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ABSTRACT
◥

The new generation androgen receptor (AR) pathway inhibitor
enzalutamide can prolong the survival of patients with metastatic
prostate cancer. However, resistance to enzalutamide inevitably
develops in these patients, and the underlying mechanisms of this
resistance are not fully defined. Here we demonstrate that the
kinesin family member 15 (KIF15) contributes to enzalutamide
resistance by enhancing the AR signaling in prostate cancer cells.
KIF15 directly bound the N-terminus of AR/AR-V7 and prevented
AR/AR-V7 proteins from degradation by increasing the protein
association of ubiquitin-specific protease 14 (USP14) with AR/AR-
V7. In turn, the transcriptionally active AR stimulated KIF15

expression. KIF15 inhibitors alone or in combination with enza-
lutamide significantly suppressed enzalutamide-resistant prostate
cancer cell growth and xenograft progression. These findings
highlight a key role of KIF15 in enabling prostate cancer cells to
develop therapy resistance to enzalutamide and rationalize KIF15 as
a potential therapeutic target.

Significance: These findings demonstrate how reciprocal acti-
vation between KIF15 and AR contributes to enzalutamide resis-
tance in prostate cancer and highlights cotargeting KIF15 and AR
as a therapeutic strategy for these tumors.

Introduction
Prostate cancer is the most commonly diagnosed cancer in males

and is ranked as the second cause of cancer-related death in males
worldwide (1). Given the important role of the androgen receptor (AR)
signaling in prostate cancer progression, androgen deprivation ther-
apy has been the mainstay of treatment for patients with locally
advanced or metastatic prostate cancer. Unfortunately, almost all
patients will progress into the lethal castration-resistant prostate
cancer (CRPC) state in which there is no cure (2). A large amount

of evidence shows that aberrant AR signaling plays an important role
for CRPC progression (3). Enzalutamide is a new generation AR
pathway inhibitor that binds to the ligand-binding domain of AR,
prevents AR from undergoing nuclear translocation, and suppresses
AR transcriptional activity. It has been shown that enzalutamide
prolongs the survival of patients with CRPC (4). Unfortunately, these
tumors will inevitably develop enzalutamide resistance (ENZ-R;
ref. 5). So far, several mechanisms of ENZ-R have been reported,
including increased systemic and intratumoral androgen biosynthesis,
AR gene amplification and overexpression, generation of AR splice
variants, as well as pathways involved in cross-talk with the AR
signaling in the absence of androgens (5). Particularly, AR gene
amplification had been consistently observed in multiple genome-
wide studies in more than 50% CRPC patient samples (6). These AR
and AR variants were demonstrated to remain recruited onto targeted
promoters by pioneer factors (e.g., FOXA1, GATA2, HOXB13;
refs. 7–8) or mediators (e.g., MED1; refs. 9, 10) to regulate gene
transcription and promote prostate cancer cell growth even in the
presence of enzalutamide. These findings emphasize that sustainedAR
expression can provide an opportunity for AR to reprogram their
transcriptional activities, and enable prostate cancer cells to survive
enzalutamide treatments. Investigations on themolecularmechanisms
by which AR protein is sustained under the enzalutamide treatment
would, therefore, be important to inform the development of potential
therapies to manage ENZ-R prostate tumors.

Kinesin superfamily proteins are important molecular motors
that directionally transport various cargos including membranous
organelles, protein complexes, and mRNAs (11). Kinesin family
member 15 (KIF15), a member of the kinesin family, is an N-
terminal and plus-end-directed motor that plays a critical role in the
formation of bipolar spindles (12). It is known that KIF15 participates
in important events during neuronal development and involves mul-
tiple cellular processes such as proliferation, apoptosis, and differen-
tiation (13). There is emerging evidence indicating that KIF15 plays an
important role in several malignancies including pancreatic
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cancer (14), hepatocellular carcinoma (15), and breast cancer (16). In
this study, we demonstrated that KIF15 contributes to ENZ-R of
prostate cancer through stabilizing AR and AR splice variant 7 (AR-
V7) protein expression. Importantly, KIF15 inhibitors alone or in
combinationwith enzalutamide significantly suppress ENZ-R prostate
cancer cell growth and xenograft progression.

Materials and Methods
Patients

A total of 369 Chinese patients with localized prostate cancers who
have undergone radical prostatectomy from Qilu Hospital of Shan-
dong University between 2003 and 2015 were included in this study.
None of the patients received preoperative radiation or androgen
deprivation therapy. More detailed information about these patients is
included in Supplementary Table S1. We have obtained written
informed consent from these patients. This study was conducted in
accordance with the International Ethical Guidelines for Biomedical
Research Involving Human Subjects, and was approved by the Insti-
tutional Review Board of Medicine School of Shandong University
(ECSBMSSDU2019–1-021).

Cell culture and reagents
Human prostate cancer cell lines [LNCaP (CLS catalog no. 300265/

p761_LNCaP, RRID:CVCL_0395), VCaP, C4–2B, 22Rv1, and PC3]
and HEK293T (CRL-3216) were obtained from the ATCC and
cultured following ATCC’s instructions. Cells were authenticated by
short tandem repeat analysis within 2 years. The cumulative culture
length of the cells between thawing and use in this study was less than
15 passages. All newly revived cells were tested free of Mycoplasma
contamination by using the Mycoalert Detection Kit (Beyotime). The
C4–2B-ENZR cells were established by culturing the C4–2B cells
initially in media containing increasing doses of enzalutamide from
5 to 40 mmol/L for four months, followed by the culture media
containing 40 mmol/L enzalutamide for additional six months. The
resultant cells have been maintained in culture media containing
20 mmol/L enzalutamide. All cells were maintained at 37�C in a
humidified incubator with 5% CO2.

Plasmids and cell transfection
KIF15 (GeneID: 56992; vector: PcDNA3.1), AR (GeneID: 367;

vector: pEnter), and AR-V7 (GeneID: 367, NM_001348061.1; vector:
PcDNA3.1) cDNA expression vectors were designed and synthesized
by Sangon Biotech. USP14 (GeneID: 9097; vector: pEnter) and USP14
(C114A) (vector: pEnter) cDNA expression vectors were purchased
from Biosune Biotech. Lipofectamine 3000 (Invitrogen) was used for
transfection following the manufacturer’s instructions. The effect of
transfection efficiencywas confirmed using quantitative real-time PCR
and Western blotting assay. Lentiviral plasmids encoding shRNAs
against control (shNC; LV3-shNC; 50-GTTCTCCGAACGTGT-
CACGT-30) and KIF15 (shKIF15; LV3-shKIF15; 50- GGAACAAAT-
GAGTGCTCTT-30) were purchased fromGenePharma. Cell lines that
constitutively express control shRNA or shKIF15 were selected by 2
mg/mL of puromycin in the culturemedia for 2weeks. RNAi sequences
are shown in the Supplementary Table S2.

