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Transforming growth factor ~ (TGF-~) has a growth-inhibitory effect on numerous different cell types of the 
immune system, Including T Iymphocytes. We show In this study that the inhibitory action of TGF-~ on T 
lympbocytes is accompanied by a block of interleukin 2 (lL-2) gene expression wbicb is mediated, at least in 
part, by inhibition of U,2 promoter/enhancer activity. The functional analysis of eis-regulatory (proto
enbancer) elements of the U,2 enbancer/promoter region sbowed tbat the most TGF-~-responsive element 
maps to its so-called upstream promoter site. The proto-enhancer activity of the upstream promoter site 
element is also inhibited by cyclosporin A. The upstream promoter site DNA barbors two noncanonical, closely 
linked binding sequences for octamer and AP-l-like factors. Botb sites are involved in tbe establishment of IL-2 
enhancer activity. Since the activity of genuine octamer sites but not that of AP-l-binding sites is also impaired 
by TGF-~ and cyclosporln A in EI4 T lymphoma cells, we conclude that both immunosuppressives interfere 
witb tbe activity but not the DNA binding of octamer factors in T Iymphocytes. 

Transforming growth factor J3 (TGF-J3) belongs to a family 
of paracrine factors which are potent inhibitors of cellular 
proliferation (see reference 28 for a review). Numerous 
experimental studies have demonstrated that TGF-J3 has a 
growth-inhibitory action on a variety of lymphoid cells, 
including Band T lymphocytes (12, 19, 20, 43). TGF-f3 is a 
very efficient inhibitor of pre-B-cell maturation, preventing 
expression of the immunoglobulin kappa light-chain locus 
(26, 29). Similarly, TGF-J3 was found to interfere with the 
appearance of membrane immunoglobulin heavy-chain (IgH) 
molecules and the secretion of immunoglobulin proteins in B 
lymphocytes (19). Moreover, TGF-f3 was found to suppress 
the generation of cytotoxic T cells (14), interleukin-2 (IL-2)
dependent T-cell proliferation, and the upregulation of IL-2 
and transferrin receptors (20). 

A strong but quite different effect of TGF-f3 on the 
synthesis and secretion of numerous cytokines has also been 
detected. In peripheral T lymphocytes, TGF-f3 was able to 
suppress the synthesis of IL-2 and gamma interferon (12, 
39), whereas in similar cell types, the synthesis of tumor 
necrosis factor a and f3 appeared to be resistant to or even 
enhanced by the drug (7, 12). This quite selective effect of 
TGF-J3 on a set of cytokines prompted us to compare the 
action of TGF-f3 with that of the immunosuppressive agent 
cyclosporin A (CsA) at the molecular level. We and others 
have recently shown that CsA and its functional analog 
FK506 suppress early steps ofT-cell activation through their 
interference with a few transcription factors that bind to the 
enhancer of the IL-2 gene (4, 10,35). In particular, CsA and 
FK506 inhibited the activity of NFAT-l, a lymphoid-specific 
factor binding to the two purine boxes of the IL-2 enhancer, 
and the activity of factors that bind to the enhancer's 
upstream promoter site (UPS). We will show here that the 
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latter site is specifically recognized by octamer and AP-l-like 
factors. 

In nonlymphoid cell types, TGF-f3 has been reported to 
exert its negative effect on numerous genes through a variety 
of binding motifs for transcription factors. In several rat cell 
lines, an inhibitory activity of TGF-J3 on the transinlstromel
ysin promoter has been detected which appeared to be 
mediated through a noncanonical AP-l/Fos binding site (21). 
In other studies, an inhibitory effect of TGF-J3 on the 
synthesis of jun mRNAs that results in suppression of 
AP-l-mediated gene activities has been reported (16,22,25, 
27,46). In other reports, an effect ofTGF-J3 on expression of 
the c-myc gene which seems to be mediated through the 
protein product of the retinoblastoma (Rb) gene has been 
reported (28, 30). A target site for the Rb protein within the 
fos promoter has been identified (36), and a similar site might 
exist within the c-myc promoter (30). 

In this communication, we will show that in T lymphoma 
cells, TGF-f3 inhibits the transcriptional induction of the IL-2 
gene through closely linked non canonical octamer and AP-l 
binding motifs within the UPS of the IL-2 enhancer. TGF-f3 
impairs the activity of octamer factors in T and B lymphoma 
cells, whereas, in contrast to the situation in several other 
cell lines, the activity of AP-l-like factors remains unaffected 
by TGF-f3 in T cells. Moreover, the activity of NF-KB-like 
factors was found to be slightly stimulated in T cells, and, 
contrary to the action of CsA, the activity of NFAT-l was 
marginally inhibited. Since the activity of octamer factors 
was also found to be impaired by CsA in T but not in B 
lymphoma cells, TGF-f3 and CsA differ in their inhibitory 
action on the IL-2 enhancer and octamer factors. 

