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Rap1 is a member of the Ras superfamily of small GTP-bind-
ing proteins and is localized on pancreatic zymogen granules.
The current study was designed to determine whether GTP-
Rap1 is involved in the regulation of amylase secretion.
Rap1A/B and the two Rap1 guanine nucleotide exchange fac-
tors, Epac1 and CalDAG-GEF III, were identified inmouse pan-
creatic acini. A fraction of bothRap1 andEpac1 colocalizedwith
amylase in zymogen granules, but only Rap1 was integral to the
zymogengranulemembranes. Stimulationwith cholecystokinin
(CCK), carbachol, and vasoactive intestinal peptide all induced
Rap1 activation, as did calcium ionophore A23187, phorbol
ester, forskolin, 8-bromo-cyclic AMP, and the Epac-specific
cAMP analog 8-pCPT-2�-O-Me-cAMP. The phospholipase C
inhibitor U-73122 abolished carbachol- but not forskolin-in-
duced Rap1 activation. Co-stimulation with carbachol and
8-pCPT-2�-O-Me-cAMP led to an additive effect on Rap1 acti-
vation, whereas a synergistic effect was seen on amylase release.
Although the protein kinase A inhibitor H-89 abolished forsko-
lin-stimulated CREB phosphorylation, it did notmodify forsko-
lin-induced GTP-Rap1 levels, excluding PKA participation.
Overexpression of Rap1 GTPase-activating protein, which
blocked Rap1 activation, reduced the effect of 8-bromo-cyclic
AMP, 8-pCPT-2�-O-Me-cAMP, and vasoactive intestinal pep-
tide on amylase release by 60% and reduced CCK- as well as
carbachol-stimulated pancreatic amylase release by 40%. These
findings indicate thatGTP-Rap1 is required for pancreatic amy-
lase release. Rap1 activation not only mediates the cAMP-
evoked response via Epac1 but is also involved in CCK- and car-
bachol-induced amylase release, with their action most likely
mediated by CalDAG-GEF III.

Rap1 is a member of the Ras superfamily of small GTP-bind-
ing proteins and is known to be involved in cell adhesion, pro-
liferation, and differentiation (1). Two isoforms of Rap1 exist,
Rap1A and Rap1B, which are 95% identical at the amino acid
sequence and appear to mediate similar actions (1). Like other

members of this superfamily of proteins, Rap1 cycles between
an inactiveGDP-bound and an activeGTP-bound form.A vari-
ety of intracellular signals regulate the cycle through unique
guanine-nucleotide exchange factors (GEFs),2 which promote
dissociation of GDP from Rap1 followed by binding of GTP,
and GTPase-activating proteins (GAPs), which induce hydrol-
ysis of GTP onRap1 (1). Increases in intracellular levels of Ca2�

and diacylglycerol (DAG) activate Ca2�- and DAG-binding
GEFs (CalDAG-GEF I and CalDAG-GEF III) (2), whereas
increases in intracellular levels of cAMP activate the exchange
proteins activated by cAMP (Epac1 and Epac2) (3, 4). Protein
kinase A (PKA), another mediator of cAMP action, can phos-
phorylate Rap1, which is necessary for Rap1 activation in cer-
tain cell types, including neutrophils, fibroblasts, thyroid and
enteroendocrine cells (5–8).
Evidence indicates that different endogenous Rap1GEFs

exert physiological functions in various cells. For example, in
neuronal PC12D cells, CalDAG-GEF I is involved in Ca2�- and
DAG-induced Rap1 activation, resulting in the activation of
ERK1/2 (9). In addition, CalDAG-GEF I is important for signal
integration as well as granule secretion in platelets (10). Epac1
participates in the formation of endothelial cell tight junctions
(11), whereas both Epac1 and Epac2 facilitate cAMP-induced
exocytosis in pancreatic �-cells through an increase in Ca2�

release mediated by ryanodine-sensitive Ca2� channels (12,
13). Recently, Chaudhuri et al. (14) presented evidence that
Epac is a mediator of cAMP signaling in exocrine pancreas.
Using cAMP analogs which activate Epac but not PKA, they
showed effects of cAMP on carbachol-stimulated amylase
secretion and zymogen activation. However, the downstream
target of Epac was not identified.
A number of small GTP-binding proteins have been identi-

fied on the external surface of zymogen granules, and some,
particularly Rab3D and Rab27B, have been implicated in the
regulation of pancreatic exocytosis (15–20). Although Rap1 is
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also present on zymogen granules, as shown by bothmass spec-
trometry and immunocytochemistry (20), there have been no
studies on Rap1-dependent signaling and function in pancre-
atic acinar cells. Previous studies suggest that Rap1 may play a
regulatory role in exocrine as well as endocrine cells. In parotid
acinar cells, Rap1 is not only located on secretory granulemem-
branes (21), but may also be involved in regulation of cAMP-
stimulated amylase secretion (22). In a human endocrine BON
cell line, Rap1 participates in neurotensin release (8). Recently,
Shibasaki et al. (23) showed that Rap1 has a role in the regula-
tion of insulin secretion stimulated by cAMP.
Since Rap1 is located on zymogen granules and Epac is a

likely cAMP mediator in pancreatic acinar cells, the aim of the
present study was to determine whether Rap1 activation is
involved in the regulation of pancreatic amylase secretion. The
present results show for the first time that Rap1 is required not
only for cAMP-evoked response via Epac1 but also for chole-
cystokinin (CCK) and carbachol-stimulated amylase secretion,
most likely mediated by CalDAG-GEF III. Thus, Rap1 plays an
essential role as a common effector protein for secretion.

