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In this study we demonstrate that the activator protein-1 (AP-1) DNA motif, initially con-
sidered to be unresponsive to cyclic AMP (cAMP), does function as a cAMP-response
element in PC12 cells. A luciferase reporter gene driven by the collagenase promoter that
contains the AP-1 motif is responsive to cAMP as well as phorbol esters when transfected
in PC12 cells. We have recently shown that pituitary adenylate cyclase activating peptide
(PACAP) has neurotrophic properties and activates both adenylylcyclase and the inositol
lipid cascade in PC12 cells. Consistent with these actions, we demonstrate that PACAP is
an effective activator of luciferase reporter genes whose promoters bear the AP-1 motif,
as well as the related DNA element that binds the protein CREB. Both the cAMP and
inositol lipid pathways appear to play a role in the activation of these motifs by PACAP.
Mutation of the AP-1 motif and its juxtaposition to a heterologous promoter proves that
the AP-1 motif is a locus for response to cAMP and PACAP. The luciferase reporter genes
bearing the AP-1 motif are not cAMP responsive in HeLa tk- cells, indicating that the
mode of second-messenger responsiveness is cell-type specific.

INTRODUCTION
Many agents have been identified that cause pluripo-
tential cells of the sympathoadrenal lineage, such as rat
PC12 pheochromocytoma cells, to extend long processes
termed neurites, characteristic of a neuronal phenotype
(Greene and Tischler, 1976). Recently multiple neuro-
trophic agents have been identified that, like the historic
prototype nerve growth factor (NGF),l activate tyrosine
kinases of the trk family (Barbacid et al., 1991). How-
ever, it is important not to overlook observations indi-
cating that other signaling pathways also have activity
in stimulating neurite outgrowth in PC12 cells, including
the cyclic AMP (cAMP) and inositol lipid cascades
(Schubert et al., 1978; Gunning et al., 1981; Richter-
Landsberg and Jastorff, 1986). We have recently iden-
tified the 38-amino acid neuropeptide pituitary ade-
nylate cyclase-activating polypeptide (PACAP38) as a
potent stimulator of neurite outgrowth as well as both

1 Abbreviations used: AP-1, activator protein-1; CPT-cAMP, chlo-
rophenylthio cyclic AMP; Kinase A, cyclic AMP-dependent protein
kinase; NGF, nerve growth factor; PACAP, pituitary adenylate cyclase
activating peptide; TPA, tetradecanoyl phorbol acetate.

the inositol lipid and cAMP signaling pathways in PC12
cells (Deutsch and Sun, 1992). PACAP also exists in
alternatively processed active form that is truncated after
the N-terminal 27 amino acids. PACAP27 shares 70%
amino acid identity (Miyata et al., 1990) with the 28-
amino acid peptide VIP (vasoactive intestinal peptide).
Long-term maintenance of the neuronal phenotype

likely involves changes in gene expression. Among the
many genes induced by neurotrophic agents like NGF
are those encoding metalloproteinases, which may
function in reorganizing extracellular matrix during
neurite outgrowth (Machida et al., 1989). The activator
protein-1 (AP-1) DNA motif with consensus sequence
5'-TGA(G or C)TCA-3 is the major target of regulation
of the expression of genes encoding the metalloprotein-
ases stromelysin and interstitial collagenase (Angel et
al., 1987a) and is presumed to play a role in the acti-
vation of metalloproteinase gene expression by NGF
(Machida et al., 1989). NGF also activates gene expres-
sion in PC12 cells via the closely related motif that binds
the cAMP-response element binding protein CREB, 5'-
TGACGTCA-3 (Montminy et al., 1986). Although NGF
and PACAP stimulate different signaling cascades, their
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ultimately similar effects on neuronal phenotype
(Deutsch and Sun, 1992) suggest that these different
signaling events might converge at common intracellular
events, such as activation of gene expression regulated
by these two DNA motifs.
The AP-1 motif was originally characterized as con-

ferring transcriptional stimulation in response to acti-
vators of kinase C (Angel et al., 1987b; Lee et al., 1987),
and not cAMP (Imagawa et al., 1987), and thus was
designated as the tetradecanoyl phorbol acetate (TPA)-
response element. In contrast the related CREB-binding
motif was initially found to respond only to activators
of cAMP-dependent protein kinase (kinase A) and thus
termed the cAMP-response element (CRE) (Montminy
et al., 1986; Deutsch et al., 1987). Subsequent work sug-
gests that in fact more than one signal transduction sys-
tem can activate each of these motifs, perhaps in cell-
type specific modes of regulation. In PC12 cells, the
CREB motif is activated by calmodulin-dependent ki-
nases (Dash et al., 1991; Ginty et al., 1991; Sheng et al.,
1991) as well as by kinase A. In some cell types modest
activation of the AP-1 motif in response to cAMP has
been observed (Deutsch et al., 1988; Hoeffler et al.,
1989). Given that the expression of the genes encoding
both c-fos and c-jun, the best characterized components
of AP-1, is markedly increased by cAMP in PC12 cells
(Wu et al., 1989), we hypothesized that PC12 would be
a cell type in which cAMP responsiveness of the AP-1
motif would be substantial. In the current study we
demonstrate that the AP-1 motif does in fact act as a
cAMP-response element as well as a TPA-response ele-
ment in PC12 cells. Consistent with the supra-additive
effects of cAMP and phorbol esters on AP-1-mediated
gene expression in PC12 cells, PACAP38 robustly stim-
ulates the expression of reporter genes bearing the AP-
1 motif in PC12 cells. We also demonstrate that the
CREB-binding DNA motif is a PACAP38-responsive
element in PC12 cells.

