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Abstract

Protein kinase D is a family of evolutionarily conserved serine/threonine kinases that belongs to
the Ca**/Calmodulin-dependent kinase superfamily. Signal transduction pathways mediated by
PKD can be triggered by a variety of stimuli including G protein-coupled receptor agonists,
growth factors, hormones, and cellular stresses. The regulatory mechanisms and physiological
roles of PKD have been well documented including cell proliferation, survival, migration,
angiogenesis, regulation of gene expression, and protein/membrane trafficking. However, its
precise roles in disease progression, especially in cancer, remain elusive. A plethora of studies
documented the cell- and tissue-specific expressions and functions of PKD in various cancer-
associated biological processes, while the causes of the differential effects of PKD have not been
thoroughly investigated. In this review, we have discussed the structural-functional properties,
activation mechanisms, signaling pathways and physiological functions of PKD in the context of
human cancer. Additionally, we have provided a comprehensive review of the reported tumor
promoting or tumor suppressive functions of PKD in several major cancers types and discussed the
discrepancies that have been raised on PKD as a major regulator of malignant transformation.
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1. Introduction

Protein kinases are of utmost importance in maintaining a battery of cellular activities and
the human genome encodes over 500 protein kinase genes which constitute about 2% of all
human genes, collectively named as the human kinome [1]. The protein kinase D (PKD)
family of serine/threonine kinases falls in to the Ca**/Calmodulin-dependent protein kinases
(CaMKs) superfamily and consists of three isoforms in mammals, notably, PKD1, PKD2
and PKD3. PKD1 was the first member identified in human and mouse in 1994 [2, 3],
although initially it was categorized as a member of the protein kinase C (PKC) family and
named PKCy [2, 4]. It was later reclassified in to CaMK family based on sequence
homology in the catalytic domain. PKD3 and PKD2, two additional PKD isoforms, were
discovered thereafter [5, 6].

PKDs are evolutionarily highly conserved and homologs are found in several organisms
including mice (Mus musculus), rats (Rattus norvegicus), flies (Drosophila melanogaster)
and yeast (Saccharomyces cerevisiae) [7]. There is also high sequence homology among
PKD isoforms, although structural and functional differences have been noted. For example,
PKD3 lacks PDZ (PSD-95/Discs large/Z0O-1) binding motif [8] and a Src family kinase
phosphorylation motif [9]. Among other organisms, D. melanogaster possesses only one
PKD gene [10], whereas, two orthologs termed dfk-1 and dfk-2 are present in C. elegans
[11-13]. In a canonical pathway, various stimuli including hormones, phorbol esters, growth
factors, cellular stress converge to the activation of PKDs through diacylglycerol (DAG) and
classical or novel protein kinase C (¢/nPKC) via active phospholipase C (PLC) B and -y [14,
15]. Activated PKD resides in diverse subcellular locations such as cytosol, Golgi apparatus,
nucleus, mitochondria to regulate a plethora of cellular functions, especially those related to
malignant transformation including cell proliferation, growth, migration/invasion, apoptosis,
epidermal-to-mesenchymal transition (EMT) [14, 16, 17].

In this review, we discuss the status quo of PKD isoforms in terms of their modulation of
different physiological activities and mechanistic role in development and progression of
human diseases focusing on cancer. In light of accumulating scientific evidence, we aim to
provide an updated and comprehensive review of each of the PKD isoforms, their
differential expression patterns, and how they communicate with the cellular machineries in
a wide variety of cell and tissue types to coordinate its biological role in oncogenesis.
Furthermore, we discuss potential tumor promoting as well as suppressive properties of
PKD in different cancer types and aim to resolve the prevailing functional discrepancies it
poses as a regulator of cancer.

2. PKD structural and functional relationships, phosphorylation, activation

All 3 members of the PKD family share discrete structural and functional similarities (Fig.
1). They possess an N-terminal regulatory domain which is subdivided into 2 tandem
cysteine-rich Zn-finger like domains (CRD, Cla and C1b), a plekstrin homology (PH)
domain and a C-terminal catalytic domain [14, 16]. The regulatory domain plays a critical
role by auto-inhibiting the kinase domain and maintaining the protein in an inactivated state
and thus deletion or mutation of critical residues of the C1 domains results in constitutively
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active PKD [14]. The C1 domains bind DAG and phorbol esters, anchor PKD to membranes
and modulate the localization of the protein to Golgi, nucleus as well as plasma membrane
[14, 18, 19]. Although the C1 domains are active in PKD, there are intrinsic differences in
their activity and selectivity for ligands. Our study has demonstrated isoform-specific
differences in the ligand binding activities of PKD isoforms with PKD3 being most
sensitivity of DAG/phorbol esters [20]. As for individual C1 domains, we have shown that
Clais a high affinity receptor for DAG, while C1b is low affinity for DAG but high affinity
for phorbol esters. In the context of full-length protein, Cla in several studies appears to play
a more crucial role in DAG binding and membrane targeting of PKD [19-22]. Furthermore,
the reduced DAG binding activity of Clb is attributed to a conserved lysine residue within
this domain that impairs DAG binding [20, 23]. Overall, C1 domain is central to the spatial
and temporal regulation of PKD localization at different subcellular locations. In addition to
the intrinsic differences of the twin C1 domains [20, 24, 25], their ligand binding activity,
selectivity, and accessibility to ligand in a holoenyme are intricately regulated by PKD
phosphorylation [22], kinase activity [19, 21, 22] and interactions with protein binding
partners [26], and this regulation becomes more complex with embedded nuclear
localization and export signals within the structure of C1 domain [27]. Whether, how, and
how much they contribute to the differential biological functions of PKD isoforms remain to
be determined.

