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Abstract

Androgen receptor (AR) transcriptional activity depends on interactions between the AR NH2-

terminal region and transcriptional coregulators. A yeast two-hybrid screen of a human testis 

library using predicted α-helical NH2-terminal fragment AR-(370–420) as bait identified 

suppressor of variegation 3–9 homolog 2 (SUV39H2) histone methyltransferase as an AR 

interacting protein. SUV39H2 interaction with AR and the AR coregulator, melanoma antigen-

A11 (MAGE-A11), was verified in two-hybrid, in vitro glutathione S-transferase affinity matrix 

and coimmunoprecipitation assays. Fluorescent immunocytochemistry colocalized SUV39H2 and 

AR in the cytoplasm without androgen, in the nucleus with androgen, and with MAGE-A11 in the 

nucleus independent of androgen. Chromatin immunoprecipitation using antibodies raised against 

SUV39H2 demonstrated androgen-dependent recruitment of AR and SUV39H2 to the androgen-

responsive upstream enhancer of the prostate-specific antigen gene. SUV39H2 functioned 

cooperatively with MAGE-A11 to increase androgen-dependent AR transcriptional activity. 

SUV39H2 histone methyltransferase is an AR coactivator that increases androgen-dependent 

transcriptional activity through interactions with AR and MAGE-A11.
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INTRODUCTION

Androgen receptor (AR) transcriptional activity depends on high affinity binding of 

testosterone or dihydrotestosterone (DHT). The cascade of molecular events includes release 

of heat shock proteins, formation of the AR NH2- and carboxyl-terminal (N/C) interaction, 

AR dimerization and nuclear translocation, interaction with coregulatory proteins and 

binding to androgen response element DNA. The predominant androgen-dependent AR 

transactivation domains are located in the NH2-terminal region and carboxyl-terminal ligand 

binding domain (Simental et al., 1991; He et al., 1999). Human AR NH2-terminal amino 

acid residues 142–337 are considered the dominant transactivation domain in mammalian 

cells (Simental et al., 1991).

AR transcriptional activity is regulated through post-translational modification by enzymes 

that result in AR acetylation (Fu et al., 2000; Gaughan et al., 2002), methylation (Gaughan 

et al., 2011; Ko et al., 2011; Coffey et al., 2013), ubiquitination (Gaughan et al., 2005), 

deubiquitination (Burska et al., 2013) and sumoylation (Poukka et al., 2000). AR 

coactivators with acetyltransferase activity include p300 and the p160 steroid receptor 

coactivator family (Heemers and Tindall, 2007). Other AR coregulators include CARM-1 

(coactivator-associated arginine methyltransferase-1) with methyltransferase activity (Chen 

et al., 1999) and LSD1 (lysine-specific demethylase 1) with demethylase activity (Metzger 

et al., 2005). The sites of AR modification by most of these enzymes are within the AR 

NH2-terminal region.

The intrinsically disordered AR NH2-terminal region is interrupted by short predicted α-

helical regions that serve as interaction sites for coregulatory proteins (He et al., 2004b). 

Notable among these is the AR NH2-terminal FXXLF motif sequence 23FQNLF27 that is 

highly conserved across species (He et al., 2000, 2002a). In response to high affinity 

androgen binding, the AR NH2-terminal FXXLF motif interacts with the activation function 

2 surface of the AR carboxyl-terminal ligand binding domain to mediate the androgen-

dependent AR N/C interaction required for optimal gene activation (He et al., 2000). The 

AR NH2-terminal FXXLF motif also serves as the interaction site for melanoma antigen-

A11 (MAGE-A11), a transcriptional coregulator that increases AR transcriptional activity by 

competing with the AR N/C interaction and exposing activation function 2 for p160 

coactivator recruitment (Bai et al., 2005). Two features of AR interaction with MAGE-A11 

are specific to human and nonhuman primates. First, sequence flanking the AR FXXLF 

motif evolved during the early mammalian transition to primates (He et al., 2002a). 

Hydrophobic residue valine-33 that flanks the human AR NH2-terminal FXXLF motif is 

alanine in AR of lower mammals. Human AR valine-33 is required for AR to interact with 

MAGE-A11, but valine-33 is not required for the androgen-dependent AR N/C interaction 

(Liu et al., 2011). Second, MAGE-A11 itself is a member of the MAGE gene family that 

evolved in primates (Brasseur et al., 1995; Scanlan et al., 2002; Dhodapkar et al., 2003). 

MAGE-A11 increases human AR transcriptional capacity through mechanisms that include 

stabilization of transcriptionally active AR dimers (Minges et al., 2013) and recruitment of 

p160 and p300 coactivators (Askew et al., 2009, 2010).
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Other short predicted α-helical regions in the human AR NH2-terminal region involved in 

AR transcriptional activity include the WXXLF motif sequence 433WHTLF437 and the 

highly conserved AR-(234–247) region. The human AR WXXLF motif is evolutionarily less 

well conserved than the AR FXXLF motif (He et al., 2002a) and provides only a minor 

contribution to the androgen-dependent AR N/C interaction (He et al., 2000, 2002a). The 

AR WXXLF motif is required to mediate the AR transcriptional response to MAGE-A11 

and p300 (Lagarde et al., 2012; Dehm et al., 2007). The importance of MAGE-A11 and AR 

WXXLF motif region in enhancing AR transcriptional activity was demonstrated by a 

naturally occurring human AR-R405S mutation near the WXXLF motif that caused partial 

androgen insensitivity in a newborn by interfering with the AR transcriptional response to 

MAGE-A11 (Lagarde et al., 2012). The highly conserved AR-(234–247) region predicted to 

form an α-helix is the interaction site for CHIP (carboxyl-terminus of the Hsp70-

intereacting protein), an E3 ubiquitin ligase that directs the ubiquitination of Hsp70 and 

Hsp90 chaperone complexes for degradation by the proteasome (Jiang et al., 2001; Demand 

et al., 2001; He et al., 2004a). CHIP is a negative AR coregulator that promotes AR 

degradation in the absence or presence of androgen (He et al., 2004a).

