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1  | INTRODUC TION

Androgen and AR signaling pathways play a key role in the de‐
velopment and progression of prostate cancer.1,2 Although 
androgen deprivation therapy (ADT) has significant efficacy 
in treating advanced prostate cancer, most prostate cancers 

develop resistance and are termed CRPC.3 Despite a low tes‐
tosterone environment, AR as well as its target genes such as 
prostate‐specific antigen (PSA) are still highly expressed in the 
majority of CRPC lesions.4

Transcription factors (TF) collaborating with AR are important 
for AR‐regulated gene expression. Usually, AR binds to the canonical 
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Abstract
Octamer transcription factor 1 (OCT1) is an androgen receptor (AR)‐interacting part‐
ner and regulates the expression of target genes in prostate cancer cells. However, 
the function of OCT1 in castration‐resistant prostate cancer (CRPC) is not fully un‐
derstood. In the present study, we used 22Rv1 cells as AR‐positive CRPC model cells 
to analyze the role of OCT1 in CRPC. We showed that OCT1 knockdown suppressed 
cell proliferation and migration of 22Rv1 cells. Using microarray analysis, we identi‐
fied four AR and OCT1‐target genes, disks large‐associated protein 5 (DLGAP5), ki‐
nesin family member 15 (KIF15), non‐SMC condensin I complex subunit G (NCAPG), 
and NDC80 kinetochore complex component (NUF2) in 22Rv1 cells. We observed 
that knockdown of DLGAP5 and NUF2 suppresses growth and migration of 22Rv1 
cells. Furthermore, immunohistochemical analysis showed that positive expression 
of DLGAP5 in prostate cancer specimens is related to poor cancer‐specific survival 
rates of patients. Notably, enhanced expression of DLGAP5 was observed in CRPC 
tissues of patients. Thus, our findings suggest that these four genes regulated by the 
AR/OCT1 complex could have an important role in CRPC progression.
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ARE (AGAACAnnnTGTTCT) situated in the enhancer and promoter 
region5 of the target gene to activate gene expression. Interestingly, 
this canonical ARE exists in only 10% of AR‐binding regions, whereas 
68% of the AR‐binding regions harbor non‐canonical ARE.6 In addi‐
tion to AR, these non‐canonical ARE need three TF, GATA binding 
protein 2 (GATA2), forkhead box A1 (FOXA1), and OCT1 to activate 
gene expression.6 Thus, OCT1 forms a hierarchical network with 
GATA2 and FOXA1 in AR signaling pathways.6,7 Previously, we re‐
ported that OCT1 promotes proliferation and migration in LNCaP 
cells.8 We showed that acyl‐CoA synthetase long‐chain family 
member 3 (ACSL3) was the most highly expressed gene regulated 
by AR and OCT1 in LNCaP cells. We also showed that ACSL3 ac‐
tivates intratumoral steroid genesis in LNCaP‐derived CRPC model 
cells.9,10 These results raised the hypothesis that downstream target 
genes of the OCT1 and AR complex play important roles in prostate 
cancer progression; however, the role of OCT1 in CRPC is not fully 
understood.

In recent work, we investigated an OCT1 genome‐wide network 
in a CRPC model cell line, 22Rv1.11 We then observed that OCT1 
binding is greater in CRPC model cells compared with AR‐depen‐
dent prostate cancer, LNCaP. ANLN was identified as one of the 
major OCT1‐target genes in CRPC, which is highly induced specif‐
ically in 22Rv1 cells and facilitates cell cycle progression.12 In the 
present study, we analyzed the role of OCT1 in CRPC cell growth 
and migration by analyzing its target genes in 22Rv1 cells. We found 
that OCT1 knockdown suppressed 22Rv1 cell proliferation and 
migration. Furthermore, we found four novel target genes for AR 
and OCT1, DLGAP5, KIF15, NCAPG, and NUF2 that are highly ex‐
pressed in CRPC tissues as well as in 22Rv1 cells. Our functional 
analyses suggest that these new OCT1 signals could be involved in 
the development of CRPC.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and reagents

Prostate cancer cell lines, 22Rv1 and LNCaP, were purchased 
from ATCC. Short tandem repeat (STR) analysis was used to au‐
thenticate the genotype of these cell lines. These cells were 
grown in RPMI‐1640 medium supplemented with 10% FBS, 50 U/
mL penicillin and 50 μg/mL streptomycin. To analyze androgen 
responsiveness, we treated cells with 10 nmol/L DHT (Wako). 
Before androgen treatment, cells were cultured in phenol red free 
RPMI‐1640 medium (Nacalai Tesque) with 2.5% charcoal stripped 
FBS for 72 hours.

