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The XmnI fragment, a highly repetitive DNA compo-
ent, and animal and plant matrix or scaffold attach-
ent region (MAR/SAR) were examined for similarity

n interaction with nuclear scaffold. As the XmnI frag-
ent bound a 130 kDa scaffold protein (P130) in vitro,

arious types of MAR/SAR fragments could bind
30 and 123 kDa scaffold proteins. The native XmnI
nd MAR/SAR fragments clearly augmented SV40
romoter-mediated luciferase gene transcription fol-

owing transient transfection of recombinant plas-
ids into various types of recipient cells. In contrast,

he XmnI fragment methylated at the cytosine base of
he unique HindIII site, and a synthetic variant DNA
eficient in base unpairing characteristic of MAR/
AR, could neither bind P130 nor augment this tran-
cription. These two types of genomic regions ap-
eared to have similar properties of interaction with
uclear scaffold, by which the activity of appropri-
tely positioned promoter can be modulated. © 2000

cademic Press

Key Words: nuclear scaffold protein; highly repeti-
ive DNA component; matrix or scaffold attachment
egion.

Highly repetitive DNA components are located in
eterochromatinic regions of the interphase nucleus
nd in the centromeric and telomeric regions of meta-
hase chromosomes (1–5). We have cloned a highly
epetitive DNA component from fragments resulting
rom digestion by HindIII of rat genomic DNA recov-
red from liver nuclear scaffold (6). Since permutation
f the HindIII fragment indicated DNA bend maxi-

1 To whom correspondence should be addressed. Fax: 81-76-434-
014. E-mail: hiragak@.toyama-mpu.ac.jp.
282006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
as examined for properties of its interaction with
uclear scaffold (7, 8). The XmnI fragment preferen-
ially bound a 130 kDa scaffold protein. Based on this
roperty, this protein was purified and termed as P130.
130 was hyperphosphorylated form of P123 with an
pparent size of 123 kDa, and more readily bound the
mnI fragment than P123 (9). The XmnI fragment
ould be methylated both in vivo and in vitro on cyto-
ine of the unique HindIII site. In a Southwestern
nalysis, the methylated XmnI fragment did not bind
130, and instead bound an 83 kDa polypeptide (10).
herefore, the interaction of the XmnI segments in the
enome with nuclear scaffold appeared to be regulated
n two distinct fashions: phosphorylation of P123 and
ephosphorylation of P130, and methylation and de-
ethylation of the HindIII site. On the other hand,

nimal and plant genomes carry a matrix or scaffold
ttachment region (MAR/SAR) which also interacts
ith nuclear matrix. MAR/SAR positioned in the vicin-

ty of a promoter can reportedly augment transcription
f a reporter gene, when the recombinant construct is
ntegrated into the genome of the host animal, suggest-
ng that MAR/SAR plays roles in modulating transcrip-
ion of nuclear genes (11–13). In addition, methylation
nd demethylation of DNA appeared to regulate chro-
atin remodeling in transcription regulation of nu-

lear genes (14). We therefore examined whether, like
AR/SAR, the native and methylated XmnI fragment

an modulate the activity of transcription through in-
eraction with proteins. We found in the present study
hat a rat highly repetitive DNA component and vari-
us types of MAR/SAR fragments interact similarly
ith nuclear scaffold and augment SV40 promoter-
ediated luciferase gene transcription following tran-

ient transfection of recombinant plasmids.
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Cell lines. All cell lines used were from the Health Science Re-
earch Resources Bank (Osaka, Japan). Ac2F and AH66tc (rat hep-
toma cell lines), CHO and HeLa S3, and NIH3T3 cells were respec-
ively maintained in monolayer culture with minimum essential
edium, Ham F12 medium, and Dulbecco’s modified Eagle medium

ach containing 10% fetal bovine serum and appropriate concentra-
ions of antibiotics under 5% CO2 and 95% air at 37°C. Culture media
Gibco/BRL) and all other materials were purchased through local
istributors.

