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KIFC1 overexpression promotes prostate cancer cell survival and proliferation in vitro by clustering of amplified centrosomes via interaction with Centrin 2
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Abstract: Mitotic kinesin KIFC1 plays critical roles in mitosis by regulating the spindle length, pole formation, and known for clustering extra centrosomes in cancer cells. Centrosome clustering is associated with the survival of cancer cells, but this phenomenon remains obscure in prostate cancer (PCa). The present study demonstrated that PCa cells showed centrosome amplification and clustering during interphase and mitosis, respectively. KIFC1 is highly expressed in PCa cells and tumor tissues of prostatic adenocarcinoma (PAC) patients. Up-regulation of KIFC1 facilitated the PCa cell survival in vitro by ensuring bipolar mitosis through clustering the multiple centrosomes, suggesting centrosome clustering could be a leading cause of prostate carcinogenesis. Conversely, the silencing of KIFC1 resulted in normal centrosome number or multipolar mitosis by inhibiting the clustering of amplified centrosomes in PCa cells. Besides, knockdown of KIFC1 by RNAi in PCa cells reduced cancer cell survival, and proliferation. KIFC1 interacted with centrosome structural protein Centrin 2 in clustering of amplified centrosomes in PCa cells to ensure the bipolar mitotic spindle formation. Knockdown of Centrin 2 in PCa cells inhibited the centrosome amplification and clustering. Moreover, up-regulated KIFC1 promotes PCa cell proliferation via progression of cell cycle possibly through aberrant activation of cyclin dependent kinase 1(Cdk1). Therefore, KIFC1 can be a prognostic marker and therapeutic target of PCa for inhibiting the cancer cell proliferation.
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Introduction

Prostate cancer (PCa) is a dominant male cancer in blooming countries (van Neste et al., 2012, Yang and Tian, 2019) and ranked 2nd for cancer related deaths of men in the USA (Siegel et al., 2020). Sekino et al. (2017) identified that castration resistant prostate cancer (CRPC) patients with higher expression of KIFC1 show increased resistance to docetaxel. Human KIFC1 has a C-terminal motor domain that arranges their motility towards the minus end of microtubules (Xiao et al., 2017). Elevation of KIFC1 is associated with several types of cancer progression (Pannu et al., 2015; Mittal et al., 2016). KIFC1 has an important role in the arrangement of spindles appropriately, stable pole-focusing, and the viability of cancer cells regardless of normal or amplified centrosomes (Kwon et al., 2008; Kleylein-Sohn et al., 2012). Centrosome acts as a Microtubule Organizing Centre (MTOC) which becomes a key regulator of mitosis and cell cycle progression (Rieder et al., 2001). An aberrant number of centrosomes or amplified centrosomes (>2) within a cell is associated with cancer development (Nigg, 2002; Lingle et al., 2005). Amplified centrosomes can be lethal for cancer cells with missegregation and aneuploidy via multipolar mitosis (Zasadil et al., 2014). But cancer cell evades multipolar mitosis division with clustering of the multiple centrosomes into two spindle poles, thereby ensure pseudo bipolar cell division (Gergely and Basto, 2008; Godinho et al., 2009). The involvement of KIFC1 in centrosome clustering of cancer cells has been elucidated from several studies (Pannu et al., 2015; Choe et al., 2018; Rhys et al., 2018). However, the role of KIFC1 for clustering the extra centrosomes in PCa development remains unknown. Recently, we demonstrated that inhibition of KIFC1 by AZ82 induced multipolar mitosis and apoptosis in PCa cells (Parvin et al., 2020; Parvin et al., 2021). Here, we investigated the centrosome morphology in prostatic stromal and prostate cancer (PCa) cells. PCa cells showed amplified centrosomes in interphase, and clustering of extra centrosomes during mitosis. We evaluated the involvement of KIFC1 in clustering of amplified centrosomes in PCa cells. Up-regulation of KIFC1 induced the clustering of supernumerary centrosomes in PCa cells to ensure the bipolar mitosis and increased the cancer cell survival and proliferation. It has been reported that KIFC1 expression level in the cancer cell is similar to the expression level of Centrin 2 and other proteins (AURKA, STIL, PLK4, and γ-tubulin) which are related to centrosome amplification (CA) (Mittal et al., 2016). Centrin 2 is a centrosome structural protein plays an important role in MTOC structure and function. Several studies demonstrated that Centrin 2 regulates the proper duplication and segregation of the centrosomes during cell cycle (Salisbury et al., 2002; Dahm et al., 2007; Bettencourt-Dias and Glover, 2007). To explore the interaction of KIFC1 with proteins related to CA, we examined the correlations between expression levels of KIFC1 and proteins involved in CA including Centrin 2. Up-regulated KIFC1 clustered the amplified centrosomes in PCa cells by interacting with Centrin 2.

Cancer is the result of uncontrolled cell division, cell cycle and cell proliferation that conducted via aberrant activation of some proteins which regulate normal cell cycle and cell proliferation (Malumbres and Carnero, 2003; Ren and Liang, 2019). Unusual activation of the cell cycle proteins including cyclin-dependent kinases (CDKs; Cdk1/Cdk2) promotes uncontrolled cancer cell proliferation results in cancer development. Cdk1/Cdk2 regulates the cell cycle progression by transmigration of G1 to S and G2 to M phase and also plays an important role to regulate centrosome duplication (Löffler et al., 2011; Chohan et al., 2018). Cdk1 is a catalytic subunit of M-phase promoting factor (MPF) which is indispensable for the transitions of G1-S and G2-M phases of the eukaryotic cell cycle (Jones et al., 2018). Besides, several studies identified that KIFC1 increased the proliferation of cancer cells by enhancing the cell cycle progression (Pannu et al., 2015; Liu et al., 2016; Li et al., 2018). But, whether KIFC1 regulates the cell cycle in PCa cell has not been studied extensively. We identified that higher expression of KIFC1 progress the cell cycle by enhancing the transmigration of G1-S in PCa cell possibly through aberrant activation of Cdk1.

Materials and Methods

Cell culture and tissue samples

Prostate cancer (PCa) cell line DU145 (ATCC® HTB-81™) and normal prostatic stromal cell line WPMY1 (ATCC® CRL-2854TM) were maintained in MEM, and DMEM Nutrient Mix (Gibco™) cell culture medium with the addition of 10% Fetal Bovine Serum (Gibco™). The incubator was adjusted with 37°C temperature and 5% CO2 to culture the cells. Human prostate (normal and tumor) tissues (Suppl. Tab. S1) collected from surgical resections of 13 prostatic adenocarcinoma patients (receiving treatment for prostate cancer) with permission via the signing of “Patient Consent Form”, as recorded by the First Affiliated Hospital of Zhejiang University. Tissues were dissected on ice, and some were kept in ice cold phosphate buffer saline (PBS, pH 7.3) immediately to extract total RNA and protein.

Knockdown of KIFC1 in PCa cells by RNA interfering

In order to knockdown of KIFC1 in PCa cells (DU145), we used KIFC1siRNA and KIFC1shRNA. We purchased and used two different sets of KIFC1siRNA and one negative control (NC) from Sangon Biotech Co. Ltd., Shanghai, China for silencing of endogenous KIFC1 (Suppl. Tab. S2). Moreover, we used following shRNA target sequences of KIFC1 and Centrin 2 for designing the oligos to synthesize the shRNA using BLOCK-iT™ RNAi Designer (ThermoFisher Scientific). These were: KIFC1shRNA-1, 5’-GGACTTAAAGGGTCAGTTATG-3’; KIFC1shRNA-2, 5’-GCAAGCTACGTAGAGATCTAC-3’; KIFC1shRNA-3, 5’-GGTCAGTTATGTGACCTAAAT-3’; KIFC1shRNA-4, 5’-GCCAACAGGAGCTGAAGAACT-3’; Centrin 2shRNA, 5’- GATGAAACTGGGAAGATTTCG-3’. For negative control, we used the sequence of Luciferase shRNA (shLuc) 5’-GCTTACGCTGAGTACTTCGAA-3’. We purchased the shRNA oligos (Suppl. Tab. S2) from IDT with 5’phosphate and PAGE purification. After synthesizing, all shRNAs were inserted into HpaI/XhoI restriction sites of pRNAi-U6.2/Lenti virus plasmids (Biomics) for cloning. We used specific primers (Tab. S3) for screening the shRNAs expressing pRNAi-U6.2 plasmids by colony PCR and sequenced for validation. We used an E.Z.N.A.® Endo-free Plasmid DNA Mini Kit II (OMEGA, D6950-01) for the preparation of endotoxin-free plasmids.

PCa cells (DU145) were transfected by KIFC1siRNA using a LipofectamineTM 3000 Kit (L3000015, Invitrogen™) following the company’s instructions. We used a Lipo 6000TM cell transfection kit (Beyotime) and followed the manufacturer’s instructions for transfecting the cells by shRNAs and shLuc expressing pRNAiU6.2 plasmids. After 48–72 h of transfection, we used the cells for further experiments.