The PH domain has been shown to interact with other proteins and play a role in subcellular
localization as well as nuclear export of PKD [14]. The type 1 PDZ (PSD-95/Discs large/
Z0-1) binding motif is found at the C-terminus of PKD1 and PKD2 which is responsible for
interaction with protein substrates such as NHERF-1 and Kidins220 [8, 28]. The substrate
recognition motif of PKD1 (L.X.R. (Q/K/E/M).S.X.X.X.X) displays a unique preference of
leucine at the -5 position [16, 29, 30]. There are minor structural differences in PKD2 and
PKD3. For example, PKD2 contains a serine-rich region between Cla and C1b motifs and
PKD3 lacks any C-terminal PDZ domain [14]. PKD can be activated by a variety of
physiological factors, such as bioactive peptides [31], lipids [32], growth factors [33], tumor
necrosis factor (TNF) [34], chemokines, and many of which act through binding and
activating the G-protein-coupled receptors (GPCR) or receptor tyrosine kinase (RTK) and
further activating phospholipase Cs (PLCs) and ¢/nPKCs. ¢/nPKCs phosphorylate the
conserved serine residues in the activation loop of PKDs (for example, Ser’44 and Ser48 of
murine PKD1, equivalent to Ser”38 and Ser’42 of human PKD1), leading to PKD activation
[14, 15]. Mutation of active site serine residues in PKD (PKD1 S744A/S748A) abolishes
PKD activation [16, 17]. Replacement of both serine residues with glutamic acid (PKD1
ST744E/S748E) results in a constitutively active PKD implying that activation loop
phosphorylation is an essential mechanism for PKD activation [14]. In further analysis of the
canonical PKC-dependent activation of PKD pathway governing the functional facets of
PKD in cellular physiology, emerging evidence suggests that different regulatory
mechanisms control the phosphorylation at the two sites in the activation loop. For instance,
Gg-coupled receptor agonists such as bombesin induce biphasic PKD activation, notably, a
first rapid PKC-dependent activation through phosphorylation of PKD1 at Ser’4, followed
by a second PKC-independent autophosphorylation at Ser’48 to sustain PKD activity [35,
36]. Several lines of evidence emerged for supporting the fact that PKD1
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autophosphorylation at Ser’#8 is the major mechanism for late sustained PKD activation in
cells treated with GPCR agonists [35]. Beyond the activation loop phosphorylation, there are
considerable discrepancies in the understanding of an autophosphorylation site, PKD1
Ser916 (equivalent to human PKD1 Ser910), which has been used as a marker of PKD1
activity status in many studies [37]. The lines of evidence supporting its use as a marker for
PKD activation are: 1) PKD1 Ser%16 phosphorylation increases when PKD1 is activated by
growth factor receptors or phorbol esters, 2) constitutively active PKD1S744E. ST48E exhibits
high levels of endogenous Ser918 phosphorylation [37, 38]. It was conceived that activation
of PKD through phosphorylation of Ser’44 and Ser’#8 residues is often followed by
autophosphorylation of Ser916 [14, 37, 39, 40]. However, other evidences support the
contrary: 1) PKD1 activation loop phosphorylation and increase in catalytic activity by
agonist stimulation do not augment Ser®10 phosphorylation [41-43], 2) A catalytically
inactive PKD1 mutant (PKD1K612W) displays Ser®10 phosphorylation by endogenous PKD1
and other enzymes [8, 44], 3) Ser®10 autophosphorylation can be achieved at exceedingly
low concentration of ATP that does not require PKD1 phosphorylation of Ser/38. 742,
Additionally, the phosphorylation status on Ser®19 does not correlate well with the inhibition
of PKD by certain inhibitors, for example, Ser®10 phosphorylation is resistant to G86976, an
ATP competitive inhibitor [44] and another ATP competitive inhibitor, BPKDi that inhibits
HDACS5 phosphorylation, does not inhibit PKD1 Ser®10 autophosphorylation [45]. Further
studies are necessary to define the precise role of PKD1 Ser®10 autophosphorylation and its
implication in the regulation of PKD1 catalytic activity.

3. Protein Kinase D and somatic mutations in cancer

Benign cells acquire somatic mutations which cause dysregulation of cell proliferation,
migration and invasion, a key phenomenon for oncogenesis. Approaches through
comprehensive genomics analysis have provided valuable cues to somatic aberrations that
define individual cancers [46-48]. PRKD is generally thought to exhibit low frequency of
somatic mutations in pan-cancer analysis. However, in several recent reports, high frequency
somatic mutations in PRKD genes have been reported in at least two rare tumors,
Polymorphus low-grade adenocarcinoma (PLGA) and angiolipomas [49-51].

Polymorphus low-grade adenocarcinoma (PLGA) is an intra-oral salivary gland malignancy
which preferentially affects the minor salivary glands. Weinreb et al. subjected three
consecutive PLGAs to massive parallel RNA sequencing and whole exome sequencing
(WES) and identified two somatic heterozygous single-nucleotide variations (SNV), which
are ¢.2130A>T and ¢.2130A>C, affecting highly conserved E710 amino acid at the catalytic
loop, resulting a mutant PKD1 (PKD1 E710D) [51]. To further validate the results, the
authors analyzed 53 PLGAS by Sanger sequencing and targeted amplicon sequencing of
PRKD1 exon 15 and confirmed the presence of somatic ¢.2130A>T and ¢.2130A>C
mutations in 41.5% and 30.2% of PLGAS, respectively and the total mutation frequency of
72.9%, representing a single high-frequency hotspot mutation that is indicative of a driver
oncogene. Homology modelling of PKD1 suggested that this E710D mutation could alter
coordination with Mg2* ion, affect enzyme kinetics as well as interfere with ADP-binding
[51]. Cell-free in vitro kinase assay showed significantly increased transphosphorylation of
the substrate CREBtide by PKD1E719D mutant protein and its elevated catalytic activity as
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compared to the wild type PKD1 [51]. Further analysis indicated that the expression of
PKD1E710D mytant protein in embryonic kidney epithelial and non-malignant breast
epithelial cells caused increased phosphorylation of Ser’38/Ser’42 and Ser®10 of PKD1 as
compared to the wild type PKD1. It was also demonstrated that forced expression of
PKD1E710D mytant protein in MCF10A and MCF12A breast cells changed the hollow
spheroid, acinar-like structures into large, coalescent structures filled with lumens and
irregular contours, an increased invasive phenotype typically associated with the
overexpression of other oncogenes in this model system [52, 53]. Taken together, these
results demonstrate that the somatic mutation in PKD1 encoding PKD1E710D js likely
activating driver of PLGA and confers a neoplastic advantage to the epithelial cells [51].
There was another report which aimed to identify somatic mutations in PLGA that affect the
kinase domains of PRKD2or PRKD3 gene and act as a driver of neoplasia [50]. This study
found PLGA s that lack PRKD1 somatic mutations or PKD gene family rearrangement; do
not harbor somatic mutations in the kinase domains of PRKDZ2 or PRKD3 genes. These
findings appear to bring up an interesting concept that PKD1 is not functionally equivalent
to PKD2 and PKD3 in tumorigenesis. There is a lack of evidence for the somatic mutations
and their effect on the biology of adipocytic tumors, including angiolipoma as no genetic
aberrations or chromosomal rearrangements/deregulations have been reported [54]. In a
recent report, Hofvander et al. analyzed a cohort of benign adipocytic tumors including
conventional lipoma, hibernoma and angiolipoma by WES and ultra-deep sequencing and
demonstrated the presence of somatic mutations (18 out of 21) in the catalytic domain of
PKD?2 [49]. gRT-PCR confirmed that the level of PRKDZ2but not PRKD1 or PRKD3 was
higher in angiolipoma than in lipomas. The authors argued that the finding of PRKDZ2
mutations in 80% of the tumors strongly correlate with the neoplastic origin of angiolipoma.
Further studies are necessary to evaluate the significance of the mutations in the catalytic
domain of PRKDZ gene. Collectively, these studies not only highlight the significance of
PKD family in oncogenesis, but also reveal its potential utility as molecular diagnostic
markers or therapeutic targets for certain tumors.

