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Introduction

The androgen receptor (AR) is a member of hormonal 
transcription factors. The expression of AR protein and 
its activation by male hormone androgen are fundamental 
to prostate development during pubertal and malignant 
transformation during later ages. These biological/
pathological processes are determined by critical regulation 
of downstream molecules/pathways by the AR. AR is a 
DNA-binding protein that regulates a wide-range of target 
genes through directly binding to cis-regulatory elements. 
In the absence of androgen, the AR is sequestered in the 
cytoplasm by the chaperone super-complex including 
heat shock proteins (Hsp) 90, 70 and 56 (1). Once bound 
by androgen, AR undergoes conformational changes to 
dissociate from Hsp complex, becomes phosphorylated and 
translocates into the nucleus. For decades, understanding 
of AR-mediated transcriptional regulation was largely built 
upon the analysis of a handful of androgen-induced genes, 
one prototype of which is PSA. AR has been shown to form 
homodimers which preferentially bind DNA that contains 

androgen-responsive elements (AREs) (2,3). This binding 
activity and thus AR-mediated transcriptional regulation 
are tightly controlled by a large cohort of AR co-factors. 
Despite of these successes, very few AR target genes have 
been identified and characterized until recent advances 
in high-throughput genomic technologies. The advent of 
DNA microarrays at the beginning of this century and the 
emergence of massively parallel next-generation sequencing 
have rapidly transformed this field. Taking advantage of 
these approaches, a burst of studies have in recent years 
very carefully examined AR transcriptional regulation at the 
genome scale. Here we review these studies to provide up-
to-date understanding of genome-wide androgen-regulated 
genes and the genomic landscapes of AR and its regulation 
during prostate cancer (PCa) progression.
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genes are defined as genes whose expression levels are 
significantly altered by androgen treatment. The products 
of these genes are essential in the biological processes 
responsible for prostatic development, function and disease. 
Therefore, identification and characterization of androgen-
responsive genes can potentially lead to the discovery of 
novel biomarkers and approaches for PCa diagnosis and 
treatment. For decades very few androgen-responsive genes 
have been identified, mostly limited to KLK3 (PSA), KLK2, 
and NKX3-1 (4). However, the completion of the human 
genome project and the advent of microarray technologies at 
the beginning of this century have enabled parallel analysis of 
the expression of thousands of genes at a time. Consequently, 
an unprecedented list of androgen-regulated genes have been 
recently identified and characterized through expression 
microarray analysis of PCa cells and tissues.

High-throughput profiling of androgen-regulated genes 
using PCa cell lines

Androgen-sensitive PCa cell lines such as LNCaP have been 
critically useful to identify the downstream genes/molecules 
that are regulated by androgen. Pioneered by Sanger 
sequencing of cDNA or EST libraries, researchers began the 
endeavors of genome-wide analysis of androgen-responsive 
genes approximately a decade ago (5). Through serial analysis 
of gene expression (SAGE), androgen-regulated genes were 
greatly expanded from a handful to approximately 100 of 
them (6-8). These EST-based assays, though have certainly 
made significant contributions to the field, were labor-
intensive and cost-inefficient for the purpose of expression 
profiling. Rather, following the characterization of all human 
genes, EST clones were printed onto glass slides to generate 
cDNA microarray, which was then used for expression 
profiling in an efficient and affordable manner. The use of 
microarray has extensively facilitated the identification and 
the analysis of androgen-regulated gene expression under 
various biological/pathological conditions. For example, 
through microarray analysis of LNCaP cells before and 
after androgen stimulation, studies have revealed more than 
500 genes that were differentially regulated by androgen 
(9,10). Further analysis revealed that approximately 300 
genes were up-regulated while another 300 were down-
regulated by androgen (11).

To pinpoint potential direct targets of AR, studies 
have examined global gene expression changes following 
androgen stimulation over a time-course. For example, 
Massie et al. identified more than 3,000 genes with altered 

expression in response to androgens by assessing 27 time 
points between 0 to 24 h following 1 nM R1881 stimulation 
in LNCaP cells. Out of these androgen-regulated genes, 
approximately 550 genes responded to R1881 within  
5 hours and are likely to be directly regulated by AR (12). 
Despite some differences regarding androgen-regulated 
genes derived from various datasets, plausibly due to 
differences in array platforms and experimental conditions, 
a core set has been repeatedly identified. Based on a review 
from Dehm and Tindall, about 1.5-4.3% of genes expressed 
in LNCaP cells are androgen regulated (13). Through 
analysis of PubMed literatures, Androgen Responsive Gene 
Database (ARGDB) showed that at least 1,785 human, 583 rat, 
and 993 mouse genes have been reported as androgen-
regulated (14). By comparing 9 representative studies of 
gene expression in androgen-treated LNCaP cells, we 
found that more than 1,000 genes have been reported in at 
least 2 independent studies, among which a core set of over 
200 genes have been shown to be androgen-regulated in 
more than 4 independent studies (Tables 1,2).

Genome-wide analysis of androgen-regulated genes in 
animal models

In addition to cell lines, animal models have been utilized 
to study androgen response in vivo. Although the structure 
of rodent prostate differs considerably to that of human, 
androgens are nonetheless critical for rodent prostate 
cell differentiation, proliferation, and overall prostate 
development (15). Human and rodent species are thought 
to share a variety of fundamental biochemical and functional 
pathways that are regulated by AR signaling. Using both 
subtractive hybridization and microarray approaches, Jiang 
et al. reported the identification of more than 100 androgen-
responsive genes in the rat ventral prostate (16). Using the 
Dunning rat R3327 model system, Pfundt et al. identified 
several sets of prostatic androgen-responsive genes that are 
alternatively regulated in androgen-dependent and androgen-
independent prostate tumors (17). Through microarray 
analysis of gene expression profile changes in the mouse 
prostate following castration and hormone replacement, 
Wang et al. identified a number of androgen-responsive 
genes, a majority of which are also regulated by androgen in 
cell line models. In particular, the authors reported sixty-five 
genes as androgen down-regulated (i.e., up-regulated upon 
castration and repressed by hormone replacement) (18), 
among which 72% have potential AREs, suggesting a direct 
transcriptional suppressor role of the AR on these genes. It 
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Table 1 Microarray profiling of androgen-regulated genes

Technology

Overlap with 

Massie’s 

dataset (%)

Massize 

et al. 

2011

Rajan 

et al. 

2011

Ngan 

et al. 

2009

Li et al. 

2008

Velasco 

et al. 

2004

Nelson 

et al. 

2002

Deprimo 

et al. 

2002

Segawa 

et al. 

2001

Xu et al. 

2001

Massie et al. 

2011

Illumina bead 

array

100.0 3,050

Rajan et al. 

2011

Exon array 68.2 373 547

Ngan et al. 

2009

ABI microarray 56.7 349 222 616

Li et al. 2008 RNA-seq 47.7 327 181 134 685

Velasco et al. 

2004

Oligonucliotide 

array

28.0 186 54 58 69 665

Nelson et al. 

2002

cDNA array 49.5 52 45 43 48 23 105

Deprimo et al. 

2002

cDNA array 51.4 225 122 105 144 48 32 438

Segawa et al. 

2001

Oligonucliotide 

array

27.4 144 61 56 63 124 27 48 525

Xu et al. 2001 SAGE 21.1 12 6 5 14 11 5 7 6 57

*Datasets, in which half of identified genes were common with another study, are highlighted. *Massie’s dataset, 3,319 probes 

correspond to 3,050 unique gene symbols.

Table 2 Common androgen-regulated genes from 9 microarry studies listed in Table 1

Number of studies 
(observing number of 
common androgen-
regulated genes)

Symbol of regulated genes

6 [43] DHCR24, LIFR, NDRG1, DBI, MMP16, CTBP1, FKBP5, KLK3, APPBP2, DDC, ALDH1A3, KRT8, ELL2, 
HERC3,TPD52, SEC24D, CDK8, BCHE, ABHD2, IDI1, DNAJB9, MERTK, SORD, ABCC4, ODC1, PIK3R3, 
PTPRM, KLK2, GATA2, BARD1, TMPRSS2, SGK, IQGAP2, FN1

5 [59] SMARCD3, DPYSL2, TSC22D1, MAPK6, ACSL3, SEPP1, ATAD2, ANKH, PEA15, GHR, PLA2G2A, FOLH1, 
NKX3-1, ORM1, CALU, UGT2B15, PPAP2A, PRKD1, BAMBI, SNX25, PPP1CB, OPRK1, PKIB, NCAPD3, 
MPHOSPH9, SLC35F2, LCP1, TBRG1, TMEPAI, CAMKK2, RAB27A, ABCC1, HMGCS1, DNM1L, CENPN, 
LONRF1, ST7, PGM3, SPHAR, TXNIP, COLEC12, MTMR9, ATP2B1, LMAN1, CXCR7, B2M, MYC, PURA, 
CALD1, ADD3, ZBTB16, PDIA5, UBE2G1

