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Abstract

We show that HEXIM1 (hexamethylene bis-acetamide inducible 1) functions as an AR (androgen 

receptor) co-repressor as it physically interacts with the AR and is required for the ability of anti-

androgens to inhibit androgen-induced target gene expression and cell proliferation. Oncomine™ 

database and IHC (immunohistochemistry) analyses of human prostate tissues revealed that 

expression of HEXIM1 mRNA and protein are down-regulated during the development and 

progression of prostate cancer. Enforced down-regulation of HEXIM1 in parental hormone-

dependent LNCaP cells results in resistance to the inhibitory action of anti-androgens. Conversely, 

ectopic expression of HEXIM1 in the CRPC (castration-resistant prostate cancer) cell line, C4-2, 

enhances their sensitivity to the repressive effects of the anti-androgen bicalutamide. Novel insight 

into the mechanistic basis for HEXIM1 inhibition of AR activity is provided by the present studies 

showing that HEXIM1 induces expression of the histone demethylase KDM5B (lysine-specific 

demethylase 5B) and inhibits histone methylation, resulting in the inhibition of FOXA1 (forkhead 

box A1) licensing activity. This is a new mechanism of action attributed to HEXIM1, and distinct 

from what has been reported so far to be involved in HEXIM1 regulation of other nuclear hormone 

receptors, including the oestrogen receptor.
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INTRODUCTION

The AR (androgen receptor) is a member of the nuclear steroid receptor family that is 

critical for the development of male reproductive tissues and skeletal muscle. AR mediates 

these effects by regulating gene transcription following androgen binding and receptor 

activation [1]. Deregulated expression and activation of AR is well recognized to be critical 

for prostate cancer progression [1]. AR transcriptional activity results in the regulation of 

genes responsible for promoting growth, inhibiting apoptosis and possibly enhancing 

metastasis of the prostate tumours [1]. Androgens have been shown to regulate numerous 

genes, including PSA (prostate-specific antigen), EGFR (epidermal growth factor receptor), 

CDK2 (cyclin-dependent kinase 2) and CDK4, p21WAF1 (presumed to play an anti-apoptotic 

role in prostate cancer), cyclin Ds, survivin, and the AR co-activator ARA70 [1].

AR plays a role in all the stages of prostate cancer, from initiation, development and 

resistance to hormone therapy [2]. Owing to the dependence of prostate cancer on the AR 

and androgens, the most common therapy for prostate cancer, in particular in advanced 

prostate cancer, is androgen ablation via orchidectomy or AR antagonists [2]. Although 

prostate tumours are typically first responsive to such treatment, they invariably become 

resistant to anti-androgen therapy. However, AR-silencing studies show that CRPC 

(castration-resistant prostate cancer) cells retain dependence on AR [2]. This supports the 

model that the progression to CRPC is functionally linked to the constitutive activation of 

the AR, which may result from some combination of the enhanced expression of the AR and 

AR co-activator(s), reduced expression of AR co-repressor(s), and production of androgens 

in tumours [2].

We have previously reported that HEXIM1 (hexamethylene bis-acetamide inducible 1) 

inhibits the activity of ERα (oestrogen receptor α) in vitro by intercepting an interaction 

between ERα and P-TEFb (positive transcription elongation factor b) [3], a protein complex 

comprised of cyclin T1 and CDK9. ERα directly binds to the cyclin T1 component of this 

complex (reviewed in [4]), recruiting P-TEFb to ER target genes whereby P-TEFb 

phosphorylates the C-terminal domain of RNAPII (RNA polymerase II) at Ser2 to promote 

productive phases of transcriptional elongation [4]. By associating with both ERα and the 

7SK snRNP complex, HEXIM1 inhibits the co-recruitment of both ERα and cyclin T1 to 

the promoter region of ERα target genes. As a result, HEXIM1 inhibits the phosphorylation 

of the C-terminal domain of RNAPII and thereby prevents ERα-mediated transcriptional 

elongation in breast cells. HEXIM1 inhibits mammary tumorigenesis, partly by inhibiting 

ER-dependent transcription of cyclin D1 andVEGF (vascular endothelial growth factor) 

[5,6].

In the present study we now report on the role of HEXIM1 as a putative co-repressor of the 

AR that is required for the inhibition of the AR by anti-androgens. The mechanism for 

HEXIM1 inhibition of the AR involves decreases in the levels of active histone marks, 

notably histone 3 dimethylated at Lys4 (H3K4me2), that guide FOXA1 (forkhead box A1) 

recruitment to AR-regulated cell cycle genes. These M-phase cell cycle genes were 

previously shown to be critical for AR induction in CRPC [7]. Although HEXIM1 also 

inhibited recruitment of cyclin T1 to the AR target gene PSA, regulation of active histone 
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marks also plays an important role in HEXIM1 regulation of AR activity. Thus the 

mechanism of HEXIM1 regulation of AR transcription is distinct from what we have 

reported so far for ERα.

