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Identi®cation and Mapping of Nuclear
Matrix-Attachment Regions in a One Megabase Locus of
Human Chromosome 19q13.12: Long-Range Correlation
of S/MARs and Gene Positions
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Abstract The ®rst draft human genome sequence now available allowed the identi®cation of an enormous
number of gene coding areas of the genomic DNA. However, a great number of regulatory elements such as enhancers,
promoters, transcription terminators, or replication origins can not be identi®ed unequivocally by their nucleotide
sequences in complex eukaryotic genomes. One important subclass of these type of sequences is scaffold/matrix
attachment regions (S/MARs) that were hypothesized to anchor chromatin loops or domains to the nuclear matrix and/or
chromosome scaffold. We developed an experimental selection procedure to identify S/MARs within a completely
sequenced one megabase (1 Mb) long gene-rich D19S208-COX7A1 locus of human chromosome 19. A library of S/
MAR elements from the locus was prepared and shown to contain �20 independent S/MARs. Sixteen of them were
isolated, sequenced, and assigned to certain positions within the locus. A majority of the S/MARs identi®ed (11 out of 16)
lie in intergenic regions, suggesting their structural role, i.e., delimitation of chromatin domains. These 11 S/MARs
subdivide the locus into 10 domains ranging from 6 to 272 kb with an average domain size of 88 kb. The remaining ®ve
S/MARs were found within intronic sequences of APLP1, HSPOX1, MAG, and NPHS1 genes, and can be tentatively
characterized as regulatory S/MARs. The correspondence of the chromatin domains de®ned by the S/MARs to functional
characteristics of the genes therein is discussed. The approach described can be a prototype of a similar search of long
sequenced genomic stretches and/or whole chromosomes for various regulatory elements. J. Cell. Biochem. 84: 590±
600, 2002. ß 2001 Wiley-Liss, Inc.
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The ®rst draft human genome sequence
published recently [Lander et al., 2001] opened
up a possibility of extensive analysis of genome
functional elements, ®rst of all coding se-
quences [Bentley, 2000]. The complete annota-
tion of sequenced eukaryote genomes, however,
should not be limited to genes, it should also
include the positioning of all non-coding reg-
ulatory elements. This is a prerequisite to form
a solid base for understanding complex func-
tional interplay between genes and other func-
tional elements. At present, the main approach
to solving this problem consists in combining

all the information available on the genome
elements in a single database using modern
bioinformatic technologies [Lewis et al., 2000].

Unfortunately, the data on genome positions
of the multitude of regulatory sequences, like
enhancers, promoters, transcription termina-
tors, replication origins etc., are very limited,
especially at the whole genome level. Therefore,
the development of whole genome experimental
approaches to the identi®cation of the genome
elements that can not be recognized solely
by their nucleotide sequences seems highly
desirable.

One important subclass of this type of se-
quences is matrix-attachment regions or MARs,
i.e., the regions of chromatin loops or domains
that are widely believed to anchor them to the
nuclear matrix and/or chromosome scaffold
(for recent reviews see [Berezney et al., 1995;
Berezney and Wei, 1998; Hancock, 2000]).
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MARs are usually de®ned as short (100±1,000
bp) DNA sequences capable of binding speci®-
cally to the isolated nuclear matrix in vitro
[Cockerill and Garrard, 1986; Boulikas, 1995].
Similarly de®ned, scaffold attachment regions
(SARs) [Mirkovitchetal., 1984; Izaurraldeetal.,
1988] are most probably very much alike if not
identical to MARs [Bode et al., 1996]. S/MARs
were hypothesized to play a functional role in
DNA packaging, replication, and gene expres-
sion [Jackson et al., 1992; Berezney et al., 1995;
Bode et al., 1996, 2000a; Razin, 1999]. Experi-
mental evidence indicates that S/MARs may
physically separate (``structural'' S/MARs)
neighboring chromatin loops or domains that
differ structurally and/or functionally, e.g., by
their transcriptional activity and/or topological
state [Geyer, 1997]. An attractive hypothesis
ascribes to S/MARs an involvement into a large-
scale regulation of genome activity by assuming
that a speci®c fraction of them (``functional''
S/MARs) can bind nuclear matrix under certain
conditions and form chromatin domains
depending on cell or tissue type [Jackson et al.,
1992].