4. PKD regulates major biological processes that contribute to

development and progression of cancer

PKD contributes to a broad spectrum of cellular processes including cell survival,
proliferation, EMT, angiogenesis, gene transcription, secretion and vesicle transport through
TGN and innate immunity (Fig.2). Once activated, PKD rapidly localizes to different
subcellular locations including plasma membrane, nucleus and mitochondria. In this section
we discuss several major biological events and pathways regulated by PKD that directly
contribute to development and progression of cancer.

4.1. Cell growth and proliferation

A major characteristic of cancer cells is uncontrolled cellular growth and proliferation. In
this section, we will review the roles of PKD in modulating the biological pathways that
control cell growth, proliferation and survival in context of neoplasia.
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PKD is activated by many mitogenic GPCR agonists that mediate their response through Gg,
Gj and Gy, implying a role of PKD in cell proliferation [55-58]. G4-coupled receptor
agonists including bombesin and vasopressin-induced activation of PKD1 and PKD2 and
subsequent increased DNA replication and cell proliferation has been shown in Swiss 3T3
fibroblast [36, 59-61]. Extracellular-regulated protein kinase (ERK) pathway is a major
mediator of GPCR agonists-induced mitogenic effect [62]. PKD contributes to the duration
and intensity of MEK/ERK/RSK activation in GPCR agonist-stimulated cells leading to the
induction of c-Fos that stimulates cell cycle progression [36, 59].

4.2 Cell survival

Oxidative stress can be accounted as an imbalance between the systemic production of
reactive oxygen species and a cell’s ability to readily detoxify the reactive intermediates or
to repair the resulting damage. Abnormalities in the normal redox state of cells can cause
toxic effects through the production of reactive oxygen species (ROS), such as Oy~
(superoxide radical), OH (hydroxyl radical) and H,O, (hydrogen peroxide). Oxidative stress
can activate PKD via nonreceptor tyrosine kinase c-Abl and Src along with PKCS. Reactive
oxygen species (ROS) produces DAG via PLD1 and phosphatidic acid phosphatase (PAP)-
mediated catalysis and further recruitment of PKD and PKCS5 at the outer mitochondrial
membrane [63]. A colocalized c-Abl phosphorylates Tyr463 in the PH domain of PKD1
which causes a conformational change, allowing the YGLY domain to be released from PH
domain-mediated intramolecular autoinhibition [9]. Src-dependent phosphorylation of Tyr9
creates a priming site for the C1b domain of PKC6. PKCS efficiently activates PKD1 by
phosphorylating Ser’46/Ser’48, Activated PKD in turn activates IKKa-1KKB-Nemo complex
and nuclear import of NF-xB which results in induction of antiapoptotic and, or antioxidant
genes such as manganese superoxide dismutase (MnSOD) and promotes cell survival [64].
Hence, a complete understanding of the molecular mechanism underlying ROS-induced
PKD-mediated cell survival and identification of PKD substrate that activate NF-xB
signaling pathway will help us better decipher the mechanism behind cancer cell survival.

4.3 Epithelial-to-mesenchymal transition (EMT)

Epithelial-to-mesenchymal transition (EMT) is a prominent neoplastic characteristic, where
cell-cell adhesion is disrupted leading to enhanced cell motility and invasiveness [65].
Epithelial cells undergoing EMT process show mesenchymal cell properties including
expression of mesenchymal markers and ability to migrate and invade [66]. E-cadherin is a
master regulator of EMT process where it binds to p-catenin to form a protein complex and
maintains cell-cell adhesion by interacting with actin and microtubule cytoskeleton owing to
its antiproliferative, antimetastatic and anti-invasion properties [67, 68]. Different
mechanisms of E-cadherin repression in malignant tumor have been shown including
mutation, transcriptional repression, epigenetic silencing [68] and many transcription factors
are involved in repression of E-cadherin and induction of EMT such as Snail and Twist [4,
69-71]. Regulation of Snail protein is achieved by multiple pathways. The NF-xB signaling
pathway positively modulates and stabilizes Snail protein promoting cell migration [72],
whereas, phosphorylation of Snail by p21-activated kinase 1 (PAK1) [73] and GSK3p [74,
75] increase Snail repression activity. Snail represses E-cadherin expression in prostate and
breast cancer. PKD1 phosphorylates Snail at Ser!! residue triggering nuclear exclusion of
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Snail by 14-3-3 adaptor protein. As a result, Snail-repressed genes are de-repressed and cell
migration is suppressed via production of E-cadherin and other proteins that mediate cell-
cell adhesion. Hence, PKD negatively regulates the function of Snail and inhibits EMT.