Construction and transfection of KIFC1 overexpression plasmids into cell

For constructing the KIFC1 overexpression plasmids, we cloned full-length of KIFC1 (KIFC1FL) (NM_002263.3, 1–673 aa) with EcoRI/XhoI restriction sites from the cDNA of WPMY1 cell by PCR reaction with specific primers (Suppl. Tab. S3) designed by the software Primer Premier 5.0. We used TaKaRa Taq™ HS PCR Kit, UNG plus (R013A, TaKaRa, Dalian, China) for PCR, and the program was fixed as following: 33 cycles at 98°C for 10 s, 58°C for 5 s, 72°C for 1 min; and 4°C for α. The PCR product was purified using SanPrep Column PCR Product Purification Kit (B518141, Sangon Biotech), and inserted into a PMD19T cloning vector (Takara, Dalian, China). Ligation was carried out using T4 DNA Ligase (2011B, TaKaRa, Dalian, China), and transformation of Escherichia coli DH5α competent cells (Takara, Dalian, China) were conducted. We selected the positive colony with colony PCR (94°C for 4 min; 30 cycles of 94°C for 30 s, 62°C for 30 s, 72°C for 2 min 20 s; 72°C for 10 min; and 4°C for α) and sequenced the positive plasmids for validation. The full-length sequence of the KIFC1 was assembled and checked by a software Seqman (DNASTAR, Inc., USA). Next, we digested the PMD19T and the pCMV-N-FLAG-EGFP plasmids by EcoRI and XhoI (Takara, Dalian, China), and then ligation and transformation were carried out. T3 and T7 primers (Suppl. Tab. S3) were used for screening the KIFC1FL overexpressing pCMV-N-FLAG-EGFP plasmids by colony PCR and the sequencing was done by Biosune sequencing company.

For the preparation of endotoxin-free plasmids, we used an E.Z.N.A.® Endo-free Plasmid DNA Mini Kit II (OMEGA, D6950-01). KIFC1 overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids were transfected into cells using a Lipo 6000TM (Beyotime Biotechnology) transfection kit according to the manufacturer’s instructions. The cells were incubated for the next 24–48 h and then used for the further experiments.

Semi-quantitative RT-PCR

Total RNA was extracted from cultured cells and human tissue samples (normal and tumor tissues of prostate) using RNAiso Plus (9108, TaKaRa). To synthesize the cDNA from total RNA, reverse-transcription was performed using 5X PrimeScriptTM RT Master Mix (TaKaRa Biotechnology Co., Ltd., Dalian, China). We designed primers of β-actin and KIFC1 via NCBI Primers BLAST (Suppl. Tab. S3). Semi-quantitative RT-PCR was performed by using 2 × Flash HS PCR MasterMix (CWBIO, CW3007S) and by fixing the program as 98°C for 5 s; 35 cycles of 55°C for 10 s; 72° for 15 s; 4°C for α. We detected the intensity of band on 1.5% agarose gel through electrophoresis. The mRNA intensity was quantified via Image J software and the relative mRNA level was measured by normalizing to β-actin mRNA level.

Western blot analysis

Total protein was extracted from cultured cells and homogenized tissues (crushed by IKA® T10 basic) using RIPA cell lysis buffer (P0013B, Beyotime) contained 1% PMSF (CW2200S, CWBIO). Protein samples were denatured by heating at 100°C after addition of 5X SDS loading buffer. For western blot analysis, 30 μg protein of whole-cell lysate were separated on 10% or 8% SDS-Polyacrylamide gel by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and then transferred into a polyvinylidene fluoride (PVDF) membrane (IPVH00010, Millipore). Membranes were incubated with primary antibodies for 14 h at 4°C. After washing the membranes using PBST, they were incubated with HRP conjugated secondary antibodies for one hour. The antibodies were diluted with 5% milk dissolved in 0.2% PBST. We visualized the target proteins on the blots using enhanced chemiluminescent (ECL, P0018FFT, Beyotime). We used the following primary antibodies: anti-KIFC1 rabbit monoclonal (1:10,000, ab172620, Abcam), anti-KIFC1 rabbit polyclonal (1:1000, NB100-40844, Novus Biologicals), anti-ACTB rabbit polyclonal (1:2000, D110001, BBI) anti-Cdk1 mouse monoclonal (1:200, A0030, ABclonal), anti-AURKA rabbit polyclonal (1:500, A2276, ABclonal), anti-STIL rabbit polyclonal (1:500, A10350, ABclonal), anti-PLK4 rabbit polyclonal (1:500, A9863, ABclonal), anti-Centrin2 rabbit polyclonal (1:500, A5397, ABclonal), anti-γ-tubulin mouse monoclonal (1:500, SC-17787, Santacruz biotechnology). HRP-conjugated goat anti-rabbit (1:1000 to 1:10,000, A02028, Beyotime) and HRP-conjugated goat-anti-mouse (1: 6,000, D110087, BBI) antibodies were used as secondary antibodies.

Co-Immunoprecipitation

Co-Immunoprecipitation (Co-IP) was performed using the pierce Co-immunoprecipitation kit (26149, Thermoscientific) following the company’s instructions. We extracted the whole cell protein by lysis of cells using ice-cold IP Lysis buffer (2 × 50 mL, 0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, 5% glycerol). The cell lysate was pre-cleared using control agarose resin. The whole-cell extract (WCE) protein (1 mg) was then subjected to immunoprecipitation with anti-Centrin 2 (10 μL) antibody or random IgG (control) followed by elution (affinity purification). Beyond elution, samples were prepared for SDS-PAGE analysis by adding 1 × Sample buffer and the protein was then separated by heating at 100°C for 6 min. Finally, we analyzed the results by western blotting.

Immunofluorescence (IF) assay

We prepared the cell slides for immunofluorescence by placing the sterilized round cover glasses (12 mm diameter, FisherbrandTM) into 24-well cell cluster plate, and then prepared for cell culture by treating with gelatin (A609764, Sangon Biotech) at 37°C for 40 min. After reaching the cell confluence of 80%, cell slides were washed using cooled PBS (pH 7.3), and cells were fixed by adding 4% paraformaldehyde (PFA) dissolved in PBS for 25 min. Permeabilization of the cells was done via addition of 0.25% TritonX-100 dissolved in PBS for 15 min.

For preparing tissue slides, human tissues (from normal prostate and prostate tumor) were made into 7 mm3 small pieces. Fixation was conducted by keeping the tissue pieces in 4% paraformaldehyde (dissolved in PBS, pH 7.3), followed by dehydration with 20% sucrose solution for 16 h. The tissue samples were embedded into Optimal Cutting Temperature compound (OCT) and preserved at −40°C. The tissues were cryosectioned by microtome into 10 μm-sections and mounted on Poly-L-Lysine coated Polysine™ Microscope Adhesion Slides (ThermoFisher Scientific). The slides were stored in a −40°C refrigerator until use.

Blocking of slides (cell and tissue) was carried out using PBST (1% BSA and 0.05% Tween-20 dissolved in PBS) for 1 h at room temperature, and incubated with primary antibodies for overnight at 4°C. On the following day, the cell and tissue slides were washed with cold 1 × PBS and 1 × PBST respectively, then incubated the in secondary antibodies for 2 h at room temperature. The antibodies were diluted with 1% BSA-PBST. After washing the secondary antibody, the slides were stained with DAPI (C1005, Beyotime) for 7 min to visualize the nucleus. Anti-fluorescence quenching solution (P0126, Beyotime) were used to mount the slides and watched them on a confocal laser-scanning microscope (Carl Zeiss, CLSM 710, Germany).

For immunostaining, we used anti-KIFC1 rabbit polyclonal (1:300, NB100-40844, Novas Biologicals), anti-γ-tubulin rabbit monoclonal (1:500, ab179503, Abcam), anti-α-tubulin mouse monoclonal (1:500, AT819, Beyotime), Anti-Centrin 2 mouse monoclonal (1:300, 698601, BioLegend) antibodies as the primary antibody. Alexa Fluor 488-conjugated anti-rabbit antibody (1:200, A0423), Alexa Fluor 555-conjugated anti-Rabbit antibody (1:300, A0453, Beyotime), Alexa Fluor 555-conjugated anti-mouse antibody (1:300, A0460, Beyotime), Alexa Fluor 488-conjugated anti-mouse antibody (1:200, A0423, Beyotime), Anti-α-tubulin FITC tracker (1:250, F2168, Sigma-Aldrich) were used as the secondary antibodies. We used DAPI (Beyotime) to visualize the nucleus.

Colony formation assay

Cells were cultured at a density of 1000 cells/well into 6-well plates. After 24 h, KIFC1-overexpressing, KIFC1shRNAs expressing, and control plasmids were transfected into cells. During incubation for 10 days, the culture media was changed in 3 days interval. After 10 days, we discarded culture media, washed the cells with PBS, and fixed the colonies with 4% paraformaldehyde for 20 min. Cell colonies were stained using 1 mg/mL crystal violet (dissolved in 1% ethanol) and kept at room temperature for 25 min, images were taken after washing the culture plate. The cell colonies were quantified by dissolving the colonies (stained by crystal violet) in 10% acetic acid and added 25–100 μL into each well of 96-well plates. For each sample, 3 replicates were given. The OD measured at 600 nm wavelength with a synergy™H1 Multi-Mode Reader spectrophotometer (Thermo Scientific).

