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Abstract
Protein kinase D is a novel family of serine/threonine kinases and diacylglycerol receptors that
belongs to the calcium/calmodulin-dependent kinase superfamily. Evidence has established that
specific PKD isoforms are dysregulated in several cancer types, and PKD involvement has been
documented in a variety of cellular processes important to cancer development, including cell
growth, apoptosis, motility, and angiogenesis. In light of this, there has been a recent surge in the
development of novel chemical inhibitors of PKD. This review focuses on the potential of PKD as
a chemotherapeutic target in cancer treatment and highlights important recent advances in the
development of PKD inhibitors.
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1. Introduction
PKD constitutes a novel family of serine/threonine kinases and diacylglycerol (DAG)
receptors that signal downstream of G protein-coupled receptors (GPCRs) and tyrosine
kinase receptors. Now classified as a subfamily of the calcium/calmodulin-dependent kinase
(CaMK) superfamily, PKD has emerged as a key regulator of many important cellular
processes. Major advances in our understanding of PKD signaling have been made on
multiple fronts: (1) basic signaling mechanisms [1,2], where PKD has been identified as a
protein kinase C (PKC) effector [3]; (2) protein trafficking [4–6], in which PKD, a Golgi-
resident kinase, has been shown to regulate protein transport from the Golgi to the plasma
membrane [7–11], a significant function of PKD that underlies its critical role in multiple
secretory processes including the secretion of insulin from pancreatic beta cells [12] and cell
motility [13,14]; (3) immune system function [15], where PKD was found to play an
important role in mediating antigen-receptor signaling [15,16] and in regulating lymphocyte
adhesion and motility [17]; (4) oxidative stress response [18,19], where PKD has been
shown to be activated by oxidative stress and to promote cell survival through activation of
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nuclear factor-kappaB (NFκB) signaling [19–21]; (5) angiogenesis [22,23] and
cardiovascular biology [24,25], where PKD can mediate vascular endothelial growth factor
(VEGF) signaling [26] and promote angiogenesis in part through regulation of class IIa
histone deacetylase (HDAC) activity [27–29], which plays a critical role in pathological
cardiac remodeling in the heart [30–32]; and (6) drug discovery, where the field culminates
with the recent surge of several novel chemical probes that target PKD with remarkable
potency (single digit nanomolar), high selectivity, and in vivo activity [33–35] (reviews and
major papers in these areas are cited). The basic functions of PKD revealed in these studies
are intimately coupled to its role in tumor development, particularly in the regulation of
protein trafficking, oxidative stress, angiogenesis, and immune system function. PKD is
truly a unique and important family of signaling proteins that has recently drawn increasing
attention through efforts to understand its role in cancer.

Three isoforms of PKD have been identified (PKD1/PKCμ [36,37], PKD2 [38], and PKD3/
PKCν [39]), which share a distinct structure that includes a catalytic domain, a pleckstrin
homology (PH) domain, and an N-terminal cysteine-rich DAG/phorbol ester binding domain
(the C1 domain) [36–39]. High homology between the three isoforms exists, particularly in
the catalytic domain and C1 domain, though there are differences in the N-terminal region
and in regions flanked by the C1 and PH domains which may confer isoform-specific
functions [40]. The PH domain has a negative regulatory effect on PKD catalytic activity, as
deletion of this domain leads to constitutive activation of the kinase [41].

The regulatory mechanisms that control PKD activity have been well-documented. Studies
have shown that PKD is activated through direct phosphorylation of two conserved serine
residues in the activation loop by DAG-responsive PKC isoforms [2,3,42]. Subsequent
autophosphorylation then confers full, sustained activation [43,44]. This canonical PKC/
PKD activation pathway can be further “tuned” by other factors and pathways. For example,
the Src-Abl pathway has been shown to prime PKD for activation by PKCδ through tyrosine
phosphorylation in the PH domain [19,45]. As a DAG target, PKD is also subjected to
spatial regulation by DAG or phorbol esters. Binding of DAG to the C1 domain allows PKD
to localize to the plasma membrane and trans Golgi network (TGN), mediating site-specific
functions [40]. PKD also shuttles between the cytoplasm and the nucleus and can
demonstrate transient nuclear accumulation upon activation or through specific signals [46–
48]. PKD can be activated in response to a variety of stimuli, including DAG, phorbol
esters, growth factors, GPCR agonists, and hormones [26,49–52].

2. Signaling mechanisms of PKD: relevance to tumor cell biology
Emerging evidence links PKD to a diverse set of signal transduction pathways involved in
tumor development and cancer progression (Figure 1). Here, we will discuss the potential
roles and signaling mechanisms of PKD in cancer-associated biological responses.

