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Abstract 

This study investigates the mechanism by which histone deacetylase (HDAC) inhibitors 

upregulate histone H3 lysine 4 (H3K4) methylation. Exposure of LNCaP prostate cancer cells 

and the prostate tissue of transgenic adenocarcinoma of the mouse prostate (TRAMP) mice to the 

pan and class I HDAC inhibitors AR42, MS-275, and vorinostat led to differential increases in 

H3K4 methylation. Chromatin immunoprecipitation shows that this accumulation of methylated 

H3K4 occurred in conjunction with decreases in the amount of the H3K4 demethylase RBP2 at 

the promoter of genes associated with tumor suppression and differentiation, including KLF4 and 

E-cadherin.  This finding, together with the HDAC inhibitor-induced upregulation of KLF4 and 

E-cadherin, suggests that HDAC inhibitors could activate the expression of these genes through 

changes in histone methylation status. Evidence indicates that this upregulation of H3K4 

methylation was attributable to the suppressive effect of these HDAC inhibitors on the 

expression of RBP2 and other JARID1 family histone demethylases, including PLU-1, SMCX, 

and LSD1, via the downregulation of Sp1 expression. Moreover, shRNA-mediated silencing of 

the class I HDAC isozymes 1, 2, 3, and 8, but not that of the class II isozyme HDAC6, mimicked 

the drug effects on H3K4 methylation and H3K4 demethylases, which could be reversed by 

ectopic Sp1 expression.  These data suggest a crosstalk mechanism between HDACs and H3K4 

demethylases via Sp1-mediated transcriptional regulation, which underlies the complexity of the 

functional role of HDACs in the regulation of histone modifications.   
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Introduction 

 Posttranslational modifications of histone tails, especially acetylation and methylation on 

lysine residues, play a pivotal role in regulating gene expression by controlling the access of key 

regulatory factors and complexes to chromatin (Brumbaugh et al., 2008; Latham and Dent, 2007; 

Lennartsson and Ekwall, 2009). Accumulating evidence indicates that each of these 

modifications to histone codes regulates transcription through a unique mechanism, different 

combinations of which give rise to distinct outcomes in regulating genomic function.  While 

acetylation is known to turn on gene expression by antagonizing chromatin folding by masking 

the positive charge on lysine residues, the function of histone methylation in transcriptional 

regulation is intriguing, as it does not cause changes in the overall charge of the protein.  

Moreover, multiple lysine residues on histone H3 (K4, K9, K27, K36, and K79) and H4 (K20) 

are subject to reversible mono-, di-, and tri-methylation through the concerted action of site-

specific histone methyltransferases and histone demethylases (Ruthenburg et al., 2007; 

Shilatifard, 2008).  It is noteworthy that each of these methylation marks carries distinct 

epigenetic information, i.e., methylation of H3K4, H3K36, and H3K79 are often linked to open 

chromatin and transcriptional activation, while that of H3K9, H4K20, and possibly H3K27 are 

modifications that correlate with repression of euchromatic genes (Sims et al., 2003).  

 Moreover, different crosstalk mechanisms exist between histone acetylation and histone 

methylation networks [review: (Latham and Dent, 2007)], which constitute a complex 

framework for epigenetic control of transcription during biological or pathogenic development 

(Baylin and Ohm, 2006).  For lysine residues that are subject to both of these posttranslational 

modifications, such as H3K9, acetylation can block subsequent methylation, and vice versa, due 

to mutual exclusivity.  Moreover, recent evidence suggests a functional link between H3 
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hyperacetylation and increased H3K4 methylation through different mechanisms (Govind et al., 

2007; Lee et al., 2006; Milne et al., 2002; Nightingale et al., 2007).  For example, the activity of 

the H3K4 methyltransferase MLL4 was stimulated by acetylated H3 peptides (Milne et al., 2002) 

or HDAC inhibitors (Milne et al., 2002; Nightingale et al., 2007), while that of the H3K4 

demethylase LSD1 was diminished by HDAC inhibitors (Lee et al., 2006). In addition, various 

H3K4 methyltransferases and demethylases form complexes with HDACs and histone 

acetyltransferases (HATs), including HDAC1,2/LSD1 (Lee et al., 2006), HDAC4/PLU-1 

(Barrett et al., 2007), and HAT/MLL4 (Nightingale et al., 2007).  Such complexes may play a 

role in regulating transcriptional programs.  From a mechanistic perspective, these crosstalk 

mechanisms might account for the ability of HDAC inhibitors to mediate the transcriptional 

activation of a broad range of genes associated with tumor suppression and differentiation, and 

may also underlie the reported suppression of prostate tumorigenesis by HDAC inhibitors, such 

as AR42 [formerly OSU-HDAC42; (S)-(+)-N-hydroxy-4-(3-methyl-2-phenyl-butyrylamino)-

benzamide)] (Sargeant et al., 2008) and MS-275 [N-(2-aminophenyl)-4-[N-(pyridine-3-yl-

methoxycarbonyl)-aminomethyl]-benzamide] (Qian et al., 2007), in transgenic adenocarcinoma 

of the mouse prostate (TRAMP) mice.  

 This study is aimed at identifying the mechanism underlying the functional link between 

HDAC inhibition and H3K4 methylation as exposure of LNCaP prostate cancer cells and the 

prostate tissue of TRAMP mice to three distinct HDAC inhibitors, including AR42, MS-275, and 

vorinostat (SAHA, suberoylanilide hydroxamic acid), led to differential increases in H3K4 

mono-, di-, and tri-methylation. Our data indicate that pharmacological or molecular genetic 

inhibition of class I HDACs suppresses the expression of histone demethylases of the JARID1 

family, including RBP2, PLU-1, and SMCX, as well as LSD1, via the transcriptional repression 
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of Sp1. Our findings describe a novel mechanism through which class I HDACs modulate H3K4 

demethylases and enhance our understanding of how HDAC inhibitors modify histone 

modifications.   

 

Materials and Methods 

 Reagents and antibodies.  The HDAC inhibitors AR42 (formerly OSU-HDAC42; Arno 

Therapeutics, Inc.), vorinostat and MS-275 were synthesized in the authors’ laboratory with 

purities exceeding 99% as determined by nuclear magnetic resonance spectroscopy (300 MHz). 

