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ARTICLE

DNA polymorphism and epigenetic marks modulate
the affinity of a scaffold/matrix attachment region
to the nuclear matrix
Natalia P Kisseljova1,2,7, Petr Dmitriev2,3,4,7, Alexey Katargin1, Elena Kim2,3, Daria Ezerina1,2,
Diana Markozashvili2,3, Daria Malysheva2,3, Emmeline Planche2,3, Richard JLF Lemmers5,
Silvère M van der Maarel5, Dalila Laoudj-Chenivesse4, Marc Lipinski2,3 and Yegor S Vassetzky*,2,3,6
Mechanisms that regulate attachment of the scaffold/matrix attachment regions (S/MARs) to the nuclear matrix remain
largely unknown. We have studied the effect of simple sequence length polymorphism (SSLP), DNA methylation and
chromatin organization in an S/MAR implicated in facioscapulohumeral dystrophy (FSHD), a hereditary disease linked to a
partial deletion of the D4Z4 repeat array on chromosome 4q. This FSHD-related nuclear matrix attachment region (FR-MAR)
loses its efficiency in myoblasts from FSHD patients. Three criteria were found to be important for high-affinity interaction
between the FR-MAR and the nuclear matrix: the presence of a specific SSLP haplotype in chromosomal DNA, the
methylation of one specific CpG within the FR-MAR and the absence of histone H3 acetylated on lysine 9 in the relevant
chromatin fragment.
European Journal of Human Genetics (2014) 22, 1117–1123; doi:10.1038/ejhg.2013.306; published online 22 January 2014
Keywords: nuclear matrix; SSLP; facioscapulohumeral dystrophy; epigenetics; cancer cells

INTRODUCTION
Scaffold/matrix attachment regions (S/MARs) are specialized
genomic DNA sequences that exhibit high affinity to the nuclear
matrix (NM) in vitro and in vivo. S/MARs often colocalize with
or are situated in close proximity to specific sequences, including
replication origins, insulators and enhancers (for a review see
Vassetzky et al1 and Razin et al2). S/MARs anchor chromatin onto
the NM, thereby organizing the genomic DNA into topologically
distinct loop domains that are important for the regulation of
replication and transcription.2
Despite numerous genomic studies,3–7 no consensus S/MAR
sequence has been identified so far.8 S/MARs can be both A/T9 or
G/C rich.10 Moreover, the strength and specificity of S/MAR
attachment to the NM varies during ontogenesis,11 in cancer12 and
various genetic diseases such as facioscapulohumeral dystrophy
(FSHD).13,14 Several factors potentially affect the association of
DNA with the NM. These include the DNA sequence itself and its
epigenetic state.15–18
We have recently characterized an S/MAR within the subtelomeric
region of chromosome 4q.13,14 This region (Figure 1a) has a complex
structure and includes the D4Z4 macrosatellite repeat array, which
consists of 3.3 kb repeated units with a number of units varying
between individuals.19 This S/MAR, designated as FR-MAR for
FSHD-related matrix attachment region,13 is located centromerically
to the D4Z4 array and includes a simple sequence length
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polymorphism (SSLP) (for a review see Dmitriev et al20). The 4q
subtelomeric region is subject to extensive epigenetic changes between
normal and pathological cells. Thus, we have shown that in FSHD the
FR-MAR is partially detached from the NM.13,14 The mechanisms
underlying the observed interaction between the FR-MAR and the
NM remain largely unknown. Several factors could have a role.
First, the protein composition of the NM could vary between normal
and pathological tissues. For example, levels of the NM protein
vimentin were found to differ between FSHD and normal
myoblasts.21 Also, the nucleotide sequence in the FR-MAR region
could affect the affinity for the NM. Indeed, several SSLPs have been
identified that are specifically associated with FSHD.22–24 Finally, the
chromatin structure and DNA methylation level could also modify
the FR-MAR binding to the NM. Other genetic and epigenetic
abnormalities affecting the subtelomeric region of chromosome
4q have also been observed in various pathologies including the
Rett and ICF syndromes,25 as well as in several types of cancer.26–32
Here, we have tested whether mechanisms controlling the association of the FR-MAR to the NM could be similar in different cell types.
We have used primary myoblasts from FSHD patients and cervical
carcinoma cell lines where the D4Z4 repeat array can be either
strongly methylated or demethylated.30 From our experiments, the
FR-MAR binds the NM depending upon a combination of SSLP and
chromatin modifications including DNA CpG methylation, histone
H3 modifications and MeCP2 binding.
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MATERIALS AND METHODS
Cell lines

