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Preface

There is emerging recognition that structural and functional properties
of the cell nucleus are interrelated. During the past several years, exten-
sive insight into the complexities of linkage between the components of
nuclear architecture and the parameters of transcription, processing of
gene transcripts, and DNA replication has accrued. There has been an
evolution in our understanding of gene expression from the cataloging
of gene regulatory sequences and cognate transcription factors to the
pursuit of mechanisms mediating cross talk between promoter domains
and the convergence of multiple signaling pathways at multiple promoter
elements. These mechanistic questions are being pursued within the
context of responsiveness to physiological regulatory signals controlling
proliferation, differentiation, and commitment to cell and tissue pheno-
typic requirements. The involvement of nuclear structure in facilitating
regulatory mechanisms is becoming increasingly evident. This has re-
sulted in a model of cell regulation in which subtle changes are evolved
through integrated spatial, temporal, structural, and informational re-
sponse mechanisms.

This volume assimilates the contributions of genome organization as
well as of the components of the nuclear matrix to the control of DNA
and RNA synthesis. Nuclear domains which accommodate DNA rep-
lication and gene expression are considered in relation to short-term
developmental and homeostatic requirements as well as to long-term
commitments to phenotypic gene expression in differentiated cells. Con-
sideration is given to the involvement of nuclear structure in gene local-
ization as well as to the targeting and concentration of transcription
factors. Aberrations in nuclear architecture associated with and poten-
tially functionally related to pathologies are evaluated. Tumor cells are
described from the perspective of the striking modifications in both the

Xi
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composition and organization of nuclear components. Concepts as well
as experimental approaches which are defining functionality of nuclear
morphology are presented.

The challenges we now face are to further define components of nu-
clear architecture that contribute to the regulation of gene expression and
serve as rate-limiting steps in DNA replication and transcriptional control.
There is a necessity to resolve the involvement of multiple levels of nu-
clear structure in establishing the fidelity of physiological responsiveness.

Our current knowledge of promoter organization and the repertoire
of transcription factors that mediate activities provide a single dimen-
sional map of options for biological control. We are beginning to appreci-
ate the additional structural and functional dimensions provided by chro-
matin structure and nucleosome organization, as well as by subnuclear
localization and targeting of both genes and transcription factors by
specific components of the nuclear matrix. Particularly exciting is the
growing body of evidence for dynamic modifications in nuclear structure
which parallel modifications in the expression of genes. However, the
extent to which nuclear structure regulates and/or is regulated by modifi-
cations in gene expression remains to be experimentally established.
Interrelationships between the control of chromatin organization and
higher order nuclear architecture are not well understood.

It is imperative to determine whether nuclear matrix-mediated sub-
nuclear distribution of actively transcribed genes is responsive to nuclear
matrix association of transcriptional and posttranscriptional regulatory
factors. And we cannot dismiss the possibility that the association of
regulatory factors with the nuclear matrix is consequential to sequence-
specific interactions of transcriptionally active genes with the nuclear
matrix. As these issues are resolved, we will gain additional insight into
the determinants of cause and/or effect relationships which interrelate
specific components of nuclear architecture with gene expression at the
transcriptional and posttranscriptional levels. However, it is justifiable
to anticipate that while nuclear structure—gene expression interrelation-
ships are operative under all biological conditions, situation-specific vari-
ations are the rule rather than the exception. As subtleties in the func-
tional components of nuclear architecture are further defined, the
significance of nuclear domains to DNA replication, transcription, pro-
cessing of RNA transcripts, and nuclear—cytoplasmic exchange of regula-
tory molecules will be additionally understood.

R. Curtis Bird
Gary S. Stein
Jane B. Lian

Janet L. Stein
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L. INTRODUCTION

Science that considers the very large or the very small must deal with
matters beyond the mind’s ability to envision accurately. In physics, at
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4 Sheldon Penman ef al.

both cosmological and subatomic scales, we simply abandon attempts
to visualize and substitute highly abstruse mathematical formulations.
Cell biology also must often deal with the very minute but, as a nonmathe-
matical science, it has no recourse to mathematical abstraction. Instead,
cell biologists construct the best mental pictures possible from the often
limited information available. Unfortunately, it is easy to forget how
much our ideas owe to imperfect observing instruments and techniques
and to the faulty perceptions to which they may lead. Once incorporated
into conventional wisdom, such beliefs, even when quite vague, have
remarkable tenacity and acquire vociferous champions.

The heretofore often halting progress in understanding nuclear struc-
ture offers a case in point. Our brains cannot really picture the dense
complexity contained within the 5-um spheroid of the eukaryotic nu-
cleus. Indeed, even if a nucleus were expanded 100,000 times to about
the size of a basketball, it would still appear so densely crammed as to
boggle the imagination. Chromatin would correspond to 60 miles of fine
filament, meticulously packed and ordered in the sphere so that specific
bits, about one foot long, are accessible for transcription into molecules
of RNA. These transcripts are then processed in a series of complex,
highly ordered steps by machinery tucked among the dense coils of
chromatin. Once every cell cycle, the entire length of chromatin is dupli-
cated and the 120 miles of filament are then folded into 46 bundles or
chromosomes. Astonishingly, the scaffolding that established this order
is able to disassemble and reassemble into two smaller versions every
time the cell divides.

Even at the enormously magnified scale of a basketball, the nucleus
presents an unimaginable array of complex structures and machines.
Shrunk back to the 5-um size of the nucleus, its structure would seem
miraculous. Oddly, until recently, the common perception of the nuclear
interior was of a formless “‘plasm” with chromatin randomly floating
about. Although indirect evidence of an organizing nuclear structure
was abundant, opposition to its acceptance was remarkably tenacious.
The reluctance to accept the existence of nonchromatin nuclear scaffold-
ing resulted, at least partly, from the utter invisibility of the nuclear
matrix in conventional electron microscopy (EM) micrographs.

Two technical advances have made possible microscopy of the nuclear
matrix. First, new extraction protocols are able to remove the electron-
opaque chromatin without totally devastating the remaining nuclear
structure. These procedures afford a biochemically purified nuclear ma-
trix. However, to be effective for microscopy, the procedures must be
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coupled with embedment-free EM which can image, often with striking
clarity, the resulting three-dimensional fiber network of the nuclear
matrix.

Individual catalytic processes and their enabling machinery are not
uniformly distributed in the nucleus but rather are constrained to highly
localized spatial domains. Many of the reactions, functional components,
and intermediates in nuclear metabolism have been identified and char-
acterized by the combined application of biochemical and molecular
genetic approaches. In particular, the development of in vitro systems
that faithfully perform DNA replication transcription, and the processing
of pre-messenger RNA (pre-mRNA) has allowed the detailed dissection
of these processes. Although powerful for the characterization of essen-
tial components, a major limitation of in vitro systems is their apparent
inability to reproduce accurately many important in vivo kinetic and
regulatory properties. The limitations of in vitro systems suggest that
important features have been lost. Perhaps the major missing element
is the organization of the intact nucleus, whose architecture may integrate
and coordinate transcription and processing.

A wide variety of nuclear metabolic domains is emerging. The largest
of these are nucleoli, sites of ribosomal RNA synthesis and ribosomal
subunit assembly. There are various smaller domains identified by the
processes they contain, such as DNA replication or transcription, as well
as domains identified by their composition, such as those highly enriched
in RNA splicing factors. The structural basis for this segregation of
metabolic components has received relatively little attention, perhaps,
because it is not easily analyzed in a well-defined in vitro system. It is
striking that gentle removal of chromatin leaves the domain organization
of the nucleus almost unperturbed. This was a compelling reason for
postulating a nonchromatin nuclear scaffolding that organizes the do-
mains and, consequently, nuclear metabolism.

The link between nuclear architecture and gene expression may also
be an important clue for understanding phenotype-specific gene expres-
sion and the alteration of phenotype in malignancy. While regulation of
the immediate response of genes to environmental signals is becoming
increasingly well understood, far less is known about the mechanisms
that set the stable patterns of gene expression in differentiated cells.
Structural features of the nucleus, including size, shape, and internal
organization, vary with cell type and are radically altered by malignancy.
Coincident with these changes are large changes in gene expression. It
seems likely that phenotype- and malignancy-specific alterations in nu-
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clear matrix structure and composition are the link between these long-
term, tissue-specific states of gene expression, states whose alteration
characterizes the malignant cell.

II. THE NUCLEAR MATRIX: HISTORY AND DEFINITION

Early light microscopy showed the cell nucleus as containing only
chromatin and nucleoi. The remainder of the nuclear space seemed to
be occupied only by a translucent gel which, in the absence of any
defining properties, was termed the nuclear sap, nucleoplasm, or karyo-
lymph, terms that, despite their obvious inappropriateness, persist until
today. Unfortunately, early electron micrographs did little to contradict
this simplistic view of nuclear architecture. The conventional resin-
embedded, ultrathin section shows only the nuclear contents that happen
to be exactly at the surface of the section. The images show masses
of chromatin, dense nucleoli, and some vague, initially uninterpretable
structures. However, with more sophisticated selective staining tech-
niques, even the thin section reveals a more highly structured nucleus
than had heretofore been imagined.

A. Fibrogranular Ribonucleoprotein Network of the Intact Nucleus

Careful study of electron micrographs showed that, in addition to
the conspicuous dense chromatin, the nucleus contained a fibrogranular
network in the interchromatin space between patches of condensed het-
erochromatin, The ethylenediaminetetraacetic acid (EDTA)-regressive
stain selectively accentuated RNA over DNA and showed that this
material was distinct from chromatin and instead contained RNA (Bern-
hard, 1969; Monneron and Bernhard, 1969; Petrov and Bernhard, 1971).
This RNA- or, more precisely, ribonucleoprotein (RNP)-containing net-
work occurs throughout the nuclear interior except in regions of dense
heterochromatin.

The RNP network revealed by the EDTA-regressive technique is made
up of both granules and irregular fibers. These were named according to
their spatial relationship to the chromatin; thus they are called peri- and
interchromatin granules and fibers. As early as 1978, it was clear that
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removing chromatin left the RNP fibrils of this network in place, although
they could be destroyed by subsequent ribonuclease (RNase) A digestion
(Herman et al., 1978). Experiments combining the EDTA-regressive
stain with autoradiography to detect nascent (nonnucleolar) RNA indi-
cated that the interchromatin granules and perichromatin fibrils are sites
of active heterogeneous nuclear RNA (hnRNA) synthesis (Fakan ez al.,
1976; Bachellerie et al., 1975; Fakan and Hughes, 1989). Both structures
contain polyadenylated RNA, hnRNP proteins, small nuclear RNPs
(snRNPs), and non-snRNP splicing factors such as Ser-Arg (SR) proteins
(Visa et al., 1993; Spector et al., 1991; Fakan et al., 1984; Puvion et al.,
1984). Despite the deficiencies of early electron micrographs, the images
led Fawcett to recognize that terms such as nuclear sap were no longer
appropriate. He suggested nuclear matrix as a preferable substitute
(Fawcett, 1966). Although many names have subsequently been used to
identify this structure, we prefer the designation nuclear matrix as refer-
ring to the actual nuclear structure and not simply to the product of a
particular isolation technique.

B. Development of Matrix Isolation Protocols

Salt extraction of nuclei leaves insoluble nuclear components, and this
process formed the basis for the first matrix isolation procedures. Studies
performed as early as 1942 (Mayer and Gulick, 1942) identified a subfrac-
tion of nuclear proteins that resisted extraction with high ionic strength
solutions. Although these proteins were clearly of interest, their relative
insolubility made them difficult to analyze. Similar high ionic strength
extractions are now used in conjunction with nuclease digestion to isolate
the nuclear matrix, which is largely free of chromatin. The biochemical
analysis of the matrix, however, is still plagued by the insolubility of its
structural components.

In their pioneering studies, Berezney and Coffey (1974, 1975, 1977)
developed a protocol employing nuclease digestion and elevated ionic
strength for the isolation of the nuclear matrix. Their procedure removed
chromatin from isolated rat liver nuclei by deoxyribonuclease (DNase)
I digestion, followed by removal of the cleaved chromatin by 2M NaCl
extraction. The aim was to remove the last vestige of DNA and the
procedure did provide a remnant structure free of chromatin, but the
preservation of nuclear matrix ultrastructure was another matter.
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Since the time of the early work of Berezney and Coffey, many nuclear
matrix isolation protocols have been employed. Some are variants on the
Berezney—-Coffey method using different salts, ionic strengths, nuclear
isolation procedures, or enzymes (e.g., Kaufman er al., 1981; Capco et
al., 1982; Hodge et al., 1977; Adolph, 1980; Stuurman et al., 1990). Others
remove chromatin from the nucleus by more novel means using deter-
gents such as lithium 3,5-diiodosalicylate (LIS) (Mirkovitch et al., 1984)
or using electrophoretic fields with agarose-embedded nuclei (Jackson
and Cook, 1985, 1986, 1988).

C. Comparison of Nuclear Matrix Protocols

While the existence of the nuclear matrix is no longer a contentious
matter, there is less than unanimity as to its exact nature. The basic
conundrum is to determine the prior nature of the matrix, which can be
neither seen nor measured until after some rather drastic purification
procedures. The problem is not new in some scientific disciplines; it is
relatively rare in biology.

One path through a thicket of alternative preparation methods and
conclusions about the nuclear matrix is to marry resinless section EM
with biochemical determinations and apply reasonable criteria as to what
a suitable outcome should be (Capco et al., 1982; Fey et al., 1986). A
procedure that produced a highly disrupted matrix would be judged
inferior to one that yielded an organized structure. Such judgments are,
admittedly, initially somewhat subjective but, in the end, the approach
must justify itself by yielding consistent, predictive results. Central to
this strategy is the resinless section microscopy technique, which, in
contrast to conventional thin-section microscopy, allows the whole struc-
ture to be imaged with high contrast and in three dimensions (Capco et
al., 1984; Penman, 1995). Procedures are judged according as to how
organized a structure they provide.

Using resinless section microscopy to evaluate fractionation proce-
dures, Penman and co-workers developed relatively gentle methods
which effectively removed chromatin and soluble material from nuclei
while leaving an apparently well-preserved nuclear structure (Capco et
al., 1982; Fey et al., 1986; He et al., 1990). In this nuclear matrix prepara-
tion procedure, whole cells were extracted first with Triton X-100 in a
buffer of physiologic pH and ionic strength. This effectively removed
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membranes and soluble proteins. A stronger double-detergent combina-
tion of Tween 40 and deoxycholate in a low ionic strength buffer then
removed the cytoskeleton except for the intermediate filaments. The
remaining membrane-free nuclei, still connected at the surface lamina
to the intermediate filaments, were then digested with DNase I and
extracted with 0.25 M ammonium sulfate. These steps removed more
than 97% of nuclear DNA and essentially all the histones. The resulting
structure was termed an RNA-containing nuclear matrix because it re-
tained about 75% of nuclear RNA. Ultrastructural preservation was
judged by criteria such as these: Did the structure fill the nuclear space
uniformly? Was the nuclear lamina visible and intact? Was the internal
matrix attached to the lamina? Was fine structure still visible? According
to these criteria, the nuclear matrix structure yielded by the DNase I
0.25 M ammonium sulfate procedure was better preserved than that
provided by previous protocols. Most important, the composition of the
protein showed highly reproducible features never seen before, such as
a strong dependence on cell type and state of differentiation. Variants
of the Penman protocol have been developed that are equivalent, as
judged by ultrastructural preservation and protein composition (Fey et
al., 1986; Fey and Penman, 1988).

Much deeper insight into matrix structure is afforded by further ex-
tracting with 2 M NaCl the previous 0.25 M (NH,),SO,4 nuclear matrix
preparation. This is not the same as extracting the nucleus directly with
2 M salt, as in previous procedures; the stepwise extraction is critical.

D. Operational Definitions of the Nuclear Matrix

A bugaboo long plaguing nuclear matrix studies has been the opera-
tional definition. It has been suggested that the nuclear matrix is defined
by a particular isolation protocol. The term was sometimes meant pejora-
tively to suggest that the matrix was essentially the product of the prepa-
ration method—or the investigator’s imagination.

Today, the existence of a nonchromatin nuclear structure can be in-
ferred simply from the spatial organization of nuclear metabolism and
from the survival of this spatial organization after chromatin removal
by many different protocols. Additionally, as we have discussed above
(Section II,A), the RNA-containing structure that is at least part of the
nuclear matrix can be imaged without any fractionation protocol by using
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EDTA -regressive staining techniques. Although protocols in different
laboratories isolate nuclear matrix preparations with differing degrees of
preservation, our goal remains to understand the structure that organizes
nuclear metabolism in living cells. It is that living structure that we define
as the nuclear matrix and that we strive to understand.

III. ULTRASTRUCTURE OF THE NUCLEAR MATRIX

A. Principal Regions of the Nuclear Matrix

The nuclear matrix appears to be composed of at least two structurally
distinct regions: the nuclear lamina, a protein shell constructed primarily
of the lamin proteins A, B, and C (Gerace et al., 1984; Krohne et al.,
1987; Franke, 1987; Fisher et al., 1986; Georgatos et al.,, 1994), and the
internal nuclear matrix. However, truncating the matrix at the lamina
is somewhat arbitrary. The nuclear matrix is firmly connected to the
extensive network of intermediate filaments occupying the cytoplasmic
space and anchoring on the outer surface of the nuclear lamina. This
can be seen most clearly in a whole-mount electron micrograph (Figs.
1 and 2). The nuclear matrix and intermediate filaments are integrated
into a single cell-wide structure that retains the overall geometry and
appearance of the intact cell. We have referred to this architectural
skeleton as the nuclear matrix—intermediate filament complex, implying
that there are two separate constituents. It is well to remember that
assigning a separate existence to the intermediate filaments is, in part,
a historical accident; the filaments were observed in the cytoplasm long
before the nuclear matrix was identified. It is not unlikely that the matrix
and intermediate filaments will eventually be considered a single, inte-
grated entity—the nuclear matrix—-intermediate filament scaffold
(NM-IF).

B. Nuclear Matrix—Intermediate Filament Scaffold

The intermediate filaments of adjacent cells are coupled to adjacent
cells through the desmosomes (Fig. 2) and form, in epithelia at least, a
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Fig. 1. The NM-IF scaffold. Colon cells grown on nickel grids were extracted with
0.5% Triton X-100 to remove soluble proteins. Chromatin was removed by DNase I
digestion and 0.25 M ammonium sulfate extraction. The resulting nuclear matrix—
intermediate filament scaffold was fixed, dehydrated, and critical point dried. In this whole-
mount micrograph the cell has not been sectioned, and we are viewing the entire structure.
The fine filamentous web formed by the intermediate filaments is connected to the internal
nuclear matrix through connections to the nuclear lamina. The internal nuclear matrix is
not visible but is masked by the dense lamina. Bar: 2 um.

more or less continuous tissue-wide armature or scaffold. This armature,
essentially a multicellular NM-IF, underlies tissue architecture and
serves as a link between cell organization and issue morphology. At
the level of the individual cell, the intermediate filaments mechanically
couple the nucleus to the plasma membrane and probably contribute to
the form and position of the nucleus. This may explain how nuclear
shape is coupled to cell shape (Sims et al., 1992; Hansen and Ingber, 1992;
Ingber, 1993). Donald Ingber has proposed cellular tensegrity models for
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Fig. 2. The intermediate filaments of adjacent cells are connected at desmosomes.
Colon cells were grown for whole-mount EM on nickel grids. Cells were detergent-extracted
before chromatin was removed with DNase I and 0.25 M ammonium sulifate to uncover
the nuclear matrix—intermediate filament scaffold. The structure was then fixed,
dehydrated, and critical point dried. (A) Whole-mount electron micrograph of two adjacent
colon cells. The intermediate filaments (IF) are seen connected to the nucleus (N) and
the desmosomes (D) at the cell periphery. Bar: 1 um. (B) A higher-magnification view
of the same colon cells showing that the intermediate filaments (IF) of adjacent cells are
interconnected at desmosomes (D). Bar: 0.5 um.

mechanical signal transduction (Ingber and Folkman, 1989; Ingber er
al., 1994) that can explain the observed effects of cell shape on growth
and gene expression (Folkman and Moscona, 1978; Ben-Ze’ev et al,
1980; Ingber et al., 1994). This model requires nuclear structure to be
mechanically linked through the cytoskeleton to the exterior of the cell.
The NM-IF is an excellent candidate for this function. In tissue, the
multicellular NM-IF presumably couples internal nuclear structures and
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Fig. 2. (Continued)

nuclear metabolism to overall tissue form, affording a means of spatially
regulating gene expression that does not require invoking intangible
morphogen gradients.

