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Abstract: Kinesin family member C1 (KIFC1) is a minus end-directed motor protein that plays
an essential role in centrosome clustering. Previously, we reported that KIFC1 is involved in
cancer progression in prostate cancer (PCa). We designed this study to assess the involvement
of KIFC1 in docetaxel (DTX) resistance in PCa and examined the effect of KIFC1 on DTX resistance.
We also analyzed the possible role of a KIFC1 inhibitor (CW069) in PCa. We used DTX-resistant
PCa cell lines in DU145 and C4-2 cells to analyze the effect of KIFC1 on DTX resistance in PCa.
Western blotting showed that KIFC1 expression was higher in the DTX-resistant cell lines than in
the parental cell lines. Downregulation of KIFC1 re-sensitized the DTX-resistant cell lines to DTX
treatment. CW069 treatment suppressed cell viability in both parental and DTX-resistant cell lines.
DTX alone had little effect on cell viability in the DTX-resistant cells. However, the combination of
DTX and CW069 significantly reduced cell viability in the DTX-resistant cells, indicating that CW069
re-sensitized the DTX-resistant cell lines to DTX treatment. These results suggest that a combination
of CW069 and DTX could be a potential strategy to overcome DTX resistance.
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1. Introduction

Prostate cancer (PCa) is the most prevalent cancer among men and the second leading cause of
cancer-related death in developed countries [1]. Androgen deprivation therapy is initially effective for
advanced PCa. However, most of these patients eventually progress to castration-resistant PCa (CRPC),
which is a life-threatening disease [2,3]. Docetaxel (DTX) is the standard chemotherapy for CRPC [4].
However, nearly all patients who are treated with DTX become refractory. Therefore, clarifying new
molecular mechanisms underlying DTX resistance is necessary to overcome DTX resistance in CRPC.

Increased centrosome number, called centrosome amplification (CA), is a hallmark of human
cancer [5]. Recent reports have shown that CA correlates with aneuploidy and malignant
behavior in some human cancers including uterine cervical cancer, breast cancer, and PCa [6,7].
Although aneuploidy might cause multipolar spindles and lead to apoptosis, cancer cells overcome
these lethal effects of CA by using centrosome clustering. Centrosome clustering, defined as the
reshaping of transient multipolar spindles into pseudo-bipolar structures, is a well-studied mechanism
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that allows cancer cells to avoid apoptosis [8,9]. Kinesin family member C1 (KIFC1) is a minus
end-directed motor protein that plays an essential role in centrosome clustering [10-12]. Several reports
show that KIFC1 is upregulated and is involved in cancer progression in some cancers [13-15].
In addition, the overexpression of KIFC1 suppresses DTX-mediated apoptosis in breast cancer cells [16].
Previously, we showed that KIFC1 was associated with a poor prognosis after radical prostatectomy
or after DTX treatment in PCa [17]. Additionally, knockdown of KIFC1 improved DTX sensitivity
in LNCaP cells and DU145 cells. However, the role of KIFC1 in DTX resistance in PCa is not well
known. In this study, we used DTX-resistant PCa cells from C4-2 cells and DU145 cells to analyze
the involvement of KIFC1 in DTX resistance. We examined the expression and functional role of
KIFC1 and analyzed the effect of KIFC1 knockdown on DTX resistance in DTX-resistant PCa cell lines.
We also investigated the effect of the KIFC1 inhibitor CW069 in PCa cell lines.

2. Materials and Methods

2.1. Cell Lines

Two PCa cell lines (DU145 and C4-2) and DTX-resistant DU145 cells (DU145-DR) and
DTX-resistant C4-2 cells (C4-2-DR) were kindly provided by Dr. Masaki Shiota (Kyushu University,
Fukuoka, Japan). The DU145 cell lines were maintained in MEM (Nissui Pharmaceutical Co. Ltd.,
Tokyo, Japan), and the C4-2 cells were maintained in RPMI 1640 (Nissui Pharmaceutical Co. Ltd.)
containing 10% fetal bovine serum (BioWhittaker, Walkersville, MD, USA), 2 mM L-glutamine,
50 U/mL penicillin, and 50 g/mL streptomycin in a humidified atmosphere of 5% CO; at 37 °C.
DTX cell lines were cultured under DTX at a dose of 2 ng/mL for DU145-DR and 5 ng/mL for C4-2-DR.

2.2. DTX and CWO069 Treatment

DTX was obtained from Sanofi-Aventis and handled according to the manufacturer’s
recommendations [18]. CW069 was obtained from Funakoshi (Tokyo, Japan). Twenty-four hours
after transfection of siRNAs for KIFC1 or negative control, these cells were exposed to DTX for 48 hr.
Cell viability was measured by an MTT assay. An MTT assay was performed 48 h after DTX or CW069
treatment. Drug sensitivity curves and IC50 values were calculated using GraphPad Prism 4.0 software
(GraphPad Software) [17].

