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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers with dismal survival rates. Its

intransigence to conventional therapy renders PDAC an aggressive disease with early metastatic

potential. Thus, novel targets for PDAC therapy are urgently needed. Multiple signal transduction

pathways are implicated in progression of PDAC. These pathways stimulate production of intracellular

messengers in their target cells to modify their behavior, including the lipid-derived diacylglycerol

(DAG). One of the prominent intracellular targets of DAG is the protein kinase C (PKC) family. However,

the mechanisms by which PKC-mediated signals are decoded by the cell remain incompletely

understood. Protein kinase D1 (PKD or PKD1, initially called atypical PKCm), is the founding member of a

novel protein kinase family that includes two additional protein kinases that share extensive overall

homology with PKD, termed PKD2, and PKD3. The PKD family occupies a unique position in the signal

transduction pathways initiated by DAG and PKC. PKD lies downstream of PKCs in a novel signal

transduction pathway implicated in the regulation of multiple fundamental biological processes. We and

others have shown that PKD-mediated signaling pathways promote mitogenesis and angiogenesis in

PDAC. Our recent observations demonstrate that PKD also potentiates chemoresistance and invasive

potential of PDAC cells. This review will briefly highlight diverse biological roles of PKD family in

multiple neoplasias including PDAC. Further, this review will underscore our latest advancement with

the development of a potent PKD family inhibitor and its effect both in vitro and in vivo in PDAC.
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Contents lists available at ScienceDirect

Biochemical Pharmacology

journa l homepage: www.e lsev ier .com/ locate /b iochempharm
* Corresponding author. Tel.: +1 713 745 7566; fax: +1 713 563 4398.

E-mail address: sguha@mdanderson.org (S. Guha).

0006-2952/$ – see front matter � 2010 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2010.07.002

http://dx.doi.org/10.1016/j.bcp.2010.07.002
mailto:sguha@mdanderson.org
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2010.07.002


[(Fig._1)TD$FIG]

Fig. 1. Schematic representation of PKD family.

Serine residues within the activation loop of PKDs that become phosphorylated via

novel PKCs are indicated in italics. CRD, cysteine-rich domain; PH, pleckstrin

homology domain; and CD, catalytic domain.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), which comprises
90% of all human pancreatic cancers, is a devastating disease, with
overall 5-year survival rate of only 3–5%. This dismal rate of
survival is due to several factors, including late presentation with
locally advanced, unresectable tumors, early metastatic disease,
and rapidly arising chemoresistance. Even patients that undergo
‘‘curative’’ surgery have a 5-year survival rate of only �20%. The
incidence of this disease in the US has increased recently to more
than 42,000 new cases each year and is now the fourth leading
cause of cancer mortality in both men and women [1]. As the
current therapies offer very limited survival benefits, novel
molecular therapeutic targets and strategies are urgently needed
to treat this aggressive disease.

It is recognized that PDAC arises from the stepwise progression
of precursor lesions, including pancreatic intraepithelial neopla-
sias [2,3]. Progression from these non-invasive duct lesions to
invasive cancer is associated with the accumulation of genetic
alterations [4,5], including activating mutations in the KRAS

oncogene which appears in �90% of PDACs and inactivating
mutations in the tumor suppressors p53, the deleted in pancreatic
cancer 4 (DPC4) and p16ink4a genes [5–7]. It is generally accepted
that the progressive accumulation of pro-oncogenic mutations
during the promotional phase of pancreatic tumorigenesis requires
activation of signaling pathways leading to sustained cell
proliferation.

2. Protein kinase C (PKC) isoforms and pancreatic ductal
adenocarcinoma (PDAC)

Numerous growth and developmental factors, oncogenes, G
protein-coupled receptors (GPCRs) and their signal transduction
pathways have been implicated in the progression of PDAC. Many
of these signals initiate their characteristic effect on target cells by
stimulating the synthesis or decreasing the degradation of lipid-
derived second messengers with subsequent activation of serine/
threonine-specific kinases involved in signal transduction path-
ways related to growth control and cell cycle progression [8]. A key
reaction in this process is the stimulation of the isoforms of the
phospholipase C (PLC) family, identified as one of the ‘‘core’’
signaling pathways that undergo somatic alterations in nearly all
pancreatic cancers [9]. PLCs, including b, g, d and e, which are
activated by multiple stimuli, catalyze the hydrolysis of phospha-
tidylinositol 4,5-biphosphate to produce two second messengers:
Ins (1,4,5)P3 and diacylglycerol (DAG). Ins (1,4,5)P3 triggers the
release of Ca2+ from internal stores [10] whereas DAG directly
activates a variety of effectors, the most prominent of which is
protein kinase C (PKC), a phospholipid-dependent protein kinase
family [11] that induces rapid phosphorylation of cytosolic and
membrane-bound proteins. PKC isoforms can be classified in three
subclasses according to their regulatory properties, which are
conferred by specific domains located in the NH2-terminal portion
of these proteins. All members of the PKC family, i.e., conventional
PKCs (a, bI, bII, g), novel PKCs (d, e, h, u) and atypical PKCs (z, i),
are characterized by a highly conserved catalytic domain and by an
autoinhibitory domain that maintains these enzymes in an
inactive state in the absence of activating second messengers.
Earlier studies demonstrated that PDAC cell lines express multiple
PKCs, including a, b, e and h [12–14]. Furthermore, a number
of reports indicate an important role of PKCs in promoting
proliferation and in preventing apoptosis of pancreatic cancer cells
[12,14–16] though a different view was also expressed [17]. A
recent study demonstrates that atypical PKCi is required for the
transformed growth of PDAC cells in vitro and their tumorigenesis
in vivo [18]. However, the downstream signaling targets stimulated
by PKCs in PDAC cells, as in most other human cancer cells, remain
poorly characterized and a major gap in understanding the
dysfunctional regulation of mitogenic signaling in cancer cells,
including PDAC.

