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Interleukin- 1 Costimulatory Activity on the 
Interleukin-2 Promoter Via AP- 1 

Interleukin- 1 (IL- 1) is a major regulator of inflammation and immunity. IL- 1 induces 
T lymphocyte growth by acting as a second signal (together with antigen) in enhancing 
the production of interleukin-2 (IL-2). An IL-1-responsive element in the promoter 
region of the human IL-2 gene was similar to the binding site for the transcription 
factor AP-1. IL-1 enhanced expression of c-jwn messenger RNA, whereas the antigenic 
signal enhanced messenger RNA expression of c-fos. Thus, the two components of the 
AP-1 factor are independently regulated and the AP-1 factor may serve as a nuclear 
mediator for the many actions of IL-1 on cells. 

I L-1 AFFECTS MANY CELL TYPES; IT IN- 

duces the acute phase response of hepa- 
tocytes, fever mediated by the hypothal- 

amus, and fibroblast and T lymphocyte 
growth [reviewed in ( I ) ] .  An IL-1 receptor 
has been cloned and characterized (4, but 
little is understood of the intracellular mech- 
anisms mediating the action of IL-1 (3). 

We examined the nuclear basis of IL-1 
action on T cell activation. The mouse T 
lymphoma LBRM-331A5 (LBRM) reflects 
the two-signal requirement of normal T cells 
(4) in the competence phase of lymphocyte 
activation. One signal is derived from anti- 
gen engaging the T cell receptor [mimicked 
by phytohemagglutinin (PHA)], the second 
signal is provided by IL-1 via a high-affinity 
receptor (2). These two signals result in IL-2 
production, which is regulated at the level of 
transcription ( 5 ) .  

Activation of the IL-2 gene appears to be 
mediated through a transcriptional enhancer 
region between - 548 and + 52 upstream of 
the transcription start site [reviewed in (6)]. 
The enhancer region of the human IL-2 
gene is 85% homologous with the mouse 
IL-2 gene, which permits expression in mu- 
rine cells. T o  look for an IL-1-responsive 
element on the IL-2 promoter, we used the 
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-548- to + 39-bp region of the human IL-2 
gene linked to the chloramphenicol acetyl- 
transferase (CAT) indicator gene (7) ;  this 
construct, termed "IL-2-CAT," was tran- 
siently transfected into LBRM cells. The IL- 
2-CAT construct responded to IL-1 plus 
PHA six- to sevenfold above controls of PHA 
alone or IL- 1 alone (Table 1). Control experi- 
ments with plasmids that contained enhancer 
elements of the Rous sarcoma virus up- 
stream of reporter genes (pRSV-luciferase 
or pRSV-CAT (9, 10) did not increase 
luciferase or CAT activity in response to IL- 
1 (8); thus, IL-1 had no nonspecific effect 
on viability, transfection efficiency, or stabil- 
ity of CAT mRNA or protein. 

To identify the IL-1-responsive element 
within the -548- to +39-bp enhancer re- 
gion, we constructed 5' deletion mutants of 
IL-2-CAT and transiently transfected 
LBRM cells. The -218 to +39 fragment 
retained full IL-1 responsiveness (about six 
to seven times background PHA stimula- 
tion) (Table 1A). Therefore, the region 3' to 
-218, which must harbor an IL-l-respon- 
sive element, was examined with internal 
deletion mutants. The deletions - 107 to 
-76 or -83 to -42 contained one of the 
two recently defined T cell receptor-respon- 
sive elements (-93 to -63) ( l l ) ,  and had 
about 50% of the CAT activity of the full- 
length IL-2-CAT, although an IL-1 re- 
sponse was maintained; this was expected, 
since PHA delivers its signal via T cell 
receptors, as verified by antibodies against 
the CD-3 complex, which mimic the PHA 
effect on this cell (8). The deletion -218 to 
- 176 abrogated the IL-1 effect (Table lB), 
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indicating that this region contained an IL- ity upon heterologous promoters and is 
1-responsive element. recognized by the nuclear factor AP- 1 (12, 

Position - 185 has the sequence TCAGT- 13). We used gel mobility shift assays to 
CAG in both human and murine IL-2 determine whether PHA and IL-1-induced 
genes. This sequence is similar to the motif nuclear factors could bind to a double- 
TGAGTCAG, which confers 12-0-tetrade- stranded oligonucleotide (designated "A") 
canoyl phorbol- 13-acetate (TPA) inducibil- that spanned - 192 to - 169 of the human 

Fig. 1. Gel retardation assays of 
nuclear extracts from stimulated 
LBRM cells. (A) LBRM cells 
were stimulated for 5 hours 
with PHA and IL-1, then nucle- A . . 
ar extracts were prepared (24). a Gel retardation assays (25, 26) 
were done by incubating 2 pg 2 
of nuclear extracts for 30 min at ,- 5 x 10 x  20 x 40 x 60 x 
21°C in 20 pl of reaction buffer 2 A A F 
containing 3 pg of ply-d(1-C), - .. r) . 
13% glycerol, 13 mM Hepes 
@H 7.9), 0.6 mM dithiothrei- 
to1 (DTT), 300 ng pBR322,65 
mM KC1 and 1 ng of double- L 
stranded synthetic 24-bp oligo- 
nucleotide (ON) that had been 
end-labeled with 32P. This AP-1 

- l o x  
B 5 

A B C F  

em.-. 

