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Many Transcription Factors Interact 
Synergistically with Steroid Receptors 

Progesterone (PRE) or glucocorticoid receptor (GRE) DNA binding sites are often 
found clustered 'with binding sites for other transcription factors. Individual protein 
binding sites were tested without the iduence of adjacent factors by analyzing isolated 
combinations of several transcription factor binding sites with PREs or GREs. All 
show strong synergistic effects on steroid induction. The degree of synergism is 
inversely related to the strength of the GRE. Thus, a steroid responsive unit can be 
composed of several modules that, if positioned correctly, a d  synergistically. 

NE OF THE FIRST SYSTEMS IN 

which regulatoty sequences and 
the corresponding trans-acting fac- 

tors were characterized was that of steroid- 
inducible gene expression (1) .  Active ste- 
roid-receptor complexes bind with high af- 
finity to sites in the chromatin and, by an 
unknown process, regulate transcription of 
specific genes. Progesterone or glucocorti- 
coid receptor binding sites (PREIGRE) in 
several cases are tightly clustered with other 
regulatory sequences: upstream of the chick- 
en lysozyme gene (2, 3) and the human 
metallothionein IIA gene (4) and in the long 
terminal repeats (LTRs) of murine mamma- 
ry tumor virus (MMTV) (5, 6 ) ,  murine 
sarcoma virus (MSV) ( 7 ) ,  and Moloney 
murine leukemia virus (Mo-MuLV) (8). A 

computer search revealed many more simi- 
larities to transcription factor binding sites 
in the direct vicinity of PREs and GREs (9) .  
We thus hypothesized that the DNA-bound 
progesterone or glucocorticoid receptor can 
cooperate with other transcription factors. 
 his idea is supported by the fact that some 
receptor binding sites seem to be nonfunc- 
tional when analyzed individually (5, 10- 
12). Because single interactions benveen 
pairs of bound transcription factors cannot 
be analyzed within a complex cluster of 
binding sites, we have tested combinations 
of several transcription factor binding sites 
with binding sites for the progesterone or 
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Fig. 1. Different combinations of PREIGRE transcription factor binding sites were cloned in front of 
the hsion gene tkCAT. Binding sites for CACCC-factor, NF1, CP1, Spl, and OTF were synthesized 
and cloned at a distance of 29 bp to the PREIGRE. As a control the mutagenized CACCC-box 
(CACCC*) and an unrelated linker sequence were also cloned at the same distance. 
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Table 1. Specificity of the progesterone response. 
pC29GtkCAT (29) was transfected into T47D 
cells and incubated with the indicated steroid 
hormones. Experiments were done in duplicate. 

CAT activity 
Steroid [pmol mg- 

min-' ( 2  SD)] 

10-'O.W R5020 10 -t 2 
1 0 - 9 ~  R5020 60 t 4 
1 0 - 9 ~  R5020 + 10-9.W <0.5 

RU38486 
1 0 - 9 ~  R5020 + 5 X 1 0 - 6 ~  90 t 19 

Cyproterone 
10-9M dexamethasone <0.5 
1 0 - ' ~  dexamethasone <0.5 

the glucocorticoid receptor in the same well- 
defined sequence environment. We show 
that a progesterone and a glucocorticoid 
receptor binding site act synergistically in 
combination with binding sites for CAAT- 
box factor, Spl, octamer transcription fac- 
tor, CACCC-box factor, nuclear factor I 
(NFl), and a second progesterone or gluco- 
corticoid receptor. 

We cloned and tested several factor bind- 
ing sites ligated to a chloramphenicol acetyl- 
transferase (&CAT) gene that was driven by 
the thymidine kinase promoter (5) in a 
vector devoid of fortuitous binding sites in 
the vicinity of the inserted sequence (12). 
The factor binding sites were the NF1 bind- 
ing site functional consensus sequence (S), 
the CAAT box [recognized by the CCAAT- 
binding protein (CPl)]  as found in the 
MSV-LTR (13), the Spl  box I and I1 of the 
SV40 enhancer (14), the CACCC-box as 
found in the tryptophan oxygenase (TO) 
gene (lo), the binding site for the octamer 
transcription factor (OTF) as found in the 
immunoglobulin heavy chain (IgH) en- 

hancer (IS), and the glucocorticoid receptor 
binding site at position - 186 to - 170 of 
the MMTV-LTR (16). We cloned these 
sequences individually or in combination 
with the MMTV-GRE upstream of &CAT 
(Fig. 1). As a control we also cloned the 
mutated inactive version of the CACCC 
sequence (17; CACCC*; Fig. l), as well as 
an-unrelated linker sequence. 

