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Abstract The nuclear matrix, besides providing the structural support of the nucleus, is involved in various
cellular functions of the nucleus. Nuclear matrix proteins (NMPs), which are both tissue- and cell type–specific, are
altered with transformation and state of differentiation. Furthermore, NMPs have been identified as informative markers
of disease states. Here, the NMP profiles from human breast cancer cell lines and breast tumours were analyzed using
two-dimension gel electrophoresis. We identified NMPs that are associated with well and poorly differentiated human
breast cancer cells in vitro and in vivo. Five NMPs (NMBC 1–5) were found to be exclusive for well-differentiated human
breast cancer cells, while one NMP (NMBC-6) was found to be present only in poorly differentiated human breast cancer
cells. The identification of these proteins suggests the potential use of nuclear matrix proteins as prognostic indicators. J.
Cell. Biochem. 66:9–15, 1997. r 1997 Wiley-Liss, Inc.
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Breast cancer is the most common form of
cancer among women. While it is the second
leading cause of cancer mortality among fe-
males, the pathogenesis of the disease remains
unclear [Kuller, 1995; Ernster et al., 1996]. In
the malignant progression of breast cancer,
breast tumours progress from hormone-depen-
dent growth to a more aggressive phenotype
characterised by hormone-independent growth,
resistance to endocrine therapy, and a fre-
quently widespread metastases [Leonessa et
al., 1992; Ruiz Cabello et al., 1995].
A cellular landmark in the pathological diag-

nosis of cancer is the nucleus [Pardee, 1989].
Nuclear alterations are so prevalent in trans-
formed cells that it is commonly used as a
pathological marker for malignancy. The
nucleus of a transformed cell is commonly en-
larged, has an abnormal chromatin pattern,

and is irregular in shape. Nuclear shape is a
reflection of internal nuclear structure and pro-
cesses and is determined in part by the nuclear
matrix [Replogle and Pienta, 1996].
The nuclear matrix provides the structural

support of the nucleus and is involved in vari-
ous cellular functions of the nucleus, including
regulation of transcription, replication, and
DNA repair. Nuclear matrix proteins (NMPs),
which are tissue- and cell type–specific, are
altered with transformation and state of differ-
entiation [Bidwell et al., 1994a,b; Replogle-
Schwab et al., 1996]. They have been identified
as informative markers of disease states [Kha-
nuja et al., 1993; Keesee et al., 1994]. Informa-
tive NMPs have been identified for bladder,
breast, colon, prostate, head, and neck cancers
[Getzenberg et al., 1991a, 1996; Khanuja et al.,
1993; Keesee et al., 1994; Donat et al., 1996].
For example, the nuclear matrix protein PC-1
is found in the NMPs from prostate carcinoma
but not in the nuclear matrix from normal
prostate or benign prostatic hyperplasia [Getz-
enberg et al., 1991a]. Of potential importance is
the demonstration that NMPs can be detected
in the serum and urine of cancer patients, thus
suggesting that the detection of specific nuclear
matrix proteins may be of value in breast
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cancer diagnosis and monitoring [Miller et al.,
1992; Replogle-Schwab et al., 1996].
Although themost influentially used prognos-

tic marker for human breast cancer is metasta-
sis to the axillary lymph nodes, the presence of
estrogen receptors (ERs) in breast tumours has
been used as one of the major characteristics to
identify well and poorly differentiated epithe-
lial cells in the malignant progression of breast
cancer [Godolphin et al., 1981; Aamdal et al.,
1984; McGuire et al., 1986; Clarke et al., 1990].
Studies have shown that, both in vivo and in
vitro, human breast cancer cells that lack ER
are poorly differentiated, estrogen-indepen-
dent, and resistant to anti-estrogen therapy
and express vimentin (an intermediate fila-
ment protein) [Raymond and Leong, 1989a,b;
Clarke et al., 1990; Thompson et al., 1992].
Conversely, cells that express ER are generally
well or moderately differentiated, estrogen-
dependent, and sensitive to anti-estrogen
therapy and lack vimentin. The presence of ER,
independent of axillary lymph node status [Go-
dolphin et al., 1981], would therefore predict
longer disease-free and overall survival.
In this study, the nuclear matrix protein pro-