2.3. Western Blotting Analysis

For Western blotting analysis, cells were lysed as described previously [19]. Primary antibody;,
KIFC1 (H00003833-M01, Abnova, Taipei, Taiwan), Bcl-2 (sc-7382, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), Bax (sc-7480, Santa Cruz Biotechnology, Santa Cruz, CA, USA), cleaved PARP (c-PARP)
(#5625, Cell Signaling Technology, Inc., Danvers, MA, USA), cleaved caspase-3 (c-caspase-3) (#9661,
Cell Signaling Technology, Inc., Danvers, MA, USA) were used. (3-Actin (Sigma-Aldrich, St. Louis,
MO, USA) was used as a loading control.

2.4. gRT-PCR Analysis

Total RNA was isolated from frozen cancer cell lines using Isogen (Nippon Gene, Tokyo, Japan),
and 1 pg of total RNA was converted to cDNA with a first-strand cDNA synthesis kit (Amersham
Biosciences Corp., Piscataway, NJ, USA). The qPCR was performed with a SYBR Select Master Mix
(Applied Biosystems, Austin, TX, USA) as described previously [20]. ACTB-specific PCR products,
which were amplified from the same RNA samples, served as internal controls. KIFC1 primer sequence:
forward primer GACGCCCTGCTTCATCTG; reverse primer CCAGGTCCACAAGACTGAGG.

2.5. RNA Interference

Silencer® Select (Ambion, Austin, TX, USA) against KIFC1 was used for RNA interference.
Two independent oligonucleotides and negative control small interfering RNA (siRNA) (Invitrogen,



J. Clin. Med. 2019, 8, 225 30f12

Carlsbad, CA, USA) were used. Transfection was performed using Lipofectamine RNAiIMAX
(Invitrogen) according to the manufacturer’s instructions. Cells were used 48 h after transfection in
each of the experiments and assays [17].

2.6. Cell Death ELISA

Cells were seeded in 12-well plates (1 X 10° cells) and treated as indicated. Mono- and
oligonucleosomes in the cytoplasmic fraction were measured by a cell death detection ELISA kit
(Roche, Basel, Switzerland) according to the manufacturer’s instructions. Absorbance was determined
at 405 nm.

2.7. Statistical Analysis

Statistical differences were evaluated using a two-tailed Student t-test or Mann-Whitney U-test.
A p-value of <0.05 was considered statistically significant. Statistical analyses were conducted primarily
using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA, USA). The combination index
(CI) was calculated by the Chou-Talalay method. A combination index (CI) < 1 indicates synergism,
CI =1 an additive effect, and CI > 1 an antagonistic effect [21].

3. Results

3.1. Characterization of DTX-Resistant PCa Cell Lines

We used C4-2-DR and DU145-DR cells to analyze the involvement of KIFC1 in DTX resistance.
MTT assays were performed to measure cell viability under various concentrations of DTX in the
C4-2-DR and DU145-DR cells. The IC50 values of the C4-2-DR and DU145-DR cells were significantly
higher than those of the parental DU145 and C4-2 cells, which was consistent with previous results
(Figure 1A) [22,23]. We compared the expression of c-PARP, which was used as a marker of apoptosis
in the parental and DTX-resistant cell lines. Western blotting showed that the expression of c-PARP and
c-caspase-3 was induced by DTX treatment in the parental DU145 and C4-2 cells. On the contrary, the
expression of c-PARP was not changed by DTX treatment in DU145-DR and C4-2-DR cells (Figure 1B).
These results suggest that the DU145-DR and C4-2-DR cells were resistant to DTX treatment.

3.2. KIFC1 is Overexpressed in DTX-Resistant Cell Lines

To verify whether KIFC1 is involved in DTX resistance, we investigated the expression of KIFC1 in
DU145-DR and C4-2-DR cells. Western blotting and qRT-PCR showed that KIFC1 was overexpressed
in DU145-DR and C4-2-DR cells compared with the parental DU145 and C4-2 cells at both mRNA and
protein levels (Figure 2A,B).
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Figure 1. Characterization of docetaxel (DTX)-resistant prostate cancer cell lines. (A) The

dose-dependent effects of DTX on the viability of parental and DTX-resistant cell lines in DU145
and C4-2 cells. The results are expressed as the mean and S.D. of triplicate measurements. * p < 0.01.
(B) Western blotting of c-PARP and c-caspase-3 in parental and DTX-resistant cell lines in DU145 and
C4-2 cells in the presence of DTX (10 nM) or vehicle (ethanol). 3-actin was used as a loading control.
c-PARP: cleaved PARP; c-caspase-3: cleaved caspase-3.
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Figure 2. KIFC1 is overexpressed in docetaxel (DTX)-resistant cell lines and in a castration-resistant
prostate cancer (CRPC) patient. (A) Western blotting of KIFC1 in parental and DTX-resistant cell lines.
-actin was used as a loading control. (B) qRT-PCR of KIFC1 in parental and DTX-resistant cell lines.
The results are expressed as the mean and S.D. of triplicate measurements. * p < 0.01.

