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The POMC gene, encoding a hormonal precursor 
protein, is primarily expressed in the pituitary in a 
tissue-specific manner. The POMC gene is tran- 
scriptionally regulated by a variety of hormones 
and neuropeptides and the second messengers 
CAMP and Ca++. Using the corticotrope-derived 
AtT29 cell line, we have previously shown that 
overexpression of cFos stimulates POMC tran- 
scription. The aim of this work was to analyze 
whether cFos directly interacts with the POMC 
gene in basal and corticotropin-releasing hormone 
(CRH) stimulated cells. Using progressively de- 
leted POMC promoter sequences or heterologous 
promoter constructs coupled to the chloramphen- 
icol acetyl transferase reporter gene, we demon- 
strate the existence of a major cFos- responsive 
sequence within the first exon of the POMC gene. 
This sequence, TGACTAA, appears functionally in- 
distinguishable from the canonical API binding 
site. When fused to a minimal promoter, this se- 
quence confers inducibility by cFos and CRH. Gel 
shift analyses with CRH-stimulated AtT20 nuclear 
extracts or in vitro synthesized proteins revealed 
that this sequence efficiently binds Fos and Jun. 
Expression of c-fos anti-sense ml?NA reduced 
CRH-stimulated POMC transcription, thus indicat- 
ing that, at least in part, cFos mediates the effect of 
CRH on POMC transcription. However, deletion of 
this major exonic APl site from the POMC con- 
structs greatly reduced the effect of c-fos overex- 
pression but did not suppress POMC stimulation 
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by CRH, indicating that CRH stimulates POMC 
transcription by one or more cfos-independent 
mechanism(s). (Molecular Endocrinology 9: 745- 
755,1995) 

INTRODUCTION 

The POMC gene, primarily expressed in the pituitary, 
encodes a variety of peptides including ACTH, the 
melanotropins (a-, p-, and y-MSH), and opioid pep- 
tides of the P-endorphin family. The diversity of bio- 
logical activities of these peptides suggests a key role 
for POMC in complex physiological processes, mainly 
in response to the “stress.” Such a role in turn impli- 
cates a fine tuning of hormonal biosynthesis at the 
posttranslational but also at the transcriptional level. 
To adapt to such a complex environmental situation, 
POMC-producing cells in the pituitary are under 
multihormonal controls. In cotticotrope cells of the 
anterior pituitary, the main physiological regulators are 
corticotropin-releasing hormone (CRH) and glucocor- 
ticoids. These two hormones, respectively, exert pos- 
itive and negative controls on POMC transcription (re- 
viewed in Ref. 1). In cotticotrope cells, CRH increases 
CAMP levels and Ca++ entry (2). These two second 
messengers, CAMP and Ca++, are well documented 
stimulators of POMC mRNA levels (3-5), and numer- 
ous publications of many laboratories now give us a 
clear picture of the intracellular pathways (second 
messengers and kinases) by which CRH stimulates 
POMC biosynthesis. In contrast, the nuclear activation 
mechanisms at the level of POMC gene remain largely 
obscure. The coupling between input signals into 
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endocrine cells and the subsequent genomic events 
that transduce short to long-term responses often oc- 
cur through the activation of early response genes (6, 
7). However, the transacting factor(s) by which CRH 
and its second messengers CAMP and Ca++ activate 
POMC transcription is not known. It is now accepted 
that CAMP and depolarization (Ca”) signals could be 
transduced and result in transcriptional stimulation by 
specific short sequences located in the promoter re- 
gion of many inducible genes. These sequences, 
CAMP or Ca++ -responsive elements [CRE or CaRE, 
respectively, 8)], contain the basic consensus se- 
quence TGACGTCA. Using heterologous POMC pro- 
moter-reporter fusion gene constructs, we have pre- 
viously identified two CRH and CAMP-responsive 
regions at positions -478 to -320 and -234 to - 133 
base pairs (bp)(9, 10) relative to the major POMC tran- 
scription start site. However, the classical CAMP CRE/ 
CaRE of the TGACGTCA type is not present in these 
regions, suggesting that the transcriptional stimulation 
by CAMP is not mediated by the classical CRE binding 
protein (CREB). Indeed, we recently characterized and 
cloned one transcription factor, distinct from CREB, 
that mediates CAMP induction and binds to the -234/ 
-133 region of the POMC promoter (10). 

Furthermore, we have previously reported the in- 
duction of CFOS by CRH via CAMP and Ca++-depen- 
dent mechanisms in cotticotrope cells (11) an obser- 
vation that allows a possible role of this nuclear 
effector in mediating POMC transcription. Such an 
hypothesis would be in line with the observation that 
overexpression of CFOS in corticotrophs does increase 
POMC transcription (11). 

