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Insulator elements and matrix attachment regions are essential for the organization of genetic information
within the nucleus. By comparing the pattern of histone modifications at the mouse and human c-myc alleles,
we identified an evolutionarily conserved boundary at which the c-myc transcription unit is separated from the
flanking condensed chromatin enriched in lysine 9-methylated histone H3. This region harbors the c-myc
insulator element (MINE), which contains at least two physically separable, functional activities: enhancer-
blocking activity and barrier activity. The enhancer-blocking activity is mediated by CTCF. Chromatin immu-
noprecipitation assays demonstrate that CTCF is constitutively bound at the insulator and at the promoter
region independent of the transcriptional status of c-myc. This result supports an architectural role of CTCF
rather than a regulatory role in transcription. An additional higher-order nuclear organization of the c-myc
locus is provided by matrix attachment regions (MARs) that define a domain larger than 160 kb. The MARs
of the c-myc domain do not act to prevent the association of flanking regions with lysine 9-methylated histones,
suggesting that they do not function as barrier elements.

In the eukaryotic nucleus, chromosomes occupy individual,
nonoverlapping territories that are subdivided structurally and
functionally into euchromatic and heterochromatic domains
(8). The boundaries separating these domains have emerged as
important elements in the establishment and maintenance of
the chromosomal organization by preventing the encroach-
ment of silencing heterochromatin into transcriptionally active
domains. Boundary elements may also function as “gatekeep-
ers” that either permit or prevent access of regulatory signals
to the transcription machinery within a transcription domain.
This organizational structure ensures that the normal tran-
scriptional unit is shielded from the influence of neighboring
enhancer regions and may also facilitate the stimulatory func-
tion of more remote locus control regions.

Structural differences distinguishing transcriptionally active
and inactive chromatin have been recognized for decades; hi-
stone acetylation was described as a marker for active genes (1,
40), and differential sensitivity to DNase I was identified as a
characteristic feature that distinguishes the chromatin of tran-
scribed and silent genes (46). Correlations between N-terminal
modifications of histones and the structural and functional
organization of chromatin have led to the hypothesis that a
“histone code” is essential for the correct tissue-specific regu-
lation of gene expression during development (reviewed in
reference 21). Consistent with this model, transcriptionally si-
lent regions are generally organized into heterochromatic
structures that typically include histone H3 methylated at ly-
sine 9 (H3meKD9) but lack acetylated H3 and H4. In contrast,
histone acetylation is a property common to most transcrip-
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tionally active regions and to regulatory regions. Histone acet-
ylation therefore may serve as a marker for regulatory and/or
transcribed domains. The extent of histone acetylation can
differ considerably: while at some genes the acetylated histones
H3 and H4 are restricted to the promoter, histone acetylation
at the murine B-globin gene extends over more than 100 kb (5,
14, 15). This extensive domain is further divided into distinct
subdomains formed by local hypoacetylation at the embryonic
B-globin genes (24).

The protection of transcriptionally active regions from the
silencing effects of compacted chromatin is thought to require
insulator elements. These elements were originally identified
in Drosophila and were subsequently found in yeast and ver-
tebrate cells (reviewed in references 18, 37, and 47). For
instance, in flies both the scs/scs’ and gypsy elements are asso-
ciated with DNase I-hypersensitive sites, block enhancer-pro-
moter interaction, and provide position-independent expres-
sion of transgenes. Previous studies at the mating-type region
in fission yeast have shown that specific DNA elements located
at the borders of the silenced domain contribute to the estab-
lishment of boundaries separating euchromatin from hetero-
chromatin (36). Studies of silencing mechanisms at the yeast
telomeres and at the ribosomal DNA and HMR loci have led to
the identification of barrier elements that protect genes from
the negative influence of surrounding heterochromatin (re-
viewed in reference 37).

In the chicken B-globin locus, studies with the HS4 element
(cHS4) have provided insight into biochemical pathways of
boundary element function. The enhancer-blocking activity of
cHS4 is mediated by the CTCF protein (3). This 11-zinc-finger
protein was originally identified as a repressor of c-myc tran-
scription and later was found to be necessary and sufficient for
vertebrate enhancer blocking (3, 12). The barrier activity of
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cHS4 is associated with a peak of histone acetylation over the
insulator element independent of the expression status of the
B-globin gene (35). Consistent with a role for histone acetyla-
tion in the barrier function of cHS4, the ability of a yeast tRNA
gene to inhibit the progression of silenced telomeric chromatin
requires the recruitment of transcription activators that asso-
ciate with histone-modifying complexes (10).

The structural and functional organization of a chromo-
somal domain is thought to involve anchoring the chromo-
somes to a proteinaceous scaffold (matrix) of the nucleus
through matrix attachment regions (MARs). The association
of MARs with some enhancers (reviewed in reference 42)
suggests that they participate in the long-range control of gene
expression by facilitating the activity of enhancers. However,
the MARs of the chicken lysozyme gene and the human apo-
lipoprotein B (apoB) gene are not associated with enhancer
sequences (22, 39, 45). These elements have been shown to
protect genes from position effects. Other experiments have
shown that the establishment of position-independent expres-
sion is separate from the ability of an element to bind nuclear
matrix preparations in vitro (39).

The global organization of chromosomal domains within the
nucleus may depend on the boundary elements that are dis-
tributed throughout chromosomes. Elegant studies using the
Drosophila gypsy element have shown that the gypsy insulator
can recruit sequences normally found in different regions of
the nucleus to a single nuclear subregion (17). These findings
led to a model in which boundary elements associate to form
insulator bodies that organize the chromosomes into func-
tional domains. In this model, transcriptionally inert hetero-
chromatin forms the core of these structures, whereas tran-
scriptionally active euchromatin forms rosette-like loops
located on the surface of the chromosomal territory. The in-
sulator bodies may be attached to a structure such as the
nuclear matrix or nuclear lamina that provides a scaffold for
nuclear organization (reviewed references 26 and 47).