2.1. Proliferation, Survival, and Apoptosis
Uncontrolled cell growth and resistance to apoptosis are among the hallmarks of cancer
development. Functional studies have described PKD as a potent promoter of cell growth
and proliferation in multiple cellular systems, suggesting that PKD may possibly contribute
to the cancer phenotype. For example, in Swiss 3T3 cells, overexpression of PKD has been
shown to potentiate DNA synthesis in response to bombesin, vasopressin, and phorbol esters
[53], and expression of PKD1 has been shown to correlate with levels of proliferating-cell
nuclear antigen (PCNA) and proliferation state in mouse keratinocytes [54]. Furthermore,
treatment with the PKC/PKD inhibitor Gö6976 inhibits 3H-thymidine incorporation in
keratinocytes [55], supporting a role for a PKC/PKD axis in the regulation of keratinocyte
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proliferation. A similar role for PKD was also demonstrated in prostate and pancreatic
cancer [56,57].

Mechanistically, PKD has been linked to several pathways known to control cell
proliferation, most notably the extracellular signal-regulated kinase (ERK) signaling
pathway. Inhibition of PKD expression and activity has been shown to attenuate ERK
signaling, while overexpression of PKD has been shown to potentiate ERK activity in
response to growth factors in multiple cell types including endothelial cells, Swiss 3T3 cells,
and prostate cancer cells [26,56,58,59]. It has been proposed that PKD modulates the Ras-
Raf-MEK-ERK pathway and promotes proliferation, possibly through direct
phosphorylation of the Ras effector protein Ras and Rab interactor 1 (RIN1) [60,61].
Separate studies have suggested PKD may mediate endothelial cell proliferation and growth
through regulation of class IIa HDACs [29].

PKD is also implicated in the regulation of cell survival and apoptosis. Substantial work has
shown that PKD promotes survival and inhibits apoptosis through modulation of the NF-κB
and c-Jun N-terminal kinase (JNK) pathways [18,21,62]. Interestingly, in an opposing role,
PKD can promote anoikis, cell death resulting from detachment from the extracellular
matrix, by modulating the phosphorylation and subsequent localization of Bcl-2 inhibitor of
transcription 1 (Bit1) [63]. Additionally, PKD was found to be cleaved by caspase-3 in
response to certain genotoxic agents, a process that generates catalytically active PKD
fragments that may play a role in sensitizing cells to the cytotoxic effects of these agents
[64,65]. Furthermore, several PKD substrates including sphingosine kinase 2 (SphK2) and
heat-shock protein 27 (Hsp27) have also been connected to the apoptotic response, but the
functional relevance of their regulation by PKD in apoptosis remains to be determined [66–
68].

2.2. Cell Migration and Invasion
PKD has been implicated in several pathways mediating cell migration, invasion, and
motility – processes that are critical to cancer progression and metastasis. Consistent with its
important role as a modulator of protein trafficking, PKD1 regulates fibroblast motility and
Rac-1-dependent leading edge activity through modulation of anterograde membrane traffic
from the TGN to the plasma membrane [14]. Furthermore, PKD directs the transport of
αvβ3 integrin to focal adhesions, affecting cell migration [13]. PKD-mediated
phosphorylation of several proteins important to cell migration and invasion, including
cortactin [69], Par-1 [70], and slingshot 1 like (SSH1L) [71], has also been documented.
SSH1L is a phosphatase whose activity causes reactivation of the actin-remodeling protein
cofilin at the leading edge of migrating cells [72]. Pioneering work by the Storz group
showed that phosphorylation of SSH1L by PKD1 leads to its dissociation from the actin
cytoskeleton and subsequent inhibition of cell motility through sustained cofilin inactivation
[71]. Additional studies have shown that PKD and its substrates are involved in the
regulation of matrix metalloproteinase (MMP) expression [28,73,74]. MMPs are matrix-
degrading enzymes that control cell migration and invasion and have been linked to the
progression of many types of cancer [75].

2.3. Angiogenesis
Angiogenesis is the process through which new blood vessels are formed. In tumor
development, angiogenesis is required to provide growing primary and secondary tumors
with oxygen and nutrients [76]. A study in 2005 by Wong and Jin showed that PKD was
activated by VEGF downstream of PKCα and regulated endothelial cell proliferation [26].
Further studies showed that VEGF-induced endothelial cell proliferation, migration, and in
vivo angiogenesis all required PKD activity [77]. Subsequently, researchers from two
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separate groups reported that VEGF-stimulated activation of PKD leads to PKD-dependent
phosphorylation of HDAC7 and increased migration in endothelial cells [28,29]. This
pathway was also shown to promote several additional processes required for angiogenesis
including proliferation [29], tube formation, and microvessel sprouting [28]. These studies
stemmed from the seminal work by Vega et al. that first identified class IIa HDACs as direct
substrates of PKD [30]. Class IIa HDACs, including HDAC4, -5, -7, and -9, catalyze the
deacetylation of lysine residues in histone amino-terminal tails and, as part of large,
multiprotein transcriptional co-repressor complexes, regulate the activity of transcription
factors such as myocyte enhancer factor-2 (MEF2) [78]. Direct phosphorylation of class IIa
HDACs by PKD leads to nuclear exclusion of these proteins and subsequent expression of
MEF2 target genes, including the angiogenesis-promoting MMPs [28,29].