We transfected the set of DNA recombi- 
nants (Fig. 1) into HeLa cells, because all of 
the transcription factors to be tested are 
present in this cell line. The glucocorticoid 
response was increased by cotransfection of 
pRSVcGR, a cDNA for the rat glucocorti- 
coid receptor (18). The transient transfec- 
tions were done in triplicate and repeated at 
least twice. Ribonuclease (RNase) maps of 
the transcripts agreed with the measured 
CAT activities (19). The MMTV-GRE 
alone, or in combination with the mutated 
CACCC-box (CACCC*), had little tran- 
scriptional activity when induced with the 
synthetic glucocorticoid dexamethasone, 
whereas when all other GRE combinations 
(with binding sites for NF1, CP1, Spl, 
OTF, with the CACCC-box, or a second 
GRE) were induced with dexamethasone, 
there was a strong synergistic response. Bas- 
al transcriptional activities of all constructs 
and the induced activities of plasmids with- 
out a GRE (C, NF, CP, SP, and OT) were 
similar. When we transfected these recombi- 
nant plasmids into mouse L cell fibroblasts, 
we obtained similar results (20). Glucocorti- 
coid and progesterone responsive elements 
are at least highly overlapping (2, 21) and 
GRE sequences can mediate a progesterone 
response (22), so we used the recombinant 
plasmids described above to determine 
whether the cooperativity can also be seen 

Table 2. The distance effect of the CACCC-box and PRE on progesterone induction. Linkers of 
different lengths were placed between the CACCC-box and the MMTV-PRE (29). Upon transfection 
of these plasmids into T47D cells, triplicate cultures were incubated without or with 1 0 - 9 ~  R5020. 
CAT activities were determined and the induction calculated for each of the transfected plasmids. 

Plasmids 

- - - -- - - 

CAT actlvity 
111- 

-R5020 +R5020 duc- 
[ p y l  mg-' [pmpl mg- ' tion* 

mtn- (t SD)] mln- ( 2  SD)] 

*Induction was calculated as the ratio of the induced to the uninduced values. 
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with the progesterone receptor. As recipient 
cells we chose the human T47D cell line, 
which contains high amounts of progester- 
one receptor, and used the synthetic proges- 
terone R5020. The control plasmids carry- 
ing the MMTV-GRE (which acts in this 
case as a PRE) alone, or in combination 
with a mutated CACCC-box (G29C*), 
showed identical basal and induced CAT 
activities (Fig. 2B). All other combinations 

0 No steroids I A 

300 4 I Dexamethasone 

200 

- 
7 100 
C 

2 
,- ' O G G G G G G G G C N F C P S P O T  - 

B 

P 2200 

- 

600 

400 

200 

O G G G G G G G G C  N F C P S P O T  
2 9  2 9  2 9  2 9  2 9  2 9  2 9  2 9  
L C '  C  NF CP SP OT G 

- , , . , . . . , . , , . , 

G G G G G G G G C  N F C P S P O T  
2 9  2 9  2 9  2 9  2 9  2 9  2 9  2 9  
L C '  C  NF CP SP OT G 

Fig. 2. Progesterone or glucocorticoid induced 
activity of several binding site combinations. Dif- 
ferent plasrnids with or without PREIGRE were 
transfected into recipient cells and analyzed for 
CAT activity upon incubation with either dexa- 
methasone or the progestin R5020. The plasmids 
used were derivatives of pG29LtkCAT (G29L) 
(see Fig. l ) ,  and the corresponding deletions 
without a PREIGRE (C, NF, CP, SP, OT). (A) 
Transfection into HeLa cells (30) and transient 
expression with 5 x 10-'M dexamethasone 
(filled bars) or without steroids (open bars). All 
test plasmids (1.5 pM) were cotransfected with 2 
kg of pRSVcGR (18). Cells were harvested and 
tested for CAT activity 40 hours after transfection 
(31). AU transfections were done in two triplets 
(standard deviations are indicated): one triplet 
was treated with the steroid. Complete series of 
transfections were done at least twice. Cell extracts 
were heat treated (10 min, 60°C) and replenished 
with acetyl coenzyme A for long enzyme incuba- 
tions (>4 hours). (B) Transfection into T47D cells 
and transient expression with ~ O - ' M  R5020 (filled 
bars) or without steroids (open bars). To visualize 
the basal activity and the activity of the PRE-fiee 
constructs, the low CAT activity range is shown 
with a magdied scale (lower part of Figure). T47D 
cells were transfected as described (32). 
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Fig. 3. Test of cooperativity with the perfect palindromic sequence. The 
perfect palindromic receptor binding site Gpal (22) was combined at a 
distance of 29 bp with the CACCC-box, the mutagenized CACCC-box 
(CACCC*), and the unrelated linker sequence. Upon transfection into 

t HeLa cells their inducibility with dexamethasone was tested (see legend to 
J B O  Fig. 2A). 
m m m 
N N N  