4 [122] KCNMA1, DDEF2, PTPRR, SLC15A2, LRRN1, SASH1, ACAD8, SLC39A7, NAP1L3, HOMER2, ADAMTS1, 
MANEA, RHOU, SERPINI1, BTG1, THYN1, HS3ST1, NR4A1, SMAD1, PTPN21, WIPI1, PPM1K, CBLL1, 
AKAP12, SPDEF, AZGP1, SEC61G, DEGS1, ABHD3, SYTL2, KRT18, PECI, MID1, BCAP29, SOCS2, SPCS3, 
CEBPD, LRRFIP2, WDR41, WWC1, NEDD4L, ARMET, PGC, KCNN2, SMAD7, SERP1, MAF, IDH1, FDFT1, 
SQLE, PPFIBP1, PCTP, UBE2J1,GARNL3, TIMP2, KDELR2, HIBADH, TRIB1, MAP2K4, KCTD3, TRPS1, 
ERN1, MLPH, CYFIP2, MAP7D1, TWIST1, TRIM36, KCTD9, SELENBP1, STK17B, SI, UTX, SSBP2, TARBP1, 
VGLL4, ABLIM1, STK39, ST6GALNAC1, ANGPT2,AFF3, PIK3IP1, C9orf91, KLF4, LDLR, MKLN1, SMS, 
VEGFA, SESN1, RAB4A, PIK3R1, BTD, NFKBIA, SCAP, IL1R1, SAT1, ARF4, NDFIP2, SLC7A2, INPP4B, 
CEBPG, MBOAT2, PAK2, IMPDH2, TMEM87B, PICALM, MYH1, PBX1, NET1, GRB1, LRIG1, FUT8, ZCCHC6, 
ARFGAP3, NFKB1, ERGIC2, ATP1B1, HOXB13, C1orf21, SLC44A1, TULP4, LAMC1, VCL

Table 2 (continued)
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Table 2 (continued)

Number of studies 
(observing number of 
common androgen-
regulated genes)

Symbol of regulated genes

3 [243] PGM2, CREB3L2, CXCR4, RLN2, PELI2, GDF15, GRB10, ID3, NIPSNAP3A, SERPINB5, CLGN, TMEM39A, 
PLDN, ARHGAP18, KIAA0247, FAM105A, GMPPB, ABCG1, SDCBP, GLUD2, SLC16A6, NUP93, OCLN, 
LOC400451, NFIB, SEC24B, LRRC16, RAB3B, ALDH4A1, TIPARP, SLITRK3, CPEB3, PART1, SLC43A1, 
GNMT, KLF5, CDK2AP2, TNFAIP8, GPR177, SLC25A20, SIPA1L2, C5orf30, TNFRSF10B, EXTL2, ST5, OSR2, 
NUPL1, SLC12A2, TMEM144, SMPD2, MAPRE2, C14orf4, ADORA2B, VAPA, ANXA9, MRPS18A, TMEM140, 
STEAP4, LRIG3, C8orf32, MATN2, GPR126, CAMK2B, PEX10, CADPS2, TMEM79, VLDLR, TBC1D8, ZNF462, 
PRKCH, ANTXR1, IMPDH1, FZD3, INTS10, GFM1, KLK4, ENC1, MANBA, STK3, TGM3, TPM1, SALL2, MAK, 
CABLES1, NFAT5, HPGD, PAK1IP1, GLI3, TMEFF2, PPAPDC1B, GPR160, TNFAIP3, NANS, CBLN2, FXYD3, 
INSIG1, KCNS3, HEBP2, PPM1D, CREB3L4, LOC81691, MCCC2, EIF2C4, SEMA6A, EAF2, AGR2, STCH, 
PMS2, GRAMD1C, DNAJC10, THRAP3, SORL1, PSCD3, C5orf13, C4orf18, PCSK6, RBM6, AP2S1, CA12, 
C14orf24, GSR, FAM3C, PFKFB2, MAPKAPK3, PACS1, FZD5, ERBB2, USP33, HIST1H2AC, SLC26A2, 
ATP2B4, ID2, DDX21, C21orf33, ICAM3, JUP, SLC41A1, GTF2E2, NINJ1, IFRD2, CHPT1, GLRX2, BCL9, 
DSC2, SSR3, SLC38A2, TMED5, BRP44, FRAP1, ACPP, CAMK2N1, SRP19, LASP1, CUL1, CLDN12, CDYL2, 
GRIK1, ENPP5, ZBTB1, PSAT1, TBC1D1, ENDOD1, IGF1R, CAPRIN2, SHROOM3, HMGCL, ASNS, FRK, 
CHD4, PRAME, RELN, C1orf116, GOLGA4, RAB7A, H1F, ELOVL5, ZIC2, POLR1E, TRAM1, SC4MOL, ATP1A1, 
RALGPS1, SEC63, PSMD8, LRBA, LUZP2, RCN1, SREBF2, WWP1, GFPT1, PLCB4, PYGB, HIST2H4B, 
ARPC1B, SNRK, SSR1, F5, GLUDP5, OBFC2A, ERRFI1, SEC61B, PBX2, CAPZB, KIAA247, PACSIN2, BIK, 
FASN, ST3GAL1, ARNT, HIST1H3B, DSG2, JAG1, DNAJC3, ELOVL7, ZBTB43, CDCA7L, MTHFD2, EPRS, 
CTH, SEMA3B, CSNK1A1, CHKA, TBC1D4, SS18, SESN3, HIST1H3H, UROD, HERPUD1, CAPRIN1, MB, 
REEP5, RHOB, XPA, EPHX1, SRPRB, MRPS27, PCCA, SLC45A3, C8orf76, BMPR1B, TLL1, SNAI2, AMD1

2 [722] PHLDB1, PNMA1, PKNOX2, KLHL13, TMEM34, C9orf78, CYP39A1, STYK1, APIP, MALT1, SEC23B, HOXC13, 
COTL1, GSC, GADD45G, CERK, NOSTRIN, ZNF365, PCOLCE, TMEM118, PCYT2, NUDT9, IRX5, OPTN, 
PCDH11Y, HGD, KLHL1, GPR137B, COL9A2, SMAD3, GFPT2, RTN4R, MYLK, C6orf81, ROR2, MAOA, 
CORO2A, HOXC9, GREB1, EMP2, ALG2, ARPM1, ABCA1, SLC26A3, BBS4, KIAA1324, DUSP5, COL18A1, 
SLC12A6, EFHD1, PPAP2C, C14orf132, HK2, G6PD, THRB, C19orf48, CPNE3, CDC42EP3, RPS27A, 
DGAT2, STRBP, FGD4, HCFC2, SFRS5, TNFRSF21, TSC2, RASSF5, ACAA1, SEC11C, ARSG, MYNN, GLDC, 
ZBTB10, TTC18, SUSD4, SAT, MAPT, FBXW2, LRRC31, NPPC, MESP1, JMJD1C, SEC14L2, IL1RN, IRX3, 
IFIT2, C9orf61, PKIA, NAB1, APCDD1, PRAC, PPM1M, SOX9, TM4SF1, TM7SF3, TTN, MAP3K8, LOX, 
FGF13, C13orf1, TRIM45, COL5A2, ARHGEF17, C6orf168, DIO1, GCG, C14orf143, ChGn, RGS10, HYPE, 
TRIM48, CASC1, MCFD2, NEK1, ORM2, ENO2, ITPR1, EDN2, CDC42EP2, FBXO38, TCFL5, CD83, KLF13, 
GALNT7, FLJ20254, PODXL, ASRGL1, CTNNA2, MTP18, APC, CSMD1, LAMA1, FZD4, PER3, DLX1, SEPT6, 
AUTS2, MMP10, C10orf33, PHLDB2, ARHGEF10, LIN7B, F8, MGC14376, S100A11, EFHC2, DFNA5, PDE4A, 
SMAD6, GALNT10, ORC5L, ADCY1, ARNT2, C10orf47, DHRS2, FSTL1, MMP2, GPR98, BTG2, TUT1, PFKP, 
C1orf85, FAM134B, RDH10, HIST1H4J, TRIB3, COPS7A, EFNB1, C11orf2, C19orf10, ABR, DUSP4, UFM1, 
EIF1, RFX3, CRELD2, GCLM, GMPPA, SNX19, SEC14L1, ID1, PIK3CB, CDC42BPA, LRRC8A, MYO5C, 
SARS, EML3, PRDX4, ATF7, KIAA196, NFIL3, GCA, GLG1, XPC, ZNF350, SORBS2, GLYATL2, LMO4, SKAP2, 
HIST1H4I, CCT4, GRHL1, RPN1, CPD, HIST1H4L, HIST1H3E, TARSL2, TNFRSF1A, PHGDH, AGER, PARP4, 
SLC35B1, IGFBP2, DNAJC1, NR1D2, RNF43, PHF12, SETBP1, MAST4, CCDC14, SPTLC3, PHYH, LAMA3, 
RALB, TESK1, EBP, TDP1, HIST1H4B, CITED2, NLGN4X, C9orf72, HACL1, CBX4, ADCYAP1, AGRN, TLE3, 
SPRY1, CDON, NETO1, SKIV2L2, ZHX2, LRRC49, SMARCA4, TIMM23, PPP2R2A, PLEKHH1, THBS1, 
ABCC5, SNAPC5, MOCOS, SLC3A2, RBM5, NCL, HIST1H3C, CLCN3, CANT1, C6orf66, GPAM, BRE, THRA, 
SNAPC2, PEG3, CRIP1, ARG2, JARID1A, LRCH1, C3orf58, EDG7, HIST1H3D, C1orf118, SIM2, HIST1H4H, 
PUF6, SH3RF1, GPR63, MICAL1, SLC27A2, DDO, SEPT11, SDF2L1, IGFBP3, PSMA6, TERF1, EIF3I, CYB5A, 
NCOA7, HIST1H1C, ABCA5, DNAJB14, WRB, HIST1H4A, HIST1H3J, MT2A, ROR1, ADAM2, FAM13A1, 
NR1D1, SDHA, UGT2B28, HYAL1, DNASE2B, MYB, ANKRD37, XRCC2, SLC44A4, KIAA1712, COX5A, 