3. PKD in Cancer: Expression, Activity and Localization
Emerging as a major player in cell proliferation, survival, motility and angiogenesis
pathways, it is no surprise that PKD has recently received considerable attention as a
potential target in the treatment of cancer. Studies assessing the expression levels of all three
isoforms have shown that indeed, PKD is dysregulated in several cancer types (Table 1).

3.1. Breast Cancer
PKD enzymes were first studied in the context of breast cancer over a decade ago [79].
Despite this early start, the mechanisms through which PKD may contribute to breast cancer
progression are not yet clear. Analysis of invasive human breast tumors has revealed that
PKD1 expression is downregulated in infiltrating ductal carcinoma compared to normal
breast tissue [73]. In this study, no differences were observed in PKD2 or PKD3 expression
when comparing normal versus malignant tissue, suggesting that decreased expression or
activity of PKD1, but not that of PKD2 or PKD3, may be important for the progression of
breast cancer. Supporting these results, several transcriptional microarray studies of gene
expression in normal breast tissue and of early and advanced stage breast tumors have
shown reduction of the PRKD1 (PKD1) gene correlating with increased invasiveness and
cancer progression [80–84]. In cellular models, similar expression patterns have been
described. For example, the highly invasive cell lines SKBR3, T47D, and MDA-MB-231
have been shown to express little or no PKD1, while normal breast cell lines and very low-
invasive breast cancer cell lines such as MCF-7 and BT-474 have been shown to express
PKD1 at moderate levels, though considerable variation exists in the reported literature
when different antibodies for PKD1 are utilized [73,79]. Interestingly, the low level of
PKD1 expression in highly invasive lines was due to epigenetic silencing by DNA
methylation [73].

Functionally, studies investigating the role of PKD in breast cancer progression have
focused on the processes of invasion and adhesion. As early as 1999, Mueller and colleagues
described an interaction between PKD1, paxillin, and cortactin at sites of invadopodia in
MDA-MB-231 breast cancer cells [79]. Invadopodia are actin-containing protrusions that
extend outward into the extracellular matrix (ECM) and participate in degradation of the
ECM [85]. This interaction, present in invasive breast cancer cells but not in non-invasive
lines, suggested that PKD1 may regulate the function or formation of the paxillin/cortactin
complex to promote invasion. Furthermore, cortactin was recently determined to be a PKD1
substrate [69], though it remains to be determined whether this phosphorylation event and
the PKD1/cortactin/paxillin association does indeed promote invasion. Additionally, PKD1
also phosphorylates EVL-1, a splice variant of Ena/VASP like protein [86]. Ena/VASP
proteins negatively regulate cell mobility through rearrangement of the actin cytoskeleton
and are upregulated in estrogen-responsive breast cancer [87,88]. While the exact function is
not yet completely clear, the data suggests that impairment of PKD1-mediated EVL-1
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phosphorylation may promote lamellipodia ruffling. Though membrane ruffling is often
associated with invasiveness, it has been shown that increased local activity of Ena/VASP
proteins at the leading edge leads to the growth of elongated, less-branched actin filaments
which promote the formation of ruffles and results in an overall reduction in cell mobility
[86,89–91]. Future studies are needed to fully elucidate the role of PKD in these events.

Multiple separate studies have strongly supported an opposing role for PKD in breast cancer
cell invasion and adhesion. Innovative studies by Storz and colleagues have shown that
invasion in 2D and 3D environments was reduced with expression of a constitutively active
PKD1 mutant in MDA-MB-231 cells [73]. Moreover, researchers have shown that PKD1
translocates to the plasma membrane and promotes adhesion in MDA-MB-435 cells in
response to fatty acid treatment [92,93]. Based on mechanistic argumentation, it has been
suggested that the regulation of adhesion and invasion by PKD1 may be related to MMP
expression. Activated PKD1 caused reduced expression of MMP-2, MMP-7, MMP-9,
MMP-10, MMP-11, MMP-13, MMP-14, and MMP-15, while upregulating expression of
MMP-3 [73]. As described earlier, MMPs are endopeptidases involved in the degradation of
the ECM, a process that is required for the development of malignant tumors. In breast
cancer, MMP-2 in particular has been identified as an indicator of potential malignancy [94].
Thus, it is possible that PKD1 may inhibit breast cancer invasion and metastasis through
regulation of MMP expression. Another critical target through which PKD1 exerts its
inhibitory effect on cell migration is SSH1L, which was first shown in MTLn3 rat breast
carcinoma cells [71]. Later, a separate study by Hausser and colleagues showed that both
PKD1 and PKD2 negatively regulate cell migration through direct phosphorylation of
SSH1L in MCF-7 and MDA-MB-231 breast cancer cells [95]. Collectively, these studies
suggest a potential significant role for PKD in the suppression of breast cancer metastasis.