In the present study, we extend this observation by 
showing that CRH inductions of the POMC gene op- 
erates via cfos-dependent and cfos-independent 
mechanisms. We report the existence of a cfos-re- 
sponsive element within the first exon of the gene. This 
sequence (TGACTAA) is a functional phorbol ester- 
responsive element (TRE) that can stimulate POMC 
gene transcription upon CFOS and cJun binding. 

RESULTS 

CFOS Stimulates Basal and CRH-Induced POMC 
Transcription 

To test whether CFOS is responsible for POMC trans- 
activation, the 5’-flanking region of the rat POMC gene 
(-706/+63) coupled to the chloramphenicol acetyl 
transferase (CAT) reporter gene was transfected into 
AtT20 cells with a lipopolyamine-based gene transfer 
method developed in our laboratory (12, 13). Work 
from different groups has previously shown that the 
POMC promoter region used here is sufficient to con- 
fer pituitary tissue- specific expression (14), as well as 
modulation by the main physiological regulators: CRH 
(9) and glucocorticoids (15). We have previously re- 
ported that CFOS stimulates POMC transcription (11). 
The data shown in Fig. 1 confirm and extend this obser- 

vation. Overexpression of CFOS elevates basal and fur- 
ther potentiates CRH-stimulated POMC transcription, al- 
though the fold change with CRH remains the same 
when compared with the elevated basal level. 

Additional experiments show that CRH exerts its 
effects on POMC transcription, at least in part, via 
CFOS. We performed cotransfections of the POMC- 
CAT construct with a c-fos antisense expression vec- 
tor (16) that we have already shown to block CFOS 
protein production efficiently (17). Figure 2 shows that 
the antisense significantly (P I 0.05) reduced the 
CRH-stimulated POMC transcription. This inhibitory 
effect by c-fos antisense was saturated with higher 
amounts of the antisense vector. 

cfos-Responsive Elements in the POMC 
Promoter 

To delineate cfos-responsive elements within the 
POMC gene, a progressively deleted rat POMC pro- 
moter (from -706 to -31 bases) was fused with a 
CAT reporter gene and transfected into AtT20 cells. 
Cotransfection of these constructs with a frame- 
shifted CFOS mutant expression vector (pABK28) did not 
alter basal or CRH-induced POMC promoter activity 
when compared with transfection studies with reporter 
genes alone (data not shown). Interestingly, the intact 
CFOS expression vector (pBK28) was able to stimulate 
basal POMC promoter activity in all of the 5’-deletion 
constructs, and CRH was capable of further stimulating 
promoter activity in an approximately additive way 
(Fig. 3). 

Since the -31/+63 construct gave full CFOS and 
CRH induction, we focused on this region. Within the 
first exon of POMC, nucleotides +41/+47 (TGACTAA) 
share substantial homology with the classical APl 
(TGACorGTCA) binding site, and, therefore, this se- 
quence was further characterized. To address whether 
this putative APl site is responsible for maintaining 
CFOS stimulation in the -31/+63 POMC promoter/ 
reporter plasmid, two additional internal deletion con- 
structs were made. These constructs removed the 
-18/+63 region in the context of the -706 (pJL157) 
and -31 (pJLl60) 5’-deletion POMC promoter/re- 
porter plasmids. When the pJLl60 construct is ana- 
lyzed (Fig. 3), both basal cfos-stimulated and CRH- 
induced promoter activity was eliminated. This 
minimal POMC promoter was not, however, without 
activity, showing a basal level of activity 25% that of 
the -706/+63 promoter construct (JL145). When the 
upstream portion of the -706 promoter was replaced 
(pJL157) in this construct, again, CFOS had no effect on 
basal POMC promoter activity and CRH treatment had 
no effect on POMC promoter activity beyond what it 
had with the CFOS mutant expression vector. CRH 
continued to stimulate POMC promoter activity inde- 
pendent of CFOS expression vector activity. 

Finally, to test whether the observed CAT activity 
correctly reflects initiated transcription from the vari- 
ous reporter genes, we characterized the transcription 
start sites of pJL 145, 142, 157, and 160. Figure 4 
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B 

A FOS (PA BK 28) 

Fig. 1. cFos Stimulates Basal and OH-Induced POMC Transcription 

FOS (pBK 28) 

A, Diagrams of the different constructs. pJL145 contains the 5’-flanking region of the rat POMC promoter (-706 bp) and a part 
of the noncoding exon 1 (to +63) cloned in front of a CAT reporter gene (Roberts, 1987). The main regulatory regions of the POMC 
promoter responsive to CRH and to glucocorticoids (negative glucocorticoid responsive element, nGRE) are depicted. pBK28 
expresses the human cFos protein (Fos), pABK28 is a frame-shift mutant of this construct (AFos) and serves as control. B, AtT20 
cells were grown to 50% confluency in DMEM supplemented with 10% fetal calf serum and serum starved for 24 h before 
transfection experiments. Cells were cotransfected for 5 h with pJLl45 (2 pg) and AFos (2 pg) (left) or Fos (2 kg) (right), switched 
to fresh DMEM for 12 h and then treated (CRH, 1 O-’ M) or not (Ct) for 6 h. Autoradiograms show the increased CAT activity of 
the POMC-CAT construct by Fos, on the basal (Ct) and CRH-induced AtT20 cells. 

shows the correct initiation of these reporter genes 
after deletion of the promoter sequences located 5’ 
and/or 3’ from the TATA box. The basal CAT activity of 
these constructs in transient transfection assays is 
compared in Fig. 3. 