Plasmids carrying the XmnI and MAR/SAR fragments. pGL-3
romoter vector (Promega Corp., Madison) was used to determine
he extent of augmentation of SV40 promoter-mediated luciferase
ene transcription by various types of DNA fragments tethered up-
tream from the stretch encompassing SV40 promoter and the firefly
uciferase gene. The genomic fragments used were the 370 bp XmnI
ragment (XmnI) (cf. Fig. 2) (7, 8); IgH enhancer 39-MAR (Cu300)
nd 59-MAR (Cu700) (15); heptamer of a 26-bp long base unpairing
egion of Cu300 (Wild) and octamer of its 25-bp long mutant se-
uence deficient in base unpairing due to substitution of ATATAT in
ild with CTGCT (Mut) (15); the fragment between nucleotides

64 to 995 of the human interferon b gene (hINFb) (16); and a
lant MAR, ST-LS1, comprising nucleotides 2643 to 3140 of the
otato ST-LS1 gene (17). Plasmid DNA was propagated in E. coli
H5 a and the final preparation was obtained by CsCl equilibrium

entrifugation.

Methylation of the XmnI fragment. pGL-3-XmnI (20 mg) was
ncubated with 0.1, 1.0, or 10 units of M.AluI, which specifically

ethylates the cytosine base of HindIII site (Takara, Tokyo), at 37°C
or 3 h. Aliquots of the plasmids methylated and extracted with
henol/chloroform were digested with HindIII. Based on the fact that
he XmnI fragment has one HindIII site (cf. Fig. 2), the extent of
ethylation was determined by amounts of the fragments uncut

370 bp) and cut by HindIII.

Determination of the extent of augmentation of transcription. Li-
ofection of the recombinant pGL-3 and pRL-SV40 with Transfectam
Promega Corp.) into cells subcultured in dishes with a diameter of
0 mm, preparation of cell lysate, and determination of luciferase
ctivity using a dual luciferase assay kit on TOPCOUNT (Packard
nstrument Co., Inc.) were performed according to the supplier’s
nstructions. The extent of augmentation of transcription was deter-

ined as luciferase activity relative to control activity exhibited by
ells that received wild type pGL-3 promoter vector and pRL-SV40.

Southwestern analysis. The P fraction prepared from nuclei pu-
ified from rat liver was denatured and solubilized in the presence of
odium dodecylsulfate (SDS) and 2-mercaptoethanol at room tem-
erature. Equal volumes of the solubilized P fraction were developed
y polyacrylamide gel electrophoresis in the presence of SDS (SDS–
AGE), and processed as described previously (7, 8). The XmnI and
AR/SAR fragments labeled with [a-32P] dCTP were used as probes.

ESULTS

Augmentation of SV40 promoter-mediated transcrip-
ion. For assay of luciferase, Ac2F cells that received
GL-3-XmnI carrying the XmnI fragment were lysed at
arious intervals of incubation after lipofection. As
hown in Fig. 1, cells at 24 and 36 h of incubation
xhibited luciferase activity five to six times the basal
ctivity revealed by cells that received the wild-type
GL-3 promoter vector. pGL-3-Wild carrying a hep-
amer of a synthetic base unpairing region within IgH
283
9-MAR also appeared to augment luciferase produc-
ion, but to twice control level at comparable periods of
ncubation. pGL-3-Mut, deficient in base unpairing,
xhibited no significant augmentation over the time
ourse examined. These findings clearly demonstrated
hat the XmnI fragment and the synthetic base unpair-
ng region of MAR/SAR augmented SV40 promoter-

ediated luciferase gene transcription probably
hrough interaction of the inserted DNA fragments
ith proteins. That prolonged incubation of these

ransfected cells reduced luciferase activity suggested
oth structural alteration of the recombinant pGL-3
ectors and the importance of timing of assaying for
uciferase.

