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Abstract

Several metabolic processes, such as DNA organization and replication,

transcription, and RNA processing are closely associated with the nuclear
matrix. Nuclear matrix attachment regions are nucleotide sequences hold
ing DNA tightly complexed with the nuclear scaffold and are resistant to
extractions with detergents and high salt solutions. The role of matrix
attachment regions in DNA replication has not been completely clarified,
but they have been identified in close association with origins of replica
tion in mammalian cells. We isolated nuclear matrix-associated DNA from

normal human fibroblasts synchronized to different phases of the cell
cycle and cloned compatible fragments into pUC19. We tested the homol-

ogy of a fraction of the available clones to DNA replicated at the beginning
of the S phase in human fibroblasts. We confirmed that nuclear matrix-

associated DNA isolated from cells in Gn and G, phases of the cell cycle
contains sequences that are among the earliest replicated regions in the
human genome. This finding supports the hypothesis that matrix attach
ment regions in human DNA are located in close proximity to origins of
DNA replication.

Introduction

Initiation of DNA replication is presumed to involve the ordered
interaction of numerous proteins with specific DNA sequences de
fined as origins of replication. This interaction is the beginning of a
cascade of reactions which leads to the accurate duplication of the
genome in a temporally ordered fashion. However, to date, the iden
tification and isolation of such origins of replication from human cells
have progressed slowly.

Eukaryotic chromatin is organized into domains or loops which are
generated by the attachment of chromatin fibers to a proteinaceous
network or nuclear matrix (1-5). These DNA loops have been de

scribed as independent regulatory units consisting of one or several
genes and comparable in size to eukaryotic replicons. Thus, the ends
of each unit of replication might be marked by MARs3 (6). Origins of

replication may also be associated with the nuclear matrix (7-11).
MARs have been identified in the c-myc protooncogene (12), in close

association with origins of replication in an amplified dihydrofolate
reducÃasedomain (13, 14), and within the first intron of the human
HPRT gene (15), the last also having ARS activity in yeast. MARs
functioning as anchoring sites for chromatin loops and/or origins of
replication might remain attached to the nuclear matrix throughout the
cell cycle (11, 17, 18). These observations have provided new ap
proaches for the isolation of such DNA sequences (7-17).
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The recovery of newly synthesized DNA attached to the nuclear
matrix has been widely reported (6, 8-10, 19), lending support to the

hypothesis that DNA replication complexes are fixed to a nuclear
structure and that DNA is reeled through them during replication (7,
11, 19). Thus, many different sequences are expected to pass through
the replication complex associated with the matrix proteins at any
given interval during the S phase.

NMAD is operationally defined as DNA resistant to nuclease treat
ment and high salt extraction of the eukaryotic nuclei, presumably
because of attachment to, and shielding by, the nuclear matrix. There
fore, the isolation of NMAD from asynchronous cells in culture
should lead to a collection of DNA sequences either permanently or
transiently attached to the nuclear matrix. Conversely, NMAD recov
ered from synchronized cells in the G0 or G, phases of the cell cycle
should be depleted of DNA sequences transiently associated with
replication forks. However, if DNA replication starts at sites physi
cally associated with the nuclear matrix, we hypothesized that these
origins of replication should be recovered as NMAD in cells in late G,
and perhaps also in G0. We isolated and cloned NMAD from normal
human fibroblasts synchronized to G0 and G, phases of the cell cycle.
We then examined the homology of NMAD containing putative
MARs to early replicating DNA obtained from S-phase NHF1 cells.

We reasoned that DNA replicated as cells enter S phase must include
DNA segments close to or at the origins of replication.

Materials and Methods

Cell Lines. We used normal human diploid fibroblasts (NHF1) previously
derived in our laboratory from neonatal foreskin (20). For these studies, the
cells were grown in Eagle's minimal essential medium (Life Technologies,

Inc., Gaithersburg, MD) supplemented with 10% fetal bovine serum (HyClone
Laboratories, Inc., Logan, UT) and 2 mm L-glutamine (Life Technologies, Inc.),

and were used between passages 2 and 10.
Cell Synchronization and Purification of Early Replicating DNA.