Other candidate elements participating in
the formation of functional and structural
chromatin domains were identi®ed by their in
vivo manifestation, namely insulators [Bell
and Felsenfeld, 1999] and locus control regions
[Li and Peterson, 1999]. Controversial data
were obtained on interrelation of insulator
elements and S/MARs. At least in some cases,
insulators were capable of binding nuclear
matrix [Nabirochkin et al., 1998; Namciu et al.,
1998; Antes et al., 2001]. As an example, two
different human S/MARs from the apoli-
poprotein B and alpha 1-antitrypsin loci were
active in a Drosophila white gene position
effect assay [Namciu et al., 1998]. The results
of other groups, however, discriminated be-
tween insulator and matrix binding activities
[Scott et al., 1999].

One possible reason for this controversy is
that these elements were characterized for only
a few functionally de®ned domains, like human
beta-globin [Engel and Tanimoto, 2000] or
interferon-beta [Bode et al., 1995]. Other
domains may have different sets of functional
modules contributing to the domain organiza-
tion. To resolve this controversy, it would be
helpful to ®nd and correlate the positions of
insulator, LCR, and S/MAR elements within
long genome stretches spanning over several

independently regulated genes, and therefore
possibly including several functional domains.

Recently, we proposed a technique [Nikolaev
et al., 1996] based on selection and cloning of
genomic restriction fragments capable of bind-
ing speci®cally to isolated nuclear matrix
in vitro. The technique was tested with human
chromosome 19 and found to be applicable to
the isolation and mapping of S/MARs from
whole human chromosomes. In the present
work, we used this procedure to select and
map S/MAR elements within a one megabase
(1 Mb) long sequenced D19S208-COX7A1 locus
of human chromosome 19q13.12. The locus
contains 22 identi®ed genes with characterized
products, many of which are regulated in a
tissue speci®c manner, and 6 genes coding for
hypothetical proteins. Hopefully, the identi®ca-
tion of S/MAR positions relative to genes within
such a long stretch of the genome will help to
get a deeper insight into the structural basis
of S/MARs functioning. This approach can be
further used for annotation of long sequenced
genomic stretches and/or whole chromosomes
by experimental mapping of functional genomic
elements.

MATERIALS AND METHODS

Basic Protocols

Growth and transformation of E. coli cells,
preparation of plasmid DNA, agarose gel elec-
trophoresis, blot-hybridization, and other
standard manipulations were performed as des-
cribed [Sambrook et al., 1989].

Cosmid DNA Preparation

E. coli cells containing cosmids that represent
the D19S208-COX7A1 locus of human chromo-
some 19 were provided by Dr. Anne Olsen
(Biology and Biotechnology Research Program,
Lawrence Livermore National Laboratory) and
grown overnight at 378C in 5 ml of LB medium
supplemented with kanamycin (20 mg/ml).
Cosmid DNA was isolated using a Wizard
Plus Minipreps DNA Puri®cation System (Pro-
mega) according to the manufacturer's recom-
mendations.

Nuclear Matrix Preparation and In Vitro
Binding of S/MARs

Nuclear matrices (scaffolds) were prepared as
described previously [Izaurralde et al., 1988]
with 15 mM of lithium 3,5-diiodosalicylate from
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HeLa S3 cells grown in suspension in S-MEM
with 10% of fetal calf serum. DNA was frag-
mented with Xho I restriction endonuclease at a
concentration of 1,500 U/mg of initial nuclear
DNA.

Binding of selected fragments to isolated
nuclear matrices in vitro was performed as des-
cribed [Izaurralde et al., 1988]. Alpha-32P-dATP
was incorporated into S/MARs and positive/
negative control DNA fragments in the course of
PCR ampli®cation [Nikolaev et al., 1996].
Binding coef®cients were calculated as before
[Nikolaev et al., 1996] and normalized to the
coef®cient of the positive control, the insert of a
pUCMAR10 plasmid [Bode et al., 1992].

S/MARs Library Construction

A general construction scheme is depicted in
Figure 1. Each individual cosmid DNA (0.1 mg)
was digested to completion with 20 U of either

Sau3A or Csp6I (Fermentas) in manufacturer's
buffer for 3 h at 378C. Sau3A and Csp6I digested
cosmids were pooled separately, phenol-ex-
tracted and ethanol-precipitated. Ligation of
the corresponding linkers and PCR-ampli®ca-
tion were done as described earlier [Nikolaev
et al., 1996]. The resulting Sau3A and Csp6I
libraries were pooled together forming a short
fragment library of the human chromosome
19 D19S208-COX7A1 locus.