3. Protein kinase D: regulation through PKC

Protein kinase D (PKD), the founding member of a new family of
serine/threonine protein kinases and the subject of this mini-
review, occupies a unique position in the signal transduction
pathways initiated by DAG and PKC in normal and cancer cells. PKD
not only is a direct DAG target but it also lies downstream of PKCs
in a novel signal transduction pathway implicated in the regulation
of multiple fundamental biological processes [19–21]. PKD (also
called initially PKCm) is a serine/threonine protein kinase with
structural, enzymological, and regulatory properties different from
the PKC family members [19,22,23]. The most distinct character-
istics of PKD (shown in Fig. 1) are the presence of a catalytic
domain distantly related to Ca2+-regulated kinases and a pleckstrin
homology (PH) domain that regulates enzyme activity [24–27].
The N-terminal region of PKD also contains a cysteine-rich domain
(CRD) comprised by a tandem repeat of cysteine-rich, zinc finger-
like motifs, cys1 and cys2, which confer high affinity binding of
phorbol esters, and play a role in the regulation of catalytic kinase
activity [28,29]. The identification of PKD2 [30] and PKD3 [31,32],
similar in overall structure and primary amino acid sequence to
PKD, confirmed the notion that PKD (henceforth designated as
PKD1) is the founding member of a new family of serine/threonine
protein kinases [33], now classified in the kinome within the Ca2+/
calmodulin-dependent protein kinase (CaMK) group, separate
from the PKC family.

PKD1 isolated from multiple cell types, including PDAC cells
[13], exhibits very low catalytic activity that can be stimulated by
phosphatidylserine micelles and either DAG or phorbol esters
[23,34,35]. These early studies implied that PKD1 represents a
novel component of the signal transduction initiated by DAG
production in their target cells [25]. Subsequent studies, aimed to
define PKD1 regulation within intact cells, elucidated a mechanism
of PKD1 activation distinct from the direct stimulation of enzyme
activity by DAG/phorbol ester plus phospholipids obtained in vitro.
Specifically, treatment of intact cells with phorbol esters or cell-
permeable DAGs induced a dramatic conversion of PKD1 from an
inactive to an active form, as shown by in vitro kinase assays
performed in the absence of lipid co-activators [21,35,36]. In all
these cases, PKD1 activation was selectively and potently blocked
by cell treatment with PKC inhibitors that did not directly inhibit
PKD1 catalytic activity [21,35], suggesting that PKD1 activation in
intact cells is mediated, directly or indirectly, through PKCs. In line
with this conclusion, cotransfection of PKD1 with active mutant
forms of ‘‘novel’’ PKCs (PKCs d, e, h, u), resulted in robust PKD1
activation in the absence of cell stimulation [21,27,37,38]. Thus,
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PKD1 occupies a unique position in signal transduction since it is a
point of convergence and integration of multiple stimuli that
induce DAG accumulation and lies downstream of PKCs in a novel
signal transduction cascade. Since PKDs phosphorylate consensus
sites (LXRXXS/TV/L/M) different from PKCs, PKD1 also represents a
major point of signal dissemination in the network.

Studies with multiple agonists, cell types and PKD1 mutants has
led to a model that envisages that PKC-dependent PKD1
phosphorylation at the activation loop serves as a direct ‘‘on/
off’’ switch for catalytic activity [see Ref. [33] for details]. Further
studies showed that multiple stimuli induce a striking and
transient PKD1 translocation from the cytosol to the plasma
membrane followed by a rapid, PKC-dependent reverse transloca-
tion of PKD1 from the plasma membrane to the cytosol and
subsequent accumulation in the nucleus [32,39–41]. This implies
that PKD can phosphorylate targets in a variety of sub-cellular
locations and consequently regulate multiple cellular activities, as
it will be discussed in the next Section.