3.3. Inhibition of KIFC1 Induces Apoptosis Pathway and Reverses DTX Resistance In Vitro

Several studies have shown that KIFC1 is associated with an apoptosis pathway [24,25]. We used
RNA interference targeting KIFC1 in DU145-DR and C4-2-DR cells and confirmed the efficiency of
KIFC1 knockdown by Western blotting (Figure 3A). Western blotting showed that inhibition of KIFC1
enhanced the expression of Bax2, c-PARP, and c-caspase-3 and reduced the expression of Bcl-2 in
DU145-DR and C4-2-DR cells (Figure 3A). Given that KIFC1 was overexpressed in the DTX-resistant
cell lines and is involved in the apoptosis pathway, we next analyzed whether the knockdown of KIFC1
improves DTX sensitivity in DU145-DR and C4-2-DR cells. We measured cell viability in DU145-DR
and C4-2-DR cells with knockdown of KIFC1 under various concentrations of DTX. We found that
downregulation of KIFC1 re-sensitized DU145-DR and C4-2-DR cells to DTX treatment (Figure 3B).
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Figure 3. Inhibition of KIFC1 induces an apoptosis pathway and reverses docetaxel (DTX) resistance
in vitro. (A) Western blotting of KIFC1, c-PARP, Bcl-2, Bax, and c-caspase-3 in DU145-DR and C4-2-DR
cells transfected with a negative control or two different siRNAs for KIFC1. -actin was used as a
loading control. c-PARP: cleaved PARP; c-caspase-3: cleaved caspase-3 (B) The dose-dependent effects
of DTX on the viability of DU145-DR and C4-2-DR cells transfected with negative control or two
different siRNAs for KIFC1. The results are expressed as the mean and S.D. of triplicate measurements.
*p <0.01.

3.4. Effect of KIFC1 Inhibitor CW069 on Cell Viability

A recent study reported that CW069 is a novel and allosteric inhibitor of KIFC1 [26]. To clarify the
effect of CW069 on cell viability in PCa, we measured cell viability under various concentrations of
CWO069 in both parental and DTX-resistant cell lines. CW069 treatment suppressed cell viability in
both the parental and DTX-resistant cell lines (Figure 4A). The IC50 values of the DTX-resistant cell
lines treated with CW069 were significantly lower than those of the parental cell lines, suggesting that
the effect of CWO069 on cell viability may depend on the expression of KIFC1. Next, to test whether
CWO069 could selectively suppress cell viability in cancer cells, we investigated the effect of CW069
in RWPE-1 cells, which is a normal prostate epithelial cell line [27]. Western blotting demonstrated
that the expression of KIFC1 was not detected in RWPE-1 cells (Figure 4B). As we expected, CW069
treatment had little effect on cell viability in RWPE-1 cells compared with the DU145 and C4-2 cells
(Figure 4C). Furthermore, we performed a cell death ELISA assay to analyze the ability of CW069
to induce apoptotic cell death in RWPE-1, DU145, and C4-2 cells. CW069 treatment had little effect
on apoptotic cell death in the RWPE-1 cells but had a significant effect on the DU145 and C4-2 cells
(Figure 4D).
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Figure 4. The effect of the KIFC1 inhibitor CW069 on cell viability (A) The dose-dependent effects
of CWO069 on cell viability in parental and docetaxel-resistant cell lines in DU145 and C4-2 cells.
The results are expressed as the mean and S.D. of triplicate measurements. * p < 0.01. (B) Western
blotting of KIFC1 in RWPE-1, DU145, and C4-2 cells. (C) The dose-dependent effects of CW069 on cell
viability in RWPE-1, DU145, and C4-2 cells. The results are expressed as the mean and S.D. of triplicate
measurements. * p < 0.01. (D) The cell death ELISA in RWPE-1, DU145, and C4-2 cells treated with
CWO069 (250 uM). The results are expressed as the mean and S.D. of triplicate measurements. * p < 0.01.

3.5. CW069 Re-Sensitizes DT X-Resistant Cell Lines to DTX Treatment

As shown in Figure 3B, knockdown of KIFC1 reversed DTX resistance. Therefore, we investigated
the effect of combination therapy with DTX and CW069. We measured cell viability under DTX alone
or in combination with CW069 in parental and DTX-resistant cell lines. DTX alone had little effect on
cell viability in the DT X-resistant cell lines. However, the combination of DTX and CW069 significantly
reduced cell viability in the DTX-resistant cell lines (Figure 5A). The cell death ELISA assay showed
that the combination of DTX and CWO069 led to significant induction of apoptosis compared to DTX
alone in the DTX-resistant cell lines (Figure 5B). In addition, we analyzed the dose response for the
combination of DTX and CW069 in the DTX-resistant cell lines and calculated the combination index
to assess whether the combination of DTX and CW069 is synergistic or additive. A synergistic effect
was observed in the DTX-resistant cell lines (Table 1).
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Figure 5. CW069 re-sensitizes DTX-resistant cell lines to docetaxel (DTX) treatment. (A) The effect of
the combination of DTX and CW069 on cell viability in parental and DTX-resistant cell lines in DU145
and C4-2 cells. The results are expressed as the mean and S.D. of triplicate measurements. * p < 0.01.
(B) The effect of the combination of DTX and CW069 on apoptosis in parental and DTX-resistant cell
lines in DU145 and C4-2 cells. The results are expressed as the mean and S.D. of triplicate measurements.

