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Abstract
Cancer metastasis is the cause of most cancer related deaths and many cancers are becoming resistant to current therapies. An alternative approach is to investigating signalling pathways that cause cancer cell migration such as chemokine signalling pathways. Such downstream signalling proteins are PKC and PKD. Therefore, we investigated the role of these two proteins in CXCL12 mediated PC3 prostate cancer migration. Whereas PKC and PKD inhibitors do not affect the release of calcium in PC3 prostate cancer cells, both are involved in migration, particularly inhibition of the atypical PKC isoform PKCζ causes the greatest reduction in PC3 cell migration. Classical and/or Novel PKC isoform inhibition changes the shape of the PC3 cells, they show a more rounded morphology, whereas PKD inhibition causes prostate cancer cell to elongate. PKCζ inhibition causes the enlargement of PC3 area possibly due to dysregulated actin cytoskeletal control. These results highlight the importance of verifying which signalling proteins, in which cell and in which chemokine signalling cascade enable cancer cellular migration.
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Introduction
[bookmark: OLE_LINK1]   Cancer metastasis is the cause of 90% of cancer related death and specifically in prostate cancer, metastasis to the bone is the most common [1, 2]. While several treatment options are available for bone metastasis including chemotherapy and androgen ablation, there has been an emergence of ‘castration-resistant’ prostate cancers that no longer respond to these therapies [3]. An alternative approach is to look at preventing the signalling pathways that enable cancer metastasis to occur for example through the CXCR4/CXCL12 signalling axis [4]. Overexpression of CXCR4 receptors has been reported in prostate cancer, enabling these tumour cells to have increased metastatic potential to tissues expressing high levels of CXCL12, such as the bone marrow [5]. The mechanism of CXCR4 receptor activation is mediated by CXCL12 binding to CXCR4 which activates its associated heterotrimeric G-protein. The Gαq subunit activates PLCβ which hydrolyses PIP2 to produce two secondary messengers; IP3 and DAG, both of which can activate protein kinase C (PKC) directly or via the release of internally stored Ca2+. In addition to this, the Gβγ dimer can also activate PLCβ and IP3 thus leading to PKC activation [6, 7]. Specifically, PKCs are a family of serine/threonine kinases of which there are nine isoforms classified according to their method of activation. The classical isozymes (cPKCs: α, βI, βII, and γ) depend on DAG and Ca2+, the novel isozymes (nPKCs: δ, ε, η, and θ) depend on DAG only and the atypical isozymes (aPKCs: ζ and λ/ι) do not require DAG or Ca2+ [8]. Therefore, atypical PKCs are not directly activated via the PLCβ pathway. Instead they are activated via secondary messages downstream of DAG. Additionally, PKCζ can also be activated by Gα subunit activating Src which will activate PKCζ and via the Gβγ dimer activating PI3K, which in turn activates PDK1 enabling the activation of PKCζ. In this MAPK signalling pathway, PKCζ can then activate ERK leading to the transduction of signals from the cell membrane to nucleus enabling cellular proliferation and migration [9]. While, PKCs are known to cause cancer cell migration, it is still unclear which isoforms specifically are involved. The PKD family are also a family of serine/threonine kinases consisting of three isoforms; PKD1, PKD2 and PKD3. Activation of PKDs occurs via several biological agents including DAG in a similar pathway to PKCs but can also be activated by phorbol esters, growth factors and PKC isoforms themselves. Additionally, PKD activation has been shown to occur via oxidative stress, the binding of the Gβγ dimer and through caspase-3-mediated cleavage [10]. The exact role of PKD in cellular migration remains controversial with some groups suggesting that PKD acts as a negative regulator for cell migration while other suggest that PKD can drive cancer migration [11-13]. While several PKC and PKD inhibitors have been synthesized, there are currently no clinical trials open for these compounds [14-16].
Here we aim to examine the roles of PKD and different PKC isoforms in CXCR4 directed prostate cancer migration using specific PKD or PKC inhibitors. 
