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ABSTRACT: The 3 boundary of the chromosomal domain of the human apolipoprotein B (apoB) gene in
intestinal cells has been localized and characterized. It is composed of two kinds of boundary elements;
the first, functional boundary is an insulator activity exhibited by a 1.8 kb DNA fragment located between
—58 and—56 kb upstream of the human apoB promoter. In this region, an enhancer-blocking activity has
been mapped to a CTCF binding site that is located upstream of two apoB intestinal enhancers (IEs), the
315 IE and the 485 IE. The CTCF site represents a boundary between two types of chromatin structure:
an open, DNasel-sensitive regiond the CTCF site containing the intestinal regulatory elements and a
closed, DNasel-resistant regiohd the CTCF site. The 1.8 kb fragment harboring the CTCF site also
insulatedmini-whitetransgenes against position effect®irosophila melanogasteirhe second, structural
boundary is represented by a nuclear matrix attachment region (MAR), situated about’ kthé

CTCF site. This MAR may represent theaihchorage site for a chromosomal loop that functions to bring

the intestinal regulatory elements closer to the apoB promoter.

The transcriptional regulation of tissue- and stage-specific genes that are coordinately regulated, and therefore share
eukaryotic genes is intimately tied to the nuclear and genomic regulatory elements. In these cases, adjacent loops would
organization of the expressing or nonexpressing tissue or cellharbor inactive genes or spacer DNA. However, when several
type. Active and inactive genes exist in loci with independent genes that are neither coordinately regulated nor expressed
programs of expression and are interspersed along thein the same tissues or cell types are located in proximity to
chromosome. Therefore, boundaries between active andeach other, either sharing a looped domain or in adjacent
inactive loci are a necessary feature of eukaryotic chromatin. domains, the need for functional barriers or boundaries with
The genome is arranged in chromosomal loops that vary ininsulating capability becomes essential to guaranteeing
length from 20 to>100 kb. These loops are anchored at correct patterns of gene expression.

their bases by DNA sequences called matrix attachment This situation is well-exemplified by the chromatin domain
regions (MARs) (1) or scaffold association regions (SARs) encompassing the chickghglobin gene, which is flanked
(2), which interact with the nuclear matrix. The attachment at its 3 end by a folate receptor gene and at ite3d by an
points serve to delineate the boundary of the looped domainolfactory receptor gene3( 4). The globin gene locus is
and may also help to insulate the genes contained within separated from those two other gene loci by insulators, thus
that loop from regulatory elements residing in neighboring ensuring that the correct patterns of gene expression are
loops. The looped domains by themselves might suffice to preserved for each locus. The first examples of boundary
insulate genes in cases where there is only one gene withininsulators were the specialized chromatin structusesand
the looped domain, or when the loop contains a cluster of scs) from the Drosophila 87A7 heat shock locus. These
elements conferred position-independent expression upon a
T This work was supported by grants from the National Institutes of reporter gen_e that deter.mmes. eye Co.lor’ thu§ .prOteCtmg the
Health: HL-54775 to B.L.-W. and GM-26449 to R.E.K.F. transgenes introduced into flies against position effects at
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gene (0), the amyloid precursor protej locus (1), and
the chicken lysozyme gend?).

Antes et al.

plasmid (pRSV-gal) were cotransfected into cells in du-
plicate plates. Cell lysates were prepared after 48 h with three

The human apolipoprotein B (apoB) gene encodes the freeze-thaw cycles and lysate clarification by centrifugation

protein of low-density lipoprotein (LDL) that plays a key
role in cardiovascular disease and lipid metaboli&B).(This
gene is expressed mainly in liver and intestibd (The liver-

at 1500@ for 5 min at 5°C. The levels ofs-galactosidase
activities, as well as levels of chloramphenicol acetyltrans-
ferase (CAT) activity, were assessed as previously described

derived HepG2 cell line and the intestine-derived CaCo-2 (20). The levels were quantitated with Phosphorimage
cell line have provided good model systems for studying analysis and Image Quant software (Molecular Dynamics,
apoB synthesis and gene regulation. In hepatic cells, the gendnc., Sunnyvale, CA). All CAT activity values represent

resides in a~50 kb DNasel-sensitive, looped domain that averages of at least three independent transfection experi-
is flanked by two nuclear matrix association regions (MARs). ments and are corrected for transfection efficiencies between

This looped domain contains all of the regulatory elements Plates by dividing the CAT activity levels by th&galac-

required for correct hepatic expression in viddb{17). In

tosidase levels.

contrast, the intestinal elements capable of conferring expres- Gel Retardation Assay€0S cells were transfected with

sion upon transgenic mice are localized more than 53'kb 5
from the structural gene (see r&8—20). In this paper, we

10 ug of an expression plasmid for human CTCF, and
cellular lysates enriched in human CTCF were prepared as

present evidence that a DNA fragment encompassing aPreviously described2(). Binding reactions and electro-

