
PKD3 Is the Predominant Protein Kinase D Isoform in Mouse
Exocrine Pancreas and Promotes Hormone-induced
Amylase Secretion*□S

Received for publication, March 3, 2008, and in revised form, October 14, 2008 Published, JBC Papers in Press, November 21, 2008, DOI 10.1074/jbc.M801697200

L. Andy Chen‡, Jing Li‡§, Scott R. Silva‡, Lindsey N. Jackson‡, Yuning Zhou‡, Hiroaki Watanabe‡, Kirk L. Ives‡,
Mark R. Hellmich‡§, and B. Mark Evers‡§1

From the ‡Department of Surgery and §Sealy Center for Cancer Cell Biology, The University of Texas Medical Branch,
Galveston, Texas 77555-0536

The protein kinase D (PKD) family of serine/threonine kinases,
which can be activated by gastrointestinal hormones, consists of
threedistinct isoforms thatmodulate a varietyof cellularprocesses
including intracellular protein transport aswell as constitutive and
regulated secretion. Although isoform-specific functions have
been identified inavarietyof cell lines, theexpressionand function
of PKD isoforms in normal, differentiated secretory tissues is
unknown. Here, we demonstrate that PKD isoforms are differen-
tially expressed in theexocrine andendocrine cells of thepancreas.
Specifically, PKD3 is the predominant isoform expressed in exo-
crine cells of the mouse and human pancreas, whereas PKD1 and
PKD2 are more abundantly expressed in the pancreatic islets.
Within isolated mouse pancreatic acinar cells, PKD3 undergoes
rapid membrane translocation, trans-activating phosphorylation,
andkinaseactivationaftergastrointestinalhormoneorcholinergic
stimulation.PKDphosphorylation inpancreaticacinarcellsoccurs
via a Ca2�-independent, diacylglycerol- and protein kinase C-de-
pendentmechanism.PKDphosphorylation can also be inducedby
physiologic concentrations of secretagogues and by in vivo stimu-
lation of the pancreas. Furthermore, activation of PKD3 potenti-
atesMEK/ERK/RSK (RSK, ribosomal S6 kinase) signaling and sig-
nificantly enhances cholecystokinin-mediated pancreatic amylase
secretion. These findings reveal a novel distinction between the
exocrine and endocrine cells of the pancreas and further identify
PKD3 as a signaling molecule that promotes hormone-stimulated
amylase secretion.

Protein kinase D (PKD),2 a serine/threonine kinase family
with a catalytic domain homologous to the Ca2�/calmodulin-

dependent kinase domain and two cysteine-rich phorbol ester
binding domains similar to those of protein kinase C (PKC), is a
physiologically important downstream mediator of diacylglyc-
erol (DAG) signal transduction (1, 2). The mammalian PKDs
include three members, PKD1, PKD2, and PKD3, which dem-
onstrate different expression patterns and functions depending
on the cell type and external signal stimuli. PKDs are ubiqui-
tously expressed, but levels of individual isoforms vary with
developmental stage and cell type (3). PKD proteins are
reported to localize in the cytosol, Golgi, nucleus, and vesicle
structures (4–9). Activation of PKDs results in a dynamic trans-
location among subcellular compartments (10, 11). Expression
of multiple isoforms in different cell types and in different sub-
cellular localizations suggests that individual PKD isoforms
may serve specific functions. The majority of findings demon-
strating the diverse expression patterns and functions of PKD
have been described using established cell lines (4–9, 12). How-
ever, little is known about PKD isoform expression and func-
tion in normal differentiated cells and tissues.
Recent functional studies have shown that PKD isoforms dif-

ferentially regulate exocytic protein trafficking and cargo spec-
ificity (9, 12–14). Furthermore, PKD isoforms are differentially
activated by oxidative stress signaling via PKC�-mediated tyro-
sine phosphorylation (15). In each of these studies, PKD3 was
found to have a regulatory mechanism or cellular function dis-
tinct from that of PKD1 and PKD2. Unlike the other two iso-
forms, PKD3 lacks the N terminus hydrophobic domain or the
C terminus PDZ binding motif and contains divergent PH
(pleckstrin homology) and C1 domains, which are important
for regulating its catalytic activity (12, 16, 17). Current knowl-
edge of the physiologic function of PKD3 is limited. It has been
demonstrated using kinase-inactivemutants that PKD3 activity
is required for basolateral exocytosis in Madin-Darby canine
kidney cells (13). PKD3 has also been implicated in the epige-
netic control of chromatin by regulating class II histone
deacetylases in B lymphocytes (18). Furthermore, PKD3 was
found to be a specific regulator of glucose transport in skeletal
muscle cells (19).
The exocrine pancreas is highly specialized for the synthesis,

storage, and exocrine secretion of digestive enzymes and bicar-
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bonate-rich fluid (20). More than 90% of the newly synthesized
proteins in the pancreas is targeted to the secretory pathway
(21). In addition, the pancreas contains a variety of endocrine
cells localized to the islets which secrete peptide hormones.
Numerous steps in the secretory pathway are modulated by
DAGsignaling,which promotes secretion bymaintainingGolgi
function and/or activatingDAG receptor kinases such as PKCs,
which are regulators of exocytic proteins (1, 22–25). PKD is also
critical for DAG-mediated secretion, as it is recruited by DAG
to the trans-Golgi network, where it phosphorylates the lipid
kinase phosphatidylinositol 4-kinase to initiate the process of
vesicle fission (9, 26). Gastrointestinal (GI) hormones such as
cholecystokinin (CCK), gastrin, neurotensin (NT), and bomb-
esin (BBS)/gastrin-releasing peptide are potent regulatory pep-
tides that modulate pancreatic function (27, 28). They are
known to activate PKDs to promote cell proliferation and sur-
vival in gut epithelial cells (29–32); however, the role of PKDs in
modulating the secretory actions of GI hormones is unknown.
Although the PKD isoforms have been reported to be

expressed in secretory tissues such as salivary glands, adrenal
glands, intestinal mucosa, and the pituitary (3, 5, 33), the role of
PKD in the process of regulated secretion remains poorly
understood. Previously, we demonstrated that PKD1 mediates
NT peptide secretion from a pancreas-derived neuroendocrine
cell line, BON, and that PKD1 activation is regulated by PKC
and Rho/Rho kinase pathways (4); PKD1 and PKD2 isoforms
are highly expressed in this endocrine cell line with little to no
PKD3 expression, thus suggesting that PKD1/2may be the pre-
dominant isoforms for endocrine secretion. The distribution
and role of PKD isoforms in the pancreas, an organ with both
exocrine and endocrine functions, is not known. Interestingly,
we demonstrate that in both human and mouse pancreas,
PKD3 is the predominant PKD isoform expressed in the exo-
crine acini, whereas PKD1 andPKD2 aremore highly expressed
in endocrine islets. PKD3 is catalytically activated by GI hor-
mone stimulation of the pancreas, and its activation is depend-
ent on CCK1/2 receptor binding and on DAG/PKC activity.
PKD3 overexpression in mouse pancreatic acinar cells signifi-
cantly increased CCK-mediated pancreatic amylase secretion,
suggesting that PKD3, in concert with other signaling mole-
cules, contributes to stimulated amylase secretion. Our find-
ings reveal a distinct expression pattern in the exocrine and
endocrine cells of the mouse and human pancreas and identify
PKD3 as a novelDAG-activatedmediator of the exocrine secre-
tory process in response to GI hormone signaling.

