that the C2 complex
contains Ets-1.
Because of the relatively slow mobility of the Cl complex

and because it was found in the nuclear extracts from all
three cell lines studied, we hypothesized that the Cl com-
plex may contain GABP, another protein capable of binding
to GGAA purine-rich motifs which is expressed in most
tissues examined and in particularly high levels in thymus (5,
22). This transcription factor is required for VP16-mediated
activation of intermediate-early gene transcription in herpes
simplex virus (45). GABP is composed of a and m subunits,
but only GABPa contains an Ets domain and can bind
weakly to DNA. However, the interaction of GABP, with
GABPoL results in higher-affinity DNA binding (22, 23, 44).
As shown in Fig. 7C, when GABPaL and GABP3 were

combined, they bound to the -56 to -34 region (lanes 1 and
2) and yielded a band which comigrates with the Cl complex

(not shown). Preincubation with anti-GABPa or anti-
GABPI antibodies abolished GABP binding (Fig. 7C, lanes
3 and 4) and formation of the Cl complex seen with Jurkat
nuclear extracts (Fig. 7B, lanes 3 and 4) without affecting
formation of the C2 complex (Fig. 7B, lanes 3 and 4).
Anti-GABP antibodies also abolished the C2 complex when
HeLaS3 and Kit-225 nuclear extracts were used (data not
shown). Thus, the same EBS can bind GABP (Cl complex)
and Ets-1 (C2 complex). The identities of the fainter, more
variable proteins responsible for bands seen between Cl and
C2 are unknown but could be Ets related, given their
competition by wild-type but not mutant PEA3 and MSV
oligonucleotides (Fig. 6).
The EBS in the -56 to -34 region is critical for IL2R

promoter and enhancer activities. To evaluate its functional
role, we mutated the EBS (Fig. 8A) so that it could not bind
to nuclear proteins (Fig. 8B, lane 2 versus lane 1). Further-
more, the mutant oligonucleotide could not compete for
nuclear protein binding to the -56 to -34 wild-type probe
(data not shown). IL-2R,B enhancer (Fig. 8C and E) and
promoter (Fig. 8D and F) constructs containing this mutation
exhibited significantly decreased activity in both Jurkat (Fig.
8C and D) and Kit-225 (Fig. 8E and F) cells (compare lanes
5 and 6 with lanes 3 and 4 in each panel). These results
indicate that this EBS plays a crucial role in regulating
IL-2R1 promoter and enhancer activity. Interestingly, an
even more limited fragment, -46 to -34, which contains the
EBS with virtually no flanking sequences, also had the
ability to drive expression of the TK promoter (data not
shown) in a fashion dependent on an intact EBS.

DISCUSSION

In this study, we have delineated 5' regulatory elements of
the IL-2R,B gene which are essential for basal and PMA-
inducible promoter activity. Basal promoter activity was
seen with constructs containing at least 363 bp of the 5'
regulatory region (Fig. 1B). This may account for the con-
stitutive level of IL-2R,B mRNA produced by resting periph-
eral blood lymphocytes (6, 18). Furthermore, IL-2R3 pro-
moter-CAT constructs were induced by PMA treatment
(Fig. 1B), consistent with the increased levels of IL-2RP
mRNA which are seen following treatment of human periph-
eral blood lymphocytes with PMA (unpublished observa-
tion), phytohemagglutinin (18), IL-2 (unpublished observa-
tion), and anti-CD3 (6).
The 5' deletion and enhancer analyses suggested the

existence of one negative regulatory region (-760 to -632)
(Fig. 1B) and at least three positive regulatory regions (-363
to -251, -170 to -139, and -56 to -34) (Fig. 2D). These
boundaries imply that previously identified putative AP-1
motifs (TAGCTCA and TGCCTCA) which are between
-572 to -557 (Fig. 1A) (37) may not be required for IL-2RP
promoter activity. Two putative octamer binding sites (37)
are located in the negative regulatory region (-760 to -632);
it is unknown whether these sites are involved in negatively
regulating IL-2R1 promoter activity.
Our major finding is that the -56 to -34 enhancer region