3.2. Pancreatic Cancer
Ductal adenocarcinoma of the pancreas is a devastating disease with a very low 5-year
survival rate (5%) [96]. Studies in pancreatic cancer cells are some of the earliest works
indicating a potential role for PKD in cancer. In human ductal adenocarcinoma of the
pancreas, studies showed PKD1 to be overexpressed compared to normal pancreatic tissues
[57]. Furthermore, recent studies have shown an increase in expression of activated PKD1/2
in pancreatic cancer tissue microarrays [97]. No studies of PKD2 or PKD3 expression in
human tumors have been published, though PKD2 expression has been demonstrated in
PANC-1 cells [98].

In pancreatic cancer cell lines, studies on the function of PKD have revealed a role in cell
proliferation and apoptosis. Trauzold et al. demonstrated that PKD1 overexpression in
Colo357 cells led to: 1) increased viability following treatment with the anti-CD95 antibody
CH11, 2) increased cell proliferation rate, and 3) upregulation of survivin and FLICE-
inhibitory protein (c-FLIPL) [57]. In PANC-1 cells, PKD stimulated DNA synthesis and
mitogenic signaling and was activated by neurotensin (NT), a mitogenic neuropeptide that
has been implicated in the autocrine/paracrine growth stimulation of human pancreatic
cancer [52]. A separate study showed that PKD1 and PKD2 phosphorylated Hsp27 in
response to NT in PANC-1 cells [98]. Hsp27 is an important protein and molecular
chaperone linked to a variety of cellular processes including protein folding, cytoskeleton
rearrangement, cell mobility, cell survival, and proliferation, and its expression is increased
in many types of cancer [99–102]. Further validation of the role of PKD in pancreatic cancer
was recently revealed in significant xenograft studies. Researchers showed that treatment
with the novel PKD inhibitor CRT0066101 reduced tumor growth in both subcutaneous
PANC-1 tumors and in orthotopically implanted PANC-1 cells [97]. Taken together, these
studies reveal the pro-survival and pro-proliferation functions of PKD1 in pancreatic cancer
cells, and implicate PKD as a potential therapeutic target in pancreatic cancer treatment.
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3.3. Prostate Cancer
Prostate cancer was the second leading cause of death from cancer among men in the U.S. in
2009 [103]. Despite recent advances in early diagnosis and screening procedures, there are
currently no effective therapeutic treatments once tumors have metastasized [104]. We still
have an incomplete understanding of the molecular mechanisms that cause prostate cancer
to become invasive.

Recently, evidence for the role of PKD in the progression of prostate cancer has been
revealed. Studies have shown that PKD1 and PKD3 expression levels are elevated in human
prostate carcinoma tissues compared to normal prostate epithelial tissue, and advanced-stage
tumors were found to have increased PKD3 nuclear accumulation [56]. In contrast,
androgen-independent tumors showed reduced PKD1 expression [105]. Common prostate
cancer cell lines also display differential expression of the PKD isoforms. The LNCaP cell
line, an androgen-sensitive and less metastatic cell line, expresses PKD1 and PKD2 only,
while DU145 and PC3 cells, both androgen-insensitive and highly metastatic prostate tumor
cells, express primarily PKD3, with moderate expression of PKD2 and no detectable PKD1
[56]. The differential expression and distribution of PKD in these cell lines and in tumor
samples suggests PKD might be important for the progression of prostate cancer.

Functional analysis of PKD has revealed distinct roles for the PKD isoforms in prostate
cancer. Balaji and colleagues [106] demonstrated a tumor suppressor-like function for PKD1
in prostate cancer. PKD1 was found to negatively regulate androgen receptor (AR) function
and prostate cancer cell migration and proliferation. Specifically, expression of PKD1 in
DU145 cells reduced cell proliferation, while co-expression of kinase-dead PKD1 with AR
attenuated the AR-mediated increase in cell-proliferation [106]. Furthermore, expression of
either PKD1 or the kinase-dead PKD1 mutant reduced AR-mediated transcription.
Additional studies have suggested that repression of AR-dependent transcription by PKD1
may be mediated through Hsp27 [68]. They have also demonstrated that overexpression of
PKD1 may promote cell aggregation, inhibit migration, and reduce cell proliferation through
phosphorylation of E-cadherin and regulation of β-catenin activity, linking PKD1 to the Wnt
signaling pathway [107–110]. These studies are suggestive of a possible role for PKD1 in
suppressing the development of the androgen-independent state, common to more advanced,
aggressive prostate cancer.