EXPERIMENTAL PROCEDURES

Materials—Collagenase was purchased from Crescent
Chemical Company (Islandia, NY), bovine serum albumin
(BSA) and soybean trypsin inhibitor (STI) were from Sigma,
and Dulbecco’s modified Eagle’s medium was from Invitrogen.
The following inhibitors and stimuli were used. Sulfated CCK
octapeptide was from Research Plus (Bayonne, NJ); vasoactive
intestinal peptide (VIP) was from American Peptide Company
(Sunnyvale, CA); A23187 and GF-109203X were from Calbio-
chem; carbamylcholine chloride (carbachol), forskolin, phorbol
12-myristate 13-acetate (PMA), 8-bromo-cyclic AMP (8-Br-
cAMP), dithiothreitol, EGTA, H-89, isopropyl �-D-thiogalac-
topyranoside, and U-73122 were from Sigma; 8-(p-chlorophe-
nylthio)-2�-O-methyladenosine-3�,5�-cyclic monophosphate
(8-pCPT-2�-O-Me-cAMP) was from Biolog Life Science Insti-
tute (Bremen, Germany), phenylmethylsulfonyl fluoride
(PMSF) was from Pierce; and aprotinin and leupeptin were
from Roche Applied Science. All other chemicals were of rea-
gent grade.
Polyclonal antibodies against the following proteins were

used. Phospho-Ser133-CREB was from Cell Signaling Technol-
ogy (Beverly, MA); CREB-2, Rap1, Epac2, Rap1GAP, and RhoA
were from Santa Cruz Biotechnology (Santa Cruz, CA); Epac1
and Epac2 were from Abcam Inc. (Cambridge, MA), and amy-
lase was from U. S. Biological (Swampscott, MA).
Preparation of Isolated Pancreatic Acini—Acini were pre-

pared by methods previously described (17, 18). In brief, pan-
creata were excised from fed adult male ICR mice weighing
22–27 g. Acini were isolated by collagenase digestion, followed
by mechanical shearing and then filtered through 150-�m
Nitex mesh, purified by sedimentation through 4% BSA in
buffer, and suspended in Dulbecco’s modified Eagle’s medium
containing 5 mg/ml BSA and 0.1 mg/ml STI.
Expression of Rap1, Epac, and CalDAG-GEF in Mouse Pan-

creatic Acini—The expression of Rap1A, Rap1B, Epac1, Epac2,
CalDAG-GEF I, and CalDAG-GEF III in mouse pancreatic
acini was assessed by reverse transcription (RT)-PCR. The fol-

lowing primers were used: mouse Rap1A, 5�-ATGCTGGAGA-
TCCTGGACAC-3� (sense) and 5�-TCTTTGCCAACTACCC-
GTTC-3� (antisense); mouse Rap1B, 5�-ACTCCATCACAGC-
ACAGTCG-3� (sense) and 5�-AGTCGCATTTATTGCCA-
ACC-3� (antisense); mouse Epac1, 5�-GTTGTCGACCCAC-
AGGAAGT-3� (sense) and 5�-AGGAACAGGGCAGAGAC-
AGA-3� (antisense); mouse Epac2, 5�-ATTAATGGACGCCT-
GTTTGC-3� (sense) and 5�-CCTCCTCAGGAACAAAT-
CCA-3� (antisense); mouse CalDAG-GEF I, 5�-CCAAGATG-
AGGCAGCTTTTC-3� (sense) and 5�-CTTAGGCTTGGCA-
ACTGAGG-3� (antisense); mouse CalDAG-GEF III, 5�-GAA-
CACTGTGCGGGATTTCT-3� (sense) and 5�-CTTTGCTGC-
TTTGTCATGGA-3� (antisense) (Invitrogen). The primers
were designed with Invitrogen Oligoperfect Designer based on
gene sequences obtained from theGenBankTMNCBI Sequence
Viewer (available on the World Wide Web).
Subcellular Localization of Rap1 and Epac1—Subcellular

fractionation of mouse pancreas was carried out by differential
centrifugation, as initially described by Jamieson and Palade
(24). Pancreas was homogenized in 0.3 M sucrose medium sup-
plementedwith 50mMMOPS, pH 7.0, 2mMEGTA, and 0.1mM
PMSF at 4 °C using a Teflon-glass homogenizer. After a 10-min
spin at 300 � g to remove cell debris, crude particulate fraction
enriched in zymogen granules was obtained by centrifugation
at 800 � g for 10 min, whereas microsomal as well as cytosolic
fractions were obtained by centrifugation at 100,000 � g for 45
min. Zymogen granule purification was carried out using Per-
coll gradients (20). Zymogen granule membranes were isolated
by osmotically lysing granules in 150mMsodiumacetate, 10mM
MOPS, pH 7.0, 0.1 mM MgSO4, 0.1 mM PMSF, and 27 �g/ml
nigericin for 15min at 37 °C and then collecting themembranes
by centrifugation at 38,000 rpm in a Ti 70.1 rotor for 1 h at 4 °C,
followed by washing with 250 mM KBr.
Immunolocalization of Rap1 and Epac1—Freshly isolated

pancreatic acini were stimulatedwith either 10�Mcarbachol or
10 nM VIP for 10 min at 37 °C. Then acini were sedimented in
test tubes and fixed for 30 min at room temperature with 4%
paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4,
rinsed with PBS, cryoprotected, and frozen with isopentane
cooled with liquid nitrogen. Cryostat sections (5-�m thick)
were mounted on SuperFrost Plus slides (Fischer) and pro-
cessed for immunofluorescence localization as previously
described (17). Briefly, the sections were incubated with the
following primary antibodies: polyclonal rabbit anti-Epac1
(diluted 1:200), polyclonal rabbit anti-Rap1 (1:200), or poly-
clonal sheep anti-human salivary amylase (1:100 to 1:200) for
2 h at room temperature. Then they were washed three times
with PBS. The sections were then incubated with secondary
antibodies Cy3-conjugated donkey anti-rabbit IgG (1:200) or
fluorescein-conjugated anti-sheep IgG (1:200) (Jackson Immu-
noresearch Laboratories, Inc.) for another 1 h and washed with
PBS. ProlongGoldwith 4,6-diamino-2-phenylindolewas added
to mounting medium to counterstain nuclei. Digitized images
were collected with an Olympus Fluoview 500 confocal micro-
scope as a Z-series (0.5-�m steps). A single image from the
Z-stack was then chosen based on the most informative and
sharpest fluorescence and processed using Photoshop CS soft-
ware (Adobe Systems Inc., Mountain View, CA).
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Pull-down Assay for the Determi-
nation of both Rap1 and RhoA
Activation—Activation of Rap1 was
measured using the glutathione
S-transferase-RalGDS-Rap1-bind-
ing domain (RBD) as a pull-down
reagent, which selectively binds the
active GTP-bound form of Rap1
(25). RalGDS-RBDwas expressed in
Escherichia coli by induction with
0.1 mM isopropyl �-D-thiogalacto-
pyranoside for 2 h at 37 °C and puri-
fied from bacterial lysates with glu-
tathione-Sepharose. Acini were
prepared for the assay as indicated
above. Immediately, after incuba-
tion with agonist for the specified
time, acini were washed once with
ice-cold Tris-buffered saline, and
then cold lysis buffer containing 50
mM Tris-HCl, pH 7.5, 1% Triton
X-100, 500mMNaCl, 10mMMgCl2,
10% (v/v) glycerol, 10 �g/ml aproti-
nin, 10 �g/ml leupeptin, 1 mM
PMSF, 1mM sodiumorthovanadate,
and 10 mM sodium fluoride was
added. Acini were rapidly soni-
cated and cleared at 13,000 � g for
10 min at 4 °C. The resulting super-
natants (1500–2000 �g of protein)
were quickly transferred into tubes
with glutathione S-transferase-Ral-
GDS-RBD (80�g), followed by a 2-h

