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Abstract 

The epigenetic down-regulation of genes is emerging as a possible underlying mechanism of the 

GABAergic neuron dysfunction in schizophrenia. For example, evidence has been presented to 

show that the promoters associated with reelin and GAD67 are down-regulated as a consequence 

of DNMT-mediated hypermethylation. Using neuronal progenitor cells to study this regulation, 

we have previously demonstrated that DNMT inhibitors coordinately increase reelin and GAD67 

mRNAs. Here, we report that another group of epigenetic drugs, HDAC inhibitors, activate these 

two genes with a comparable dose- and time-dependence. In parallel, both groups of drugs 

decrease DNMT1, DNMT3A and DNMT3B protein levels, and reduce DNMT enzyme activity. 

Furthermore, induction of the reelin and GAD67 mRNAs is accompanied by the dissociation of 

repressor complexes, containing all three DNMTs, MeCP2 and HDAC1, from the corresponding 

promoters and increased local histone acetylation. Our data imply that drug-induced promoter 

demethylation is relevant for maximal activation of reelin and GAD67 transcription. The results 

suggest that HDAC and DNMT inhibitors activate reelin and GAD67 expression through similar 

mechanisms. Both classes of drugs attenuate, directly or indirectly, the enzymatic and 

transcriptional repressor activities of DNMTs and HDACs. These data provide a mechanistic 

rationale for the use of epigenetic drugs, individually or in combination, as a potential novel 

therapeutic strategy to alleviate deficits associated with schizophrenia. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 51763 

 4

Introduction 

The silencing of epigenetically regulated promoters is intimately associated with high 

levels of DNA methylation and decreased acetylation of core histones in these regions. DNA 

methylation, catalyzed by multiple DNA methyltransferases (DNMTs), may cause 

transcriptional repression by directly interfering with the binding of transcription factors to their 

recognition sites. Another, more likely, mechanism is that hypermethylation of CpG 

dinucleotides blocks transcription indirectly by facilitating the assembly of repressor complexes, 

containing histone deacetylases (HDACs), in the vicinity of CpG-island containing promoters. 

This, in turn, leads to local histone deacetylation and the formation of a more condensed 

chromatin structure, which limits transcription factor accessibility and induces gene repression 

(Burgers et al., 2002; Klose and Bird, 2006). 

Epigenetic gene regulation is critical for normal development and differentiation, 

including neurodevelopmental processes (Jaenisch and Bird, 2003). Accordingly, mutations in 

genes that encode epigenetic regulatory proteins, such as methyl CpG-binding protein 2 

(MeCP2) or the CREB-binding protein, are associated with mental retardation in humans 

(Tsankova et al., 2007). In addition, increasing evidence suggests that adult neurons respond to 

various environmental signals via dynamic changes in DNA methylation and histone 

modifications. These processes are important to mechanisms of memory formation and cognition 

via modulation of genes involved in synaptic plasticity, such as BDNF and reelin (Levenson and 

Sweatt, 2005; Szyf et al., 2008). Epigenetic abnormalities, possibly introduced either during 

embryogenesis, puberty or adulthood, have also been noted in several psychiatric disorders, 

including schizophrenia, depression and drug addiction (Tsankova et al., 2007). 
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Schizophrenia is associated with a dysfunction in GABAergic neurotransmission, which 

may be the consequence of reduced expression of GABAergic proteins, such as reelin and 

GAD67 (Costa et al., 2006; Guidotti et al., 2005). Reelin is an important neurodevelopmental 

protein that continues to be expressed in adult GABAergic neurons and has been implicated in 

synaptic plasticity and memory formation (Levenson et al., 2008). GAD67 is a key enzyme for 

GABA synthesis and is regulated by neuronal activity (Huang et al., 2007). Reduced reelin and 

GAD67 mRNA and protein levels have been among the more consistent findings reported in 

post-mortem brains of schizophrenia patients (Costa et al., 2006; Torrey Fuller et al., 2005). The 

down-regulation of reelin and GAD67 transcripts is accompanied by reelin promoter 

hypermethylation (Abdolmaleky et al., 2005; Grayson et al., 2005) and decreased amounts of 

trimethylation of lysine 4 on histone 3 (H3K4) at the GAD67 promoter (Huang et al., 2007). 

H3K4 has been associated with active transcription of GAD67. In addition, it has been reported 

that DNMT1 mRNA, which is selectively expressed in GABAergic interneurons of the adult 

brain, is significantly up-regulated in schizophrenia (Veldic et al., 2004; Ruzicka et al., 2007). 

Moreover, increased mRNA levels of the DNMT1-binding partner, HDAC1, have recently been 

found to correlate with GAD67 transcript down-regulation in a distinct hippocampal region of 

schizophrenia patients (Benes et al., 2007). Taken together, these data are consistent with our 

hypothesis that alterations in reelin, GAD67, and probably other mRNAs and proteins that are 

expressed in GABAergic cortical neurons, are likely due to epigenetic changes triggered by 

DNMT1-induced promoter hypermethylation (Costa et al., 2006; Grayson et al., 2006). An 

epigenetic origin for the reduced expression of selected transcripts is further supported by a 

recent microarray-based genome-wide scan, which found significant psychosis-associated 
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differences in DNA methylation associated with numerous genes involved in neuronal function 

(Mill et al., 2008). 

Using NT-2 neuronal precursor cells, we have previously demonstrated that human reelin 

and GAD67 genes are coordinately regulated through DNA methylation-dependent mechanisms 

(Kundakovic et al., 2007). Here, we performed a detailed comparative analysis of the molecular 

events by which HDAC and DNMT inhibitors activate these two genes. We now provide 

evidence that DNMT1, DNMT3A, DNMT3B, MeCP2 and HDAC1 proteins form repressor 

complexes that negatively regulate expression of both the reelin and GAD67 promoters. 

Moreover, our data demonstrated that two classes of epigenetic drugs act via a similar 

mechanistic pathway. Both DNMT and HDAC inhibitors down-regulate all three DNMTs 

leading to the dissociation of a large repressor complex from the promoter. Moreover, each 

facilitates a reduction in DNA methylation and the reorganization of chromatin surrounding the 

reelin and GAD67 regulatory regions. These findings provide a better understanding of the 

molecular mechanisms that contribute to promoter up-regulation in neuronal progenitors. The 

studies are also relevant to an appreciation of promoter regulation in adult GABAergic neurons. 
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Material and Methods 

Cell culture and cell nuclear extracts. NT-2 cells (Stratagene, La Jolla, CA) were maintained 

as previously described (Kundakovic et al., 2007). Nuclear extracts from untreated and treated 

NT-2 cells were prepared using NE-PER Nuclear and Cytoplasmic Extraction kit as 

recommended by the manufacturer (PIERCE Biotechnology, Rockford, IL). Protein 

concentrations were determined using protein assay reagent (Bio-Rad Laboratories, Hercules, 

CA) with bovine serum albumin as a standard. 

Reagents and antibodies. N-(2-aminophenyl)-4-[N-(pyridin-3-yl-methoxycarbonyl) 

aminomethyl]benzamide (MS-275) and its inactive 3'-aminophenylbenzamide derivative (MS-

IN) (Simonini et al., 2006) were dissolved in 100% dimethyl sulfoxide (DMSO) to a 

concentration of 10-2 M and stored at -20°C. Valproic acid (VPA), Trichostatin A (TSA), 

doxorubicin (DOXO), 5-aza-2’-deoxycytidine (AZA) and zebularine (ZEB) were obtained from 

Sigma-Aldrich (St. Louis, MO). Stock solutions of these drugs were prepared by dissolving the 

substances in either distilled water (VPA, DOXO), 50% acetic acid (AZA), or DMSO (TSA and 

ZEB), and stored at -20°C. Primary antibodies used for Western blot analysis were as follows: 

DNMT1 (1:1000 dilution; New England Biolabs, Ipswich, MA), DNMT3A (1:400 dilution; a 

generous gift from Dr. Shoji Tajima), DNMT3B (1:100 dilution; Santa Cruz Biotechnology, 

Santa Cruz, CA), and MeCP2 antibody (1:500 dilution; Upstate Biotechnology, Lake Placid, 

NY). In addition, ChIP grade anti-DNMT1 monoclonal antibody (Imgenex, San Diego, CA), 

anti-DNMT3B and anti-MeCP2 polyclonal antibodies (Abcam, Cambridge, MA), anti-acetyl-

histone H3 polyclonal antibody (Upstate Biotechnology), as well as DNMT3A (Santa Cruz) 

polyclonal antibody were used for chromatin immunoprecipitation (ChIP) assays. The same 
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HDAC1 polyclonal antibody (Upstate Biotechnology) was used for both Western blot (1:2,500 

dilution) and ChIP analysis.  