S/MARs were then selected from the short
fragment library obtained using the in vitro
selection procedure [Nikolaev et al., 1996], see
Figure 1. Nuclear matrices (1.5� 107 initial
cells) were washed three times with 500 ml of
40 mM Tris-HCl, pH 7.4, 0.1 mM spermine,
0.25 mM spermidine, 40 mM KCl, 140 mM
NaCl, 4 mM EDTA, 0.2% digitonin, 0.2 mM
PMSF, and resuspended in 50 ml of the same
buffer. Fragmented E. coli DNA (100 mg) was
then added to the matrices, the reaction volume
was adjusted to 95±98 ml with water and the
mixture was pre-incubated for 30 min at room
temperature. A 5±25 ng of the short fragment
library DNA in 2±5 ml of TE buffer was then
added, and the incubation was continued for an
additional 3 h. The nuclear matrix pellet was
collected in a microcentrifuge (30 s; 10,000 rpm),
washed with 500 ml of 20 mM Tris-HCl, pH 7.4,
0.05 mM spermine, 0.125 mM spermidine,
20 mM KCl, 70 mM NaCl, 2 mM EDTA, 0.1%
digitonin, 0.1 mM PMSF, and resuspended in
100 ml of TE buffer with 0.5% SDS. Proteinase K
was then added up to 50 mg/ml, and the sus-
pension was incubated overnight at 568C. The
matrix-bound DNA was extracted with phenol/
chloroform/isoamyl alcohol (25:24:1), precipi-
tated with ethanol in the presence of 0.3 M
NaOAc, washed with 70% ethanol, dried and
dissolved in 20 ml of TE buffer. A 1±2 ml of the
DNA solution was PCR-ampli®ed (948C/20 s;
608C/30 s;728C/75 s) with the library primer
(ACTGAGCTCGAGTATCCATGAACA) for 17,
15, 13, 12, or 8 cycles (after the 1st±5th selection
round, respectively) and used for the next
selection round. After ®ve selection rounds,
the resulting DNA was cloned into a pCR2.1
vector (Invitrogen) according to the manufac-
turer's protocol and clones were arrayed in
96-well microtiter plates.

Sequencing and Computer Analysis

Clone inserts were sequenced using an
ALFexpress II automated DNA sequencer

Fig. 1. Construction of the S/MARs library. A pool of short
DNA fragments, covering the whole D19S208-COX7A1 locus
and containing the library primer at both ends, was mixed with
isolated nuclear matrices (scaffolds), incubated, extensively
washed to remove unbound DNA, and matrix-bound DNA was
then PCR-ampli®ed with the library primer and used for the next
round of selection. The process was repeated ®ve times. After
the 5th round of binding with nuclear matrix the PCR-ampli®ed
mixture of the fragments was cloned, sequenced, and mapped
within the D19S208-COX7A1 locus.
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(Amersham-Pharmacia Biotech). The se-
quences were mapped to the GenBank deposits
(nucleotide, EST, and HTGS divisions) using
the BLAST [Altschul et al., 1997] server at
NCBI (www.ncbi.nlm.nih.gov/BLAST). The
data were further analyzed with the help of
the Draft Human Genome Browser (http://
genome.ucsc.edu/goldenPath/hgTracks.html).

RESULTS

S/MARs Library Construction

A general scheme of the S/MARs library
construction is shown in Figure 1. A pool of
short (200±1,000 bp) fragments with the library
primer at both ends, obtained as described in
Materials and Methods, was used for the
selection of S/MARs by the in vitro matrix
binding assay. Nuclear matrices (scaffolds)
were mixed with this pool in the presence of
excess amounts of blocking E. coli DNA,
incubated, extensively washed to remove
unbound DNA, and matrix-bound DNA frag-
ments were isolated. The matrix-bound DNA
was then PCR-ampli®ed with the library primer
and used for the second round of matrix binding.
The process was repeated ®ve times. The result
of each successive binding step is shown in
Figure 2. The initial DNA gave a smear of
about 4,000 expected fragments (lane 1). After

successive matrix binding-puri®cation rounds,
the smear was gradually replaced by a ladder of
a limited number of fragments, indicating pre-
ferential selection of a putative matrix binding
fraction of the initial DNA.

