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a b s t r a c t 

Primary prostate cancer (PC) progresses to castration-resistant PC (CRPC) under androgen deprivation therapy, by 

mechanisms e.g. expression of androgen receptor (AR) splice variant-7 (AR-V7). Here we conducted comprehen- 

sive epigenome and transcriptome analyses comparing LNCaP, primary PC cells, and LNCaP95, AR-V7-expressing 

CRPC cells derived from LNCaP. Of 399 AR-V7 target regions identified through ChIP-seq analysis, 377 could be 

commonly targeted by hormone-stimulated AR, and 22 were specifically targeted by AR-V7. Among genes neigh- 

boring to these AR-V7 target regions, 78 genes were highly expressed in LNCaP95, while AR-V7 knockdown led 

to significant repression of these genes and suppression of growth of LNCaP95. Of the 78 AR-V7 target genes, 

74 were common AR/AR-V7 target genes and 4 were specific AR-V7 target genes; their most suppressed genes 

by AR-V7 knockdown were NUP210 and SLC3A2 , respectively, and underwent subsequent analyses. NUP210 

and SLC3A2 were significantly upregulated in clinical CRPC tissues, and their knockdown resulted in significant 

suppression of cellular growth of LNCaP95 through apoptosis and growth arrest. Collectively, AR-V7 contributes 

to CRPC proliferation by activating both common AR/AR-V7 target and specific AR-V7 target, e.g. NUP210 and 

SLC3A2 . 
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. Introduction 

Prostate cancer (PC) is a major cause of cancer death among men,

here androgen receptor (AR) plays important role in its progression

1] . Although androgen deprivation therapy (ADT) is considered as stan-

ard treatment against primary PC and is initially effective, PC acquires

esistance to ADT and progresses to lethal castration-resistant prostate

ancer (CRPC) [ 2 , 3 ]. Despite castration levels of testosterone, most

RPC cases continue to rely on AR signalling [4] . While next genera-

ion hormonal therapies, such as abiraterone and enzalutamide, have
Abbreviations: PC, prostate cancer; CRPC, castration-resistant PC; AR, androgen r

eprivation therapy; LBD, ligand-binding domain; DHT, dihydrotestosterone; GO, gen

eq, RNA sequencing; ChIP, Chromatin Immunoprecipitation; ChIP-seq, ChIP sequenci

AIRE, formaldehyde-assisted isolation of regulatory elements. 
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een approved for CRPC treatment, most patients eventually acquire

esistance to these drugs [ 3 , 5 ]. 

The mechanisms of CRPC development reportedly include amplifi-

ation or overexpression of AR, expression of AR splice variants (AR-

s), mutation of AR, mutations in coactivators/corepressors, androgen-

ndependent AR activation, and intratumoral androgen production [6–

] . Among these, AR-Vs reportedly play important role in CRPC [10] .

mong > 20 different AR-Vs that have been identified in clinical PC and

C cell lines [3] , AR splice variant 7 (AR-V7) is associated with resis-

ance to next generation ADTs and poor cancer-specific survival [11] .
eceptor; AR-V, AR splice variant; AR-V7, AR splice variant-7; ADT, androgen 

e ontology; GSEA, gene set enrichment analysis; qPCR, quantitative PCR; RNA- 

ng; shRNA, small hairpin RNA; SA- 𝛽-Gal, senescence-associated 𝛽-galactosidase; 
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R-V7 lacks the C-terminal ligand-binding domain (LBD), but harbors

-terminal transactivation domain and DNA binding domain. Owing to

ack of LBD, AR-V7 can circumvent the pharmacological effects of next

eneration ADTs, such as enzalutamide, which targets LBD of AR di-

ectly, and abiraterone, an inhibitor of androgen biosynthesis. 

AR-V7 is constitutively active and capable of activating canonical AR

arget genes even in the absence of androgen [ 12 , 13 ]. Although identifi-

ation and characterization of AR-V7 target genes have been conducted

y several studies [14] , not a single gene targeted by AR-V7 was found

o be upregulated in ≥ 2 of these studies, and the regulatory function of

R-V7 different from AR is still mostly unknown. Furthermore, it is still

ontroversial whether AR-V7 is a principal driver or a mere marker of

RPC [14] . 

Comprehensive genomic analyses have revealed various genomic ab-

ormalities including AR in primary PC and CRPC over the past years.

n addition to genomic abnormalities, epigenomic alterations, such as

berrant histone modifications, reportedly associate with cancer pro-

ression including PC. H3K4me1, H3K4me3 and H3K27ac are major

istone epigenetic modification marks. H3K4me1 commonly associates

ith active enhancers, H3K4me3 is highly enriched at active promotors,

nd H3K27ac is known as an active transcription mark [15] . 

To elucidate the role of AR-V7 in CRPC, we here perform a com-

rehensive analysis of transcriptome and epigenome through evalua-

ion of RNA-seq and ChIP-seq data for H3H4me1, H3K4me3, H3K27ac,

R and AR-V7 comparing LNCaP, primary PC cells, and LNCaP95, AR-

7-expressing CRPC cells derived from LNCaP. We report landscape of

R-V7 target regions, and 78 AR-V7 downstream target genes including

4 genes commonly targeted by AR and AR-V7 and 4 genes targeted

pecifically by AR-V7. Our data shows that AR-V7 contributes to CRPC

roliferation through activation of both common AR/AR-V7 target gene

nd specific AR-V7 target gene. 

