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The three-way connection between DNA methylation, chromatin configuration, and tran-
scriptional regulation is under increasing attention, but the fine rules governing the epi-
genetic control are still poorly understood. In several studies, the authors have concluded
that the methylation status of CpG sites could be critical for the binding of factors to DNA
and, consequently, for chromatin conformation. We tested the possibility that a novel techni-
cal approach combining chromatin immunoprecipitation and bisulfite genomic sequencing
analysis (ChIP-BA) could provide useful information on the role of specific CpG methylation
patterns in driving the association in vivo of proteins to given genomic regions. Our results
show that ChIP-BA permits the establishment in vivo of the methylation patterns required for
the binding of a methyl-CpG binding protein and, in addition, can potentially identify meth-
ylation patterns that do not allow a protein to bind specific genomic regions. Possible fields
of application are discussed. We believe that wide use of ChIP-BA could make possible the

exploration of a novel aspect of the intricate epigenetic web.

INTRODUCTION

Methylation of cytosines has a de-
terminant role in genome plasticity and
development. It may occur as a de novo
and reversible event; the information
stored in the distribution of 5-methylcy-
tosine is flexible, stable, and heritable
after cell division. Promoter methyla-
tion is often associated with transcrip-
tional repression. This transcriptional
control plays a pivotal role in mam-
malian development, X-inactivation,
genomic imprinting, genome stability,
and cancer (1). Defects in DNA meth-
ylation and/or in the interpretation of
the methylation signal have been as-
sociated with a number of monogenic
conditions (2) and, recently, with al-
terations of metabolism, such as the
hyperhomocysteinemia (3) in humans.
Methylation of CpG dinucleotides in
gene regulatory regions has been pro-
posed to trigger the binding of specific
factors that recognize methylated CpGs
and interpret the epigenetic signal pos-
sibly retained in both the density and
the distribution of methyl-CpG sites.
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These proteins are known as methyl-
CpG binding domain (MBD) proteins,
and mammals have five well-known
members, MeCP2, MBD1, MBD?2,
MBD3, and MBD4 (4). The best-es-
tablished consequence of the binding
of MBD proteins to a given promoter
region is the recruitment of histone-
modifying activities and chromatin-re-
modeling factors commonly resulting
in transcriptional silencing (5). Howev-
er, in other instances, a methyl binding
protein, MBD2, can interact with other
factors that favor transcriptional reacti-
vation of methylated genes (6,7).

All these observations strengthen the
idea that MBD proteins are not simple
mediators between DNA methylation
and transcriptional repression but are
fine interpreters of complex methyla-
tion signals. But, does a fine epigenetic
code to be interpreted exist? Does the
density or a specific arrangement of
methylated CpG sites within a promot-
er region influence the binding ability
and/or the functions of the MBD pro-
teins and associated factors? Recently,
some reports helped to shed some light

on these questions (8—10). However,
most of these works suffer the limita-
tions of the in vitro approach.

Two in vivo techniques, such as chro-
matin immunoprecipitation (ChIP) and
bisulfite genomic sequencing (BA),
are largely used to study the profile of
DNA methylation and the distribution
of MBD proteins. Bisulfite genomic se-
quencing provides detailed information
on the pattern of distribution of 5-meth-
ylcytosine along a genomic segment,
on each individual strand (11). ChIP as-
says (12) have been used to identify in
vivo the presence of MBD proteins in
specific genomic region (13). Very re-
cently, an approach that combines ChIP
with methylation-sensitive restriction
analysis has been used to analyze the
methylation status of sequences bound
by MBDs (14). Finally, the combination
of ChIP assays with hybridization on a
CpG island microarray (ChIP-on-chip
analysis; Reference 15) has identified
promoters targeted by specific transcrip-
tion factors. Although these techniques
have contributed to the understanding of
the biology of MBD proteins, it remains
unexplored whether differences in meth-
ylation profiles or densities in the same
DNA regions may influence the binding
in vivo of specific protein complexes.

Here we show that ChIP combined
with bisulfite genomic analysis allows
for the establishment in vivo of the
methylation pattern of target DNA se-
quences selectively bound by a specific
MBD protein. Most importantly, this
novel technique has broader applica-
bility since it can also be applied with
many different antibodies raised against
histone modifications that are now avail-
able. Therefore, this technique could
also be applied to investigate the multi-
ple connections between DNA methyla-
tion and histone modification patterns
(16,17), thus representing an important
tool to decipher the interplay between
different epigenetic signals.