IHC
IHC was carried out as described previously (17). The tissue slides

were incubated with the indicated primary antibodies overnight at
4�C. Primary antibodies used in this study are anti-KIF15 (1:100,
catalog no. 55407–1-AP; ProteinTech), anti-AR (1:100, catalog no.

5153; Cell Signaling Technology), anti-AR-V7 (1:200, catalog no.
ab198394; Abcam), and Ki67 (ZA-0502, Zsbio). More detailed infor-
mation on the IHC procedure is included in Supplementary Materials
and Methods.

RNA extraction and quantitative real-time PCR
Total RNA was extracted with TRIzol reagents (Invitrogen)

following the manufacturer’s instructions. ReverTra Ace qPCR RT
kit and SYBR Green PCR kit were used to examine the mRNA
levels. Sequences of primers used are given in the Supplementary
Table S3.

Immunoprecipitation and Western blotting
Western blotting and immunoprecipitation assays were performed

as previously described (18). Primary antibodies used in Western
blotting are anti-KIF15 (1:1,000, catalog no. 55407–1-AP; Protein-
Tech), anti-AR (1:1,000, catalog no. 06–680; Millipore; RayBiotech
catalog no. 130–10083–1000, RRID:AB_11218813), anti-AR-V7
(1:1,000, catalog no. 19672; Cell Signaling Technology), anti-USP14
(1:1,000, catalog no. sc-393872; Santa Cruz Biotechnology), anti-
Ubiquitin (1:1,000, catalog no. 3936; Cell Signaling Technology;
LifeSpan catalog no. LS-C93201–1000, RRID:AB_10641875), anti-
His (1:1,000, catalog no. 12698; Cell Signaling Technology; LifeSpan
catalog no. LS-C129774–1000, RRID:AB_10832018), and anti-
GAPDH (1:1,000, catalog no. ab181602; Abcam).

Tumor xenografts
Four-week-old male nude mice were purchased fromWeitonglihua

Biotechnology. They were housed in a specific pathogen-free envi-
ronment. To investigate the role of KIF15 in enzalutamide-resistant
prostate cancer growth, a total of 6.0 � 106 C4–2B-ENZR cells (or
3.0� 106 22Rv1 cells) expressing a control shRNA (shNC) or shKIF15
were mixed with Matrigel (1:1) and injected subcutaneously into the
mice (n¼ 5/group). Then, themice were surgically castrated and given
enzalutamide treatment (10mg/kg, orally). To evaluate the therapeutic
effect of KIF15 inhibitor (KIF15-IN-1; catalog no. HY-15948; Med-
ChemExpress) treatment on ENZ-R tumors, 6.0 � 106 C4–2B-ENZR
cells, or 3.0 � 106 22Rv1 cells were injected subcutaneously into
the mice. After the mice were surgically castrated, they were random-
ized into four groups (n ¼ 5/group) and treated as follows: 1, vehicle
control (PBS, i.p.); 2, enzalutamide (10 mg/kg, orally); 3, KIF15-IN-1
(10 mg/kg, i.p.); 4, enzalutamide (10 mg/kg, orally) þ KIF15-IN-1
(10 mg/kg, i.p.). Tumor tissues were harvested and weighed after
4 weeks of treatment. Tumor size was measured twice a week and the
tumor volume was calculated with the formula: tumor volume ¼
length � width2 � 0.5. All animal experiments were following a
protocol approved by the Shandong University Animal Care Com-
mittee (Document No. LL-201602005).

RNA sequencing and bioinformatics analysis
We performed RNA sequencing (RNA-seq) and microarray anal-

yses (Kangcheng) to compare themRNA expression profiles in control
(NC) and KIF15 knockdown (siKIF15) 22Rv1 and C4–2B-ENZR cells.
The RNA-sequence and microarray data in this study have been
deposited in Gene Expression Omnibus (GEO) (RRID:SCR_005012)
with the accession number GSE150896. The expressed genes were
analyzed for enrichment of biological themes using Gene Set Enrich-
ment Analysis (GSEA; http://software.broadinstitute.org/gsea/index.
jsp). Datasets of GSE67980, GSE103449, GSE98069, GSE70769,
GSE60329, GSE27616, and GSE21034 were downloaded from the
GEO database (http://www.ncbi.nlm.nih.gov/geo), KIF15 expression
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in these datasets were analyzed in the indicated groups. To analyze the
relationship between KIF15 expression and disease-free survival of
prostate cancer cases, GEPIA (http://gepia.cancer-pku.cn/) and
MSKCC datasets were used. Androgen-induced and -repressed gene
sets in LNCaP cells were obtained fromZhang and colleagues (19), and
the AR/AR-V7–activated gene sets and repressed gene sets were
derived from Hu and colleagues (20) and Cato and colleagues (21).
The data source and lists of these gene sets were shown in Supple-
mentary Table S4. The Cancer Genome Atlas (TCGA) datasets were
downloaded from (http://gdac.broadinstitute.org/). Abida database
was analyzed as reported previously (22).

Statistical analysis
Statistical analyses in this study were carried out using GraphPad

Prism 6 (RRID:SCR_002798) and SPSS 22.0 (IBMCorporation; RRID:
SCR_002865). All experiments in vitro were performed in biological
triplicate. The two-tailed unpaired t test was used to calculate statistical
significance between the two groups. Survival information was verified
by Kaplan–Meier analysis and compared using the log-rank test. In the
xenograft studies, tumor sizes were served as the primary response
measure when the mice were sacrificed. The tumor growth was
analyzed by ANOVA. P values considered to be significant as follows:
�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ����, P < 0.0001.

Results
Identification of KIF15 high expression in enzalutamide-
resistant CRPC

To search for potential genes that are responsible for ENZ-R, we
have compared various enzalutamide-resistant models including cell
lines, xenografts, and patient samples. Four independent datasets
(Arora, Li, Antonarakis, and Abida; refs. 23–26) were included in the
analyses. The transcriptomes between ENZ-R and enzalutamide-
sensitive samples from these four independent datasets were analyzed.
Cross-comparison of all clustered genes allowed us to generate a
common list of nine genes that were significantly elevated in the
ENZ-R group (>1.5 fold change, P < 0.05; Fig. 1A; Supplementary
Tables S5–S8). The mRNA levels of these nine genes were measured
in C4–2B-ENZR cells. The C4–2B-ENZR cells have been through
prolonged enzalutamide treatment, express increased levels of AR,
AR-V7, and androgenesis enzyme AKR1C3, indicating that these cells
have enhanced androgen/AR signaling to counteract enzalutamide
treatment (Supplementary Fig. S1A and S1B). C4–2B-ENZR cells have
sustained cell viability and colony formation capability in the presence
of enzalutamide in great contrast to C4–2B-Parental cells (Supple-
mentary Fig. S1C–S1E). We found six out of the nine genes (GINS1,
WDHD1, KIF15, WDR76, FBXO5, and TFAP2A) were significantly
upregulated in C4–2B-ENZR cells, with KIF15 to be the most upre-
gulated gene (Fig. 1B). KIF15 expression in these four independent
datasets was shown inFig. 1C. Consistent with ourfindings, KIF15was
shown to be highly expressed in the ENZ-R group in the Miya-
moto (27), Coleman (28), and Shah (29) datasets (Fig. 1D). In
addition, patients with KIF15 high expression had worse disease-
free survival in the GEPIA (http://gepia.cancer-pku.cn/) (P ¼
0.0076) and MSKCC datasets (30) (P ¼ 0.0004) (Fig. 1E). These
results support that increased KIF15 expression is associated with
ENZ-R of prostate cancer.

