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PACAP Stimulates Transcription of c-Fos and c-Jun and Activates the
AP-1 Transcription Factor in Rat Pancreatic Carcinoma Cells
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Pituitary Adenylate Cyclase Activating Peptide (PACAP) strongly induces proliferation of the rat pancreatic
carcinoma cell line AR4-2J via interaction with the G-protein coupled type 1 PACAP/VIP (PV1) receptor.
RT-PCR analysis revealed that this mitogenic effect of PACAP is preceded by a rapid and transient increase of
transcription of the protooncogene c-fos and to a lesser extent of c-jun. Transcriptional activation is abolished
by a specific PACAP antagonist and by inhibitors of PKC and PKA. In parallel to c-fos/c-jun induction, PACAP
rapidly activates the heterodimeric transcription factor AP-1, as shown by electrophoretic mobility shift assay.
These findings demonstrate that signal transduction of a growth-stimulating G-protein-coupled receptor involves
the c-fos/c-jun/AP-1 cascade, a pathway mainly linked to classical growth factor receptor tyrosine ki-
nases. © 1996 Academic Press, Inc.

The gut-brain peptide Pituitary Adenylate Cyclase Activating Peptide (PACAP) exists in t
molecular forms of 27 and 38 amino acids (1) and is closely related to vasoactive intestinal pe
(VIP). PACAP is expressed in several neuronal and nonneuronal tissues and interacts with
classes of receptors: The type-2 PACAP/VIP (PV2) receptor (2), formerly designated VIP rece;
accepts PACAP and VIP as high affinity ligand and mediates the effects of PACAP on the exoc
pancreas (3,4) or on smooth muscle cells of the gut (5-7), mainly via cCAMP dependent me
nisms. The type-1 PACAP/VIP (PV1) receptor (2,8) exclusively binds PACAP with high affinit
but not VIP or any other related peptide (9-11). This receptor subtype is expressed on neu
cells in the CNS (10,11), on intestinal nerve fibers (7,12) pituitary cells (13,14) adrenal cells (
and couples to the cAMP- as well as to the/tR*-signalling pathway. Besides the actions of
PACAP as secretagogue, regulator of intestinal motility and neuromodulatory peptide, lig
occupation of the PV1 receptor is also linked to a strong mitogenic effect in a number of cell
systems (16—18) including the rat pancreatic acinar cell line AR4-2J. This cell line expresses a
number of PV1 receptors (9) and proliferates in response to PACAP, as shown recently (16).
present study investigates whether the growth-stimulating effect of PACAP on AR 4-2J ¢
involves transcriptional regulation of c-fos and c-jun and functional activation of the AP-1 tre
scription factor complex.

EXPERIMENTAL CONDITIONS

Materials. Sources of materials are given in brackets: Cell culture media (Biochré@abelled nucleotides (Amer-
sham); enzymes and other reagents for cDNA synthesis and PCR (GIBCO-BRL); Protein detection kit (BioR
PACAP[1-38] and PACAP[6-38] (Saxon Biochemicals); H-7 and staurosporine (Biomol); Primers for PCR were cust
synthesized by Biometra.

Cell culture. AR4-21 cells were cultured with DMEM containing 10% fetal calf serum, as described (4). Prior
stimulation, cells were serum deprived for 24 h.

Cell proliferation assaySerum starved cells were incubated with peptide or buffer for 24 h, 48 h and 72 h. Then,

1 Corresponding author. Fax: +49-431-597-1427.

Abbreviations: PACAP, pituitary adenylate cyclase activating peptide; VIP, vasoactive intestinal peptide; EMSA, €
trophoretic mobility shift assay; PV1, type-1 PACAP/VIP receptor; PV2, type-2 PACAP/VIP receptor; PKA, protein kinz
A; PKC, protein kinase C.
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wCi [*H]-thymidine (Amersham) was added for 4 hours. Tracer incorporation was terminated by removal of all superné
followed by washing twice with 1 ml 100% MeOH for 5 min. Then, cells were treated with 1 ml chilled 10% TCA for
min and washed twice with distilled water for 5 min. Lysis was carried out by addition of 1 ml chilled 0.3 M NaOH f
15 min. Samples were neutralized with an equal volume of 0.3 M HCI and submitigeéanting. Experiments were
performed in triplicate.