4. Biological role of PKD family in neoplasia

The members of the PKD family are increasingly implicated in
the regulation of a remarkable array of fundamental biological
processes (summarized in Fig. 2). These include cell proliferation,
epithelial cell polarity, function of heat shock proteins implicated
in chemoresistance, inflammation, oxidative stress and angiogen-
esis, which are key characteristics in the stepwise pathogenesis of
neoplasia.

4.1. Role of PKD in cell proliferation

GPCRs and their cognate agonists are increasingly implicated as
autocrine/paracrine growth factors for multiple solid tumors,
including PDAC [8,42,43]. Pancreatic cancer cell lines express
multiple functional GPCRs, as revealed using a Ca2+ mobilization
assay as indicator of productive ligand–receptor interactions [44].
A variety of GPCR agonists, including neurotensin (NT), angiotensin
II (ANG II) and bradykinin, stimulated DNA synthesis in PDAC cell
lines, including PANC-1 and MIA PaCa-2 [13,44–47]. Furthermore,
a broad-spectrum GPCR antagonist inhibited the growth of
pancreatic cancer cells either in vitro or xenografted into nu/nu
mice [48]. Other studies demonstrated increased expression of
GPCRs for ANG II and NT in pancreatic cancer tissues [49–52]. More
recently, crosstalk between insulin/IGFI receptors and GPCR
signaling systems in PDAC cells, leading to enhancement of
GPCR-induced early signaling has been identified [47,53]. Conse-
quently, understanding of the signal transduction pathways that
mediate GPCR-induced proliferation in PDAC cells provides a
different avenue to identify novel targets for therapeutic interven-

[(Fig._2)TD$FIG]

Fig. 2. Schematic representation of regulation of multiple biological processes by

PKD.

The solid lines indicate direct and the dashed lines represent either direct or indirect

regulation of these processes by PKD. HDAC, histone deacetylase complex; HSP27,

heat shock protein 27; VEGF, vascular endothelial growth factor; RIN1, Ras and Rab

interactor 1; and ERK, extracellular signal-regulated kinase.
tion. Our contention, as discussed below, is that PKD1 is a major
downstream element in GPCR mitogenic signaling.

PKD1 can be activated by multiple growth-promoting GPCR
agonists acting through Gq, Gi and G12 in a variety of cells types,
suggesting that PKD1 functions in mediating mitogenic signaling
[see Ref. [33] for review of earlier literature]. Indeed, over-
expression of either PKD1 or PKD2 strikingly potentiated the
stimulation of DNA synthesis and cell proliferation induced by Gq-
coupled receptor agonists in Swiss 3T3 cells [54–57]. In contrast,
overexpression of PKD1 mutants lacking catalytic activity, failed to
promote any enhancement of GPCR-induced mitogenesis [55].
These results indicate that PKD1 activation plays a critical role in
GPCR mitogenic signaling.

A key pathway involved in mitogenic signaling induced by
GPCRs is the extracellular-regulated protein kinase (ERK) cascade
[58–60]. The duration and intensity of ERK pathway activation are
of critical importance for determining specific biological outcomes,
including proliferation, differentiation, death and transformation
[61,62]. ERK signal duration is sensed by the cells through the
protein products of immediate early genes, including c-Fos [63,64].
When ERK activation is transient its activity declines before the c-
Fos protein accumulates, and c-Fos is degraded rapidly. However,
when ERK signaling is sustained, c-Fos is phosphorylated by ERK
and RSK and its stability is dramatically increased thereby leading
to its accumulation [55,63,64]. Consequently, the stimulatory
effect of PKD1 on GPCR-induced cell proliferation [54] has been
linked to its ability to increase the duration of the MEK/ERK/RSK
pathway leading to accumulation of immediate gene products,
including c-Fos, that stimulate cell cycle progression [55].
Sustained (rather than transient) ERK signaling has been linked
to stimulation of cell proliferation in pancreatic cancer cells [46].

In contrast to the stimulating effect of PKD1 on the duration of
ERK pathway activation, we recently found that induced expres-
sion of PKD1 suppressed NT-induced c-Jun Ser63 phosphorylation
and the upshift of c-Jun protein. In contrast, K618N PKD1 (kinase-
dead) failed to suppress c-Jun Ser63 phosphorylation in PANC-1
clones [65]. This strongly indicates that the catalytic activity of
PKD1 is required for suppression of GPCR agonist-induced c-Jun
Ser63 phosphorylation in PDAC cells. Induced expression of PKD1
markedly attenuated NT mediated JNK/c-Jun activation at or
upstream of MKK4. Previous studies implicated PKD1 in the
attenuation of EGF-induced JNK signaling [66–68]. Although
biological outcomes depend on stimulus and cell type, transient
JNK activation was shown to promote cell survival while prolonged
JNK activation mediates apoptosis [69]. Consequently, it is
plausible that the attenuation of sustained JNK/c-Jun activation
mediated by PKD1 facilitates survival and proliferation of
pancreatic cancer cells. Taken together, these studies underscore
one of the major emerging roles of PKD1, namely concomitant
upregulation of GPCR-mediated mitogenic ERK signaling and
downregulation of sustained pro-apoptotic JNK signaling pathway.