MATERIALS AND METHODS

Cell culture and transfections

LNCaP cells were obtained from the A.T.C.C. (Manassas, VA, U.S.A.), C4-2 and C4-2B 

cells [8] were obtained from Dr Leland Chung (Department of Medicine, University of 

California Los Angeles, Los Angeles, CA, U.S.A.), and LAPC4 cells were obtained from Dr 

Robert Reiter (Department of Urology, University of California Los Angeles, Los Angeles, 

CA, U.S.A.). LNCaP and C4-2 cells were maintained as described previously [9], and 

LAPC4 cells were grown in Iscove’s medium (Invitrogen) supplemented with 10% FBS plus 

1 nM R1881. To examine androgenic responses, cells were cultured in their respective basal 

medium containing 10%dextran-coated charcoal-extracted FBS (Invitrogen). Construction 

of expression vectors for control miRNA or HEXIM1 miRNAs (clones 35 and 609) has been 

described previously [5]. LNCaP cells were transfected with expression vectors containing 

either the HEXIM1 miRNA insert or a control miRNA insert as described previously [5]. 

Following blasticidin selection, cells expressing the highest level of GFP were flow-sorted 

and expanded. C4-2 cells were transfected with control or expression vector for FLAG–

HEXIM1 [3] as described previously [5].

Co-immunoprecipitation

Endogenous proteins were co-immunoprecipitated and analysed as described previously [3].

In vitro translation and protein–protein interaction assays

In vitro transcription and translation of AR were performed using the Promega TNT kit 

according to the manufacturer’s recommendations. GST pull-down assays were performed 

as described previously [10].

Western blot analysis

Cell lysates were analysed by Western blotting as described previously [5]. The anti-

HEXIM1 antibody was generated in the Montano laboratory [11]. The primary antibodies 

against UBE2C (ubiquitin-conjugating enzyme E2C; H-90; sc-99146), AR (441; sc-7305) 

and KDM5B (lysine-specific demethylase 5B; H-180; sc-67035) were obtained from Santa 

Cruz Biotechnology. The anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 

antibody was obtained from Millipore.

Immunohistochemistry

Human prostate tissue samples were obtained from the CHTN (Cooperative Human Tissue 

Network) and a tissue microarray from US Biomax (# PR8011). All samples were confirmed 

to be AR-positive by IHC (immunohistochemistry). We carried out immunohistochemical 

staining to detect HEXIM1 levels as described previously [11,12].
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Chromatin immunoprecipitation

ChIP assays were carried out as described previously [3]. The primers sequences used were: 

PSA ARE (androgen-response element) proximal forward, 5′-
TCCTGAGTGCTGGTGTCTTAG- 3′, reverse, 5′-AGCCCTATAAAACCTTCATTCC-3′; 
PSA ARE enhancer forward, 5′-CATGTTCACATTAGTACACCTTG-3′, reverse, 5′-
TCTCAGATCCAGGCTTGCTTAC-3′; PSA coding sequence forward, 5′-
CACACCCGCTCTACGATATGAG-3′, reverse, 5′-GAGCTCGGCAGGCTCTGA-3′; 
UBE2C enhancer 1+ forward, 5′-TGCCTCTGAGTAGGAACAGGTAAGT-3′, reverse, 5′-
TGCTTTTTCCATCATGGCAG-3′; UBE2C enhancer 2+ forward, 5′-
CCACAAACTCTTCTCAGCTGGG- 3′, reverse, 5′-TTCTTTCCTTCCCTGTTACCCC-3′; 
CDK1 enhancer forward, 5′-GGGAAAGAGAAGCCCTACACTTG- 3′, reverse, 5′-
GGGCTGTGCTACTTCTCTGGG-3′; CDC20 enhancer forward, 5′-
GGAGTTGTGAGAACACCCGG-3′, reverse, 5′-AACACCCAGGTACACCCTCG-3′; 
KDM5B enhancer forward, 5′-GGCAACCCATGTCTATCACAAGAGG-3′, reverse, 5′-
CTGGATACTTTGATACTCATCTG-3′.