*p<0.01.

Table 1. The combination index (CI) values for the combination of docetaxel (DTX) and CW069 in

DTX-resistant cell lines.

Docetaxel (nM)

5 10 20

0.55 0.45 0.45
0.73 0.48 0.54
0.72 0.71 0.47

Docetaxel (nM)

5 10 20

DU145-DR

50

CWO069 (M) 100
200

C4-2-DR

50

CWO069 (M) 100
200

0.66 0.51 0.62
0.77 0.46 0.53
0.66 0.67 0.42

CI: combination index; DU145-DR: docetaxel-resistant DU145; C4-2-DR: docetaxel-resistant C4-2; CI = 1: an additive

effect; CI < 1: a synergistic e

4. Discussion

ffect.

DTX has been the first-line therapy for metastatic CRPC patients since 2004. Recent clinical

studies have reported that early DTX treatment combined with androgen deprivation therapy results
in improved overall survival in comparison to androgen deprivation therapy alone in patients with
metastatic hormone-sensitive PCa [28,29]. This finding suggests that the beneficial effect of DTX
may not be restricted to CRPC and that DTX treatment is becoming increasingly more important in
PCa [30]. Although DTX treatment improves overall survival, disease relapse eventually occurs due
to the development of DTX resistance [31]. Several factors have been shown to be involved in DTX
resistance [30,32]. Loss of p53 leads to DTX resistance, and p53 status is an essential determinant of
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DTX sensitivity [33]. Recent evidence has shown that alteration of 3-tubulin isotypes is correlated
with DTX resistance [34]. In addition, the expression of multidrug-resistant proteins such as ABCB1
is upregulated in a DTX-resistant PCa cell line. However, these above molecules have not been
utilized clinically. Therefore, there is an urgent need to clarify the mechanisms of DTX resistance.
A recent study reported that the expression of KIFC1 is upregulated in DTX-resistant breast cancer
cell lines compared with that of DTX-sensitive cell lines. What is more, overexpression of KIFC1
increased the pools of free tubulin and promoted DTX resistance in breast cancer [16]. This evidence
suggests that KIFC1 may antagonize the effect of DTX at least through the dissociation of tubulin from
microtubules. In the present study, the expression of KIFC1 was upregulated in DTX-resistant PCa cell
lines. Knockdown of KIFC1 re-sensitized the DTX-resistant cells to DTX treatment in DU145 and C4-2
cells. To date, some preclinical studies have addressed the finding that anti-apoptotic proteins regain
sensitivity to DTX [30]. ABT-263, which is a Bcl-2 inhibitor, restored DTX sensitivity in DTX-resistant
cells in PCa [35]. Furthermore, glucocorticoid receptor antagonism also re-sensitizes DTX resistance
through a reduction of BcL-xL expression [36]. In the present study, knockdown of KIFC1 suppressed
the expression of Bcl-2, cleaved PARP and cleaved caspase-3, and enhanced the expression of Bax.
This result indicates a potential mechanistic explanation for the restoration of DTX sensitivity in PCa.

A recent study reported that CW069 was identified as a highly selective small-molecule KIFC1
inhibitor using a chemogenomics-based approach [26]. CW069 increases multipolar spindle formation
and inhibits cell viability in cancer cells in breast cancer. However, to date, there have been few
reports on CW069 [26,37]. In the present study, CW069 treatment selectively damaged parental and
DTX-resistant PCa cells but had little effect on cell viability in RWPE-1 cells. The result that CW069
re-sensitized DTX-resistant cell lines to DTX treatment has potential clinical implications. In addition,
the synergistic effect was found in the combination of DTX and CW069. In current cancer treatments,
different types of chemotherapeutic agents are combined to improve efficacy and to minimize toxicity.
Our previous study showed that the expression of KIFC1 was higher in PCa tissues than in various
normal tissue samples [17]. Collectively, these results suggest that a combination of DTX and CW069
may be a promising therapy for CRPC patients that causes fewer adverse effects.

There are some limitations in this study. First, so far, three KIFC1 inhibitors (CW069, AZ82,
and SR31527) have been reported [26,38,39]. Although these three drugs have been shown to lead to
multipolar mitosis and decrease cell viability in human cancer, their effects were somewhat different
because each drug binds to a different allosteric site on KIFC1 [38]. Furthermore, using a unique
assay, a recent study showed that these drugs might not be specific to KIFC1 [40] Therefore, further
study using these three drugs in PCa will be necessary in the future to verify our current findings.
Second, recent studies have shown that cross-resistance of DTX cells were resistant to both DTX and
cabazitaxel [41,42]. However, in this study, we focused on the role of KIFC1 and KIFC1 inhibitor
(CW069) on only DTX resistance in PCa. In the near future, we will investigate the role of KIFC1 on
cross-taxan resistance in PCa.

