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During mitosis in higher eukaryotic cells, transcription is silenced
and transcription complexes are absent from promoters in the
condensed chromosomes; however, epigenetic information con-
cerning the pattern of expressed and silent genes must be pre-
served. Recently, it has been reported that CTCF, a major protein in
vertebrate insulator elements, remains associated with mitotic
chromatin. If the structure of insulators is preserved during mitosis,
then it is possible that insulators can function as components or
elements of the mechanism involved in the transfer of epigenetic
information through the mitotic phase and can help guide the
reconstitution of domain structure and nuclear organization after
the completion of this phase. We have studied the chromatin
structure of the insulator upstream of the c-MYC gene in mitotic
HeLa cells. The region of the insulator corresponds to the DNase I
hypersensitive site I, but Southern blot analysis revealed that
hypersensitivity was lost during mitosis. High resolution in vivo
footprinting analysis using dimethyl sulfate, UV light, psoralen,
and DNase I also demonstrated the disappearance of the sequence-
specific direct binding of CTCF and the absence of detectable
structures during mitosis. Thus, it appears that the nucleoprotein
complex involving this insulator element must be reassembled de
novo with each new cell generation.

epigenetics � in vivo footprinting

In higher eukaryotic cells, essentially all transcription is re-
pressed during mitosis (1). This mitotic repression of tran-

scription is accompanied by the displacement of most of the
components of the transcriptional machinery from their tem-
plates. In vivo footprinting analysis has revealed that the foot-
prints of sequence-specific transcription factors are absent from
the repressed promoters on mitotic chromosomes (2–5). Upon
exit from mitosis, previously active genes resume transcription,
whereas previously inactive genes remain silent. This ‘‘cell
memory’’ indicates that some kind of epigenetic information is
maintained through mitosis and must be used to guide the cell
in reestablishing transcription complexes only on previously
active genes after the completion of mitosis. It has been estab-
lished that DNA methylation and histone modifications play
important roles in epigenetic control (6, 7). On the other hand,
some recent models for mitotic cell memory assume that a subset
of protein factors remains associated with previously active
genes during mitosis and that these factors serve as epigenetic
marks (8–14).The significance and mechanism of such protein
associations are yet to be elucidated.

The domains containing individual genes in eukaryotic ge-
nomes often are demarcated by insulator elements (15). Two
ways in which insulators protect genes from their surroundings
have been described: (i) enhancer-blocking activity prevents the
influence of outside enhancers and (ii) barrier activity prevents
the advance of silencing heterochromatin. The enhancer-
blocking activity of vertebrate insulators seems to be mediated
by the protein CTCF, i.e., CCCTC binding factor (16). Recently,
by fluorescence microscopy, biochemical fractionation, and
ChIP, it has been shown that CTCF remains associated with

mitotic chromatin (17). If the CTCF-associated local chromatin
structure of insulator elements is preserved during mitosis, then
it appears possible that insulators may serve as components of
cellular mechanisms for the transfer of epigenetic information
through the mitotic period and for the reestablishment of the
domain structure of genes after this period.

An insulator element has been found �2 kb upstream of the
major transcription start sites of the human c-MYC gene (18, 19).
The enhancer-blocking activity of this element has been dem-
onstrated by colony assays. The c-MYC insulator is located
between a domain containing hyperacetylated histones and a
domain containing hypoacetylated histones (19), and it corre-
sponds to the DNase I hypersensitive site I, which is constitutive
and pronounced (20–22). The region of the c-MYC insulator/
DNase I hypersensitive site I contains a CTCF binding motif
(c-MYC CTCF binding site N), a thyroid hormone response
element, and a CCAAT box (18, 19, 23). We performed high-
resolution in vivo footprinting analysis of this region to deter-
mine whether the protein–DNA architecture of the insulator was
preserved during mitosis and to better understand the transfer
of epigenetic information through mitosis. We observed the
absence of transcription factor binding and the disappearance of
detectable structures from this region in mitotic cells.