CTCF-binding site blocks the activity of the human apoB

phoretic analysis of DNAprotein complexes has been

gene intestinal enhancer, when placed between this enhanceieported 20). A large excess of poly(di/dC) was added to

and the promoter. Additionally, we demonstrate that a 1.8
kb segment from the apoB intestinal control region harboring
the CTCF site protectsini-white genes against position
effects in transgeni®©rosophila. Furthermore, the CTCF-

all reaction mixtures as a nonspecific competitd)(
Oligonucleotidesvere as follows: chicken CTCF, TAAT-

TACGTCCCTCCCCCGCTAGGGGGCAGCA, apoB CTCF,

CAAATTATCCTGCCCCCTAGACATAACCTCCC; 485-

binding site represents a chromatin boundary separating arfCTCF, GGCTGTTGAACATTCAAATTTATG; and m485.2,
open, DNasel-sensitive chromatin region containing the GCTCTAGAGCAGGAGAATTGGAATTCC.

intestinal control region (ICR) from a transcriptionally

Transgenic Fly AssayConstruction of theP-element

inactive, DNasel-resistant chromatin region. Upstream of the vectors mwSand apoB3MARmMwS' has been describedl).

insulator resides a MAR. Whereas the CTCF-binding site
most likely represents the functionaltundary of the apoB
gene in intestinal cells, the MAR probably represents the
physical or structural '5boundary of the apoB gene by
providing the 5anchorage site for a chromosomal loop that
would bring the intestinal control elements in close aposition
to the apoB promoter, thus allowing transcriptional activation
in the intestine.

EXPERIMENTAL PROCEDURES

Plasmid ConstructionConstruction of plasmids85CAT,

ApoB1.8IEmwS was made by ligating a 1.8 kb DNA
fragment located-56 to —58 kb from the transcription start
site of the human apoB gene into tlikpnl—Notl sites
upstream ofmini-white in the P-element vector mwS
Transformation oDrosophila w8 establishment of lines,
and determination of transgene copy number were carried
out as described by Namciu et a21j.

Preparation of Nuclear MatricedNuclear matrices were
prepared according to the procedure of Cockerill and Garrard
(1. In brief, nuclei ¢~1 mg of nucleic acids/mL) in RSB
[10 mM NaCl, 3 mM MgC}, and 10 mM Tris-HCI (pH 7.4)],
0.25 M sucrose, and 1 mM CaGhere digested with 100

2.1-F, 2.1-R, 315-F, and 315-R has been previously describe%g of DNasel/mL (Worthington) for £2 h at 23°C. After

(20). Plasmid 800-R was made by digesting plasmid 2.1-F
with EcoRl, and the resulting 485 bp fragment was then
treated with Klenow DNA polymerase and blunt-end ligated
into 315R-85CAT. Plasmid 400-R was made by blunt-end
ligation of a 400 bpSty—Hindlll fragment derived from
plasmid 2.1-F into—85CAT. Transformants harboring the

centrifugation at 75¢ for 10 min at 4°C, the pellets were
resuspended in an RSB/0.2 M sucrose mixture, and an equal
volume of a cold solution containin4 M NaCl, 20 mM
EDTA, and 20 mM Tris-HCI (pH 7.4) was added. After 10
min at 4°C, followed by centrifugation at 15@For 15 min,

the pellets were extracted twice by suspension in a cold

800 and 400 bp segments in the reverse orientation weresp|ution d 2 M NaCl, 10 mM EDTA, 10 mM Tris-HCI (pH
selected by restriction enzyme analysis. To make 315/ 7 4), 0.5 mM phenylmethanesulfonyl fluoride, and 0.25 mg

CTCF/—85CAT, a double-stranded CTCF oligonucleotide
was blunt-end ligated into phosphatased 31BRCAT that
had been cut witlXba. The number and orientation of the
CTCF oligomers were determined by DNA sequencing.
Plasmid 485RCATNCTCF was made by PCR using oligo-
nucleotides 48ACTCF and m485.2 as primers and the 1.8
IE as a template, followed by blunt-end ligation of the
purified PCR product into-85CAT and selection for the
reverse orientation of the 450 bp insert.

Cell Culture and Transfectiondntestinal CaCo-2 cell
cultures were maintained as described previoug).(

of BSA/mL and then centrifuged for 15 min at 45pat 4

°C. The nuclear matrices were then washed with an RSB/
0.25 M sucrose mixture containing 0.25 mg of BSA/mL at
4 °C and resuspended in the same solution. Although fresh
preparations were used in most experiments, occasionally
matrices were stored for up to 3 months-&20 °C in the
presence of 50% glycerol.