- 5 5 - 5  
4 4 8  

with binding sites for NF1, CP1, Spl,  OTF, 
a wild-type CACCC-box, or another 
GREIPRE showed synergism. The highest 
induction (several thousand times) occurred 
with the two GREIPRE elements (G29G). 
The basal activities of all constructs tested 
did not vary significantly, and the plasmids 
containing transcription factor binding sites 
without a GREIPRE were not inducible 
(Fig. 2B, expanded scale). Measurement of 
basal activities is crucial to distinguish addi- 
tive effects of two elements from cooperative 
effects. To prove that we were analyzing the 
progesterone receptor we tested several ste- 
roids and found that the effect of 1 nM 
R5020 was completely abolished by the 
antiprogesterone RU38486 (23), whereas 
the antitestosterone (Cyproterone) had no 
significant effect, and ~ o - ~ M  dexametha- 
sone did not induce these cells (Table 1). 

To analyze a possible interaction between 
the bound factors, we inserted segments of 8 
to 39 bp between the progesterone receptor 
binding site and the CACCC-box. We chose 
this order of sequence elements (CACCC, 
PRE, tk-promoter) to keep the distance of 
PRE to the promoter constant, changing 
only the position of the CACCC-box. The 
size of the inserted space affected transcrip- 
tional activities; the most effective spacing 
was 15 bp, 29 bp, and 36/39 bp (Table 2). 
This is different from the induction pattern 
of the glucocorticoid receptor-CACCC 
combination (32). In particular, 20-bp spac- 
ing resulted in little cooperativity when in- 
duced with progesterone (Table 2), but it 
showed a peak of cooperativity when in- 
duced by dexamethasone (12). Such a differ- 
ence is probably caused by a difference in 
size, binding geometries, or both of the two 
receptors. The distance dependence is not 
absolute, and can best be explained by flexi- 
bility of the proteins, looping out of the 
spacing DNA, or both. Such a loop mecha- 
nism is proposed for several transcription 
systems (24). 

We determined whether the observed 
synergism depends on the type of GRE 
sequence used. The proximal GRE of the 
TO gene is a very weak GRE that requires 
the presence of a CACCC-box (10). The 
GRE of MMTV confers a measurable in- 
ducibility to the tk promoter when tested 
without other transcription factors (Fig. 
2A). This induction can be further increased 
by the presence of CACCC or other se- 
quences recognized by transcription factors 
(Fig. 2A). We tested a perfect palindromic 
GRE sequence [Gpal, (22)] that has a strong 
inducibility without other transcription fac- 
tors (Fig. 3). As expected, the addition of a 
mutant CACCC-box (CACCC*) did not 
change the induction when compared to the 
Gpal activities, but a wild-type CACCC-box 
did lead to a further increase (Fig. 3).  The 
magnitude of this increase was not as great 
as is seen with the MMTV-GRE (compare 
G29C* and G29C in Fig. 2A with 
Gpa129C* and Gpal29C in Fig. 3). There- 
fore, the inducibility of weak GREs can be 
greatly increased, whereas activity of strong 
GREs can only be weakly increased, by 
another transcription factor. 

In this study we tested combinations of 
DNA binding sites for steroid receptors 
with the DNA binding sites of different 
transcriotion factors in-identical DNA se- 
quence environmnents. We found cooper- 
ativity of the progesterone and glucocorti- 
coid receptors with binding sites for CP1, 
Spl, OTF, NF1, the CACCC-box, or a 
second steroid receptor binding site. This 
may explain the clustered presence of these 
sequences in the vicinity of steroid inducible 
genes. Our finding that every transcription 
factor tested cooperates with steroid recep- 
tors is in agreement with the demonstration 
(25) that the yeast GAL4 protein can coop- 
erate with the glucocorticoid receptor in 
mammalian cells. This synergism suggests 
either a direct protein-protein interaction of 
these factors or the involvement of an addi- 

tional protein that binds to both factors and 
that may also contact other proteins of the 
transcriptional machinery. The DNA bind- 
ing and nonbinding factors can cooperate: 
the chicken ovalbumin DNA binding factor 
COUP must interact with the S300-I1 factor 
for efficient in vitro transcription (26). 
Cooperativity between steroid receptors in 
induction has been shown in some cases (5, 
6, 11, 27), as well as receptor-receptor bind- 
ing (28). We use the term "steroid hormone 
responsive unit" (HRU; 27) for such a 
modular structure consisting of one or sev- 
eral hormone responsive elements combined 
with other transcription factor elements. 