Further transcriptome analyses on several other public datasets
showed that prostate cancer expresses higher levels of KIF15 than that
in benign prostate (P < 0.0001 or P < 0.05; Supplementary Fig. S2A). In
patients with prostate cancer, high KIF15 mRNA levels are associated

with high Gleason scores (P < 0.0001), biochemical recurrence (P <
0.0001), high tumor stages (P < 0.0001), metastasis (P < 0.0001 or
P < 0.01), worse biochemical recurrence-free survival (P < 0.0001 or
P < 0.0405; Supplementary Fig. S2B–S2G). We have performed
IHC on multiple KIF15 positive and negative slides from the
testis, thyroid, and pancreas to ensure the specificity of the KIF15
antibody (Supplementary Fig. S2H). KIF15 protein was confirmed
to be highly expressed in prostate cancer than benign prostate by
our IHC studies (Supplementary Fig. S2I). Among the 167 patients
with prostate cancer with Gleason scores ≤7, 109 (65.3%) showed
negative (n ¼ 43) or weak (n ¼ 66) staining, and 58 (34.7%) had
moderate (n ¼ 45) or strong (n ¼ 13) staining for KIF15. However,
among the 195 patients with prostate cancer with Gleason scores >
7, 103 (52.8%) cases showed moderate (n ¼ 79) or strong (n ¼ 24)
expression, whereas 92 (47.2%) were negative (n¼ 21) or weak (n¼
71) for KIF15 staining. These results indicate that KIF15 expression
is associated with high Gleason scores (Supplementary Fig. S2J). In
summary, both KIF15 mRNA and protein expression from multiple
patient cohorts consistently indicate that high KIF15 expression is
associated with prostate cancer progression and poor patient sur-
vival. High KIF15 expression in several prostate cancer cell models
also supports its role in ENZ-R. Both C4–2B-ENZR and 22Rv1 cells
expressed significantly higher KIF15 levels than those of C4–2B-
Parental and LNCaP cells (Fig. 1F). KIF15 expression decreased
within 7 days but increased starting from day 15 and continued to
rise after 60 days when androgen-sensitive LNCaP cells were treated
with enzalutamide (Fig. 1G). Consistently, KIF15 expression was
continuously increased in C4–2B cells treated with enzalutamide for
3 months (Fig. 1H). These results support that prolonged enzalu-
tamide treatment increases KIF15 expression.

KIF15 promotes cell growth and xenograft progression
To study the function of KIF15 in prostate cancer cells, we have

applied RNA silencing to deplete KIF15 expression in 22Rv1, VCaP,
and PC3 cells but overexpressed KIF15 in LNCaP and C4–2B cells.
KIF15 knockdown resulted in decreased cell growth, migration, and
invasion of 22Rv1, VCaP, and PC3 cells, while KIF15 overexpression
increased LNCaP andC4–2B cell proliferation andmigration activities
(Fig. 2A and B; Supplementary Fig. S3A–S3F). In an attempt to
determine whether KIF15 regulates ENZ-R, we found that KIF15
overexpression reduced the sensitivity of C4–2B-Parental cells to
enzalutamide, while KIF15 knockdown compromised the resistance
of C4–2B-ENZR and 22Rv1 cells to enzalutamide (Fig. 2C). Enhanced
KIF15 expression alleviated the suppressive effects of enzalutamide to
C4–2B-Parental cells, while KIF15 knockdown strengthened the
inhibitory effects of enzalutamide to C4–2B-ENZR and 22Rv1 cells
(Fig. 2D and E). Furthermore, KIF15 depletion in C4–2B-ENZR and
22Rv1 xenografts in castrated nude mice resulted in delayed tumor
progression (Fig. 2F). The mean tumor volume at 416 � 90.8 mm3

in C4–2B-ENZR xenografts but 961.2 � 171.9 mm3 in the control
group (P ¼ 0.036). Similarly, the mean tumor volume in the 22Rv1
xenografts with KIF15 knockdownwas 654.3� 96.14mm3, which was
significantly lower than that in the control group with the mean
tumor volume of 1194� 136.5 mm3 (P¼ 0.0202). The expression of
KIF15 in these tumors was confirmed by Western blotting and IHC
(Supplementary Fig. S3G and S3H). IHC analysis also confirmed a
dramatically decreased Ki67 index in the KIF15 knockdown group
of C4–2B-ENZR (P ¼ 0.0089) and 22Rv1 (P ¼ 0.0017) xenografts
(Supplementary Fig. S3I and S3J). Together, these results demon-
strate that KIF15 promotes ENZ-R prostate cancer cell growth and
xenograft progression.
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Figure 1.