2.2 | Small interfering RNA

We transfected cells with siRNA using Lipofectamine RNAi MAX 
(Thermo Fisher Scientific) according to the manufacture's pro‐
tocol. We purchased control siRNA and other siRNAs from Sigma 
Genosys Japan as described.11 We designed siRNAs targeting OCT1. 
Sequences were: siOCT1 #A, 5′‐GUGAAGGCUAGGUGAGAAGC‐3′, 

siOCT1 #B, 5′‐GUGCUAGAUAGGUUUAUAAGU‐3′. To knock down 
AR, KIF15, NUF2, NCAPG and DLGAP5, we used silencer select siR‐
NAs (AR #A: s1539; AR #B: 1538; KIF15: s35246; NUF2: s37981; 
NCAPG: s34514; DLGAP5: s18914) from Thermo Fisher Scientific.

2.3 | Cell proliferation assay

22Rv1 cells were seeded at 500 cells/well and LNCaP cells 
were seeded at 1000 cells/well in 96‐well plates and cultured 
in RPMI‐1640. MTS assay was carried out using CellTiter 96 
AQueous One (Promega) according to the manufacturer's instruc‐
tions. Assays were carried out in five wells, and data are presented 
as mean and SD.

2.4 | Migration assay

Migration assay was done by using a cell culture insert with 8.0‐μm 
pore size polyester filters (BD Biosciences). Before the assay, the 
lower surface of the filter was immersed for 30 minutes in 10 μg/mL 
fibronectin (Sigma) diluted with PBS. Then, we added RPMI‐1640 
medium with 10% FBS in the lower chamber and RPMI‐1640 me‐
dium with 10% FBS containing cells (5 × 103) in the upper chamber. 
After 48 hours of incubation, we analyzed cells on the lower side of 
the inserts. We fixed cells in methanol for 30 minutes. Fixed cells 
were washed with PBS and stained with Giemsa solution (Muto Pure 
Chemicals) for 30 seconds. Cells that migrated to the lower surface 
were counted in five randomly selected fields under a microscope at 
a magnification of ×200.

2.5 | Western blot analysis

Whole‐cell lysates were prepared using lysis buffer (50 mmol/L 
Tris‐HCl [pH 8.0], 150 mmol/L NaCl, 1% NP‐40, protease inhibitor 
cocktail [Nacalai Tesque]). Protein concentration was determined 
by BCA assay (Pierce). Protein (50 μg) was loaded on 8% SDS‐PAGE, 
separated by electrophoresis, and electroblotted onto Immobilon‐P 
Transfer Membranes (Millipore). Membranes were incubated with 
primary antibodies overnight and were then incubated with second‐
ary antibodies. Antibody‐antigen complexes were detected using 
Pierce ECL Plus Western Blotting Substrate (Life Technologies). The 
following antibodies were used in this study: anti‐OCT1 antibody 
(ab15112; Abcam), anti‐AR‐V7 (ab198394; Abcam), anti‐AR‐anti‐
body (H‐280; Santa Cruz Biotechnology), anti‐DLGAP5 (E‐7; Santa 
Cruz Biotechnology), anti‐β‐actin antibody (Sigma), anti‐phospho‐AR 
(Ser81) (04‐078; Millipore).

2.6 | Quantitative reverse transcription polymerase 
chain reaction

Total RNA was obtained using ISOGEN reagent (Nippon Gene). First‐
strand cDNAs were generated using the PrimeScript RT reagent kit 
(Takara) according to the manufacturer's protocol. Expression level of 
genes was measured by qRT‐PCR using the KAPA SYBR green mix (Sigma 
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Genosys) on StepOne Real‐Time PCR System (Thermo Fisher Scientific). 
The following primer sequences were used in the present study: 
GAPDH forward: 5′‐GGTGGTCTCCTCTGACTTCAACA‐3′, reverse: 5′‐
GTGGTCGTTGAGGGCAATG‐3′; KIF15 forward: 5′‐CCTTGGAGGTAA 
TGCCAAAA ‐3′, reverse: 5′‐GCTCACATTTCCTTGGGTGT‐3′; NUF2 
forward: 5′‐TCCAAATCCAAAGCCTGAAG ‐3′, reverse: 5′‐GTCATTC 
ACCCGGCAGATAG‐3′; NACPG forward: 5′‐TGGGAAGTATGCCAGA 
AATG ‐3′, reverse: 5′‐TAACCACTGGGCATTCATCA‐3′; DLGAP5 for‐
ward: 5′‐GCCAAGGGCAATGAAAACTA‐3′, reverse: 5′‐TCTTTGGCC 
TTTGACCTTGT‐3′.