rotation at 4 °C. Samples were washed and subjected to West-
ern blotting for immunodetection of GTP-Rap1 as described
below. Fifteen �g from each pancreatic acini lysate was used to
immunodetect total Rap1.
RhoA activation was determined as previously described

(26). The pull-down assaywas carried out in a similarmanner to
Rap1 using Rhotekin-RBD-agarose beads (Cell Biolabs, Inc.,
San Diego, CA).
cAMP-response Element-binding Protein (CREB) Phosphory-

lation—After acini were stimulated for 10 min at 37 °C, they
were washed once using ice-cold PBS containing 1 mM sodium
orthovanadate and 10mM sodium fluoride and lysed in the lysis
buffer (50mMTris-HCl, pH 7.4, 0.32 M sucrose, 1mMPMSF, 10
�g/ml aprotinin, 10 �g/ml leupeptin, 1 mM sodium orthovana-
date, 10 mM sodium fluoride, 1 mM dithiothreitol), sonicated,
and clarified at 13,000 � g for 10 min. Samples (10 �g from
pancreatic acini lysates) were subjected toWestern blotting for
immunodetection of phospho-CREB and CREB-2 as described
below.
Western Blotting—Immunodetection of proteins was carried

out using SDS-polyacrylamide gels, which were transferred to a
nitrocellulose membrane (Bio-Rad). The membrane was
blocked in 5% BSA dissolved in Tris-buffered saline containing
0.1% (v/v) Tween 20 for 2 h at room temperature. Correspond-
ing rabbit polyclonal antibodies were diluted 1:1000 in 5% BSA,
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FIGURE 1. Multiple secretagogues activate Rap1. A, isolated mouse pancreatic acini were treated with CCK
for the specified time, after which a pull-down assay was used to detect the active form of Rap1. Activation
of Rap1 was detected after 2 min, remained elevated at 5 and 10 min, and declined at 30 min. B–D, acini
were stimulated with specific concentrations of CCK (B), carbachol (C), and VIP (D) for 10 min and then
assayed for activation of Rap1. The upper panels show representative immunoblots for both GTP-Rap1 and
total Rap1. The lower panels show quantitative analysis of Rap1 activation. Data shown are means � S.E.
(4 –5 experiments) for activation of Rap1 expressed as a percentage of basal. *, p � 0.05; **, p � 0.01 versus
basal.
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The upper panel shows a representative immunoblot for both GTP-Rap1
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basal.
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and the membrane was incubated with the antibody overnight
at 4 °C, followed by treatment with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (1:5000 in 5%
nonfat milk) for 1 h. After washing with Tris-buffered saline
containing 0.1% (v/v) Tween 20, peroxidase activity was visual-
ized using the SuperSignalWest Femto sensitivity substrate kit
(Pierce).
Amylase Secretion Studies—Freshly digested or overnight

cultured acini were stimulated with CCK, carbachol, 8-Br-
cAMP, 8-pCPT-2�-O-Me-cAMP, or VIP in 1-ml aliquots in
plastic blood dilution vials for 30 min. Samples were then cen-
trifuged for 30 s in a microcentrifuge, and the supernatant was
assayed for amylase activity with Phadebas reagents (Magle Life
Sciences, Lund, Sweden). Results were expressed as a percent-
age of initial acinar amylase content.

45Ca2� Efflux—Cellular 45Ca2� mobilization in isolated pan-
creatic acini was measured using a previously described proce-
dure (27). Acini were suspended in Krebs-Henseleit bicarbon-
ate buffer (KHB) (118 mM NaCl, 4.7 mM KCl, 1 mM NaH2PO4,
1.1 mM MgCl2, 2.5 mM CaCl2, 25 mM NaHCO3, 2.5 mg/ml
D-glucose, and 0.1mg/ml STI) and preincubated with 2 �Ci/ml
45CaCl2 (New England Nuclear) for 1 h at 37 °C. Then labeled

acini were washed twice with non-
radioactive KHB, suspended in
fresh KHB, and incubated with or
without different secretagogues for
specified times at 37 °C. 45Ca2�

remaining was calculated by differ-
ence between total 45Ca2� and
45Ca2� released from the acini into
the extracellular medium.
Intracellular cAMP Content—

cAMP generation was determined as
previously described (28). Acini
were preincubated for 30 min in
KHB and then for 3 min in fresh
KHB containing 1 mM IBMX. Acini
were stimulated with different
secretagogues for 12 min. cAMP
was extracted in ethanol and meas-
ured using a cAMP colorimetric
enzyme immunoassay kit according
to the instructions provided by the
manufacturer (Cayman Chemical
Co., Ann Arbor, MI). Results were
expressed as pmol/mg of protein.
Adenoviral Infection—To inves-