files of a variety of human breast cancer cell
lines were examined by two-dimension gel elec-
trophoresis. These breast cancer cell lines were
ER1/hormone-dependent, ER2/hormone-inde-
pendent, andER1/hormone-independent.MCF-
10A1, a spontaneously, immortalized human
breast epithelial cell line, was used as a control.
Using these cell lines, we have identified spe-
cific NMPs exclusive to ER status. Further-
more, the presence of these specific NMPs has
also been detected in human breast tumours.

MATERIALS AND METHODS
Cell Culture

The human breast carcinoma cell lines used
in this study were ER1, hormone-dependent
(MCF-7, T47D, ZR-75), and ER2, hormone-
independent (MDA-MB 231 and BT-20). MCF-
10A1, the closest representative of normal
breast epithelia, was used as a control. All cell
lines were maintained at 37°C (humidified at-
mosphere, 5% CO2/95% air) on 150 3 20 mm
tissue culture dishes (Nunc, Naperville, IL) in
culture medium containing Dulbecco’s modified
Eagle medium (DMEM) (Gibco-BRL, Grand Is-
land, New York) supplemented with 1% (v/v)
L-glutamine, 1% (v/v) glucose, 1% (v/v) penicil-

lin/streptomycin, and 5% (v/v) fetal calf serum
(FCS) (Gibco) except for T5-PRF [Coutts et al.,
1996], which was cultured in medium contain-
ing Dulbecco’s modified Eagle medium–Phenol
Red Free (Sigma, St. Louis, MO) and 5% (v/v)
twice charcoal stripped fetal calf serum and
supplemented as mentioned above. At ,90%
confluence, cells were removed from the plates
with a rubber policeman and frozen as pellets
containing 1 3 107 cells at 270°C.

Tumour Samples

Individual frozen ER1 and ER2 breast can-
cer tumours (0.5 g) were obtained from the
NCIC-Manitoba Breast Tumour Bank [Watson
et al., 1996]. The tumours were minced finely
and processed according to the protocol de-
scribed below.

Purification of Nuclear Matrix Proteins

Nuclear matrices were prepared according to
a procedure previously reported [Samuel et al.,
1997]. In a previous study we found that the
partitioning of nuclear matrix proteins was the
same regardless of whether the cells were fresh
or frozen [Chen et al., 1996]. In brief, nuclei
from cell pellets (1 3 107) and breast tumour
samples were resuspended to a concentration of
20 A260/ml and digested with DNase I (D5025;
Sigma) for 20min at room temperature. Ammo-
nium sulphate (final concentration of 0.25 M)
was added, and the nuclear matrix (NM-IF)
pellet was obtained by centrifugation. The
NM-IF pellet was resuspended in buffer with 1
mM PMSF and extracted by adding 4 M NaCl
to a final concentration of 2M. The pellet (NM2-
IF) was collected by centrifugation and reex-
tracted with 2MNaCl. The resulting pellet was
resuspended in disassembly buffer (8 M urea,
20 mM 2[N-morpholino] ethane sulfonic acid,
pH 6.6, 1 mM EGTA, 1 mM PMSF, 0.1 mM
MgCl2, 1% (v/v) b-mercaptoethanol) and dia-
lysed overnight at room temperature against
two litres of assembly buffer (0.15 M KCl, 25
mM imidazole pH 7.1, 5 mMMgCl2, 2 mMDTT,
0.125 M EGTA, 0.2 mM PMSF). The IFs were
removed by ultracentrifugation and the result-
ing supernatant containingNMPs removed. The
NMP containing supernatant was then dia-
lysed against double-distilled H2O for 8 h to
reduce the salt concentration and then lyophi-
lized. Lyophilized samples were resuspended in
appropriate volumes of 8 M urea, aliquoted,
and frozen at 220°C. Before two-dimension gel
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electrophoresis, protein concentrations were de-
termined using the Bio-Rad ProteinAssay (Bio-
Rad, Richmond, CA) with bovine serum albu-
min as a standard.