In contrast, separate studies conducted in our laboratory have demonstrated a positive role
for the PKD3 isoform in prostate cancer cell proliferation and survival [33,56]. In PC3 cells,
reduction of PKD3 levels using siRNA caused potent inhibition of cell proliferation.
Analysis of a potential mechanism revealed that PKD3 activity stimulated prolonged
activation of Akt and ERK1/2. This regulation of Akt and ERK1/2 may account for the
effects on proliferation, and also may affect other steps in prostate cancer progression. Akt,
commonly found to be hyperactive in prostate cancer due to a phosphatase and tensin
homolog (PTEN)-null phenotype, has been implicated in angiogenesis and metastasis in
addition to its fundamental roles in survival and proliferation [111,112]. We also found that
inhibition of PKD activity using a novel chemical inhibitor of PKD not only reduced
proliferation in LNCaP, DU145, and PC3 prostate cancer cells, but also significantly slowed
migration and invasion of PC3 and DU145 cells [33].

These studies not only highlight the significance of PKD signaling in prostate cancer
progression, but also strongly suggest isoform-specific functions and contrasting roles for
PKD1 and PKD3 in prostate cancer cells. Further studies are needed to determine whether
indeed there are distinct and opposing roles for the PKD isoforms in prostate cancer and
what implications this might have in the development of PKD inhibitors for potential use as
chemotherapeutic agents in the treatment of prostate cancer.
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3.4. Basal Cell Carcinoma and Skin Cancer
Basal cell carcinoma (BCC) is an extremely common form of malignant skin cancer [113].
Analysis of BCC lesions showed increased expression of PKD1 when compared with
normal epidermis [114]. Furthermore, PKD1 expression in normal epidermis was primarily
restricted to the stratum basalis, the proliferative compartment of the epidermis, supporting
the concept that PKD promotes hyperproliferative disorders of the skin [54,55]. Additional
studies are necessary to confirm whether PKD plays a significant role in the development of
BCC or other hyperproliferative skin conditions.

3.5. Gastric Cancer
Similar to the studies in breast cancer, analysis of PKD1 levels in primary gastric tumors
and gastric cancer cell lines has revealed decreased protein expression due to
hypermethylation of the PKD1 promoter region [115]. Interestingly, the authors
demonstrated a gradual increase in methylation of the PKD1 promoter in aging, but normal,
gastric mucosal tissues. Since the incidence of gastric cancers is positively correlated with
age [116], it is possible that PKD1 silencing may occur early on in the development of
gastric cancer or, at the very least, predispose individuals to gastric cancer. Moreover, the
lack of PKD1 may promote the development of metastases, since knockdown of PKD1
using siRNA led to increased migration and invasion of SNU-484 and SNU-668 gastric
cancer cells.

The epigenetic silencing of PKD1 in invasive gastric and breast cancer cell lines and tumors
suggests it could potentially act as a tumor suppressor at certain stages of tumor
development. Considering the large body of evidence suggesting that PKD1 positively
regulates cell survival and proliferation, it is possible that the expression and silencing of
PKD1 are concerted events occurring at different stages of tumor development. In this
scenario, the presence of PKD1 may be required for early tumor promoting events such as
enhanced survival and proliferation, while silencing of PKD1 may be necessary to allow
tumor progression into invasive stages. Nonetheless, this concept might not apply to gastric
cancer, since PKD1 silencing is most likely an early event in gastric carcinogenesis.
Analysis of PKD1 expression and activity in different stages of tumors will provide better
support for this concept.

3.6. Lung Cancer and Lymphoma
Very little is known about the role of PKD in small cell lung cancer (SCLC). One study has
shown that the PKC-PKD signaling pathway exists in the SCLC cell lines H69, H345, and
H510, and that PKD can be activated by phorbol esters and bombesin in these cells [117].
To date, there have been no reports on PKD expression and distribution in actual human
tumor samples.

Immunohistochemistry analysis of multiple types of human malignant lymphoma have
revealed varying expression of PKD2 protein and activity [118]. No correlation between
aggressiveness of the lymphoma and PKD2 expression was observed, and the authors
suggest that PKD2 expression often was very similar to the normal lymph tissue from which
the particular tumors were derived. This study suggests that while PKD2 is expressed in
many types of lymphoma, it may not be involved in progression of the disease; however,
more studies are required to support these conclusions.