MATERIALS AND METHODS

Plasmid Constructions
A luciferase expression vector was engineered with a trimerized poly-
adenylation signal upstream of the luciferase coding sequence (de
Wet et al., 1987) to prevent transcription from occult initiation se-
quences in the vector. The trimerized SV40 polyadenylation signal
was excised as a BglII-HindIII fragment from pUC.A.1.5. (Maxwell et
al., 1989), generously provided by Dr. I. Maxwell (University of Col-
orado Health Sciences Center, Denver, CO) and inserted into the
BamHI and HindIII sites of poLUC (Brasier et al., 1989), a promoterless
luciferase expression vector in a pGEM3 backbone, generously pro-
vided by Dr. A. Brazier (University of Texas, Galveston, TX). The
resultant plasmid pZLuc (depicted schematically in Figure 1) contains
a poly linker for insertion of promoter fragments between trimerized
polyadenylation signal and the luciferase coding sequence and served
as the starting material for subsequent constructions.

Col-Luc (Figure 1) was constructed by inserting a HindIII fragment
of the human interstitial collagenase gene from -1.2 kB to +63 bp
(excised from Col-CAT, generously provided by Drs. P. Angel and
P. Herrlich, University of Karlsuhe, Karlsuhe. Germany) in pZLuc.

All other reporter plasmids were constructed by the following general
strategy employing the polymerase chain reaction (PCR). Desired wild-
type promoter fragments were amplified by the use of pairs of primers
whose 3'-termini contained -15 bp that bracketed the promoter se-
quence of interest. The 5-terminus of the upstream primer of each
pair was designed with a BamHI recognition sequence plus two ad-
ditional bases to facilitate subsequent digestion; the 5-terminus of
the downstream (antisense) primer of the pair contained a Kpn I rec-
ognition sequence plus two additional bases. PCR was performed in
an MJ Research (Watertown, MA) thermal cycler in a 100 ,l volume
containing 25 mM tris(hydroxymethyl)aminomethane (Tris), 37.5 mM
KCl, 1.5 mM MgCl2, 2.5 U of Taq polymerase (Perkin-Elmer Cetus,
Norwalk, CT), 90 pmol of each primer, 200 ,uM of each dNTP, and
-10 pg of template DNA. Cycling parameters were denaturation at
94°C for 3 min, annealing at 50°C for -2 min, and extension at 72°C
for 3 min for 30 cycles. Some PCR-amplified fragments were designed
with a wild-type or mutated version of a specific motif by incorporating
the desired DNA sequence at the 5'-terminus of the upstream primer.
In all cases, the desired PCR product was resolved from primers via
electrophoresis on 2% Biogel (BIO 101, La Jolla, CA) agarose gels,
excised, and purified by adsorption to glass powder (Mermaid; BIO
101) that efficiently purifies fragments of <200 bp. After incubation
with the large (Klenow) fragment of DNA polymerase to extend re-
cessed 3'-ends, PCR products were again purified on 2% Biogel agarose
electrophoresis, excised, and adsorbed to glass powder (BIO 101) fol-
lowed by ligation into BamHI-Kpn I-digested pZLuc. After screening
transformants for insert by restriction digestion, accurate synthesis
and incorporation of the desired PCR-amplified promoter fragment
was confirmed by DNA sequencing via the dideoxynucleotide chain
termination method with the use of the Sequenase Version 2.0 kit
(United States Biochemical, Cleveland, OH). The sequencing primer
employed (5'-GGCTGTCTTCCATTTTACCAACAGT-3) was com-
plementary to the proximal portion of the luciferase cDNA.
The specific primers and template employed in the PCR reactions