KIF15 is elevated in enzalutamide-resistant CRPC. A, A Venn diagram depicting nine genes that meet the following criteria: type ¼ “Other”>1.5-fold change genes
upregulated significantly in ENZ-R samples that overlapwith that from (a) the Li dataset (C4–2BENZ-R vs. C4–2B sensitive); (b) theArora dataset (LNCaP/AR ENZ-R
mouse xenograft vs. control group); (c) the Antonarakis and Abida datasets (ENZ-R patient tumors vs. the control group). P <0.05. B,Relative expression of the nine
genes identified from A in C4–2B-ENZR and C4–2B control cells was determined by real-time PCR with GAPDH as the housekeeping gene. Exp., expression. C, The
range of expression for KIF15 in the four referenced datasets. KIF15 expression in (a) control and LNCaP/AR ENZ-R mouse xenograft (Arora dataset); (b) C4–2B
sensitive and C4–2B ENZ-R cells (Li dataset); (c) patients who died during treatment with enzalutamide (AR-V7 positive) and AR-V7–negative metastatic CRPC
samples before the development of enzalutamide and abiraterone (Antonarakis dataset); (d) patients with low-grade (Gleason scores < 8) and high-grade (Gleason
scores≥ 8)when treatedwithAR signaling inhibitors (enzalutamide or abiraterone) treatment (Abida dataset).D,KIF15 expression in the public datasets of Coleman,
Miyamoto, and Shah. KIF15 expression in LNCaP cells or ENZ-R cells including MR49F and MR42D grown in RPMI þ 10% FBS þ 10 mmol/L enzalutamide (Coleman
dataset); enzalutamide-na€�ve group and the group progressed on enzalutamide (Miyamoto dataset); vehicle-treated (LNCaP/AR, LNAR') and ENZ-R tumors (LREX’;
Shah dataset). E, Relationship between KIF15 expression and clinical outcomes. Prostate cancer cases in GEPIA (50% cutoff) and MSKCC datasets (50% cutoff)
were stratified on the basis of KIF15 expression levels and analyzed for disease-free survival. The P values for Kaplan–Meier curveswere determined using a log-rank
test. F, KIF15 levels in prostate cancer cell lines. LNCaP, 22Rv1, C4–2B-Parental and C4–2B-ENZR cells were harvested and whole lysates were subjected to qRT-PCR
(left) andWestern blotting (right). G, Time-dependent upregulation of KIF15 by enzalutamide. LNCaP cells were treated with 1 mmol/L enzalutamide for 0–60 days.
KIF15 mRNA and protein levels were detected at the indicated time points by qRT-PCR and Western blotting. H, KIF15 levels were upregulated by ENZ
treatment in C4–2B cells. C4–2B cells were treated with ENZ for 0–3 months. KIF15 protein levels were analyzed by qRT-PCR and Western blotting. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001. ENZ, enzalutamide.
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KIF15 promotes ENZ-R by enhancing the AR/AR-V7 signaling
To study the mechanisms by which KIF15 promotes ENZ-R

of prostate cancer cells, we have profiled KIF15 transcriptomes
in both 22Rv1 and C4–2B-ENZR cells expressing siRNA

against KIF15. GSEA revealed that androgen response pathway genes
(P ¼ 0.001, FDR ¼ 0.033) and androgen-induced genes (P < 0.001,
FDR < 0.001) were significantly enriched in the control cells, whereas
androgen-repressed genes were enriched in the KIF15-depleted cells

Figure 2.

KIF15 promotes ENZ-R in vitro and in vivo.A, Cell viability in indicated cell lines was assessed by MTS assays. Data shown are themeans� SEM of triplicate wells and
are representative of at least three replicate experiments.B,Colony formation assayof indicated prostate cancer cellswith KIF15 knockdown or overexpression. Cells
were cultured for two weeks, followed by staining with crystal violet and photography. For colony formation assays, colonies containing more than 50 cells were
counted and plotted. Quantitative analysis of colony numbers is shown in the right panel. � , P <0.05; �� , P <0.01 based on the Student t test. Error bars, means� SEM
of three independent experiments. C, Cell viability is measured in the indicated cell lines under enzalutamide (ENZ) treatment. C4–2B-Parental (top), C4–2B-ENZR
(middle), and 22Rv1 (bottom) cells were transfected as indicated and treated with titrated doses of enzalutamide for 3 days. Cell viability was quantified by the MTS
assays.Data shownaremeans�SEM. siKIF15#2were utilized as siKIF15.D andE,Cell proliferation determined in indicated cellswith enzalutamide treatment. C4–2B-
Parental, C4–2B-ENZR, and 22Rv1 cells were transiently transfected as indicated. Following treatment with 20 mmol/L enzalutamide, the cells were subjected toMTS
assays (D) and colony formation assay (E). F,Xenograft prostate cancer tumor growth upon KIF15 depletion. C4–2B-ENZR (top) and 22Rv1 (bottom) cellswith stable
knockdownof control or KIF15were injected subcutaneously into nudemice (5mice per group). Tumor sizewasmeasured twice everyweek. At the endpoint, tumors
isolated from euthanized mice were weighed and photographed. � , P < 0.05; ��, P < 0.01; ���, P < 0.001.
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Figure 3.

KIF15 promotes ENZ-R through AR/AR-V7. A, Enrichment of AR-mediated gene program analyzed by GSEA. 22Rv1 cells were transfected with indicated siRNAs for
2 days. Total RNAwas collected and used to performmicroarray analyses. GSEAwas carried out to examine the enrichment of the androgen-induced and androgen-
repressed gene sets. ES, enrichment score.B,GSEAof theAR andAR-V7 gene signatures in C4–2B-ENZRand 22Rv1 cells transfectedwith control or KIF15 siRNA. The
signature of AR/AR-V7was defined as ARfl-dependent genes plus AR-V7-dependent genes, and the data source is described inMaterials andMethods.C, Total RNA
from C4–2B-Parental, C4–2B-ENZR, and 22Rv1 cells was extracted, and themRNA levels of full-length AR, AR-V7, and KIF15 were determined by qRT-PCR.D, KIF15,
AR, andAR-V7protein levels in C4–2B-Parental, C4–2B-ENZR, and22Rv1 cellsweredeterminedbyWestern blotting.E,KIF15, ARandAR-V7 IHC stainingof the tumor
sections isolated from C4–2B-Parental, C4–2B-ENZR, and 22Rv1 xenografts. Scale bars, 20 mm. F and G, Expression of AR, AR-V7, and their target genes in prostate
cancer cell lines. Prostate cancer cells were transfected with either siRNA against KIF15 (F) or KIF15 plasmid (G) for 48 hours. Total RNA from these treated cells was
extracted andquantifiedbyqRT-PCR.H,C4–2B-ENZRand 22Rv1 cellswere transfectedwith siRNAagainst KIF15 or control siRNA for 72 hours. AR andAR-V7protein
levels were determined byWestern blotting. I and J, C4–2B-ENZR and 22Rv1 cells were treatedwith KIF15-IN-1 at the indicated concentrations for 48 hours (I), or for
the indicated number of hours (J). AR and AR-V7 protein levels were examined byWestern blotting. K and L, C4–2B-ENZR, 22Rv1, LNCaP, and C4–2B-Parental cells
were transiently transfected with the indicated siRNA and/or expression vector. Cells were also treated with 20 mmol/L enzalutamide for 3 days as indicated. Cell
viability was determined by MTS assays. � , P < 0.05; �� , P < 0.01.
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(P< 0.001, FDR< 0.001;Fig. 3A). The top-ranked gene sets enriched in
22Rv1 and C4–2B-ENZR control cells included androgen response
pathway, mitotic spindle, Notch signaling pathway, andWnt signaling
pathway, while the p53 pathway, apoptosis, and inflammatory
response were enriched in the KIF15-depleted cells (Supplementary
Fig. S4A and S4B). In the GEPIA dataset, the expression of KIF15 was
positively related to AR expression (r¼ 0.4, P < 0.001; Supplementary
Fig. S5A). FurtherGSEA analysis comparingNCwith siKIF15 revealed
that AR and AR-V7 activated gene sets (20–21) were significantly
enriched in 22Rv1 NC (P ¼ 0.002) and C4–2B-ENZR NC (P < 0.001)
cells, while AR andAR-V7 repressed gene sets were enriched inKIF15-
depleted C4–2B-ENZR cells (P ¼ 0.009) (Fig. 3B). AR, AR-V7 and
their several coactivators (FKBP4, NCOA3, and MED12; ref. 31) were
significantly upregulated in the ENZ-R cells (Fig. 3C–E; Supplemen-
tary Fig. S5B). KIF15 knockdown in C4–2B-ENZR and 22Rv1 cells
downregulated, while KIF15 overexpression in C4–2B-Parental and
LNCaP cells upregulated several AR andAR-V7 target genes including
PSA, TMPRSS2, CDH2, and UBE2C (Fig. 3F and G). These results
indicated that KIF15 upregulates the AR signaling that can contribute
to ENZ-R of prostate cancer cells.