The present study extends the use of comparative sequence alignment and α-helical 

structure predictions within the intrinsically disordered AR NH2-terminal region. A yeast 

two-hybrid screen of a human testis library was performed using the predicted AR-(370–

420) NH2-terminal α-helical region as bait. The studies identify and characterize SUV39H2 

(human suppressor of variegation 3–8 homolog 2), a histone methyltransferase that directs 

trimethylation of lysine 9 on histone H3, as an AR interacting protein recruited to a classical 

androgen response gene.

MATERIALS AND METHODS

Yeast two-hybrid screen

An amplified human testis two-hybrid library was screened using YEASTMAKER 

Transformation System 2 (Clontech) (He et al., 2004a). The yeast pBD-GAL4-Cam-AR-

(370–420) bait vector was created by PCR amplification of pCMV-AR-(370–420) and 

cloning the fragment into EcoRI and SalI sites of pBD-GAL4-Cam (Agilent Technologies). 

Yeast strain HF7c was transformed with pBD-GAL4-Cam-AR-(370–420) coding for human 

AR NH2-terminal amino acid residues 370–420 and plated on synthetic medium without Trp 

and His using the pBD-GAL4 Cam Phagemid Vector Kit (Agilent Technologies). A yeast 

clone expressing pBD-GAL4-Cam-AR-(370–420) was transformed with 100 µg of amplified 

human testis Matchmaker cDNA library (BD Clontech) and plated in synthetic medium 

without Leu, Trp and His. Colonies were scored after several days and transferred to plates 

containing synthetic medium lacking Leu, Trp and His with the addition of 5 mM 3-

amino-1,2,4-triazole. Approximately 140 colonies were retested in a two-hybrid β-

galactosidase filter assay (Clontech). Freshly prepared Z buffer containing 60 mM 

Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM 2-mercaptoethanol, pH 

7.0, and 5-bromo-4-chloro-3-indolyl-β-D-galactoside was added to the filters and incubated 

at room temperature to score blue colonies after 2 h or overnight. Plasmids from 17 positive 

yeast colonies in the β-galactosidase filter assay were rescued. Colonies that grew in 
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synthetic medium lacking Leu gradually lost the bait vector but not the library plasmids. The 

library vector was purified using Yeastmaker plasmid isolation kit K1611-1 (Clontech) and 

sequenced.

Expression, immunoblot and transcription assays

Immunoblot and immunoprecipitation experiments were performed using monkey kidney 

COS1 cells (2 × 106 cells/10 cm dish) and DEAE dextran DNA transfection (He et al., 

2002b; Askew et al., 2007; Minges et al., 2015). For siRNA expression, COS1 cells (4 × 

105/well) plated in 6-well plates were transfected the next day with 0.5 µg FLAG-

SUV39H2-L/well using Lipofectamine 2000 (Thermofisher). Antibodies used to probe the 

immunoblots included rabbit HA antibody ab9110 (Abcam, dilution 1:1000–2000), mouse 

FLAG-M2 antibody F3165 (Sigma-Aldrich, dilution 1:500–2000), rabbit anti-AR peptide 

antibodies AR32 (1 µg/ml) and AR52 (10 µg/ml) (Lubahn et al., 1988; Quarmby et al., 

1990), rabbit MAGE1 and MAGE2 antibodies against baculovirus expressed human FLAG-

MAGE-A11 (0.2–5 µg/ml) (Su et al., 2013), and mouse β-actin antibody ab-6276 (Abcam, 

1:5000 dilution). Immunoblots were calibrated using Precision Plus Dual Stain molecular 

weight markers (Bio-Rad). Chemiluminescence was detected using SuperSignal West Dura 

Extended Duration Substrate (Pierce).

AR transcriptional activity was measured by transfection of CV1 cells using calcium 

phosphate and prostate-specific antigen (PSA) enhancer reporter PSA-Enh-Luc with pCMV-

AR (Lubahn et al., 1988), pCMV-AR-(1–660) (Simental et al., 1991), pSG5-MAGE (Bai et 

al., 2005) and/or pSG5-SUV39H2. Cells were incubated in serum-free medium with or 

without 10 nM DHT for 24 h before harvest. Two-hybrid interaction assays were performed 

using Effectene transfection reagent (Qiagen) in HepG2 human hepatocellular carcinoma 

cells (2 × 105 cells/well) in 12-well plates with GAL-SUV39H2, pVP16-AR-(1–660), 

pVP16-AR-(370–420), VP-MAGE-A11 and 5XGAL4Luc3 reporter gene (He et al., 2001; 

He and Wilson, 2003; Bai et al., 2005). CWR-R1 cells (2 × 105/well) plated in 12-well 

plates were transfected the next day using Effectine transfection regent (Qiagen) with 0.25 

µg of the androgen responsive mouse mammary tumor virus luciferase reporter vector 

(MMTV-Luc) with or without 20 nM SUV39H2 siRNA (Dharmacon), nonspecific siRNA or 

AR siRNA that decreased AR levels (Ponguta et al. 2008; Askew et al., 2009; Minges et al., 

2013). The next day CWR-R1 cells were transferred to serum-free medium and 24 h later 

treated with or without 0.1 nM DHT in serum-free medium. Luciferase activity was 

measured using an automated Lumistar Galaxy luminometer (BMG Labtech) with the mean 

(S.D.) representative of at least three independent experiments.

In vitro interaction assay

GST in vitro interaction assays were performed using bacterial expressed GST fusion 

proteins of MAGE-A11 and AR by incubation with in vitro translated 35S-methionine-

labeled SUV39H2-S. pGEX-3X-1-AR-(1–566) and pGEX-5X-1-AR-(1–660) were 

described (He et al., 1999, 2000). pGEX-4T-1-MAGE-(2–429) was created by PCR 

amplification of full-length MAGE-A11 with EcoRI and XhoI ends from pSG5-MAGE and 

ligation into the same sites of pGEX-4T-1. GST fusion proteins were expressed in log phase 

XL1-Blue Escherichia coli treated with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside for 
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3 h (He et al., 1999; 2000). Cell extracts were prepared by sonication in 0.5% Nonidet P-40, 

0.1 M NaCl, 1 mM EDTA and 20 mM Tris, pH 8.0 and incubated for 1 h at 4°C with 

glutathione-agarose beads (Amersham). Washed beads were incubated for 2 h at 4°C with 25 

µCi of 35S-methionine (PerkinElmer Life Sciences)-labeled SUV39H2-S using the TNT T7 

Quick-coupled Transcription/Translation System (Promega). Washed beads were eluted at 

high temperature in an SDS containing buffer and analyzed on a 12% acrylamide gel 

containing SDS.