The First Exon of the POMC Gene Contains a 
Functional TRE 

To test whether the putative APl-binding site in the 
first POMC exon possesses enhancer-like activity, a 
23 base pair synthetic oligonucleotide centered on the 

TGACTAA (+41/+47) sequence was inserted into the 
minimal POMC promoter (pJL160) in front of the TATA 
box. When transfected into AtT20 cells, this construct 
is responsive to both cFos and CRH, and together 
their effects are again additive (Fig. 5). Mutations 
within the core TRE sequence (TGACTAA to AG- 
GCTAA) completely abolished cFos- and CRH-medi- 
ated inductions (Fig. 5), similar to what was observed 
for the parent pJLl60 construct alone (Fig. 3). Based 
on its homology with the consensus TRE and its func- 
tional regulation by cFos, this newly characterized se- 
quence was subsequently called PTRE (POMC TRE). 
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Ct CRH Ct CRH Ct CRH 
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Fig. 2. Blockade of CFOS Reduces CRH-Induced POMC- 
CAT Expression 

AtT20 cells were cotransfected as described in Fig. 1 with 
1.5 pg of the full length POMC-CAT reporter gene (pJL145) 
and different amounts of pSVsof (expressing antisense of 
c-fos mRNA, Mercola et al., 1987). pCHll0 (expressing 8-ga- 
lactosidase) was used to keep amounts of DNA constant. 
Cells were treated 8 h with CRH (lo-’ M). *, When compared 
with respective untreated cultures and # when compared 
with CRH stimulation in the absence of fos antisense expres- 
sion vector (P < 0.05, Student’s t test). Histograms are 
means -t SD, n = 3. 

Direct Involvement of CFOS and cJun in the 
Nucleoprotein Complex That Binds the PTRE 

We next asked whether proteins present in AtT20 cells 
could form complexes with PTRE and/or Met-TRE, a 
well characterized TRE from the metallothionein gene 
(18). Figure 6A shows that both oligonucleotides form 
one major complex (migrating at the same apparent 
mot wt), barely detectable in the control culture, but 
strongly enhanced when nuclear extracts from CRH- 
stimulated cells are used. Again, oligonucleotides mu- 
tated in the met-TRE or PTRE core sequence did not 
form complexes corresponding to the wild type gel- 
shift. Figure 6B shows the cross-competition between 
Met-TRE and PTRE, suggesting the presence of the 
same proteins binding to both oligonucleotides. 

To analyze the nature of the proteins binding the 
PTRE, AtT20 cell nuclear extracts were preincubated 
with antisera directed against cFos or cJun proteins. 
Figure 7A shows that these antisera directed against 
cFos (Fos Ab, lane 3) and cJun (Jun Ab, lane 4) were 
able to abolish the formation of the retarded band, 
suggesting that with AtT20 nuclear extracts, PTRE 
binds a specific APl complex containing cFos and 
cJun immunoreactive protein. Identical results were 
obtained with the Met-TRE (data not shown). Suppres- 
sion of nucleoprotein formation with the cFos or cJun 
antisera was specific since an unrelated antisera 

(directed against glucagon) was without effect (Ct Ab, 
lane 5). 

To further address the question of whether the 
cFos- and CRH-inducible PTRE described above be- 
haved as a classical TRE, binding the nucleoproteins 
cFos and cJun, we analyzed by gel retardation the 
interactions of the PTRE with the in vitro translated 
cFos and cJun proteins generated with a rabbit reticu- 
locyte lysate. The characterized metallothionein TRE 
served as a control. As shown in Fig. 78, neither CFOS 
nor cJun alone is able to bind either of the two probes 
under our experimental conditions. However, both 
Met-TRE and PTRE could form a DNA-protein com- 
plex when incubated with the in vitro proteins cFos 
and cJun when translated together. Each retardation 
was specifically competed by an excess of respective 
unlabeled oligonucleotide (lane 4) whereas it was not 
by the unlabeled mutated oligonucleotide (lane 5). Fur- 
ther, cFos and cJun appear to bind to the same core 
sequence in the Met-TRE and the PTRE since cross- 
competition experiments with unlabeled oligonucleo- 
tides (lane 6) also efficiently compete for the retarded 
band. In parallel experiments, labeled mutated Met- 
TRE or PTRE oligonucleotides did not form detectable 
nucleoprotein complexes (data not shown). 