Results
Low-Resolution Southern Blot Analysis. Before mapping protein
footprints at high resolution, we performed low-resolution anal-
ysis to examine hypersensitivity in the region of the c-MYC
insulator element/DNase I hypersensitive site I in three popu-
lations of HeLa cells: ‘‘asynchronous cells’’ (primarily inter-
phase), ‘‘mitotic cells’’ (arrested with nocodazole), and ‘‘released
cells’’ (incubated for 5 h after release from mitotic arrest). The
cells were permeabilized and treated with DNase I. As a control,
purified genomic DNA was also digested in vitro with DNase I.
As shown in Fig. 1, the positions of DNase I cleavage in a 13-kb
genomic ScaI fragment were determined by Southern blot
analysis with indirect end-labeling (24). The analysis confirmed
the presence of a prominent site of hypersensitivity, which
appeared to coincide with the insulator element and the DNase
I hypersensitive site I, in the area 2.2–2.0 kb upstream of the
transcription start site of the P2 promoter in asynchronous cells
(Fig. 1, lanes 6–8). In mitotic cells, however, this hypersensitive
site disappeared, suggesting that at least some aspects of the
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chromatin structure of the insulator region were lost or altered
(Fig. 1, lanes 9–11). In the cells released from mitotic arrest, the
site became evident again, suggesting that restoration of the
chromatin structure had occurred (Fig. 1, lanes 12–14). These
results did not seem to be in full accord with previous studies,
however. There have been few studies on the precise location of
DNase I-hypersensitive sites in specific genes during mitosis, but
there have been reports on preservation of the pattern of
hypersensitive sites in the human heat shock protein 70 gene (3)
and on partial alteration in the chicken ovalbumin and glycer-
aldehyde 3-phosphate dehydrogenase genes (25). Hypersensitiv-
ity in insulator elements in mitotic cells does not appear to have
been studied.

High-Resolution in Vivo Footprinting Analysis. To examine whether
the fine structure of the c-MYC insulator was preserved or
altered during mitosis, we performed high-resolution in vivo
footprinting analysis (26, 27), focusing on the binding of CTCF.
Four footprinting agents were used: dimethyl sulfate (DMS),
UV light, 4,5�,8-trimethylpsoralen, and DNase I. Asynchronous,
mitotic, and released cells were treated with one of the foot-
printing agents, and genomic DNA was then extracted and
subjected to ligation-mediated PCR (LM-PCR) or terminal
transferase-dependent PCR (TD-PCR). Purified genomic DNA

was treated in vitro with the same agents for a control. Footprints
were recognized by comparing the pattern of in vivo formation
of DNA damage, visualized as a sequencing ladder, with the
pattern of in vitro formation. Only sites and areas reproducibly
showing at least 2-fold differences in band intensity between the
in vivo and in vitro lanes were considered to be footprints and are
marked as such in Figs. 2 and 3, and also in supporting
information (SI) Figs. 5 and 6. All of the in vivo footprints
detected in this study were in asynchronous and released cells;
no footprints were observed in mitotic cells. The details of the
analysis are described below.

Fig. 2 shows the results of analysis of the upper strand of the
c-MYC insulator region. DMS, which alkylates guanines, is the
most commonly used agent for the detection of the sequence-
specific binding of transcription factors (26). We found clear
protection of guanines from alkylation in the area from �2116
to �2112, within the CTCF binding motif in asynchronous cells
(Fig. 2, lanes 3 and 4, marked with circles). This footprint
disappeared in mitotic cells (Fig. 2, lanes 5 and 6) but reappeared
in released cells (lanes 7 and 8).

Short-wavelength UV light efficiently induces cyclobutane
pyrimidine dimers and (6-4) photoproducts at the sites of
adjacent pyrimidines. The conformational changes of DNA
caused by the binding of transcription factors can modulate the
induction of these lesions (28). Cleavage of UV-irradiated DNA
at the sites of (6-4) photoproducts by piperidine treatment
enables the detection of this type of lesions by LM-PCR. We
noticed that in vivo induction of (6-4) photoproducts was en-
hanced at the 5�-TT dipyrimidine at position �2101 to �2100 in
asynchronous and released cells but not in mitotic cells (Fig. 2,
lanes 9–16, marked with a triangle).

The psoralen molecule, which has a planar tricyclic structure
with two photoreactive sites, intercalates in DNA (29). Upon
absorption of long-wavelength UV light, psoralen forms DNA
interstrand cross-links at the sites of 5�-TA, 5�-AT, 5�-TG, and
5�-GT dinucleotides. The formation of cross-links is inhibited by
transcription factors as well as by histone octamers. We observed
that in vivo psoralen cross-linking was severely inhibited in the
5�-GTA sequence (containing GT and TA) from �2119 to
�2117 in asynchronous and released cells but not in mitotic cells
(Fig. 2, lanes 17–24, marked with a diamond).

