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Abstract
Protein kinase D acts as a major mediator of several signaling pathways related to cancer
development. Aberrant PKD expression and activity have been demonstrated in multiple cancers,
and novel PKD inhibitors show promising anti-cancer activities. Despite these advances, the
mechanisms through which PKD contributes to the pathogenesis of cancer remain unknown. Here,
we establish a novel role for PKD3, the least studied member of the PKD family, in the regulation
of prostate cancer cell growth and motility through modulation of secreted tumor-promoting
factors. Using both a stable inducible knockdown cell model and a transient knockdown system
employing multiple siRNAs, we demonstrate that silencing of endogenous PKD3 significantly
reduces prostate cancer cell proliferation, migration, and invasion. Additionally, conditioned
medium from PKD3 knockdown cells exhibits less migratory potential compared to that from
control cells. Further analysis indicated that depletion of PKD3 blocks secretion of multiple key
tumor-promoting factors including MMP-9, IL-6, IL-8, and GROα, but does not alter mRNA
transcript levels for these factors, implying impairment of the secretory pathway. More
significantly, inducible depletion of PKD3 in a subcutaneous xenograft model suppresses tumor
growth and decreases levels of intratumoral GROα in mice. These data validate PKD3 as a
promising therapeutic target in prostate cancer and shed light on the role of secreted tumor-
promoting factors in prostate cancer progression.
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INTRODUCTION
Prostate cancer is the second leading cause of cancer-related death in men (1). Recent
advances in screening procedures have resulted in earlier diagnosis (2). However, despite
early interventions and chemopreventive measures, therapeutic options are limited once
prostate tumors have metastasized (2). A more complete understanding of the molecular
mechanisms underlying prostate cancer progression is necessary to facilitate the
development of novel therapies.
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The protein kinase D (PKD) family of serine/threonine kinases has been implicated in the
progression of a variety of cancer types including prostate cancer (3). This kinase family is
comprised of 3 isoforms: PKD1/PKCμ, PKD2, and PKD3/PKCυ (4–7). PKD activation
involves phosphorylation of 2 conserved serine residues in the activation loop by
diacylglycerol (DAG)-responsive PKC isoenzymes, followed by autophosphorylation to
confer full activity (8–10). PKD activity is maintained by both PKC-dependent and -
independent mechanisms (11, 12). In addition to regulation of its catalytic activity, PKD is
also subjected to spatial regulation, and can be found localized to the Golgi, plasma
membrane, nucleus, or mitochondria, where it may have specialized functions (13). Aberrant
PKD activity and expression have been demonstrated in a number of tumors, and PKD
regulates many cancer-related cellular functions, including proliferation, survival,
angiogenesis, and motility (3, 14).

As a Golgi resident protein, PKD has been shown to be essential for membrane fission and
vesicle formation in the transport of cargo from the trans-Golgi network (TGN) to the
plasma membrane (15–17). Although the mechanisms through which PKD regulates protein
trafficking have been well studied, little is known of the identity of transported cargo, and
the relevance of this regulation to tumor development remains to be determined. PKD1 has
been implicated in the secretion of several tumor-promoting cytokines such as IL-6, IL-8,
and GROα (18–20), and matrix metalloproteinases (MMPs) (21, 22). However, it remains to
be determined 1) how PKD regulates these processes, 2) whether these regulatory
mechanisms affect tumor growth, and 3) what the functions of the other PKD isoforms are
in modulating these events.

In this report, we provide substantial evidence for a tumor-promoting role for PKD3 in
prostate cancer progression. Our results demonstrate that PKD3 modulates proliferation and
motility of prostate cancer cells, as well as growth of tumor xenografts in vivo. Furthermore,
we demonstrate that PKD3 mediates the secretion of multiple factors that stimulate cancer
progression both in vivo and in cells. These data validate PKD as a promising therapeutic
target in the treatment of prostate cancer, and broaden our current understanding of the
molecular mechanisms of PKD function in cancer progression.