AlthoughKIF15 had no impacts onmRNA levels of AR andAR-V7,
it upregulated both AR and AR-V7 protein expression as shown by
Western blotting and immunofluorescence assays in C4–2B-ENZR,
22Rv1 cells as well as in LNCaP and C4–2B-Parental cells (Fig. 3H;
Supplementary Fig. S5C and S5D). Consistently, KIF15 depletion in
xenograft tumor tissues showed reduced AR and AR-V7 proteins by
Western blotting and IHC (Supplementary Fig. S5E and S5F). Impor-
tantly, KIF15-IN-1, a commercially available small-molecule inhibitor
onKIF15motility (Supplementary Fig. S5G; ref. 32) can reduceARand
AR-V7 protein levels in C4–2B-ENZR and 22Rv1 cells in a dose- and
time-dependent manner (Fig. 3I and J). Furthermore, KIF15 knock-
down inhibits cell growth in PC3, which effect was rescued by
exogenous AR expression (Supplementary Fig. S5H). KIF15 knock-
down alone or in combination with enzalutamide suppressed C4–2B-
ENZR and 22Rv1 cell proliferation, which effects can be rescued by
AR or AR-V7 overexpression in these cells (Fig. 3K; Supplementary
Fig. S5I and S5J). Conversely, overexpression of KIF15 stimulated
LNCaP and C4–2B-Parental cell proliferation, which effects can also
be alleviated by RNA silencing of theAR gene (Fig. 3L; Supplementary
Fig. S5K and S5L). These results indicate that KIF15 upregulates AR/
AR-V7 protein expression and therefore enhances the AR signaling to
contribution to ENZ-R of prostate cancer cell growth.

KIF15 forms a protein complex with AR
BecauseKIF15 knockdown reducedAR/AR-V7 proteins but notAR

transcripts, we hypothesized that KIF15 regulates AR protein stability
through protein–protein interactions with AR. To test this hypothesis,
we first performed coimmunoprecipitation (co-IP) assays using
both C4–2B-ENZR and 22Rv1 cells and confirmed that KIF15 forms
a protein complex with AR and AR-V7 (Fig. 4A). GST pull-down
experiment indicated that KIF15 directly binds to AR and AR-V7
proteins (Fig. 4B). AR has at least three function domains: the N-
terminal domain (NTD), DNA binding domain (DBD), and ligand-
binding domain (LBD) (33). To define the specific domain of AR
associating with KIF15, we generated deletion mutations of AR to be
expressedwithHis tag inHEK293T cells. Co-IP assayswith either anti-
His or anti-KIF15 antibody showed that KIF15 interacts with the AR-
NTD and full-length AR, but not the AR-DBD or AR-LBD (Fig. 4C).
To define the subcellular location where KIF15 forms protein com-
plexes with AR, we first applied confocal microscopy to show that
KIF15 ismainly localized in the cytoplasm, andmildly expressed in the

nucleus (red arrow) in prostate cancer cell lines (Supplementary
Fig. S6A and S6B). We then fractionated the nuclear and cytoplasmic
extracts of 22Rv1 and C4–2B-ENZR cells and performed co-IP
assays. We found that the AR-KIF15 complex mainly exists in the
cytoplasm (Supplementary Fig. S6C), in which subcellular localization
the ubiquitination modifications and proteasome degradation of AR
and AR-V7 proteins mainly occurred (34). These results suggest that
KIF15 mainly acts to complex with and protect AR/AR-V7 proteins
from degradation in the cytoplasm even under the androgen depri-
vation or enzalutamide treatment conditions.

KIF15 promotes AR protein stabilization via enhancing the
interaction between USP14 and AR/AR-V7

We have found that KIF15 depletion significantly shortened the
half-life of AR and AR-V7 proteins in C4–2B-ENZR cells, which
results were repeatable in 22Rv1 cells. KIF15 overexpression in
C4–2B-Parental cells also stabilized AR proteins (Fig. 4D). In
addition, KIF15-IN-1 accelerated AR/AR-V7 protein degradation
in C4–2B-ENZR and 22Rv1 cells (Supplementary Fig. S6D).
Because both the ubiquitin-proteasome pathway and lysosomal
proteolysis-mediated pathway can mediate protein degradation in
eukaryotic cells (35), we next tested the impacts of proteasome and
lysosomal inhibitors to AR protein expression regulated by KIF15.
Western blotting assays showed that the proteasome inhibitor
MG132 (36), but not the lysosomal inhibitors chloroquine (37),
rescued KIF15 depletion-induced decreases of AR/AR-V7 proteins
(Fig. 4E). AR and AR-V7 protein ubiquitination was increased in
C4–2B-ENZR and 22Rv1 cells when KIF15 was depleted (Fig. 4F
and G), while the ubiquitination modification of AR or AR-V7 was
decreased when KIF15 was overexpressed in C4–2B-Parental cells
and HEK293T cells expressing AR or AR-V7 (Supplementary
Fig. S6E and S6F). These data indicate that KIF15 enhances AR
protein stabilization by the ubiquitin-proteasome pathway.