that provided the promoter fragments for each plasmid construction
are as follows. AP-1-Col-Luc employed Col-Luc as template and as
upstream primer 5'-AAGGATCCAGCTTCATGAGTCAGACACC-3'
that includes the collagenase sequence from -74 to -63 in sense
orientation. The downstream primer containing a Kpn I recognition
sequence and the sequence from +50 to +63 in the collagenase
gene in antisense orientation was 5'-TTGGTACCAGCTTCGGCC-
TTTGTCTTCT-3'. Mut-AP-1-Col-Luc was constructed with AP-1-Col-
Luc as template, the identical downstream primer, and a very similar
upstream primer with the underlined three-base substitution in the
AP-1 motif (5'-AAGGATCCAGCTTCATGCTCCAGACACC-3). A
reporter plasmid containing a heterologous minimal promoter, -53fos-
Luc, was constructed with pFC700 (Fisch et al., 1987), a plasmid con-
taining the human c-fos promoter as template, an upstream primer
containing human c-fos gene (Van Straaten et al., 1983) sequences
from -53 through -34 in sense orientation (5'-TTGGATCCACT-
CATTCATAAAACGCTT-3), and a downstream primer containing
human c-fos gene sequences from +26 through +42 in antisense ori-
entation (5'-GTGGTACCGCTCAGTCTTGGCTTCTCAG-3'). AP-1-
fos-Luc was constructed with -53fos-Luc as template, the identical
fos downstream primer, and an upstream primer that included
an AP-1 sequence as well as fos sequences from -53 to -34:
5'-TTGGATCCAGCTTCATGAGTCAGACACCACTCATTCA-
TAAAACGCTT-3'. The promoter fragment for Mut-AP-1-fos-Luc
was amplified by PCR with AP-1-fos-Luc as template, the common
downstream fos primer, and an upstream primer containing the
underlined 3-bp substitution in the AP-1 element, as well as fos
sequences from -53 to -34 (5'-TTGGATCCAGCTTCATG-
CTCCAGACACCACTCATTCATAAAACGCTT-3). All of the
above constructions are illustrated schematically in Figure 1. Ad-
ditionally, CRE-fos-Luc was synthesized with AP-1-fos-Luc as
template, the common downstream fos primer, and an upstream
primer containing the CREB binding motif TGACAGTCA, as well
as fos sequences from -53 to -41 (5'-TTGGATCCAGCTT-
CATGACGTCAGACACCACTCATTCATAA-3'). All oligonucle-
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otide primers were synthesized by Operon Technologies
(Alameda, CA).

Cell Culture, Transfections, Luciferase Assays, and
cAMP Radioimmunoassays
PC12 cells were grown in Dulbecco's modified Eagle's medium sup-
plemented with 10% horse serum, 5% fetal bovine serum, 1% pen-
icillin/streptomycin, and 0.03% glutamine. HeLa tk- cells (generously
provided by Drs. P. Mitchell and R. Tjian, San Francisco, CA) were
grown in the same medium supplemented with 10% fetal bovine
serum. PC12 cells were transfected by the calcium phosphate precip-
itation method (Graham and van der Erb, 1973), transfecting mono-
layers with plasmid at 20-30 ,g/ml, 24 h after seeding at 20 000
cells/cm2. PC12 cells were subjected to hyperosmotic shock with 15%
glycerol for 1 min after 20-h exposure to the calcium phosphate pre-
cipitate. The hyperosmotic shock was omitted for HeLa tk- cells. After
treatment with modulators, cells were lysed and luciferase activity
assayed as previously described (Brasier et al., 1989). Luciferase ac-
tivity, measured as relative light units detected after 10 s, was deter-
mined in a Monolight 2010 luminometer (Analytical Luminescence,
San Diego, CA). As in previous studies (Deutsch et al., 1988, 1990),
we endeavored to maximize the reproducibility of transfection effi-
ciency in a given experiment by plating cells in parallel and preparing
calcium phosphate precipitates under comparable conditions to obviate
the need for corrections for transfection efficiency. The reproducibility
of data obtained from independent transfections, as reflected by small
standard errors, validates that within individual experiments high
reproducibility of transfection efficiency was achieved.

Intracellular cAMP levels were determined by radioimmunoassay
as previously described (Deutsch and Sun, 1992).

Reagents
PACAP27 and PACAP38 were obtained from Peninsula (Belmont,
CA). Chlorophenylthio cyclic AMP (CPT-cAMP) and TPA were ob-
tained from Sigma (St. Louis, MO). NGF (2.5 S form) was obtained
from Bioproducts for Science (Indianapolis, IN). All other chemicals
were of the highest reagent grade available.

RESULTS

The AP-1 Motif-Containing Collagenase Promoter
is cAMP Responsive in PC12 Cells
To allow clear identification of the second-messenger-
responsive properties of the AP-1 motif, luciferase re-
porter genes engineered with wild-type and mutant
AP-1 motifs were employed, resulting in orders of
magnitude higher sensitivity than chloramphenicol
acetyltransferase (CAT) reporters. The construction of
several of these reporter plasmids is schematically il-
lustrated in Figure 1; methodology is detailed in MA-
TERIALS AND METHODS.
The gene encoding the interstitial fibroblast form of

human collagenase contains an AP-1 motif at -72 to
-66 in its promoter (Angel et al., 1987a) and has been
a paradigm for study of the AP-1 element. A fragment
of the collagenase promoter from -1200 to +63 confers
substantial phorbol ester responsiveness but not cAMP
responsiveness on reporter genes transfected in HeLa
tk- cells (Angel et al., 1987a). We found that a luciferase
reporter plasmid containing that same collagenase pro-
moter fragment (Col-Luc) was also TPA responsive after