EXPERIMENTAL PROCEDURES

Materials—All reagents and antibodies used in this study are
described in supplemental Table 1.
Tissues and Immunohistochemistry (IHC)—Mouse pancreas

and salivary glands from C57BL/6 and Swiss-Webster male
mice (4–6months old) and agedC57BL/6mice (22–24months
old)were used for RT-PCR,Western blotting, and IHCanalysis.
Pancreas from Sprague-Dawley male rats (100–150 g) were
used for RT-PCR andWestern blotting. All tissues were imme-
diately frozen in liquid nitrogen after resection and stored at
�80 °C. All procedures were approved by the Institutional Ani-
malCare andUseCommittee and the Internal ReviewBoard for

Use of Human Materials at the University of Texas Medical
Branch and are in accordancewithNational Institutes ofHealth
guidelines. IHC stainingwas performed by the dextran polymer
method using Dako EnVision� system as we have previously
reported (34). Pancreatic or salivary tissues were dissected and
fixed in 10% neutral-buffered formaldehyde for 2 days and
embedded in paraffin. Serial sections of paraffin-embedded
specimenswere deparaffinized in xylene, hydrated in 100% eth-
anol, and placed in Tris-buffered saline. Antigen retrieval was
performed by incubating the specimens in 10 mM citrate (pH
6.0) in a heated microwave. Endogenous peroxidase was
blocked by treatmentwith 0.03%H2O2 for 5min. Serial sections
of pancreatic tissues were incubated overnight with the anti-
PKD1/2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
(1:50–1:200) or the anti-PKD3 antibody (Bethyl Laboratories,
Montgomery, TX) (1:50–1:200). After rinsing in Tris-buffered
saline, the specimens were then incubated with peroxidase-la-
beled secondary antibody for 30 min, washed, and then treated
withDABchromogen solution.Afterwashing in distilledwater,
specimens were counterstained with hematoxylin.
RNA Isolation and RT-PCR—Total RNA was prepared from

resected whole mouse pancreas or isolated pancreatic acini
using theQiagen RNeasy RNA isolation kit (Valencia, CA) with
DNase digestion. RNA samples are quantified using a Nano-
drop Spectrophotometer (Wilmington, DE) and qualified using
the Agilent 2100 Bioanalyzer (Santa Clara, CA). Conventional
RT-PCR was performed using the Roche Titan One Tube RT-
PCR system (Indianapolis, IN) following the manufacturer’s
recommendations. Reverse transcription was conducted at
50 °C for 30 min from 500 ng of purified RNA followed by 30
cycles of standard PCR (95 °C, 30 s; 54 °C, 30 s; 68 °C, 40 s).
RT-quantitative PCR was performed by previously published
methods (35). Briefly, cDNA synthesis was performed using the
reagents in the Taqman RT kit (25 °C, 10 min; 48 °C, 30 min;
95 °C, 5 min). Quantitative-PCR amplifications (performed in
triplicate) were performed using 2 �l of cDNA with 250 nM
TaqMan MGB probes and 900 nM primers. PCR assays were
conducted in the ABI Prism 7000 System (50 °C, 2 min; 95 °C,
10min; 40 cycles of 95 °C, 15 s and 60 °C, 1min). Relative quan-
tifications using either the standard curve method (primer set
1) or the comparative Ctmethod (primer set 2) were performed
following the manufacturer’s recommendations. The relative
efficiency of RT-PCR reactions from primer pair set 1 was con-
trolled by comparing the Ct values of each reaction to a stand-
ard curve constructed using known amounts of synthetic Neil2
transcript. For the comparative Ct method, endogenous 18 S
RNA levels were used as an active reference to normalize for
different amounts of RNA. The PCR primer sequences are
listed in supplemental Table 2.
Isolation of Mouse, Rat, and Human Pancreatic Acini—Pan-

creatic acini were isolated from C57BL/6 or Swiss-Webster
malemice (4–6months old) or fromSprague-Dawleymale rats
(100–150 g) as reported previously using collagenase digestion
(34). The perfused pancreas was dissected, minced, and trans-
ferred to prewarmed oxygenated phosphate buffered saline
with Ca2� and Mg2� containing 0.1% bovine serum albumin,
0.01% (w/v) soybean trypsin inhibitor, and type IV collagenase
(0.25 mg/ml). The minced pancreas was incubated at 37 °C for
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8min with vigorous pipeting and then washed with fresh phos-
phate-buffered saline and filtered through 100-�m mesh. For
secretions studies, acini were cultured in suspension in DMEM
with 0.1% fetal bovine serum (FBS), 0.25mg/ml soybean trypsin
inhibitor. For all other studies, isolated acini were cultured on
laminin-coated dishes. The isolated human pancreatic acini
and pancreatic islets were obtained from the National Diseases
Research Interchange (Philadelphia, PA); cell isolations were
from deceased donors with no history of pancreatic disease.
The cells were received and cultured in DMEM (acini) or RPMI
(islets) �10 h after isolation.
Cell Culture and Transfections—The AR42J, Panc-1, and

HEK293 cell lines were obtained from the American Type Cul-
ture Collection (Manassas, VA). Plasmids encoding wild type
PKD1 (pME-Py-GST-PKD1-WT), PKD2 (pME-Py-GST-
PKD2-WT), and PKD3 (pME-Py-GST-PKD3-WT)were kindly
provided by Dr. Vivek Malhotra (University of California San
Diego, La Jolla, CA). HEK293 cells were stably transfected with
CCK2 receptor construct using Lipofectamine Plus Reagent
(Invitrogen) and selected using a fluorescence-activated cell
sorter-Vantage cell sorter as described previously (36). HEK293
CCK1R cells were kindly provided by Dr. Vincent Wu (UCLA,
Los Angeles, CA). Stably transfected HEK293 cells were subse-
quently maintained in G418 (400 �g/ml). BON cells were cul-
tured in a 1:1 mixture of DMEM and nutrient mixture, F12K,
supplemented with 5% heat-inactivated FBS. MC-26 cells and
isolated human islets were cultured in RPMI 1640 supple-
mented with glutamine (2 mM) and 10% FBS. AR42J, Panc-1,
and HEK293 cells were cultured in DMEM supplemented with
10% FBS. All cells were cultured at 37 °C in a humidified 95%
air, 5% CO2 atmosphere.
Viral Vectors and Infection—Recombinant adenovirus

expressingwild type (WT)-PKD3was kindly provided byDr.Q.
Jane Wang (University of Pittsburgh, Pittsburgh, PA). Isolated
acini were infected with PKD3 adenovirus at titers of between
105 and 108 infectious units/ml in serum-free DMEM. After 90
min of incubation at 37 °C, 0.1%FBSDMEMwas added, and the
acini cultures were continued for 15–24 h before harvesting for
assays. An adenovirus expressing the green fluorescent protein
was used as a transfection control, and a null-adenovirus with-
out a transgene and Ad-CMV-LacZ adenovirus expressing the
�-galactosidase transgene were used as experimental controls.
Recombinant short hairpin RNA lentivirus expressing PKD3-
specific RNA interference (RNAi) target sequences were
obtained from Sigma. Initial screening for RNAi activity was
performed by transducingMC-26 cells and selecting stable cell
lines with puromycin according to standard techniques (37).
The selected target sequence for acinar cell transduction was
CCGGGCATTTATGTACCCACCAAATCTCGAGATTTG-
GTGGGTACATAAATGCTTTTT. The non-targeting nega-
tive control short hairpin RNA lentivirus was obtained from
Sigma. Isolated pancreatic acinar cells seeded in 12-well plates
were transduced with either control or target sequence after
infection with lentivirus (0.5 to 1.5 � 106 transducing units/
well). Acinar cell culturemediumwas changed to freshmedium
approximately every 12 h. Transduction efficiency and target
protein knockdownwere determined byWestern blotting after
24–48 h.