Materials and Methods
Cell Lines Tissue Culture and Associated Materials
The metastatic prostate cancer cell line, PC3, was purchased from the ATCC (Teddington, UK). These cells were grown in RPMI containing 10% FCS, 2 mM non-essential amino acids and 2 mM L-glutamine. Cells were maintained under standard conditions; 37˚C, air 95% and 5% CO2. The CXCL12 chemokine was from Peprotech (London, UK). GF109203X, Staurosporine and CID755673 were all from Tocris (Abingdon, UK) and the PKCζ Pseudosubstrate inhibitor myristoylated was purchased from Calbiochem (Hertfordshire, UK). Cells were treated with 5µM GF109203X, 10 nM Staurosporine, 11 µM CID755673 or 10 µM PKCζ Pseudosubstrate inhibitor for 30min-24 hours. The Phalloidin-iFluor 488 was from Abcam (Cambridge, UK) and the DAPI from Sigma Aldrich (Hertfordshire, UK). All other chemicals were purchased from Thermo Fisher Scientific (Loughborough, UK). 
ORIS Migration Assay
PC3 cells were harvested using 0.25%Tripsin-EDTA and re-suspended in complete RPMI to get a cell density of 5x104 mL-1 per well of the 96 well Oris™ Cell Migration Assay plate (Platypus Technologies, Oxon, UK). The migration assay was performed according to manufacturer’s instructions. 
Adherent Cell Time Lapse Migration Assay
PC3 were harvested and 1x104 mL-1 cells were seeded in complete RPMI and incubated for 24 hours at 37˚C. 5 µM of GF109203X, 10 nM Staurosporine, 11 µM of CID755673 or 10 µM of PKCζ Pseudosubstrate inhibitor along with 10 nM CXCL12 was added to wells. Time lapse images were taken at 10X objective with a picture taken every 4 minutes for 10 hours using a Zeiss Axiovert 200M motorised inverted fluorescent/ live cell imaging microscope using Carl Zeiss AxioVision Rel. 4.8 software. Using Image J software, single cells were manually tracked by clicking on the centre of cell nuclei throughout consecutive frames. Migratory distance was used to calculate each cells individual speed which was then averaged per treatment condition.
Intracellular Calcium Ion Release Analysis
PC3 cells were harvested, centrifuged and washed twice in buffer (148 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 10 mM Hepes, 1 mM glucose, pH 7.4). Cells were then incubated with 5 µM of GF109203X, 10 nM Staurosporine, 11 µM of CID755673 or 10 µM of PKCζ Pseudosubstrate inhibitor and 4 μM Fura-2 (Invitrogen, Paisley, UK) at 37˚C, 95% air and 5% CO2 for 30 minutes. The release of calcium was determined as described [17, 18].
Actin Staining
PC3 cells were harvested and 1x105 mL-1 cells were seeded onto cover slips overnight. Inhibitors, with and without 10 nM CXCL12 were added to the wells and incubated overnight at 37˚C and 5% CO2. Cells were washed twice with PBS and fixed for 10 minutes in 4% paraformaldehyde, washed again twice in PBS and permeabilised using 0.1% Triton X-100. Cells were washed and incubated with Phalloidin-iFluor 488 Conjugate (Abcam) at a 1:100 dilution in PBS for 30 minutes. Cells were washed and mounted onto glass coverslips using DPX mounting media (Fisher Scientific). Cells were visualized using an inverted Leica DMIL fluorescence microscope. Subsequent analysis of cell area and cellular circularity was done using Image J software by manually drawing around individual cells and from the ‘Analyze’ menu, selecting set measurements (including cell area and circularity). A maximum of five cells were analysed per image. 
Cell Viability Studies
Cells were harvested and seeded at a density of 5x105 mL-1 into black, opaque, 96 well plates and inhibitors were added and incubated for 72 hours at 37˚C, air 95% and 5% CO2. MTS assay was then conducted as described previously [19]. 
Statistical Analysis
Statistical Analyses were done using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Data represents the mean values ± SEM for a minimum of N=3, or otherwise stated. For two variables unpaired t-tests were conducted. For three or more variables one-way ANOVA with post hoc Dunnett’s multiple comparison was conducted or if the data was normalised; Kruskal-Wallis non-parametric test with post hoc Dunn’s multiple comparison test were conducted. *P ≤0.05 and **P ≤0.01. NS denotes not significant.