transfection into PC12 cells (Figure 2), stimulated 14-
fold by a maximal (100 nM) concentration of TPA. A
closely related AP-1 motif-containing promoter frag-
ment, that from the rat gene encoding the metallopro-
teinase stromelysin (also called transin), is NGF re-
sponsive in PC12 cells, presumably via the AP-1 motif
(Machida et al., 1989), and we predicted that the col-
lagenase promoter would also confer NGF responsive-
ness. That prediction was borne out; luciferase activity
directed by the Col-Luc plasmid transfected into PC12
was stimulated 34-fold by NGF (Figure 2). In view of
the cAMP responsiveness of c-jun as well as c-fos mRNA
in PC12, we hypothesized that the collagenase promoter
would also confer cAMP responsiveness in PC 12. Con-
sistent with that prediction we found that Col-Luc, after
transient transfection in PC12, was stimulated 33-fold
by the cAMP analogue CPT-cAMP employed at a max-
imal dose of 0.5 mM, comparable in magnitude to the
stimulation of Col-Luc by NGF (Figure 2). Thus, the
transfected collagenase promoter represented one locus
for convergence of NGF and cAMP on gene expression
in PC12 cells.
The cAMP responsiveness of the collagenase pro-

moter in PC12 cells suggested that its activity would
also be stimulated by neuropeptides that activate ad-
enylylcyclase. Vasoactive intestinal peptide (VIP) has
been proposed to be an activator of adenylylcylase in
sympathoadrenal cells like PC12, but the high concen-
trations (.10-6 M) required suggest that it is cross-re-
acting with the receptor for another related neuropep-
tide that stimulates PC12 cells at more physiological
concentrations, which we and others propose is likely
to be pituitary adenylate cyclase activating polypeptide
(PACAP) (Watanabe et al., 1990; Deutsch and Sun,
1992). Consistent with that view, PACAP38 at 10-8 M
and VIP at 10-6 M but not VIP at 10-8 M stimulated
luciferase activity in PC12 cells transiently transfected
with Col-Luc (Figure 3). The magnitude of stimulation
of Col-Luc activity by PACAP38 was comparable to the
stimulation by a maximal dose of CPT-cAMP. This sug-
gested that stimulation of Col-Luc activity by PACAP38
may not be mediated by cAMP alone, in view of the
attenuation of cAMP levels after persistent stimulation
with PACAP38 (Figure 9) and the general requirement
for persistent elevation of cAMP levels for maximal
stimulation of second-messenger-responsive gene
expression (Deutsch et al., 1990). The higher level of
luciferase activity after Col-Luc-transfected PC12 are
coincubated with 10-8 M PACAP38 and 0.5 mM CPT-
cAMP versus incubation with 0.5 mM CPT-cAMP alone
(Figure 4) is consistent with an additional mechanism
of stimulation in response to PACAP38. Our previous
studies provide evidence that treatment of PC12 cells
with PACAP38 at 10-8 M stimulates the inositol lipid
cascade in addition to elevating cAMP levels (Deutsch
and Sun, 1992), and both pathways are likely contrib-
uting to the PACAP responsiveness of Col-Luc in PC12.
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Figure 1. Schematic of luciferase reporter plas-
mids. Promoter fragments containing wild-type
and mutated versions of specific motifs were syn-
thesized by PCR and inserted into the vector des-
ignated pZLuc. Details of construction of each
plasmid are provided in MATERIALS AND
METHODS.

In additional experiments, stimulation of Col-Luc-
transfected PC12 cells with maximal concentrations of
both cAMP and TPA results in supra-additive effects
compared with incubation in either agent alone.

The AP-1 Motif is the Major Locus of cAMP and
PACAP Responsivity of the Collagenase Promoter
We presumed that the AP-1 motif was likely to be a
major locus of the cAMP and PACAP responsivity of
the collagenase promoter in PC12 cells, and we con-
structed other reporter genes to test this hypothesis ex-
plicitly. A collagenase promoter truncated just upstream
of the AP-1 motif at -74 was synthesized with PCR,
as was a parallel promoter fragment containing a 3-bp
substitution in the middle of the AP-1 motif. These two
promoter fragments were inserted into the pZLuc vector
creating AP-1-Col-Luc and Mut-AP-1 -Col-Luc, respec-
tively (Figure 1). After transient transfection in PC12

cells, luciferase activity directed by AP-1-Col-Luc was
substantially stimulated by both CPT-cAMP and
PACAP38, and the extent of stimulation was markedly
attenuated after transfection with the AP-1-mutated
reporter gene (Figure 5), consistent with the conclusion
that the AP-1 motif per se is responsive to the modu-
lators. Comparable results were seen when transiently
transfected PC12 cells were stimulated with modulators
for 4.5 or 24 h (Figure 5). After 4 h of stimulation with
PACAP38, elevation of cAMP levels is attenuated (Fig-
ure 9), leaving open the possibility that stimulation of
gene expression by PACAP38 at 24 h could involve
other signal transduction pathways than at early time
points, but at both 4.5 and 24 h, stimulation of AP-1-
Col-Luc by PACAP38 does appear to act predominantly
via the AP-1 motif (Figure 5).
To provide more rigorous proof that the AP-1 motif

is a locus for stimulation by cAMP analogues and
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mock extract

No Addition

TPA100nM

NGF 50 ng/mI

CPT-cAMP 0.5mM

0 5000 10000 15000 20000 25000

Luciferase Activity (Relative Light Units)

Figure 2. Responsiveness of the collagenase promoter to TPA, NGF,
and CPT-cAMP in PC12 cells. Cells were transfected with Col-Luc
or no plasmid for the mock extract control, and after stimulation with
the indicated modulator for 24 h, harvested and assayed for luciferase
activity as described under MATERIALS AND METHODS. For each
condition, triplicate plates from individual transfection mixtures were
transfected, and mean luciferase activity is depicted. Bars = ±SD.