2.7 | Microarray

Procedures of the microarray experiment in 22Rv1 cells have been 
described.12 Using the data, we determined OCT1‐regulated genes 
that had OCT1‐binding regions within 3 kilobases (kb) from transcrip‐
tion start sites in 22Rv1 cells.12 In the present study, we selected 
genes that were more expressed in 22Rv1 cells than in LNCaP cells, 
induced by DHT (DHT/vehicle >2.0‐fold) and upregulated in meta‐
static CRPC tissues. To analyze the expression level of OCT1 target 
genes in CRPC tissues, we used datasets registered in Oncomine ( 

F I G U R E  1   Knockdown of octamer transcription factor 1 (OCT1) reduces proliferation and migration of 22Rv1 cells. A, Comparison 
of androgen receptor (AR) and AR‐V7 expression in castration‐resistant prostate cancer (CRPC) model cells, 22Rv1, with hormone naïve 
prostate cancer cells, LNCaP. Cells were treated with 10 nmol/L dihydrotestosterone (DHT) or vehicle for 24 h. Western blot analysis for AR 
and AR‐V7 expression was carried out and β‐actin was used as a loading control. B, Difference of androgen‐independent and ‐dependent 
cell growth in 22Rv1 cells from LNCaP cells. Cells were treated with 10 nmol/L DHT or vehicle. MTS assay was done at the indicated time 
points (N = 4). Results are presented as mean and SD. **P < 0.01, ***P < 0.001. C, Validation of siRNA targeting for OCT1. 22Rv1 cells were 
transfected with 10 nmol/L siControl or 10 nmol/L siOCT1 (#A and #B) for 48 h and then treated with 10 nmol/L DHT or vehicle for 24 h. 
Western blot analysis for OCT1 expression was carried out and β‐actin was used as a loading control. D, Knockdown of OCT1 inhibits CRPC 
cell proliferation. 22Rv1 cells were treated with 10 nmol/L siControl or 10 nmol/L siOCT1 (#A and #B). MTS assay was carried out at the 
indicated time points (N = 6). Results are presented as mean and SD. *P < 0.05, ***P < 0.001. E, Knockdown of OCT1 inhibits CRPC cell 
migration. 22Rv1 cells were treated with siControl or siOCT1 #A or #B. After 48 h incubation, cell migration assay was done (N = 5). Results 
are presented as mean and SD. ***P < 0.001. Left panels show representative views of migrated cells (siControl and siOCT1 #A and #B) in 
22Rv1 cells



     |  3479YAMAMOTO eT Al.

https ://www.oncom ine.org/). To further evaluate the mRNA expres‐
sion level in CRPC tissues, we downloaded the data of two cohorts 
(GSE GSE35988, GSE3325) including CRPC tissues from the Gene 
Expression Omnibus (GEO) at NCBI.

2.8 | Immunohistochemistry

Immunohistochemical analysis was carried out using the strepta‐
vidin‐biotin amplification method previously described.8,11 Briefly, 
primary antibody (1:200 dilution) against ANLN actin binding pro‐
tein (ab211872; Abcam) and DLGAP5 was applied and followed by 
Histofine Simple Stain MAX‐PO (Nichirei). The antigen‐antibody 
complex was visualized with DAB solution (1 mmol/L DAB, 50 mmol/L 
Tris‐HCl buffer [pH 7.6], and 0.006% H2O2). Immunoreactivity (IR) 
score was calculated by the staining intensity (score 0, none; score 
1, weak; score 2, moderate; score 3, strong) of positively stained 
cells and the proportion of positive cells to total cells (under 200× 
magnification) (score 0, none; score 1, <1/100; score 2, 1/100 to 
1/10; score 3, 1/10 to 1/3; score 4, 1/3 to 2/3; score 5, >2/3).8,11 
Immunostained slides were evaluated blind to clinical information by 
two urological pathologists and specimens were defined as positive 
when the score was 5 or greater.