MATERIALS AND METHODS
Chemicals

DMSO was purchase from Sigma. CID755673 and kb-NB142-70 were synthesized by Dr.
Peter Wipf at the Department of Chemistry, University of Pittsburgh (23, 24).

Cell culture and development of stable cell lines
PC3 cells (ATCC) were maintained in Ham's F-12 medium (Cellgro) containing 10% fetal
bovine serum (FBS, Gibco), 1000 units/L penicillin, and 10 mg/mL streptomycin. DU145
cells (ATCC) were maintained in RPMI 1640 (HyClone). Tetracycline (tet)-inducible PKD3
shRNA stable cell lines were generated according to the manufacturer's instructions
(Invitrogen; see Supplemental Materials and Methods for details). Expression of PKD3
shRNA was induced by the addition of 1 μg/mL tet in the growth medium for 5 days, and
these standard induction conditions were used for all subsequent experiments. All cell lines
were authenticated by the Research Animal Diagnostic Laboratory by species-specific PCR
testing within 6 months of use.

Transient knockdown of PKD3
Transient silencing of PKD3 was achieved using multiple siRNAs targeting different regions
of PKD3. A total of 4 siRNA sequences were used: siPKD3-1: GCT GCT TCT CCG TGT
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TCA AGT CCT A (Invitrogen); siPKD3-5: CAC GAT ATG TCA GTA CTG CAA;
siPKD3-6: CGG GAG AGT GTT ACC ATT GAA; and siPKD3-10: CAG ACT TGG CTT
GAC CTT AGA (Qiagen). Transient transfection of PC3 cells using DharmaFECT
(Dharmacon, Chicago, IL) typically resulted in 60–80% knockdown for all siRNAs
excluding siPKD3-2, which was not effective at inhibiting PKD3 expression (Supplemental
Figure S1).

Western blotting
Western blotting analysis was conducted as previously described (25). Primary antibodies
targeted PKD3 (Cell Signaling), PKD2 (Abcam), or tubulin (Santa Cruz Biotechnology).

Quantitative real-time RT-PCR (RT-qPCR)
Total RNA was isolated from shScr, shPKD3-1 C2-1, and shPKD3-1 C2-3 cells using
RNeasy Mini Kit (Qiagen, Valencia, CA). Reverse-transcription was performed using the
iScript cDNA synthesis kit (BioRad, Hercules, CA), typically on 1 μg total RNA, according
to the manufacturer's instructions. RT-qPCR was performed on a CFX96 Real-time
Detection System with C1000 Thermal Cycler (BioRad), using SsoFast EvaGreen master
mix (BioRad) in a 10 μL reaction volume. Sequences of the primer pairs and details of the
RT-qPCR protocol are described in the Supplemental Materials and Methods. Relative
transcript abundance was calculated by BioRad CFX96 Manager software using the ΔΔCt
method with GAPDH as the reference gene.

Cell proliferation assay
Cell proliferation was determined for PC3-TR cells and stable clones expressing shScr or
shPKD3-1 as previously reported (26). Growth media with or without tet was refreshed
every 2 days.

Collection of conditioned medium
For the collection of conditioned medium, stable inducible clones (pretreated with tet for 5
days) or transiently-transfected prostate cancer cells (48 h post-transfection) were replated at
equal high densities into serum-free medium. After 48 h, the conditioned medium was
collected and stored at −80°C. Cell number was determined for each sample after condition
medium collection to ensure that there was no significant discrepancy in proliferation
between samples. If a significant difference in final cell number was noted between samples,
the volume of conditioned medium used was normalized based on the ratio of the cell
number difference between control (shScr, non-targeting siRNA, or DMSO treated cells)
and experimental (PKD3 knockdown or inhibitor-treated cells) cells.

Wound healing and Matrigel invasion assays
Wound healing assay and Matrigel invasion assay were conducted as previously described
(24, 27) (see Supplemental Materials and Methods for brief protocols). For wound healing
assay using conditioned medium, shScr or shPKD3-1 C7 cells were treated with tet for 5
days and then replated at equal high densities into serum-free medium. After 48 h, the
conditioned medium was collected, normalized based on the final cell count, and applied to
confluent PC3 cells. The wound healing assay was then performed as before.