The tissue-wide coupling of nuclei through the NM-IF may also ex-
plain a profound but often overlooked puzzle in cell differentiation:
what signals modulate gene expression over the extent of a tissue (e.g.,
altering skin from the palm to the back of the hand)? Such modulation
is often governed by another tissue (e.g., the endoderm in the case of
skin), but the question then is how a tissue pattern is established and
maintained in the signaling cells. The tissue-wide NM-IF scaffolding,
evident in nuclear matrix preparations made from model tissues, may
have evolved precisely to meet these needs of tissue pattern as well as
the requirements of cell structure. Consequently, we might expect such
cell organization to be a property of metazoans (and presumably meta-
phyta) and absent from or greatly altered in simple unicellular eukary-
otes. The most primitive eukaryotes we have examined so far are dino-
flagellates which apparently lack an intermediate filament scaffolding
attached to the nucleus (unpublished observations, 1993).



14 Sheldon Penman et al.

C. Nuclear Matrix Surface or Nuclear Lamina

Conventional electron micrographs of the cell nucleus in intact cells
show a double membrane forming the outer nuclear boundary (reviewed
in Nigg, 1989). These membranes disappear as such in the initial Triton
X-100 detergent extraction and a single proteinaceous layer, the nuclear
lamina, forms the outer boundary of the nuclear matrix. It appears that
the outer nuclear membrane is completely dissolved. In contrast, the
inner nuclear membrane apparently consists of lipids intercalated into
the lamin network of the nuclear lamina. The lamina remains after
the lipids are extracted. The nuclear pores that normally traverse the
envelope remain embedded in the nuclear lamina (Fig. 3). The attach-
ment of pores to a nuclear lamina was first proposed by Aaronson and
Blobel (1974), and the structure is often referred to as the pore—lamina
complex (Fisher et al., 1982; Gerace et al., 1978, 1984). The intermediate
filaments appear to be joined to the lamina at pores by filamentous
crossbridges (Carmo-Fonseca et al., 1988) whose protein composition
has not yet been identified.

D. Nuclear Matrix RNA

In addition to its structural proteins, the nuclear matrix has a large
amount of hnRNA that is closely associated. When prepared using
RNase inhibitors, the matrix retains more than 70% of total nuclear
RNA (Fey et al, 1986; Fey and Penman, 1988; He et al., 1990). It is not
completely clear whether this RNA, or some subset of it, should be
considered a component of the nuclear matrix structure. Certainly it has
a role in chromatin organization because digesting nucleus with RNase
A or pretreating cells with transcription inhibitors causes a massive
collapse of the chromatin structure (Nickerson ez al., 1989).

IV. CORE FILAMENTS AND METABOLIC CENTERS OF THE
NUCLEAR MATRIX

Analysis of nuclear matrix structure has lagged behind awareness of
its many metabolic functions. Serious technical as well as intellectual
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Fig. 3. The nuclear lamina has embedded nuclear pores. Colon cells grown for whole-
mount EM on nickel grids were first extracted with 0.5% Triton X-100. Chromatin was
removed by DNase I digestion and 0.25 M ammonium sulfate extraction. The resulting
nuclear matrix—intermediate filament scaffold was fixed, dehydrated, and critical point
dried. The intermediate filaments (IF) are connected to the nuclear lamina (N) through
connections to the nuclear lamina, which displays numerous pores (arrowheads). In the
unextracted nucleus (not shown) the nuclear envelope covers the lamina, leaving only the
pores exposed. Bar: 0.5 um.

obstacles had to be overcome, and only now are we making some progress
in structure studies. So far, the evidence suggests that the nuclear matrix
consists of various metabolically active sites enmeshed in and positioned
by an armature of anastomosing 10-nm “core” filaments (He et al., 1990).
A standard 0.25 M (NH,4),SO, nuclear matrix preparation (Capco et al.,
1982; Fey et al., 1986) is further extracted with 2 M NaCl to reveal the
underlying network of core filaments. Enmeshed in the filament network
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are numerous dense, granular, and morphologically varied bodies that
are the sites of much of nuclear metabolism (Fig. 4). At higher magnifica-
tion, the nuclear core filaments of human cells are heterogeneous in size,

Fig.4. The core filaments of the HeLa nuclear matrix. HeLa cells grown in suspension
were detergent-extracted to remove soluble proteins and then digested with pure DNase
I and extracted with 0.25 M ammonium sulfate to remove chromatin and uncover the

.nuclear matrix. The matrix was then further extracted with 2 M NaCl to reveal the core
filaments of the nuclear matrix. The structures were fixed, sectioned, and prepared for
EM by the resinless technique (Capco ef al., 1984). The core filament network, shown at
high magnification, is connected to the nuclear lamina (L). The web of core filaments is
intimately connected to and suspends a dense mass. Some similar masses stain with
antibodies against RNA splicing factors, and these may correspond to speckled domains.
The arrowheads point to the smooth junctions between core filaments. Bar: 0.2 um.
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with two prevalent classes whose mean diameters are 9 nm and 13 nm.
The filaments are organized in a network that is highly branched and
anastomose smoothly, with no obvious junction structures (Fig. 4). This
arrangement of core filaments and enmeshed dense bodies has been
found in human HeLa, MCF-7, SiHa, and CaSki cells, as well as in rat
hepatocytes, and is probably universal in metazoan cells.

Nuclear filaments have aiso been reported by Jackson and Cook,
(1988), who use a very different procedure to remove part of the chroma-
tin under isotonic conditions. The unusual nature of their procedure
makes it difficult to compare their results directly with those obtained
with the 0.25 M (NH,),SO, nuclear matrix preparation (He ez al., 1990).
They observed 10-nm filaments which showed regular striations not seen
in the salt-eluted matrix preparation. The demonstration of 10-nm core
filaments by two radically different matrix preparation procedures
strongly supports the hypothesis that these filaments are a basic compo-
nent of nuclear matrix structure.

V. DENSE BODIES, FLUORESCENCE SPECKLES, AND
FUNCTIONAL DOMAINS OF THE NUCLEUS

A remarkable conclusion from recent studies is that the great majority
of nuclear antigens stain with punctate fluorescence patterns. Parallel
EM studies have shown that the speckles correspond to the dense bodies
seen in Fig. 4. The core filaments support and position the enmeshed,
granular dense bodies, which vary widely in their overall morphology
and functions. The largest of these appear to be nucleolar remnants
surviving the 2 M extraction. Nucleoli are the most prominent and best-
studied nuclear domains. They are known to be the sites of ribosomal
RNA synthesis, processing, and assembly into ribosomal subunits, al-
though strong hints of other functions are emerging. The known struc-
tural and functional properties of the nucleolus have been extensively
reviewed elsewhere (Fischer et al, 1991; Scheer et al., 1993).

Several types of nonnucleolar matrix domains have been defined based
on criteria such as size, number per nucleus, and presence of specific
nuclear constituents. These include structures involved in DNA replica-
tion, as well as distinct matrix-associated structures involved in the me-
tabolism of pre-mRNA such as transcript foci, speckled domains, coiled
bodies, and tracks. These nuclear domains, labeled for fluorescence opti-
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cal microscopy or by gold bead conjugated probes for resinless EM,
clearly correspond to the dense bodies seen in resinless section electron
micrographs of nuclear matrix structure.

A. DNA Replication Foci

Among the earliest nonnucleolar domains to be studied are the replica-
tion foci. Eukaryote DNA replication takes place in a few hundred
discrete replication foci, each of which is thought to contain some of the
estimated 50,000 replication origins activated during S phase (Nakamura
et al., 1986; Nakayasu and Berezney, 1989). The size and distribution of
these foci change in an ordered fashion during S phase of the cell cycle
(D’Andrea et al., 1983; Goldman et al., 1984; Hatton et al., 1988; O’Keefe
et al., 1992). These sites also contain factors involved in DNA modifica-
tion and cell cycle control. To date, these factors include DNA polymer-
ase « (Bensch et al, 1982), replication protein A (a 70-kDa subunit)
Cardoso et al., 1993), DNA ligase (Lasko et al., 1990), proliferating cell
nuclear antigen (PCNA) (Bravo and MacDonald-Bravo, 1987), DNA
methyltransferase (Leonhardt et al, 1992), cyclin A, and cyclin-
dependent kinase 2 (cdk2) (Cardoso et al., 1993).

The site of DNA synthesis is marked specifically by incorporating 5’-
bromodeoxyuridine triphosphate (BrdUTP) into nascent DNA which is
then detected with anti-BrdU antibodies. The foci are labeled exclusively
(Nakamura et al., 1986; Nakayasu and Berezney, 1989; O’Keefe et al.,
1992). The extraction of chromatin leaves remnant DNA and some
replication factors unchanged in spatial arrangement, indicating coupling
to the nuclear matrix (Pardoll ez al., 1980; Berezney et al., 1982; Dijkwel
et al., 1986; Jackson and Cook, 1986; Razin, 1987; Foster and Collins,
1985; Tubo and Berezney, 1987a,b; Vaughn et al,, 1990; Nakayasu and
Berezney, 1989). Resinless section microscopy has been used to visualize
these “replication factories” within the matrix—filament network (Hézak
et al., 1993).

B. Transcription Foci

Pulse labeling of cells with 5'-bromouridine 5’'-triphosphate reveals
that transcription by RNA polymerase II occurs in over 100 well-defined
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areas distributed throughout the nucleoplasmic space except for the
nucleoli (Jackson et al., 1993; Wansink et al, 1993). Consistent with
previous observations that the earliest pulse-labeled transcripts associate
with the nuclear matrix, both the number and the nuclear distribution
of the transcript domains are unchanged after removal of chromatin and
extraction of the nuclei in 0.25 M salt. These sites are not generally
coincident with the larger and less abundant speckled domains, where
splicing factors are concentrated (Wansink et al., 1993).

C. Coiled Bodies

There are approximately one to five coiled bodies per cell nucleus.
These structures have a highly conserved morphology and have been
detected in organisms as diverse as mammals and plants. Coiled bodies
were initially identified by the Spanish cytologist Ramén y Cajal at
the turn of the century (Ramén y Cajal, 1903, 1909) and rediscovered
several times during the past three decades (Monneron and Bernhard,
1969; Hardin et al., 1969; Seite et al., 1982; Lafarga et al., 1983; Carmo-
Fonseca et al., 1992). Autoimmune patient sera were discovered which
selectively label these structures. These autoimmune sera recognize
a protein of 80 kDa, p80 coilin, highly concentrated in coiled bodies
but also present in lower concentration throughout the nucleoplasm,
excluding the nucleoli (Raska et al., 1990, 1991; Andrade et al., 1991).
The p80 coilin sequence (Andrade er al, 1991) bears some similarity
to a protein concentrated in snRNP-rich structures, snurposomes, in
the amphibian oocyte (Wu et al, 1993). Coiled bodies are sites of
concentration of each of the major snRNAs involved in pre-mRNA
splicing and also of several snRNP-associated proteins (Fakan er al,
1984; Eliceiri and Ryerse, 1984; Raska et al, 1991; Carmo-Fonseca
et al., 1991a,b; Huang and Spector, 1992; Blencowe et al, 1993).
In addition to snRNP components, coiled bodies contain elevated
concentrations of both the 65-kDa and 35-kDa subunits of the non-
snRNP splicing factor U2AF (Carmo-Fonseca et al., 1991a; Zamore
and Green, 1991; Zhang et al, 1992).

Immunofluorescence staining of p80 coilin is unaltered in matrix prepa-
rations compared to unextracted cells, indicating that the coiled body
structure and p80 coilin are associated with the nuclear matrix (our
unpublished findings). Also, U2snRNA remains associated with coiled
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bodies after chromatin extraction in a low-salt buffer but, unlike p80
coilin, the majority of U2 is lost on extraction at higher salt concen-
trations (Carmo-Fonseca et al., 1991a). Although these structures contain
spliceosomal snRNP components and a subset of non-snRNP splicing
factors, they do not appear to be sites of pre-mRNA splicing, and their
function and significance remain unknown.

D. Speckled Domains of RNA Splicing Factors

Mammalian nuclei typically contain 20-50 domains which stain with
probes specific for pre-mRNA splicing factors in a characteristic
speckled staining pattern. These speckled domains tend to be concen-
trated in a plane just below the midline and parallel to the growth
surface of cultured cells (Carter et al., 1993). Conventional electron
micrographs show the domains corresponding to a network of intercon-
necting structures, often referred to as interchromatin granules and
perichromatin fibrils (Perraud er al, 1979; Spector et al., 1993, 1991;
Fakan et al.,, 1984, see the following discussion). These structures are
preferentially stained by the EDTA-regressive method (Bernhard,
1969). Resinless section electron micrographs show interchromatin
granules and perichromatin fibrils that are, in reality, dense bodies
enmeshed in the extensive network of nuclear matrix core filaments
(reviewed in Nickerson and Penman, 1992).

Nuclear splicing factor speckles were first detected by the staining
patterns of autoimmune patient sera which recognize protein or RNA
components of snRNPs (Perraud et al, 1979; Lerner et al, 1981;
Spector et al, 1983). More recently, speckled domains (and coiled
bodies) were simultaneously detected with nuclease-stable antisense
probes specific for each snRNA involved in splicing, in combination
with monoclonal antibodies (MAbs) specific for snRNP proteins and
the snRNA trimethylguanosine (m3G) cap structure (Carmo-Fonseca
et al, 1992; Huang and Spector, 1992). The speckled domains are
also highly enriched in non-snRNP splicing factors belonging to the
SR family (Roth er al, 1990; Fu and Maniatis, 1990; Spector et al.,
1991). A group of SR proteins share a common phospho epitope
structure detected by a MAb104 (Zahler er al, 1992). These proteins
have one or two RNA recognition motifs (RRMs) at the N terminus
and a domain rich in serine-arginine diamino acid repeats at the C
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terminus. Antibodies which recognize one or more proteins belonging
to the MAb104-reactive family show pronounced speckled staining
patterns that precisely coincide with the speckled staining patterns
obtained with antibodies to snRNPs. Other proteins containing an
SR domain, which are not of the MAb104 class, are also concentrated
in speckles. These include the Ul snRNP-associated 70-kDa protein
(Verheijen et al., 1986), a 64-kDa autoantigen with sequence similarities
to the 65-kDa subunit of U2AF (Imai et al, 1993), and two different
Drosophila alternative splicing factors: suppressor of white apricot
su(w?) and transformer (tra) (Li and Bingham, 1991). In addition, we
have recently identified three high molecular weight proteins that are
related to the SR family of proteins and which are present in speckled
domains (Blencowe et al, 1995).

E. RNA Transcript “Tracks”

An important function of the nuclear matrix is the transport of RNA
molecules within the nucleus. Using probes that distinguish the localiza-
tion of a particular gene from its corresponding transcript, and that
distinguish intron from exon sequences within the transcript, it was shown
that certain viral and cellular pre-mRNAs are localized within curvilinear
tracks (Lawrence et al., 1989; Huang and Spector, 1991; Xing et al., 1993).
Both the quantitative and qualitative appearance of individual RNA
tracks was preserved in a matrix preparation that removed 95% of chro-
matin as well as bulk protein and phospholipid material (Xing and
Lawrence, 1991). These tracks emerge from a single focus of transcrip-
tion, coincident with the gene, and then usually extend out toward the
nuclear periphery. Consistent with the splicing taking place within the
track, intron sequences are detected in only a relatively small portion
of the track, whereas exon sequences are detected throughout the track
(Xing et al., 1993). Significantly, tracks defined by some transcripts inter-
sect a speckled domain, whereas other tracks do not.

VL. NUCLEAR MATRIX AND CELL PHENOTYPE

Perhaps the most intriguing aspect of nuclear matrix function is its
apparent role in regulating gene expression. In higher eukaryotes, every
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cell contains the complete genome of the organism but expresses only
a precisely defined subset of genes. It is the expression of this set of
genes that determines and defines the stable cell phenotype. Phenotype-
specific genes are expressed at precisely the right place and moment in
development and can remain stably turned on for the life of the organism.
The mechanism responsible for this process remains one of the great
puzzles of biology.

The cell structure regulating phenotype-specific gene expression prob-
ably has a cell type-specific protein composition. Such cell type specificity
eluded researchers until an effective matrix isolation procedure was
developed. Studies on the nuclear matrix showed that although chroma-
tin proteins are largely invariant from cell to cell, the protein composition
of the nuclear matrix depends on the differentiation state and varies
markedly with cell type. This was first observed by Fey and Penman
(1988) in a study of the nuclear matrix protein composition of human
cell lines. Examining nuclear matrix proteins by two-dimensional gel
electrophoresis, they identified nuclear matrix proteins that were present
in every cell type and others that were present only in cells derived
from one tissue type. These observations were extended by Stuurman
(Stuurman et al., 1989, 1990), who found a similar dependence of nuclear
matrix composition cell type in murine embryonal cells and tissues.
Additional studies by Getzenberg and Coffey (1990; Partin ez al., 1993)
showed that different cell types within the rat prostate express distinct,
although overlapping, sets of nuclear matrix proteins.

Changes in nuclear matrix protein composition have also been
observed during development. The fetal rat calvarial osteoblast has
become an important in vitro developmental system for studying
phenotype-specific gene expression (Stein ef al., 1994). In culture, fetal
rat osteoblasts differentiate through three well-defined developmental
stages, each with a unique and characteristic pattern of gene activity.
Each developmental stage has a characteristic pattern of nuclear matrix
protein composition (Dworetzky et al., 1990). At least two of these
osteoblast nuclear matrix proteins bind regulatory elements in the
developmentally regulated osteocalcin gene (Bidwell et al., 1993; Dwor-
etzky er al, 1992). Because the nuclear matrix is the only nuclear
component with a markedly phenotype-specific composition and be-
cause it has contacts with gene sequences, it is reasonable to think
that the nuclear matrix participates in the regulation and coordination
of gene expression.
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VII. THE NUCLEAR MATRIX IN MALIGNANCY

Pathological diagnosis is based on the inevitable conformation changes
of the malignant cell. The most marked of these cellular alterations of
nuclear size, shape, and organization accompany malignancy (Kamel et
al., 1990; Underwood, 1990). Although these nuclear alterations have
been an intrinsic part of pathodiagnosis for perhaps a century, their
cause and their biochemical significance are not understood. However,
nuclear matrix studies may offer some insight. Because the matrix
determines nuclear form, it is not surprising that malignancy-related
alterations in nuclear structure should reflect a change in nuclear ma-
trix composition and structure (Partin er al, 1993; Pienta and
Coffey, 1992).

Because nuclear matrix protein composition reflects cell type and state
of differentiation (Fey and Penman, 1988; Stuurman et al., 1989; Dworet-
zky et al., 1990), the changes in these properties by malignant transforma-
tion should induce changes in matrix proteins. Several laboratories have
reported that certain tumors have nuclear matrix proteins which are not
present in the corresponding normal tissue. In the first such study, it
was reported that human prostate tumors have a nuclear matrix protein
not present in normal prostate tissue or in benign prostatic hyperplasia
(Partin et al., 1993). Several malignancy-specific nuclear matrix proteins
in human infiltrating ductal carcinoma have been identified which are
not present in normal breast tissue (Khanuja er al, 1993). Six nuclear
matrix proteins have been reported in human colon adenocarcinoma
tumor samples which were absent from normal colon tissue (Keesee
et al,, 1994). Such malignancy-specific nuclear matrix proteins, if their
existence can be confirmed, may have considerable diagnostic value and
may help to explain the changes in nuclear structure that accompany ma-
lignancy.

The finding of malignancy-specific nuclear matrix proteins may at first
seem puzzling. As we have seen, nuclear matrix protein composition
changes with phenotype. This has been most clearly established in the
developing rat calvarial osteoblast. Studies on rat osteosarcoma cells
suggest that these tumor cells are expressing matrix proteins normally
expressed only at earlier developmental stages in the osteoblast lineage
(Bidwell et al., 1994). Thus, the changes in matrix protein composition
which are reported in preliminary studies of human tumor tissue may
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eventually be explained as a regression to earlier stages in the develop-
ment of the normal tissue.

VIII. CONCLUSION

Biochemical and molecular genetic analysis has identified and charac-
terized many of the molecules and reactions important in nucleic acid
metabolism. These approaches, however, provide little information
about the architectural organization of metabolism in the cell. Indeed,
the cell is far more than a vessel holding a solution of interacting mole-
cules. The substructure within the cell imposes an essential spatial order
on metabolism and provides an important level of regulation. Most
important, a critical but currently much ignored role of cells in the
organism is the establishment of tissue and organ architecture. Patterns
of cell change over the topography of an organ cannot be understood
in terms of current biochemistry alone. “Morphogen gradients” would
convey insufficient spatial information and so are inadequate for specify-
ing the complex three-dimensional pattern of tissue architecture. When
the nucleus was thought to be a gel, it was impossible to envision how
cell and tissue architecture might affect gene function. The coupling of
gene expression to nuclear structure and thereby through the NM-IF
to tissue-wide architecture provides a first indication of gene control
systems that could respond to spatial signals.