To define the mechanism by which KIF15 regulates AR protein
ubiquitination, we have performed mass spectrometry analysis (Sup-
plementary Table S9) and discovered several KIF15 associated proteins
in 22Rv1 cells with annotated functions of regulation of protein
stability. One of the KIF15 associated proteins is USP14, which is a
known deubiquitinating enzyme, suggesting that it may enhance AR
protein stability (Fig. 5A). Co-IP assays confirmed that USP14 inter-
acts with KIF15 and AR/AR-V7, and reduces AR/AR-V7 protein
ubiquitination in C4–2B-ENZR and 22Rv1 cells (Fig. 5B; Supplemen-
tary Fig. S7A–S7C). KIF15 does not affect USP14 mRNA and protein
expression (Fig. 5C and D). However, co-IP assays showed that the
interactions of AR and AR-V7 with USP14 were reduced when KIF15
was depleted in C4–2B-ENZR and 22Rv1 cells, but enhanced by KIF15
overexpression in C4–2B-Parental cells (Fig. 5E–G). USP14 has de-
ubiquitination activities (38) that rely on the amino acid cysteine 114
because the mutant USP14 (C114A) cannot reduce the ubiquitination
of target proteins (39). To determine whether the de-ubiquitination
activity of USP14 is required for KIF15 mediated AR protein stability,
we next performed the USP14 rescue experiments. We found that
USP14 but not USP14 (C114A) restored AR/AR-V7 protein degra-
dation mediated by KIF15 knockdown in C4–2B-ENZR and 22Rv1
cells (Fig. 5H). Furthermore, KIF15 depletion increased the ubiqui-
tination of AR/AR-V7, and these effects can be compromised by
USP14 but not USP14 (C114A; Fig. 5I and J). Overexpressing KIF15
in the presence of USP14 knockdown had an opposite effect in C4–2B-
Parental cells (Fig. 5H; Supplementary Fig. S7D). These results
together demonstrated that KIF15 stabilizes AR and AR-V7 by
enhancing the USP14 protein association with AR and AR-V7.
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AR regulates KIF15 transcription in prostate cancer cells
Given that KIF15 and AR are positively correlated in prostate

cancer, we next tested whether AR transcriptionally regulates KIF15
expression. LNCaP cells were cultured in charcoal-stripped serum
medium for 3 days before challengedwith dihydrotestosterone (DHT).
We found that KIF15 mRNA and protein levels were dramatically
stimulated by DHT in a time- and dose-dependent manner (Fig. 6A

and B). The mRNA levels of KIF15 as well as several AR target
genes were reduced when AR was knocked down in 22Rv1 and
C4–2B-ENZR cells. These results were consistent with the previous
report (40). In contrast, AR overexpression in PC3 cells enhanced the
expression of KIF15 and AR target genes (Fig. 6C). KIF15 protein
expression was also upregulated by AR, which was confirmed by
Western blotting (Fig. 6D). In an attempt to determine whether AR

Figure 4.

KIF15 interactswith and stabilizes the protein ofARandAR-V7.A,Co-IP assays ofKIF15 andAR/AR-V7were performedusingC4–2B-ENZRand22Rv1 cells.B,Whole-
cell lysates from HEK293T cells were incubated with GST or GST-KIF15 fusion protein that was coupled with sepharose beads. After wash, the eluant was used to
detect KIF15, AR, and AR-V7 proteins. C, HEK293T cells transfected with His-AR, His-AR-NTD, His-AR-DBD, His-AR-LBD plasmids, or empty vector were lysed and
subjected to pull-down assays. After wash, the eluant was used to detect KIF15, AR, and AR-V7 proteins by immunoblotting. D, C4–2B-ENZR, 22Rv1, and C4–2B-
Parental cellswere transfectedwithKIF15 siRNAor expressionvector for 24 hours. Cellswere then treatedwith 10mg/mL cycloheximide and collected at 0, 2, 4, 8, and
16 hours. AR and AR-V7 protein levels were determined by immunoblotting and the densitometry of AR and AR-V7 protein bands was normalized to GAPDH from
triplicate experiments. E, C4–2B-ENZR and 22Rv1 cells were transfected with KIF15 siRNA for 36 hours and then treated with vehicle, 200 mmol/L chloroquine, or
20 mmol/L MG132 for additional 24 hours. AR and AR-V7 protein levels were detected by immunoblotting. Chlo, chloroquine. F and G, C4–2B-ENZR and 22Rv1
cells were transfected with control or KIF15 siRNA for 24 hours. Cells were treated with MG132 for additional 24 hours and then subjected to immunoprecipitation
with AR (F) or anti-AR-V7 (G) antibodies, followed by immunoblotting with the indicated antibodies.
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Figure 5.

KIF15 enhances the interaction between USP14 and AR/AR-V7 and promotes AR/AR-V7 protein stabilization. A, Identification of interacting proteins with KIF15 by
co-IP and mass spectrometry. 22Rv1 cell lysates were immunoprecipitated with the KIF15 antibody. All associated proteins were separated by SDS–PAGE and
Coomassie blue staining was performed. Protein bands were cut and subjected to mass spectrometry. B, C4–2B-ENZR and 22Rv1 cell lysates were immunopre-
cipitatedwith IgG control, KIF15, or USP14 antibodies, followed by immunoblottingwith the indicated antibodies. C andD, ThemRNA levels (C) and protein levels (D)
of USP14 in prostate cancer cells were determined when cells were treated with siKIF15 or KIF15 expression vector. E–G, C4–2B-ENZR (E), 22Rv1 (F), and C4–2B-
Parental (G) cells were transfected with siRNA against KIF15 or KIF15 expression vector as indicated for 48 hours. Co-IP with USP14 or control IgG antibody was
followedbyWestern blottingwithAR, AR-V7, KIF15, andUSP14 antibodies.H,C4–2B-ENZR (left) and 22Rv1 (middle) cellswere transfectedwith KIF15 siRNAalone or
in combination with USP14 wild or mutant plasmid, while KIF15 was overexpressed in C4–2B-Parental cells with �/þ USP14 siRNA (right) for 48 hours. Western
blotting was performed to measure AR, AR-V7, KIF15, and USP14 protein levels. I and J, C4–2B-ENZR and 22Rv1 cells were transfected with the indicated siRNA and
expression vectors for 24 hours andwere treated with MG132 for additional 24 hours. Protein lysis was collected from these cells to perform co-IP with control IgG or
AR (I) or AR-V7 (J) antibody, followed by Western blotting with indicated antibodies. N.S., nonsignificant.
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is recruited to KIF15 promoters to regulate KIF15 transcription, we
identified three potential AR-binding sites, which were selected to
design primers for chromatin immunoprecipitation (ChIP) assays.
Three pairs of primers were named as P1 (�587 to�602), P2 (�663 to
�671), and P3 (�987 to �996) by their relative position upstream of
the transcription initiation site of theKIF15 gene (Fig. 6E). ChIP assays
showed increased AR recruitment to the P1 but not P2 and P3 regions

in LNCaP and C4–2B-ENZR cells (Fig. 6F andG). Luciferase reporter
assay showed that AR activated KIF15 wild-type but not the mutant
promoter activity in C4–2B-ENZR, 22Rv1, and PC3 cells (Fig. 6H–J).
These results demonstrated that AR can be recruited to the KIF15
promoter and regulate KIF15 transcription. On the basis of these data,
we proposed a feed-forward model on howKIF15 promotes ENZ-R of
prostate cancer cells (Fig. 6K). KIF15 can sustain AR protein

Figure 6.