5. Conclusions

In conclusion, we used DTX-resistant PCa cell lines to analyze the role of KIFC1 in DTX resistance.
We found that the expression of KIFC1 was significantly upregulated in cells with DTX resistance.
Inhibition of KIFC1 induced an apoptosis pathway and re-sensitized the cellular response to DTX.
Additionally, CW069 re-sensitized DTX-resistant cells to DTX treatment. The data presented here
emphasize the great potential of combination therapy with DTX and CW069 in the treatment of PCa.

Author Contributions: Y.S., N.S., N.O., K.S., and W.Y. designed the study. Y.S., ].T., M.S., and A.M. provided
patients’ clinical information. Y.S. and Y.K. performed the experiments and acquired data. Y.S., N.S., N.O., and
W.Y. interpreted the results. Y.S., N.O., and M.S. drafted the manuscript. N.O., ].T., A M., K.S,, and W.Y. edited it.
All authors approved the final content for journal submission and publication.

Funding: This work was supported by Grants-in-Aid for Scientific Research (B) (15H04713) and for Challenging
Exploratory Research (26670175, 16K15247) from the Japan Society for the Promotion of Science.



J. Clin. Med. 2019, 8, 225 10 of 12

Acknowledgments: We thank M. Gleave (Vancouver Prostate Centre, Vancouver, BC, Canada) for originally
providing the C4-2 cells. This work was carried out with the kind cooperation of the Research Center for Molecular
Medicine of the Faculty of Medicine of Hiroshima University. We also thank the Analysis Center of Life Science of
Hiroshima University for the use of their facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Van Neste, L.; Herman, J.G.; Otto, G.; Bigley, ] W.; Epstein, ].I.; Van Criekinge, W. The epigenetic promise for
prostate cancer diagnosis. Prostate 2012, 72, 1248-1261. [CrossRef] [PubMed]

Antognelli, C.; Cecchetti, R.; Riuzzi, F; Peirce, M.J.; Talesa, V.N. Glyoxalase 1 sustains the metastatic
phenotype of prostate cancer cells via EMT control. J. Cell Mol. Med. 2018, 22, 2865-2883. [CrossRef]
[PubMed]

Molina, A.; Belldegrun, A. Novel therapeutic strategies for castration resistant prostate cancer: Inhibition
of persistent androgen production and androgen receptor mediated signaling. J. Urol. 2011, 185, 787-794.
[CrossRef] [PubMed]

Petrylak, D.P,; Tangen, C.M.; Hussain, M.H.; Lara, PN., Jr.; Jones, J.A.; Taplin, M.E.; Burch, P.A.; Berry, D.;
Moinpour, C.; Kohli, M,; et al. Docetaxel and estramustine compared with mitoxantrone and prednisone for
advanced refractory prostate cancer. N. Engl. ]. Med. 2004, 351, 1513-1520. [CrossRef] [PubMed]

Chan, J.Y. A clinical overview of centrosome amplification in human cancers. Int. J. Biol. Sci. 2011, 7,
1122-1144. [CrossRef] [PubMed]

Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability.
Nature 2009, 460, 278-282. [CrossRef] [PubMed]

Kwon, M.; Godinho, S.A.; Chandhok, N.S.; Ganem, N.J.; Azioune, A.; Thery, M.; Pellman, D. Mechanisms
to suppress multipolar divisions in cancer cells with extra centrosomes. Genes Dev. 2008, 22, 2189-2203.
[CrossRef]

Quintyne, N.J.; Reing, ].E.; Hoffelder, D.R.; Gollin, S.M.; Saunders, W.S. Spindle multipolarity is prevented
by centrosomal clustering. Science 2005, 307, 127-129. [CrossRef]

Godinho, S.A.; Kwon, M.; Pellman, D. Centrosomes and cancer: How cancer cells divide with too many
centrosomes. Cancer Metast. Rev. 2009, 28, 85-98. [CrossRef]

Kwon, M.; Bagonis, M.; Danuser, G.; Pellman, D. Direct microtubule-binding by myosin-10 orients
centrosomes toward retraction fibers and subcortical actin clouds. Dev. Cell. 2015, 34, 323-337. [CrossRef]
Rath, O.; Kozielski, F. Kinesins and cancer. Nat. Rev. Cancer 2012, 12, 527-539. [CrossRef] [PubMed]
Kleylein-Sohn, J.; P6llinger, B.; Ohmer, M.; Hofmann, F; Nigg, E.A.; Hemmings, B.A.; Wartmann, M; et al.
Acentrosomal spindle organization renders cancer cells dependent on the kinesin HSET. J. Cell Sci. 2012, 125,
5391-5402. [CrossRef]

Leber, B.; Maier, B.; Fuchs, F,; Chi, J.; Riffel, P; Anderhub, S.; Wagner, L.; Ho, A.D.; Salisbury, J.L.; Boutros, M.;
Kramer, A. Proteins required for centrosome clustering in cancer cells. Sci. Transl. Med. 2010, 2, 33ra8.
[CrossRef] [PubMed]

Basto, R.; Brunk, K.; Vinadogrova, T.; Peel, N.; Franz, A.; Khodjakov, A.; Raff, ] W. Centrosome amplification
can initiate tumorigenesis in flies. Cell 2008, 133, 1032-1042. [CrossRef] [PubMed]