REFERENCES AND NOTES 

1. G. M. Ringold, Annu. Rev. Toxicol. 25, 529 
(1985); K. R. Yamamoto, Annu. Rev. Genet. 19, 
209 (1985). 

2. R. Renkawitz et al., Cell 37, 503 (1984). 
3. C. Steiner, M. Muller, A. Baniahmad, R. 

Renkawitz, Ivircleic Acids Res. 15, 4163 (1987). 
4. W. Lee, A. Haslinger et al., Nature 325, 368 (1987). 
5. R. Miksicek et a!., EMBO J .  6, 1355 (1987). 
6. A. C. B. Cato, P. Skroch, J. Weinmann, P. Butkerai- 

tis, H .  Ponta, ibid. 7, 1403 (1988); G. Chalepakis et 
al., Cell 53,371 (1988); J .  Ham, A. Thomson, M. 
Needham, P. Webb, M. Parker, Nucleic Acids Res. 
16, 5263 (1988). 

7. R. Miksicek et al.. Cell 46. 283 (19861. 
8. N. A. Speck  and'^. ~altkore, 'Mol. cell. Biol. 7, 

1101 (1987). 
9. M. Mder ,  unpublished data. 

10. U. Danesch et al., EMBO J. 6, 625 (1987). 
11. H.-M. Jantzen et al., Cell 49, 29 (1987). 
12. R. Schiile et al., Nature 332, 87 (1988): 
13. L. A. Chodosh, A. S. Baldwin, R. W. Carthew, P. 

A. Sharp, Cell 53, 11 (1988). 
14. H .  Barrera-Saldana et al., EMBO J .  4,3839 (1985). 
15. R. Rosales et al., ibid. 6, 3015 (1987). 
16. F. Payvar et al., Cell 35, 381 (1983); C. Scheidereit, 

S. Geisse, H .  M. Westphal, M. Beato, Nature 304, 
749 (1983). 

17. R. M. Myers et al., Science 232, 613 (1986). 
18. R. Miesfeld et al., Cell 46, 389 (1986). 
19. M. Muller and R. Schiile, unpublished data. 
20. R. Schiile and M. Muller, unpublished data. 
21. D. von der Ahe et al., Nature 313, 706 (1985); A. C. 

B. Cato, R. Miksicek, G. Schiitz, J. Arnemann, M. 
Beato, EMBO J. 5, 2237 (1986). 

22. U. Strihle, G. Klock, G. Schiitz, Proc. Natl. Acad. 
Sci. U . S . A .  84, 7871 (1987). 

23. D. Philibert, in Adrenal Steroid Antagonism, M. K. 
Aganval, Ed. (de Gruyter, New York, 1984), p. 78. 

24. M. Ptashne, Nature 322, 697 (1986). 
25. H .  Kakidani and M. Ptashne, Cell 52, 161 (1988). 
26. S. Y. Tsai, I. Sagami, H .  Wang, M.-J. Tsai, B. W. 

O'Malley, ibid. 50, 701 (1987). 
27. L. Klein-Hitpd, M. Kaling, G. U. Ryffel, J .  Mol. 

Biol. 201, 537 (1988). 
28. B. Thkveny et a!., Nature 329, 79 (1987). 
29, pC29GtkCAT contains a 12-bp CACCC-box (C) 

separated by a 29-bp linker from the MMTV- 
GREIPRE sequence (G) upstream of the &CAT 
fusion gene. 

30. M. Wigler et a/., Proc. Natl. Acad. Sci. U . S . A .  76, 
1373 (1979). 

31. C. M. Gorman, L. F. Moffat, B. H .  Howard, Mol. 
Cell. Biol. 2, 1044 (1982). 

32.A. Baniahmad, M. Muller, C. Steiner, R. 
Renkawitz, EMBO J. 6, 2297 (1987). 

33. We thank K. R. Yamamoto for pRSVcGR, R. 
Mertz and D. Weigand for synthesizing the oligonu- 
cleotides, D. Wolf and K. Schulz for technical 
assistance, and M. Cross for critically reading the 
manuscript. Supported by the Bundesministerium 
fir Forschung und Technologic and by the Deut- 
sche Forschungsgemeinschaft (Re 43316-3). 

18 July 1988; accepted 7 October 1988 

SCIENCE, VOL. 242 