MATERIALS AND METHODS 

Cell culture and tnnsrection assays. Murine El4 T lym
phoma cells and human Jurkat T lymphoma cells were grown 
in RPM I medium supplemented with 5% fetal calf serum to 
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a density of about 2 x 105 cells per ml. DNA (20 ~g) from the 
constructs described below (purified by two CsCI density 
gradient centrifugations) was transfected into about 5 x 107 

El4 cells in a final volume of 3.6 ml by the DEAE-dextran 
protocol as described earlier (42). One-fourth of the cells 
were pretreated for 15 h with TGF-~ (2.5 nglml; from porcine 
platelets; H. Biermann GmbH, Bad Nauheim, Germany), 
and one-fourth were treated with CsA (100 nglml), and both 
treatments were followed by induction with 10 ng of 12-0-
tetradecanoyl-phorbol-13-acetate (TPA) per ml-2.5 ~g of 
concanavalin A (ConA) per ml (TP NConA) in the presence 
of inhibitors. Another one-fourth was treated with TP N 
ConA alone, and the remaining one-fourth was used as the 
uninduced control. In cotransfection experiments (see Fig. 
3B), 2.5 ~g of the 5 x UPS chloramphenicol acetyltransferase 
(CAT) reporter construct was transfected into Jurkat cells 
along with 5 ~g of the Oct-2A expression vector pOEV1 + 
(31). After induction, the cells were incubated for 20 h in 
RPMI medium and sonicated, and their CAT values were 
measured after determination of the protein content as 
described before (42). The ratio of induction was calculated 
by dividing the percentage of chloramphenicol acetylation of 
induced cells (or of induced and TGF-~- or CsA-treated 
cells) by the percentage of acetylation of uninduced cells. 
For the determination of luciferase activities (see Fig. 3C), 
cell extracts were prepared and assayed by the standard 
protocol (9). The expression levels were corrected for the 
protein concentration. 

DNA cloning. All re comb in ant DNA work was done by 
standard procedures (38). The construction of the proto
enhancer constructs 5xUPS, 5xTCEd, and 4xPu-bd , con
taining multimers of the protein-binding sites of the IL-2 
enhancer in front of the thymidine kinase (tk) promoter of 
CAT vector pBLCATI, has been described before (4, 5, 35, 
42). Construct 5xUPS carries five copies of the UPS, 
spanning nucleotides from positions -64 to -94 of the IL-2 
enhancer (4) (see Fig. 2B); 5 x TCEd carries five copies of the 
KB-like sequence from -191 to -215 (5); and 4 x Pu-bd 
carries four copies of the distal purine box from - 264 to 
-292 (35) (see Fig. 2A). Construct 5xTREcoll contains five 
copies of the human collagenase promoter (2). Construct 
4xOct bears four copies of the 51-bp-Iong DdeI-HinfIfrag
ment of the murine IgH enhancer (15) cloned in front of the 
tk promoter in pBLCATI. The luciferase reporter constructs 
8 x Oct-Iucif and 8 x Oct-M-Iucif contain eight copies of either 
the octamer consensus sequence ATGCAAAT or the mu
tated sequence ATGAAAA T, respectively, in front of a 
truncated tk promoter (spanning the promoter sequences up 
to position -38) and the luciferase gene (9). The IgH-E-CAT 
plasmid (a kind gift of I. Berberich), containing the intronic 
enhancer of the murine IgH gene, was constructed by 
inserting the XbaI-E fragment from intron 2 of the IgH gene 
(3) in front of the tk promoter in pBLCATI. The point 
mutation 152C within the TREp and the UPS mutations 
UPSOM' UPSOM' and UPSOTM were introduced into the 
IL-2 wild-type enhancer by using the Amersham site-di
rected mutagenesis system followed by dideoxy sequencing, 
as recommended by the manufacturer. The following muta
genic primers were used: 

152C· TREp: (- 142)5' ·CTGATGACTQTCTGGAATTT·3'( -163) 
UP5-rM: (-65)5 '-CACGATGTTTl'ACATATTACACgTATTT-3'(-92) 
UPSOM: (-60)5' -GGTGTCACGATGTTQQACATA-3'( - SO) 
UPSOTM : (-69)5' -ATGTTTl'A.QQgATTACACgTAT-3' (-90) 

Isolation of nuclear proteins and EMSAs. Crude nuclear 
proteins of lymphoid cells were prepared by the procedure of 
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FIG. 1. TGF-p and CsA inhibit the appearance of authentic 
cytoplasmic IL-2 RNA upon induction of El4 T lymphoma cells. (A) 
Autoradiograph of an Sp6 RNA protection experiment. A 644-
nucleotide-long antisense Sp6 riboprobe of construct pGemII-E4R 
(44), shown in panel B, was hybridized to cytoplasmic RNA 
extracted from non induced E14 cells (lane 1) or from El4 cells 
induced for 4 h with TPNConA (lane 2). Lanes 3 and 4, El4 cells 
treated for 12 h with 2.5 ng of TGF-p (lane 3) or 100 ng of CsA (lane 
4) before induction. After RNase treatment, the protected RNA 
probe was fractionated on a 5% urea-polyacrylamide gel along with 
HpaII-digested pBR322 DNA as size markers (lane M). Note the 
appearance of a band of about 373 nucleotides, (nt), corresponding 
in size to correct IL-2 RNA transcripts (IL-2 RNA). The hybridiza
tion signal with an actin probe is also indicated. 

Schreiber et al. (41). For the electrophoretic mobility shift 
assays (EMSAs), about 4 ~g of protein was incubated in a 
final volume of 15 ~l with 5,000 cpm (equivalent to about 0.2 
ng) for 20 min on ice along with 2 ~g of poly(dI . dC) by 
published procedures (40). After the incubation, the samples 
were fractionated in native 5% polyacrylamide gels at 200 
V /15 cm at room temperature. The gels were dried and 
exposed at -70°C. In the competition assays, a 25- to 
lOO-fold excess (as specified in the figure legends) of unla
beled double-stranded oligonucleotide probes was added to 
the incubation mixture 5 min prior to the addition of the 
radioactively labeled probe. 