Requirement of an AT-Rich region with bend center
or augmented expression of luciferase. Various mu-
ants each carrying part of the XmnI fragment were
repared and examined for transcription augmenta-
ion. As shown in Fig. 2, luciferase activity expressed
y pGL-3-XmnI was four times basal activity, confirm-
ng the result shown in Fig. 1. pGL-3-X/H carrying the
9 half of the XmnI fragment exhibited a similar level
f luciferase activity. Since pGL-3-Ha/H and pGL-3-
/H, both of which include the region between the sites

or DraI and HindIII, exhibited luciferase activity over
en times control level, the region between the 59 XmnI
nd HaeIII sites appeared to have an inhibitory effect
n transcription augmentation by the region between
he sites for DraI and HindIII. The region between the
ites for DraI and HindIII thus appeared to be required
or augmentation of luciferase gene transcription. Re-
ated to this, the XmnI fragment has three structural
eatures. First, an AT-rich region which is protected in

FIG. 1. Induction of luciferase by transient transfection of re-
ombinant plasmids with either the XmnI fragment or the base
npairing region. Ac2F cells that received pGL-3-XmnI (E), pGL-3-
ild (■), pGL-3-Mut (h), or pGL-3 promoter vector (F) were cultured

nd their lysates were prepared at the indicated intervals. Lucif-
rase activities relative to control are expressed as the mean value of
hree experiments 6 SD.
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he complex of the XmnI fragment and purified P130
rom digestion by DNaseI is present near the DraI site
18). An ACATAT sequence similar to the ATATAT
equence designated in the IgH39 MAR as the base
npairing region, which actually augmented transcrip-
ion in pGL-3-Wild, begins seven bp downstream from
he DraI site (cf. Fig. 2). Second, the XmnI fragment
orms the DNA bend (6). The bend center was pre-
umed to be present about 20 bp upstream from the
indIII site. Third, the cytosine base in this HindIII

ite is methylated in vivo and in vitro to control binding
f the XmnI fragment and P130 or an 83 kDa polypep-
ide (10). The region between the DraI and HindIII
ites features all three of these characteristics.

Inability of the methylated XmnI fragment to augment
ranscription. pGL-3-XmnI methylated by M. AluI in
itro was examined for augmentation of transcription.
s shown in Fig. 3, luciferase activity revealed by the
ild-type pGL-3 promoter vector was not affected by
ethylation. While Ac2F cells that received the native

GL-3-XmnI induced luciferase to a level comparable
o that shown in Fig. 1, the pGL-3-XmnI methylated
ith increasing amounts of M. AluI clearly reduced

uciferase induction. Finally, pGL-3-XmnI maximally
ethylated with 10 units of M. AluI for 3 h became

esistant to digestion with HindIII and inert with re-
pect to augmentation of luciferase gene transcription.
similarly methylated XmnI fragment did not bind to

130 and bound to an 83 kDa polypeptide in South-
estern analysis (10). If this alteration occurs in vivo,

hen the transcription augmentation by the XmnI frag-
ent is due to the required binding of the XmnI frag-
ent and P130.

Augmentation of transcription by the XmnI and
AR/SAR fragments in various cell lines. Table 1

ummarizes levels of luciferase induction during 24-h
ncubation in five different types of cell lines following
ransient transfection of recombinant pGL-3 plasmids

FIG. 2. Requirement of a region in the XmnI fragment for the a
ragment and tethered upstream from the stretch encompassing SV4
llustrated with their relative luciferase activity. Inserted and deleted
ecognition sites for restriction endonucleases were indicated togeth

ragment. Filled and open triangles respectively denote positions of
284
ach carrying either the XmnI fragment or distinct
AR/SAR fragments. In Ac2F cells, pGL-3-Cu700 and

GL-3-XmnI augmented production of luciferase to five
o six times control level. This augmentation appeared
o be three times stronger than that with pGL-3-
INFb. In AH66tc cells, pGL-3-Cu700 most strongly
nhanced luciferase production (12 times control level).
his extent is three to four times higher than those
ith plasmids carrying other DNA fragments. More-
ver, pGL-3-Cu700 yielded twice control level in HeLa
3 cells, in which pGL-3-XmnI induced luciferase ac-
ivity twice that induced by pGL-3-Cu700. In contrast,
GL-3-hINFb and pGL-3-Cu300 appeared to equally
ugment luciferase production in all cell lines tested.
his variability in extent of augmentation suggests
hat proteins interacting with the DNA segments
ested are in part intrinsic to individual cell lines.

entation of transcription. DNA segments prepared from the XmnI
romoter (open bar) and the firefly luciferase gene (shaded bar) were
ions of DNA were illustrated with filled bars and lines, respectively.

with nucleotide number parenthesized over the length of the XmnI
bend center and AT-rich regions.