2.9 | Data accession

ChIP‐seq data and microarray data used in the present study were 
deposited in GEO repository (accession numbers: GSE123517, 
GSE123565, and GSE62492).

2.10 | Statistical analysis

Cell proliferation, cell migration assays, and xenograft experiments 
were evaluated using Student's t test, Mann‐Whitney U test and 
ANOVA with Dunnett's multiple comparisons test. Cancer‐specific 
survival curves were obtained by the Kaplan‐Meier method and ver‐
ified by the log‐rank (Mantel‐Cox) test. Statistical assessments were 
implemented in GraphPad Prism for Mac 6.0 (GraphPad Software, 
Inc.) and JMP 9.0 software (SAS Institute Japan, Inc.) and P‐values 
<0.05 were considered statistically significant.

3  | RESULTS

3.1 | Octamer transcription factor 1 promotes 
proliferation and migration in 22Rv1 cells

First, we analyzed the difference between the hormone‐naïve 
prostate cancer LNCaP and CRPC model 22Rv1 cells. Endogenous 
expression levels of AR and an AR‐variant, AR‐V7, were elevated 
in 22Rv1 cells compared with LNCaP cells, suggesting the upregu‐
lated AR signals in 22Rv1 cells in both the presence and absence 
of androgen (Figure 1A). By MTS assay, we examined the response 
of each cell line to a hormone treatment and hormone depletion 
(Figure 1B). Interestingly, significant enhanced cell growth in the 

absence of androgen was observed in 22Rv1 cells compared with 
LNCaP. Therefore, we used 22Rv1 cells to analyze the role of OCT1 
in CRPC as a model.

To investigate the effects of OCT1 silencing on CRPC cell prolif‐
eration and migration, we generated a series of two siRNAs target‐
ing OCT1 (siOCT1 #A and #B). Transfection of 10 nmol/L siOCT1 
#A and #B to LNCaP and 22Rv1 cells significantly reduced endog‐
enous OCT1 expression (Figure 1C and Figure S1A). First, by using 
MTS assay, we observed that transfection of siOCT1 #A and #B re‐
pressed DHT‐treated LNCaP cell proliferation as expected from our 
past report8 (Figure S1B). Then, MTS assay was carried out using 

F I G U R E  2   Identification of octamer transcription factor 
1 (OCT1)‐target genes associated with castration‐resistant 
prostate cancer (CRPC). A, Candidate OCT1‐target genes in 
22Rv1 cells. Among OCT1‐regulated genes in the presence of 
dihydrotestosterone (DHT),12 genes that satisfied the following 
three conditions were extracted: (i) upregulated in 22Rv1 cells 
compared with LNCaP cells in the absence of DHT; (ii) induced by 
DHT treatment in 22Rv1 cells; and (iii) high expression level was 
observed in 22Rv1 cells. Similarly, 10 genes were also extracted 
in the absence of DHT. B, Identification of OCT1‐target genes 
highly expressed in CRPC tissues. Using the Oncomine datasets 
(Varambally et al33 and Grasso et al32), we selected 10 candidate 
genes highly expressed in metastatic CRPC tissues. C, Validation 
of OCT1 regulation. 22Rv1 cells were treated with 10 nmol/L 
siControl or siOCT1 (#A and #B) for 48 h and then treated with 
10 nmol/L DHT or vehicle for 24 h. We then measured mRNA 
expression levels of four candidate genes by qRT‐PCR. Results are 
presented as mean and SD (N = 3). ***P < 0.001, compared with 
siControl in the same condition. ANLN, anillin actin binding protein; 
DLGAP5, disks large‐associated protein 5; KIF15, kinesin family 
member 15; NCAPG, non‐SMC condensin I complex subunit G; 
NUF2, NDC80 kinetochore complex component 

https://www.oncomine.org


3480  |     YAMAMOTO eT Al.

22Rv1 cells treated with these siRNAs. Transfection of both siOCT1 
#A and #B significantly inhibited 22Rv1 cell proliferation compared 
to siControl after 4 days (Figure 1D). In terms of 22Rv1 cell‐migra‐
tion ability, numbers of migrated cells treated with both siOCT1#A 
and #B for 48 hours were significantly decreased compared to those 
with siControl (Figure 1E).