For in vitro studies, stock solutions of these agents were made in DMSO and diluted in culture 

medium to a final DMSO concentration of 0.1% for treatment of cells.  For administration to 

TRAMP mice, agents were prepared as suspensions in sterile water containing 0.5% 

methylcellulose and 0.1% Tween 80.  The target proteins and commercial sources of antibodies 

used in the study were as follows: Mouse monoclonal antibodies: Flag, α-tubulin, and acetylated-

α-tubulin (Sigma-Aldrich, St. Louis, MO); H3K9Me2 (Abcam, Cambridge, MA). Rabbit 

antibodies: HDAC6 and Sp1 (Santa Cruz Biotechnology, Santa Cruz, CA); RBP2, PLU-1, 

SMCX, SMCY, H3K4Me, and H3K9Me3 (Abcam); LSD1, H3, H3K9Ac, H3K4Me3 and 

H3K4Me2 (Cell Signaling Technology, Inc., Beverly, MA); HDAC1, HDAC2, HDAC3, and 

HDAC8 (Millipore, Billerica, MA); β-actin (MP Biomedicals, Irvine, CA). Goat anti-rabbit IgG-

horseradish peroxidase (HRP) conjugates and rabbit anti-mouse IgG-HRP conjugates were 

purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). shRNA for HDAC1, 

HDAC2, HDAC3, HDAC6, and HDAC8 were purchased from Origene, Inc. (Rockville, MD). 
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 Cell culture and TRAMP mice.  LNCaP prostate cancer cells were purchased from the 

American Type Culture Collection (Manassas, VA) and cultured in RPMI 1640 medium 

containing 10% FBS. TRAMP mice (C57BL/6TRAMPxFVB) were generated and housed as 

previously reported (Sargeant et al., 2008).  The procedures performed were in accordance with 

protocols approved by the Institutional Animal Care and Use Committee of The Ohio State 

University. AR42 (25 mg/kg), vorinostat (50 mg/kg), MS-275 (20 mg/kg) or vehicle was orally 

administered to TRAMP mice by gavage once daily for two weeks.  Biomarkers associated with 

HDAC inhibition and histone methylation were assessed in lysates of prostate tissues that were 

snap-frozen at animal sacrifice. 

 

 Immunoblotting.  Immunoblot analysis was performed according to procedures similar to 

those described previously (Huang et al., 2009).  Briefly, cells were treated with HDAC 

inhibitors at the doses and durations indicated in the text.  Cells were collected by scraping 

followed by centrifugation, washed once with cold phosphate-buffered saline, and then lysed in 

lysis buffer, consisting of 1% sodium dodecyl sulfate (SDS), 10 mM ethylenediaminetetraacetic 

acid (EDTA) and 50 mM Tris-HCl (pH 8.1), in the presence of a protease inhibitor cocktail 

(Sigma-Aldrich, St. Louis, MO). Lysates were sonicated to disrupt cellular organelles and 

genomic DNA, and then centrifuged at 15,200 x g for 15 min. Protein concentrations of the 

supernatants were determined using a colorimetric bicinchoninic acid assay (Pierce, Rockford, 

IL).  After addition to each sample of an equivalent volume of 2X SDS-polyacrylamide gel 

electrophoresis sample loading buffer (62.5 mM Tris-HCl, pH 6.8; 4% SDS; 5% β-

mercaptoethanol; 20% glycerol and 0.1% bromophenol blue), the mixture was incubated in 

boiling water for 5 min. Equal amounts of protein were resolved in SDS-polyacrylamide gels and 
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then transferred to nitrocellulose membranes. After blocking with Tris-buffered saline containing 

0.1% Tween 20 (TBST) and 5% non-fat milk for 40 min, the membrane was washed three times 

with TBST for a total of 15 min and then incubated with primary antibody at 4°C overnight. The 

membrane was washed again as described above and then incubated with goat anti-rabbit or anti-

mouse immunoglobulin G-horseradish peroxidase conjugates for 1 h at room temperature. After 

a final three washes, the proteins were then visualized by enhanced chemiluminescence. 

 Densitometric analysis of protein bands was performed by using Gel-Pro Analyzer (V3.1, 

Media Cybernetics, Bethesda, MD) to determine the relative intensities of drug-treated samples 

versus those of vehicle-treated controls after normalization to the respective internal reference 

protein β-actin. 

 

 Generation of stable LNCaP subclones expressing shRNA against HDAC1, HDAC2, 

HDAC3, and HDAC8.  LNCaP cells (5 x 106) were transfected with 5 µg of the shRNA plasmid 

for HDAC1, HDAC2, HDAC3, or HDAC8 using the Amaxa Nucleofector system according to 

the manufacturer’s protocol (Amaxa, Gaithersburg, MD).  Stable transfectants were selected in 

the presence of 0.8 µg/mL puromycin for 14 - 21 days.   

 

 RNA isolation and reverse transcription–polymerase chain reaction (RT-PCR).  After 

treatment, LNCaP cells were washed once with phosphate-buffered saline and subjected to total 

RNA isolation using Trizol reagent (Invitrogen Corporation, Carlsbad, CA). Aliquots of 2 µg of 

total RNA from each sample were reverse-transcribed to cDNA using the iScript cDNA 

Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's instructions. 

For semi-quantitative PCR analysis, products were resolved in 1.2% agarose gels by 
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electrophoresis and visualized by ethidium bromide staining. For real-time PCR analysis, cDNAs 

were amplified in iQ SYBR Green Supermix (Bio-Rad Laboratories) and detected with the Bio-

Rad CFX96 Real-Time PCR Detection System. Relative gene expression was normalized to 

GAPDH and calculated by using the 2(-Delta Delta C(T)) method (Livak and Schmittgen, 2001).  

The sequences of primers used were as follows. 

RBP2, 5’-CCTCCATTTGCCTGTGAAGT-3’/5’-CCTTTGCTGGCAACAATCTT-3’; PLU-1, 

5'-CTTCTTGTTTGCCTGCATCA-3'/5'-ATTTTGGGATTTCCCTCCAC-3'; SMCX, 5’-GGCC-

AAAGACAAGACTCTGC-3’/5’-CCGTAGCCTCATGGTCATCT-3’; SMCY, 5’-GCTAAGG-

GCACTGGAGTCTG-3’/5’-TCAAGGTCAGCTGTGGAGTG-3’; LSD1, 5'-CAAGTGTCAAT-

TTGTTCGGG-3'/5'-TTCTTTGGGCTGAGGTACTG-3'; Sp1, 5'-GGCGAGAGGCCATTTAT-

GTGT-3'/5'-TGCATGACGTTGATGCCACT-3'; KLF4, 5’-ACGATCGTGGCCCCGGAAAA-

GGACC-3’/5’-TGATTGTAGTGCTTTCT-GGCT-GGGCTCC-3’; E-cadherin/CDH1, 5’-TTTC-

TTGGTCTACGCCTGGGACTC-3’/5’-CACCTTCAGCCATCCTGTTTCTC-3’; β-actin, 5'-

ACACTGTGCCCATCTACGAGG-3'/5'-AGGGG-CCGGACTCGTCATACT-3' 