Immunocytochemistry

pCMV-AR, pCMV-FLAG-SUV39H2 and/or pSG5-MAGE (0.1 µg) were expressed in COS1 

cells (1.5 × 105 cells/well) plated in 12-well plates with glass coverslips using Effectene 

transfection reagent (Qiagen) (He et al., 2004a; Bai et al, 2005). Cells were fixed using 3% 

paraformaldehyde, permeabilized using 0.5% Trion X-100, blocked with 0.5% bovine serum 

albumin, and incubated with AR primary rabbit antibody ab-3510 (Abcam, 1:250 dilution), 

FLAG-M2 mouse monoclonal antibody F3165 (Sigma, 1:1000 dilution) and/or MAGE-A11-

(94–108) rabbit polyclonal antipeptide antibody (10 µg/ml) (Bai et al., 2008). Secondary 

antibodies were rhodamine (tetramethyl rhodamine isocyanate)-conjugated AffiniPure 

donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, 1:75 dilution) and 

fluorescein isothiocyanate-conjugated AffiniPure donkey anti-rabbit IgG (Jackson 

ImmunoResearch Laboratories, 1:50 dilution). Slides were viewed using a Zeiss LSM 210 

confocal microscope.

SUV39H2 antibody

Rabbit polyclonal antibodies were prepared against the SUV39H2-L peptide 

C142DELNRRKNHKGMIFVEN158, which is equivalent to SUV39H2-S-(82–98). A 

cysteine residue was included at the NH2-terminus for conjugation to Keyhole limpet 

hemocyanin (Pocono Rabbit Farm & Laboratory, Canadensis, PA). This region of SUV29H2 

was predicted to be immunogenic based on the Princeton Biomolecules algorithm. 

Immunoreactivity was indicated on immunoblots by expression of full-length SUV39H2-L 

and partial SUV39H2-S-(67–350) identified in the yeast two-hybrid screen. Antibody 

purification was performed using antigen affinity chromatography of activated 

immunoaffinity Affi-Gel 10 gel (BioRad) coupled to the peptide antigen in 0.2 M 

ethanolamine, pH 8.0. Antiserum was incubated for 2 h at 4°C, eluted with 0.1 M glycine, 

pH 3.0 in 0.1 volume 1 M Tris-HCl, pH 8.0 and neutralized.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed by plating 8 × 106 LAPC-4 cells/10 cm dish 

in RPMI medium containing 10% charcoal-stripped fetal bovine serum (Atlantic 

Biologicals) (Askew et al., 2010). After 3 days cells were placed in fresh medium with or 

without 10 nM methyltrienolone (R1881, PerkinElmer), a synthetic androgen agonist 

resistant to metabolism, and incubated for 24 h. Cells were crosslinked using 1% 

formaldehyde for 10 min, treated with 0.125 M glycine and extracted (Askew et al., 2010). 

Cell extracts were precleared using protein-A agarose and immunoprecipitated using 10 µg 

of normal rabbit IgG sc-2027 (Santa Cruz Biotechnology), rabbit anti-AR H-280 sc-13062 

(Santa Cruz Biotechnology) or peptide-purified rabbit anti-SUV39H2 antibody. PCR was 
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performed using Taq polymerase (Qiagen) and PSA upstream enhancer primers 5'-

GGGACAACTTGCAAACCTG-3' and 5'-GTATCTGTGTGTCTTCTGAGC-3' to amplify a 

285-bp fragment.

RESULTS

Identification of SUV39H2 as AR NH2-terminal interacting protein

Human AR NH2-terminal amino acid residues 370–420 (Fig. 1A, shown in red) are adjacent 

to the WXXLF motif sequence 433WHTLF437 involved in the AR transcriptional response to 

p300 and MAGE-A11 (Dehm et al., 2007; Lagarde et al., 2012). AR-(370–420) is predicted 

to form an ordered structure based on the PONDR algorithm of ordered and disordered 

regions deduced from the linear sequence (Fig. 1B). Comparative sequence alignment of 

human AR-(370–420) in the less well conserved AR NH2-terminal region compared to the 

AR DNA and ligand binding domains (Choong et al., 1998) showed sequence conservation 

with corresponding regions of AR from Eulemur collaris (lemur) and Mus musculus 
(mouse) and lack of similarity with Xenopus laevis (frog) (Fig. 1C) or fish species (not 

shown). AR-(370–420) is central to a Tau-5 region (human AR amino acid residues 361–

537) that contains a partially conserved 372–379 polyproline tract, a more highly conserved 

398–402 polyalanine tract, and WXXLF motif sequence 433WHTLF437 involved in AR 

transcriptional activation (Lubahn et al., 1988; Jenster et al., 1995; He et al., 2000; Dehm et 

al., 2007; Lagarde et al., 2012; De Mol et al., 2016). A high α-helical propensity was 

identified for AR NH2-terminal amino acid residues 390–410 (De Mol et al., 2016).

To determine whether human AR-(370–420) is an interaction site for an AR coregulator, a 

yeast two-hybrid screen of a human testis library was performed using pBD-GAL4-Cam-

AR-(370–420) as bait. From 140 colonies selected for further testing, 17 were positive in a 

β-galactosidase assay. From these a partial sequence was identified that corresponded to the 

carboxyl-terminal region of the histone-lysine N-methyltransferase SUV39H2 (Fig. 2A). 

Human SUV39H2 occurs in a canonical SUV39H2-L long form (isoform-3) of 410 amino 

acid and the shorter SUV39H2-S (isoform-1). SUV39H2-S is identical to SUV39H2-L 

except that the short form lacks the first 60 NH2-terminal amino acids of SUV39H2-L (Fig. 

2A) (UniProt.org). Both SUV39H2-L and SUV39H2-S have the evolutionarily conserved 

124 amino acid SET (Su(var)3–9, Enhancer-of-zeste, Trithorax) domain (SUV39H2-L-

(250–373)) required for histone H3 methylation (Rea et al., 2000).