4. Chemical Inhibitors of PKD: Old and New
Novel biotechnologies such as RNAi-mediated knockdown of endogenous proteins now
allow the study protein function through direct targeting of specific proteins. The limitations
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of these approaches, however, are that they deplete the entire protein and they are extremely
difficult to apply in vivo. On the other hand, the development of chemical probes with high
potency and selectivity provides the opportunity to directly and reversibly target the enzyme
activity of PKD in cells and animals. Moreover, one can titrate the level of inhibition. In the
past, PKD inhibition was achieved by various general kinase inhibitors or through
compounds that were primarily developed as PKC inhibitors. Recently however, novel
chemical inhibitors targeting PKD in various disease states including cancer have emerged,
with several new compounds being reported in the past year (Table 2).

In earlier studies, several compounds capable of also inhibiting PKD among a range of other
kinases were reported. The pan-kinase inhibitor staurosporine and staurosporine-related
compounds such as K252a have been reported to inhibit PKD in the low nanomolar range
(Figure 2). However, these compounds lack the specificity necessary to interrogate PKD in
cells [119]. The indolocarbazole Gö6976 inhibits PKD with an IC50 around 20 nM and is
commonly used to inhibit PKD in various cellular contexts. However, this inhibitor is
foremost a classical PKC inhibitor with single digit nanomolar IC50s [8,119]. Other
compounds reported to inhibit PKD include the antioxidant and chemopreventive agent
resveratrol. Resveratrol inhibits many proteins in addition to PKD, and high micromolar
concentrations are required for inhibition of PKD [25,120,121]. Despite these limitations,
resveratrol has been extensively studied as a potential chemotherapeutic and
chemopreventive agent, showing potent antitumor activity in multiple animal models, and it
is possible that a small part of its effectiveness is indeed due to inhibition of PKD activity
[121]. In contrast to the abovementioned agents, suramin, a hexasulfonated naphthylurea,
has been shown to be a novel and effective activator of PKD. Although suramin is a
valuable tool for discriminating the activities of PKC isozymes, it too is rather unselective,
thereby limiting its effectiveness as a chemical probe for the study of PKD in a relevant
biological environment [122].

In 2008, we reported the identification and characterization of CID755673, a
benzoxoloazepinolone that inhibited all three isoforms of PKD with an IC50 of around 200
nM (Figure 3) [33]. CID755673 showed some specificity toward PKD over several related
kinases, and it did not inhibit the in vitro activity of PKCα, PKCβ, PKCδ, or CaMKIIα.
Importantly, CID755673 retained cellular activity, albeit with a lower potency, inhibiting
PKD1 autophosphorylation with an apparent IC50 of around 10 μM. Cellular studies also
revealed that CID755673 reduced cell proliferation, migration, and invasion in prostate
cancer cells, highlighting the potential significance of the novel chemical structure in future
drug development. A recent study suggested that this compound might have some
unintended PKD-independent effects [123]. Specifically, CID755673 was found to enhance
PDBu- and growth factor-stimulated DNA synthesis and G1/S cell cycle transition
independent of PKD1 in Swiss 3T3 cells, which correlated to a concentration-dependent
increase in cyclin D1 and cyclin D3 levels in prostate cancer cells, as shown in our latest
report [123,124]. However, this unintended effect did not alter the ultimate cell fate, i.e. cell
growth arrest and subsequent cell death. These new findings suggest that this class of
compounds may target additional proteins, resulting in complex effects on cell cycle
progression. More encouragingly, however, is the activity profile of new analogs of
CID755673 which show reduced off-target effects and markedly increased potency in tumor
cells (Figure 4) [124]. A novel lead compound, kb-NB142-70, inhibits PKD1 with an IC50
of 28 nM in vitro and shows significantly increased cellular activity, inhibiting PKD1
autophosphorylation at Ser916 with an IC50 of around 2 μM in LNCaP cells. All of these
new analogs show increased potency with respect to inhibition of prostate cancer cell
proliferation, migration, and invasion when compared to the parental compound,
CID755673, demonstrating the potential value for future development of this series of novel
PKD inhibitors in anticancer therapy.
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In addition to CID755673 and its analogs, an interesting bipyridyl, BPKDi (2′-
(cyclohexylamino)-6-(piperazin-1-yl)-[2,4′-bipyridine]-4-carboxamide), was recently
identified as a very potent inhibitor of PKD1, PKD2, and PKD3 (IC50 of 1–9 nM) in a
>650,000 compound high-throughput screen (Figure 5) [34]. BPKDi had very little or no
activity toward CaMKIδ, CaMKIIα, CaMKIIβ, CaMKIIδ, CaMKIV, MARK1, MARK2,
SIK1, GRK5, PKCδ, or PKCε. The compound caused substantial inhibition of PKD1
autophosphorylation at 1 μM concentration. Furthermore, treatment of cardiac myocytes
with BPKDi resulted in reduced phosphorylation and increased nuclear retention of HDAC4
and HDAC5, validating these proteins as PKD substrates.