Quantitative RT-PCR Analysis. Total RNA was extracted after ultracentrifugation through 

CsCl (Chen et al., 2002). mRNA content was measured by competitive RT-PCR with internal 

standards. Specific conditions, primers and internal standards that were used to determine the 

levels of reelin, GAD67 and G3PDH transcripts were described previously (Kundakovic et al., 

2007). 

HDAC enzymatic assays. HDAC assays were performed using a fluorescent HDAC assay kit as 

recommended by the manufacturer (Upstate Biotechnology). A typical reaction (40 µl) included 

an appropriate volume of nuclear extract (containing 2 µg of protein) and 267 µM HDAC 

substrate in assay buffer (Upstate Biotechnology). To test HDAC inhibitory activity of the drugs, 

MS-275 (0.25, 1, 5 and 20 µM), MS-IN (5 µM), TSA (0.3 µM) or VPA (5 mM) were added to 

the reaction mixtures. All samples were incubated for 30 min. at 30°C. Fluorescence intensity 

was measured (in triplicate) at an excitation wavelength of 360 nm and an emission wavelength 

of 460 nm, using a Spectra Max Gemini XS Microplate Spectrofluorometer (Molecular Devices, 

Sunnyvale, CA). Standard curves were generated using an HDAC Assay standard (Upstate 

Biotechnology) to verify assay linearity. In addition, the highest concentration of the standard 

was incubated with each drug to confirm that these compounds did not interfere with substrate 

activation. 

Western blot analysis. Western blots were performed using above mentioned antibodies and 

according to Kundakovic et al. (2007). 
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DNMT activity assay. Nuclear extracts obtained from untreated or treated NT-2 cells were 

assayed for DNMT enzyme activity by the incorporation of S-adenosyl-L-[methyl-3H] 

methionine into [poly(dI-dC)·poly(dI-dC)] as described previously (Kundakovic et al., 2007). 

RNA interference assay. DNMT1 and DNMT3B ShortCut® siRNA Mixes (New England 

Biolabs) and DNMT3A ON-TARGETplus SMART siRNA pool (Cat. # L-006672-00, 

Dharmacon – Thermo Fisher Scientific, Waltham, MA) were used to down-regulate expression 

of the corresponding gene products. Equimolar concentrations of ON-TARGETplus non-

targeting siRNA Pool (Cat. # D-001206-13, Dharmacon), which does not target any known 

transcript in human cells, were used as negative controls for all siRNA experiments. For 

transfections, 5 x 105 NT-2 cells were plated in a six-well plate, and 24 h later siRNAs were 

added with Lipofectamine 2000, according to the manufecturer’s instructions (Invitrogen). Cells 

were harvested for nuclear extraction and RNA isolation 72 h post-transfection. To minimize 

possible off-target effects of siRNA treatments, preliminary dose-response experiments were 

performed. For all three siRNA pools, the lowest concentrations (15 nM) that led to efficient 

protein knock-down were chosen for further experiments.  

Chromatin immunoprecipitation (ChIP) assay. ChIP assays were performed using the ChIP 

assay kit protocol from Upstate Biotechnology as previously described (Kundakovic et al., 

2007). Briefly, NT-2 cells were treated with either 5 µM MS-IN or 5 µM MS-275 for 48 h. 

Crosslinked chromatin from 1 x 107 cells was sheared by sonication (Diagenode Bioruptor UCD-

200, Liege, Belgium) yielding 200-800 bp fragments. 1% of the sonicated lysate was used to 

quantitate the total amount of DNA present in different samples before immunoprecipitation 

(Inputs). Chromatin preparations were immunoprecipitated overnight using 10 µg of the 

following antibodies: anti-(DNMT1, DNMT3A, DNMT3B, MeCP2, HDAC1 and acetyl-histone 
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H3 (Ac-H3)). Chromatin eluted from samples incubated without antibody were used as negative 

(No Ab) controls. DNA was recovered following phenol/chloroform extraction and ethanol 

precipitation, and analyzed by semiquantitative PCR. Conditions and primers that were used to 

amplify the reelin promoter region were previously described (Chen et al., 2002). The primers 

used to amplify the GAD67 promoter region were 5’-CTCGTGCGTGTCATCAACCTTCA-3’ 

(forward, -579 bp) and 5’-ACGGAGCTGGGATTGTTGTA-3’ (reverse, - 320 bp). For the 

G3PDH control region, the forward primer (-122 bp) was 5’-CGGCTACTAGCGGTTTTACG-

3’, while the reverse primer (+42 bp) was 5’-AGGAGGAGCAGAGAGCGAAG-3’. Both sets of 

primers are numbered relative to the RNA start site (GAD67, GenBank accession number 

NT_005403; G3PDH, GenBank accession number NM_002046). For both GAD67 and G3PDH 

promoters, PCR included an initial denaturation cycle (5 min, 94°C), 30 cycles of denaturation (1 

min, 94°C), annealing (1 min, 62°C) and extension (1 min, 72°C), followed by the final 

extension (7 min, 72°C). PCR amplification products were separated on 1.6% agarose gels and 

optical density readings were determined using a computer-assisted densitometry program 

(Kodak EDAS 290; Eastman Kodak Co., Rochester, NY). For all experiments, PCR products of 

input and immune-precipitated DNA samples were below saturation levels. 

Luciferase assay. An 842-bp region of the mouse reelin promoter (from -702 to +140 bp relative 

to RNA start site) was subcloned into the pCpGL luciferase reporter vector. The pCpGL is free 

of CpG dinucleotides, which makes this reporter appropriate for studying the effects of 

methylation on promoter activity (Klug and Rehli, 2006). The mouse reelin promoter region 

contains 108 CpGs. Cytosines in CpG sites were methylated in vitro by incubating 10 µg 

promoter/reporter plasmid with 25 U SssI DNA methylase in a reaction buffer (100 mM NaCl, 

50 mM Tris–HCl pH 7.5, 5 mM 2-mercaptoethanol, 80 µM S-adenosylmethionine) for 16 h at 
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37°C. The extent of methylation was verified using the methyl-sensitive enzymes HpaII and 

MspI. The dual-luciferase reporter assay system (Promega/Fisher) was used to measure reporter 

activity. For each well of a 6-well plate, a mixture of 2–4 µg of mouse reelin promoter/luciferase 

reporter vector and 5 ng pRL-CMV (Renilla luciferase control) vector were co-transfected into 

NT-2 cells using Lipofectamine 2000, according to the manufacturer’s instructions (Invitrogen). 

To examine the difference between the activities of the unmethylated and methylated promoters, 

cell lysates were prepared 4 h, 6 h, 8 h, 12 h, 24 h, 36 h, 48 h, 60 h and 72 h following 

transfections. In addition, lysates were prepared from transfected cells exposed to different drug 

treatments 24 h-postransfection. For dose-response experiments, NT-2 cells were incubated with 

vehicle (DMSO), or 250 nM, 1 µM, 2.5 µM, 5 µM and 7.5 µM of either MS-275 or MS-IN for 

48 h. For time-course experiments, transfections were followed by incubations with 5 µM MS-

275 or 5 µM MS-IN for 6h, 12 h, 24 h and 48h. In all cases, 20-µl aliquots of cell lysates were 

used for reporter activity determination in a TD20/20 luminometer (Turner Design, Sunnyvale, 

CA). For each individual transfection, firefly luciferase activity was normalized against renilla 

luciferase activity to correct for variations in transfection efficiency. 