A more complete understanding of nucleic acid metabolism in the
living cell will require the combined application of biochemistry and
structural cell biology. Studies of cell metabolism and cell architecture
have not often been conducted together, partly because very different
technical skills are required. In addition, different philosophies and tem-
peraments may be required. Still, neither approach alone can answer all
the important questions we can now pose about nuclear metabolism. It
is clear that continuing cooperation, collaboration, and communication
among disciplines will be essential if we are to characterize and under-
stand the architecture of nuclear metabolism.
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I. INTRODUCTION

In the past, understanding of the relationships between nuclear archi-
tecture and function was compromised by both the structural complexi-
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ties of the cell nucleus and the limitations of the methods of analysis.
Recent findings, however, have greatly stimulated interest in this area
and offer the promise of major breakthroughs in the near future. In one
series of investigations, discrete domains of genomic organization and
function were detected in situ using high-resolution and computer-aided
microscopic approaches. These studies indicate that the genome and its
associated processes of DNA replication, transcription, RNA splicing,
and transport events are compartmentalized within discrete functional
regions inside the mammalian cell nucleus.

Another important step in elucidating the relationships between nu-
clear architecture and function occurred with the isolation and character-
ization of the nuclear matrix (Berezney and Coffey, 1974). Besides its
relevance for understanding details of nuclear structure in correlation
with function, the isolated nuclear matrix offers a powerful in vitro
approach for dissecting the molecular components involved in genomic
organization and function. For example, appropriate nuclear matrix in
vitro systems are available for studying DNA replication, transcription,
and RNA splicing. The isolated nuclear matrix also represents a valuable
starting point for cloning and sequencing novel proteins potentially in-
volved in genomic organizational and/or functional processes. This chap-
ter will focus on the basic properties of the nuclear matrix in relation to
nuclear architecture, function, and regulation. Nuclear matrix isolation,
nuclear matrix proteins, and DNA replication sites associated with
the nuclear matrix will also be briefly summarized.

II. IN SITU NUCLEAR MATRIX

Until recently, our view of the cell nucleus was highly influenced
by classical light microscopic observations of the 19th and early 20th
centuries. These studies revealed three main structural components in
the cell nucleus: (1) the chromatin, (2) the nucleolus, and (3) the nucleo-
plasm, nuclear sap, or karyolymph, whose translucent appearance led
to the belief that this was a clear fluid or gel.

The application of electron microscopy to the cell nucleus from the
late 1950s to the mid-1970s led to a new view of the cell nucleus. These
studies revealed for the first time heterogeneous structures in the inter-
chromatinic regions between condensed chromatin and led Fawcett
(1966) to state: “The chromatin and nucleolus are dispersed in a matrix
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traditionally called the nuclear sap or karyolymph. . . . Although these
terms are still in use, they seem inappropriate designations for the conge-
ries of submicroscopic granules of varying size and density that comprise
the interchromosomal material of the interphase nucleus. . . . The terms
nuclear matrix or nuclear ground substance are preferable.”

Unfortunately, this new view of the cell nucleus was not widely ac-
cepted, particularly among molecular biologists. To them this new model
was too complicated and did not seem to add anything significant to
our understanding of genetic processes—merely speculations. What was
clearly lacking in this new electron microscopic view was a global per-
spective of the overall nuclear architecture and how this might relate to
genomic organization and function. Despite the significant progress in
defining the details of individual granules and fibrils in the nucleus, the
relationship of these structures to genomic functions was still unclear;
most important, there was no concept of how this might all fit together
into an organized framework.

A. The Nuclear Matrix in Whole Cells

Figure la shows the basic morphology of the in situ rat liver nucleus
using thin-sectioned electron microscopy. Dense chromatin (heterochro-
matin) is found along the nuclear periphery, along the nucleolar periph-
ery, and at other regions in the nuclear interior. Between the dense
chromatin areas are the interchromatinic regions, which contain at least
two main structural components: the diffuse chromatin, or euchromatin,
and the nonchromatin nuclear matrix composed of nonchromatin gran-
ules (i.e., the interchromatin and perichromatin granules) and protein-
aceous fibrils of 30-50 A (Bernhard and Granboulan, 1963; Smetana et
al, 1971). It was generally difficult, however, to distinguish between
diffuse chromatin fibers sectioned in various directions and the nonchro-
matin granules and fibers of the nuclear matrix.

An important breakthrough occurred with the development of the
ethylenediaminetetraecetic acid (EDTA)-regressive staining procedure
(Bernhard, 1969; Monneron and Bernhard, 1969). By preferentially
bleaching the DNA-containing chromatin structures while maintaining
significant contrast of the nonchromatin (especially RNA-containing)
structures, a new view of the cell nucleus was revealed (Fig. 1b). An
extensive nonchromatin fibrogranular nuclear matrix is observed within
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Fig. 1. Thin-sectioned electron micrograph comparison of nuclei in rat liver tissue and
isolated nuclear matrix by standard staining with uranyl acetate and lead citrate and
EDTA-regressive staining. CC, condensed chromatin (heterochromatin); MTX, matrix
region; NU, nucleolus. Note the similarity in structure of the isolated matrix and the in
situ matrix. (a) Rat liver, standard staining; (b) rat liver, EDTA-regressive staining;
(c) isolated rat liver nuclear matrix, standard staining; (d) isolated rat liver nuclear matrix,
EDTA-regressive staining.
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the interchromatinic regions, while the dense chromatin regions show
little or no staining. The nuclear pore complexes are especially densely
stained (see arrows in Fig. 2), and channels of nuclear matrix material
appear to radiate from the nuclear interior to the nuclear pore
complexes. This was also observed in earlier studies (Monneron and
Bernhard, 1969; Franke and Falk, 1970) and may correspond to
passageways for regulated transport of RNA transcripts to the nuclear
pores (Blobel, 1985).

B. Chromatin Domains

Besides the nuclear matrix, the interchromatinic regions contain the
diffuse chromatin, or euchromatin. Specific staining of DNA in these
regions by Derenzini et al. (1977, 1978) showed that the euchromatin
occupies discrete regions between the nonchromatin nuclear matrix
structures. The studies of Derenzini et al. (1977, 1978) further revealed
that the diffuse chromatin is only a minor component of the visible
structure in the interchromatinic region. The major components are the
ribonucleoprotein (RNP)-rich nonchromatin fibrils and granules that
compose the nuclear matrix.

Taken together, these ultrastructural findings suggest a potentially
close in situ association between actively replicating and transcribing
chromatin (euchromatin) and nuclear matrix components inside the func-
tioning cell nucleus. One mode of interaction between the nuclear matrix
and chromatin occurs at the DNA loop attachment sites (Gasser and
Laemmli, 1987). Other levels of association between chromatin and
nuclear matrix components are feasible and will require further investiga-
tions of specific nuclear matrix proteins and their possible interactions
with chromatin.

C. Ribonucleoprotein Domains

Electron microscopic analyses of nuclear matrix structures observed
within the interchromatinic regions of the nucleus such as interchromatin
granules, perichromatin granules, and fibrils stress the RNP nature of
these components (Bernhard and Granboulan, 1963; Monneron and
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Fig. 2. Thin-sectioned electron micrograph of an in situ rat liver nucleus in the area
of the nuclear pore complex by the EDTA-regressive staining procedure of Bernhard. In
this micrograph the interior in situ matrix appears to be contiguous with the nuclear pore
complexes of the surrounding nuclear envelope. Arrows indicate the “channels” of matrix
materials radiating toward the nuclear pore complexes. Bar: 1 pum.
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Bernhard, 1969), and the EDTA-regressive staining pattern of the nu-
cleus is generally interpreted as an enhancement of these presumptive
RNP domains (Bernhard, 1969; Monneron and Bernhard, 1969). This
view is further supported by high-resolution electron microscopic autora-
diography performed on EDTA-regressively stained sections (Puvion
and Moyne, 1981; Fakan and Bernhard, 1971), where newly transcribed
extranucleolar RNA is preferentially localized along the borders (where
the perichromatin fibrils are concentrated) and within the interior of
the interchromatinic regions (where the interchromatin granules are
concentrated).

Pulse-chase experiments demonstrated that the newly transcribed
RNA migrates through the interchromatinic region as RNP particles or
fibrils toward the nuclear periphery (Fakan and Bernhard, 1973; Nash
et al, 1975; Fakan et al, 1976). This suggests that a network of RNP
particles and/or fibrils (nuclear matrix structures) extends from the sites
of transcription to final release through the nuclear pore complexes.
These strands or channels of nuclear matrix structures may correspond
to dynamic assembly lines for the coordinate transcription, splicing, pro-
cessing, and transport of RNA (Berezney, 1984).

D. Functional Topography and Dynamics of the Nuclear Matrix

Our current knowledge of in situ nuclear structure leads us to view
the mammalian cell nucleus as a three-dimensional collage of condensed
chromatin (heterochromatin), interchromatinic regions (euchromatin
and nonchromatin nuclear matrix structures), nucleolar compartments,
and a surrounding double-membraned nuclear envelope containing nu-
clear pore complexes. At least two main structural domains are postu-
lated to exist within the in situ matrix: chromatin domains and RNP
domains. This dual aspect of nuclear matrix organization inside the
nucleus has important implications. It immediately suggests heterogene-
ity of the matrix at both the organizational and functional levels. The
chromatin domains of the matrix (e.g., DNA loop attachment sites) are
presumably quite different from RNP domains with respect to individual
components and their organization.

Functionally, the nuclear matrix can be divided into chromatin domains
of replication and/or transcription versus domains of posttranscriptional
RNA processing. At the level of replication and transcription, the matrix
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may provide a structural milieu for the expression of functional loops
of chromatin and the organization of active replicational and/or tran-
scriptional complexes. The potentially continuous nature of the matrix
system also suggests that these two distinct structural (chromatin and
RNP structures) and functional (DNA replication, transcription, and
RNA processing and transport) domains may be linked. In this manner,
the matrix may play an important integrative and regulatory role for
cascade and assembly-line events.

The dynamic properties of nuclear architecture have been reviewed
(Berezney, 1979, 1984). Briefly, the cell nucleus responds to physiological
changes by a variety of morphological alterations. One of the most
common alterations involves a change in the size of the nucleus. This
has been strikingly observed in nuclear transplantation and cell fusion
experiments in which cell nuclei activated to synthesize DNA show
enormous enlargement (Graham et al., 1966; Harris, 1968, 1970). More-
over, the size of the cell nucleus is constantly changing during the cell
cycle. The HeLa cell nucleus, for example, doubles in volume between
G, and the end of S phase (Maul er al., 1972).

In addition to overall size changes, treatment of cells with drugs that
inhibit various biosynthetic processes often results in striking perturba-
tions in nuclear shape and internal morphology (Berezney, 1979). Many
of these drugs are carcinogens, and it has been known since the time of
the pioneering studies by 19th-century cytopathologists that cancer cells
are often characterized by alterations in the shape and internal morphol-
ogy of their cell nuclei.

By applying appropriate directional forces to cells, Ingber and col-
leagues (1994) observed coordinate changes in overall cell and nuclear
shape in relation to mechanical signal transduction. Altering cell shape
affected growth, indicating a close relationship between genomic func-
tion and the three-dimensional organization of the cell nucleus and the
dynamic nature of nuclear as well as cytoplasmic architecture.

The cell nucleus is a dynamic structure capable of rapid and striking
changes in organization. We propose that the basis for these changes is
a nuclear matrix structure that is in a state of constant flux and is highly
dependent on nuclear function. In this view, overall nuclear organization
is maintained despite the constant alterations in interactions at the local
level. It is these changes at the local level (e.g., replication, transcription,
or RNA-splicing sites), however, which accumulate and lead to changes
in overall nuclear architecture.
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III. ISOLATED NUCLEAR MATRIX

In 1974, Berezney and Coffey, following previous studies of residual
nuclear structures (for references, see Berezney and Coffey, 1976; Berez-
ney, 1979), reported the first characterization of nuclear matrix isolated
from rat liver tissue. Subsequent studies by this group (Berezney and
Coffey, 1977) and many others (for references, see Berezney, 1979, 1984;
Shaper et al., 1978) led to the characterization of nuclear matrices from
a wide variety of eukaryotic cells from unicellular organisms to man.

A. Isolation Procedures

Most procedures for nuclear matrix isolation are based on the original
protocols reported by Berezney and Coffey (1974, 1977). Briefly, mor-
phologically intact nuclei are isolated and subjected to a series of treat-
ments involving nuclease digestion, salt extractions, and detergent (Tri-
ton X-100) extraction. Conditions are chosen so that nuclear structures
are maintained throughout the extraction protocol, including the final
nuclear matrix fraction, despite the removal of most chromatin and
protein and disruption of the nuclear membranes with detergent.

A major modification for nuclear matrix isolation was introduced by
Laemmli’s group (Mirkovitch et al., 1984), who used the chaotropic agent
and detergent lithium 3,5-diiodosalicylate (LIS) instead of salt solutions
for extraction. This preparation has been termed the nuclear scaffold to
distinguish it from its salt-extracted counterpart and has been widely
used for the study of specific DNA sequences associated with the nuclear
matrix (Gasser and Laemmli, 1987). In a comprehensive study of the
Hel.a nuclear matrix, it was found that nuclear matrices prepared by
the LIS method with heat stabilization were strikingly similar to their
salt-extracted counterparts in polypeptide profiles and in both ultrastruc-
ture and biochemical composition (Belgrader et al.,, 1991a). In contrast,
nuclear matrices prepared by salt extraction in the absence of heat or
chemical stabilization showed typical nuclear matrix morphology and
chemical composition, while the corresponding LIS-prepared nuclear
matrices were highly disrupted and virtually devoid of internal nuclear
matrix structure (Belgrader et al., 1991a).
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Other preparations of these types of structures have been termed
nucleoskeletons, nuclear ghosts, nuclear cages, and residual nuclear
structures, to name just a few. The term nuclear matrix, however, is used
by the vast majority of the more than 1000 papers published in this field.
Cook and associates use the term nucleoid for nuclear matrices that
have intact, supercoiled DNA associated with them (McCready et al.,
1980). The term DNA-rich nuclear matrices has also been used to de-
scribe these preparations (Berezney and Buchholtz, 1981a). Cook’s
group has also developed a novel approach to studying nuclear matrix
organization. They embed cells in agarose beads, nuclease digest the
chromatin with restriction enzymes, and electroelute the chromatin at
isotonic salt concentrations (Jackson and Cook, 1985). The remaining
nuclear structures are called nucleoskeletons.

Nuclear matrices isolated from a wide range of organisms and cell types
have a number of characteristic features that are summarized in Table L
Many of the major architectural features of the intact nucleus are main-
tained in isolated nuclear matrices despite the removal of 75-90% of the

TABLE 1

Properties of Isolated Nuclear Matrix

Property Comments
Isolation Wide range from lower eukaryotes to humans
Structure Tripartite structure consisting of pore complex lamina, residual nucleoli,

and fibrogranular internal matrix

Composition Contains 10-25% of total nuclear protein and tightly bound DNA and
RNA

Polypeptides Heterogeneous profile of nonhistone proteins including cell type and
differentiation state-specific proteins, as well as common proteins
termed nuclear matrins. Nuclear lamina has simpler profile, with
lamins A, B, and C (60-70 kDa) predominating

Cell cycle Cell cycle dynamics of nuclear matrix in interphase cells remains to be
elucidated. It is likely that components of interphase nuclear matrix
(e.g., DNA attachment sites) are preserved in mitotic cells as
chromosome scaffold

Functions While precise role(s) of nuclear matrix in nuclear function remain to be
elucidated, its proposed role as site for organization and regulation of
replication, transcription, and RNA splicing and processing is
supported by vast array of functional properties associated with
isolated nuclear matrix
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total nuclear protein and virtually all of the chromatin. The isolated matrices
also contain large amounts of tightly bound RNA, lesser amounts of DNA
(depending on the degree of nuclease digestion), and only trace amounts
of lipids if nonionic detergent extraction (e.g., Triton X-100) is performed.
Protein is the predominant macromolecular component. A multitude of
different proteins are found, with enrichment of the higher molecular weight
nonhistone proteins in the nucleus and depletion of many of the lower
molecular weight ones, especially the histones (Berezney, 1979, 1984).
Three of the major proteins are lamins A, B, and C, which migrate between
60 and 70 kDa on sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and are the most abundant components of the surround-
ing residual nuclear envelope or nuclear lamina.

Laemmli and co-workers (Aldolph er al., 1977) first demonstrated that
isolated chromosomes extracted with nuclease and high salt maintain a
residual protein chromosomal structure termed the chromosome scaf-
fold. Further studies showed that the chromosomal DNA loops are
attached to the scaffold structure (Paulson and Laemmli, 1977). Because
the DNA loops are attached to the nuclear matrix in interphase cells,
it has been widely suggested that at least certain components of the
interphase nuclear matrix (e.g., the DNA attachment sites) are main-
tained in mitotic cells as components of the chromosome scaffold. De-
spite this widely held belief, our knowledge of the precise relationships
between the proteins composing the interphase matrix and the chromo-
some scaffold is very limited.

B. Morphology of Isolated Nuclear Matrix

Three main structural regions typically compose the isolated nuclear
matrix: a surrounding residual nuclear envelope or nuclear lamina con-
taining morphologically recognizable nuclear pore complexes, residual
components of nucleoli, and an extensive fibrogranular internal matrix.
The last structure is believed to represent residual components of the
in situ nuclear matrix structures observed in whole cells (Berezney and
Coffey, 1977). When EDTA-regressive staining is used as a criterion, a
similarity is seen between the fibrogranular internal matrix of the isolated
rat liver nuclear matrix and the in situ nuclear matrix visualized in intact
tissue (Fig. 1b,d). The virtual identity of the electron microscopic images
of the isolated nuclear matrices following EDTA-regressive staining and
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the images obtained by conventional fixation and staining (Fig. 1c,d)
further supports the derivation of the internal matrix from the in situ
nuclear matrix structure in intact liver tissue.

A major consideration in preparing nuclear matrices that optimally
resemble the in siru nuclear matrix is the procedure used for isolation
of nuclei. Procedures involving exposure of nuclei to hypotonic solutions
often lead to major perturbations in internal nuclear structure. These

Triton X-100 > » Soluble cytoplasmic &
1 membrane proteins

» DNA nuclear
proteins

DNase 1

0.6 - 2.0M NaCl or > » DNA, RNA, nuclear &
0.2 - 0.6M (NH,4),S0O, 1 cytoplasmic proteins

Fig. 3. Nuclear matrix prepared by in situ extraction of cells. Whole cells grown on
coverslips can be directly extracted to isolate the nuclear matrix (bottom). Remnants of
the cell surface and cytoskeleton help to anchor this in situ nuclear matrix to the coverslips.
These preparations are especially valuable for cytochemical and immunolocalization
studies but are also useful for biochemical studies.
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Fig. 4. Electron micrograph of sections of rat liver nuclei in situ in liver tissue (a) and
in the isolated nuclear fraction (b). The isolated rat liver nuclei maintain many of the
structural features characteristic of nuclei in situ. These include the NE, nuclear envelope;
N, nucleolus; PNC, perinucleolar condensed chromatin; PC, peripheral condensed
chromatin; and IC, interchromatinic areas. The IC contain electron-dense particles 150—
250 A in diameter termed interchromatin granules (ig), as well as less electron-dense
fibrous material (f). Clusters of interchromatin granules are enclosed by a broken line.
Magnification: X44,000. From Berezney and Coffey (1977). Reproduced from The Journal
of Cell Biology, 1977, 73, pp. 616-637, by copyright permission of The Rockefeller
University Press.
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structural alterations are then maintained in the isolated nuclear matrix.
Unfortunately, hypotonic swelling of cells is an important step in isolating
pure, intact nuclei from most cells grown in culture. Some conditions of
nuclei isolated by hypotonic swelling, however, appear to work better
than others, as illustrated in the study of Belgrader et al. (1991a) for
isolation of the HeLa nucleus and nuclear matrix. In general, however,
the nuclear matrix morphology of cells grown in culture is best studied
by direct extraction of cells grown on coverslips. The laboratories of
Deppert (Staufenbiel and Deppert, 1984) and Penman (Fey et al., 1986;
Nickerson et al,, 1990) have pioneered the development of these so-
called in situ nuclear matrix preparations, which are particularly valuable
for electron microscopic studies as well as for immunolocalization stud-
ies. A diagrammatic illustration of a typical in situ matrix preparation
is shown in Fig. 3. Numerous studies have documented that such in
situ preparations offer the advantage of better maintenance of nuclear
morphology, with biochemical and functional properties very similar to
those of nuclear matrices prepared from isolated nuclei.