After the ®fth round of binding with the
nuclear matrix, the PCR-ampli®ed mixture of
the fragments was cloned into a plasmid vector.
Transformed E. coli cells were plated on X-gal/
IPTG agar plates and 184 white colonies were
arrayed on 96-well clusters.

Hybridization and Sequencing

The presence and the size of the inserts in
library clones were checked by PCR with the
library primer. 168 PCR-ampli®ed inserts were
resolved in an agarose gel and blotted to nylon
®lters. The ®lters were hybridized to a random
primer labeled pool of the fragments selected
after the ®fth selection round (Fig. 3). Twenty-
nine clones having given strong hybridization
signals and therefore abundant in the library
were selected for sequencing. The clones with
weak hybridization signals (like 2 and 10 in
Fig. 3) were considered non-speci®c and ex-
cluded from further analysis.

Map of the S/MARs

Twenty-nine clones selected from the library
of putative S/MARs were sequenced yielding 16
independent sequences. To estimate the num-
ber of independent clones in the library, we

Fig. 2. Selection of DNA fragments binding preferentially to
nuclear matrix. Agarose gel electrophoresis (1%) of the initial
short fragment library of the D19S208-COX7A1 locus (lane 0)
and fragments after 1st, 2nd, 3rd, and 5th rounds of the selection
(lanes 1, 2, 3, and 5, respectively). M-DNA length marker
(Novagen). Note that the initial smear gradually transforms into
a ladder of distinct bands.

Fig. 3. Agarose gel electrophoresis (1%) of the PCR-ampli®ed
inserts from the library of putative S/MARs after staining with
ethidium bromide (panel A) and blot-hybridization of the same
fragments to the random primer labeled pool of the putative S/
MARs selected after the 5th selection round (panel B). M-DNA
length marker.
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assumed that the frequency of cloned sequences
occurrence in library samples ®ts the Poisson
distribution. Using the least-squares method,
we adjusted a Poisson curve to ®t the data
obtained. From this Poisson curve, the library
size can be calculated as (the number of selected
clones)/q, where q is a parameter of the Poisson
distribution. The estimated number was found
to be about 20. It means that 16 sequences found
may represent most, if not all, potential S/MARs
in our library.

All independent sequences were compared to
the GenBank database (Table I). As expected,
all 16 sequences were unambiguously mapped
into sequences of the human chromosome 19
D19S208-COX7A1 locus. Accession numbers of
the corresponding genomic sequences and posi-
tions of the isolated sequences within them are
presented in Table I. A resulting map indicating
the positions of all S/MAR elements relative to
genes identi®ed in the locus is presented in
Figure 4.

Analysis of the Sequences and
Binding Coef®cients

Nuclear matrix binding coef®cients for 16
selected S/MARs were determined as described

earlier [Nikolaev et al., 1996] and normalized to
an assumed 100% binding ef®ciency of the
positive control±the insert of a pUCMAR10
plasmid (a pUC19 vector with a ten times
repeated synthetic 25 bp sequence of an S/
MAR located 30 to the IgH enhancer [Bode et al.,
1992]). The results are shown in Figure 5, and
mean binding coef®cients obtained using at
least two independent matrix preparations are
summarized in Table I.

It should be noted that the values of binding
coef®cients, and to a lesser extent, their normal-
ized values, can vary for different nuclear
matrix preparations, and therefore, we consider
these data as only semi-quantitative. On the
other hand, all S/MARs do bind the nuclear
matrix stronger than the negative control in all
experiments, and their relative binding ef®-
ciency is generally conserved from one experi-
ment to another.

Although S/MARs of the now classical type
have been reported to be generally AT rich,
recent studies assign a more important role to a
regular distribution of ``90% AT boxes'' [Micha-
lowski et al., 1999]. We analyzed S/MAR
sequences using the PC/Gene package. Out of
16, 10 characterized S/MARs were found to

TABLE I. Properties of S/MAR Sequences

S/MAR
no.