NHF1 cells were synchronized according to the method of Cordeiro-Stone et
al. (21). Briefly, cells were seeded at a density of 10'' cells/100-mm plate and

grown to confluence in the presence of 0.02 /nCi/ml [l4C]thymidine (54 mCi/

mmol; ICN Radiochemicals, Irvine, CA). One week later, the confluent cul
tures were reseeded at a density of IO6 cells/100-mm plate in minimal essential
medium supplemented with 30 JJ.MBrdUrd, 10 ^M 5-bromo-2'-deoxycytidine,

1 /LIMtrifluorothymidine (Sigma Chemical Co., St. Louis, MO), 2 /J.g/ml
aphidicolin (National Cancer Institute, National Products Branch, Division of
Cancer Treatment, Bethesda, MD), and 5 jiCi/ml [3H]thymidine (50 Ci/mmol;

ICN Radiochemicals). After 24 h these cells were harvested for isolation of the
earliest replicated DNA as described previously (22). Briefly, cells were lysed
with a solution containing 10 HIMTris-HCl (pH 7.8), 100 HIMNaCl, 10 mm

EDTA, 0.5% Sarkosyl, and 0.2 mg/ml proteinase K (Fisher Scientific, Pitts
burgh, PA). Hybrid density DNA was isolated by density centrifugation in CsCl
gradients. The fractions containing DNA labeled with BrdUrd were pooled and
banded for a second time on a similar gradient to ensure a more accurate
separation of replicating DNA from the bulk of the genome. DNA replicated at
different time windows of the S phase was similarly prepared from cells
released from the aphidicolin block and pulse-labeled with radioactive and

brominated precursors for 2 h.
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In order to obtain NHF1 cells in G,, confluent cultures were replated in fresh
medium without nucleotide analogues or aphidicolin, and harvested 10 h later.
On cells were obtained from cultures that remained at confluent density for at
least 5 days.

Isolation of Nuclear Matrix-associated DNA. NMAD was isolated ac

cording to the method of Mirkovitch et al. (23) from NHF1 cells synchronized
to Go or G, phases of the cell cycle. Approximately 3 X IO7 NHF1 cells were

harvested by trypsinization, resuspended in 12 ml of ice cold hypotonie lysis
buffer (3.75 RIMTris/HCl, pH 7.4-0.05 mM spermine-0.125 mm spermidine-0.5
mm EDTA/KOH, pH 7.4-1% thiodiglycol-20 mM KC1-0.1 HIMphenylmethyl-

sulfonyl fluoride) containing 0.1% digitonin, and lysed by 5 passages through
a 22-gauge hypodermic needle. Nuclei were isolated by centrifugation, A^m

was determined, and 5 absorbance units were resuspended in 500 Â¡uof 4X
lysis buffer without EDTA, supplemented with 10 mM MgCl2 and 50 mM NaCl.
Digestion with 500 units of EcoRl (Boehringer Mannheim, Indianapolis, IN)
was carried out at 37Â°Cfor 4 h. The nuclei were extracted by the addition of

an equal volume of high salt solution [4 M NaCl-20 mM piperazine-A/.W-bis-
(2-ethanesulfonic acid)/HCl, pH 6.8-20 mM EDTA-0.2% Triton X-100],

washed with 1X restriction enzyme digest buffer as supplied by the manufac
turer, resuspended in 500 Â¡JL[of the same, and digested overnight with an
additional 250 units of EcoRl at 37Â°C.The digested nuclei were further

extracted with an equal volume of the high salt buffer. DNA detached from the
matrices by restriction enzyme digestion was purified from supernatants by
phenol-chloroform extractions and ethanol precipitation. The remaining matrix

proteins were digested with 0.25 mg/ml proteinase K in 0.5% Sarkosyl.
NMAD was isolated by phenolxhloroform extraction and ethanol precipita
tion. NMAD was also isolated from the nuclei of NHF1 cells in early S phase
by digesting with 100 fig/ml DNase I for 30 min or 1 h, according to the
method of Pardoll et al. (11). A preparation of NMAD which represented a
smaller fraction of the total genomic DNA was obtained with the DNase I
protocol.

Cloning. NMAD containing putative MARs was cloned into pUC19. Vary
ing amounts of fcoRI-digested matrix-associated DNA (1-2 ng) were mixed

with 5 ng of Â£coRI-restricted pUC19 and 4 units of T4 DNA ligase in 50 fil
reactions at 4Â°Cfor 12 h. Ligation products were transfected into Escherichia

coli strain DH10B and transformants were selected by Â«-complÃ©mentationon
agar plates containing 100 (xg/ml ampicillin and 8 mg 5-bromo-4-chloro-3-

indolyl-ÃŸ-n-galactosidase/0.8 mg Â¡sopropylthiogalactoside (Sigma) (24).

