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ABSTRACT

Cisplatin is an antitumor drug that is used to treat several types of
cancers. In this study, we analyzed the proteins that were cross-linked to
DNA in situ in MCF-7 human breast cancer cells incubated with cisplatin.
We show that cisplatin cross-links nuclear matrix proteins to DNA. In
immunoblotting experiments, we found that nuclear matrix-associated
transcription factors and cofactors (estrogen receptor, HET/SAF-B,
li11UNI' K, and histone deacetylase 1) were cross-linked to nuclear DNA.

These transcription factors and cofactors have essential roles in the reg
ulation of genes involved in the proliferation of breast cancer cells and in
the organization and structure of chromatin. We applied a novel protocol
to demonstrate that the nuclear matrix-bound transcription factors/cofac-
tors were cross-linked to DNA fragments attached to the nuclear matrix.
These results suggest that the cross-linking of nuclear matrix-associated

transcription factors and cofactors to DNA may be one of the mechanisms
by which cisplatin inhibits transcription and replication processes.

INTRODUCTION

The nuclear matrix is a dynamic three-dimensional protein-RNA

structure made up of the nuclear pore lamina, internal matrix, and
residual nucleoli. The nuclear matrix has roles in the organization of
nuclear DNA, DNA replication, transcription, and RNA processing
(1).

The chromatin fiber is organized into loops where the base of the
loop is attached to NMPs3 (2). DNA sequences called MARs mediate

chromatin anchorage to the nuclear matrix. The chromatin loop may
have one or several genes. Chromatin loops containing expressed
genes have a decondensed configuration that is sensitive to DNase I
digestion, whereas loops with repressed genes have a condensed
structure. The boundaries of the DNase I-sensitive loop domain co

incide with the position of MARs (2). These MARs delineate the loop
domain in different cell types regardless of the transcriptional activity
of the gene(s) within the domain. A comparison of the DNA se
quences of MARs shows that they do not share extensive sequence
homology; however, MAR DNA sequences have high bending po
tential and may act as topologica! sinks (3-5). In vitro assays have

identified several proteins that bind to MAR DNAs, e.g., lamins (6),
HET/SAF-B (7, 8), hnRNP-U (SAF-A; Ref. 9), attachment region-
binding protein/methyl-CpG-binding protein (10), and proteins ex

pressed in specific cell types, such as SATB1 (11) and p 114 (12).
These MAR-binding proteins appear to recognize a structural feature

Received 5/8/98: accepted 6/1/98.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This research was supported by Medical Research Council of Canada Grants PG-

12809 and MT-9186 and United States Army Breast Cancer Postdoctoral Research Grant
DAM 17-96-1-6269 (to L.T. H.). J. R. D. is a Medical Research Council of Canada Senior
Scientist.

1 To whom requests for reprints should be addressed, at Department of Biochemistry

and Molecular Biology. Faculty of Medicine, University of Manitoba. 770 Bannatyne
Avenue, Winnipeg, Manitoba, Canada R3E OW3. Phone: (204)789-3215; Fax:
(204) 789-3900: E-mail: davie@cc.umanitoba.ca.

1The abbreviations used are: NMP. nuclear matrix protein: MAR. matrix attachment

region; ER. estrogen receptor; IF. intermediate filament: NMI-IF and NM2-IF. nuclear
matrix with associated IF 1 and 2. respectively.

rather than a specific sequence of the MAR DNA element. Recently,
it was shown that SAF-A and SATB1 are bound to DNA in situ (7,
13). Kowhi-Shigematsu and colleagues (13) provided the first evi

dence that SATB1 binds to the base of chromatin loops in situ.
Transcribing chromatin is selectively bound to the nuclear matrix

(2, 14, 15). Transcribed chromatin regions are attached to the nuclear
matrix by multiple dynamic MARs; these MARs are different from
those found at the base of loops (14). NMPs, including nuclear
matrix-bound transcription factors (e.g., YY1 and AML), the tran
scription machinery, and histone-modifying enzymes (e.g., histone

acetyltransferases, which are coactivators, and deacetylases. which are
corepressors), are thought to mediate the dynamic attachments be
tween transcriptionally active chromatin and the nuclear matrix (1,
14-16).