tigate the role of Rap1 activation in
amylase release, we blocked the
activation of endogenous Rap1 by
expressing the Rap1-specific
GTPase-activating protein, Rap1-
GAP, in isolated pancreatic acini.
Rap1GAP promotes the conversion
of active GTP-bound Rap1 to the
inactive GDP-bound form while
having no effect on the activation of
other GTPases (29). Recombinant

adenovirus engineered for expression of Rap1GAP-green fluo-
rescence protein (30) was provided by Dr. Patrick J. Casey
(Duke UniversityMedical Center, Durham, NC). The virus was
amplified and purified using Adeno-XTM virus purification kits
(BD Biosciences), and adenovirus expressing �-galactosidase
was used as a control. Acini were infected with either �-galac-
tosidase or Rap1GAP adenovirus (107 pfu/ml) during overnight
culture at low density in 100-mm Petri dishes in Dulbecco’s
modified Eagle’s medium enriched with 0.5% fetal bovine
serum, 0.01% STI, and antibiotics at 37 °C with 5% CO2. The
overexpression of Rap1GAP-green fluorescence protein in iso-
lated pancreatic acini was analyzed by immunofluorescence
and by immunoblotting using polyclonal Rap1GAP antibody as
described above. Infection efficiencies were routinely over 90%,
as reported previously (18). Infected acini were then used for
studies of Rap1 or RhoA activation, amylase secretion, 45Ca2�

mobilization, or cAMP generation.
Statistical Analysis—Results were expressed as means �

S.E. of 3–6 separate experiments. The statistical analysis was
performed by analysis of variance following by the Student-
Newman-Keuls test. p � 0.05 was considered statistically
significant.
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RESULTS

Both Rap1A and Rap1B Are Expressed in Pancreatic Acini—
In our previous study, we showed that Rap1 protein is present
on rat zymogen granules (20). Using RT-PCR, we have now
found that both Rap1A and Rap1B mRNAs are expressed not
only in the whole mouse pancreas but also in isolated pancre-
atic acini (data not shown). However, since the Rap1 antibody
does not distinguish between the isoforms, we will refer to the
protein as Rap1.
CCK and Other Secretagogues Induce a Rapid Increase in

Rap1 Activation—We studied whether CCK, carbachol, and
VIP activate Rap1 in pancreatic acini using a Rap1 pull-down
assay. CCK provoked a rapid increase in Rap1 activation with
the maximum effect between 2 and 10 min, after which GTP-
Rap1 levels declined but remained elevated at 30 min (Fig. 1A).
A similar time course was observed following stimulation with
carbachol and VIP (data not shown). To allowmore samples to
be collected simultaneously, Rap1 activation was thereafter
studied after a 10-min stimulation. CCK, carbachol, and VIP
stimulation all led to a concentration-dependent increase with

comparable maximal increases seen
at 300 pM CCK, 10 �M carbachol,
and 10 nM VIP (Fig. 1, B–D). VIP-
stimulated Rap1 activation showed
a lower response at the highest con-
centration. These results indicate
that the most relevant secreta-
gogues for mouse pancreatic acini
all activate Rap1.
Ca2�, DAG, and cAMP Induce an

Increase in Active Rap1 Levels—
Both CCK and carbachol activate
phospholipase C� (PLC�), which
generates the intracellular second
messengers DAG and inositol 1,4,5-
triphosphate (IP3). DAG activates
protein kinase C (PKC), whereas IP3
stimulates the release of Ca2� from
the endoplasmic reticulum required
for pancreatic amylase release (31).
On the other hand, VIP increases
intracellular cAMP levels in pancre-
atic acini (32). Since several intra-
cellular signals are able to induce
Rap1 activation (1), different stimu-
lators and inhibitors were used to
determine which intracellular mes-
sengers participated in secreta-
gogue-induced Rap1 activation in
acini. Both Ca2� ionophore A23187
and phorbol ester PMA, which has a
structure analogous to DAG,
increased the amount of GTP-Rap1
by 140 and 170%, respectively (Fig.
2). Since PMA is a PKC activator,
we studied whether the effect of
PMA was direct or through PKC
activation. Pretreatment with

GF-109203X (1 �M), a PKC inhibitor (33), did not modify car-
bachol-induced GTP-Rap1 levels (data not shown). In accord
with previous studies (34, 35), these results show that DAG, but
not PKC, is involved in Rap1 activation. In addition, the specific
adenylyl cyclase (AC) activator forskolin (36) and the permea-
ble cAMP analog 8-Br-cAMP augmented Rap1 activation by
200 and 150%, respectively (Fig. 2). These findings indicate that
the most important pathways involved in pancreatic amylase
secretion, PLC/IP3/Ca2�, PLC/DAG, and AC/cAMP, are all
able to activate Rap1.
Rap1 Is Activated by the Epac-specific cAMPAnalog 8-pCPT-

2�-O-Me-cAMP but Not by PKA—Previous studies have
showed that Rap1may be activated by either Epac (3, 4) or both
Epac and PKA (5, 6, 8). Based on the involvement of both PKA
and Epac in cAMP-mediated rat pancreatic amylase secretion
(14) and the participation of cAMP in Rap1 activation as shown
in the current study, we sought first to determine whether Epac
activates Rap1. Isolated pancreatic acini were incubated with
the Epac-selective cAMP analog 8-pCPT-2�-O-Me-cAMP,
which preferentially activates Epac without affecting PKA
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membrane fractions. Note that 15 �g of protein from each fraction was applied to the gel, but most (�90%) of
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activity (37, 38), and 8-Br-cAMP, which can activate both Epac
and PKA pathways (38). Both cAMP analogs increased Rap1
activation in a concentration-dependent manner (Fig. 3A). To
confirm the selectively of the 8-pCPT-2�-O-Me-cAMP, its
effect on the PKA-dependent phosphorylation of CREB was
studied. 8-Br-cAMP increased CREB phosphorylation in a
concentration-dependent manner, whereas 8-pCPT-2�-O-Me-
cAMP did not, confirming that the 2�-O-Me-cAMP derivative
acted via the Epac pathway without affecting the PKA pathway
(Fig. 3B). These findings indicate that the Epac pathway is
involved in cAMP-stimulated Rap1 activation.
Next we determined whether PKA might also participate in