3.2 | Identification of candidate OCT1‐target genes 
involved in prostate cancer progression

To identify OCT1‐responsive genes in 22Rv1 cells, we previously 
carried out microarray analysis combined with our previous ChIP‐
seq data and identified 911 putative OCT1‐regulated genes with 
OCT1 binding in the promoter region.12 Microarray data showed 
that the expression levels of 35 genes, including 33 androgen‐re‐
sponsive genes, in 22Rv1 cells were higher than in LNCaP cells 
(Figure 2A). In addition, 10 of 33 genes were highly expressed in 
metastatic CRPC tissues rather than in localized prostate cancer 
according to the Oncomine dataset which is a cancer microarray 
database and web‐based data‐mining platform (Figure 2B).13,14 
Interestingly, five of 10 genes, DLGAP5, KIF15, NCAPG, NUF2, 
and anillin actin binding protein (ANLN), were associated with cell 
cycle, particularly mitosis (M)‐phase. Cell cycle (M‐phase) is the 
major molecular hallmark in AR‐mediated development of CRPC15 

and OCT1‐target signals in 22Rv1 cells.12 In addition to ANLN,12 
we observed significantly decreased expression of the other 
four genes by treating cells with siOCT1 #A and #B (Figure 2C). 
Therefore, in the present study, we further analyzed the functions 
of these four novel OCT1‐target genes. ChIP‐seq data indicated 
that OCT1 and AR binding were colocated in the promoter or en‐
hancer regions of these four genes (Figure 3A). In line with the 
results of AR‐ChIP‐seq, we observed that the mRNA expression 
of these four genes was upregulated by androgen treatment and 
repressed by AR inhibition (Figure 3B), suggesting cooperative 
regulation by AR and OCT1 to increase transcription.

3.3 | Effects of knockdown of OCT1‐target genes 
on 22Rv1 cell proliferation and migration

Next, we evaluated the efficacy of knockdown of these OCT1‐target 
genes for inhibiting CRPC cell growth. We used siRNAs specifically 
targeting these OCT1 signals, and then confirmed substantial reduc‐
tion of endogenous expression in 22Rv1 cells treated with these 
siRNAs compared with siControl (Figure 4A). MTS assay and cell mi‐
gration assay were carried out using 22Rv1 cells treated with specific 
siRNA for each gene (siDLGAP5, siKIF15, siNCAPG, and siNUF2). 
Cell proliferation was significantly repressed in 22Rv1 cells treated 
with siDLGAP5 and siNUF2 compared with siControl (Figure 4B). 

F I G U R E  3   Transcriptional regulatory mechanism of four novel octamer transcription factor 1 (OCT1)‐target genes. A, ChIP‐seq analysis 
of OCT1 and androgen receptor (AR) binding in the enhancer/promoter regions of disks large‐associated protein 5 (DLGAP5), kinesin family 
member 15 (KIF15), non‐SMC condensin I complex subunit G (NCAPG), and NDC80 kinetochore complex component (NUF2) in 22Rv1 
cells are shown. Arrows indicate the direction of each gene. B, Four OCT1‐target genes were regulated by AR. 22Rv1 cells were treated 
with 5 nmol/L siControl (siCont.) or siAR (#A and #B) for 48 h and then treated with 10 nmol/L dihydrotestosterone (DHT) or vehicle for 
24 h. mRNA expression level of each gene was measured by qRT‐PCR. Results are presented as mean and SD (N = 3). *P < 0.05, **P < 0.01, 
***P < 0.001, compared with cells treated with siControl
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Cell migration assays showed that the number of invaded cells 
was significantly decreased in 22Rv1 cells treated with siDLGAP5, 
siKIF15 and siNUF2 compared with siControl (Figure 4C).

Next, we investigated how the downstream signaling path‐
ways such as DLGAP5 are triggered in CRPC. DLGAP5 as well as 
other OCT1‐target genes were increased in 22Rv1 cells compared 