RT (reverse transcription)–PCR analyses

Cells were subjected to RT–PCR analyses as described previously [5]. The primers 

sequences used were: PSA forward, 5′-TGTGTGCTGGACGCTGGA- 3′, reverse, 5′-
CACTGCCCCATGACGTGAT- 3′; UBE2C forward, 5′-TGGTCTGCCCTGTATGATGT- 

3′, reverse, 5′-AAAAGCTGTGGGGTTTTTCC-3′; CDK1 forward, 5′-
CCTAGTACTGCAATTCGGGAAATT-3′, reverse, 5′-
CCTGGAATCCTGCATAAGCAC-3′; CDC20 forward, 5′-
CCTCTGGTCTCCCCATTAC-3′, reverse, 5′-ATGTGTGACCTTTGAGTTCAG- 3′; 
KDM5B forward, 5′-CATCACTGGCATGTTGTTCAAATTC- 3′, reverse, 5′-
GAATGTAGTAAGCCACAAGAAGC- 3′.

Proliferation assay

LNCaP cells transfected with expression vector for control miRNA or HEXIM1 miRNA 

were plated on to 96-well plates. Cells were treated with 10 nM R1881, 10 μM bicalutamide 

or both for 7 days. Cell proliferation was assessed using the MTT-based Cell Growth 

Determination Kit from Sigma–Aldrich according to the manufacturer’s protocol.

Data analyses

Statistical significance was determined using the Student’s t test comparison for unpaired 

data.

RESULTS

Normal prostate epithelial cells express nuclear HEXIM1, and HEXIM1 expression is lower 
in prostate cancer cells

Our initial test for a role of HEXIM1 in prostate tumour progression was the examination of 

HEXIM1 expression in human prostate tissues by IHC using an anti-HEXIM1 antibody that 

we have carefully validated for IHC [11-14]. Strong nuclear HEXIM1 expression was 
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evident in normal prostate tissues, and statistically significant lower levels of HEXIM1 were 

observed in BPH (benign prostatic hyperplasia) and tumours. Moreover, HEXIM1 

expression was higher in well or moderately differentiated tumours (Gleason grade <7) 

when compared with poorly or undifferentiated tumours (Gleason grade >7, Figure 1A and 

Supplementary Figure S1 at http://www.biochemj.org/bj/462/bj4620315add.htm, P=0.0096). 

Human prostate tissue samples with Gleason score ≥7 are associated with a shorter duration 

to CRPC among patients with metastatic disease [15,16]. Our analyses of HEXIM1 

expression in human tissues were also consistent with other studies as analysed by 

Oncomine™ [17-19]. Microarray gene expression data from another laboratory (also 

analysed by Oncomine™) showed a statistically significant decrease in the expression of 

HEXIM1 in CRPC when compared with benign and prostate carcinomas (Figure 1B) [18]. 

We also observed lower levels of HEXIM1 expression in the CRPC cell lines C4-2 and 

C4-2B relative to the androgen-dependent cell lines LNCaP and LAPC4 (Figure 1C). These 

cancer cell lines were selected for this comparison because they also express AR, a 

characteristic of the vast majority of prostate cancers.

Owing to the decreased expression of HEXIM1 in CRPC, we examined whether HEXIM1 

can regulate the response to antiandrogens. We used two different miRNA clones to down-

regulate HEXIM1 expression in LNCaP cells (Figure 1D). Decreased HEXIM1 expression 

resulted in increased cell growth and a complete loss of the ability of bicalutamide to repress 

basal or R1881-stimulated growth, although these cells retained some sensitivity to growth 

stimulation by R1881 (Figures 1E and 1F). Down-regulation of HEXIM1 also resulted in 

attenuation of repressive effects of the anti-androgen MDV3100 on cell proliferation (Figure 

1G).

HEXIM1 interacts with the AR

Using co-immunoprecipitation assays we show that endogenous AR interacts with 

endogenous HEXIM1 (Figure 2A). The interaction was attenuated in cells transfected with 

HEXIM1miR (Figure 2B). This interaction occurred in the absence or presence of AR 

agonists and antagonists (Figures 2A and 2B). In vitro GST pull-down assays were used to 

determine whether HEXIM1 and AR directly interact. GST–HEXIM1 bound to Sepharose 

beads pulled down in vitro translated AR. In vitro translated AR did not interact with GST 

alone. We have previously reported that amino acids 150–177 of HEXIM1 were required for 

the interaction with ERα [3]. Our data indicate that interaction of HEXIM1150–177 with AR 

occurs despite the lower expression levels of HEXIM1150–177 (Figure 2C), suggesting that 

amino acids 150–177 were also involved in the interaction of AR with HEXIM1.