 

 Promoter luciferase reporter constructs for RPB2, PLU-1, and LSD1.  The genomic 

sequences of RBP2 (uc001qie. at chr12:259484-368881), PLU-1 (uc009xag.1 at 

chr1:200963155-201044172), and LSD1 (uc001bgi.1 at chr1:23218533-23282771) were 

obtained from University of California-Santa Cruz genome browser, which reveal the presence 

of one or more putative Sp1 binding elements (GGGCGG) in each promoter.  The primer pairs 

specific to the promoter fragments containing putative Sp1 consensus sequences of RBP2 (-460 

to +60), PLU-1 (-228 to +21) and LSD1 (-142 to +162) were PCR-amplified from whole 

genomic DNA isolated from LNCaP cells using a genomic DNA isolation kit (Qiagen, Valencia, 
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CA). The amplified genomic fragments were cloned into KpnI/BglII sites of the pGL3-Basic 

vector (Promega Corporation, Madison, WI) to generate the three constructs pGL3-RBP2-Luc, 

pGL3-PLU1-Luc and pGL3-LSD1-Luc. The sequences of the primers used to amplify the 

promoter fragments were as follow.  

RBP2 promoter: 5’-GGGGTACCGGGGATG-GGTTAGACCTGCACTT-3’/5’-GAAGATCTT-

TCTTCTCTTCCCCGGCAGCAC-3’; PLU-1 promoter: 5’-GGGGTACCTCAATAAAAGTTG-

GCTCAAC-3’/5’-GAAGATCTAACAGCAAGTCCGAGTTGTA-3’; LSD1 promoter: 5’-GGG-

GTACCGTCACCTTCGGAGGTTTAGTC-3’/5’-GAAGATCTCTTCTTCCCAGATAACATC-

TCGG-3’. 

 Reporter plasmids containing mutated Sp1 binding sites (pGL3-RBP2-Luc/Sp1mt and 

pGL3-PLU-1-Luc/Sp1mt) were generated from the respective plasmids via site-directed 

mutagenesis.  The GGC sequences were replaced with AAA; i.e., RBP2, -421/GGCGGG/-416 

� -421/AAA-GGG/-416; PLU-1, -152/GGGGCGGGGCG/-142 � -152/GGAAAGGAAAG-/-

142.   

 

 Promoter luciferase reporter assays.  Wild-type LNCaP cells or the stable HDAC-

silenced subclones were co-transfected with 1.5 µg of the indicated luciferase reporter construct 

and 2 µg of Sp1 plasmid or control vector. After transfection, cells were cultured in 6-well plates 

in 10% FBS-supplemented RPMI 1640 for 48 h, collected, and lysed with passive lysis buffer 

(Promega). Luciferase activities were determined with the Dual-luciferase system (Promega) 

according to the manufacturer’s instruction. For each transfection, the herpes simplex virus 

thymidine kinase promoter-driven Renilla reniformis luciferase (hRLuc-TK) was used as an 

internal control for normalization. All transfection experiments were performed in six replicates.  
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 Chromatin immunoprecipitation.  Chromatin immunoprecipitation (ChIP) was performed 

using antibodies against H3K4Me3, RBP2, PLU-1, SMCX, LSD1, or Sp1 and specific primers 

spanning the proximal promoter regions of target genes according to procedures similar to those 

described previously (Huang et al., 2009).  After treatment with HDAC inhibitors, LNCaP cells 

(2 x 107) were collected by scraping and the cell pellets were suspended in 50 ml of phosphate-

buffered saline.  Cross-linking was achieved by addition of 1.35 ml of 37% formaldehyde (final 

concentration 1%) and incubation for 15 min at room temperature. Glycine solution (1 M) was 

added to a final concentration of 125 mM to stop the cross-linking reaction. Cells were washed 

twice with 5 ml of phosphate-buffered saline and then lysed in a ChIP lysis buffer containing 50 

mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid–KOH at pH 7.5, 140 mM NaC1, 1% 

Triton X-100, 0.1% sodium deoxycholate, 2 mM AEBSF, 1 mM EDTA, 130 μM bestatin, 14 

μM E-64, 1 μM leupeptin and 0.3 μM aprotinin. The lysates were sonicated to fragment DNA 

(average DNA fragment size, 0.8–0.2 kb), and then centrifuged for 10 min at 15,000 x g at 4oC. 

Protein concentrations in the supernatants were determined by bicinchoninic acid assays. 

Immunoprecipitation was carried out by incubation of aliquots containing 1 mg protein with 4 µg 

of anti-H3K4Me3 or anti-Sp1 antibodies for 2 hours at 4oC, followed by addition of protein A/G 

agarose beads and incubation for another 2 hours at 4oC. The immunoprecipitates were washed 

twice with 1 ml of ChIP lysis buffer, twice with 1 ml of a high salt ChIP lysis buffer (ChIP lysis 

buffer containing 500 mM NaC1), twice with 1 ml of ChIP wash buffer (10 mM Tris, pH 8.0; 

250 mM LiCl; 0.5% NP-40; 0.5% sodium deoxycholate; 1 mM EDTA), and then twice with 1 ml 

of TE buffer (10 mM Tris, pH 7.5; 1 mM EDTA). The immunocomplexes were eluted by 

addition of 75 µL of elution buffer (50 mM Tris, pH 8.0; 1% SDS; 10 mM EDTA) and then 
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incubated at 65oC for 10 min. After brief centrifugation and collection of resulting supernatants, 

the pellets were eluted again as before. The pooled supernatants were incubated at 65oC 

overnight in the presence of 200 mM NaCl. Aliquots containing 10 μg of protein were added to 

150 µL of elution buffer and then incubated at 65oC overnight in the presence of 200 mM NaCl 

as the input control. Finally, DNA was isolated from samples using a PCR purification kit 

(Qiagen, Valencia, CA), followed by PCR analysis using primers spanning the proximal 

promoter regions of the KLF4 (-707 to -483; uc004bdh.2) and E-cadherin (-799 to -579; 

uc010vlj.1) genes for the binding of RBP2, PLU-1, LSD1, and H3K4Me3 histone, and those of 

RBP2, PLU1 and LSD1 for Sp1 binding.  E2TAK taq polymerase (Takara Bio, Inc., Shiga, 

Japan) and the corresponding buffer system were used for amplification of PCR products.  The 

primer sequences are listed as follows.   