DNA Binding to Nuclear MatricedDNA binding assays
were performed by the protocol of Cockerill and Garrard
(2). In brief, 60ug of nuclear matrix preparations in 10
was added to 9@L of an assay solution prepared to yield

Transfections were performed using the calcium phosphatefinal concentrations of 50 mM NacCl, 10 mM Tris-HCI (pH

transfection kit from Eppendorf, Inc. Typically, 103 of
the plasmid DNA along with %g of an internal reference

7.8), 2 mM EDTA, 0.25 M sucrose, 0.25 mg of BSA/mL,
20 ng of3?P-end labeled DNA fragments/mL, and sheared,
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Ficure 1: The 1.8 kb segment immediately upstream of the 315 bp apoB intestinal enhancer blocks enhancer activity when placed between
the enhancer and the promoter. Panel A shows a diagram of the structure of the human apoB gene, with the exons shown as black boxes.
The position of the ATG codon is also shown. A scale in kilobases is shown below the ger&5Ath is the intestinal control region.

A 2.1 kb segment (2.1 IE) from the ICR is depicted, with its two components, namely, the 1.8 IE and the 315 IE clearly marked. A 485

bp segment within the 1.8 IE is also shown; the black triangle within it represents the CTCF binding site. The left side of panel B shows

a scheme of the CAT reporter constructs used in the transfections, and the CAT activities are shown onzhtheigittndard deviations.

The number in parentheses represents the number of independent transfections performed. The locations of the apoB promoter and enhancer
and the sizes of the fragments are indicated for each construct. The orientations of the segments of the ICR are indicated by arrows above
each segment.

denaturedescherichia coliDNA (50—1000ug/mL) as the 42 °C in 5 mL of Ultrahybe buffer (Ambion, Inc.). Each of
unlabeled competitor. Under our experimental conditions, the five probe fragments was used as a template in a random-
the ratio of labeled DNA fragments to matrices was such prime labeling reaction usingf*2P]dCTP and Klenow DNA
that 20-50% of the input DNA bound specifically to them. polymerase. Approximately 2 10" cpm of each probe was
Incubation was for £2 h on a shaker at room temperature added separately to each membrane in Ultrahybe buffer and
(23 °C) followed by the addition of 50@QL of assay buffer was allowed to hybridize overnight at 42. The membranes
without DNA and centrifugation at 100@Cor 1 min at 4 were washed briefly in a solution 062SSC and 0.1% SDS
°C to recover the matrices. The pellets were washed in 1 at room temperature and then autoradiographed and imaged
mL of assay buffer without carrier DNA, followed by using a Phosphorimager. Hybridization signals were quan-
solubilization of matrix-bound DNA in 0.5% SDS, overnight titated using ImageQuant software (Molecular Dynamics,
treatment with 0.4 mg of proteinase K/mL, phenol extraction, Inc.).
and ethanol precipitation after addition of 28 of unlabeled
carrier DNA. The purified matrix-bound DNA fragments RESULTS
were resolved on 1% agarose gels [40 mM Tris-acetate and Detection of an Insulator Acity within a 1.8 kb Segment
2 mM EDTA (pH 7.8)], and the dried gels were autoradio- Located Immediately Upstream of the Human ApoB 315 bp
graphed. Intestinal EnhancerA linear map representing the structure
DNasel Sensitity AssaysDNasel sensitivity studies with  of the human apoB gene is shown in Figure 1A. The
nuclei from CaCo-2 and HepG2 cells were performed as structural gene extends over 43 kb and contains 29 exons
previously describedlf). Following digestion with increas- and 28 introns. The intestinal control region (ICR) is
ing amounts of DNasel, DNA samples were purified by localized more than 54 kb upstream of the transcriptional
phenol extraction and ethanol precipitation. Five micrograms start site and contains three separate elements capable of
of DNA from each sample was vacuum-loaded onto a nylon driving expression of apoB transgenes in the intestines of
membrane using the dot blot apparatus. The membrane wasnice (see refl8).
UV cross-linked for 1 min using the Stratalinker UV cross- A 2.1 kb DNA segment (2.1-F) extending from58 to
linker (Stratagene, Inc.) and then prehybridized 3oh at —56 kb of the human apoB gene, representing th@otion
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of the ICR, and containing the 485 IE and the 315 IE (see

ref 18) exhibits a 5-fold enhancer effect upon the apoB Lys TTGAGACCTCTACTGGATAGCTATG
promoter in intestine-derived CaCo-2 cells (Figure 1B). Most arp GAGAGACCCCTAGCGGCGCCGCCGE
mycFV GGECCGCCCCCTCECGECECGCCCTC

of the enhancer activity of 2.1-F can be recovered in the

lobin PII TGCTGCCCCCTAGCGGGGGAGGGAC
315 bp IE fragment, situated at thé é&d of the 2.1 kb Pale

