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Introduction 

The mammalian nucleus contains approximately 2cm of DNA packed into a 
nucleus that is 10 microns in diameter. The packaging of DNA into the nucleus 
is organized by the nuclear matrix, the RNA-protein skeleton of the matrix. 
The nuclear matrix is the scaffold that organizes DNA at a structural as 
well as a functional level [1]. By organizing DNA in both structural and 
functional manners, the nuclear matrix plays a critical role in normal cellular 
function. Several reports have now demonstrated that the nuclear matrix is 
altered in cancer cells and is intimately involved in the function of several 
oncogenes. Defining how the nuclear matrix is involved in the process of 
cell transformation has implications not only for understanding malignancy, 
but also for the development of new biomarkers for diagnosis and 
prognosis. 

The concept of a residual nuclear structure, composed predominantly of 
protein, was proposed in 1942 by Mayer and Gulick when it was noticed that 
high concentrations of sodium chloride used to extract nuclei resulted in 
insoluble protein [2]. In 1963, Smetan.a et a1. reported the presence ola 
ribonucleoprotein network of fibers in nuclei after a series of extractions of 
soluble proteins and deoxyribonucleoproteins from Walker tumor and rat 
liver cells [3]. Eleven years later, the identification of a nuclear protein matrix 
was reported by Berezney and Coffey, who utilized a variety of extractions of 
rat liver nuclei to remove the major components of the nucleus. Figure 1 
diagrams the steps necessary to isolate the nuclear matrix from intact cells. 
The procedure uses detergents and salt extractions to successively remove 
lipids, soluble proteins, intermediate filaments, DNA, and most of the RNA. 
The extractions revealed a nonchromatin framework that extended through
out the nucleus. Upon chemical analysis it was found that the nuclear matrix 
contained 98.2% protein, 0.1 % DNA, 0.5% phospholipid, and 1.2% RNA [4]. 
A later report from the same laboratory stated that the structural components 
of the isolated matrix bear remarkable resemblance to well-defined structures 
of intact nuclei, suggesting that the nuclear matrix network is not a result of the 
extractions and enzyme treatments. Berezney and Coffey went on to suggest 
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Figure 1. Isolation of nuclear matrix. The nuclear matrix is isolated by sequential extractions 
using non-ionic detergent, DNase I digestion, and a hypertonic salt buffer. These extractions 
remove over 98% of the DNA, 70% of the RNA, and 90% of the protein, resulting in the residual 
structure, which is essentially devoid of histones and lipids. 



Table 1. Nuclear matrix is the dynamic structural subcomponent of the nucleus that directs the 
functional organization of DNA into loop domains and provides organizational sites for many of 
the functions involving DNA 

Reported functions of the nuclear matrix 

Nuclear morphology: The nuclear matrix contains structural elements of the pore complexes, 
lamina, internal network, and nucleoli, which give the nucleus its overall three-dimensional 
organization and shape. 

DNA organization: DNA loop domains are attached to nuclear matrix at their bases, and this 
organization is maintained during both interphase and metaphase. Nuclear matrix shares 
some proteins with the chromosome scaffold, including topoisomerase II, an enzyme that 
modulates DNA topology. 

DNA replication: The nuclear matrix has fixed sites for DNA replication and contains the 
replisome complex for DNA replication. 

RNA synthesis: Actively transcribed genes are associated with the nuclear matrix. The nuclear 
matrix contains transcriptional complexes, newly synthesized heterogeneous nuclear RNA, 
and small nuclear RNA. RNA processing intermediates are bound to the nuclear matrix. 

Nuclear regulation: The nuclear matrix has specific sites for steroid hormone receptor binding. 
DNA viruses are synthesized in association with the matrix. The nuclear matrix is a cellular 
target for transformation proteins, some retrovirus products such as the large T antigen, and 
EIA protein. Many of the nuclear matrix proteins are phosphorylated at specific times in the 
cell cycle. 

that the nuclear matrix is a dynamically changing structure and therefore may 
play important roles in nuclear functions [5]. 