Table 2 (continued)
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Table 2 (continued)

Number of studies 
(observing number of 
common androgen-
regulated genes)

Symbol of regulated genes

2 [722] SMARCC2, HIST2H4, CD4, GTF2E1, SFPQ, RGS16, DIAPH2, PSMA1, BMPR1A, C6orf192, RALY, DGKH, 
HTR2C, CACNB3, CCDC141, RBBP9, PLEKHB1, MRPL33, FAS, CNKSR3, MRPL12, MGAT1, GOLPH3, CLK2, 
HSD17B11, RANP1, B4GALT1, SELS, PDXK, PRMT2, COX17, PRKAA1, MTF1, FLOT2, MAP4K1, CDKN2D, HPR, 
ZFHX4, TSPYL2, EIF2S3, SMPD1, VIM, LDHA, PDK2, MPZL1, ADAM9,IFNGR2, CAP1, PKP4, GCN5L2, CD97, 
RBX1, HIST1H3G, POLR3E, RBL2, RCAN3, FCHSD2, PFKM, VARS2, H2AFZ, MST1, ELMOD2, KDELR3, MGMT, 
SLITRK6, ACHE, KRT6A, HIST1H4K, CDC2, CLK1, GLYATL1, ALS2CR13, L1CAM, RGS2, PTMA, KIAA1324L, 
GIMAP2, SFRS2, CLSTN1, HSP9B1, EPHA3, PTPN1, PCDH1, CYP1A2, MGAT2, NUCB2, NUBP1, HIST1H2BG, 
NFIX, AKAP1, CCDC53, ERBB3, FIGNL1, AGPAT2, TP53INP1, RNF144B, CLU,RRM2, COG5, NCBP2, EFNB2, 
NLGN1, NAV1, POLR1D, LRRC59, TXNDC9, MAP2, NOS3, FBL, GSTM3, XBP1, BPHL, OTUD7B, HIST4H4, 
CAP2, DSEL, SLC29A2, RBMX, HIPK2, GPER, EIF4A2, CLDN8, NDUFA9, ZNF77, RRAGD, STC2, AMT, DIS3L, 
CTSH, TMEM2, AHNAK2, VTA1, CRISPLD2, NXPH1, CEP57, HIST1H3F, ZNF133, TFF3, SUOX, S1A11, NPC1, 
INPP5A, PITPNB, TRAP1, BTG3, APP, KLHL24, SPOCK1, KCNJ2, MUM1L1, TACC2, PDHA1, TKT, PAK1, CYCS, 
GYS1, SLC33A1, TMCC3, SLC16A14, RAB3IP, UGT2B17, HIST1H4E, GOT1, C3orf25, FADS1, EPS8, HSD11B2, 
RIOK1, DDB2, HECTD2, KIAA431, QDPR, MAPK12, RIN2, HYOU1, TPCN1, CDH15, DDX39, C12orf44, PTMS, 
PIP4K2B, RGL1, ABI2, PLD1, WDR6, ZCCHC9, NEBL, CBFA2T2, CARS, NEK6, IL1RL2, PFKL, CHAF1A, FTH1, 
CTSB, NFRKB, SEC13, WDR91, ITGB1, ZNF177, EPS15, CBX1, RRAS, SURF4, DEPDC6, C7orf41, ANAPC1, 
PTPN14, RBM3, ZKSCAN1, CRAT, ZWINT, DERL2, SLC7A11, SLC31A2, SPATA2, TXNDC12, PTPN9, CREM, 
PTGER4, SSFA2, TEAD4, EEF1A2, ME2, CGNL1, D4S234E, RABIF, EFNA5, PALM, FLJ45803, PPP3CB, TLN2, 
C1orf26, GADD45A, AASS, FSCN1, KRT6C, TRIM52, HIST1H4D, FAM15A, TCEB1, ARL6IP5, IARS, SRP54, 
ACVR1, C5orf3, STIP1, HSPE1, RALGPS2, GUSB, COPS3, PHLDA2, COL16A1, ST3GAL4, PHF8, KRT19, SBDS, 
GABRB3, NR2C1, TGIF1, ANKRD13A, YARS, ADAM17, CTNND1, PPP1R11, CPS1, AGPAT5, WDR68, PPIC, 
ETFB, MXD1, RAB1A, C2orf3, ADPGK, IDE, LPIN1, FAM111B, GALNT1, SNAPC3, ARCN1, SEC24A, SGK3, 
NAT1, ME1, SRRM2, EDEM3, LARP5, HYAL3, RFX5, HLTF, ZBTB34, SQRDL, ARL1, PROM2, NRP1, FAM129A, 
RAB3GAP1, CRLS1, CYP2U1, ATF3, CALML4, TTLL6, KLHL23, HLA-E, YEATS2,ARID3A, KIF5B, HSD17B4, 
ELF3, RAP1GAP, MEF2A, PODXL2, RAI14, NPAT, ARHGEF2, ARF1, ECOP, PSCD1, HSPA4L, CRY1, MAP2K6, 
SNAPC4, CDK6, SNAP25, RAG1AP1, NAT6, IQWD1, WARS, PPP2CB, CYC1, KYNU, CYBASC3, STARD3NL, 
LIPA, CDH26, ACO1, C1orf128, CD46, C17orf48, PNPLA8, ILF3, ADRM1, PEX6, MCEE, TXNDC16, IQCB1, ATF4, 
TBX15, COASY, VIPR2, SEL1L, EIF4B, TAX1BP1, OGT, RARA, ANKRD16, PML, TLE1, PRIM1, ACADSB, IGF2, 
ETFDH, SNAP23, MXI1, GSTK1, YIPF1, GALK2, HES6, SAP18, LIMCH1, MMAA, CCNG1, ACAT2, TROVE2, 
ELOVL6, MDK, KHDRBS3, COL14A1, ADK, HIST1H4F, CRYZ, UBAP2L, SLC25A33, PAPSS1, TRIM32, CYP51A1, 
COPG, MGAT4A, PPAPDC2, SNIP, RAVER2, PPFIBP2, SRGAP3, ZNF137, RPL13A, LY6E, SCNN1A, C16orf61, 
PLD3, UPP1, SC5DL, SMARCA2, UBP1, LGALS8, DDR1, KLF10, NME3, HIST1H3A, PMM2, ANXA4, ATIC, 
PRKCA, MAL2, RPS6KA3, RAB8A

was highlighted that these androgen-repressed genes may 
potentially inhibit prostate tumorigenesis. Furthermore, 
one of these androgen-repressed genes, H-Cad was 
experimentally evaluated and shown to function as a potential 
tumor suppressor in human PCa.

Androgen-regulated molecular pathways and cellular 
functions

Alongside the discovery of a comprehensive list of 

androgen-responsive genes, the downstream molecular 
pathways and cellular processes that are controlled by 
androgen became apparent. Initially, more than fifty 
androgen-regulated genes were identified by SAGE 
in LNCaP cells (6). Functional annotation revealed 
that a majority of them are involved in the regulation 
of transcription and energy metabolism. In addition, a 
significant number of genes regulating cell cycle, signal 
transduction and cellular protein trafficking were found to 
be induced by androgen, supporting the role of androgens 
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in promoting survival and growth of prostatic epithelial 
cells. Subsequently, a microarray study by Deprimo et al. 
analyzed the gene expression program induced by R1881 
in LNCaP cells and found that a significant portion of 
androgen-regulated genes are related to the production 
of seminal fluid (9). In accordance, Nelson et al. also 
found that androgen-responsive genes contribute to 
metabolism, protein trafficking, cell proliferation and 
differentiation (19). Study by Massie et al. highlighted 
that calcium/calmodulin-dependent protein kinase kinase 
2 (CAMKK2) is overexpressed in PCa and acts as an 
important effector of AR signaling in controlling anabolic 
metabolism, cell proliferation and cell migration/invasion 
of PCa cells (12). In summary, a remarkable fraction of the 
genes induced by androgen appeared to be related to (I) 
production of modification of secretary proteins, protein 
folding, trafficking, and secretion (6,8,9); (II) cell-cycle, 
metabolism and biosynthetic pathways (6,12,20,21); (III) 
regulation of transcription factors such as GATA2, PDEF, 
ETV1, CREB3L4, HOXB13 and NKX3.1.