HEXIM1 regulates recruitment of transcriptional elongation factors to AR target genes

To test the potential for HEXIM1 regulation of AR-mediated transcription, we conducted 

ChIP analyses to examine the recruitment of HEXIM1 to the promoter of AR target genes in 

response to R1881 or bicalutamide and concomitantly assessed whether down-regulating the 

expression of HEXIM1 would alter the recruitment of transcriptional elongation factors to 

those promoters. Our data supported that HEXIM1 was recruited to the ARE-containing 

regions of the PSA promoter in LNCaP cells, and that such recruitment was increased 

following treatment with the anti-androgens bicalutamide, nilutamide and MDV3100 
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(Figures 3B and 3C). Down-regulation of HEXIM1 in LNCaP cells by synthetic 

HEXIM1miRs (Figure 3A) resulted in decreased recruitment of HEXIM1 to this promoter 

region as expected (Figure 3B), and enhanced recruitment of cyclin T1 (Figure 3D) and 

RNAPII phosphorylated at Ser2 (S2P RNAPII, Figure 3E) to the coding region of the PSA 
gene following treatment with bicalutamide. These results support that recruitment of 

HEXIM1 by treatment with bicalutamide inhibits the recruitment of both cyclin T1 and 

RNAPII to the coding region of PSA. Bicalutamide did not induce HEXIM1 recruitment to 

the non-ARE-containing region of the PSA gene (Supplementary Figure S2 at http://

www.biochemj.org/bj/462/bj4620315add.htm).

In contrast with LNCaP cells, bicalutamide did not induce recruitment of endogenous 

HEXIM1 to the PSA promoter in C4-2 cells, an androgen-independent derivative of the 

LNCaP cell line (Figure 3G). Introduction of a transfection vector for FLAG-tagged 

HEXIM1 resulted in enhanced HEXIM1 recruitment (Figure 3F), the consequences of 

which are described below.

HEXIM1 modifies histone marks on the enhancer regions of AR target genes

It has been proposed that the role of AR in androgen-independent cancer cells is not to direct 

the androgen-dependent gene expression programme without androgens, but rather to 

execute a distinct programme resulting in androgen-independent growth [7]. In that study, 

AR selectively up-regulated M-phase cell-cycle genes, including CDC20, CDK1 and 

UBE2C in an androgen-independent variant of LNCaP cells, abl. FOXA1 was shown to 

direct AR–enhancer binding and activation of CDC20, CDK1 and UBE2C [7]. FOXA1 

recruitment occurred primarily on H3K9me2-poor but H3K4me1/2-rich regions, with 

H3K4me1/2 guiding FOXA1 cell type-specific recruitment through direct physical 

interactions.

ChIP assays for AR, FOXA1 and H3K4me2 were performed in control and HEXIM1miR 

LNCaP cells after their treatment with vehicle, R1881 or bicalutamide. We observed that the 

down-regulation of HEXIM1 resulted in increased recruitment of AR and FOXA1, and 

increased levels of H3K4me2 in the enhancer regions of CDC20 and CDK1 in the 

bicalutamide-treated groups (Figure 4). Enhancement of FOXA1 and the levels of H3K4me2 

also occurred on the PSA promoter upon enforced down-regulation of HEXIM1 in 

bicalutamide-treated cells.

Although AR occupancy in bicalutamide-treated LNCaP cells was lower relative to R1881-

treated cells, down-regulation of HEXIM1 resulted in increased AR occupancy in 

bicalutamide-treated cells relative to R1881-treated cells (Figure 4A). However, recruitment 

of R1881-liganded AR was decreased upon down-regulation of HEXIM1, suggesting that, 

although HEXIM1 attenuated recruitment of bicalutamide-liganded AR, it enhanced 

recruitment of R1881-liganded AR.

We observed similar recruitment patterns of FOXA1 in a CRPC variant of LNCaP, C4-2 

cells, as those observed in LNCaP HEXIM1miR cells (Figure 4D). Increased expression of 

HEXIM1 inC4-2 cells (Figure 3F) attenuated FOXA1recruitment (Figure 4D). These results 
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suggested that decreased levels of HEXIM1 in CRPC may contribute to dysregulated AR 

activation or activation of a distinct AR transcriptional program.

HEXIM1 regulates KDM5B expression and recruitment to AR target genes

Although we observed significantly increased recruitment of HEXIM1 to AR-binding sites 

in the CDK1 or CDC20 genes in the presence of bicalutamide (Figure 5A), the increase was 

not particularly impressive. We thus searched for other factors involved in HEXIM1 down-

regulation of H3K4me2 on AR target genes. We screened known H3K4me2 demethylases 

for regulation by HEXIM1. KDM5B has been reported to be up-regulated in prostate 

cancers and to enhance AR transcriptional activity [20]. Conversely, KDM5B was shown to 

be part of a repressive complex on PR target genes [21]. Progestin-induced displacement of 

KDM5B and MLL2/MLL3-mediated H3K4 trimethylation during the initial chromatin 

remodelling events was required for progesterone gene activation [21]. Moreover, an 

Oncomine™ dataset indicated down-regulation of KDM5B in CRPC (fold change: −2.7, 

P=6.6×10−5 [17]). It is possible that KDM5B interaction with HEXIM1 resulted in a 

different function depending on gene context.