4.4 Cellular motility, migration and invasion

Cellular motility and invasion are coupled to remodeling of actin cytoskeleton [76] and
degradation of extracellular matrix (ECM) [77, 78]. Cellular movement is achieved when
Cofilin slices actin filaments at the leading edge of motile cells, generating a supply of actin
monomers and orchestrating the formation of WAVE-2-cortactin-ARP2/3 complex which
ultimately creates an expanded, branched network of F-actin [76]. LIM kinase suppresses
cellular migration by phosphorylating Ser? residue of cofilin [79] and motility is restored
when a protein phosphatase slingshot 1 like (SSH1L) dephosphorylates cofilin [80]. The
original work by the Storz group showed that PKD phosphorylates SSH1L by complexing
with SSH1L and F-actin at lamellipodium [81, 82]. Phosphorylated SSH1L is sequestered to
cytosol by 14-3-3 adaptor protein [83], consequently, pSer3-cofilin concentration rises and
cell migration is inhibited. A follow-up study by the Storz group also reported PKD2/PKD3-
mediated regulation of SSH1L and p21-activated kinase 4 (PAK4) resulting in
phosphorylation of cofilin and decrease in cell migration [84]. PKD inhibits cytoskeleton
remodeling by phosphorylating the Ras effector RIN1 [85]. Phosphorylated RIN1 activates
tyrosine kinase c-Abl and the RIN1-c-Abl complex phosphorylates and brings
conformational change in a scaffold protein CRK that recruits F-actin remodeling proteins
[85, 86], resulting in suppression of cell motility. Matrix metalloproteinases (MMPS) are a
class of proteases (collagenases, e.g. MMP-1; gelatinases, e.g. MMP-2) that mediate cell
migration through ECM degradation. It has been reported that PKD inhibits breast cancer
cell invasion by negatively regulating the transcription of several MMPs including MMP-2,
MMP-7, MMP-9, MMP-10, MMP-11, MMP-13, MMP-14 and MMP-15 [81]. Histone
deacetylases (HDACs) have been shown to regulate MMP expression [87, 88] and PKD1 is
shown to be a negative regulator of HDACs [89]. Therefore, it is conceivable that PKD may
negatively regulate MMPs via HDAC regulation. PKD has also been reported to be a
positive regulator of cell migration. PKD2 and PKD3 have been shown to increase prostate
cancer cell invasion and migration by promoting NF-xB and urokinase-type plasminogen
activator (uPA) expression/activation [90]. Yamamoto et al. has shown that Wnt5a-JNK-
PKD1 axis positively regulates cell proliferation and migration of prostate cancer [91]. It has
also been shown that vascular endothelial growth factors (VEGF) promote cell proliferation
and migration via PKD-mediated phosphorylation of class Ila HDACs and subsequent
expression of VEGF-responsive genes [92, 93]. In summary, several PKD-regulated
pathways converge on the promotion as well as inhibition of cell proliferation, invasion and
migration.

4.5 Angiogenesis

Angiogenesis is a process where new blood capillaries are formed and it is essential for
many physiological processes such as embryonic development, wound healing and many
pathological processes including tumorigenesis [94]. VEGFs are prominent in angiogenesis
[95, 96]. There are two related receptor tyrosine kinases that bind VEGF, VEGFR-1 and
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VEGFR-2 [97, 98] and induce downstream signal that activates a variety of proteins such as
PLC-vy, PI3-Kinase and the Src family [99, 100].

As one of the best characterized angiogenic factors, VEGF exerts different biological
functions in endothelial cells, such as: 1) stimulation of endothelial cell proliferation and
migration [96], 2) promotion of endothelial cell survival by inducing expression of anti-
apoptotic proteins such as Bcl-2 and death antagonist A1[101-105]. PKD1 has been shown
to be activated downstream of VEGFR2-PLC-y-PKC to activate ERK1/2 pathway and
stimulate endothelial cell proliferation [33]. Hao et al. found that PKD2 was a major PKD
isoform that mediates endothelial cell proliferation and migration [106]. In mouse
embryonic stem cells, PKD?2 activity is required for angiogenesis [107]. Mechanistically,
PKD-phosphorylation of class Ila HDACs enable them to be sequestered to the cytoplasm
by 14-3-3 proteins leading to derepression of target genes. VEGF-stimulated, PKD-mediated
phosphorylation at Ser2°%498 and concomitant nuclear export of HDACS5 induces MEF2-
dependent genes and endothelial cell migration [89]. HDACY is involved in regulating
endothelial cell morphology and migration [92]. VEGF induces PKD-mediated
phosphorylation of HDAC?7 at Serl78/344/479 and its subsequent nuclear exclusion by 14-3-3
proteins. This results in the expression of VEGF-responsive genes and promotion of
endothelial cell proliferation and migration, MMP expression and EMT [89, 92]. Therefore,
it can be concluded that PKD plays a key role in signaling pathways that regulate
angiogenesis in endothelial cells.

4.6 Bone development and innate immunity

Of note, it is noteworthy to mention that PKD is also involved in bone formation and innate
immunity. Bone morphogenic proteins (BMPs), a family of multifunctional growth factors
belonging to the transforming growth factor p (TGFp) superfamily maintain skeletal
integrity by modulating signaling pathways that converge on Runt-related transcription
factors (RUNX), regulator of osteoblast gene transcription. It has been shown that BMP-2
induces PKD activation via PKC-independent pathway during osteoblast lineage progression
[108] and PKD activation is required for the BMP-2 mediated osteoblast differentiation [42].
Our recent report using conditional PKD1-knockout mice model has shown that PKD1
positively regulates bone development and osteoblast differentiation which could be linked
to the activity of the STAT3/p38 MAPK signaling pathway [109]. Cancer mortality and
morbidity are mainly caused by metastasis and bone is the 3"d most common site of
metastasis. Given the important role of PKD in bone homeostasis, it is conceivable that PKD
may play an important role in bone metastasis of malignant tumors [110]. PKD has been
shown to be involved in innate immunity in many different ways, such as: 1) functional
regulator of T and B lymphocyte [14], 2) regulator of class Ila HDACs in lymphocytes [111-
113], 3) modulator of 1 integrin activity in T lymphocytes [114], 4) regulator of IL-2 via
TCR stimulation [115], 5) downstream target in Toll-like receptor 9 (TLR9) signaling in
macrophages [116] and TLR2 in mouse bone marrow-derived mast cells [117], 7) promoter
of cell proliferation in chronic myelogenous leukemia (CML) [118] and 8) regulator of
neutrophil chemotaxis [119].
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5. PKD: A friend or foe in cancer development and progression?

Among other hallmarks such as sustaining proliferative signaling, enabling replicative
immortality and evading cell death by apoptosis are of utmost significance in cancer
development [120]. Accumulating evidence shows prominent link between tumor
development and diverse signal transduction pathways that are modulated by PKD. The
precise role of PKD in tumor progression remains elusive as evidence suggests that PKD
plays a critical role as both the potent tumor promoter and suppressor of tumor development.
In this section, we discuss the role of PKD isoforms in cancer development and progression
focusing on several major cancer types and attempt to discuss the prevailing discrepancies
that are associated with these tumor-specific studies (Fig 3).

5.1 PKD in prostate cancer

Prostate cancer is one of the most common malignancies in male and accounts for 13% of
cancer-related deaths in the USA [121]. Although early diagnosis and screening methods
have advanced, effective treatments of late-stage metastasized tumors are scarce [122].
Although elevated levels of PKD is observed in human prostate carcinoma tissue compared
to normal prostate epithelium, differential expression and distribution of PKD isoforms have
been reported and functional analysis of the PKD isoforms has revealed their different roles
in prostate cancer progression.