Membrane-based cytokine antibody array
Analysis of cytokine secretion into conditioned medium was performed using the Human
Cytokine Array I (RayBiotech, Norcross, GA), according to the manufacturer's instructions.
Collection of conditioned medium from shScr and shPKD3-1 C7 cells was performed as
described above.
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ELISA
Quantitative measurement of cytokines secreted into the conditioned medium was
determined using ELISA, according to the manufacturer's protocol (RayBiotech, Norcross,
GA). Conditioned medium was collected as described above. For experiments using the
PKD inhibitors CID755673 and kb-NB142-70, cells were plated at equal high densities in
serum-free medium containing the indicated concentrations of inhibitors, and conditioned
medium was collected 48 h later. The volume of the condition medium used in all ELISA
experiments was normalized to the final cell count as described above.

Subcutaneous xenograft mouse model
Tumor cells, resuspended 1:1 in BD Matrigel Basement Membrane Matrix (BD
Biosciences) at a final cell concentration of 4 × 106 cells per 0.1 mL, were injected
subcutaneously into the right flank of 8-week-old male nude mice (Charles River
Laboratories, Wilmington, MA). Five days later, palpable tumors had established. Mice
were randomized, and half of the mice in each group were treated with 1 mg/mL
doxycycline (Dox), a tetracycline analog, via drinking water (resulting in 4 groups: shScr No
Dox, shScr +Dox, shPKD3-1 C7 No Dox, shPKD3-1 C7 +Dox; n = 10–11 mice per group).
Dox-containing water was changed every 2 days. Tumor volume was calculated as V (mm3)
= (L × W2) / 2, where L = the largest diameter and W = the shortest diameter perpendicular
to L. Twenty-five days after inoculation, mice were euthanized by CO2 inhalation, and
tumors were excised. All animal studies were conducted in accordance with an IACUC-
approved protocol at the University of Pittsburgh.

Statistical analysis
All statistical analyses were completed using GraphPad Prism software. Student's t-test was
used to determine the significance of differences seen in Western blotting, RT-qPCR, cell
proliferation, wound healing, invasion, and ELISA assays. For the animal studies, the Mann-
Whitney-Wilcoxon test was used. A p-value of < 0.05 was considered statistically
significant.

RESULTS
Development of multiple stable, tetracycline-inducible PKD3 knockdown prostate cancer
cell lines

We previously demonstrated that PC3 cells express high levels of PKD3, moderate PKD2,
and no detectable PKD1 (26). Additionally, PKD3 was found to be overexpressed in human
prostate tumors (26). To further investigate PKD3 function in prostate cancer, we developed
several PC3 cell lines stably expressing tet-inducible shRNA targeting PKD3. Four stable
cell lines were isolated that showed downregulation of PKD3 upon tet treatment: shPKD3-1
C7, shPKD3-1 C26, shPKD3-1 C2-1, and shPKD3-1 C2-3. A clone expressing non-
targeting, scrambled shRNA (shScr) was also isolated. Western blotting analysis revealed
50–75% knockdown of PKD3 protein from the isolated shPKD3-1 clones after tet treatment
(Figure 1A). PKD3 levels of the shScr clone were unaffected, and PKD2 levels were also
unchanged in all samples. Additionally, RT-qPCR revealed 50% and 65% reduction in
PKD3 transcript levels for clones shPKD3-1 C2-1 and shPKD3-1 C2-3, respectively (Figure
1B).

Tet-induced knockdown of PKD3 reduces prostate cancer cell proliferation, migration, and
invasion

Next, we investigated whether tet-induced knockdown of PKD3 caused reduction of cell
proliferation in this model system. As shown in Figures 2A–F, each of the 4 stable PKD3
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knockdown clones showed a significant reduction in cell proliferation (30–38% reduction in
cell numbers within 48 h, and 50% reduction in cell numbers within 3–4 days, depending on
the cell line), whereas growth of both the parental PC3-TR cell line and the shScr clone were
unaffected by tet treatment. This is consistent with our previous report that transient
knockdown of PKD3 by siRNA causes a significant decrease in PC3 cell proliferation (26).
The decreased growth rate was not accompanied by increased apoptosis in the PKD3
knockdown lines, as revealed by the absence of a sub-G0G1 apoptotic peak in cell cycle
analysis (Supplemental Figures S1B–C). Furthermore, knockdown of PKD3 resulted in
increased accumulation of cells in S and/or G2M and reduced numbers of cells in G0G1.