Methylated DNA immunoprecipitation (MeDIP) assay. To determine the methylation status 

of the reelin and GAD67 promoters, we used a modification of a previously published MeDIP 

method (Weber et al., 2005). In brief, DNA was extracted from cells that were either untreated 

(control for DOXO) or treated with 250 nM DOXO, 5 µM MS-IN and 5 µM MS-275 for 48h. 

Isolated DNA was sheared as indicated for the ChIP assay. For each MeDIP assay, 10 µg DNA 

was diluted in TE buffer, denatured for 10 min in boiling water, and an aliquot was saved as 

input (control) DNA. The denaturated DNA was immunoprecipitated overnight using 10 µg of 

monoclonal antibody against 5-methylcytosine (Calbiochem, San Diego, CA) in a final volume 
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of 500 µl MeDIP buffer (10 mM Na-phosphate at pH 7.0,  140 mM NaCl, 0.05% Triton X-100). 

Protein A/G-Sepharose beads (Biovision, Mountain View, CA), pre-washed with PBS-BSA 

0.1%, were used to bind immunoprecipitated complexes. After a 2h incubation with the reaction 

mixture, beads were washed three times with MeDIP buffer, resuspended in 500 µl of digestion 

buffer (50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDA) containing proteinase K (0.28 mg/ml), 

and incubated overnight with shaking at 55°C. DNA was recovered by centrifugation following 

phenol/chloroform extraction and ethanol precipitation. The resulting pellet was re-suspended in 

30 µl of nuclease-free water. 

PCR and real-time PCR analysis of MeDIP samples. PCR and real-time PCR reactions were 

carried out with 40 ng of input DNA and 1/15 of the immunoprecipitated methylated DNA 

samples. For the GAD67 and G3PDH promoters, the primers were the same as those used for 

PCR analysis described for the ChIP assays. For the reelin promoter, the primers used after 

optimization for real-time PCR were: 5’-CCGGGACACGTGTGGCGGCG-3’ (forward, -220 

bp) and 5’-GGCGAGAAGAAGGCGGACGGG-3’ (reverse, +70 bp). These primers amplify a 

310-bp promoter region, as compared to the 482-bp region (from -220 to +262 relative to 

transcriptional start site) amplified after ChIP assay. 

Real-time PCRs were performed using the Mx3000P real-time PCR system and data were 

analyzed with MxPro software (Stratagene, La Jolla, CA). PCR amplifications (in duplicates) 

were carried out in a 30-µl reaction volume, using brilliant SYBR green QPCR master mix and 

ROX as a reference dye (Stratagene). In addition, Q-solution (Qiagen, Valencia, CA) was added 

to reaction mixtures to increase the amplification efficiency of the GC-rich reelin promoter 

fragment. For all three promoter regions, PCR cycling conditions were: initial denaturation at 

95°C for 10 min, 40 cycles of denaturation (95°C, 30 s), annealing (65°C, 1 min) and extension 
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(72°C 30 s), followed by dissociation at 95°C for 1 min and 55°C for 30s.  The dissociation 

curves of the PCR products confirmed that only the genes of interest were amplified. Prior to 

running the MeDIP samples, a standard curve for each gene was generated using serial dilutions 

(400-0.4 ng) of input DNA. In addition, the efficiencies of reelin vs. G3PDH and GAD67 vs. 

G3PDH PCR amplification were compared and calculated to be approximately equal. This 

validated the use of G3PDH as an endogenous reference for this assay. 

 To evaluate the relative enrichment of methylated reelin and GAD67 promoter fragments, 

the ratios of the signals in the immunoprecipitated DNA versus input DNA were calculated for 

each treatment. Those values were then standardized against the G3PDH control region.  The 

final data are presented relative to normalized values obtained for control treatments (DOXO vs. 

untreated, and MS-275 vs. MS-275 treatment), which were given the value 1 (100%). 
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Results 

HDAC inhibitor MS-275 coordinately up-regulate reelin and GAD67 mRNA expression. 

We have previously shown that the DNMT inhibitor DOXO (Yokochi and Robertson, 2004) 

induces the reelin and GAD67 mRNAs with similar dose- and time-dependence (Kundakovic et 

al., 2007). Here, we tested whether reelin and GAD67 mRNA expression might be similarly 

affected by the selective class I HDAC inhibitor, MS-275. This benzamide derivative has been 

reported to inhibit class I enzymes at low µM concentrations, with a higher affinity for HDAC1 

versus HDAC3, and no activity towards HDAC8 (Hess-Stumpp et al., 2007). To exclude drug 

effects that might be unrelated to the HDAC inhibitory activity, we used MS-IN, as a control, in 

this and other assays. MS-IN is a structural isomer of MS-275, which does not inhibit HDAC 

enzyme activity or affect histone acetylation status (Simonini et al., 2006). 

Using competitive RT-PCR with internal standards, we first determined the reelin and 

GAD67 mRNA levels in NT-2 cells 48h following incubation with 0.1-10 µM MS-275. The data 

showed that MS-275 leads to a similar dose-dependent induction of these mRNAs (Fig. 1A). 

Barely detectable reelin mRNA expression (0.013 ± 0.0013 pg reelin mRNA/µg total RNA) was 

induced starting with a 1 µM dose of MS-275 (7.2 fold; 0.091 ± 0.012 pg reelin mRNA/µg total 

RNA). The maximal increase (35-fold) was observed with 5 µM MS-275 (0.44 ± 0.03 pg reelin 

mRNA/µg total RNA). Higher concentrations of the drug exhibited reduced activation of the 

reelin mRNA, as seen with the 10 µM concentration (28-fold increase; 0.36 ± 0.04 pg reelin 

mRNA/µg total RNA). Similarly, basal GAD67 mRNA levels (0.12 ± 0.01 pg GAD67 

mRNA/µg total RNA) were induced by 1 µM MS-275 (2 fold; 0.24 ± 0.02 pg GAD67 mRNA/µg 

total RNA), and this peaked at the 5 µM dose (4.8 fold; 0.57 ± 0.08 GAD67 mRNA/µg total 

RNA). In this case, we also detected that higher concentrations (10 µM) of MS-275 were slightly 
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less effective (4 fold induction; 0.52 ± 0.04 GAD67 mRNA/µg total RNA). The lower efficiency 

at higher drug concentrations may be due to cell toxicity, which was not observed with up to 5 

µM MS-275 treatments (data not shown). In contrast to MS-275, a 48-h incubation with the 

inactive isomer, MS-IN (5 µM), did not have an effect on either reelin or GAD67 mRNA 

expression (Fig. 1A). The response to MS-275 was gene-specific, since there was no induction of 

G3PDH at any of the concentrations of drug used. Based on the competitive RT-PCR data, we 

constructed dose-response curves for the MS-275-mediated increase in reelin and GAD67 

mRNAs (Fig. 1B). The calculated EC50 values for reelin (1.62 µM) and for GAD67 (1.34 µM) 

mRNA induction were not significantly different. 

We next examined the temporal induction of these two genes by MS-275 (5 µM), 

performing time-course experiments (up to 48 h). Quantification of mRNA levels showed that 

the reelin and GAD67 genes were induced in a comparable time frame. There were no associated 

changes in G3PDH mRNA levels (Fig. 1C). Significantly, the initial induction of both mRNAs 

coincided with the 12 h-time point (5 fold increase for reelin and 2.2 fold increase for GAD67 

mRNA levels). The similar dose- and time-dependent mRNA induction strongly suggested that 

MS-275 coordinately activates these two genes. 