LM-PCR analysis permits mapping of the fine structure of
DNase I-hypersensitive sites. Most hypersensitive sites possess
internal ‘‘cold spots’’ against hypersensitive backgrounds; hyper-
sensitivity is considered to be caused by the absence of histones,
whereas the relative nuclease resistance in cold spots is consid-
ered to be caused by the presence of bound trans-acting factors
(30). Therefore, in the case of DNase I analysis, not the areas of
hypersensitivity in vivo but those of relative resistance were
considered to be footprints. In Fig. 2, the DNase I hypersensitive
site in asynchronous and released cells extended from approx-
imately �2200 to beyond the bottom of the panel (lanes 27, 28,
31, and 32). On this hypersensitive background, there was a large
cold spot from �2144 to �2103, although it was interrupted by
hypersensitivity at nucleotides �2129 and �2128. We presume
that this large cold spot corresponds to the area occupied by
CTCF because it has been reported that CTCF produces large
footprints (16, 18, 31). The DMS, UV light, and psoralen
footprints described above were within or were on the periphery
of this large area of relative DNase I resistance. In contrast to
the situation in asynchronous and released cells, the pattern of
DNase I cleavage in mitotic cells (Fig. 2, lanes 29 and 30) was
very similar to that of in vitro cleavage of purified DNA (Fig. 2,
lanes 25 and 26); the hypersensitive site, together with the
internal cold spot, disappeared during mitosis, confirming the
results obtained from the low-resolution analysis.

The concentration of DNase I used for in vivo treatment of
cells (3 units/ml, 23°C, 3 min) was much higher than that for in

A

B

Fig. 1. Southern blot analysis of DNase I-hypersensitive sites upstream of the
human c-MYC gene. (A) Map of the region of the c-MYC gene. Bent arrows
indicate the transcription start sites of the P1 and P2 promoters. The positions
of the three exons, the insulator element, the ScaI restriction sites, and the
radioactive probe relative to the P2 start site are indicated. Small arrows
indicate the positions of the primers used for footprinting and ChIP. (B) HeLa
cells were arrested with nocodazole (mitotic cells) and allowed to proceed
through the cell cycle after the arrest (released cells) or were not treated
(asynchronous cells). The cells (lanes 6–14) and the purified genomic DNA
(lanes 2–5) were treated with DNase I. Triangles indicate increasing concen-
trations of DNase I. The sample in lane 1 was not digested with DNase I. In this
Southern blot hybridization experiment, a 13-kb genomic ScaI fragment was
end-labeled indirectly with the probe, as represented by the diagram on the
right. The positions of the molecular weight markers (�/HindIII and �X174/
HaeIII digests) are indicated on the left.
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vitro treatment of DNA (0.1 unit/ml, 23°C, 5 min). It seems likely
that this difference reflects the protection of DNA by the
chromatin structure and by other structures in living cells. The
presence of the hypersensitive site and the cold spot suggests that
the protection in asynchronous and released cells is sequence-
specific and nonuniform. The binding of transcription factors
and the positioning (or exclusion) of nucleosomes appear to

contribute to the nonuniformity. On the other hand, the simi-
larity between the pattern of DNase I cleavage in mitotic cells
and that of in vitro cleavage suggests that the protection is
provided uniformly in mitotic cells. The loss of the sequence-
specific binding of transcription factors during mitosis can
certainly be a cause of the uniformity. We speculate that the loss
of nucleosome positioning, which we previously observed in
mitotic cells (see ref. 5), may also be a contributory factor;
randomly distributed nucleosomes may uniformly protect DNA
from DNase I cleavage in mitotic cells.

There is a thyroid hormone response element at nucleotides
�2176 to �2161, near the upstream border of the hypersensitive
site, but no footprints or cold spots were observed in this region.
Thus, under the experimental conditions used here, this element
did not detectably bind the thyroid hormone receptor, which is
consistent with the reported unresponsiveness of HeLa cells to
thyroid hormone (32).