Immunoprecipitation and PKD Kinase Assays—Acinar cell
proteins (50 �g) were incubated with PKD3 antibody (1:50) on
a shaker for 2 h at 4 °C followed by another 2 h of incubation
with 30 �l of protein A-Sepharose beads at 4 °C. The immuno-
complexes were suspended in 20�l of kinase buffer. The kinase
reaction, with or without 2.5 �g of syntide-2 as peptide sub-
strate, was started by adding 5 �Ci of [�-32P]ATP and incu-
bated for 10 min at 30 °C as we have previously described (4).
Phosphorylation of peptide substrates was then evaluated by
adsorption onto P81 phosphocellulose paper followed by scin-
tillation counting to measure radioisotope incorporation.
Immunofluorescence Staining and Confocal Microscopy—

Cells were cultured on laminin-coated glass cover slips. After
agonist treatment, cells were subjected to immunofluorescent
staining and analysis by confocal microscopy as described pre-
viously (4). Cells were fixed with 4% paraformaldehyde for 20
min at 37 °C, permeabilized with 0.3% Triton, and then incu-
bated with primary antibodies for 1 h at room temperature,
washed, and incubated with Alexa 488-conjugated secondary
antibodies for 30 min. The fluorescence of immunoreactivity
was observed by a LSM 510META confocal system configured
with a fluorescent and an Axiovert 200M inverted microscope
(Zeiss, Jena, Germany). The image acquisition was performed
using the Zeiss LSM510 work-station (Version 3.0) and the
Zeiss Image Browser (Version 3.1) software.
Acinar Cell Secretion Assays—CCK-stimulated secretions

were collected and assayed as described previously (38). Briefly,
infected and control acini were washed and resuspended in
Krebs-Henseleit buffer (KHB) (142 mM NaCl, 23.8 mM
NaHCO3, 4.83 mM KCl, 0.96 mM KH2PO4, 1.20 mM MgSO4,
12.5 mM HEPES, 5 mM glucose, and 2.2 mM CaCl2, pH 7.4).
After 30min of incubation in freshKHB, aciniwere divided into
background, basal (non-stimulated) secretion, and stimulated
secretion groups. Background medium was collected at time 0
after resuspension in KHB. Basal and stimulated secretion
media were collected after 30 min at 37 °C. Acinar cell pellets
were collected and sonicated in KHB and then diluted 1:10 for
determination of total amylase activity. Amylase activity was
measured using the Phadebas reagent (39). Basal or stimulated
amylase activities were determined after subtracting the zero-
minute background amylase activity. Results were expressed as
percentage of total amylase activity.
Intracellular Calcium Imaging—Single acinar cell recordings

of agonist-mediated increases in intracellular calcium ([Ca2�]i)
was performed as described previously (40). Briefly, cells were
washed in KHB and then loaded with 2.5 �M concentrations of
the calcium sensing dye Fura-2 AM ester (Molecular Probes,
Eugene, OR) with 0.055 Pluronic F-127 (w/v) for 50 min at
25 °C. Changes in [Ca2�]i were monitored with a Nikon Dia-
phot inverted microscope (Nikon Instrument Group, Garden
City, NY) equipped with a Nikon 40� (1.3NA) Neofluor objec-
tive. The fluorescent light source was a PTI DeltaScan RD-1
ratio fluorescence spectrometer system equipped with a light-
path chopper and dual-excitation monochromators. The
Fura-2 was alternately excited at 340 and 380 nm, and fluores-
cence emission was monitored through a 510-nm bandpass fil-
ter (Omega) with a Roper Coolsnap EZ digital camera (Photo-
metrics, Tucson, AZ).
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Protein Preparation and Western Blotting—Cultured cells
were washed with phosphate-buffered saline, lysed with Tris
lysis buffer, and subjected toWestern blotting as described pre-
viously (34). Protein lysates were resolved on NuPAGE 4–12%
Bis-Tris gels and electrophoretically transferred to polyvinyli-
dene difluoride membranes. Nonspecific binding sites were
blocked with 5% dried skimmed milk in Tris-buffered saline-
Tween for 1 h at room temperature, then membranes were
incubated with primary antibodies
overnight at 4 °C followed by sec-
ondary antibodies (1:10,000) conju-
gated with horseradish peroxidase.
Membranes were developed using
the ECL detection system. For den-
sitometric analysis, immunoblots
were captured and analyzed using
the Image J software (National Insti-
tutes of Health).
Statistical Analysis—Amylase re-

lease expressed in percentage of
total amylase was analyzed using
analysis of variance for a two-factor
factorial experiment. The two fac-
tors were virus (PKD3, �-galacto-
sidase, mock) and CCK concentra-
tion (none, 10�11, 10�10, 10�9, 10�8

M CCK). Main effects and interac-
tion were assessed at the 0.05 level
of significance. Multiple compari-
sons were conducted using Fisher’s
least significant difference proce-
dure with Bonferroni adjustment
for the number of comparisons. Sta-
tistical computations were carried
out using SAS 9.1� (SAS Institute
Inc.).

RESULTS

Differential Expression of PKD Iso-
forms in the Pancreas—The novel
PKD proteins have important roles
in constitutive and regulated secre-
tion (4, 13, 14). The pancreas is a
complex secretory tissue that con-
tains both endocrine cells, which
secrete hormones (e.g. insulin, glu-
cagon), and exocrine cells, which
secrete digestive enzymes (e.g. amy-
lase). We have previously identified
a critical role for PKD1 in stimu-
lated hormone secretion from the
BON endocrine cell line (4). To
extend these findings and to delin-
eate the potential roles of the PKD
isoforms in the pancreas, we first
examined PKD isoform expression
in the pancreas. Total RNA was
purified from C57BL/6 and Swiss-