Cisplatin (c/s-diamminedichloroplatinum), an antitumor drug that

forms DNA adducts, is effective in the treatment of several cancers.
Cisplatin also directly cross-links protein to DNA (cross-link distance,

4 A; Refs. 17 and 18). Recent studies suggest that cisplatin preferen
tially cross-links MAR DNA to NMPs in situ (19, 20). Cisplatin

inhibits transcription and replication processes. It has been proposed
that architectural proteins (e.g., high-mobility group proteins) are
recruited to cisplatin-adducted DNA, taking the protein away from

regulatory elements requiring the protein, leading to the repression of
that gene (21, 22). Alternatively, cisplatin adducts may prevent tran
scription factor access to regulatory DNA sites, preventing gene
expression (23).

In this study, we analyzed proteins cross-linked to DNA in situ in
MCF-7 human breast cancer cells. We show that most abundant
proteins cross-linked to DNA are NMPs. In immunoblotting studies,
we determined whether nuclear matrix-associated transcription mod
ulators were cross-linked to DNA. The nuclear matrix bound tran
scriptional modulators studied were: hnRNP K, a single-strand DNA-

binding transcription factor; ER, a transcription factor key in the
propagation of hormone-dependent breast cancer cells (24); MET/
SAF-B, a MAR-binding protein that represses the expression of hsp27

(8); and histone deacetylase, a corepressor associated with mSin3A,
N-CoR, and other proteins that are recruited by DNA-binding pro
teins, including Mad-Max and hormone receptors (e.g., ER-hy-

droxytamoxifen). to repress transcription (25). We show that these
transcriptional modulators are cross-linked to DNA by cisplatin. To
test if the nuclear matrix-associated transcription factors were bound

to MAR DNA in situ, we devised a novel strategy to isolate NMPs
cross-linked to MAR DNA fragments. We show that nuclear matrix-
isolated transcription factors ER, HET/SAF-B. hnRNP K, and histone
deacetylase are cross-linked to MAR DNA in situ by cisplatin.

MATERIALS AND METHODS

Cell Culture. The human breast carcinoma cell line used in this study.
MCF-7. is ER* and hormone dependent. The cell line was maintained at 37Â°C

(humidified atmosphere, 5% CO2/95% air) on 245 X 245 x 25 mm tissue
culture trays (Nunc/Life Technologies. Inc.. Mississauga, Ontario, Canada) in
culture medium containing DMEM (Life Technologies, Inc., Mississauga,
Ontario) supplemented with 1% (v/v) i.-glutamine, 1% (v/v) glucose, 1% (v/v)
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penicillin/streptomycin, and 5% (v/v) PCS (Life Technologies. Inc.). The cells
were cultured and consecutively passaged at least three times. At ~90%

confluence, cells were removed from the trays with a cell scraper and frozen
as pellets containing I x IO7 cells at -70Â°C.

To assess viability of MCF-7 cells at various concentrations of cisplatin.
cells were plated at 1 X 10' in 35-mm round dishes in culture medium. Cells

were allowed to attach for 4 h. and then the culture medium was replaced with
fresh medium and various concentrations of cisplatin (35, 100. 500. or 1000
JU.M)in Hanks' buffer with NaCl substituted with an equal molarity of sodium
acetate. For the control. Hanks' buffer, containing sodium acetate instead of

NaCl, without cisplatin, was added. At the end of each time point, the medium
was removed by aspiration, and I ml of Earle's-EDTA was placed in dishes to

lift cells (2 min at 37Â°C).Once cells had lifted, the cells were counted in a

Coulter counter.
Isolation of NMPs. Nuclear matrices were prepared according to a proce

dure that was reported previously (26), but with the dialysis step omitted. In
brief, nuclei from cell pellets (1 X IO7) were resuspended to a concentration of

20 426(/ml and digested with DNase I (Sigma Chemical Co.. St. Louis. MO)
for 20 min at room temperature. Ammonium sulfate (final concentration. 0.25
M) was added, and the NM1-IF pellet was obtained by centrifugation. The
NM1-IF pellet was then extracted with a buffer containing 2 M NaCl. The

resulting pellet (NM2-IF) was collected by centrifugation and resuspended in
appropriate volumes of 8 M urea, aliquotted. and frozen at â€”¿�20Â°C.Alterna

tively, the NM2-IF nuclear matrices were solubilized, and IF proteins removed

as described previously (26). Phenylmethylsulfonyl fluoride was included in
all buffers. Prior to gel electrophoresis, protein concentrations were determined
by using the Bio-Rad protein assay (Bio-Rad. Richmond. CA) with BSA as a

standard.
Isolation of Proteins Cross-Linked to DNA in Situ. DNA-protein cross-

linking was performed as described previously ( 19. 20). Briefly. MCF-7 cells
at a density of 1 X IO6 cells/ml were resuspended in Hank's buffer containing