PACAP38, we juxtaposed the AP-1 motif to another
basal promoter. We employed a fragment of the human
c-fos promoter from -53 to +42. This fragment has a
TATA box but no other characterized regulatory motif
(Fisch et al., 1989), and indeed transfection of PC12
cells with -53fosLuc resulted in essentially no detect-
able basal or cAMP-stimulated luciferase activity com-
pared with background (Figure 6A). In contrast, inser-
tion of an AP-1 element upstream of the minimal fos

No Addition

VIP, 10 nM

VIP, 1000 nM

PACAP 38, 10 nM

CPT-CAMP, 0.5 mM

0 2 4 6 8 10 12 14
Relative Luciferase Actlvity

Figure 3. Responsiveness of the collagenase promoter to VIP and
PACAP38 in PC12 cells. PC12 cells were transfected as described
under MATERIALS AND METHODS. The indicated modulator was
added for 4.5 h before harvest and determination of luciferase activity.
Relative luciferase activity, normalized to the condition without ad-
dition of modulator, was calculated after subtraction of background
activity in extracts from mock transfected cells. For each condition,
triplicate plates from individual transfection mixtures were transfected,
and mean luciferase activity is depicted. Bars = ±SD.

No Addition

CPT-CAMP, 0.5 mM

PACAP 38,10 nM

PACAP 38 + cAMP

0 5 10 15 20 25
Relative Luciferase Activity

30

Figure 4. Synergism of PACAP38 and cAMP in activation of col-
lagenase promoter in PC12 cells. Cells were transfected with Col-Luc
as in MATERIALS AND METHODS, after incubation with the in-
dicated additive for 24 h, relative luciferase activity determined as in
the legend to Figure 3. PACAP38 + cAMP designates plates coin-
cubated in 0.5 mM CPT-cAMP and 10 nM PACAP38.

promoter conferred significant cAMP-responsive lucif-
erase activity after transfection into PC12 (Figure 6A),
which was essentially absent after transfection with a
parallel construction with a 3-bp substitution in the AP-
1-motif, Mut-AP-1-fos-Luc (Figure 6A). Luciferase ac-
tivity directed by AP-1-fos-Luc transfected into PC12
was also stimulated by PACAP38 (Figure 6B).

Plasmid Stimulation
Perod

AP-1-
Col-Luc

Mut-AP-1-
Col-Luc

AP-1-
Col-Luc

Mut-AP-1-
Col-Luc

4.5 h

4.5 h

24 h

24h

0 5 1 .
. . .

. 0

Relative Luciferase Activity

Figure 5. Mutation of the AP-1 motif abrogates cAMP and PACAP38
responsiveness. PC12 cells were transfected with either AP-1-Col-
Luc or Mut-AP-1-Col-Luc, as described under MATERIALS AND
METHODS. Parallel plates were harvested after incubation in the
indicated modulator was added for 4.5 h or 24 h before harvest and
determination of relative luciferase activity is the same as in the legend
to Figure 3.
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Figure 6. The AP-1 motif is cAMP and PACAP38 responsive when
juxtaposed to a heterologous promoter. PC12 cells were transfected
with the indicated plasmid and stimulated with modulator for either
4.5 h (A) or 24 h (B) before harvest and determination of luciferase
activity, all as described in MATERIALS AND METHODS. To facilitate
accurate comparison of the low levels of basal activity after transfection
with the various plasmids, background activity (mock extract) was

not subtracted but is depicted for reference. Luciferase activity is de-
picted the same as in the legend to Figure 2.

Second-Messenger Responsiveness of the AP-1 Motif
is Cell-Type Dependent
These results indicating that the AP-1 motif is cAMP
responsive in PC12 cells are at variance with the marked
TPA responsivity and undetectable cAMP responsivity
of the AP-1 motif-containing reporter plasmids trans-
fected into other cells such as HeLa tk- (Angel et al.,
1987a,b; Imagawa et al., 1987). To prove that these dif-
ferences are inherent to the cell type, rather than re-

flecting subtle differences in the reporter genes used in
these studies, we transfected HeLa tk- cells with Col-
Luc and AP-1-fos-Luc. Luciferase activity directed by
both plasmids in HeLa tk- cells was markedly TPA re-

sponsive and insignificantly cAMP responsive (Figure
7), indicating that the mode of second-messenger re-

sponsiveness of the AP-1 motif is cell-type dependent.
This difference in behavior of HeLa tk- cells appears
not to reflect a general deficiency in the cAMP cascade,
because 0.5 mM CPT-cAMP did stimulate c-fos mRNA
expression in HeLa tk-.