SUV39H2 interacts with AR NH2-terminal region

Coimmunoprecipitation studies were performed using SUV39H2-S or SUV39H2-L with 

FLAG-tagged full-length AR to verify the histone methyltransferase interaction with AR. 

SUV39H2-S (Fig. 2B, lanes 1–4) and SUV39H2-L (Fig. 2B, lanes 5–8) 

coimmunoprecipitated with FLAG-AR in the absence or presence of DHT when assayed 

using equivalent amounts of protein on immunoblots. AR interaction with SUV39H2-S 

increased in the presence of 10 nM DHT and decreased with SUV39H2-L, and there was no 

interaction with the FLAG vector control (Fig. 2B). AR interaction with SUV39H2 was also 

seen in reciprocal experiments where full-length AR immunoprecipitated with FLAG-
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SUV39H2-S or FLAG-SUV39H2-L in the absence or presence of 10 nM DHT as shown on 

immunoblots using equivalent amounts of protein (Fig. 2C and D).

Coimmunoprecipitation studies were also performed using FLAG-AR fragments to 

determine whether AR interaction with SUV39H2 was mediated solely by the AR NH2-

terminal domain (Fig. 3A). FLAG-AR-(1–660) contains the AR NH2-terminal region and 

DNA binding domain and interacted with SUV39H2-L (Fig. 3B, lane 8). However, neither 

FLAG-AR-(1–503) AR NH2-terminal fragment that lacks the DNA binding domain or 

FLAG-AR-(507–660) DNA binding domain interacted with SUV39H2-L (Fig. 3B, lanes 9 

and 10).

The results suggest that short and long forms of SUV39H2 interact with AR and that the AR 

DNA binding domain, which itself did not interact with SUV39H2, facilitates AR 

interaction of SUV39H2-L in the context of the AR NH2-terminal region in 

coimmunoprecipitation assays. The findings suggest that the DNA binding domain may 

impose structural constraints on the NH2-terminal region to facilitate SUV39H2 binding, 

consistent with the effects of the progesterone receptor DNA binding domain on the 

progesterone receptor NH2-terminal region (Bain et al., 2000).

SUV39H2 interacts with AR and MAGE-A11

The NH2-terminal AR-(370–420) interaction site for SUV39H2 lies adjacent to 

the 433WXXLF437 motif involved in the AR transcriptional response to MAGE-A11 (Fig. 

1A) (Lagarde et al., 2012). This raised the possibility that SUV39H2 also interacts with 

MAGE-A11. To test this, studies were performed using FLAG-MAGE-A11 and SUV39H2 

assayed on immunoblots using equivalent amounts of protein. SUV39H2-S and SUV39H2-L 

each coimmunoprecipitated with FLAG-MAGE (Fig. 4A and B). Similarly, MAGE-A11 

coimmunoprecipitated with FLAG-SUV39H2-S or FLAG-SUV39H2-L (Fig. 4C, lanes 2 

and 3).

Mammalian two-hybrid assays were performed to obtain additional evidence that SUV39H2 

interacts with AR and MAGE-A11. The GAL4 DNA binding domain-SUV39H2-S fusion 

protein GAL-SUV39H2-S increased transcriptional activation of a GAL4-responsive 

luciferase reporter by 5 to 9-fold in the presence of VP-AR-(370–420), VP-AR-(1–660) or 

VP-MAGE-A11 compared to the VP16 vector control (Fig. 5A). The results provided 

additional evidence that AR-(370–420) is the principal interaction site for SUV39H2 and 

that SUV39H2 also interacts with MAGE-A11.

SUV39H2 interaction with the AR NH2-terminal region and MAGE-A11 was also 

investigated in in vitro glutathione S-transferase (GST) affinity matrix assays. In vitro 
translated 35S-methionine-labeled SUV39H2-S was adsorbed to affinity matrix containing 

GST-MAGE-A11, GST-AR-(1–566) or GST-AR-(1–660) but not to the GST control (Fig. 

5B). Interaction of SUV39H2 with the GST-AR-(1–566) NH2-terminal fragment that lacks 

the DNA binding domain suggested that the AR DNA binding domain was not required for 

SUV39H2 to interact with the AR NH2-terminal region using in vitro protein expression. 

This result was consistent with the AR NH2-terminal domain serving as the principal 

interaction site for SUV39H2.
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SUV39H2 colocalizes with AR and MAGE-A11

The subcellular relationship of SUV39H2, AR and MAGE-A11 was investigated using 

immunocytochemistry. In the absence of androgen, fluorescein isothiocyanate-linked AR 

localized in the cytoplasm (Fig. 6A, green immunostaining), whereas rhodamine-linked 

SUV39H2 was predominantly nuclear (Fig. 6A, red immunostaining)). A merge of 

rhodamine and fluorescein fluorescence (yellow) showed colocalization of AR and 

SUV39H2 in the cytoplasm in the absence of androgen, with SUV39H2 also detected in the 

nucleus without AR (Fig. 6A). In the presence of 10 nM DHT, AR colocalized with 

SUV39H2 in the nucleus, with persistent residual SUV39H2 in the cytoplasm without AR 

(Fig. 6B). The immunocytochemical results were consistent with the coimmunoprecipitation 

data in Fig. 2B that AR interacts with SUV39H2 in the absence or presence of androgen.

Application of the same methodology showed that fluorescein isothiocyanate-linked MAGE-

A11 (green immunostaining) was predominantly nuclear as reported previously (Bai et al., 

2005) and colocalized in the nucleus with SUV39H2, with residual coimmunostaining in the 

cytoplasm (Fig. 6C). The results suggest that SUV39H2 is predominantly a nuclear protein 

that associates with AR in the nucleus in the presence of androgen. SUV39H2 colocalizes 

with MAGE-A11 in the cytoplasm and nucleus independent of androgen.