RNA analysis. Whole RNA from El4 cells was extracted 
by the guanidinium thiocyanate procedure and centrifuged 
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FIG. 2. Structure of the IL-2 enhancer and the sequence of its UPS. (A) IL-2 enhancer. The positions of protein-binding sites are indicated 
by boxes. The solid boxes indicate the CsA- and FK506-sensitive proto-enhancer elements, the two purine boxes (Pu-bd and Pu-bp), and the 
UPS (4). The hatched boxes indicate the CsA- and FK506-resistant (or distinctly less sensitive) proto-enhancer elements, namely the distal 
T-cell element TeEd (a KB-Iike binding site [5]) and the proximal TPA-responsive element TREp (a weak binding site of AP-I [32]). The TCEp 
(which appeared to be inactive in pro to-enhancer tests [4]) and the upstream sites US-I and US-2/3 (the function of which is unknown) are 
indicated by open boxes; the two TATA boxes are indicated by stippled boxes. The binding of factors was determined in either DNase I 
footprint protection or EMSA experiments (4, 5, 35, 42) with purified factors (AP-I, AP-3, and NF-KB) or protein extracts from EI4 T 
lymphoma cells. The vertical arrows below the enhancer show either the stimulation or inhibition of designated sequence elements by the 
indicated agents. (B) Sequence of UPS DNA. The binding sites of octamer and AP-l-Iike factors are boxed. The consensus sequences for the 
binding of octamer and AP-I factors are written above the sequence, and the UPS nucleotides which match these sequences are underlined. 
The exact localization of factor-binding sites was determined in EMSA experiments with deletion and point mutations of UPS DNA (33). 

through cesium chloride gradients as described before (38). 
For the Sp6 protection mapping of IL-2 RNA, an anti sense 
Sp6 riboprobe of construct pGemII-E4R spanning exon 4 
and part of exon 3 of the murine chromosomal IL-2 gene (44) 
was hybridized to whole RNA from El4 cells as described 
previously (42). After RNase treatment, the protected RNA 
probe was fractionated on a 5% polyacrylamide sequencing 
gel. 

RESULTS AND DISCUSSION 

In order to study the effect of TGF-f3 on the inducible, 
T-Iymphocyte-specific transcription of the IL-2 gene, we 
initially investigated the effect ofTGF-f3 on the accumulation 
of endogenous IL-2 RNA in El4 T lymphoma cells. EI4 T 
cells synthesize and secrete large amounts of IL-2 after 
induction by the phorbol ester TPA or, to a greater extent, 
by TP A and a plant lectin, such as ConA. No IL-2 is 
synthesized in unstimulated EI4 cells. This implies that 
important regulatory mechanisms controlling the correct 
transcription of the IL-2 gene are intact in these cells. 

Sp6 RNase protection mapping of endogenous IL-2 RNA 
generated upon induction of EI4 ceUs shows that the accu
mulation of mature cytoplasmic IL-2 RNA is efficiently 
blocked by low doses of TGF-f3 (2.5 ng/ml). The same effect 
was observed for CsA (Fig. 1). This suggests that TGF-f3, 
like CsA (35), intederes with the transcriptional control of 
the murine IL-2 gene. In order to test this assumption, we 
studied the effect of TGF-~ on the activity of the IL-2 
enhancer in transient-transfection assays. As expected, 
treatment of El4 cells with TGF-f3 for 15 h led to a decrease 

in IL-2 enhancer-directed CAT activity to about one-third of 
the normal level (see Fig. 3A). 

The murine IL-2 enhancer harbors numerous binding sites 
for protein factors and several proto-enhancer elements (Fig. 
2A). The latter are binding sites for positive-acting trans
acting factors. When these sites are cloned in multiple copies 
in front of an indicator gene, they exhibit an inducible, 
T-cell-restricted activity like that of the entire IL-2 enhancer 
(4, 5, 35, 42). Previously, we and others showed that CsA 
and FK506 selectively inhibit the activity of purine boxes, 
the binding site ofthe lymphoid-specific factor NFAT-1, and 
of the UPS (4, 10,35) when they are added to the cells at the 
same time as (or after) the inducers. The activity of other 
sites, such as the KB-Iike TCEd motif (5) or art AP-1 binding 
site, was not or only marginally affected by both drugs under 
the same conditions (4). The selective effect of CsA on the 
IL-2 enhancer sites (and factors) prompted us to investigate 
the effect of TGF-f3 on these sites in transient-transfection 
experiments. 