Chromatin immunoprecipitation

The human cervical carcinoma cells CaSki and C-33A (American Type Culture
Collection, Manassas, VA, USA) were maintained in DMEM supplemented
with 5–10% FCS. Primary human myoblasts were isolated and differentiated as
described.33 The primary human myoblasts are described in Table 1. Cells
were treated with DNA methyltransferase inhibitor 5-aza-20 -deoxycytidine
(5-aza-dC; Sigma, St Louis, MO, USA) for 3 days. The medium containing
5 mM 5-aza-dC was changed daily. Cells were treated with trichostatin A
(Sigma) at a concentration of 1 mM for 1 day before harvesting.

Analysis of SSLP
DNAs (total and associated with NM) were PCR amplified using oligonucleotide primers: SSLP-F, 50 -GCTCTTGAGCTCGTCTTGGACA-30 and SSLP-R,
50 -CTTCAGAGGCATTTGGCAGAAG-30 . The PCR products were cloned into
pGEM-T Easy vector (Promega, Madison, WI, USA), 65–100 clones were used
for automated sequencing (‘Genome’ Center, Moscow, Russia; Millegen,
Toulouse, France), analyzed and the quantity of clones with or without
eight-nucleotide (8nt) insert was calculated.

Nuclei and nuclear matrices
Nuclei were isolated from the cell lines essentially as described elsewhere.34
Nuclear matrices were prepared by treatment of the isolated nuclei with NaCl
as follows: digestion buffer (100 mM NaCl, 25 mM KCl, 10 mM Tris-HCl at pH
7.5, 0.25 mM spermidine) was added to 107 nuclei to a final volume of 400 ml.
DNase I was added to a final concentration of 100 mg/ml, and the samples were
digested for 2 h at 4 1C, followed by the addition of CuCl2 to a final
concentration of 1 mM for 10 min at 4 1C. The nuclei were then extracted by
the addition of one volume of a buffer containing 4 M NaCl, 20 mM EDTA and
40 mM Tris-HCl at pH 7.5. The resulting nuclear matrices were spun in a
microfuge at 2000 g for10 min at 4 1C and then washed three times with a
buffer containing 2 M NaCl, 10 mM EDTA and 20 mM Tris-HCl at pH 7.5.
Nuclear matrices were digested with proteinase K and DNA was extracted with
phenol–chloroform. The medium molecular weight of the MAR fraction was
B400 bp. Total DNA was prepared from the intact nuclei by proteinase K
digestion, followed by phenol–chloroform extraction. Two or three independent experiments were carried out in each case and the data were either
averaged or pooled.

Table 1 Primary human myoblasts used in the study
Number
Norm/

Age

of D4Z4

Type Patient

FSHD

Tissue

(years)

Sex

repeats

Reference

MB

NO47

Norm

Quadriceps

43

M

ND

21

MB
MB

NO42
MO44

Norm
FSHD 1

Quadriceps
Pyramidal

24
54

F
F

ND
5/7

21

MB
MB

MO47
MO54

FSHD 1
FSHD 1

Quadriceps
Quadriceps

38
25

F
M

7
4

21

MB

MO43

FSHD 2

Infraspinatus

41

M

ND

21

Abbreviations: MB, myoblasts; ND, not determined.

21

21

Chromatin immunoprecipitation (ChIP) was performed on 5 ! 106 cells fixed
with 1% formaldehyde using the ChIP it express kit with protein G magnetic
beads (Active Motif, Carlsbad, CA, USA) according to the manufacturer’s
protocol. Chromatin was sheared by sonication and precipitated with MeCP2
antibodies (chip grade, ab2828; Abcam, Cambridge, UK) or anti-histone H3
acetylated on lysine 9 (H3K9ac) antibodies (ab4441; Abcam) according to the
manufacturer’s protocol. After the removal of formaldehyde crosslinks,
MeCP2-precipitated chromatin were treated with proteinase K (0.5 mg/ml)
and used in qPCR amplification via primers: G17-F, 50 -GGAAC
GACCCTTCTCAGACAGTA-30 and G17-R, 50 -GCCTAAAGTTGAAAAC
TAAAATCACACATGA-30 together with the TaqMan probe G17: 50 -FAMCACCCTGCCAACTATT-30 and analyzed using ABIPrism 7900 real-time
PCR device (Applied Biosystems, Saint Aubin, France). Alternatively, MeCP2
antibody-immunoprecipitated DNA was used in bisulfite conversion reactions
and sequencing.

