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Mutations in MECP2 cause the autism-spectrum disorder Rett
syndrome. MeCP2 is predicted to bind to methylated promoters
and silence transcription. However, the first large-scale mapping of
neuronal MeCP2-binding sites on 26.3 Mb of imprinted and non-
imprinted loci revealed that 59% of MeCP2-binding sites are
outside of genes and that only 6% are in CpG islands. Integrated
genome-wide promoter analysis of MeCP2 binding, CpG methyl-
ation, and gene expression revealed that 63% of MeCP2-bound
promoters are actively expressed and that only 6% are highly
methylated. These results indicate that the primary function of
MeCP2 is not the silencing of methylated promoters.
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Mutations in MECP2 cause the vast majority of cases of Rett
syndrome (RTT), an X-linked neurodevelopmental disease

that primarily affects females (1). The symptoms of RTT include
autistic features, seizures, loss of motor skills, breathing abnormal-
ities, and sleep/wake disruption (2). MeCP2 is apparently unnec-
essary for prenatal brain development, as symptoms of RTT occur
typically between 6 and 18 months of age (2), and the genetic
reintroduction of MeCP2 in postnatal Mecp2-deficient mice can
partially reverse the disease (3, 4).

MeCP2 is one member of a family of DNA-binding proteins that
preferentially bind to methylated CpG dinucleotides (5, 6). Al-
though much is known about the ability of MeCP2 to repress
methylated gene transcription in vitro (5), the specific function of
MeCP2 that is required in postnatal neurons in vivo is less well
understood. Early studies suggest that MeCP2 bound to areas of
particularly dense CpG dinucleotides or CpG islands and recruited
histone HDACs and other factors involved in transcriptional si-
lencing to nearby genes (7, 8). More recent evidence suggests that
Mecp2-null mice and Rett patients do not ectopically express genes
that are regulated by promoter methylation (9, 10). More diverse
roles for MeCP2 have recently been shown in the direct compaction
of chromatin (11, 12) and the control of alternative splicing of
pre-mRNA (13). The multifunctional nature of MeCP2 is reflected
by its intrinsically disordered structure of multiple autonomous
domains (14), including a methyl CpG-binding domain (MBD) (15)
and a transcriptional repression domain (TRD) (8). The goal of this
study was to test the dominant model of MeCP2 as a proximal gene
silencer by mapping MeCP2-binding sites in specific target chro-
mosomal loci and promoters genome-wide and by correlating these
with transcriptional activity of nearby genes.

Results
To identify all MeCP2-binding sites within the chromosomal loci
of known or suspected target genes, a custom high-density
oligonucleotide microarray was designed for ChIP–chip analysis,
containing 50-mers tiled every 32 bp. Chromosomal regions
included 13 Mb of 15q11–13 (SNRPN, GABRB3) (16, 17); 2.6 Mb
of 11p15.5 (H19-IGF2) (18); 3.8 Mb of 7q21.3 (DLX5, DLX6)
(19); 2.9 Mb of 19p13.2 (JUNB, DNAJB) (20); 0.3 Mb of 20q11.21

(ID1) (20); 0.4 Mb of 2p25.1 (ID2) (20); 0.4 Mb of 1p36.12 (ID3)
(20); 2.9 Mb of 6p22.3 (ID4) (20); and 0.2 Mb of 11p14.1 (BDNF)
(21, 22) for a total of 26.3 Mb with repetitive sequences removed.
The human neuronal cell line SH-SY5Y has been shown to
double MeCP2 expression upon differentiation (23), thus 48-h
differentiated SH-SY5Y cells were used as a source of chromatin
from a homogeneous neuronal cell type with a high MeCP2
expression level. A custom high-affinity IgY specific for the C
terminus of MeCP2 common to both isoforms was used for ChIP
in three replicate experiments. This antibody detected a single
band in differentiated SH-SY5Y cells by Western blot analysis
[supporting information (SI) Fig. 6A], specifically immunopre-
cipitated MeCP2 (SI Fig. 6 B and C), and recognized MeCP2 in
ChIP analyses of chromatin from wild-type but not Mecp2-null
brain (SI Fig. 6D). As a positive control, ChIP was also per-
formed with an antibody to RNA polymerase II (Pol2). ChIP–
chip data were analyzed using Nimblegen Signal Map software
and a custom statistical method for identifying peaks in ChIP–
chip data (24). Peaks were defined as nonrandom occurrence in
at least two of three replicates and were statistically prioritized
as L1–L4, with L1 being the most stringent and L4 being the least
stringent (see Methods) (24).