sodium acetate instead of NaCl at the same concentration and 35. 100. 500. or
1000 /XMcisplatin. The cells were incubated at 37Â°Cfor 2 h with gentle

shaking. Following this incubation, cells were treated with lysis buffer (5 M
urea, 2 M guanidine-HCI, 2 M NaCl, and 0.2 M potassium phosphate. pH 7.5).
Hydroxylapatite (4 g/20 AMt units of lysate; Bio-Rad) was then added. The

hydroxylapatite resin was washed with lysis buffer to remove RNA and
proteins not cross-linked to DNA. To reverse the cross-linking, the hydroxy

lapatite was incubated in lysis buffer containing 1 M thiourea instead of 5 M
urea. By doing so, the proteins were released from hydroxylapatite, while the
DNA remained bound. The released proteins were dialyzed overnight against
double-distilled water and lyophilized. The lyophilized protein preparation was

resuspended in 8 M urea. Phenylmethylsulfonyl fluoride was included in all
buffers. Protein concentrations were determined using the Bio-Rad protein

assay, as described above.
Isolation of NMPs Cross-Linked to MAR DNA in Situ. This novel

methodology used a combination of the protocols described above. In brief.
MCF-7 cells were cross-linked with cisplatin. Following cross-linking, the

nuclear matrices (NM1-IF and NM2-IF) were isolated and solubilized in lysis
buffer. NMPs cross-linked to the nuclear matrix-bound DNA fragments were

isolated by hydroxylapatite column chromatography.
One- and Two-Dimensional PAGE. One-dimensional SDS 8% polyacryl-

amide and two-dimensional gel electrophoresis were performed as described

previously (26).
Immunoblot Analyses. NMPs electrophoresed on SDS-polyacrylamide

gels were transferred to nitrocellulose (Bio-Rad) as previously described (27).
The resulting nitrocellulose filters were immunochemically stained with anti-
human HDAC1 (28), anti-ER (H222; a gift from Dr. G. Greene). anti-HET (8),
and anti-BlC8 (29) antibodies, respectively, and followed by either goat
antirabbit, goat antimouse, or goat antirat (Bio-Rad) antibodies conjugated to

horseradish peroxidase. The immunochemical staining was detected using the
enhanced chemiluminescence detection system (Amersham, Mississauga, On
tario, Canada).

RESULTS AND DISCUSSION

MCF-7 breast cancer cells (ER+ and hormone dependent) were

incubated with varying concentrations of cisplatin to determine the
effect of cisplatin on cell growth and viability. Cisplatin at 35 JU.M

reduced growth of the breast cancer cells; however, at higher concen
trations of cisplatin, cell growth and survival were greatly affected
(Fig. 1). At 100 JU.Mor higher concentrations of cisplatin, the cyto-

toxicity of cisplatin became increasingly evident.
To isolate the proteins cross-linked to DNA in situ, cisplatin-treated

(1 min for 2 h) MCF-7 breast cancer cells were lysed in a denaturation
buffer, the DNA was bound to hydroxylapatite, and cross-links be

tween protein and DNA were reversed with thiourea. The resulting
protein preparation was analyzed by two-dimensional gel electro
phoresis. To find if the proteins cross-linked to nuclear DNA by
cisplatin were NMPs, proteins from the NM1 -IF nuclear matrix frac
tion were also analyzed by two-dimensional gel electrophoresis. Fig.
2 shows that the two-dimensional gel patterns of NMPs and proteins
cross-linked to DNA were similar. The NMPs lamins A and C. for

example, were found in both protein preparations.
Mattern et al. (30) have shown that hnRNPs are abundant NMPs in

HeLa cells. One of these hnRNP proteins, hnRNP K, is a single-strand
DNA-binding phosphoprotein important in the transcriptional regula
tion of the c-wvr gene and other genes (31 ). In vitro studies show that
hnRNP K interacts with TATA-binding protein, suggesting that nu
clear matrix-associated hnRNP K has the potential to recruit general

transcription factors and RNA polymerase transcription machinery to
the nuclear matrix (31). Fig. 2 shows that hnRNP K was associated
with the nuclear matrix of MCF-7 breast cancer cells and was cross-

linked to DNA by cisplatin. This finding suggests that a nuclear
matrix-associated transcription factor was cross-linked to DNA by

cisplatin.
In immunoblotting experiments, we investigated whether other

transcription factors important to the proliferation of MCF-7 breast
cancer cells were cross-linked to DNA. Fig. 3 shows that ER was
associated with nuclear matrices of MCF-7 cells and that this tran
scription factor was cross-linked to nuclear DNA. We have shown
previously that HET/SAF-B is associated with the nuclear matrix of

breast cancer cells (8), and the results shown in Fig. 3 confirm this
result. HET/SAF-B was originally discovered by its ability to bind