Androgen-regulated genes play important roles in PCa

Not only is androgen signaling indispensable to prostate 
development and function, it is also a key driver of PCa 
initiation and progression. Understanding of androgen-
regulated genes/pathways is thus a first step towards the 
development of novel biomarkers and therapeutic targets 
of PCa. Accompanying the identification of a large set of 
androgen-regulated genes using cell line and animal models, 
studies have attempted to characterize the expression 
and function of some of these target genes in PCa. For 
example, Velasco et al. demonstrated that FKBP51, one of 
androgen-regulated genes identified by an oligonucleotide 
array study in LNCaP cells, was expressed significantly 
higher in prostate tumor samples relative to benign 
prostatic hyperplasia samples through tissue microarray 
immunohistochemistry (IHC) staining. FKBP51 may be 
as a potential diagnostic marker for PCa (10). Numerous 
studies have also comparatively analyzed the expression 
profile of androgen-regulated genes in model systems 
and in clinical specimens derived from PCa patients at 
different developmental stages or with varying treatment 
histories. For instance, Holzbeierlein et al. and Mostaghel 
et al. determined genes that were differentially expressed 
in human PCa specimens following androgen deprivation 
therapy (ADT) (22,23). More than 20% of these genes also 
showed significant expression changes in LNCaP cells after 

36 h of hormone-deprivation (22). On the other hand, there 
were also many that were not down-regulated after short-
term castration in LNCaP cells, indicating that androgen 
deprivation may be insufficient to completely suppress 
androgen activity, which may contribute to PCa cell survival 
in a low androgen environment (23). In addition, for the 
most part, these two human PCa tissue profiling studies 
revealed very few common genes (less than 5%), suggesting 
that androgen-responsive genes may vary considerably 
among individuals.

Besides analyzing androgen-responsive genes, a 
significant research area has been to determine genes that 
are differentially expressed in castration-resistant prostate 
cancer (CRPC) and thus may be responsible for the 
development of castration resistance. AR signaling pathways 
may differ between androgen-naïve and castration-resistant 
PCa. For example, Wang et al. reported that M-phase 
cell-cycle genes including UBE2C were upregulated 
by AR specifically in castration-resistant LNCaP-abl 
cells but not in androgen-sensitive LNCaP cells. Tissue 
microarray analysis further demonstrated that UBE2C 
protein overexpression correlates with the occurrence 
and progression of PCa (21). Interestingly, a recent study 
revealed that this increased expression of UBE2C may be 
due to induction by constitutively active AR splice variants, 
AR-V7 and ARV567ES, that were found in CRPC cells (24).

Besides regulation of downstream gene expression, 
groundbreaking studies have recently revealed an innovative 
mechanism of AR in promoting PCa through inducing 
chromosomal translocations. Back in 2005, Tomlins et 
al. made the seminal discovery of genomic translocations 
that juxtapose the androgen-responsive TMPRSS2 gene 
promoter with the oncogenic transcription factor ERG, 
leading to outlier profile of ERG expression in a subset of 
localized as well as metastatic human PCa (25). Further 
studies from this and other groups have in the subsequent 
years characterized a set of recurrent chromosomal 
translocations in PCa, a majority of which involve an 
androgen-responsive promoter and an oncogene (26-30). 
Among these, TMPRSS2-ERG gene fusions were the most 
frequently identified and have been shown to occur in 40-
80% of PCa (31,32). Very interestingly, studies have later 
shown that these PCa-specific gene fusions were indeed 
generated by AR-induced chromosomal proximity, cellular 
stress, double-stand break, and erroneous DNA repair 
(33-35). Although the exact mechanisms and functions of 
these gene fusions in PCa are yet to be fully characterized, 
they undoubtedly represent an important pathway by which 
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androgen regulates PCa.

New-generation targets of androgen

In addition to regulating conventional genes, AR’s 
transcriptional activities may also be manifested by mRNA 
alternative splicing events. In a study using exon array 
analyses of the LNCaP transcriptome, Rajan et al. were 
able to simultaneously identify global androgen-dependent 
gene expression and alternative mRNA isoform expression (36). 
Among more than 1,000 putative androgen-regulated 
alternative events, several validated events were derived 
from alternative promoter selection and direct binding 
by the AR, while others may be due to indirect effects of 
androgen. In addition, the AR itself may be alternatively 
spliced to expressed AR variants (37,38). Some of these AR 
variants have been shown up-regulated in aggressive PCa 
and may be associated with castration resistance (24,39,40). 
It is believed that these AR variants are able to turn on an 
alternative AR program thereby regulating distinct set of 
genes, which are important research areas currently under 
intensive investigation. Recent development of RNA-seq 
technology has further revolutionized the studies of whole 
transcriptomes, providing potentially unlimited measure of 
all transcripts and splicing variants that are expressed in a 
cell type. The Fu’s group pioneered in using RNA-seq to 
screen androgen-responsive transcripts in PCa cells. With a 
sequencing depth of ~10 million of 36-nt sequence tags per 
sample, they identified ~700 androgen-regulated genes in 
LNCaP cells and a large fraction of tags corresponding to 
alternative exons (41).

In the past few years, evidence has accumulated that 
non-coding RNAs (ncRNAs), like coding genes, may play 
similarly important roles in regulating cellular functions. 
The ncRNAs have been shown highly abundant and 
functionally important in a number of essential cellular 
processes (42-44). Abnormal expression patterns of 
ncRNAs have been detected in a variety of human diseases 
including PCa. In addition, some ncRNAs have been 
shown to have prostatic-specific expression pattern. These 
includes microRNAs (miRNAs) (45), small nucleolar RNA 
(snoRNA) (46), and long non-coding RNAs (lncRNA) (47). 
For instance, Ribas et al. reported 16 miRNAs that were 
induced by androgen in both LNCaP and LAPC4 cells, 
and provided evidence that elevated expression of miR-21 
promotes enhanced androgen-dependent tumor growth 
and castration resistance in vivo (48). Most recently, by 
genome-wide RNA profiling of LNCaP cells across 9 time 

points from 0 to 48 h following 10 nM DHT treatment, 
more than a hundred miRNAs were found to respond to 
androgen, among which 3 miRNAs (miR-19a, miR-27a and 
miR-133b) were found to be induced by androgen. These 
miRNAs were found to be directly regulated by AR and 
play essential roles in regulating cell viability (49). Further, 
these miRNAs may regulate the expression of a large set 
of mRNAs, which were previously found to respond to 
androgen.

Some efforts have also been made recently to identify 
AR-regulated small ncRNAs in PCa cells. Louro et al. 
detected approximately 40 intronic antisense ncRNAs that 
were up-regulated by androgen in LNCaP cells (50). Functional 
ARE motif has been reported at the upstream region of 
some of these ncRNA such as that mapped to MYO5 
locus and Combining Chromatin Immunoprecipitation 
(ChIP)-PCR confirmed androgen-activated AR binding 
to this loci. These intronic transcripts may be involved in 
transcriptional regulation similar to miRNAs, but their 
biological functions remain undetermined.

Through transcriptomic analysis of PCa specimens, 
several prostate-specific lncRNA have been reported, 
including PCA3 (51), PCGEM1 (52), ANRIL (53) and 
PCAT-1 (54). Although an increasing number of new 
lncRNA has been identified in the last few years, a majority 
of these lncRNA has not been functionally characterized, 
which will be important lines for future investigation. 
Interestingly, an androgen-responsive lncRNA CTBP1-AS, 
located in the AS region of C-terminal binding protein 1 
(CTBP1), was recently reported. It was shown promote 
AR transcriptional activity through suppression of 
CTBP1 (55). This provocative study suggests an innovative 
basic regulatory pathway involving an antisense lncRNA 
counteracting the activity of its corresponding coding gene.