Cell motility is essential for the acquired ability of cancer cells to invade into surrounding
tissues and form distant metastases, a key step in the progression of aggressive prostate
cancer (28). To date, no evidence for the role of PKD3 in prostate cancer cell motility has
been reported. Therefore, we investigated whether tet-induced knockdown of PKD3 could
alter cell migration and invasion. First, we measured cell migration by wound healing assay
in our stable clones. While the “wound” completely closed in both the parental PC3-TR cells
and shScr cells, wound closure was reduced to only 45% and 35% in the PKD3 knockdown
clones shPKD3-1 C7 and shPKD3-1 C26 (Figures 3A–B). This result was further confirmed
using transient knockdown of PKD2 and/or PKD3 by siRNA in PC3 cells (Supplemental
Figures S2B–C). Additionally, cell migration was measured using cells that had been
arrested by mitomycin C treatment (Supplemental Figure S3A). In line with our previous
results, knockdown of PKD3 in PC3 cells using multiple PKD3 siRNAs significantly
blocked wound-induced cell migration.

To measure the effects of PKD3 knockdown on cell invasion, we performed a Matrigel
invasion assay using shPKD3-1 C7 and shScr cells. Invasion of tet-treated shPKD3-1 C7
cells was reduced to only 20%, compared to 65% for untreated shPKD3-1 C7 cells (Figure
3C). Invasion of shScr cells was not affected by tet treatment. This result was confirmed
using transient knockdown of PKD2 and/or PKD3 (Supplemental Figure S2D). Taken
together, these data demonstrate a novel role for PKD3 and PKD2 in the modulation of
prostate cancer cell motility, a key capacity required for prostate cancer progression and
metastasis.

Stable or transient knockdown of endogenous PKD3 by multiple siRNAs reduces secretion
of several key cytokines

As a major traffic regulator, PKD has been shown to regulate cell motility through
modulation of anterograde membrane traffic from the TGN to the plasma membrane (29),
which we hypothesized may impact the secretory pathway in tumor cells. Here, we
investigated whether conditioned medium from PKD3-knockdown cells could reduce the
migratory potential of PC3 cells. As shown in Figure 4A, conditioned medium collected
from tet-treated shPKD3-1 C7 cells significantly slowed migration of regular PC3 cells. As
a control, tet did not affect the ability of shScr cells to stimulate PC3 cell migration. These
results were further confirmed using condition medium obtained from mitomycin C-arrested
PC3 cells with transient knockdown of PKD3 using multiple siRNAs (Supplemental Figure
S3B). In further support of our hypothesis, conditioned medium collected from parental PC3
cells rescued the inhibitory effect of PKD3 knockdown on cell migration, restoring the
migratory capacity of PKD3 knockdown cells to that of the control (Figure 4B). These data
indicate that PKD3 promotes cell migration through the secretion of motility-stimulating
factors.

To examine whether there might be a global effect on other secretory pathways vital to
cancer cell function, we performed a cytokine antibody array using conditioned medium
collected from tet-induced shPKD3-1 C7 cells. The array revealed that PKD3 knockdown
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caused a significant reduction in most cytokines on the array (Figures 4C–D, Supplemental
Figure S4). For example, IL-3 and IL-6 were reduced to ~70% of the untreated control,
TGFβ and TNFα were decreased to almost undetectable levels, and the chemoattractant
proteins monocyte chemotactic protein (MCP) 1, −2, and −3 were reduced to only 20–40%
of the untreated control. Tet-treatment itself had no effect on cytokine secretion in shScr
cells.