Cell death or proliferation assay

Trypsinized cells (2 × 103) were cultured into each well of 96-well cell culture plates. WPMY1 cells were transfected with KIFC1 overexpressing and empty (control) pCMV-N-FLAG-EGFP plasmids. DU145 cells were transfected with KIFC1shRNA and shLuc (control) expressing pRNAi-U6.2 plasmids using LipofectamineTM 3000 Kit (L3000015, Invitrogen™). We cultured the cells (5 replicates for each group) for subsequent 48–72 h. We estimated the rate of cell proliferation on 24, 48, 72 and 96 h by measuring the OD value at 450 nm wavelength using synergy™H1 Multi-Mode Reader spectrophotometry (Thermo Scientific). Before measuring the OD value, 10 μL of cell counting kit-8 (CCK-8, C0037, Beyotime) was added directly into culture medium and was incubated for 30 min at 37°C.

Analysis of cell cycle

The cells were transfected with KIFC1shRNAs expressing, KIFC1-overexpressing and control plasmids, and cultured them for the following 48 h. Trypsinized cells were fixed in cooled 70% ethanol for 16 h at 4°C after washing with precooled PBS. We washed the cells using cooled PBS, stained with 0.5 mL propidium iodide (PI)/RNase (C1052, Beyotime) solution, and then kept for incubation at 37°C for 35 min in the dark. The cell cycle was analyzed by FACS Calibur flow cytometry (CytoFLEX, B49007AD, Beckman Coulter Inc., USA) through screening the single cells. We analyzed the result using the CytExpert software.

Processing and analysis of images

All confocal images were processed using ZEN 2009 software (Zeiss). We quantified the mRNA and protein intensity by Image J software (Image J, NIH). We created the figures using Adobe Illustrator CC 2015 software following the standard instructions.

Statistical analysis

We collected data from at least three independent experiments. We analyzed the result by paired t-test to detect the significance and constructed graphs by GraphPad Prism 7.0 software. The results are shown in the graphs as mean ± SEM. For statistically significance P-values ≤ 0.05 vs. control were considered.

Results

KIFC1 is highly expressed in prostate cancer (PCa) cells and tumor tissues of prostate cancer patients

To investigate the role of KIFC1 in PCa development we detected mRNA and the protein level of KIFC1 in prostatic stromal (WPMY1) and prostate cancer cell line (DU145) by performing semi-quantitative RT-PCR and western blotting. We observed that the mRNA and protein expression of KIFC1 were higher (4 times greater) in PCa cells compared to the prostatic stromal cell (Figs. 1a–1b).
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Figure 1: KIFC1 is highly expressed in prostate cancer (PCa) cells and prostate tumor tissues. (a–b) KIFC1mRNA (a) and KIFC1protein (b) level in prostatic stromal (WPMY1) and PCa (DU145) cells were analyzed by semi-quantitative RT-PCR and western blotting. (c–f) KIFC1mRNA (c–d) and KIFC1protein (e–f) in tissues of prostate tumors and their matched normal prostate tissues. Quantified the bands by Image J software and the relative mRNA and protein level were detected by normalizing to β-actin mRNA and β-actin protein levels. Error bars in graph show SEM from three repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001 obtained by paired t-test. (g) The location and accumulation of KIFC1 in WPMY1 and DU145 cells was detected by immunofluorescence. Scale bars: 20 μm. Cells were stained with DAPI, anti-KIFC1, FITC α-tubulin tracker to observe nucleus (blue), α-tubulin (green), and KIFC1 (red) on a confocal microscope. (h) Location and accumulation of KIFC1 in normal prostate and prostate tumor tissue samples. Scale bars: 20 μm. Arrows indicate the strong signals of KIFC1. DAPI, anti-KIFC1, and a FITC α-tubulin tracker were used for staining the tissue slides to observe the nucleus (blue), α-tubulin (green) and KIFC1 (red) on a confocal microscope.

Furthermore, we validated this result in vivo by analyzing the mRNA and protein expression of KIFC1 in the prostate tumor (n = 13) and their adjacent normal prostate tissues (n = 13) of prostatic adenocarcinoma (PAC) patients by semi-quantitative RT-PCR and immunoblotting. We found significantly higher (P < 0.05, P < 0.01, P < 0.001) levels of KIFC1mRNA and KIFC1protein in tumor tissue samples compared to adjacent normal tissue samples (Figs. 1c–1f), and the increased expression level was showing a high Gleason score (≥6), PSA level and advance metastasis stage (Figs. 1c–1f, Suppl. Tab. S1). On average mRNA and protein expression of KIFC1 in the prostate tumor was 4.5 times more than normal prostate tissue. Next, we explored the location and accumulation of KIFC1 in WPMY1 and DU145 cells by immunofluorescence. We noticed that KIFC1 was mostly localized in nucleus than cytoplasm and observed strong signals in DU145 cells compared to WPMY1 cell (Fig. 1g). We also found the consistent result of a strong KIFC1 signal in prostate tumors compared to adjacent normal prostate tissues by immunofluorescence (Fig. 1h). These results together mean that KIFC1 higher expression is related to the development of advanced or aggressive PCa and largely accumulated on the PCa cell nucleus.

Prostate cancer (PCa) cells show amplified and clustered centrosome

Centrosome clustering has become an important factor in the development of various cancers (Gergely and Basto, 2008). As KIFC1 is associated with the clustering of extra centrosomes (Mittal et al., 2016; Godinho et al., 2009) aiding the survival of the cancer cell, we investigated the centrosome morphology in prostatic stromal (WPMY1) and PCa (DU145) cells on a confocal microscope by immunostaining with γ-tubulin. From analyzing the confocal images, we noticed that the centrosome number and position were normal in WPMY1 cells compared to DU145 cells during interphase and mitosis cell division (Figs. 2bi–ii and 2c). Conversely, DU145 cells (Fig. 2di–iii) showed centrosome aberrations including centrosome amplification during interphase, and clustering of extra centrosomes in mitosis. About 62% of PCa cells (DU145) exhibited amplified centrosomes during interphase (Fig. 2di), and 60% of PCa cells (Figs. 2dii–iii, 2e, and 2f) had clustered centrosomes during mitosis.
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Figure 2: Study of centrosome morphology in prostatic stromal and prostate cancer cell lines. (a) A schematic model displaying the cells with normal (ai), and aberrant (aii) centrosome status. (bi–ii) Centrosome morphology was analyzed in the prostatic stromal cell (WPMY1) during interphase (bi), and mitosis (bii) by immunofluorescence. Scale bars: 10 μm. (c) Ratio of normal, amplified, and clustered centrosome in WPMY1 cells. 100 cells were counted for each case. (di–iii) Confocal images show the centrosome morphology in DU145 cells during interphase (di) and mitosis (dii–iii). Scale bars: 10 μm. (e) Ratio of normal, amplified, and clustered centrosome in DU145 cells. 100 cells were counted for each case. Cells were stained with DAPI and anti-γ-tubulin antibody to observe nucleus (blue) and centrosomes (green) on a confocal microscope. (f) The ratio of normal, amplified, and clustered centrosomes in WPMY1 and DU145 cell lines. (g) Percentage of centrosome amplification and clustering during interphase and mitosis of WPMY1 and DU145 cell lines. 100 cells were counted for each case. Error bars in graphs show SEM from three repeated experiments. **P < 0.01 obtained by paired t-test.

Besides, PCa cells (DU145) showed significantly higher (about 62% cell, P < 0.01) amplified centrosomes and clustering the extra centrosomes during interphase and mitosis, respectively (Figs. 2f–2g). Therefore, these results indicate that PCa cells show aberrant centrosome such as amplified, and clustered centrosomes possibly due to up-regulation of KIFC1.

Up-regulation of KIFC1 enhances PCa cell survival and proliferation via clustering the amplified centrosomes

Since PCa cell (DU145) had elevated KIFC1 expression and showed centrosome amplification and clustering, so we examined the loss of KIFC1 function in PCa (DU145) cells via knockdown of endogenous KIFC1 by KIFC1siRNA and KIFC1shRNA. The semi-quantitative RT-PCR (Suppl. Figs. S1a–S1b), western blotting (Figs. 3a–3b), and confocal images (Suppl. Figs. S2a–S2d) showed that KIFC1siRNA resulted in a significantly decreased the expression of KIFC1 mRNA (P < 0.01, Suppl. Figs. S1a–S1b), and KIFC1 protein (P < 0.001, Figs. 3a–3b).
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Figure 3: Study of the centrosome morphology in control and KIFC1-silenced (by KIFC1siRNA) prostate cancer cell during mitosis. (a–b) Western blotting to measure KIFC1siRNA mediated knockdown efficiency of endogenous KIFC1 in DU145 cells. Normalization of the result was to β-actin, and we quantified the protein levels by using Image J. (ci–iv) Confocal images show centrosome morphology during mitosis in KIFC1siRNA (ciii, iv) and control (ci–ii) groups of DU145 cells. Scale bars: 10 μm. Cells were stained with DAPI, α-tubulin, and anti-γ-tubulin to observe the nucleus (blue), mitotic spindles (green), and centrosome (red). Arrows indicate the multipolar spindle formation and rectangles indicate the clustering of amplified centrosomes during mitosis. Cells were transfected by KIFC1siRNA and NC of KIFC1siRNA using Lipofectamine® 2000. (d) The percentage of mitotic cells with bipolar with normal centrosome, or bipolar with clustering the amplified centrosomes, or multipolar with de-clustering the amplified centrosomes in control and KIFC1siRNA groups of DU145 cells. 100 cells were counted for each case. Error bars in graphs show SEM from three repeated experiments. ns, non-significant, **P < 0.01, ***P < 0.001 obtained by paired t-test.