MATERIALS AND METHODS
Transfections and In Vitro
Methylation

Human  embryonic  kidney

(HEK)293T cells were cultured in
Dulbecco’s modified Eagle’s medium
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Table 1. Sequences of Amplification Primers

Primer Sequence

UMGH1 5’-GCGCCAGGACCCTGAGGGAGGGGCTAGG-3

UMG2 5-TCCTGAGACCTGCTCCACCAGCAGTCAGAAGACTCC-3’
MGH1 5’-TCCTAAAACCTACTCCACCAACAATCAAAAAACTCC-3’
MG2 5-GTGTTAGGATTTTGAGGGAGGGTTAGG-3’

PGK1-S 5-GAAGCCGCACGTCTCACTA-3

PGK1-AS 5’-AGGAACAGGGCCCACACTAC-3’

PG-Forward 5-GTTGTTTTGGGYGTGGTTTYGGGA-3’

PG-Reverse 5’-ACTAAAAAAAAAAATCRATAATT-3’

SYB17 5’-CCAAGAGGCCACGCGTAG-3

SYB26 5-GTTCTCTCCCCGCCTCCC-3

#1 5-ATGATTTTGATTTGTTTTTTTT-3

#2 5-ATTTAACTCTCTTTCAATTATA-3

#3 5-GTAGGAGAGTAAAAGGATTTAG-3

#4 5-TTAACCTTAACAACTATAATCTG-3

(DMEM) supplemented with 10% fetal
calf serum (FCS; Invitrogen, Carlsbad,
CA, USA). Cells were plated at a den-
sity of about 250,000 per 60-mm Petri®
dish 16 h before transfections. DNA
transfections (2-5 pg purified plasmids;
Qiagen, Valencia, CA, USA) were car-
ried out by calcium phosphate precipi-
tation using CalPhos™ Mammalian
Transfection Kit (BD Biosciences Clon-
tech, San Jose, CA, USA) according to
the manufacturer’s instructions.

In vitro methylation was performed
as follows: 50 pg of pGAT1700 plas-
mid were treated with 50 U of SssI
methylase (New England Biolabs, Bev-
erly, MA, USA) at 37°C in the presence
of 5 mM adenosylmethionine for 8 h.

Chromatin Immunoprecipitation

ChIP experiments were performed
on entire cells according to the meth-
od of Orlando et al. (12), with some
modifications. Forty-eight hours after
transfection, 0.5-2 x 10° cells per im-
munoprecipitation were treated with
1% formaldehyde for 10 min at 37°C.
Ultrasound sonication was performed
under conditions that gave a range in
DNA fragments from 200-1000 bp.
After a centrifugation step (at 16,100x
g) to reduce debris, the soluble chro-
matin was diluted with ChIP dilution
buffer [0.01% sodium dodecyl sulfate
(SDS), 1.1% Triton® X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI, pH 8.1,
167 mM NaCl, and protease inhibitors
(100 mM PMSF and aprotinin, both
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from Sigma, St. Louis, MO, USA)].
Immunoprecipitations of cross-linked
complexes were performed using 10
lLg of mouse monoclonal anti-myc an-
tibody or anti-MeCP2 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA,
USA). For each experiment, a sample
without antibody was carried out in
parallel as a control for nonspecific
background. After an overnight incu-
bation at 4°C, the bound chromatin-an-
tibody complexes were brought down
to room temperature with Protein A
Sepharose™ CL-4B beads (Amersham
Biosciences, Piscataway, NJ, USA).
The supernatant fraction was kept as
the unbound DNA control. Bound and
unbound samples were then incubated
at 65°C to reverse protein-DNA cross-
links. Phenol-chloroform extraction
and ethanol precipitation allowed for
the purification of DNA, which was
successively UV quantified and used
for PCR (50 ng). To ensure linearity of
amplification, different cycle numbers
were tested (data not shown). PCRs
were then performed using Ampli-
Taq® (Roche Applied Science, India-
napolis, IN, USA) for 1 cycle of 95°C
for 2 min and 20 cycles of 95°C for 1
min, 55°C for 1 min, and 72°C for 1
min (galectin-1); 1 cycle of 95°C for 3
min; 30 cycles of 95°C for 30 s, 60°C
for 45 s, and 72°C for 45 s (PGKI and
SYBLI). Primers used were UMGI
and UMG?2 (galectin-1); PGK1-S and
PGKI1-AS (PGKI), and SYB17 and
SYB26 (SYBLI). All primer sequnces
are listed in Table 1.
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Bisulfite Genomic Sequencing