The nuclear matrix is defined as the RNA-protein skeleton of the nucleus 
that contributes to the structural and functional organization of DNA. In the 
last several decades, there has been a great deal of insight into the importance 
of the nuclear matrix, especially in the area of cancer. Five of the general 
functions of the nuclear matrix are listed in Table 1. They include nuclear 
morphology and regulation, DNA organization and replication, RNA synthe
sis and transport, and nuclear regulation. 

A cellular hallmark of the transformed phenotype is abnormal nuclear 
shape and the presence of abnormal nucleoli. Nuclear structural alterations 
are so prevalent in cancer cells that they are commonly used as a pathological 
marker for transformation for many types of cancer. Nuclear shape is thought 
to reflect the internal nuclear structure and processes, and is determined, at 
least in part, by the nuclear matrix. The nuclear matrix contains structural 
elements of the pore complexes, lamina, internal network, and nucleoli that 
give the nucleus its overall three-dimensional organization and shape. The 
lamina forms the periphery of the matrix, while the nuclear matrix extends 
inward from the lamina [6]. The nucleolus, which is composed of RNA and 
proteins, is responsible for RNA synthesis and processing of pre-ribosomal 
RNA within the cell as well as assembly of ribosomal proteins [7]. The lamins 
comprise a structure that lies between the membrane and the peripheral 
chromatin. The predominant polypeptides are termed lam ins A, B, and C; 
have a molecular weight (MW) range of 60,000-80,000; and have been found 
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to be associated with the chromatin of cells [6]. It is now known that chromo
somes are not free floating in the nucleus but must instead have a specific 
three-dimensional spatial organization, hence, much emphasis turned to the 
role of the nuclear matrix in DNA organization. 

Vogelstein et al. were the first to visualize DNA loop structures attached to 
the nuclear matrix by releasing the supercoiled loops in the presence of a low 
concentration of ethidium bromide [8]. Using fluorescence microscopy, 3T3 
nuclei devoid of soluble proteins and his tones were placed in various concen
trations of ethidium bromide and viewed. A halo, representing DNA interca
lated with ethidium bromide, was seen surrounding the nuclear matrix 
skeleton. Intercalation of ethidium bromide into DNA caused positive super
coiling (i.e., unwinding of loops), which was experimentally represented as the 
enlargement of the halo. At higher concentrations of ethidium bromide, the 
DNA overwinds, causing positive supercoiling, represented by a decrease in 
halo size. Nicking the DNA resulted in uniform halos regardless of the 
ethidium bromide concentration used. The results of this study implicated 
DNA loop domains as an important level of DNA organization. 

DNA is organized into loop domains of approximately 60 kilobases that are 
attached at their bases to the nuclear matrix. The points of attachments of 
DNA sequences to the matrix have been studied and have been termed matrix 
attachment regions (MARs) or scaffold attachment regions (SARs) [9]. The 
MARs generally contain AT-rich DNA sequences as well as sequences that 
are similar to topoisomerase II consensus sequences [10]. To date, no con
served consensus sequences are known for MARs; however, MARs have been 
found to be closely associated with actively transcribed genes and thus may 
control their expression. Romig et al. identified four novel DNA binding 
proteins that specifically bound to SARs, one of which (SAF-A) was found to 
specifically bind to several SAR elements from different species [11]. Other 
MARs have been purified and functionally characterized that bind lamins A 
and C [10]. Dickinson et al. cloned a DNA-binding protein thalt binds MARs 
called SATBl. SATB1 appears to recognize a particular type of AT-rich 
sequences, and binding occurs in the minor groove of DNA [12]. Most re
cently, Durfee et al. have isolated a 84-kD nuclear matrix protein (p84) that 
localizes to an area in the nucleus associated with RNA processing. In particu
lar, p84 was found to specifically interact with the amino-terminal region of the 
retinoblastoma susceptibility gene [13]. 

The nuclear matrix has also been implicated in the replication of DNA. 
Vogelstein et al. demonstrated the rate of movement of newly synthesized 
DNA by autoradiography using 3H-thymidine [8]. Using pulse-chase experi
ments, Pardoll et al. provided further evidence that the nuclear matrix pro
vides fixed sites for the attachment of replication complexes [14]. These 
investigators demonstrated that after short pulse times with 3H-thymidine 
given to rats, the matrix DNA had a very high specific activity when compared 
with the total DNA. This indicated that newly synthesized DNA is associated 
with the nuclear matrix, which had been shown by other investigators [15]. 
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Berezney and Coffey also reported DNA that was labeled rapidly during 
DNA synthesis appeared to be associated with the nuclear matrix [16]. These 
replication sites that contain the enzymes needed to duplicate DNA have been 
named replicases by Reddy and Pardee [17]. Earnshaw and Heck demon
strated that topoisomerase II, an enzyme known to regulate DNA topology, is 
also a component of the DNA loops in mitotic chromosomes [18]. 