FIG. 3. Suppression of luciferase induction by methylation of
GL-3-XmnI. Lysates were prepared at 24 h of incubation of Ac2F
ells transfected with pGL-3-XmnI and pGL-3 promoter vector which
ere methylated to variable extents, and luciferase activity was
ssayed.
ugm
0 p
reg
er
the
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Binding of the MAR/SAR fragments to proteins with
izes similar to P130. Equal amounts of proteins sol-
bilized from the P fraction isolated as scaffold fraction
rom rat liver nuclei were probed with the seven radio-
ctive DNA fragments with identical specific radioac-
ivity. As can be seen from Fig. 4, with the exception of
ut, all of the probes exhibited signals indicating bind-

ng to a polypeptide with an apparent molecular mass
f 130 kDa. In addition to this signal, the hINFb and
u300 probes appeared to bind to another polypeptide
f approximately 120 kDa, a size similar to that of P123
hich is the hypophosphorylated isoform of P130. In

his regard, under similar conditions the native XmnI
robe exhibited signals corresponding to sizes of 130
nd 123 kDa. Based on this property of interaction of
he XmnI fragment and scaffold proteins, P130 was
urified from rat liver nuclear scaffold (8). Therefore,
he polypeptide bound with the six DNA probes may be
130 and P123, indicating that P130 and P123 simi-

arly recognize a highly repetitive DNA component and
he MAR/SAR fragments examined.

Augmentation of SV40 Promoter-Mediate
by Various Types of

Cell line XmnI Cu300 Cu700

c2F 5.1 6 0.3 1.9 6 0.4 6.3 6 0.6
H66tc 3.9 6 0.3 2.7 6 0.2 12.0 6 0.6
IH3T3 3.9 6 0.4 2.0 6 0.5 2.6 6 0.6
HO 5.7 6 0.9 1.9 6 0.1 7.0 6 0.3
eLa S3 5.4 6 1.0 1.7 6 0.3 2.5 6 0.5

Note. Various types of cells were transfected with recombinant plas
ell lysates were assayed for luciferase activity.

FIG. 4. Binding of the XmnI and MAR/SAR fragments to P130
nd P123. Proteins recovered from rat liver nuclear scaffold were
eveloped by SDS–PAGE and probed with DNA fragments indicated.
ositions of P130 and P123 were indicated.
285
ISCUSSION

In the present study, the XmnI fragment, a rat
ighly repetitive DNA component, augmented the
V40 promoter-mediated luciferase gene transcription
etermined by transiently expressed luciferase activity
n various types of cells. Moreover, the XmnI fragment
ith the methylated HindIII site did not augment this

ranscription. Since Hibino et al. have demonstrated
hat the binding of the XmnI fragment and P130 in
itro is inhibited by methylation of the cytosine base at
his HindIII site (10), the suppression of the transcrip-
ion augmentation by methylation indicates the re-
uirement of P130 for processes of transcription aug-
entation. Further, as the XmnI fragment bound P130

n a Southwestern analysis, various types of MAR/SAR
ragments bound two nuclear scaffold proteins with
izes similar to those of P130 and its isoform, P123.
ase unpairing appeared to play principal roles in both

he binding of MAR/SAR fragments and P130, and
ugmentation of luciferase gene transcription. MAR/
AR segments in recombinant plasmids, therefore, can

nteract with P130, and the interaction of MAR/SAR
ith P130 appeared to be required for augmentation of

uciferase gene transcription. The present study thus
or the first time demonstrated the similarity of a
ighly repetitive DNA component to MAR/SAR in in-
eraction with a scaffold protein, P130, by which ap-
ropriately positioned promoter is activated.
An AT-rich sequence was assigned to a base unpair-

ng region necessary for interaction of a MAR/SAR
ragment with a nuclear matrix protein, SATB1 (spe-
ial AT-rich sequence binding-protein 1), in thymus
nd testis (15). In the present study, P130 also bound
NA having the synthetic ATATAT sequence, but not
variant DNA, indicating that P130 distinct from