The positioning of genes within the nucleus may have a
profound influence on their expression, and the identification
of DNA elements that contribute to this level of organization
of genes will advance our understanding of the mechanism of
gene expression. We have mapped the hyperacetylated regions
that lie within the human and mouse c-myc loci. These studies
reveal a conserved region located 2 kb upstream of the tran-
scribed region which exhibits insulator activity: it efficiently
inhibits enhancer-promoter interaction and protects trans-
genes from position-effect variegation. The transcriptionally
active acetylated domain of the c-myc gene is embedded within
a 160-kb region that is enriched in lysine 9-methylated histone
H3 and is devoid of any other expressed genes. Matrix attach-
ment regions separate this domain from the neighboring pvtI
gene and from another gene locus of unknown identity. Thus,
the 5" and 3" MARs of the c-myc locus define a 160-kb domain
that contains both hetero- and euchromatin.

MATERIALS AND METHODS

Cell culture. The human HL60 and Jurkat cell lines were cultured in RPMI
1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and
the antibiotics penicillin (50 U/ml) and streptomycin. HL60 cells were induced to
differentiate with 1.5% dimethyl sulfoxide (DMSO) for 2 h. The interleukin 2
(IL-2)-dependent murine CD8" T-cell line CTLL2 was maintained in RPMI
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1640 supplemented with 1 mM sodium pyruvate, 10% fetal bovine serum (FBS),
2 mM v-glutamine, antibiotics, and 50 U of rIL2 (Chiron, Emeryville, Calif.)/ml.
To inhibit proliferation and to generate a resting T-cell population, CTLL2 cells
were placed into medium lacking IL-2 for 8 h. For mitogenic induction, 100 U of
rIL2/ml was added.

RNA analyses. Nuclease S1 protection assays were performed as previously
described (25). Briefly, total RNA was isolated from human HL-60 or murine
CTLL cells. 5" end-labeled probes were generated by extension of an oligonu-
cleotide that had been phosphorylated with T4-kinase and [y-*?P]ATP in a
14-cycle PCR on linearized double-stranded plasmid DNA (5 ng). End-labeled
single-stranded DNA was purified with a 6% polyacrylamide gel. Sequences of
extension primers for human and murine c-myc probes corresponded to positions
+302 to +270 and +270 to +253, respectively, relative to the P1 initiation site.
Sequences of the human and mouse GAPDH oligonucleotide probes are de-
scribed in reference 30. Hybridization of single-stranded probes with total RNA
was performed as described previously (31). S1 protected fragments were re-
solved on denaturing 8% polyacrylamide gels.

DNA constructs. The construct E-P-neo-scs’ was supplied by M. Krangel (49).
In these constructs, E, P, neo, and scs’, represent the TCRy enhancer, the Vg
promoter, the neomycin resistance gene, and the Drosophila hsp70 scs’ boundary
element, respectively. Derivative constructs were generated as follows: P-neo-
scs’ lacking the Eg enhancer was generated by Xbal/Clal digestion, treatment
with T4 polymerase, and religation. All boundary and control fragments were
introduced into the NotI and/or Xbal sites upstream of E; or the Clal and/or Sall
sites between E5 and the V; promoter. The E-MINE-P-neo-scs’ construct was
generated by triple ligation of a PCR-generated 1.0-kb Clal/HindIIl barrier
element (BE) fragment (see below) and the 640-bp HindIll/Sall CTCF into
Clal-Sall sites between Eg and the V1 promoter. The 1.0-kb BE fragment from
the c-myc locus was generated by PCR amplification of DNA from BAC clone
19.1 (forward primer, 5’ to 3', CTATGAGATCGATGTGGACC; reverse
primer, 5" to 3', GCTAATGAAAGTCGAACTATGG), and the 640-bp CTCF
was generated by PCR amplification of cosmid DNA (forward primer, 5'-GAG
TTTCATCGATGTGGGGG-3'; reverse primer, 5'-GGGGTGCGTCGACAGC
ATGT-3"). Control sequences derived from the chicken B-globin HS4 (1.2-kb
element) and human B-globin HS5 (2.0-kb and 140-bp elements) were cloned
between the enhancer and the promoter at the ClaI-Sall site by either directional
restriction digest-mediated or blunt-ended cloning. The 1.2-kb chicken HS4
element was derived from an Xbal digest of the PJC5-4 construct as described by
Chung et al. (7) (GenBank sequence accession number U78775). The ~2.0-kb
BamHI-EcoICRI 5" human HS5 fragment corresponds to bp 1031 to 2872 (Gen-
Bank accession number L22754) (27). The 140-bp CTCF-containing element
from human HS5 (GenBank accession number 1L.22754; bp 611 to 755) was PCR
generated with Clal-Sall-compatible ends using primers F (ccatcgatGGGCTCC
ACCATCTTGGAC) and R (acgcgtcgacGGGATTATATTTCCTGA). All con-
structs were verified by sequencing (lowercase indicates linker sequences; un-
derlining indicates ClaI-Sall restriction sites).