The results of these experiments, shown in Fig. 3A, 
indicate that in El4 T cells, TGF-f3 quite selectively inter
feres with the inducible activity of the UPS motif. Similar to 
its inhibitory effect on the entire IL-2 enhancer, TGF-f3 
treatment of EI4 cells resulted in a significant decrease in 
UPS-directed CAT activity, to about 20% of the normal 
level. TGF-f3 did not exert any negative effect on the activity 
of (KB-like) factors binding to the TCEd motif, and in 
contrast to the result with CsA, the activity of Pu-bd , a 
binding site of NF AT-I, was only weakly affected. Similarly, 
TGF-f3 did not inhibit the activity of AP-l, since the induc
ible activity of a 5 x TREcoll construct remained unaffected 
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FIG. 3. TGF-p and CsA suppress the inducible activity of the IL-2 enhancer and of octamer-binding sites in T lymphoma cells. (A) The 
effect of TGF-p and CsA on the inducible activity of the IL-2 enhancer-CAT construct pILCA TI/1 + (WT -E), the IL-2 proto-enhancer-CAT 
plasmids 5 x UPS,S x TCEd, and 4 x Pu-bd , and the CAT constructs 5 x TREcoll, carrying five copies of an AP-1 consensus site (2), and 4 x Oct, 
containing four copies of a 50-bp IgH enhancer fragment with its octamer consensus site (15). Plasmid DNAs (20 ILg) were transfected into 
about 5 x 107 El4 cells by the DEAE-dextran method. After 20 h, the cells were divided. One-fourth of the cells were incubated for 16 h with 
TGF-p (2.5 ng/ml) (hatched columns), and one-fourth were incubated for 16 h with CsA (100 lLg/ml) (stippled columns); both treatments were 
followed by induction with TP A/ConA for 20 h in the presence of inhibitors. Control cell cultures were either induced for 20 h with TP A/ConA 
(solid columns) or uninduced (not shown). Shown are the mean values for at least three (for 5xUPS, five) independent transfection 
experiments. (B) Transactivation of the 5 x UPS construct by overexpressing Oct-2A in human Jurkat T lymphoma cells is impaired by TGF-p. 
DNA from 5xUPS (2.5 ILg) and 5 ILg of the Oct-2Aexpression vector pOEV1+ (31) were cotransfected into Jurkat cells by the DEAE-dextran 
method. One-fifth of the cells was used as an uninduced control, in which no Oct cDNA was cotransfected (not shown); the other aliquots 
were not cotransfected but were induced with TPA/ConA (open column) cotransfected and induced in the absence (solid column) or presence 
of Oct-2 plus TGF-p (hatched column) or CsA (stippled column). The cells were treated and further processed as described for panel A. (C) 
TGF-p and CsA impair the inducible activity of octamer factors in El4 cells. Luciferase reporter constructs containing eight copies of either 
the octamer consensus sequence ATGCAAAT (8xOct-Iucif) or the mutated version ATGAAAAT (8 x Oct-M-lucif) were transfected into El4 
cells, which were treated as described for panel A. After incubation of the cells, extracts were prepared and analyzed for luciferase activity 
as described before (9). (D) The activity of the murine IgH enhancer is suppressed by TGF-p but not by CsA in A20J B lymphoma cells. An 
IgH enhancer-CAT construct (containing the intronic XbaI-E fragment of the IgH gene [3]) was transfected into A20J cells. The cells were 
divided into four portions, and TGF-p (2.5 ng/ml) or CsA (100 ng/ml) was added to two portions. After 16 h, lipopolysaccharide (10 lLg/ml) 
and TPA (50 ng/ml) were added to the treated cells and to one portion of untreated cells (solid columns), while the remaining fourth was used 
as an un induced control. After further incubation for 20 h, the cells were harvested and the CAT activities were determined. In uninduced 
cells, the IgH enhancer construct showed a constitutive CAT activity of approximately 10%. Shown are the mean values of three independent 
transfection experiments. 

by TGF-~, while that of an IL-2 enhancer construct (desig
nated 152C-enhancer), containing a defect mutation within 
the TREp at its major binding site for genuine AP-l (32), 
appeared to be inhibited, as the wild-type enhancer was (Fig. 
3A and 4). 

In DNase I footprint protection experiments with protein 

extracts from induced El4 cells or HeLa cells, about 30 bp of 
UPS DNA was found to be protected against DNase I 
cleavage (42). When this sequence was used as a radioactive 
probe in EMSAs, three specific, prominent DNA-protein 
complexes were formed after incubation with crude nuclear 
extracts from induced and uninduced E14 lymphoma cells 
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FIG. 4. Mutations within the UPS site which suppress factor 
binding render the inducible activity of the IL-2 enhancer resistant 
to TGF-~, while a defect mutation at the TREp site has no influence 
on the TGF-~ effect. IL-2-CAT constructs containing the IL-2 
wild-type enhancer (WT-E), the UPSn. enhancer (UPSn.-E) con
taining a defective UPS AP-1 site, the UPSOM enhancer (UPSoM-E) 
containing a defective UPS Dct site, the UPSQThf enhancer 
(UPSoTM-E) containing both mutations in the UPS DNA, and the 
152C-enhancer (152C-E) containing a defect mutation within the 
TREp were transfected into EI4 cells as described in the legend to 
Fig. 3 and Materials and Methods. The cells were divided into four 
portions; one-fourth were incubated for 16 h with TGF-~ (2.5 ng/ml), 
and one-fourth were incubated for 16 h with CsA (100 ng/ml); both 
treatments were followed by induction with TPAlConA for 20 h in 
the presence of inhibitors. The other two portions were either 
induced for 20 h with TPAlConA (solid columns) or used as an 
uninduced control (not shown). The CAT activities were determined 
as described in the text. Shown are the mean values of three 
independent transfection experiments. 

(Fig. SA, lanes 1 to S). Since identical complexes were also 
generated when a radioactive probe of the IgH enhancer 
carrying an octamer consensus sequence was used (Fig. SA, 
lanes 6 to 8) and the formation of all three complexes could 
be inhibited by an excess of authentic octamer DNA (Fig. 
5A, lane 4) but not by the same excess of an unrelated 
oligonucleotide (not shown), the formation of the three 
complexes must be due to the binding of octamer factors, 
probably the ubiquitous factor Oct-l and the lymphoid
specific factors Oct-2A and Oct-2B (40). This conclusion is in 
line with published data on the binding of octamer factors to 
the same site of the human IL-2 enhancer (18) and is 
supported by our observation that the generation of Oct-l 
and Oct-2 complexes can be suppressed by preincubation of 
nuclear extracts with antibodies directed against the octamer 
proteins Oct-l and Oct-2 (33). 