Perhaps the most widely characterized nucleus at the electron micro-
scopic level, both in intact tissue and as isolated nuclei, is the rat liver
nucleus. With the use of isotonic and hypertonic sucrose solutions, proce-
dures have been developed which maintain the ultrastructure of the
isolated rat liver nucleus while allowing a high degree of purification
(Blobel and Potter, 1966; Berezney et al., 1972; Berezney, 1974). This is
illustrated in Fig. 4, where the ultrastructure of a typical isolated rat liver
nucleus is strikingly similar to the in situ nuclear morphology observed in
rat liver tissue. Aside from the maintenance of the general disposition of

Fig. 5. (a) Electron micrograph of a section through the nuclear matrix revealing
the internal structural components of the matrix. RN, residual nucleolus; IM, internal
matrix framework; RE, residual nuclear envelope layer. Note the empty spaces surrounding
the residual nucleoli and along the periphery (arrows). These may correspond to regions
previously occupied by the perinucleolar and peripheral condensed chromatin in untreated
nuclei (compare with Fig. 7a and 7b). Magnification: X21,000. (b) Higher magnification
electron micrograph of a section of the nuclear matrix in the region of the residual nuclear
envelope. A close association of the IM with the RE is evident (white arrows). A residual
nuclear pore complex structure is projecting through the RE layer (black arrows). Regions
of the IM (enclosed in the broken line) resemble clusters of ICG seen in both isolated
and in situ nuclei (compare with the regions enclosed by broken lines in Fig. 4a and 4b).
Magnification: X20,000. From Berezney and Coffey (1977). Reproduced from The Journal
of Cell Biology, 1977, 13, pp. 616-637, by copyright permission of The Rockefeller
University Press.
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condensed chromatin and interchromatinic regions, there is a remarkable
maintenance of interchromatin granules (ICG) (including the character-
istic clusters of ICG) and the less discrete-appearing fibrous material,
which is nonetheless characteristic of the in situ matrix.

Preparation of nuclear matrices from such morphologically well-
maintained rat liver nuclei enabled us to compare directly structural
details at the electron microscopic level of the isolated nuclear matrix
in relation to the nucleus in situ. Figures 5 and 6 show the tripartite
structure (nuclear lamina, residual nucleus, and internal matrix) at lower
and higher magnifications. Large empty regions, especially surrounding
the nucleoli, suggest that these regions were formerly occupied by con-
densed chromatin domains. The fibrogranular structure of the isolated
nuclear matrix is similar to the fibrogranular structures of the in situ
matrix. This includes the appearance of discrete ICG (often appearing
as clusters in the isolated nuclear matrix), as well as the less discrete
and less densely staining matrix protein filaments (MPF).

The fibrous components of in situ and isolated nuclear matrices are
difficult to visualize by standard thin-sectioning electron microscopy, but
the poor quality of imaging does not mean that they do not exist or
that they are not important. Indeed, these wispy, poorly staining MPF
structures (30-50 A in diameter) have been consistently identified in

Fig. 6. (a) High magnification of the nuclear matrix in the area of the residual
nucleolus. The residual nucleolus (RN) appears to be continuous with the internal matrix
framework (IM). Empty spaces (arrows) surrounding the RN may correspond to regions
previously occupied by the perinucleolar condensed chromatin (compare with Figure 4a and
4b). Note that these empty areas are bordered by the nucleolus and the IM. Magnification:
x102,000. (b) High-magnification section of a region in the interior of an isolated nucleus.
Distinct areas of condensed chromatin (C) are seen in the upper-center and lower-left
regions of the micrograph. The regions between these C areas are the interchromatinic
regions, which contain electron-dense interchromatin granules (ig) and less electron-dense
fibrous structures (f). Magnification: X116,000. (c) High magnification of a section through
the IM of the nuclear matrix. This residual framework structure consists of electron-dense
matrix particles (mp) and matrix fibers (f) which are very similar to the interchromatinic
structures of isolated as well as in situ liver nuclei (compare with Figs. 9b and 7a and 7b).
Magnification: %X116,000. (d,e) High-magnification sections through the residual nuclear
envelope layer of the nuclear matrix. Distinct residual nuclear pore complex structures
are observed which still retain their characteristic annular structure (arrows). Central
granules are often visible in tangenital sections through the residual pore complex structures
(white arrow in e). Magnification: X158,000. From Berezney and Coffey (1977).
Reproduced from The Journal of Cell Biology, 1977, 73, pp. 616-637, by copyright
permission of The Rockefeller University Press.



2. Nuclear Matrix and Genome Organization 51

. Gl
sk, NN




52 Ronald Berezney

this region of the nucleus (Bernhard and Granboulan, 1963) but have
been virtually ignored in most studies of nuclear organization. In one
of the very few studies, however, Smetana et al. (1971) suggested that
the fine filaments (MPF) are protein structures because they were di-
gested with pepsin. In contrast, the ICG were not affected by pepsin.
However, predigestion with pepsin made these granules sensitive to
ribonuclease (RNase) digestion, indicating the RNP nature of the ICG.

The classical studies of Monneron and Bernhard (1969) using EDTA-
regressive staining also identified 30- to 50-A fibers as a basic component
of various extrachromatinic structures. These include perichromatin fi-
bers and granules, coiled bodies, fibers associated with the nuclear pore
complexes, and fibers that interconnect ICG. Monneron and Bernhard
(1969) further stressed the similar staining properties of the fibers and
suggested a structural link between perichromatin fibers and ICG. These
ill-defined, hard-to-visualize filaments that are maintained in an appro-
priately prepared nuclear matrix preparation may therefore represent a
fundamental structural component of the nuclear matrix. Indeed, Com-
ings and Okada (1976) first termed the MPF matrixin; they were later
called matricin (Berezney, 1980).

While standard thin-sectioning electron microscopy and EDTA-
regressive staining enable the visualization of a fibrogranular structure
in whole cells and isolated nuclear structures, the structural information
obtained is limited. In particular, each section is only a very thin slice
through the entire nucleus. Thus the potentially three-dimensional orga-
nization formed by the ICG and the MPF is not addressed. Moreover,
the structural information obtained about the MPF is extremely limited,
as the tracing of individual filaments would be severely compromised
by the thinness of the sections.

As a step toward improving this situation, Penman and co-workers
have used whole-mount and resinless thick-section electron microscopy
to study the nuclear matrix (Capco et al., 1982; Fey et al., 1986; Nickerson
et al., 1990). A complex three-dimensional network of filaments with
associated granular structures was observed. Further fractionation re-
vealed a three-dimensional network of core filaments which the Penman
group has interpreted as the core framework structure around which
other components are assembled in the complete nuclear matrix structure
(He et al., 1990). The core filaments averaged 80-100 A in diameter and
were structurally distinct from cytoplasmic filament systems. Jackson and
Cook (1988) have also reported a filament system in the nucleoskeleton
obtained without high-salt extraction.
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We have observed similar extended filaments of approximately 100 A
in more spread-out regions of whole-mount preparations of isolated rat
liver nuclear matrix (Fig. 7). As summarized previously, conventional
thin-sectioning electron microscopy has demonstrated that the internal
matrix is composed predominantly of ICG that are enmeshed in less
electron-dense, fibrous-like material. Filaments with a minimum diame-
ter of 30-50 A, the MPF, can be observed extending from this material.
The possible identity of the MPF with the core filaments identified
by Penman and co-workers (He et al, 1990) is an important area of
future investigation.

In earlier studies of nuclear subfractionation, some investigators found
that procedures related to those used for nuclear matrix isolation
(nuclease, salt, and detergent) could also lead to so-called empty nuclear
matrices which contained the surrounding nuclear lamina with nuclear
pore complexes but were devoid of internal matrix structure. After some
initial confusion, it became apparent that the internal nuclear matrix is
much more sensitive to extraction than the surrounding nuclear lamina
(Kaufmann et al., 1981). This has led to more optimized preparations
for both nuclear matrix with well-preserved internal matrix structure
and nuclear lamina free of internal matrix components (Smith et al,
1984; Belgrader et al., 1991a). If nuclei are digested with RNase A and
extracted for nuclear matrix in the presence of sulfhydryl reducing agents
such as dithiothreitol, the internal matrix is destabilized and empty matri-
ces consisting exclusively of nuclear lamina are obtained. Preparation
of nuclear matrix in the absence of RNase and dithiothreitol leads to
typical tripartite matrices with an elaborate internal matrix structure.

IV. NUCLEAR MATRIX PROTEINS

Nuclear matrix proteins are the nonhistone proteins comprising the
nuclear matrix following nuclease, salt, and detergent extraction of iso-
lated cell nuclei (see Section III,B on nuclear matrix isolation). While
virtually all known nuclear functions are associated with this protein-
aceous nucleoskeletal structure (see Section IV, A on the functional prop-
erties of nuclear matrices), our knowledge of the proteins which compose
the nuclear matrix is very limited. There is no doubt, however, that a
detailed molecular analysis of the individual nuclear matrix proteins is
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Fig.7. Whole-mount electron micrograph of an isolated rat liver nuclear matrix spread
on an aqueous surface reveals a fibrous network structure. The specimen was critically
point dried and rotary shadowed with platinum-palladium. The delicate matrix lacework
is considerably disrupted in the absence of critical point drying.



2. Nuclear Matrix and Genome Organization 55

of paramount importance for deciphering the structural organization
and molecular properties of the nuclear matrix and its functions.

A. General Properties of Nuclear Matrix Proteins

Initial studies of the nuclear matrix proteins suggested that they repre-
sent a major component of the acidic nonhistone proteins of the cell
nucleus (Berezney and Coffey, 1977). This conclusion was based on a
combination of classical fractionation procedures (the nuclear matrix
proteins are predominantly soluble in alkaline) and total amino acid
analysis, which revealed a remarkable similarity of the previously charac-
terized residual acidic nuclear protein fraction extracted from mamma-
lian cell nuclei (Steele and Busch, 1963). Two-dimensional PAGE stud-
ies, however, clearly indicate that there are many proteins in the nuclear
matrix with overall basic charge, as well as a large population of acidic
proteins (Peters and Comings, 1980; Nakayasu and Berezney, 1991;
Fig. 8).

A major problem in identifying proteins native to the nuclear matrix
is that nuclear matrices prepared from tissue culture cells are invariably
contaminated with large amounts of cytoskeletal proteins, particularly
the intermediate filament proteins (Capco et al.,, 1982; Staufenbiel and
Deppert, 1983; Verheijen et al., 1986; Belgrader et al., 1991a). Naturally,
any in situ nuclear matrix preparation behaves this way. Fey and Penman
(1988) have circumvented this problem by using an extraction procedure
which separates intermediate filament proteins from the true nuclear
matrix components. In contrast, the polypeptide profiles of nuclei iso-
lated from tissues such as rat liver are likely to reflect largely the true
nuclear proteins.

The first reports of nuclear matrix proteins separated on one-dimen-
sional SDS-PAGE stressed the predominance of three major proteins
between 60 and 70 kDa (Berezney and Coffey, 1974, 1977; Comings and
Okada, 1976). It was apparent from those one-dimensional gels, however,
that while the 60- to 70-kDa triplet was a major component, many other
protein bands were also present, especially at molecular weights ranging
from approximately 50,000 to more than 200,000 (Berezney and Coffey,
1977). At about the same time, Aaronson and Blobel (1975) reported
that the nuclear pore complex-lamina fraction was also composed of
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Fig. 8. Two-dimensional PAGE of rat liver nuclear matrix proteins. Total rat liver
matrix protein was run on a nonequilibrium pH gradient in the first dimension and on
SDS-PAGE in the second dimension. The major proteins detected with Coomassie blue
staining were numerically labeled (1-15), including one minor spot (protein 2) and another
spot (protein 1) which often stained less intensely. The major proteins included lamins
A, B, and C, the nucleolar protein B-23, and residual hnRNP proteins. The remaining
eight major components appear to represent hitherto uncharacterized major proteins
of the cell nucleus. Because these proteins stained the internal fibrogranular matrix by
immunofluorescence, they have been termed nuclear matrins to distinguish them from the
nuclear lamins along the nuclear periphery (Nakayasu and Berezney, 1991). A group of
nonlamin proteins which migrated as more basic components, but in the same molecular
mass range (60-75 kDa) as the lamins, are also labeled matrins D, E, F, and G. Molecular
mass markers are indicated in kilodaltons. From Nakayasu and Berezney (1991).
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three major proteins between 60 and 70 kDa, which were ultimately
termed nuclear lamins A, B, and C by Gerace and Blobel (1980).

A controversy then developed as to whether the 60- to 70-kDa proteins
were strictly components of the surrounding nuclear lamina or were
also present in the internal nuclear matrix (Berezney, 1980; Gerace and
Blobel, 1980). It turned out that both groups were right. Nuclear lamins
A, B, and C are major components of the 60- to 70-kDa proteins, but
there are also other proteins in this molecular weight range which are
present in nuclear matrix preparations but not present in purified nuclear
lamina. This was apparent only on two-dimensional SDS-PAGE (Berez-
ney, 1984). Study of these other 60- to 70-kDa proteins has now become
a major focus of our research (see Section IV,B on the nuclear matrins).
To complete the story, reports indicate that nuclear lamins are also found
in the interior of the nuclear matrix (Goldman et al., 1992; Bridger et
al., 1993; Moir et al., 1994, 1995).

Two-dimensional analyses of nuclear matrix proteins performed by
several different groups all stress the high degree of complexity of these
polypeptide profiles (Peters et al., 1982; Fey and Penman, 1988; Stuurman
et al., 1990; Nakayasu and Berezney, 1991). Using [**S]methionine label-
ing for detection, Fey and Penman (1988) have detected over 200 proteins
in the nuclear matrix. Stuurman et al. (1990) have also found enormous
complexity in the two-dimensional profiles with the sensitive silver proce-
dure. Despite this complexity, these studies are already providing valu-
able information. For example, the total nuclear matrix proteins can be
separated into two major classes: those which are found in a variety
of cell lines (common matrix proteins) and those which are cell type,
hormonal, or differentiation state-dependent (Fey and Penman, 1988;
Dworetzky et al., 1990; Getzenberg and Coffey, 1990; Stuurman et al,,
1990).

The advantage of using two-dimensional PAGE to identify specific
nuclear matrix proteins is further illustrated by the recent use of this
approach to define differences in nuclear matrix proteins between normal
and cancer cells grown in culture or in tumor tissues (Getzenberg et al.,
1991; Partin et al,, 1993; Pienta and Lehr, 1993a; Khanuja et al., 1993;
Bidwell et al, 1994; Keesee et al, 1994). The potential application of
these findings to the diagnosis, prognosis, and possibly treatment of
human cancers is worthy of further studies (see, e.g., Pienta and Lehr,
1993b).

Our overall knowledge of the proteins which comprise the nuclear
matrix structure is very limited. One general property that needs further
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investigation is the phosphorylation of nuclear matrix proteins. Previous
studies indicate that many nuclear matrix proteins are phosphorylated
(Allen et al., 1977; Henry and Hodge, 1983). There are only a few reports,
however, dealing with the phosphorylation or biosynthesis and turnover
of specific nuclear matrix proteins in relation to the cell cycle and its
regulation (Milavetz and Edwards, 1986; Halikowski and Liew, 1987;
Zhelev et al., 1990).

The nuclear matrix itself contains a variety of protein kinases (Table
III), at least some of which are capable of phosphorylating endogenous
nuclear matrix proteins (Sikorska et al., 1988; Sahyoun et al., 1984; Capi-
tani et al., 1987, Tawfic and Ahmed, 1994). Payrastre et al. (1992) reported
differential localization of phosphoinositide kinases, diacylglycerol ki-
nase, and phospholipase C in the nuclear matrix. Because protein kinase
C is also present (Capitani et al, 1987), a complete regulatory signal
transduction pathway may exist in the cell nucleus, with the nuclear
matrix serving an important role in arranging and sequestering the indi-
vidual components of the regulatory components. In this regard, Coghlan
et al. (1994) found a nuclear matrix-associated protein (AKAP 95) that
demonstrated high-affinity binding sites for the regulatory subunit of
type 1I cyclic adenosine monophosphate (cAMP)-dependent protein ki-
nase. It is very likely that these findings represent only the tip of the
iceberg in terms of regulatory factors associated with the nuclear matrix.

Use of antibodies raised against nuclear matrix proteins offers great
promise. In various studies, however, it has been difficult to identify the
specific nuclear matrix antigen(s) responsible for the immunodecoration
or to extend the work beyond the initial characterization (Chaly er al,
1984; Lehner et al, 1986; Noaillac-Depeyre et al, 1987; Turner and
Franchi, 1987). Progress is being made, however. The groups of Smith
et al. (1985) and Penman (Nickerson et al., 1992; Wan et al., 1994) have
gone beyond the initial identification to demonstrate potential roles of
their respective nuclear matrix-associated proteins in RNA splicing
(Smith et al., 1989; Blencowe et al., 1994).

One very significant development is the demonstration by Brinkley
and co-workers (Zeng ef al., 1994a,b; He et al.,, 1995) that the nuclear
mitotic apparatus protein (NuMA) is a nuclear matrix protein. The
propensity of this large protein (>200 kDa) to form a long coiled-coil
structure (Compton et al., 1992; Yang et al., 1992) suggests an important
role of NuMA in the organization of the nuclear matrix—possibly as a
major component of the proposed nuclear matrix core filaments (He et
al., 1990).
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B. Nuclear Matrins

Studies in our laboratory are concentrating on the major proteins of
the nuclear matrix which are common at least among mammalian cells.
Using a two-dimensional PAGE system, we have detected in rat liver
nuclear matrix about 12 major Coomassie blue-stained proteins along
with over 50 minor spots (Fig. 8). Polyclonal antibodies were then gener-
ated to individual matrix proteins excised from the two-dimensional gels.
Antibodies to known nuclear proteins revealed that five of the major
Coomassie blue-stained proteins correspond to lamins A, B, and C, the
nucleolar protein B-23, and core heterogeneous nuclear RNP (hnRNP)
proteins. The remaining eight proteins were termed nuclear matrins
because they are components of the internal nuclear matrix, as revealed
by immunofluorescence, and are distinct from the nuclear lamins, as
indicated by one- and two-dimensional peptide maps (Nakayasu and
Berezney, 1991). A survey of the literature showed no definite relation-
ship of these proteins (matrins, 3, 4, D, E, F, G, 12, and 13) to any other
known nuclear proteins (Nakayasu and Berezney, 1991). A summary of
these major nuclear matrix proteins, including their identification as
nuclear lamins or matrins, is presented in Table II.

Within the eight matrins examined, six formed three “pairs” of related
proteins based on antibody cross-reactivity and peptide mapping (ma-
trins D-E, F-G, and 12-13). This suggests that the nuclear matrins may
compose a broad family of hitherto undefined proteins in the nucleus,
with potential subfamilies indicated by the various protein-pair homo-
logs. This leads us to propose that the term nuclear matrins be adopted
as a general designation of nuclear matrix-associated proteins (deter-
mined via immunoblots) which are also components of the internal
nuclear matrix (determined via immunofluorescence in whole cells versus
cells from which the nuclear matrix had been extracted).

We are currently studying the molecular and functional properties of
the individual nuclear matrins. As an initial step, we have screened
nuclear matrix proteins for DNA-binding activity on Southwestern blots.
Using one-dimensional SDS-PAGE, we have shown that the nuclear
matrix is enriched in the higher molecular weight DNA-binding proteins
found in total rat liver nuclear matrix proteins (Hakes and Berezney,
1991). Approximately 12 major DNA-binding proteins with apparent
molecular weights exceeding 40,000 were detected on the one-dimen-
sional blots. Further studies indicated that these proteins preferentially
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TABLE 11

Major Coomassie Blue-Stained Nuclear Matrix Proteins Derived from Two-
Dimensional PAGE

Nuclear matrix
protein designation ~ Approximate size (kDa)  Acidic or basic®>  Protein identity*

1¢ 190 A Matrin
3 125 A Matrin
4 105 B Matrin
5 (F) 77 B Matrin
6 (D) 72 B Matrin
7 (G) 68 B Matrin
8 (F) 66 B Matrin
9 (A) 68 A Lamin
10 (B) 66 A Lamin
11 (O) 62 A Larnin
12 48 A Matrin
13 42 A Matrin
14 34 A B-23
15 30 B hnRNP

9 Designation of protein 1 as a major matrix protein is tentative because it often stains
as a more minor component.

% Designation as acidic (A) or basic (B) is based on migration across a nonequilibrium
pH gradient gel. The dotted lines across the gels indicate the position of pH 7.0. Additional
studies with equilibrium pH gradients have verified this general characterization (data
not shown).