Soft agar colony-forming assay. The transfection of Jurkat cells with each
construct was performed in triplicate. Jurkat cells (107 cells) were electroporated
with 1.5 pmol (~5.0 to 10.0 pg) of linearized plasmid using a BTX (Hercules,
Calif.) electroporator at 250 V, 1,700 pF, 72€) (time constant, ~40 ms). After the
electroporation, cells were placed on ice for 20 to 30 min. The cell suspension
was then transferred into 10 ml of RPMI 1640-10% fetal bovine serum and
cultured at 37°C. After 48 h, 5 X 10° cells were resuspended in a 7-ml RPMI
plating medium (11% FBS, 31% Jurkat-conditioned medium, 50 .l of penicillin-
streptomycin [78 pg/ml], 100 pl of L-glutamine [78 U/ml], and 750 wg of active
G418 [Life Technologies, Gaithersburg, Md.]/ml in RPMI). After addition of 3
ml of soft agar plating medium (1:1 volumes of 0.2% agar [Difco] and 2X RPMI
1640 medium), cells were plated and incubated for 3 to 4 weeks.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
essentially as described previously (43). Chromatin was cross-linked in the pres-
ence of 1% formaldehyde for 5 min at room temperature. After the addition of
glycine to a 0.125 M concentration, the cells were washed in ice-cold phosphate-
buffered saline containing protease inhibitors (Roche Molecular Biochemicals).
Cells were pelleted, resuspended in sodium dodecyl sulfate (SDS) lysis buffer
(1% SDS, 10 mM EDTA, 50 mM Tris-HCI (pH 8.1), 1X protease inhibitor
cocktail, and 10 mM butyrate), and sonicated 6 times for 20 s each at setting 6.5
in a Branson sonicator with a microtip. The lengths of the DNA fragments
ranged from 200 to 800 bp. After centrifugation to remove cell debris, the
whole-cell extract was diluted 10-fold with ChIP dilution buffer (1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 150 mM NaCl, 1X protease
inhibitor cocktail, and 10 mM butyrate). Before immunoprecipitation, the chro-
matin solution was precleared with preblocked protein A agarose slurry and
normal rabbit serum to reduce nonspecific background. Anti-acetylated histone
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FIG. 1. The conserved pattern of histone acetylation (acet.) and methylation (meth) defines the boundaries of the mammalian c-myc locus.
(A) Expression of the c-myc gene in resting (—IL-2) and mitogen-induced (+IL-2) mouse T cells (CTLL2) and in proliferating (—DMSO) and
differentiating (+DMSO) human promyelocytic leukemia cells (HL60). C-myc transcripts initiated at the P1 and P2 promoters are undetectable
both in resting CTLL2 cells and in differentiating HL60 cells. Total RNA was analyzed in a S1 nuclease assay with end-labeled probes specific for
the mouse or the human c-myc gene. End-labeled oligonucleotides specific for the mouse and human GAPDH gene were included as controls.
Asterisks denote undigested probe. (B) ChIP experiments were performed with anti-acetylated H3 and anti-methylated K9 H3 antibody.
Cross-linked chromatin was isolated from resting (left panel, broken line) and IL-2-induced (left panel, solid line) mouse CTLL2 cells, and from
proliferating human HL60 cells (right panels). DNA isolated from immunoprecipitated chromatin was subjected to duplex PCR to amplify DNA
fragments from the mouse (left panels) or human c-myc locus (right panels). The relative positions of the amplified regions (a through w and A
through Z, respectively) are indicated by vertical bars. To determine the relative levels of H3 acetylation in these regions, primers specific for the
mouse B-globin gene promoter (upper left panel) or for region G (upper right panel) were included in the PCRs as internal standards. Enrichment
of K9-methylated H3 was measured relative to c-myc exon 1 (human) or c-myc exon 2 (mouse) sequences. The degree of enrichment is calculated
relative to the ratio of the signals obtained in the input DNA fraction using the c-myc and B-globin primer pairs. Results from the human c-myc
gene are based on two independent experiments using different chromatin preparations. Data shown for the mouse c-myc gene are results from
a single representative ChIP experiment. High levels of H3 acetylation are detected across promoter and transcribed regions in both species, from
—2.5 kb to +4.5 kb relative to exon 1 (shaded area). The hyperacetylated regions are flanked by heterochromatin enriched in K9-methylated
histones H3. The degree of hypermethylation is similar to that of the transcriptionally inactive murine B-globin gene in CTLL2 cells (see bars to
the right of the lower panel) and of the human myoD and B-globin genes in HL60 cells.

H3, anti-methylated K9, or anti-CTCF antibody (Upstate Biotechnology) was
added, and the mixture was incubated overnight at 4°C with agitation; a no-
antibody control was also performed for each ChIP assay. Immune complexes
were collected by addition of 25 pl of preblocked protein A agarose slurry that
had been preincubated with bovine serum albumin and salmon sperm DNA.
After incubation at 4°C for 2 h, the beads were washed several times according
to the method described in reference 38. The DNA contained within the immune
complexes was recovered by the addition of proteinase K and SDS (0.1%) for 1 h
at 55°C followed by incubation at 65°C for at least 4 h to reverse the cross-links.

The DNA was then purified by phenol-chloroform extraction and precipitated
with ethanol precipitation.

Antibodies. Anti-acetylated histone H3 (06-599; Upstate Biotechnology), anti-
dimethyl-histone H3 (lysine 9) (07-212; Upstate Biotechnology), and anti-CTCF
(06-917; Upstate Biotechnology) were used for ChIP assays.

PCR analysis. DNA recovered from immunoprecipitations or from nuclear
matrix preparations was analyzed by duplex PCR using c-myc-specific primers
and reference primers (B-globin, apoB). Sequences of the primers are available
upon request. The reactions were performed with the Failsafe Tag polymerase in
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TABLE 1. CTCF binding motifs within the c-myc locus
. Location relative Detected
Site” Sequence to exon I (kb) Reference by ChIP
I TACTAAAAGCCAGGAGGEGEGAAGGEGACAACACTAAGC =5.7 -
II, 5" boundary TCTCTGCTGCCAGTAGAGGGCACACTTACTTTACT -2.0 +
Murine 5’ boundary TCTCTG gGCCAGTAGAGGECACACTTACTTTACT -1.9 +
III (rev. orientation)” TTTGGGAACCCGCGAGGEECECTTATGG +0.02 -
Consensus CCRNNAGRGG Bell et al., 1999
1V, site B (P1) GAGCTGT GCTGCTCECGECCGECCACCECCEEECCCC +0.03 Fillipova et al., 1996 -
V, site A (P2) ATTCCAGCGAGAGGCAGAGEGAGCGAGCEEECEECC +0.23 Fillipova et al., 1996 +
Murine site A (P2) ATTCCAGCGAGAGa CAGAGCGAGH GAGCGGaCGt t +0.18 Fillipova et al., 1996 +

Mutant 5’ boundary

TCTCTGCTGCCAATATATGGAACACTTACTTTACT

“ Reverse orientation.

® Roman numerals I to V refer to CTCF sites within the human c-myc allele; murine sequences refer to regions homologous to the human sequence in the murine

c-myc gene.

a solution containing 1X buffer F (Epicenter) and 10 pmol of each c-myc primer
in the presence of [**P]dCTP. Under these conditions, the amplification of
fragments was linear. After electrophoresis on a native 6% acrylamide gel, the
signals were quantified with the Cyclone phosphoimager. The fold enrichment in
each immunoprecipitation or MAR assay was determined by calculating the ratio
of the signal obtained with c-myc primers to that of the reference primers.