Igf2-H19.7 CACTGCCGCCTCTCGGCCATTTCCG

fragment. The fact that no cooperative or additive effects apoB CTCF TCCTGCCCCCTAGACATAACCTCCC
by the 485 IE and the 315 IE are observed when they are
part of the larger 2.1-F segment suggests that they may be B
in competition for a limiting pool of coactivators. Enhancer Probe Chickan a8
activity of the 315 bp segment is virtually identical whether - coscrer loos| coscror leos Caco2
in the forward (F) or reverse (R) orientation (constructs 315 5. ]ss s [3s e | 5.
|E-F and -R). However, when the 2.1 kb fragment harboring compettor | - [ 188 | - | - |EE (8] - [ - [E8 |8B[™
the 315 bp enhancer is placed in the reverse orientation
upstream of the promoter (2.1-R), a 10-fold decrease in crer [:. -
transcriptional activity is observed (Figure 1B). comPieet] o

The position dependence of this large decrease in tran- 4
scriptional activity observed with construct 2.1-R suggests -

L

that the activity of the 315 bp enhancer may be blocked by
an insulator present within the 1.8 kb fragment. This
explanation is consistent with the observation that the
enhancer activity is only blocked when the 1.8 kb fragment
is interposed between the promoter and the enhancer as is
the case in construct 2.1-R. When the activity of the enhancer '

is completely blocked, the value of CAT activity should be '

1.0 or the value obtained with the promoter alone. The fact PG AN ““ 4R
that the CAT activity of the 2.1-R construct is 0.5 means 12 3 45 6 7 8 9 W
that, in addition to the enhancer-blocking effect, we are FiGURE 2: A binding site for CTCF 5of the human apoB gene
detecting the effect of a negative regulatory element presentintestinal control region. Panel A shows the sequence of CTCF

1 12

within the 1.8 kb segment. To further localize the enhancer- SitS from various genes, as well as that of the apoB CTCF site.
blocking elements, construct 800-R was made. It contains
the 315 IE in addition to the'3nost 485 bp of the 1.8 kb

Nucleotides in common among the various CTCF sites are shaded
in gray. Panel B shows the results of gel shift analysis using as
probes either the chicken CTCF or the apoB CTCF oligonucleotides.

fragment (485 IE) (Figure 1B). Transfection experiments
revealed that the insulator activity was retained in construct CTCF that were observed with the chicken CTCF probe (lane
800-R. However, when 400 bp from thé énd of the 485  5), and these complexes were equally challenged by an
bp segment are removed, as in construct 400-R, the enhancerexcess of chicken CTCF (lane 7) or apoB CTCF (lane 6)
blocking activity is obliterated. Therefore, we conclude that oligonucleotides used as competitors, but not by an excess
the enhancer-blocking activity of the insulator resides in the of PBR322 DNA used as a nonspecific competitor (data not
5'-most 400 bp of the 485 IE segment, which is situated shown). The chicken and human CTCF complexes were not
immediately upstream of the 315 bp IE. detected with a COS cell extract that had been transfected
CTCF Binds to the Segment of the Human ApoB Genewith an empty plasmid (lanes 4 and 8). Additionally, to verify
That Exhibits the Enhancer-Blocking Agty. Analysis of the presence of CTCF in intestinal cells, the apoB probe was
the DNA sequence of the 485 bp fragment revealed sequencechallenged with a nuclear extract from CaCo-2 cells.
similarities with the binding site for a transcription factor Complexes similar to those observed with the COS CTCF
with known insulator function named CCCTC-binding factor extract were evident (lanes-41). When antibodies against
(CTCF) 2. In Figure 2A, we compare the human apoB CTCF were added to the binding reaction, they interfered
CTCF site with a chickerf-globin FIl CTCF site 23), a with binding and abrogated the formation of the CFCF
mycFV site (0), an AP# site (L1), and a human Igf2-H19  DNA complex (lane 12). Therefore, the data in Figure 2
site 8, 9). There is DNA sequence similarity among the demonstrate that a CTCF binding site is present within a
various CTCEF sites. To elucidate whether the apoB CTCF 485 bpEcoRI segment from the apoB gene intestinal control
site would be bound by CTCF, gel shift experiments were region that exhibits enhancer-blocking capabilities (see
performed. The left portion of Figure 2B shows a control construct 800-R in Figure 1B).
experiment in which we used an oligonucleotide probe from The CTCF Binding Site Alone Is Responsible for the
the chickerps-globin gene that is known to bind CTCF. Two Enhancer-Blocking Actity of the 485 bp EcoRI Segment.
major complexes were obtained with the chicken CTCF To determine whether binding of CTCF to its apoB site leads
oligonucleotide and human CTCF protein derived from an to the blocking of the activity of the 315 IE, two additional
extract from COS cells that was transfected with an expres-constructs were made. In the first construct, 315F/CTCF1/
sion vector for human CTCF (lane 1). Specificity of binding CAT, one copy of the double-stranded CTCF oligonucleotide
was determined by competition with an excess of the was inserted between the apoB promoter and the intestinal
unlabeled chicken CTCF oligonucleotide (lane 2). The apoB enhancer. The second construct, 315F/CTCF6/CAT, incor-
CTCF oligonuclectide effectively competed with the chicken porated six copies of the CTCF site between the enhancer
CTCF probe for binding to CTCF (lane 3). Furthermore, the and the promoter. The results of transfection experiments
apoB CTCF probe formed the same two complexes with with these constructs are illustrated in Figure 3A. One copy
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of the 485 IE is orientation-independent, as is the case for
the enhancer within the 315 IE (Figure 1B) and many other
classical enhancers. More importantly, deletion of the CTCF
site within the 485 IE abolished the enhancer-blocking effect,
again providing strong evidence that the CTCF site plays a
key function, by blocking the activity of enhancers, thus
insulating the promoter.