Clones containing inserts were amplified according to the method of Sambrook
et al. (24) and the plasmid DNA was purified using Qiagen columns (Qiagen,
Inc., Chatsworth, CA) following the manufacturer's recommendations. The

resulting DNA was blotted on nylon membranes (Immobilon-N; Millipore

Corporation, Bedford, MA) for hybridization studies.
Hybridization Studies. Clones of NMAD containing sequences homolo

gous to ER DNA were identified by hybridization to a probe prepared from
DNA replicated as cells entered the S phase during the aphidicolin block.
Clones were also hybridized to NMAD DNA obtained by DNase I digestion of
synchronized NHF1 nuclei harvested 1 h after release of cells from aphidicolin.
DNA was radiolabeled with [a-32P]dCTP (3000 Ci/mmol; ICN Radiochemi-

cals, Irvine, CA) using a random priming reaction kit (Life Technologies, Inc.),
according to the manufacturer's recommendations. These probes were used to

screen slot blots of the NMAD clones obtained from Gâ€žand G, cells using
previously reported hybridization conditions (22).

Results

We isolated nuclear matrix-associated DNA, presumably enriched

in MARs, from NHF1 cells synchronized to the G0, GÃŒ,and S phases
of the cell cycle. Digestion with the restriction enzyme EcoRl and
high salt extraction of isolated nuclei resulted in NMAD fractions
consisting of 5-20% of the total genomic DNA; DNase I treatment

resulted in a smaller fraction of the total nuclear DNA remaining
associated with the nuclear matrix (Table 1). We chose to utilize
restriction enzymes as opposed to the more typical DNase I digestion
for the preparation of NMAD in order to facilitate cloning into
pUC19. A number of clones containing DNA inserts was selected for
further analysis; we chose 71 clones from the G() MX41R library and
76 clones from the G, MX43G library. Restriction enzyme analysis of

Table 1 Recovery of NMAD after digestion with restriction enzymes or DNase I, and
efficiency of cloning into pUC19

PreparationMX41R

MX43GMX44GMX45SPhase

of
cell cycleGo

G,G,Early

SEnzymeEcoRI

EcoRlEcoRlDNase

INMAD"4.620.09.02.0Cloning

efficiency''1.1

X IO5
1.9 XIO41.1

XIO4NAC

a DNA remaining in the fraction associated to the nuclear matrix, expressed as per

centage of the total DNA.
h Number of colonies containing an insert/Â¿xgof vector (pUC19).
' NA, not applicable.

the isolated plasmid DNA revealed that the clones contained inserts
ranging in size from approximately 1 to 10 kilobases.

Hybridization experiments were performed with plasmid DNA pre
pared from each clone and slot blotted onto nylon membranes. ER
DNA and DNase I-resistant NMAD sequences were used as radiola

beled probes, after preannealing with human highly repetitive DNA
sequences (cot-1 DNA; Life Technologies, Inc.) The ER and NMAD

probes were first characterized by hybridization to DNA replicated at
different time windows of S phase. Both probes hybridized preferen
tially with the DNA replicated at the earliest time in S phase (Fig. 1).
Of the 71 clones containing DNA fragments of NMAD isolated from
cells in G,,, 20 (28%) hybridized with the early replicating DNA probe
(Fig. 2A). Positive clones contained inserts ranging in size from 2 to
9 kilobases. When we probed the clones of NMAD from G, cells we
found that 13 of 76 G, clones (17%), with inserts ranging in size from
3 to 9 kilobases, hybridized to early replicating DNA. The same slot
blots were probed with the 2% fraction of NMAD from NHF1 cells
synchronized to early S phase. We found that 14 of 71 G() clones
(20%) contained sequences homologous to those associated with the
nuclear matrix during early S phase (Fig. 25). All of those clones had
also given a positive hybridization signal with the early replicating
DNA probe (100% overlap between early replicating and matrix-

associated sequences). Similarly, 9 of the 76 G! clones were found
positive for the 2% NMAD fraction (12%). Of those, 6 were positive
for the early replicating DNA probe (66% overlap). No hybridization
was detected with the pUC19 vector DNA (data not shown).

Discussion

The initiation of DNA replication at the beginning of S phase must
be under tight physiological control. It is our hypothesis that positive
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Fig. 1. Comparison of hybridization patterns obtained in slot blots of human DNA
replicated at different times during S phase and probed with: (A) DNA replicated in the
presence of aphidicolin as the synchronized fibroblasts enter the S phase and recovered as
BrdUrd-labeled, hybrid density DNA in CsCl gradients; and (B) residual DNA remaining
after 1 h digestion with 100 fxg/ml DNase I of nuclear matrices from synchronized cells
at the end of the first hour after removal of aphidicolin. Normal human fibroblasts were
synchronized by confluence arrest and aphidicolin (APH) block as described in the text.
DNA replicated at different intervals of S phase was isolated following incorporation of
brominated DNA precursors and gradient purification of the hybrid density DNA. Equal
DNA mass (0.2-0.5 /ig) was added to each slot. The earliest replicating DNA (aphidicolin
24) was isolated from cells incubated with BrdUrd and harvested before removal of
aphidicolin from the culture medium. The probe used in A consisted of early replicating
DNA (APH 24), obtained as described above, from an independent experiment.
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Fig. 2. DNA purified from clones containing G,>
NMAD inserts slot-blotted on nylon membranes,
and hybridized with ER DNA (A ). After stripping,
the same filter was hybridized with the 2r/r residual