MAR assay. Nuclei from Jurkat and HL60 cells were isolated as described by
Izaurralde et al. (20) with some modification and were kept at —20°C in storage
buffer (5 mM Tris-Cl [pH 7.5], 20 mM KCI, 125 pM spermidine, 50 .M sperm-
ine, 500 uM EDTA, 1% [vol/vol] thioglycol, 50% [vol/vol] glycerol, 0.01% dig-
itonin, 0.2 mM phenylmethylsulfonyl fluoride, 0.7-pg/ml pepstatin) at a density
of ~10® nuclei/ml. Matrices were stable for at least 6 months stored in 50%
glycerol at —20°C. To isolate matrix-bound (pellet [P]) or soluble (supernatant
[S]) DNA, nuclei from Jurkat T cells were subjected to a lithium 3,5-diiodosa-
licylate extraction protocol described by Mirkovitch et al. (33). Nuclei of ~107
matrices were used per assay. Nonscaffold proteins were extracted by the addi-
tion of 1.0 ml of 10 mM lithium 3,5-diiodosalicylate (D-3635; Sigma) extraction
buffer, and the salt-extracted nuclei were collected and subjected to restriction
enzyme digests with EcoRI, HindIII, Xbal, and Clal (~500 to 1,000 U/sample)
and/or with the addition of EcoICR1 (Promega). After proteinase K treatment,
DNA samples were then subjected to phenol-chloroform extraction and ethanol
precipitation. To quantify the relative distribution of specific DNA sequences in
the P and S fractions, we performed a duplex PCR assay. Two nanograms of each
P or S fraction was used as a template for amplification with primer pairs
corresponding to each restriction fragment (generated by HindIIl, Xbal, Clal,
EcoRI, and EcoICRI) across ~200 kb of the c-myc locus. The PCRs contained
a primer set specific for the MAR at the apoB gene (2) as a positive control
(forward primer, 5'-GGGTGAATGAATGCCCTATG-3'; reverse primer, 5'-T
ACTCCATGCGAGGTCCACT-3"). Primer sequences specific for the c-myc
fragments are available upon request. The relative level of association with the
pellet (%P) or with the supernatant (%S) was calculated using the following
formulas: %P = I,/(Ip + Ig) and %S = Is/(Ip + Ig), where I and I represent
the intensity of PCR signals obtained with the P or the S fraction.

RESULTS

Murine and human c-myc domain boundaries are highly
conserved. Transitions in the histone modification pattern
mark the boundaries of yeast and vertebrate gene loci (29, 36).
To define the euchromatic and heterochromatic domains of
the mammalian c-myc gene, we generated a high-resolution
map of the pattern and distribution of histone acetylation and
methylation encompassing 25 kb of both the human and mouse
c-myc loci using ChIP. These studies were performed in the
murine T-cell line CTLL2, in which c-myc transcription is
highly induced by IL-2 treatment, and in the human promy-
elocytic leukemia cell line HL60, in which c-myc expression is
downregulated by DMSO-mediated induction of differentia-
tion (Fig. 1A). Formaldehyde-cross-linked chromatin was pre-
pared from each of these cell lines and immunoprecipitated

with antibodies that specifically recognize acetylated lysine res-
idues 9 (K9) and 14 (K14) or methylated K9 of histone H3. The
enrichment of histone modifications was measured by duplex
PCR by normalizing the c-myc-specific signal with the corre-
sponding signal from the murine B-globin gene or from se-
quences 10 kb upstream of the human c-myc exon 1. The
patterns of histone acetylation are very similar in both cell
types. Hyperacetylated histone H3 associates with a 7.5-kb
region that includes the c-myc promoter region and the tran-
scribed sequences (Fig. 1B). A high level of hyperacetylated
histone H3 is present at the transcription start site of the P1
and P2 promoters and extends into the exon 2 and intron 2
sequences. H3 acetylation decreases with increasing distance
from the transcription initiation site and is barely detectable
within exon 3 and 2.3 kb upstream of exon 1. Primer sets that
detect sequences further upstream of —2.3.kb and downstream
of exon 3 did not detect any enrichment relative to the internal
standard primer sets. ChIP experiments using antibodies spe-
cific for acetylated-H4 histones revealed an essentially identi-
cal pattern of enrichment (data not shown).

ChIP assays with antibodies specific for K9-methylated his-
tones reveal an inverse distribution along the 25-kb region of
the human and murine c-myc gene loci (Fig. 1B, lower panels).
The promoter region and the transcribed sequences of exon 2
are not enriched after immunoprecipitation with the antibody
specific for K9-methylated histone H3. In contrast, the hy-
poacetylated regions upstream of —2.3 kb (relative to exon 1)
and downstream of exon 3 generally are marked by K9-meth-
ylated histone H3. The level of enrichment relative to c-myc
transcribed sequences ranged from three- to sixfold, a magni-
tude similar to that obtained for the B-globin or myoD locus.
These two loci are transcriptionally silent in both human HL60
cells and mouse CTLL2 cells.

Our data indicate that the mammalian c-myc gene resides in
a large hyperacetylated domain that is flanked by condensed
chromatin. The physical extent of the c-myc domain in mouse
and human cells is highly conserved. The hyperacetylated do-
main extends approximately 2 kb upstream of the c-myc exon
1 sequences and is flanked by transcriptionally inert chromatin
containing K9-methylated, hypoacetylated histones H3.