Although the immediate downstream target(s) required for the
transmission of PKD mitogenic signal has not been fully identified,
putative substrates are beginning to emerge. Recently a number of
scaffolding proteins and endogenous inhibitors have been
implicated in the regulation of the intensity and duration of the
ERK pathway [70]. Modeling of the ERK pathway indicates that
scaffolds regulate the speed and intensity of pathway activation
whereas inhibitors modulate its duration in response to stimuli
[71]. The activity and sub-cellular localization of these proteins are
also regulated by phosphorylation thereby offering potential new
mechanisms for controlling the Raf/MEK/ERK pathway. In this
regard, it is very interesting that PKD1 has been shown to
phosphorylate RIN1 [72], a multidomain protein that binds with
high affinity to Ras (in its GTP form) and interferes with the
interaction between Ras and Raf. Therefore, RIN1 inhibits ERK
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activation in its unphosphorylated form [72]. The phosphorylation
of RIN1 at Ser351 by PKD1 induces binding of 14-3-3 proteins that
confine RIN1 to the cytosol thereby preventing it from inhibiting
the stimulatory interaction between Ras and Raf-1 [72]. PKD1-
mediated phosphorylation of RIN1 may be one of the molecular
mechanisms by which PKD1 modulates the duration of ERK
pathway activation.

4.2. PKD and regulation of cell trafficking, motility, and secretion

A function of PKD1 and PKD2 demonstrated in several cell types
is to regulate the budding of secretory vesicles from the trans-Golgi
network [73,74]. Specifically, inactivation of PKD1 (e.g. by
expression of kinase-deficient mutants of PKD1) blocks fission
of trans-Golgi network (TGN) transport carriers, inducing the
appearance of long tubules filled with cargo. At the TGN, active
PKD1 and PKD2 phosphorylate phosphatidylinositol 4-kinase IIIb
(PI4KIIIb), a key player required for fission of TGN-to-plasma
membrane carriers [75]. PI4KIIIb is recruited to the TGN membrane
by the small GTPase ARF, and subsequently activated by PKD-
mediated phosphorylation to generate PI(4)P. This lipid then
recruits the machinery that is required for carrier fission [76].

This process has been implicated in fibroblast locomotion and
localized Rac1-dependent leading edge activity [77]. In agreement
with an important role in cell trafficking and motility, PKD also
promotes integrin recruitment to newly formed focal adhesions
[78] and invasiveness of cancer cells [79,80]. In contrast, two
proteins implicated in actin dynamics, cofilin [81] and cortactin
[82] have been shown to be phosphorylated by PKD, leading to
reduced cell motility. Although PKD contributes to cell motility and
actin dynamics, its role appears complex and might depend on cell
context and exposure to specific stimuli.

Several studies indicate an important role of PKD in secretion in
a number of endocrine cell types. PKD has been shown to stimulate
the secretion of the gastrointestinal peptide neurotensin (NT) in
the human endocrine cell line BON [83]. Further studies
determined that the PKD protein substrate Kidins220, [kinase D-
interacting substrate of 220 kDa [84,85]] mediates NT secretion
[86]. Interestingly, the PKD/Kidins220 pathway appears to
function downstream of PKD-induced fission of TGN carriers,
suggesting that PKD regulates different steps of cell secretion. In
addition to PKD, PKD2 has been shown to regulate chromogranin
release in BON cells [87]. Other studies indicate that PKDs play a
critical role in regulating angiotensin II-mediated cortisol and
aldosterone secretion from H295R cells, a human adrenocortical
cell line [88,89]. Recent studies using mice deficient in p38d reveal
a novel p38d-PKD pathway that regulates insulin secretion and
survival of pancreatic b cells, suggesting a critical role for PKD in
the development of diabetes mellitus [90]. This function of PKD
could be relevant to PDAC given the growth-promoting effect of
increased insulin secretion from b cells on epithelial acinar and
ductal pancreatic cells [91].

4.3. PKD and epithelial cell polarity

Establishing and maintaining cellular polarity is of fundamental
importance for the functions of a variety of cell types, including
neuronal and epithelial cells. Early neurons develop initial polarity
by mechanisms analogous to those used by migrating cells. In line
with this notion, PKDs has been shown to play a role in neuronal
protein trafficking. In these cells PKD1 and PKD2 regulate TGN-
derived sorting of dendritic proteins and axon formation and hence
have a role in establishing neuronal polarity [92,93]. In polarized
epithelial cells, PKD1 and PKD2, but not PKD3, specifically regulate
the production of TGN carriers destined to the basolateral
membrane rather than to the apical membrane and consequently,
PKD and PKD2 may play an important role in the generation of
epithelial polarity [74].