Our ChIP-seq analyses and validation by standard ChIP indicated that HEXIM1 is recruited 

to the enhancer region of the KDM5B gene (Figure 5B). Down-regulation of HEXIM1 

resulted in decreased expression of KDM5B (Figures 5C and 5D). These results suggest 

direct transcriptional regulation of the KDM5B gene by HEXIM1.

We then determined whether KDM5B can modulate H3K4me2 on AR target genes, and the 

relative role of HEXIM1 in regulating KDM5B. Enforced expression of KDM5B (Figure 

6A) resulted in decreased levels of H3K4me2 on the promoter of AR target genes, and 

down-regulation of HEXIM1 resulted in attenuation of the ability of KDM5B to down-

regulate levels of H3K4me2 on AR target genes, but not on the control GAPDH gene 

(Figure 6B). The basis for the regulation of KDM5B by HEXIM1 was revealed by our 

observation that down-regulation of HEXIM1 resulted in decreased recruitment of KDM5B 

(Figure 6C). Thus our studies implicated HEXIM1 not only in the up-regulation of 

expression of a H3K4me2 demethylase, but also the recruitment of KDM5B to AR target 

genes as a mechanism for HEXIM1 down-regulation of H3K4 methylation on AR target 

genes. The regulation of KDM5B recruitment may not just be due to HEXIM1 regulation of 

KDM5B expression, because co-immunoprecipitation assays indicated that endogenous 

KDM5B interacts with endogenous HEXIM1 (Figure 6D).

Modulation of HEXIM1 expression results in altered gene expression in response to R1881 
and bicalutamide

We next examined the functional consequences of HEXIM1 expression on AR-dependent 

gene expression. Down-regulation of HEXIM1 repressed CDK1, CDC20 and UBE2C 
expression in R1881-treated cells, but enhanced expression of CDC20, CDK1 and UBE2C 
mRNAs in vehicle- or bicalutamide-treated cells (Figure 7A). The attenuation of R1881-

induced gene expression when HEXIM1 expression was down-regulated reflected the down-

regulation of AR recruitment to AR target genes upon decreased HEXIM1 expression. Due 

to the emerging role of UBE2C in CRPC [22], we also examined regulation of UBE2C 
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protein levels by HEXIM1. The effects of HEXIM1 downregulation on the expression of 

UBE2C mRNA in vehicle- and bicalutamide-treated cells were reflected at the protein level 

(Figure 7B). Down-regulation of HEXIM1 enhanced expression of PSA mRNA and protein 

in vehicle-, R1881- or bicalutamide-treated cells.

DISCUSSION

Although androgen ablation therapy is initially effective for the majority of men with 

metastatic prostate cancer, resistance to such treatment invariably develops through 

mechanisms that remain incompletely understood [23,24]. Most CRPCs express AR and are 

dependent on AR for growth and survival, through mechanisms reported to involve 

constitutive activation of AR [25,26]. Comparative gene expression profiling of androgen-

regulated gene changes in LNCaP cells with AR-regulated genes in the LNCaP androgen-

independent variant, abl, strongly suggest that AR controls the expression of a set of genes 

in CRPC that is unique from those regulated by androgens in ADPC (androgen-dependent 

prostate cancer) [7]. The latter study provides compelling support that CPRC represents an 

alteration in the function of the AR rather than just its constitutive activation.

Although studies on AR co-regulatory factors in prostate cancer are not novel, a role for 

HEXIM1 in the inhibitory actions of anti-androgens has not been previously reported. We 

also identified a new mechanism of action of HEXIM1 that is distinct from what we have 

reported for HEXIM1 regulation of ERα. Our new mechanism involves epigenetic 

regulation through the H3K4 demethylase KDM5B, that subsequently inhibits FOXA1 

licensing activity. On a related note, H3K4me1, H3K4me2 and H3K4me3 levels were 

reported to be significantly increased in CRPC [27].

Previous studies demonstrated that P-TEFb binds to liganded AR, which recruits P-TEFb to 

the promoters of androgen target genes to facilitate their transcriptional elongation [28,29]. 