Webster mice pancreas for real time RT-PCR analysis. Quanti-
fication using the standard curve method revealed consistent
differences in the relative abundance of each PKD isoform. The
results were confirmed using two different primer sets that
expand non-overlapping regions of each PKD transcript (Fig.
1A). Surprisingly, PKD3 was noted to be the most abundant
isoform, whereas PKD1 and PKD2 were found to be expressed
at relatively low levels in the pancreas, although all three tran-
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scripts were detectable by conventional RT-PCR (data not
shown). Because the majority of pancreatic parenchyma con-
sists of exocrine acini, high levels of PKD3 expression may
reflect its distribution in the acinar cells. Consistent with this
hypothesis, PKD3 expression levels were significantly higher
than PKD1 andPKD2 levels in isolated acini (Fig. 1B, left panel);
insulin gene expression was analyzed to quantify the purity of
the isolated acini (Fig. 1B, right panel). A similar pattern of
expression was noted in both young (4–6-month) and aged
(22–24-month) C57BL/6 mice, demonstrating that age did not
affect PKD expression in the pancreas. Our data show that pan-
creatic acini mainly express the PKD3 isoform, and this is
reflected in the high level of PKD3 gene expression in whole
pancreas.
Next, we performedWestern blotting and IHCutilizing PKD

isoform-specific antibodies. The specificity of various PKD
antibodies was tested against exogenous expression of different
members of the PKD family using Western blot analysis (Fig.
1C, left panel). Anti-PKD1 and PKD2 antibodies detected their
respective proteins, but significant cross-reactionwas noted. In
contrast, neither anti-PKD1 nor anti-PKD2 detected GST-
PKD3, whereas the PKD3 antibody only recognized GST-
PKD3. We then utilized these antibodies to examine tissue-
specific expression of PKD proteins in the mouse. As shown
in Fig. 1C (right panel), endogenous PKD1 and PKD2 expres-
sion was noted in the brain, heart, spleen, and pancreas, but not
in the liver or pancreatic acini. In contrast, PKD3 was the main
isoform in the liver and pancreatic acini. This result was con-
firmed by using two different antibodies for PKD1/2 to demon-
strate the same pattern of tissue expression in both young and
aged C57BL/6 mice (data not shown). Our data suggest differ-
ential distribution of PKD proteins in acini versus non-acinar
components of the pancreas. We postulate that PKD3 is
expressed in the exocrine acinar cells, whereas PKD1/2 is
mainly expressed in non-acinar cells such as endocrine islets.
To examine the distribution pattern of PKDs in intact pan-

creatic tissues, IHC was performed to compare expression in
the acinar, islet, and ductal cell types. In the mouse pancreas,
the anti-PKD1/2 antibody stained mainly the endocrine islets
with weak staining in the surrounding acinar compartments
(Fig. 1D). In contrast, the anti-PKD3 antibody stained strongly
in the acinar compartment and the islet clusters. This staining
pattern was noticeably different from that of PKD1/2 staining.
Duct cell epithelia and surrounding stroma were largely nega-
tive for PKD3 staining. The differential pattern of staining was
observed in both C57BL/6 and Swiss-Webster mice. The IHC

analysis of mouse tissues demonstrates the islet-specific
expression of PKD1/2 and the strong expression of PKD3 in
pancreatic acini.
To directly confirm the differential distribution of PKD pro-

teins in human pancreas, we utilized freshly isolated human
pancreatic acini and isolated pancreatic islets obtained from
organ donors provided by the National Diseases Research
Interchange. The purity of human pancreatic cell isolates was
confirmed by the specific expression of �-amylase in isolated
acini and Pdx-1, a transcription factor normally restricted to
the islets of Langerhans in the adult pancreas (42), in isolated
islets. As shown in Fig. 1E, PKD1 and PKD2 proteins weremore
strongly expressed in human islets than in acini, whereas PKD3
was predominantly expressed in acini with lower expression in
islets. Taken together, our results demonstrate that PKD iso-
forms are differentially expressed in exocrine and endocrine
cells of normal mouse and human pancreas, with PKD3 as the
predominant isoform in exocrine acini.
The finding of relatively low levels of PKD1 expression in the

mouse and human pancreas was surprising considering the
recent report that PKD1 is expressed and activated in rat pan-
creatic acinar cells (43). To examine PKD expression pattern in
the rat pancreas, we utilized RT-PCR and Western blotting.
Similar to the findings by Berna et al. (43), PKD1 was the most
abundant PKD isoform in the rat pancreas (supplemental Fig.
1A). PKD3 expression was noted in the whole pancreas but not
in the isolated acini (supplemental Fig. 1B). Therefore, it
appears that the PKD expression pattern is different in the rat
compared with the mouse and human pancreas.
PKD3 Is the Predominant Isoform in Exocrine Salivary Gland

Acini—Given our results regarding the marked PKD3 expres-
sion in the mouse pancreas, we hypothesized that a similar
expression pattern would be noted in the salivary glands which,
like the pancreas, contain exocrine acini that secrete amylase.
The three salivary glands (parotid, submandibular, and sub-
maxillary glands) from mice were excised and analyzed by RT-
PCR, Western blotting, and IHC. Consistent with our findings
regarding PKD in the exocrine pancreas, PKD3 is also the pre-
dominant PKD gene expressed in the salivary glands of
C57BL/6 and Swiss-Webster mice (Fig. 2A). Furthermore,
Western blot analysis of salivary glands revealed an expression
pattern similar that of pancreatic acini with PKD3 the most
abundantly expressed PKD protein andminimal to no PKD1 or
PKD2 (Fig. 2B). IHC analysis of submandibular gland tissues
demonstrated that PKD3 protein expression was localized in
the serous acini, which secrete amylase, but not the mucous

FIGURE 1. Expression pattern of PKD isoforms in the mouse pancreas. A, quantitative RT-PCR analysis of C57BL/6 (C57) and Swiss-Webster (SW) mouse
pancreas using two different primer sets specific for PKD1–3 genes. Results from primer set 1 (left panel) and primer set 2 (right panel) are shown. Results are the
means � S.E. for triplicate assays from each animal. Similar expression patterns were observed in at least five C57 and five SW mice. B, quantitative RT-PCR
analysis of whole pancreas (WP) and isolated acini using primer set 1. WP RNA was isolated from C57 pancreas. Insulin-1 gene expression was used to detect
islet cell contamination. Results represent means � S.E. for triplicate assays. Similar pattern of expression was observed in at least five acinar preparations.
C, Western blot analysis of PKD protein expression in mouse tissues. The specificity of anti-PKD antibodies was examined by probing the overexpressed
proteins from plasmids coding for pcDNA3, pGST-PKD1, pGST-PKD2, or pGST-PKD3 in BON cells (left panel). Homogenized proteins (100 �g) were obtained
from perfused C57 mouse brain, heart, liver, spleen, pancreas, and isolated pancreatic acini and analyzed by Western blotting. Total cell lysates were probed
with anti-PKD antibodies on parallel blots. �-Actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were probed as loading controls (right panel).
D, immunohistochemical staining detects the expression of PKD1/2 in islets and the expression of PKD3 in acini plus islets in C57 mouse pancreas. Results are
representative of at least 10 animals. H&E, hematoxylin and eosin. Arrowhead, positive-staining islet cells; A, acinar cell; I, islet (original magnification 100�;
enlarged magnification 200�). E, Western blot analysis of PKD proteins in isolated human pancreatic acini and islets from two different donors. Cells were
cultured in DMEM (Acini) or RPMI (Islets) for 4 h and then sonicated in lysis buffer. Total cell lysates were probed with anti-PKD antibodies on parallel blots along
with acinar (�-amylase) and islet (Pdx-1) loading controls.
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acini (Fig. 2C). The finding that PKD3 is the abundant isoform
found in salivary glands and that PKD1 or PKD2 is not strongly
expressed in these tissues is consistent with our hypothesis that
PKD3 is the predominant isoform in mouse exocrine tissues.
Secretagogue Stimulation Promotes PKD3 Translocation,