PKD1 is highly expressed in cultured androgen-sensitive, less metastatic LNCaP cell line;
whereas, in contrast, PC3 and DU145, two androgen-insensitive, highly metastatic prostate
cancer cell lines fail to express PKD1 but found to have high levels of PKD2 and significant
PKD3 expression [123]. PKD1 has been reported to be a negative regulator of cell
proliferation of prostate cancer cells [124-126]. It has been shown that PKD1 once
overexpressed blocks migration through E-cadherin phosphorylation and regulation of -
catenin activity [125-127]. PKD1 has also been shown to downregulate androgen receptor
(AR) function in prostate cancer cells [124]. This study demonstrated that PKD1 physically
associates with AR through its kinase domain and makes a transcriptional complex. The
binding of PKD1 with AR initiates transcription of target genes and this PKD1-AR
interaction might be a novel signaling mechanism responsible for prostate cancer
progression. In contrast to these studies showing a tumor-suppressive function of PKD1,
several lines of independent studies have shown that PKD in fact can serve as an oncogenic
factor in prostate cancer [91]. Its role as an enhancer of cell migration and invasion has been
linked to Wnt5a overexpression. This study has demonstrated that Wnt5a activates Jun-N-
terminal kinase via PKD and PKD is required for Wnt5a-mediated induction of MMP-1
expression, cell migration and invasion.

PKD3, on the other hand, has been shown to promote cell proliferation and survival of
prostate cancer by increasing prolonged activation of Akt and ERK1/2 [123, 128]. It is know
that hyperactive Akt in PTEN-null prostate cancer has been linked to angiogenesis, invasion
and metastasis [129, 130]. Moreover, our study has reported that PKD2 and PKD3 positively
regulate prostate cancer cell invasion by upregulating NF-xB signaling and HDAC1-
mediated urokinase-type plasminogen activator (UPA) expression [90]. and PKD2 and PKD3
were responsible for increased matrix metalloprotease-9 (MMP-9) expression, a key player
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for EMT [128] Additionally, our previous study has demonstrated that PKD3 contributes to
the growth and survival of prostate cancer cells through PKCe/PKD3 pathway that is
downstream of Akt and ERK-1/2 [123]. Activated PKD1 and PKD2 were shown to protect
LNCaP prostate cancer cells from phorbol ester PMA-induced apoptosis by promoting
downstream ERK-1/2 and NF-xB activities [131]. Using stable inducible PKD3 knockdown
prostate cancer cell lines we have demonstrated that knockdown of PKD3 inhibits secretion
of multiple key tumor-promoting factors including MMP-9, IL-6, IL-8, and GROa and
inducible depletion of PKD3 in a subcutaneous xenograft model suppressed tumor growth
and decreased levels of intratumoral GROa in mice. Furthermore, we have shown that
androgen represses PKD expression in androgen-sensitive prostate cancer cells in an
androgen receptor (AR)-dependent manner and the response is mediated by fibroblast
growth factor receptor substrate 2 (FRS2) [132] and thus, we envision that upregulation of
PKD as a result of loss or inhibition of AR may promote prostate cancer tumor cell survival.

In support of our view, using several classes of structurally distinct small molecule inhibitors
of PKD discovered by our group, including CID755673 and its analogs SD-208, kb-
NB142-70, 1-naphthyl PP1 (1-NA-PP1), Compound 139 [128, 133-136], which are all
nanomolar cell-active pan-PKD inhibitors, we demonstrated that targeted inhibition of PKD
by these inhibitors led to reduced proliferation, migration and invasion of prostate cancer
cells. Altogether, these studies have validated PKD as a potential therapeutic target for
prostate cancer. In the future, detailed investigation should be carried out to decipher the
precise role of each PKD isoforms at different stages of prostate cancer development, and a
PKD genetically engineered mouse model of prostate cancer will further validate the
functional role of PKD in prostate carcinogenesis and tumor progression.

5.2 PKD in breast cancer

Breast cancer is the leading cause of cancer death in women and it is expected to account for
29% all new cancer diagnoses in the USA by 2017 [121]. PKD was first linked to breast
cancer in a study by Bowden et al. demonstrating the association of PKD1 in a complex with
cortactin and paxillin in invadopodia at sites of extracellular matrix degradation [137]. Later
studies have shown that PKD1 expression, but not PKD2 or PKD3, is reduced in over 95%
of invasive breast cancer samples compared to benign breast tissue [81] and thus established
a tumor-suppressive role of PKD1 in breast cancer. Eiseler et al. have shown that the loss of
PKD1 in breast cancer is associated with higher degree of tumor invasiveness [81]. Highly
aggressive breast cancer cell lines such as MDA-MB-231 and BT-20 do not express PKD1,
whereas; less invasive MCF-7 and normal mammary epithelial cells such as MCF-10A show
significant PKD1 expression. It has been demonstrated that hypermethylation of the PRKD1
promoter causes loss of PKD1 expression in invasive breast cancer [138]. In MCF-7 cell,
silencing of PKD1 enhanced its migration, whereas; overexpression of constitutively active
form of PKD1 in MDA-MB-231 cells led to decreased cell invasion [81]. Multicellular
spheroid/3D cell culture assay using MDA-MB-231 cells demonstrated that expression of
active PKD1 inhibited cell invasion compared to normal breast epithelial cells [81]. At
molecular level, PKD confers its role as tumor-suppressor in breast cancer by 1) suppressing
the expression of many matrix metalloproteases (MMP) such as MMP-2, MMP-7, MMP-9,
MMP-10, MMP-11, MMP-13 and MMP-14 [81], 2) inhibiting EMT via inactivation of Snail
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function by phosphorylating Ser'! residue [139, 140], 3) inducing the expression of
epithelial-to-mesenchymal markers (vimentin, E-cadherin) [139] and 4) phosphorylating
SSHIL at Ser%37 and Ser?’8 residues and negatively regulating cofilin phosphorylation and
interacting with cortactin and paxillin at lamellipodia, thereby inhibits cell motility and
invasion [81, 83, 137, 141]. In contrast, opposing effects of PKD has also been demonstrated
in breast cancer. Kennett et al. and Palmantier et al. have demonstrated a tumor-promoting
function of PKD1 in breast cancer cells [142, 143].