Berezney and Buchholtz provided further evidence to support the role of 
the nuclear matrix in eukaryotic DNA replication [19]. The replication of 
DNA occurs discontinuously in subunits on th,e long chromosomal DNA, 
called replicons. They proposed that DNA replication complexes remain 
bound to the nuclear matrix while DNA is reeled through during replication. 
Further evidence came from Valenzuela et aI., when He La nuclei were shown 
to have an enrichment of replication forks (i.e., branched DNA) associated 
with the nuclear matrix [19]. Tubo et aI. demonstrated that nuclear matrix 
prepared from labeled nuclei were enriched in DNA synthesized by the nuclei 
compared with the total nuclear DNA [21]. Younghusband observed that the 
nuclear matrix is the site of adenovirus DNA replication in infected He La cells 
[22]. Smith and Berezney reported a significant portion of DNA polymerase a 
bound to isolated nuclear matrices during active replication in regenerating 
liver [23]. 

The nuclear matrix has also been implicated in transcription. The nuclear 
matrix consists not only of protein, but also RNA, which has been shown to be 
an essential component [24]. Herlan et aI. found that labeled RNAs associated 
tightly with the nuclear matrix and that the majority of the RNA included in 
the RNA-protein matrix consisted of pre-rRNA [25]. Small nuclear RNA 
complexed with proteins (snRNP) have also been localized to the nuclear 
matrix [26]. Heterogeneous nuclear RNA (hnRNA), which is the precursor to 
messenger RNA, has been shown to be associated with the nuclear skeleton 
after the removal of most of the chromatin, suggesting that the hnRNA is 
associated with nonchromatin structures within the nucleus [27]. This associa
tion was shown to be specific when labeled hnRNA was added to isolated 
nuclei, and very little hnRNA became associated with the nuclear structure of 
both intact and chromatin-depleted nuclei [27,28]. 

Van Eekelen and van Venrooij reported a specific set of proteins that were 
associated with the hnRNA and nuclear matrix complex, and concluded that 
proteins are involved in the binding of hnRNA to the nuclear matrix [29]. This 
association of hnRNA with the nuclear matrix led to the idea that the nuclear 
matrix may also playa role in transcription. In one study, all precursors of 
RNA were found to be exclusively associated with chick oviduct nuclear 
matrix, supporting the notion that the nuclear matrix may be the structural site 
for RNA processing [30]. In a series of experiments using He La nuclei, Jack
son et al. demonstrated that RNA is synthesized at the nuclear cage (i.e., 
nuclear matrix) [31]. They observed, along with prior investigators, that RNA 
is attached in a specific manner to the nuclear matrix; In addition, transcribed 
sequences were found to be closely associated with the nuclear cage. This 
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latter observation has been demonstrated in active viral genes using nine cell 
lines transformed with viral sequences of polyoma and/or avian sarcoma virus. 
The transcriptionally active genes were shown to be in close proximity to the 
nuclear cage [32]. 

Buckler-White et al. isolated nuclear matrix from mouse 3T3 cells infected 
with polyoma virus and showed that there is a fixed number of sites for T 
antigen on the matrix, implicating that the nuclear matrix does playa role in 
transcription. Additional evidence of the interaction of the nuclear matrix and 
transcriptionally active genes came from studies involving the thick oviduct 
[33,34], SV40-infected cells [35], chicken liver [36], and chicken erythrocytes 
[37]. Bidwell et al. examined nuclear matrix DNA-binding proteins that inter
acted with the osteocalcin gene promoter [38]. Their results were consistent 
with the involvement of the nuclear matrix in gene transcription. 