Phosphorylation, and Kinase Activation in Pancreatic Acinar
Cells—PKD3 is a novel member of the DAG-activated PKD
family and is the least well characterized isoform. GI hormones
such as CCK, gastrin, NT, and BBS/gastrin-releasing peptide
can activate theDAG/PKCpathway in pancreatic acinar cells to
regulate proliferation and secretion (27, 28). To determine
whether PKD3 can be activated by GI hormone stimulation, we
examined three processes that occur upon PKD activation; that
is, translocation to cellular membranes, activation-loop phos-
phorylation, and increases in serine/threonine kinase activity
(11, 17). First, immunocytochemistry was performed by
immunofluoresence staining using the PKD3-specific antibody

and visualized by confocal micros-
copy. PKD3 is reported to localize in
the nucleus, trans-Golgi network,
and vesicle structures (7, 13, 44).
Within non-stimulated pancreatic
acinar cells, PKD3 showed minimal
staining at the cell membrane or
nucleus but showed overlap with
VAMP2 staining, indicating partial
co-localization of these proteins in
the secretory vesicles (supplemental
Fig. 2A). VAMP2 contributes to the
process of exocytosis (45, 46) and
is expressed on zymogen granule
membranes in pancreatic acinar
cells (47). By comparison, PKD3
immunoreactivity in the cytosol
showed little association with Golgi
markers (supplemental Fig. 2B).
After stimulation with CCK (10 nM)
for 5 min, distinct PKD3 staining
was noted in the plasmamembranes
of pancreatic acini (Fig. 3A). This
plasma membrane staining was
confirmed by partial co-localization
of PKD3with the adherens-junction
membrane marker E-cadherin in
CCK-stimulated cells. Our results
indicate that PKD3 undergoes
rapid membrane translocation in
response to CCK stimulation.
In addition tomembrane translo-

cation, PKD3 activation involves
binding of DAG to its regulatory
domain and phosphorylation of two
activation-loop serine residues in
the catalytic domain (44, 48). To
examine the effect of GI hormones
on PKD phosphorylation, we uti-
lized an activation-loop antibody
which specifically recognizes

Ser(P)744/748 in PKD1, Ser(P)707/711 in PKD2, and Ser(P)730/734
in PKD3. As shown in Fig. 3B (left panel), CCK (10 nM), BBS
(100 nM), carbachol (1 �M), or gastrin (100 nM) each induced
phosphorylation of PKD in mouse pancreatic acini. A similar
phosphorylation pattern was observed in the rat acinar tumor
cell line AR42J (Fig. 3B, middle panel). However, unlike the
primary isolated acini, the AR42J cell line demonstrates strong
total PKD1/2 expression; thus, PKD activation inAR42Jmay be
mediated by PKD1/2. The human pancreatic cancer cell line,
Panc-1, which is derived from pancreatic duct cell origin,
responded to 100 nM NT with PKD phosphorylation but not to
the other agonists (Fig. 3B, right panel). These findings suggest
that, in terms of PKD signaling, cells of acinar origin respond
differently toGI hormones comparedwith cells of ductal origin.
The activation of individual GI hormone receptors on different
pancreatic cell types may determine whether PKD is phospho-
rylated in response to hormone stimulation.

FIGURE 2. Expression pattern of PKD isoform in exocrine salivary glands. A, quantitative RT-PCR analysis of
C57BL/6 (C57) and Swiss-Webster (SW) male mouse salivary glands using primer set 1 targeting PKD1–3 genes.
Results represent the means � S.E. for triplicate assays from each animal. B, Western blot analysis of PKD
protein expression in salivary glands. Whole pancreas, isolated acini, and salivary tissue lysates from C57 mice
were probed with anti-PKD antibodies on parallel blots. Two different anti-amylase antibodies and the �-actin
antibody were used as loading controls. C, immunohistochemical staining detects the expression of PKD3 in
the serous acini of submandibular salivary glands. Arrows, positive-staining acini; MG, submandibular gland;
SG, sublingual gland (original magnification 100�, 1st enlarged magnification 200�; 2nd enlarged magnifi-
cation 400�). All results are representative of three different animals. H&E, hematoxylin and eosin.
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Next, to evaluate PKD3 catalytic activity, we performed
immunoprecipitation on acinar cell lysates using the PKD3-
specific antibody and analyzed in vitro kinase activity using the
synthetic peptide substrate syntide-2. Stimulation of acini with
CCK (10 nM), BBS (100 nM), carbachol (1 �M), gastrin (100 nM),
or the phorbol ester PMA (1 �M) caused an �2-fold increase in

PKD3 kinase activity, as demonstrated by increased phospho-
rylation of the synthetic peptide substrate (Fig. 3C). This result
indicates that PKD3 is catalytically activated after GI hormone
stimulation in mouse pancreatic acini.
Next we examined PKD phosphorylation in isolated human

pancreatic acini, which express high levels of PKD3 and rela-

FIGURE 3. Secretagogue stimulation promotes PKD3 translocation, phosphorylation, and kinase activation in pancreatic acinar cells. A, isolated mouse
pancreatic acini were incubated with control media or media containing CCK (10 nM) for 5 min and then immunostained using antibodies against PKD3 (1:100)
and E-cadherin (1:50). Co-localization was qualitatively determined by overlap of green (PKD3) and red (E-cadherin) fluorescence. Arrows, translocation of PKD3
positive-staining; the size bar equals 20 �m. DIC, differential interference contrast. B, isolated mouse pancreatic acini, AR42J cells, and Panc-1 cells were treated
with GI hormones at the indicated concentration for 30 min and then analyzed by Western blotting using anti-phospho (pPKD)-Ser-744/748 PKD and anti-total
PKD antibodies on parallel blots. C, isolated mouse acini were treated with secretagogues at the indicated concentrations for 30 min and then lysed. PKD3 was
immunoprecipitated from whole cell lysates, and kinase activity assay was performed on immunoprecipitates using syntide-2 as substrate. Results represent
means � S.E. for three separate kinase assays. PMA, phorbol 12-myristate 13-acetate. D, isolated human pancreatic acini were treated with secretagogues of the
indicated concentration for 30 min and analyzed by Western blotting using anti-phospho-Ser-744/748 PKD and anti-total PKD antibodies on parallel blots.
�-Actin was probed as a loading control. E, isolated human pancreatic acini from a different donor were treated with carbachol of the indicated concentration
for 30 min and analyzed by Western blotting using anti-phospho- PKD and total PKD antibodies on parallel blots.
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tively lower levels of PKD1/2. Stimulation with increasing con-
centrations of carbachol and PMA induced PKD phosphoryla-
tion (Fig. 3D). However, the same concentrations of GI
hormones used to stimulate mouse pancreatic acini failed to
activate PKD in the human acini. CCK failed to stimulate PKD
phosphorylation in human acini, which is consistent with pre-
vious findings that human acini lack functional responses to
CCK due to low level of receptor expression (49). Furthermore,
it appears that high concentrations of carbachol are required to
induce PKD phosphorylation in the human acini. To further
investigate this response to carbachol, we obtained isolated
human pancreatic acini from an additional donor and exam-
ined the effects of increasing concentrations of carbachol on
PKD phosphorylation. As shown in Fig. 3E, carbachol, at a con-
centration of 1–100 �M, produced only a minimal increase in
PKD phosphorylation, but carbachol (1 to 10 mM) significantly
induced PKDphosphorylation.Our results demonstrate for the
first time that PKD3 undergoes rapid translocation, phospho-
rylation, and kinase activation after GI hormone stimulation in
mouse pancreatic acini and that cholinergic stimulation can
lead to PKD phosphorylation in human pancreatic acini.
PKD Can Be Activated by Physiologic Concentrations of