The CRE Motif is PACAP Responsive in PC12 Cells
In addition to proving that the AP- 1 motif, TGAGTCA,
was PACAP responsive in PC12 cells, we wished to
investigate the PACAP responsiveness of the closely
related CREB-binding motif, TGACGTCA, in PC12
cells. A promoter fragment containing this consensus
CRE sequence upstream of the minimal fos promoter
was synthesized by PCR (MATERIALS AND METH-
ODS) and inserted into the pZLuc vector. Luciferase
activity directed by this CRE-fos-Luc plasmid trans-
fected in PC12 cells was, as expected, cAMP responsive
(Figures 6B and 8). The extent of stimulation by
PACAP38 at 10-8 M exceeded the stimulation by a
maximal concentrations of CPT-cAMP (Figures 6B and
8), suggestive of stimulation by PACAP38 via another
second-messenger pathway in addition to cAMP. Others
(Sheng et al., 1990; Dash et al., 1991) have shown that
the CRE mediates transcriptional activation in response
to membrane depolarization and calcium as well as
cAMP in PC12 cells. Membrane depolarization, as in-
duced for example by extracellular KCI, evokes calcium
influx via voltage-gated calcium channels. Phosphor-
ylation of CREB by a calcium- (and perhaps calmodu-
lin-)dependent kinase appears to be the locus at which
these signaling pathways converge in the activation of
CRE-mediated transcription (Sheng et al., 1990; Dash
et al., 1991). In our experimental paradigm, a depolar-
izing concentration of KCI does not result in detectable
activation of luciferase activity directed by CRE-fos-Luc
transfected into PC12 (Figure 8). However, coincubation
of CRE-fos-Luc-transfected PC12 cells with KCI and a
maximum dose of CPT-cAMP does result in 4-fold more

Col-Luc

AP-1-fos-Luc

*53fos-Luc

mock extract

1000 2000 3000 4000 5000 " 40000 60000
Lucifease Activity (Relative Lght Unite)

Figure 7. Second-messenger responsiveness of luciferase reporter
plasmids transfected in HeLa tk- cells. HeLa tk- cells were transfected
with the indicated plasmid as described in MATERIALS AND
METHODS and stimulated with modulator for 16 h before harvest.
Luciferase activity is depicted the same as in the legend to Figure 2.
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Mock exta
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Figure&. Responsiveness of the CRE motif in PC12 cells. Cells were
transfected with CRE-fos-Luc as described under MATERIALS AND
METHODS before stimulation with the indicated modulator for 24 h
before harvest. KCl was added as a depolarizing agent at 32 mM in
addition to the 5 mM in the formulation of Dulbecco's modified Eagle's
medium. Luciferase activity is depicted the same as in the legend to
Figure 2.

luciferase activity than incubation with CPT-cAMP
alone (Figure 8), providing evidence that concomitant
activation of two signaling cascades that are activated
by PACAP38 (Deutsch and Sun, 1992) can synergisti-
cally stimulate CRE-mediated reporter gene expression
in PC12 cells.

PACAP38 and PACAP27 Differ in the Duration of
Their Actions on PC12 Cells
Because the shorter 27-amino acid form of PACAP ap-
pears to be an authentic (Miyata et al., 1990) biologic
form, we have been interested in comparing its actions
on PC12 cells with those of PACAP38. As measured
by accumulation of inositol phosphate, PACAP38 is
more potent than PACAP27 in stimulating inositol lipid
turnover (Deutsch and Sun, 1992), but when added with
a maximal dose of cAMP analogue, PACAP27, like
PACAP38 (Figure 4), results in an augmentation of the
stimulation of luciferase activity directed by the AP-1
motif, indicating that stimulation of dual cascades also
plays a role in mediating effects on gene expression by
PACAP27. Another difference between the action of
PACAP27 versus PACAP38 on PC12 cells is the per-
sistence of elevation of cAMP levels. The decline of
cAMP levels after stimulation of PC12 cells with
PACAP27 is much more rapid than after stimulation
with PACAP38 (Figure 9).
PACAP27 is also much less potent than PACAP38

in inducing neuronal morphology in PC12 cells
(Deutsch and Sun, 1992), an induction that proceeds
after several days of stimulation with the neuropeptides.
We investigated whether these differences in kinetic
profiles of cAMP elevation after stimulation with the

time (min)

Figure 9. Attenuation of cAMP response during persistent stimu-
lation with PACAP27 vs. PACAP38. PC12 cells plated at 0.5 X 106
cells per 9.6 cm2 well 4 d previously were stimulated with PACAP27
at 10-8 M or PACAP38 at 108 M without phosphodiesterase inhibitor
for the indicated time before lysis and determination of intracellular
cAMP by radioimmunoassay as described (Deutsch and Sun, 1992).
Data are expressed as picomole cAMP per well, depicted as the mean
± SD of samples from triplicate wells. At the day of stimulation, each
well contained 1.9 X 106 cells.