DISCUSSION 

CRH is the main hypophysiotropic factor for cortico- 
troph cells. The primary effects of CRH on the corti- 
cotrophs are an increase in CAMP levels and the stim- 
ulation of POMC mRNA accumulation subsequent to 
transcriptional activation, most probably via a protein 
kinase A (PKA) mechanism (19). In our laboratories, we 
have shown that POMC transcription, as measured 
with POMCKAT chimera genes, is abolished by ge- 
netic inactivation of PKA (A. L. Boutillier, D. Lorange, 
J. L. Roberts, and J. P. Loeffler, manuscript in revision) 
with dominant inhibitory mutants of this enzyme (20). 
In many genes, CAMP-stimulated gene expression is 
mediated by the transacting factor CREB, on the 
CAMP responsive element (CRE) TGACGTCA (21). 
However, sequence analysis of the rat POMC pro- 
moter does not reveal any such consensus CREs. 
Indeed, the only matches are poor ones (22, 23) and 
occur in regions of the promoter that are only weakly 
inducible by CAMP (9). This strongly suggests that 
CRH stimulates POMC via CAMP-dependent transact- 
ing factors different from CREB. Indeed, we have pre- 
viously shown that such transcription factors are 
present and functional in AtT20 cells (24). Indirect ev- 
idence further shows that the regulatory pathway by 
which CRH activates POMC includes constitutive but 
also de novo synthesized transcription factors. cFos 
clearly belongs to this latter class of POMC regulatory 
proteins, since we show here that expression of anti- 
sense c-fos mRNA (and subsequent suppression of 
c-fos mRNA translation) reduces CRH effects. How- 
ever, this blockade with c-fos antisense was only 
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Fig. 3. Delineation of CFOS and CRH-Responsive Elements by Mutagenesis of the POMC Promoter POMC-CAT Constructs, 
Progressively Deleted from the Y-End of the Promoter Were Cotransfected into AtT20 Cells with Either AFos or Fos (Same 
Protocol as in Fig. 1) 

All these constructs are inducible by CRH and Fos. These inductions are lost when the proximal promoter and the first exon 
were deleted (pJLl60, -31/-18). A longer construct containing most of the POMC promoter (-706/-18) is still inducible by CRH 
whereas the response to Fos is lost. Basal transcription varied between the different POMC-CAT constructs and to compare their 
responses, the results are represented as fold induction. Atypical experiment is represented, in which all the constructs have been 
tested together, in triplicate. Histograms represent means ? SD (n = 3). Basal activity of each construct is noted in parentheses 
as fold induction, taking pJLl45 as reference (1). 

partial, even at higher amounts of antisense vector, 
suggesting that other transcription factors are involved 
in the CRH stimulus. Indeed, protein synthesis inhibi- 
tion experiments with cycloheximide, performed in our 
laboratories, show that the initial phase (15-60 min) of 
POMC transcription (evaluated by heterologous 
POMC RNA measurement; see Ref. 1) induced by 
CRH is not dependent on new protein synthesis. Later 
time points (>60 min), which would allow comparison 
with data obtained with CAT reporter genes (>8 h), 
could not be explored due to toxic side effects of 
protein synthesis inhibitors. Thus, taken together, 
these results suggest that CRH-mediated POMC tran- 
scription is a complex mechanism initiated by post- 
translational modification of preexisting transcription 

factors and then amplified or prolonged by newly syn- 
thesized proteins including CFOS. 

Delineation of a Functional cfos-Responsive 
Element 

We have previously shown that CFOS elevation via an 
expression vector stimulates POMC transcription (11). 
Moreover, CFOS is induced by CAMP and adenylate 
cyclase-coupled receptors in corticotrope cells (11, 
24). In the present work, aimed at deciphering the 
molecular mechanism by which CRH stimulates 
POMC transcription, we confirm and extend these 
observations with CFOS. CRH and CFOS overexpres- 
sion were shown to stimulate POMC promoter activity, 
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Fig. 4. Confirmation of the Good Initiation of the Transfected POMC Reporter Genes in AtTPO Cells by Combined RT-PCR 
Upper panel, The oligonucleotides (Pl , P2, P3, Cl, and C2, see sequences in Materials and Methods) used as primers for 

RT-PCR are localized on the schematic representation of the four vectors tested (pJLl45, pJL142, pJL 157, and pJL 160). Pl is 
located in front of the POMC gene start site for plasmids pJL145 and 142. P3 is located in front of the CAT gene start site for 
pJLl57 and 160. After transfection of these vectors, AtT20 cells were treated for 1 h with Forskolin (5 x 1 Op6 M). RNA were then 
extracted according to the TRlzol reagent from GIBCO. Lower pane/, Combined RT-PCR was performed on each RNA extract 
as described in Materials andMethods with two specific combinations of primers. One tenth of the RT-PCR products was loaded 
on a 3% agarose/Tris-acetate-EDTA gel and electrophoresed under 90 V for 2 h. A typical gel is represented. A, lOO-bp ladder 
(GIBCO-BRL); Ct, nontransfected AtT20 cells used as control; The following lanes represent the PCR products obtained from the 
different constructs (noted above) with the different combinations of primers as noted below. Combinations of Pi/Cl and P3Kl 
allow determinations of the incorrect initiation levels (read through) of pJL 145, pJL 142, pJL 157, and pJL 157, respectively. 
Proportion of incorrectly initiated transcripts is less than 50-fold compared with the correctly initiated ones. Expected sizes of 
RT-PCR products deduced from the different vectors’ sequences and primers are noted on the right. 