Another major mechanism involved in establishing cell polarity
is mediated by the evolutionary conserved PAR (partitioning-
defective) genes [94]. The Par-3/Par6/aPKC complex is located at
tight junctions whereas Par-1, a protein kinase, is found in lateral
membranes. There is an antagonistic interaction between the Par-3/
Par6/aPKC complex and Par-1 mediated by phosphorylation of
specific residues that form binding sites for 14-3-3 proteins. Par-1
kinase, activated by mammalian Par-4/LKB1 by phosphorylation of
its activation loop, phosphorylates Par-3 thereby destabilizing the
complex and removing it from lateral membranes whereas Par-3/
Par6/aPKC phosphorylates Par-1 (on Thr595) to dissociate it from
apical plasma membranes [94]. Treatment of cells with phorbol-12-
myristate-13-acetate (PMA) induced PKD1-mediated phosphoryla-
tion of Par-1 on a residue (Ser400) that promotes Par-1 binding to 14-
3-3, thereby promoting its dissociation from the plasma membrane
and inhibiting its activity [95]. Although these results suggest the
attractive hypothesis that PKD1 plays a role in regulating epithelial
cell polarity via phosphorylation of Par-1, additional experiments
using physiological stimuli rather than PMA and ductal pancreatic
cells are necessary to substantiate this important hypothesis and its
relevance in the pathogenesis of PDAC.

4.4. PKD and heat shock proteins

The small heat shock proteins (Hsps), including human Hsp27
and mouse Hsp25 play an important role in the regulation of many
cellular functions in response to stress, cytokines, growth factors
and GPCR agonists. The level of Hsp27 is markedly increased in
many cancer cells and its expression contributes to the malignant
properties of these cells, including chemoresistance [see Ref. [96]
for references]. Many of the functions attributed to Hsp27 require
its phosphorylation, especially at Ser-82, a consensus site for
PKD1-mediated phosphorylation. Although it is widely recognized
that Hsp27 is a substrate of the p38 MAPK/MK2 cascade [97,98],
other studies demonstrated that phorbol esters also stimulate the
phosphorylation of Hsp27 via a PKC-dependent but p38/MK2-
independent pathway [99]. However, it has remained unclear
whether PKCs directly phosphorylate Hsp27. PKD1 has been
implicated in the phosphorylation of Hsp27 on Ser82 in HeLa cells
exposed to oxidative stress [100], a condition previously shown to
activate PKD1 [38,101,102] but also the p38 MAPK/MK2 cascade.
The relative contribution to Hsp27 phosphorylation of these
parallel pathways was not evaluated.

Human pancreatic cancer PANC-1 cells express high levels of
Hsp27. Knockdown of both PKD1 and PKD2, virtually abolished
NT-induced Hsp27Ser82 phosphorylation in PANC-1 cells treated
with SB 202190, to eliminate the p38MAPK/MK-2 pathway [96].
These results demonstrate that NT induces Hsp27 phosphorylation
on Ser82 via simultaneous operation of at least two separate
pathways in PANC-1 cells and members of the PKD family play a
critical role in mediating one of the pathways. PKD1 and PKD3 are
also required to regulate Hsp27 phosphorylation in DT40 B-cells
[103]. This phosphorylation of Hsp27 is also necessary for PKD
repression of androgen receptor transcriptional activity and
androgen-dependent proliferation of prostate cancer cells [104].
Thus, PKDs function as upstream kinases for Hsp27 in a variety of
cell types, in some cases functioning in conjunction with the p38
MAP kinase pathway.

4.5. Role of PKD in VEGF-induced endothelial angiogenesis

Recent studies implicated PKD1 signaling in ERK activation and
DNA synthesis in endothelial cells stimulated by vascular
endothelial growth factor (VEGF), which is essential for many
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angiogenic processes both in normal and abnormal conditions
[105]. In addition to stimulate activation loop Ser744 and Ser748

phosphorylation, VEGF, acting via the KDR receptor, also induces
PKD1 phosphorylation on Tyr463 [106].

Regulation of chromatin accessibility by acetylation/deacetyla-
tion of nucleosomal histones is a key mechanism used to modulate
gene expression. Class II histone deacetylases (HDACs), including
HADCS 5 and 7, regulate chromatin structure by interacting with
various transcription factors to repress their transcriptional
activity. PKD1-mediated phosphorylation of specific residues in
class II HDACS leads to association with 14-3-3 chaperone proteins
thereby regulating their intracellular distribution in a variety of
cell types. Sequestration of HDACs in the cytoplasm presumably
relieves target genes from HDAC repressive actions, thereby
facilitating gene expression. HDAC7 has been implicated in the
regulation of endothelial cells morphology, migration, and
capacity to form capillary tube-like structures in vitro [107].
Treatment of endothelial cells with PMA or VEGF resulted in the
exit of HDAC7 from the nucleus through a PKC/PKD pathway
[107,108]. Further studies indicate that VEGF also stimulates PKD-
dependent phosphorylation of HDAC5 at Ser259/498 residues, which
leads to HDAC5 nuclear exclusion and transcriptional activation
[109]. It is conceivable that the complex program of gene
expression and migration triggered by VEGF in endothelial cells
leading to angiogenesis is orchestrated by PKD-mediated phos-
phorylation of both HADC5 and HDAC7, leading to their nuclear
extrusion in these cells. Indeed, it has been recently proposed that
PKD1 is one of the most attractive targets for anti-angiogenic
therapies [110].