Bisulfite-based cytosine methylation analysis
The bisulfite conversion reaction was carried out using an EZ DNA
Methylation Kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions under the following conditions: 15 cycles (30 s at
95 1C and 15 min at 50 1C). Total DNAs digested overnight with BamHI and
HindIII restriction endonucleases or with HindIII only (Fermentas, Vilnius,
Lithuania) to improve the bisulfite conversion, while the NM DNAs and
immunoprecipitated DNAs were used without preliminary digestion. Then,
the converted DNA samples were used for the PCR amplification by Maxima
Hot StartTaq DNA polymerase according to the manufacturer’s instructions
(Fermentas). Two sets of FR-MAR-specific primers were used. To analyze the
methylation status of CpG1–CpG4, we used a set of primers corresponding to
the upper strand of bisulfite-converted DNA: F1*, 50 -ATTTTTAGGTGAGATG
GTTTG-30 and R1*, 50 -CCTAAAATTAAAAACTAAAATCACAC-30 . To analyze
simultaneously the methylation status of CpG2–CpG4 and obtain the sequence
of SSLP, the second set of primers corresponding to the lower strand of bisulfiteconverted DNA was used: F2*, 50 -CAAACTTTAAACAATATATATAACTC-30 and
R2*, 50 -TTTTAGAGGTATTTGGTAGAAG-30 ; primer positions are shown in
Figure 1. The resulting PCR products were cloned into pGEM-T Easy vector
(Promega) and used for automated sequencing (‘Genome’ Center; Millegen).

Statistical analysis
Fisher’s exact test (two-tailed) and w2-test were used to assess the statistical
significance of differences between methylation levels of FR-MAR and SSLP
variation in different samples, respectively. All statistical procedures were
performed using ‘SATISTICA 6’ software (StatSoft, Boston, MA, USA).

RESULTS
The subtelomeric region of human chromosome 4q, represented in
Figure 1a, is the subject of particular attention because of its
association with several pathologies, including FSHD, a highly
frequent muscular dystrophy. FR-MAR is a HincII 368-bp-long
DNA segment located proximally to the D4Z4 repeat array. Four
CpG dinucleotides (numbered CpG1–CpG4) are prone to DNA
methylation within the FR-MAR. All four are contained within a
348-bp-long PCR fragment amplifiable using the F1* and R1*
oligonucleotides (Figure 1a). On its telomeric side, the MAR exhibits
an SSLP with four major haplotypes referred to as 161, 163, 166

Figure 1 Organization of the 4q35 region and the FR-MAR. (a) Schematic representation of the subtelomeric region of chromosome 4 (4q35) showing
FRG1 gene, D4Z4 repeat array, isolated D4Z4 repeat homolog (D4Z4*), FR-MAR region that comprises an SSLP and its partial sequence showing major
restriction sites, including HincII (GTY^RAG) that delimits the 50 border of the FR-MAR, four CpG sites within FR-MAR (circles), PCR primers (arrowheads)
and a TaqMan probe. *Primers used for amplification of a bisulfite-converted DNA. Sites required for MeCP2 binding ([A/T]Z4) are framed. (b) Schematic
representation of the FR-MAR polymorphic region and its partial sequence showing four major SSLPs: 161, 163, 166 and 168, which can be generally
described by the formula (CA)n " (AA þ / ") "(CA)n "(G/T) "(CT)n "(8nt þ / "), HincII restriction site that delimits the 30 border of the FR-MAR, PCR
primers used to amplify non-converted (arrowheads) or bisulfite-converted DNA (*). Nucleotide numbering is according to AF117653.2 (GenBank), the first
nucleotide of AF117653.2 corresponds to the nucleotide 115529279 of GRCh37.p10 (hg19) human genome reference assembly (NT_016354, GenBank).
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and 168. An 8nt-long segment being present in haplotypes 166 and
168 but not in haplotypes 161 and 163 (Figure 1b), these are grouped
as 8nt þ and 8nt ", respectively. Of note, the same haplotypes are