and their effects together were additive (Figs. 1 and 3). 
Dissection of the promoter with 5’-deletion constructs 
showed that this effect was maintained even in the 
minimal -31/+63 promoter/reporter construct, sug- 
gesting the presence of a CRH/cFos-responsive ele- 
ment within. Deletion of the -18/+63 portion of this 
minimal CRH/cFos-responsive element abolished the 
response, confirming the presence of the CRH/cFos 
element within. 

Two elements of the -18/+63 rat POMC promoter 
region have previously been shown to bind nuclear 
proteins and affect POMC basal activity. The POB 
element at -1 U-8 appears to have major effects on 
basal activity (25), but there have been no reports as to 
its CRH inducibility. Possibly its absence in the pJL160 
plasmid can account for the low basal activity ob- 
served for this promoter/reporter construct. Therrien 
and Drouin (26) reported the presence of a API-like 
element in the rat POMC promoter (+41/+47) that 
footprinted with AtT20 nuclear extracts, but again, no 
CRH or CFOS inducibility was presented. Our studies 
show that the POMC API-like element (+41/+47) is 
responsive to both CRH and CFOS (Fig. 4) in a fashion 
identical to that of the -31/+63 construct, suggesting 
that this element is capable of mediating the CRH/ 
CFOS response alone. In addition, a double mutation in 
the element (Fig. 5) abolished both CRH and CFOS 

responses, indicating a common mechanism of action 
on this element. These data suggest that the +41/+47 
element in the -18/+63 region is mediating the CRH/ 
CFOS responses observed. 

This POMC TRE is not the only CRH-responsive 
element in the -706/+63 region of the POMC pro- 
moter, although the 5’-deletion studies would sug- 
gest that the -31/t-63 region is sufficient for full 
regulation. Deletion of the - 18/+63 portion 
(pJL157) of a -706/t-63 POMC promoter/CAT re- 
porter plasmid caused a loss of the CFOS overex- 
pression- stimulated basal and additive effect of 
CRH on POMC promoter activity (Fig. 3). While this 
confirmed that the -18/+63 region was necessary 
for the CFOS response, it also showed that the -7061 
-18 region contained at least one additional CRH- 
responsive element. We can not say whether this 
element is completely CFOS independent, since CRH 
treatment alone induces CFOS in AtT20 cells (11). 
However, CFOS alone is not capable of the induction, 
so either it is an effect specific to CRH or to one 
mediated by CFOS that has been modified (e.g. PKA 
phosphorylation) by CRH treatment. Indeed, phos- 
phorylation of CFOS by PKA and subsequent modi- 
fication of its biological activity has been reported 
(27). This also implies that the TRE-like element 
present at -321/-315 (TGCCTCA) in the rat POMC 
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A 
pJLlW/APTRE 

pJLlGO/PTRE GCAGTGACTAAGAG 

plLlB0: POMC-CAT 

B 

CRH - -I. - + - + - + 

AFOS FOS AFOS FOS 

PlRE 

Fig. 5. The POMC TRE Is Functional 

APTRE 

A, Diagram of the APTRE and the PTRE constructs. The 
POMC TRE: PTFtE (TGACTAA) present within the first exon or 
a mutated form: APTRE (AGGCTAA) were cloned in front of a 
minimal POMC promoter CAT reporter gene (pJL160). 6, 
POMCYCAT activity represented as fold induction from CAT 
assays carried out in AtT20 cells cotransfected with the 
pJLlGO/PTRE or pJLlGO/APTRE fusion genes and either 
pBK28 (Fos) or pABK28 (AFos) expression vectors. Cotrans- 
fection experiments were performed as described (see leg- 
end of Fig. 1). Cells were left untreated (-) or treated with 10 
nM CRH (+). 

promoter does not behave as a functional APl site in this 
context. Therefore, we believe that the -706/+63 
POMC promoter region is stimulated by CRH both 
through a TRE-like element in the first exon and through 
a different mechanism(s) in the -706/-18 region. 