Genome-wide location analysis of AR in PCa

AR regulates target genes through binding to cis-
regulatory elements

Androgen regulates downstream genes by acting as a 
ligand of the hormonal transcription factor, the AR. 
Once liganded, AR translocates into the nucleus, where 
it homodimerizes and binds directly to DNA through the 
ARE. The consensus AR-binding motif (i.e., canonical 
AREs, AGAACAnnnTGTTCT) consists of two hexameric 
half-sites (5'-AGAACA-3') often arranged as inverted 
repeats with 3bp of separating nucleotide. AR recognizes 
and interacts with AREs through its DNA-binding domain 
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(DBD). In addition to ARE, the selective binding of AR 
across the genome is tightly regulated by a collection 
of transcription co-factors and/or pioneering factors. 
Accumulating evidence suggests that AR primarily binds 
distal enhancers that can be several kb to over 100 kb away 
from the promoter regions of coding genes. These AR-
bound enhancers have been shown to interact with the 
promoters through chromatin looping (56,57) (Figure 1). 
AR recruits the translation initiation complex and regulates 
transcription through interaction with as many as over 150 
co-regulators, some of which are co-activators while others 
are co-repressors. In order to fully understand AR-mediated 
transcriptional regulation, in the past decade researchers 
have put forth significant efforts to determine the DNA 
binding patterns and the genomic landscapes of AR and its 
cofactors, taking advantage of modern technologies.

DNA microarray analysis of AR binding sites

Immediately following the completion of the human 
genome project, DNA microarrays were invented to contain 
oligonucleotides complementing to selected regions of the 
genome or tiling through the entire genome. For example, 

promoter microarrays contain oligonulceotides that span 
through the promoters of all annotated genes. ChIP with 
DNA microarrays, termed ChIP-on-chip, researchers 
begun to determine whether AR binds to any of the regions 
represented on the DNA microarrays. Using ENCODE 
tiling arrays Takayama et al. identified 10 AR binding sites 
and subsequently validated AR recruitment to and regulation 
of these genes (58). In a separate study, Massie et al. used 
proximal promoter microarrays to identify 1,532 genomic 
sites that were occupied by AR. Motif analysis revealed 
that half ARE and ETS motifs were enriched within these 
regions, which led to the discovery of cooperated regulation 
of target genes by AR and ETS-family transcription factor 
ETS1 (59). Using custom oligonucleotide tiling arrays 
covering approximately 104 kb genomic regions centered 
on the TSS of 548 pre-selected potential androgen-
regulated genes, another report demonstrated that a large 
proportion of AR binding sites are not within the proximal 
promoter regions, rather they are often more than 10 kb 
away from the TSS of androgen-responsive genes (60). 
In addition, many androgen-responsive genes were found 
to harbor two or more AR binding events within their 
regulatory regions. Using Affimetrix microarrays tiling 
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through the chromosomes 21 and 22, Wang et al. identified 
90 ARBS in the LNCaP cells, most of which were also far 
away from the promoter of androgen-responsive genes (61). 
Similarly using tiling arrays, another group examined AR 
binding to chromosomes 19 and 20 in C4-2B cells (62). 
They reported that there were no androgen-responsive 
genes at the vicinity of a majority of these ARBS, indicating 
that they may not be functional in terms of transcriptional 
regulation. However, H3 acetylation at these loci could be 
used to define the subset of functional ARBS associated with 
androgen-responsive genes (62).

Although above studies have analyzed AR binding 
events at selected regions, it was not only very recently 
has genome-wide mapping of ARBS become possible. 
Using whole-genome tiling arrays, Wang et al. pioneered 
in mapping global ARBS in PCa cells (21). They identified 
approximately 8,000 and 6,000 ARBS genome-wide in 
LNCaP and LNCaP abl cells, respectively. Comparatively 
analysis revealed a set of abl-specific AR binding events 
that lead to upregulated expression of genes involved in 
cell cycle, one of which is UBE2C. This study revealed 
that a distinct AR transcriptional program is associated 
with CRPC. This rapid expansion of ARBS from tens to 
thousands has also greatly advanced the understanding of 
AR-chromatin interaction. Although AR is thought to have 
high affinity binding with canonical full AREs, a majority 
of the ARBS were found to bind primarily half AREs 
(59-61). For example, while 78% of ARBS identified in 
LNCaP cells were found to harbor at least one half ARE, 
only 10% contained a full ARE (61). Similar results were 
observed in an independent study which showed that 79% 
and 27% of ARBS respectively contained half ARE and 
full ARE (59). Likewise, Chen et al. reported that 4% and 
46% of the ARBS had the canonical ARE and half ARE, 
respectively, in an independent PCa cell line 22Rv1 (63). 
Moreover, the majority of these non-canonical half ARE 
ARBS may be functional. In vitro oligonucleotide pull-
down assay and ChIP analysis confirmed that AR is able to 
bind to these ‘half-sites’ (59), while reporter assays verified 
that they mediate significant androgen-induced luciferase 
activity (61). Therefore, like full AREs half AREs are able to 
recruit AR to regulate transcription. However, it remains to 
be determined what fraction of these AR binding events is 
functional and what the determinants are.

High-resolution mapping of AR genomic landscape

Although ChIP-on-chip assays are potentially able to 

provide genome-wide protein location provided genome-
wide tiling arrays were utilized, such approaches are 
usually very costly and time consuming. It was not until 
very recently that genome-wide mapping of protein-DNA 
interaction became easily feasible for regular labs due to 
the development of ChIP-seq, which couples ChIP with 
massively parallel next-generation sequencing (64,65). 
Unlike ChIP-on-chip, ChIP-seq is in the most part able 
to provide protein occupancy across unlimited genome 
with much increased sensitivity and accuracy. ChIP-seq 
of AR in PCa cells was first carried out in the PC3 cell 
line that expresses ectopic AR (66). This study suggested 
that as many as 800 genes may contain an AR binding site 
within their cis-regulatory elements and are responsive to 
androgen treatment. Unlike in LNCaP cells, ectopic AR 
appears to directly induce genes of the growth-inhibition 
response program in PC3 cells, being consistent with its 
reported role in this particular condition.

At the mean time, we become the f irst  to map 
genomic landscape of endogenous AR in PCa cells using  
ChIP-seq (67). We identified more than 37,000 and 
13,000 ARBS respectively in the androgen-sensitive 
LNCaP and VCaP cells, covering nearly all ARBS that 
have been identified previously using various technologies. 
Approximately 60% of the ARBS found in the VCaP cells 
overlapped with those identified in LNCaP. The fewer 
number of ARBS identified in VCaP cells is likely due to 
technical issues as ChIP-PCR was able to detect a number 
of ARBS that were only detected in LNCaP by ChIP-seq. 
Being consistence with previous results, ChIP-seq data also 
demonstrated that a majority of AR binds distal enhancers 
and intragenic regions, with less than 10% binding to 
promoters. De novo motif search of all ChIP-seq ARBS 
revealed a consensus sequence highly resembling the 
canonical ARE.

Recently, multiple groups have reported thousands of 
AR binding events in PCa cells such as LNCaP and VCaP 
(12,68-72). Significant overlap of ARBS between these cell 
lines have been observed and AR was consistently found to 
primarily bind distal enhancers that can be more than 50 kb 
away of any coding genes. However, Massie et al. reported 
that genes located within 25 kb of an AR binding event 
were the most significantly enriched for androgen-regulated 
expression (12). Moreover, AR ChIP-seq has also begun 
to be carried out in breast cancer cell lines such as MDA-
MB-453 cells with the intention to examine the role of AR 
in breast cancer (68,72).

In summary, combinatorial efforts using ChIP-on-chip 
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and ChIP-seq have resulted in high-resolution mapping 
of the genomic landscape of AR in a variety of AR binding 
sites (Table 3). It will be of great interest for future studies 
to determine how AR binding profile changes during 
development and diseases. In addition, future technological 
advances, such as ChIP-exo, may be able to determine 
base-pair level mapping of AR binding sites, which may 
further enhance our understanding of AR transcriptional 
regulation (73,74). Most studies have thus far unanimously 
found that AR binds to distal enhancers, suggesting a 
model wherein chromatin-looping brings the AR-bound 
enhancers to the proximity of a target promoter, thereby 
regulating transcription (21,56,61) (Figure 1). Recently, 
Hi-C and chromatin interaction analysis with paired-
end tag sequencing (ChIA-PET) have been successfully 
used to uncover three-dimensional organization of the 
genome and global long-range chromatin interactions 
(75,76). Yet, it remains largely undetermined where these 
chromatin loopings occur. In addition, as AR primarily 
binds to enhancers which can be tens or hundreds of kb 
away from a target gene, it has been challenging to pinpoint 
the target gene of a particular binding event. Although 
3C-based assays are useful in demonstrating chromatin 
looping, functional assays are missing to decisively show the 
regulation in vivo. This, however, has become increasingly 
plausible with the development of genome editing tools 
including transcription activator-like effector nucleases 
(TALENs) and clustered regulatory interspaced short 
palindromic repeat (CRISPR)/Cas-based RNA-guided 
DNA endonucleases (77-79). We thus believe that genome-
wide mapping of AR binding events is just a first step 
towards the elucidation of AR transcriptional regulation and 
intriguing results will soon emerging in the near future.