¢ The identity of the matrix proteins was evaluated by two-dimensional immunoblots
to known nuclear proteins. Proteins in the nuclear matrix fraction which were not identified
as previously known proteins are termed the nuclear matrins to distinguish them from
the well-known nuclear lamins of the nuclear periphery.

bound DNA when competing with excess RNA (Hakes and Berezney,
1991). Two-dimensional Southwestern blots were then performed to
identify the specific DNA-binding proteins (Hakes and Berezney, 1991).
Approximately 12 distinct spots were detected, including lamins A and
C (but not B); matrins D, E, F, G, and 4 (but not 3); and an unidentified
protein of about 48 kDa.

As a step toward the further characterization of the nuclear matrins,
we have been screening cDNA expression libraries, and have cloned
and sequenced two distinct nuclear matrix proteins termed matrin 3 and
matrin cyp. Matrin 3 is an acidic nuclear matrix protein (125 kDa; see
Table II) that stained the nuclear interior with a fibrogranular pattern
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typical of the nuclear matrins (Nakayasu and Berezney, 1991; Belgrader
et al, 1991b). Analysis of matrin 3 human and rat cDNA sequences
indicated a high degree of conservation. The lack of homologies with
other proteins or functional motifs, however, gave few clues to possible
function (Belgrader er al, 1991b). The presence of over 40 potential
phosphorylation sites in the predicted amino acid sequence of matrin 3,
however, suggests the possible role of protein phosphorylation in matrin
3 function.

Studies of the matrin 3 gene(s) are in progress as a prelude to investigat-
ing matrin 3 function. Preliminary results suggest the presence of at least
two closely related genes and the possibility of alternatively spliced
transcripts (Mortillaro et al, 1993; Somanathan et al., 1995).

We have cloned and sequenced another nuclear matrix protein termed
matrin cyp. Antibodies to matrin cyp recognized an approximately 100-
kDa protein that was located in the nucleus and highly enriched in the
nuclear matrix (Mortillaro and Berezney, 1995). Immunofluorescence
microscopy confirmed the predominantly nuclear localization of matrin
cyp. Analysis of the predicted amino acid coding sequence for matrin
cyp revealed several distinct domains: (1) a 170-amino acid, amino-
terminal region that showed high identity with cyclophilins, a family of
ubiquitous proteins that bind to the immunosuppressant drug cyclosporin
A and catalyze the conversion of cis-proline to trans-proline—an event
important for protein folding (Fischer et al, 1989; Gething and Sam-
brook, 1992); (2) an acidic serine-rich region similar to the nuclear local-
ization signal binding (NLS-binding) domains initially described for
Noppl40 (Meier and Blobel, 1992); and (3) a series of serine-arginine
(SR) repeats throughout the carboxyl half of the protein which are also
present in several splicing factors (Zahler et al., 1993) and have been
demonstrated to target proteins to splicing factor-rich nuclear speckles
(Li and Bingham, 1991).

The presence of SR repeats in matrin cyp is consistent with the colocali-
zation, at the splicing component-rich nuclear speckles, of anti-matrin
cyp antibodies with antibodies to splicing components (Spector, 1984;
Mortillaro and Berezney, 1995). Moreover, there was no detectable
change in the localization of matrin cyp at these sites following extraction
of cells for nuclear matrix (Mortillaro and Berezney, 1995).

A fusion protein containing the cyclophilin domain of matrin cyp
expressed peptidylprolyl isomerase (PPIase) activity, which was com-
pletely abolished by cyclosporin A (Mortillaro and Berezney, 1995). In
preliminary experiments, we have detected cyclosporin-sensitive PPlase
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activity in soluble nuclear matrix protein extracts and are in the process
of determining whether matrin cyp, either by itself or with other proteins,
is responsible for this activity in the nuclear matrix. Studies on the
possible role of this novel nuclear matrix cyclophilin in RNA splicing
and/or in assembly or chaperone events at splicing sites are in progress.

It is likely that the next few years will see the elucidation of many
nuclear matrix proteins using this molecular cloning approach. This will
provide fundamental information about a family of proteins which are
of obvious significance for nuclear organization and likely function but
have until recently defied analysis.

V. NUCLEAR MATRIX FUNCTIONS

The nuclear matrix was first identified in whole cells as that region of
the nucleus where the actively functioning chromatin (euchromatin) is
located, along with the nonchromatin fibrogranular matrix structures
(Berezney and Coffey, 1977; Berezney, 1984). It is therefore not surpris-
ing that isolated nuclear matrices, which show a structural correspon-
dence to the in situ defined structures, have a vast array of functional
properties associated with them. Table IIl summarizes many of these
major properties along with sample references.

It is important to stress that while it is not surprising to see this
multitude of functional properties—ranging from DNA loop attachment
sites, to DNA replication, to transcriptional associations, to RNA tran-
scripts, to RNA splicing, to viral associations and their associated func-
tions, and to a vast number of regulatory proteins involved in the func-
tioning and regulation of these properties (e.g., steroid hormone
receptors, oncogene proteins, tumor suppressors, heat shock proteins,
calmodulin-binding proteins, protein kinases)—the true significance of
these associations remains to be determined. Initial results suggest that
the isolated nuclear matrix provides a potentially powerful in vitro ap-
proach for studying the molecular biology of higher order nuclear struc-
ture and function.

Because only a few studies have been performed on many of these
properties, more studies are needed to define more clearly the nature
of the associations and the actual role(s) of nuclear matrix structure in
these processes. What is needed for each property is a detailed descrip-
tion of the associated function, the molecular constituents involved, and
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TABLE 111

63

Functional Properties Associated with Isolated Nuclear Matrix

Property

Reference

DNA loop attachment site sequences

DNA-binding proteins

DNA topoisomerase 11
Replicating DNA

Replication origins

DNA polymerase « and primase
Other replicative factors

Active gene sequences

RNA polymerase 11
Transcriptional regulatory proteins
hnRNA and RNP

Preribosomal RNA and RNP
snRNA and RNP

RNA splicing
Spliceosome-associated proteins
Steroid hormone receptor binding
Viral DNA and replication
Viral premessenger RNA

Viral proteins

Carcinogen binding

Oncogene proteins

Tumor suppressors

Heat shock proteins
Calmodulin-binding proteins
HMG-14 and HMG-17 binding
ADP-ribosylation

Protein phosphorylation

Protein kinase A

Protein kinase B

Protein kinase C

Protein kinase CK2

Histone acetylation and deacetylation

Protein disulfide oxidoreductase
Reversible size changes

Gasser and Laemmli (1987)
Hakes and Berezney (1991)
Fernandes and Catapano (1991)
van der Velden and Wanka (1987)
(Dijkwel er al. (1986)

Tubo and Berezney (1987b)
Tubo and Berezney (1987a)
Zehnbauer and Vogelstein (1985)
Lewis et al. (1984)

Feldman and Nevins (1983)
Verheijen et al. (1988)

Ciejek et al. (1982)

Harris and Smith (1988)
Zeitlin et al. (1987)

Blencowe et al. (1994)

Rennie er al. (1983)

Smith er al. (1985)

Mariman et al. (1982)

Covey et al. (1984)

Gupta et al. (1985)

Eisenman et al. (1985)
Mancini er al. (1994)

Reiter and Penman (1983)
Bachs and Carafoli (1987)
Reeves and Chang (1983)
Cardenas-Corona et al. (1987)
Allen et al. (1977)

Sikorska et al. (1988)

Sahyoun et al. (1984)

Capitani et al. (1987)

Tawfic and Ahmed (1994)
Hendzel er al. (1991, 1994)
Altieri et al. (1993)
Wunderlich and Herlan (1977)

the relationship of the in vitro function to in situ associations. This last
evaluation is most difficult and may require continued studies of the in
vitro associations until enough is known to plan appropriate experiments

at the level of whole cells.
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A major development in the last several years which bodes well for
future studies is the multitude of immunofluorescence studies demonstra-
ting a variety of functional domains in the nucleus of intact cells (Spector,
1993), including territories for specific chromosomes (Manuelidis, 1985,
1990; Hadlaczky et al., 1986; Cremer et al., 1993), DNA replication sites
(Nakamura et al., 1986; Nakayasu and Berezney, 1989; Fox ef al., 1991;
Kill et al., 1991; O’Keefe et al., 1992; Neri et al., 1992; Hassan and Cook,
1993; Hozdk et al, 1993), and transcriptional and RNA splicing sites
(Huang and Spector, 1991; Jackson et al., 1993; Wansink et al., 1993).

In a particularly elegant series of experiments, Lawrence and co-
workers (1989) demonstrated that abundantly newly transcribed RNA
often forms visible “tracks’ in the nucleus that presumably extend from
sites of transcription toward sites of further processing and transport.
This suggested that the newly transcribed RNA was somehow posttran-
scriptionally ordered in the nucleus. The maintenance of these gene
transcript track patterns following extraction for nuclear matrix (Xing
and Lawrence, 1991) implicates the nuclear matrix in this structural
organization. The Lawrence group has extended these studies to show
specific orientation of the tracks with respect to sites of transcription
and gene splicing for the fibronectin gene using intron-containing and
spliced transcripts (Xing et al., 1993).

A major conclusion of these studies is that transcription and RNA
splicing may be a coordinated process in which the nuclear matrix plays
a fundamental role in the organization. Jiménez-Garcia and Spector
(1993), using different approaches, also conclude that transcription and
splicing may be temporally and spatially linked in the cell nucleus. Simi-
larly, the speckled sites where splicing factors and small nuclear RNPs
(snRNPs) are concentrated (Spector et al., 1983; van Eekelen ez al,, 1982)
and the sites of DNA replication (Nakayasu and Berezney, 1989) are
strikingly maintained following extraction of cells on coverslips for nu-
clear matrix.

The host of regulatory factors which are in the nucleus and nuclear
matrix-associated (Table III) further supports the model of the nuclear
matrix as a dynamic entity involved in structural organization, function,
and regulation of the genome. Additional findings include the association
of a plethora of transcription factors with nuclear matrix (van Wijnen
et al., 1993) and the presumptive role of specific nuclear matrix proteins
in RNA splicing in vitro (Smith et al., 1989; Blencowe et al., 1994).

Section V presents a more detailed description of one of the best-
studied functions of the nuclear matrix: DNA replication. In particular,
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experiments will be described that are designed to “bridge the gap”
between in vitro matrix systems and replication in situ.

VI. NUCLEAR MATRIX AND DNA REPLICATION

Each enormous molecule of eukaryotic chromosomal DNA is divided
into hundreds to thousands of independent subunits of replication
termed replicons (Hand, 1978). Replication proceeds bidirectionally
within each replicon subunit. Individual replicons are further organized
into families or clusters of tandemly repeated subunits which replicate
as a unit at particular times in S phase (Hand, 1975, 1978; Lao and
Arrighi, 1981; Fig. 9A). Up to 100 or more replicons may be organized
into each replicon cluster, with an estimated average size of approxi-
mately 25 (Hand, 1978; Painter and Young, 1976). The numerous reports
that specific DNA sequences are duplicated at precise times within the
S phase of eukaryotic cells (Goldman et al, 1984; Hatton et al., 1988)
further supports the conclusion that replicon cluster synthesis is tempo-
rally and spatially regulated along the chromosomal DNA molecule.

While the existence of replicon subunits, their bidirectional replication,
and their organization into functional replicon clusters are well docu-
mented, the mechanistic and molecular basis for these fundamental prop-
erties remains a long-standing mystery. Even less well understood is
what controls the exquisite spatial and temporal patterns of replicon
cluster synthesis during S phase. It is remarkable that the approximately
50,000 to 100,000 individual replicons that make up the typical mamma-
lian genome are programmed to replicate once and only once in a pre-
cisely choreographed process. This implies a great deal of structural
order underlying DNA replication in the cell nucleus. Somehow the
molecular details of replication are integrated within the complex three-
dimensional organization of the cell nucleus. As summarized in Section
V,A, the key player in this process may be the nuclear matrix.

A. Replicating DNA on the Nuclear Matrix

Numerous studies of in vivo replicated DNA associated with isolated
nuclear matrix have led to a radically new view of DNA replication
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Fig. 9. The clustersome model of nuclear matrix-associated DNA replication. (A) Rep-
licon cluster on linear DNA. Bidirectional replication along three tandemly arranged
replicons in a hypothetical replicon cluster is illustrated along a linear DNA molecule.
The arrows show the directions of the growing replicational bubbles. Unduplicated DNA
is shown in white; duplicated DNA (replicational bubbles) in black. (B) Replicon cluster
on nuclear matrix-attached DNA loops. The DNA of the same replicon cluster shown in
(A) is now arranged in a series of loops attached to the nuclear matrix at fixed replicational
sites. Each of these sites, known as replisomes, also contains the apparatus for copying
the DNA. Copying occurs when DNA is reeled across the matrix-bound replisomes, as
shown by the arrows. Unduplicated DNA loops are shown in white, duplicated DNA
loops (replicational bubbles) in black. Groups of replisomes cluster together to form a
higher order assembly for replicon cluster synthesis termed the clustersome. From Tubo
and Berezney (1987b).
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inside the cell nucleus (Berezney and Coffey, 1975; Dijkwel et al, 1979;
McCready et al,, 1980; Pardoll et al., 1980; Berezney and Buchholtz,
1981b; Berezney, 1984). It is envisioned that replicating DNA loops
corresponding to individual replicon subunits are bound to the nuclear
matrix. Bidirectional replication then occurs by the reeling of DNA at
the two ends of the loops through matrix-bound replisomes (Fig. 9B).
Topographical organization of the replicating DNA loops and the associ-
ated replisomes into functional clusters or clustersomes may then provide
the basis for replicon clustering.

Consistent with this clustersome model, DNA polymerase, primase,
and other replicative components have been found to be associated with
isolated nuclear matrix (Table IV; Smith and Berezney, 1980; Jones and
Su, 1982; Foster and Collins, 1988; Collins and Chu, 1987; Tubo and
Berezney, 1987a,b,c; Paff and Fernandes, 1990) or with the nucleoskele-
ton obtained via electroelution of chromatin fragments following restric-
tion enzyme digestion under isotonic buffer conditions (Jackson and
Cook, 1986a,b,c). The in vitro synthesis of Okazaki-sized DNA fragments
(Smith and Berezney, 1982), density shift experiments which indicate that
the matrix-bound synthesis continues replication along in vivo-initiated
DNA strands (Tubo et al., 1985), the striking replicative and prereplica-
tive association of DNA polymerase, primase, and other replicative com-
ponents with the nuclear matrix (Smith and Berezney, 1983; Tubo and
Berezney, 1987a,b), and the adenosine triphosphate (ATP)-stimulated
processive synthesis by the matrix-bound polymerase (Tubo et al., 1987)
all point toward a replicative-related role of these matrix-bound activ-
ities.

The clustersome model further predicts that the replicational machin-
ery (replisomes) for many individual replicons is correspondingly clus-
tered at nuclear matrix-bound sites (Fig. 9B). As a step toward testing
this aspect of the model, we developed methods to extract the matrix-

TABLE IV
Properties of Nuclear Matrix-Bound DNA Synthesis

Replicative-dependent association of DNA polymerase a and primase
Okazaki fragments continue synthesis at in vivo forks

ATP-stimulated processive synthesis requires nuclear matrix attachment
Organization into large megacomplexes (100-1508S) is replication dependent
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bound replicational complexes (Fig. 10; Tubo and Berezney, 1987b).
Most of the matrix-bound DNA polymerase o and primase activities
were released in the form of discrete megacomplexes sedimenting on
sucrose gradients at approximately 1008 and 150S. In contrast, complexes
extracted from nuclei during nuclear matrix preparation sedimented at
about 8-10S, which is typical of DNA polymerase—primase complexes

Fig. 10. Isolation of DNA polymerase—primase megacomplexes from rat liver nuclear
matrix. Nuclear matrix was isolated from rat liver nuclei prepared at different times
following partial hepatectomy (Tubo and Berezney, 1987b). DNA polymerase o and
primase activities were effectively released from the isolated matrices by mild sonication
and resolved on sucrose gradients. During active replication of the liver cells (22 hr
posthepatectomy), most of the enzyme activity sedimented as large 100-150S complexes
(megacomplexes). Just before the onset of replication in the regenerating liver (12 hr
posthepatectomy), the DNA polymerase « and primase activities were found pre-
dominantly in 10S complexes. The corresponding dissociation of the megacomplexes to
8-10S complexes following release from the matrix structure led to the suggestion that
the megacomplexes represent clusters of 10S complexes and thus may be components of
the hypothetical clustersomes that we proposed are attached to the nuclear matrix in intact
cells (see Tubo and Berezney, 1987b).



2. Nuclear Matrix and Genome Organization 69

purified from cells. The rapid conversion of the megacomplexes into the
more typically sized 10S complexes following release from the matrix
structure suggested that the megacomplexes were composed of clusters
of 10S complexes and thus might represent the in vitro equivalent of
the predicted clustersome (Fig. 10; Tubo and Berezney, 1987b).

B. Visualizing Replication Sites in Mammalian Cells

A model for the arrangement of these putative nuclear matrix-bound
clustersomes is shown in Figs. 9B and 10. While our biochemical results
supported this model (see Section VI,A), the possibilities of rearrange-
ments or aggregations during nuclear and/or nuclear matrix isolation
could not be completely ruled out. What was needed was a method to
visualize directly the sites of DNA replication in the nuclei of whole cells.

With this in mind, we developed a permeabilized mammalian cell
system to study the incorporation of biotin-11-deoxyuridine 5'-triphos-
phate (biotin-11-dUTP) into newly replicated DNA. The sites of biotin-
ylated, newly synthesized DNA were then directly visualized by fluores-
cence microscopy following reaction with Texas Red-streptavidin
(Nakayasu and Berezney, 1989). Discrete granular sites of replication
were observed. The number of replication granules per nucleus (150 to
300) and their size (0.4-0.8 um in diameter) are consistent with each
replication granule being the site of synthesis of a replicon cluster. At
any given time in S phase, one would anticipate that thousands of repli-
cons would be active and arranged in up to several hundred clusters.

The discrete nature of the individual replication granules is more
apparent at higher magnification (Fig. 11a). Many of the granules appear
to have a somewhat elongated or ellipsoid-like shape. In addition, the
characteristic size and shape of the individual replication granules re-
mained the same while the fluorescence intensity progressively increased
in pulse periods ranging from 2 to 60 min (Nakayasu and Berezney,
1989). The size of the individual replication granules, therefore, is not
determined by the amount of DNA replicated but rather is an inherent
organizational property of each replication site. These results strongly
support the previously proposed clustersome model. It is proposed,
therefore, that each replication granule corresponds to an in vivo cluster-
some (Fig. 9).



70 Ronald Berezney

To what extent are the in situ nuclear patterns of DNA replication
maintained following nuclear matrix isolation? To address this question,
biotin—-dUTP was first incorporated into permeabilized cultured cells
(e.g., 3T3 fibroblasts or PtK1 cells), followed by in situ extraction for
nuclear matrix (Nakayasu and Berezney, 1989). Alternatively, nuclear
matrix structures were prepared and followed by in vitro incorporation
of biotin-dUTP via the nuclear matrix-bound DNA synthesis system.
DNA replication granules observed on the nuclear matrix were virtually
identical in size and number to those in cells (Fig. 11a,b).

Direct information on the in vivo sites of DNA replication was ob-
tained by incorporated 5-bromodeoxyuridine (BrdU) into cultured cells,
and immunofluorescence localization was performed following reaction
with monoclonal antibodies to BrdU and fluorescein isothiocyanate
(FITC) or Texas Red-conjugated secondary antibodies. Despite the
lower sensitivity of this in vivo approach, we observed significant similar-
ity in the size and number of replication granules compared to those
observed in permeabilized cells (Nakayasu and Berezney, 1989). This
provides corroborative evidence for the clustersome model and demon-
strates that the permeabilized cell approach is useful for studying the
organization of replication sites in the cell nucleus. Several other studies
of in vivo replication sites in mammalian cells have found similar results
(Kill et al., 1991; Neri et al., 1992; Fox et al., 1991; O’Keefe et al., 1992;
Hassan and Cook, 1993). In addition, these sites have been visualized
with electron microscopy, with results consistent with the immunofluo-
rescence patterns (Hozak et al., 1993). Similar sites have been detected
following reconstruction of nuclear structures in vitro in Xenopus egg
extracts (Blow and Laskey, 1986).