The co-immunoprecipitation and GST pull-down experiments of the present study indicated 

that HEXIM1 directly interacts with and prevents the AR from recruiting P-TEFb to AR 

target genes, similar to the action of HEXIM1 on ER target genes [3,5]. HEXIM1 may 

repress androgenic responses by inhibiting the release of P-TEFb from the 7SK small 

nuclear RNA protein complex (snRNP) [30,31], sequestering P-TEFb in a transcriptionally 

inactive complex that is unable to promote transcriptional elongation of AR target genes 

through phosphorylation of RNAPII [32,33]. We observed regulation of cyclin T1 

recruitment by HEXIM1 on the PSA promoter, and ensuing significant change in PSA 
mRNA levels. HEXIM1 also regulated H3K4me2 levels and FOXA1 recruitment on AR 

target genes, CDK1 and CDC20, with ensuing changes in mRNA levels. Thus our data 

suggest that HEXIM1 regulation of H3K4 methylation and FOXA1 recruitment may be 

more critical in HEXIM1 regulation of AR target gene expression.

There is an established link between transcriptional elongation and histone methylation 

[34-38]. H2B monoubiquitination (ubH2B) plays a critical role in H3K4 methylation 

[39,40]. Conversely, H2B monoubiquitination depends upon the early steps of 

transcriptional elongation, and CDK9 activity is essential for maintaining global and gene-

associated levels of histone H2B monoubiquitination [36]. However, HEXIM1 may act 
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independently of P-TEFb. Results showing P-TEFb-independent actions of HEXIM1 would 

not be unexpected as our studies indicate that HEXIM1 induced phenotypic effects that are 

independent of its ability to inhibit P-TEFb [6,14]. In particular, inhibition of ER-mediated 

activation of VEGF gene transcription by HEXIM1 is independent of the ability of HEXIM1 

to inhibit P-TEFb.

It is important to note thatHEXIM1regulation of transcriptional elongation and histone 

modifications do not necessarily translate to global regulation of gene expression. HEXIM1 

does not bind directly to DNA, but is recruited through its interaction with other 

transcription factors, allowing for its selective regulation. Moreover, the genomic targeting 

of KDM5B is mediated by sequence-specific DNA binding and by binding to post-

translationally modified histones [41].

In addition to its overexpression in breast cancers, KDM5B dysregulation has been reported 

in several types of solid tumours. It has been reported that, functionally, KDM5B plays an 

important role in the proliferative capacity of breast cancer cells through repression of 

tumour suppressor genes, including BRCA1 (breast cancer 1, early onset) [42]. However, 

KDM5B was shown to be part of a repressive complex on PR (progesterone receptor) target 

genes [21]. Moreover, KDM5B has putative tumour-suppressive activity, partly due to its 

ability to bind and stabilize hypophosphorylated pRb, leading to maintenance of pRb-

mediated cell-cycle control [43]. In agreement with this, it has been observed that the 

expression of KDM5B is lost in the majority of advanced and metastatic melanomas [44,45]. 

Importantly, KDM5B suppresses mammary angiogenesis and metastasis [46]. It is likely that 

KDM5B-interacting partners, such as HEXIM1, influence its function.

Although we observed overall repression of the recruitment of bicalutamide-liganded AR 

and associated factors, HEXIM1 enhanced recruitment of R1881-liganded AR and R1881-

induced mRNA expression. However, these ligand-specific effects of HEXIM1 did not 

solely dictate HEXIM1’s effects on cell proliferation. HEXIM1 inhibited R1881-induced 

proliferation, implicating that the overall effect of HEXIM1 on R1881-induced proliferation 

can be attributed to regulation of other R1881- regulated genes. Decreased recruitment of 

R1881-liganded AR upon down-regulation of HEXIM1 (Figure 4A) is reminiscent of the 

impact of PTEN (phosphatase and tensin homologue deleted on chromosome 10) loss on AR 

activity. The up-regulation of AR activity by PTEN was attributed to down-regulation of 

EZH2 expression that resulted in increased dependence on androgens [47]. It has also been 

reported that the AR induces transcription of genes that promote differentiation (e.g. CDK1 

[48]) and inhibits those that promote metastasis [49].

The role of HEXIM1 as a tumour suppressor in prostate cancer was supported by high 

nuclear HEXIM1 expression in normal prostate tissue and decreased expression of HEXIM1 

in BPH and tumours. Further decreased expression was observed during the progression 

from well-differentiated tumours to poorly differentiated tumours. Further validation was 

provided by datasets in the Oncomine™ database that indicated decreased expression of 

HEXIM1 in CRPC relative to hormone-dependent prostate carcinomas. COPA (cancer 

outlier profile analyses), the algorithm that led to the discovery of TMPRSS2 

(transmembrane protease, serine 2) and ETS family gene fusion events in prostate cancer, 
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was recently modified to allow for the identification of down-regulated outliers [50]. As a 

result HEXIM1 was identified as a potential tumour suppressor in prostate cancer [50]. 