GenBank
accession no.
of the S/MAR

containing
sequence

Position of the
S/MAR in
GenBank
sequence G�C (%) A�G (%)

Density of
AT-rich
regions

(%)a

Density of
inverted
repeats

(%)b

Matrix
binding

ef®ciency
(%)c

1 AC002128 28543±28841 40 59 29 9 40
2 AC002132 9575±10020 50 46 0 0 50
3 AC002132 14934±15333 51 41 0 17 75
4 AC002997 23799±22822 41 61 30 44 20
5 AC002997 30367±31030 39 39 44 68 20
6 AC002115 6361±7037 45 43 11 20 30
7 U95090 3681±3352 44 59 26 15 10
8 AC002133 18499±18938 46 34 10 13 120
9 AC002133 31379±31559 54 48 0 24 70

10 AD000864 11263±10625 50 35 3 17 90
11 AF038458 24698±24511 57 30 0 15 80
12 AF038458 29101±29468 41 68 32 8 40
13 AF038458 71228±71670 50 36 5 6 45
14 AC002116 2683±2239 46 39 20 27 60
15 AC004144 27978±28345 49 41 13 19 40
16 AD001527 22629±22125 51 51 17 22 50

aPercentage of continuous AT-rich (> 75% A�T) regions longer than 20 bp.
bPercentage of perfect inverted repeats (including palindromes) longer than 6 bp.
cAs compared to the positive controlÐthe insert of a pUCMAR10 plasmid (see Materials and Methods).

Fig. 4. A map of the D19S208-COX7A1 locus with positions of S/MARs indicated by shaded vertical
arrows. The lengths of the arrows roughly correspond to the nuclear matrix binding strength of the indicated
S/MARs. Empty horizontal arrows indicate identi®ed genes and their direction of transcription, solid
horizontal arrows indicate positions of hypothetical genes. Clone coverage of the locus is presented under
the map together with the GenBank accession numbers of the respective cosmid sequences.
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contain more than 10% of � 20 bp long regions
with an AT content of more than 75% (Table I;
see [Boulikas, 1995]). However, four S/MARs (2,
3, 9, 11) with high af®nity for the nuclear matrix
did not contain any AT-rich sequences longer
than 20 bp. Similarly, the number of inverted
repeats (potential hairpins or cruciform struc-
tures, [Boulikas and Kong, 1993]) within the S/
MARs also did not correlate with the matrix
af®nity: e.g., S/MARs 8 and 10 with high af®nity
contained a much lesser number of inverted
repeats than S/MAR 5, a clone with a compara-
tively low af®nity (Table I).

DISCUSSION

Now, when sequences of several metazoan
genomes, including the human genome, are
almost ®nished, an old problem of structural
basis of the functional organization of the
genomes can get a principally new impetus.
One of the ®rst steps toward this goal could be
the construction of a comprehensive physical
map of various functional elements within the
genome context.

One of the challenges for such a mapping is
de®nition and positioning of autonomous func-
tional units also called functional gene expres-
sion domains [Boulikas, 1995; Dillon and

Sabbattini, 2000]. Many authors are inclined
to consider the functional domains structurally
and functionally relevant to series of individual
loops in the bases of which lie S/MARs (see
Introduction). One of the roles of S/MARs is the
insulation of neighboring domains in such a way
that active transcription and regulatory ele-
ments (e.g., enhancers) of different domains
would not interfere with each other [Bode et al.,
1992]. Another concept is based on the idea that
the propagation and maintenance of open
(active) chromatin could well be governed via
transcription factor binding sites distributed
across the region [Dillon and Grosveld, 1994;
Dillon and Sabbattini, 2000] or cellular com-
partmentalization of DNA and regulatory pro-
teins [Stein et al., 2000].

Most approaches used so far to de®ne
chromatin domains had a serious limitation:
they dealt with domains containing either a
single gene or a cluster of related genes. To
avoid this limitation, it is necessary to map all
the S/MARs within long gene-rich DNA
stretches and to correlate their positions with
the genomic location of variously regulated
genes. Such an attempt has been made recently
for a�150 kb long region containing the human
serpin gene cluster at 14q32.1 [Rollini et al.,
1999].

Fig. 5. Speci®c binding of the S/MARs obtained to the nuclear matrix. Radioactively labeled S/MARs were
incubated with the isolated nuclear matrix. The fractions bound (pellet) and not bound (supernatant) to the
nuclear matrix were separated in a 10% denaturing polyacrylamide gel. pUCMAR10±positive control, a
synthetic sequence of an S/MAR located 30 to the IgH enhancer; L±negative control, a fragment of lambda
phage genome.
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We mapped S/MARs within a 1 Mb long
stretch of human chromosome 19 DNA located
between markers D19S208 and COX7A1. The
D19S208-COX7A1 locus was chosen as one of
suf®ciently long completely sequenced loci, that
contains 22 identi®ed genes with characterized
products and 6 genes coding for hypothetical
proteins. Gene names, positions, and transcrip-
tion directions are presented in Figure 4 and
Table II.