Results
PKC and PKD are important for CXCL12 induced migration in prostate cancer cells
To determine the effects of PKC and PKD in prostate cancer we treated the metastatic prostate cancer cell line PC3 with several specific PKC/PKD inhibitors; GF109203X for cPKCs (PKCα and PKCβ1) and nPKCs (PKCδ and PKCε), Staurosporine for cPKCs (PKCα and PKCγ) and  nPKCs (PKCη), PKCζ Pseudosubstrate inhibitor and finally CID755673 for the three PKD isoforms. PC3 cells are known to express CXCR4 as seen in a study by [20] and this was confirmed using a monoclonal antibody against CXCR4 (data not shown). Inhibition of migration was examined by time lapse assay and by Oris™ Cell Migration Assay. Three of the four inhibitors (GF109203X, PKCζ Pseudosubstrate inhibitor and CID755673) cause a significant reduction in migration in both assays when PC3 cells were activated by 10 nM CXCL12 (Fig. 1 and Table 1). Significant decrease in migratory speeds from 46.95±4.55 μm/h to 19.19±6.442 μm/h with the addition of GF109203X (Fig. 2a. and f) and to 21.79±3.436 μm/h with CID755673 (Fig. 2a, and g) were observed. Additionally, migratory speeds significant decreased from 56.13±8.034 μm/h to 13.55±2.843 μm/h after the addition of PKCζ Pseudosubstrate inhibitor (Fig. 3c, i). However, there was not a significant decreases in the migratory speeds of PC3 incubated with Staurosporine (untreated; 46.87±6.436 Staurosporine treated; 39.27±9.175) (Fig. 3b, h). This reduced migration is not a consequence of cellular toxicity caused by the inhibitors (Data not shown).
PKC and PKD do not affect intracellular Ca2+ release from prostate cancer cells
Several PKC require Ca2+ and or DAG for activation [8]. Therefore, the release of Ca2+ is upstream of PKC/PKD and so the inhibition of PKCs or PKDs should not affect calcium release. Calcium release assays confirmed this and incubation with GF109203X, CID755673 and Staurosporine did not cause any change in the release of intracellular Ca2+ in PC3 cells (Fig. 3a-f). Incubation with PKCζ Pseudosubstrate inhibitor actually showed a trend of increased release of intracellular Ca2+ (Fig. 3g and h). 
PKC and PKD affect the cytoskeleton of prostate cancer cells 
Incubation with GF109203X with or without CXCL12 and Staurosporine with or without CXCL12 showed a decrease in cellular area (Fig. 4c-d, e-f and k). CID755673 showed no change in area (Fig. 4e, f and k) while PC3 cells incubated with PKCζ Pseudosubstrate inhibitor and CXCL12 showed an increased cellular area (Fig. 6j and k). In relation to cell shape, GF109203X and PKCζ Pseudosubstrate inhibitor showed no significant difference in cell shape compared to basal and incubation with 10 nM CXCL12 (Fig 4c-d, i-j and l). Incubation with GF109203X produced a noticeable increased number of stress fibres (Fig 4c and d). Incubation with CID755673 showed a discernible shape change with cells becoming more elongated and appearing ‘sticky’ due to what appear to be a lack of release of the cell tail and often cells were seen sticking to one another (Fig. 4e, f and l). While Staurosporine caused no significant changed to migration, incubation with Staurosporine caused cells to have a more rounded morphology (Fig. 4 g, h and l).
Discussion
Chemokine receptors are known to drive cancer cell migration and specifically the CXCR4 receptor is upregulated on a number of different cancer cells leading to metastasis [21-25]. However, while there has been much investigation into different chemokines such as CXCL12 induced cellular chemotaxis, there is little information on which of the activated downstream signalling proteins are required for chemokine cellular migration in different cancer cell types. We have previously shown that the downstream protein Rac1 is important in CXCL12 cellular migration in both adherent and suspension cells but not in CCL3 migration [26]. Moreover, we have found that different downstream signalling proteins such as Src are required in both the leukemic Jurkat cell line and MCF7 breast cancer cells while inhibiting several PKC isoforms (PKCα, β1,δ, ε, γ, η) caused no effect upon Jurkat cellular migration but was required for MCF-7 cellular migration [27]. Here we investigated the role of different PKC and PKD isoform upon PC3 prostate cancer cells.  
