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IN SITU HYBRIDIZATION OF CENTROMERIC DNA AS VISUALIZED 
ON THE NUCLEAR MATRIX BY LASER CONFOCAL CYTOMETRY 

Kenneth J. Pienta 

INTRODUCTION 

An average mammalian nucleus contains approximately 

2 meters of DNA in its extended first order structure. 

The packing of this length of DNA into a nucleus of only 

10 ~m diameter presents mammalian cells with a formida

ble topological packaging problem since the total length 

of cellular DNA must be reduced about 10,000-fold to fit 

within the confines of a single nucleus (1). Despite 

this tremendous DNA packing ratio, DNA contained within 

nuclei must have a dynamic conformation conducive to an 

active role in a variety of biologic processes. For 

example, the replication of the DNA occurs in 30,000 to 

90,000 small units termed "replicons" that are synthe

sized in a precise order and temporal sequence. During 

DNA synthesis, each of these DNA rep1icon units must be 

copied by passing through a very large multienzyme 

replicating complex (5x10 6 d) that contains the inte

grated biochemical site for DNA synthesis; these enzyme 

complexes have been termed "rep1isomes" (2,3). Because 

each of these individual replicon units of 50-100 Kbp 

must pass through the fixed site of replication within a 

30 min period, the double helix of DNA must be unwound 

at a speed of over 100 rpm at each replicating site. On 

average, DNA replication occurs at each site at 100 

bp/min and there is a DNA turn in the helix for every 10 

bp. Similarly, RNA polymerase II "reads" the DNA mole-
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cule at a rate of 6,000 bp/min and can synthesize a mRNA 

molecule of a 15 Kb gene in 3 min. The specific unwind

ing of DNA units during replication and transcription 

presents major topological considerations and a precise 

ordering that is difficult to account for without evok

ing a specific spatial organization and higher-order 

structure within both nucleus and cell. To permit 

diversity of function, DNA must be topographically and 

topologically partitioned into independent functional 

units or domains. This partitioning of DNA into domains 

has been demonstrated in both neural cells and human

hamster hybrid nuclei (4,5). This spatial and temporal 

control of DNA is accomplished in part by the organiza

tion of DNA dictated by interactions with the nuclear 

matrix. The nuclear matrix provides both the structural 

support to the nucleus and the organizing sites for the 

specific control of nucleic acid function as well as 

directional, intranuclear, particulate transport (6,7, 

Table 1). 

The nuclear matrix is a framework scaffolding 

forming the superstructure of the nucleus and consists 

of peripheral lamins and pore complexes, an internal 

ribonucleic protein network, and residual nucleoli (S-

10). The nuclear matrix is the protein framework on 

which the DNA is organized into loop domains of both the 

metaphase chromosome scaffold as well as the interphase 

nuclear matrix and has been localized at the base of the 

DNA loops where it exists in the wake of the DNA repli

cating fork (11,12). 

In addition to the topological role of the nuclear 

matrix, it has also been shown to be the site of many 

critical cellular processes including the site for DNA 

replication. The nuclear matrix has been demonstrated 

to possess fixed sites of DNA synthesis which are locat

ed at the base of the loops and have been termed a 

replitase. The replitase complex contains, at the 



229 

Table 1 
Reported Functions Of The Nuclear Matrix 

Nuclear Morphology 
The nuclear matrix contains structural elements of 

the pore complexes, lamina, internal network, and nucle
oli that contribute to the overall 3-dimensional organi
zation and shape of the nucleus. 

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 chromosomal scaffold including 
topoisomerase II, an enzyme that modulates DNA topology. 

DNA Replication 
The nuclear matrix has fixed sites for DNA replica

tion, containing the replisome complex for DNA replica
tion that includes polymerase and newly replicated DNA. 

RNA Synthesis and Transport 
Actively transcribed genes are associated with the 

nuclear matrix; the nuclear matrix contains transcripti
onal complexes, newly synthesized heterogeneous nuclear 
RNA, and small nuclear RNA; RNA-processing intermediates 
(splicesomes) are bound to the nuclear matrix; mRNA is 
transported on specific tracks within the nucleus in
volving nuclear matrix components. 