MAR DNA (7); this NMP has a role in the organization of nuclear
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Fig. 1. Incubation of MCF-7 human breast cancer cells with cisplatin. MCF-7 breast
cancer cells were plated at 1 X IO3 cells and incubated with 0. 35, 100. 500, and 1000 H.M

cisplatin for the times indicated. The data shown are representative of results of three
experiments.
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Fig. 2. NMPs cross-linked to DNA by cisplatin. Forty jug of NMPs (MCF-7 NM1-1F) and proteins (40 fig) cross-linked to DNA by 1 niM cisplatin (CELLS X-LINK) from MCF-7

human breast cancer cells were electrophoretically resolved on two-dimensional polyacrylamide gels. The gels were stained with silver, ca, positions of the carbamylated forms of

carbonic anhydrase. The positions of the molecular weight standards (in kDa) are shown on the left. LA. lamin A; LC, lamin C: hK. hnRNP K.

DNA and in transcriptional repression (8). Fig. 3 shows that HET/
SAF-B was cross-linked to nuclear DNA by cisplatin.

We had shown previously that histone deacetylase activity is asso
ciated with the avian erythrocyte and hepatocyte nuclear matrix (14).
Fig. 3 shows that histone deacetylase 1 was associated with the
nuclear matrix of MCF-7 breast cancer cells. Histone deacetylase 1 is

a corepressor that is a component of several multiprotein complexes
that may contain Sin3A-N-CoR (32, 33), YY1 (34), or Rb (35).
Histone deacetylase is also found associated with transcribed chro-

matin, where the enzyme catalyzes dynamic histone acetylation (14).
Because histone deacetylase is recruited by sequence-specific DNA-

binding proteins to specific gene regulatory sites, we did not expect to
find histone deacetylase associated with nuclear DNA. However,

NM X-LINK

HET

ER

HDAC1

BIC8

Fig. 3. Transcriptional modulators cross-linked to DNA by cisplatin. NMPs with IF
proteins removed (NM) and proteins cross-linked to DNA of MCF-7 human breast cancer
cells by 1 mM cisplatin (X-LINK) were electrophoretically resolved on SDS-8% poly
acrylamide gels and transferred to nitrocellulose. The appropriate antibody was used to
immunochemically stain the Western blot for: HET. HET/SAF-B; ER; HDAC1, histone
deacetylase-1 ; and BIOS. SRm 160. Twenty /ig of protein were used for all immunoblots
except for the detection of HET, for which 40 /Ag of protein were used.

contrary to our expectations. Fig. 3 shows that histone deacetylase 1
was cross-linked to nuclear DNA by cisplatin.

The above studies show that four nuclear matrix-bound transcrip
tion factors, hnRNP K, ER, HET/SAF-B, and histone deacetylase,
were cross-linked to nuclear DNA by cisplatin. To test for the spec
ificity of the cross-linking of proteins to DNA, we examined the
protein preparations containing NMPs and proteins cross-linked to

DNA for the presence of B1C8. B1C8 (more recently called SRmloO)
is a NMP that functions as a coactivator of pre-mRNA splicing and

would not be expected to be associated with DNA (36). Fig. 3 shows
that B1C8 was associated with the nuclear matrix of breast cancer
cells but that it was not cross-linked to DNA by cisplatin.

The cross-linking of transcription modulators ER, HET/SAF-B, and

histone deacetylase to nuclear DNA as a function of cisplatin con
centration was studied. Fig. 4 shows that the pattern of abundant
proteins cross-linked to DNA by 35, 100, 500, and 1000 /U.Mcisplatin
following a 2-h incubation did not change appreciably. However,
immunoblot analysis revealed that cross-linking of ER and HET-
SAF-B was more efficient at 500 and 1000 JU.Mcisplatin than it was at
35 and 100 /J.M.In contrast to ER and HET-SAF-B, the cross-linking

of histone deacetylase 1 to DNA appeared to be equally efficient at all
concentrations of cisplatin used.