Secretagogues and by in Vivo Stimulation of the Pancreas—The
GI hormone CCK and the neurotransmitter acetylcholine are
the principle physiologic stimuli of pancreatic enzyme secre-
tion (50). Physiologic CCK concentrations that maximally
stimulate rodent pancreatic acinar cell secretion are usually in
the picomolar range (51, 52), whereas acetylcholine concentra-
tions are in the micromolar range (53). To determine whether
physiologic concentrations of secretagogues that induce amy-
lase secretion can also induce PKD phosphorylation, we exam-
ined the dose-response curve for CCK and carbachol. As shown
in Fig. 4A, left panel, an increase in PKD phosphorylation was
detectable with CCK at a concentration of 10 pM or greater.
PKD phosphorylation reached a maximum at 1–10 nM CCK.

Carbachol stimulation increased PKD phosphorylation at
greater than 100 nM carbachol, reachingmaximum stimulation
at 1–100 �M carbachol (Fig. 4A, right panel). Thus, secreta-
gogue-stimulated PKD phosphorylation can occur over a sim-
ilar range of concentrations as secretagogue-stimulated secre-
tion, suggesting that PKD activation is associated with the
physiologic effects of CCK and carbachol. CCK-induced PKD
phosphorylation also occurs in a rapid and transient manner as
phosphorylation increased within 1 min of stimulation and
reached maximal levels between 5 and 30 min of stimulation
(Fig. 4B). The rapid onset of PKD signaling is consistent with
the kinetics of CCK-induced enzyme secretion in acinar cells
(54). CCK classically exerts its effects on the pancreas through
the systemic circulation (51). Systemic administration of CCK
by intraperitoneal injection also increased PKD phosphoryla-
tion in the whole pancreas within 30 min of stimulus, which is
similar to the in vitro CCK stimulation of isolated pancreatic
acini (Fig. 4C). In summary, PKD phosphorylation can be
induced by physiologic concentrations of secretagogues and by
in vitro and in vivo stimulation of the mouse pancreas.
CCK-induced PKD Phosphorylation Is Mediated by CCK1/2

Receptors via the DAG/PKC Pathway but Is Not Dependent on
Ca2�Mobilization—Binding ofCCK to its receptor causes acti-
vation of PLC-�, leading to an increase of intracellular Ca2�

levels and generation of inositol 1,4,5-trisphosphate and DAG
(54). To analyze the role of CCK receptors on PKD phospho-
rylation, we utilizedHEK293 cells stably transfectedwith either
the CCK1 or CCK2 receptors. In human pancreas, CCK2 recep-
tors are reported to be the main CCK receptor, whereas in
rodent pancreas, CCK1 receptors appear to be the predominant
CCK receptor (51). As shown in Fig. 5A (left panel), parental
HEK293 cells did not respond to CCK or gastrin stimulation.
Only the phorbol ester PMA induced PKD phosphorylation in
these cells. However, CCK alone induced PKDphosphorylation
in HEK293 cells that overexpress the CCK1 receptor which

FIGURE 4. PKD phosphorylation is induced by physiologic concentrations of secretagogues and by in vivo stimulation of the pancreas. A, isolated
mouse acini were treated with increasing concentrations of CCK or carbachol for 30 min. Top panels, protein was extracted from each sample and analyzed by
Western blotting using anti-phospho (pPKD)-Ser744/748 PKD and anti-total PKD antibodies on parallel blots. Bottom panels, amylase release was measured
from each sample medium. Results represent the means � S.E. for four independent experiments. B, isolated acini were treated with CCK (10 nM) for the
indicated time periods. Protein was extracted from each sample and analyzed by Western blotting. C, to obtain whole pancreas, mice were treated with either
vehicle (saline) or CCK (50 mg/kg) by intraperitoneal injection, and after 30 min, the pancreas was harvested for protein extraction. Isolated acini were treated
with either control media or media containing CCK (10 nM). Protein lysates from whole pancreas and isolated acini were probed with anti-PKD antibodies along
with anti-Pdx-1 and amylase antibodies for loading control. Blots shown are representative of at least three independent experiments.
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preferentially binds CCK compared with gastrin (55). CCK or
gastrin each induced PKD phosphorylation in HEK293 cells
that overexpress the CCK2 receptor, whereas the same hor-
mones did not stimulate PKD phosphorylation inHEK293 cells
lacking the CCK2 receptor (Fig. 5A, right panel). Thus, agonist
binding of CCK1 or CCK2 receptors can promote PKD phos-
phorylation in different cell types.
To analyze the roles of Ca2� in CCK- or carbachol-induced

PKD activation, we utilized the Ca2� chelator BAPTA. Pre-
treatment with BAPTA caused a complete inhibition of CCK-
mediated Ca2� mobilization but did not block CCK- or carba-
chol-induced phospho-PKD (Fig. 5B). This suggests that the
upstream mechanisms leading to secretagogue-induced PKD
phosphorylation is not dependent on Ca2� mobilization. Fur-
thermore, to determinewhether an increase in cytoplasmic free
Ca2� may contribute to PKD phosphorylation, we treated acini

with theCa2� ionophores (ionomycin orA23187) or with thap-
sigargin. Ionomycin, A23187, and thapsigargin each induced
rapid increases in intracellular Ca2�, but each agent failed to
increase phospho-PKD in acinar cells (Fig. 5C). Thus, Ca2�

mobilization alone is not sufficient to promote PKD phospho-
rylation in acinar cells. To further identify potential upstream
signaling kinases that contribute to PKD phosphorylation, we
analyzed the effects of inhibiting three pathways (i.e. PI3K/Akt,
MEK/ERK, PKC) that are activated by CCK stimulation of pan-
creatic acini (54). As shown in Fig. 5D, the PI3K/Akt (wortman-
nin, LY294002, or an Akt inhibitor) and MEK inhibitors
(PD98059 or U0126) failed to block CCK-induced PKD phos-
phorylation. By comparison, CCK-induced PKD phosphoryla-
tion was inhibited by preincubation of pancreatic acini with
GF109203X and Gö6983, inhibitors of several PKC isozymes
(56, 57). The efficacy of each inhibitor treatment was examined