Rap1 activation using the potent and selective PKA inhibitor
H-89 (10 �M) (39) added 30 min before forskolin stimulation.
H-89 did not modify either basal or forskolin-evoked GTP-
Rap1 levels (Fig. 3C). As expected forskolin-stimulated CREB
phosphorylation was abolished in the presence of H-89, indi-
cating that H-89 was able to inhibit PKA activity (Fig. 3D).
These findings indicate that forskolin effect on Rap1 activation
is most likely Epac-mediated, because it was not modified by
the inhibitor of PKA.
The Rap1GEF Epac1 Is Present in Pancreatic Acini—Wenext

evaluated which Rap1GEFs are present in pancreatic acini.
Because the Epac-specific cAMP analog, Ca2�, and DAG par-
ticipated inRap1 activation, Rap1 ismost likely activated by two
Rap1GEFs: Epacs and CalDAG-GEFs. RT-PCR showed that
Epac1 mRNA expression was observed in pancreatic acini with
a PCR product of the expected size (267 bp) (Fig. 4A). In addi-
tion, Epac1 protein was found in both intact pancreas and iso-
lated pancreatic acini as well as in kidney by Western blotting
analysis (Fig. 4B). Both Epac2 mRNA expression and protein
were observed in the brain. A weak RT-PCR signal for Epac2
was observed in pancreas, consistent with its known presence
in islets of Langerhans, but not in isolated pancreatic acini. Fur-
thermore, Epac2 protein could not be detected in the pancreas
using two different antibodies (Fig. 4B). Together, these find-
ings indicate the existence of a functional cAMP/Epac1/Rap1
pathway in pancreatic acinar cells.
Rap1 Is Integral to Zymogen Granule Membranes, whereas

Epac1 Is Peripherally Associated with Them—Both subcellular
fractionation and zymogen granule purification were carried
out to localize Epac1 and Rap1 in pancreatic acini. Rap1 was
enriched in zymogen granule membranes compared with total
lysate, consistent with its integral association with the mem-
branes. In contrast, Epac1 was present in both intact zymogen
granule and the supernatant following zymogen granule lysis,
which represents the proteins either present in the granule con-
tent or associated with themembrane prior to lysis. However, a
small amount of Epac1 (�10% total) was also present in zymo-
gen granulemembrane fraction. BothRap1 andEpac1were also
present in the microsomal fraction, but neither was present in
the cytosol (Fig. 4C). In addition, the intracellular localization
of both Epac1 and Rap1 was investigated by immunohisto-
chemistry in both nonstimulated and stimulated conditions.
Immunofluorescent staining of both Epac1 and Rap1 showed a
punctuate localization in the area of the acini normally occu-
pied by zymogen granules (Fig. 4D). Dual labeling of Epac1 or
Rap1 and a granule content protein, amylase, showed them to

be in close proximity. Thus, both Epac1 and Rap1 appear to be
associated closely with zymogen granules (Fig. 4D). However,
Rap1was not present in all of zymogen granules, indicating that
Rap1 might regulate the exocytosis of a specific zymogen gran-
ule pool. In addition, there were also regions where Epac1 or
Rap1 and amylase did not overlap. These results are in accord-
ance with the presence of both proteins in themicrosomal frac-
tion (Fig. 4C). Since this fraction is expected to contain plasma
membranes, Golgi membranes, and lysosomal and endocytotic
membranes as well as a fraction of zymogen granule mem-
branes (15), it is likely that Epac1 and Rap1 are also present on
some of these membranes. Neither 10 nM VIP nor 10 �M car-
bachol stimulation altered the immunostaining pattern or sub-
cellular fractionation, indicating no release of either Epac1 or
Rap1 into the cytosol (data not shown).
RT-PCR Shows That CalDAG-GEF III Is Expressed in Pancre-

aticAcini—Four isoforms of theCalDAG-GEFs exist: CalDAG-
GEF I, CalDAG-GEF II, CalDAG-GEF III, andCalDAG-GEF IV
(2, 39). The first three isoforms are widely distributed (2),
whereas CalDAG-GEF IV, the most recently identified mem-
ber, is present only in mast cells (40). Since CalDAG-GEF I and
CalDAG-GEF III are able to activate Rap1 (2), we studied the
expression of these two isoforms in mouse pancreatic acini.
Only CalDAG-GEF III mRNA expression was observed not
only in whole pancreas but also in isolated pancreatic acini with
a PCR product of the expected size (414 bp) (Fig. 5). These
findings indicate that CalDAG-GEF III is most likely the pro-
tein responsible to integrate signaling downstreamof the rise in
Ca2� and DAG levels, thereby activating Rap1.

A)

B) CalDAG-GEF III

BLANK
BRAIN

HEART

KID
NEY

LUNG

PANCREAS
ACIN

I
ACIN

I

DNA Ladder

bp

100
200

400

600
800

1000

PANCREAS

CalDAG-GEF Ibp

100
200

400
600
800

1000

BLANK
BRAIN

HEART

KID
NEY

LUNG

PANCREAS
ACIN

I
ACIN

I

DNA Ladder

PANCREAS

FIGURE 5. CalDAG-GEF III is expressed in pancreatic acini. The expression
of CalDAG-GEFs was assessed in pancreas as well as pancreatic acini by RT-
PCR. The brain and kidney were used as positive control. CalDAG-GEF I (A) and
CalDAG-GEF III (B) RT-PCR products yielded bands of the expected size (257
and 414 bp, respectively). Only CalDAG-GEF III was expressed not only in
whole pancreas but also in pancreatic acini. Results shown are representative
of multiple experiments.