. Materials and methods 

Detailed information is fully described in the Supporting Methods. 

.1. Cell culture 

The human PC cell line LNCaP was obtained from American Type

ulture Collection (Manassas, VA). LNCaP was cultured in RPMI-1640

upplemented with 10% FBS. LNCaP95 is previously established CRPC

ell line expressing AR-V7 derived from LNCaP [16] . LNCaP95 was cul-

ured in phenol red-free RPMI-1640 supplemented with 10% charcoal-

tripped serum. 

.2. Western blot analysis 

Western blotting was performed as previously described [17] , us-

ng antibodies against AR (#06-680, Millipore, Billerica, MA), AR-V7

#31-1109-00, RevMAb Biosciences, South San Francisco, CA), SLC3A2

#15193-1-AP, Proteintech Group, Rosemont, IL), SLC7A5 (#sc-

74232, Santa Cruz Biotechnology), and NUP210 (#A301-795A, Bethyl

aboratories, Montgomery, TX). Antibodies against Actin (#ab14128,

bcam, Cambridge, MA), Lamin A and Aldolase (#sc-20680 and #sc-

2059, Santa Cruz Biotechnology, Santa Cruz, CA) were used as loading

ontrol for whole cell lysates, nuclear proteins, and cytoplasmic protein,

espectively. Original full images of western blot analysis were shown

n Fig. S1. 

.3. Quantitative RT-PCR (RT-qPCR) 

Quantification by PCR was performed as previously described [18] .

he PCR primers were listed in Table S1. 
.4. RNA extraction, library construction, and RNA sequencing (RNA-seq) 

nalysis 

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Ger-

any) according to manufacturer’s protocol, and treated with DNaseI

Qiagen). RNA-seq analysis was performed as previously described [19] .

ruSeq Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA) was

sed to prepare the library for RNA-seq. Deep sequencing was performed

n Illumina HiSeq 1500 or NextSeq 500 platform using TruSeq Rapid

BS Kit (Illumina). 

.5. Chromatin Immunoprecipitation (ChIP) assay 

ChIP assay were performed as reported [18] . Antibodies against

R (#06-680, Millipore), H3K4me3 (#ab8580, Abcam), H3K27ac

#39135, Active Motif, Carlsbad, CA), and H3K4me1 (#ab8895, Ab-

am), and Protein G-sepharose beads (GE Healthcare, Tokyo, Japan)

r Dynabeads (Life technologies, Carlsbad, CA), were used. Primer se-

uences for ChIP-qPCR were listed in Table S2. 

.6. ChIP sequencing (ChIP-seq) analysis 

ChIP-seq analysis was performed as described [20] . ChIP libraries

ere constructed using NEBNext ChIP-seq Library Prep Reagent Set

or Illumina (NEB, Ipswich, MA), quantified using Bioanalyzer (Agilent,

anta Clara, CA), and sequenced at concentration of 4 pM on Illumina

iseq (Illumina). 

.7. Knockdown by small hairpin RNA (shRNA) 

We performed knockdown experiment using shRNA as described

19] . Oligonucleotide sequences for shRNAs against AR-V7 (shAR-V7#1

nd #2) and control non-target shRNA (shNon) were described in Table

3. 

.8. Knockdown by siRNA 

siRNAs targeting SLC3A2 (siSLC3A2#1: HSS109825 and #2:

SS109826), NUP210 (siNUP210#1: HSS118399, and #2: HSS177269),

nd SLC7A5 (siSLC7A5#1: HSS112004 and #2: HSS188571), and the

ontrol siRNA (siCTRL: 12935113) were purchased from Invitrogen

Carlsbad, CA). Cells were transfected with siRNA using OPTI-MEN (In-

itrogen) and Lipofectamine RNAiMax Reagent (Invitrogen) according

o manufacturer’s protocol. 

.9. Cell proliferation assay 

Following treatment with shRNA or siRNA, cells were seeded in 96-

ell plates. Cell proliferation was determined using Cell Counting kit8

CCK8) (Dojindo, Kumamoto, Japan). 

.10. Flow cytometric analysis 

Cell cycle analysis was performed using cell sorter HS800 (Sony,

okyo, Japan) as described [21] . Flow cytometry data were analyzed

sing FlowJo ( https://www.flowjo.com/ ). 

.11. Annexin V-FITC apoptosis assay 

Cells were transfected with siRNA for 120 h, and were analyzed using

nnexin V-FITC Apoptosis Detection Kit (Abcam) according to manufac-

urer’s protocol. 