FIGURE 5. CCK-induced PKD phosphorylation is mediated by CCK1/2 receptors and by DAG/PKC. A, the parental HEK293 cells and two clones (293-CCK1R
#6 and #20) expressing exogenous CCK1 receptors (left panel) and one clone expressing exogenous CCK2 receptors (right panel) were treated with vehicle, CCK,
gastrin, or PMA for 30 min, and then cellular proteins were analyzed by Western blotting using anti-phospho-PKD (pPKD) and anti-total PKD antibodies on
parallel blots. B, left panel, pancreatic acini were pretreated with BAPTA for 30 min and then treated with vehicle or CCK for 30 min; protein was extracted and
analyzed by Western blotting. Right panels, intact acini were incubated with Fura-2 AM for 50 min and then treated with BAPTA or CCK as indicated. Intracellular
calcium concentration was measured in a dual wavelength (340 and 380 nm) imaging work station and plotted as the means � S.D. for 18 acinar cells. C, left
panel, pancreatic acini were treated with A23187, ionomycin, thapsigargin alone, or in combination with either PMA or CCK for 10 min; protein was extracted
and analyzed by Western blotting. Right panels, intact acini were incubated with Fura-2 AM for 50 min and then treated with the indicated agents. Intracellular
calcium concentration was measured and plotted as means � S.D. for 13–18 acinar cells. D, pancreatic acini were pretreated with vehicle (DMSO), Akt inhibitor,
LY294002, wortmannin, PD98059, U0126, GF109203X, Gö6983, or Gö6976 at the indicated concentrations for 30 min. Acini were then incubated with CCK (10
nM) in the presence of inhibitors for an additional 30 min. Proteins from each sample were extracted and subjected to Western blotting. Blots shown are
representative of at least three independent experiments.
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by measuring the levels of phospho-Akt or phospho-ERK.
Stimulation of acini with CCK decreased Akt phosphorylation
which was further decreased by the PI3K inhibitors LY294002
(10 �M) or wortmannin (100 nM). Stimulation of acini with
CCK increased ERK phosphorylation which was effectively
blocked by theMEK inhibitors PD98059 (50�M) andU0126 (10
�M). In summary, our results indicate that CCK-induced PKD
phosphorylation is dependent on PKC activity but independent
of Ca2� mobilization.
PKD3 Potentiates CCK-induced ERK Signaling and Amylase

Release in Pancreatic Acinar Cells—CCK stimulation can
increase the tyrosine phosphorylation and kinase activity of
ERK1/2 in the pancreas and in isolated acini (54). To study the
role of PKD3 in CCK-induced ERK activation, we utilized ade-
novirus-mediated overexpression of PKD3 in pancreatic acinar
cells. First, isolatedmouse acini were infected with control ade-
novirus expressing �-galactosidase or wild type PKD3 adenovi-
rus for 15 h; acini were then stimulated with incubation media
containing either vehicle or CCK (10 nM) for 30 min. As shown
in Fig. 6A, exogenous PKD3 was detected by increased total
PKD3 protein levels. Compared with the control, the PKD3
adenovirus transduction resulted in increased CCK-induced
phospho-PKD, phospho-ERK, and phospho-RSK, a direct
downstream target of activated ERK. These results show that
increased PKD3 activation is associated with increased MEK/
ERK/RSK pathway activation. Next, to confirm that the PKD
overexpression correlates with increased PKD3 kinase activity,
we performed in vitro kinase assays on adenoviral-infected
acini. Overexpression of PKD3 significantly increased CCK-
stimulated PKD3 kinase activity comparedwith null controls in
acinar cell lysates (Fig. 6B).
The principle biologic effects of CCK on rodent pancreatic

acinar cells include the stimulation of enzyme secretion, induc-
tion of protein synthesis, and promotion of cell growth (54). To
delineate the effects of PKD3 activation on CCK-stimulated
enzyme secretion, we performed amylase secretion assays on
acini overexpressing PKD3. As demonstrated in Fig. 6C, amy-

lase release from acinar cells
infected with control virus express-
ing �-galactosidase was similar to
CCK-induced amylase release in
mock-infected cells (no virus), indi-
cating that adenoviral infection
itself did not affect basal or stimu-
lated amylase release. In contrast,
acinar cells infected with PKD3 ade-
novirus demonstrated enhanced
amylase secretion compared with
acinar cells infected with the con-
trol (�-galactosidase) adenovirus.
CCK-stimulated amylase release
was enhanced by PKD3 overex-
pression, with statistical signifi-
cance noted at 10�9–10�8 M CCK.
Amylase release associated with
PKD3 virus was significantly higher
than both control virus and no virus
at the same CCK concentrations.

Furthermore, PKD3 overexpression did not affect the biphasic
nature of the CCK dose-response curve. To further delineate
the physiologic requirement of endogenous PKD3 in hormone-
induced amylase secretion, we tested the feasibility of PKD3
knockdown in acinar cells by lentiviral-mediated RNA interfer-
ence. However, PKD3 gene silencing failed to inhibit CCK-
stimulated amylase release (data not shown), suggesting that
whereas PKD3 activity is sufficient to enhance amylase secre-
tion, PKD3 alone is not required for amylase secretion. None-
theless, the enhancing effect of PKD3 overexpression indicates
that PKD3 positively regulates the secretory process and
further emphasizes that PKD3, which is abundantly expressed
in mouse and human acinar cells, contributes to hormone-
stimulated pancreatic exocrine secretion.

DISCUSSION

The novel PKD isoforms are known to regulate various
cellular functions such as proliferation and differentiation
(32, 58, 59), survival and apoptosis (60, 61), motility and
metastasis (32, 62, 63), protein secretion, and Golgi organi-
zation (3, 13, 64). Previously, we identified a role for PKD1
and PKD2 isoforms in secretagogue-mediated hormone
secretion (4, 14). In our current study we extend previous
findings regarding PKD in endocrine secretion to explore the
role of PKD in pancreatic exocrine secretion. Here, we show
that PKD3 is the predominant PKD isoform expressed in
mouse and human pancreatic acinar cells, whereas PKD1
and PKD2 are more strongly expressed in pancreatic islets.
We further provide evidence that PKD3 is activated by in
vitro and in vivo GI hormone stimulation and that PKD3
activity promotes CCK-induced amylase secretion from
mouse pancreatic acinar cells.
Recent data indicate that the three PKD proteins show

isoform-specific expression patterns and functions in medi-
ating protein trafficking and oxidative stress response (12,
13, 15). In our study we identify a unique expression pattern
in mouse and human pancreas where the PKD3 isoform is

FIGURE 6. Overexpression of PKD3 potentiates MEK/ERK/RSK signaling and promotes CCK-induced
amylase release. A, isolated mouse acini were infected with control adenovirus expressing �-galactosid-
ase (�-gal) or adenovirus expressing wild-type PKD3 (PKD3) for 15 h. Acini were then treated with vehicle
or CCK (10 nM) for 30 min; protein was extracted and analyzed by Western blotting. B, acini were infected
with control null-adenovirus (Ad-Null) or Ad-WT-PKD3 for 24 h. Acini were then treated with vehicle or CCK
(10 nM) for 30 min. Cellular proteins were immunoprecipitated using the PKD3-specific antibody and then
analyzed by in vitro kinase assay. Results represent the means � S.E. for three separate kinase assays. C,
acini were subjected to mock infection or infection with 108 infectious units/ml adenovirus expressing
�-galactosidase (�-gal) or WT-PKD3 for 15 h. Acini were then treated with increasing concentrations of
CCK for 30 min. The media supernatant from each sample was collected and analyzed for amylase activity.
Results represent the means � S.E. for four independent experiments. Three pairwise comparisons were
carried out for mock versus �-galactosidase versus WT-PKD3 comparisons for each CCK concentration; the
asterisk indicates that the mean of WT-PKD3 is significantly greater than �-gal and mock infection (p �
0.05) at each CCK concentration.