F I G U R E  4   Functional analyses of four octamer transcription factor 1 (OCT1)‐target genes. A, Validation of siRNAs targeting each OCT1‐
target gene. 22Rv1 cells were transfected with 5 nmol/L siControl or siRNA targeting four OCT1‐target genes identified in the present study 
(siDLGAP5, siKIF15, siNCAPG and siNUF2) for 48 h. We then measured mRNA expression levels of each gene by qRT‐PCR. Results are 
presented as mean and SD (N = 3). ***P < 0.001, compared with siControl. B, Role of four OCT1‐target genes in castration‐resistant prostate 
cancer (CRPC) cell proliferation. After treatment with 5 nmol/L siControl or siRNA targeting OCT1‐target genes, MTS assay was carried out 
at the indicated time points (N = 5). Results are presented as mean and SD. *P < 0.05, ***P < 0.001 vs siControl. C, Role of four OCT1‐target 
genes in CRPC cell migration. 22Rv1 cells were treated with siControl or siRNA targeting OCT1‐target genes. After 48 h incubation, cell 
migration assay was done (N = 5). Results are presented as mean and SD. ***P < 0.001. D, DLGAP5 was upregulated in 22Rv1 cells compared 
with LNCaP cells and induced by androgen. Western blot analysis for DLGAP5 and OCT1 expression was carried out and β‐actin was used 
as a loading control. E, 22Rv1 cells were treated with 10 nmol/L DHT or vehicle for 24 h. mRNA expression level of DLGAP5 was measured 
by qRT‐PCR. Results are presented as mean and SD (N = 3). **P < 0.01, ***P < 0.001, compared with LNCaP cells. F, ChIP‐seq analysis of 
OCT1 and AR binding in the enhancer/promoter regions of DLGAP5 in 22Rv1 and LNCaP cells is shown. Arrows indicate the direction 
of each gene. G, Involvement of OCT1 and DLGAP5 in AR activity in 22Rv1 cells. 22Rv1 cells were treated with siControl or siDLGAP5 
(5 nmol/L). After 48 h incubation, cells were treated with 10 nmol/L DHT or vehicle for 24 h. Cell lysates were extracted for western blot 
analysis. Western blot analysis for indicated protein expressions were carried out and β‐actin was used as a loading control. DLGAP5, disks 
large‐associated protein 5; KIF15, kinesin family member 15; NCAPG, non‐SMC condensin I complex subunit G; NUF2, NDC80 kinetochore 
complex component
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with LNCaP cells (Figure 4D, E and Figure S2A). ChIP‐seq analy‐
sis around the DLGAP locus showed multiple AR‐binding regions 
(Figure 3A). However, AR and OCT1 binding at the putative pro‐
moter region was obviously observed in 22Rv1 cells compared 
with LNCaP cells (Figure 4F), suggesting that recruitment of these 
transcription factors is a key event for inducing DLGAP5 in 22Rv1 
cells. Moreover, we examined the role of OCT1 and DLGAP5 in AR 
expression and AR activity by western blot analysis (Figure 4G). 
We then observed decreased AR phosphorylation level and AR ex‐
pression in response to DHT treatment by silencing DLGAP5 and 
OCT1. Therefore, these findings suggest that these signals can 
also be important for AR activity.

3.4 | Clinical significance of DLGAP5 expression in 
prostate cancer

We found that DLGAP5 and NUF2 affect both migration and prolif‐
eration of 22Rv1 cells. As the relationship between the expression 
level of DLGAP5 in prostate cancer tissues and clinical characteris‐
tics has not been fully determined, we investigated the clinical sig‐
nificance of DLGAP5 expression in prostate cancer tissues. First, we 
confirmed that DLGAP5 as well as other three genes were highly 
expressed in metastatic CRPC tissues compared with localized pros‐
tate cancer by using data in the Oncomine database (Figure 5A and 
Figure S2B). Moreover, we conducted immunohistochemistry (IHC) 
analysis using specimens of prostate tissues obtained from 95 hor‐
mone therapy naïve prostate cancer patients by radical prostatec‐
tomy (Table 1) and CRPC tissues from six patients by transurethral 
resection of the prostate (TURP). In IHC analysis using DLGAP5 