RNA isolation and cDNA synthesiSor rapid and reproducible preparation of total RNA, the QlIAshredder and RNea
kits were used following the manufacturers instructions (Qiagen). After determination of the RNA content, samples:
adjusted to 0.5wg/ul RNA and 2-3ug of heat denaturated (75°C, 3 min) total RNA was submitted to reverse transcripti
(30 wl) using 200 units M-MLV reverse transcriptasgll) total RNA. Reverse transcription was carried out at 37°C for
60 min in the presence of 60 units RNAse inhibitor (RNAsin, Promega). cDNA synthesis was terminated by heating to
for 5 min.

RT-PCR.Routinely, 6ul of the cDNA were submitted to PCR (3@l) using 0.75 units Tag-Polymerase and a primer
concentration of 0.5.M at 1.5 mM MgCl,. Amplification of c-fos and c-jun was carried out using the following primer sets
c-fos, BCCT GTC AAC ACA CAG GAC TT 3 (sense, position 260) andGTG CAA GAT CCC CAA TGA CC 3 (sense,
position 762) and AGG TCC ACA TCT GGC ACA GA 3 (antisense, position 1015); c-juf@CT TCT CTAGTG CTC
CGT AA 3’ (sense, position 1747), and BCT AGG AGT CGT CAG AAT CC 3 (antisense, position 2483) EAA CCA
GAC GGG AGG GAC TA 3 (antisense, position 2174). PCR was carried out as follows: 95°C, 1 min; 52°C, 1.5 min; 72
1.5 min for 16 cycles (Thermocycler 9600; Perkin Elmer). After removal @l 8 PCR products for PAGE analysis, a
second run was performed for additional 4 cycles. This was repeated when necessary. The identity of amplified prc
was verified by means of nested PCR and restriction analysis. For control, an amplimer set (Clontech) amplifying tt
enzyme glyceraldehyde 3-phosphate dehydrogenase (GPDH) was used.

Electrophoretic mobility shift assay (EMS/Atimulated or unstimulated AR4-2J cells (2 x*I@lls) were washed with

PBS and homogenized in 2Qd 50 mM Tris/HCI, pH 8.0 supplemented with 10 mM CHAPS, 150 mM NaCL, 2 mM
EDTA, 5 mM NaF, 10uM NaVaQ,, 1 mM DTT, 20% glycerol and the protease inhibitors aprotinin, leupeptin, pepstat
(all 10 pg/ml) and 0.5 mM PMSF. Upon incubation on ice for 10 min, cell lysates were centrifugated for 5 min, 10,(
g, 4°C. After protein determination (Coomassie dye assay, BioRad), supernatants were adjusted to identical p
concentrations (ug/wl). 1 ul of the *2P-endlabelled DNA probe CGC TTG ATG ACT CAG CCG GAA (Promega)
containing the AP-1 consensus sequence was addeflltofihe supernatant preincubated for 10 min witpMncubation
buffer (50 mM Hepes/HCI, pH 7.8, 250 mM KCI, 5 mM EDTA, 25 mM spermidine, 50% glycerofj, BSA (10 mg/ml),
2 wl polydI-dC (1 mg/ml), 2ul DTT (50 mM) and 4ul H,O. For control, an excess of unlabelled AP-1 sequence was adde
After 20 min incubation at room temperature, samples were mixed with 1/10 volume of PAGE-loading buffer (5
glycerol, 0.1% bromphenolblue) and submitted to native PAGE (5% Acrylamide/Bisacrylamide). Gels were dried
exposed to X-ray film (Hyperfilm, Amerham).

Statistics.Data were expressed as mean + SD. Statistical significance of thymidine incorporation data was detern
using the Whitney matched pair test.