KLF4 promoter: 5’-GCCTTCTCTTGAGGCTCCCAGTTCA-3’/5’-TTATCCGCGTGACTCA-

TCCAGCCC-3’; E-cadherin/CDH1-promoter: 5’-GAGAGTCTCTTGAACCC-GGCAG-3’/5’-

TGTAGAGAGACAAGTCGGGGCG-3’; RBP2 promoter: 5’-GGGGATGGGTTAGACCTGC-

ACTT-3’/5’-TTCTTCTCTTCCCCGGCAGCAC-3’; PLU-1 promoter: 5’-TCAATAAAAGT-

TGGCTCAAC-3’/5’AACAGCAAGTCCGAGT-TGTA-3’; LSD-1 promoter: 5’-GTCACCTTC-

GGAGGTTTAGTC-3’/5’-CTTCTTCCC-AGATAACATCTCGG-3’. 

 

 Statistical analysis. Statistical analysis. Statistical analysis.  Data from RT-qPCR, RT-

PCR, Western blotting, and luciferase reporter assay were analyzed using the Student’s t-test.  

Differences between group means were considered significant at P < 0.05. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 19, 2010 as DOI: 10.1124/mol.110.067702

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #67702 

 13 

 

Results 

 Differential effects of HDAC inhibitors on histone H3K4 and H3K9 methylation in 

LNCaP cells.  To investigate the crosstalk between histone deacetylation and histone 

demethylation, we examined the effects of three distinct HDAC inhibitors, the pan-inhibitors 

AR42 and vorinostat and the class I inhibitor MS-275, on the methylation status of H3K4 and 

H3K9 in LNCaP cells.  AR42, vorinostat, and MS-275 exhibited differential inhibition of 

LNCaP cell viability, with IC50 values of 0.45, 2.5, and 3.6 µM, respectively (Fig. 1A). To 

investigate the effects of these HDAC inhibitors on histone modifications, we chose the dose 

range of 0.5 – 2.5 µM for AR42 and 1 – 5 µM for vorinostat and MS-275, which could achieve 

at least 90% of maximum suppression of cell viability.  Although AR42 and vorinostat are both 

pan-HDAC inhibitors, our studies indicate that they behave differently in many aspects of 

HDAC-related pharmacological functions, including Akt dephosphorylation through the 

disruption of HDAC-protein phosphatase 1 complexes (Chen et al., 2005), down-regulation of 

Bcl-xL (Kulp et al., 2006), and Ku70 acetylation (Chen et al., 2007), of which the underlying 

mechanism remains to be investigated. 

 As shown in Fig. 1B, HDAC inhibition by AR42, vorinostat, and MS-275, as manifested by 

histone H3 and/or α-tubulin hyperacetylation, gave rise to significant increases (*P < 0.05; **P 

< 0.01; ***P < 0.001) in the levels of H3K4Me3, H3K4Me2, and H3K4Me. With regard to 

H3K9, these HDAC inhibitors exhibited differential suppressive effects on H3K9Me3 and 

H3K9Me2.  The AR42-induced epigenetic changes were noticeable 3 h after the start of AR42 

treatment (Fig. 1C). Compared to AR42 and MS-275, vorinostat exhibited modest effects on the 

levels of H3K9Me3 and H3K4Me3 despite robust hyperacetylation of H3 and α-tubulin. It is 
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noteworthy that the class I-selective inhibitor MS-275 was effective in mediating changes in 

these methylation marks, suggesting a role for class I HDAC inhibition in modulating the 

methylation status of histone H3K4 and H3K9.  This putative link between the inhibition of class 

I HDACs and histone H3K4 and H3K9 methylation was addressed in subsequent experiments 

using a shRNA approach, of which the findings are described in a later section (Fig. 6). 

 

 HDAC inhibitors target intraprostatic H3K4 and H3K9 methylation in TRAMP mice.  

Data from this and other laboratories demonstrated that AR42 (Sargeant et al., 2008) and, to a 

lesser extent, the class I inhibitor MS-275 (Qian et al., 2007) was able to suppress prostate 

tumorigenesis and/or shift tumorigenesis to a more differentiated phenotype in the TRAMP 

chemoprevention model.  Pursuant to the findings described above, we hypothesized that this 

tumor-suppressive effect was attributable, at least in part, to the ability of HDAC inhibitors to 

change the prostate epigenome in TRAMP mice through histone modifications.  To assess this 

hypothesis, we evaluated the effects of daily oral administration of AR42 (25 mg/kg), vorinostat 

(50 mg/kg), and MS-275 (20 mg/kg) for two weeks on intraprostatic histone acetylation and 

methylation in TRAMP mice (3 mice/group).  The treatments commenced at 6 weeks of age 

when TRAMP mice begin to display early histologic changes associated with androgen-driven 

tumorigenesis, including prostatic hyperplasia and early prostatic intraepithelial neoplasia 

(Greenberg et al., 1995). As shown in Fig. 2, HDAC inhibition by these agents, as manifested by 

robust H3 and/or α-tubulin hyperacetylation, gave rise to changes in the methylation status of 

H3K9 and H3K4 in the prostates of TRAMP mice that paralleled those observed in LNCaP cells.  

Relative to vehicle control, AR42 and MS-275 significantly reduced the levels of H3K9Me3 and 

H3K9Me2 (**P < 0.01; ***P < 0.001), while causing significant increases in the expression of 
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H3K4Me3, H3K4Me2, and H3K4Me (**P < 0.01; ***P < 0.001).  These changes in 

intraprostatic H3 methylation were also evident after 18 weeks of oral treatment with AR42 

(Supplementary Fig. S1).  In vorinostat-treated animals, of the three H3K4 methylation marks, 

only H3K4Me2 exhibited a significant increase (P < 0.01) in response to vorinostat. These data 

show that the pre-malignant lesions in the TRAMP prostate were as susceptible to modifications 

of histone methylation by HDAC inhibitors as malignant prostate cells.  

 

 Increased H3K4 methylation is attributable to the transcriptional repression of H3K4 

demethylases in response to HDAC inhibitors.  Recent evidence indicates that histone 

methylation is a reversible process that is regulated by a dynamic balance between histone 

methyltransferase and histone demethylase activities (Trojer and Reinberg, 2006). At least ten 

methyltransferases and five demethylases have been implicated in H3K4 methylation, each of 

which displays distinct substrate specificity and biological function in chromatin regulation 

(Allis et al., 2007; Ruthenburg et al., 2007).  