Han, J.; Wang, F; Lan, Y,; Wang, J.; Nie, C.; Liang, Y.; Song, R.; Zheng, T.; Pan, S.; Pei, T.; et al. KIFC1
regulated by miR-532-3p promotes epithelial-to-mesenchymal transition and metastasis of hepatocellular
carcinoma via gankyrin/AKT signaling. Oncogene 2018. [CrossRef] [PubMed]

De, S.; Cipriano, R.; Jackson, M.W.; Stark, G.R. Overexpression of kinesins mediates docetaxel resistance in
breast cancer cells. Cancer Res. 2009, 69, 8035-8042. [CrossRef] [PubMed]

Sekino, Y.; Oue, N.; Shigematsu, Y.; Ishikawa, A.; Sakamoto, N.; Sentani, K.; Teishima, J.; Matsubara, A.;
Yasui, W. KIFC1 induces resistance to docetaxel and is associated with survival of patients with prostate
cancer. Urol. Oncol. 2017, 35, €31.e13-e31.€20. [CrossRef] [PubMed]

Sekino, Y.; Sakamoto, N.; Goto, K.; Honma, R.; Shigematsu, Y.; Sentani, K.; Oue, N.; Teishima, J.;
Matsubara, A.; Yasui, W. Transcribed ultraconserved region Uc.63+promotes resistance to docetaxel through
regulation of androgen receptor signaling in prostate cancer. Oncotarget 2017, 8, 94259-94270. [CrossRef]


http://dx.doi.org/10.1002/pros.22459
http://www.ncbi.nlm.nih.gov/pubmed/22161815
http://dx.doi.org/10.1111/jcmm.13581
http://www.ncbi.nlm.nih.gov/pubmed/29504694
http://dx.doi.org/10.1016/j.juro.2010.10.042
http://www.ncbi.nlm.nih.gov/pubmed/21239012
http://dx.doi.org/10.1056/NEJMoa041318
http://www.ncbi.nlm.nih.gov/pubmed/15470214
http://dx.doi.org/10.7150/ijbs.7.1122
http://www.ncbi.nlm.nih.gov/pubmed/22043171
http://dx.doi.org/10.1038/nature08136
http://www.ncbi.nlm.nih.gov/pubmed/19506557
http://dx.doi.org/10.1101/gad.1700908
http://dx.doi.org/10.1126/science.1104905
http://dx.doi.org/10.1007/s10555-008-9163-6
http://dx.doi.org/10.1016/j.devcel.2015.06.013
http://dx.doi.org/10.1038/nrc3310
http://www.ncbi.nlm.nih.gov/pubmed/22825217
http://dx.doi.org/10.1242/jcs.107474
http://dx.doi.org/10.1126/scitranslmed.3000915
http://www.ncbi.nlm.nih.gov/pubmed/20505215
http://dx.doi.org/10.1016/j.cell.2008.05.039
http://www.ncbi.nlm.nih.gov/pubmed/18555779
http://dx.doi.org/10.1038/s41388-018-0440-8
http://www.ncbi.nlm.nih.gov/pubmed/30115976
http://dx.doi.org/10.1158/0008-5472.CAN-09-1224
http://www.ncbi.nlm.nih.gov/pubmed/19789344
http://dx.doi.org/10.1016/j.urolonc.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27665358
http://dx.doi.org/10.18632/oncotarget.21688

J. Clin. Med. 2019, 8, 225 11 0f12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sekino, Y.; Sakamoto, N.; Goto, K.; Honma, R.; Shigematsu, Y.; Quoc, T.P,; Sentani, K.; Oue, N.; Teishima, J.;
Kawakami, F; et al. Uc.416 + A promotes epithelial-to-mesenchymal transition through miR-153 in renal cell
carcinoma. BMC Cancer 2018, 18, 952. [CrossRef]

Sekino, Y.; Oue, N.; Mukai, S.; Shigematsu, Y.; Goto, K.; Sakamoto, N.; Sentani, K.; Hayashi, T.; Teishima, J.;
Matsubara, A.; et al. Protocadherin B9 promotes resistance to bicalutamide and is associated with the
survival of prostate cancer patients. Prostate 2019, 79, 234-242. [CrossRef]

Chou, T.C. Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method.
Cancer Res. 2010, 70, 440-446. [CrossRef] [PubMed]

Shiota, M.; Kashiwagi, E.; Yokomizo, A.; Takeuchi, A.; Dejima, T.; Song, Y.; Tatsugami, K.; Inokuchi, J.;
Uchiumi, T.; Naito, S. Interaction between docetaxel resistance and castration resistance in prostate cancer:
Implications of Twistl, YB-1, and androgen receptor. Prostate 2013, 73, 1336-1344. [CrossRef] [PubMed]
Shiota, M.; Itsumi, M.; Yokomizo, A.; Takeuchi, A.; Imada, K.; Kashiwagi, E.; Inokuchi, J.; Tatsugami, K.;
Uchiumi, T.; Naito, S. Targeting ribosomal S6 kinases/Y-box binding protein-1 signaling improves cellular
sensitivity to taxane in prostate cancer. Prostate 2014, 74, 829-838. [CrossRef] [PubMed]