The 1.8 kb Fragment Flanking the Human ApoB Gene
Intestinal Control Region Functions as an Insulator Element
in Drosophila The second assay used to test for insulator
function of the DNA segment upstream of the 315 bp
enhancer was thaini-white position effect assay iBroso-
phila melanogaste(5). In this assay, we tested the ability
of the 1.8 kb IE fragment to shieldini-whitereporters from
chromosomal position effects in vivo. Timeini-whitegene
contains a minimal promoter that results in low levels of
white gene expression. However, expressiomuini-white
is sensitive to chromosomal position effects, which can either
enhance or represwhite gene expression. Thus, when
integrated intowhite™ flies, transgenic lines show a range
of eye color phenotypes that range from pale yellow to red
(5, 24). Insulator elements protechini-white from these
effects, resulting in collections of transgenic flies whose eye
color phenotypes are similar.

The P-element transformation vectors used in this study
are shown in Figure 4. Three different constructs were

Ficure 3: The apoB CTCEF site blocks the activity of the 315 bp us.e.d: h%[ nbegtatlve' Cor|1trtol Wltht thecs downstrearT:. of
IE when placed between this enhancer and the promoter. In poth MNI-WAIE but NG Insulator upstream (mWSa positive

panels, the CAT constructs, with their names, are shown on the control for insulator function in which the’ &poB MAR
left and the transfection results are shown on the right. The layout was upstream ofmini-white and sc$ was downstream

is similar to that of Figure 1. The CTCF site is shown as a triangle. (apoB3MARmMwS)), and the test construct, apoB1.8IEmwS

Relative CAT Activity
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-85
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The arrows in panel B reflect the orientation of those segments.

of the CTCF site was sufficient to block the activity of the
enhancer by 70%, and six copies of the CTCF site completely
obliterated enhancer activity. Therefore, we conclude that
CTCF is responsible for the enhancer-blocking activity
previously described within the larger fragment. Since this

with one copy of the 1.8 kb IE segment upstream aogl
downstream. As shown previousl®1), transgenic lines
containing mwSdisplayed a range of eye color phenotypes
(Figure 4A), whereas lines containing apdMA3RmwS' had
predominantly yellow or light orange eyes, indicating that
transgene expression was shielded from position effects in
these lines (Figure 4B).

activity of CTCF has been classified as an insulator activity, i ,
we conclude that the CTCF site within the human apoB gene 10 determine whether the 1.8 kb apoB fragment harboring
indeed reflects the presence of an insulator. the'QTCF site cpuld msulqte transgene expression from
To further strengthen our argument that the apoB CTCF Position effects inDrosophila w~'¢ flies were trans-
site plays an insulator role, additional experiments were formed with aP-element containingnini-whiteflanked by
performed. In Figure 3B, we demonstrate that the CTCF site, the CTCF-containing 1.8 kkEcaRI fragment andscs
situated at the'send of the 485 bp IE, also blocks the activity (@POB1.8IEmwS (Figure 4C). Twenty-four independent,
of a second intestinal enhancer present in thedstion of smgle—copy transformants were obtained. Elghte_en of these
the 485 bp IE. The 485 IE stimulates transcription from the lines (75%) had yellow or light orange eyes (Figure 4C).
apoB promoter in CaCo-2 cells by 13-fold, when placed in Three lines had light yellow eyes, and three had orange eyes;
the forward orientation upstream of the promoter, as shown however, no transgenic flies with red eyes were obtained.
with constructs-85CAT and 485FCAT (Figure 3B). Notice T his distribution was similar to that of apoB3ARMwWS,
that in 485FCAT, the CTCF site is located at tHeed of in which 20 of 24 lines (83%) had yellow or light orange
the 485 bp segment. However, when the orientation of the €YeS (Figure 4B), and it was markedly different from flies
485 IE is reversed, as in construct 485RCAT, the strong containing mwS whose phenotypes ranged from pale yellow
enhancer effect is blocked. In 485RCAT, the CTCF site is t0 red (Figure 4A). These results suggest that the 1.8 kb
located between the enhancer and the promoter and thuglément has insulator activity iDrosophilg but that the
obliterates enhancer activity. activity is lower than that exhibited by the apoB MAR.
Additional proof of the role of the CTCF site in enhancer A MAR Resides'®f the Intestinal Control Region of the
blocking is demonstrated in experiments with construct Human ApoB Gené&he insulator described so far represents
485RCATACTCF. In this construct, a 35 bp segment a functional boundary for the human apoB gene in intestinal
containing the CTCF site has been deleted. Transfections ofcells, because it exhibits enhancer-blocking capabilities and
this construct uncovered the strong enhancer, present withinis capable of protecting transgenes against position effects
the 485 IE, thus confirming that the enhancer activity per se in flies. The question arises as to whether there is an additonal
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Ficure 4: Distribution of eye color phenotypes of 1118 Drosophila transformants expressingini-white Photographs of 4-day-old
heterozygous females containing one copy ofRhelement transformation vector. (&yelement containingnini-whiteplaced adjacent to
the Drosophilaspecialized chromatin structurscg). (B) P-element containingnini-whiteflanked by the apo B'aVAR at the 3 end and
scs at the 3 end. (C)P-element containingnini-whiteflanked by a 1.8 kb DNA fragment containing a CTCF binding site seglat the
3 end. The distribution of eye color phenotypes is presented in bar graph form.