Rap1 Regulates Stimulated Amylase Secretion

AUGUST 29, 2008 • VOLUME 283 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23889



Epac1- and Carbachol-evoked Pathways Act Independ-
ently to Induce Rap1 Activation—Because the PLC products,
DAG and Ca2�, are known to activate CalDAG-GEFs (1, 41),
we pretreated acini with the PLC inhibitor U-73122 (5 �M)
for 10 min in the presence or absence of either carbachol or
forskolin to determine the contribution of PLC activation to
carbachol- and forskolin-evoked response. The PLC inhibi-
tor abolished Rap1 activation induced by carbachol but did
not modify forskolin-evoked GTP-Rap1 levels (Fig. 6, A and
B). These findings indicate that carbachol-induced Rap1
activation is dependent on PLC activity. In addition, since
carbachol and the Epac-selective cAMP analog increase
GTP-Rap1 levels, in other experiments we tested whether
the co-stimulation of both can increase the activation of
Rap1 more than either alone. The co-stimulation with both
stimulators induced an additive effect (Fig. 6C). Altogether,
these data indicate that both Epac1 pathway and carbachol-
evoked pathway act independently to induce Rap1
activation.

Rap1GAP Overexpression Abol-
ishes Secretagogue-evoked Rap1
Activation and Inhibits Amylase
Secretion—The expression of Rap1
on zymogen granules (20) and the
activation of Rap1 by the principal
secretagogues and intracellular sig-
nals which participate in amylase
secretion suggested that Rap1 may
be involved in the regulation of
stimulated amylase secretion. To
block the increase in active Rap1, we
overexpressed Rap1GAP by means
of an adenoviral vector (25).
Rap1GAP overexpression blocked
the ability of CCK, carbachol, and
VIP to activate Rap1 in isolated pan-
creatic acini (Fig. 7, A and B). The
specificity of the Rap1GAP was
demonstrated by the observation
that CCK-stimulated RhoA activa-
tion (26) was not affected by
Rap1GAP overexpression (Fig. 7C).
The overexpression of Rap1GAP

had no effect on basal amylase
release but decreased both CCK-
and carbachol-evoked amylase
secretion by 40% compared with
the control adenovirus (Fig. 8, A
and B). This effect was seen across
the secretagogue concentration-
response curve.
We also studied whether the

activation of endogenous Epac
mediates cAMP-stimulated amy-
lase secretion response by use
of 8-pCPT-2�-O-Me-cAMP. The
Epac-specific cAMP analog weakly
stimulated amylase secretion by

114%, producing an increase similar to that induced by 8-Br-
cAMP (93%) and by VIP (153%) (Fig. 8C). We also studied the
effect of the combination of 8-pCPT-2�-O-Me-cAMP and car-
bachol on amylase release. Although carbachol alone increased
amylase release by 200%, the co-stimulation with both secreta-
gogues potently stimulated it by 400% (supplemental Fig. 1),
indicating that the combination of 8-pCPT-2�-O-Me-cAMP
and carbachol induced a synergistic effect on amylase secretion.
Such a synergistic effect has previously been reported for the
combination of CCK and VIP in mouse pancreatic acini (32).
We next determined whether Rap1 mediates the cAMP-

evoked amylase release. Rap1GAP overexpression reduced the
response to 8-Br-cAMP, 8-pCPT-2�-O-Me-cAMP, and VIP by
60% compared with the control adenovirus (Fig. 8C). These
results indicate that Epac1/Rap1 pathway is involved in cAMP-
stimulated amylase secretion. Since VIP increases intracellular
cAMP levels in pancreatic acini (29), both PKAandEpac1 path-
ways could mediate the effect of VIP on amylase release. How-
ever, the PKA inhibitor H-89 did not modify the responses to

GTP-Rap1

total-Rap1 ►

Basa
l 

5 µ
M U

-73
12

2

20
 µM FSK

FSK + U
0

100

200

300

400

500

*
†

Ra
p1

 A
ct

iv
at

io
n

(%
 o

f B
as

al
)

A) B)

C)

Basa
l 

5 µ
M U

-73
12

2

10
 µM CCh 

CCh +
 U

0

100

200

300

400

500
*

‡‡

Ra
p1

 A
ct

iv
at

io
n

(%
 o

f B
as

al
)

Basa
l

CCh

CPT-M
e-c

AMP

CCh+
CPT-M

e-c
AMP

0

200

400

600

800

*
*

**

Ra
p1

 A
ct

iv
at

io
n

(%
 o

f B
as

al
)

GTP-Rap1

total-Rap1

GTP-Rap1

total-Rap1

  ►   ►

  ►

  ►

  ►

Basal Basal

Basal

CCh

CCh

CCh + U

        CCh +
CPT-Me-cAMP

U-73122      FSK      FSK+ U U-73122

        
CPT-Me-cAMP

FIGURE 6. The Epac1 pathway and the carbachol-induced pathway act independently to activate Rap1.
Acini were pretreated with the PLC inhibitor U-73122 and then stimulated with either forskolin (A) or carbachol
(B) for 10 min, and Rap1 activation was analyzed. The presence of the PLC inhibitor decreased carbachol-
evoked GTP-Rap1 levels without affecting the response of forskolin. C, in other experiments, pancreatic acini
were treated with either carbachol or 8-pCPT-2�-O-Me-cAMP (CPT-Me-cAMP) alone or with a combination of
both for 10 min. The results showed that the co-addition of both stimulators induces an additive effect on Rap1
activation. The upper panels show representative immunoblots for GTP-Rap1 and total-Rap1. The lower panels
show a quantitative analysis of Rap1 activation. Data shown are means � S.E. (3–5 experiments) for Rap1
activation expressed as a percentage of basal. FSK, forskolin; CCh, carbachol. *, p � 0.05; **, p � 0.01 versus basal;
†, p � 0.01 versus U-73122; ‡‡, p � 0.01 versus carbachol.