However, octamer factors are not the only DNA-binding 
proteins which interact with the UPS DNA. In a previous 
publication, we have described the binding of purified AP-l 
(and AP-3) to UPS DNA in DNase I footprint protection 
experiments (42), and Ullman et al. have reported the 
binding of a so-called octamer-associated protein, oAP'"', to 
the same site of the human IL-2 enhancer (45). In EMSA 
experiments with UPS DNA as the probe and a lOO-fold 
molar excess of authentic octamer DNA as the competitor, 
we observed one specific factor complex, the formation of 
which was not inhibited in the presence of the octamer DNA 
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(Fig. 5B, lane 2). The generation of this complex can be 
inhibited by a lOO-fold molar excess of TREcoll DNA (or 
another canonical AP-l binding site) but not by the same 
excess of TCEd or Pu-bd DNA (Fig. 5B, lanes 4 to 6). 
Moreover, incubation of UPS or TREcoll probes with bac
terially expressed v-Jun resulted in the generation of identi
cal factor complexes (Fig. 5B, lanes 7 to 10). This shows that 
AP-l-like factors are able to interact with UPS DNA se
quences. Accordi~g to all experimental data, they corre
spond to the O~ factor described recently (4S). We will 
descripe elsewhere our finding that AP-l-Iike factors interact 
with the sequence TGTGTAA, which is closely linked to the 
octamer-like binding sequence ATGTAAAA and shares five 
out of seven nucleotides with a canonical AP-l binding 
sequence (Fig. 2B) (33). This site was described as the 
binding site of oAP'"' in the human IL-2 enhancer (45). 

The close linkage of binding sites for octamer and AP-I
like factors within the UPS DNA and the resistance to 
TGF-~ of SxTREcoll plasmids containing five AP-l binding 
sites (Fig. 3A) prompted us to investigate whether the 
activity of an authentic octamer site is also affected by 
TGF-~ and CsA. As the test plasmid, we initially used a 
tetrameric octamer-CAT plasmid bearing four copies of a 
SO-bp-long DdeI-HinfI fragment from the murine IgH en
hancer. This fragment has frequently been used for studying 
the binding and activity of octamer factors because its most 
prominent factor-binding site corresponds to a canonical 
octamer sequence (IS). Like the activity of the S x UPS-CAT 
construct, the activity of the 4xOct-CAT plasmid was 
impaired by TGF-~ after transfection into El4 cells (Fig. 3A). 
However, in addition to the octamer motif, the DdeI-HinfI 
fragment harbors further potential transcriptional factor
binding sites, like the ~E4 motif (11) and the TRE half-site 
TGAC. 

To show directly that the octamer motif is a target of 
TGF-~ repression and to rule out any contribution of these 
additional sites, we next tested reporter constructs that 
carried eight copies of either a synthetic wild-type or mutant 
octamer oligonucleotide upstream of a TAT A box. The 
results of these transfection experiments are shown in Fig. 
3C and indicate that the activity of canonical octamer sites is 
also impaired by TGF-~, although not as efficient as that of 
UPS DNA (about 40 versus 20% inhibition: compare Fig. 3C 
and 3A). Moreover, TGF-~ is also able to impair the activity 
of the IgH enhancer in B lymphoma cells (Fig. 3D). Since 
this has also been detected for the 4 x Oct construct contain
ing the IgH enhancer's octamer site (unpublished result), the 
TGF-~ effect in B cells might also be mediated through 
octamer factors. In contrast, CsA has no inhibitory effect on 
the IgH enhancer (Fig. 3D) and octamer factors in B cells 
(not shown). 

In order to test whether the UPS site is the only target for 
TGF-~ within the IL-2 enhancer, we introduced into the 
enhancer three UPS mutations which suppressed the binding 
of either octamer factors (UPSOM)' AP-l (UPSnt), or both 
factors (UPSOTM) (33). When these IL-2-CAT constructs 
were transfected into El4 cells and tested in the presence of 
TGF-~ (or CsA), their reduced inducible activity appeared to 
be completely resistant to TGF-~ but not to CsA (Fig. 4). In 
contrast, a defect mutation of the TREp site at the enhanc
er's major site for the binding of genuine AP-l did not lead to 
a loss of the TGF-~ effect (Fig. 4). This indicates that the 
UPS element is the most important site for mediating the 
TGF-~ effect, whereas CsA acts through the two NFAT-l 
binding sites as well. 

In cotransfection studies with the S x UPS-CAT reporter 
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used. The positions of octamer and AP-l complexes are indicated. In lanes 7 to 10, 4 ~I of a bacterial lysate containing v-Jun 
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construct and cDNA vectors that overexpress octamer and 
Jun/Fos proteins, we have observed a distinct functional 
synergism of these factors in their action through the UPS 
(33). This has also been detected for the inhibitory effect of 
CsA on UPS activity (33) and might explain why the activity 
of the UP~ enhancer containing a defective UPS AP-l site 
but intact UPS octamer site remained unaffected by TGF-~ 
(Fig. 4). Experiments are in progress to elucidate how this 
synergism ("cross-talk") between octamer and AP-l-like 
factors might occur at the molecular level. 

Although TGF-~ inhibits the proto-enhancer activity of 
the UPS motif, it does not interfere with the factors binding 
to the UPS probe (Fig. SC). In this respect, TGF-~ acts like 
CsA, which also interferes with the activity but not with the 
binding of factors to UPS DNA (4,10). However, in striking 
contrast to CsA, TGF-~ does not have any negative influ
ence on the binding of NFAT-l to the purine box (Fig. SC, 
lanes 17 to 20), nor did we detect any inhibitory effect of 
TGF-~ on the binding of AP-l to the TREp (unpublished 
results) or, as shown in Fig. SC (lanes 9 to 12), to the 
TREcoll. Frequently, we observed a distinct stimulation of 
binding of factors to the KB-like TCEd element (Fig. SC, 
lanes 13 to 16) or to authentic NF-KB binding sites (not 
shown). Taken together with the divergent effects of TGF-~ 
and CsA on the IgH enhancer in B cells (Fig. 3D), these data 
show that these drugs differ in their action on cellular signal 
transduction pathways. 