ON spanned the region - 192 
to -169 of the human IL-2 
enhancer region (which includ- 
ed the AP-1-like recognition 
site). Complexes were separated 
on polyacrylamide gels with 45 
mM tris-borate. 1 mM EDTA. 
pH 8.0, buffer. TWO unlabeled ON, designated "An and "B," were used for competition: A was the same as 
the labeled ON and B was an unrelated 24-bp ON from the IL-2 promoter that spanned residues -81 
to -68. Lane F contained free labeled probe. (B) Purified AP-1 factor from HeLa cells (12) was 
incubated with the same end-labeled probe and electrophoresed as in (A), except that no ply-d(1-C) or 
pBR322 were included. Three competing ON (A, B, and C) were used: A and B were the same as in 
(A), and C was an AP-1 point mutant (TCAGACAGA). 

Table 1. IL-1 induces CAT activity in LBRM cells transfected with IL-2-CAT or AP-1-CAT. Cells 
were tiansiently transfected by electroporation (15 pg of DNAl1.5 x lo7 cells, 500 pFd, and 0.2 V) 
with a Bio-Rad electroporation apparatus (21). Twenty-four hours later, viable cells were purified by 
Ficoll-hypaque. This pool of transfected cells was then divided into different groups and stimulated for 
24 hours with PHA (0.05%), a combination of PHA and mouse recombinant IL-la (Hofmann-La 
Roche, 100 Ulml), or 12-0-tetradecanoyl phorbol-13-acetate (TPA, 30 nglml). The transfected 
constructs had portions of the IL-2 promoter linked to CAT (7). Full-length (-548 to +39), 5', and 
internal deletion mutants are shown. In (A), SV-40 enhancer sequences were also present. In (B), no 
SV-40 sequences were present. In (C), a collagenase AP-1 trimer linked to a thymidine kinase promoter 
and CAT (12) was compared to a control lacking AP-1. CAT activity was measured in cell lysates 
incubated for 15 hours and expressed as percent acetylation (22). Data are the mean of three 
experiments in which CAT enzyme activity was normalized according to the amount of plasmid uptake 
[measured by blot analysis (23)l. Stimulatory index (Stim. index) is (PHA + IL-1)lPHA. Data are the 
mean and SD from four to eight independent experiments (indicated by "N "), some of which were 
normalized according to DNA uptake, others by luciferase activity (cotransfection with pRSV- 
luciferase). 

Stimuli 
Construct 

PHA PHA + IL-1 TPA 

Stim. 
index 

A 
Full 
d240-162 
d169-101 
d107-76 
d 8 3 4 2  
d218' 

B 
Full 
d218-176 

C 
AP- 1 
(control) 

IL-2 gene (including the AP-1-like binding 
site). One major complex in nuclear extracts 
prepared from PHA and IL-1-stimulated 
cells bound to the AP-1-like site (Fig. 1A) 
(the extract was prepared after 5 hours when 
maximal IL-2 gene expression occurred). 
Competition with a 5 to 40 molar excess of 
cold AP-1 oligonucleotide (designated "A") 
inhibited the binding of the nuclear factor, 
whereas a control sequence of the same 
length ("B") failed to compete; thus the 
binding was specific for the AP-1-like se- 
quence. 

The AP-1-like site of the IL-2 gene was 
specifically recognized by an AP-1 factor 
that was derived from HeLa cells and puri- 
fied using the AP- 1 sequence from the colla- 
genase gene (12) (Fig. 1B). Binding was 
specific: there was complete competition 
with the unlabeled IL-2 AP-1 sequence 
("A"), reduced competition with a sequence 
that contained a point mutation ("C'), and 
no competition with an unrelated sequence 
("B") . 

We then examined whether binding of 
IL-1-induced factors to the AP-1-like site 
resulted in gene activation. Three AP-1 
binding sites (from the human collagenase 
gene) that were linked to a thymidine kinase 
minimal promoter and the CAT gene (12) 
were transiently transfected into LBRM 
cells. IL-1 acted on an AP-1 site; addition of 
IL-1 and PHA resulted in about three to 
four times the CAT activity compared to 
control levels induced by PHA alone, IL-1 
alone, or medium (8) (Table 1C). The posi- 
tive control, TPA stimulation, had a similar 
increase above background. As a negative 
control, a construct lacking the AP-1 site 
was not induced by IL- 1. 