.12. Caspase-3/7 apoptosis staining 

Analysis of apoptosis staining was performed using CellEvent

aspase-3/7 Green Detection Reagent (Caspase-3/7) (Invitrogen). 

https://www.flowjo.com/
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.13. Senescence-associated 𝛽-galactosidase (SA- 𝛽-Gal) staining 

Cellular senescence was analyzed via SA- 𝛽-Gal staining as previously

escribed [ 18 , 22 ]. As reported [18] , we used the mouse embryonic

broblasts (MEF) infected with retrovirus of oncogenic Ras and those

ith mock retrovirus as control samples of SA- 𝛽-Gal( + ) and SA- 𝛽-Gal(-)

ells, respectively (Fig. S2.). 

.14. Formaldehyde-assisted isolation of regulatory elements (FAIRE) 

FAIRE was performed as previously reported [23] . Primer sequences

or FAIRE-qPCR were listed in Table S4. 

.15. Analysis of clinical PC datasets 

Grasso was obtained through GEO datasets ( https://www.ncbi.nlm.

ih.gov/geo/ ) (GSE35988) [24] , and the Cancer Genome Atlas (TCGA)

 http://www.cancergenome.nih.gov/ ) was obtained through Oncomine

 https://www.oncomine.org/resource/login.html ). 

.16. Statistical analysis 

Gene expression levels were compared using t-test. Kolmogorov-

mirnov test was performed to evaluate the distribution of AR-

7 target genes. P < 0.05 was considered as statistically signifi-

ant. Gene ontology (GO) analysis was performed using Metas-

ape ( http://metascape.org/gp/index.html#/main/step1 ), where

 < 1 ×10 − 4 was considered statistically significant. Gene set enrich-

ent analysis (GSEA) was performed using GSEA v3.0 software

 https://software.broadinstitute.org/gsea/index.jsp ). 

.17. Data access 

Genome-wide analysis data were submitted to GEO datasets. Ac-

ession numbers for RNA-seq and ChIP-seq data were GSE122923

GSM3488649- GSM3488684) and GSE122922 (GSM3488490-

SM3488508), respectively. 

. Results 

.1. Expression of AR-V7 and its contribution in CRPC cellular growth 

To determine protein expression and localization of AR and AR-V7

n PC cells, we treated LNCaP with dihydrotestosterone (DHT), and per-

ormed western blot analysis. DHT treatment caused a significant in-

rease in nuclear AR expression, but AR-V7 expression was not detected

egardless of the presence or absence of DHT ( Fig. 1 A, Fig. S1A). 

Gene expression alteration following DHT treatment was analysed

y RNA-seq. When 674 genes upregulated by > 1.5-fold following DHT

timulation in LNCaP were extracted, gene upregulation was most ap-

arently observed at 6 or 12 h after DHT stimulation, and the most

pregulated genes included AR target gene KLK2 ( Fig. 1 B). ChIP-seq

or H3K4me3, H3K4me1, H3K27ac and AR was conducted to analyse

pigenomic alteration between before and 12 h after DHT stimulation.

3K4me3( + ) regions were defined as promoters, whereas H3K4me1( + )

egions without H3K4me3 peaks were defined as enhancers. Epige-

etic status around TMPRSS2 representatively showed AR binding to

nhancer regions with increase of H3K27ac following DHT treatment

Fig. S3). Enhancers were more preferentially targeted by AR than pro-

oters, and these enhancer regions showed significant enrichment of

R and FOXA1 motifs (Fig. S4), which is consistent with the previous

eport that FOXA1 is a pioneer factor for AR in PC [ 25 , 26 ]. 

Western blot analysis was also conducted using LNCaP95 ( Fig. 1 C,

ig. S1B). While DHT caused a significant increase in nuclear AR expres-

ion in LNCaP95 similar to LNCaP, AR-V7 expression in the nucleus was

onfirmed regardless of DHT stimulation. In RNA-seq ( Fig. 1 D), genes
pregulated by DHT stimulation in LNCaP were significantly upregu-

ated in LNCaP95 in the absence of DHT, and gene expression levels in

NCaP95 were not markedly altered by DHT stimulation compared to

NCaP, which is consistent to nuclear expression of AR-V7 in LNCaP95.

In ChIP-seq against LNCaP95, antibodies against AR/AR-Vs recog-

izes N-terminal region of AR and AR-Vs commonly. AR/AR-Vs binding

egions were mostly enhancers and these enhancer regions also showed

ignificant enrichment of AR and FOXA1 motifs (Fig. S5). Enhancer re-

ion of SLC25A33 representatively showed binding of AR/AR-Vs in the

bsence of DHT stimulation, with high H3K27ac signal in both absence

nd presence of DHT stimulation (Fig. S3). 