 From a mechanistic perspective, increases in H3K4Me3 might arise from the upregulation 

of histone H3K4 methyltransferases (H3K4MTs) and/or the downregulation of histone H3K4 

demethylases (H3K4DMs).  To discern these two possibilities, we assessed the effect of AR42 (1 

µM) on the mRNA expression of various histone-modifying enzymes involved in H3K4 

methylation in LNCaP cells by qRT-PCR, which included H3K4MTs: MLL1, MLL2, MLL3, 

MLL4, SET1A, and ASH1; H3K4DMs: RBP2/JARID1a, PLU-1/JARID1b, SMCX/JARID1c, 

and LSD1.  As shown in Fig. 3A, relative to vehicle control, the mRNA expression levels of 

most of the H3K4MTs examined, with the exception of MLL3 and SET1A of which the levels 

remained unchanged, were significantly decreased (P < 0.005) after 24-h treatment.  In contrast, 
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AR42 markedly suppressed the mRNA levels of all H3K4DMs examined (RBP2, PLU-1, 

SMCX, and LSD1; P < 0.005).  Together, these findings suggest that the repression of 

H3K4DMs might play a major role in the observed AR42-induced increases in H3K4 

methylation. 

 Pursuant to this premise, we assessed the effect of AR42, vorinostat, and MS-275 on the of 

the aforementioned H3K4DMs in LNCaP cells by RT-PCR and Western blot analysis. As 

shown, the mRNA and protein expression levels of these H3K4 demethylases were significantly 

downregulated (*P < 0.05; **P < 0.01; ***P < 0.001) in a dose-dependent manner (Fig. 3B and 

C). It is noteworthy that the transcriptional repression of these H3K4 demethylases in response to 

individual HDAC inhibitors correlated with their respective effectiveness in increasing the levels 

of H3K4Me3, H3K4Me2, and H3K4Me, i.e., AR42 > MS-275 > vorinostat, suggesting a 

functional relationship between reduced demethylase expression and increased H3K4 

methylation. 

 

 Evidence that H3K4Me3 plays a role in the transcriptional activation of genes 

encoding the tumor suppressor Kruppel-like factor 4 (KLF4) and the differentiation 

marker E-cadherin.  We rationalized that the changes in H3 methylation status induced by 

HDAC inhibitors underlie the tumor-suppressive activities of these agents by upregulating the 

expression of genes associated with cell cycle and apoptosis regulation, tumor suppression, and 

differentiation.  Thus, KLF4 and E-cadherin were used as representative genes to study the 

involvement of H3K4Me3 in the transcriptional activation of gene expression in light of their 

roles in prostate cancer tumorigenesis (Liu et al., 2008; Yee et al., 2010).  RT-PCR analysis 

revealed that both genes were differentially upregulated by AR42, vorinostat, and MS-275 in 
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LNCaP cells in a dose-dependent manner (Fig. 4A).  To determine if these HDAC inhibitor-

induced changes in gene expression were associated with concomitant changes in the presence of 

methylated histone and H3K4DMs in chromatin associated with the promoters of the KLF4 and 

E-cadherin genes, ChIP assays were performed using antibodies against H3K4Me3, RBP2, PLU-

1, SMCX, and LSD1 in LNCaP cells treated with different doses of HDAC inhibitor for 12 h.  

As shown in Fig. 4B, treatment with these HDAC inhibitors differentially increased, in the order 

of AR42 > MS-275 > vorinostat, the amounts of KLF4 and E-cadherin promoter DNA 

associated with H3K4Me3.  Importantly, this accumulation of methylated H3K4 occurred in 

parallel with dose-dependent decreases in the amount of each of the aforementioned H3K4DMs 

at the promoters of the target genes.  These findings suggest that HDAC inhibitors can activate 

the expression of genes associated with tumor suppression and differentiation through changes in 

histone methylation status. 

 

 Evidence that HDAC inhibitors mediate transcriptional repression of H3K4 

demethylases via the downregulation of Sp1 expression.  We hypothesized that the 

transcription factor Sp1 was involved in the transcriptional repression of H3K4DMs after HDAC 

inhibitor treatment based on the following findings.  First, AR42, vorinostat, and MS-275 

suppressed the expression of Sp1 with potencies in line with those for the suppression of histone 

demethylases (Fig. 3B) Of the four H3K4DMs examined, the dose-dependent reduction in PLU-

1 and LSD1 lagged behind that of Sp1, suggesting that other transcription factors might be 

involved in the transcriptional regulation of these two genes. Second, the promoter of the PLU-1 

gene has been reported to contain two conserved Sp1 binding sites, which are critical for 

constitutive promoter activity (Catteau et al., 2004).  Analysis of the promoter sequences of the 
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RBP2 and LSD1 genes revealed that each contains a putative Sp1 binding element (GGCGGG or 

GGGCGG; -416 to -421 for RBP2 and -35 to -44 for LSD1) (Fig. 5A). 

  To examine this putative link between HDAC inhibitor-induced repression of Sp1 and the 

reduced expression of histone demethylases, we performed ChIP analysis to assess the effects of 

the HDAC inhibitors on the binding of Sp1 to the promoters of RBP2, PLU-1, and LSD-1 genes 

in LNCaP cells.  As shown in Fig. 5B, AR42 treatment led to significant decreases (*P < 0.05; 

**P < 0.01; ***P < 0.001) in the amount of Sp1 associated with the promoters of these genes in 

a dose-dependent manner.  Vorinostat and MS-275, each at 5 µM, also reduced Sp1 binding to 

these promoters (**P < 0.01; ***P < 0.001).  It is noteworthy that the extent of reduction in Sp1 

binding in response to individual inhibitors was comparable to the observed reduction in the gene 

expression of these demethylases.  To further establish a role for Sp1 in the transcriptional 

regulation of H3K4 demethylase expression, Flag-Sp1 was ectopically expressed in LNCaP 

cells, which led to the dose-dependent upregulation of RBP2, PLU-1, SMCX, and LSD1 protein 

levels and concomitant decreases in the levels of H3K4Me3/Me2/Me (Fig. 5C).  

 

 The class I HDAC isozymes 1, 2, 3, and 8 are responsible for the Sp1-mediated 

downregulation of H3K4 demethylases.  The finding that the class 1-selective HDAC inhibitor 

MS-275 could induce Sp1-mediated transcriptional repression of H3K4 demethylases suggested 

that class I HDACs represent key targets through which HDAC inhibitors modulate H3K4 

methylation.  To discern the role of individual class I isozymes, we transfected LNCaP cells with 

shRNA against HDAC1, 2, 3, and 8, and selected two stable clones from each transfection.  