To confirm these array results, we analyzed the levels of several key cytokines secreted into
the media by ELISA. Tet-induced PKD3 knockdown caused a significant reduction in the
levels of IL-6, IL-8, and GROα secreted from shPKD3-1 C2-3 cells (Figure 5A).
Specifically, PKD3 knockdown in shPKD3-1 C2-3 cells reduced IL-8 secretion to less than
40% of the levels detected from untreated shPKD3-1 C2-3 cells and IL-6 secretion to only
75% of the untreated control. To further confirm our results, we measured cytokine secretion
in prostate cancer cells depleted of endogenous PKD3 by multiple siRNAs targeting
different regions of PKD3. Transient PKD3 knockdown reduced IL-6, IL-8, and GROα
secretion in both PC3 and DU145 cells (Figure 5B). To examine whether PKD kinase
activity is required for this process, we investigated the effects of our previously-described
novel PKD inhibitors CID755673 and kb-NB142-70 (24, 27). We found that treatment with
either inhibitor caused a significant reduction in the secretion of IL-6, IL-8, and GROα
(Figure 5C). In fact, treatment with 25 μM kb-NB142-70 reduced secretion of each of these
cytokines to only approximately 10% of the DMSO-treated control.

To determine whether the effects of PKD3 knockdown on levels of secreted cytokines were
due to transcriptional regulation rather than regulation of secretion, RT-qPCR was
performed on total RNA extracted from shPKD3-1 C2-1 and shPKD3-1 C2-3 cells. No
changes were detected in IL-6, IL-8, or GROα transcripts in any cell line (Figure 5D),
suggesting that knockdown of endogenous PKD3 or inhibition of PKD by chemical
inhibitors blocks secretion, but not transcription, of key cancer-promoting factors in prostate
cancer cells. Interestingly, we also found that knockdown of PKD3 using multiple siRNAs
led to reduced MMP-9 activity in the conditioned medium, as measured by zymography
assay, but neither MMP-9 nor MMP-14 transcript levels were affected by PKD3 knockdown
(Supplemental Figure 5A–C), further suggesting an effect on secretion.

Knockdown of PKD3 halts growth of subcutaneous xenograft tumors in mice
In order to validate that PKD3 is indeed a significant regulator of prostate tumor growth in
vivo, we studied the ability of PKD3 knockdown to inhibit growth of PC3 tumor xenografts.
We first established subcutaneous tumor xenografts in male nude mice using shScr or
shPKD3-1 C7 cells from our tet-inducible PKD3 knockdown model system. Five days after
inoculation of the tumor cells, doxycycline was administered to half the mice. Tumor
volume was measured 3 times a week for 25 days at which time some of the tumors were
nearing 20 mm in diameter, necessitating euthanasia according to IACUC guidelines. While
dox itself had no effect on tumor growth in the shScr mice, a significant reduction in tumor
growth was observed in dox-treated mice bearing shPKD3-1 C7 tumors (Figures 6A, C).
After the 25-day experiment, tumor volume for the shPKD3-1 C7 +Dox group measured
only 100 mm3 on average, compared to an average of 325 mm3 for the no Dox shPKD3-1
C7 group, a growth reduction of nearly 70%. Mice experienced no changes in weight due to
tumor growth or dox treatment during the course of the study (Figure 6B). ELISA analysis
of lysates prepared from the excised tumors revealed a significant reduction in GROα, but
not IL-8 (Figures 6D–E). In shPKD3-1 C7 +Dox tumors, levels of GROα were reduced to
approximately 55% of the no-Dox control. This significant difference indicates that PKD3
modulates levels of this cytokine in vivo, and this may contribute to the reduced tumor
growth. Taken together, these results indicate that PKD3 signaling is necessary for the
growth of prostate tumors in vivo.
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DISCUSSION
Increasing evidence supports a major role for PKD in cancer progression. In this report, we
have established an essential role for PKD3, the least-studied of the PKD family members,
in the progression of prostate cancer. We have demonstrated, using both cellular and in vivo
models, that inhibition of PKD activity or expression reduces proliferation, motility, and
secretion of key cancer-promoting factors. These data indicate that PKD, and in particular
PKD3, may be a viable target for the development of novel chemotherapeutics in prostate
cancer treatment.