Two-Dimension Gel Electrophoresis

Two-dimension gel electrophoresis was done
as described previously [Samuel et al., 1997].
Molecular masses and isoelectric points were
determined using two-dimensional SDS-PAGE
standards (Bio-Rad, Menlo Park, CA; Pharma-
cia BioTech, Uppsala, Sweden) and carbam-
ylated carbonic anhydrase (Pharmacia Bio-
Tech). Gels were stained using the Pharmacia
Silver Stain Kit for protein detection. The gels
were then dried between sheets of gel-drying
film (Promega Corporation, Madison, WI).
The silver-stained two-dimension gel pat-

terns were scanned using a PDI 325OE densi-
tometer (PDI, Kingston Station, NY) and the
data analyzed using the Image Master System
(Pharmacia BioTech). All studies were carried
out using three to four preparations from each
cell line and six preparations of human breast
tumours.

RESULTS

Nuclear matrix proteins (NMPs) from estro-
gen receptor (ER)1/hormone-dependent and
ER2/hormone-independent human breast can-
cer cell lines were analyzed to identify NMPs
exclusive to receptor status. The human breast
cancer cell lines used were T47D, MCF-7, and
ZR-75 (ER1/hormone-dependent),MDAMB231
and BT-20 (ER2/hormone-independent), and
T5-PRF (ER1/hormone-independent). Anontu-
morigenic, spontaneously immortalized human
breast epithelial cell line known as MCF-10A1
(ER2/hormone-independent) obtained from a
reduction mammoplasty specimen was chosen
as the closest representative of normal breast
epithelia. Each cell line was cultured and con-
secutively passaged at least three times. NMPs
were extracted from each passage and electro-
phoresed. The two-dimension NMP patterns
shown in this study are representative of each
cell line.
To align these NMPs, several internal mark-

ers were used. Carbamylated carbonic anhy-
drase (30 kDa, pl 4.8–6.7) was used as an inter-
nal standard for the determination of molecular
mass and pI. Two-dimension SDS-PAGE stan-
dards (Bio-Rad) were used to calibrate the pI
and molecular masses of the NMPs. Lamins A

and C enriched in the nuclear matrix fraction
were identified based on molecular mass and
pI, as shown previously [Fey and Penman, 1988;
Partin et al., 1993; Mattern et al., 1996].
While analysis of the NMP composition of

these epithelial cell lines revealed similarities
between MCF-10A1, T5-PRF, ER1/hormone-
dependent (T47D, ZR-75, MCF-7), and ER2/
hormone-independent (BT-20, MDA MB231),
specific notable differences were detected.Many
of the common abundant proteins were likely
heterogenous nuclear ribonucleoproteins
(hnRNPs) [Mattern et al., 1996]. HnRNP-K (60
kDa, pI 5.2–5.4), a transcription factor
[Michelotti et al., 1996], was found in all two-
dimension gel patterns of NMPs. Several NMPs
were found in either ER1 or ER2 breast cancer
cell lines but not in the ‘‘normal’’ MCF-10A1.
Using the nomenclature proposed by Khanuja
et al. [1993], we refer to these proteins as
NMBCs (nuclear matrix proteins in breast can-
cer). Five NMBCs (1–5) exclusive to the ER1
cell lines (Fig. 1) and one NMBC (6) exclusive to
the ER2 cell lines were identified (Fig. 2). The
molecular masses and pIs, respectively, of
NMBCs 1–6 were as follows: NMBC 1, 57 kDa,
5.5; NMBC 2, 62 kDa, 5.1; NMBC 3, 40 kDa,
5.4; NMBC 4, 41 kDa, 5.3; NMBC 5, 39 kDa,
5.5; NMBC 6, 52 kDa, 5.7. NMBCs 1–5 but not
NMBC 6 were also detected in T5-PRF, an
ER1/hormone-independent breast cancer cell
line (Fig. 1). This would suggest that NMBCs
1–5 were exclusive to ER1 status. The NMBCs
were not found in nonmatrix nuclear fractions
(data not shown). NMBC-Z reported by Kha-
nuja et al. [1993] was consistently identified in
all the human breast cancer cell lines except in
T5-PRFandMCF-10A1.However, NMBC-X and
-Y were not found in any of the NMP prepara-
tions from the cell lines.
It has been reported that the extracellular