Reelin and GAD67 promoter induction correlates with inhibition of HDAC activity. To 

confirm that MS-275 effectively inhibits HDAC activity in the same concentration range in 

which it induces reelin and GAD67 mRNAs, we assayed the HDAC enzymatic activity present 

in NT-2 cell nuclear extracts following their incubations with the drug (Fig. 2). We observed a 

dose-dependent decrease in HDAC activity by MS-275, while MS-IN had no effect. Comparable 

to its effect on reelin and GAD67 gene expression, MS-275 maximally inhibited HDAC 

enzymatic activity at the 5 µM concentration (46% decrease as compared to control levels), 
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while higher doses of the drug (20 µM) did not show additional inhibitory effects (43% 

decrease). Moreover, our data support the proposed selectivity of MS-275 for particular 

subclasses of HDACs, since TSA and VPA (two general HDAC inhibitors) led to almost 

complete inhibition of the enzyme activity under the same assay conditions (Fig. 2). 

HDAC inhibitors down-regulate DNMT1 protein expression and DNMT enzyme activity. 

Our previous study with DNMT inhibitors strongly supports a role for DNMT1 in the regulation 

of the reelin and GAD67 genes (Kundakovic et al., 2007). Therefore, we checked DNMT1 

protein levels following incubation of NT-2 cells with either MS-275 (5 µM) for 48 h, or TSA 

(0.3 µM) or VPA (5 mM) for 24 h. Shorter treatments with TSA and VPA were sufficient to 

significantly up-regulate reelin and GAD67 mRNAs, while avoiding the excessive cell death 

seen after longer exposure to these drugs (data not shown). As depicted in Figs. 3A and 3B, all 

three HDAC inhibitors tested led to a significant down-regulation of DNMT1 protein levels. 

DNMT1 protein was reduced by 79% after MS-275 treatment, and 46% and 43% following TSA 

and VPA treatments, respectively. In addition, down-regulation of DNMT1 protein content 

correlated with decreased methyltransferase activity, as MS-275, TSA and VPA reduced nuclear 

DNMT enzymatic activity by 65%, 40% and 37%, respectively (Fig. 3C). MS-IN (5 µM) had no 

effect on either DNMT1 protein levels or the methyltransferase activity of NT-2 cell nuclear 

extracts (Figs. 3A-C). 

HDAC inhibitors and DNMT inhibitors down-regulate DNMT3A and DNMT3B protein 

levels. The decreased DNMT activity facilitated by HDAC inhibitors (shown above) and DNMT 

inhibitors (Kundakovic et al., 2007) can be explained, in part, by the down-regulation of DNMT1 

protein. However, at least two additional proteins, DNMT3A and DNMT3B, contribute to total 

DNMT enzymatic activity. We tested if the increased expression of the reelin and GAD67 
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mRNAs mediated by HDAC and DNMT inhibitors was also associated with changes in 

DNMT3A and DNMT3B protein levels. In nuclear extracts of NT-2 cells, we detected two 

different isoforms of DNMT3B protein (Figs. 4B and 4D). The specificity of these two bands 

was confirmed using a peptide competition assay (data not shown). Western blot analysis 

showed that, similar to the effect on DNMT1, both groups of drugs induced a significant down-

regulation of DNMT3A and both variants of DNMT3B protein (Figs. 4A-D). MS-275 (5 µM), 

TSA (0.3 µM) and VPA (5 mM) treatments led to a 76%, 81% and 75% reduction in DNMT3A 

(Figure 4A), together with a 83%, 69% and 76% reduction in total DNMT3B protein content 

(Figure 4B), respectively. Similarly, DNMT3A protein was profoundly decreased following 

treatment with all three DNMT inhibitors (72% decrease for DOXO (250 nM), 78% for AZA (5 

µM) and 73% for ZEB (500 µM); Fig. 4C). These three drugs also led to nearly complete 

depletion of the two isoforms of DNMT3B protein (total reductions were as follows: 85% for 

DOXO, 91% for AZA and 92% for ZEB; Fig. 4D). Importantly, MS-IN (5 µM) did not have any 

affect on either DNMT3A or DNMT3B protein levels (Figs 4A-B). 

siRNA-mediated knock-down of DNMT proteins leads to over-expression of non-targeted 

DNMTs. Since both classes of epigenetic drugs decrease DNMT protein levels, we further 

investigated whether down-regulation of individual DNMT proteins would be sufficient to 

activate reelin and GAD67 gene expression in NT-2 cells. We used specific siRNAs to target 

knockdown of DNMT1, DNMT3A or DNMT3B proteins. As shown in Figs. 5A-C and Table 1, 

all single siRNA treatments efficiently down-regulated the corresponding protein levels (96%, 

70% and 88% decrease in DNMT1, DNMT3A and DNMT3B proteins, respectively). However,  

none of these conditions led to a significant increase in either reelin or GAD67 mRNAs (see 

Table 1). 
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Interestingly, in all three cases, siRNA-mediated knock-down of one DNMT family 

member was associated with increased expression of the other two, non-targeted, DNMTs 

(approximate 2-fold induction, Table 1). These results implied that the DNMTs might 

functionally compensate one another. To explore this possibility, we also performed double- and 

triple- transfections of siRNAs targeting DNMT1, DNMT3A and DNMT3B mRNAs. In all three 

double-siRNA treatments, we observed significantly reduced protein knock-down efficiency, as 

compared to single siRNA transfections (Fig. 5D, Table 1). This was most pronounced with the 

DNMT3A siRNA, which barely showed any effect on DNMT3A protein levels when combined 

with siRNAs targeting the other two DNMTs. In addition, similar to the single knock-down 

experiments, the non-targeted DNMT protein level was increased in each case (Table 1). Finally, 

after the triple siRNA transfection, we observed a significant down-regulation of DNMT1 

protein (83%), while DNMT3B protein was moderately reduced (30%), and DNMT3A protein 

was only slightly decreased if at all (Fig. 5E, Table 1). The reduced protein knock-down 

efficiency that occurs with the combined siRNA treatments does not seem to be caused by a 

technical limitation. We observed significant down-regulation of each targeted DNMT mRNA 

level following the same treatments, including the triple transfection (Fig. 5F). It remains a 

possibility that cells respond to the siRNA treatments by increasing the half-lives of the DNMT 

proteins to prevent depletion of all DNMT activity. Neither double- or triple- DNMT siRNA 

experiments led to significant changes in reelin and GAD67 mRNA levels (Table 1). 

Activation of the reelin and GAD67 genes by MS-275 is associated with dissociation of 

DNMT1, DNMT3A, DNM3B, MeCP2 and HDAC1 from both promoters. We next examined 

whether DNMTs, together with MeCP2 and HDAC1, might form repressor complexes at the 

reelin and GAD67 promoters. To address this, we used antibodies against DNMT1, DNMT3A, 
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DNMT3B, MeCP2, HDAC1 and Ac-H3 to immune-precipitate chromatin preparations from 

cells treated for 48h with either 5 µM MS-IN or 5 µM MS-275. In parallel, we performed RT-

PCR analysis of RNA isolated from the same cell pools in order to confirm that reelin and 

GAD67 mRNAs were at significantly higher levels after MS-275 as compared to MS-IN 

treatment. G3PDH mRNA levels were also monitored in the same samples (Fig. 6A). In addition, 

it was previously established that, as compared to vehicle-treated cells, MS-IN does not have an 

effect on the binding of the examined proteins to the respective promoters (data not shown). 