SUV39H2 enhances AR transcriptional activity

To determine whether SUV39H2 influences androgen-dependent gene regulation, chromatin 

immunoprecipitation was performed using LAPC-4 prostate cancer cells and primers that 

amplify the upstream androgen-responsive enhancer region of the PSA gene (Askew et al., 

2010). For this purpose polyclonal antibodies were raised in rabbits against SUV39H2-L-

(142–158) peptide C142DELNRRKNHKGMIFVEN158, which is equivalent to SUV39H2-S-

(82–98). Immunoreactivity of the peptide-purified antibody for SUV39H2 was demonstrated 

on immunoblots using SUV39H2-L and FLAG-SUV39H2-S-(67–350) (Fig. 7A) that 

contained the carboxyl-terminal fragment initially identified in the yeast two-hybrid screen 

(Fig. 2A). Amplification of the upstream enhancer of the PSA gene in LAPC-4 cells treated 

for 24 h with or without 10 nM R1881, a synthetic androgen agonist, provided evidence that 

AR and SUV39H2 were recruited to the androgen-responsive enhancer region of the PSA 

gene in the presence of androgen (Fig. 7B).

The ability of SUV39H2 to increase AR transcriptional activity was tested in androgen-

dependent reporter gene assays. SUV39H2-S or MAGE-A11 increased full-length AR 

transcriptional activity in the presence of DHT (Fig. 8A). These results were consistent with 

previous evidence that MAGE-A11 increases AR transcriptional activity (Bai et al., 2005). 

SUV39H2-S and MAGE-A11 functioned cooperatively to increase androgen-dependent AR 

transcriptional activity (Fig. 8A).

The transcriptional effects of SUV39H2-S and MAGE-A11 on constitutive activity of the 

AR-(1–660) NH2-terminal and DNA binding domain fragment were assayed based on 

evidence that SUV39H2 and MAGE-A11 interact with the AR NH2-terminal region (Bai et 

al., 2005). The results show that SUV39H2 alone did not increase constitutive activity of 

AR-(1–660) (Fig. 8B) in contrast to MAGE-A11, which increased AR-(1–660) activity as 
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reported previously (Bai et al., 2005). However, there was evidence that SUV39H2 and 

MAGE-A11 function cooperatively to increase AR-(1–660) constitutive activity (Fig. 8B).

The potentiating effect of SUV39H2 on AR activity was investigated further by determining 

the effect of siRNA knockdown of SUV39H2 or AR on endogenous AR transcriptional 

activity in CWR-R1 prostate cancer cells. Of the three siRNAs tested, SUV39H2 siRNA-2 

lowered FLAG-SUV39H2-L levels in COS1 cells (Fig. 9A, lane 5). SUV39H2 siRNA-2 

expressed in CWR-R1 prostate cancer cells with the MMTV-Luc reporter gene decreased 

AR mediated transcriptional activity compared to no siRNA or nonspecific siRNA, but was 

less effective than knockdown of AR in decreasing AR activity (Fig. 9B).

The results suggest that SUV39H2 is an AR coactivator that increases androgen-dependent 

AR transcriptional activity through interactions with AR and MAGE-A11.

DISCUSSION

Histone methyltransferases, AR and MAGE-A11

The histone code hypothesis states that covalent modification of histones by acetylation and 

methylation determines the functional state of a gene (Strahl and Allis, 2000). Nuclear 

receptors activate target genes by altering chromatin structure through interactions with 

histone modifying enzymes such as histone tail lysine acetylation by p300 acetyltransferase 

during gene transcription, and lysine and arginine methylation during gene activation or 

repression (Strahl and Allis, 2000; Lachner et al., 2003; Leader et al., 2006). p300 increases 

AR transactivation through interactions with MAGE-A11 (Askew et al., 2010), but evidence 

was lacking whether SUV39H histone methyltransferase regulates AR transcriptional 

activity.

In this report we show that interactions of AR and MAGE-A11 with SUV39H2 

methyltransferase increases AR transcriptional activity. The principal AR interaction site for 

SUV39H2 is a short AR-(370–420) predicted α-helical region in the AR NH2-termimal 

domain. However, interaction of SUV39H2-L with the AR NH2-termimal region in 

coimmunoprecipitation studies was stabilized by the presence of the AR DNA binding 

domain. This suggested that the AR-(507–660) DNA binding and hinge region, which alone 

did not interact with SUV39H2-L, may function cooperatively with AR-(370–420) in the 

interaction with SUV39H2. However, GST in vitro binding assays showed that AR-(1–566), 

which also lacks the DNA binding domain, was sufficient to interact with SUV39H2-S. This 

was consistent with AR-(370–420) serving as the principal interaction site for the partial 

SUV39H2-(67–350) fragment identified in the yeast two-hybrid screen of a human testis 

library. The results raise the possibility that AR preferentially interacts with SUV39H2-S 

compared to SUV39H2-L. This conclusion was supported by the increase in SUV39H2-S 

coimmunoprecipitation with FLAG-AR in the presence of androgen that was not seen with 

SUV39H2-L. However, the potential significance of these findings is not clear since no 

compelling distinguishing features have been reported for SUV39H2-S and SUV39H2-L.

Coimmunoprecipitation and subcellular localization studies suggest that SUV39H2 interacts 

with AR in the absence or presence of androgen and that SUV39H2 increases AR 
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transcriptional activity in the presence of androgen. This was supported by the androgen-

dependent recruitment of AR and SUV39H2 to the androgen-responsive upstream enhancer 

region of the PSA gene, and by the increase in androgen-dependent AR transcriptional 

activity in the presence of SUV39H2 and MAGE-A11. Although ChIPseq was not 

performed, it might be expected that a histone methyltransferase such as SUV39H2 is 

recruited to many other genes including other androgen-regulated genes. The findings 

suggest an AR transcription complex in which SUV39H2 and MAGE-A11 up-regulate 

androgen-dependent gene expression (Fig. 10). The ability of the experimental drug EPI-001 

proposed for treatment of castration-recurrent prostate cancer (Andersen et al., 2010) to 

interact with human AR NH2-terminal amino acid residues 354–448 (De Mol et al, 2016) 

suggests that inhibition of AR interaction with SUV39H2 may be the molecular mechanism 

for inhibition of AR transcriptional activity by EPI-001. While our molecular studies that 

demonstrate recruitment of AR and SUV39H2 to the androgen response region of the PSA 

gene were limited to LAPC-4 prostate cancer cells, the findings suggest that SUV39H2 

contributes to prostate cancer development and progression by increasing AR transcriptional 

activity. This was supported by the inhibition of endogenous AR transcriptional activity in 

CWR-R1 prostate cancer cells associated with knockdown of SUV39H2.