Using stable inducible PKD3 knockdown prostate cancer cell lines, we showed that tet-
induced PKD3 knockdown led to reduced cell proliferation and motility. The effect on
proliferation was in line with our previous findings obtained using a transient knockdown
approach (26). Importantly, we have now provided the first evidence demonstrating that
targeting PKD3 in vivo causes a significant reduction in tumor growth in a subcutaneous
xenograft mouse model. The effects of PKD3 knockdown on cell proliferation and motility
are in contrast to those of PKD1 reported by Balaji and colleagues, showing an almost
tumor-suppressor-like function of PKD1 in prostate cancer (30, 31). As the first-discovered
and most intensely studied PKD isoform, PKD1's role in cell proliferation and motility has
been somewhat controversial. This is particularly evident with regard to the role of PKD1 in
cell migration. Although earlier studies demonstrated that PKD1 promotes cell movement
(29, 32), more recent studies have suggested that PKD1 may have an inhibitory effect on
cell migration and invasion (33, 34). Notably, studies in prostate cancer cells have shown
that overexpression of PKD1 promotes cell aggregation and inhibits cell migration (31), and
other studies conducted in breast cancer and gastric cancer have shown that alteration of
PKD1 expression or activity suppresses cell motility (22, 35). Several downstream targets of
PKD1 have been implicated in this process, including slingshot phosphatase SSH1L (34,
36), RIN1 (33), and MMPs (22). Taken together, these findings highlight the complexity of
PKD signaling and the importance of cellular context in shaping the biological functions of
PKD in cells. The current study on PKD3, the least-studied member of the PKD family,
further suggests that PKD isoforms may play specific and distinct roles in carcinogenesis
and tumor progression. Accordingly, the PKD1 gene has been shown to be epigenetically
silenced in primary breast and gastric cancer tissues and tumor cell lines (22, 35), while such
regulation of PKD3 has not been demonstrated. Thus, despite belonging to the same kinase
family and sharing high sequence homology, the PKD isoforms may have unique roles in
different cancers or at different stages of cancer development.

It is noteworthy that even with incomplete knockdown (50–65%) of PKD3, potent effects on
prostate cancer cell proliferation and motility were observed, implying that PKD3 may
affect multiple tumor-promoting pathways. In this study, when conditioned medium from
PKD3 knockdown cells was applied to normal PC3 cells, migration was significantly
inhibited. Moreover, the PKD3 knockdown phenotype was rescued by applying conditioned
medium collected from parental PC3 cells, indicating that PKD3 promoted the secretion of a
motility-stimulating factor into the conditioned medium. Upon further investigation, we
found that knockdown of PKD3 caused a global reduction in cytokine secretion in PC3 cells.
These results were confirmed by ELISA for several significant targets, including IL-6, IL-8,
and GROα, and were not a result of changes in the transcript levels of these proteins,
suggesting that the reduced detection of cytokines was due to inhibition of secretion rather
than gene expression. Thus, our data indicate that the robust effects of this partial PKD3
knockdown may be due to inhibition of the secretion of key cancer-promoting factors,
thereby mediating several signaling pathways that affect proliferation and motility through
reduction of autocrine and paracrine signaling. Nonetheless, our data do not exclude the
possibility that PKD3 may regulate other cellular processes that impact cell growth and
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motility, such as cell adhesion, integrin expression, and cytoskeleton remodeling, and further
studies are required to investigate these potential mechanisms.

Pro-inflammatory cytokines such as IL-6, IL-8, and GROα have well-documented,
significant roles in cancer progression (37). IL-8 in particular has been demonstrated to have
various functions in cancer cells that promote angiogenesis, migration, metastasis, and
proliferation, and is significantly upregulated in human prostate tumors (38–40). Besides
signaling in an autocrine fashion to stimulate cell growth and motility, these factors are also
regulators of the tumor microenvironment (41) and are potent stimulators of angiogenesis
(42). We have demonstrated that there is reduced secretion of multiple critical angiogenic
cytokines with PKD3 knockdown, and this may account for the potent effects on prostate
cancer cell proliferation and motility seen in our cellular studies as well as the significant
reduction in tumor growth in our xenograft model, where we observed reduced levels of
GROα.