Fig. 3 shows the results of analysis of the lower strand. The
DNase I hypersensitive site in asynchronous and released cells
extends over the entire length of the panel (Fig. 3, lanes 27, 28,
31, and 32). In this hypersensitive background, there were two
cold spots: one was around the CTCF binding motif and
corresponded approximately to the cold spot observed on the
opposite strand, and the other was around a CCAAT box at
nucleotides �2015 to �2019, which was outside the region
analyzed on the opposite strand. Within the 5�-CCAAT se-
quence, we found a 5�-CC showing hyperreactivity for the in vivo
formation of (6-4) photoproducts (Fig. 3, lanes 11, 12, 15, and 16)
and a 5�-AT in which psoralen cross-linking was suppressed in
vivo (lanes 19, 20, 23, and 24). These footprints are typical of
CCAAT boxes (28, 29). Within or near the CTCF binding motif,
there were guanines with increased (position �2111) and de-
creased (position �2107) DMS reactivity in vivo (Fig. 3, lanes 3,
4, 7, and 8). Inhibition of in vivo psoralen cross-linking was also
seen at nucleotides �2117 to �2119 (Fig. 3, lanes 19, 20, 23, and
24), just opposite the psoralen footprint on the upper strand.

The results of the footprinting experiments on both strands are
summarized in SI Fig. 5. Although the borders of the DNase
I-hypersensitive site I were not mapped except for the upstream
border on the upper strand, the analysis of the lower strand
revealed that the hypersensitive region included at least 250
bases. This extensive region of hypersensitivity is probably
nucleosome-free (30), and it has been proposed that the absence
of nucleosomes from insulators is important for their function
(33, 34). Within the hypersensitivite site, there were two cold
spots or areas of relative resistance around the CCAAT box and
around the CTCF binding motif but not around the thyroid
hormone response element. The cold spots were accompanied
by DMS, UV light, and psoralen footprints internally or on their
periphery. The hypersensitive site and the footprints were ob-
served in asynchronous and released cells but not in mitotic cells.
These results indicate the loss of the sequence-specific direct
binding of trans-acting factors to the CCAAT box and to the
CTCF binding motif and the dissolution of the protein–DNA
architecture of the c-MYC insulator element/DNase I-hypersen-
sitive site I during mitosis. The restoration of protein binding and
the reestablishment of the protein–DNA architecture within 5 h
after the release from mitotic arrest were also observed.

As shown in SI Fig. 6, we confirmed the loss of the sequence-
specific binding of CTCF during mitosis in another insulator in
the DM1 locus (dystrophia myotonica protein kinase gene; see
refs. 35 and 36) by in vivo DMS footprinting.

ChIP Analysis. The results described above appeared somewhat
inconsistent with previous work by Burke et al. (17), who had
shown the retention of CTCF on mitotic chromosomes, so we
examined the association of CTCF with the c-MYC gene by using
ChIP, one of the methods used by Burke et al. (17). Chromatin

Fig. 2. In vivo footprinting analysis of the upper strand of the region of the
c-MYC insulator element. Primers MYCF1 and MYCF2 were used. The distri-
bution of methylguanines induced by DMS, (6-4) photoproducts induced by
UV light, and single-strand breaks induced by DNase I was determined by
LM-PCR. The locations of interstrand cross-links induced by 4,5�,8-trimethyl-
psoralen were determined by TD-PCR. The four blots are from separate gels
and are aligned. The numbers on the left indicate the nucleotide positions of
the LM-PCR signals relative to the transcription start site of the P2 promoter.
The products of TD-PCR are usually two or three nucleotides longer than those
of LM-PCR. A band at a nucleotide position in a DNase I lane indicates the
hydrolysis of the phosphodiester bond immediately 3� to the nucleotide.
Boxes on the left represent the consensus recognition sequences for transcrip-
tion factors. Lanes labeled ‘‘DNA’’ denote samples of DNA treated in vitro, and
lanes labeled ‘‘Cells’’ denote samples of cells treated in vivo. Open circles
between lanes 8 and 9 indicate the sites of decreased formation of methyl-
guanines in vivo (in asynchronous and released cells). The solid triangle
between lanes 16 and 17 indicates the site of increased formation of (6-4)
photoproducts in vivo. The open diamond between lanes 24 and 25 indicates
the site of decreased formation of cross-links in vivo. Vertical bars on the right
indicate the areas of increased formation of strand breaks in vivo. TRE, thyroid
hormone response element.
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from asynchronous and mitotic cells was precipitated with
anti-CTCF serum. The relative abundance of specific DNA
sequences in the immunoprecipitated chromatin compared with
the nonimmunoprecipitated (input) chromatin was estimated by
real-time quantitative PCR. In the c-MYC gene, the insulator
region (�2.1 kb) and an upstream region (�5.9 kb) were
analyzed. The upstream region was used as a negative control
because ChIP analysis by Gombert et al. (19) demonstrated that
CTCF is constitutively associated with the insulator region but
not with the upstream region. The insulator region of the DM1
locus also was analyzed. Our ChIP analysis (Fig. 4) showed the
enrichment of the DNA sequences of the insulator regions of the
c-MYC gene and the DM1 locus in the immunoprecipitated
fractions of the chromatin from asynchronous cells, suggesting
the association of CTCF with these regions. However, the
majority of the CTCF association with these regions appeared to