4.6. PKDs, inflammation, and oxidative stress

NF-kB is a key transcription factor that is activated by multiple
receptors and regulates the expression of a wide variety of proteins
that control innate and adaptive immunity. A number of studies
indicate that PKD1 is a mediator of NF-kB induction in a variety of
cells, including PDAC cells, exposed to GPCR agonists or oxidative
stress [38,111–115]. In view of the increasing recognition of the
interplay between inflammation and cancer development, a
possible role of PKD1 in linking these processes is of importance.
However, the precise molecular mechanisms remain incompletely
understood.

Stimulation of human colonic epithelial NCM460 cells with the
GPCR agonist and bioactive lipid lysophosphatidic acid (LPA) led to
a rapid and striking activation of PKD2, the major isoform of the
PKD family expressed by these cells [114]. LPA induced a striking
increase in the production of interleukin 8 (IL-8), a potent pro-
inflammatory and pro-angiogenic chemokine, and stimulated NF-
kB activation. PKD2 gene silencing utilizing small interfering RNAs
dramatically reduced LPA-stimulated NF-kB promoter activity and
IL-8 production. These results imply that PKD2 mediates LPA-
stimulated IL-8 secretion in NCM460 cells through a NF-kB-
dependent pathway. PKD2 has also been implicated in mediating
NF-kB activation by Bcr-Abl in myeloid leukemia cells [112].

NF-kB also plays a critical role in inflammatory and cell death
responses during acute pancreatitis. Previous studies demonstrat-
ed that the PKC isoforms PKCd and e are key regulators of NF-kB
activation induced by cholecystokinin-8 (CCK-8), an agonist that
induces pancreatitis when administered to rodents at supramax-
imal doses. PKD has been shown to function as a key downstream
target of PKCd and PKCd in pancreatic acinar cells stimulated by
CCK-8 or the cholinergic agonist carbachol. Furthermore, PKD was
necessary for NF-kB activation induced by these GPCR agonists
[116]. The kinetics of PKD1 and NF-kB activation during rat
pancreatitis showed that both PKD1 and NF-kB activation were
early events during acute pancreatitis and that their time courses
of response in vivo were similar [116]. These results identify PKD1
as a novel early point of convergence in the signaling pathways
mediating NF-kB activation in pancreatitis, a condition that in its
chronic form predisposes to pancreatic cancer.

Since the original finding that oxidative stress induces PKD1
activation, partly via PKC-mediated activation loop phosphoryla-
tion, and partly through Src-mediated PKD1 tyrosine phosphory-
lation [101], a number of reports confirmed that PKD1 is a sensor of
oxidative stress [38,90,102,111,113,115,117,118]. Recently, Tyr95

in PKD1 has been identified as a phosphorylation site that is
regulated by oxidative stress and generates a binding motif for
PKCd. Oxidative stress-mediated PKCd/PKD1 interaction results in
PKD1 activation loop phosphorylation on Ser744 and Ser748 leading
to catalytic activation [118]. A number of studies have shown that
PKD1 opposes the apoptotic effects of oxidative stress in a variety
of cells [90,115,117,119–121].

A recent study using pancreatic b cells, demonstrated that
stress signals markedly induced TNFAIP3/A20, a zinc finger-
containing, immediate early-response gene with potent antiapop-
totic and anti-inflammatory functions [122]. In fact, A20 is an early
NF-kB-responsive gene that encodes a ubiquitin-editing protein
that is involved in the negative feedback regulation of NF-kB
signaling [123]. Interestingly, other studies demonstrated that
PKD1 induces A20 promoter activity [124]. It is plausible that PKD1
initiates not only an inflammatory response via NF-kB but also
stimulates expression of the antiapoptotic and anti-inflammatory
A20, as a feedback mechanism that protect cells subject to stress
signals, including oxidative stress.

5. Role of the PKD family in PDAC

Given the unmet need for defining molecularly targeted
therapies for PDAC, this section is focused more specifically in
summarizing recent advances in identifying PKD family members
as potential therapeutic targets in PDAC. A previous study reported
moderate to strong overexpression of PKD1 in PDAC while only
mild to moderate staining in normal pancreatic tissue implicate
the significant role of PKD1 in this cancer [125]. However, the
results of this study did not distinguish whether the increase in
PKD immunoreactivity represented active or inactive PKD. In a
recent study, autophosphorylated PKD1/2 (on the C-terminal tail,
indicative of catalytic activation) was shown to be significantly up-
regulated in PDAC, as compared to normal pancreatic ducts [[126]
and unpublished results].