SUV39H2 histone methyltransferase has not been previously linked to gene activation by 

steroid receptors. SUV39H1 and SUV39H2 isoforms catalyze trimethylation of histone 3 on 

lysine 9 (Rea et al., 2000; Schuhmacher et al., 2015), a conserved epigenetic mark that 

recruits heterochromatin protein 1 gene repressor protein (Nielsen et al., 2001; Du et al., 

2015). Trimethylation of histone H3 at lysine 9 by SUV39H1 and SUV39H2 was also linked 

to active gene transcription involved in cell cycle-dependent processes (Vakoc et al., 2005; 

Aagaard et al., 2000). Dynamic changes in histone methylation may be required for 

androgen-dependent up-regulation of genes by AR and MAGE-A11.

Several methyltransferases catalyze mono, di and trimethylation of lysine residues in 

histones H3 and H4 during gene regulation (Santos-Rosa et al., 2002; Gerber and Shilatifard, 

2003; Fritsch et al., 2010). SUV39H1 (412 amino acids) and SUV39H2 (410 amino acids, 

SUV39H2-L) in the G9a subgroup are similar in length but have only 58% sequence identity 

(Rea et al., 2000; Lee et al., 2006; Fritsch et al., 2010). Notable differences between mouse 

Suv39h1 and Suv39h2 include an 82 NH2-terminal basic amino acid-enriched extension in 

Suv39h2 not present in Suv39h1 (O’Carroll et al., 2000). Mouse Suv39h1 and Suv39h2 have 

48% sequence identity. Predominant sites of histone 3 methylation by mouse Suv39h are 

endogenous retrovirus regions and retrotransposons involved in gene evolution inside and 

outside heterochromatin (Bulut-Karslioglu et al., 2014).

The two isoforms of human SUV39H2 studied in this report, SUV39H2-L (410 amino 

acids) and SUV39H2-S (350 amino acids, GenBank CAG33653.1) are identical except 

SUV39H2-S lacks 60 NH2-terminal amino acids in SUV39H2-L. SUV39H2-L and 

SUV39H2-S contain the ~130 amino acid SET domain (SUV39H2-L-(250–373)) in the 

catalytic site and chromodomain (SUV39H2-L-(47–105)) that interacts with trimethylated 

histone 3 on lysine 9 (Rea et al., 2000; Firestein et al., 2000). Although initially reported as 

testis specific, SUV39H2 is ubiquitously expressed in human tissues (O'Carroll et al., 2000; 

Mauger et al., 2015). Human SUV39H2 has a preformed docking platform for the histone 3 
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tail similar to other histone H3 lysine 9 methyltransferases (Wu et al., 2010). Although short 

and long forms of human SUV39H2 are thought to have histone methyltransferase activity, 

differences in nuclear localization were suggested by diffuse nuclear immunostaining of 

SUV39H2-L compared to SUV39H2-S localized in nuclear foci (Mauger et al., 2015). Data 

presented here suggest that AR and MAGE-A11 interact with SUV39H2-L and SUV39H2-

S.

AR, MAGE-A11 and SUV39H2 in cancer

DNA and histone methyltransferases have been implicated in human health and disease 

(Grewal and Moazedm, 2003; Kouzarides, 2007). SUV39H2 was considered an oncogene 

up-regulated in residual breast cancer compared to primary breast tumors (Franci et al., 

2013). SUV39H2 was increased in clinically localized prostate cancer compared to normal 

prostate (Vieira et al., 2013), and SUV39H1 was increased in colorectal cancer (Ozdağ et al., 

2006). Mutations in SUV39H1 and SUV39H2 were identified in ovarian and breast cancer 

(Ozdağ et al., 2006). Single nucleotide polymorphisms in SUV39H2 were linked to greater 

susceptibility to lung cancer (Yoon et al., 2006). In this report we provide evidence that 

SUV39H2 increases AR transcriptional activity in CWR-R1 prostate cancer cells. In 

contrast, loss of mouse Suv39h correlated with chromosomal instability, impaired cell 

viability and increased tumor risk (Peters et al., 2001), and human SUV39H2 was 

considered a tumor suppressor in B-cell lymphoma (Cloos et al., 2008; Patani et al., 2011).

A link between SUV39H and cancer was also suggested by SUV39H1 interaction with 

retinoblastoma protein (pRb) or Rb-related protein p107, which are regulators of E2F 

transcriptional activity (Nicolas et al., 2003). This is relevant because MAGE-A11 interacts 

with p107 and increases E2F1 transcriptional activity (Su et al., 2013). pRb mutants in 

cancer can lose their ability to bind SUV39H2 (Nielsen et al., 2001). pRb interaction with 

E2F1 transcriptionally silences E2F1 by blocking recruitment of coactivators and more 

directly by recruiting histone deacetylase transcriptional repressors that remove acetyl 

groups from histone 3 lysine 9 (Flemington et al., 1993; Helin et al., 1993; Nielsen et al., 

2001). SUV39H1 subsequently methylates the same histone 3 lysine 9 in E2F1 target genes 

(Nielsen et al., 2001; Vandel et al., 2001), and when complexed with pRb-E2F creates a 

binding site for heterochromatin protein 1 (Trimarchi and Lees, 2002). Accumulation of 

SUV39H, pRb and heterochromatin protein 1 on E2F-responsive proliferative leads to gene 

repression and induction of cell senescence (Trimarchi and Lees, 2002).

SUV39H2 also forms a complex with Rb-related pocket proteins that promote silencing of 

E2F-responsive genes, exit from the cell cycle and onset of cell differentiation (Ait-Si-Ali et 

al., 2004; Cobrinik, 2005). However, trimethylation of histone H3 on lysine 9 of E2F-

responsive genes by SUV39H2 is a reversible process that contributes to cell cycle 

regulation (Aagaard et al., 2000; Berger, 2007). Although relatively little is known about 

SUV39H2 and steroid receptor signaling, our studies suggest that AR and MAGE-A11 

interact with SUV39H2 to increase androgen-dependent transcriptional activity and may 

contribute to the regulation of E2F1.
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Abbreviations

AR androgen receptor

SUV39H2 suppressor of variegation 3–9 homolog 2 histone H3 methyltransferase

MAGE-A11 melanoma antigen-A11

DHT dihydrotestosterone

N/C NH2- and carboxyl-terminal

PSA prostate-specific antigen

GST glutathione S-transferase

pRb retinoblastoma protein
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HIGHLIGHTS

1. A yeast two-hybrid screen of a human testis library used AR-(370–420) as 

bait.