The nuclear matrix has also been suggested to play a role in RNA pro
cessing. Using He La cells infected with adenovirus type 2, Mariman et aL 
provided evidence that adenoviral-specific nuclear matrix RNA contains pre
cursors, intermediates, and products of RNA processing [39]. Other investiga
tors have reported similar results [40-42]. Smith et aI., using a previously 
isolated rat liver nuclear matrix protein and its corresponding antibody, pro
vided evidence that the nuclear matrix does playa role in RNA splicing in 
vitro [43]. 

From the above-mentioned studies, it is easy to see why it has been pro
posed that the nuclear matrix is involved in gene regulation and expression. 
Gene expression can best be demonstrated by steroid hormones, which are 
thought to be involved in the transcriptional control of some genes. Barrack 
and Coffey used the induction of vitellogenin synthesis, which is a well-charac
terized model used in studying the regulation of specific gene expression 
by steroid hormones [44]. They found that nuclear matrix of an estrogen
responsive tissue (chicken liver) and of an androgen target tissue (rat ventral 
prostate) contained specific binding sites for both estradiol and dihy
droxytestosterone, respectively. In addition, the levels of these matrix-associ
ated steroid binding sites alter in response to changes of the hormonal status 
of the animal. In a later study, Barrack demonstrated the presence of specific 
acceptors for the androgen receptor in nuclear matrix of the prostate [45]. In 
addition, the majority of these acceptors were found in the internal network 
components of the matrix, while only 17% were found to be in the peripheral 
lamina. Kumara-Siri et al. reported that the T3-nuclear receptor is associated 
with GC cells, suggesting that this association may help to regulate thyroid 
hormone action [46]. Ki-67, a mouse monoclonal antibody that recognizes a 
nuclear antigen expressed only in proliferating cells, also binds to the nuclear 
matrix and is now being introduced more into routine pathology [47]. It has 
also been observed that many of the nuclear matrix proteins are phosphory
lated at specific times in the cell cycle. Phosphorylation is one common mecha
nism used by the cell to control gene expression. Henry and Hodge observed 
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that there are changes in the phosphorylation pattern of several matrix pro
teins during the cell cycle [48]. 

Since the nuclear matrix plays crucial roles in the cell, it seems obvious to 
conclude that the nuclear matrix may play some role(s) in the development of 
cancer, perhaps as the result of protein alterations during transformation. 
Getzenberg et al. compared the nuclear matrix protein patterns from normal 
rat prostate and rat prostate tumors. Using two-dimensional g.el electrophore
sis, the complex mixture of nuclear matrix proteins was resolved. It was found 
that the protein pattern between prostate tumor nuclear matrix and normal 
nuclear matrix was different. In addition, the nuclear matrix proteins in several 
rat Dunning prostate adenocarcinoma lines were compared with the nuclear 
matrix composition of the dorsal prostate, the original tissue from which this 
tumor was derived. The nuclear matrix protein composition between the 
transformed cell lines contains a large number of common proteins, as well as 
nuclear matrix proteins that differed significantly from their tissue of origin 
[49]. These differences in the nuclear matrix protein composition could repre
sent cell alterations during the tumor development. Pienta and Lehr went on 
to look at the protein composition of human prostate tumors as well as human 
prostate cell lines [50]. It was found that normal prostate cell transformation is 
accompanied by specific changes in nuclear matrix composition. Differences in 
nuclear matrix composition have also been reported in human hepatoma cells 
versus normal liver cells [51], human breast cancer tissue versus normal breast 
tissue [52], and in human laryngeal squamous cell carcinoma versus normal 
laryngeal epithelium [53]. 