Association of a CTCF binding element with the 5’ bound-
ary. The conserved pattern of histone acetylation and methyl-
ation at the human and mouse c-myc loci suggests that a
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FIG. 2. CTCF binds in vivo to selected sites of the mammalian c-myc gene loci. ChIP experiments using the anti-CTCF antibody were
performed as described in Fig. 1. (A) CTCEF binds to the 5’ boundary as well as to the P2 promoter region (e and i) in both resting and IL-2-induced
CTLL2 cells. Signals obtained with the murine c-myc primer sets (c to w) are normalized to the signal obtained by the murine B-globin primer set.
The degree of enrichment is calculated relative to the ratio obtained in the input DNA fraction as in Fig. 1. (B) CTCF binds to the homologous
regions of the human c-myc gene (primer sets K and N). Binding of CTCF is constitutive and not affected by the DMSO-induced inhibition of
transcriptional elongation. Note that the 3’ boundaries of the hyperacetylated c-myc regions (grey bar at bottom of figures) are not occupied by
CTCF. The data shown for the human c-myc gene are averages from two independent ChIP experiments with independently prepared chromatin
derived from HL60 cells, with error bars indicating the standard deviation. The data shown for the murine c-myc gene represent a single

representative ChIP.

conserved functional element may exist that acts to separate
transcriptionally active from transcriptionally inactive regions.
The boundary elements at the B-globin gene and at the apoB
gene contain binding sites for CTCF. In vitro experiments and
alignment of the c-myc sequence with a consensus CTCF bind-
ing sequence (3) identified several potential CTCF binding
sites within the human c-myc gene locus (Table 1). Of these,
the CTCF sites positioned near the 5’ boundary (2 kb up-
stream of exon 1) and at the P2 promoter (0.23 kb downstream
of the beginning of exon 1) are highly conserved between the
human and mouse c-myc gene (Table 1) and occur near DNase
I-hypersensitive sites (44).

In order to determine whether the 5’ boundary of the mam-
malian c-myc gene associates with CTCF in vivo, we performed
chromatin immunoprecipitation experiments with a CTCF-
specific antibody. Formaldehyde-cross-linked chromatin from
resting and mitogen-induced mouse CTLL2 cells was immu-

noprecipitated, and the enrichment of c-myc regions relative to
the B-globin gene was measured by duplex PCR (Fig. 2). In
addition, we have analyzed binding of CTCF to these sites in
both proliferating and differentiating HL60 cells in which tran-
scription of the c-myc gene is downregulated in the presence of
DMSO. The quantitation of the signals obtained by primer sets
specific for various regions in the human c-myc gene indicates
that CTCF associates exclusively with the 5’ boundary region
and the P2 promoter region (Fig. 2). A similar result was
obtained in ChIP experiments with mouse CTLL2 cells in
which only the regions containing the two conserved CTCF
consensus sites were enriched after immunoprecipitation. The
analysis of the 3’ boundary of the c-myc gene using various
primer sets showed no binding of CTCF in these regions.
Interestingly, the binding of CTCF to the 5’ boundary and the
promoter-proximal region was not influenced by the IL-2-me-
diated mitogenic induction of CTLL2 cells. Under these con-
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FIG. 3. The 1.6-kb MINE impairs enhancer-promoter interaction and functions as a barrier element in colony assays. The ability of MINE to
support expression or interfere with enhancer activity was determined using reporter constructs that contain a neomycin-selectable marker gene
driven by the human T-cell receptor 88 promoter (P-Neo®-scs’) and the human ES enhancer (E). In addition, the constructs contain the Drosophila
insulator element scs’ to inhibit transcriptional interference originating from the integration site at the 3’ end as described in the work of Zhong
and Krangel (49). The 1.6-kb MINE fragment or the chicken B-globin insulator cHS4 was inserted in either orientation between the enhancer and
promoter (constructs 3, 5, 6, 7, and 8) or upstream of the enhancer (constructs 4, 9, and 10). The constructs were transfected into the Jurkat T-cell
line, and the number of G418-resistant colonies that express the reporter construct was determined by soft agar cloning (see Materials and
Methods). The activity of the parent construct E-P-neo-scs’ (construct 1) was used as a reference and normalized to 100. Results are shown with
standard errors, and the number of individual experiments (n) is indicated.

ditions the expression of the murine c-myc gene is upregulated
at least 10-fold (Fig. 1A) (34). Similarly, the inhibition of c-myc
expression during the induction of differentiation of HL60 cells
by DMSO also did not affect the association of CTCF with its
target sites. Thus, our result that CTCEF is constitutively bound
to the murine and human c-myc loci is not compatible with a
direct role of CTCF in transcriptional repression of the c-myc
gene, as previously reported (12).

The c-myc insulator element, MINE. Insulator elements in-
hibit the spreading of heterochromatin into euchromatic re-
gions and prevent promoter activation by an upstream en-
hancer element when placed between the enhancer and
promoter. To determine whether this functional activity is
specified by sequences at the 5’ boundary of the human c-myc
gene, we employed the colony assay, an established assay of
enhancer-blocking and barrier activity (7, 23, 49). In this assay,
the ability of the 5’ boundary element to repress or stimulate
transcription of a selectable marker construct is measured after
stable integration into genomic sites. As illustrated schemati-
cally in Fig. 3, the presumed insulator sequences are placed
either between the enhancer and promoter or upstream of the
enhancer. The number of colonies obtained after transfection
is proportional to the number of cells expressing the neomycin-
resistance gene (Neo") at levels sufficient to confer resistance
to G418. The Neo" transcription of the reference construct is
driven by the human T-cell-specific promoter V9 and the Ed
enhancer from the TCR3B locus (E-P-neo-scs’; Fig. 3, con-
struct 1). In the absence of the E3 enhancer, the reduced
neomycin expression results in a sevenfold reduction in the
number of G418-resistant colonies (15% versus 100%; con-

struct 2s and 1, respectively). Consistent with previous reports
(5-7, 11), the insertion of one copy of the 1.2-kb chicken
B-globin HS4 insulator sequence (Fig. 3, construct 3) or the
140-bp insulator fragment derived from the HS5 of the human
B-globin gene (hHSS; Fig. 3, construct 6) between the E$
enhancer and the V38 promoter reduces by approximately
threefold the number of G418-resistant colonies after trans-
fection into the Jurkat T-cell line. In contrast, a 2.0-kb control
fragment, derived from a region flanking human HSS5, does not
influence the expression of the Neo® reporter gene when in-
serted between the E8 and the V& promoter (Fig. 3, construct
5). This suggests that the observed inhibition of enhancer ac-
tivity by DNA fragments is sequence specific and is not affected
by changes in the distance between the enhancer and the
promoter. In addition, the placement of the cHS4 element
upstream of the Ed enhancer also has very little effect (Fig. 3,
construct 4).