It is important to note that both of the parental PKD inhibitory chemotypes (CID755673 and
BPKDi) were identified using PKD1 biochemical high throughput screens [33,34] and
display inhibitory activity against all three PKD isoforms. The individual screening
strategies (i.e., PKD isoform and substrate pairing) used to identify these small molecule
inhibitors may have directly impacted the specificity (or lack thereof) of the identified
chemotypes. A more advantageous strategy may focus on a particular PKD-isoform paired
with its isoform-specific substrate. As our understanding of the roles of each PKD isoform
expands, and with the emergence of isoform-specific substrates, this strategy may prove to
be more advantageous.

Additional inhibitors continue to emerge in the literature. One class of inhibitors includes
the amino-ethyl-amino-aryl compounds 1, 2, and 3 (Figure 6) [125]. Compound 1 was
shown to inhibit PDBu-stimulated PKD1 Ser916 phosphorylation in PANC-1 cells with an
IC50 of 4 μM, while compounds 2 and 3 showed inhibition of PKD1 in the low and sub-
nanomolar range, respectively. Additionally, compound 3 was reported to inhibit PKD2 with
an IC50 of 4.1 nM. Furthermore, the pyrazine and pyridine benzamides 5 and 6 were
reported to be inhibitors of PKD1 with low nanomolar IC50 values. Benzamides 4 and 6
were similarly potent, exhibiting IC50 values of 420 nM and 32 nM, respectively, against
PKD1 [126]. Compounds containing the pyrimidinediamine scaffold, such as compound 7,
also demonstrated potent inhibition of PKD in the low nanomolar range [127].

During the review of this manuscript, another pan-PKD inhibitor, CRT0066101 (Figure 6,
compound 8), was reported [97]. CRT0066101 inhibits PKD1, PKD2, and PKD3 with in
vitro IC50s of 1, 2.5, and 2 nM, respectively, and has a cellular IC50 of 0.5 μM for PKD1 in
intact PANC-1 cells. The structure of CRT0066101 appears to be derived from the core
structure of compounds 1, 2, and 3 (Figure 6). The interesting scaffold 8 was reported to
inhibit cell proliferation, induce apoptosis, and reduce viability of pancreatic cancer cells.
Furthermore, treatment with CRT0066101 was shown to affect levels of PKD biomarkers
including phosphorylated Hsp27, activated NFκB, and expression of NFκB-regulated genes.
The most attractive features of this inhibitor are that it is orally available and efficacious in
vivo. CRT0066101 given orally at 80 mg/kg/d significantly suppressed the growth of s.c. (qd
for 24 days) and orthotopic (qd for 21 days) pancreatic tumor xenografts in mice. This study
provides strong support for targeting PKD in pancreatic cancer therapy [97], and the
efficacy of this compound in other tumor types awaits further evaluation. Taken together,
efforts at developing PKD-selective inhibitors have so far consistently demonstrated PKD as
an effective target for cancer therapy.

A significant obstacle in the development of novel PKD inhibitors with high potency and
selectivity is the current lack of information regarding the three-dimensional (3D) structure
of PKD, preventing the use of structure-based drug design as a strategy for future
development of PKD chemical probes. Structure-based drug design is a powerful approach
that has been widely used to develop targeted therapies against many cancer targets,
including BCR-ABL, phosphoinositide 3-kinase (PI3K), Hsp90, p53, and epidermal growth
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factor receptor (EGFR) [128]. The availability of structural information on PKD would
greatly accelerate the optimization of current lead compounds and would potentially
facilitate the targeting of specific interactions between PKD and its substrates or binding
partners. Furthermore, it might provide significant insight into structural differences
between the PKD isoforms that could be exploited in the development of isoform-selective
inhibitors.

5. PKD as a Chemotherapeutic Target?
Extensive evidence indicates that PKD expression is deregulated in multiple cancer types
and plays an active role in a variety of cancer-associated biological processes including
proliferation, survival, apoptosis, migration, invasion, and angiogenesis, making PKD an
attractive target for drug development. However, the prominent lack of animal models to
support the potential role of PKD in cancer remains a significant gap in knowledge in this
field. To date, there have been no reports of genetic PKD animal models related to cancer.
However, despite this, pharmacological inhibition of PKD has now shown to be effective at
suppressing growth of pancreatic tumor xenografts [35], which greatly enhances the validity
of PKD as a chemotherapeutic target.