A recent report showed that VEGF treatment of endothelial cells stimulated PKD1-
dependent secretion of multiple cytokines, possibly mediating angiogenesis and
inflammation (20). In this study, researchers found that silencing PKD1 by siRNA caused
reduced VEGF-stimulated expression and secretion of IL-6, IL-8, and GROα. However,
they found no effects of PKD3 knockdown on cytokine secretion, which is contrary to our
findings. This discrepancy may be explained by the relatively low expression of PKD3 in
endothelial cells, which is in contrast to the high expression and likely aberrant hyperactivity
of PKD3 in our PC3 and DU145 cells. This may contribute to constitutive hyperactivity of
the secretory pathway in these cells, leading to increased secretion of key tumor-promoting
factors and enhancing autocrine growth/motility signals.

The chemokine GROα has been studied in a variety of cancers, and has been found to
promote proliferation, invasion, and angiogenesis in many different contexts (43–45). In
prostate cancer, GROα was shown to promote invasion and chemotaxis (44). Thus, the
significant PKD3-dependent reduction in intratumoral GROα is an important observation
that may explain in part the reduced tumor growth observed in shPKD3-1 C7-derived
tumors. Though we do not yet know the precise mechanisms through which PKD3 mediates
GROα expression in vivo, our cellular studies suggest that PKD3 knockdown impairs the
secretory pathway rather than transcription of this important tumor-promoting factor. It is
noteworthy that in the in vivo study, reduced GROα expression was observed in tumor
tissue lysates, which suggested possible transcriptional regulation. This phenomenon may be
in part explained by the very different cellular environments in culture versus in vivo, where
cells must grow into tumors and become vascularized, and by the heterogeneous nature of
tumor tissue. It is also possible that the duration of the in vivo experiment, with tumors
experiencing PKD3 knockdown for approximately 20 days, may have triggered a feedback
or autoregulatory mechanism that resulted in the reduction of GROα expression. Further
studies are necessary to elucidate these mechanisms.

In conclusion, our data support a tumor-promoting function of PKD3 in prostate cancer
progression. We have shown that the cumulative effects of reduced cytokine secretion can
cause significant changes in cancer cell proliferation and motility. Furthermore, we have
reported, for the first time, that inhibition of PKD3 expression suppresses prostate tumor
growth in vivo, validating PKD as a promising target in the development of novel therapies
for prostate cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tet-induced knockdown of PKD3 in PC3 prostate cancer cells
PC3-TR cells were transfected with the pENTR/TO/H1 vector containing shRNA targeting
PKD3. After stable selection, PKD3 expression with tet treatment was analyzed by Western
blotting (A). Densitometry analysis results are shown as the mean ± S.E.M. of 3 independent
experiments. Additionally, PKD3 transcript levels were determined by real-time RT-qPCR
(B). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 2. Tetracycline causes reduced proliferation in stable shPKD3-1 clones
PC3-TR (A), shScr (B), shPKD3-1 C7 (C), shPKD3-1 C26 (D), shPKD3-1 C2-1 (E), or
shPKD3-1 C2-3 (F) cells were plated at 5000 cell per well in 24-well plates. The total
number of live cells was determined for up to 6 days, and growth media and tet were
refreshed every 2 days. Experiments were repeated 3 times, and a representative graph is
shown.
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Figure 3. Inducible knockdown of PKD3 leads to reduced cell migration and invasion
A, PC3-TR, shScr, shPKD3-1 C7, or shPKD3-1 C26 cells were subjected to the wound
healing assay as described in the “Materials and Methods.” Data are the mean ± S.E.M. as
determined from 3 independent experiments. B, Representative images of the wounded
monolayer are shown. C, shScr or shPKD3-1 C7 cells were subjected to the invasion assay
as described in “Materials and Methods.” Percent invasion was calculated relative to the
number of cells that migrated through control inserts in order to normalize for proliferation
effects. Data are the mean ± S.E.M. of 3 independent experiments. D, Representative images
are shown. ***, p < 0.001.