two peptides would be reflected in the kinetic profiles
of activation of gene expression. In fact, after 4.5 h of
stimulation of transfected PC12 cells, luciferase activity
directed by the collagenase promoter was stimulated by
both PACAP38 and PACAP27 (Figure 10), with only
a modest difference, of questionable significance, be-
tween the two peptides. On the other hand, after 24 h
of treatment, luciferase activity was four-fold higher in
PACAP38- versus PACAP27-treated cells (Figure 10).
This more sustained stimulation of gene expression by
PACAP38 might have consequences for differences in

Smldathon [:]No Addition
Modi E PACAP27, 10 nM

I*PACAP38, 10 nM
4.5 h

24 h

i--

0 10000 20000 30000 40000
Lucifease Activity (Relative Ught Units)

Figure 10. Persistence of stimulation after treatment of Col-Luc-
transfected PC12 cells with PACAP27 vs. PACAP38. PC12 cells were
transfected with Col-Luc, as described under MATERIALS AND
METHODS. Parallel plates were harvested after incubation in the
indicated modulator for 4.5 or 24 h before harvest and determination
of luciferase activity is the same as in the legend to Figure 2.
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the phenotype of cells treated with prolonged periods
of time with PACAP38 as compared with treatment
with PACAP27.

DISCUSSION

In this study we have demonstrated that in PC12 cells
the AP-1 DNA regulatory motif is a locus for stimulation
by cAMP as well as TPA. The AP-1 motif-containing
collagenase promoter was cAMP responsive, and a 3-
bp substitution in that motif greatly abrograted that re-
sponsiveness. In addition the wild-type, but not mu-
tated, AP-1 motif conferred cAMP responsivity on a
heterologous minimal promoter fragment in PC 12. The
AP-1 motif was initially characterized in HeLa tk- cells
as responsive to TPA but not cAMP (Imagawa et al.,
1987), and we confirmed these observations, indicating
that the modes of second-messenger responsiveness of
this motif are cell-type specific. Among the multiple
mechanisms by which cAMP might conceivably activate
transcription via the AP-1 motif, one of the simplest to
envision is the activation by cAMP of the expression of
the c-fos and c-jun proto-oncogene products. The cor-
responding heterodimeric Fos-Jun protein is the best
characterized activator of transcription via the AP-1
motif (Bohmann et al., 1987; Angel et al., 1988a; Curran
and Franza Jr., 1988; Kouzarides and Ziff, 1989).
Expression of c-fos at the mRNA level is transiently ac-
tivated by cAMP in a wide variety of cell types (Muller
et al., 1984; Greenberg et al., 1985) but in many of those
cells, does not suffice for activation of AP-1-bearing
promoters. Activation of c-jun gene expression by cAMP
has been documented in a much more restricted set of
cell types. PC12 is one such cell line in which cAMP
activates both c-fos (Muller et al., 1984; Greenberg et
al., 1985) and c-jun mRNA expression (Wu et al., 1989),
whereas cAMP does not induce c-jun mRNA expression
in HeLa tk- cells (Angel et al., 1988b). These observa-
tions support the model that the cell-specific mode of
second-messenger responsiveness of c-jun expression
may be a critical determinant of the mode of respon-
siveness of AP-1 activity.

In addition to PC12 cells, the AP-1 motif appears to
be cAMP responsive in other cell types. In JEG-3 cho-
riocarcinoma cells (Deutsch et al., 1988; Hoeffier et al.,
1989), AP-1 motif-containing CAT reporter genes are
responsive to activators of kinase A as well as phorbol
esters, which activate kinase C, although the magnitude
of cAMP responsiveness is less than that observed in
the current study. Additionally, the AP-1 motif-con-
taining promoter of the 422 (aP2) adipocyte specdfic gene
is cAMP responsive in preadipocyte cell lines (Yang et
al., 1989), but the mechanism of responsiveness in that
case appears to involve derepression of a 40-bp negative
regulatory element that flanks the AP-1 motif, and the
AP-1 motif itself is not sufficient for such cAMP re-
sponsiveness. The network of transcription factors and

other regulatory molecules that participate in the trans-
duction of second-messenger signals into changes in
the activity of promoters containing AP-1 motifs is quite
complex. Cell-specific differences in any of these factors
could in theory underlie the cell specificity of cAMP
responsivity of the AP-1 motif. For example, multiple
other fos- and jun-related gene products may contribute
to AP-1 activity, and several of these have been shown
to be cAMP regulated in at least some cell types (Datta
et al., 1991; Kobierski et al., 1991). Additionally, AP-1
activity has been shown to be regulated by an inhibitory
protein designated IP-1, which itself is regulated by
phosphorylation (Auwerx and Sassone-Corsi, 1991).
Moreover, the ability of the specific CRE-binding pro-
tein, CREB, to bind to and activate the AP-1 motif may
be modulated by other accessory factors (Muchardt et
al., 1990; Hoeffler et al., 1991) whose expression may
be cell specific. Certainly, multiple other mechanisms
for conditional cAMP responsivity of the AP-1 motif
might be operative, and the detailed elucidation of the
mechanism of different regulatory modes in PC12 ver-
sus HeLa tk- cells will require considerable analysis.
Others have demonstrated that in PC12 cells, the CRE
DNA motif, like AP-1, is activated by both the cAMP
and inositol lipid cascades. Thus, ability of PACAP38
to stimulate both cascades in PC12 cells (Deutsch and
Sun, 1992)likely contributes to its vigorous stimulation
of both AP-1- and CRE-ediated gene expression in
PC12.
The molecular mechanisms by which neurotrophic