Although analyses of all four peak levels are shown in SI Table
1, Fig. 1 shows a summary of MeCP2-binding sites at the L3 level
that revealed 170 MeCP2-binding sites within the 26.3 Mb
assayed. Fig. 1 demonstrates that 59.4% of MeCP2-binding sites
were entirely between genes (intergenic), and, of these, 58.4%
were �10 kb from a transcriptional start site or transcriptional
end site (TES). MeCP2 sites within 10 kb of a gene were more
likely to be upstream of the gene (30.7%) than downstream
(10.9%). Of the 37% of MeCP2 L3 sites that were located
entirely within gene boundaries (intragenic), 77.8% were exclu-
sively intronic, 19.0% overlapped both introns and exons, and
only 3.2% were exclusively exonic. Surprisingly, the distribution
of MeCP2 L3 sites relative to genes was not different from that
expected of random. Of 170 total sites, only 10 or 5.9% of MeCP2
sites overlapped with CpG islands (SI Table 1). In comparison
with published expression microarray analysis (20), MeCP2
only affected the expression of one of these 10 genes with an
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MeCP2-bound CpG island (SI Table 2). Interestingly, this
affected gene, RNASEH2A, was down-regulated rather than
up-regulated by MeCP2 inhibition, which is opposite to the
predicted role of MeCP2 as a transcriptional silencer.

Assuming that the average of one MeCP2-binding site per 209 kb
holds for other chromosomal loci, the nonrepetitive genome would
have �15,384 MeCP2 binding-sites at the L3 level of confidence.
On average, L1-level peaks had a higher density of CpG sites than
L3-level peaks (12.6 and 6.8 CpGs per bp, respectively), suggesting
that most of the highest confidence peaks contained multiple
MeCP2 molecules. Because 8.2% of L1–L3 peaks had exactly one
CpG site, however, detection of one bound MeCP2 molecule is
possible, similar to that observed for the transcription factor E2F1
by ChIP–chip analysis (24). Randomly selected MeCP2 L1, L3, and
L4 sites were tested by standard ChIP and PCR. All 46 MeCP2 sites

tested showed enrichment over total DNA and were therefore
100% validated by another method (SI Fig. 7).

MeCP2 binding sites in target genes identified by conventional
ChIP analysis in multiple previous studies were included on the
custom array. These positive controls included DLX5/DLX6 in
7q21.3 (19), BDNF in 11p14.1 (21, 22), and SNRPN in 15q11–13
(20, 21). The representative results shown in Fig. 2 demonstrate
the validity of our ChIP–chip approach in SH-SY5Y neurons in
its remarkable consistency with previous studies using mouse
brain tissue. These analyses also demonstrate conservation of
MeCP2 sites in these target genes between mouse and human.
Examples of additional ChIP–chip genomic tiling analyses for
imprinted and nonimprinted regions are shown in SI Figs. 8 and
9. 15q11–13, containing a complex cluster of imprinted and
nonimprinted genes implicated in multiple autism-spectrum
disorders (25–27), contained 62 L3-level MeCP2-binding sites,
including sites in UBE3A and GABRB3 affected by loss of
MeCP2 in RTT and Mecp2-deficient mice (16, 28) (SI Fig. 8A).
Analysis of 11p15.5, in which MeCP2 binding is correlated with
significant changes in H19 and IGF2 transcription (18, 20, 29,
30), but not with changes in imprinted allelic expression (16, 31),
revealed sites in the H19-imprinting control region (ICR) (32)
and flanking insulin (INS) and the dopaminergic neuronal gene
tyrosine hydroxylase (TH) (SI Fig. 8B). Analysis of the MeCP2
target genes ID1-4 revealed distal MeCP2-binding sites that were
up to 20 kb from the target genes in addition to proximal sites
(SI Fig. 9).