be lost during mitosis. Thus, the results of our ChIP assays and
those of our footprinting experiments are consistent with each
other, but they do not seem to be completely in accord with the
previous work. ChIP analysis by Burke et al. (17) has shown that
there are substantial levels of CTCF association in the c-MYC
and DM1 insulator regions in mitotic cells, although the levels
are lower than those in asynchronous cells. In our ChIP analysis,
the levels of CTCF association with these regions in mitotic cells
appeared to be even lower, near the control levels. In these two
studies, the same target sites in the same cells were analyzed by
similar procedures, and the reason for the somewhat different
results is not obvious. We consider that the negative results with
mitotic cells in our ChIP analysis are not artifactual for several
reasons: (i) agarose gel electrophoresis showed that the DNA in
mitotic chromatin had been properly fragmented by sonication
(SI Fig. 7); (ii) Western blot analysis demonstrated that full-
length CTCF was present in the sonicated chromatin preparation
from mitotic cells (SI Fig. 8); and (iii) conversion of the values
expressed as fold enrichment in Fig. 4 into those expressed as
percentage of input (plotted in SI Fig. 9) reveals that the
insulator sequences in mitotic chromatin can be efficiently
precipitated with an appropriate serum (anti-histone H3).

Discussion
The displacement of transcription complexes from promoters
during mitosis, which has been observed in several laboratories
(2–4), would seem to be an obstacle for the preservation of stable
patterns of expressed and silent genes from one cell generation
to the next. The loss of protein–DNA contacts in the c-MYC and
DM1 insulators during mitosis reported here also seems to
present an obstacle for the preservation of patterns of active and
inactive domains from one cell generation to the next. In the
c-FOS and U6 promoters, as we reported in ref. 5, not only
transcription factor binding but also nucleosome positioning
disappears during mitosis. It has also been reported in ref. 37 that
the footprints of the origin recognition complex are absent from
the replication origin in the lamin B2 gene during mitosis. An

Fig. 3. In vivo footprinting analysis of the lower strand of the region of the
c-MYC insulator element. Primers MYCL1 and MYCL2 were used. The four
blots are from two gels and are aligned. The solid circle between lanes 8 and
9 indicates the site of increased formation of methylguanines in vivo. Other
notations are similar to those in Fig. 2.