structural boundary upstream of the intestinal control region, sequences that harbor topoisomerase Il sites, and other classic
such as a MAR, as is the case at thb@undary of the gene  MAR motifs (25). When a segment from the human apoB
(15). Because a MAR can represent an anchorage site for agene encompassing the 6 kb regidrobthe 315 bp IE was
chromosomal loop1(5) and, therefore, provide a physical analyzed in this manner, the MAR finder program predicted
or structural boundary for a gene locus, we asked whethera MAR in a 1.3 kbHpal —Ndd region designated fragment
there were any MARs upstream of the intestinal control B in Figure 5A.

region. To this end, we first determined the DNA sequence To determine experimentally whether there was a MAR
of a 6 kbregion situated immediately upstream of the ICR, in fragment B or in its vicinity, the protocol of Cockerill
because in our model this would be the most probable and Garrard X) was used. In this protocol, nuclear matrix
location of the MAR. We then searched for potential MARs preparations from CaCo-2 cells are incubated with one or
with the aid of a computer program called MAR finder, using more end-labeled DNA fragments and allowed to bind either
default parameters. This algorithm focuses on AT-rich inthe presence or in the absence of a large exceks aili
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DNA included as a nonspecific competitor to eliminate human apoB gene, shown on the left side. It bound strongly

nonspecific DNA-matrix interactions. After centrifugation  to the matrix, as previously demonstratdd)( even in the

to remove the unbound probe, the matrix-bound DNA presence of 250g/mL E. coli DNA competitor. In the same

fragments are separated on agarose gels and visualized bgxperiment, we included probe F, the 315 bp IE. In the

autoradiography. absence oE. coli DNA competitor, probe F bound very
Such an analysis was performed with fragmentsFA weakly to the matrix, and this weak binding was eliminated

spanning the entire 6 kb region of interest (Figure 5A). As with 100 g of E. coli DNA. Thus, the 315 bp IE does not