Although accumulating evidence indicate PKD1 as a gross tumor-suppressor and a major
contributor to the maintenance of epithelial phenotype in breast cancer [81, 139-141], PKD2
and PKD3 have been assigned roles of tumor-promoters where they induce cell proliferation,
invasiveness and chemoresistance [144-146]. Huck et al. have demonstrated that PKD3 is a
tumor-promoter in triple-negative breast cancer (TNBC) [147]. PKD3 triggered the
activation of S6 kinase 1 (S6K1) which is the main downstream target of the mammalian
target of rapamycin complex 1 (mTORC1). The authors have also shown that PKD3
depletion inhibited cell proliferation of TNBC and hence, identifying PKD3 as a potent
chemotherapeutic target. Borges et al. have demonstrated that PKD3 is highly upregulated in
estrogen receptor (ER)-negative (ER™) invasive ductal carcinoma (IDC) which is associated
with triple-negative phenotype [148]. This study showed that ER directly binds to the
PRKD3 gene promoter and inhibits PKD3 expression. Hence, loss of ER leads to
upregulation of PKD3 which eventually induce increased cell proliferation, migration and
invasion. Hao et al. have shown that silencing PKD2 or PKD3 significantly inhibited
proliferation of HCC1806 triple-negative breast cancer cell line and PKD3 knockdown
inhibited Hsp27 and HDAC4/5/7 phosphorylation [144]. Further investigation into different
PKD isoforms at cellular levels as well as using mouse genetic models will help us to better
understand the biology of this family of protein kinases in the development of breast
neoplasia.

5.3 PKD in pancreatic cancer

Ductal adenocarcinoma of pancreas is a very aggressive, chemotherapy-resistant type of
cancer [149] and according to the American Cancer Society, Pancreatic cancer will account
for about 3% of all cancers in the US and about 7% of all cancer deaths by 2017. Almost
95% of all pancreatic ductal adenocarcinoma (PDAC) display somatic activating mutations
of Kras [150] and increased epidermal growth factor (EGFR) signaling [151, 152]. As
compared to the normal pancreas, human ductal adenocarcinoma of the pancreas shows
increased PKD1 expression and kinase activity [39, 153]. An important study from the Storz
group has demonstrated a positive role of PKD1 in the malignant transformation of PDAC.
The authors have demonstrated that in a 3D explant model, using PKD inhibitors or PKD
knockdown approach that PKD1 is necessary for TGFa- and Kras-mediated formation of
duct-like structures originating from acinar cells, a process called acinar-to-ductal
metaplasia (ADM), which converts to pancreatic intraepithelial neoplasia (PanIN), the
premalignant neoplastic precursor of PDAC. Using /n vivo mouse model (p48°'¢ KrasG12D
mice), the authors have knocked down PKD1 in acinar cells and demonstrated decreased
progression of acinar-to-ductal metaplasia (ADM) to PanIN [154]. This study provided
strong support for a role of PKD1 in the pathogenesis of PDAC. Additionally, other studies
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at cellular level support pro-proliferative and pro-survival effects of PKDL1 in pancreatic
cancer cells. Specifically, Trauzold et al. has shown that overexpression of PKD1 in
pancreatic cancer cell decreased CD95-mediated apoptosis, increased cell proliferation rate
and upregulated surviving [153]. PKD1 mediates the mitogenic effects of neurotensin in
pancreatic cancer cells [155, 156]. A study by Yuan et al. has shown that neurotensin
increases Hsp27 phosphorylation of Ser82 via p38 MAPK-PKD2 signaling axis in pancreatic
cancer cells [157]. Hsp27 level is markedly increased in many cancers and its elevated
expression contributes to increased tumorigenicity and chemoresistance [158-161]. Another
recent study has demonstrated a pro-oncogenic role of PKD2 in pancreatic cancer where
PKD?2 functions upstream of MMP-7 and -9 in pancreatic cancer cells and induces invasion
and angiogenesis /17 vivoand in vitro [162]. PKD2 does so by stimulating expression and
secretion of MMP-7 and -9 and induces invasion in 3D extracellular matrix (ECM) culture,
and furthermore, PKD2-activated MMP9 induces tumor angiogenesis by releasing ECM-
bound VEGF-A [162]. Although PKD1 and PKD2 have emerged as tumor-promoters in
pancreatic cancer respectively, the role of PKD3 remains obscure and further research is
needed to address the function of individual PKD isoform in pancreatic cancer.

5.4 PKD in skin cancer

Basal cell carcinoma (BCC) is the most common form of malignant skin cancer in the
world. An estimated 83,000 new cases of skin cancer (6% of all cancer types) have been
documented in the USA by 2016 [121]. In normal epidermis, PKD1 is primarily expressed
in stratum basilis, the proliferative compartment of the skin which supports a notion that
PKD1 may promote hyperproliferative disorders in skin [163] and PKD1 expression was
shown to be upregulated in mouse carcinomas and human hyperplastic disorders including
BCC [163-165]. PKD1 has been shown to repress keratinocyte differentiation and promote
cellular proliferation through modulation of MEK/ERK1/2 pathway [166]. UVB radiation is
a key risk factor for developing BCC and it has been reported that activation of PKD1 by Src
family of tyrosine kinases in primary mouse keratinocytes exposed to UVB reduced UVB-
induced apoptosis and this activation of PKD1 was PKC-independent [167]. Rashel et al.
have demonstrated a pro-proliferative role of PKD1 in epidermal adaptive response, wound
healing and skin carcinogenesis [168]. Using PKD1- conditional knockout (cKO) mouse
model, the authors have presented evidence that: 1) keratinocyte cells in PKD1-cKO mice
showed delayed wound healing and reduced proliferative response, 2) PKD1 is a positive
regulator of epidermal hyperplasia and inflammation in response to phorbol esters and 3)
PKD1-cKO mice are resistant to tumor formation when subjected to two-stage chemically-
induced skin carcinogenesis [168]. In a recent study, Ryvkin et al. have demonstrated an
opposing role of PKD2 and PKD3 isoforms in human keratinocyte proliferation and
differentiation [169]. The authors have shown that loss of PKD2 resulted in enhanced
keratinocyte proliferation suggesting an anti-tumorigenic role of PKD2. Whereas, silencing
of PKD3 showed proliferation defect, loss of clonogenicity and diminished tissue
regenerative ability, implying a pro-oncogenic role of PKDa3. It is to be noted that PKD1 is
not expressed in human keratinocytes and thus, PKD2 and PKD3 play a key role in
maintaining human epidermal homeostasis, loss of which results in BCC. Further studies are
needed to decipher precise roles of PKD isoforms in skin cancer.
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5.5 PKD in gastric cancer