Nuclear Regulation 
The nuclear matrix has specific sites for steroid 

hormone receptor binding; the composition of the nuclear 
matrix is cell and tissue specific. DNA viruses are 
synthesized in association with the nuclear matrix; the 
nuclear matrix is a cellular target for transformation 
proteins and is altered by the transformation process. 
At least one carcinogen has been shown to bind to the 
nuclear matrix. 

minimum, enzymes involved in DNA replication, including 

DNA polymerase, topoisomerase, DNA methylase, dihydrofo

late reductase, thymidylate synthetase, and ribonucleo

side diphosphate reductase (3,13). Therefore, the 

nuclear matrix plays both a structural and functional 

organizing role in DNA regulation. 

The nuclear matrix also plays a central role in RNA 
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processing. Newly synthesized heteronuclear RNA and 

small nuclear RNA are both enriched on the nuclear 

matrix (14,15). The nuclear matrix has also been shown 

to be the site of attachment for products from RNA 

cleavage and for RNA processing intermediates; it has 

also been demonstrated to be the site of mRNA transcrip

tion (16-20). Active genes have been found to be asso

ciated with the nuclear matrix only in cell types in 

which they are expressed (21,22). Genes that are not 

expressed in these cell types are not found to be asso-

ciated with the nuclear matrix. Further investigation 

into the association of active genes with the nuclear 

matrix has revealed a DNA loop anchorage site next to 

the enhancer region of several genes (23-28). Termed 

matrix associated regions (MARs) or scaffold attached 

regions (SARs), these sequences are usually approximate

ly 200 base pairs in length, are A-T rich and contain 

topoisomerase cleavage sequences along with other se

quences such as poly-adenylation signals. The MARs have 

also been shown to functionally confer transcriptional 

activity in genes in which they are inserted both in 

vivo and in vitro, and therefore, may be important 

carcinogen and/or mutagen targets (29,30). 

Several observations indicate that the nuclear 

matrix is an important modulator of DNA organization and 

cell function. Nuclear matrix proteins vary in a cell 

type specific manner, suggesting that the nuclear matrix 

may play an important role in the tissue-specific, 

three-dimensional organization of DNA observed by in 

situ hybridization (31-35). The nuclear matrix inter

acts with steroid receptors to help modulate cell func

tion (36,37). In cancer cells, transformation proteins 

appear to be associated with the nucleus, and many of 

these appear to be involved with the matrix. The nucle-

ar matrix is one of the targets for retrovirus myc 

oncogene protein, adenovirus E1A-transforming protein, 



231 

and polyoma large T antigen (38-43). Numatrin, a nucle

ar matrix protein, has been associated with the induc

tion of mitogenesis and the nuclear matrix has been 

shown to be altered during cell transfor.mation (33,44). 

The nuclear matrix, therefore, is poised to play a 

critical and central role in cell structure and func

tion. It structurally and functionally connects the DNA 

to the cell periphery. The importance of this structure 

in disease pathogenesis is poorly understood, however, 

techniques including in situ hybridization, are now 

available to start studying the nuclear matrix and its 

role in human disease. 

MATERIALS AND METHODS 

Nuclear Matrix Preparation (see Fig. I) 

This method is an adaptation of the original meth

odology of Vogelstein and colleagues (45) as well as Fey 

and Penman (34). Prostate adenocarcinoma DU-145 cells 

were plated on tissue culture slides (Nunc, Inc) and 

grown to near confluence. The cells were then treated 

with 0.5% Triton X-100 for five min to release the 

lipids and soluble proteins in a buffered solution 

containing 2mM vanady1 ribonucleoside, an RNAase inhibi

tor. Cells were then washed with phosphate-buffered 

saline (PBS). 0.25M ammonium sulfate with vanady1 

ribonucleoside was then added to release the soluble 

cytoskeletal elements with salt for 10 min. DNAase-l 

and RNAase-A at 250 C were then added to remove the solu

ble chromatin and RNA. The remaining in situ fraction 

contains the intermediate filaments and intact nuclear 

matrices. 