C. Visualizing Replication Sites in Three Dimensions

A major limitation of these studies is that essentially two-dimensional
information is obtained about what is in fact a three-dimensional system.
We are using laser scanning confocal fluorescence microscopy following
incorporation of BrdU into cultured mammalian cells to obtain real,
three-dimensional information about the spatial organization of the rep-
lication sites in the cell nucleus. Figure 12a—j shows a series of confocal
sections through the nucleus of a 3T3 cell which was replicating its DNA
in early to mid-S phase. A typical pattern of replication granules is
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Fig. 11. Replication granules (clustersomes) in permeabilized cells and after extraction
of cells for nuclear matrix. (a) PtK1 cells on coverslips were permeabilized with 0.04% Triton
X-100 and incubated with a DNA synthesis medium containing biotin-11-dUTP at 37° C for
5 min (Nakayasu and Berezney, 1989). (b) Following incorporating of biotin-11-dUTP, the
cells were extracted for nuclear matrix. (¢) PtK1 cells were first extracted for nuclear matrix.
DNA synthesis was then carried out on nuclear matrix-attached DNA fragments in the
presence of biotin-11-dUTP. The sites of DNA synthesis were visualized under the
fluorescence microscope following incubation with Texas Red-conjugated streptavidin.
Similar granular sites (clustersomes) were detected in all cases (arrows). Bar: 1 um.
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Fig. 12. Three-dimensional visualization of replication granules by laser scanning
confocal microscopy. (a-j) Ten representative optical sections (0.3-wm intervals) of a total
of 17 sections through the nucleus of 3T3 cells following a 60-min in vivo pulse with
BrdU and processing for immunofluorescence staining with antibodies to BrdU and FITC-
conjugated secondary antibodies. Bar: 10 um. (k1) Stereo pair for the three-dimensionally
reconstructed image derived from the 17 individual sections. (m,n) The same three-
dimensionally reconstructed nucleus showing the contours of the individual replication
granules obtained using a multidimensional image analysis system. Bar: 10 um (k-n).



2. Nuclear Matrix and Genome Organization 73

apparent. Figure 12k-1is a stereo pair of the three-dimensionally recon-
structed image derived from the complete series of confocal microscopic
sections through this nucleus. Aside from demonstrating the three-
dimensional organization, this approach allows the individual sites of
replication and their shapes to be seen with enhanced clarity and more
details (compare Figs. 13 and 11). Greater heterogeneity in the size
and shape of individual clustersomes is observed compared to those
visualized with epifluorescence microscopy.

More precise and quantitative information from these three-dimen-
sional images is being obtained by applying multidimensional computer
imaging analysis. In our approach, the analysis and processing software
uses an enhancement algorithm to suppress the background while inten-
sifying the replication sites. A suitable threshold is then used to obtain
the contours of individual sections (Ballard and Brown, 1982; Duda and
Hart, 1973). Three-dimensional replication sites are built up from these
contours by three-dimensional connected component analysis (Samara-
bandu et al, 1994). The visualization software renders these volume
contours as wire frame diagrams on the screen (Fig. 12m,n). It is impor-
tant to note that the x, y, z coordinates (centers of gravity) are deter-
mined for every site and can be displayed in three dimensions. This
enables analysis of specific sites of replication among the hundreds to
thousands that are present.

The segmentation algorithm was furtherimproved by using a spot detec-
tion method which can better discriminate closely spaced replication sites.
Visualization software is also improved by modeling the replication sites
as solid spheres and using ray-tracing algorithms to render these spheres
in three-dimensional space. Higher levels of analysis that are being devel-
oped in our laboratory include forming domains of replication sites based
on the distance to the nearest neighbor and quantifying various aspects of
collocalization of two-channel images which shows DNA replication at
different times (Berezney et al., 1995; Samarabandu et al., 1995).

In one application of these approaches, we are combining dual-color
three-dimensional laser scanning microscopy and computer image analy-
sis with fluorescence in situ hybridization (FISH) to identify where spe-
cific genes are replicated and ultimately to “map” the DNA sequences
at individual replication sites (Berezney, 1995). This represents a direct
test of the “single site—multiple replicon” model and will enable us to
examine the specificity of the DNA sequences at individual sites of
replication. Initial experiments have studied the replication sites of spe-
cific chromosomes in RPMI human lymphoblasts. We have detected
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Fig. 13. Higher magnification of replication granules by confocal Mmicroscopy.
(a) Portion of a typical optical section near the midplane of the nucleus of a 3T3 cell
that was pulsed in vivo for 60 min with BrdU and processed for immunofluorescence stain-
ing with anti-BrdU antibodies and rhodamine-conjugated secondary antibodies. Arrows
point to type T granules. (b,c) Stereo pair of a portion of the three-dimensionally recon-
structed image derived from seven sections (0.5-um intervals), including the section shown
in (a). Bar: 2.2 ym.
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low levels of chromosome 11 replication sites among the multitudes of
nonchromosome 11 DNA replication sites (H. Ma and R. Berezney,
unpublished results, 1996).

In summary, initial steps have been taken toward defining the macro-
molecular assembly of individual replication sites in three dimensions.
Further refinements of the multidimensional analysis programs, along
with high-resolution FISH analysis, should lead to an increasingly clear
picture of gene replication inside the cell nucleus.

VII. CONCLUDING REMARKS

The evidence is compelling that genomic organization, function, and
regulation are linked through nuclear architecture. First are the studies
with isolated nuclear matrices demonstrating the association of a vast
array of functional and regulatory properties. Second are the fluores-
cence and electron microscopic observations of nuclei in whole cells
and tissues showing that (1) the chromatin corresponding to individual
chromosomes is localized in discrete regions of the nucleus, and (2) the
genomic functions of replication, transcription, and RN A splicing occupy
discrete spatial sites inside the cell nucleus.

Most excitingly, these two lines of evidence are beginning to merge.
Results indicate that the overall organization of sites of replication,
transcription, and posttranscriptional RNA transcripts and processing is
strikingly maintained in cells extracted for nuclear matrix. These findings
corroborate the biochemical results demonstrating functional properties
associated with isolated nuclear matrix. They also support the view that
in vitro nuclear matrix systems represent a valuable new approach for
elucidating the relationships of genomic organization, function, and regu-
lation in the mammalian cell nucleus.

In one strategy, proteins or other components known to be involved
in genomic processes can be studied in association with the nuclear
matrix. In another approach, the nuclear matrix can be used as a starting
point to identify novel proteins important for genomic function and
regulation. Finally, both previously known proteins and novel nuclear
matrix-associated proteins can be probes for studying the spatial organi-
zation of these functional sites in intact cells and nuclear matrix prepara-
tions.
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Another important direction is computer image analysis. The first steps
have already been taken in applying multidimensional computer imaging
to the three-dimensional organization of functional sites in the cell nu-
cleus. Realizing the explosive development of computer technology in
the past decade, it is awesome to consider what will be possible as we
approach the 21st century.
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I. SCOPE AND INTRODUCTION

The concept of an intranuclear scaffolding structure was proposed for
the first time by Berezney and Coffey (1974). This structure has been
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named nuclear matrix, nuclear scaffold, nucleoskeleton, or karyoskele-
ton, all referring to essentially the same structure. We will use the term
nuclear matrix throughout this chapter. In the past 20 years, more than
500 papers have been published about aspects of the nuclear matrix.
Fifty percent of these papers appeared in the last three years. Clearly,
the nuclear matrix is enjoying increasing attention. Nuclear matrix struc-
tures are ubiquitous in the eukaryotic world and have, for instance, been
identified in Saccharomyces (Amati and Gasser, 1988), plants (Hall et
al., 1991), Drosophila (Fisher et al., 1982), and mammals (Berezney and
Coffey, 1974).

Thinking about the nuclear matrix has been guided by the concept
that this structure has an important role in the spatial and functional
organization of the interphase nucleus (de Jong et al, 1990; van Driel
et al., 1991; Stuurman et al., 1992a). This idea is fostered by the observa-
tion that the machinery for replication, transcription by RNA polymerase
IT, and RNA processing is associated with the nuclear matrix (see the
beginning of Section IV). Also, chromatin is bound in a specific way to
the nuclear matrix (see Sections II[,A and IV,A). These observations
indicate that the nuclear matrix has an important role in handling the
genetic information in the interphase nucleus.

After 20 years, the basic concept of a continuous, skeleton-like struc-
ture in the nucleus is still valid. However, a number of important ques-
tions regarding the nuclear matrix have not been answered, particularly
about its composition, molecular structure, dynamics, spatial organiza-
tion, and interactions with DN A and enzymes of nucleic acid metabolism.
In this chapter, we present a concise overview of what is known about
the structure and composition of the nuclear matrix and what major
problems exist concerning this structure.

II. THE NUCLEAR MATRIX: DEFINITION AND CONFUSION

A. Operational and Conceptual Definition

To analyze and discuss the organization and composition of the nuclear
matrix, it is essential to have an adequate definition of this structure.
The definition is operational because the in vivo structure at the level
of molecular interactions is not well understood. The nuclear matrix is
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the structure that remains after digestion of the DNA in the interphase
nucleus with nucleases and subsequent extraction of chromatin and all
loosely bound proteins. The resulting structure still has essentially the
size and shape of the original nucleus. Three grossly different substruc-
tures can be discriminated on electron micrographs: (1) the lamina—pore
complex, located at the nuclear periphery, (2) an intranuclear three-
dimensional network of fibers or filaments with associated granular mate-
rial, and (3) residual nucleolar structures. A great deal is known about
the structure and composition of the lamina-pore complex (reviewed
by, e.g., Gerace and Burke, 1988; Nigg, 1989; Dessev, 1990). In contrast,
the molecular structure of the intranuclear fibrogranular network and
of the residual nucleolar structure is largely unknown.

For a variety of reasons that will be discussed, results obtained by
different investigators are contradictory. This situation has resulted in
considerable concern about artifactual structures that may be formed
during matrix isolation (e.g., Cook, 1988)—for example, in precipitation
of nuclear components during extraction of chromatin with buffers con-
taining a high salt concentration. Although several arguments support
the idea that the nuclear matrix exists in vivo, definite proof can be
offered only if the nuclear matrix is understood at the molecular level.
In addition to the operational definition just given, the conceptual defini-
tion of the nuclear matrix will also be used: the putative, in vivo, three-
dimensional network of filaments in the nuclear interior. This will some-
times be indicated by the term in vivo nuclear matrix.

B. Different Isolation Protocols

The procedures for the isolation of nuclear matrices involve digestion
of DNA and extraction of the fragmented chromatin. However, details
of the procedures (e.g., the order of various treatments) may differ
considerably (for a comparison, see Belgrader et al, 1991). As may be
expected for an operationally defined structure, this results in nuclear
matrix preparations that differ in protein composition (Fig. 1), associated
nuclear functions, and ultrastructure as analyzed by electron microscopy.

An additional problem is the intrinsic instability of the intranuclear
fibrogranular network of the nuclear matrix in many cell types. Several
procedures are used to stabilize this structure. In isolation procedures
in which a stabilization step is omitted, the internal fibrogranular struc-
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Fig. 1. Protein composition of rat liver nuclear matrices isolated by different protocols.
Proteins were separated by nonequilibrium pH gradient electrophoresis followed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS~-PAGE). Molecular weights
(kDa) and pH values are indicated in the upper left panel. The upper panels show silver-
stained two-dimensional gels; the lower panels show schematic representation of the most
abundant proteins, that is, about 35% of all spots discernible in the corresponding gels.
The schemes identify proteins that are specific (@) or common (O) to the isolation
protocols. Nuclear matrices were isolated essentially according to the protocol of (A) Fey
et al. (1986), characterized by the use of a cytoskeleton-preserving buffer, VRC, as RNase
inhibitor, and 0.25 M ammonium sulfate to extract the digested chromatin; (B) Mirkovitch
et al. (1984), characterized by the use of heat stabilization, LIS to extract the chromatin,
and restriction enzymes to digest the DNA; and (C) Kaufmann and Shaper (1984),
characterized by the use of NaTT to stabilize the nuclear matrix, DNase and RNase for
digestion, and 1.6 M NaCl to extract the chromatin. Courtesy of N. Stuurman.
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ture may be partially or completely lost. To complicate the situation
further, there are strong claims that the integrity of the nuclear matrix
depends on the presence of intact RNA, possibly heterogeneous nuclear
RNA (hnRNA) (see Section IILE). Therefore, the activity of contami-
nating ribonuclease (RNase) activity in nuclear matrix preparations may
partially destroy its structure. If one adds to these potential causes for
differences among nuclear matrix preparations the effects of the use of
different cell types and tissues as starting material and the different
preparation methods used for electron microscopic analysis of nuclear
matrix structures, confusion about the structure and composition of the
nuclear matrix is complete. Following is a set of critical parameters
that should be considered carefully in comparing different protocols for
nuclear matrix isolation.

1. Nucleases used for digestion of chromatin. Many investigators use
pancreatic deoxyribonuclease (DNase) I (e.g., Berezney and Coffey,
1974; Capco et al., 1982), whereas others employ a cocktail of restric-
tion enzymes (Mirkovitch et al, 1984). In the latter case, more
chromatin will remain associated with the nuclear matrix. Some-
times RNase A is used in addition to DNase I (e.g., Kaufmann et
al., 1981).

2. Presence of RNase inhibitors. Often vanadyl ribonucleoside com-
plex (VRC) is used to inhibit RNase activity (e.g., Fey et al., 1986).
VRC also affects a variety of other proteins (Puskas et al, 1982;
Ohara-Nemoto et al., 1988). Therefore, it may have additional stabi-
lizing effects.

3. Ionic strength of buffers used for isolation of nuclei and for extraction
of chromatin. Buffers of low ionic strength in combination with
buffers containing 1 to 2 M NaCl or KCI have been used (e.g.,
Kaufmann et al., 1981). Penman and co-workers introduced a buffer
optimized to preserve cytoskeletal structures in combination with
the same buffer containing 0.25 M ammonium sulfate (Capco et al,,
1982). Cook and co-workers developed an elegant method to re-
move digested chromatin at near-physiological ionic strength by
electrophoresis after embedding cells in agarose beads (Jackson et
al., 1988), wherecas Laemmli and co-workers employ lithium 3,5-
diiodosalicylate (LIS) in the millimolar concentration range (Mir-
kovitch er al., 1984).

4. Stabilization of the fibrogranular network of the nuclear matrix. The
mild oxidizing substance sodium tetrathionate (NaTT) reversibly
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stabilizes the fibrogranular structure, presumably by introducing
disulfide bonds between proteins (Kaufmann and Shaper, 1984;
Belgrader et al, 1991; Stuurman et al.,, 1992b). Alternative proce-
dures involve incubation with millimolar concentrations of Ca®* or
Cu?* (Lebkowski and Laemmli, 1982a,b) or incubation at 37°C to
40°C (Mirkovitch e al, 1984). It is unclear how most of these
treatments act at the molecular level.

Fey and Penman (1988) introduced a method to separate nuclear
matrix proteins from intermediate filament polypeptides. In this method
the matrix—intermediate filaments structure is dissolved in 8 M urea
under reducing conditions. Subsequently, intermediate filament proteins
are allowed to reaggregate on removal of the urea, after which they can
be precipitated by centrifugation. The resulting preparation of soluble
proteins is enriched in nuclear matrix proteins. However, some nuclear
matrix proteins may coaggregate with the intermediate filament proteins,
and some cytoskeletal intermediate filament-associated polypeptides
may still be present in the mixture of soluble proteins.

Clearly, different protocols result in nuclear matrix preparations with
somewhat different protein compositions (Fig. 1) and with different
components of the nuclear machinery still attached. It is very difficult
to define which proteins are structurally part of the nuclear matrix and
which are not. We and others are attempting to identify the major
structural components of this intranuclear network. What is required
is an understanding of the molecular interactions of the intranuclear
fibrogranular structure. Only if this problem is solved will we understand
the molecular basis of nuclear organization and higher-order regulation
of gene expression.

III. PUTATIVE STRUCTURAL COMPONENTS OF THE INTERNAL
NUCLEAR MATRIX

Although the nuclear matrix was first described 20 years ago (Berezney
and Coffey, 1974), the molecular basis of the internal nuclear matrix is
not known. It is assumed that it consists of one or more (hetero)polymeric
structures to which other matrix components are bound (Stuurman et
al., 1992a). Components that form this putative nuclear framework are
expected to have certain properties: (1) they must be able to form
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continuous but dynamic structures, (2) they must be able to interact with
other nuclear matrix components, (3) they are probably abundant in
matrix preparations, and (4) they may be evolutionarily conserved. We
will discuss some components of the nuclear matrix which may have a
structural function.

None of these components have proved to be the structural basis of
the internal nuclear matrix. A systematic biochemical analysis of the
components in combination with high-resolution ultrastructural tech-
niques is needed to elucidate the organization of the nuclear matrix
(Section V).

A. Matrix-Associated Region (MAR)-Binding Proteins

It is widely believed that the DNA in interphase (Vogelstein et al.,
1980) and mitotic chromosomes (Paulson and Laemmli, 1977) is orga-
nized in loops of 5-200 kb, the bases of which are attached to the nuclear
matrix (interphase) or chromosome scaffold (metaphase). The nuclear
matrix has binding sites for certain A + T-rich DNA sequences, called
scaffold-associated regions (SARs) (Mirkovitch ef al., 1984) or matrix-
associated regions (MARs) (Cockerill and Garrard, 1986), which are
thought to form the bases of the DNA loops. We have shown that the
structural proteins of the nuclear lamina, the A- and B-type lamins, bind
MARSs in vitro (Ludérus et al., 1992, 1994). MAR binding seems to be
a general property of intermediate filament and related proteins because
desmin and NuMA (Section III,D) are also able to bind MARs in vitro
(Ludérus et al., 1994). Because desmin is probably not a nuclear protein
(Section II1,C), it is unlikely that it binds MARs in vivo. Whether lamins
and NuMA bind MARs in vivo is not known.

The nuclear matrix protein scaffold attachment factor A (SAF-A),
also called p120 (von Kries et al., 1994) or sp120 (Tsutsui et al., 1993),
is identical to heterogeneous nuclear ribonucleoprotein (hnRNP) U
(Fackelmayer er al., 1994). In vitro, this protein preferentially binds
to multiple MAR elements. Ultraviolet (UV)-cross-linking experiments
show that it is bound to chromosomal DNA in vivo as well. As shown
by Romig et al. (1992), SAF-A can form large aggregates and mediates
the formation of looped DNA structures in vitro. Therefore, hnRNP-
U/SAF-A may have a function in the organization of chromosomal DNA
in addition to its suggested role in hnRNA metabolism (Section IILE).
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MARSs contain sequences similar to the DNA topoisomerase 11 consen-
sus sequence (Gasser and Laemmli, 1986). Topoisomerase II preferen-
tially and cooperatively binds MAR-containing DNA, resulting in insolu-
ble protein~-DNA aggregates (Adachi et al, 1989). It is a major
component in the nuclear matrix of growing cells and chromosome scaf-
fold preparations (Berrios et al., 1985; Earnshaw et al., 1985; Gasser et
al., 1986). Topoisomerase 1I is bound to the bases of the radial loop
domains of mitotic chromosomes (Earnshaw and Heck, 1985; Gasser et
al., 1986). This implies that topoisomerase II, in addition to its enzymatic
function, also has a structural role in the organization of chromosomes.
Such a structural role has been questioned by Hirano and Mitchison
(1993). These authors found that topoisomerase II activity is necessary
for in vitro mitotic chromosome assembly and condensation using Xeno-
pus egg extracts and sperm chromatin. However, it was easily extracted
from these chromosomes under mild conditions (100 mM NaCl) without
disrupting the shape of the chromosomes. Also, the extremely low con-
centration of topoisomerase II in nonproliferating cells (Heck and Earn-
shaw, 1986) and its absence from lampbrush chromosomes (Fischer et
al., 1993) do not indicate a structural role for topoisomerase II in the
organization of chromosomes.

Another abundant nuclear matrix protein is found to bind MAR:s.
Von Kries et al. (1991) identified a 95-kDa chicken protein, named
attachment region binding protein (ARBP), that selectively and coopera-
tively binds several MARs. This protein is soluble only at salt concentra-
tions above 200 mM NaCl and in the presence of 2-mercaptoethanol.
On dilution or dialysis, purified ARBP forms aggregates that do not
redissolve by the addition of NaCl to 2 M.

To conclude, in addition to having a structural role in the lamina, the
lamins can bind MARs and may be involved in the organization of
interphase chromosomes at the nuclear periphery. Of the intranuclear
MAR-binding proteins, both hnRNP U and ARBP are the most serious
candidates to play both a structural role in the nuclear matrix and a role
in the loop organization of DNA. Doubts have been raised about a
structural function for topoisomerase II in a putative chromosome scaf-
fold in metaphase and interphase.