PKD3 and the Exocrine Pancreas

2468 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 4 • JANUARY 23, 2009



mainly found in the acinar cells. PKD3 is also the predomi-
nant isoform in mouse salivary acinar cells which have sim-
ilar functions as pancreatic acinar cells. The strong localiza-
tion of PKD3 to pancreatic and salivary acinar cells suggests
a role for this protein in exocrine enzyme secretion. Indeed,
overexpression of wild-type PKD3 in mouse pancreatic aci-
nar cells increases CCK-induced PKD3 kinase activity and
potentiates CCK-induced amylase release, demonstrating
that PKD3 activity is sufficient for promoting stimulated
amylase secretion. Although PKD3 overexpression pro-
motes amylase secretion, knockdown of PKD3 by RNA inter-
ference-induced gene silencing did not significantly reduce
CCK-mediated amylase release. A possible explanation for
this finding is our observation that low levels of PKD1 are
also expressed in the mouse pancreatic acini and are acti-
vated by CCK and carbachol. Berna et al. (43) have also
reported that PKD1 is activated by CCK in rat pancreatic
acinar cells. PKD1 and PKD3 may have overlapping func-
tions as well; therefore, activation of PKD1 may account for
the enhanced amylase secretion despite PKD3 gene knock-
down. Our results suggest that PKD3 alone is not required
for amylase secretion but, in combination with other signal-
ing components, contributes to stimulated amylase release.
PKD3 have been previously implicated in regulating pro-

tein trafficking in the polarized Madin-Darby canine kidney
cells, where it promotes cargo-specific transport via the
basolateral but not the apical route (9). In polarized pancre-
atic acinar cells, physiologic CCK stimulation leads to apical
exocytosis, whereas supramaximal CCK stimulation results
in basolateral exocytosis (65); thus, CCK-induced PKD3
activation may potentially be involved in either basolateral
or apical exocytosis. Based on the effect of PKD3 overexpres-
sion on pancreatic amylase release, we postulate that PKD3
likely plays a functional role in zymogen granule trafficking
and exocrine secretion. Confirming this supposition awaits
more definitive knock-out studies using pancreas-specific,
PKD3-deficient animals.
PKD isoforms serve different functions depending on

their intracellular localization (66). In the pancreatic acini,
PKD3 partly distributes to VAMP2-positive structures,
which is consistent with findings that in Chinese hamster
ovary and HEK293 cells, PKD3 localizes to VAMP2-positive
vesicles and promotes vesicle transport by recruiting
VAMP2 to the plasmamembrane (7). VAMP2 are found on a
distinct subset of zymogen granules in pancreatic acinar
cells, and these granules are involved in both constitutive
and stimulated exocytosis (47). We hypothesized that PKD3
may be involved in zymogen granule trafficking in pancreatic
acinar cells; however, whereas CCK stimulation induced
translocation of PKD3 to the plasma membrane, adenoviral-
mediated overexpression of PKD3 did not promote the
recruitment of VAMP2-structures to the plasma membrane
(data not shown). Thus, it is likely that, rather than affecting
VAMP2-postive granules, PKD3 may target other subsets of
zymogen granules for exocytosis. In Panc-1 cells, PKD3 re-
distributes to the nucleus after catalytic activation (44). In
acinar cells, hormone activation of PKD3 re-distributes the
protein to the plasma membrane but not the nucleus, which

suggests a different mechanism in primary, differentiated
cells. Hormone stimulation increases PKD3 kinase activity in
acinar cells similar to the 2–4-fold increase in syntide-2
phosphorylation in other cell types (31, 44). Hormone stim-
ulation also generates Ca2� and DAG (54). Kunkel et al. (67)
recently reported that Ca2� alone was sufficient to activate
PKD by increasing DAG-mediated phosphorylation. How-
ever, in mouse acinar cells, Ca2� alone was not sufficient to
activate PKD phosphorylation, which is a PKC-dependent
process. CCK can activate PKC� in pancreatic acinar cells
(68), and PKC� can further promote CCK-induced amylase
secretion (52). PKC� is a well known upstream kinase of
PKD; however, unlike PKD1 and PKD2, which interact with
PKC� at the tyrosine motif, PKD3 lacks the PKC� target
motif (15), suggesting that it is not PKC� but another PKC
isoform that activates PKD3 in acinar cells.
Our results demonstrate that activation of CCK1/CCK2

receptors can lead to PKD phosphorylation and that PKD3
potentiates mitogen-activated protein kinase (MAPK) sig-
naling in pancreatic acinar cells. CCK is known to activate
the three MAPK cascades leading to activation of ERKs,
JNKs, and p38 MAPK in acinar cells (54). PKD1 and PKD2
are reported to activate the ERK and JNK pathways in vari-
ous other cell types (69–73). Here, we report that PKD3
overexpression is associated with activation of the MEK/
ERK/RSK cascade, suggesting that PKD3 mediates CCK-in-
duced ERK activation. The PKC/PKD3/ERK pathway may
modulate different physiologic effects of CCK such as stim-
ulation of pancreatic enzyme secretion, induction of exo-
crine protein synthesis, and promotion of acinar cell growth.
The potentiation of ERK signaling in pancreatic acinar cells
likely modulates these different biological effects depending
on the intensity and duration of ERK activation. The precise
functional significance of PKD3-mediated ERK activation in
acinar cells remains to be fully elucidated.
Another unexpected result is the finding that mouse and

human pancreatic islet cells predominantly expressed PKD1
and PKD2 isoforms. This is consistent with our previous data
showing that these proteins are the predominant isoforms in
the endocrine BON cells (14) and further suggests a role for
PKD1 and PKD2 in endocrine cell functions. Supporting this
notion are functional data demonstrating that PKD1 and
PKD2 regulate exocytic sorting of Kidins220, a neuroendo-
crine cell-specific membrane protein, in PC12 cells (12, 41),
and that PKD1 and PKD2 phosphorylate Kidins220 to regu-
late neurotensin secretion in BON cells (14). Although our
current study shows that PKD3 contributes to exocrine cell
secretion, these recent studies show that PKD1 and PKD2
critically regulate endocrine cell secretion. In the pancreas,
the relative importance of each PKD isoform in mediating
endocrine versus exocrine secretion remains to be deter-
mined by using effective knockdowns of specific PKD iso-
forms in primary pancreatic cells.
In summary, we have identify PKD3 as the predominant

PKD isoform in mouse and human exocrine pancreas and
demonstrate that PKD3 can be activated by GI hormone
stimulation via a DAG/PKC-dependent pathway. Further-
more, we show that PKD3 activation is associated with
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enhanced amylase secretion in mouse pancreatic acinar
cells, indicating that PKD3 promotes enzyme secretion in
response to GI hormone signaling. Our findings reveal a
unique distribution pattern for PKD isoforms in the pan-
creas and implicate the PKD3 isoform in hormone-stimu-
lated exocrine secretion.
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