Prior expression microarray analysis of human SH-SY5Y neu-
rons differentiated in vitro and treated with and without a CpG
methylated ‘‘decoy’’ revealed a number of potential MeCP2 target
genes located on 19p13.2 (20). One of the genes that was most
altered by MeCP2 binding was the immediate-early response gene
JUNB. A cluster of three MeCP2 L3 sites within 7 kb of JUNB were
detected, one of which was located between two CpG islands (Fig.
3). These sites were validated by conventional ChIP analysis (data
not shown). Surprisingly, MeCP2-binding levels (Fig. 3, red histo-

Fig. 1. The majority of MeCP2-binding sites are intergenic or intronic. MeCP2
sites from 26.3 Mb of human genomic sequence at the moderate L3 level of
statistical significance are represented. Similar analyses at all four significance
levels (L1–L4) are shown in SI Table 1. (Center) A total of 170 MeCP2 sites were
divided into intragenic (blue) and intergenic (red) or both (purple). (Left)
Intragenic sites were further subdivided into exclusive intronic or exonic or
overlapping both introns and exons (shades of blue). (Right) Intergenic sites
were categorized according to distances from gene transcription start sites
(43) or transcription end sites (TES) (shades of red).

Fig. 2. Validation of ChIP–chip analysis on established MeCP2-binding sites. A representative histogram of MeCP2 log2 signal ratio values is shown below the
University of California, Santa Cruz, Genome Browser window containing known genes, CpG islands (green boxes), and L3 sites (black and pink boxes) for each
MeCP2 target gene locus. For DLX5 and DLX6 controls, one site was previously identified in mouse (right pink box) (19) and validated (SI Fig. 7), and another
site in DLX6 (left pink box) was also identified in mouse and validated by conventional ChIP analysis (19). For BDNF, an MeCP2 site in the first intron (pink box)
was observed at the same position as previously shown in mouse and rat Bdnf (21, 22) and appears to control activation-induced transcription of the gene in
neurons (44). Additional new MeCP2 sites were observed and validated (black boxes). A site in SNRPN that serves as the paternal imprinting control region for
15q11–13 was included (pink box) as an additional control. Analyses of this site in both mouse and human by conventional ChIP revealed binding by MeCP2 (16,
17). However, binding of MeCP2 to this site does not affect transcription of SNRPN (16, 19). The SNRPN site was validated by ChIP–chip at levels L1–L4.

Yasui et al. PNAS � December 4, 2007 � vol. 104 � no. 49 � 19417

G
EN

ET
IC

S

http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1
http://www.pnas.org/cgi/content/full/0707442104/DC1


gram) were frequently concordant with Pol2-binding levels (Fig. 3,
green histogram) at this and other nonimprinted loci included on
the custom tiling array. Higher resolution analysis of ChIP–chip
histograms compared with bisulfite sequencing analysis of DNA
methylation revealed that MeCP2-bound fractions were enriched in
partially methylated regions �983 bp and �7.23 kb upstream of
JUNB, whereas the proximal promoter CpG island was unmethyl-
ated (Fig. 3 Lower). Previous expression microarray analysis showed
that JUNB expression increased after differentiation but was further
increased when MeCP2 was blocked, suggesting that MeCP2 serves
to down-regulate, but not silence, this active gene (20). Interestingly,
these analyses also suggest that RNASEH2A is coordinately but
oppositely regulated by MeCP2 binding, because expression is
decreased by MeCP2 deficiency (SI Table 2). Together, these
results suggest that MeCP2 binding to proximal and distal sites near
active genes such as JUNB and RNASEH2A does not silence gene
expression.

In addition to demonstrating that most of MeCP2-binding sites
are distally located (�10 kb) from genes, genomic ChIP–chip
analysis of selected regions such as JUNB revealed concordance of
MeCP2 and Pol2 binding on promoters even in nonimprinted
chromosomal loci (Fig. 3, validated in SI Fig. 10). These results
suggested that MeCP2 is frequently bound to transcriptionally
active promoters, a finding that directly contradicts the dominant
model of MeCP2 function as that of a transcriptional silencer (33).

To directly address the possibility of MeCP2 binding to actively
expressed genes on a genome-wide basis, ChIP-chip analysis of
MeCP2 binding to 24,275 putative human promoters (defined as 1.3
kb upstream and 0.2 kb downstream of a TSS) was performed in
differentiated SH-SY5Y neurons (see Materials and Methods) and
compared with expression profiling analysis of identically differen-
tiated SH-SY5Y cells (Fig. 4). Statistical analysis of promoter
ChIP–chip data indicated that 2,600–4,300 promoters were bound
by MeCP2 on the basis of total signal levels and assuming a 10%
false positive correction rate (SI Fig. 11). By using the most
conservative threshold, comparison of the strongest hits between
two replicate arrays yielded 1,524 common MeCP2-bound promot-
ers (Fig. 4). Comparison of these promoters to the 11,247 expressed
genes in differentiated SH-SY5Y cells (defined as ‘‘present’’ in all
three arrays) revealed that 62.6% of the strongest MeCP2-bound
promoters (including JUNB and BDNF) are expressed genes (Fig.
4). Furthermore, of the genes with the highest expression levels, at
least twice as many displayed MeCP2 promoter binding than was
expected by random chance (SI Fig. 12). As a specific example,
JUNB was 51st on the list of genes ranked by expression level.
Furthermore, genome-wide promoter methylation analysis by
methylated DNA immunoprecipitation (MeDIP) (34, 35) from
identically differentiated SH-SY5Y cells demonstrated that, of the
top 4,062 promoters with the highest levels of methylation, only
2.2% were bound by MeCP2 (Fig. 5). MeDIP analysis of SH-SY5Y