We examined the morphology of centrosome and arrangement of mitotic spindle in the KIFC1siRNA and control groups of PCa cells (DU145) during mitosis by immunostaining with α-tubulin and γ-tubulin. We noticed that about 59% of KIFC1-silenced DU145 (by KIFC1siRNA) cell induced the multi-polar (tri-polar or tetra-polar) spindle formation during mitosis by inhibiting the clustering of amplified centrosomes (Figs. 3ciii–iv and 3d). Moreover, knockdown of KIFC1 by KIFC1siRNA causes multipolar mitosis with fragmentation of mitotic spindle (Fig. 3ciii). Conversely, the control groups of DU145 cells had bipolar spindle during mitosis (62% cell) by clustering the amplified centrosomes in two poles or one pole (Figs. 3ci–ii and 3d). So, knockdown of endogenous KIFC1 by KIFC1siRNA in PCa cells causes multi-polar spindle formation during mitosis by inhibiting the clustering of the multiple centrosomes. Furthermore, we stably silenced the KIFC1 in PCa cells by transfecting with KIFC1shRNA and shLuc (control) expressing pRNAiU6.2 plasmids. Semi-quantitative RT-PCR and western blotting results showed the significantly decreased KIFC1 mRNA (P < 0.01, Suppl. Figs. S1c–S1d) and KIFC1 protein (P < 0.01, Figs. 4a–4b) levels in PCa cells.
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Figure 4: Study of the effect of the loss of KIFC1 (by KIFC1shRNA) on survival, proliferation, and centrosome morphology of prostate cancer cell. (a–b) Analysis of the efficiency of KIFC1shRNAs mediated endogenous KIFC1 silencing in prostate cancer cell (DU145) by western blotting. (ci–v) Confocal images show the centrosome status during interphase and mitosis in control and KIFC1shRNAs groups of DU145 cells. Scale bars: 10 μm. Cells were stained by DAPI for nucleus and anti-γ-tubulin for centrosome (red). The rectangle indicates centrosome amplification and clustering. (d) The percentage of cells with normal centrosome, amplified or clustered centrosomes in control and KIFC1shRNA groups of DU145 cells. 100 cells were counted for each case. (e–f) The colony formation (e), and quantification (f) of control and KIFC1shRNA groups of DU145 cells. (g) The cell growth or proliferation of the control and KIFC1-silenced DU145 cells. Cell proliferation or death was assayed using the CCK-8 kit. The growth rate of the cell was detected by estimating OD value at 450 nm wavelength. Cells were transfected with KIFC1shRNAs and shLuc (control) expressing pRNAiU6.2 plasmids using Lipo 6000TM. Error bars in graphs show SEM from three repeated experiments. **P < 0.01, ***P < 0.001 obtained by paired t-test.

Next, we examined the centrosome morphology in KIFC1shRNA and control groups of DU145 cells by immunofluorescence. We observed that knockdown of KIFC1 by KIFC1shRNAs in DU145 (81% cell, Figs. 4cii–v and 4d) cells showed normal centrosome number and position during interphase and mitosis compared to the control (61% cell, Figs. 4ci and 4d) which showed the clustering of amplified centrosomes during mitosis. By depletion of KIFC1, centrosome amplification and clustering were blocked, indicating up-regulation of KIFC1 is responsible for aberrant centrosome homeostasis in PCa cells. Cells contained amplified centrosomes avoid cell death by conducting bipolar mitosis via clustering the extra centrosomes (Watts et al., 2013). Thus, we hypothesized that overexpression of KIFC1 might increase the cell survival and proliferation and induce the clustering of extra centrosomes. To test this, we measured the cell growth or proliferation and colony number of KIFC1shRNAs and control groups of PCa cells (DU145). Knockdown of KIFC1 by KIFC1shRNA reduced the cell survival and proliferation through significantly decreasing the colony number (P < 0.001, Figs. 4e–4f) and cell growth rate (P < 0.01, Fig. 4g) in DU145 cell compared to the control. So, the above results suggest that higher expression of KIFC1 promotes the clustering of amplified centrosomes in PCa cells that is indispensable for the survival and proliferation of cancer cells to progress tumorigenesis.

Overexpression of KIFC1induces centrosome multiplication and clustering and increases the survival and proliferation of WPMY1 cell

KIFC1 protein has three important functional units, the Tail domain (N-terminal), Stalk domain and Motor domain (C-terminal) (Fig. 5ai–ii). Since silencing of KIFC1 inhibited the clustering of amplified centrosomes and decreased the survival and proliferation of PCa cells, we explored the effect of KIFC1 overexpression on centrosome morphology, survival, and proliferation of normal prostate stromal cell (WPMY1). We cloned full-length KIFC1 and ligated into PCMV-N-Flag-EGFP overexpression plasmids for constructing an EGFP-tagged KIFC1FL (full-length) fusion protein.
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Figure 5: Analysis of the cell survival, proliferation and centrosome status of KIFC1 overexpressing WPMY1 cells. (ai–ii) The functional domains of human KIFC1. (b–c) Analysis of the cell viability by determining the colony numbers (b) and by quantifying (c) the colony of WPMY1 cells which were transfected with empty (control) and KIFC1-overexpressing PCMV-N-Flag-EGFP plasmids. (d) Cell growth curve of WPMY1 cells which were transfected by KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids. The growth rate of the cell was detected by measuring OD value at 450 nm wavelength. Error bars in graphs show SEM from three repeated experiments and **P < 0.01 obtained by paired t-test. (ei–ii) Centrosome morphology in control (i) and KIFC1-overexpressing (ii) WPMY1 cells by immunofluorescence. Cells were transfected with KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids using Lipo 6000TM. The cells were stained with DAPI and anti-γ-Tubulin to observe the nucleus (blue) and centrosome (red) by a confocal microscope. Scale bars: 10 μm. The rectangle indicates centrosome amplification and clustering. (fi–v) The centrosome status of control, KIFC1-silenced, and KIFC1 overexpressing KIFC1-silenced DU145 cells. Scale bars: 10 μm. Cells were stained with DAPI and anti-γ-Tubulin to observe the nucleus (blue) and centrosome (red) on a confocal microscope. The rectangle indicates centrosome amplification and clustering. Cells were co-transfected with KIFC1shRNAs and shLuc (control of KIFC1shRNA) expressing pRNAiU6.2 plasmids, and KIFC1-overexpressing and empty (control of KIFC1OE) PCMV-N-Flag-EGFP plasmids using Lipo 6000TM.

We transfected the plasmids into normal prostate stromal cells (WPMY1) and analyzed the efficiency of KIFC1 overexpression by semi-quantitative RT-PCR and western blotting. We found significantly increased KIFC1mRNA and KIFC1 protein level in KIFC1-overexpressing WPMY1 cell compared to the control increased level of (P < 0.01, Suppl. Figs. S3a–S3d). We performed cell growth or proliferation and colony formation assay to investigate the effect of KIFC1 overexpression on survival and proliferation of KIFC1-overexpressing WPMY1 cells. We observed that KIFC1overexpression significantly increased the WPMY1 cell survival and proliferation rate by rescuing the cells from death (P < 0.01, Fig. 5d) and by increasing the colony number of WPMY1 cells in comparison to control group (P < 0.01, Figs. 5b–5c). Next, we immunostained the control and KIFC1-overexpressing WPMY1 cells with γ-tubulin to observe the centrosome (red) morphology on a confocal microscope. From confocal images, we noticed that KIFC1 overexpression induced the clustering of amplified centrosomes during mitosis in WPMY1 cells (Fig. 5eii). Conversely, the control group of WPMY1 cell showed normal centrosome number and position in mitosis (Fig. 5ei). Furthermore, we did immunofluorescence to examine the centrosome morphology by overexpressing KIFC1 in KIFC1-silenced PCa cells (DU145). KIFC1 overexpression also induced the clustering of amplified centrosomes during mitosis in KIFC1-silenced DU145 (Fig. 5fiv–v) cells. Thus, KIFC1 overexpression reclaimed the centrosome clustering ability of KIFC1-silenced PCa cells. These results together indicate that KIFC1 overexpression might enhance the cell survival and proliferation possibly through inducing the clustering of amplified centrosomes.