Genomic regulation of AR binding profile

Pioneering factors define AR binding profile and prostate 
gene expression

Functional AR binding sites were not only determined by 
sequence motifs but also chromatin accessibility. Single-
gene based approaches have already demonstrated the 
importance of chromatin-opening transcription factors such 
as FOXA1 in regulating AR binding to target genes such as 
PSA (80). FOXA1 is able to directly bind to the chromatin 
to open up the local nucleosomal domain (81). In prostate 
cells, FOXA1 protein has been shown physically interact 
with the AR protein and plays critical roles in regulating the 

transcription of prostate genes such as PSA (80). Following 
recent mapping of genome-wide ARBS, the mechanisms 
underlying AR recruitment to genomic loci have also 
become increasingly explicit. Studies from the laboratories 
of Dr. Myles Brown and others have established a model 
wherein the interactions between epigenetic modifications, 
pioneering factors, and AR define prostate-specific AR 
binding profile (61,82-84). Histone modifications such as 
histone H3 Lys4 mono- and di-methylation (H3K4me1 and 
H3K4me2) exhibit distinct genomic landscapes between 
prostate and breast cells and are thought to guide cell type-
specific recruitment of FOXA1. The binding of FOXA1 
induces chromatin accessibility, which subsequently enables 
AR binding to these pre-selected sites. Other active histone 
marks such as histone acetylation have also been associated 
with AR binding and androgen-induced expression (62). 
By contrast, AR is much less likely to bind chromatin 
regions marked by repressive histone modifications, such 
as H3K9me1 and H3K9me2 (84). Once AR binds target 
promoters and enhancers, they form DNA loops that 
coordinately assemble a multi-protein transcription complex 
(Figure 1) (85-87).

Counter-intuitively, recent studies showed that FOXA1 
knockdown in PCa cells did not result in global inhibition 
of AR binding (70,71). Rather it resulted in an overall 
increase in AR binding events accompanied by a significant 
redistribution. This suggests that while FOXA1 mediates 
AR-binding to some genomic regions, it primarily exhibits 
an inhibitory role on a majority of other potential AR 
binding sites. It appears that FOXA1 defines a prostate-
specific AR binding profile by restricting/facilitating AR 
binding to specific sites (e.g., those containing both ARE 
and FKHD motifs), while inhibiting/reducing its binding to 
other sites (e.g., those containing only ARE motifs) (Figure 
1). The detailed mechanism as to how FOXA1 regulates AR 
binding profile, however, remains largely unclear and entails 
careful investigation.

Besides FOXA1, several other transcription factors 
such  a s  GATA2 and  HOXB13 may  have  s imi la r 
pioneering cofactor effects on AR-chromatin binding and 
transcriptional regulation. Similar as FOXA1, GATA family 
transcription factors have also been shown to open compact 
chromatin through their conserved zinc finger domains 
(81,88). In addition, GATA2 expression is also essential for 
AR-mediated transcription of prostate genes such as PSA 
and TMPRSS2 (61,89). Likewise, HOXB13 is a member of 
the homeodomain family of sequence-specific transcription 
factors. Mouse studies have shown that HOXB13 play an 
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Table 3 Global investigation of AR binding in prostate cancer genome

Study Samples Method Results

Takayama 
et al. 2007

LNCaP ChIP-on-
chip

(I) Identified 10 ARBSs from 30 Mb human genomic DNA; (II) most of the ARBSs were 
located within intronic regions or gene upstream regions at least 10 kb apart from the 
transcriptional start sites; (III) all of the ARBSs contain canonical ARE sequences

Wang 
et al. 2007

LNCaP ChIP-on-
chip

(I) Identified 90 ARBS from chr21 and chr22; (II) most of ARBS are far from the promoters 
of ARG; (III) 78% of ARBS contain half ARE, 10% have a canonical ARE; (IV) noncanonical 
AREs mediate AR-dependent transcription; (V) collaborating factors may assist AR in 
binding to noncanonical AREs

Massie 
et al. 2007

LNCaP ChIP-on-
chip

(I) Identified 1,532 ARBS; (II) 410 (26.8%) of the 1,532 AR promoter-binding sites containing 
canonical AREs; (III) AR ‘half-site’ occurred in 1,212 (79.2%) of the AR candidate 
promoter sequence; (IV) In vitro oligonucleotide pull-down assay showing that the AR can 
bind directly to these 6-bp ‘half-sites’; (V) ChIP analysis showed androgen-dependent 
recruitment of the AR to ‘half-sites’ at a level similar to that of the KLK2 promoter

Bolton 
et al. 2007

HPr-1AR ChIP-on-
chip

(I) Identified 524 AR binding regions; (II) 67% of our AREs resided within ~50 kb of the TSS 
of 84% of our ARGs; (III) most ARGs were associated with two or more AREs; (IV) AREs 
appeared typically to be composite elements, containing AR binding sequences adjacent 
to binding motifs for other transcriptional regulators

Jia et al. 
2008

C4-2b ChIP-on-
chip

(I) Identified 62 highly reproducible ARORs, 32 (52%) of them were also marked by AcH3, 
(chromosome 19 and 20); (II) analysis of the AROR sequences, identified binding sites for 
AR transcriptional coregulators FoxA1, CEBPβ, NFI and GATA2

Wang et al. 
2009

LNCaP, 
Abl + DHT

ChIP-on-
chip

(I) Identified 8,708 from LNCaP, 6,353 from abl; (II) the level AR occupancy at target sites 
is greater in LNCaP cells than in abl cells; (III) greater occupancy of AR binding near 
abl-specific AR upregulated cell-cycle genes and M-phase genes in abl cells than in 
LNCaP cells; (IV) greater levels of AR binding are correlated with higher expression of 
target cellcycle and M-phase genes in abl; (V) CDC20, UBE2C, CDK1, and ANAPC10 are 
preferentially AR-occupied, highly express in abl as compared with LNCaP in the presence 
of DHT and have significant AR occupancy in the absence of hormone only in abl and not 
in LNCaP; (VI) 3C-PCR revealed significantly greater interaction between these two putative 
enhancers (–32.8 K, +41.6 k) and the UBE2C promoter in abl cells than in LNCaP cells in 
the absence of hormone

Chen et al. 
2010

CWR22Rv1, 
10 nM DHT 
2 hr

ChIP-on-
chip

(I) A total of 1,225 and 2,021 AR-binding sites (FDR ≤0.05) were identified in R1 and Rv1; 
(II) in Rv1 cells, only 4% (86/2,021) of the sites had the canonical ARE and 35% (700/2,021) 
had the AR half-site motif; (III) in R1 cells, 6% (76/1,225) of the sites had the canonical ARE 
and 46% (568/1,225) had the AR half-site motif; (IV) canonical ARE is not required for AR 
binding in the majority of the genes examined, and that the half-site is sufficient for AR 
function

Lin et al. 
2009

PC3-AR ChIP-seq (I) revealed 6,629 ARBS; (II) 22.4% of ARBS can be mapped to within 2 kb of the 
transcription start site; (III) a total of 859 genes are changed in expression levels in response 
to androgen treatments, containing AR binding sites; (IV) most significantly enriched GO 
term of up-regulated genes in PC3-AR cells is negative regulation of biological process; 
(V) the GO terms enriched by the down regulated genes include GO terms involved in 
transport and cellular localizations, and in general metabolic process

Yu et al. 2010 LNCaP, 
VCaP,10 nM 
R1881 16 h

ChIP-seq (I) Identified 37,193 ARBS in LNCaP cells, 12,965 ARBS in VCaP cells; (II) canonical 
ARE motif was the most enriched; (III) the binding sites containing full ARE motifs had 
significantly higher enrichment peaks than those with half ARE motifs; (IV) approximately 
40% of all AR binding sites contained at least one ARE motif and about 29% contained an 
ETS motif

Table 3 (continued)
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Table 3 (continued)

Study Samples Method Results

Massie 
et al. 2011

LNCaP, 
VCaP,1 nM 
R1881, 4 h

ChIP-seq (I) Identified 11,053 AR binding sites in LNCaP cells and 51,811 androgen-dependent AR 
binding sites in VCaP cells; (II) over 90% of the LNCaP AR binding sites were found in the 
VCaP cells; (III) we identified 15,761 androgen-dependent RNAP II regions in LNCaP cells 
using ChIP-seq, 1,283 of which overlapped with androgen-stimulated AR binding sites

Sahu et al. 
2011

LNCaP-1F5, 
100 nM DHT, 
2 h

ChIP-seq (I) Identified 17,022 ARBs (LNCaP-1F5 siFoxA1) as opposed to 6,215 ARBs (LNCaP-1F5 
parental); (II) 43% of the parental cell ARBs (2,698 sites) were lost upon FoxA1 depletion. 
Importantly, 13,505 completely new ARBs were found in siFoxA1 cells; (III) in VCaP cells, 
close to 32,000 new ARBs were found in siFoxA1 cells, and around 6,000 ARBs were 
lost upon FoxA1 depletion; (IV) the ARBs in parental LNCaP-1F5 cells exhibited 87% 
overlap with those in parental VCaP cells; (V) the ARBs independent of FoxA1 contained 
a top-scoring ARE; (VI) top-scoring cis-element for ARBs that required FoxA1 pioneering, 
containing an ARE half-site and a partial FoxA1 motif