A wide range of studies have characterized PKD as being a promoter of cell proliferation
and survival. It is important to note that PKD may have cell-specific and isoform-specific
functions, especially with regards to motility, and data suggests that the PKD1 isoform may
even act as a tumor suppressor in certain stages of tumor development. To date, no PKD
inhibitors reported exhibit isoform-selectivity. In prostate cancer, where reports have
indicated potential opposing roles for PKD1 and PKD3 [33,56,105,110], isoform selectivity
may prove to be a limiting factor in treatment efficacy.

6. Concluding Remarks
A rapidly growing body of evidence demonstrates that PKD is significant to cancer
progression. The apparent opposing roles of PKD in several cancer types and potential
isoform-specific functions of members of this kinase family leave many questions as of yet
unanswered: Are there significant isoform-specific differences in function that may limit the
use of pan-PKD inhibitors to treat certain types of cancer? Is it possible to develop active
site drugs that exhibit exquisite isoform selectivity? Will allosteric inhibitors provide greater
isoform selectivity? What would be the optimal drug discovery strategy to identify potential
PKD isoform specific chemotypes? However, despite these unanswered questions, exciting
new discoveries have validated PKD as a potential chemotherapeutic target in pancreatic
cancer, and the recent outstanding developments in the chemical inhibition of PKD may
prove to provide a new therapeutic paradigm in the treatment of cancers.

Acknowledgments
This study was supported in part by the National Institutes of Health [Grants R03 MH082038-01, R01 DK066168,
R01CA129127-01 and R01CA142580-01], the NIH Roadmap Program [Grants 1U54MH074411, GM067082], and
the Elsa Pardee Foundation.

Abbreviations

PKD protein kinase D

DAG diacylglycerol

CaMK calcium/calmodulin-dependent kinase
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PH pleckstrin homology

PKC protein kinase C

GPCR G protein-coupled receptor

ERK extracellular signal-regulated kinase

HDAC histone deacetylase

SphK2 sphingosine kinase 2

Hsp heat-shock protein

SSH1L slingshot 1 like

MMP matrix-metalloproteinase

VEGF vascular endothelial growth factor

MEF2 myocyte enhancer factor-2

ECM extracellular matrix

AR androgen receptor

BCC basal cell carcinoma
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Figure 1.
PKD has been implicated in the regulation of multiple cancer-promoting pathways. PKC-
mediated activation of PKD has been shown to regulate such cellular functions as
proliferation, apoptosis, angiogenesis, migration, and invasion. Dysregulation of these
fundamental pathways can lead to the development, progression, and metastasis of cancer.
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Figure 2.
Staurosporin, Gö6976, K252a, and resveratrol inhibit PKD, but are rather unselective.
Suramin, a PKD activator, is a useful tool for differentiating PKC isoforms, but its
application is similarly hampered by a lack of selectivity.
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Figure 3.
The selective PKD inhibitor CID755673. The inhibitory effect of this compound is most
likely mediated through an allosteric effect.

LaValle et al. Page 21

Biochim Biophys Acta. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Analogs of CID755673 show increased potency toward PKD inhibition and some increased
selectivity.
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Figure 5.
BPKDi, a potent and selective active site inhibitor of PKD.
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Figure 6.
Recent active site PKD inhibitors reported in the research and patent literature.
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Table 1

Dysregulation of PKD isoforms in human tumor samples determined by immunohistochemistry analysis

PKD Isoform Tumor Type Expression Correlation/Notes Refs.

PKD1 Breast ↓ Reduced PKD1 in invasive tumors [73]

Pancreatic ↑ Increased PKD1 and activated PKD1/2 in tumors [57,97]

Prostate ↑ ↓ Increased PKD1 in tumors
Reduced PKD1 in androgen-independent tumors

[56,105]

Basal Cell Carcinoma ↑ Elevated and misdistributed PKD1 in the hyperproliferative human skin
disorders, BCC and psoriasis

[114]

Gastric ↓ Decreased PKD1 in tumors, correlated with increased PKD1 promoter
methylation

[115]

PKD2 Breast no change - [73]

Lymphoma ↑ ↓ PKD2 expression pattern in different lymphomas correspond to its
expression in normal counterparts

[118]

PKD3 Breast no change - [73]

Prostate ↑ Increased PKD3 in tumors
Increased PKD3 nuclear accumulation, correlated with pathological grade

[56]
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Table 2

In vitro IC50 values for chemical inhibitors of PKD1

Compound IC50 (μM) Refs.

Gö6976 0.02 [119]

Gö6983 20 [119]

K252a 0.007 [119]

Staurosporine 0.04 [119]

Bisindolylmaleimide I 2 [119]

Bisindolylmaleimide II 10 [119]

Quercetin 4 [119]

Phloretin 50 [119]

Resveratrol 200 [25,120]

CID755673 0.182 [33]

BPKDi 0.001 [34]

CRT0066101 0.001 [35]
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