Transient transfection with shRNA against HDAC6, a class II HDAC, was performed as a 

control.   The selectivity of the HDAC knockdown was validated by Western blotting 
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(supplemental Fig. S2), which showed reduced expression of each targeted isozyme and 

increased H3 acetylation. The HDAC6 knockdown was further characterized by α-tubulin 

hyperacetylation (Fig. 6A).   

 As shown, silencing of any of these four class I HDAC isozymes mimicked the effects of 

AR42 and MS-275 on H3K9 and H3K4 methylation, i.e., suppression of H3K9Me3/Me2 levels, 

in concert with increased expression of H3K4/Me3/Me2/Me (Fig. 6A).  Moreover, increased 

H3K4 methylation was accompanied by concomitant reductions in the expression levels of Sp1 

and the H3K4 demethylases RBP2, PLU-1, SMCX, and LSD1. The extents to which the 

expression of Sp1, RBP2, PLU-1, and SMCX were inhibited in response to the knockdown of 

individual HDAC isozymes were comparable, while silencing of HDAC1 caused the greatest 

reduction in LSD1 expression (Fig. 6B).  In contrast, HDAC6 knockdown exhibited no 

appreciable effect on H3K9 or H3K4 methylation, nor did it affect the expression of Sp1 or any 

of the H3K4 demethylases (Fig. 6A).  

 To confirm that Sp1 represented the functional link between the selective knockdown of 

HDAC isozymes and the consequent transcriptional repression of H3K4 demethylases, we 

examined the ability of ectopic Sp1 expression to reverse the transcriptional repression of these 

genes.  Accordingly, we generated the reporter plasmids pGL3-RBP2-Luc, pGL3-PLU-1-Luc, 

and pGL3-LSD1-Luc, which harbor a luciferase gene under the control of the promoters of 

RBP2 (-460 to +60), PLU-1 (-228 to +21), and LSD1 (-200 to +162), respectively (Fig. 7A). We 

observed, however, that exposure of LNCaP cells transiently transfected with any one of these 

luciferase reporter plasmids to AR42, vorinostat or MS-275 resulted in significantly higher 

bioluminescent intensities (data not shown).  Presumably, this effect was a result of the 

epigenetic activation of luciferase gene transcription in the drug-treated cells, which rendered it 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 19, 2010 as DOI: 10.1124/mol.110.067702

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #67702 

 20 

impossible to assess the effects of ectopic Sp1 expression on the HDAC inhibitor-mediated 

repression of demethylase gene expression.  Consequently, HDAC inhibition was achieved by 

shRNA-mediated silencing of HDAC expression.  Stable LNCaP clones with silenced HDAC1, 

2, or 3 were transiently co-transfected with individual luciferase reporter plasmids in 

combination with the pCMV-Sp1 plasmid or the pCMV vector, and the luciferase activities were 

analyzed.  As shown, shRNA-mediated knockdown of each of the three class I isozymes led to 

significant reductions (P  < 0.01) in luciferase activities in all three of the reporter assays (Fig. 

7B, open bars), which, however, were partially restored by the ectopic expression of Sp1 (**P < 

0.01; ***P < 0.001; filled bars).  This Sp1-mediated transcriptional activation of demethylase 

gene expression was confirmed by Western blotting, which indicates that the repression of the 

H3K4 demethylases RBP2, PLU-1, and LSD1 via the silencing of class I HDAC isozymes could 

be reversed by ectopic Sp1 expression (Fig. 7C). 

 To further establish the functional role of Sp1 in regulating the transcription of histone 

demethylase genes, new luciferase reporter plasmids were constructed with RBP2 and PLU-1 

promoter regions containing mutated Sp1 binding sites in which the GGC sequence was replaced 

with AAA.  LNCaP cells and the HDAC1-silenced stable clones were transiently co-transfected 

with individual mutant reporter plasmids (pGL3-RBP2-Luc/Sp1mt and pGL3-PLU-1-

Luc/Sp1mt) in combination with the pCMV-Sp1 plasmid or the pCMV vector. Relative to the 

wild-type control, mutation of the Sp1 binding site abrogated the transcriptional activation of 

RBP2 or PLU-1 genes in LNCaP cells and, to a greater extent, HDAC1-silenced cells (Fig. 7D, 

open bars).  This inhibition, however, could only be marginally restored by ectopic Sp1 

expression (filled bars). 
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 Together, these findings underscore the important role of class I HDAC isozymes in 

mediating the effects of HDAC inhibitors on H3K4 methylation through the suppression of Sp1-

dependent transcriptional activation of H3K4 demethylases. 

 

Discussion 

 Recent advances in decoding the functional significance of histone posttranslational 

modifications have broadened our understanding of the epigenetic regulation of gene expression 

in various developmental or pathological processes.  Substantial evidence has demonstrated that 

not only HDACs, but also histone demethylases play a central role in cell differentiation and 

pathogenesis of many diseases including cancer (Agger et al., 2008; Cloos et al., 2008).  

Consequently, the crosstalk between these two histone-modifying systems in coordinating the 

complex pattern of gene regulation has been the focus of many recent investigations (Latham and 

Dent, 2007).   

 The functional link between histone acetylation and histone methylation is manifested by 

the ability of HDAC inhibitors such as trichostatin A and sodium butyrate to inhibit histone 

demethylation, leading to increased H3K4 methylation (Lee et al., 2006; Nightingale et al., 

2007).  In a previous report, this causal relationship was attributed to the suppressive effect of 

these HDAC inhibitors on the demethylase activity of LSD1 (Lee et al., 2006).  This finding is 

noteworthy in light of the intimate interplay between HDAC1/2 and LSD1 through interactions 

with different domains of the neuronal corepressors CoREST protein, which is involved in the 

repression of neuron-specific genes in human cells through its pivotal role in mediating the 

function of the multiprotein complex BHC (BRAF–HDAC complex) (Lee et al., 2005).   

 In this study, we obtained several lines of evidence that class I HDACs represent a major 
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target by which HDAC inhibitors promote H3K4 methylation, and that reduced Sp1 expression 

represents the mechanistic link between HDAC inhibition and the transcriptional repression of 

H3K4DMs.  Sp1, a ubiquitous transcription factor, has previously been shown to regulate the 

transcription of PLU-1 gene (Catteau et al., 2004).  Here, we used different biochemical and 

molecular genetic strategies, including ChIP, ectopic expression, promoter luciferase reporter 

gene assays, and mutational analysis, to demonstrate the pivotal role of Sp1 in regulating the 

transcription of other H3K4DM genes.  From a mechanistic perspective, transcriptional 

repression of these H3K4DMs underlies the ability of HDAC inhibitors to elevate H3K4 

methylation.  Moreover, as each of these H3K4DMs plays a distinct role in the regulation 

physiological/pathological functions [i.e., RBP2, cellular differentiation and development 

(Christensen et al., 2007); PLU-1, breast tumorigenesis (Yamane et al., 2007); SMCX, neuronal 

survival and dendritic development (Iwase et al., 2007); LSD-1, ER-negative breast 

tumorigenesis (Lim et al., 2010)], this finding has therapeutic relevance to understanding the 

mode of action of HDAC inhibitors in different disease states. 