Similar to the results seen with cHS4 and the hHSS5, a 1.6-kb
fragment derived from the c-myc 5’ boundary (—1.7 kb to —3.3
kb relative to exon 1) inhibits the enhancer activity when it is
placed between E8 and V3 (Fig. 3, construct 7), and it has no
inhibitory effect when it is positioned upstream from E$ (Fig.
3, construct 9). Because of its functional similarity to cHS4, the
1.6-kb fragment of the 5’ boundary was named MINE (the
c-myc insulator element). Surprisingly, MINE blocked enhanc-
er-promoter interaction more efficiently in the reverse orien-
tation (Fig. 3, construct 8), in which case it reduced the number
of G418-resistant colonies sevenfold, equivalent to the number
of colonies obtained after deletion of the enhancer (Fig. 3,
constructs 2 and 8). However, MINE had the opposite effect
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when inserted upstream of the enhancer (Fig. 3, construct 10);
it increased the number of G418-resistant colonies by three-
fold, indicating that a greater percentage of cells of the trans-
fected pool express a threshold level of Neo™. These results led
us to conclude that MINE provides at least two functional
activities: enhancer-blocking activity and barrier activity, both
integral components of the 5" boundary of the c-myc locus.

MINE contains separable functional activities. To deter-
mine whether the components of MINE that are embedded
within the defined 1.6-kb fragment are experimentally separa-
ble, we have tested subfragments of MINE using the same
colony assay used in the previous experiments (Fig. 4A). Dis-
tinct 40-, 120-, and 640-bp fragments of MINE encompassing
the CTCF core consensus sequence were inserted between the
enhancer and the promoter or upstream from the enhancer of
the E-P-neo-scs’ construct. The 40-bp element reduced the
level of G418-resistant colonies threefold, similar to the level
obtained with the complete 1.6-kb fragment. The mutation of
4 bp within the CTCF consensus sequence (Table 1) removed
this enhancer-blocking activity. Consistent with its function as
an enhancer-blocking element, the 40-bp minimal CTCF bind-
ing site of MINE did not affect Neo” gene expression when
positioned upstream of the enhancer (Fig. 4, construct 4). In
combination, these experiments indicate that enhancer-block-
ing activity of MINE is at least in part mediated by the 40-bp
region containing the CTCF-binding sequence.

Both the 120- and the 640-bp fragments decrease transcrip-
tional activity when positioned between the enhancer and the
promoter (Fig. 4A, constructs 3 and 2; 21 and 32%, respec-
tively). However, these elements also have an inhibitory activ-
ity when inserted upstream of the E8 enhancer (36 and 45%,
respectively; Fig. 4A). In addition, the mutation of the 640-bp
fragment at four nucleotides that were found to eliminate
CTCF function in the context of the 40-bp fragment only
partially abrogates the enhancer-blocking function. The mu-
tated 640-bp fragment still reduces the number of G418-resis-
tant colonies by twofold (Fig. 4A, construct 6). To ensure that
the reduced gene activity observed in the presence of the
mutated 640-bp fragment is not mediated by additional cryptic
CTCEF sites, we have performed ChIP experiments on cell
clones that were derived from pools that had been transfected
with reporter constructs containing the normal and mutated
640-bp fragment (Fig. 4B). As a standard for the recovery of
CTCF-bound DNA, we have determined the enrichment of
myotonic dystrophy gene sequences (DM1) relative to 3-globin
(13). In both cell lines (E-640bp CTCF-Pneo-scs’ and
E-640bpACTCF-Pneo-scs’), DM1 sequences cross-linked to
CTCEF were efficiently recovered (5.7- and 4.5-fold enrichment,
respectively; Fig. 4B and C). In contrast, PCR amplification
with primers specific for the 640-bp fragment did not reveal
any enrichment when the CTCF consensus sequence was mu-
tated (Fig. 4C). This result suggests that the residual inhibitory
activity of the 640-bp fragment containing a mutated CTCF
site. may be due to CTCF-independent enhancer-blocking
and/or silencing elements. However, it remains unclear
whether these activities are functionally significant in the con-
text of the full-length MINE.

Barrier activity of MINE. The 640-bp region at the human
c-myc boundary that mediates enhancer-blocking activity is
highly similar to the homologous region of the mouse c-myc
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FIG. 4. The 1.6-kb MINE mediates both barrier and enhancer-block-
ing activities. (A) Results of colony assays performed with subfragments
of MINE. The graph above indicates the position of MINE relative to the
hyperacetylated region over the c-myc gene locus (also refer to Fig. 1).
Colony assays were performed as described in Fig. 3. The 640-, the 120-,
and 40-bp fragments containing a functional CTCF-binding site (black
bar) were inserted between the enhancer and promoter (between) or
upstream of the enhancer (upstream) in the E-P-neo-scs’ construct (Fig.
3, construct 1). CTCF binding sites with point mutations (40-bp ACTCF
and 640-bp ACTCF) are indicated by an open bar. (B) ChIP assay to
confirm the loss of CTCF binding in the mutated 640-bp fragment. Chro-
matin derived from Jurkat cells transfected with constructs containing the
640-bp fragment or the 640-bp ACTCF fragment was used in immuno-
precipitations with the CTCF antibody. Primers that are specific for the
DM!1 locus (13) were used as a positive control. Primers (5'CTCF) that
detect the CTCF-binding region within the stably integrated transgene do
not detect sequences of the endogenous c-myc gene. (C) Quantitation of
ChIP experiment shown in Fig. 4B. The enrichment of CTCF sites in the
transgenes E-640bp-Pneo-scs’ (640 bp CTCF) and in E-640bpACTCF-
Pneo-scs’ (640 bp A CTCF) is shown compared to enrichment at the
endogenous DM locus.