agents elicit neurite outgrowth in PC12 and other plu-
ripotential neuronal cells is a subject of intensive in-
vestigation and may lead to the development of novel
therapies for neurodegenerative disorders. Much recent
work has focused on an expanding list of neurotrophic
agents that act via the trk family of tyrosine kinases
(Barbacid et al., 1991), but agents like PACAP38 that
act via G protein coupled receptors clearly have neu-
rotrophic properties as well (Deutsch and Sun, 1992).
These diverse signaling cascades may converge at sev-
eral loci. The activation of the inositol lipid cascade via
selective phosphorylation of phospholipase C-,y by the
NGF receptor tyrosine kinase (Kim et al., 1991) is one
example of convergent signaling. The observation of
PACAP activation of AP-1 activity in this report indicate
that this more distal signaling event is another locus of
convergence. Others have shown that NGF activates
the AP-1 motif-containing transin promoter in PC12
cells (Machida et al., 1989), and we found that NGF
activates the collagenase promoter as well. The stimu-
lation of expression of metalloproteinases like collage-
nase and stromelysin via the AP-1 motif by neurotrophic
factors in developing neurons might play a role in the
early phase of neurite outgrowth by clearing a path
through extracellular matrix. The list of genes whose
regulation may involve AP-1 is likely to be a large one,
and the investigations of the current study merely em-
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ploy collagenase as a model AP-1-containing promoter.
Certainly the activity of PACAP38 in stimulating both
AP-1- and CRE-mediated gene expression could result
in the induction of a wide variety of distinct genes in
PC12 cells. Other sequences with similarities to the
consensus AP-1 motif and CRE appear to confer re-
sponsiveness to cAMP and phorbol esters in PC12 cells
(Velcich and Ziff, 1990; Fink et al., 1991), further ex-
panding the number of potential PACAP-regulated
genes in PC12 cells.
The existence of a naturally occurring (Miyata et al.,

1990), albeit less abundant (Arimura et al., 1991), al-
ternatively processed form of PACAP, the 27-amino
acid form, provides a variant form to investigate which
biochemical features of PACAP action are necessary
for its effects on phenotype. PACAP38 is more potent
than PACAP27 in stimulating the inositol lipid cascade
in PC12 (Deutsch and Sun, 1992), and at 108 M,
PACAP38 also leads to more sustained elevations of
cAMP than PACAP27 (Figure 9). Both of those attri-
butes may contribute to the greater activity of PACAP38
versus PACAP27 both on AP-1-mediated gene expres-
sion after 24 h of stimulation (Figure 10), as well as
neurite outgrowth (Deutsch and Sun, 1992). Sustained
activation of gene expression, typically requiring pro-
tracted stimulation of second-messenger levels (Deutsch
et al., 1990), is likely important in the long-term effects
of neuropeptides such as the induction of a differen-
tiated phenotype. In an analogous system, treatment
with single doses of diacylglycerol (an activator of pro-
tein kinase C) or calcium ionophore leads to transient
elevation of c-fos and c-jun mRNAs without activation
of AP-1 enhancer activity in U937 monoblasts, whereas
multiple doses of those agents activate AP-1 enhancer
activity and induce differentiation into the macrophage
phenotype (William et al., 1990).

It is noteworthy that at physiological concentrations,
24 h treatment of PC12 cells with PACAP38 has effects
on AP-1- (Figures 4-6) and CRE- (Figure 8) mediated
gene expression that are quantitatively comparable to
the effects of maximum doses of the pharmacological
cAMP analogue. Presumably the stimulation of dual
signaling cascades by PACAP38 counterbalances the
attenuation in the cAMP signal in the resultant quan-
titative effect on reporter gene activity. Multiple other
peptide hormone receptors appear to activate adenylyl
cyclase as well as the inositol lipid cascade (Van Sande
et al., 1990; Abou-Samra et al., 1992; Chabre et al.,
1992). Interestingly, this has been shown quite clearly
for the parathyroid hormone (Abou-Samra et al., 1992)
and calcitonin receptors (Chabre et al., 1992) expressed
via cDNA transfection, and those two receptors Uuppner
et al., 1991; Lin et al., 1991) share considerable sequence
similarity with the secretin receptor, a receptor for an-
other neuropeptide of the VIP-PACAP-glucagon family
whose cDNA sequence has elucidated (Ishihara et al.,
1991) and which may well be structurally similar to

PACAP receptors. In our ever increasing appreciation
of the complexity of cell regulatory mechanisms, it will
be interesting to explore more fully the consequences
of activation of dual signaling pathways on gene
expression and cell phenotype.
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