How does TGF-~ interfere with the activity (but not with 
the DNA binding) of octamer factors? It is now widely 
accepted that the suppression of c-myc gene expression is 
one of the key events in the growth-inhibitory response to 
TGF-~ (28, 30). The suppression of c-myc gene expression 
occurs at the transcriptional level (34). One likely candidate 
for mediating the inhibitory effect of TGF-~ on the c-myc 
promoter is pRB, the protein product of the growth-suppres
sive retinoblastoma gene. The activity of pRB during the cell 
cycle is strictly regulated at the level of protein phosphory
lation: pRB was found to be underphosphorylated in the G1 
phase and hyperphosphorylated in the Sand G2 phases (6, 
8). The phosphorylation of pRB in the late G1 phase was 
found to be sensitive to TGF-~ (24). Several studies showed 
that the activity of octamer factor Oct-l is also modulated in 
a cell cycle-dependent manner (13, 23), and, like pRB, Oct-l 
seems to represent a general target for the activity of cell 
cycle-dependent protein kinases. In a recent study on the 
phosphorylation of Oct-l in HeLa cells, Roberts et al. (37) 
detected distinct differences in the phosphorylation pattern 
of Oct-l during different phases of the cell cycle. One of the 
protein kinases involved in Oct-l phosphorylation is a 
p34cdc2_like kinase (37) which, in another system, was found 
to be inhibited by TGF-~ (17). Thus, it is tempting to 
speculate that in T lymphocytes, TGF-~ impairs the tran
scription of the IL-2 gene by affecting the phosphorylation of 
octamer factors that bind to the UPS motif of the IL-2 
promoter through a block of cdc2-mediated phosphoryla
tion. 

EFFECf OF TGF-p ON IL-2 ENHANCER 1161 

ACKNOWLEDGMENTS 

We are indebted to Catherine Phillips for critical reading of the 
manuscript. For many helpful discussions, critical reading of the 
manuscript, and gifts of reagents, we thank P. Matthias (Basel). We 
are indebted to P. Angel (Karlsruhe), I. Berberich (Wiirzburg), B. 
Maurer (Wiirzburg), and H. J. Schluesener (Wurzburg) for gifts of 
DNA constructs and reagents. 

This work was supported by grants from the Deutsche Forschun
gsgemeinschaft, SFB 165 (Wurzburg), and the Bundesgesundheit
samt, research program AIDS, grant no. 11-087-89 (E. Serfling). 

REFERENCES 
1. Angel, Po, E. A. Allegretto, S. T. Oldno, L Hattori, W. J. Boyle, 

T. Hunter, and M. Karin. 1988. Oncogene jun encodes a 
sequence-specific trans-activator similar to AP-1. Nature (Lon
don) 332:166-171. 

2. Angel, P., M. Imagawa, R. Chiu, P. Stein, R. J. Imbra, H. J. 
Rahmsdorf, C. Jonat, P. Herrlic:h, and M. Karin. 1987. Phorbol 
ester-inducible genes contain a common cis element recognized 
by a TPA-modulated trans-acting factor. Cell 49:729-739. 

3. Banerji, J., L. Olson, and W. Sc:haffner. 1983. A lymphocyte
specific cellular enhancer is located downstream of the joining 
region in immunoglobulin heavy chain genes. Cell 33:729-740. 

4. Brabletz, T., I. Pietrowski, and E. Serfting. 1991. The immuno
suppressives FK 506 and cyclosporin A inhibit the generation of 
protein factors binding to the two purine boxes of the interleukin 
2 enhancer. Nucleic Acids Res. 19:61-67. 

5. Briegel, K., B. Hentsc:h, I. Pfeuffer, and E. Serftiog. 1991. One 
base pair change abolishes the T cell-restricted activity of a 
KB-like proto-enhancer element from the interleukin 2 pro
moter. Nucleic Acids Res. 19:5929-5936. 

6. Buc:bkovic:h, L, L. A. Duffy, and E. Harlow. 1989. The retino
blastoma protein is phosphorylated during specific phases of the 
cell cycle. Cell S8:1097-H05. 

7. CbanUy, D., M. Turner, E. Aboey, aod M. Feldmann. 1989. 
Modulation of cytokine production by transforming growth 
factor-po J. Immunol. 142:4295-4300. 

8. neeaprio, J. A., J. W. Lodlow, D. Lync:h, Y. Funlkawa, J. 
GrUIln, H. Piwoic:a-Worms, C.-M. Hoao&, and D. M. Uvingstoo. 
1989. The product of the retinoblastoma susceptibility gene has 
properties of a cell cycle regulatory element. Cell 58:1085-1095. 

9. de Wet, J. R., L V. Wood, M. de Loc:a, D. R. Helioski, aod S. 
Subramani. 1987. Firefly luciferase gene: structure and expres
sion in mammalian cells. Mol. Cell. BioI. 7:725-737. 

10. Emmel, E. A., C. L. Venftij, D. B. Durand, L M. Hialns, E. 
Lacy, and G. Crabtree. 1989. Cyclosporin A specifically inhibits 
function of nuclear proteins involved in T cell activation. 
Science 246:1617-1620. 