Fig. 3. JUNB is a partially methylated, actively expressed gene regulated by MeCP2 binding. Three previously undescribed MeCP2-binding sites (black boxes)
were found upstream of JUNB, with another in the first intron of RNASEH2A, overlapping with a CpG island (green box). (Upper) Shown in the histograms, high
levels of MeCP2 binding (red histograms) were correlated with high levels of Pol2 binding (green histograms), a correlation also observed in ChIP–chip analysis
of MeCP2 and Pol2 binding to genome-wide promoters . (Lower) Shown is bisulfite analysis of JUNB sites 1 and 2 compared with higher resolution of MeCP2
ChIP–chip histograms (open circles, unmethylated; filled circles, methylated CpG sites). Partial methylation of CpGs was observed in undifferentiated (UD) and
differentiated (D) SH-SY5Y cells, especially methylation of CpGs next to AT runs (40), which are indicated by an asterisk. In contrast, the proximal CpG island
promoter of this actively expressed gene was unmethylated and de-enriched for MeCP2 binding relative to the methylated upstream regions.
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cells correlated well with a published study using primary human
fibroblasts (35), demonstrating the general maintenance of pro-
moter methylation in this cell line (SI Fig. 13). These combined
results demonstrate that although the strongest MeCP2-binding
sites are distal to promoters, promoters of many active partially
unmethylated genes (such as JUNB) are bound by MeCP2.

Discussion
The predominant model of MeCP2 function hypothesizes that
MeCP2 binds to CpG methylated promoters and recruits histone
deacetylase along with co-repressor activities, thereby silencing
gene transcription (7, 8, 18, 33, 36, 37). This model of MeCP2
function is based on the behavior of artificial gene constructs
transfected into cell lines. To thoroughly test the predominant
model in neurons we performed a large-scale integrated analysis of
endogenous MeCP2 binding with genome-wide expression and
promoter methylation.

These studies reveal several important new findings of high
significance to understanding MeCP2 function and Rett syndrome.
First, the results show that the majority of MeCP2 bound promoters
are on active genes including JUNB. Therefore, MeCP2 promoter
occupancy is not consistent with gene silencing. Second, these
results also show that the majority of promoters with the highest
methylation levels are not bound by MeCP2. Third, ChIP-chip
analysis revealed that the majority of MeCP2 binding sites were
found outside of transcription units and CpG islands. Fourth, we
discovered multiple intergenic MeCP2 binding sites within three
imprinted loci consistent with MeCP2 organizing imprinted loci
into chromatin loops (19). Finally, this study uncovered two new
MeCP2 target genes of potential importance to the pathogenesis of
Rett syndrome, the immediate-early response gene JUNB (38) and
RNASEH2A, mutations of which cause the progressive neurological
disorder Aicardi-Goutieres syndrome type 4 (AGS4) (39).

According to the dominant model of MeCP2 action, target genes
such as BDNF are silenced by MeCP2 binding to the promoter (21,
22). However, combined ChIP–chip promoter and expression
profiling analysis reveals that 62.6% of MeCP2-bound promoters
(including JUNB and BDNF) are transcriptionally active. These
studies clearly demonstrate that MeCP2 promoter occupancy does
not correlate with transcriptional silencing of target genes. In a
specific example in the JUNB/RNASEH2A locus, binding of MeCP2
is instead correlated with the reduction of high JUNB transcript
levels and increased levels of RNASEH2A transcripts. Reintroduc-
tion of Mecp2 in a mouse model of RTT can reverse symptoms (3,
4), an outcome that would appear to be more consistent with an
indirect effect or a subtle modulation of target gene expression as
opposed to silencing. Recent studies demonstrating that promoter
methylation is often observed on active genes (35) and MeCP2
controls alternative splicing of active gene transcripts (13) both
support these findings.