Rap1 Regulates Stimulated Amylase Secretion

23890 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 35 • AUGUST 29, 2008

http://www.jbc.org/cgi/content/full/M800754200/DC1


8-Br-cAMP, 8-pCPT-2�-O-Me-cAMP, and VIP (Fig. 8D).
These findings show that in mouse pancreatic acini, the cAMP
effect is largely mediated by the Epac1/Rap1 pathway and not
by PKA.
Neither Epac1 nor Active Rap1 Affects Ca2� Mobilization in

Pancreatic Acini—We also studied whether Epac1 induces
Ca2� mobilization in pancreatic acini, since the Epac-selective
cAMP analog 8-pCPT-2�-O-Me-cAMP is a stimulator of Ca2�-
induced Ca2� release in pancreatic �-cells (12). Carbachol
(data not shown) and CCK increased Ca2� mobilization,
whereas VIP and 8-pCPT-2�-O-Me-cAMP did not (supple-
mental Fig. 2A), indicating that Epac1 does not evoke Ca2�

release in pancreatic acini. We next evaluated whether Rap1
activation was an effect of Ca2� mobilization and not a cause.
Preventing Rap1 activation by overexpressing Rap1GAP did
not affect eitherCCK- or carbachol-inducedCa2�mobilization
(supplemental Fig. 2B; CCK response only shown).
GTP-Rap1 Does Not Influence cAMP Generation—To con-

firm that Rap1 was activated by cAMP but did not influence
cAMP production, we measured acinar cAMP levels. VIP, but
not CCK and carbachol, increased cAMP generation in mouse

pancreatic acini (data not shown),
and the stimulating effect of VIP
was not influenced by Rap1GAP
(supplemental Fig. 2C).

DISCUSSION

The results of the current study
demonstrate that numerous secre-
tagogues and second messengers as
well as the Epac-selective cAMP
analog 8-pCPT-2�-O-Me-cAMPare
able to activate Rap1. Additionally,
we show that in mouse pancreatic
acini, Rap1 activation is PKA- and
PKC-independent, because the
PKA inhibitor H-89 as well as the
PKC inhibitor GF-109203X did not
modify forskolin- and carbachol-
stimulated Rap1 activation, respec-
tively. Our data also demonstrate
that the two Rap1GEFs, Epac1 and
CalDAG-GEF III, are expressed in
mouse pancreatic acini. We also
demonstrate that the presence of
the PLC inhibitor U-73122 did not
modify Rap1 activation induced by
forskolin but abolished carbachol-
evoked GTP-Rap1 levels. In addi-
tion, the co-stimulation with carba-
chol and 8-pCPT-2�-O-Me-cAMP
produces an additive effect on Rap1
activation. These findings are con-
sistent with the existence of two
independent mechanisms by
which Rap1 may be activated in
acini: the Epac1 pathway activated
by cAMP and the CalDAG-GEF III

pathway evoked by DAG and Ca2� mobilization. Finally, the
major finding of the current study is that Rap1 is required for
stimulated amylase secretion, since inhibiting Rap1 activity
by overexpression of Rap1GAP reduces not only the action
of cAMP on amylase release but also CCK- and carbachol-
stimulated amylase secretion. Furthermore, we demonstrate
that cAMP-stimulated amylase release is unaffected by the
PKA inhibitor H-89, suggesting that in mouse pancreatic
acini, amylase release evoked by cAMP is PKA-independent
and mediated by the Epac1/Rap1 pathway. Together, our
findings show that different secretagogues, including CCK,
acetylcholine, and VIP, mediated by stimulation of CCK,
muscarinic, and VPAC receptors, respectively, generate sec-
ond messengers, including DAG, Ca2�, and cAMP, which
are able to activate Rap1 via either CalDAG-GEF III or Epac1
and thereby regulate amylase secretion in pancreatic acinar
cells. In this way, Rap1 plays an important role as a common
effector for the cAMP/Epac1, PLC/IP3/Ca2�, and PLC/DAG
pathways (Fig. 9). A role for Rap1 as a common effector is
also found in hematopoietic cells, such as platelets and neu-
trophils, as well as in fibroblasts (42).
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In the present study, we found that cAMP-induced amylase
release was strongly reduced in Rap1GAP-expressing cells,
whereas CCK- as well as carbachol-induced amylase secretion
was reduced to a lesser extent (Fig. 8, A–C). The residual
responses suggested that molecular signals other than Rap1
were also involved in CCK- and carbachol-evoked responses.
Ca2�, the primary signaling molecule involved in pancreatic
enzyme release, is believed to be the major mediator of both
secretagogues (31).
Several lines of evidence indicate that in some cell types Rap1

is activated by both Epac and PKA. Rap1 participates in neuro-
tensin secretion (8) and may be involved in parotid amylase
release (21, 22) downstream of both PKA and Epac signaling
pathways. However, our current study demonstrated that in
acinar cells Rap1 is activated by Epac1, Ca2�, and DAG, but not
by PKA (Figs. 2 and 3). One explanation for this difference
appears to be whether or not PKA has a relevant role in exocy-
totic process. In those cells in which Rap1 is activated by both
Epac and PKA, PKA is required for exocytosis. In neuroendo-
crine BON cells, PKA is involved in neurotensin secretion,
since the PKA inhibitor H-89 reduced forskolin-induced neu-
rotensin release (8). In parotid acinar cells, cAMP is the primary
signal for amylase release, and PKAphosphorylation of the pro-
teins associated with regulated exocytosis is one of the critical
events in this process (38). By contrast, in mouse pancreatic

acinar cells, PKA does not appear to
participate in the process. Although
PKA catalyzes the phosphorylation
of regulatory proteins associated
with pancreatic exocytotic process
(43, 44), our current study showed
that the Epac1/Rap1 pathway, but
not the PKA pathway, has a relevant
role in cAMP-stimulated amylase
release (Fig. 8,C andD). Altogether,
the data and earlier work indicate
that in mouse pancreatic acinar
cells, both cAMP/PKA and cAMP/
Epac1/Rap1 pathways co-exist but
appear to act in distinct process.
Despite considerable structural

similarity, both Epac1 and Epac2
appear to be functionally different.
Several lines of evidence show that
Epac1 acts through pathways
involving direct protein-protein
interaction with Rap1, whereas
Epac2 acts through other proteins,
such as Rim2 (Rab3-interacting
molecule 2) and Piccolo. In mouse
epididymal spermatozoa heads,
Epac1 interacts with Rap1, inducing
its activation (45). In hematopoietic
cells, the Epac1/Rap1 pathway reg-
ulates cellular adhesion and chemo-
taxis (46, 47). In pancreatic �-cells,
Epac2 interacts with Rim2 (48) as
well as Piccolo and then forms a