That the +41/+47 TRE-like element is actually a 
classical TRE element was further investigated. 
Therrien and Drouin (26) have previously shown that 
this element binds protein(s) in untreated AtT20 ex- 
tracts. In our experiments, nuclear extracts from 
both control or CRH-stimulated AtT20 cells form 
one major nucleoprotein complex that is efficiently 
competed with the consensus metallothionein TRE 
and shows a major CRH induction of the shift. The 
nature of this nucleoprotein was immunologically 
characterized with CFOS and cJun-directed antisera, 
both of which have been previously shown to sup- 
press APl binding activity in gel shift assay (E. Gi- 
zang-Ginsberg, personal communication). Pretreat- 
ment of CRH-stimulated AtT20 nuclear extracts with 
these antisera suppressed the retarded complex, 
implying that it contained CFOS and cJun protein. 
Finally, the POMC TRE can bind efficiently in vitro 
synthesized CFOS and cJun proteins. In summary, 

751 

Fig. 6. The POMC TRE Functions as a Classical TRE 
A, Gel-shift analyses with nuclear extracts (15 pg pro- 

tein) from untreated (Ct) or 10 nM CRH-treated (CRH) AtTPO 
cells. Left, A retarded band is obtained with the wild type 
(wt) metallothionein TRE probe whereas the mutated form 
of the TRE oligonucleotide (mut) is not retained. Right, 
Same experiment with a labeled oligonucleotide containing 
the POMC TRE sequence (wt) or a mutated form (mut). B, 
Binding activity and competitions assays with wild type or 
mutated probes. Left, Binding of the metallothionein TRE 
probe using 15 pg of nuclear protein extracts from AtT20 
cells, untreated (lane 1, Ct) or CRH-treated (lanes 2-6). 
Lanes 3-5, Competition with different concentrations of 
cold double-stranded POMC TRE oligonucleotide (5, 50-, 
500-fold molar excesses). Lane 6, Competition with a 500- 
fold molar excess of cold mutant POMC TRE oligonucle- 
otide. Right, Binding of the POMC TRE probe using 15 Fg 
nuclear protein extracts from AtT20 cells. The same con- 
ditions as for the Met TRE probe except that the cold 
double-stranded metallothionein TRE oligonucleotide 
served as competitor. 

this series of experiments shows that CFOS and cJun 
can physically interact with the POMC gene on the 
TRE-like sequence (TGACTAA) located in the first 
exon at +41/+47. This sequence is functional in 
AtT20 cells and CRH stimulates POMC transcrip- 
tion, at least in part, through this element. 
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A B 
POMC TRE probe: 

$$$ 
:: 55 
L 

Cl CRH- 
1 2 3 4 5 

wt MetTRE 

mut Met TRE 

wt POMCTRE 
t’iIUt POMC TRE 

Metallothionein TRE probe POMC TRE probe 

Fig. 7. Gel-Shift Analysis of the Exon I TRE 
A, Nuclear proteins CFOS and cJun bind to the POMC TRE gel-shift analyses were performed with 15 M nuclear protein extracts 

from unstimulated (Ct, lane 1) or 10 nM CRH-stimulated AtT20 cells (CRH, lanes 2-5) preincubated with either no (lane 2), CFOS 
(Fos Ab, lane 3), cJun (Jun Ab, lane 4), or glucagon (Ct Ab, lane 5) antisera. The binding is disrupted with CFOS or cJun antisera. 
An unrelated antibody, directed against glucagon, does not affect the binding. Supershifts were clearly visible upon longer 
exposure of the autoradiogram (not shown). B, The POMC TRE binds in vitro-translated CFOS and cJun proteins. Left, Binding 
activity of the metallothionein TRE probe using 3 pg of each translation mixture containing cFos alone (lane l), cJun alone (lane 
2), or CFOS and cJun together (lanes 3-6) (see Materials and Methods). A specific band appears when CFOS and cJun are 
cotranslated (lane 3). This band is efficiently competed by the cold metallothionein TRE (wt Met TRE, lane 4) and the wild type 
POMC TRE (wt POMC TRE, lane 6) whereas it is not by the mutated metallothionein TRE (mut Met TRE, lane 5). Right, Same type 
of experiment, but using the POMC TRE probe. Competitions of the gel-shifted band were performed with the cold probe (WI 
POMC TRE, lane 4), the mutated cold probe (mut POMC TRE, lane .5), or the wild type metallothionein TRE (wt Met TRE, lane 6). 

Physiological Role of cFos in POMC Regulation tailed mapping of the many V-binding sites by foot- 
by CRH print and gel-shift analyses. 

Our deletion studies show that CRH stimulates POMC 
transcription by a cfos-dependent mechanism at the 
+41/+47 site and also through another, possibly 
cFos-independent, mechanism upstream. However, 
these two mechanisms do not appear to operate in- 
dependently since blockade of cFos expression by 
c-fos antisense vectors significantly reduces CRH-in- 
duced POMC transcription from the complete (-706 
to +63) POMC promoter. One possible interpretation 
is that the exonic TRE has to function to allow maximal 
transcriptional stimulation by CRH. However, we can 
not exclude by our experimental approach a more 
subtle role of cFos in the 5’-region where cFos would 
not play a stimulatory effect on its own but rather exert 
a permissive effect on other transacting factors. This 
hypothesis is currently being investigated by a de- 

MATERIALS AND METHODS 

Cell Cultures 

AtT20/D16-16 were maintained in Dulbecco’s Modified Ea- 
gle’s Medium (DMEM) supplemented with 10% fetal calf 
serum, at 37 C under 95% O,-5% CO,. Cells were serum 
deprived for 24 h before experiments. 