The bisulfite reaction was carried
out using 2 pug of MBD2-bound or
MeCP2-bound DNA, according to a
previously described protocol (11),
with some modifications. We did not
perform enzymatic digestion of DNA
because the DNA was sonicated before
immunoprecipitation. The DNA was
denatured by adding freshly prepared
NaOH to a final concentration of 0.3 M
and incubated for 15 min at 50°C. Hy-
droquinone (75 mM) and 3.5 M sodium
bisulfite (Sigma), pH 5.0 (pH adjust-
ment with 10 M NaOH), were freshly
prepared before use. Final concentra-
tions of 3.1 M sodium bisulfite and 0.5
mM hydroquinone and 10 pg of glyco-
gen were then added to denatured DNA
in a final reaction volume of 250 pL.
The samples were gently mixed, over-
laid with mineral oil, and incubated at
50°C for 16 h. The DNA was desalted
and concentrated using Geneclean®

Formaldehyde cross-linking

Nuclei sonication
(500-1000 bp fragments)

Immunoprecipitation (Anti-MBDs)

Unbound fraction
-nonspecific DNA
-unmethylated target DNA
-target DNA displaying
unrecognized methylation
patterns

Bound fraction
-target DNA displaying
recognized methylation
patterns

v

PCR Cross-links reversal
(ChIP) " DNA purification

v

Sodium bisulfite analysis

(ChIP-BA)

(Qbiogene, Carlsbad, CA, USA), dena-
tured with 0.3 M NaOH for 15 min at
37°C, neutralized with 3 M ammonium
acetate, pH 7.0, and precipitated with
ethanol and 10 pg of glycogen. The
DNA was resuspended in 50 uL of de-
ionized water. We then performed PCR
amplification on 5 pL (about 50 ng) of
the sodium bisulfite-treated DNA sam-
ples using modified primers. All PCRs
were carried out in 100 pL volumes
containing 10 mM Tris, 50 mM KCI,
1 mM MgCl,; 5% dimethyl sulfoxide
(DMSO), 0.2 mM dNTPs, 10 pmol
of each primer, and 2 U of 7ag DNA
polymerase (AmpliTaq). Primer used
were MG1 and MG2 (galectin-1), PG-
forward and PG-reverse (PGKI), and
#1, #2, #3 and #4 (SYBLI). All primer
sequences are shown in Table 1. The
amplification cycles were as previously

described (6). The amplified fragments
were cloned into the pGEM®-T Easy
Vector (Promega, Madison, WI, USA),
and then 20 independent clones for
each fragment were sequenced to de-
termine the methylation pattern of in-
dividual DNA.

RESULTS AND DISCUSSION

In order to devise a method that could
establish whether differences in meth-
ylation profiles or densities in the same
DNA regions may influence the binding
in vivo of specific protein complexes,
we decided to combine the ChIP and bi-
sulfite genomic sequencing techniques
(ChIP-BA). The approach consists of the
bisulfite analysis of the methylation pro-
file of specific DNA fragments immu-

+45
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+11

UMGI

0.5 kb —»

TRANSFECTION

pMyc-MBI2 (5 pg) m
peDNAMye3. 1 (5 pg) ¥
Methylated pGAT1700 (4 pg) +
Unmethylated pGAT1700 (4 ug) 2
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% Clones

25

0
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(pre-1P) 4B
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Figure 1. Flowchart of the chromatin immu-
noprecipitation bisulfite analysis (ChIP-BA)
procedure. MBDs, methyl-CpG binding do-
main proteins.
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Figure 2. Chromatin immunoprecipitation bisulfite analysis (ChIP-BA) on transfected genes. (a)
Map of CpG sites and primer positions, relative to transcription initiation site, in the transfected galectin-
1 promoter. (b) ChIP showing in vivo interaction of MBD2 with the methylated pGAT1700 plasmid. B,
bound fraction; U, unbound fraction. Data obtained by sequencing SP6 primer with at least 20 plasmid
clones for each sample were expressed as the ratio of clones showing methylated (or unmethylated) pro-
files to the number of clones. Pre-IP, whole cell lysate from transfection 4 before immunoprecipitation;
4B, MBD2-bound fraction from transfection 4 (see text).
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noprecipitated with antibodies against
different methyl-binding proteins. The
main steps of ChIP-BA are outlined in
Figure 1. To evaluate the potential appli-
cability of ChIP-BA methodology, we
tested this technique on three different
experimental systems to analyze either
transfected or endogenous genes and
target sequences.