F I G U R E  5   Disks large‐associated 
protein 5 (DLGAP5) expression in prostate 
cancer tissues. A, mRNA expression 
level of DLGAP5 in castration‐resistant 
prostate cancer (CRPC) tissues. 
DLGAP5 expression in CRPC tissues 
was analyzed by using data in the two 
Oncomine datasets (Varambally et al33 
and Grasso et al32). B, Representative 
images of immunohistochemistry (IHC) 
of DLGAP5 in prostate cancer tissues. 
Representative images of negative and 
positive immunoreactive (IR) cases of 
prostate cancer specimens and CRPC 
tissues are shown. (Arrows, positive cells; 
scale bar, 50 μm). C, Positive expression 
of DLGAP5 is associated with poor 
prognosis of prostate cancer patients. 
Cancer‐specific survival of prostate 
cancer patients is shown (n = 95). Survival 
curve was obtained by Kaplan‐Meier 
method and P‐value was determined by 
log‐rank (Mantel‐Cox) test. D, Rate of 
cases in which positive IR was detected by 
DLGAP5 IHC in benign, prostate cancer 
(PCa), and CRPC tissues. Chi‐squared test 
was done to calculate P‐value
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antibody (Figure S3A,B), we evaluated DLGAP5 expression by IR 
score and five was defined as the cut‐off value. Thus, the foci were 
classified as positive IR when IR ≧5 (Figure 5B). We observed a 
small number (N = 4) of DLGAP5‐positive cases in hormone naïve 
prostate cancer specimens. Interestingly, positive IR of DLGAP5 
was significantly associated with poor prognosis of patients after 
the operation (Figure 5C). However, analysis of clinical background 
of these four patients showed no significant parameters (Table 1). 
Furthermore, we observed an increased number of cancer cells ex‐
pressing DLGAP5 in CRPC tissues. In total, we detected positive IR 
in four out of six (67%) CRPC patients (Figure 5D). Furthermore, high 
OCT1 expression was observed in all CRPC tissues (Figure S4A,B). 
To measure the activation status of OCT1 in CRPC tissues, we evalu‐
ated the expression level of the OCT1‐major target, ANLN, by IHC 
analysis (Figure S4C). We then observed positive ANLN expression 
in four out of six cases in which DLGAP5 expression level was also 
high, in line with the increased OCT1 activity in these cases (Figure 
S4D). Thus, these findings supported that high OCT1 expression and 
activity induces DLGAP5 expression specifically in CRPC.

4  | DISCUSSION

Our previous study showed that high expression of OCT1 in 
prostate cancer tissues was correlated with poor prognosis of pa‐
tients,8 indicating that OCT1 has a critical role in prostate cancer 
progression. However, the molecular function of OCT1 in CRPC 
cell proliferation has not been fully investigated. In the present 

study, we focused on target genes of OCT1 in CRPC model cells, 
22Rv1.16 By western blot analysis and MTS assay, we observed the 
expression of AR‐V7, a hallmark of CRPC, and androgen‐independ‐
ent cell growth in 22Rv1 cells. Consistent with our results, ADT 
is not sufficiently effective for 22Rv1 cells on account of AR hy‐
persensitivity and expression of AR variants such as AR‐V7 unlike 
hormone‐naïve LNCaP cells in the previous report.17 Therefore, 
we used 22Rv1 cells as model cells to investigate the role of OCT1 
in CRPC.

Although we previously identified ACSL3 as the major OCT1‐
target gene promoting tumor growth,9 the expression levels of TF 
collaborating with AR and their target genes are quite different be‐
tween hormone‐naïve prostate cancer and CRPC.18 Therefore, we 
hypothesized that overexpressed OCT1 may induce other target 
genes in CRPC in addition to ACSL3. Global OCT1 downstream sig‐
nals were analyzed by integrating microarray and ChIP‐seq analy‐
ses in 22Rv1 cells. We then identified that cell cycle‐related genes 
such as ANLN were predominantly enriched among OCT1‐regulated 
genes.12 In the present study, we identified four novel OCT1‐target 
genes which are related to the cell cycle and highly expressed in 
CRPC tissues of patients. Although DLGAP5 and NUF2 promoted 
both cell proliferation and migration, KIF15 promoted cell migration 
of 22Rv1 cells. Interestingly, these three genes act by associating 
with microtubules during cell division. High expression of cell divi‐
sion‐related genes is involved in CRPC development.15,19 Cell divi‐
sion‐associated gene UBE2C is a representative target of AR‐V7, the 
short variant of AR induced in CRPC.19 Therefore, these findings 
suggest that OCT1 could function with AR and AR‐V7 for promoting 
cell division in CRPC.