Plasmids and Synthetic DNA Oligonucleotides 

POMC promoter/CAT reporter fusion vectors: A lo-kilobase 
EcoRl fragment of DNA containing the rat genomic POMC 
gene was isolated from a Sprague-Dawley rat genomic library 
(28). The 5’-flanking region of the POMC gene from this 
lo-kilobase sequence was isolated and ligated to pCAT to 
generate pJL145 (Fig. 1) fusion construct. The pJL145 vector 
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contains the 5’-flanking POMC sequences (-706/+63), in- 
cluding the TATA box, the transcription initiation site, and a 
portion of the exon 1, fused to the bacterial CAT reporter 
gene in a pUC1 g-derived plasmid. This POMC construct also 
contains SV40 splicing and polyadenylation signals derived 
from pSV2CAT. The series of 5’-deletions of the POMC pro- 
moter sequences were generated using existing restriction 
sites in the parent pJL145 construct or Bal 31 digestion 
followed by blunt end repair with the Klenow fragment of DNA 
polymerase I. The pJL157 and pJL160 plasmids were con- 
structed from the pJL145 and pJL142, respectively, by re- 
moving the -31/+63 region (Pstl and Xhol) and replacing it 
with a synthetic DNA fragment that recreated the POMC 
promoter region from -31 to -18. pBK28, expressing the 
human cFos protein and pABK28, a frame-shift mutant of 
DBK~~, were provided bv I. Verma (San Dieao. CA). 

pT7cfos (2$ contains ihe full-length rat crfoi cdNA, sub- 
cloned into pGEM3. pJHl9 (30) contains a partial human 
c-jun cDNA (cJun core, containing the leucine zipper and 
DNA-binding domains) subcloned in Bluescript SK(+). These 
plasmids were generously provided by E. Ziff (New York 
University, New York, NY). 

The oligonucleotides containing the exonic rat POMC TRE 
(+41/+47), PTRE, and the mutated form, APTRE, were syn- 
thesized as 23-mers and then cloned in front of the POMC 
TATA box (-31/+1) fused to the CAT reporter gene (see 
POMC/CAT fusion vectors) to generate PTRE/CAT and 
APTRE/CAT. Recombinants were verified by DNA sequenc- 
ing. Their sequences are as follow: PTRE, 5’-AGCTTAG- 
CAGTGACTaGAGAGT-3’ and APTRE, 5’-AGClTAGCA- 
GAGGCTAAGAGAGT-3’. These oliaonucleotides were also 
used as double-stranded DNA pr;bes for gel retardation 
assays. 

The sequences of the oligonucleotides for combined 
reverse transcriptase-polymerase chain reaction (RT-PCR) 
reaction are as hollow:’ Ci, 5’-GCAlTCATCAGGCdGGC-3’; 
C2. 5’-CAGGAGCTAAGGAAGC-3’: Pl . 5’-GAGAAGAGTG- 
ACiGGAAC-3’;P2,AAACGGGAGGtiG/iCGGAG-3’;P3,AGC- 
CTCGAGGAGC-ITGC-3’. 

Transfections and Reporter Assays 

Transfections of AtT20 cells were carried out with a lipopoly- 
amine-based method as previously described (11, 12). 
Briefly, cells cultured in six-well plates (Falcon) were grown to 
50% confluency and serum deprived for 24 h before each 
experiment. Two to 4 pg of DNA per well were transfected for 
about 5 h. Cells were then grown in fresh DMEM for 12 h. The 
treatment with appropriate drugs lasted for 6-7 h. CAT ac- 
tivity was determined by the method of Gorman et a/. (31) and 
quantitated as previously described (11). CAT activity was 
calculated as the percentage of chloramphenicol converted 
to acetylated forms and represented as fold induction relative 
to controls. All experiments were repeated at least three 
times. 