Previously, we demonstrated that the PDAC cell lines PANC-1,
MiaPaca-2 and HPAF-II endogenously express PKD1/2 [13]. We
also reported that the GPCR agonist neurotensin induces PKD1
activation [13] and translocation to the plasma membrane [32] and
subsequently acts as potent growth factor for PDAC cell lines,
including PANC-1 [44,46,127]. As indicated above, downstream
targets of PKD1 include Hsp27 [Heat shock protein 27, [96]] which
contributes to gemcitabine resistance in PDAC cells [128].
Interestingly, PKD1 has been reported to be up-regulated in PDAC
cell lines highly resistant to chemotherapeutic drugs [125].

As mentioned above, recent results show that induced over-
expression of PKD1 in PANC-1 cells led to reciprocal regulation of
neurotensin-induced MAPK pathways in these cells. Specifically,
PKD1 suppressed pro-apoptotic JNK signaling pathway and
concomitantly prolonged mitogenic ERK1/2 signaling [65]. Ac-
cordingly, recent results show that PKD1 overexpression in PANC-
1 cells stimulated DNA synthesis, anchorage-dependent and
anchorage-independent proliferation and markedly enhanced
neurotensin-induced DNA synthesis in these cells [[65] and
unpublished results]. Thus, PKD1 emerges as a potential novel
target for developing therapeutic strategies to restrict the
unregulated proliferation of pancreatic cancer cells.
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6. PKD family as a therapeutic agent: development of novel
PKD inhibitors

As discussed in previous sections, PKD signaling is increasingly
implicated in the regulation of multiple cellular activities and in
the mechanism of action of multiple stimuli and in the
unrestrained proliferation of PDAC cells [13,32,44,46,65,96,
125,126,128]. Although several compounds are known to inhibit
the catalytic activity PKD1, including Gö-6976 [129] and K252a
[57], these agents are not PKD specific. The identification of
selective PKD inhibitors would be extremely useful in helping to
define the physiological substrates and functions of the members
of the PKD family and may open up new avenues for the
development of novel therapeutic approaches in a variety of
conditions, including PDAC.

In order to test further the hypothesis that the PKD family plays
a critical role in PDAC cell proliferation and develop novel potential
anti-cancer agent(s), a diverse compound library was screened
against purified PKD1 to identify novel inhibitors against this
protein kinase family. High throughput screening identified a new
family of pyrazine benzamide compounds that are pharmacologi-
cally active, cell-permeable, PKD family inhibitors [126]. A lead
compound, CRT0066101, was used in vitro to quantitate its effects
on the catalytic activity of PKD, as determined by inhibition of
peptide substrate phosphorylation. The IC50 values were 1, 2.5 and
2 nM for PKD1, PKD2, and PKD3, respectively. The specificity of
CRT0066101 for PKD family members was also confirmed by in

vitro kinase assays comprising a panel of >90 protein kinases
(including PKCa, PKBa, MEK1, c-Raf, MAPKAP-2, PAK2, CHK1,
GSK3b, CAMK-I, CAMK-IV, Aurora kinase, c-Src, EGFR, and PDGFR)
that have a role in cancer promotion or progression. As described
above, PKD directly phosphorylate Hsp 27 on Ser82 in intact PANC-
1 cells stimulated with NT [96]. Our recent results demonstrate
that treatment of PANC-1 cells with CRT0066101 (e.g. 1 mM)
inhibited PKD1 activation, and prevented Hsp27 phosphorylation
on Ser82 [126]. Importantly, CRT0066101 did not interfere with NT-
induced phosphorylation of MARCKS on Ser152/156, a well-
established target of PKC. These results corroborated the specificity
of CRT0066101 within intact PDAC cells. In the context of this
article, it is important that CRT0066101 inhibited DNA synthesis
(BrdU incorporation) in proliferating PANC-1 cells with an
IC50 = 1 mM [126]. Additional results demonstrate that PKD
inhibition also abrogates anchorage-independent growth of PDAC
cells in semisolid medium, a hallmark of malignant cells.

Plasma concentrations of CRT0066101 were evaluated follow-
ing oral administration (by gavage) of a dose of 80 mg/kg in CD-1
mice. Optimal therapeutic concentrations (�8 mM) of CRT0066101
were detectable 6 h after the oral administration of this drug.
Crucially, administration of CRT0066101 markedly reduced the
growth of heterotopic (subcutaneous) or orthotopic (intra-
pancreatic) xenografts models of PDAC [126]. These results provide
strong evidence indicating that PKD signaling plays a critical role in
the growth of human pancreatic cancer cells.

Interestingly, recent results obtained by another laboratory
using endothelial cells showed that vascular endothelial growth
factor (VEGF)-induced phosphorylation of the PKD1 substrates
histone deacetylase (HDAC) 5, CREB and Hsp27 phosphorylation
on Ser82, was inhibited by CRT5, another pyrazine benzamide PKD
family inhibitor [130]. These results corroborate that pyrazine
benzamides are selective PKD antagonists and raise the interesting
hypothesis that they inhibit PDAC growth by acting at two
different levels: directly on PDAC cell proliferation and indirectly,
preventing angiogenesis necessary to support tumor cell growth.