ARdirectly regulatesKIF15 inprostate cancer cells.A, LNCaPcellswere cultured in charcoal-stripped serummediumfor 3daysbeforechallengedwithvehicle or 1 nmol/L
DHT.KIF15RNA levelsweremeasuredby real-timePCR.B,LNCaP cellswere cultured in charcoal-stripped serummediumfor 3daysbeforechallengedwith 1 nmol/LDHT
for 0–24 hours or0–10 nmol/LDHT for 24 hours. KIF15 protein levelswere analyzed byWestern blotting assays.C andD,qRT-PCR (C) andWestern blotting (D) analysis
of AR, KIF15 and AR regulated genes in prostate cancer cells that were treated with AR siRNA or AR expression plamsid. E, Three putative AR binding sites on the
KIF15 gene promoter. Primers were designed with locations at P1 (-587 to -602), P2 (-663 to -671) and P3 (-987 to -996) relative to the transcription initiation site of
theKIF15gene.FandG,ChIP-qPCRanalysisofARrecruitmentonto theKIF15promoter inLNCaP (F) andC4–2B-ENZR(G) cells. Purifiedrabbit IgGwasusedasanegative
control. Primers covering the AR binding site on the PSA gene promoter were used as positive controls. H–J, Luciferase reporters containing either wild-type or AR
binding site mutant KIF15 promoter were constructed. They were transfected in C4–2B-ENZR (H), 22Rv1 (I) and PC3 (J) cells. Cells were also cotransfected with AR
siRNA or AR expression plasmid. Then luciferase reporter assays were performed as described in Supplemental Materials and Methods. K, A putative model
illustrating the role of KIF15 in contributing to ENZ-R in prostate cancer. KIF15 directly binds to AR/AR-V7 protein and prevents them from protein degradation in a
USP14-dependent manner. It contributes to sustained AR signaling and the development of enzalutamide resistant prostate cancer. Transcriptional active AR in turn
upregulates KIF15 expression and it further enhances AR signaling for ENZ-R. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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expression even in the presence of enzalutamide, while transcription-
ally activeAR can in turn further enhanceKIF15 expression and enable
prostate cancer cells to develop ENZ-R.

KIF15 inhibition suppresses enzalutamide-resistant prostate
cancer cell growth and xenograft progression

As shown in Fig. 7A and B; Supplementary Fig. S8A and S8B, the
KIF15 inhibitor, KIF15-IN-1, significantly suppressed the growth of
VCaP and 22Rv1 cells. To evaluate the effect of KIF15-IN-1 in
enzalutamide-resistant prostate cancer cells, cell viability was mea-
sured in C4–2B-ENZR and 22Rv1 cells. KIF15-IN-1 significantly
decreased cell viability in a dose- and time-dependent manner and
the suppressive effect was further strengthened when in combination
with enzalutamide treatment (Fig. 7C; Supplementary Fig. S8C).
Importantly, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assays
showed that KIF15-IN-1 significantly enhanced the sensitivity of both
C4–2B-ENZR and 22Rv1 cells to enzalutamide (Fig. 7D). We com-
pared the proliferation andmigration of C4–2B-ENZR and 22Rv1 cells
treatedwithKIF15-IN-1 in combinationwith orwithout enzalutamide
using MTS, 5-ethynyl-20-deoxyuridine (EdU), transwell, and colony
formation assays. As shown inFig. 7E–G; Supplementary Fig. S8C and
S8D, single-agent treatment can inhibit cell proliferation, and the
effects were strengthened by cotreatment of enzalutamide. To test the
impacts of KIF15-IN-1 on tumor growth, we have established C4–2B-
ENZR and 22Rv1 xenografts in castrated nude mice. Mice were
grouped randomly and treated with control, enzalutamide, KIF15-
IN-1, and enzalutamide plus KIF15-IN-1. C4–2B-ENZR and 22Rv1
tumors treated with enzalutamide alone showed no difference to the
control groups (enzalutamide vs. control; C4–2B-ENZR, 1,145 �
119.3 vs. 1,269 � 182 mm3; 22Rv1, 1,455 � 127.5 vs. 1,547 � 97.93
mm3). However, KIF15-IN-1 treatment reduced the tumor volume
(C4–2B-ENZR, 633.5 � 85.3 mm3; 22Rv1, 905.4 � 124.5 mm3), and
the combination of ENZ andKIF15-IN-1 induced further inhibition in
tumor growth (C4–2B-ENZR, 246.3 � 67.42 mm3; 22Rv1, 481.5 �
87.82 mm3). These results were confirmed by tumor size and tumor
weight (Fig. 7H and I). However, the mice body weights did not
change in all groups (Supplementary Fig. S8E). There were no signif-
icant morphologic changes in vital organs such as the liver and
kidney in any group (Supplementary Fig. S8F). The proliferation
index of C4–2B-ENZR and 22Rv1 xenografts inhibited by KIF15-
IN-1 was also confirmed by IHC (Fig. 7J). These results suggest that
KIF15 inhibitors may enhance the sensitivity of prostate tumors to
enzalutamide treatment, and rationalize a combination therapy of
KIF15 inhibitors with enzalutamide to treat patients with CRPC.

Discussion
This study reports that KIF15 plays a key role for prostate cancer

cells to develop ENZ-R through enhancing AR protein stabilization
thereby sustains the AR signaling in the presence of enzalutamide. It
defined a feed-forward mechanism by which the AR signaling and
KIF15-mediated cell mitosis mutually stimulate each other in a cell-
cycle–dependent manner. More importantly, we provided proof-of-
principle evidence that KIF15 inhibition could break down this
feedforward mechanism resulting in tumor suppression and resensi-
tization of enzalutamide treatment. Enzalutamide had been approved
by the FDA for patients withmetastatic CRPC (41). On the basis of the
recent results from the phase III ARCHES trial (NCT02677896) on
metastatic castrate-sensitive prostate cancer and the ongoing investi-
gation on patients with primary prostate tumors (42), our research

would have broad impacts on themanagement of prostate cancer at all
disease progression stages.