The major protein component of the AP- 
1 factor is encoded by the c-jurt proto- 
oncogene (14). The DNA-binding capacity 
of the c-jun protein is strongly enhanced by 
interaction (via a leucine "zipper") with the 
product of the c-jos proto-oncogene (1.5). 
Protein synthesis is required to induce the 
IL-2 gene in LBRM cells (16). We tested 
whether IL-1 and PHA induced either c-fos 
or c-juri mRNA before the earliest expres- 
sion of the IL-2 gene occurs [about 45 min 
(8), see also (6)] (Fig. 2). IL-1 induced an 
increase in c-jun mRNA (2.7 kb) after 30 
min of stimulation, but PHA did not. On 
the other hand, juti-B, another member of 
the jurt family that can contribute to the AP- 
1 complex (1 7), was neither induced by IL- 1 
nor by PHA (8). In contrast, PHA strongly 
induced c-fos mRNA in 30 min, but IL-1 
had a minimal effect. A TPA control en- 
hanced c-jos but not c-jun. De novo protein 
synthesis was not required for increases in c- 
fos or c-juti mRNA, because cycloheximide 
treatment did not block the effect. 
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c-fos 

Fig. 2. IL-1 induces c-jun whereas PHA induces 
c-jos. LBRM cells were stimulated for 30 min as in 
Table 1. Cells were incubated in cycloheximide 
(30 pgtml) for 30 min (this inhibited 95% of 
total protien synthesis measured by [35S]methion- 
ine incorporation) and stimulated with PHA and 
IL-1 for another 30 min. Total cytoplasmic RNA 
was extracted (27) and fractionated on a 1% 
agarose gel (28). Blots were hybridid with "P- 
labeled mouse c-fs or v-jun probes. Hybridization 
with human actin EDNA probes verified unifor- 
mity of loaded RNA. 

Multiple functional sequences in the IL-2 
enhancer have been defined in the past, 
some specifically responsive to T cell recep- 
tor triggering or to TPA stimulation (6, 11, 
18). We now define a sequence element 
similar to the AP-1 binding site of the 
collagenase gene and recognized by a puri- 
fied AP- 1 factor that is responsible for medi- 
ating the IL-1 effect on the IL-2 promoter. 
This element has only weak activity (7) in 
Jurkat cells, a T cell leukemia line that does 
not require IL-1 to produce IL-2 (it lacks 
IL-1 receptors). Although the AP-1 site 
appears to be necessary in LBRM cells, it is 
probably not sufficient for IL-2 gene expres- 
sion; TPA alone, like PHA and IL-1, can 
activate the AP-1 factor but cannot induce 
the IL-2 gene; this may be because it fails to 
stimulate the T cell receptor element (-93 
to -63) that responds to PHA as a costimu- 
lus. In a study of a different cell line, the EL4 
thymoma, TPA induced an AP-1 factor that 
preferentially bound to a different AP-1 
binding site on the murine IL-2 promoter 
(at - 150) (18). This site, however was not 
required in LBRM cells, since we deleted 
the segment from -169 to -101 and re- 
tained the IL- 1 effect (Table 1A). 

TPA and IL-1 have similar actions (1) and 
we show now that IL-1 can act through AP- 
1 recognition sites. However, there are 
clearly differences in mode of action be- 
tween TPA and IL-1. Whereas TPA acti- 
vates protein kinase C, IL-1 does not (3). 
TPA alone activated the AP-1 trimer, 
whereas IL-1 required PHA as a costimulus 
(Table 1C). TPA mainly induced c-fos, not 

c-jun, whereas IL-1 induced c-jun, not csfos 
(Fig. 2). TPA can activate the AP-1 factor 
post-translationally (19), and fiom the cur- 
rent study, it is likely that IL-l activates AP- 
1 through de novo synthesis of c-jun. Final- 
Iv. TPA is much less effective than IL-1 as a 
&stimulus for the IL-2 promoter (4, 8). 

Tumor necrosis factor* (TNF-a), a cy- 
tokine that has actions similar to IL-1, acts 
via the AP-1 site on the collagenase promot- 
er (20). AP-1-like sites occur in many IL- 1- 
inducible genes, including IL-1 itself, IL-6, 
colony-stimulating factor 1, TNF-a, orni- 
thine decarboxylase, transforming growth 
factor-p, P nerve growth factor, serum arny- 
loid A, and serum albumin. The AP- 1 factor 
can be produced by most cell types, and thus 
may provide a general mechanism for the 
multiple effects of IL- 1. 
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Human Genotoxicity: Pesticide Applicators 
and Phosphine 

Fumigant applicators who, 6 weeks to 3 months earlier, were exposed to phosphine, a 
common grain fumigant, or to phosphine and other pesticides had signi6cantly 
increased stable chromosome rearrangements, primarily translocations in G-banded 
lymphocytes. Less stable aberrations including chromatid deletions and gaps were 
significantly increased only during the application season, but not at this later time 
point. During tbigant application, measured exposure to phosphine exceeds accepted 
national standards. Because phosphine is also used as a dopant in the microchip 
industry and is generated in waste treatment, the possibility of more widespread 
exposure and long-term health sequelae must be considered. 

G LOBAL DEMAND FOR GRAIN AND 

grain products requires a complex 
system of transport, storage, and 

processing before final distribution to the 
consumer. To maintain the product in a 
usable state, fumigants and other pesticides 
are routinely applied by licensed specialists 
at one or more points fiom the time of 
harvest to final processing and use. Before 
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