Wang et al. 
2011

LNCaP +/– 
DHT

ChIP-seq (I) Identified 3,115 ARBS ( 65% co-incident with H3K4me1, 54% of co-occupied by FoxA1) 
in LNCaP cells; (II) approximately 60% of the original AR binding events were ‘expectedly’ 
lost in response to FOXA1 RNAi, 40% of AR binding events as the ‘conserved’ AR program. 
A massive gain of 10,869 new AR binding loci, referred to as the ‘gained’ AR program; (III) 
FoxA1 may facilitate AR binding to its original binding program, but transrepress AR from 
binding to other genomic regions that lack FoxA1-binding sites in the gained program

Ni et al. 2011 MDA-
MB-453, 
10 nM DHT, 
4 h

ChIP-seq (I) Identified 2,406 ARBS, the majority of the binding sites are cell-specific; (II) predominantly 
at distal intergenic and intronic regions; (III) A significant overlap (37%) between the AR and 
FOXA1 cistromes in MDA-MB-453 breast cancer cells; (IV) motif enrichment analysis of the 
AR cistrome revealed ARE motifs and FKHD motifs; (V)

Robinson et 
al. 2011

MDA-
MB-453, 
LNCaP

ChIP-seq (I) Identified 22,439 ARBs in MDA-MB-453 cells, 26,847 ARBs in LNCaP cells; (II) the 
Forkhead motif was also enriched at the centre of the AR binding regions, implying 
potential cooperativity between AR and Forkhead proteins in mediating AR binding; (III) 
ARBs to be a near complete subset of the FoxA1 binding regions, with 98.1% of all AR 
binding events over-lapping with a FoxA1 binding region; (IV) all AR binding events in 
molecular apocrine breast cancer cells may be mediated by FoxA1; (V) FoxA1 and AR in 
the LNCaP prostate cell line also have a high level of concordance (82%) while FoxA1 and 
ER in MCF7 breast cancer cell only overlap by 52%

Andreu-
Vieyra et al. 
2011

LNCaP, 4 h 
with 10 nM 
DHT

ChIP-seq (I) Identified 4,357 ARBS; (II) about 20% of the AR-occupied regions were associated 
with AcH3; (III) nucleosome-depleted regions (NDRs) are present in TMPRSS2 and KLK2 
enhancer modules in the absence of ligand, or after long-term androgen withdrawal. This 
NDRs percentage increases after short-term treatment with DHT; (IV) GATA-2 is important 
for NDR maintenance at theTPMRSS2 enhancer in the absence of hormone

Tan et al. 
2012

LNCaP, 
100 nM DHT, 
2 h

ChIP-seq (I) Identified 18,117 and 75,296 AR binding sites (ARBS) before and after DHT treatment 
in LNCaP cells; (II) a canonical ARE motif that was significantly enriched in the ARBS from 
LNCaP cells treated with DHT; (III) approximately 41% of the ARBS contain full AREs, 
whereas 19% harbor half AREs; a large fraction of the ARBS (40%) lacked either motif; (IV) 
AR resided mainly at distal regions of known genes; (V) NKX3-1 is colocalized with AR near 
androgen-regulated genes in prostate cancer cells

Xu et al. 
2012

abl, EtOH ChIP-seq (I) LNCaP abl AR chromatin binding was enriched at the center of EZH2 solo peaks but not 
at ensemble peaks; (II) a robust physical interaction between EZH2 and AR in abl cells; (III) 
EZH2 solo peaks in abl cells significantly overlapped with AR global binding, and EZH2- 
and AR-activated genes also overlapped significantly in abl cells

Table 3 (continued)
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essential role in prostate development (90). Through analysis 
of several candidate genes, HOXB13 has been shown a 
multifaceted regulator of AR-chromatin interaction, similar 
as FOXA1 (91). Specifically, HOXB13 was found to inhibit 
transcription of genes regulated by AR binding to ARE, but 
enhances AR binding to cis-regulatory regions containing 
HOX elements juxtaposed to AREs, thereby inducing 
corresponding gene expression. How GATA2 and HOXB13 
regulate genome-wide AR binding profile, however, are yet 
to be carefully examined.

Co-factor regulation of AR transcriptional activity

AR transcriptional activity is tightly controlled. Over the 
years, a significant number of cofactor proteins have been 
identified that regulate AR signaling by remodeling the 
chromatin structure or affecting the recruitment of RNA 
polymerase II to the promoters of target genes. These 
include but are not limited to p160 family of transcription 
factors, CBP/P300, HDAC, CARM1 and LSD1 (92). 
In addition, PDEF, a prostate epithelial-specific ETS 
transcription factor, was reported as a co-regulator of AR, 
leading to enhanced transcription of PSA gene (93). Using 

ChIP-Seq, genome-wide location analyses have recently 
enabled more accurate characterization of cofactor co-
occupancy at subset of target genomes (59,61,67,83,91,94). 
For instance, motif analysis revealed that ETS motif and 
AR half-sites co-occur in approximately 70% of AR-bound 
promoter regions. This led to further experimentation 
showing that ETS1 protein physically interacts with AR 
and enhances AR transactivation (59). Similarly, through 
motif analyses of AR binding sites found in VCaP cells we 
reported ETS motif as the 2nd most enriched motif, only 
ranked after the AREs (67). ChIP-seq analysis of ERG 
showed that it indeed co-occupied a majority of the ARBS 
in VCaP cells. Mechanistic studies revealed that ERG 
protein physically interacts with AR but surprisingly inhibits 
AR transcriptional activity, thus acting as a co-repressor. 
This role of ERG in inhibiting AR-mediated prostate 
gene expression has later been independently validated by 
multiple studies (95,96).

In addition to ETS family cofactors, genome-wide 
location studies have yielded the discovery or validation 
of a number of other AR cofactors at the genome scale. 
For instance, OCT and GATA motifs were found most 
enriched in AR binding sites found in chromosome 21 and 

Table 3 (continued)

Study Samples Method Results

Decke et al. 
2012

LNCaP,abl, 
EtOH; 
LNCaP 
10 nM; DHT 
4 hr; abl, 
10 nM DHT 
16 h

ChIP-seq (I) Identified 7,135 AR binding sites with statistically increased binding in LNCaP DHT+ 
cells as androgen-dependent occupied regions (AD-ORs); (II) the 896 sites with statistically 
increased binding in C4-2B DHT cells as androgen-independent occupied regions (AI-ORs); 
(III) whereas the vast majority of AD-ORs are located at intergenic and intronic regions 
in line with previous findings, 54% of AI-ORs are at promoters, exons and tRNA genes; 
(IV) motif analysis showed that both canonical ARE and FoxA1 motifs are not enriched 
at AI-ORs; (V) AI-ORs are preferentially located at genomic loci with constitutively open 
chromatin structures; (VI) AI-ORs possess AR-dependent enhancer activity in CRPC cells 
(Knockdown of AR resulted in a decrease of basal enhancer activity at 9 out of 10 AI-ORs 
in C4-2B cells; DHT significantly inhibited enhancer activity at AI-ORs in C4-2B cell); (VII) 
AI-ORs directly interact with AI-upregulated genes, which are required for CRPC growth; 
(VIII) AI-upregulated genes are enriched for cell cycle functions and overexpressed in CRPC 
tumors

Chng et al. 
2012

VCaP cells 
at 0, 2 and 
18 h after 
100 nM DHT 
stimulation

ChIP-seq (I) AR, ERG ChIPseq in VCaP cells at 0, 2 and 18 h after 100 nM DHT; (II) the substantial 
overlap of the AR and ERG cistromes suggests transcriptional collaboration between them; 
(III) HDACs (HDAC1,HDAC2,HDAC3) and EZH2 function together with ERG and AR to 
attenuate androgen-dependent transcription

Sharma et al. 
2013

12 tissue 
samples, 
LNCaP, 
VCaP, 22RV1

ChIP-seq (I) Identified AR-occupied regions in 12 tissue samples and 3 cell lines; (II) a unique AR 
transcriptional program exists in PC tissue; (III) divergent transcriptional complexes are 
present at ARBS in vitro and in vivo; (IV) a clinically relevant signature is identified from PC 
tissue
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22 through ChIP-on-chip assay (61). GATA2 and OCT1, 
together with AR, form a regulatory hierarchy that governs 
androgen-dependent gene expression. In a separate study, 
analysis of ChIP-seq data discovered that 92% of the 
NKX3-1 binding sites overlapped with the ARBS across the 
PCa genome (94). NKX3-1 is a homeobox transcription 
factor that contributes to prostate tumor progression. This 
study showed that NKX3-1 and AR directly regulate each 
other through a feed-forward loop. Moreover, NKX3-1  
collaborates with AR and FOXA1 to mediate gene 
expression in advanced and recurrent prostate carcinomas.