Our laboratory has recently studied nuclear matrix protein composition of 
cancerous and normal breast tissue from 10 patients with infiltrating ductal 
carcinoma as well as the MCF-10 breast cell lines [52]. Using two-dimensional 
electrophoresis, it was found that the normal human breast tissue and tumor 
tissue possess a common set of nuclear matrix proteins as well as demonstrate 
specific protein protein changes. The two-dimensional patterns of nuclear 
matrix isolated from breast cancer tissue and normal breast tissue are shown in 
Figure 2A and 2B. A schematic representation illustrating the positions of 
proteins common to both normal and cancerous breast tissue, as well as 
proteins specific to each type of tissue, is given in Figure 3, and the molecular 
weights and the isoelectric points of several of these nuclear matrix proteins 
are listed in Table 2. We estimated that there were approximately 50-70 
common proteins and arbitrarily identified 10 proteins that were common to 
all of the normal and malignant tissue samples and designated these nuclear 
matrix breast (NMB) 1-10. Four proteins were identified that were found only 
in the cancer specimens were identified as nuclear matrix breast cancer 
(NMBC) W, X, Y, and Z (designated by arrows in Figure 2A). Two proteins 
were identified that were found only in normal tissue and not in the cancer 
specimens, and were designated nuclear matrix normal breast (NMNB) A and 
B (designated by arrows in Figure 2B). 
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Figure 3. Composite schematic representation of high-resolution gel electrophoresis shown in 
Figure 2A and 2B. Proteins common to all tissue are numbered 1-10. Cancer-specific proteins are 
labeled W, X, Y, and Z. Normal tissue specific proteins are labeled A and B. 

These alterations in nuclear matrix protein composition found between the 
different tissue specimens could represent stromal or epithelial cell compo
nent changes. To help determine whether these changes were epithelial in 
origin, we investigated the nuclear matrix composition of the MCF-IO cell 
lines. The MCF-IO mortal line, the spontaneously immortalized MCF-1OA, 
and the transfected variants of the immortalized line, H-RAS-MCF 10A and 
C-NEU-MCFIOA, were all investigated. The MCF-IO cell line and its deriva
tives demonstrated a nuclear matrix phenotype that contained the proteins 
found in both normal and breast cancer tissue. These data suggest that these 
cell lines, which do not form tumors in athymic mice, may represent interme
diate steps in the breast cancer transformation pathway. The nuclear matrix 
proteins that are lost and gained between normal and tumor tissues may be 
useful as intermediate endpoints or biomarkers if further characterization 
identifies them as mediators of transformation. 
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Table 2. Nuclear matrix proteins 

Designation 

NMBl' 
NMB2 
NMB3 
NMB4 
NMB5 
NMB6 
NMB7 
NMB8 
NMB9 
NMB10 
NMBC-Wb 
NMBC-X 
NMBC-Y 
NMBC-Z 
NMNB-A' 
NMNB-B 

12,000 
14,000 
14,000 
27,000 
30,000 
31,000 
31,000 
64,000 
76,000 
92,000 
18,000 
62,000 
64,000 
80,000 

24 
26 

Isoelectric point 

6.8 
5.6 
5.7 
5.4 
4.9 
7.2 
7.8 
5.6-5.7 
5.7-5.9 
5.9-6.1 
6.5 
5.3 
4.7 
5.5 
6.2 
6.4 

'NMB = nuclear matrix breast; NMB1-NMBlO are common 
nuclear matrix proteins found in both normal and cancerous 
breast. 

bNMBC = nuclear matrix breast cancer; NMBC-W-NMBC-Z are 
nuclear proteins found in tumor samples but not in normal breast 
tissue. 

'NMNB = nuclear matrix normal breast tissue; NMNB-A and 
NMNB-B are nuclear matrix proteins found in only normal 
breast tissue. 

Figure 4. Expression of breast cancer-specific protein W. Immunohistochemistry utilizing a 
monoclonal antibody generated against protein W in the MCFlO-A cell line. Protein W appears 
to localize to nucleoar regions, suggesting a possible role in transcription. 
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The determination of a function for a particular nuclear matrix protein is a 
tedious process. We have isolated NMBC-W by running multiple preparative 
gels of MCF-lOA cells. After running approximately 400mg of nuclear matrix 
protein on multiple gels, we cut the NMBC-W and produced a monoclonal 
antibody to spot W. In immunohistochemical experiments, this antibody tar
gets nucleolar regions in the MCFlO-A cells, suggesting that it may NMBC-W 
may have a role in transcription (Figure 4). This antibody will be utilized to 
screen cDNA libraries to elucidate the function of NMBC-W. By this method, 
our laboratory is currently isolating several nuclear matrix proteins. It is our 
belief that this approach will lead to a better understanding of the role of the 
nuclear matrix in cancer transformation, as well as identify potential interme
diate biomarkers for breast cancer. 
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