Following chromatin immunoprecipitation, PCR amplification of the reelin and GAD67 

regulatory regions showed that all three DNMTs, MeCP2 and HDAC1 bind to both promoters 

after MS-IN treatment (Fig. 6B). We also observed that, under these conditions, amplification of 

the immunoprecipitated reelin promoter gave a significantly higher signal relative to input, as 

compared to immunoprecipitated GAD67 promoter (Fig. 6C). NT-2 cells normally do not 

express reelin mRNA, while GAD67 is transcribed to some extent. The immuneprecipitation 

data suggest that the occupancy of individual repressor proteins is higher at the reelin than the 

GAD67 promoter. This is consistent with our model which implies that the state of the reelin 

promoter is more compacted than the partially open state of the GAD67 promoter in NT-2 cells 

treated with MS-IN (Fig. 6A). We also showed that binding of DNMTs, MeCP2 and HDAC1 is 

gene-specific, as these proteins were not detected at the G3PDH gene promoter (Fig. 6B). 

Activation of the reelin and GAD67 mRNAs by MS-275 was accompanied by the 

dissociation of repressor proteins and hyperacetylation of H3 histones in the vicinity of the 

reelin and GAD67 regulatory regions (Figs. 6B and 6C). As expected, histone H3 in the 

promoter of the housekeeping gene G3PDH was similarly acetylated under both treatment 
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paradigms, which correlated with the robust expression of G3PDH mRNA seen under these 

conditions (Figs. 6A and 6B). 

MeCP2 protein and HDAC1 protein levels are differently affected following HDAC and 

DNMT inhibitors treatments. Dissociation of DNMT1, DNMT3A and DNMT3B from the 

reelin and GAD67 promoters correlated with the drug-induced down-regulation of these proteins 

in nuclei of NT-2 cells. We further wanted to explore whether the decreased binding of HDAC1 

and MeCP2 to these promoters might also have reflected changes in the corresponding protein 

levels following drug treatments. We have previously reported that DOXO treatments, which 

activate the reelin and GAD67 mRNAs, do not significant affect MeCP2 protein content 

(Kundakovic et al., 2007). However, the HDAC inhibitors, MS-275, TSA and VPA, led to a 

33%, 49% and 55% decrease in MeCP2 protein expression, respectively (Fig. 6D). In the case of 

HDAC1, only MS-275 showed moderate (34%) reduction in the nuclear protein levels (Fig. 6E), 

whereas other HDAC inhibitors (Fig. 6E) and DNMT inhibitors (Fig. 6F) were without an effect. 

MS-IN did not modulate expression of either MeCP2 or HDAC1 protein (Figs. 6D and 6E). 

MS-275 and DOXO decrease the methylation status of the reelin and GAD67 promoters. 

The drug-induced down-regulation of DNMT proteins was also accompanied by a reduced 

methyltransferase enzyme activity in nuclear extracts of NT-2 cells. Therefore, using a MeDIP 

assay, we tested whether the MS-275 and DOXO treatments were associated with changes in the 

methylation status of the endogenous promoters. To validate the method, we first checked the 

enrichment of the methylated reelin, GAD67 and G3PDH promoter sequences following 

incubation of the control DNA (from untreated NT-2 cells) with an antibody against 5-

methylcytosine. As shown in Fig. 7A, in the untreated sample we observed a robust signal 

corresponding to the methylated reelin promoter, implying that this region is highly methylated 
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in NT-2 cells. This is consistent with data from our previous study obtained using bisulfite 

genomic sequencing (Chen et al., 2002). In the same sample, we also detected significant 

enrichment of the methylated GAD67 promoter, while the signal from a methylated G3PDH 

promoter was low, as expected for the promoter of a housekeeping gene.  

Using real-time PCR quantification, the relative enrichment of the methylated reelin and 

GAD67 promoter sequences was then compared between MS-IN and MS-275 treatment, and 

between untreated sample (Control) and DOXO treatment. The results of this assay showed that 

MS-275 and DOXO led to moderate but significant decreases in the methylation status of both 

promoters (Figs. 7B and 7C). MS-275 reduced reelin and GAD67 promoter methylation 28% 

and 30%, respectively. Similarly, a 30% reduction in reelin, and 40% reduction in GAD67 

promoter methylation was seen after DOXO treatment. 

Cytosine methylation both directly and indirectly inhibits the reelin promoter activity. 

Previous data suggested that both DNA methylation and repressor protein assembly are 

important for silencing the reelin and GAD67 promoters. To further explore the contribution of 

these two processes, we performed in vitro reporter assays using a reelin promoter construct 

transfected into NT-2 cells. We have previously established that this episomal promoter 

efficiently models the behavior of the endogenous reelin gene (Chen et al., 2002; Chen et al., 

2007). The unmethylated human reelin promoter construct is competent in driving reporter 

expression in NT-2 cells, whereas in vitro methylation of this construct prior to transfection 

significantly inhibits reporter activity. In the current study, we used a CG-rich mouse reelin 

promoter fragment (842 bp) subcloned into a CpG-free luciferase reporter vector, and 

demonstrated that methylation represses its activity similar to the human counterpart (Fig. 8A). 
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 We next explored whether DNA methylation per se could be sufficient to inhibit reelin 

promoter activity. Alternatively, in order to be silenced, a methylated template may require 

recruitment of repressor proteins and formation of repressive chromatin. Plasmid DNA adopts a 

nucleosomal structure after a latency period of at least 8 hours following its introduction into 

cells (Buschhausen et al., 1987). Therefore, we compared the activity of the methylated versus 

unmethylated mouse reelin promoter construct at different times following transient transfection 

(Figs. 8B-C). Our data showed that there was a significant difference in activity (around 5 fold) 

from the earliest time-point at 4 h post-transfection (Fig. 8B). This difference was constant 

during the first 12h following transfection (Fig. 8B), as in that period the luciferase signals from 

both promoters increased in a comparable fashion (Fig. 8C). However, in subsequent time points 

the activity of the unmethylated construct continued to rise, whereas the signal corresponding to 

the methylated promoter progressively decreased and became barely detectable 60 h after 

transfection (Fig. 8C). Accordingly, the difference in activity between the methylated and 

unmethylated promoters dramatically increased over time (fold difference in reporter activity for 

unmethylated vs. methylated constructs were: 7-fold after 24 h, 13-fold after 36 h, 24-fold after 

48 h, 63-fold after 60 h, and 102-fold after 72 h). Therefore, our findings suggest that 

methylation can directly reduce, but is not sufficient to block the transcriptional activity of the 

reelin promoter. Complete repression of the promoter requires a 12-24 h latency period, during 

which, most likely, repressor complexes assemble on the DNA leading to the formation of a 

repressive chromatin domain.  

The transcriptional activation profile of the methylated episomal reelin promoter mimics 

the induction of the endogenous reelin and GAD67 genes. Finally, we explored whether MS-

275 treatment might re-activate expression of the methylated reelin promoter. The mouse reelin 
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promoter/luciferase plasmid was first methylated in vitro with SssI methylase. Following 

transfection (24h), cells were treated with different concentrations of MS-IN and MS-275 for 48 

h (Fig. 8D), or with 5 µM concentration of these two drugs for various times (up to 48 h, Fig. 

8E). The luciferase signal measured after various 48-h MS-IN treatments did not show any 

significant variation (data not shown). Hence, the signals obtained following MS-275 treatments 

were normalized to the data obtained from the corresponding MS-IN treatments. Strikingly, the 

results (Figs. 8D and 8E) showed that MS-275 induced the methylated reelin promoter construct 

in a dose- and time-dependent manner that correlated with the induction of the endogenous reelin 

and GAD67 mRNAs (Figs. 1A and 2A). In dose-response studies, an induction was observed 

starting with 1 µM (7.6 fold), while luciferase activity peaked around 5 µM (37 fold increase for 

5 µM and 43 fold increase for 7.5 µM MS-275) (Fig. 8D). Temporally, the initial activation (11 

fold) of the methylated reelin promoter was seen 12 h following MS-275 treatment (Fig. 8E). 