To confirm the significance of AR-V7 in CRPC cell proliferation,

NCaP95 were treated with shRNA’s against AR-V7, but not against AR.

pecific reduction of AR-V7 in mRNA and protein levels was confirmed

y RT-qPCR and western blot analysis, respectively. Knockdown of AR-

7 markedly decreased cellular growth of LNCaP95 ( P < 0.05) ( Fig. 1 E-G,

ig. S1C), 

.2. Identification of AR-V7 target genes 

Considering AR-V7 expression and binding in LNCaP95 in the ab-

ence of DHT, and no AR-V7 expression in LNCaP ( Fig. 1 ), we ex-

racted candidate AR-V7 targets by comparing AR/AR-Vs peaks between

NCaP and LNCaP95 ( Fig. 2 A). Among 550 AR/AR-Vs binding regions

n LNCaP95 in the absence of DHT, 151 regions also showed peaks

n LNCaP in the absence of DHT, which were considered as noise of

enome-wide analysis or AR binding regions even in the absence of

HT. The residual 399 regions were considered as candidate AR-V7

arget regions ( Fig. 2 B). Of 399 regions, 377 overlapped with 33,247

R peaks in LNCaP after DHT stimulation ( Fig. 2 C), indicating that AR-

7 mostly binds and activates AR-target regions in hormone-depleted

ondition. The residual 22 peaks were considered as AR-V7 specific tar-

et regions, which were not bound by DHT-stimulated AR in LNCaP

 Fig. 2 C). 

The 399 AR-V7 target regions were annotated to neighboring genes,

sing Genomic Regions Enrichment of Annotations Tool (GREAT) [27] ,

nd 496 neighboring genes were identified. Since AR-V7 is expressed

pecifically in LNCaP95, 78 genes showing > 2.0-fold upregulation in

NCaP95 compared to LNCaP were extracted as AR-V7 target genes

 Fig. 2 D, and Table S5). These included 4 AR-V7 specific target genes,

nd 74 AR/AR-V7 common target genes. AR-V7 specific genes are de-

ned as genes that show AR/AR-Vs peaks in LNCaP95 but not in LNCaP,

nd show higher expression level in LNCaP95 by > 2.0-fold compared to

NCaP. GO analysis in 78 AR-V7 target genes is shown in Table S6.

urthermore, we investigated expression of the 78 AR-V7 target genes

n PC patients using TCGA dataset by GSEA. Among the 550 enrolled

atients, the top 100 patients showing high expression of AR-V7 and

he bottom 100 patients showing low expression of AR-V7 are defined

s AR-V7 high and low groups, respectively. The 78 target genes were

hown to be significantly upregulated in AR-V7 high group (Fig. S6A)

NES = 1.24, FDR = 0.14). Significant enrichment of Hallmark pathways

as also investigated using 50 MSigDB HALLMARK gene sets; epithelial

esenchymal transition (EMT) pathway showed the most significant up-

egulation in AR-V7 high group (Fig. S6B). 

Furthermore, gene expression alteration in LNCaP95 following shAR-

7 treatment was analyzed by RNA-seq ( Fig. 2 E). When genes were

orted in the order from upregulated to downregulated level after AR-V7

nockdown, significant enrichment to the downregulated genes was ob-

erved in AR-V7 specific target genes ( P = 0.04) and AR/AR-V7 common

arget genes ( P = 0.02) ( Fig. 2 E). The total of 78 AR-V7 target genes were

egatively correlated with genes upregulated by shAR-V7 (NES = -2.04,

DR < 0.001). Among 78 genes, NUP210 and SLC3A2 that were the most

ownregulated AR/AR-V7 common target gene and the most downreg-

lated AR-V7 specific target gene, respectively, underwent subsequent

nalyses. 

https://www.ncbi.nlm.nih.gov/geo/
http://www.cancergenome.nih.gov/
https://www.oncomine.org/resource/login.html
http://metascape.org/gp/index.html\043/main/step1
https://software.broadinstitute.org/gsea/index.jsp
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Fig. 1. AR and AR-V7 expression in LNCaP 

and LNCaP95. (A) Western blot analysis of AR 

and AR-V7 in LNCaP. AR-FL , AR full length. C , 

cystoplasmic extract. N , nuclear extract. Lamin 

A and Aldolase were nuclear and cytoplasmic 

markers, respectively. In presence of 10 nM 

DHT, AR was increased in nuclear fraction, 

and no expression of AR-V7 was confirmed. (B) 

Heatmap of 674 genes upregulated by > 1.5-fold 

after 10 nM DHT stimulation at 1.5, 3, 6, 12, or 

24 h in LNCaP. Gene upregulation was most ap- 

parently observed at 6 or 12 h ( See also Fig. 1 D). 

(C) Western blot analysis of AR and AR-V7 in 

LNCaP95 cells in the absence or presence of 

DHT. AR-V7 expression in the absence of DHT 

and increase of AR expression in nuclear frac- 

tion in the presence of DHT were observed. ( D ) 

Gene expression levels in LNCaP and LNCaP95 

cells after DHT stimulation. The 674 genes up- 

regulated by > 1.5-fold by DHT stimulation in 

LNCaP were shown to be expressed at signif- 

icantly higher level in LNCaP95 even before 

DHT stimulation. ∗ P < 10 − 4 , Q < 0.1 . (E) RT-qPCR 

analysis of AR and AR-V7 in LNCaP95 fol- 

lowing shAR-V7 treatment. #1 and #2 , shAR- 

V7#1 and #2, respectively. AR-V7 was specif- 

ically knocked down by shRNA. (F) Western 

blot analysis of AR and AR-V7 in LNCaP95 

cells following shAR-V7 treatment. Antibodies 

against common N-terminal domain of AR/AR- 

V7 ( left , #06-680) and C-terminal domain spe- 

cific to AR-V7 ( right , #31-1109-00) were used. 