Collectively, these ChIP-seq studies have been valuable 
in identifying novel AR cofactors and in revealing the 
cooperative regulatory network that controls AR chromatin 
binding and prostate gene expression (Figure 1). These 
AR collaborating cofactors often exhibit some common 
characteristics such as: (I) they often physically interact with 
AR; (II) they frequently co-occupy the genome with the 
AR; (III) they regulate the transcription of AR target genes; 
(IV) they might directly regulate the expression of AR itself 
(e.g., ERG, GATA2) or might themselves be a target of 
androgen or AR (e.g., GATA2, NKX3-1); (V) they usually 
play critical roles in prostate development (e.g., ERG, 
FOXA1, HOXB13, and NKX3-1). These results suggest a 
complex network of transcription cofactors that altogether 
tightly controls AR-chromatin interaction and androgen-
mediated gene expression. Alterations to this regulatory 
network might result in the disruption of AR signaling and 
consequently lead to PCa.

AR as a transcriptional repressor

Although a majority of studies of AR signaling and genomic 
regulation have focused on androgen-induced genes, 
microarray analyses of androgen response have consistently 
revealed genes that are down-regulated by androgen. In 
fact, AR itself was found to be repressed by androgen in 
VCaP cells (97). Very few studies, however, have examined 
androgen-repressed genes such as c-MET (98), SOX2 (99), 
and DDC (100). Androgen-repressed genes as a while have 
not been carefully investigated in the past likely due to 
the difficulty in determining distal AR-binding enhancers 
on these genes. With the use of ChIP-seq technology to 
map AR binding across the entire genome, AR-repressed 
genes have lately become the focus of multiple studies. For 
example, an AR binding site was found within the intragenic 
region of the AR gene itself (97). AR binding to this site 
represses AR gene expression via recruitment of LSD1 and 

demethylation of H3K4me1 and me2.
Recently, we have systematically examined AR binding 

on the regulatory elements of androgen-induced and—
repressed genes in LNCP cells (101). We report that AR 
can act as a transcriptional repressor to directly inhibit gene 
expression. This repression is mediated by AR binding 
to AREs and facilitated by EZH2-mediated repressive 
chromatin remodeling. EZH2 thus cooperates with AR in 
transcriptional repression of target genes. Through meta-
analysis of microarray datasets profiling androgen-treated 
PCa cells, we have nominated a number of robust AR-
repressed genes (57). These genes may have important 
cellular functions and their repression by androgen may 
be critical for prostate physiology and disease. They are 
important genes for further examination which may lead 
to the development of novel biomarkers and therapeutic 
targets of PCa.

AR genomic regulation in CRPC

Altered AR transcription program in CRPC

AR is a key driver of PCa progression. The expression 
and transcriptional activity of AR remain required and 
sufficient to CRPC growth. Numerous studies have 
attempted to understand the mechanisms underlying AR 
activity in an androgen-depleted milieu. Through ChIP-
on-chip comparison of AR binding in LNCaP and abl 
cells, Wang et al. has demonstrated that AR acquired 
new binding sites and regulates a distinct transcriptional 
program that is responsible for CRPC cell growth (21). 
Similarly, Decker et al. investigated genome-wide AR 
binding in LNCaP and C4-2B cells under the androgen-
deprived conditions to understand how AR functions in 
CRPC (102). Like Wang et al. study, this study also revealed 
that AR persistently occupied a set of genomic regions in 
the absence of androgen in CRPC cells that were void of 
AR binding in LNCaP cells. Interestingly, these androgen-
independent ARBS have constitutively open chromatin 
structure, often locate at promoter regions, lack ARE motif, 
and are independent of FOXA1. These data suggested 
that androgen deprivation may result in a dramatic 
alteration of genome-wide AR binding profiling and that 
nonconventional AR binding sites may be acquired (21). 
It will be very interesting to determine in future studies 
how this oncogenic AR program is regulated and may be 
targeted for therapy.

In addition to androgen deprivation, recent studies 
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show that FOXA1 knockdown may also trigger a distinct 
AR binding profile resulting in dramatic alteration of the 
androgen response pathway (71). AR was again shown to 
bind new genomic loci, which contribute to gene expression 
that enhanced cell growth and established an appropriate 
microenvironment in CRPC. Interestingly, transcriptomic 
studies have recently discovered recurrent FOXA1 gene 
mutations in PCa, suggesting that the wildtype FOXA1 
may be beneficial whilst the mutants are more tumorigenic 
and thus colonially selected (103,104). Being consistent 
with this perception, we have recently reported that 
FOXA1 possesses an AR-independent and even-opposing 
role in inhibiting cell motility and tumor metastasis, 
a functionality that was significantly impaired by the 
FOXA1 (105). However, it remains a challenge to dissect 
out the potentially tumor suppressive role of FOXA1 in the 
context of altering AR binding profile and its downstream 
transcriptional activity.

To determine AR binding profile in human prostate 
tissues and during PCa progression, Sharma et al. mapped 
the genomic landscape of AR in 12 human PCa tissue 
samples (2 benign, 3 untreated localized tumors, 2 
treatment-responding cancer, 5 CRPC), and 3 cell lines 
(LNCaP, VCaP and 22RV1) (106). Thousands of ARBS 
were identified in CRPC tissues, which, surprisingly, have 
little overlap with the ARBS identified in PCa cell line. 
ARBS identified in CRPC tissue significantly overlapped 
with E2F, MYC and STAT binding sites, while ARBS found 
in PCa cell lines showed no such enrichment. In addition, 
many genes adjacent to the ARBS found in CRPC showed 
androgen regulation in xenografts, but, surprisingly, not in 
cultured LNCaP cells. This study suggests again that AR 
may be reprogrammed during PCa progression and that 
the AR transcriptional programs may differ significantly 
not only between disease stages but also among CRPC 
tissues. It will be critical for future studies to investigate the 
regulation or evolution of oncogenic AR transcriptional 
programs in human PCa between or within individual 
patients.

AR reprogramming by oncogenic transcription factors

It remains puzzling how AR transcriptional activity became 
reprogrammed in CRPC. Several studies have recently 
begun to address this important research paradigm. AR 
overexpression, which occurs in about 30% of CRPC, 
may allow AR to acquire new binding sites (107). FOXA1 
knockdown has been shown to reprogram AR to activate 

an oncogenic transcriptional program (71). LSD1, in 
addition to being recruited to AR intragenic region to 
suppress AR expression, has also been shown to globally 
inhibit many other androgen-repressed genes through 
similar mechanism (97). Androgen deprivation, conversely, 
decreased AR and LSD1 recruitment to target genes, 
thereby restoring the expression of a subset of androgen-
repressed genes that contribute to increased androgen 
synthesis, DNA replication, and proliferation in CRPC.

Recently,  we have reported that  the polycomb 
group protein EZH2 cooperates with AR to mediate 
its transcriptional repression of target genes (101). For 
example, we showed that AR occupies the distal enhancer 
of NOV, an AR-repressed gene, and communicates 
with the NOV promoter through DNA looping (57). 
This AR activation recruits EZH2, which subsequently 
catalyzes histone H3 lysine 27 tri-methylation around 
the NOV promoter, resulting in the suppression of NOV 
gene transcription. Very interestingly, another study has 
demonstrated similar AR and EZH2 cooperation, however, 
on androgen-induced genes (108). Xu et al. found that, in 
CRPC cells, EZH2 acts as a coactivator for AR through 
phosphorylation at Ser21, which is mediated by the 
PI3K-Akt pathway. EZH2 thus cooperates with AR to 
induce a set of genes, which are significantly overexpressed 
in CRPC cells. It is important to note that EZH2 is among 
the most highly expressed gene in metastatic PCa (109). 
Therefore, AR transcriptional program may be altered by 
oncogenic transcription factors that become abundantly 
expressed in CRPC. Many of these regulations are yet to be 
identified and such studies may lead to important discovery 
with significant clinical impacts.

Future directions

In summary, significant advances have been made in the 
last decade regarding genomic regulation of AR. Global 
androgen-responsive genes have been carefully examined 
in various cell line systems, animal models, and clinical 
specimens. Genome-wide AR binding profile in PCa cells 
have been comprehensively mapped by several independent 
research labs in various systems. These successes will form a 
solid foundation for potentially ground-breaking discoveries 
in the years to come. The identification and characterization 
of non-conventional targets of androgen, such as miRNAs 
and lncRNAs, are still in their infancy. Although studies 
to date have mapped the basal AR binding profiles in 
PCa cells, a lot remain to be learned regarding the 
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transcriptional regulatory network that determines precise 
AR binding events at each developmental and disease stages. 
The precise mechanisms by which AR pioneering factors 
and coregulators control AR transcriptional program are yet 
to be delineated. It will be exceedingly important for future 
studies to determine AR transcriptional reprogramming 
in CRPC and how this is regulated by various oncogenic 
factors. Such mechanistic studies will be essential for 
strategic disruption of AR signaling in CRPC and may 
dramatically improve patient care.
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