RESULTS AND DISCUSSION

When administered for 48 hours, PACAP[1-38] and PACAP[1-27] maximally stimulated t
uptake of fH]-thymidine into serum starved AR4-2J cells (figure 1). The increase of thymidil
incorporation upon PACAP treatment amounted to 300% compared to AR4-2J cells treated
PBS and up to 10% compared to FCS-treated cells. Both molecular forms of PACAP reve
similar potency and efficacy in terms of AR4-2J cell proliferation. In contrast, VIP had no effe
on AR4-2J cell proliferation. This mitogenic effect of PACAP on AR4-2J cells is of similar or eve
higher magnitude compared to EGF (data not shown), gastrin or the recently discovered
extended gastrin (16,19). Since VIP was without effect on AR4-2J cell proliferation, it can
concluded that the growth promoting effect of PACAP is mediated via the PV1 receptor. Sim
results have been published recently (16).

To investigate whether PACAP-induced cell proliferation is preceded by the activation of
heterodimeric transcription factor complex AP-1 and by transcriptional induction of the AF
constituents c-fos and c-jun, mRNA levels of these proto-oncogenes were analyzed by RT-PCI
shown in figure 2, incubation of AR4-2J cells with 10 nM PACAP[1-38] strongly increased t
amount of c-fos mMRNA within 30 min. The peak level of c-fos mRNA persisted for 30 m
followed by a rapid increase within 120 min. Upon preincubation of 200 ng/ml of the transcr
tional inhibitor actinomycin D for 2 h, no increase of c-fos mRNA levels was observed (data
shown), indicating that c-fos is subject to transcriptional induction by PACAP. In contrast to c-f
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FIG. 1. Effect of PACAP[1-38], PACAP[1-27] and VIP oriH]-thymidine uptake into AR4-2J cells. Serum starved
AR4-2] cells were incubated for 48 h with increasing concentrations of PACAP[1-38], PACAP[1-27] and VIP or with F
for control. Cell proliferation was determined by means®f]fthymidine incorporation. Results are expressed in percent
age of control & 100%). Data are shown as mean + SD from 8 experiments performed in duplicate. Statistical significe

is indicated: ** p < 0.005; * p < 0.02.

mMRNA levels of c-jun are constitutively elevated in AR4-2J cells and only moderately increa
in response to PACAP stimulation. This suggests that transcriptional induction of c-fos by PAC
is one mechanism leading to increased AP1 activity whereas induced c-jun expression contril
only marginally to this process. The PACAP effect on c-fos transcription is linked to the P
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FIG. 2. Time course of the effect of PACAP[1-38] orfasand cjun mRNA levels in AR4-2] cells. After AR4-2J cells
were incubated with 10 nM PACAP[1-38] for the indicated time periods and total RNA was submitted to RT-PCR us
appropriate primers for fs and cjun and GPDH as control. PCR products were separated by polyacrylamide ¢
electrophoresis and stained with ethidium bromide.
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FIG. 3. The PACAP antagonist PACAP[6-38] blocks the PACAP[1-38]-stimulatézkexpression in AR4-2J cells.
ARA4-2] cells were incubated with 10 nM PACAP[1-38] for 30 min in the presence or absenqeMyf 25 uM and 0.2
uM PACAP[6-38]. Total RNA was submitted to RT-PCR with primers fdosand GPDH. PCR products were separated
by polyacrylamide gel electrophoresis and stained with ethidium bromide.

receptor as shown by the lack of effect of VIP (data not shown) and by the inhibitory effect of
PV1 receptor antagonist PACAP[6—-38] which strongly and dose-dependently reduced the st
latory effect of PACAP[1-38] on c-fos expression (figure 3).