contains an EBS whose integrity is essential for IL-2R3
promoter and enhancer activities. The activity of this region
appears to be cell type specific (active in Jurkat and Kit-225
T cells but not in HeLa and MG63 cells). It is noteworthy,
however, that this EBS by itself is not sufficient to fully
activate the promoter, since JMXHP-61/+97 was not ac-
tive, even though it contains the EBS. It is possible that this
EBS functionally interacts with other cis-acting regulatory
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FIG. 8. Mutation of the IL-2RP EBS abolishes nuclear protein binding and decreases promoter and enhancer activities. (A) Sequences of
wild-type (WT) and mutant (Mut) -56 to -34 oligonucleotides, showing the -41 to -38 EBS (boxed) and mutated nucleotides (arrows). (B)
EMSA using 32P-labeled wild-type (WT; lane 1) and mutant (Mut; lane 2) probes and 10 ,ug of Jurkat nuclear extracts (NE). GABP and Ets
binding activities are indicated. (C and E) pBLCAT2 (lanes 1 and 2), pTK,B-56/-34 (lanes 3 and 4), and the pTK3-56/-34 mutant construct
(lanes S and 6) were transfected into Jurkat (C) or Kit-225 (E) cells. (D and F) JOCAT (lanes 1 and 2), theJMXH -548/+97 promoter construct
(lanes 3 and 4), and the JMXHO-548/+97 mutant construct (lanes 5 and 6) were transfected into Jurkat (D) or Kit-225 (F) T-cell lines. Cells
in panels C to F were either not treated (lanes 1, 3, 5, and 7) or treated with PMA (lanes 2, 4, 6, and 8) overnight before harvesting for CAT
assays. For lanes 1 to 6 in panels C to F, CAT conversion percentages are 3.83, 5.29, 21.13, 72.64, 7.22, and 10.55 (C); 0.41, 0.53, 10.07, 20.78,
0.62, and 1.55 (D); 0.72, 0.96, 1.41, 9.13, 0.68, and 1.11 (E); and 0.20, 0.34, 1.89, 16.10, 0.48, and 1.77 (F). Panels C to F are representative
experiments.

elements, perhaps with the upstream enhancers, in order to
achieve the full promoter activity.

Ets-1 and GABP account for the major nuclear protein
EBS-binding activities in Jurkat cells in vitro (Fig. 7). Since
the preferred recognition sequences for GABPot (G/AC/gC/
aGGAA/tG/aT/cN) (5) and Ets-1 (A/gCC/aGGAA/TG/aC/
TN) (12, 31, 51) are very similar, it is not surprising that both
Ets-1 and GABP bind to the same EBS (ACAGGAAGTG) in
the -56 to -34 region. Nevertheless, to our knowledge, this
is the first time that binding of these proteins to the same
EBS has been reported. Since GABP is expressed in both
T-cell lines and HeLaS3 cells, it seems unlikely that GABP
alone could explain the differential activity exhibited by the
IL-2R13 enhancer construct in these different cell lines. If
GABP does play an important functional role, it may be that
cell-type-specific posttranslational modifications or interac-
tion with cofactors are essential. Since Ets-1 was detectable
in Jurkat but not in HeLaS3 cells, we initially hypothesized
that this cell-type-specific distribution of Ets-1 might explain
why the -56 to -34 region was inactive in HeLaS3 cells.
However, cotransfection of HeLaS3 cells with an Ets-1
expression vector failed to activate the pTK,-56/-34 con-
struct (data not shown). Furthermore, Ets-1 is at most
minimally expressed in Kit-225 cells. Thus, either Ets-1 is
not involved in IL-2RO gene regulation or, as suggested
above for GABP, it is possible that posttranslational modi-
fication or interacting cofactors are required for its action.
Thus, although Ets-1 and GABP are responsible for the
major complexes we have identified and may well play
critical regulatory roles for IL-2R1 gene expression, this has
not yet been proven.

In summary, in this report we have delineated regulatory
regions essential for IL-2RO gene expression and have
discovered an EBS critical for IL-2R3 enhancer and pro-
moter activity. It will be critical to determine in an in vitro
depletion and reconstitution system (i) whether Ets-1 and
GABP are transactivators for the IL-2R,B gene and whether
they perhaps have opposing activities; (ii) whether post-
translational modifications of Ets-1 and GABP are important
for their activities; and (iii) whether interactions with other
tissue-specific cofactors are required for the transactivation.
Finally, to better understand the regulatory mechanisms
controlling IL-2R3 expression, it will be important to per-
form follow-up studies in normal T cells and other lymphoid
cells under physiological and pathological conditions to
evaluate all of the regions that we have identified.
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