Higher expression of KIFC1 might enhance the proliferation of prostate cancer (PCa) cell via acceleration of cell cycle and aberrant activation Cdk1

Previous research provided evidence that KIFC1 higher expression enhances the proliferation of cancer cell by accelerating the cell cycle (Pannu et al., 2015; Liu et al., 2016). To test whether KIFC1 promotes PCa cell proliferation by enhancing the progress of the cell cycle, we analyzed the cell cycle by overexpressing and by silencing of KIFC1 using propidium iodide (PI) staining.
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Figure 6: Higher expression of KIFC1 enhanced the cell cycle progression and aberrant activation of Cdk1 in prostate cancer (PCa) cell. (ai–ii) Analysis of different stages of the cell cycle in control and KIFC1-overexpressing WPMY1 by staining with propidium iodide (PI). (b) Percentage of cell population in each stage of cell cycle in control and KIFC1-overexpressing WPMY1 cells. WPMY1 cells were transfected with KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids using Lipo 6000TM. (ci–v) Analysis of different stages of the cell cycle in control (ci), KIFC1-knockdown DU145 (cii–iii), and KIFC1 overexpressing KIFC1-knockdown DU145 cells (civ–v) through propidium iodide (PI) staining. (d) Percentage of cell population in each stages of cell cycle of DU145 cells in varied conditions. DU145 cells were transfected with KIFC1shRNAs and shLuc (control of KIFC1shRNA) expressing pRNAiU6.2 plasmids and then co-transfected with KIFC1-overexpressing and empty (control of KIFC1OE) PCMV-N-Flag-EGFP plasmids using Lipo 6000TM. The distribution of cells in different phases of the cell cycle was analyzed by Flow Cytometry. (e) Western blotting for analyzing and comparing the expression of Cdk1 in prostatic stromal (WPMY1) and PCa (DU145) cells. (f–g) KIFC1 and Cdk1 protein levels in control, KIFC1-overexpressing WPMY1cell (f), and KIFC1-knockdown DU145 (g) cells. Proteins were quantified by Image J software and results were normalized to β-actin. WPMY1 cells were transfected with KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids. DU145 cells were transfected with KIFC1shRNAs and shLuc (control) expressing pRNAiU6.2 plasmids. Error bars in graphs represent SEM of three repeated experimental data. *P < 0.05 and **P < 0.01 by paired t-test.

KIFC1 overexpression in the normal prostate stromal cell (WPMY1) significantly decreased the cell population in G0-G1 (P < 0.01) but increased in S (P < 0.05) and G2-M (P < 0.01) phases compared to control (Figs. 6a–6b). We also analyzed the cell cycle in control and KIFC1shRNAs groups of PCa cells (DU145). The cell population in G0-G1 was significantly raised (P < 0.01) but decreased on S (P < 0.05) and G2-M (P < 0.01) phases in all KIFC1-silenced groups of DU145 cells compared to control (Figs. 6ci–iii and 6d). Conversely, overexpression of KIFC1 significantly decreased the cell population in G0-G1 (P < 0.01) but increased in S (P < 0.05) and G2-M (P < 0.01) phases in KIFC1-silenced DU145 cell (Figs. 6civ–v and 6d). These results strongly suggested that KIFC1 higher expression accelerated the cell cycle in PCa cells and knockdown of KIFC1 arrested the cells in G0–G1 phase. Cyclin-dependent kinase 1 (Cdk1) has roles in controlling centrosome numbers and helps to maintain accurate cell division by regulating the cell cycle through the transmigration of G1-S and G2-M phases (Chohan et al., 2018). As overexpression of KIFC1 enhanced the cell cycle progression by promoting the transmigration of the G1–S phase, we predicted that KIFC1 might enhance the cell cycle progression by aberrant activation of Cdk1. To test this, we analyzed Cdk1 protein expression in prostatic stromal (WPMY1) and PCa (DU145) cells and noticed it was higher expression in PCa cells (P < 0.01, Fig. 6e). Western blotting results of KIFC1-overexpressing WPMY1 (Fig. 6f) and KIFC1-silenced DU145 cells (Fig. 6g) indicate that Cdk1 protein expression is strongly regulated and influenced by KIFC1 expression. Thus, KIFC1 accelerated the cell cycle through KIFC1 dependent aberrant activation of Cdk1. Taken together, these results indicate that up-regulation of KIFC1 might enhance the cell cycle progression resulted in PCa cell proliferation possibly through aberrant activation of Cdk1.

KIFC1 interacts with centrosome protein Centrin 2

Deregulation of proteins including AURKA, STIL, PLK4, Centrin 2, and γ-tubulin has been related to centrosome amplification (CA) and clustering (Leontovich et al., 2013; Montañez-Wiscovich et al., 2010; Marina and Saavedra, 2014). We conducted immunoblotting to detect the interactions between KIFC1 and those proteins by comparing their expression levels. We observed that all the above protein expression were significantly higher (P < 0.01, P < 0.001) in prostate cancer (PCa) cell (DU145) similar to the KIFC1 expression level (Figs. 7a–7b). We then analyzed and compared the expression of those proteins and KIFC1 in KIFC1shRNAs and control (shLuc) groups of DU145 cells. We noticed that only Centrin 2 protein level was mostly influenced and reduced significantly in DU145 cells through silencing of KIFC1 by all KIFC1shRNA (P < 0.001, Figs. 7c–7d). Besides, AURKA expression was increased significantly in KIFC1-silenced DU145 cells (P < 0.05, P < 0.01, Figs. 7c–7d) by KIFC1shRNA1, KIFC1shRNA3 and KIFC1shRNA4. STIL and PLK4 protein level were also significantly increased in KIFC1-silenced DU145 by all KIFC1shRNAs (P < 0.05, P < 0.01, Figs. 7c–7d). The γ-tubulin expression level was significantly reduced in DU145 cell only by KIFC1shRNA3 (P < 0.001) and increased (P < 0.01) by KIFC1shRNA2 (Figs. 7c–7d).
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Figure 7: Centrin 2 protein expression is strongly regulated and correlated with the KIFC1 expression in prostate cancer (PCa) cells. (a–b) The relative protein expression level of KIFC1 and genes related to centrosome amplification (CA) and clustering in prostatic stromal (WPMY1) and prostate cancer (DU145) cell. (c–d) Western blotting to analyze the KIFC1 and centrosome amplification (CA) related proteins expression in control and KIFC1-silenced DU145 cells. DU145 cells transfected with KIFC1shRNAs and shLuc (control) expressing pRNAiU6.2. (e–f) The protein expression level of genes related to CA in control and KIFC1-overexpressing WPMY1 cells. Cells were transfected with KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids. Error bars in graphs show SEM from three repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001 from paired t-test. (g) Interaction between KIFC1 and Centrin 2 was analyzed by Co-immunoprecipitation. The whole-cell extract of DU145 cells was subjected to immunoprecipitation by anti-Centrin 2 antibody or random IgG (control) followed by affinity purification (Elution). The result was analyzed by western blotting with the indicated antibodies. The full blots of Co-IP results have been presented in Suppl. Fig. S4.

To clarify whether KIFC1 overexpression influences or increases the expression of CA-related proteins, we analyzed the expression level of CA-related proteins in control and KIFC1-overexpressing WPMY1 cells. Only Centrin 2 protein level was entirely influenced and increased significantly (P < 0.01) through overexpression of KIFC1 in WPMY1 cell (Figs. 7e–7f). AURKA and STIL protein expression were significantly decreased by overexpressing the KIFC1 in WPMY1 cell compared to control (P < 0.05, Figs 7e–7f). PLK4 and γ-tubulin expression was not influenced through overexpression of KIFC1 in WPMY1 cell in comparison to control (Figs. 7e–7f). These results mean that only Centrin 2 expression level was strongly influenced and correlated with the expression level of KIFC1. Furthermore, to detect the stable interaction between KIFC1 and Centrin 2, we did Co-IP by immunoprecipitating the protein with anti-Centrin 2 antibody and analyzed the result by western blotting after affinity purification. We found an interaction between these two proteins (Fig. 7g and Suppl. Fig. S4). So, these results together mean that KIFC1 interacts with Centrin 2 and influences its expression in PCa cells.