2. Suppressor of variegation 3–9 homolog 2 (SUV39H2) methyltransferase was 

identified.

3. SUV39H2 interacts with androgen receptor (AR) and melanoma antigen-A11 

(MAGE-A11).

4. Fluorescent immunohistochemistry colocalized SUV39H2, AR and MAGE-

A11.

5. SUV39H2 was recruited to the prostate-specific antigen enhancer with 

androgen.
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Figure 1. Human AR domains and sequence
[A] Human AR functional domains include the FXXLF motif sequence 23FQNLF27 that 

mediates the androgen-dependent AR N/C interaction (He et al., 2000), WXXLF motif 

sequence 433WHTLF437 involved in AR activation by MAGE-A11 and p300 (Dehm et al., 

2007; Lagarde et al., 2012), activation function 1 (AF1) NH2-terminal amino acid residues 

142–337 (Simental et al., 1991), DNA binding domain (DBD) amino acid residues 559–624, 

and ligand binding domain (LBD) amino acid residues 676–919 (Lubahn et al., 1988). The 

human AR-(370–420) region is shown in red. Human AR amino acid numbering is as 

initially reported (Lubahn et al., 1988). [B] PONDR structure prediction of human AR. 

Downward peaks represent predicted ordered regions and upward peaks represent predicted 

disordered regions. Human AR-(370–420) in red is a predicted α-helix. [C] Human AR 
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NH2-terminal 370–420 amino acid sequence (NCBI M20132, J30180) is compared to 

corresponding regions of Eulemur collaris collared brown lemur (NCBI O97776), Mus 
musculus mouse (NCBI P19091) and Xenopus laevis frog AR (NCBI AAC97386) that 

precedes the human AR-(433–437) WXXLF motif shown in (A) (He et al., 2002a). Pairwise 

protein sequence alignment was performed using EMBOSS Needle (http://www.ebi.ac.uk/

Tools/psa/emboss_needle/).
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Figure 2. AR interacts with SUV39H2
[A] Schematic diagram of 410 amino acid SUV39H2-L long isoform and 350 amino acid 

SUV39H2-S short isoform histone 3 methyltransferase identified in a human testis two-

hybrid library as SUV39H2-L-(127–410) carboxyl-terminal fragment equivalent to 

SUV39H2-S-(67–350) selected using pBD-GAL4-Cam-AR-(370–420) as bait. SUV39H2-L 

and SUV39H2-S are identical except SUV39H2-S lacks 60 NH2-terminal amino acids in 

SUV39H2-L. [B] Coimmunoprecipitation of AR and SUV39H2 was performed by 

expressing 2 µg pCMV-FLAG (−) or 2 µg pCMV-FLAG-AR in COS1 cells with 2 µg pSG5-

HA-SUV39H2-S or 2 µg pSG5-HA-SUV39H2-L. The day after transfection and 24 h before 

harvest, cells were incubated in serum-free medium with or without 10 nM DHT. Equivalent 

amounts of cell extract protein (40 µg/lane) and immunoprecipitates were probed on 

immunoblots using HA and FLAG-M2 antibodies. [C] pCMV-FLAG (5 µg) (−) or 5 µg 

pCMV-FLAG-SUV39H2-S was expressed in COS1 cells with 2 µg pCMV-AR. The day 

after transfection and 24 h before harvest, cells were incubated in serum-free medium with 

0.1 µg/ml epidermal growth factor (EGF) with or without 10 nM DHT. Equivalent amounts 

of cell extract protein (40 µg/lane) and immunoprecipitates were probed on immunoblots 

using AR52, AR32, HA and FLAG-M2 antibodies. [D] pCMV-FLAG (5 µg) (−) or 5 µg 

pCMV-FLAG-SUV39H2-L was expressed in COS1 cells with 2 µg pCMV-AR and analyzed 

as in (B).
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Figure 3. SUV39H2-L interacts with AR NH2-terminal region
[A] Schematic diagram of full-length human AR that contains the NH2-terminal FXXLF 

motif sequence 23FQNLF27, WXXLF motif sequence 433WHTLF437, NH2-terminal 

activation function 1 (AF1), DNA binding domain (DBD) and activation function 2 (AF2) in 

the ligand binding domain (LBD). AR NH2-terminal and DNA binding domain fragment 

AR-(1–660), AR NH2-terminal fragment AR-(1–503) and AR DNA binding domain 

fragment AR-(507–660) were expressed as FLAG-tagged fusion proteins. [B] 
Coimmunoprecipitation was performed by expressing 3 µg pCMV-FLAG (−), 3 µg pCMV-
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FLAG-AR-(1–660), 3 µg pCMV-FLAG-AR-(1–503) or 6 µg pCMV-FLAG-AR-(507–919) 

with or without 4 µg pSG5-HA-SUV39H2-L in COS1 cells. The day before harvest cells 

were incubated in serum-free medium containing 0.1 µg/ml EGF. Equivalent amounts of cell 

extract protein (50 µg/lane) and immunoprecipitates were probed on immunoblots using 

FLAG-M2 and HA antibodies.
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Figure 4. SUV39H2 interacts with MAGE-A11
[A, B] Coimmunoprecipitation was performed in COS1 cells by expressing 4 µg pCMV-

FLAG (−) or 4 µg pCMV-FLAG-MAGE with 2 µg pSG5-HA-SUV39H2-S (A) or 2 µg 

pSG5-HA-SUV39H2-L (B). The day after transfection and 24 h before harvest, cells were 

incubated in serum-free medium containing 0.1 µg/ml EGF. Equivalent amounts of cell 

extract protein (40 µg/lane) were probed on immunoblots using HA and FLAG-M2 

antibodies. [C] pCMV-FLAG (6 µg) (−), 6 µg pCMV-FLAG-SUV39H2-S or 6 µg pCMV-

FLAG-SUV39H2-L was expressed with 2 µg pSG5-MAGE in COS1 cells. The day after 

transfection and 24 h before harvest, cells were incubated in serum-free medium containing 