AR-V7 was specifically knocked down, while 

full-length AR was intact. (G) Suppression of 

cellular growth. WST-8 assay was performed to 

evaluate cell proliferation of LNCaP95 cells af- 

ter shAR-V7 knockdown. ∗ P < 0.05 ( t -test). Data 

represent the mean ± SEM of 3 experiments. 
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.3. Upregulation of NUP210 in clinical CRPC tissues 

Genome browser view shows binding of AR at NUP210 locus in DHT-

reated LNCaP, and binding of AR-V7 in hormone-depleted LNCaP95

 Fig. 3 A). Knockdown of AR-V7 resulted in decrease of H3K27ac levels
t NUP210 locus ( Fig. 3 A), and decrease of NUP210 expression ( Fig. 3 B),

ndicating the contribution of AR-V7 to the activation of NUP210 ex-

ression. The AR/AR-V7 target region at NUP210 locus was analyzed

y FAIRE-PCR, to confirm open chromatin status in DHT-treated LNCaP

nd hormone-depleted LNCaP95, and not in hormone-depleted LNCaP.
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Fig. 2. Identification of AR-V7 target genes. (A) Integrated analyses of AR and histone modifications in LNCaP cells ( left ) and LNCaP95 ( right ) ( See also Fig. S4, 

S5). Heatmaps represent read density of AR, H3K4me1, H3K4me3, and H3K27ac within ± 5kb around AR/AR-Vs peaks. (-) , hormone depleted. DHT , stimulated by 

10 nM DHT. (B) Extraction of candidate AR-V7 target regions. Among AR/AR-Vs peaks in hormone-depleted LNCaP95 cells (n = 550), 151 peaks overlapped with AR 

peaks in hormone-depleted LNCaP were excluded, and the remaining 399 regions were regarded as candidate targets of AR-V7. (C) Overlap of candidate AR-V7 peaks 

(n = 399) and AR peaks (n = 33,247) in hormone-stimulated LNCaP. While 377 candidate AR-V7 peaks are commonly targeted by AR in hormone stimulated condition, 

22 peaks were unique regions targeted specifically by AR-V7. (D) Identification of genes upregulated in LNCaP95. Expression levels of neighboring genes around 

the 399 candidate AR-V7 target regions (n = 496) were compared between hormone-depleted LNCaP and LNCaP95 cells. 78 genes were upregulated by > 2.0-fold in 

LNCaP95, including 4 specific AR-V7 target genes ( red ) and 74 common AR/AR-V7 target genes ( purple ). (E) Comparison of AR-V7 target genes with downregulated 

genes in LNCaP95 with knockdown of AR-V7. Genes altered in LNCaP95 treated with shAR-V7 were sorted by expression ratio to shNon-treated cells. The specific 

AR-V7 target genes (n = 4, e.g. SLC3A2, red ), the common AR/AR-V7 target genes (n = 74, e.g. NUP210, purple ), and the total of 78 genes, were all significantly 

enriched to the downward ( P = 0.04, P = 0.02, P = 0.006, respectively; Kolmogorov-Smirnov test). GSEA also showed significant enrichment of the 78 target genes to 

the downward. 



M. Sugiura, H. Sato, A. Okabe et al. Translational Oncology 14 (2021) 100915 

Fig. 3. NUP210 expression in clinical datasets. (A) Epigenetic status around NUP210. AR binding to NUP210 in DHT stimulated LNCaP and AR/AR-V7 binding in 

LNCaP95 in the absence and presence of DHT were shown. (B) RNA expression of NUP210. AR-V7 knockdown decreased FPKM value of NUP210 . (C) FAIRE-qPCR 

analysis at AR/AR-V7 target region around NUP210 in hormone-depleted or -stimulated LNCaP and hormone-depleted LNCaP95. (D) RT-qPCR analysis of NUP210 

in LNCaP and LNCaP95 cells with/without shRNA treatment. (E) Reduction of H3K27ac level at the NUP210 enhancer. H3K27ac enrichment was measured by 

ChIP-qPCR at the AR/AR-V7 target region around NUP210 , showing a decrease following AR-V7 knockdown. Data represent the mean ± SEM of 3 experiments. 

(F) NUP210 expression levels in benign lesions, primary PC, and CRPC (Grasso prostate dataset). Expression of NUP210 was elevated in primary PC compared with 

benign lesions ( P = 0.001), but markedly upregulated in CRPC ( P = 2 ×10 − 11 ). (G) NUP210 expression levels in PC cases with higher and lower expression of AR-V7 

(TCGA PRAD dataset). Among the 550 patients enrolled in TCGA, the top 100 patients showing high expression of AR-V7 and the bottom 100 patients showing low 

expression of AR-V7 are defined as AR-V7 high and low groups, respectively. 
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t was validated by RT-qPCR that NUP210 expression was low in LNCaP,

igh in LNCaP95, and decreased by AR-V7 knockdown ( P < 0.01). ChIP-

CR showed that H3K27ac level was decreased atAR/AR-V7 target re-

ion after AR-V7 knockdown ( P < 0.05) ( Fig. 3 C- 3 E). The Grasso dataset

howed that NUP210 was elevated in primary PC compared with be-

ign lesion ( P = 0.001), but more markedly upregulated in clinical CRPC

issues ( P = 2 ×10 − 11 ). The TCGA dataset showed that NUP210 expres-

ion was significantly higher in clinical PC patients with high AR-V7 ex-

ression compared with those with low AR-V7 expression ( P = 1 ×10 − 10 )

 Fig. 3 F- 3 G). 