Both PKCs and PKDs are required for CXCL12 specific migration in the PC3 prostate cancer cell line. Three out of the four inhibitors used significantly reduced the speed of PC3 cells; CID755673 specific to PKD isoforms, PKCζ Pseudosubstrate inhibitor specific to PKCζ and GF109203X a less specific compound that inhibits both cPKCs (PKCα and PKCβ1) and nPKCs (PKCδ and PKCε). Staurosporine (inhibitor of cPKCs (PKCα and PKCγ) and nPKCs (PKCη)) caused no significant changed to migration. However, from this it is clear that PKCα is not important for CXCL12 mediated PC3 cell migration, due to the ineffectiveness of Staurosporine to reduce migratory speeds. This is contrary to evidence that PKCα is required for MCF-7 cell migration [27]. However, PKCα has been found to have tumour suppressing activities in cancers such as lung cancer and has been shown to contribute to cell death in androgen-dependant prostate cancer cells [28, 29]. While PC3 cancer cells are androgen-independent, it appears that PKCα also does not affect CXCL12 mediated PC3 migration explaining why clinical trials into an antisense oligonucleotide that targeted PKCα, Aprinocarsen, in patients with prostate, breast and other cancers was discontinued despite its previous success in xenograft models [30, 31]. Additionally, due to Staurosporine having no significant effect upon migration, it is possible to assume that PKCγ and PKCη do not contribute to CXCL12 mediated PC3 cellular migration. 
None of the four inhibitors affected CXCL12 mediated intracellular calcium release [8]. However, there was a trend of increased intracellular calcium release when PC3 cells were treated with PKCζ Pseudosubstrate inhibitor, possibly suggesting a positive regulatory feedback mechanism in relation to PKCζ and the release of intracellular calcium.
In relation to shape change, the addition of 10 nM of CXCL12 demonstrated a trend of increased cellular area but no change in cell circularity. While PC3 cells can migrate via a mesenchymal mechanism, they tend to migrate when in a more rounded amoeboid shape and specifically move via protrusion based amoeboid migration [32-34]. This was observed during the time lapse recordings, hence the increase in area is most likely to be caused by capturing cells with lamellipodia protrusions while the majority of the cell remains circular. While amoeboid migration has previously been considered as random shape change, it has recently been found that it actually involves symmetrical changes involving G proteins and the actin cytoskeleton [35]. Incubation with GF109203X saw a reduction in the size of individual cells with little change to the cell shape but with an increased number of cellular protrusions in the form of filopodia and not lamellipodia. As discussed previous, while it cannot be ascertained which PKC isoform(s) are responsible for these cytoskeletal changes, classical and novel PKC all have roles in regulating the actin cytoskeleton (reviewed in Larsson [36]). PKCα, PKCγ and PKCη inhibition through Staurosporine caused cells to assume a smaller and more rounded morphology that can be confirmed to not be related to apoptosis (Figure 4g and h) [37, 38]. Therefore, the change in cell size and shape is most likely to be in relation to more cells transitioning to amoeboid cellular migration. In opposition to this, PKD inhibition by CID755673 caused the PC3 cells to assume a more elongated morphology with no change to area. This is indicative of a transition from amoeboid to mesenchymal migration. Additionally, it seemed that the cells has lost the ability to detach their tails due to very elongated cell and a ‘sticky’ appearance, indicating a role for PKD in tail detachment. This is most likely in relation to PKD isoforms being localised to and regulating focal adhesions, dynamic structures that are continuously assembled and disassembled during protrusion based mesenchymal migration [39]. It is known that PKD1 generally blocks cellular migration by localising to the leading edge and inhibits the activity of slingshot proteins thus preventing cellular migration [11, 40]. However, CID755673 is a non-specific PKD inhibitor, thus inhibits PKD1 but also PKD2 and PKD3 both of which have been found to promote cellular invasion by modulating NF-κB and HDAC1 expressions [41]. The results presented here implicate a novel role of PKD2 and PKD3 in tail release. This implicates PKCζ as possibly the strongest candidate for preventing CXCL12 driven cellular migration. 