KIF15 is a motor protein that acts on cell division and belongs 
to the kinesin superfamily.20 It works on chromosome division by 
moving on microtubules.21 Previous reports indicate that KIF15 
acts on tumor proliferation through the MEK‐ERK pathway and 
its expression levels in pancreatic cancer and breast cancer tis‐
sues are positively correlated with poor prognosis.22,23 NUF2 
belongs to the NDC80 complex involving NDC80, spindle pole 
body component 24 (SPC24), and spindle pole body component 
25 (SPC25) and functions as a kinetochore protein.24 NUF2 is re‐
ported as one of the cancer testis antigens which is ectopically 
secreted by cancer, and the expression levels of NUF2 is elevated 
in prostate cancer tissues.25 NCAPG functions as condensin I 
complex cooperating with structural maintenance of chromo‐
somes protein 2 (SMC2), structural maintenance of chromosomes 
protein 4 (SMC4), chromosome‐associated protein D 2 (CAP‐D2), 
and chromosome‐associated protein H (CAP‐H). Condensin I com‐
plex aggregates chromosomes in cell division.26 NCAPG has been 
reported to promote hepatocellular cancer cell proliferation and 
migration.27

DLGAP5 promotes the formation of microtubules by function‐
ing as a kinetochore protein.28 Together with 30 other cell cycle 
progression genes, the expression level of DLGAP5 is positively 
related to the prostate cancer recurrence rate.29 Although fur‐
ther studies are necessary in order to elucidate the mechanisms 

TA B L E  1   Relationship between DLGAP5 immunoreactivity and 
clinicopathological findings in human prostate cancer (n = 95)

DLGAP5 immunoreactivity

Negative (n = 91) Positive (n = 4) P‐value

Age (y) 67.9 ± 5.9 70.2 ± 3.8 .45

Gleason score

5‐7 62 2 .46

8‐10 29 2

Pathological T stage

2 42 1 .60

3a 28 1

3b 19 1

4 2 1

Pathological N stage

N0 73 3 .80

N1 18 1

Note: Immunoreactivity (IR) score (0‐8) was obtained as the sum of the 
proportion and the intensity of IR. Proportion (0, none; 1, <1/100; 2, 
1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5, >2/3), Intensity (0, 
none; 1, weak; 2, moderate; and 3, strong). IR scores of 0‐4 and 5, 6 
were defined as negative and positive IR, respectively.
Abbreviation: DLGAP5, disks large‐associated protein 5.
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of these genes on cellular migration, some studies suggested that 
the effects on microtubules in cell division are quite similar to the 
effects in cell migration.30,31 In our IHC study, there were a small 
number of cases with localized prostate cancer with positive IR of 
DLGAP5. Notably, this positive IR is significantly associated with 
poor cancer‐specific survival of patients. By analyzing the relation‐
ship between DLGAP5 IR and clinicopathological findings, the ratio 
of elevated Gleason score (≧8) was relatively high in DLGAP5‐posi‐
tive cases (50%) compared with ‐negative cases (32%), although no 
significant clinical parameters were found. Further investigation 
using a larger cohort will be required to determine the clinical back‐
ground of cases with DLGAP5 high expression. We also showed 
enhanced expression of DLGAP5 in CRPC tissues. In line with our 
results, high mRNA expression level of DLGAP5 was observed in 
the CRPC samples of two cohorts, Grasso et al,32 and Varambally 
et al.33 These results suggest that expression of DLGAP5 is charac‐
teristic of CRPC tissues. Alternatively, according to a recent report, 
there might be a nest of treatment‐resistant cells from early‐stage 
prostate cancer.34 The prostate gland consists of basal and luminal 
epithelial cells as well as neuroendocrine cells that are well known 
to be resistant to chemotherapy.34 Furthermore, most of the lumi‐
nal cells, the main components of the prostate gland, are sensitive 
to castration. However, a small number of luminal cells can remain 
and evolve into CRPC.35,36 These findings suggest that high ex‐
pression of DLGAP5 may be associated with such treatment‐resis‐
tant cells in prostate cancer. Meanwhile, we suggest that further 
clinical study by using more CRPC tissues is important to explore 
the usefulness of DLGAP expression as a promising biomarker or 
therapeutic target in CRPC.

In conclusion, we here identified four new OCT1‐target genes 
specifically expressed in CRPC. Our functional assays showed the 
role of these genes in CRPC cell growth and migration. In addition, 
we found that positive expression of DLGAP5 in prostate cancer tis‐
sues correlated with poor prognosis of patients. Interestingly, high 
expression of DLGAP5 was frequently observed in CRPC tissues. 
Our results provide an insight into the critical role of OCT1 in pros‐
tate cancer progression to CRPC.
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