.4. Contribution of NUP210 to cellular growth 

When LNCaP in presence of androgen and LNCaP95 in absence of

ndrogen were treated with two siRNA’s against NUP210 , NUP210 ex-

ression was significantly repressed at mRNA and protein levels, and

ellular growth was significantly suppressed ( P < 0.05) ( Fig. 4 A- 4 B, Fig.

1D). We performed apoptosis assay using Annexin-V FITC/PI staining,

nd cell apoptosis rate was significantly increased following NUP210

nockdown in LNCaP95 ( P = 0.001) ( Fig. 4 C). In caspase-3/7 fluores-

ent staining, LNCaP95 displayed increased staining following NUP210

nockdown ( Fig. 4 D, Fig. S7A). In cell cycle analysis, there was a signifi-

ant decrease in S phase and a significant increase in G1 phase following

UP210 knockdown, suggesting cell cycle arrest ( Fig. 4 E, Fig. S7B). In

A- 𝛽-Gal staining, the increase of SA- 𝛽-Gal( + ) cells following NUP210

nockdown was not statistically significant compared to siCTRL treat-

ent ( P = 0.1) ( Fig. 4 F, Fig. S7C). 

.5. Upregulation of SLC3A2 in clinical CRPC tissues 

At SLC3A2 locus, binding of AR was not detected in DHT-treated

NCaP, but binding of AR-V7 was detected in hormone-depleted

NCaP95 ( Fig. 5 A). Knockdown of AR-V7 resulted in decrease of

3K27ac levels at SLC3A2 locus ( Fig. 5 A), and decrease of SLC3A2

xpression ( Fig. 5 B), indicating the contribution of AR-V7 to the acti-

ation of SLC3A2 expression. The AR/AR-V7 target region at SLC3A2

ocus was analysed by FAIRE-PCR, to confirm open chromatin status in

ormone-depleted LNCaP95, and not in DHT-treated LNCaP, compared

ith hormone-depleted LNCaP ( Fig. 5 C). It was validated by RT-qPCR

hat SLC3A2 expression was low in LNCaP, high in LNCaP95, and de-

reased by AR-V7 knockdown ( P < 0.01) ( Fig. 5 D). ChIP-PCR showed that

3K27ac level was decreased at the AR/AR-V7 target region after AR-V7

nockdown ( P < 0.01) ( Fig. 5 E) In clinical samples, SLC3A2 expression

as lower in benign lesions and primary PC tissues, and significantly

igher in CRPC tissues ( Fig. 5 F). In another cohort, PC patients with

igh AR-V7 expression showed higher SLC3A2 expression than those

ith low AR-V7 expression ( P = 4 ×10 − 4 ) ( Fig. 5 G). 

.6. Contribution of SLC3A2 to cellular growth 

When LNCaP and LNCaP95 were treated with siRNA against SLC3A2 ,

xpression of SLC3A2 was significantly repressed at mRNA and pro-

ein levels, and cellular growth was significantly suppressed ( P < 0.05)

 Fig. 6 A- 6 B, Fig. S1E). Annexin-V FITC/PI staining showed significant

ncrease of cell apoptosis rate ( P = 0.01) ( Fig. 6 C). Similar results were

btained in caspase-3/7 Fluorescent staining ( Fig. 6 D, Fig. S7D). In cell

ycle analysis, there was a significant decrease in S phase and a signifi-

ant increase in G1 phase following SLC3A2 knockdown, suggesting cell

ycle arrest ( Fig. 6 E, Fig. S7E). In SA- 𝛽-Gal staining, the number of SA-

-Gal( + ) cells were markedly increased following SLC3A2 knockdown

 P = 0.003), indicating that SLC3A2 knockdown suppressed cell prolifer-

tion through apoptosis and cellular senescence ( Fig. 6 F, Fig. S7F). 

.7. Involvement of E2F, G2M and EMT pathways 

Gene expression alteration after knockdown of SLC3A2 in LNCaP95

as analyzed by RNA-seq. The 2,317 genes downregulated by both
iSLC3A2#1 and siSLC3A2#2 were significantly associated with GO

erms such as cell cycle, cell division and DNA replication ( Fig. 7 A). To

dentify enrichment of Hallmark pathways in genes whose expressions

ere altered by siSLC3A2, GSEA was performed against 50 MSigDB

ALLMARK gene sets. In control LNCaP95 cells compared with SLC3A2 -

nockdown cells, 11 gene sets, including E2F, G2M, and EMT path-

ays, were significantly upregulated (NES > 1.8, FDRq < 0.25) ( Fig. 7 B).

onversely, 3 gene sets were significantly downregulated in LNCaP95

NES < -1.6, FDRq < 0.25), which were similarly downregulated in AR-V7

igh group of PC patients (Fig. S6B). 