 It is noteworthy that HDAC inhibition also led to decreases in many of the H3K4 

methyltransferases examined, including MLL1, MLL2, MLL4, and ASH1 (Fig. 3A).  The 

concomitant reduction in H3K4MTs and H3K4DMs resulted in a net increase in H3K4 

methylation, which might, in part, account for the ability of HDAC inhibitors to activate 

transcription of a broad range of genes associated with tumor suppression and differentiation.  

For example, our data indicate that HDAC inhibitor-stimulated gene expression of KLF4 and E-

cadherin was accompanied by increased H3K4Me3 binding to the promoters of these genes, 

which occurred in conjunction with decreased levels of the H3K4 demethylase RBP2 at these 

promoters.  Together, these and other H3K4-related changes in the expression of tumor-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 19, 2010 as DOI: 10.1124/mol.110.067702

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #67702 

 23 

suppressing genes might, in part, account for the ability of AR42 and MS-275 to block tumor 

progression and, in the case of AR42, to shift tumorigenesis to a more differentiated phenotype 

in the TRAMP model (Sargeant et al., 2008). 

 Beyond the general effect on H3K4 methylation, decreases in H3K4MTs and H3K4DMs 

might also affect nuclear receptor-mediated transcription in light of the interactions of these 

enzymes with the coregulators of nuclear receptors.  For example, as aforementioned, LSD1 

forms complexes with CoREST (Lee et al., 2005), which functions not only as a histone 

demethylase, but also as a transcriptional activator of the androgen receptor (Metzger et al., 

2005).  Similarly, the MLL1/MLL2 H3K4MT complex has been implicated in estrogen receptor 

(ER) activation in light of its binding with menin, a transcriptional coactivator of ER (Dreijerink 

et al., 2006).  In addition, recruitment of MLL3 and its paralog MLL4 to the nuclear receptor 

farnesoid X receptor requires their binding partner, namely, activating signal cointegrator (ASC)-

2 (Kim et al., 2009). 

 An important and lingering issue in the work presented here is that the mechanism by which 

HDAC inhibition causes the downregulation of Sp1 expression is unknown.  One possibility is 

that HDAC inhibitor-induced increases in chromatin acetylation leads to the expression of a 

factor that represses Sp1 expression.  Alternatively, the acetylation of a non-histone HDAC 

substrate in HDAC inhibitor-treated cancer cells could activate pathways leading to decreased 

Sp1 expression.  Recently, Liu et al. (Liu et al., 2010) showed, in the context of KIT-driven 

acute myeloid leukemia, that HDAC inhibitors can disrupt the repressive transcriptional complex 

that binds to miR-29b regulatory elements leading to miR-29b upregulation and consequent 

inhibition of Sp1 expression.  Elucidation of the mechanistic link between HDAC inhibition and 

Sp1 repression is currently under investigation in our laboratory. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 19, 2010 as DOI: 10.1124/mol.110.067702

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #67702 

 24 

 From a clinical perspective, the ability of HDAC inhibitors to transcriptionally suppress 

H3K4 demethylase gene expression has therapeutic implications as LSD1 and PLU-1 have been 

suggested as targets for the treatment of various types of malignancies, including prostate cancer 

(Kahl et al., 2006), breast cancer (Yamane et al., 2007), and neuroblastoma (Schulte et al., 2009). 

A recent study that associated global changes in various histone modifications with clinical 

outcome in prostate cancer indicates that patients with a Gleason score of less than 7 have a 

lower 10-year recurrence rate if the percentage of cells with H3K4Me2 staining is above the 60th 

percentile (Seligson et al., 2005). This correlation is in line with findings that LSD1 and PLU-1 

regulate the transcriptional activity of the androgen receptor [review: (Agoulnik and Weigel, 

2009)], and over-expression of LSD1 in prostate carcinoma is sufficient to promote androgen 

receptor-dependent transcription in the absence of androgens (Kahl et al., 2006; Metzger et al., 

2005).  Thus, understanding the mode of action of AR42 and MS-275 in up-regulating H3K4 

methylation by reducing the expression of H3K4DMs might foster new therapeutic strategies for 

prostate cancer therapy. 
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Legends for Figures 

Fig. 1. Differential effects of AR42, vorinostat, and MS-275 on H3K4 and H3K9 

methylation in LNCaP cells. A, Dose-dependent, suppressive effects of AR42, vorinostat, and 

MS-275 on the viability of LNCaP cells after 48 h of treatment. Data points, mean; bar, S.D. (n = 

6).  B, Upper panel, Representative Western blot analysis of the dose-dependent effects of AR42, 

vorinostat, and MS-275 on the expression of acetyl-H3, acetyl-α-tubulin, H3K9Me3, H3K9Me2, 

H3K4Me3, H3K4Me2, and H3K4Me after 24 h of treatment in LNCaP cells. Lower panel, 

relative changes in the levels of the methylation marks on H3K4 and H3K9 in drug-treated cells 

expressed as a percentage of that in the corresponding vehicle control group.  Columns, mean (N 

= 3); Error bars, SD.  *P < 0.05; **P < 0.01; ***P < 0.001. 

 

Fig. 2. Differential effects of AR42, vorinostat, and MS-275 on H3K4 and H3K9 

methylation in vivo.  Effects of daily oral administration of vehicle, AR42 (25 mg/kg), 

vorinostat (50 mg/kg), and MS-275 (20 mg/kg) for 14 days to 6 week-old TRAMP mice on the 

prostatic expression of acetyl-H3, acetyl-α-tubulin, H3K9Me3, H3K9Me2, H3K4Me3, 

H3K4Me2, and H3K4Me (N = 3 for each group). Proteins were isolated from the homogenates 

of prostate tissue from each mouse by ethanol precipitation after removal of nucleic acids using 

Trizol according to the manufacturer’s instructions. Expression levels of the indicated proteins 

were assessed by western blotting.  Left panel, western blots of acetylated and methylated 

proteins from the prostate of each mouse (#1-12).  Right panel, relative changes in the levels of 

the methylation marks on H3K4 and H3K9 in drug-treated groups expressed as a percentage of 

that in the corresponding vehicle control group.  Columns, mean (N = 3); Error bars, SD.  **P < 