Because NMPs appear to be preferentially cross-linked to DNA by
cisplatin, we postulated that the nuclear matrix-associated transcrip
tional modulators hnRNP K, ER, HET-SAF-B, and histone deacety
lase were cross-linked to MAR DNA. We tested this idea by designing
a novel protocol in which MCF-7 cells were first incubated with

cisplatin, followed by the isolation of nuclear matrix fractions
NM1-IF or NM2-IF. The DNA remaining associated with these frac
tions, which was typically 2-3% and <1% of nuclear DNA for
NM1-IF and NM2-IF, respectively, was added to hydroxylapatite.
Following washes of the hydroxylapatite slurry, cross-links between
the proteins and nuclear matrix-associated DNA (i.e., MAR DNA)
were reversed with thiourea. The proteins cross-linked to MAR DNA
of NM1-IF and NM2-IF were analyzed by two-dimensional gel elec-

trophoresis (data not shown) and by immunoblotting. Analysis of the
two-dimensional gel patterns of the proteins cross-linked to nuclear
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matrix attached DNA showed that hnRNP K was cross-linked to
MAR DNA from NM1-IF and NM2-IF fractions (data not shown).
Fig. 5 shows that the transcription modulators ER, HET/SAF-B. and
histone deacetylase 1 were cross-linked to MAR DNA in situ.

These observations provide the first direct evidence that nuclear
matrix-associated transcription factors/cofactors are bound to MAR

DNA in situ. Furthermore, the results provide evidence that the
nuclear matrix is not simply a storage site for inactive transcription
factors/cofactors. Clearly, the nuclear matrix associated transcription
factors/cofactors are functional, in the sense that they are bound to
nuclear DNA sequences.

Several mechanisms appear to be involved in cisplatin's inhibition

of transcription. First, architectural factors, such as high-mobility
group proteins, may be "hijacked" to cisplatin-adducted DNA (22).

Second, cisplatin adducts may block transcription factor access to a
regulatory DNA element (23). We suggest a third mechanism, in
which the cross-linking of functionally important transcription fac

tors/cofactors to DNA by cisplatin compromises the transcription
factors/cofactors function. Cross-linking between transcription fac

tors/cofactors and DNA was observed after 2 h at 35 JU.Mcisplatin, and
it has been reported that cisplatin protein-DNA cross-links are re
paired slowly (17). The interactions between nuclear matrix-bound

transcription factors and transcribed DNA is thought to be dynamic.
Cross-linking between the transcription factor/cofactor and MAR

DNA may not only interrupt this dynamic process but may also
interfere with the interaction between the transcription factor or co-
factor and components of the transcription machinery. The cross-

linking of the corepressor histone deacetylase 1 is of particular interest
because cross-linking of this enzyme to DNA by cisplatin would

effectively reduce the population of histone deacetylase that could be
recruited by transcription factors to repress specific genes [e.g., the
recruitment of the Rb-HDACl complex by E2F (35)]. Furthermore,

NM1-IF(X) NM2-IF(X)

50Ã›MM
100nM 1mM c/s -DDP

D

MET

ER

HDAC1
Fig. 4. Cross-linking of transcriptional modulators to DNA by different concentrations

of cisplatin. MCF-7 breast cancer cells were incubated with 35. 100. 500. or 1000 /Â¿M
cisplatin for 2 h. and proteins that were cross-linked to DNA were isolated. For each
preparation, the yield of protein was 160 fig from 1 X IO7 cells. A, proteins (20 /ig) that

were cross-linked to DNA were electrophoretically resolved on SDS-8% polyacrylamide

gels, which were stained with Coommassie blue. The positions of the molecular weight
standards (in thousands) are shown on the left. The proteins were transferred to nitrocel
lulose, and HET (HET/SAF-B; B. 40 /ig). ER (C, 20 /ig), and HDACI (histone deacety

lase 1; D, 20 /ig) were detected by immunochemical staining with the appropriate
antibody.

MET

ER

HDAC1

Fig. 5. Cisplatin cross-linking of transcriptional modulators to MAR DNA. Nuclear
matrices NM1-IF and NM2-IF were isolated from MCF-7 breast cancer cells incubated
with 1 mM cisplatin for 2 h [NM1-/F(X) and NM2-IF(X), respectively]. The proteins (20
/ig, except for MET. for which 40 /Â¿gof protein were loaded) cross-linked to MAR DNA
were electrophoretically resolved on SDS-8% polyacrylamide gels. HET (HET/SAF-B).
EK. and HDACI (histone deacetylase 1) were delected on Western blots with the
appropriate antibody.

histone deacetylase is also involved in the maturation of newly syn
thesized chromatin (37, 38). Thus, the sequestering of histone
deacetylase may affect transcription, cell cycle progression, and rep
lication processes.
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