. Discussion 

Nuclear AR-V7 was expressed in LNCaP95 in the absence of DHT,

onfirming that AR-V7 could be transcribed independently of AR un-

er hormone-depleted conditions, and that AR-V7 could translocate into

ucleus without hormone stimulation. Knockdown of AR-V7 suppressed

ellular growth of LNCaP95, indicating that AR-V7 is not only expressed

s a bio-marker, but functions as a principal driver for CRPC. 

Several studies have examined AR-V7 downstream genes. Microar-

ay and ChIP-PCR analysis using 22Rv1 CRPC cells demonstrated that

KT1 is unique AR-V7 target gene [28] . Lu et al. demonstrated the reg-

latory landscape of AR-Vs using 22Rv1 [29] . While these studies sug-

ested a tumorigenic role of AR-V7, the entire landscape of AR-V7 tar-

et regions and the difference from AR targets has not been fully clari-

ed. In this study, parental LNCaP and its castration-resistant derivative

ell expressing AR-V7, LNCaP95, were compared on genome-wide scale

hrough ChIP-seq and RNA-seq analyses. As many as 399 regions were

hown to be targeted by AR-V7 in LNCaP95 in the absence of DHT.

ost of AR-V7 targets (377/399 regions) were also bound by hormone-

timulated AR, indicating that AR-V7 could activate a portion of AR tar-

et regions under hormone-depleted conditions. However, a fraction of

R-V7 targets (22/399 regions) were found to be AR-V7 specific target

egions, which could not be bound by hormone-stimulated AR. 

Among specific AR-V7 target genes, SLC3A2 was identified as sig-

ificant AR-V7 downstream gene. SLC3A2 reportedly contributes to

ntegrin-dependent cell spreading and protection from apoptosis [30] ,

romoting tumor growth in various cancers including osteosarcoma, re-

al cancer, and breast cancer [31-33] . In our analysis, knockdown of

LC3A2 resulted in apoptosis and cell cycle arrest in LNCaP95. SLC3A2

nockdown caused the decrease of cell proliferation in LNCaP95 as well

s LNCaP, suggesting that SLC3A2 may play an important role in cell

roliferation in primary PC, and that upregulation by AR-V7 may accel-

rate the proliferation in CRPC. 

SLC3A2 in known to form a heterodimeric amino acid transporter

ith SLC7 family [34] . Among SLC7 family proteins, SLC7A5 is report-

dly overexpressed in various cancers [35] . In PC, SLC7A5 upregula-

ion is reportedly associated with the acquirement of CRPC and may

e a druggable target for CRPC [36] . SLC3A2 interacts with SLC7A5

o control intracellular trafficking and membrane topology [37] , and

he SLC3A2/SLC7A5 complex associates with aggressive human can-

ers [38] . The expression of SLC3A2 and SLC7A5 is reportedly co-

ependent, and downregulation of either subunit destabilizes the part-

er [39] . Genes downregulated by siSLC3A2 were associated with GO

erms such as cell cycle, cell division and DNA replication. These sug-

ests that SLC3A2 play important roles in CRPC proliferation, and could

e a druggable target as well as SLC7A5. 

We also investigated AR/AR-V7 common target gene, NUP210 .

nockdown of NUP210 caused the decrease of cell proliferation in

NCaP95 as well as LNCaP, suggesting that NUP210 targeted by AR in

rimary PC and by AR-V7 in CRPC may both contribute to cancer cell

roliferation. Nuclear pore complexes are multiprotein transport chan-

els which connect the nucleus and cytoplasm, and are composed of

arious nucleoporins [40] . Nucleoporins include POM121, which pro-

otes CRPC through regulation of E2F1, MYC, and AR nuclear trans-

ort [41] . NUP210 reportedly shows various functions including gene
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Fig. 4. Growth suppression by NUP210 knockdown. LNCaP in presence of androgen and LNCaP95 in absence of androgen were treated with siRNA’s against 

NUP210. (A) RT-qPCR analysis of NUP210 gene expression levels ( upper ) and western blot analysis of NUP210 protein expression levels ( lower ) in LNCaP and 

LNCaP95 cells following transfection with two siNUP210 ( #1 and #2 ). (B) WST assay for cells following NUP210 knockdown. Significant suppression of cellular 

growth following NUP210 knockdown was detected, in both LNCaP in hormone-stimulated condition and LNCaP95 in hormone-depleted condition. ∗ P < 0.05 ( t -test). 