also found in the duplicated FR-MAR present within the q26 region
of human chromosome 10.22–24 Consequently, any cell contains four
copies and up to four haplotypes of the FR-MAR. All four copies of
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Figure 2 Effect of SSLP and DNA methylation on the NM binding. (a) The efficiency of FR-MAR binding in vivo to the NM interaction depends on the
presence of the 8nt sequence in the SSLP. DNA isolated from the NM fraction or total genomic DNA was PCR amplified using SSLP-F and SSLP-R primers,
cloned into pGEM-T vector and sequenced; 100 and 65 clones were analyzed for total DNA and the NM, respectively. The percentage of clones with
8nt þ and 8nt " FR-MAR variants is indicated. The data represent a sum of two independent matrix isolation experiments. (b and c) Schematic representation
of results of bisulfite sequencing of total genomic DNA isolated from normal human primary myoblasts and cervical carcinoma cell line. Sodium bisulfite
treatment of DNA followed by PCR amplification (primers F1* and R1*; Figure 1a) converts all cytosines of the original DNA into thymines, but all
5-methylcytosines remain unchanged. After this procedure, PCR products were cloned and sequenced: each row of circles represents a cloned individual DNA
molecule; closed circles – methylated CpG, open circles – unmethylated CpG and uncharacterized CpGs are represented as gaps. Numbers above the panels
correspond to CpG1–4 within FR-MAR from 50 to 30 end. The percentage of methylation is shown under each sample. (b) Total genomic and
NM-associated DNA was isolated from normal human myoblasts NO47 and carcinoma cell line CaSki bisulfite-converted and PCR-amplified using primers F1*
and R1*, cloned and sequenced. (c) There are no clear differences between methylation statuses of three FR-MAR variants. Total genomic DNA was isolated
from FSHD myoblasts MO44 with three SSLPs, 161,163,166,24 and bisulfite-converted and PCR-amplified using primers F2* and R2*, cloned and
sequenced. The methylation status of CpG2–4 is represented. (d) DNA isolated from CaSki chromatin immunoprecipitated with MeCP2-specific antibody (IP).

FR-MAR are attached to the NM in normal primary human
myoblasts, as was previously demonstrated by in situ fluorescent
hybridization on nuclear halos.13
Preferential association of 8nt þ SSLP haplotypes with the NM
We have tested whether the presence of the 8nt sequence impacted the
efficiency of FR-MAR attachment to the NM. For this purpose,
we have used a normal myoblast cell line, NO47, which contains three
of the most frequent polymorphisms: 161 and 163, both 8nt ", and
166, 8nt þ . In this cell line, the three haplotypes are present in a 2:1:1
European Journal of Human Genetics

ratio, respectively. Total and NM-associated DNA were isolated,
the SSLP region of the FR-MAR was PCR amplified and cloned.
The relative abundance of 8nt þ and 8nt " haplotypes was then
compared between clones derived from total vs NM-attached DNA.
As expected, approximately one-fourth of the clones isolated from
total DNA (27 clones) had an 8nt þ status vs almost 75% being 8nt "
(73 clones) (Figure 2a, left panel). Strikingly, the latter percentage fell
to 45% of clones derived from NM-associated fraction (29 clones),
with the percentage of 8nt þ clones increasing twofold to 55% (36
clones) (Figure 2a, Po10 "3). These findings suggest that DNA with
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FR-MAR binds the NM and the MeCP2 protein depending upon its
chromatin structure
Having found that DNA methylation affects FR-MAR attachment to
the NM, we wondered whether other features of chromatin structure
could further contribute to this association. We thus used ChIP
to assess whether FR-MAR-containing chromatin was enriched in
H3K9ac, an epigenetic mark specific of active chromatin. In normal
myoblasts, no H3K9ac was identified within the FR-MAR, contrasting
with FSHD cell lines (Figure 3a). The observed chromatin pattern was
FR-MAR-specific as it did not spread toward the neighboring regions
(Supplementary Figure S3).
A specific association of DNA with the NM also relies on matrix
proteins such as the methyl-CpG-binding protein MeCP2,35 which
participates in the formation of chromatin loops.36,37 A methylated
CpG duplex flanked by [A/T]Z4 motif is required for high-affinity
MeCP2 binding.38 Such a motif is indeed present within the FR-MAR,
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Methylated FR-MAR sequences are associated with NM
We then asked whether this differential binding of the FR-MAR
sequence to the NM could be dependent on the methylation status in
this DNA region. It is known that the methylation level of the D4Z4
array varies between normal cells, FSHD myoblasts and cervical
carcinoma cells.19,29–32 However, the methylation status of the
FR-MAR sequence was not studied earlier. The total DNA was
isolated from several muscular and cervical cell lines and treated as
described in Materials and methods section. Seventy-five to 100% of
the clones obtained from normal and FSHD myoblasts exhibited a
methylated CpG4, with the other three CpGs being methylated to a
lower extent. A strong demethylation of four CpGs was revealed
in the cervical carcinomas compared with normal cervix tissues
(Po0.001; Supplementary Figure S1). We then isolated NM-associated DNA from two cell lines, NO47, a primary myoblast cell line,
and CaSki, a cervical carcinoma cell line. The total DNA from these
two cell lines contained a mixture of methylated and unmethylated
CpG within the FR-MAR. In both cases, the clones obtained from the
NM-associated fraction were more frequently methylated in each of
the four CpGs than those produced from total DNA. Of the four
CpGs, CpG4 remained the most frequently methylated with 100% of
the clones methylated in both cell lines (Figure 2b). Interestingly,
when tested in vitro, an unmethylated FR-MAR was unable to bind
NM (data not shown). Taken together, these results suggest that a
high level of methylation could play a positive role in NM attachment.
We then tested the hypothesis that 8nt þ haplotypes bind the NM
more efficiently than 8nt " haplotypes because of a higher methylation status of the DNA sequence. Three of the four SSLP haplotypes
could be tested using the FSHD-derived myoblast cell line MO44,
which contains the 161 (two alleles), 163 and 166 haplotypes. No
statistically significant differences could be noticed between the DNA
methylation patterns associated with each of the three haplotypes
(P40.05, Fisher exact test; Figure 2c). In these experiments, the
methylation status of CpG1 could not be determined as we could not
obtain stable clones of PCR products that would include all four
CpGs and the SSLP region. These experiments demonstrated that all
FR-MAR alleles have similar methylation pattern independent of their
haplotypes (8nt þ or 8nt ") or location (4q or 10q). From these data,
it appears that the differential binding of the different FR-MAR
haplotypes to the NM is not directly related to their DNA methylation
level.