Epac2-Rim2-Piccolo complex that regulates Ca2�-dependent
exocytosis mediated by ryanodine-sensitive Ca2� channels, an
important event in cAMP-induced insulin secretion (12, 49).
Although Epac1 has also been implicated in the regulation of
insulin secretion (13), recently, Shibasaki et al. (23) showed that
in pancreatic �-cells, Rap1 is downstream of Epac2 and is
involved in the regulation of insulin secretion. Our observation
that Epac2 is not present in pancreatic acini (Fig. 4B) is consist-
ent with the lack of proteins on zymogen granules that com-
monly interact with Epac2, Rim2, and Piccolo (20). These
results suggest that two different types of Epac-mediated exo-
cytosis exist, those activated by the cAMP/Epac1 pathway and
those activated by the cAMP/Epac2 pathway, and that the par-
ticipation of one or another functional pathway depends on
which subtype of Epac protein is present in the cell.
Several reports show that Epac has different localization,

depending on the cell type. Epac1 is localized in the acrosomal
region of the sperm head and is associated with Ca2�-induced
acrosomal exocytosis (50). In addition, in parotid acinar cells,
where Epac1 has also been linked to the exocytotic process,
Epac1 is localized in the intracellular and plasma membrane
fractions (22). By contrast, in neuroendocrine line PC12 and
thyrocyte cells, Epac subcellular localization is at the nuclear
membrane but not at the plasmamembrane (51, 52). In pancre-
atic �-cells, Epac2 and Rap1 are co-localized with insulin (23,
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FIGURE 8. GTP-Rap1 is involved in evoked pancreatic amylase release. �-Galactosidase (�-Gal; vector con-
trol) and Rap1GAP-overexpressing acini were stimulated with different concentrations of either CCK (A), car-
bachol (B), and cAMP-evoked secretagogues (C) for 30 min, and amylase release was measured. An inhibition
of amylase secretion (40%) was observed when the Rap1GAP-overexpressing acini were stimulated with high
concentrations of either CCK or carbachol. In addition, Rap1GAP overexpression decreased 8-Br-cAMP-, CPT-
Me-cAMP-, and VIP-stimulated amylase secretion by 60%. Data shown are means � S.E. (4 – 6 experiments) of
amylase release expressed as a percentage of total. �, �-galactosidase-expressing cells; f, Rap1GAP-overex-
pressing cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus control; †, p � 0.05; ††, p � 0.01 versus CCK,
carbachol, 8-Br-cAMP, CPT-Me-cAMP, or VIP response in �-galactosidase-expressing cells. D, pancreatic acini
were preincubated for 10 min with the PKA inhibitor H-89 and then stimulated with 8-Br-cAMP, CPT-Me-cAMP,
or VIP. Secretagogue-stimulated amylase release was not modified in the presence of the inhibitor. Data shown
are means � S.E. (four experiments) of amylase release expressed as a percentage of the total. *, p � 0.05 versus
control; †, p � 0.05 versus 8-Br-cAMP or VIP.
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53) and shown tomediate cAMP-dependent PKA-independent
exocytosis. In the current study, using immunohistochemistry,
we show that both Epac1 and Rap1were co-localizedwith amy-
lase present in zymogen granules in either nonstimulated or
stimulated conditions (Fig. 4D). Using subcellular fraction-
ation, we found that Rap1 is localized on zymogen granule
membranes, which is consistent with its attachment to the
membranes by a geranylgeranylated moiety (54). By contrast,
Epac1 is more likely to be associated with zymogen granule
membranes through protein-protein interaction (Fig. 4C). In
addition, we showed that in stimulated conditions, both Epac1
and Rap1 do not translocate to the cytosol. These findings indi-
cate that the localization of Rap1 and Epac1 in zymogen gran-
ules in nonstimulated and stimulated conditions may promote
their interaction. Pancreatic acinar exocytosis involves several
distinct stages, namely tethering, docking, or formation of the
soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor complex (priming), culminating in the fusion
of zymogen granules with the luminal plasma membrane of
the acinar cells (28). Since the most known small GTP-bind-
ing proteins, Rab proteins, are implicated in tethering/dock-
ing steps (17, 55), both Rap1 and Epac1 may participate in
some step of exocytosis.
A number of small GTP-binding proteins have been shown

to be involved in the regulation of pancreatic exocytosis (15–

20). However, there is limited understanding of the molecular
mechanisms involved. A possibility that has been considered is
that the activation of Rap1 causes a fusion between zymogen
granules and plasma membrane mediated by cytoskeleton.
Rap1 could facilitate the movement of zymogen granules dur-
ing exocytotic process and/or regulate the exocytotic event
through interactions with proteins located on cytoskeleton.
The presence of Rap1 on zymogen granule membranes (Fig.
4C) and the participation of Rap1 in cytoskeletal assembly in
human platelets (56, 57) support this possibility. In accordance
with this hypothesis, both Rac and Rho, two other small GTP-
binding proteins belonging to Rho superfamily, have been
implicated in the regulation of CCK-induced amylase release
through an actin cytoskeleton-dependent cellular process (26),
suggesting the cytoskeleton as a possible target for the action of
multiple GTP-binding proteins, including Rap1 in pancreatic
acinar cells.
The current report not only helps elucidate the physiological

significance of Rap1 but also sheds light on the mechanisms
involved in the exocytotic process of zymogen granules. We
conclude that Rap1 belongs to a group of diverse small GTP-
binding proteins involved in the regulation of exocrine secre-
tory process. Rap1 not only mediates the action of cAMP on
amylase release with Epac1 as an intermediate but is also
involved in CCK- and carbachol-stimulated amylase secretion,
probably via CalDAG-GEF III. It can be activated by multiple
secretagogues and second messengers, playing a critical role as
a common effector protein for cAMP/Epac1, PLC/IP3/Ca2�,
and PLC/DAG pathways.
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