Reverse Transcriptase and PCR 

Cells were transfected as described above in 1 O-cm diameter 
dishes (Falcon) with 2 pg/ml of plasmid DNA. Cells were then 
stimulated 1 h with 5 x 10e6 M forskolin. Total RNA was 
extracted according to the TRlzol TM Reagent method from 
GIBCO (Grand Island, NY) and subsequently DNAse treated 
(20 U, 15 min at 37 C), phenol-chloroformed, and ethanol- 
precipitated. The combined RT-PCR was set up on ice in 50 
mM KCI, 1.5 mM MgCI,, 25 mM Tris-HCI, pH 8.3, 100 pg/ml 
BSA, 50 pM of each deoxynucleoside trisphosphate with 15 
pmol/primer plus 500 ng of the RNA template in a final 
volume of 50 ~1. Denaturing and annealing were performed in 
a monocycler apparatus (Hybaid, Logan, UT) for 10 min at 94 
C, followed by a programmed step to 55 C (10 min). One 
microliter of a mix of Superscript RNaseH- RTase (100 U, 

GIBCO) and Taq polymerase (1.25 units, GIBCO) was added 
and the reaction lasted 1 h at 55 C. The reverse transcription 
step was stopped by a 5-min incubation at 94 C. The sub- 
sequent amplification program was as follows: 30 set at 94 
C, 30 set at 55 C, 45 set at 72 C, for 30 cycles. RT-PCR 
products were electrophoresed through a 3% agarose/Tris- 
acetate-EDTA gel and bands were visualized with ethidium 
bromide under UV. 

In Vitro Transcription and Translation 

In vitro transcription of pT7cfos (linearized with Hindlll) and 
pJH19 (linearized with Xhol) was carried out using T7 and T3 
RNA polymerases, respectively (Boehringer Mannheim, 
Mannheim, Germany). After denaturation, 10 min at 67 C, 2 
pg of RNA substrates were mixed with l/3 final volume of 
rabbit reticulocyte lysate (Promega, Madison, WI), 1 mM 
amino acid mixture - methionine, 1 mM methionine, and 2 mM 
dithiothreitol (DlT), in a final volume of 50 ~1. The reaction 
was incubated at 30 C for 1 h. cFos and cJun were synthe- 
sized either alone or together. A parallel translation with 
r5S]methionine was performed, and labeled protein products 
were confirmed by sodium dodecyl sulfate gel electrophore- 
sis (data not shown). 

Nuclear Extracts 

AtT20 cells were grown in 1 O-cm diameter wells (Falcon) until 
70-80% confluency and serum deprived 24 h before treat- 
ment with CRH (1 O-’ M) for 1 h. Cells were then harvested in 
cold PBS. Nuclear extracts were prepared as described (32). 
Final concentrations were typically 2-3 wgI$ as determined 
by the Bio-Rad protein assay (Munich, Germany). 

Gel Retardation Assays 

Five picomoles of each double-stranded oligonucleotide 
(PTRE and APTRE as shown above. metallothionein TRE and 
hTRE as reported in Ref. 18) were &d-labeled with [gamma- 
32P]dCTP (3000 Ci/mmol), resolved on a 10% acrylamide gel, 
and eluted from the gel at 4 C in TE buffer (10 mM Tris-HCI 
pH8, 1 mM EDTA). Approximately 0.2 ng of 32P-labeled DNA 
(15,000 to 20,000 cpm) was added to the preincubated in 
vitro translated products or nuclear extracts. 

For the in vitro translated proteins, 3 PI of each assay (cFos 
alone, cJun alone, or cFos and cJun together) were preincu- 
bated 10 min on ice, in 15 ~1 of binding buffer (10 mM HEPES 
pH 7.9, 4 mM M&I,, 0.1 mM EDTA, 4 mM spermidine, 2 mM 
blT, and 15% glycerol) with 1 pg poly(dl-bC) and 800 ng 
unlabeled. sinale-stranded PTRE: 200 fa of 32P-labeled orobe 
were added, and the binding reactionwas incubated ior an 
additional 15 min on ice. In competition experiments, a 50- 
fold molar excess of unlabeled competitor oligonucleotides 
was added with the poly(dl-dC). Protein-DNA complexes 
were resolved on a 4% polyacrylamide gel electrophoresis in 
0.5~ Tris-borate-EDTA. 

For the cell nuclear extracts, 15 pg proteins were preincu- 
bated in 12 pl binding buffer (6 mM KCI, 20 mM DlT, 5 mM 
spermidine, 8% glycerol, and 2% Ficoll) with 1 pg poly(dl-dC) 
and 0.2 ng 32P-labeled probe. In competition experiments, 5, 
50, or 500-fold molar excess of unlabeled competitor oligo- 
nucleotides were added with the poly(dl-dC). The binding 
reaction was allowed to remain at room temperature for 20 
min. and the protein-DNA complexes were resolved on a 4% 
polyacrylamide gel electrophoresis in 0.5x TBE. The gels 
were dried and autoradiographed with intensifying screens at 
-70 C with Kodak X-OMAT AR films. 

Fos and Jun polyclonal antibodies used in gel-shift anal- 
yses (Fig. 7) were a generous gift from Dr. E. Ziff (New York 
University, New York, NY). These antibodies were generated 
with Trp fusion protein produced from pFOSTRPA (33) and 
pTE-vJun (34) expression vectors. Both antibodies have been 
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shown to suppress API binding activity in gel-shift assays 
with a labeled TRE (E. Gizang-Ginsberg, personal communi- 
cation). 
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