environment can alter cellular morphology as
well as the protein composition of the cytoskel-
etal and nuclearmatrix compartments [Getzen-
berg et al., 1991b; Pienta et al., 1991]. To ascer-
tain if these proteins identified as exclusive to
the ER status in immortalized human breast
cancer cell lines in vitro were present in vivo,
we extracted NMPs from 0.5 g of individual
ER1 and ER2 breast tumours (Table I). Prior
to extraction, adipose tissue surrounding the
tumour was removed. It was vital that the
adipose tissue be removed for efficiency of NMP
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extraction. Figure 3 shows representative two-
dimension NMP profiles of ER1 and ER2
breast tumours. We found all NMBCs (1–5)
exclusive to ER1 status in human breast can-
cer cell lines to be present in the ER1 breast
tumours, while NMBC-6 was always not detect-
able.Although the quality of the two-dimension
gel patterns of ER2 tumour NMPs was inferior

to that of the patterns from ER1 tumours, we
always observed the presence of NMBC-6, while
NMBCs 1–5 were undetectable.

DISCUSSION

The progression of normal breast epithelial
cells to a malignant phenotype may be depen-
dent on cellular genetic events and failure of

Fig. 1. Nuclear matrix proteins of ER1, hormone-dependent
human breast cancer cell lines and ER1, hormone-independent
human breast cancer cell line T5-PRF. Protein (40 µg) was
electrophoretically resolved on two-dimension gels. The gels
were stained with silver. The position of the carbamylated forms
of carbonic anhydrase is indicated by ca. The position of the

molecular weight standards (in thousands) is shown on the left
side of each two-dimension gel pattern. LA and LC show the
position of lamin A and C, respectively. The white arrows show
the location of five NMBCs (1–5) unique to the ER1 cell lines
and NMBC-Z (Z). The location of hnRNP-K is indicated as hK.
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host mechanisms [Replogle and Pienta, 1996].
While prognostic markers do exist for breast
cancer, more effective indicators of malignant
progression are needed. Identifying such inter-
mediate biomarkers will aid in the develop-
ment of more specific cancer treatments and
prevention strategies.
It has long been realized and accepted that

an abnormal nuclear shape and the presence of
abnormal chromatin pattern are characteristic
of a cell exhibiting a transformed phenotype

[Replogle-Schwab et al., 1996]. While the mo-
lecular and structural changes that occur dur-
ing transformation of a cell are not well eluci-
dated, it has been shown that the nuclearmatrix
does undergo changes with transformation [Be-
rezney et al., 1979; Getzenberg et al., 1991a;
Samuel et al., 1997]. Recently, our group has
reported that NMP composition was radically
altered in highly metastatic oncogene-trans-
formed mouse fibroblasts [Samuel et al., 1997].
Interestingly, highlymetastatic ras-transformed
10T1⁄2 cells and highly metastatic fes-trans-
formedNIH 3T3 cells had a similar set of NMPs
that were not seen in poorly metastatic or non-
tumorigenic parentalmouse fibroblast cell lines.
Clearly, this study shows a correlation between
the NMP profile and the metastatic potential.
A previous study by Khanuja and coworkers

[1993] revealed the presence of several nuclear
matrix proteins (X, Y, Z) as specific to malig-
nant breast tissue. In our study, we identified
NMBC-Z in all the breast cancer cell lines ex-
cept T5-PRF. In the isolation of nuclear matrix,
we extract nuclease-digested nuclei with 0.25
Mammonium sulfate followed by several extrac-
tions with 2 M NaCl. The Khanuja et al. [1993]
protocol has a salt extraction of 0.25 M ammo-
nium sulfate prior to nuclease digestion. We
found that the high salt extraction step is re-