gene. The boundary sequences further upstream also show a
high level of sequence conservation despite the absence of
histone hyperacetylation or histone H3 K9 methylation. To
determine the role of this region in the formation of the
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FIG. 5. Matrix attachment regions define a 160-kb domain. Graphic representation of matrix-associated (Pellet) versus nonassociated (Super-
natant) regions across ~160 kb of the c-myc locus. DNA from salt-extracted and restriction enzyme-digested nuclei was purified, and the presence
of DNA fragments in the pellet and supernatant fraction was determined by duplex PCR. The EcoRI/Hindl11/Clal/Xbal-generated fragments span
a domain larger than 160 kb. This domain has at its 5’ end an as yet unidentified presumptive gene and at the 3’ end the pvt/ locus. Primers specific
for the apoB MAR (2) serve as a positive control and consistently detect apoB sequences enriched in the matrix-associated fraction (P; 85% = 7

[n = 68], first column in bar graph). Matrix-associated elements within the
kb (P = 47%), +42 kb (P = 90%), +45 kb (P = 93%), and + 48 kb (P =

c-myc locus are indicated with an asterisk at —76 kb (P = 60%), +39
87%). The positions of the amplified regions are given relative to the

HindIII site located 2,328 bp upstream of exon 1. The hyperacetylated region and the matrix-associated regions are indicated by shaded areas.
Primer sets specific to the MINE, BE (J), and CTCF (K) elements are indicated below the autoradiograph.

boundary at the c-myc locus, we inserted the 1-kb 5’ portion of
MINE (BE) (Fig. 3) into the reporter construct E-P-neo-scs’
and performed colony assays. The BE fragment, in contrast to
the CTCF-containing elements, did not affect the number of
G418-resistant colonies when positioned between the en-
hancer and promoter (98% = 8% [n = 10]) (Fig. 4, construct
7). However, when the BE sequence was positioned upstream
of the enhancer, we observed a more than twofold increase in
the number of colonies (220% + 57% [n = 5]) (Fig. 4, con-
struct 7). In the absence of the E3 enhancer, the BE was not
able to enhance promoter activity (10% =+ 2% [n = 3]) (Fig. 4,
construct 8). The increase in the number of G418-resistant
colonies suggests that the BE sequence increases the likelihood
of transgene expression in various genomic sites, a hallmark
feature of barrier elements. Taken together, these results dem-
onstrate that the 1.6-kb MINE contains at least two different
activities: the enhancer-blocking and barrier activities, which
contribute to the boundary function.

Nuclear matrix association at the c-myc locus. Boundary
elements associate in some cases with the nuclear matrix (26,
28, 48). In addition, many MARs have been reported to en-
hance the activity of reporter genes (reviewed in reference 4).
Thus, we speculated that the insulator activity of MINE might
correlate with the formation of a structural boundary resulting

from its attachment to the nuclear matrix. To test whether the
MINE corresponds to a matrix attachment site, we conducted
experiments in which the association of specific DNA regions
with the nuclear matrix is assessed by duplex PCR (see Mate-
rial and Methods). In this experiment, Jurkat cell nuclei were
subjected to high-salt extraction followed by restriction enzyme
digestion to release DNA that is not associated with the nu-
clear matrix (20, 32). The released DNA fraction in the super-
natant (S) was separated from the nonsoluble DNA in the
pellet (P) by centrifugation, and their distribution was quanti-
tatively determined by duplex PCR. As a positive control we
used a primer set specific for a known matrix-attached region
previously characterized at the apoB gene (2). Specific primer
sets were used to perform this analysis on a total of 68 genomic
DNA fragments generated by a digest with the restriction
enzymes HindIll/Xbal/EcoRI/Clal (Fig. 5). In every test con-
dition, the apoB MAR sequences were enriched in the pellet
(83% = 7%), and only small amounts were detected in the
supernatant (17% = 3%) (Fig. 5, first column). By contrast,
the MINE was found predominantly in the supernatant frac-
tion (primer set J: P, 33%; S, 67%), suggesting that its insulator
function is not mediated through an attachment to the nuclear
matrix. Similar to the MINE, the majority of the tested restric-
tion fragments were enriched in the supernatant. However, five
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c-myc

FIG. 6. Scheme of MINE and MARs contributing to the mainte-
nance of a structurally and functionally independent c-myc domain.
Matrix attachment sites located 80 kb upstream and 50 kb downstream
may form a chromosomal loop that permits the association of the
c-myc gene with transcriptionally active nuclear territories. The c-myc
insulator element, composed of the BE and the CTCF binding ele-
ment, functions as a boundary that separates active (gray) from inac-
tive (white) chromatin.

regions predominantly associated with the nuclear matrix with
a strength similar to the apoB MAR: a region 76 kb upstream
of the c-myc gene (P, 60%) and a cluster of three fragments
within a 10-kb region downstream of c-myc were strongly at-
tached to the nuclear matrix (at +42 kb [P = 90%], +45 kb
[P =93%], and +48 kb [P = 87%]) (Fig. 5). Interestingly, the
flanking 5’ and 3’ matrix attachment regions of the c-myc gene
locus separate it from neighboring gene loci; the pvt1 gene is
located 60 kb downstream of the c-myc gene, and a predicted
and conserved gene locus (gene locus 253372) with unknown
function resides 85 kb upstream of the c-myc gene. Thus, the
MARs define a >160-kb domain in which the transition of
euchromatic and heterochromatic regions is maintained by
insulator elements.

DISCUSSION

The highly acetylated state of histones at the mammalian
c-myc gene defines a region of accessible chromatin indepen-
dent of the transcriptional activity of the gene. The boundary
that separates the hyperacetylated from the hypoacetylated
domain resides within a 1.6-kb region called the myc insulator
element or MINE and is located approximately 2.5 kb up-
stream of the c-myc transcription initiation site. This element
specifies multiple activities that together form an efficient in-
sulator. The hyperacetylated domain of the c-myc locus is
flanked by regions of condensed chromatin. Finally, matrix
attachment sites flank a large domain of approximately 160 kb
that encompasses both the hyperacetylated c-myc transcription
unit and flanking heterochromatin. These results suggest that
the c-myc gene has several levels of organization, one that may
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render the c-myc domain topologically separate from sur-
rounding genes as defined by MARs and a second that may
define a self-contained functional transcriptional unit as de-
fined by MINE (Fig. 6). We speculate that both levels of
regulation are essential for the coordinate regulation of the
c-myc gene.