Fu, X,; Zhu, Y.; Zheng, B.; Zou, Y.; Wang, C.; Wu, P.; Wang, J.; Chen, H.; Du, P; Liang, B.; et al. KIFC1, a
novel potential prognostic factor and therapeutic target in hepatocellular carcinoma. Int. J. Oncol. 2018, 52,
1912-1922. [CrossRef] [PubMed]

Pannu, V.; Rida, P.C.; Ogden, A.; Turaga, R.C.; Donthamsetty, S.; Bowen, N.J.; Rudd, K.; Gupta, M.V,;
Reid, M.D.; Cantuaria, G.; et al. HSET overexpression fuels tumor progression via centrosome
clustering-independent mechanisms in breast cancer patients. Oncotarget 2015, 6, 6076—-6091. [CrossRef]
[PubMed]

Watts, C.A.; Richards, EM.; Bender, A.; Bond, PJ.; Korb, O.; Kern, O.; Riddick, M.; Owen, P.; Myers, RM.;
Raff, J.; et al. Design, synthesis, and biological evaluation of an allosteric inhibitor of HSET that targets
cancer cells with supernumerary centrosomes. Chem. Biol. 2013, 20, 1399-1410. [CrossRef] [PubMed]
Webber, M.M.; Bello, D.; Quader, S. Immortalized and tumorigenic adult human prostatic epithelial cell
lines: Characteristics and applications. Part 3. Oncogenes, suppressor genes, and applications. Prostate 1997,
30, 136-142. [CrossRef]

Vale, C.L.; Burdett, S.; Rydzewska, L.H.M.; Albiges, L.; Clarke, N.W.; Fisher, D.; Fizazi, K.; Gravis, G.;
James, N.D.; Mason, M.D.; et al. Addition of docetaxel or bisphosphonates to standard of care in men
with localised or metastatic, hormone-sensitive prostate cancer: A systematic review and meta-analyses of
aggregate data. Lancet Oncol. 2016, 17, 243-256. [CrossRef]

Sweeney, C.J.; Chen, YH.; Carducci, M.; Liu, G.; Jarrard, D.E; Eisenberger, M.; Wong, Y.N.; Hahn, N.;
Kohli, M.; Cooney, M.M.; et al. Chemohormonal therapy in metastatic hormone-sensitive prostate cancer.
N. Engl. |. Med. 2015, 373, 737-746. [CrossRef]

Kroon, J.; Kooijman, S.; Cho, N.J.; Storm, G.; van der Pluijm, G. Improving taxane-based chemotherapy in
castration-resistant prostate cancer. Trends Pharmacol. Sci. 2016, 37, 451-462. [CrossRef]

Huang, X.; Chau, C.H.; Figg, W.D. Challenges to improved therapeutics for metastatic castrate resistant
prostate cancer: From recent successes and failures. . Hematol. Oncol. 2012, 5, 35. [CrossRef] [PubMed]
Armstrong, C.M.; Gao, A.C. Drug resistance in castration resistant prostate cancer: Resistance mechanisms
and emerging treatment strategies. Am. J. Clin. Exp. Urol. 2015, 3, 64-76. [PubMed]

Liu, C.; Zhu, Y,; Lou, W.; Nadiminty, N.; Chen, X.; Zhou, Q.; Shi, X.B.; deVere White, RW.; Gao, A.C.
Functional p53 determines docetaxel sensitivity in prostate cancer cells. Prostate 2013, 73, 418-427. [CrossRef]
[PubMed]

Ploussard, G.; Terry, S.; Maillé, P; Allory, Y.; Sirab, N.; Kheuang, L.; Soyeux, P.; Nicolaiew, N.; Coppolani, E.;
Paule, B.; et al. Class III beta-tubulin expression predicts prostate tumor aggressiveness and patient response
to docetaxel-based chemotherapy. Cancer Res. 2010, 70, 9253-9264. [CrossRef] [PubMed]

Tamaki, H.; Harashima, N.; Hiraki, M.; Arichi, N.; Nishimura, N.; Shiina, H.; Naora, K.; Harada, M. Bcl-2
family inhibition sensitizes human prostate cancer cells to docetaxel and promotes unexpected apoptosis
under caspase-9 inhibition. Oncotarget 2014, 5, 11399-11412. [CrossRef] [PubMed]