First, ChIP-BA was performed by
cotransfecting cultured cells with both
methylated target sequences and an
expression vector for the methyl-CpG
binding protein MBD?2. As target DNA,
we used the pGAT1700 plasmid, which
contains 1700 bp of the mouse galec-
tin-1 gene. The region from -177 to
+11 contains 7 methylatable CpG sites
(Figure 2a) that, when methylated, in-
duce transcriptional silencing (18) me-
diated by MBD2 (6). HEK293T cells
were cotransfected with pMyc-MBD2
along with either in vitro methylated or
unmethylated pGAT1700 (Figure 2b,
bottom). To immunoprecipitate Myc-
MBD2/DNA complexes, we performed
ChIP using anti-myc antibody. We then
performed PCR to amplify the mouse
galectin-1 promoter. The results pre-
sented in Figure 2b show a specific in-
teraction of MBD2 with the methylated
form of the pGAT1700 plasmid, as re-
vealed by the strong enrichment of the
amplification signal in the bound frac-
tion (lane 2B) compared to the unbound
fraction (lane 2U). Conversely, when
unmethylated pGAT1700 plasmid was
transfected along with MBD2 (trans-
fection 3) or when pcDNAMyc3.1
empty vector was transfected along
with the methylated pGAT1700 plas-
mid (transfection 1), the fragment was
amplified in unbound (lanes 3U and
1U) but not in bound fractions (lane 3B
and 1B). Finally, when both methylat-
ed and unmethylated pGAT1700 were
transfected (transfection 4), the ampli-
fication signal was present in both the
bound and the unbound fractions (lanes
4U and 4B). No signal was detected in
untransfected cells (lanes 5B and 5U),
confirming the specificity of the used
oligonucleotides for the transfected
mouse galectin-1 promoter.

To analyze the methylation pattern
of transfected pGAT1700 at high reso-
lution, we performed sodium bisulfite
methylation analysis on the immuno-
precipitated DNA (Figure 2c). The bi-
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sulfite reaction was carried out using 2
png of MBD2-bound DNA (fraction 4B)
and 2 pug of DNA from transfection 4
before immunoprecipitation. Figure
2c¢ shows the percentage of methylated
and unmethylated clones found in each
DNA fraction. We found a very strong
enrichment of the methylated plasmid
in the immunoprecipitated fraction
(4B) compared to DNA analyzed be-
fore immunoprecipitation.

Because the transfected plasmids
are fully methylated, the methylation
of the vector backbone could influence
the chromatin structure and affect the
binding of MBD proteins. We therefore
applied the ChIP-BA procedure to ana-
lyze endogenous genes.

The ChIP-BA assay was tested in a
model system in which we used female-
derived lymphoblastoid cell lines to ana-
lyze an endogenous gene, the X-linked
PGK]1. In females, two different methyl-
ation statuses coexist for this gene, with
the inactive allele methylated and the
active one unmethylated (19). In fact,
when we performed direct bisulfite se-
quencing of PGK1 with total DNA, we
found that both methylated and unmeth-
ylated CpGs were present (Figure 3A).
We then performed ChIP assays with
anti-MeCP2 antibodies; the immuno-
precipitated DNA was subjected to bi-
sulfite sequencing prior to PCR amplifi-
cation. In this case, only the methylated
sequence was found (Figure 3A). These
results confirmed the suitability of this
technique and indicated that MeCP2 is
only bound to the promoter of the PGK
gene when methylated.

Finally, we analyzed the methyla-
tion patterns of the promoter region of
synaptobrevin-like 1 gene (SYBLI),
present in both human X- and Y-chro-
mosomes. SYBLI is subject to mono-
allelic inactivation on Y- and inactive
X-chromosomes through the methyla-
tion of a 5 CpG island (20) that spans
the region from nucleotides -252 to
+227, including 37 CpG dinucleotides
(Figure 3B). This region shows com-
plete absence of methylation on the
expressed alleles of male and active
female X-chromosomes, whereas both
the repressed alleles of the Y- and inac-
tive X-chromosomes are widely meth-
ylated, hypoacetylated (21), and bound
in vivo by MBDs (M.R. Matarazzo,
M.L. De Bonis, and M. D’Esposito,