These sets of data are in sharp contrast with a recent report that HEXIM1 expression is 

absent in normal prostate, but highly expressed in adenocarcinoma of the prostate [51]. 

Moreover, there is incongruence between that group’s expression data and animal data 

showing heterozygosity for HEXIM1 accelerated tumour progression in the TRAMP model 

of prostate cancer. Although the group reported that heterozygosity for HEXIM1 resulted in 

increased phosphorylation of the AR, an interaction between the AR and HEXIM1 and the 

functional consequences of increased AR phosphorylation at Ser81 was not reported. The 

phosphorylation of AR at Ser81 by CDK9 has been reported previously [52] and the up-

regulation of AR phosphorylation in heterozygote HEXIM1 mice was probably through its 

inhibition of CDK9, rather than direct effects of HEXIM1 on AR transcriptional activity as 

we reported in the present study. Moreover, there are conflicting reports on the functional 

relevance of the phosphorylation at Ser81 in AR transcriptional activity, and that perhaps its 

role in AR transcription is gene-context-dependent [53]. Finally, Mascareno et al. [51] did 

not report on HEXIM1 regulation of anti-androgenic responses.
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CDK cyclin-dependent kinase
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

H3K4me2 histone 3 dimethylated at Lys4

HEXIM1 hexamethylene bis-acetamide inducible 1

IHC immunohistochemistry

KDM5B lysine-specific demethylase 5B

P-TEFb positive transcription elongation factor b

PSA prostate-specific antigen

PTEN phosphatase and tensin homologue deleted on chromosome 10

RNAPII RNA polymerase II

RT reverse transcription

UBE2C ubiquitin-conjugating enzyme E2C

VEGF vascular endothelial growth factor
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Figure 1. Expressions levels of HEXIM1 in normal prostate and prostate cancer tissue
(A) Sections obtained from normal prostate tissues, BPH tissues and prostate tumour were 

stained for endogenous HEXIM1. The staining score was the product of the intensity of 

HEXIM1 nuclear staining and percentage of HEXIM1-positive cells. (B) Oncomine™ 

analyses of microarray gene expression of HEXIM1 in human benign carcinomas (n=6), 

prostate carcinomas (n=7) and hormone refractory metastatic carcinomas (n=6) [18]. For (A) 

and (B), P values were calculated using the Student’s t test. (C) Western blot analyses of 

HEXIM1 expression in LNCaP, LAPC4, C4-2 and C4-2B cells. LNCaP cells were stably 

transfected with control or two different HEXIM1miR clones separately (D and E) or 

together (F and G) and plated on to 94-well plates, treated as indicated for 6 days, then 

processed for MTT assays to assess proliferation. Figures are representative of at least three 
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independent experiments. aP <0.05 relative to R1881 alone, bP <0.05 relative to control 

transfected cells with the same treatment and *P <0.05 relative to vehicle.
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Figure 2. Physical interaction between HEXIM1 and AR
(A) LNCaP cells were treated with either vehicle, 10 nM R1881, 10 nM DHT 

(dihydrotestosterone) or 10 μM bicalutamide for 90 min. (B) LNCaP cells stably transfected 

with control or HEXIM1miR were treated with vehicle, 10 nm R1881 or 10 μM MDV3100 

for 90 min. In (A) and (B) lysates were immunoprecipitated using antibodies against 

HEXIM1 or AR and analysed for co-immunoprecipitation of HEXIM1 or AR by Western 

blotting. Normal rabbit IgG was used as a specificity control. Input lanes represent 25% of 

the total protein. (C) Left-hand panel: in vitro translated and [35S]methionine-labelled AR 

was incubated with GST alone, GST–HEXIM1 or GST–HEXIM1150–177 bound to 

Sepharose. Bound protein was eluted and analysed by SDS/PAGE (12.5% gel). The Input 

lane represents 10% in vitro translated product added to the samples. Right-hand panel, 
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Western blot analyses of GST, GST–HEXIM1 or GST–HEXIM1150–177 expression. Figures 

are representative of at least three independent experiments.
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Figure 3. Recruitment patterns of HEXIM1 and transcriptional elongation factors in LNCaP 
cells
LNCaP cells stably transfected with control or HEXIM1miR were treated with vehicle, 10 

nm R1881 or 10 μM bicalutamide (Bic), nulatimide, flutamide or MDV3100 for 90 min. (A) 