Kroon, J.; Puhr, M.; Buijs, ].T.; van der Horst, G.; Hemmer, DM.; Marijt, K.A.; Hwang, M.S.; Masood, M.;
Grimm, S.; Storm, G.; et al. Glucocorticoid receptor antagonism reverts docetaxel resistance in human
prostate cancer. Endocr. Relat. Cancer 2016, 23, 35-45. [CrossRef]


http://dx.doi.org/10.1186/s12885-018-4863-y
http://dx.doi.org/10.1002/pros.23728
http://dx.doi.org/10.1158/0008-5472.CAN-09-1947
http://www.ncbi.nlm.nih.gov/pubmed/20068163
http://dx.doi.org/10.1002/pros.22681
http://www.ncbi.nlm.nih.gov/pubmed/23775496
http://dx.doi.org/10.1002/pros.22799
http://www.ncbi.nlm.nih.gov/pubmed/24729449
http://dx.doi.org/10.3892/ijo.2018.4348
http://www.ncbi.nlm.nih.gov/pubmed/29620256
http://dx.doi.org/10.18632/oncotarget.3475
http://www.ncbi.nlm.nih.gov/pubmed/25788277
http://dx.doi.org/10.1016/j.chembiol.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24210220
http://dx.doi.org/10.1002/(SICI)1097-0045(19970201)30:2&lt;136::AID-PROS9&gt;3.0.CO;2-M
http://dx.doi.org/10.1016/S1470-2045(15)00489-1
http://dx.doi.org/10.1056/NEJMoa1503747
http://dx.doi.org/10.1016/j.tips.2016.03.003
http://dx.doi.org/10.1186/1756-8722-5-35
http://www.ncbi.nlm.nih.gov/pubmed/22747660
http://www.ncbi.nlm.nih.gov/pubmed/26309896
http://dx.doi.org/10.1002/pros.22583
http://www.ncbi.nlm.nih.gov/pubmed/22996738
http://dx.doi.org/10.1158/0008-5472.CAN-10-1447
http://www.ncbi.nlm.nih.gov/pubmed/21045157
http://dx.doi.org/10.18632/oncotarget.2550
http://www.ncbi.nlm.nih.gov/pubmed/25333266
http://dx.doi.org/10.1530/ERC-15-0343

J. Clin. Med. 2019, 8, 225 12 0of 12

37.

38.

39.

40.

41.

42.

Choe, M.H,; Kim, J.; Ahn, ].; Hwang, S.G.; Oh, ].S.; Kim, J.S. Centrosome clustering is a tumor-selective target
for the improvement of radiotherapy in breast cancer cells. Anticancer Res. 2018, 38, 3393-3400. [CrossRef]
Zhang, W.; Zhai, L.; Wang, Y.; Boohaker, R].; Lu, W.; Gupta, V.V.,; Padmalayam, I.; Bostwick, R.J.; White, E.L.;
Ross, L.J.; et al. Discovery of a novel inhibitor of kinesin-like protein KIFC1. Biochem. ]. 2016, 473, 1027-1035.
[CrossRef]

Wu, J.; Mikule, K.; Wang, W.; Su, N.; Petteruti, P.; Gharahdaghi, F; Code, E.; Zhu, X,; Jacques, K.; Lai, Z.; et al.
Discovery and mechanistic study of a small molecule inhibitor for motor protein KIFC1. ACS Chem. Biol.
2013, 8, 2201-2208. [CrossRef]

Yukawa, M.; Yamauchi, T.; Kurisawa, N.; Ahmed, S.; Kimura, K.I.; Toda, T. Fission yeast cells overproducing
HSET/KIFC1 provides a useful tool for identification and evaluation of human kinesin-14 inhibitors.
Fungal Genet. Biol. 2018, 116, 33—41. [CrossRef]

Lombard, A.P; Liu, C.; Armstrong, C.M.; Cucchiara, V.; Gu, X.; Lou, W.; Evans, C.P.; Gao, A.C. ABCB1
Mediates Cabazitaxel-Docetaxel Cross-Resistance in Advanced Prostate Cancer. Mol. Cancer Ther. 2017, 16,
2257-2266. [CrossRef] [PubMed]

Van Soest, R.J.; De Morrée, E.S.; Kweldam, C.F; De Ridder, C.M.; Wiemer, E.A.; Mathijssen, R.H.;
De Wit, R.; Van Weerden, W.M. Targeting the Androgen Receptor Confers In Vivo Cross-resistance Between
Enzalutamide and Docetaxel, But Not Cabazitaxel, in Castration-resistant Prostate Cancer. Eur. Urol. 2015,
67,981-985. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.21873/anticanres.12606
http://dx.doi.org/10.1042/BJ20150992
http://dx.doi.org/10.1021/cb400186w
http://dx.doi.org/10.1016/j.fgb.2018.04.006
http://dx.doi.org/10.1158/1535-7163.MCT-17-0179
http://www.ncbi.nlm.nih.gov/pubmed/28698198
http://dx.doi.org/10.1016/j.eururo.2014.11.033
http://www.ncbi.nlm.nih.gov/pubmed/25484141
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines 
	DTX and CW069 Treatment 
	Western Blotting Analysis 
	qRT-PCR Analysis 
	RNA Interference 
	Cell Death ELISA 
	Statistical Analysis 

	Results 
	Characterization of DTX-Resistant PCa Cell Lines 
	KIFC1 is Overexpressed in DTX-Resistant Cell Lines 
	Inhibition of KIFC1 Induces Apoptosis Pathway and Reverses DTX Resistance In Vitro 
	Effect of KIFC1 Inhibitor CW069 on Cell Viability 
	CW069 Re-Sensitizes DTX-Resistant Cell Lines to DTX Treatment 

	Discussion 
	Conclusions 
	References