Fig. 4. ChIP analysis of the association of CTCF with the c-MYC gene and the
DM1 locus in asynchronous and mitotic cells. Values are expressed as ‘‘fold
enrichment’’ over the input control. Chromatin from asynchronous (Asyn) and
mitotic (Mito) HeLa cells was precipitated with anti-CTCF serum, normal
serum, or anti-histone H3 serum. DNA was recovered from immunoprecipi-
tated and nonimmunoprecipitated (input) chromatin and analyzed by real-
time PCR. Primer pairs used for PCR were specific to the insulator or upstream
region of the c-MYC gene (see Fig. 1A) or the insulator region of the DM1
locus. The fold enrichment of the target sequence in precipitated DNA com-
pared with input DNA was calculated by comparison of the threshold cycle
value of the sample of precipitated DNA with the standard curve generated
from the threshold cycle values for input DNA. The means and the SD of data
from three independent experiments with separate chromatin preparations
are shown.
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attractive scenario that could reconcile the transient disruption
of preexisting complexes during mitosis and the stability of
epigenetic cell memory has been suggested: only a subset of
protein factors remains bound to mitotic chromosomes, and
these serve as marks that then help reestablish complexes after
mitosis (8–14). Although it has been proposed in ref. 17 that
CTCF molecules can function as such epigenetic marks, the
footprinting analysis reported here demonstrated the loss of
sequence-specific binding of CTCF to the c-MYC and DM1
insulator regions during mitosis. Similarly, our UV light foot-
printing analysis in ref. 5 demonstrated the loss of sequence-
specific binding of TBP (TATA binding protein) to the c-MYC
P2 promoter and the c-FOS promoter during mitosis, although
TBP has been proposed to mark active genes through this phase
of the cell cycle (11, 12). However, these observations do not
necessarily mean that there was a complete loss of the associa-
tion of CTCF or TBP with regional chromatin. It was reported
in refs. 38–40 that CTCF interacts with some nuclear or chro-
matin proteins. TBP is in a large complex (TFIID), and some
members of the complex have the ability to interact with
nucleosomes or to form a nucleosome-like structure (41–43).
Assuming that the indirect associations of CTCF and TBP with
regional chromatin through such protein–protein interactions
are preserved during mitosis, even though direct binding of these
proteins to DNA is lost, the possibility exists that the indirect
associations are able to serve as epigenetic marks. If this is
actually the situation, the association of CTCF with mitotic
chromatin could be weak because of the absence of direct
sequence-specific binding, and this could lead to variable exper-
imental results. It was reported in refs. 17 and 44 that mitotic
chromosomes can be stained with anti-CTCF antibodies after
ethanol/acetic acid fixation but not after paraformaldehyde or
methanol fixation. It has been pointed out in ref. 17 that the
levels of the association of CTCF with individual genes in mitotic
cells determined by ChIP are never the same as in asynchronous
cells. In our ChIP analysis, the levels of the association of CTCF
with the c-MYC and DM1 insulators in mitotic cells were very low
and near the control levels. It is possible that these results reflect
a weak or unstable CTCF–chromatin association, although the
discrepancies might be explained by technical variations.

An alternative scenario might be suggested preferably by the
absence of protein footprints in mitotic cells in this and previous
studies (2–5, 37): the transmission of epigenetic information
through mitosis depends mainly on classic memory devices such
as DNA methylation and histone modifications (6, 7, 45–48). If
this is the case, then after mitosis of each generation, cells could
reassemble nucleoprotein complexes on promoters, insulators,
and other chromosomal elements and reestablish their domain
structure and nuclear organization completely de novo by deci-
phering the genetic and epigenetic information present on DNA
and histones. Without the persistent binding of nucleating
proteins, the reassembly of regulatory complexes and the re-
sumption of nuclear functions could conceivably be a slow
process. Indeed, it has been demonstrated that the recovery of
transcriptional activity after mitosis takes several hours (49).

The roles of DNA methylation and histone modifications in
modulating the structure and function of chromosomal ele-
ments, however, have not been fully elucidated. For example,
although it has been reported that DNA methylation regulates
both the CTCF binding at and the activity of some insulator
elements, including the DM1 and H19 insulators (15, 16, 31, 36),
the influence of DNA methylation on other insulators, including
the c-MYC insulator, is not clear. The CTCF binding motif in the
c-MYC insulator contains no 5�-CG dinucleotide; the 5�-CG
dinucleotides in the areas adjacent to this CTCF binding motif
were unmethylated in both asynchronous and mitotic cells (data
not shown). For estimating the contribution to mitotic cell
memory of various factors, including protein binding, DNA

methylation, and histone modifications, analysis of a broader
range of insulators as well as other various chromosomal ele-
ments will be helpful.

Materials and Methods
Cell Culture. HeLa S3 cells were cultivated as described in ref.
5. Asynchronously growing cells were harvested by trypsiniza-
tion. We collected mitotic cells by shaking them off the
surfaces of the f lasks after treatment with 50 ng/ml nocodazole
for 16 h. For preparation of cells released from mitotic arrest,
the mitotic cells collected as described above were allowed to
proceed through the cell cycle and to adhere to the surfaces in
nocodazole-free medium for 5 h. The cells then were harvested
by trypsinization. The mitotic indexes of the asynchronous,
mitotic, and released cell preparations were 4%, 98%, and 3%,
respectively (5).