At least two functionally separable activities are embedded
within MINE. MINE and its 1.0-kb BE increased the likeli-
hood of transgene expression at random integration sites in the
genome, at least over a period of 6 weeks, after which the
number of colonies was determined. The ability to protect
transgenes against position effects is a characteristic of other
insulator elements such as the chicken B-globin HS4. Both the
barrier activity and the enhancer-blocking activity of MINE are
orientation dependent. Polar behavior has been reported in
other enhancer-blocking elements (reviewed in reference 47)
and may result from the experimental context in which insu-
lator elements are tested. The orientation dependence of
MINE function led us to the hypothesis that both the 5’ and
the promoter-proximal CTCEF sites contribute to the structural
and spatial organization of c-myc within the nucleus. Both
CTCEF sites may be important in the determination of a three-
dimensional structure in which the insulator is oriented in a
more effective, reversed conformation. This may be accom-
plished by direct interaction of two CTCF molecules with each
other or recruitment of additional factors. Alternatively, CTCF
may use different combinations of its 11 zinc fingers to interact
simultaneously with both CTCF sites.

Several models of heterochromatin barrier activity have
been proposed (reviewed in reference 9). In one model, silenc-
er-bound complexes nucleate the spreading of histone deacety-
lation and the binding by heterochromatin-associated proteins
to the span of the silenced region until a barrier is reached. In
this passive barrier model, a multiprotein complex that is stably
bound to the boundary physically interferes with the propaga-
tion of the heterochromatic structure. In a second, active bar-
rier model, chromatin-modifying activities (e.g., acetyltrans-
ferases or nucleosome remodeling complexes) are recruited to
the barrier in order to modify histones or other chromatin-
associated factors. The modified nucleosomes would be less-
efficient substrates for incorporation into heterochromatin.
While it is unclear how chromosomal barriers exert their func-
tion, several regions within the cHS4 that interact with proteins
have been identified (6). Studies at the HMR locus in Saccha-
romyces cerevisiae support the active model of insulator func-
tion. These experiments revealed that the barrier activity me-
diated by a telomeric tRNA gene may be linked to the
recruitment of specific transcription activators that associate
with histone-modifying complexes (10). Consistent with this
notion, the cHS4 insulator region at the chicken B-globin gene
locus coincides with a histone acetylation peak (35). In con-
trast, the barrier element of MINE at the c-myc locus is not
associated with a peak of histone H3 or H4 acetylation and lies
outside of the hyperacetylated domain. Thus, the mechanism
of barrier function appears to be different from both that
observed in the 5’ chicken B-globin HS4 region and that ob-
served in the HMR locus in yeast.

Previous transfection experiments with heterologous re-
porter genes suggested that CTCF functions as a repressor of
c-myc transcription (12). However, the results of our ChIP
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assays demonstrate constitutive CTCF binding at the 5’ bound-
ary and at the P2 promoter region of the c-myc gene in both
human HL-60 cells and mouse CTLL cells, independent of the
level of c-myc transcription. Furthermore, the 40-bp CTCF-
containing element does not silence a reporter gene in the
absence of an enhancer (data not shown) nor when positioned
upstream of an enhancer (Fig. 4). Thus, CTCF is not the sole
determinant of transcriptional repression of the c-myc gene; it
may rather function as an integral component of insulator
function or serve as a platform onto which additional silencing
factors are recruited.

Insulator elements are complex and multipartite, composed
of subelements that each contribute to the function of the
insulator. In addition to the barrier and enhancer-blocking
activity, MINE also contains an additional activity that nega-
tively affects the expression of the Neo' reporter gene. While
our data do not clearly distinguish between CTCF-indepen-
dent enhancer-blocking elements or silencing activities, our
results are reminiscent of those with other insulator elements,
such as region II and IIT of the cHS4 and the Drosophila gypsy
element (3, 16, 41). Indeed, deletions of any of the five sub-
elements that together form the core of the HS4 insulator
element have deleterious effects on its barrier activity. This is
consistent with the proposed organization of MINE, in which
the individual contributions of the subfragments are additive
and in which enhancer-blocking activities or “silencing” activity
may be masked by the activities contained in the other subele-
ments.

The organization of the DNA within the nucleus may be
governed by structural components that interact with chroma-
tin (reviewed in reference 19). MARs are thought to mediate
the anchoring of the chromatin fiber to the nuclear matrix by
AT-rich DNA sequences. The structural and functional roles
of MARs have been somewhat blurred recently by the coinci-
dence of some insulators with MARs and the general overlap
in their broad definitions as boundary elements. Although
some insulators, such as the Drosophila gypsy element, are
clearly associated with the nuclear matrix (17), the MINE
function appears to be independent of matrix association. At
the c-myc locus, we have demonstrated that the activities of the
barrier-insulator element and the MARs are clearly separable
entities, the former maintaining the boundary of histone acet-
ylation of the transcriptional unit and the latter anchoring the
domain to the nuclear matrix. It is important to note that both
the 5" and 3’ MARs at the c-myc locus encompass a region that
contains both euchromatic and heterochromatic features.

It is attractive to speculate that the MARSs that border the
c-myc gene function as nuclear organizer elements similar to
the model proposed for the gypsy element (17). Specific inter-
actions between the gypsy elements that are spread along the
Drosophila chromosomes are thought to organize the chroma-
tin fiber into insulator bodies, contributing to the formation of
the nuclear scaffold from which hyperacetylated domains loop
out to form transcriptionally active territories. Importantly,
individual sequences normally separated in the genome are
relocated to other gypsy-containing chromosomal domains
(17). Experiments designed to determine the nature of these
matrix-associated regions that border the c-myc locus and their
role as nuclear organizer are currently under way. In addition
to the characterization of how MAR structure and function are
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related to transcriptional expression at the c-myc locus, the
identification of proteins localized to these regulatory regions
may provide important clues to the inherent compartmental-
ization of chromosomes in the eukaryotic nucleus.
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