ATB1 likewise requires base unpairing to recognize
ts binding site in genomic DNA. We have confirmed
hat in rat, P130 is present in all tissues examined
ncluding thymus (Hibino et al., unpublished observa-

ranscription in Five Different Cell Lines
R/SAR Fragments

R/SAR fragment

Wild Mut hINFb ST-LS1

3.3 6 0.7 1.0 6 0.4 2.1 6 0.3 3.6 6 0.7
3.9 6 0.2 1.4 6 0.1 2.8 6 0.3 4.3 6 0.2
6.9 6 0.5 1.6 6 0.2 2.8 6 0.3 2.2 6 0.4
3.2 6 0.2 0.7 6 0.1 2.5 6 0.1 2.5 6 0.2
3.2 6 1.0 1.1 6 0.4 2.5 6 0.5 2.9 6 0.2

s each carrying the indicated DNA fragments and cultured for 24 h.
d T
MA

MA

mid
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ble in the centromeric regions in the metaphase nu-
leus by in situ hybridization using a 92-bp long
omponent prepared by digestion of the rat genomic
NA with EcoRI (5). We confirmed their centromeric

ocalization using the XmnI fragment (370 bp in size)
s a probe (not shown). On the other hand, MAR/SAR
egments are reportedly expected to be present at both
p- and downstream boundaries of nuclear genes, and
re correspondingly distributed at ;100 kb intervals in
he genome (19). Therefore, P130 can bind, on the one
and, to highly repetitive DNA components in centro-
eric regions, and on the other hand, to MAR/SAR

egments widely dispersed in stretches of chromosomal
NA. In this context, signals expressed by in situ hy-
ridization clearly indicate that a large number of rep-
titions are present in the centromeric regions, but do
ot exclude the possibility that single segments of the
ighly repetitive DNA component are dispersed over
tretches of chromosomal DNA. Like the repetitive
NA components in centromeric regions, their dis-
ersed segments, if present in the genome, can be
inding sites of P130. P130 thus appears to be an
mportant protein by which chromatins are anchored
o nuclear scaffold in most types of cells in rat.

It is unclear at present which subnuclear space is the
ite for transcription of recombinant constructs tran-
iently transfected. Association of the recombinant
onstruct with nuclear scaffold is considered likely.
lternatively, since different types of cells exhibited
ariable extents of luciferase activity, it is conceivable
hat P130 and proteins similar to P130 are also present
n a nuclear space from which these proteins might be
eadily extractable with a high concentration of salt
ogether with other proteins. In either case, the bind-
ng of P130 to the XmnI and MAR/SAR fragments

ight result in circumstances under which proteins
equired to form the structural and functional basis of
hromatins are more efficiently assembled. If this is
he case, then the transcription augmentation ob-
erved is considered to reflect efficacy of binding of
130 and the highly repetitive DNA component or
AR/SAR on assembly of transcription machinery.
ethylation of the HindIII site in the XmnI fragment

ppears likely to function to regulate, with the aid of
emethylation, reversible appearance and disappear-
nce of binding sites of P130 on chromosomal DNA.
herefore, methylation of the HindIII site of highly
epetitive DNA components might be one of underlying
echanisms of chromatin remodeling in which P130

an play roles presumably together with the methyl-
pG-binding protein 2 (MeCP2) with size of 83 kDa

20). Similar properties have not been reported for
AR/SAR. Detailed characterization of the structure,

unction, and subnuclear localization of P130 and of
he precise distribution of a highly repetitive DNA
286
larify interesting functions of a nuclear scaffold pro-
ein, P130.
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