These results suggested that methylation-dependent mechanisms that induce repression of the 

episomal reelin promoter could be operative in silencing both the endogenous reelin and GAD67 

genes. 
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Discussion 

MS-275 is a selective class I HDAC inhibitor (Hess-Stumpp et al., 2007), which has been 

shown to hyperacetylate histone H3 at the reelin and GAD67 promoters in vivo (Simonini et al., 

2006). In spite of their differing molecular targets, MS-275 and the DNMT inhibitor DOXO 

exhibited similar profiles for inducing reelin and GAD67 mRNAs in NT-2 neuronal progenitor 

cells. Like DOXO (Kundakovic et al., 2007), MS-275 increased both reelin and GAD67 mRNA 

expression in a comparable dose-dependent manner. Moreover, the initial induction of both 

mRNAs was detected 12h after starting MS-275 treatment, mimicking the temporal pattern seen 

following treatment with DOXO. These data imply that there may be a similar mechanistic 

endpoint by which DNMT and HDAC inhibitors exert their action at the reelin and GAD67 

promoters. 

We previously presented evidence that DNMT inhibitors (DOXO, AZA and ZEB) induce 

the reelin and GAD67 promoters, at least in part, by decreasing DNMT1 protein levels in NT-2 

cells (Kundakovic et al., 2007). Other groups report that the HDAC inhibitors TSA and apicidin 

are able to down-regulate DNMT1 expression in Jurkat T and HeLa cells, respectively 

(Januchowski et al., 2007; You et al., 2008). In the current study, we demonstrated that three 

structurally unrelated HDAC inhibitors (MS-275, TSA and VPA) also significantly reduce 

DNMT1 protein content in nuclei of NT-2 cells. In addition, some DNMT (AZA and ZEB) and 

HDAC inhibitors (depsipeptide and TSA) have been shown to down-regulate two additional 

DNMTs, DNMT3A and DNMT3B, that have important gene regulatory roles in a variety of cell 

types (Cheng et al., 2004; Wu et al., 2008; Xiong et al., 2005). As it turns out, all HDAC (MS-

275, VPA and TSA) and DNMT inhibitor (DOXO, AZA and ZEB) treatments that induce reelin 

and GAD67 mRNA expression also significantly reduce DNMT3A and DNMT3B protein levels. 
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Collectively, our data suggest that both classes of epigenetic drugs activate reelin and GAD67 

expression through mechanisms that may include an action of all three DNMT proteins. 

Moreover, siRNA-mediated knock-down of individual DNMT1, DNMT3A or 

DNMT3B proteins had no effect on reelin and GAD67 mRNA levels. This suggests that the 

activation of both promoters in NT-2 cells might require simultaneous down-regulation of all 

three DNMTs. Furthermore, it is likely that there are additional effects of epigenetic drugs, 

besides their effect on DNMT proteins, that contribute to the activation of the reelin and 

GAD67 genes.  Interestingly, in the same RNA interference assay, we also observed that cells 

responded to the partial loss of any one DNMT activity by increasing expression of the non-

targeted DNMT proteins. These results imply that DNMTs co-operate in regulating gene 

expression and may functionally compensate for one another (Leu et al., 2003; Rhee et al., 

2002). Functional co-operation of DNMTs is likely important for both the establishment and 

maintenance of promoter methylation patterns (Kim et al., 2002) and for their participation in 

large promoter/repressor complexes (Burgers et al., 2002). Importantly, all three DNMTs, 

together with the Polycomb group protein EZH2, were found to be in the same repressor 

complex that keeps EZH2-target promoters in a silenced state (Vire et al., 2006). Our data 

suggest that similar DNMT-containing complexes exist at both the reelin and GAD67 

promoters. It seems likely that siRNA-mediated knock-down of individual (or even two) 

DNMT proteins may not be sufficient to facilitate the dissociation of repressor complexes at 

the promoters because of functional compensation amongst DNMTs and other co-

repressors. It is also possible that the siRNAs are able to reduce unbound DNMT levels but 

that the treatment is insufficient to facilitate dissociation of DNMTs that are part of a 

bound repressor complex. 
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With this in mind, we hypothesized that DNMT1, DNMT3A and DNMT3B might co-

operatively silence expression of the reelin and GAD67 promoters by recruiting additional 

repressor proteins and bringing about a repressive local chromatin state. In support of this 

hypothesis, we demonstrated that all three DNMTs, together with MeCP2 and HDAC1, associate 

and form repressor complexes at both promoters. In addition, our data suggest that both classes 

of epigenetic drugs induce reelin and GAD67 expression by facilitating dissociation of repressor 

proteins and relaxing local chromatin structure. We have previously demonstrated that treatment 

with the DNMT inhibitor DOXO, resulted in release of DNMT1 and MeCP2 from the reelin 

promoter and an increase in local H3 histone acetylation (Kundakovic et al., 2007). Similarly, 

the activation of the reelin and GAD67 genes by MS-275 was accompanied by the dissociation 

of each of the repressor proteins (DNMT1, DNMT3A, DNMT3B, MeCP2 and HDAC1) from 

both promoters, and increased levels of acetyl histone H3 within the same regulatory 

domains. 

DNMT and HDAC inhibitors activate the reelin and GAD67 promoters through similar 

mechanisms. It is very likely that dissociation of DNMT proteins from both promoters is a 

consequence of the down-regulation of nuclear DNMT1, DNMT3A and DNMT3B protein 

levels, mediated by both DNMT inhibitors and HDAC inhibitors. However, we have previously 

reported that the DOXO-induced dissociation of MeCP2 from the reelin promoter was not 

accompanied by changes in MeCP2 protein levels in NT-2 cells (Kundakovic et al., 2007). 

MeCP2 specifically binds to methylated CpGs (Klose and Bird, 2006), and our data suggest that 

MeCP2 dissociates from the reelin promoter as a result of changes in methylation facilitated by 

DOXO treatment (Kundakovic et al., 2007). In contrast, results from the current study showed 

that each of the HDAC inhibitors tested significantly reduced MeCP2 protein levels which 
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together with promoter demethylation likely contributes to decreased binding of this protein to 

the reelin and GAD67 promoters. In addition, with the exception of MS-275, the DNMT 

inhibitors and HDAC inhibitors tested had no effect on HDAC1 protein levels. HDAC1 is a co-

repressor (Jaenisch and Bird, 2003), and the most probable mechanism for decreased binding of 

this protein seems to be dissociation of other repressors that are needed for its recruitment to the 

promoters. 

We further demonstrated that maximal activation of the endogenous reelin and GAD67 

promoters by MS-275 and DOXO correlated with a significant decrease in methylation status of 

these regions. These data are consistent with our earlier findings, which showed that the HDAC 

inhibitors VPA and TSA, as well as the DNMT inhibitor AZA, lead to demethylation of the 

reelin promoter in NT-2 cells (Mitchell et al., 2005). The drug-induced promoter demethylation 

could be an exclusively passive process caused by decreased expression of active DNMTs and 

the inability of cells to maintain DNA methylation patterns. Alternatively, the observed 

demethylation might involve an active process (Dong et al., 2008) triggered by the activation of 

MBD2b (Szyf et al., 2008), DNMT3A and/or DNMT3B (Ooi and Bestor, 2008), or another yet 

unknown protein(s) with demethylase activity. However, we would also like to leave open the 

possibility that slight or moderate transcriptional activation might be accomplished by solely 

facilitating the dissociation of repressor proteins without changing the promoter methylation 

status. Based on our in vitro methylated promoter/reporter studies, we propose that methylation 

per se is sufficient to reduce but not block transcription of the reelin and, most likely, the GAD67 

promoters. While we recognize that these data are open to alternative interpretations, it 

seems likely that DNA methylation primarily represents a prerequisite to silence promoters via 

the recruitment of repressor proteins which, in turn, induces the formation of repressive 
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chromatin domains. Therefore, if the binding of repressors was relieved (for instance by drug-

induced protein down-regulation), promoter methylation might still permit transcriptional 

initiation but interfere with maximal activation. 