Cells were processed for Western blot analyses of HEXIM1 relative to the GAPDH loading 

control. Also shown are ChIP analyses of lysates immunoprecipitated with antibodies 

against HEXIM1 (B and C), cyclin T1 (D), RNAPII phosphorylated at Ser2 (E) or control 

non-specific rabbit Ig, followed by PCR amplification of the proximal ARE-containing 

region or the coding region of the PSA promoter. C4-2 cells transfected with control vector 

or expression vector for FLAG-tagged HEXIM1 (fl-HEXIM1) were treated with vehicle, 10 

nm R1881 or 10 μM bicalutamide for 90 min. (F) Cells were processed for Western blot 
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analyses of HEXIM1 relative to the GAPDH loading control. (G) ChIP analyses of lysates 

immunoprecipitated with antibodies against HEXIM1. The results are means±S.E.M. of 

three independent experiments. *P <0.05 relative to vehicle treated cells, aP <0.05 relative to 

R1881 alone and bP <0.05 relative to control transfected cells with the same treatment.
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Figure 4. HEXIM1 inhibits FOXA1 recruitment and H3K4me2 enrichment
LNCaP cells stably transfected with control or HEXIM1miR were treated with vehicle, 10 

nm R1881 or 10 μM bicalutamide for 90 min. Results show ChIP analyses of lysates 

immunoprecipitated with antibodies against AR (A), FOXA1 (B) or H3K4me2 (C) or 

control non-specific rabbit immunoglobin and PCR amplification of the enhancer regions of 

CDC20 (left-hand panels), CDK1 (middle panels) or PSA (right-hand panels). (D) C4-2 

cells transfected with control vector or expression vector for FLAG-tagged HEXIM1 (fl-

HEXIM1) were treated with vehicle, 10 nM R1881 or 10 μM bicalutamide for 90 min. 

Shown are ChIP analyses of lysates immunoprecipitated with antibodies against FOXA1 or 
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control non-specific rabbit immunoglobin and PCR amplification of the enhancer region of 

CDK1. The results are means±S.E.M. of three independent experiments. aP <0.05 relative to 

R1881 alone, bP <0.05 relative to control transfected cells with the same treatment.
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Figure 5. HEXIM regulates KDM5B expression
(A) LNCaP cells stably transfected with control or HEXIM1miR were treated with vehicle, 

10 nMR1881 or 10 μMbicalutamide (Bic) for 90 min. Results show ChIP analyses of lysates 

immunoprecipitated with antibodies against HEXIM1 or control non-specific rabbit 

immunoglobin and PCR amplification of the enhancer regions of CDK1 or CDC20. *P 
<0.05 relative to vehicle treated cells. (B) ChIP analyses of lysates from LNCaP cells 

immunoprecipitated with antibodies against HEXIM1 or control non-specific rabbit 

immunoglobin and PCR amplification of the −73339/−72922 region of KDM5B. (C) RNA 

was harvested from LNCaP cells stably transfected with control or HEXIM1miR and 

subjected to RT–PCR to assess KDM5B mRNA levels using GAPDH as control. bP <0.05 

relative to control transfected cells with the same treatment. (D) Western blot analyses of 
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endogenous KDM5B relative to GAPDH loading control in LNCaP cells stably transfected 

with control or HEXIM1miR. Figures are representative of at least three independent 

experiments. C, control.
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Figure 6. HEXIM1 regulates KDM5B recruitment
LNCaP cells stably transfected with control or HEXIM1miR were treated with 10 μM 

bicalutamide for 90 min. (A) Western blot analyses of endogenous KDM5B or FLAG–

KDM5B relative to the GAPDH loading control. ChIP analyses of lysates 

immunoprecipitated with antibodies against (B) H3K4me2 or (C) KDM5B or control non-

specific rabbit immunoglobin and PCR amplification of the enhancer regions of CDK1 or 

GAPDH. The results are means±S.E.M. of three independent experiments. aP <0.05 relative 

to non-FLAG–KDM5B transfected cells and bP <0.05 relative to control miRNA transfected 

cells. (D) Lysates from LNCaP cells were immunoprecipitated (IP) using antibodies against 

HEXIM1 or KDM5B and analysed for co-immunoprecipitation of HEXIM1 or KDM5B by 

Western blotting. Normal rabbit IgG was used as a specificity control. Input lanes represent 

25% of the total protein. Figures are representative of at least three independent experiments.
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Figure 7. Altered HEXIM1 expression results in altered cellular response to an anti-androgen
(A) LNCaP cells stably transfected with control or HEXIM1miR were treated with vehicle, 

1 nM R1881 and/or 1 μM bicalutamide for 4 h. RNA was harvested and subjected to RT–

PCR to assess CDK1, CDC20, UBE2C and PSA mRNA levels using GAPDH as a control. 

(B) LNCaP cells were stably transfected with control or HEXIM1miR and processed for 

Western blot analyses of UBE2C and PSA levels. Figures are representative of at least three 

independent experiments. aP <0.05 relative to R1881 alone and bP <0.05 relative to control 

transfected cells with the same treatment.
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