PKD1 has been shown to be a negative regulator of gastric cancer [170]. Gastric carcinoma
cells as well as patient tissue samples showed decreased PKD1 expression [170]. Gene
silencing of PKD1 using siRNA increased cell invasion of gastric cancer and it was found
that PKD1 was epigenetically silenced in this tissue type [170]. In an independent study,
Shabelnik et al. have demonstrated opposing roles of PKD1 and PKD2 in gastric cancer
where PKD1 acts as tumor-suppressor and PKD2 as tumor-promoter [171]. Using tumor
samples of different histological variants of primary gastric cancer and gastric
adenocarcinoma cell line AGS, the authors have shown that PKD1 and PKD2 are
differentially expressed, i.e., lower and higher expression of PKD1 and PKD2 respectively,
in both mRNA and protein levels. pcDNA3.1-mediated overexpression of PKD1 resulted in
the inhibition of cell proliferation, migration and colony formation, whereas, that of PKD2
enhanced cell proliferation, migration and colony formation abilities in AGS cells [171]. The
role of PKD3 isoform in gastric cancer development and progression remains elusive.

5.6 PKD and other cancer types

The role of PKD in other cancer types is poorly defined, although some reports link PKD to
certain cancers. For example, activation of PKD by phorbol esters and bombesin via PKC
has been shown in small cell lung cancer (SCLC) cell lines h69, H345 and H510 [172].
Using PKC and PKD inhibitors, Brenner et al. has shown that PKD1 is involved in renal cell
carcinoma and it promotes tumor progression by positively regulating the adhesion of renal
carcinoma cells to endothelial cells [173]. Studies on human malignant lymphoma cells did
not conclude distinct roles of PKD as PKDL1 levels were undetected and there was no change
in PKD2 expression in the malignant cells as compared to benign tissues [174]. In a recent
study, PKD2 has been demonstrated to be a potent mediator of glioblastoma where it
promotes tumor progression by upregulating integrin a-2 and -4 (ITGA2 and -4),
plasminogen activator urokinase (PLAU), plasminogen activator urokinase receptor
(PLAURY), and matrix metallopeptidase 1 (MMP1) [175]. When overexpressed in SW480
colon cancer cells, PKD1 suppresses nuclear B-catenin accumulation and inhibits colon
cancer [176]. On the contrary, in another study using RKO human colon cancer cell line, it
has been demonstrated that targeted inhibition of PKD by small molecule inhibitor
suppressed AKT/ERK signaling and NF-xB activity [177]. Hence, PKD might be a potent
chemotherapeutic target for the treatment of colorectal cancer.

6. Therapeutic targeting of PKD in cancer

Accumulating evidence indicate that PKD expression is deregulated in many cancers and
PKD plays a crucial role in a wide range of cancer-associated cellular processes such as cell
proliferation, migration, apoptosis, EMT, and angiogenesis. This makes PKD an attractive
therapeutic target for cancer and has since embarked efforts in the discovery and
development of novel PKD inhibitors. Starting with the discovery of a non-ATP-competitive
PKD inhibitor CID755673 [128], we have subsequently reported several first-in-class
structurally distinct PKD small molecule inhibitors, including the non-ATP-competitive
CID755673 and its derivatives kb-NB142-70 and KMG-NB4-23 [128, 178-181], three dual
PKD inhibitors (compound 139, 1-NA-PP1, and SD208), and three cell-active PKD
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inhibitors (C1D2011756, CID5389142 and CID1893668) [134-136, 181], which are all
nanomolar PKD small molecule inhibitors that potently block prostate cancer cell
proliferation, migration, and invasion [128, 180]. CID755673, in particular, have shown /in
vivo efficacy in other disease models [182].

In addition to our efforts, several highly potent and selective PKD inhibitors have also
emerged from the pharmaceutical industry [45, 183-185] including an aminopyridine arene
CRT0066101 (CRT101) [186] and an aminopyrimidine phenol CRT0066051 (CRT051)
[187] from Cancer Research Technology Ltd. Additionally, in a recent study, Golkowski et
al. have identified novel PKD inhibitors, namely compounds 1553, 1561, 1649 and 1369
using kinobead-based proteomic assay [188]. In this study, compound 1369 was found to be
highly selective and potent pan-PKD inhibitor and an important tool compound to identify
the roles of PKD isoforms in cellular as well as /7 vivo models. Among all available PKD
SMis, CRT101 is by far the most potent, selective, and cell-permeable PKD small molecule
inhibitor with demonstrated /7 vivo antitumor activity in multiple cancer models [148, 177,
189]. Specifically, CRT0066101 was specifically used in pancreatic cancer tumor xenografts
[189]. CRT0066101 was also found to cause significant inhibition of tumor growth in
HCT116 xenograft nude mice, supporting the therapeutic potential of this inhibitor in colon
cancer [177]. CRT0066101 has been shown to be a potent anticancer agent against highly
aggressive ER negative breast cancer [148]. This study showed that similar to PKD3
knockdown effect, CRT0066101 significantly reduced breast cancer cell proliferation,
migration and invasion both /n vitroand in vive.

It is interesting to note that despite the differential roles of PKD isoforms in different cancer
types as implicated in our discussion above PKD inhibitors have unequivocally exhibited
antitumor activities in various /n vitro and in vivo cancer models. It is possible the overall
selectivity profiles of these inhibitors favor anticancer activity with PKD being the primary
target. Nonetheless, with the growing reports of differential functions of PKD isoforms in
different cancers, the development of isoform-selective PKD inhibitors is a well-justified
direction for future studies.

7. Perspectives and concluding remarks

Growing evidence supports PKD as a key signaling molecule that orchestrates various
cancer-associated biological functions such as cell proliferation, survival, EMT, migration,
invasion, secretion and angiogenesis upon activation by a battery of stimuli. Despite recent
advances of our knowledge about the role of PKD in various pathological conditions
including cancer, cardiac hypertrophy and inflammation, the similar or opposing roles of the
same PKD isoform in different cancers or of the same cancer for different PKD isoforms has
raised more unanswered questions.