a positive control, we used the strong MAR from the bind to CaCo-2 matrix proteins, and therefore, it provides
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us with a negative control. The second comparison was of the DNasel sensitivity of
Next, we examined binding of fragment B to CaCo-2 each of these fragments between CaCo-2 and HepG2 cells.
matrix preparations. As shown in Figure 5, fragment B did The intestinal control region does not influence liver expres-
bind to the matrix, and this binding was not affected by a sion of the apoB gene and is located outside of the functional
large excess (25@g/mL) of E. coli DNA. This result hepatic domain for this gene, whoseldundary is at-5
demonstrates that a MAR resides in fragment B, in good kb (16). Therefore, one would predict that the region
agreement with the prediction by MAR finder. Matrix analyzed here would not display a high DNasel sensitivity
binding activity was also examined in segments A areEC in HepG2 cells. That this is the case is shown in panels B
localized between the MAR and the 315 bp IE. As seen in and D of Figure 6. Each of the fragments that was studied
Figure 5A, segment A did not bind specifically to the matrix, exhibited a lower sensitivity to DNasel in HepG2 than in
whereas segments D and E exhibited some weak binding.CaCo-2 cells, and the differences were most evident with
From our combined data in Figure 5, we conclude that a the 315 IE and the 485 IE, which were most sensitive in
MAR is indeed present in the segment extending frof9 CaCo-2 cells. Most significant are the large differences seen
to —60.5 kb 5 of the human apoB gene. Figure 5B illustrates with the 315 IE in CaCo-2 and HepG2 cells and the
the locations of the'SMAR and insulator described above, similarities observed with the B1AR-containing fragment.
as well as the location of the’ 31AR (15) and insulator ~ The 3 MAR-containing fragment exhibits a low DNasel
(21) previously described. These elements represent thesensitivity in both CaCo-2 and HepG2 cells, consistent with
structural and functional boundaries of the human apoB geneits location in a transcriptionally inactive segment of the gene.
in intestinal cells. In intestine-derived CaCo-2 cells, the boundary between the
A Transition from a Closed to an Open Chromatin open, DNasel-sensitive region and the closed, DNasel-
Structure in the Vicinity of the ApoB CTCF Sitasulators resistant region is located at or immediatelyobthe CTCF
also separate transcriptionally active and transcriptionally site, supporting the view that the CTCF site represents a
inactive chromatin regions6). A transcriptionally active  boundary insulator. Figure 6E summarizes the transition from
segment is characterized by an open chromatin region thatDNasel resistance to DNasel sensitivity observed at the 5
exhibits an enhanced sensitivity to DNasel. In contrast, a boundary of the apoB gene in CaCo-2 cells.
closed or transcriptionally inactive chromatin region has a
reduced sensitivity to DNasel. Previous work in our labora- DISCUSSION
tory had established a broad DNasel hypersensitive (DH) Insulators are characterized by two main functional
site within the 315 bp IE in CaCo-2 cell2@). More recent properties. The first is their ability to block enhancer (or
work in our laboratory has revealed a second DH sitef3  repressor) activity upon a promoter. The second characteristic
the CTCF site within a 485 bfcdRl segment, and there  of insulators is their ability to protect transgenes from
are no DH sites"of the CTCF site in transcriptionally active  position effects at their sites of integration. Tlggpsy
CaCo-2 cells (see réfg). On the other hand, two additional insulator as well as thecsandscs$ elements flanking the
DH sites are found about 1.5 kb ®f the 315 bp IE, hsp 70 genes at the 87A7 locusbmosophilaexhibit both
indicating the presence of additional intestinal elements in of these properties26—28).
that region (8). In this study, we demonstrate that a 1.8 kb segment from
To expand this work, the DNasel sensitivity of the regions the human apoB gene situated immediately upstream of the
flanking the CTCF site were examined. This assay differs intestine-specific regulatory region of this gene exhibits the
from the hypersensitivity assay in that a larger amount of two main functional properties of insulators. This insulator
digestion of the DNA is sought and the quantitation is based blocks the activity of the 315 bp intestinal enhancer (315
on the amount of DNasel required to destroy 50% of the IE) in transiently transfected CaCo-2 cells and protects
fragment of interest to fragments too small to be retained Drosophila mini-whitegenes from position effects in trans-
by the nylon membranes. The hypersensitive assay, on thegenic flies. The enhancer-blocking activity was localized to
other hand, focuses on the first cut made by the smallestan 85 bp segment within the 485 IE, situated upstream of
amount of DNasel, generally reflecting a transcription factor the 315 IE (Figure 1B). CTCF bound to a site within the 85
binding site, due to an opening within a regulatory region. bp segment (Figure 2). One copy of the CTCF site placed
DNasel sensitive regions can include both regulatory and between the 315 IE and the promoter is sufficient to block
coding regions of the gene. Shown in Figure 6A is a map of the activity of the intestinal enhancer by 70%, and when six
the area under study, with the segments studied indicatedcopies of the CTCF site are present, the enhancer is
below the map. Nuclei from intestine-derived CaCo-2 cells completely blocked (Figure 3A). Furthermore, deletion of
and liver-derived HepG2 cells were digested with various the CTCF site (construct 485RCAILTCF) abolished the
guantities of DNasel, followed by purification of the resulting enhancer-blocking activity (Figure 3B). ThedpoB insulator
DNA fragments and analysis using the dot blot method. The is very similar to the chickes-globin insulator in that it
results are illustrated in Figure 6B. Several comparisons werealso functions via a CTCF site, in enhancer blocking assays
made. First, the DNasel sensitivity among the various in transient transfections with embryonic erythrocyt29)(
fragments in CaCo-2 cells was evaluated, and these data ar&urthermore, like the chickefi-globin insulator 80), the
depicted in Figure 6C. The 315 IE exhibited the highest apoB 3 insulator also protects thaini-white gene against
sensitivity to DNasel, followed by the 485 bp segment position effects in transgeniBrosophila (Figure 4). The
containing the CTCF site. The DNasel sensitivity continued differences in insulating strength observed between the apoB
to decrease in the 1.1 and 1.2 EboRI segments and was 3" and 3 boundary insulators may be due to the fact that at
the lowest in the Bmost 1.3 kiHpa—Ndesegment harboring  the 3 end of the gene, the properties of tHar&ulator and
the MAR. 3 boundary of the looped domain in which the apoB gene
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MAR

resides {5) coexist within the 3MAR (21) (Figure 7A),
whereas at the'%end of the apoB gene intestinal domain,
the insulating activity provided by the 1.8 kb fragment is
reinforced by the existence of a MAR2 kb upstream of

by the distribution of binding sites for transcriptional
activators, without a requirement for functional boundaries.