NMAD fraction after DNase digestion (ÃŸ).Only a
portion of the entire filter is shown. Top abscissa,
lanes. Columns A-C and Rows 1-5 indicate slot

locations.
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and negative regulatory factors converge on one or several specific
"start" sites within the genome, permanently or transiently associated

with the nuclear matrix, and control the initiation of DNA replication.
At the time of initiation of the S phase, regulatory factors at start sites
direct the assembly of active replication complexes. Thus, start sites
are envisioned as the first sequences replicated at the beginning of S
phase. Subsequently, DNA replication proceeds in a highly regulated
manner from origins of replication at multiple sites in the mammalian
genome.

We and others have shown previously that NMAD is enriched in
newly replicated DNA (6-8, 13, 17, 19). This has been interpreted as

evidence that the site of DNA replication is located in close connec
tion with the nuclear matrix. Matrix-associated DNA isolated at a time

immediately preceding the beginning of the S phase (late G,) may be
physically close to sites where DNA replication initiates. In this report
we show that our most restricted fraction of matrix-associated DNA

(the 2% residual NMAD after l h DNase 1 digestion of early S phase
nuclei) hybridizes to DNA replicated as cells enter the S phase. This
observation suggests that NMAD DNA tightly associated with the
nuclear matrix in early S phase is enriched in sequences replicated at
the earliest time in S phase. It is interesting to note that the hybrid
ization signal (Fig. 2ÃŸ)is much higher with DNA replicated in the
presence of aphidicolin than with DNA replicated during the first 2 h
after the release of NHF1 cells from the aphidicolin block. Thus, the
NMAD DNA from cells within the first hour of the S phase appears
to be enriched with sequences closer to the origins of replication, over
and beyond the representation of DNA associated with replication
forks (newly replicated DNA labeled with BrdUrd during the first
hours of S phase). Furthermore, if origins of replication activated at
other times during S phase are also in strong association with the
nuclear matrix in early S-phase cells, they must constitute a minor

fraction of the sequences in this probe. Alternatively, MARs associ
ated with late replicating units arc either stripped away by the extrac
tion procedure or have not yet associated with the nuclear matrix.

NMAD sequences were isolated from human fibroblasts synchro
nized to GOand G,, cloned into pUC19, and assessed for homology to
the earliest replicating DNA isolated from synchronized human fibro
blasts (ER probe). We determined that 28% of Gâ€žclones and 19% of
G i clones contain sequences that hybridize strongly to the early rep
licating DNA. These results suggest that the NMAD sequences cloned
from G,, and G, cells contain sequences which may include the
earliest sequences replicated once cells enter S phase. Therefore, it is
possible that origins of replication activated in early S are associated
with the nuclear matrix also in G(, and G, cells. The clones containing
such sequences are clones that may include DNA replication "start"

sites or sequences associated with initiation at other early origins of

replication. These clones represent good candidates for further anal
ysis in the search for S-phase start sites.

We also show that several of the clones from both GO and G, cells
contain sequences homologous to NMAD from cells synchronized to
early S phase. There was a 100% overlap of G(1clones which hybrid
ized with ER DNA and NMAD isolated from cells synchronized to the
early S phase, whereas only 66% of the G, clones containing matrix-

associated DNA showed the same property. It is possible that this
difference reflects the different yield of NMAD in the two prepara
tions (see Table 1), causing the library obtained from G, cells to
contain a larger number of clones representing DNA not closely
associated with the nuclear matrix. However, this characteristic may
also reflect a more stable, and therefore more protective, association
of early replicating sequences (i.e., early origins of replication) with
the nuclear matrix proteins in G(l cells, while in G, cells DNA could
be more loosely associated with the nuclear matrix and therefore more
prone to being removed by the restriction nuclease digestion and high
salt extractions used to prepare matrix-associated DNA for cloning.

These observations further support the hypothesis that early origins of
replication may be permanently associated with the nuclear matrix.
The isolation of specific DNA sequences which are both early repli
cating and associated with the nuclear matrix offers a unique oppor
tunity to search for DNA sequences which may function as origins of
replication.
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