To summarize briefly, emerging evidence suggests that PKD1 can function as a tumor-
suppressive protein in breast and gastric cancers, where PKD1 inhibits cell survival,
proliferation, migration by negatively regulating several key target proteins including
SSH1L, Snail and MMPs. However, in other cancers, such as pancreatic and skin cancers,
PKD1 emerged as a driver of neoplasia. It does so by many mechanisms such as activating
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MEKZ1/2 pathway that increases DNA replication, inhibits apoptosis and promotes
proliferation by positively regulating ERK/MAPK pathway. Compared to the opposing roles
of PKD1 in cancer development and progression, majority of studies have shown that PKD2
is a tumor-promoting protein in a wide range of cancers. It activates different biological
functions such as NF-xB signaling, MMP expression, induction of angiogenesis and
inhibition of apoptosis and promotes some common cancers including carcinomas of
prostate, breast, pancreas, stomach and also some other types of cancers such as
glioblastoma. The actual role of PKD3 in cancer is elusive. It shows pro-oncogenic
properties in case of prostate, breast and skin cancer but what it does in pancreatic and
gastric cancer, is unknown.

In this review, we have discussed the major signaling pathways involved in development and
progression of neoplasm that are modulated by PKD, the molecular mechanisms of
regulation of cellular phenomenon orchestrated by PKD and manifestation of each type of
PKD isotypes in the context of major carcinomas. Although PKD emerged as a potential
target for chemotherapeutic intervention and pan-PKD inhibitors have shown potent anti-
cancer activity in multiple cancer models both /n vivo and in vitro. Many cellular studies
have demonstrated differential effects of PKD isoforms on different biological processes.
These differences seem to be isoform- and tumor type-dependent, which raise questions on
whether it is appropriate and how to target PKD for cancer treatment. As developed in this
review and going forward, there remain many unanswered questions. What are the molecular
cues that direct precise and selective role of PKD in disease progression? Is it the isoform-
specific function that enables PKD to selectively choose the cell type to exert its biological
effect? What would be the best strategy to develop effective small molecule inhibitors of
PKD that will preserve the tumor-suppressing capacity of PKD while eradicating those that
are tumor-promoting? Further knowledge defining the precise role of PKD isoforms in
different tumor models will provide a much clearer picture for targeting this family of
protein kinases for cancer therapy.
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Figure 1.

Diagram of protein kinase D structure. The structure of PKD contains an N-terminal
regulatory domain which consists of cysteine-rich Zn-finger like motifs (Cla and Clb), a
plekstrin homology (PH) domain and a Cterminal catalytic domain, which are shared by all
three isoforms. However, PKD3 lacks C-terminal PDZ binding (PB) domain as it is present
in both PKD1 and PKD2. The serine residues shown in the catalytic domain represent the
conserved activation loop amino acids phosphorylated by the members of the ¢/nPKCs,
which leads to PKD activation. Note: Phosphorylation sites are numbered based on the

murine PKD isoforms.
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Figure 2.
Major signaling pathways and biological functions of PKD. Several extracellular stimuli

activate phospholipase C (PLC) which catalyzes the formation of diacylglycerol (DAG).
DAG recruits PKD and PKC to the plasma membrane inducing the activation of PKC which
then further phosphorylates PKD at two serine (Ser’44.748) residues resulting in the
activation of PKD. PKD can also be activated by PKC-independent pathways and the
activity of PKD can be sustained through autophosphorylation at Ser’48 residue (dashed
line). Activated PKD regulates an array of cancer-associated functions including cell
proliferation, migration, survival, regulation of gene transcription, protein/vesicle trafficking
and secretion through several major signaling pathways.
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Figure 3.
Tumor-specific roles of PKD isoforms in several major cancer types. Benign cells transform

into neoplasm such as carcinoma of prostate, breast, pancreas, skin and gastric. Three
isoforms of PKD, namely PKD1, PKD2 and PKD3 either promote (solid arrow) or inhibit
(bar-headed solid line) cancer progression in highly tumor-specific manner.
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Table-1

Summary of differential expression and physiological roles of PKD isoforms in major cancers

Page 31

Cancer type | PKD isoform | Function in tumorigenesis | Mode of action References
Prostate PKD1 anti-tumorigenic 1 Downregulates AR. [124]
126
2 Represses AR-dependent transcription of Elgg,%
target genes by modulating Hsp27.
3 phosphorylates of E-cadherin and regulates
B-catenin activity.
pro-oncogenic Whnt5 signaling pathway activation of Jun-N-terminal [91]
kinase.
PKD2, PKD3 pro-oncogenic 1 Modulates Akt and ERK1/2 activation. [128, 190]
90
2 Activates NF-xB signaling, elevates [50]
urokinase-type plasminogen activator (uPA)
and MMP-9 expression.
Breast PKD1 anti-tumorigenic 1 Phosphorylates and inactivates SSH1L, [81, 83, 137,
interacts with cortactin and paxillin. 141]
81
2 Suppression of MMP expression. [[139]]
3 Inhibition of EMT via inactivation of Snail
function and modulation of epithelial-to-
mesenchymal markers
pro-oncogenic Promotes cell adhesion. [142, 143]
PKD2/PKD3 Pro-oncogenic 1 Promotes Hsp27 and HDACA4/5/7 [144]
phosphorylation. [145]
2 Upregulates P-glycoprotein (P-gp)
expression, multidrug resistance.
Pancreas PKD1 pro-oncogenic 1 Activates MEK1/2 initiated by neurotensin, [155, 156]
increases DNA replication. [153]
. . . [154]
2 Inhibits CD95-mediated apoptosis, cell
proliferation and survival.
3 Acts downstream of TGFa/Kras and
mediates formation of ductal structures
through activation of the Notch pathway.
PKD2 pro-oncogenic 1 PKD2 activation and increase in Ser82 [157]
phosphorylation of Hsp27 in PANC-1 cells [162]
stimulated by neurotensin.
2 Stimulates expression and secretion of
MMP-7 and 9, induces tumor angiogenesis
by releasing ECM-bound VEGF-A.
Skin PKD1 pro-oncogenic 1 Modulates ERK/MAPK pathway and
promotes proliferation.
2 Reduces UVB-induced apoptosis. [166]
[167]
PKD2 anti-tumorigenic Correlated with upregulation of CDK4/6 inhibitor p15'NK4B [169]
- and induction of p53-independent G1 cell cycle arrest.
PKD3 Pro-oncogenic [169]
Gastric PKD1 anti-tumorigenic 1 Epigenetically silenced. [170]
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Cancer type | PKD isoform | Function in tumorigenesis | Mode of action References
PKD2 pro-oncogenic 1 Promotes AKT/ERK signaling. [177]
177
2 Inhibits apoptosis. E177%
3 Suppresses NF-xB signaling.
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