KIFC1 overexpression causes centrosome clustering by associated with Centrin 2

KIFC1 slides towards the minus end of microtubules with their C-terminal motor domain (McDonald et al., 1990), and Centrin 2 has an indispensable function in the structure of microtubule organizing center (MTOC) which anchor and stabilize the minus end of the microtubules and regulates the centrosome duplication or amplification and correct mitotic spindle formation (Bettencourt-Dias and Glover, 2007; Kloc et al., 2014). Since Centrin 2 expression level in prostate cancer (PCa) cells is influenced by KIFC1 expression and has a stable interaction between them, we hypothesized that up-regulated KIFC1 may cluster multiple centrosomes by interacting with Centrin 2. To test this, we examined the centrosome morphology in prostatic stromal (WPMY1) and PCa (DU145) cells by immunostaining with anti-Centrin 2 and observed on a confocal microscope (Fig. 8a). We found that PCa (DU145) cells had significantly higher (P < 0.01, 62% cells) amplified and clustered centrosomes during interphase and mitosis, respectively (Figs. 8aii and 8b). We analyzed the centrosome morphology in control and KIFC1-overexpressing WPMY1 cells by immunostaining with anti-Centrin 2. KIFC1-overexpressing cells showed the clustering of amplified centrosomes during mitosis (Fig. 8cii). Next, we knocked down Centrin 2 in PCa cells (DU145) by Centrin 2shRNA and observed the significant reduction (P < 0.01) of Centrin 2 protein in DU145 cell, but KIFC1 expression was not decreased (Figs. 8d–8e).
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Figure 8: KIFC1 induces the clustering of supernumerary centrosomes in prostate cancer (PCa) cells via association with Centrin 2. (a) Analysis of centrosome status by immunofluorescence in prostatic stromal (WPMY1) and PCa (DU145) cells in interphase and mitosis. Cells were immunostained with DAPI and anti-Centrin 2 to observe nucleus (blue) and centrosome (red) by a confocal microscope. Scale bars: 10 μm. The rectangle indicates centrosome amplification and clustering. (b) The ratio of normal, amplified, and clustered centrosomes in WPMY1 and DU145 cells. 100 cells were counted for each case. (c) Confocal images show centrosome status of WPMY1 cells which were transfected with KIFC1-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids. Scale bars: 10 μm. The rectangle indicates amplified centrosome clustering during mitosis. Cells were stained with DAPI and anti-Centrin 2 to observe the nucleus (blue) and centrosome (red). (d–e) The knockdown efficiency of Centrin 2 in DU145 cells by Centrin 2shRNA. The result was normalized to β-actin. Cells were transfected with Centrin 2shRNA and shLuc (control) expressing pRNAiU6.2 plasmids. (fi–iv) The centrosome morphology of control (i), Centrin 2-silenced (ii), and KIFC1-silenced (iii, iv) DU145 cells was observed by a confocal microscope. Scale bars: 10 μm. The cells were stained with DAPI, anti-γ-tubulin to observe the nucleus (blue) and centrosome (red). (g) The percentage of normal, amplified, or clustered centrosomes in control, Centrin 2-silenced, and KIFC1-silenced DU145 cells. 100 cells were counted for each case. Error bars in graphs show SEM from three repeated experiments. ns, non-significant, **P < 0.01 and ***P < 0.001 from paired t-test. (h) A schematic model displaying the PCa progression by up-regulated KIFC1 which caused amplified centrosomes clustering via interaction with Centrin 2, and enhanced the proliferation of PCa cell with aberrant activation of Cdk1.

Furthermore, we analyzed the centrosome morphology in control, Centrin 2-silenced, and KIFC1-silenced groups of DU145 cells. We noticed normal centrosome number and position during interphase and mitosis in both Centrin 2-silenced (77% cell, Figs. 8fii and 8g) and KIFC1-silenced (79% cells, Figs. 8fiii–iv and 8g) DU145 cells compared to the control group which had clustering of amplified centrosomes (63% cells, Figs. 8fi and 8g) during mitosis. This result shows that up-regulated Centrin 2 amplifies the centrosomes in PCa cells and KIFC1 clusters that amplified centrosomes via interaction with Centrin 2 to form bipolar mitotic spindle. As KIFC1 slides towards the minus end of microtubules (MTs), and Centrin 2 helps to anchor and stabilize the minus end of MTs at the centrosome to regulate the formation of the mitotic spindle, so KIFC1-Centrin 2 complex possibly helps for the stabilization of the centrosome-spindle pole interface. Moreover, stably silencing of KIFC1 and Centrin 2 not only inhibits the centrosome clustering but also renders the centrosome amplification. Thereby, overexpression of KIFC1 causes centrosome amplification and clustering in PCa cells by interacting with Centrin 2.

Discussion

The minus end-directed motor protein KIFC1 is usually engaged in spindle pole formation, organization, and length regulation (Walczak et al., 1998). Previous studies proved that KIFC1 overexpression is related to the development of different types of cancer including prostate cancer (PCa) (Fu et al., 2018; Ogden et al., 2017; Pawar et al., 2014; Zhang et al., 2017). We demonstrated that KIFC1 is highly expressed in PCa cells (Figs. 1a, and 1b), tumor tissues of prostatic adenocarcinoma patients (Figs. 1c–1f), and largely located in the nucleus of PCa cells (Fig. 1gii). Centrosome is the key regulator of the cell cycle and is often amplified in cancer cells (Zyss and Gergely, 2009). Supernumerary centrosomes induce the cells for undergoing multipolar mitosis cell division leads to cell death or aneuploidy. However, cancer cells organize bipolar cell division by clustering the amplified centrosomes (Nigg and Raff, 2009). Recently, centrosome clustering has been recognized as a marker for several aspects of cancer development including in breast cancer (Choe et al., 2018), serous ovarian adenocarcinoma (Mittal et al., 2016), and epithelial cancer (Rhys et al., 2018). KIFC1 is familiar with centrosome clustering which leads to the survival of cancer cells with extra centrosomes (Mittal et al., 2016; Nigg, 2002; Kwon et al., 2008). By studying centrosome morphology, we identified that PCa cells showed amplified and clustered centrosomes during interphase and mitosis due to KIFC1 higher expression (Figs. 2d–2g). We demonstrated that the silencing of endogenous KIFC1 by KIFC1shRNA in PCa cells inhibited the centrosome amplification and clustering during interphase and mitosis (Figs. 4cii–v and 4d) and decreased the cancer cells survival and proliferation rate (Figs. 4e–4g). Moreover, silencing of KIFC1 by KIFC1siRNA showed multi-polar mitosis via inhibition of clustering the multiple centrosomes in PCa cells (Figs. 3ciii–iv, and 3d). Conversely, KIFC1 overexpression induced the clustering of amplified centrosomes during mitosis in WPMY1 cells (Fig. 5eii) and increased cell growth and survival rate (Figs. 5b–5d). In addition, KIFC1-silenced PCa cells regained the centrosome clustering competency during mitosis by overexpression of KIFC1 (Fig. 5fiv–v). Thus, prostate cancer cells maintained pseudo-bipolar spindle phenotypes during mitosis for their survival by up-regulated KIFC1 mediated centrosome clustering. It also indicates that KIFC1 is essential for the pseudo-bipolar cell division in cancer cells with clustering the supernumerary centrosomes.

The progression of cancer mostly depends on uncontrolled tumor cell proliferation resulting from the aberrant activation of cell cycle protein including different cyclin-dependent kinases (CDKs) that act by interacting with their cyclin partners (Chohan et al., 2018; Oghabi et al., 2020). We observed increased growth and proliferation of PCa cell with higher expression of KIFC1 (Figs. 4e–4g). Moreover, cell cycle analysis showed that KIFC1 overexpression enhanced the cell cycle in the WPMY1 cell (Figs. 6aii and 6b) and KIFC1-silenced DU145 cell (Figs. 6civ–v and 6d) by reducing the cell population in the Go-G1 phase. Besides, a large number of cells were arrested in G0–G1 phase and a small number of cells were entered into S and G2–M phase by silencing the endogenous KIFC1 in PCa cells compared to control (Figs. 6ci–iii and 6d). So, KIFC1 overexpression accelerated the cell cycle through G1–S phase transmigration. Cdk1 acts as a serine/threonine kinase which regulates the G2–M checkpoint and is inevitable for G1–S and G2–M phase transmigration of the eukaryotic cell cycle (Morgan David, 2007; Qiao et al., 2018; Enserink and Kolodner, 2010). Besides, centrosome acts as a reaction centre to enhance the activation of Cdk1 and transmigration of the cell cycle through G1 to S and G2 to M phase (Löffler et al., 2011; Doxsey et al., 2005). Our study revealed that Cdk1 is overexpressed in PCa cells (Fig. 6e) and regulated by the KIFC1 expression (Figs. 6f–6g). Taken together these results suggest that KIFC1 higher expression promotes the proliferation of PCa cell through the acceleration of cell cycle possibly due to aberrant activation of Cdk1 (Zhang et al., 2017).

Previous study revealed that KIFC1 induced centrosome clustering by interacting with centrosome protein CEP215 (Chavali et al., 2016). Besides, KIFC1 expression level in cancer cells was related to the proteins that are known for centrosome amplification and clustering including AURKA, STIL, PLK4, Centrin 2, and γ-tubulin (Zhou et al., 1998; Ma et al., 2003; Brown et al., 1990; Joukov et al., 2014; Holland and Cleveland, 2014). Here, we demonstrated that all the above proteins expression were higher in PCa cells and similar to KIFC1 (Figs. 7a and 7b). Furthermore, we identified that only Centrin 2 expression was mostly regulated by KIFC1 expression (Figs. 7c–7f). KIFC1 directs the organization of spindle pole throughout the centrosomes and induces the clustering of amplified centrosomes via crosslinking and sliding (Chavali et al., 2016). Microtubule crosslinking appears as a dominant role of KIFC1 in attaching the centrosomes to spindle poles and sliding play role in binding of KIFC1 at centrosomes. We found a stable interaction between KIFC1 and centrosome protein Centrin 2 (Fig. 7g). It indicates that KIFC1 may bind at centrosomes possibly by interaction with centrosome protein Centrin 2. Centrin 2 plays a fundamental role in the function of centrosome and is possibly required for the proper duplication and segregation of centrosome (Rieder et al., 2001; Dahm et al., 2007). Besides, Centrin 2 helps to anchor and stabilize the minus end of microtubules (MTs) to the centrosome, and therefore regulate the correct mitotic spindle formation (Salisbury et al., 2002; Kloc et al., 2014). After analyzing the centrosome morphology in normal and PCa cells by immunostaining with Centrin 2, we found amplified and clustered centrosomes in PCa cells (Figs. 8a–8b). We noticed that KIFC1 overexpression induced the clustering of amplified centrosomes in WPMY1 cells that were immunostained with ant-Centrin 2 (Fig. 8cii). Moreover, knockdown of Centrin 2 in PCa cells showed normal centrosome number and position during mitosis compared to the control which had bipolar spindle with amplified and clustered centrosomes (Figs. 8f–8g). Hence, KIFC1 induces the centrosome amplification and ensures the pseudo bipolar spindle formation by clustering the amplified centrosomes via interaction with Centrin 2 in PCa cells aids their survival. Interaction between Centrin 2 and the motor protein KIFC1 is required for connecting the centrosomes with mitotic spindle poles. The mechanism by which KIFC1-Centrin 2 complex holds centrosomes at spindle pole can be illustrate by a model whereby Centrin 2 captures the KIFC1-bound microtubules, resulting in centrosomal anchoring of interpolar microtubules by KIFC1-Centrin 2 complex. In this way, stabilizing the centrosome-spindle pole connection, KIFC1-Centrin 2 complex may increase the efficiency of centrosome clustering. Moreover, depletion of KIFC1 and Centrin 2 obstructed the centrosome amplification and clustering in PCa cells, suggesting their important role in centrosome aberration. So, up-regulation of KIFC1 derives the clustering of amplified centrosomes in PCa cells for their survival, and enhances the cancer cell proliferation possibly through aberrant activation of Cdk1 (Fig. 8h).