0.1 µg/ml EGF and 1 µM MG132 proteasome inhibitor. Equivalent amounts of cell extract 

protein (0.1 mg/lane) and immunoprecipitates pooled from three 10 cm dishes were probed 

on immunoblots using FLAG-M2 and MAGE1 antibodies.
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Figure 5. SUV39H2 interacts with AR and MAGE-A11
[A] Mammalian two-hybrid interaction assay was performed in HepG2 cells using 50 ng 

GAL-SUV39H2-S expressed with 50 ng pVP16 (−), VP-AR-(370–420), VP-AR-(1–660) or 

VP-MAGE-A11 (VP-MAG) and 0.1 µg 5XGAL4Luc3 reporter gene using Effectene. Cells 

were incubated in serum-free medium for 24 h before harvest and measurement of luciferase 

activity. Shown is the mean ± S.D. representative of 3 independent experiments. [B] GST 

affinity matrix binding assays were performed using partially purified GST-0, GST-MAGE-

A11, GST-AR-(1–566) or GST-AR-(1–660) expressed in E. coli and incubated with in vitro 
translated 35S-methionine-labeled SUV39H2-S as described in Methods. The input lane 1 

contained 7% of the reaction.
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Figure 6. SUV39H2 colocalizes with AR and MAGE-A11
[A, B] pCMV-AR (0.1 µg) and 0.1 µg pCMV-FLAG-SUV39H2-L were expressed in COS1 

cells incubated in the absence (A) or presence of 10 nM DHT (B) for 24 h before fixation 

and immunostaining as described in Methods. Fixed and permeabilized cells were 

immunostained using AR ab-3510 and FLAG-M2 antibodies. Green fluorescence represents 

AR, red fluorescence represents FLAG-SUV39H2-L and yellow is the merged data. No 

primary antibody addition served as the negative control. [C] pSG5-MAGE (0.1 µg) and 0.1 

µg pCMV-FLAG-SUV39H2-S were expressed in COS1 cells. Fixed and permeabilized cells 
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were immunostained using MAGE-(94–108) and FLAG-M2 antibodies. Green fluorescence 

represents MAGE-A11, red fluorescence represents FLAG-SUV39H2-S and yellow is the 

merged data. Original magnification ×63.
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Figure 7. Chromatin immunoprecipitation of AR and SUV39H2
[A] Preparation of a rabbit SUV39H2 polyclonal antibody was verified on immunoblots by 

expressing in COS1 cells 5 µg pSG5-SUV39H2-L (lane 1) or 5 µg pCMV-FLAG-

SUV39H2-S-(67–350) (lane 2) identified as the original isolate in the yeast two-hybrid 

library screen. Equivalent amounts of cell extract protein (0.1 mg/lane) were probed on the 

immunoblot using SUV39H2 antibody (1:1000 dilution). [B] Chromatin 

immunoprecipitation analysis of AR and SUV39H2 binding to the androgen-responsive 

upstream enhancer region of the PSA gene was performed using LAPC-4 cells incubated in 

the absence or presence of 10 nM R1881 as described in Methods. Equivalent amounts of 

cell extract were immunoprecipitated using 10 µg normal rabbit IgG (lanes 2 and 3), AR 

H-280 sc-13062 antibody (lanes 4 and 5) and SUV39H2 antibody (lanes 6 and 7) with the 

PCR negative H2O control in lane 1.
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Figure 8. Cooperative effects of MAGE-A11 and SUV39H2 on AR transcriptional activity
[A] pCMV-AR (0.1 µg) was expressed with 2 µg pSG5 (−), 2 µg pSG5-SUV39H2-S and/or 

0.5 µg pSG5-MAGE and 2.5 µg PSA-Enh-Luc/6 cm dish of CV1 cells transfected using 

calcium phosphate. The day after transfection and 24 h before harvest, cells were incubated 

in serum-free medium with or without 1 nM DHT and luciferase activity was measured. [B] 
pCMV5 (0.1 µg) (−) or 0.05 µg pCMV-AR-(1–660) was expressed with 0.5 or 2 µg pSG5-

SUV39H2-S (SUV) and/or 0.5 or 2 µg pSG5-MAGE (MAG) and 5 µg PSA-Enh-Luc 

reporter gene using calcium phosphate. Cells were incubated for 24 h in serum-free medium 

the day before harvest and assayed for luciferase activity. Shown is the mean ± S.D. 

representative of 3 independent experiments.
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Figure. 9. Inhibition of endogenous AR transcriptional activity in CWR-R1 cells after 
knockdown of SUV39H2 or AR
[A] COS1 cells were plated without penicillin or streptomycin in 1 ml medium and 

transfected with 0.5 µg pCMV-FLAG (−) or 0.5 µg pCMV-FLAG-SUV39H2-L (Flag-SUV-

L) with or without 10 nM nonspecific (NS) siRNA or 10 nM SUV39H2 siRNA-1, 2 or 3 

(Dharmacon) using Lipofectamine 2000. The immunoblot with equivalent amounts of COS1 

protein extract (80 µg/lane) was probed using FLAG-M2 and β-actin antibodies. [B] CWR-

R1 prostate cancer cells in 12-well plates were transfected using Effectine with 0.25 µg 

MMTV-Luc without siRNA (−) or with 20 nM SUV39H2-2 siRNA, nonspecific siRNA 

(NS) or AR pool siRNA (Dharmacon) that decreased AR levels (Ponguta et al. 2008; Askew 

et al., 2009; Minges et al., 2013). Cells were treated for 24 h in serum-free medium with or 

without 0.1 nM DHT. Shown is the mean ± S.D. representative of 3 independent 

experiments.
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Figure 10. Model of SUV39H2 interaction with AR and MAGE-A11
SUV39H2 histone methyltransferase interacts with AR-(370–420), a predicted α-helical 

region in the AR NH2-terminal domain adjacent to AR WXXLF motif 

sequence 433WHTLF437 required to increase AR activation in response to MAGE-A11. 

SUV39H2 also interacts with MAGE-A11, an AR coregulator that interacts with the human 

AR NH2-terminal FXXLF motif sequence 23FQNLF27 (Bai et al., 2005). SUV39H2 and 

MAGE-A11 function cooperatively to increase AR transcriptional activity.
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