Fig. 2. Nuclear matrix proteins of ER2 human breast cancer
cell lines and spontaneously immortalized normal breast epithe-
lial cell line. Protein (40 µg) was electrophoretically resolved on
two-dimension gels. The gels were stained with silver. The
position of the carbamylated forms of carbonic anhydrase is
indicated by ca. The position of the molecular weight standards

(in thousands) is shown on the left side of each two-dimensional
gel pattern. LA and LC show the position of lamin A and C,
respectively. The location of hnRNP-K is indicated as hK. The
white arrows show the location of the NMBC-6 (6), unique to
the ER2 cell lines and NMBC-Z. The circles show the absence
of the NMBCs (1–6, Z) proteins in the normal breast cell line.

TABLE I. Patient and Breast Tumour
Characteristics

Tumour
number

Age of
patient
(years) Operationa ERb PRc

Lymph
nodesd

11173 65 MRM 52 87 P
12702 52 Biopsy 31 16.3 ?
12797 52 MRM 6.1 13.0 P
12431 49 Biopsy 2.7 2.1 ?
9859 46 Lumpectomy 2.0 9.1 N
8896 72 MRM 0.5 7.6 N

aMRM, modified radical mastectomy.
bER, estrogen receptor reported as femtomoles per milli-
gram of protein, positive .3.
cPR, progesterone receptor reported as femtomoles per mil-
ligram of protein, positive .15.
dP, positive; N, negative.
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quired to remove histones and other nonmatrix
nuclear proteins from the nuclearmatrix prepa-
ration [Coutts et al., 1996]. This rigorous extrac-
tion procedure provides confidence that the pro-
teins remaining with the nuclear matrix
preparation are NMPs. As NMBCs X and Y
were not observed in our NMPs, these proteins
were likely extracted from the nuclear matri-
ces, suggesting that NMBCs X and Y were
either not nuclear matrix proteins or were pro-
teins not tightly associated with the nuclear
matrix.
In summary, we have identified five NMBCs

(1–5) exclusive to ER1 breast cancer cell lines
(T47D, ZR-75, MCF-7, T5-PRF) and NMBC (6)
exclusive to ER2/hormone-independent cell
lines (BT-20, MDA MB231). The presence of
NMBCs 1–5 in T5-PRF suggests that these
proteins are exclusive to ER status and not to

hormone dependence. None of these proteins
were found in MCF-10A1. Furthermore, using
ER1 and ER2 human breast tumours, we were
able to confirm the presence of NMBCs 1–5
(exclusive to ER1 cell lines) in ER1 tumours
and NMBC 6 (exclusive to ER2 cell lines) in
ER2 tumours. The results of this study rein-
force the observations that NMPs are poten-
tially excellent prognostic indicators. The pres-
ence or absence of NMPsmay be identified with
further characterization as biomarkers ofmalig-
nant progression.
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Fig. 3. Representative NMP profiles of ER1 and ER2 human
breast tumours. NMPs from 0.5 g of a tumour were electropho-
retically resolved on two-dimension gels. The gels were stained
with silver. The position of the carbamylated forms of carbonic
anhydrase is indicated by ca. The position of the molecular
weight standards (in thousands) is shown on the left side of each
two-dimensional gel pattern. LA and LC show the position of

lamin A and C, respectively. The white arrows in the gel pattern
of NMPs from the ER1 tumour show the location of NMBCs 1–5
(1–5) unique to the ER1 human breast cancer cell lines and
NMBC-Z (Z) being expressed in vivo. The white arrows in the
gel pattern of NMPs from the ER2 tumour show the location of
NMBC-6 (6) unique to the ER2 human breast cancer cell lines
and NMBC-Z. The location of hnRNP-K is indicated as hK.
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