H3K9ac

0.25

N

the 8nt þ SSLP haplotype had a much higher affinity to the NM than
the 8nt " haplotypes (Figure 2a, right panel).
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Figure 3 FR-MAR chromatin structure analysis and the effect of chromatinmodifying drugs on the affinity of the FR-MAR for the NM. (a) ChIP analysis
of the FR-MAR region of normal and FSHD myoblasts. The chromatin was
immunoprecipitated with antibodies against MeCP2, and H3K9ac, DNA was
isolated from immunoprecipitates and quantified via TaqMan qPCR using
G17-F/G17-R primers (Figure 1a). The results of the quantification are
presented as an enrichment relative to input DNA (total chromatin)
expressed in percentage after subtraction of unspecific chromatin absorption
on magnetic beads; the experiments have been carried out in triplicate;
*P-value o0.05. (b) Chromatin-modifying drugs affect the affinity of the
FR-MAR for the NM. Cells of the cervix carcinoma cell line CaSki were
treated either with 5 mM DNA methyltransferase inhibitor AzaC, with 1 mM
TSA or a combination of both; nuclear matrices were isolated and the
amount of the FR-MAR in the input DNA and the NM fraction was
quantified using qPCR. The data are presented as an enrichment
relative to input DNA expressed in percentage; the average of three
independent experiments is shown; *P-value o0.05; **P-value o0.01;
***P-value o0.001.

one was between CpG3 and CpG4 and the other after CpG4
(Figure 1a). We have looked for the presence of MeCP2 within the
FR-MAR region in normal and FSHD myoblasts. High levels of
MeCP2 were detected in normal myoblasts, whereas a lower level of
MeCP2 was present in FSHD myoblasts (Figure 3a). Interestingly, the
presence of MeCP2 appeared to be inversely related to that of H3K9ac
not only in primary myoblasts but also in carcinoma cell lines,
suggesting that it indicates a common mechanism of MeCP2/
chromatin binding operates in two types of cells (Supplementary
Figure S2). We next analyzed the methylation status of MeCP2associated FR-MAR in carcinoma cell line CaSki. The clones obtained
from the DNA fraction immunoprecipitated by MeCP2-specific
antibodies were more frequently CpG4 methylated than those
produced from total DNA (Figures 2b and d). These data suggest a
common mechanism of MeCP2-mediated chromatin attachment to
NM in the two types of cells.
Chromatin-modifying drugs affect the FR-MAR association with
the NM
To further explore these possible relationships between various
features of the chromatin structure and FR-MAR affinity to the
NM, we then treated CaSki cells with the methylation inhibitor
5-aza-dC, the histone deacetylation inhibitor trichostatin A (TSA) or
a combination there of. Nuclear matrices were isolated from both
control and drug-treated cells followed by qPCR analysis of the FRMAR DNA. In control cells, the NM fraction contained approximately 8% of the total input FR-MAR DNA. This percentage
decreased twofold in 5-aza-dC-treated cells and approximately 25%
in TSA-treated cells (Figure 3b). An additive effect was obtained when
European Journal of Human Genetics
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Figure 4 Three factors contribute, either independently or together, to the
FR-MAR binding to the NM: DNA methylation, chromatin structure and the
SSLP. Methylation of CpG4, low level of the H3K9ac and the presence of
the 8nt þ SSLP within the FR-MAR region are associated with a more
efficient interaction of FR-MAR with the NM.