B. Actin

Several authors have demonstrated that actin is not only part of the
cytoskeleton, but is also a constituent of interphase nuclei and nuclear
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matrices (Clark and Rosenbaum, 1979; Capco et al., 1982; Nakayasu and
Ueda, 1983, 1985a, 1986; Valkov er al, 1989; Verheijen et al,, 1986;
reviewed by Verheijen et al., 1988). It is not clear in all cases whether
this finding is due to the residual cytoskeleton that cofractionates with
the nuclear matrix (Staufenbiel and Deppert, 1984). Another reason to
be suspicious about the nuclear localization of actin is that several types
of stimuli, such as heat shock and dimethyl sulfoxide, can lead to transio-
cation of actin into nuclei (Ono et al, 1993, and references therein).
However, the existence of an additional acidic form of actin in nuclei
of mouse L-cells (Nakayasu and Ueda, 1986) and the presence of actin
in hand-isolated Xenopus oocyte nuclei, which are likely to be free of
cytoskeleton (Clark and Rosenbaum, 1979), may indicate that actin is
present in the nucleus. Also, the last-named authors demonstrated the
presence of nuclear actin in situ using ultrastructural techniques.

It was long unclear whether the putative nuclear actin was present in
the form of filaments. Filamentous actin has been found in neuronal
interphase nuclei (Amankwah and De Boni, 1994). These authors used
heavy meromyosin (HMM) to decorate the actin filaments. Double label-
ing with HMM-Au and an antibody to sarcomeric a-actin showed that
only a small amount of actin in the nucleoplasm is in filamentous form.
Previously, Clark and Rosenbaum (1979), using DNase I inhibition
assays, found that in the nuclei of Xenopus oocytes approximately 63%
of the total nuclear actin exists in a globular state. Ankebauer et al.
(1989) showed that nuclei of different species contain a heterodimeric,
actin-binding protein. This protein increases the critical concentration
for actin assembly and, therefore, could be responsible for the relatively
high concentration of G-actin in nuclei.

Evidence for a possible role of nuclear actin in RNA metabolism has
been documented. Scheer et al. (1984) observed that microinjection of
actin-binding proteins or antibodies to actin into nuclei of living amphib-
ian oocytes resulted in the inhibition of transcription by RNA polymerase
IT of the lampbrush chromosomes. Nakayasu and Ueda (1984, 1985b)
showed that actin filaments are closely associated with small nuclear
ribonucleoproteins (snRNPs) and pre-mRNAs. They also reported that
rapidly labeled RNA was released from the nuclear matrix under condi-
tions that cause depolymerization of actin filaments. Later, Sahlas et al.
(1994) showed colocalization of actin with snRNP and the splicing factor
SC-35 in interphase PC12 nuclei, depending on the differentiation state
of the cell.

We conclude that F-actin may be a structural part of the nuclear
matrix. Some observations suggest a function for actin in transcription,
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RNA processing, or RNA transport, but the precise role of actin in these
processes is unclear.

C. Intermediate Filament Proteins

In many cases, the quantitatively major proteins are those of the
adhering cytoplasmic intermediate filament system rather than those of
the nuclear matrix itself (e.g., Capco et al., 1982; Staufenbiel and Deppert,
1984; Verheijen et al., 1986). Evidently, the nuclear matrix is tightly
associated with cytoskeletal elements, particularly the intermediate fil-
ament cytoskeleton. Extending this observation, it has been suggested
that the nuclear matrix, the cytoskeleton, and the extracellular matrix
between cells in a tissue constitute one large, continuous structure
through which cells may communicate (Getzenberg et al., 1990; Pienta
and Coffey, 1992; Ingber, 1993a,b).

Publications by Jackson and Cook (1988), He et al. (1990), and Wang
and Traub (1991) show nuclear matrices consisting of filaments bearing
a strong resemblance to intermediate filaments. However, additional
evidence that intermediate filaments are present inside mammalian nu-
cleiis scarce. During the last few years, it has been claimed that intermedi-
ate filament-like proteins are present in the nuclear matrix, but mainly
in plants (Beven et al., 1990; Frederick et al., 1992; McNulty and Saunders,
1992; Minguez and Moreno Diaz de la Espina, 1993). The evidence is
based on cross-reaction of antibodies against intermediate filaments or
lamins with proteins in the internal nuclear matrix but not in the residual
nucleoli. Aligue et al. (1990) found a cytokeratin-like protein in nuclear
matrix preparations of regenerating rat liver. Bridger et al. (1993) de-
tected internal lamin structures in nuclei of human dermal fibroblast,
but only during the G, phase. However, Belgrader er al. (1991) showed
that a monoclonal antibody that recognizes an epitope common to all
known intermediate filaments does not cross-react with proteins other
than lamins of HeLa nuclear matrices which are free of cytoskeleton.
Given the lack of evidence for the presence of known intermediate
filaments in the nucleus, it is possible that the intermediate filament-
resembling structures mentioned earlier (Jackson and Cook, 1988; He
et al, 1990; Wang and Traub, 1991) represent new members of the
intermediate filament family.
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Because of the structural function of intermediate filaments in the
cytoskeleton and lamina, proteins of or closely related to the class of
intermediate filament proteins are interesting candidates for structural
proteins of the internal matrix. However, such proteins have not been
identified unambiguously.

D. Nuclear—Mitotic Apparatus Protein and Other Coiled-Coil Proteins

The nuclear—mitotic apparatus (NuMA) protein was first identified
by Lydersen and Pettijohn (1980). In interphase cells it is restricted to
the nucleus, but in mitotic cells it localizes to the spindle poles. Although
Lydersen and Pettijohn found the protein to be specific to humans,
others found it later in other mammalian nuclei as well (Tang er al,
1993; Yang et al., 1992). NuMA is also known as centrophilin (Tousson
et al., 1991), spindle pole-nucleus (SPN) antigen (Kallajoki et al., 1993)
and SP-H (Mackawa et al, 1991). DNA sequence analysis predicts a
protein with two globular domains separated by a large, discontinuous
a-helical domain similar to coiled-coil regions in structural proteins such
as intermediate filaments (Compton et al., 1992; Yang et al., 1992). Analy-
sis of various cDNA clones has suggested the existence of NuMA iso-
forms generated by alternative splicing: in addition to the predominant
230-kDa form, a 195-kDa isoform has also been observed (Tang et al.,
1993).

During mitosis NuMA appears to play an essential role in spindle
microtubule formation. During recovery from microtubule inhibition,
NuMA foci act as microtubule organizing centers (Kallajoki et al., 1991;
Tousson et al, 1991). Kallajoki er al. (1991, 1993) also showed that
microinjection of antibodies raised against NuMA blocks mitosis, result-
ing in daughter cells with micronuclei. Little is known about the function
of NuMA in the interphase nucleus. NuMA has been shown to be a
component of the nuclear matrix (Lydersen and Pettijohn, 1980; Kalla-
joki et al., 1991). Zeng et al. (1994) showed that NuMA colocalizes with
splicing factors (Sm proteins) in interphase nuclei and nuclear matrices of
Hel a cells. NuMA is also associated with snRNP in immunoprecipitated
complexes from HeLla cells but associates in vitro only with splicing
complexes that are reconstituted with pre-mRNA. These results have
led to the suggestion that NuMA may provide a bridge between RNA
processing and the nucleoskeleton (Zeng er al., 1994).
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In yeast a related coiled-coil protein (110 kDa) is found called nuclear
filament-related protein (NUF1) (Mirzayan et al., 1992), which is also a
constituent of the nuclear matrix. Also, in mammalian cells, a related
protein of the same size is found. The localization differs during mitosis
from NuMA: it is dispersed in the cytoplasm. Nickerson ez al. (1990)
reported a nuclear matrix protein (W511) with stretches of homology
to the a-helical regions of intermediate filaments.

Given their primary structure and subnuclear distribution, the coiled-
coil proteins NuMA, NUF1, and W511 are candidates for a structural
role in the nuclear matrix. In addition, NuMA binds MARSs in vitro and
possibly RNA as well. However, it is not known whether NuMA binds
to nucleic acids in vivo. Likewise, more knowledge is required about
the ability of NuMA, NUF1, and W511 to form homo- or heteropolymers.

E. RNA and Heterogeneous Nuclear Ribonucleoproteins

The nuclear matrix, isolated without RNase, contains about 70% of
the nuclear RNA (Long et al, 1979; van Eekelen and van Venrooij,
1981; He et al., 1990). In addition, several agents that inhibit or stimulate
transcription induce extensive structural rearrangements in nuclei and
nuclear matrices (reviewed by Brasch, 1990). The observation that the
nuclear matrix is sensitive to RNase digestion (Kaufmann et al., 1981;
Long and Schrier, 1983; Bouvier et al,, 1985a,b; Fey et al., 1986; He et
al., 1990; Belgrader et al., 1991) may indicate that RNA has a structural
role, in combination with certain RNA binding proteins.

Proteins known to be associated with RNA are present in the nuclear
matrix, like the hnRNP proteins (Dreyfuss et al., 1984; Fey et al., 1986;
Verheijen et al., 1986; He et al., 1991; reviewed by Verheijen ez al,, 1988).
Van Eekelen and van Venrooij (1981) showed that hnRNP C1/C2 could
be cross-linked to hnRNA in nuclear matrices from HeLa cells. These
proteins could not be released by RNase, which suggests that they are
involved in the binding of hnRNA to the nuclear matrix. In this study, the
internal matrix seemed to resist RNase treatment. In contrast, Dreyfuss et
al. (1984) found the hnRNP C proteins to be extracted with RNase
from nuclear matrices. Interestingly, some of the hnRNP proteins form
filaments under certain conditions (Kloetzel et al., 1982; Lohstein et al.,
1985). These helical filaments (diameter 18 nm, pitch 60 nm) are formed
by hnRNP (A2);(B1) tetramers in low salt concentrations and are insolu-
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ble in 2 M NaCl. It is not known if these proteins also occur in the
matrix in a filamentous form. Gallinaro et al. (1983) compared the compo-
sition of nuclear matrices with those of salt-resistant hnRNP complex
preparations, both derived from adenovirus 2-infected Hela cells. The
results confirmed the similarity between the two structures. Both prepa-
rations contained rapidly labeled hnRNA, and they shared the same
proteins, stRNAs, and the same adenovirus 2 transcripts. He et al. (1991)
showed hnRNPs proteins to be associated with nuclear matrix filaments.
These results together are compatible with the idea that salt-resistant
hnRNP complexes associated with pre-mRNA are an integral part of
the filaments of the internal matrix.

In Section III,A we mentioned that the abundant hnRNP U is a MAR-
binding protein and binds DNA in vivo. Other hnRNP proteins may
also have a function in the organization of chromosomes, as hnRNP A1,
A2-B1, D, and E can bind to single-stranded d(TTAGGG),, the human
telomeric DNA repeat (Ishikawa et al, 1993).

It is tempting to speculate that (some) hnRNP proteins, especially
hnRNP U, play a structural role in nuclear matrix organization because
(1) they are abundant in the nucleus and in nuclear matrix preparations,
(2) they aggregate under certain conditions, and (3) they bind RNA and
DNA in vitro and in vivo.

F. Concluding Remarks

The most simple concept of the nuclear matrix is a system of one or
more three-dimensional frameworks of homo- or heteropolymers. On
examination of several potential structural proteins of such polymers,
only actin, ARBP, and some hnRNP proteins, in particular hnRNP U,
seem to fulfill the criteria summarized at the beginning of Section III.
It is also possible that other known nuclear matrix proteins, like NuMA,
as well as proteins that have not yet been identified, can form polymers.
The protein composition of the nuclear matrix is complex (Fig. 1), and
the properties of many proteins that fractionate with the nuclear matrix,
independent of the isolation procedure, are not known. We should also
seriously consider the possibility that the nuclear matrix is the result of
the cooperative interaction of many different components, including
RNA. So, despite many years of investigation, the structure of the nuclear
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matrix remains unclear. Section V briefly indicates how this structure
can be determined.

IV. NUCLEAR MATRIX AND NUCLEAR FUNCTION

Certain conditions of DNA digestion and extraction of nuclei allow
the isolation of structures which are almost as active as intact nuclei in
replication (Jackson and Cook, 1986) and transcription (Jackson and
Cook, 1985; Razin er al.,, 1985), although most of the DNA has been
extracted. In other words, replication and transcription are associated
with the nuclear matrix. Nuclear matrices have also been prepared that
contain preassembled spliceosomes which can splice exogenous RNA
substrates rapidly, provided that the matrices have been reconstituted
with certain soluble factors (Zeitlin ez al., 1989). These results imply that
the nuclear matrix has binding sites for spliceosomes and for one or
more members of transcription and replication complexes, that is, the
DNA template, the polymerase and auxiliary proteins, and the nascent
RNA or DNA. These binding sites have not yet been identified.

Although the molecular interactions involved in the association of
transcription, replication, and splicing with the nuclear matrix remain
elusive, much has been learned about the spatial distribution of these
matrix-associated functions in the last two decades. The nuclear matrix
is also thought to play a role in the organization of interphase chromo-
somes. The spatial distribution of individual chromosomes and matrix-
associated functions is briefly discussed in Section IV,A because of their
importance for our understanding of the in vivo structure of the nu-
clear matrix.

A. Interphase Chromosome Organization and Spatial Distribution of
Replication, Transcription, and Splicing

With the aid of chromosome-specific DNA probes, it has become
clear that the space occupied by individual interphase chromosomes is
restricted to a limited domain within the nucleus. Moreover, individual
chromosome domains do not overlap. Apparently, interphase chromo-
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somes remain compact and highly organized (see Haaf and Schmid,
1991, for a review).

The spatial distribution of sites of DNA and RNA synthesis in the
cell nucleus has been studied with two methods. In the first method,
cells are pulse-labeled with [*H]thymidine, to visualize sites of replication
(Fakan and Hancock, 1974), or with [*H]uridine, to visualize sites of
transcription (for a review, see Fakan and Puvion, 1980), followed by
electron microscopic autoradiography (EMARG). More recently, nucie-
otide analogs have been used to label nascent DNA (Gratzner et al,
1975; Nakamura et al., 1986; Nakayasu and Berezney, 1989; Wansink et
al., 1994) or RNA (Jackson et al., 1993; Wansink et al., 1993). Labeled
nucleic acids are then detected by immunofluorescence microscopy or
immunogold EM using nucleotide analog-specific antibodies. This
method is more rapid and has a higher sensitivity and resolution in
immunogold EM than in EMARG. Results from both methods are
mutually compatible (D. G. Wansink ez al, this volume). Transcription
by RNA polymerase II, which produces predominantly pre-mRNA,
takes place at the border of clumps or strands of condensed chromatin
distributed throughout the nucleoplasm. After a chase following a pulse
of [*H]uridine, the labeled pre-mRNA is found mainly in the interchro-
matin space (Fakan and Puvion, 1980). Also, snRNPs and other factors
responsible for splicing are present in the interchromatin space in associa-
tion with newly synthesized RNA (Fakan er al, 1984; Spector ez al.,
1991). In addition, splicing factors are present in relatively high concen-
trations in clusters of interchromatin granules. These irregularly shaped
structures, with a diameter between 0.2 and 1 wm, are also present
exclusively in the interchromatin space. It is not clear to what extent
splicing occurs within or outside these clusters of interchromatin gran-
ules. Like transcription, DNA synthesis is predominantly localized at
the borders of dense chromatin (Fakan and Hancock, 1974). Importantly,
the spatial distribution of nascent DNA (Nakayasu and Berezney, 1989),
nascent RNA, and splicing factors (D. G. Wansink et al., this volume)
remains unaltered after digestion and extraction of most of the chromatin
from sodium tetrathionate-stabilized cells. This indicates that the struc-
tural principles underlying the spatial organization of nucleic acid metab-
olism are reflected in the nuclear matrix.

In conclusion, nucleic acid metabolism is associated with the nuclear
matrix, and takes place in the interchromatin space and at the borders
of dense chromatin.
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B. Implications for the Nuclear Matrix Concept

If we take into consideration the spatial organization of interphase
chromosomes and the spatial distribution of nuclear matrix-associated
functions, the following picture of the overall nuclear organization
emerges. Two main compartments can be envisaged: the chromatin com-
partment and the interchromatin space. The chromatin compartment is
formed by the individual chromosomes, each of which has its own terri-
tory. The chromatin compartment can be subdivided in the transcription-
ally silent dense chromatin and in the transcriptionally active, presumably
more decondensed chromatin in direct contact with the interchromatin
space. The interchromatin space forms a channeled network between
the individual chromosomes. Also within the interchromatin space, sub-
compartments can be recognized: clusters of interchromatin granules.
Then the question arises of how the nuclear matrix is spatially and
functionally related to the chromatin compartment and the interchroma-
tin space. Given the fact that active genes, hnRNA, and snRNPs are
major components of the nuclear matrix, we may expect that the in vivo
nuclear matrix must at least be part of the interchromatin space and its
borders with the chromatin compartment. The nuclear matrix is also
thought to be involved in the organization of DNA in loops. Could it
be that the bases of DNA loops are also attached to this putative frame-
work of the interchromatin space and to the borders of the chromatin
compartment? Or are the presumptive filaments of the in vivo nuclear
matrix also present within the central parts of the chromatin compart-
ment in vivo? In other words, is there an interphase pendant of the
metaphase chromosome scaffold that organizes the DNA in loops around
the central chromosome axis? This question deserves further investiga-
tion. However, as noted in Section IILLA, in vitro experiments indicate
that loop organization in interphase may occur at least partially at the
periphery of the chromatin compartment, both at the nuclear lamina,
mediated by the lamins, and in the nuclear interior, mediated by hnRNP
U/SAF-A. If lamins and hnRNP U/SAF-A are involved in the organiza-
tion of loops in vivo, which has yet to be demonstrated, then we can
envisage that at least part of the bases of DNA loops are attached to
structures present at the periphery of the chromatin compartment.

In conclusion, a model is presented for the in vivo spatial organization
of the nuclear matrix with regard to the chromatin compartment and
the interchromatin space. We propose that the nuclear matrix is a frame-
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work in the interchromatin space in contact with the periphery of the
chromatin compartment. It is involved in the organization of nucleic
acid metabolism. The same perichromosomal framework, together with
the nuclear lamina, contains bindig sites for A + T-rich DNA sequences
that may form the bases of DNA loops.

V. CHALLENGES AND OUTLOOK

The nucleus is a highly organized organelle containing several func-
tional compartments. The molecular interactions underlying the forma-
tion and maintenance of nuclear compartments are not known, but the
operationally defined nuclear matrix is expected to provide a clue to
determine the structural basis of nuclear organization. This expectation
is based on the observation that the spatial distribution of compartmen-
talized components remains unaltered in nuclear matrices compared
with the parent nuclei (Wansink et al., 1993; Nakayasu and Berezney,
1989; Zeng et al., 1994).

How can we determine the structure of the internal nuclear matrix?
The most important criterion that should be fulfilled by the structural
component(s) is the formation of continuous structures inside the nu-
cleus. This has to be shown by labeling of internal filaments in intact
nuclei with antibodies against nuclear proteins, using EM and limited
in vivo cross-linking, followed by immunoprecipitation and analysis of
coprecipitating components. To select such proteins, a thorough bio-
chemical analysis of matrix proteins is needed, preferably using high-
resolution two-dimensional gel electrophoresis and computerized analy-
sis systems. The first step is to distinguish peripheral proteins (including
contaminating cytoskeleton proteins) and internal matrix proteins (Mat-
tern et al, 1996). This can be done by using a special property of the
internal structure: it easily dissociates using RNase and reducing agents
(e.g., Belgrader et al, 1991). The next step is to distinguish between
adherent proteins and proteins that are necessary for the integrity of
the internal nuclear matrix. Probably the structural proteins will be
abundant in matrix preparations, independent of the cell type or the
isolation procedure used. Stuurman ez al. (1990) showed that a defined
set of matrix proteins is present in many different cell types, referred
to as minimal matrix proteins. Such a set of common proteins could also
be obtained by comparing differently isolated nuclear matrices (see Fig.
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1). These isolation procedures can include those used by several authors,
as well as additional procedures aimed at stripping the adhering compo-
nents from the nuclear matrix, as proposed by Stuurman et al. (1992a).

This combined biochemical and ultrastructural approach will ulti-
mately answer the question of how the nuclear matrix is built up. The
elucidation of the structure of the internal nuclear matrix is the first step
in understanding nuclear organization in relation to the regulation of
gene expression.
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NOTE ADDED IN PROOF

Sections I11.E and V: Recently we have shown that the major proteins of the internal,
fibrogranular nuclear matrix of HeLa S3 cells are B23 (numatrin) and 16 hnRNP proteins,
together making up 75% of the total internal matrix protein mass (Mattern ez al., 1996).
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L. INTRODUCTION

The nuclear matrix is thought to contribute to the structural and func-
tional organization of DNA by providing a framework to which specific
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regions of DNA can attach and form topologically independent loop
domains. The DNA segments that have high affinity to the nuclear matrix
in vitro [matrix attachment regions (MARs)] are postulated to be located
at the bases of the chromatin loops. MARs have been identified in
various types of cells and are AT-rich without consensus.