Treatment with DNA-Modifying Agents. Cells and purified genomic
DNA were treated with DMS, UV light, 4,5�,8-trimethylpsor-
alen, or DNase I essentially as described in refs. 5, 26, and 29. See
SI Materials and Methods for details.

Footprinting Analysis by LM-PCR and TD-PCR. LM-PCR and TD-
PCR were carried out as described in refs. 5 and 29 by use of the
Expand long-template PCR system (Roche Diagnostics, India-
napolis, IN) during the PCR step. Psoralen-treated DNA was
digested with the restriction enzymes PvuII and BglI (New
England Biolabs, Ipswich, MA) before alkaline reversal and
TD-PCR. The primers MYCF1 (5�-GCAAACGCGGGGAG-
CAA; nucleotides �1998 to �2014 relative to the transcription
start site of the P2 promoter) and MYCF2 (5�-GCGGGGAG-
CAACCAATCGCTATG; �2004 to �2026) were used for the
analysis of the upper strand; MYCL1 (5�-GCAGCCAACCT-
GAAAGAATAACAAG; �2280 to �2256) and MYCL2 (5�-
AAGGAGGTGGCTGGAAACTTGTTTTAAGGA; �2258
to �2229) were used for the analysis of the lower strand. In the
primer extension step, MYCF1 and MYCL1 were used; for both
PCR and probe labeling, MYCF2 and MYCL2 were used. A
DNA fragment from �1934 to �2479 was used as a template in
the probe-labeling reactions.

Southern Blot Analysis of DNase I-Hypersensitive Sites. Southern blot
analysis was performed essentially as described by Sambrook and
Russel (50). DNase I-digested genomic DNA (10 �g per sample)
was treated with the restriction enzyme ScaI (60 units per
sample; New England Biolabs). The fragments were separated
by electrophoresis through a 1.3% agarose gel in Tris/acetate/
EDTA buffer, immobilized on a charged nylon membrane by
alkaline capillary transfer, and hybridized to a single-stranded
radioactive probe, which had been prepared by the method used
in footprinting analysis (29). The primer MYCK1 (5�-
ACCGCATCCTTGTCCTGTGA; �466 to �485) and a DNA
fragment from �466 to �988 were used in the probe-labeling
reaction. A genomic ScaI fragment from �454 to �13473 was
end-labeled indirectly with this probe. Hybridization was per-
formed in phosphate/SDS buffer at 65°C, and the final wash was
in 4 mM sodium phosphate (pH 7.2)/0.2 mM EDTA/0.2% SDS
at 65°C.

ChIP. ChIP assays were performed with the ChIP assay kit
(catalog no. 17�295; Upstate Biotechnology, Lake Placid, NY)
essentially according to the manufacturer’s instructions. Modi-
fications to their protocol are described in SI Materials and
Methods. Chromatin was precipitated with anti-CTCF rabbit
serum (catalog no. 07-729; Upstate Biotechnology), normal
rabbit serum (Wako Pure Chemical, Osaka, Japan), or anti-
histone H3 (C terminus) rabbit serum (catalog no. 07-690;
Upstate Biotechnology). The abundance of specific sequences in
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precipitated chromatin was estimated as described in SI Mate-
rials and Methods with a 7500 real-time PCR system (Applied
Biosystems, Foster City, CA), with the SYBR premix Ex Taq
reagent (Takara Bio, Otsu, Japan), and with the following
primers: MYCF3 (5�-ACGCGGGGAGCAACCAATC; �2002
to �2020) and MYCL3 (5�-GCTCCTGCCCCCACCTGAC;
�2181 to �2163) for amplification of the insulator region of the
c-MYC gene; the H.1 primers of Gombert et al. (19) for
amplification of the upstream �5.9-kb region of the c-MYC gene;

and DMPKA3 (5�-ACCGCCTGCCAGTTCACAA) and
DMPKD1 (5�-GCAGCATTCCCGGCTACAAG) for amplifi-
cation of the insulator region of the DM1 locus.

We thank Dr. Wendy M. Gombert and Dr. Anton Krumm (both of
University of Washington School of Medicine, Seattle, WA) for provid-
ing primer sequences, Dr. Leon N. Kapp for comments on the manu-
script, and Ms. Yukiko Ikeda for help with real-time PCR. This work was
supported by the Japan Society for the Promotion of Science.
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