(C) Cell apoptosis analysis by Annexin-V FITC/PI staining and flow cytometry. The cell apoptosis rate of LNCaP95 was significantly increased following NUP210 

knockdown (D) Caspase-3/7 Fluorescent staining. Apoptosis of LNCaP95 was increased following NUP210 knockdown ( See also Fig. S7A). Scale bar = 50 𝜇m. (E) 

Cell cycle analysis. Decrease in S phase and increase in G1 phase following NUP210 knockdown were significant ( See also Fig. S7B), but not markedly detected 

compared with SLC3A2 knockdown ( Fig. 6 ). ∗ P < 0.05 ( t -test). (F) SA- 𝛽-Gal staining. The increase of the number of SA- 𝛽-Gal( + ) cells by NUP210 knockdown was not 

significantly observed ( See also Fig. S7C). Scale bar = 50 𝜇m. Data represent the mean ± SEM of 3 experiments. 
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Fig. 5. SLC3A2 expression in clinical datasets. . (A) Epigenetic status around SLC3A2 . AR/AR-V7 binding to SLC3A2 enhancer and elevated level of H3K27ac 

signal in LNCaP95 in the absence and presence of DHT were shown. (B) RNA expression of SLC3A2. AR-V7 knockdown decreased FPKM value of SLC3A2 . (C) 

FAIRE-qPCR analysis at AR/AR-V7 target region around SLC3A2 in hormone-depleted or -stimulated LNCaP and hormone-depleted LNCaP95. (D) RT-qPCR analysis 

of SLC3A2 in LNCaP and LNCaP95 cells with/without shRNA treatment. Downregulation of SLC3A2 by AR-V7 knockdown was confirmed. (E) Reduction of H3K27ac 

level at the SLC3A2 enhancer. H3K27ac enrichment was measured by ChIP-qPCR at AR/AR-V7 target region around SLC3A2 , showing a decrease following AR-V7 

knockdown. (F) SLC3A2 expression levels in benign lesions, primary PC, and CRPC, using Grasso prostate dataset. (G) SLC3A2 expression levels in PC cases with 

higher and lower expression of AR-V7 , using TCGA PRAD dataset. 



M. Sugiura, H. Sato, A. Okabe et al. Translational Oncology 14 (2021) 100915 

Fig. 6. Growth suppression by SLC3A2 knockdown. LNCaP in presence of androgen and LNCaP95 in absence of androgen were treated with siRNA’s against 

SLC3A2. (A) ( Upper ) RT-qPCR analysis of SLC3A2 in LNCaP and LNCaP95 cells following transfection with two siSLC3A2 ( #1 and #2 ). ( Middle ) Western blot 

analysis of SLC3A2 in LNCaP and LNCaP95 cells following transfection with siSLC3A2. ( Lower ) Quantification of SLC3A2 protein level after normalization to ACTB. 

(B) WST-8 assay for cells following SLC3A2 knockdown. Significant suppression of cellular growth following SLC3A2 knockdown was detected in both LNCaP in 

hormone-stimulated condition and LNCaP95 in hormone-depleted condition. ∗ P < 0.05 ( t -test). (C) Cell apoptosis analysis by Annexin-V FITC/PI staining and flow 

cytometry. The cell apoptosis rate of LNCaP95 was significantly increased following SLC3A2 knockdown. (D) Caspase-3/7 Fluorescent staining. Apoptosis of LNCaP95 

was increased following SLC3A2 knockdown ( See also Fig. S7D). Scale bar = 50 𝜇m. (E) Cell cycle analysis. Significant decrease in S phase and a significant increase 

in G1 phase were observed following SLC3A2 knockdown ( See also Fig. S7E). ∗ P < 0.05 ( t -test). (F) SA- 𝛽-Gal staining. The number of SA- 𝛽-Gal( + ) cells were increased 

by SLC3A2 knockdown ( See also Fig. S7F). Scale bar = 50 𝜇m. Data represent the mean ± SEM of 3 experiments. 
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Fig. 7. E2F, G2M and EMT pathway inhibi- 

tion. (A) Genes downregulated by siSLC3A2#1 

and siSLC3A2#2. The 2,317 genes downreg- 

ulated by siSLC3A2 were significantly associ- 

ated with GO terms such as cell cycle, cell 

division and DNA replication. (B) Analysis of 

50 Hallmark gene sets by GSEA. Genes altered 

in treatment of LNCaP95 with siSLC3A2 were 

analyzed. and significantly altered gene sets 

were shown by red dots (FDRq < 0.25). Control 

LNCaP95 cells showed significant upregulation 

and downregulation in 11 and 3 gene sets, re- 

spectively, compared to LNCaP95 treated with 

siSLC3A2. 
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xpression regulation during chromatin organization [ 42 , 43 ]. It still

emains unknown how NUP210 exerts its function in nuclear pore com-

lexes. While Rajkumar et al. reported that NUP210 was upregulated in

ervical cancer [44] , the role of NUP210 in enhancing tumor aggres-

iveness is yet to be clarified. Further investigation should be required

o determine detailed tumorigenic functions of NUP210. 

Limitations of the present study should be noted. First, in vivo ex-

eriments were not carried out. Second, we have performed these ex-

eriments in LNCaP and LNCaP95 cell lines only. Further investigation

hould be necessary, including in vivo experiments and demonstrations

y using more cell lines, to confirm the critical roles of the identified

R-V7 target genes. 

In summary, we conducted comprehensive ChIP-seq and RNA-seq

nalyses of LNCaP and LNCaP95 to identify the landscape of AR-V7 tar-

et regions, and found that AR-V7 upregulates both AR/AR-V7 common

arget gene NUP210 and AR-V7 specific target gene SLC3A2 that con-

ribute to CRPC proliferation. 
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