It is noteworthy that benzoxoloazepinolone, a previously
identified PKD inhibitor termed CID755673 [131], appears to
induce biological effects, including stimulation of cell cycle
progression, independently of PKD1 [132]. It appears that
CID755673 has other cellular target(s) in addition to PKD1 and
therefore, experiments using this compound to elucidate the role
of the PKD1 family in cell regulation should be interpreted with
great caution. Recently, several analogs with equal or greater
potencies as CID755673 were identified [133]. Modifications to the
aromatic core structure of this inhibitor significantly increased
potency while retaining high specificity for PKD1. In line with the
notion that PKD1 plays a role in stimulating the proliferation of
cancer cells, the new PKD1 inhibitors identified in Ref. [133]
arrested proliferation when applied to prostate cancer cells. Cell
migration and invasion were also inhibited by these analogs with
varying potencies that correlated to their cellular activity [133].
These compounds are being tested as pharmacological tools for
dissecting PKD1 function and as potential anti-cancer agents in the
treatment of prostate cancer.

Using high throughput screening and medicinal chemistry,
another group identified a series of selective small molecule
inhibitors of PKD family members [134]. One of these compounds,
referred as bipyridyl PKD inhibitor (BPKDi), inhibited the three
members of the PKD family, PKD1, PKD2 and PKD3, with IC50

values of 1, 9 and 1 nM, respectively [134]. BPKDi inhibited PKD-
mediated phosphorylation of class IIa HDAC kinases in cardiac
myocytes but did not significantly inhibit other putative class IIa
HDAC kinases. In cultured cardiac myocytes, BPKDi blocked
agonist-dependent PKD activation and phosphorylation-depen-
dent nuclear export of class IIa HDACs-4 and -5. Pharmacological
inhibition of PKD activity was associated with attenuation of
myocyte hypertrophy [134]. It will be important to determine
whether these compounds inhibit cancer cell growth.

As different inhibitors of PKD catalytic activity are emerging, it
will be of interest to determine if they inhibit PKD through similar
or different mechanisms. If different mechanisms are defined, it
might be possible to use combinations of PKD inhibitors at lower
concentrations that may increase target specificity and anti-
proliferative activity and reduce undesirable off-target effects.

7. Conclusions and implications

A great deal of progress has been made in understanding the
regulatory mechanisms of activation and sub-cellular localization
of PKD1 and the role of novel PKCs in mediating rapid
phosphorylation at the activation loop. As in other phosphoryla-
tion cascades, inducible activation loop phosphorylation provides
a mechanism of signal integration and amplification. Interestingly,
new results uncovered that the regulation of the activation loop
phosphorylation of PKD1 is more complex than previously
thought, with the participation of different mechanism at different
times, especially in cells stimulated by Gq-coupled receptor
agonists [57,135].

Accumulating evidence demonstrate that PKD plays an impor-
tant role in an array of cellular processes and activities, including
signal transduction [55,56,72,136], chromatin organization [137],
Golgi function [73,77], gene expression [111,112,114], prostaglan-
din synthesis via COX-2 induction [138], immune regulation [137]
and cell survival, adhesion, motility, differentiation, DNA synthesis
and proliferation [reviewed in Ref. [33]]. The involvement of PKDs
in mediating such a diverse array of normal and abnormal
biological activities in different sub-cellular compartments is likely
to depend on the dynamic changes in their spatial and temporal
localization, combined with its distinct substrate specificity. As
originally predicted [24], it seems that a variety of biological
responses attributed originally to PKCs are in fact executed by
PKDs. Animal models using PKD transgenics or tissue specific
knockout are emerging and will serve to further clarify the
function(s) of PKD isoforms in vivo. In this context, it is important
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to point out that global knockout of PRKD1 in mice induces
embryonic lethality with incomplete penetrance [139].

In conclusion, it is increasingly apparent that the members of
the PKD family are key players in the regulation of fundamental
cellular activities and processes in normal and cancer cells.
Pancreatic ductal adenocarcinoma is one of the most lethal human
diseases and novel molecularly targeted therapies are urgently
needed. In this article we posit that PKD1 plays a role in promoting
the development of human pancreatic cancer at least via three
different mechanisms: (1) PKD plays a critical role in PDAC cell
proliferation by reciprocal regulation of ERK and JNK cascades; (2)
PKD is increasingly implicated in the mechanisms by which VEGF
induces angiogenesis and (3) PKD plays an important role in
stimulating the secretion of insulin and GPCR agonists that activate
mitogenic signaling in pancreatic ductal adenocarcinoma cells. The
role of PKD in multiple aspects of pancreatic cancer development
may explain the success of orally active PKD inhibitors in reducing
the growth of orthotopic xenografts of PDAC. PKD is emerging as a
valuable target for development of novel therapeutic approaches
in important and still intractable diseases, including human
pancreatic cancer.
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