the two drugs were combined (Figure 3b). Taken together, these
results are consistent with the notion that the FR-MAR attachment to
the NM depends on both the methylation of the DNA and the
acetylation levels in the chromatin-contained histones.
DISCUSSION
An important aspect of the regulation of gene expression depends
upon the organization of chromosomal DNA into chromatin loops
(for a review see Razin et al2). This relies upon S/MAR regions that
have a major role in defining the limits of various chromatin loops.
However, the molecular mechanism underlying this loop organization
remains poorly characterized. Previously, we have demonstrated that
the organization of chromatin loops was altered in myoblasts from
patients with FSHD.13 FSHD is also associated with a partial
loss of DNA methylation and heterochromatin-specific histone
modifications in D4Z4 repeats.19,39,40 In this chromosomal region,
altered levels of DNA methylation have also been associated with
other genetic diseases such as the Rett’s syndrome and the ICF
syndrome,25 as well as in several types of cancer.28–30
Here, we have first studied the NM association of a 368-bp-long
DNA segment containing four different SSLPs. Taken together, these
SSLPs account for the majority of the genotypes identified within the
FR-MAR. We found that the presence of an 8nt þ haplotypes within
the polymorphic region was associated with a higher affinity for the
NM. These 8nt þ haplotypes are generally not associated with the
FSHD phenotype.22–24 Next, we have analyzed the level of DNA
methylation at four CpGs in the FR-MAR region in relation with NM
attachment. One of the four CpGs, CpG4, was found to be 100%
methylated in the NM fraction. In total DNA, CpG4 was also by far
the most frequently methylated CpG, although with variable
frequencies depending on the cells analyzed. When the cells were
treated with the DNA methylation inhibitor 5-aza-dC, the affinity of
the FR-MAR to the NM was reduced more than twofold, indicating
that DNA methylation probably favors an efficient interaction
European Journal of Human Genetics

between FR-MAR and the NM. Owing to the fact that a copy of
FR-MAR is present within the q26 region of human chromosome
10,22–24 data obtained here are valid for both 4q35 and 10q26 FRMARs.
Chromosome looping is known to be mediated, at least in part, by
MeCP2,36,37 a methyl-cytosine-binding protein that associates with
nuclear matrices.41 MeCP2 binding sites were indeed identified within
the FR-MAR. Using ChIP, we have observed that the level of MeCP2
binding to the FR-MAR was directly related with NM binding,
consistent with a role of MeCP2 in FR-MAR attachment to NM.
Additional elements could still have a role in NM attachment. Indeed,
in the FR-MAR, the levels of histone H3 acetylated at lysine 9 were
found to be inversely related with NM binding. Furthermore, when
cells were treated with the histone deacetylase inhibitor TSA, the
binding of the FR-MAR to the NM was significantly reduced, a direct
experimental evidence of the impact of a chromatin-modifying agent
on NM attachment. This effect was additive with that of 5-aza-dC,
consistent with a combined role of DNA methylation and chromatin
structure in NM attachment. Of note, 5-aza-dC and TSA are both
known to provoke a decompaction of chromatin, which thus appears
to inhibit the interaction between the FR-MAR and the NM.
In summary, three criteria seem to be important for high-affinity
interaction between the FR-MAR and the NM: (i) the presence
of an 8nt þ haplotype in chromosomal DNA; (ii) the methylation of
one specific CpG, namely CpG4, within the FR-MAR; and (iii) the
absence of H3K9ac in the relevant chromatin fragment (Figure 4).
The presence of MeCP2 molecules provides another favoring factor.
Whether other proteins have an additional role in this process will
require further studies.
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