H. Ephrussi, A., G. M. Church, S. Tooegawa, and W. Gilbert. 1985. 
B lineage-specific interactions of an immunoglobulin enhancer 
with cellular factors in vivo. Science 227:134-140. 

12. Espevik, T., I. S. Figari, M. R. Shalaby, G. A. Lac:kides, G. D. 
Lewis, H. M. Shepanl, and M. A. Panadino. 1987. Inhibition of 
cytokine production by cyclosporin A and transforming growth 
factor p. J. Exp. Med. 166:571-576. 

13. Fletc:her, C., N. Heiou, and R. G. Roeder. 1987. Purification and 
characterization of OTF-1, a transcription factor regulating cell 
cycle expression of a human histone H2b gene. Cell 51:773-781. 

14. Fontana, A., K. Frei, S. Bodmer, E. Hoefer, M. H. Sc:hreier, 
M. A. Panadioo, and R. M. Zinkernagel. 1989. Transforming 
growth factor-p inhibits the generation of cytotoxic T cells in 
virus-infected mice. J. Immunol. 143:323{}-3234. 

(1) was incubated with a UPS-2 DNA or TREcoll DNA probe under EMSA conditions (40). In lanes 8 and 9,50 ng of TREcoll or octamer 
oligonucleotides were added for competition. (C) TGF-~ does not interfere with the DNA binding of octamer factors to UPS DNA. The 
indicated DNA probes were incubated with 4 ILg of protein from crude nuclear extracts of uninduced El4 cells (lanes -) or El4 cells treated 
with TPA/ConA for 4 h in the absence (lanes +) or presence ofTGF-p (2.5 nglml, lanes +TGF) or CsA (100 ng/ml, lanes +CsA). In the case 
of TGF-~ and CsA treatment, the cells were incubated with the drugs for 16 h. Note the suppression of generation of the NFAT factor 
corftplex with the Pu-bd probe by CsA but not by TGF-~ (lanes 19 and 20) and the CsA-induced inhibition but TGF-~-induced enhancement 
of binding of KB-like factors, including TCF-1 (5), to the KB-like TCEd motif (lanes 14 to 16). 



1162 BRABLETZ ET AL. 

15. Gerster, T., P. Mattblas, M. Tball, J. Jiricny, and W. Scbatrner. 
1987. Cell-type specificity elements of the immunoglobulin 
heavy chain gene enhancer. EMBO J. 6:1323-1330. 

16. Helno, J., and J. Massague. 1990. Cell adhesion to collagen and 
decreased myogenic gene expression implicated in the control 
of myogenesis by transforming growth factor ~. J. BioI. Chem. 
265:10181-10184. 

17. Howe, P. H., G. Draetta, and E. B. Leof. 1991. Transforming 
growth factor ~1 inhibition of p34cdc2 phosphorylation and 
histone HI kinase activity is associated with G1/S-phase growth 
arrest. Mol. Cell. BioI. 11:1185-1194. 

18. lUmps, M. P., L. Con:oran, J. H. LeBowitz, and D. Baltimore. 
1990. The promoter of the human interleukin-2 gene contains 
two octamer-binding sites and is partially activated by the 
expression of Oct-2. Mol. Cell. BioI. 10:5464-5472. 

19. Kehrl, J. H., C. Tbevenin, P. Rieckmann, and A. S. Faud. 1991. 
Transforming growth factor ~ suppresses human B lymphocyte 
Ig production by inhibiting synthesis and the switch from the 
membrane to the secreted form of Ig mRNA. J. Immunol. 
146:4016-4023. 

20. Kebri, J. H., L. M. Wakefield, A. B. Roberts, S. Jakowlew, M. 
Alvarez·Mon, R. Deryuck, M. B. Sporn, and A. S. Faud. 1986. 
Production of transforming growth factor ~ by human T lym
phocytes and its potential role in the regulation of T cell growth. 
J. Exp. Med. 163:1037-1050. 

21. Kerr, L. D., D. B. Miller, and L. M. Matrislaa. 1990. TGF-~l 
inhibition of transin/stromelysin gene expression is mediated 
through a Fos binding sequence. Cell 61:267-278. 

22. Kim, S. J., P. Angel, R. Lafyatis, K. Hattori, K. Y. Kim, M. B. 
Sporn, M. IUria, aad A. B. Roberts. 1990. Autoinduction of 
transforming growth factor ~1 is mediated by the AP-l complex. 
Mol. Cell. BioI. 10:1492-1497. 

23. LaDella, F., H. L. Sive, R. G. Roeder, and N. Heiat%. 1988. 
Cell-cycle regulation of a human histone H2b gene is mediated 
by the H2b subtype-specific consensus elements. Genes Dev. 
2:32-39. 

24. Lalho, M., J. A. DeCaprio, J. W. Ludlow, D. M. Uvlagston, and 
J. Masague. 1990. Growth inhibition by TGF-~ linked to 
suppression of retinoblastoma protein phosphorylation. Cell 
62:175-185. 

25. Laibo, M., L. R6nnstraad, J. Helno, J. A. DeCaprio, J. W. 
Ludlow, D. M. Uvlagstoa, and J. Massague. 1991. Control of 
JunB and extracellular matrix protein expression by transform
ing growth factor ~1 is independent of simian virus 40 T 
antigen-sensitive growth-inhibitory events. Mol. Cell. BioI. 11: 
972-978. 

26. Lee, G., L. R. ElUngswortb, S. GUUs, R. Wall, and P. W. 
Kinkade. 1987. ~ transforming growth factors are potential 
regulators of B lymphopoiesis. J. Exp. Med. 166:1290-1299. 