According to data described thus far, we propose the following model for activation of 

the reelin and GAD67 genes by DNMT and HDAC inhibitors (Fig. 9). The silenced state of the 

both promoters is characterized by cytosine methylation, the presence of repressor proteins 

(including DNMT1, DNMT3A, DNMT3B, MeCP2 and HDAC1, and most likely others), local 

histone deacetylation and a compact or closed chromatin structure. Both groups of epigenetic 

drugs down-regulate all three DNMTs, which results in the dissociation of the repressor 

complexes, decreased cytosine methylation, and increased histone acetylation in the promoter 

regions. In the case of HDAC inhibitors, the above processes are facilitated by an inhibition of 

HDAC enzyme activity and reduced MeCP2 expression. The end result of the drug-induced 

epigenetic changes is a relaxation or opening of the chromatin structure that surrounds the reelin 

and GAD67 promoters, providing transcription factors access. We know that Sp1 and Pax6 bind 

to and trans-activate the reelin promoter (Chen et al., 2007), and functional Sp1 sites exist 

proximal to the GAD67 start site (Y. Chen, unpublished data).  

In conclusion, our findings suggest that the repressor and/or enzymatic activities of 

DNMT1, DNMT3A, DNMT3B, MeCP2 and HDAC1 proteins are associated with reelin and 

GAD67 gene silencing. Moreover, these negative regulators are targeted directly or indirectly by 

both classes of epigenetic drugs. While our data are directly applicable to the epigenetic 

regulation of the reelin and GAD67 promoters in neuronal progenitor cells, there is increasing 

evidence that comparable regulatory mechanisms are operative in adult neurons (Costa et al., 

2006; Levenson and Sweatt, 2005; Szyf et al., 2008). Importantly, DNMT1 and HDAC1 
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overexpression correlates with the down-regulation of the reelin and GAD67 transcripts in 

postmortem brains of schizophrenia patients (Veldic et al., 2004; Ruzicka et al., 2007; Benes et 

al., 2007). Therefore, these data provide a mechanistic rationale for our hypothesis that HDAC 

inhibitors and DNMT inhibitors used either individually or in combination may represent a novel 

therapeutic strategy for correcting the GABAergic deficits associated with schizophrenia 

(Guidotti et al., 2005; Levenson et al., 2007). 
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Figure Legends 

Figure 1. MS-275 induces reelin and GAD67 mRNA expression in similar dose-and time-

dependent manners. (A) Results of quantitative analysis of reelin, GAD67 and G3PDH mRNA 

levels in NT-2 cells treated for 48h with different concentrations of MS-275 or 5 µM MS-IN. 

Data are presented as amounts (pg) of reelin, GAD67 and G3PDH mRNA per 1 µg of total RNA 

at the indicated doses (x-axis). (B) Dose-response curves for reelin and GAD67 mRNA induction 

following MS-275 48h-treatment. To facilitate a comparison between the two dose-response 

curves, quantitative RT-PCR data are plotted as a percent of maximal (reelin or GAD67) mRNA 

increase (y-axis) as a function of log drug concentration (x-axis). A baseline correction was 

performed: y-axis values are normalized so that baseline mRNA levels (before treatment) were 

defined as 0% response, while the highest mRNA values (which correspond to maximal gene 

induction) are defined as 100%. EC50 is the concentration of drug that leads to 50% of maximal 

reelin or GAD67 mRNA increase. Prism version 5 (GraphPad Software, San Diego, CA) was 

used to generate dose-response curves, and to compare EC50 values by F-test. (C) Graphs 

showing the results of quantitative analysis of reelin, GAD67 and G3PDH mRNA levels in NT-2 

cells treated with 5 µM MS-275 for various times. Results are presented as amount (pg) of reelin, 

GAD67 and G3PDH mRNA per 1 µg of total RNA at the indicated time points (x-axis). All data 

(A-C) are expressed as mean ± S.E.M. of three independent experiments (a minimum of two 

separate measurements were performed per treatment). 

Figure 2. Inhibition of HDAC enzymatic activity correlates with reelin and GAD67 mRNA 

induction. Total HDAC enzymatic activity of untreated nuclear extracts (Control) and extracts 

treated with either MS-275 (0.25, 1, 5 and 20 µM), MS-IN (5 µM), TSA (0.3 µM) or VPA (5 

mM). The fluorescence intensity was determined for each sample in triplicate. Data are 
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expressed as a percentage of the HDAC activity detected in a control (untreated) sample. All 

results (from three independent experiments) represent mean ± S.E.M. *, p < 0.05; ***, p < 

0.001 versus control group (one-way ANOVA followed by Bonferroni test). 

Figure 3. HDAC inhibitors down-regulate DNMT1 expression and DNMT enzymatic 

activity. NT-2 cells were either not treated (Control) or treated with 5 µM MS-275 (48h), 5 µM 

MS-IN (48h), 0.3 µM TSA (24h) or 5 mM VPA (24h). Following treatments, cells were 

harvested and nuclear extracts prepared. (A) Representative DNMT1 and ß-actin Western blots 

and (B) the ratio of the DNMT1 band over the area of the ß-actin band in nuclear extract protein 

samples from control and treated cells. For each experiment, 2-3 different protein concentrations 

per sample were run to ensure the linearity of the assay (in this and all other Western blot 

analyses). (C) Total DNA methyltransferase activity of nuclear extracts from untreated and 

treated cells. Data are expressed as specific radioactivity (total radioactivity – nonspecific 

radioactivity) normalized against the protein content present in the corresponding nuclear 

extracts. All results are expressed as mean ± S.E.M of three independent experiments. *, p < 

0.05; **, p < 0.01; ***, p < 0.001 versus control group (one-way ANOVA followed by 

Bonferroni test). 

Figure 4. HDAC and DNMT inhibitors decrease DNMT3A and DNMT3B protein levels. 

Western blot analyses of DNMT3A and DNMT3B proteins were performed using nuclear 

extracts prepared from control cells and cells treated with either HDAC inhibitors (A and B) or 

DNMT inhibitors (C and D). HDAC inhibitor treatments were performed as follows: 5 µM MS-

275 (48h), 5 µM MS-IN (48h), 0.3 µM TSA (24h), 5 mM VPA (24h). For assays with DNMT 

inhibitors, cells were treated with 250 nM DOXO (48h), 5 µM AZA (48h) or 500 µM ZEB (48h 

followed by 48-h incubation with untreated medium). In all cases (A-D), representative Western 
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blots are shown (upper panels) together with the graphs depicting the ratio of the DNMT3A or 

DNMT3B (both isoforms) band over the area of the ß-actin band (lower panels). Data represent 

mean ± S.E.M of three independent experiments. ***, p < 0.001 versus control group (one-way 

ANOVA followed by Bonferroni test). 

Figure 5. siRNA-mediated DNMT knock-down induces over-expression of the non-targeted 

DNMT proteins. siRNA pools (15 nM) targeting DNMT1, DNMT3A and DNMT3B were 

transfected into NT-2 cells either individually or in different combinations. For all experiments, 

cells transfected with equimolar concentrations (15 nM, 30 nM or 45 nM) of non-targeting 

siRNA pools were used as negative controls (NC siRNA). 72h after transfection, cells were 

harvested for nuclear extraction and RNA isolation. Nuclear protein samples from single (A-C), 

double (D) and triple (E) DNMT siRNA treatments were separated on gels, and transferred to 

nitrocellulose membranes. Blots were incubated with DNMT1, DNMT3A and DNMT3B 

antibodies, and were re-probed with a ß-actin antibody to serve as a control for variations in 

sample loading. The representative Western blots (A-E) are depicted (1x corresponds to 5 µg of 

protein). DNMT protein levels were normalized to ß-actin, and expressed as a percentage of the 

same protein levels present in control siRNA samples. These data are given in Table 1. The 

corresponding reelin and GAD67 mRNA levels (normalized against G3PDH mRNA content) are 

shown in the same table. In all experiments, the targeted DNMT mRNAs were efficiently down-

regulated. Validation RT-PCR experiment was shown for triple siRNA transfection only (F). 