In order to establish which signal transduction pathways downstream to the second messe
cAMP and IR/C&"* are involved, inhibitors of protein kinase C (PKC) and protein kinase A (PKA
were characterized for their capacity to abolish PACAP-induced c-fos expression. As show
figure 4, the inhibitors H-7 (1@&M) and staurosporine (M) abolished the effect of PACAP on
c-fos expression (Ig, values for H7 and staurosporine wereuM and 0.2 uM, respectively).
These data suggest that transcriptional induction of c-fos by PACAP depends on multiple effe
systems that in concert trigger c-fos transcription. The inhibitory actions of the PKC inhibitor F
and of staurosporine which equally affects PKC and PKA probably reflect the contribution of Pk
as well as PKC-dependent effector systems, i.e. CREB phosphorylation (20) and EIk1/TCF
vation (21) via the MAP kinase cascade, respectively. This pathway has been extensively ir
tigated in terms of signal transduction of classical growth factors, but recently it became evi
that G-protein coupled receptors are similarly linked to the MAP kinase cascade via ras-deper
and ras-independent mechanisms (22,23). Recruitment of MAP kinase by PACAP has been s
for PACAP in AR4-2J cells (R. Gunther, unpublished results) and in PC12h cells (24).

The PACAP signal in AR4-2J cells involves activation of the AP-1 transcription factor comple
As demonstrated by electrophoretic mobility shift assay (figure 5), administration of 10 1

c-FOS >
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10pMH7  + - - - -
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FIG. 4. Inhibition of the stimulatory effect of PACAP[1-38] onfos expression by protein kinase C inhibitors. Cells
were incubated with 10 nM PACAP[1-38] in the presence or absence of the protein kinase C inhibitors HM)(@0d
staurosporine (IuM). Total RNA was submitted to RT-PCR with primers forfas and GPDH. PCR products were
separated by polyacrylamide gel electrophoresis and stained with ethidium bromide.
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FIG. 5. Effect of PACAP on AP-1 DNA binding activity. Cell extracts from AR4-2J cells treated with 10 nM PACAP[1-
38] for various time periods were submitted to EMSA using an AP-1 consensus sequence. Separation of labelled AP-1
complexes was carried out by means of native PAGE. A representative result from three independent experiments is s

PACAP[1-38] produced a band consisting of the AP-1 protein complex bound to the labelled A
consensus oligonucleotide. No band was observed in the presence of an excess of unlabellec
probe (not shown) indicating the specificity of the protein-DNA complex. The increased DN
binding activity of AP-1 in AR4-2J cells became evident after 30 min, was maximal at 1-2 h &
persisted for several hours. These data indicate that the PACAP induced activation of AP-1 bin
not only depends on the stimulation of c-fos transcription but probably involves also activatior
the constitutively expressed cJUN protein. As has been shown recently, activation of AP-1
erally requires postranslational modifications of the C-terminal part of cJUN, i.e. via phosphc
lation and dephosphorylation (25-27).

Our results show that ligand occupation of the G protein-coupled PV1 receptor leads to pr
eration of AR4-2J cells. Furthermore, PACAP binding to the PV1 receptor involves transcriptic
induction of c-fos and activation of the transcription factor AP-1. These early signalling events
recruited by PACAP to a similar extent compared to classical growth factors that activate tyro
kinase receptors.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemeinschaft (DFG, Schm 805/4-2) and the Eli Lilly Euro
Gastroenterology Award (W.E.S.)

REFERENCES

1. Miyata, A., Arimura, A., Dahl, R. R., Minamino, N., Uehara, A., Jiang, L., Culler, M. D., and Coy, D. H. (198¢
Biochem. Biophys. Res. Commuie4,567-574.

2. Shivers, B. D., Gorcs, T. J., Gottschall, P. E., and Arimura, A. (1#89ocrinology128, 3055-3065.

3. Mungan, Z., Ertan, A., Hammer, R. A., and Arimura, A. (199Eptidesl2, 559-562.

4. Schmidt, W. E., Seebeck, J., Hocker, M., Schwarzhoff, R., Schéafer, H., Fornefeld, H., Morys-Wortmann, C., Fol
U. R., and Creutzfeldt, W. (1993)ancreas8, 476-487.

5. Katsoulis, S., Schmidt, W. E., Clemens, A., Schwérer, H., and Creutzfeldt, W. (R@@@)atory Peptide38,155-164.

6. Schwdrer, H., Katsoulis, S., Creutzfeldt, W., and Schmidt, W. E. (1882)nyn-Schmiedeberg’s Arch. Pharmacol.
346,511-514.