The dominant model of MeCP2 function hypothesizes that
promoter methylation leads to MeCP2 binding. However, the
results shown here demonstrate that dense promoter methylation
does not correlate with MeCP2 binding. This result may be ex-
plained by recent findings that indicate that the promoters with the
highest density of potential CpG methylation sites are mostly
unmethylated even when inactive (35). Therefore these promoters
are probably not represented in the methylation data. These results
may also be explained by previous findings demonstrating the
importance of A/T sequences adjacent to methylated CpGs in
determining binding of MeCP2 (40) and the methylation-

Fig. 4. The majority of MeCP2-bound promoters genome-wide are ex-
pressed genes. Comparison of the strongest MeCP2-bound promoters with
genes expressed in differentiated SH-SY5Y neurons is shown. (Center) Shown
is a Venn diagram of 1,524 MeCP2 promoter hits with 11,247 expressed genes
(blue circle), which reveals that 954 or 62.6% of MeCP2-bound promoters are
transcriptionally active genes. (Left) The strongest MeCP2-bound promoters
were identified by comparing the top 2,600 bound promoters, removing
duplicate promoters to obtain 2,563 and 2,567 hits, respectively, for two
replicate arrays, ChIP-1 and ChIP-2. (Right) Expression microarray analysis of
48-h-differentiated SH-SY5Y cells in three biologic replicates (arrays 1–3) (20)
was reanalyzed using a determination of expressed genes by Affymetrix
mismatch analysis to identify a conservative common set of 11,247 expressed
genes in SH-SY5Y neurons.

Fig. 5. Highly methylated promoters are not bound by MeCP2. (Center) The 1,524 promoters with the highest levels of MeCP2 binding identified in Fig. 4 were
compared with the 4,062 most highly methylated promoters, revealing an overlap of only 91 genes. Therefore, only 2.2% of highly methylated promoters were
bound by MeCP2, and only 6.0% of MeCP2-bound promoters were highly methylated. (Left and Right) Two replicate MeDIP assays were performed on genomic
DNA from SH-SY5Y cells (Right) differentiated identically to those used for MeCP2 promoter ChIP–chip (Left) and expression profiling (see Materials and
Methods). The median top 5,000 log2 promoter signals were selected from each experiment, and, after the removal of duplicate promoters, the overlap produced
4,062 genes in common.
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independent binding and chromatin compaction by MeCP2 in vitro
(11, 12).

The results have implications for genomic imprinting as well.
Both 15q11–13 and 11p15.5 are complex loci containing a mixture
of imprinted and nonimprinted genes. Our analysis revealed strong
L1 MeCP2 binding sites in the imprinting control regions (ICR) of
both 15q11–13 and 11p15.5. In addition, we have confirmed the
MeCP2-binding sites in the imprinted DLX5-DLX6 locus (19).
Although our studies focus on regions potentially regulated by
MeCP2 binding, the data suggest that periodic binding of MeCP2
outside gene boundaries may organize chromatin into functionally
important domains or loops of imprinted regions, thereby modu-
lating gene expression in either a positive or a negative manner.
Current and previous results are not consistent with the proposed
role of MeCP2 as a proximal transcriptional silencer of methylated
imprinted genes (7, 8, 33). In light of the findings presented here and
by others, the dominant model of MeCP2 function should be
reexamined, because understanding how MeCP2 regulates target
genes is critical to the advancement of the field toward designing
therapies for RTT patients.

Materials and Methods
ChIP–Chip. Chromatin was prepared according to Oberly et al. (41)
from three separate pools of SH-SY5Y neuroblastoma cells of 4 �
107 cells each, differentiated by 48 h of treatment with 1.6 �M
Phorbol-12-Myristate-13-acetate (PMA) (EMD Biosciences). In a
departure from original protocol, cells were lysed after cross-linking
by dounce homogenization. Chromatin from each pool was immu-
noprecipitated with chicken anti-MeCP2 (custom) and anti-RNA
polymerase II (Covance). To test for enrichment of MeCP2- and
Pol2-bound sites, PCR amplification of SNRPN and GAPDH
promoters was performed on each ChIP sample before and after
ligation-mediated (LM)-PCR amplification.