Figure 6. Reelin and GAD67 gene activation is accompanied by dissociation of repressor 

complexes from the corresponding promoters. NT-2 cells were treated with either 5 µM MS-

IN or 5 µM MS-275 for 48h. (A) RT-PCR analysis confirmed that reelin and GAD67 mRNAs 

were induced by MS-275. (B) The corresponding chromatin preparations were 
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immunoprecipitated with DNMT1, DNMT3A, DNMT3B, MeCP2, HDAC1 and Ac-H3 

antibodies (IPs). Nonimmunoprecipitated samples were used as negative controls (No Ab). DNA 

isolated from inputs, IPs and control samples were PCR-amplified using primers specific for the 

reelin, GAD67 and G3PDH promoter regions. Relative optical densities (RODs) of the bands 

derived from ethidium bromide-stained gels were quantified. (C) Graphs show the results (mean 

± S.E.M of three independent experiments) of semiquantitative analysis of the occupancy of 

DNMT1, DNMT3A, DNMT3B, MeCP2, HDAC1 and Ac-H3 on the reelin (upper panel) and 

GAD67 (lower panel) promoters in MS-IN- and MS-275-treated cells, normalized to input DNA 

(each comparison MS-IN vs. MS-275 showed statistical significance of at least p < 0.05, t-test). 

In addition, western blot analyses of MeCP2 protein after HDAC inhibitor treatment (D), and 

HDAC1 protein after treatments with HDAC inhibitors (E) and DNMT inhibitors (F) are shown. 

Drug treatments were as follows: 5 µM MS-275 (48h), 5 µM MS-IN (48h), 0.3 µM TSA (24h), 5 

mM VPA (24h), 250 nM DOXO (48h), 5 µM AZA (48h), 500 µM ZEB (48h followed by 48-h 

incubation with untreated medium). In all three cases (D-F), upper panels show the 

representative Western blots, whereas lower panels show the graphs with the corresponding 

ratios of the MeCP2 or HDAC1 band to the area of the ß-actin band. All results (D-F, lower 

panels) are expressed as mean ± S.E.M of three independent experiments. *, p < 0.05; **, p < 

0.01; ***, p < 0.001 versus control group (one-way ANOVA followed by Bonferroni test). 

Figure 7. MS-275 and DOXO decrease methylation of the endogenous reelin and GAD67 

promoters. (A) Validation of the MeDIP assay. Genomic DNA extracted from untreated NT-2 

cells was either immunoprecipitated with antibody against 5-methylcytosine (Me-Cyt) or 

incubated without an antibody (No Ab), and then amplified using PCR with primers specific for 

the reelin, GAD67 and G3PDH promoters. Graphs show relative enrichment of the methylated 
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reelin (B) and methylated GAD67 (C) promoters following treatment of NT-2 cells with either 5 

µM MS-275 or 250 nM DOXO for 48h. Cells treated with 5 µM MS-IN for 48 h were used as 

control for MS-275 treatment, whereas untreated cells were used to control for DOXO treatment. 

Real-time PCR was used to quantify the amount of reelin and GAD67 promoter DNA in 

different samples following the MeDIP assays. Data were normalized to the G3PDH control 

region, and expressed as a percentage of the amount of methylated promoter fragments detected 

in the control treatment (which were given the value 1 or 100%). Results are mean ± S.E.M. 

obtained from three independent experiments; *, p < 0.05 versus control group; ***, p < 0.001 

versus control group (t-test). 

Figure 8. Studies with the episomal reelin promoter. The mouse reelin promoter construct 

was either untreated (unmethylated) or treated overnight with SssI DNA methylase (methylated) 

before transfection into NT-2 cells. For each transfection, firefly luciferase activity was 

normalized against renilla luciferase activity to control for plate to plate variations in transfection 

efficiency; (A) Graphs show luciferase signals from unmethylated vs. methylated promoter, 

expressed as a fold difference in the activity. The reporter activity was measured at one time 

point, 72h following transfections; (B) Normalized (firefly/renilla) values and (C) the 

corresponding time-course trends of the luciferase activity of the unmethylated and methylated 

reelin promoter at the indicated time points after transfection into NT-2 cells. In order to allow a 

direct comparison between the two time-course curves, the initial (4h-postranfection) luciferase 

signals for both promoters were given the value 1. (D) Dose-response and (E) time-course effect 

of MS-275 on reporter activity arising from the methylated reelin promoter. Treatments were 

started 24h after the plasmid/promoter contructs were transfected into NT-2 cells. Data 

(minimum of three transfections/construct) are expressed as a fold induction over control 
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transfection (cells transfected with methylated promoter and incubated with the corresponding 

MS-IN treatments). 

Figure 9. Hypothetical model for promoter activation by HDAC and DNMT Inhibitors. For 

simplicity, the Fig. depicts a single stretch of promoter sequence that is applicable to both reelin 

and GAD67. Both promoters are  represented schematically as either silent (Closed) or fully 

active (Open). The transcriptionally inactive chromatin structure (upper panel) is the 

consequence of cytosine methylation (red filled circles) and subsequent recruitment of repressor 

proteins, including DNMT1, DNMT3A, DNMT3B, MeCP2 and HDAC1 (most likely others, 

too). The down-regulation of DNMT proteins (by DNMT inhibitors and HDAC inhibitors), 

together with the inhibition of HDAC enzymatic activity and decrease in MeCP2 expression (in 

case of HDAC inhibitors), results in dissociation of these repressor complexes. This leads to 

demethylation of critical cytosines, histone acetylation and opening-up of the chromatin 

surrounding the promoters (lower panel). The more open chromatin configuration allows the 

recruitment of transcription factors, such as Sp1 (Chen et al., 2007), and the general 

transcriptional machinery  to the promoters.  
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Table 1. DNMT protein levels and corresponding reelin and GAD67 mRNA levels 

following treatments of NT-2 cells with siRNAs targeting indicated DNMT mRNAs. 

 

Protein levels 
(% of control levels) 

RNA levels 
(relative to control) siRNA 

DNMT1 DNMT3A DNMT3B Reelin/ 
G3PDH 

GAD67/ 
G3PDH 

Control siRNA 100% 100% 100% 1 1 

DNMT1 4% 
(± 0.9%) 

230% 
(± 26%) 

229% 
(± 20%) 

0.94 
(± 0.11) 

1.28 
(± 0.08) 

DNMT3A 210 % 
(± 16%) 

30% 
(± 3.6%) 

164% 
(± 19%) 

1.30 
(± 0.12) 

0.76 
(± 0.08) 

DNMT3B 201% 
(± 23%) 

185% 
(± 19%) 

12% 
(± 2.8%) 

1.1 
(± 0.14) 

1.12 
(± 0.07) 

DNMT1+3A 39% 
(± 5.2%) 

81.5% 
(± 10%) 

175% 
(± 15%) 

0.89 
(± 0.08) 

0.83 
(± 0.1) 

DNMT1+3B 31% 
(± 5.7%) 

204% 
(± 27%) 

42% 
(± 6%) 

0.95 
(± 0.09) 

1.21 
(± 0.14) 

DNMT3A+3B 145% 
(± 16%) 

95% 
(± 6%) 

68% 
(± 11%) 

0.74 
(± 0.12) 

0.85 
(± 0.09) 

DNMT1+3A+3B 17% 
(± 3%) 

93% 
(± 11%) 

69.4% 
(± 7%) 

0.93 
(± 0.08) 

0.83 
(± 0.06) 

 

Values are means ± S.E.M. of two independent experiments (two separate measurements were 

performed per treatment). 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 24, 2008 as DOI: 10.1124/mol.108.051763

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