115



Vol. 221, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

7.
8.
9.

10.

11.
12.
13.
14.
15.

16.

17.

18.

19.
20.
21.
22.
23.
24.
25.

26.
27.

Katsoulis, S., Clemens, A., Schworer, H., Creutzfeldt, W., and Schmidt, W. E. (Peg@idesl4, 587-592.

Pisegna, J. R., and Wank, S. A. (1993pc. Natl. Acad. Sci. USA0, 6345-6349.

Buscall, L., Gourlet, P., Cauvin, A., DeNeef, P., Gossen, D., Arimura, A., Miyata, A., Coy, D. H., Robberecht, P.,
Christophe, J. (1990FEBS Lett.286, 77-81.

Cauvin, A., Buscail, L., Gourlet, P., DeNeef, P., Gossen, D., Arimura, A., Miyata, A., Coy, D. H., Robberecht, P.,
Christophe, J. (1991peptidesll, 773-777.

Schafer, H., Schwarzhoff, R., Creutzfeldt, W., and Schmidt, W. E. (1884)J. Biochen202, 951-958.

Katsoulis, S., Clemens, A., Schworer, H., Creutzfeldt, W., and Schmidt, W. E. (A893). Physiol28, G295-G302.
Hart, G. R., Gowing, H., and Burrin, J. M. (1992)Endocrinol.134,33—-41.

Goth, M. I., Lyons, C. E., Canny, B. J., and Thorner, M. O. (192jocrinology130,939-944.

Watanabe, T., Masuo, Y., Matsumoto, H., Suzuki, N., Ohtaki, T., Masuda, Y., Kitada, C., Tsuda, M., and Fujino
(1992) Biochem. Biophys. Res. Commug2,403-411.

Buscall, L., Cambillau, C., Seva, C., Scemana, J. L., De Neef, P., Robberecht, P., Christophe, J., Susini, C., and V
N. (1992)Gastroenterologyi 03, 1002—1008.

Moody, T. W., Zia, F., Bitar, K., and Coy, D. H. (1998) Vasoactive Intestinal Peptide, Pituitary Adenylate Cyclase
Activating Polypeptide and Related Regulatory Peptides, from Molecular Biology to Clinical Applications (Rosse
G., Ed.), pp. 537-544, World Scientific, Singapore.

DiCicco-Bloom, E., and Lu, N. (1993p Vasoactive Intestinal Peptide, Pituitary Adenylate Cyclase Activating
Polypeptide and Related Regulatory Peptides, from Molecular Biology to Clinical Applications (Rosselin, G., Ed.),
593-594, World Scientific, Singapore.

Seva, C., Dickinson, C. J., and Yamada, T. (199¢ience265,410-412.

Gonzales, G. A., and Montminy, M. (198@gll 59, 675-680.

Hipskind, R. A., Rao, V. N., Mueller, C. G. F., Reddy, E. S. P., and Nordheim, A. (198tjre 354,531-534.
Worthen, G. S., Avdi, N., Buhl, A. M., Suzuki, N., and Johnson, G. L. (1994}lin. Invest.94, 815-823.

Crespo, P., Cachero, T. G., Xu, N., and Gutkind, J. S. (199Bjol. Chem270, 25259-25265.

Frodin, M., Peraldi, P., and Van Obberghen, E. (1208iol. Chem269, 6207-6214.

Smeal, T., Binetruy, B., Mercola, D., Grover-Bardwick, A., Heidecker, G., Rapp, U. R., and Karin, M. {@88Zell.
Biol. 12, 3507-3513.

Derijard, B., Hibi, M., Wu, I. H., Barrett, T., Su, B., Deng, T., Karin, M., and Davis, R. J. (18@4)76, 1025-1037.
Boyle, W. J., Smeal, T., Defize, L. H. K., Angel, P., Woodgett, J. R., Karin, M., and Hunter, T. (138154,
573-584.

116