In summary, our study revealed that PCa cells showed amplified and clustered centrosomes during interphase and mitosis, respectively, suggesting centrosome aberrations might be a leading cause of prostate carcinogenesis. Up-regulated KIFC1 promoted the survival of PCa cells in vitro by inducing the bipolar mitosis through clustering the extra centrosomes. KIFC1 mediated the clustering of extra centrosomes in PCa cells to ensure bipolar spindle formation by interacting with Centrin 2. Conversely, depletion of KIFC1 and Centrin 2 in PCa cells inhibited the centrosome amplification and clustering. Besides, silencing of KIFC1 in PCa cells caused multi-polar mitosis via inhibition of clustering the amplified centrosomes, and decreased the cancer cell survival and growth. Moreover, upregulated KIFC1 might enhance the proliferation of PCa cell via acceleration of cell cycle probably through aberrant activation of Cdk1. Thus, KIFC1 can be a prognostic marker and strong chemotherapeutic target for PCa patients as well as CRPC patients.
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Supplementary figure S1: Knockdown efficiency of endogenous KIFC1mRNA in prostate cancer (PCa) cells by RNAi. (a–b) Analysis of the efficiency of KIFC1siRNA mediated KIFC1 silencing by detecting KIFC1mRNA in PCa cell (DU145) through semi-quantitative RT-PCR. Cells were transfected with siRNA of KIFC1 and negative control of KIFC1siRNA using a Lipofectamine® 2000. (c–d) Knockdown efficiency of endogenous KIFC1 by KIFC1shRNA in DU145 cells was analyzed through semi-quantitative RT-PCR. Silencing efficiency by KIFC1shRNAs was KIFC1shRNA3 > KIFC1shRNA4 > KIFC1shRNA1 > KIFC1shRNA2. KIFC1shRNAs and shLuc (control) expressing pRNAiU6.2 plasmids were transfected in PCa cells using a Lipo 6000TM cell transfection kit. Results were normalized to the β-actin expression level. The mRNA levels were quantified by Image J software. Error bars in graphs represent SEM from three independent experiments. **P < 0.01 by paired t-test.
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Supplementary figure S2: Analysis of the location and accumulation of KIFC1 and α-tubulin in the KIFC1-silenced prostate cancer (PCa) cell by immunofluorescence. (a–d) Confocal images show the location and accumulation of KIFC1 and α-tubulin in control (a,b), and KIFC1-knockdown groups (c,d) of prostate cancer cells (DU145). Scale bars: 20 μm. Arrows indicate the strong KIFC1 signals. Cells were stained with DAPI, anti-α-tubulin, and anti-KIFC1 antibody for observing nucleus (blue) α-tubulin (green) and KIFC1 (red). Cells were transfected with KIFC1siRNAs and negative control of KIFC1siRNA using a Lipofectamine® 2000.
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Supplementary figure S3: Analysis of overexpression efficiency of full-length KIFC1 (KIFC1FL) in prostatic stromal cell (WPMY1) by semi-quantitative RT-PCR and western blotting. (a–b) Analysis the KIFC1mRNA in control and KIFC1FL-overexpressing WPMY1 cells by semi-quantitative RT-PCR. β-actin was used as an internal control (c–d) Analysis of the KIFC1 protein level in control and KIFC1FL-overexpressing WPMY1 cells by western blotting. β-actin was used as an internal control. The mRNA and protein level were quantified by Image J software. Relative mRNA (b) and protein (d) level was measured by β-actin mRNA and β-actin protein level. Cells were transfected with KIFC1FL-overexpressing and empty (control) PCMV-N-Flag-EGFP plasmids using Lipofectamine® 2000 cell transfection kit.
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Supplementary figure S4: Full blots of western blotting of Fig. 7g to analyze the stable interaction between KIFC1 and Centrin 2 in whole-cell extracts of DU145 cells that were immunoprecipitated with anti-Centrin 2 antibody. (a–b) Immunoprecipitation (IP) of whole-cell extracts of DU145 cells with anti-Centrin 2 antibody and then subjected to affinity purification to confirm the binding of KIFC1 to Centrin 2 in DU145 cells. IP was performed with an anti-Centrin 2 antibody (10 μL) in cell lysates from the DU145 cells. Results were analyzed by western blotting with the indicated antibodies (anti-KIFC1 and anti-Centrin 2 antibodies).







	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
KIFC1 overexpression promotes prostate cancer cell survival and proliferation in vitro by clustering of amplified centrosomes via interaction with Centrin 2






Guide


	
KIFC1 overexpression promotes prostate cancer cell survival and proliferation in vitro by clustering of amplified centrosomes via interaction with Centrin 2





OEBPS/Images/BIOCELL_16654-fig-11.png
WPMY1 cell

(b) ** @8 Control
2.5 1 | =m KIFc10E

2.0 1

WPMY1 cell

0.5 1

kifc1/B-actin mRNA level
P

0.0 -

©) ) WPMY1 cell
WPMY1 cell = 25 - @8 Control
2 % : | = KIFC10E
S O = 201
& L o
& X <
S £ o 1.5
o
£ 1.01
g
A 0.5+
€ o.0-
<






OEBPS/Images/BIOCELL_16654-fig-6a.png
(a)

©

WPMY1 cell

Count

200

100

Count

WPMY1 Control KIFC10E : single cells

WPMY1 KIFC10E : single cells

(b)

Count

PE-A

(x104)

1 4 [
E GOG1(76.30%) i G0G1(63.35%) ® 1001 *x
] IS LR 8 ] s @B Control
1 1 o 80 | @B KIFC10E
] G2M(15.44%) - S
- S(11.55%) ©
4 — ] ) -
i 5 g ] | c 60
] S(8.07%) 5 1 G2M(24.70%) 2 40 we
] - ] — s * 1
] 3 - ® 201
] ] 3
i i g 0-
. i — N =
= o @ Q\(7 f»*
o 1) o
PE-A (x104) PE-A (x104)
DU145 cell
ci cii ciii
DU145shLuc(control): single cells DU145 KIFC1shRNA1: single cells DU145KIFC1shRNA2 : single cells
] G1(60.86%) g G1(73.80%) g ] G1(75.49%)
2 — 1 — °4 —
® B
] G2(24.60%) g ] G2(14.34%) o 1 G2(14.53%)
g — | 5 — %] —
! 3 1 5 ]
1 S(13.58%) i $(10.62%) i $(9.63%)
€ g1 = & 1 —
< o : o :
100 200
PE-A (x104) PE-A (x104)
) (d
civ cv " @B shLuc(control)
2 100+ [ @B KIFC1shRNA1
DU145KIFC1shRNA1+KIFC1OE : single cells DU145KIFC1shRNA2+KIFC1OE : single cells ﬁ ki @ KIFC1shRNA2
1 o 80- @8 KIFC1shRNA1+KIFC10E
G1(61.76%) ] oee74%) S =8 KIFC1shRNA2+KIFC10E
= g1 H 3
@] c
] S
G2(23.84%) .o 62(20.82%) T
— 5% bt 2
(S 8
3
S(11.57%) ] $(10.92%) 3
8 . a
~ —_
1 °©
1 o
o

DU145 cell





OEBPS/Images/table-1.png
SUPPLEMENTARY TABLE S1

Information about tissue samples collected from patients of prostatic adenocarcinoma (PAC)

Serial No. of patients Ages of patients PSA level (ng/mL) Gleason score TNM stage Metastasis