LaValle et al. Page 14

Mol Cancer Ther. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. PKD3 knockdown modulates PC3 cell migration and secretion of various cytokines
A, Conditioned media (CM) from equal numbers of shScr or shPKD3-1 C7 cells was
applied to confluent parental PC3 cells that had been “wounded”. Cell migration was
measured by wound healing assay. Representative data from 1 of 3 independent experiments
are shown. **, p < 0.01. B, CM from parental PC3 cells rescued PKD3 knockdown-induced
inhibition of cell migration. PC3 cells were transiently transfected with siNT, siPKD3-1,
siPKD3-5, or siPKD3-6. Two days later, the cells were replated at equal high densities.
After overnight attachment, cells were treated with 0.5 μM mitomycin C for 2 h and
“wounded”. The medium was then replenished with equal amounts of conditioned media
collected from parental PC3 cells after 48 h of culture in serum-free medium in the presence
of 3 nM mitomycin C. Wound healing assay was then performed as described in the
“Materials and Methods.” Representative data from 3 independent experiments are shown.
ns, not significant. C, PKD3 knockdown reduces cytokine secretion. Conditioned media
from equal numbers of shScr or shPKD3-1 C7 cells was subjected to cytokine antibody
array. Chemiluminescent detection of protein spots for each of the samples is shown. Boxes
indicate spots corresponding to the following cytokines (left to right in vertical duplicate):
Box 1, IL-1α, IL-2; Box 2, IL-13, IL-15; Box 3, MCP-3, MIG, RANTES; Box 4, GM-CSF,
GRO, GROα; Box 5, IL-3, IL-5, Il-6; Box 6, INF-γ, MCP-1, MCP-2; Box 7, TGF-β1, TNF-
α, TNF-β; Box 8, IL-7, Il-8, IL-10; Box 9, internal positive control. See Supplemental
Figure S4 for an array map. D, Densitometry analysis of the cytokine array. The value for
each spot was normalized to internal positive control spots on the array. The relative percent
expression was determined for both shScr– vs. shScr+ and shPKD3-1 C7– vs. shPKD3-1
C7+, and the relative percent change in expression for shScr+ vs. shPKD3-1 C7+ was
plotted. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

LaValle et al. Page 15

Mol Cancer Ther. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Antagonizing PKD3 expression or activity leads to reduced secretion of IL-6, IL-8, and
GROα
A, Conditioned media from equal numbers shScr or shPKD3-1 C2-3 cells was subjected to
ELISA to determine levels of secreted IL-6, IL-8, or GROα. B, PC3 and DU145 cells were
transfected with siRNAs targeting different regions of PKD3 or non-targeting siRNA.
Conditioned media from equal numbers of cells was then subjected to ELISA. C, PC3 cells
were treated with the indicated inhibitors for 48 h. ELISA was performed on the conditioned
media collected from equal numbers of cells. D, IL-6, IL-8, and GROα transcript levels
relative to the GAPDH control were determined by RT-qPCR in the inducible cell lines.
Each experiment was repeated with duplicates at least 2–3 times, and the data represent the
mean ± S.E.M. of the independent experiments.

LaValle et al. Page 16

Mol Cancer Ther. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Doxycycline-induced knockdown of PKD3 slows growth of subcutaneous tumor
xenografts in mice
Mice were injected subcutaneously with either shScr or shPKD3-1 C7 cells. Tumor volume
(A) and mouse weight (B) were measured every 2–3 days. The experiment was performed
using 5–6 mice per group and was independently repeated twice (n = 10–11 mice per
group). C, Representative images of the excised tumors. D, Equal amounts of protein from
tumor lysates were subjected to ELISA for detection of GROα or IL-8. For each tumor
sample, duplicate measurements were determined, and tumors from 4–5 mice in each group
were analyzed. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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