Although KIF15 is one of the chromokinesin family members that
are well known for their roles in regulating mitotic spindle micro-
tubules during mitosis (12), it has several distinct characteristics from
other kinesin members. While KIF4 members use their zip/basic/
leucine domain and cysteine-richmotifs, andKIF10members use their
helix-hairpin-helix DNA-binding motifs to interact with chromatin,
KIF15 uses its unique Ki67 interaction domain to recognize chroma-
tins for spindle assembly (43). This difference implies that KIF15 may
play more active roles than other kinesin family members in highly
proliferative cancer cells. In addition, KIF4 and KIF10 members are
sequestered in the nucleus during the interphase but become activated
by CDKs duringmetaphase (44, 45), while KIF15 is primarily localized
in the cytoplasm during the interphase and gets activated by Ran-
regulated protein TPX2 (46). It is largely unknown whether KIF15 has
any activity in the cytoplasm in the interphase, duringwhich, cell-cycle
AR is transitionally active to control gene transcription. Our new
findings from this study filled the gap by demonstrating the multidi-
mensional function of KIF15. KIF15 in the interphase forms protein
complexes with transcriptional factors such as AR to regulate prolif-
erative and antiapoptotic transcriptomes of the cells, while KIF15 is
involved in spindle assembly to promote cell mitosis during the
metaphase.

Therefore, our study has built a linkage between KIF15 and ENZ-R
of prostate cancer based upon several new findings. First, KIF15
promotes AR/AR-V7 protein stabilization via enhancing the interac-
tion between USP14 and AR/AR-V7 in prostate cancer (Figs. 4 and 5;
Supplementary Figs. S9–S14). USP14 is one of three proteasome-
associated deubiquitinating enzymes. KIF15 promotes AR/AR-V7
protein stabilization in a USP14-dependent manner, in which mode
of action is different from BMI1, KIF4A, and HOTAIR that stabilize
AR protein via competitive inhibition of MDM2 or CHIP-mediated
ubiquitination (19, 33, 47). These findings also brought a broad
question on whether KIF15 can modulate the deubiquitination of
protein factors other than AR via USP14 to contribute to ENZ-R. This
warrants further investigations. Second, our study revealed that KIF15
and AR form an auto-regulatory positive feedback loop in prostate
cancer cells. In ENZ-R cells, the AR regulates proliferative and anti-
apoptotic transcriptomes to promote cell proliferation. However, this
AR transcriptional activity at the G1 phase will be interrupted in
the fast-growing cells when they progress to the S andM phases of cell
cycle. However, KIF15 transcription is upregulated by AR, which
will in turn accelerate cell cycle passing through S and M phases
to facilitate resuming the AR transcriptional activity in the daughter
cells. In addition, KIF15 may be more functionally prominent in
highly proliferative cells under AR regulation, because its function
in spindle assembly relies on its recognition of Ki67, a peri-
chromosomal binding protein during mitosis (43). Consistent with
our previous studies showing that the AR-suppressed gene
UGT2B17 expedites CRPC progression by enhancing the ligand-
independent AR signaling to promote cell mitosis (48), this study
shows that the AR-activated gene KIF15 synergizes AR functions in
accelerating prostate cancer cell mitosis.

Targeting mitosis is the main therapeutics after prostate cancer
recurred from antiandrogen therapies. Proof-of-principle studies
had shown that dual inhibition of AR by enzalutamide and cell mitosis
by CDK4/6 inhibitors was possibly beneficial to patients who devel-
oped ENZ-R (49). The rationale behinds it is that the AR signaling in
CRPC is primary driving cell mitosis in contrast to hormone na€�ve
tumors in which the AR signaling regulates prostate epithelial cell
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Figure 7.

KIF15-IN-1 inhibits enzalutamide-resistant prostate cancer growth in vitro and in vivo.A,VCaP and 22Rv1 cells were treatedwith 0–20 mmol/L KIF15-IN-1. Cell viability
was measured by MTS assays. B, VCaP and 22Rv1 cells were treated with 0–20 mmol/L KIF15-IN-1. Colony formation assays were performed and the quantitative
analysis of colony numbers is shown. Error bars, means � SEM of three independent experiments. C, C4–2B-ENZR and 22Rv1 cells were seeded in 96-well plates.
Twenty-four hours later, these cells were exposed to KIF15-IN-1 (0–50 mmol/L) with�/þ ENZ (20 mmol/L) for 3 days. Cell viability was measured by MTS assays. D,
The role of KIF15-IN-1 in ENZ-R in prostate cancer cells. C4–2B-ENZR and 22Rv1 cellswith KIF15-IN-1 (20mmol/L), were treatedwith increasing doses of enzalutamide
(ENZ) for 3 days. Cell viability was quantitated by MTS assays. E, C4–2B-ENZR and 22Rv1 cells were treated with DMSO, enzalutamide (20 mmol/L), KIF15-IN-1
(20mmol/L), or in combination for 0–96hours. Cells viabilitywas quantitatedbyMTSassays and resultswere calibrated to time0.F,EdUassaysof C4–2B-ENZR (top)
and 22Rv1 (bottom) treated with DMSO, ENZ (20 mmol/L), KIF15-IN-1 (20 mmol/L), or in combination. Left, representative images of EdU assay. Right, quantitative
results of EdU assays from triplicate experiments. G, 22Rv1 (top) and C4–2B-ENZR (bottom) cells were treated with DMSO, enzalutamide (20 mmol/L), KIF15-IN-1
(20 mmol/L), or in combination. Colonogenic assay was performed and colonies were quantified. Results are the means � SEM of three independent experiments.
H–J,Mice bearing C4–2B-ENZR (top) and 22Rv1 (bottom) xenografts were treated with vehicle control, enzalutamide (10 mg/kg orally), KIF15-IN-1 (10 mg/kg, i.p.),
or their combination for 4 weeks (n ¼ 5/group). Tumor volumes were measured twice per week (H). Tumors were collected, photographed and weighed
(I) whenmicewere sacrificed. IHC staining of Ki67 and hematoxylin and eosin (H&E) staining on tumor slides from each group are shown (J). Scale bars, 20 mm. � , P <
0.05; ��, P < 0.01; ���, P < 0.001; ���� , P < 0.0001.
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differentiation (50). Our findings are consistent with this notion,
whereby dual inhibition of AR transcriptional activity by enzalu-
tamide and KIF15 by KIF15-IN-1 achieved stronger suppression to
prostate cancer cell proliferation and xenograft progression when
comparing either enzalutamide or KIF15-IN-1 treatment alone
(Fig. 7). KIF15-IN-1 may act in one way to enhance AR protein
degradation, and the other is to interrupt KIF15 functions in spindle
assembly to prolong mitosis duration and delay cell cycle entering
into the G1 phase when AR is transcriptionally active. Remarkably,
KIF15-IN-1 induces the re-sensitivity of ENZ-R cells to enzaluta-
mide. These findings highlight a combinational therapy targeting
AR and AR-regulated mitosis could be effective therapies for
patients with prostate cancer.

In conclusion, our results demonstrated that KIF15 is an important
regulator of AR signaling that confers ENZ-R in prostate cancer.
Importantly, a combination ofKIF15 inhibitors and enzalutamidemay
lead to more effective treatment for patients with CRPC.
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