02289793(P1) 78 23.702 7 T2cNoMo  Restricted to prostate
04053793(P2) 62 18.865 7 T2bNoMo Both sides of the prostate
04137209(P3) 57 26.399 7 T2cNoMo  Restricted to prostate
04137209(P4) 69 30.88 7 T2cNoMo  Restricted to prostate
04158888(P5) 71 19.07 7 T2cNoMo  Restricted to prostate
04114142(P6) 70 17.8672 7 T2bNoMo Both sides of the prostate
02655690(P7) 71 75.85 7 T2cNoMo  Restricted to prostate
04149580(P8) 59 23 7 T2bNoMo Both sides of the prostate
04134693(P9) 81 19.594 7 T2bNoMo Both sides of the prostate
04189160(P10) 75 7.691 6 T2aNoMo  One side of prostate
04106904(P11) 62 495.54 8 T3NIM1b Lymph nodes & Distance parts of the body
04154758(P12) 66 13.41 6 T2b Both sides of the prostate
04149733(P13) 61 16.07 7 T2b Both sides of the prostate

Notes: T2a: Cancer involves half or less of a lobe of the prostate; T2b: Cancer involves half or more of a lobe of the prostate; T2¢: Cancer involves both lobes of the
prostate; T3: Tumor has grown through the prostate capsule and may have invaded nearby tissue; T4: Tumor is fixed or immovable and invades nearby
structures beyond the seminal vesicles. No: No regional lymph node involvement (no cancer found in the lymph nodes); N1-N3: Involvement of regional
lymph nodes (number and/or extent of spread). Mo: No distant metastasis (cancer has not spread to other parts of the body); M1: Distant metastasis
(cancer has spread to distant parts of the body).
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SUPPLEMENTARY TABLE 83

Primer used in this study for semi-quantitative RT-PCR, for cloning of full length KIFC1 (KIFC1FL), and colony PCR for constructing
KIFCl-overexpressing and shRNA expressing plasmids

Primer name Sequences Purposes

KIFCIF 5-TGAGCAACAAGGAGTCCCAC-3’ RT-PCR for endogenous KIFCI

KIFCIR 5-TCACTTCCTGTTGGCCTGAG-3’ RT-PCR for endogenous KIFCI

B-actinF 5"-TGACGTGGACATCCGCAAAG-3’ Internal control of RT-PCR

B-actinR 5-CTGGAAGGTGGACAGCGAGG-3’ Internal control of RT-PCR

KIFCIFL F (EcoRI) 5 CCGGAATTCATGGATCCGCAGAGGTCCCCCCTAT 3’ PCR for cloning of KIFC1FL (full-length)

KIFCIFL R (Xhol)  5’CCGCTCGAGCTTCCTGTTGGCCTGAGCAGTACCA 3’ PCR for cloning of KIFC1FL (full-length)

M-13F 5-CGCCAGGGTTTTCCCAGTCACGAC-3" Colony PCR for constructing The PMD19T for
cloning of full length and different domain of KIFC1

M-13R 5'-AGCGGATAACAATTTCACACAGGA-3’ Colony PCR for constructing The PMD19T for
cloning of full length and different domain of KIFC1

T3 primer 5"-AATTAACCCTCACTAAAGGG-3’ Colony PCR for constructing KIFCI full length and

different functional domain overexpressing plasmid
PVMV-N-Flag-EGFP

T7 primer 5’-GTAATACGACTCACTATAGGGC-3’ Colony PCR for constructing KIFCI full length and
different functional domain overexpressing plasmid
PVMV-N-Flag-EGFP

pRNAi-U6.2/lenti _F 5-CATGATAGGCTTGGATTTCTA-3’ Colony PCR for constructing KIFC1shRNA
containing lentiviral plasmid pRNAi-U6.2
pRNAi-U6.2/lenti_R 5’-TCGACCTGCTGGAATCTCGTG-3" Colony PCR for constructing KIFC1shRNA

containing lentiviral plasmid pRNAi-U6.2





OEBPS/Images/BIOCELL_16654-fig-7.png
(a)
KIFC1

AURKA

STIL

PLK4
Centrin 2
y-Tubulin

B-actin

el

Centrin 2 “*‘3’ B
y-Tubulin '“_ T

e

115 kDa

21 kDa

50 kDa

B-actin M 42kDa

WPMY1 cell

(e)

KIFC1 wu g, 74 kDa

AURKA &= 55 kDa

STIL = 143 kDa

PLK4 a 115 kDa

Centrin 2 *l 21 kDa
50 kDa

y-tubulin

B-actin === 42 kDa

Relative protein expression

(b)

Relative density (%)

Relative protein expression

1.5

1.0

@ WPMY1
@B DU145

shLuc(Control)
KIFC1shRNA1

1001
dedkek ks il
dededk ok Sk
501
0-
N x 9 .
< & , S
& &E S
79 000 ol
X
DU145 cell
1.5

1.0

0.5

0.0

%

N &~
& oq'*y S
v.
WPMY1 cell

*k

@8 Control
@B KIFC10E

(€9)

KIFC1shRNA2
KIFC1shRNA3
KIFC1shRNA4

&
$°$
DU145 cell
N
& &

KIFC1 | — e 74 kDa

Centrin2 @B - 21kDa





OEBPS/Images/BIOCELL_16654-fig-4b.png
0OD600 of Crystal violet

@8 shLuc

Bl KIFC1shRNA1
B KIFC1shRNA2
@l KIFC1shRNA3
W KIFC1shRNA4

(g

—

Rate of cell proliferation

DU145 Cell
2.0

1.5
1.0
0.5

0.0+¥ T T T T
S @ A P
Time (h)

bttt

shLuc(Control)
KIFC1shRNA1
KIFC1shRNA2
KIFC1shRNA3
KIFC1shRNA4





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
SUPPLEMENTARY TABLE §2

Primer used for the synthesis of KIFC1siRNA, KIFC1shRNA and Centrin 2shRNA

Primer name

Sequences (5'- 3")

Purposes

KIFC1siRNA1 F
KIFC1siRNA1 R
KIFC1siRNA2 F
KIFC1siRNA2 R

Negative control F

Negative control R
KIFC1shRNAI1 F
KIFC1shRNAI R
KIFC1shRNA2 F
KIFC1shRNA2 R
KIFC1shRNA 3 F
KIFC1shRNA3 R
KIFC1shRNA4 F
KIFC1shRNA4 R

Centrin 2shRNA F

Centrin 2shRNA R
Luciferase shRNA (shLuc) F
Luciferase shRNA (shLuc) R

CUCAACUCUCUACGCUUUTT

AAAGCGUAGAGAGAGUUGAGGTT

GCCCAGAAUGAACGGUCAUTT

AUGACCGUUCAUUCUGGGCTT

UUCUCCGAACGUGUCACGUTT

ACGUGACAGGUUCGGAGAATT
TGGACTTAAAGGGTCAGTTATGTTCAAGAGACATAACTGACCCTTTAAGTCCTTTTTTC
TCGAGAAAAAAGGACTTAAAGGGTCAGTTATGTCTCTTGAACATAACTGACCCTTTAAGTCCA
TGCAAGCTACGTAGAGATCTACTTCAAGAGAGTAGATCTCTACGTAGCTTGCTTTTTTC
TCGAGAAAAAAGCAAGCTACGTAGAGATCTACTCTCTTGAAGTAGATCTCTACGTAGCTTGCA
TGGTCAGTTATGTGACCTAAATTTCAAGAGAATTTAGGTCACATAACTGACCTTTTTTC
TCGAGAAAAAAGGTCAGTTATGTGACCTAAATTCTCTTGAAATTTAGGTCACATAACTGACCA
TGCCAACAGGAGCTGAAGAACTTTCAAGAGAAGTTCTTCAGCTCCTGTTGGCTTTTTTC
TCGAGAAAAAAGCCAACAGGAGCTGAAGAACTTCTCTTGAAAGTTCTTCAGCTCCTGTTGGCA
TGATGAAACTGGGAAGATTTCGTTCAAGAGACGAAATCTTCCCAGTTTCATC TTTTTTC
TCGAGAAAAAAGATGAAACTGGGAAGATTTCGTCTCTTGAACGAAATCTTCCCAGTTTCATC
TGCTTACGCTGAGTACTTCGAATTCAAGAGATTCGAAGTACTCAGCGTAAGCTTTTTTC
TCGAGAAAAAAGCTTACGCTGAGTACTTCGAATCTCTTGAATTCGAAGTACTCAGCGTAAGC

Synthesis of KIFC1siRNA1
Synthesis of KIFC1siRNA1
Synthesis of KIFC1siRNA2
Synthesis of KIFC1siRNA2

Synthesis of negative control for KIFC1siRNA
Synthesis of negative control for KIFC1siRNA

Synthesis of KIFC1shRNA1
Synthesis of KIFC1shRNA1
Synthesis of KIFC1shRNA2
Synthesis of KIFC1shRNA2
Synthesis of KIFC1shRNA3
Synthesis of KIFC1shRNA3
Synthesis of KIFCIshRNA4
Synthesis of KIFCIshRNA4
Synthesis of Centrin 2shRNA
Synthesis of Centrin 2shRNA
Synthesis of shLuc
Synthesis of shLuc

Notes: Added T to the beginning of G (N18) to create -1 in U6 promoter; Added loop sequence to the end-TTCAAGAGA; Added reverse complement of G (N18) to end of -i.e., GAT then added ATC; Added terminator sequence

-6 Ts (TTTTTT); Creat antisense strand by adding sticky end (TCGAG) for Xhol site.
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