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Fig. 1. PKC and PKD are important for CXCL12 migration in prostate cancer cells determined using Oris™ Cell Migration Assay. a) 5µM GF109203X. b) 11µM CID755673. c) 10 nM Staurosporine. d) 10µM PKCζ Pseudosubstrate inhibitor. Data representative of the mean ± SEM of four or six independent experiments.
Fig. 2. PKC and PKD are important for CXCL12 migration in prostate cancer cells determined using a 10 hour Time Lapse Assay. a) 5µM GF109203X and 11µM CID755673. b) 10 nM Staurosporine. c) 10µM PKCζ Pseudosubstrate inhibitor. d) basal PC3 cell speeds. e) PC3 cell speeds activated with 10 nM CXCL12. f) activated with 10 nM CXCL12 and treated with 5µM GF109203X. g) activated with 10 nM CXCL12 and treated with 11µM CID755673. h) activated with 10 nM CXCL12 and treated 11µM CID755673. i) activated with 10 nM CXCL12 and treated with 10µM PKCζ Pseudosubstrate inhibitor. Data shows representative cell tracks from three or four independent experiments with similar findings. Data representative of the mean ± SEM of three or four independent experiments.
Fig. 3. PKC and PKD do not affect intracellular Ca2+ release from prostate cancer cells. a) 5 µM  GF109203X against 5 µM  DMSO vehicle. b) 5 µM  GF109203X calcium release trace. c) 11 µM CID755673 against 11 µM EtOH vehicle. d) 11 µM  CID755673 calcium release trace. e) 10 nM Staurosporine against 10 nM H20 vehicle. f) 10 nM  Staurosporine calcium release trace. g) 10 µM PKCζ Pseudosubstrate inhibitor against 10 µM H20 vehicle. h) 10 µM PKCζ Pseudosubstrate inhibitor calcium trace. Data representative of the mean ± SEM of three to five independent experiments
Fig. 4. PKC and PKD affect the cytoskeleton of prostate cancer cells. a) Basal PC3 cells stained with Phalloidin-iFluor 488 (green) and DAPI). b) PC3 cells activated with 10 nM CXCL12. c) PC3 cells treated with 5µM GF109203X. d) PC3 cells induced with 10 nM CXCL12 and treated with 5µM GF109203X. e) PC3 cells treated with 11µM CID755673. f) PC3 cells activated with 10 nM CXCL12 and treated with 11µM CID755673. g) PC3 cells treated with 10 nM Staurosporine. h) PC3 cells activated with 10 nM CXCL12 and treated with 10 nM Staurosporine. i) PC3 cells treated with 10µM PKCζ Pseudosubstrate inhibitor. j) PC3 cells activated with 10 nM CXCL12 and treated with 10µM PKCζ Pseudosubstrate inhibitor. k) Area of cells under different treatments. l) Circularity of cells under different treatments. Data shows representative cells from five independent experiments with similar findings. Data representative of the mean ± SEM of four or five independent experiments.
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Table 1: Overview of PC3 migratory speeds with 10 CXCL12 with and without PKC/PKD inhibitors. Data representative of the mean ± SEM of  three or four independent experiments.
	
	Basal Speed (µm/h)
	10 nM CXCL12 Speed (µm/h)
	Compound Speed (µm/h)

	5 µM GF109203X
	13.58±3.167
	46.95±4.551
	19.19±6.442

	11 µM CID755673
	13.58±3.167
	46.95±4.551
	21.79±3.436

	10 nM Staurosporine
	16.07±2.772
	46.87±6.436
	39.27±9.175

	10 µm PKCζ Pseudosubstrate inhibitor
	23.94±9.427
	56.13±8.034
	13.55±2.843
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Figure 1