27. U, L., J.·S. Hu, and E. N. Ol5on. 1990. Different members of the 
jun proto-oncogene family exhibit distinct patterns of expres
sion in response to type ~ transforming growth factor. J. BioI. 
Chem. 265:1556-1562. 

28. Massague, J. 1990. The transforming growth factor-~ family. 
Annu. Rev. Cell BioI. 6:597-641. 

29. Miller, C. L., A. L. Feldhaw, J. W. Rooaey, L. D. Rhodes, C. B. 
Sibley, aad H. Singb. 1991. Regulation and a possible stage
specific function of Oct-2 during pre-B-cell differentiation. Mol. 
Cell. BioI. 1l:488~894. 

30. Moses, H. L., E. Y. Yaag, aad J. A. Pieteapol. 1990. TGF-~ 
stimulation and inhibition of cell proliferation: new mechanistic 

MOL. CELL. BIOL. 

insights. Cell 63:245-247. 
31. Muller, M. M., S. Ruppert., W. Scbatrner, aad P. Matthias. 

1988. A cloned octamer transcription factor stimulates tran
scription from lymphoid-specific promoters in non-B cells. 
Nature (London) 336:5~551. 

32. Muller.Deubert, S., E. Boba, S. Cbuvpllo, B. Hentscb, U. 
Kortbiuer, I. Pfeutrer, C. Scbomberg, R. Kroczek, A. Scbimpl, 
and E. Serflial. Submitted for publication. 

33. Pfeutrer, I., T. Brabletz, S. Klein-Be8Ung, B. Heatscb, P. Mat
tbias, and E. Serfling. Unpublished data. 

34. Pietenpol, J. A., J. T. Holt, R. W. Stein, aad H. L. Moses. 1990. 
Transforming growth factor ~1 suppression of c-myc gene 
transcription: role in inhibition of keratinocyte proliferation. 
Proc. Natl. Acad. Sci. USA 87:3758-3762. 

35. Randak, C., T. Brabletz, M. Bergenrotber, I. Sobotta, aad E. 
Serfling. 1990. Cyclosporin A suppresses the expression of the 
interleukin 2 gene by inhibiting the binding of lymphocyte
specific factors to the IL-2 enhancer. EMBO J. 9:2529-2536. 

36. Robbins, P. D., J. M. Horowitz, aad R. C. Mulligan. 1990. 
Negative regulation of human c-fos expression by the retino
blastoma gene product. Nature (London) 346:668-671. 

37. Roberts, S. B., N. Sqil, aDd N. Heiatz. 1991. Differential 
phosphorylation of the transcription factor Ocll during the cell 
cycle. Science 253:1022-1026. 

38. Sambrook, J., E. F. Fritscb, and T. Maniatis. 1989. Molecular 
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, N.Y. 

39. Scblueseaer, H. J., and O. Uder. 1989. Transforming growth 
factors ~1 and ~2: cytokines with identical immunosuppressive 
effects and a potential role in the regulation of autoimmune T 
cell function. J. Neuroimmunol. 24:249-258. 

40. Scbreiber, E., P. Mattbias, M. M. MilDer, aad W. Scbatrner. 
1988. Identification of a novel lymphoid specific octamer bind
ing protein (OTF-2B) by proteolytic clipping band shift assay 
(PCBA). EMBO J. 7:4221-4229. 

41. Scbrelber, E., P. Mattbias, M. M. Miller, aad W. Scbatrner. 
1989. Rapid detection of octamer binding proteins with "mini
extracts", prepared from a small number of cells. Nucleic Acids 
Res. 17:6419. 

42. Serfling, E., B. Bartbelmis, I. Pfeutrer, B. Scbeak, S. Zariw, R. 
Swoboda, F. Men:urio, and M. KariD. 1989. Ubiquitious and 
lymphocyte-specific factors are involved in the induction of the 
mouse interleukin 2 gene in T lymphocytes. EMBO J. 8:465-
473. 

43. Slepl, C., S. Bodmer, K. Frel, B. R. MacDoaald, R. DeMartin, 
E. Borer, aad A. FontaDa. 1988. The glioblastoma-derived T cell 
supressor factor/transforming growth·factor P2 inhibits T cell 
growth without affecting the interaction of interleukin 2 with its 
receptor. Eur. J. Immunol. 18:593-600. 

44. Swoboda, R., E. Wecker, and A. Scblmpl.1987. Regulation of 112 
expression in mitogen-activated murine T-lymphocytes. Immu
nobiology 174:300-312. 

45. Ullman, K. S., W. M. Flanqan, C. A. EdwardJ, aad G. R. 
Crabtree. 1991. Activation of early gene expression in T lym
phocytes by Oct-l and an inducible protein, oAJ>40. Science 
254:558-562. 

46. Zeatella, Aa, F. M. B. Wels, D. A. Ralpb, M. Lalbo, and J. 
Massague. 1991. Early gene responses to transforming growth 
factor ~ in cells lacking growth. suppressive RB function. Mol. 
Cell. BioI. 11:4952-4958. 


	Berberich-Siebelt_Transforming-growth__001__1155
	Berberich-Siebelt_Transforming-growth__002__1156
	Berberich-Siebelt_Transforming-growth__003__1157
	Berberich-Siebelt_Transforming-growth__004__1158
	Berberich-Siebelt_Transforming-growth__005__1159
	Berberich-Siebelt_Transforming-growth__006__1160
	Berberich-Siebelt_Transforming-growth__007__1161
	Berberich-Siebelt_Transforming-growth__008__1162