unpublished data). We used a lympho-
blastoid cell line derived from an adult
male (AB), which was heterozygous
for a polymorphic site in the promoter
of the gene, allowing for the SYBLI X
and Y alleles to be distinguished (Fig-
ure 3B). By using this additional tool,
since the polymorphic nucleotide was
preserved in the antisense DNA strand
following bisulfite treatment (21), we
could discriminate the allele-specific
methylation patterns of cloned DNA
fragments after the ChIP-BA proce-
dure. Then, we easily compared only
the patterns corresponding to the Y al-
leles derived from the different frac-
tions of chromatin. After ChIP, using
anti-MeCP2 antibody (M.R. Mataraz-
zo, M.L. De Bonis, and M. D’Esposito,
unpublished data), MeCP2-bound DNA
and input DNA were modified with so-
dium bisulfite, and the PCR products
were obtained through two rounds of
PCR using a nested primers approach.
Fifteen clones each for the input and for
MeCP2-bound DNA were sequenced.
As expected, roughly fifty percent of
the clones from the input fraction corre-
sponded to the Y allele, whereas in the
MeCP2-bound fraction, there were only
Y alleles. The methylation profiles rela-
tive to these alleles were represented in
a box plot graphic (Figure 3B). A com-
parison between the methylation level
of the SYBLI CpG island of the Y al-
leles found in the MeCP2 immunopre-
cipitated fraction and that found in the
input fraction showed that more densely
methylated fragments were enriched in
the MeCP2-bound fraction. This was
not the case when ChIP experiments
were performed on the SYBLI promot-
er by using antibodies against MBD2
(data not shown), a protein that displays
the ability to bind in vitro both high and
low methylated DNA (4). These data
confirm that by using the ChIP-BA
technique, it is possible to determine
the methylation status required in vivo
for MeCP2 to bind a specific sequence.

The technique described here, ChIP-
BA, can potentially identify specific
patterns or specific CpG sites whose
methylation status is determinant for
the in vivo binding or the exclusion
of any methyl-binding protein. It is
also clear that ChIP-BA could be used
successfully to establish the methyla-
tion patterns that influence the binding
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ability in vivo of other proteins such
as transcription factors. Moreover, by
using antibodies raised against differ-
ent modifications of histones, it might
be possible to investigate the correla-
tion between specific methylation pat-
terns, histone modifications, and the
local chromatin configuration. In fact,

several crucial studies are currently
investigating the methylation or acety-
lation of histones in correlation with
local DNA methylation status (16,17),
and the precise timing of these events
is also under increasing attention to de-
fine the interplay between these events.
ChIP-BA can find useful application in
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Figure 3. Chromatin immunoprecipitation bisulfite analysis (ChIP-BA) on endogenous genes. (A) Top:
scheme of ChIP-BA assay for the X-linked PGKI gene. Bottom left: ChIP assay on PGKI promoter using
anti-MeCP2 antibodies. A no antibody control (NAB) is also shown. T, pre-IP fraction; UB, unbound frac-
tion; B, bound fraction. The bands represent the amplified PGK/ promoter fragments from the indicated
fractions. Bottom right, representation of some of the CpG sites (black bars) included in the PCR fragment.
Primers used (empty arrows) were PG-forward and PG-reverse (Table 1). Methylation status of CpG sites:
black (100% methylation), gray (>20% methylation), and white (<20% methylation). An indicative sequence
analysis of part of the fragment is shown for both total DNA (total) and chromatin-immunoprecipitated DNA
(ChIP-BA). Black arrows indicate the CpGs that are fully methylated in the ChIP-BA sample. (B) Top:
scheme of the ChIP-BA assay for SYBLI gene methylation analysis. Bottom left: map of the SYBLI CpG is-
land containing 37 CpG dinucleotides, from position -252 to +227. Exon 1 is indicated as a black box. Prim-

er positions (#1, #2, #3, and #4) are indicated. Bottom right: summary of the bisulfite methylation analysis of

SYBLI CpG island Y alleles. MeCP2-bound DNA is compared to the input fraction. The numbers of mCpG
per clone for each fraction are represented in box plots. Boxes correspond to the distribution of mCpGs per
clone in the interquartile range (containing 50% of the values), and the end of vertical lines or “whiskers”
indicate the highest and lowest values. The presence of outliers is underlined with points outside the ends of
the whiskers. The median is indicated by a line across the box. The number of clones (N) analyzed for each
sample is reported on the abscissa. Pre-IP, whole cell lysate before immunoprecipitation.
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several fields of studies involving DNA
methylation analysis, such as imprint-
ing, X inactivation, development, can-
cer, and genetic diseases. We believe
that wide use of ChIP-BA may offer a
substantial contribution to demonstrate
the existence of an epigenetic code,
and eventually, to gain insights into the
logic of epigenetic signals and their in-
terpretation.
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