On the basis of our current and previous studies with the
apoB gene locus, we suggest that, in intestinal cells, the locus

the insulator (Figure 7A). This MAR probably represents s found in a strong chromatin domain, flanked by insulators
the 8 boundary of the second chromosomal loop that brings at poth the 5and 3 ends (Figure 7A). The MARSs present
the intestinal control region closer to the promoter; therefore, at each end may represent the physical boundaries of the
the looped domain itself may serve to insulate the gene strong domain by providing anchorage points for chromo-
contained within it (Figure 7B). The relative strength of an somal loops (Figure 7B). In hepatic cells, all the regulatory
insulator may also vary depending on the relative proximity elements required for expression in transgenic mice are
of regulatory elements from neighboring genes. Thus, one positioned relatively close to the structural gene and no
might expect that the further the distance to neighboring insulator has been detected at theeBd of the apoB liver
regulatory influences, the weaker the insulator that is domain. Therefore, in hepatic cells, the apoB gene locus may
required. reside in a weak chromatin domain, particularly since there
Recently, Dillon and Sabbattini3() have discussed appear to be no open reading frames as far as 80 kib 5
functional domains of eukaryotic gene expression in terms the apoB transcriptional start site. A physical boundary for
of two models: the strong and weak domain models. In the 3 end of the domain may be provided by thedistal
strong domain models, a region of open or accessible MAR.
chromatin containing the gene and associated regulatory Other mammalian insulators with enhancer-blocking ca-
elements is spatially isolated by insulators, which have pabilities have been described. One of them, BEAD-1, is a
evolved to act as functional boundaries. On the other hand,1.6- b element from the human T cell recepidd locus (7)
in weak domains, the structure of the domain is determined that also harbors a CTCF site. Its function is to ensure correct
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developmental expression of the TGR and ¢ loci by Igf2 genes, two neighbors that are expressed from either the
blocking E ¢ from opening the chromatin of the adjacent maternal or the paternal chromosomag)( H19 is mater-
TCR a gene early in T cell development. The protein that nally imprinted, while 1gf2 is paternally imprinted. Both
binds to theDrosophila scsboundary element of the 87A7 genes have an enhancer in common, situated downstream
hsp70 locus has been identified and named BEAF. It binds of H19. The imprinting control region of H19 is a CTCF
with high affinity to clustered, variably arranged CGATA boundary element whose activity is controlled by DNA
motifs. These DNA sequence elements confer position- methylation. The CTCF binds to the unmethylated, maternal
independent expression upon timéni-white reporter gene  boundary region, thereby preventing the promoter from the
in transgenic fliesZ4). On the other hand, these motifs do 1gf2 gene from interacting with the enhancer, resulting in
not function in enhancer-blocking assays with cultured D1 silencing of Igf2. The paternal boundary region is methylated,
cells, but they are effective in plasmid-based microinjection and CTCF cannot bind to it, thus permitting the enhancer to
assays withXenopus lagis oocytes 82). interact with the promoter of the paternal Igf2 and turn on

Our DNasel sensitivity studies suggest that the CTCF site transcription. On the other hand, the paternal H19 gene is
may separate two structurally different chromatin regions; silenced by methylatior8( 9). By analogy to this example,
5' of the CTCF site, there is a region refractory to DNasel it is possible that methylation of the apoB CTCF boundary
digestion characteristic of nontranscribed or inactive chro- element may play a role in modulating the expression of the
matin (Figure 6), whereas 8f the CTCF site, a more open  colonic tumor antigen gene. Should this hypothesis be true,
chromatin structure is observed, exhibiting DNasel sensitivity mutations in the CTCF site that promote methylation may
throughout the 485 bp segment as well as the 315 bp IE andincrease the probability of developing colonic tumors. This
beyond. Several DH sites are also present in this rediBn (  can be experimentally tested by introducing human DNA
20). This is a third characteristic shared by the chicken containing the tumor antigen gene and the apoB IE region
B-globin insulator and the apoB Bisulator. In the chicken  into transgenic mice and examining the susceptibility of the
B-globin locus, the boundaries are also identified by transi- resulting mice to develop intestinal tumors.
tions from an open, DNasel-sensitive chromatin structure to
an inactive, DNasel-resistant chromatin structutle ( ACKNOWLEDGMENT
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