A custom genomic microarray (NimbleGen Systems) covered
loci on nine separate human autosomes for a total of 26.3 Mb. One
microgram of amplicons from each replicate antibody ChIP was
hybridized with differentially labeled total genomic DNA to each
microarray. Amplicons were also applied to NimbleGen 1.5-kb
human promoter arrays. The labeling and hybridization of DNA
samples for ChIP–chip analysis was performed by NimbleGen
Systems using established protocols. The arrays were washed using
NimbleGen Wash Buffer System (NimbleGen Systems), dried by
centrifugation, and scanned at 5-�m resolution by using the Ge-
nePix 4000B scanner (Axon Instruments). Fluorescence intensity
raw data were obtained from scanned images of the arrays by using
NIMBLESCAN 2.0 extraction software (NimbleGen Systems). For
each spot on the array, log2-ratios of the Cy5-labeled test sample
versus the Cy3-labeled reference sample were calculated. Then, the
biweight mean of this log2 ratio was subtracted from each point; this
procedure is approximately equivalent to mean-normalization of
each channel.

MeCP2 peaks were assigned using an analysis method developed
for identifying peaks in ChIP–chip data sets (24). The peak levels
correspond to a combination of peak threshold of log2 oligomer
ratios plus the P value of peak width. Thus, L1–L4 correspond to
the 98th percentile threshold and P � 0.0001, the 95th percentile
threshold and P � 0.0001, the 98th percentile threshold and P �
0.05, and 95th percentile and P � 0.05, respectively. Only peaks that
were present on two of three replicate array hybridizations were
reported.

PCR validation was performed on 100 ng of SH-SY5Y genomic
DNA or ChIP DNA by using the following reaction conditions: 1�
PCR buffer, 4 �M MgCl2, 1 M betaine, 400 �M dNTPs, 0.5 unit of
Taq polymerase, and 0.5 �M primers for 30 cycles. Quantification
of PCR products from total genomic chromatin (TR) and MeCP2
immunoprecipitated chromatin (IP) was performed using AlphaIn-
notech’s Spot Denso analysis tool, with ratios being calculated by
dividing the IP values by the TR values. Primer sequences are
available upon request.

Bisulfite Treatment and Sequencing Analysis of JUNB. Genomic DNA
(gDNA) was isolated from both undifferentiated (UD) and 48-h
postdifferentiated (D-48h) SH-SY5Y cells following instructions
with the Puregene DNA purification kit. Bisulfite treatment of 1 �g
each of UD and differentiated (D) SH-SY5Y gDNA was carried
out using CpGenome Fast DNA modification kit (Chemicon).
Between 1.5 and 3 �l of bisulfite-treated DNA was PCR amplified
using primers directed against the promoter of JUNB, designed
using MethPrimer software. PCR products were cloned into
pGEM-T Easy plasmid (Promega), and �10 transformed white
colonies under each condition and for each insert were sequenced
for analyzing the percentage of methylated cytosine in every
position. Primer sequences are available upon request.

Genome-Wide Promoter Methylation Analysis by MeDIP. SH-SY5Y
genomic DNA was fragmented with a Diagenode Bioruptor to an
average fragment size of 200–300 bp. Immunoprecipitation of
methylated DNA was performed using an anti-methylcytidine
antibody (Eurogentec) as described in ref. 34, with the following
modifications: a rabbit anti-mouse IgG secondary antibody (Jack-
son Immunoresearch) and Protein A/G beads (Pierce) were used to
pull down methylated DNA–antibody complexes, and a total of six
washes were performed after immunoprecipitation. A nonspecific
mouse IgG was used in parallel with methyl DNA IP as a negative
control. Proteinase K digestion was performed overnight and
immunoprecipitated DNA was purified by phenol chloroform
extraction. Immunoprecipitated and reference DNA were labeled
with Cy5- and Cy3-labeled random 9-mers, respectively, and hy-
bridized to the HG17 1.5-kb promoter arrays (NimbleGen Systems)
by using the NimbleGen Array Hybridization Kit following the
manufacturer’s instructions. Slides were scanned with an Axon
DNA Microarray Scanner and analyzed with NimbleScan 2.1
(NimbleGen Systems). DNA fragments immunoprecipitated with
anti-methylcytidine antibody were hybridized along with differen-
tially labeled genomic DNA to NimbleGen 1.5-kb promoter mi-
croarrays in two separate experiments. From each experiment, a list
of mean log2 signal values was generated for all 24,275 promoters
present on the array. The top 5,000 median promoter signals from
the two experiments were selected on the basis of the difference
between the number of promoter hits expected at random versus
those observed (42). Removal of duplicate promoters yielded 4,791
and 4,798 promoter hits, respectively.
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