Sixteen S/MAR elements were identi®ed and
mapped within this locus. Their in vitro nuclear
matrix (scaffold) binding af®nity ranged from
10 to 120% of that for a well characterized
S/MAR-element derived from the mouse IgH
locus [Cockerill et al., 1987]. Since, the esti-
mated total number of individual S/MARs in the
library is about 20, the majority of the locus S/

MARs were mapped, even though some S/MAR-
containing fragments could be lost during the
preparation procedure.

Out of 16, 11 identi®ed S/MARs were found to
lie in the intergenic regions, consistent with
their role in delimitation of chromatin domains
(Fig. 4, Table II). These 11 S/MARs subdivide
the locus into 10 putative domains of 6±272 kb
long with an average domain size of 88 kb, in
good accord with the previous estimations of the
chromatin loop size [Jackson et al., 1990; Jack
and Eggert, 1992; Boulikas, 1995; Iarovaia and
Razin, 1996]. At the same time, 4 of the 10
domains lacked any characterized or hypothe-
tical genes. Three of these ``pseudodomains'' are
short (6±16 kb) and may just be something
similar to a long genomic regulatory element
containing several proximal S/MAR elements,

TABLE II. Characteristics of Putative Domains Delimited by S/MARs Located in Intergenic
Regions of the D19S208-COX7A1 Locus of Human Chromosome 19

Region between
S/MARs denoted
by their nos.

Length of the
region (kb) Genes assigned to the region

Tissue speci®city of the gene
expression

1±4 199 LISH7, liver-speci®c transcription
factor

Liver

USF2, upstream transcription factor
2, c-fos interacting

Many tissues

LEAP-1, liver-expressed
antimicrobal peptide

Liver

MAG, myelin associated glycoprotein Nervous tissues
CD22 antigen B-lymphocytes

4±5 6 None
5±6 120 GAPDS, glyceraldehyde-3-phos-

phate dehydrogenase, testis-speci-
®c

Testis

NIFIE14, seven-transmembrane
domain protein

ND

ATP4A, ATPase, H�/K� exchanging,
alpha-polypeptide

Gastric parietal cells

6±9 272 COX6B, cytochrome C oxidase,
subunit VIb

Many tissues, mitochondrial
enzyme

UPKA1, uroplakin 1A Urothelium
TZFP, testis zinc-®nger protein Testis
TRX2, trithorax homologue 2 ND
HSPOX1, kidney and liver proline

oxidase 1
Kidney, liver (less in brain, heart,

no in other tissues)
NPHS1, nephrosis 1, congenital,

Finnish type (nephrin)
Kidney glomerular epithelial cells

9±11 81 APLP1, amyloid beta (A4) precursor-
like protein 1

Nervous tissues

DAP10, DNAX activation protein 10 NK and T-cells
TYROBP, TYRO protein tyrosine

kinase binding protein
NK cells

11±12 6 None
12±13 41 None
13±14 16 None
14±15 97 Hypothetical gene ND
15±16 35 POLR2I. polymerase (RNA) II

(DNA-directed) polypeptide 1
Housekeeping

CKAP1, cytosceleton associated
protein 1

Many tissues

ND, not determined.
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like a locus control region [Li and Peterson,
1999]. In turn, the longer ``pseudodomain'' may
contain not yet identi®ed genes.

The map demonstrates that genes with sig-
ni®cantly different tissue speci®city can be
found within one and the same domain. An
example is COX6B coding for mitochondrial
cytochrome C oxidase 6B subunit expressed
ubiquitously [Carrero-Valenzuela et al., 1991],
and uroplakin 1A gene which is expressed
predominantly in urothelium [Sun et al.,
1996]. These results can be explained in differ-
ent, but not necessarily mutually exclusive
ways:

I. There are data suggesting that S/MARs can
be subdivided into two groups [Phi-Van and
Stratling, 1990; Jackson et al., 1992]. The
®rst one is usually termed ``stable,'' ``consti-
tutive,'' or ``structural'' S/MARs; this group is
thought to be responsible for the formation of
the chromatin domains common for all cells
and tissues. In contrast, the second group
named ``dynamic,'' ``tissue-speci®c,'' or ``func-
tion-dependent'' S/MARs is supposed to form
temporary domains in particular tissues or
at de®nite stages of the cell cycle, thus being
involved in the large-scale genetic regulation
[Razin and Vassetzky, 1992; Bode et al.,
1995]. There is strong evidence for the
existence of tissue-speci®c S/MARs: e.g., it
was shown that a human apolipoprotein gene
is bound to the nuclear matrix only in HepG2
cells actively expressing this gene [Levy-
Wilson and Fortier, 1989]. Another example
are S/MARs of the malic enzyme gene which
are anchored to the nuclear matrix in thymus
cells, where the enzyme is active, but not in
reticulocytes [Brotherton et al., 1991]. Tissue
speci®c proteins possessing S/MAR binding
activity have also been described (review:
[Boulikas, 1995]). In this connection, it would
be very interesting to compare distributions
of S/MARs in the same genomic locus, but in
different cell types.

II. Apart from S/MARs, various regulatory
factor binding sites distributed across the
active regions are needed to determine
functional chromatin domains. In this case,
S/MARs can play a role of delimiters of large
open chromatin stretches, but whether a
particular gene is expressed or silent in this
region depends on gene or tissue speci®c
factors interacting with regulatory elements.

III. Some of the S/MARs located between genes
with different tissue speci®city weremissed.

IV. S/MARs are not the only type of boundary
elements, as was previously suggested
[Dillon and Grosveld, 1994; Dillon and
Sabbattini, 2000].

Additional experiments are needed to test
these possibilities, such as ®nding a correlation
of S/MARs and insulators positions in the region
[Bode et al., 2000b], and distribution of DNase
hypersensitive sites which is now in progress.

Out of 16, 5 S/MARs were found within
intronic sequences of four known genes: amy-
loid beta precursor-like protein 1 (APLP1)
[Bayer et al., 1999], kidney and liver proline
oxidase 1 (HSPOX1), myelin associated glyco-
protein (MAG) belonging to the immunoglobu-
lin superfamily [Konat, 1996; Schachner and
Bartsch, 2000], and nephrin (NPHS1) [Lenk-
keri et al., 1999]. Interestingly, all four genes
are suggested to be involved in the pathogenesis
of various heritable diseases, like multiple
sclerosis (MAG), Alzheimer disease (APLP1),
type I hyperprolinemia (HSPOX1), and conge-
nital nephrotic syndrome of the Finnish type
(NPHS1). Exact locations of the S/MARs within
these genes are depicted in Figure 6.

S/MARs were found in introns of several
genes, including those coding for the mouse
kappa immunoglobulin light chain, mouse
heavy chain m, human beta-globin, hamster
dihydrofolate reductase, and human topo I
(reviewed in [Boulikas, 1995; Phi-Van and
Stratling, 1996; Bode et al., 1998]). Intronic
MARs are often associated with important cis-
regulatory elements. For example, two intronic
S/MARs of the mouse kappa immunoglobulin
light chain gene and T-cell receptors genes are

Fig. 6. Location of S/MAR-elements (black rectangles) in the
intronic sequences of four human genes. Exons are denoted by
open vertical rectangles. Arrows indicate the direction of
transcription. See text for detail.
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¯anking a tissue-speci®c enhancer, and both
elements are required for proper regulation of
the gene in development [Lichtenstein et al.,
1994; Yi et al., 1999; Zhong et al., 1999].

The occurrence of S/MARs in introns imposes
certain restrictions on these elements. In parti-
cular, since these S/MARs are transcribed, they
should not interfere with read-through by RNA
polymerase II [Phi-Van and Stratling, 1990;
Bode et al., 1998]. Their interaction with
nuclear matrix may be tissue speci®c and/or
realized transiently during certain periods of
the cell life. Therefore, these S/MARs are
probably the best candidates for ``functional''
or ``dynamic'' elements [Jackson et al., 1992]. It
should be also noted that the expression of
known genes harboring our S/MARs within
their introns is highly tissue-speci®c: two of
them (APLP1 and MAG) are expressed in
neuronal tissues [Pedraza et al., 1991; Lenkkeri
et al., 1998], and two other in kidney. All of these
genes are not expected to be expressed in HeLa
cells used in this work for nuclear matrix
preparation.

The mapping of matrix-attachment regions in
a megabase long locus of human chromosome 19
provides the ®rst insight into the functioning of
the locus as a whole. The information obtained
presents a useful conceptual framework for
planning future experiments aimed at deci-
phering functions of already identi®ed S/MARs,
where the structural elements will be tested
both in vitro and in transgenic animals contain-
ing individual elements or their combinations.
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