0.01; ***P < 0.001.  
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Fig. 3. Differential effects of AR42, vorinostat, and MS-275 on the expression of H3K4 

methyltransferases, H3K4 demethylases and Sp1. A, qRT-PCR analysis of the effects of 

AR42 on the expression of histone-modifying enzymes involved in H3K4 methylation: 

H3K4MTs and H3K4DMs. LNCaP cells were treated with 1 μM AR42 for 48h.  Total RNA was 

isolated and analyzed by qRT-PCR. Mean ± S.D. (n =3).  B, Representative RT-PCR and 

Western blotting analyses of the dose-dependent inhibition of the H3K4 demethylases RBP2, 

PLU-1, SMCX, SMCY, and LSD1, and Sp1 by AR42, vorinostat, and MS-275 after 48 h of 

treatment in LNCaP cells. C, Relative changes in the levels of the mRNA and protein levels of 

RBP2, PLU-1, SMCX, and LSD1 in drug-treated cells expressed as a percentage of that in the 

corresponding vehicle control group.  Columns, mean (N = 5 for RT-PCR and 3 for Western 

blotting); Error bars, SD.  *P < 0.05; **P < 0.01; ***P < 0.001. 

 

Fig. 4. Evidence that HDAC inhibitor-stimulated H3K4Me3 formation is involved in the 

transcriptional activation of KLF4 and E-cadherin genes. A, RT-PCR analysis of the dose-

dependent effects of AR42, vorinostat, and MS-275 on the mRNA levels of KLF4 (upper panel) 

and E-cadherin (lower panel) after 24 h of treatment in LNCaP cells. B, ChIP analysis of the 

dose-dependent effects of HDAC inhibitors on H3K4Me3 and the binding of H3K4DMs, 

including RBP2, PLU-1, SMCX, and LSD1 to the promoter regions of the KLF4 and E-cadherin 

genes after 12 h of treatment in LNCaP cells.  

 

Fig. 5. Evidence that Sp1 downregulation underlies the transcriptional repression of H3K4 

demethylase genes by HDAC inhibitors. A, Putative Sp1 binding sites (GGCGGG; GGGCGG) 
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in the proximal promoter regions of PLU-1, RBP2, and LSD1. B, upper, ChIP analysis of the 

reduced Sp1 occupancy on the promoters of RBP2, PLU-1, and LSD1 in response to AR42, 

vorinostat, and MS-275 at the indicated doses after 48 h of treatment in LNCaP cells.  Lower, 

relative changes in the levels of the Sp1 binding to the promoters of RBP2, PLU-1, and LSD1 in 

drug-treated cells expressed as a percentage of that in the corresponding vehicle control group.  

Columns, mean (N = 3); Error bars, SD.  *P < 0.05; **P < 0.01; ***P < 0.001. C, Western blot 

analysis of the dose-dependent effect of ectopic Flag-Sp1 on the expression of the H3K4 

demethylases and H3K4 methylation in LNCaP cells.  Cells expressing different levels of ectopic 

Flag-tagged Sp1 were assessed for expression levels of RBP2, PLU-1, SMCX and LSD1 

proteins, and methylated H3K4 by western blotting. 

 

Fig. 6. Western blot analysis of the effects of shRNA-mediated knockdown of class I 

HDACs (1, 2, 3, and 8) vis-à-vis the class II isozyme HDAC6 on biomarkers associated with 

HDAC inhibition, H3K9 and H3K4 methylation, and the expression levels of Sp1 and 

H3K4 demethylases.  A, Biomarkers of HDAC inhibition (acetylated histone H3, Ac-H3; 

acetylated-α-tubulin, Ac-α-tubulin), methylation status of H3K9 and H3K4 (H3K9Me3/Me2, 

H3K4Me3/Me2/Me), and the expression of Sp1 and H3K4 demethylases (RBP2, PLU-1, SMCX, 

LSD1) were assessed in stable LNCaP subclones (#1, #2) expressing shRNA against individual 

class I HDAC isozymes 1, 2, 3 and 8, and LNCaP cells transiently transfected with HDAC6 

shRNA.  Untransfected and empty vector-transfected LNCaP were assessed as controls. B, 

relative changes in the levels of the methylation marks on H3K4 and H3K9 and the expression of 

Sp1, RBP2, PLU-1, and LSD1 in HDAC isozyme-silenced cells expressed as a fold increase or 
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percentage of that in the corresponding vehicle control group.  Columns, mean (N = 3); Error 

bars, SD.  *P < 0.05; **P < 0.01; ***P < 0.001. 

 

Fig. 7. Sp1 mediates the transcriptional repression of H3K4 demethylases induced by 

silencing of class I HDAC isozymes. A, Schematic representation of the promoter-luciferase 

constructs for RBP2, PLU-1, and LSD1. B, The effect of ectopic expression of Sp1 on the 

transcriptional repression of RBP2, PLU-1 and LSD1 induced by knockdown of class I HDAC 

isozymes was evaluated.  Stable LNCaP subclones expressing shRNA against individual class I 

HDAC isozymes 1, 2 or 3 were co-transfected with luciferase reporter plasmids and the pCMV-

Sp1 plasmid.  Wild-type (WT) cells with native HDAC expression were assessed as controls.  

Relative changes in luciferase activities are expressed as percentages of that in corresponding 

WT cells.  Columns, mean of six independent experiments; Error bars, SD. **P < 0.01; ***P < 

0.001. C, Western blot analysis of the expression of Sp1, RBP2, PLU-1, and LSD1 in cells from 

the experiment described in B.  The percentages denote the relative intensities of protein bands 

from transfected cells compared to that of the corresponding WT control cells, after 

normalization to the respective β-actin band. Each value represents the average of two 

independent experiments. D, The effects of mutations in the Sp1 binding site on the 

transcriptional activity of the RBP2 (upper panel) and PLU-1 (lower panel) genes in LNCaP cells 

(Ctr) and stable LNCaP subclones expressing shRNA against the HDAC isozyme 1 (HDAC1).  

LNCaP cells and the HDAC1-silenced subclone were co-transfected with the pCMV-Sp1 

plasmid or empty vector and the luciferase reporter plasmids containing mutated Sp1 binding 

sites (Sp1mt) in the RBP2 or PLU-1 promoter.  Transfectants expressing the wild-type Sp1 

binding site (WT) served as controls.  Relative changes in luciferase activities are expressed as 
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percentages of that in corresponding Ctr/WT cells.  Columns, mean of six independent 

experiments; Error bars, SD. 
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