In Situ Hybridization 

Methods for in situ hybridization were modified 

from the techniques of Lawrence and colleagues (46-48) 

Hybridization of DNA on nuclear matrices is accomplished 
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IN SITU NUCLEAR MATRIX PREPARATION 

INTACT CELLS ON SLIDE , 
CYTOSKElETAL BUFFER x 10 MIN at O'C 
(0.5% TRITON X·too) 

1-- - - - --- ---.... LIPIDS, SOLUBLE PROTEINS 

,. 
EXTRACTION BUFFER x 10 MIN at 0 'c 
(250 mM AMMONIUM SULFATE) 

-- - -- -- --- ------ SOLUBLE 

~ CYTOS~ELETAL ELEMENTS 

CHROMATIN BUFFER x 20 MIN at 2O"C 

(DNAase r, RNAase A) 

'I-~-'" SOLUBLE CHROMATIN. ANA 

I ~::~;~~~:R MATALX] 

• 

L __ ... (INTACT NUCLEI] 
(PREPARATION) 

I , 

! 

3]% FORMALDEHYDE x 10 MIN at O'C -4-----~~--

(FIXES PREPARATION) , 
DEHYDRATION , 
DENATURATION , 
HVBRIDIZATION , 
DETECTION 

Figure 1. Schematic of the process for preparing nucle
ar matrices in situ. Intact cells are taken through a 
series of gentle extractions which remove the cell 
membrane as well as soluble proteins and DNA and RNA 
which are not tightly bound. The resulting in situ 
structure consists of the intermediate filament-nuclear 
matrix networks. 

on the in situ prep as follows. Centromeric probes 

(biotinylated-ll-dUTP) were obtained from Oncogene Sci

ence. For hybridization, samples are first denatured at 

70 0 C for 2 min, then put into 70% followed by a 100% 

ethanol for 5 min each, then air dried. The hybridiza

tion solution is placed on samples and incubated at 37 0 C 

in a humidified chamber overnight. Hybridization is 

detected using avidin conjugated to fluorescein with 

residual nuclear matrix DNA being stained with propidium 

iodide. 

Confocal Microscopy 

Hybridized samples were visualized using an ACAS 

570 confocal dual scanning laser microscope equipped 

with epifluorescent filters. This microscope is part of 
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the Wayne State University School of Medicine Core 

Imaging Facility. Samples were visualized at a minimum 

of lOOOx magnification using a lOOx neofluor objective. 

Specimens were scanned mechanically at one micron inter

vals under microprocessor control along three axes 

through the confocal point to produce three-dimensional 

information. Multiple nuclei were examined and data 

were collected to ensure reproducibility. 

RESULTS AND DISCUSSION 

The advent of in situ hybridization techniques has 

provided a new method for investigating nuclear matrix 

structure (49-53). The topological need for an internal 

organization of the nucleus would suggest that the 

nuclear matrix would be strongly associated with the 

centromeres of the chromosomes in the interphase nucle

us. This would begin to ensure the three-dimensional 

localization of DNA within the nuclear volume. To test 

this hypothesis, in situ nuclear matrix preparations of 

prostate cancer DU-145 cells were investigated for 

centromeric DNA-nuclear matrix interaction. 

Fig. 2 demonstrates that centromeric DNA is tightly 

associated with the in situ nuclear matrix. Utilizing 

the confocal laser cytometer, the different centromeric 

domains can be visualized throughout the interphase 

nucleus. Similar techniques can be used to visualize 

individual centromeres and chromosome domains (4,5,48, 

54,55). 

The nuclear matrix has been demonstrated to play an 

intimate role in the control of DNA organization and 

gene expression (33,56,57). The nuclear matrix is the 

structural element which determines, in part, the three

dimensional organization of the nucleus and is involved 

in DNA organization and function. In situ hybridization 

can be used to learn more about this important nuclear 

structure, its role in cell function, and its role in 



234 

Figure 2. Scanning laser cytometer images taken 0.5 
microns apart revealing centromeric DNA associated with 
the nuclear matrix of DU-145 human prostate cancer 
cells. 

the organization of chromatin and chromosome structure. 
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