Evidence shows that MARSs play a role in tissue-specific gene expres-
sion. MARs associated with the immunoglobulin u heavy chain locus
are essential for transcription of a rearranged u gene in transgenic B
lymphocytes (Forrester er al, 1994). In addition, a cell type-specific
MAR-binding protein, special AT-rich binding protein 1 (SATB1), has
been identified; this protein is expressed predominantly in thymocytes
(Dickinson et al., 1992).

We examined AT-rich MARs from the DNA structural viewpoint and
found that they contain a subset of AT-rich sequences that are capable
of readily relieving negative superhelical strain by base unpairing or
unwinding. This finding on the MAR-DNA structure led to the first
cloning of a MAR-binding protein, SATB1. SATB1 binds to double-
stranded MAR sequences that will unwind under superhelical strain;
however, it will not bind to mutated MARs which are still AT-rich yet
have lost their unwinding capability. This chapter describes the DNA
structure of MARs, gene cloning of the MAR-binding protein SATBI,
and the biological significance of SATB1 and other MAR-binding pro-
teins with similar binding specificities.

II. MATRIX ATTACHMENT REGIONS CONTINUOUSLY BASE
UNPAIRED UNDER SUPERHELICAL STRAIN

We used a chemical probe (chloroacetaldehyde) which specifically
reacts with unpaired DNA bases to examine the MARSs structure in vitro
in supercoiled DNA. Chloroacetaldehyde reaction is ideal for detecting
such unpaired bases because its reaction specificity is very high and
remains unchanged under varying ionic conditions. Even a single un-
paired base present in supercoiled plasmid DNA can be detected and
mapped in a sequencing gel (reviewed in Kohwi-Shigematsu and Kohwi,
1992). The modified DNA bases can be mapped at a single base resolu-
tion in polyacrylamide gels (Kohwi and Kohwi-Shigematsu, 1988; Kohwi-
Shigematsu and Kohwi, 1992). Using this chemical probing method, we
examined various MARs, including DNA sequences surrounding the
immunoglobulin heavy chain (IgH) enhancer (Cockerill ez al., 1987), the
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human interferon 8 (hulFN-B) gene MARs (Bode and Maass, 1988;
Mielke et al., 1990), a MAR 5’ of the human B-globin gene (Jarman and
Higgs, 1988), a MAR 5’ of the locus control region (LCR) of the human
B-globin locus (Yu et al., 1994), potato light-inducible gene (Stockhaus
et al., 1987), and the yeast H4 ARS sequence (Amati and Gasser, 1988).

We identified the chloroacetaldehyde-reactive regions in all the MAR
segments examined, indicating that MARs typically contain specific re-
gions that have high base-unpairing propensity (base-unpairing region,
BUR). Detection of BURs in MARs surrounding the IgH enhancer is
shown in Fig. 1. The length of the unpaired regions depends greatly on
the salt concentration: the lower the ionic strength, the more extensive
the unpairing region. When BURSs of various MARs were examined for
their base-unpairing potential under varying salt concentrations, a clear
preference was observed for the direction in which base unpairing ex-
panded. In the case of the BUR within the MAR located 3’ of the IgH
enhancer, unpairing expanded toward the relatively guanine cytosine
(GC)-rich core enhancer region as the salt concentration decreased
(Kohwi-Shigematsu and Kohwi, 1990; summarized in Fig. 1D). This base
unpairing is not due to a high rate of DNA “breathing” in these AT-
rich regions; rather, it reflects stably unwound DNA structures; this was
demonstrated by a two-dimensional gel analysis of topoisomers with
different linking numbers (Fig. 2). Figure 2 shows that at topoisomer
—23 there is a jump in mobility, indicating a structural transition beyond
the superhelical density of approximately p = —0.05. The 13 topoisomers
with lower linkage than topoisomer —23 (shown by a bracket in Fig. 2)
contain stable unwound DNA structure, as they all migrated more slowly
in the first dimension than the topoisomer at the structural transition.
Mobility of these topoisomers was about the same in the first dimension,
with a very slight increase in mobility as the superhelical density in-
creased. This indicates that after the structural transition, progressive
unpairing occurs as superhelical density increases. In summary, the more
negative the superhelical strain applied to a MAR sequence, the more
unwinding occurs to relieve the negative superhelical strain by continu-
ously base unpairing. By doing so, MARs can store negative supercoil
energy.

III. DETERMINATION OF CORE UNWINDING ELEMENTS

When MAR segments are examined under low ionic strength, we
can delineate BUR using the chloroacetaldehyde method described in
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Fig. 1. Fine mapping of the chloroacetaldehyde (CAA)-reactive sites surrounding the
IgH enhancer. (A) Supercoiled plasmid pSERCulkb was reacted with CAA in sodium
acetate buffer at pH 5 containing 25 mM Na* (lane 2), 37.5 mM Na* (lane 3), and
50 mM Na* (lane 4). DNA in lane 1 was not CAA-modified. The CAA-modified and
unmodified DNA were 5'-end-labeled at the PVull site and further digested with Xbal (left
gel) or 3’-end-labeled at the Xbal site and digested with PVull (middle and right gels). The
labeled DNA fragment containing the CAA-reactive sequence was isolated from a native
acrylamide gel and subjected to chemical reaction with hydrazine (HZ) or with formic acid
(FA). The DNA was then reacted with piperdine. The DNA sample was loaded on a 6%
denaturing urea-polyacrylamide gel. Arrows a—d indicate regions of CAA reactivity. The
region shown by broken lines (---) within the arrows indicates additional CAA reactivity
resulting under low-salt conditions. The DNA fragments are end-labeled at the restriction
site indicated by a star. (B) Supercoiled plasmid pPSERCu300bp containing the EcoRI-Xbal
(3’) 300-bp fragment was reacted with CAA in sodium acetate buffer at pH 5 containing
25mM Na* (lane 2),75 mM Na* (lane 3),25 mM Na* and 2 mM Mg?* (lane 4), and 50 mM
Na*and2mM Mg?* (lane 5). Lanes 1 and 6 represent CA A-unmodified DNA. The DNA was
3'-end-labeled at the Xbal site and digested with Scal (at position 157). The Xbal (3')-Scal
fragment was isolated from a native acrylamide gel, subjected to HZ-piperdine reaction,
and loaded onto a 6% urea-denaturing polyacrylamide gel. The arrow f indicates the region
of CAA reactivity under a low-salt condition, and the double-headed arrow e indicates the
region of CA A reactivity under a high-salt condition. Positions 749 and 747 are indicated to
show CAA reactivity at adenine residues at these positions in the presence of Mg?* (see D
for summary). (C) Supercoiled plasmid pSERCu700bp containing the Xbal(5')-EcoR1
700-bp fragment was reacted with CAA in a solution acetate buffer at pH 5 containing
25 mM Na* (lane 2), 37.5 mM Na* (lane 3), 50 mM Na* (lane 4), 75 mM Na* (lane 6),25 mM
Na*and2mM Mg?* (lane 7),and 50mM Na* and 2 mM Mg?* (lane 8). Lanes 1 and Srepresent
CAA-unmodified DNA. The DNA was 5'-end-labeled at the Pvull site and further digested
with Xbal. The Pvull-Xbal(5') fragment (left and middle gels) and the Pvull-EcoRI
fragment (right gel) were isolated and subjected to HZ—-piperdine reaction. The double-
headed arrow g indicates the region of CAA reactivity 5’ of the enhancer. (D) Summary of
chemicalcleavage sites for the CAA-modified IgH enhancerregion. The solid double-headed
arrow represents major CAA reactivity observed at 50 mM Na* or higher. Broken lines
represent extended CAA reactivity under 25 and 37.5 mM Na*. Underlined sequences
indicated by small arrows are those similar to the core elements common to most viral
enhancers (Weiher et al., 1983).

Section II. On the other hand, by increasing the ionic strength and/or
adding Mg?* ions [the condition(s) that stabilize double-stranded DNA],
it is possible to delineate a small subregion or core unwinding elements
within BURs (Kohwi-Shigematsu and Kohwi, 1990). Because these ele-
ments persistently remain base-unpaired even under high ionic strength,
they have exceptionally high unwinding propensity. For example, in the
case of the 300-bp MAR segment 3’ of the IgH enhancer, a 160-bp
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2 nd

Fig. 2. Two-dimensional gel electrophoresis of DNA containing the IgH Xbal 992-bp
fragment. A mixture of topoisomers of different mean superhelix density for
pTKCATCulkb and pBR322 (inset) was prepared using calf thymus topoisomerase 1
(Bethesda Research Laboratories, Gaithersburg, MD) in the presence of various concen-
trations of ethidium bromide (Kochel and Sinden, 1988) and was electrophoresed from a
single well in a 1.2% agarose gel in 80 mM Tris-borate and 10 mM ethylenediamine-
tetraacetic acid (EDTA), pH 8.2 at 22°C. The gel was then soaked in the same buffer
containing 50 wg/ml chloroquine and rerun in this buffer in a direction of 90° to the original
dimension at 22°C. The gel was stained in ethidium bromide and photographed under
ultraviolet illumination. The number of topoisomers and the positions of nicked DNA
(N) and linear DNA (L) are indicated. The bracket indicates topoisomers that contain
stable, unwound DNA structure.
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region (positions 655 to 819) was delineated as the BUR under low ionic
strength. Under a higher-salt condition, the BUR was confined to a
narrower region of 58 bp (positions 737 to 795). Ultimately, an ATATAT
motif residing in this 58-bp region remained unpaired even in the pres-
ence of Mg?* ions (Fig. 1B, lanes 4 and 5).

The short motif ATATAT in this particular sequence context of the
MAR proved to be a core unwinding element by site-directed mutagene-
sis. Mutagenizing the ATATAT motif to CTGTCT led to the complete
abolishment of the unwinding capability of the entire 300-bp MAR
region. Therefore, this motif is necessary for the unwinding of the MAR
region (Fig. 3; compare lanes 2 and 4).

Atre there core unwinding elements in other MARs? We examined the
MAR of the hulFN-8 gene and found similar results. In the IFN-8 MAR,
there was also a subregion marked by very high unwinding capability, and a
short sequence within this subregion remained unpaired even under high-
salt conditions. When this element was mutated, entire MAR sequences be-
came incapable of unwinding under negative superhelical strain (Bode ez al,
1992). This particular core unwinding element also contained a sequence
AATATATTT identical to the core element for the MAR 3’ of the IgH
enhancer. For certain MARs, the short DNA sequences that remain base-
unpaired under high-salt conditions were found to be GC-rich sequences that
are capable of forming non-B DNA structures such as an intramolecular
triple helix structure under negative superhelical strain (L. A. Dickinson,
J. Bode, Y. Kohwi, and T. Kohwi-Shigematsu, unpublished results, 1996).
Whether these sequences are core unwinding elements must be studied by
site-directed mutagenesis experiments.

IV. UNWINDING CAPABILITY AND MAR ACTIVITY

The observation that MARs share a high unwinding propensity
prompted us to investigate the importance of this structural characteristic
in MAR activity. MAR activity was measured by its binding to the
nuclear matrix and its effect on enhancer/promoter activities in vivo.
We found a strong correlation between unwinding capability and these
biological activities (Bode et al., 1992). We designed an experiment to
address this question by employing a short oligonucleotide sequence of
25 bp sequence 5" TCTTTAATTTCTAATATATTTAGAA 3’ (wild-
type monomer). This was derived from the 3’ MAR of the IgH enhancer
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TTTAATTTCTAATATATTTAGAARACT  wild type

TTTAATTTCTACTETCTTTAGARAACT  mut 1 4 Gl oo P
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TTTAATTTCTAATATATTTACAAMACT  mut 2
TTTAATTTCTAATAAATTTAGAAMACT  mut 3
TTTAATTTCTAATATCTTTAGAAAACT  mut 4
TTTAATTTCTAATGTATTTAGAABACT  mut 5
TTTAATTTCTACTATATTTAGAAMACT  mut 6

TTTAATTTGTAATATATTTAGAARACT mut 7

Fig. 3. Effects of site-directed mutagenesis on CAA reactivity in the IgH enhancer
region. (Left) List of mutated DNAs employed in this experiment. These mutations were
introduced to the pSERCu1kb plasmid with the use of synthetic oligonucleotides shown
here using the kit from Amersham (Arlington Heights, IL). (*) indicates the nucleotide
mutated. (Right) Supercoiled plasmid DNA, wild-type (pSERCu1kb) (lanes 1 and 2), mut
1 (lanes 3 and 4), mut 3 (lanes 5 and 6), and mut 4 (lanes 7 and 8) were either reacted
(even-numbered lanes) or not reacted (odd-numbered lanes) with CAA in 25 mM sodium
acetate buffer at pH 5. The DNA was then digested with Xbal and 5’-end-labeled with
T4 kinase and [y-*?P]JATP. The DNA was further digested with Pvull, and the Xbal
(3")—Pvull fragment was isolated. The labeled DNA was then subjected to HZ-piperdine
reaction and electrophoresed on a 6% urea-denaturing polyacrylamide gel.
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Fig. 4. Base-unpairing property of wild-type and mutated oligonucleotide multimers.
Complementary oligonucleotides 5'-TCTTTAATTTCTAATATATTTAGAALttc-3' and
5-TTCTAAATATATTAGAAATTAAAGAgaa-3' that contains the nucleation site of
unwinding in the wild-type MAR 3’ of IgH enhancer were hybridized into double-stranded
DNA, concatemerized by hybridization through overlapping single-stranded ends, and
then digested with mung bean nuclease to remove single-stranded ends. The bases that
were added to serve as single-stranded tails are indicated by lowercase letters. Multimers
contained one EcoRlI site per monomer. The orientation of the sequence was the same
throughout the multimer. Multimers were separated on an acrylamide gel, and heptamers
and octamers were cloned into the EcoRYV site of a Bluescript vector. For the preparation
of mutated multimers, we used 5'-TCTTTAATTTCTACTGCTTTAGAAttc-3' and 5'-
TTCTAAAGCAGTAGAAATTAAAGAAgaa-3’ for hybridization. Supercoiled plasmid
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which contains the unwinding core element (underlined) and a homolo-
gous 24-bp sequence, 5'-TCTTTAATTTCTACTGCITTAGAA 3’
(mutated monomer where three adenines are mutated and one thymine
is deleted), as underlined. Both sequences were made into a duplex
DNA and multimerized in a unidirectional manner to prepare seven
repeats for the wild type [wild-type (25);] and eight repeats for the
mutated sequence [mutated (24)g]. The resulting wild-type (25); and
mutated (24)gs were both AT-rich sequences, yet they conferred contrast-
ing structural properties in supercoiled plasmid DNA. Under negative
superhelical strain, the wild-type (25); readily unwinds by extensive
base unpairing, whereas the mutated (24)s sequence completely resists
unwinding (Fig. 4).

When these two AT-rich sequences were examined for their affinity to
the nuclear matrix in vitro, the wild-type (25); strongly bound to the nu-
clear matrix, while the mutated (24)s showed only weak binding (Fig. 5).
Usually a long stretch of native MAR segments is required to confer bind-
ing to the nuclear matrix in vitro; 300 bp is considered the minimum length
to detect any binding. The artificial MAR sequence, wild-type (25);, was
less than 200 bp, yet it showed an affinity to the nuclear matrix comparable
in strength to that of the native 800-bp MAR segment “IV”’ of IFN-8 gene
(Bode eral., 1992). This indicates that the sequence enriched in unwinding
core elements serves as a critical site for binding to the nuclear matrix.
These results show that not any AT-rich sequence will confer binding to
the nuclear matrix and that the unwinding property of an AT-rich se-
quence is important for the sequence to be classified as a MAR.

The effects of these two types of AT-rich sequences on the transcrip-
tional activity of the linked reporter gene were examined in stable trans-
formants. The strong MAR sequences from the hulFN-8 gene, a light-
inducible potato gene (ST-LS1), and the chicken lysozyme gene have
been known to augment substantially the activity of heterologous pro-
moters after integration of the transfected DNA (Phi-Van et al., 1990;

DNA (Bluescript DNA) with either (A) a wild-type (25bp),; or (B) a mutated (24bp)s
sequence was reacted with CAA. CAA modification was performed in sodium acetate
buffer (pH 5) that contained 25 mM Na* (lane 2), 50 mM Na* (lane 3), 75 mM Na* (lane
4), or 25 mM Na* plus 2 mM MgCl, (lane 5). Lanes 1 and 6 show unmodified control
DNA. The CAA-modified sites in the HindI11- BgI1 fragment, 3’ end-labeled at the HindIlI
site, were determined as in Fig. 1. CAA-modified DNA bases are indicated with (*). FA,
formic acid.
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Fig. 5. The wild-type (25bp); bound to the nuclear scaffold. Wild-type (25bp); and
mutated (24bp)s were analyzed in vitro for their affinity for the nuclear scaffold in comparison
with known MAR and non-MAR fragments: Ve, vector part (Clal-Xbal fragment of
pBluescript) as a non-MAR control; IV, 800-bp core fragment from the MAR upstream of
hulFN-8; (VIII), and (VIII);, multimers of a 150-bp “sub-MAR” fragment that resides in
IV [designations for DNA fragments as in Mielke ez al. (1990)]. All fragments were labeled
with Klenow polymerase and [a-**P]dATP (2’-deoxy-5'-triphosphate). To determine the
affinity of these DNA sequences to scaffolds, we used an in vitro reconstitution protocol
that selects for DNA fragments with an affinity for the extraction-resistant nuclear scaffold
(Mielke ez al., 1990). A mixture of all fragments without (lanes 1 and 2) or with (lanes 3 and
4) mutated (24bp)s was incubated at 37°C overnight with nuclear scaffold prepared from
more L cells, then separated into a pellet (P) and a supernate (S) fraction by centrifugation
(4°C, 14,000g, 45 min). DNA was then purified and dissolved in 200 ] of 10 mM Tris-HCl
(pH 7.5) and 1 mM EDTA buffer. DNA was applied (2000 cpm per slot) to a 3% agarose
gel. After electrophoresis, the gel was dried and autoradiographed overnight.

Stief et al., 1989; Mielke er al., 1990; Klehr er al, 1991). Wild-type (25),
and mutated (24)z were placed 5’ of the SV40 early promoter, which is
fused with the luciferase indicator gene (Fig. 6, top). This DNA construct
was stably integrated into the mouse L cell genome. For the construct
containing wild-type (25);, the activity of the luciferase gene was aug-
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Fig. 6. Transcription-enhancing activity of wild-type (25bp); and mutated (24bp)s in
vivo. The wild-type (25gp); or mutated (24bp)s sequence was excised as a BamHI-Sall
fragment from a Bluescript vector and cloned into plasmid Lu (Klehr et al., 1991) at the
BamHI and Sall restriction sites in a position upstream of the SV40 promoter to generate
Lu-(25bp); and Lu-(24bp)s plasmids. Plasmid Lu-E(2200) contains the 2.2-kb upstream
MAR element of hulFN-8, and Lu-e(150) contains a 150-bp sub-MAR fragment; both
were inserted upstream of the SV40 promoter. One microgram of each of the vector
plasmids Lu, Lu-E(2200), Lu-(25bp),, and Lu-(24bp)s was linearized at the Pvul site and
transfected into mouse L cells, as described (Mielke er al., 1990). This method resulted in
a small number of integrations per cell and no indication of tandem integration. Stable
transformant cells were selected with neomycin analog G-418 (700 mg/ml) for 10 days.
The clones were counted on day 12. The cells from 100 to 200 independent colonies were
grown close to confluence. Extracts were prepared from a defined number (0.8 X 10° to
1.4 x 10 of cells from the pools resistant to G-418 and were tested for luciferase activity
(Williams et al,, 1989). Luciferase fluorescence activity is reported per 10° cells and is
normalized to a single copy per cell. The standard deviations of the luciferase activity,
derived from several experiments, are shown by error bars.
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mented more than sixfold in comparison to the original vector construct
(pLu) without the insert. This level of augmentation is close to the eight-
fold increase monitored for the 2.2-kb MAR 5’ of the hulFN-g gene (Fig.
6,bottom), which contains multiple subsites, including an 800-bp core frag-
ment [which, on its own, yields a mere twofold enhancement (data not
shown)]. The construct containing mutated (24)s, after stable integration,
didnotaugment the transcription; instead, it reduced luciferase gene activ-
ity in reference to the basal level activity of the control vector plasmid
(pLu). This demonstrates that a short 190-bp sequence rich in the core
unwinding element [wild-type (25),] is capable of strongly augmenting the
transcriptional activity of the SV40 enhancer/promoter-driven reporter
gene; this effect correlates well with the nuclear matrix binding affinity,
which, in turn, depends on the ease of base unpairing,

MARs unwind only when subjected to negative superhelical strain.
Because unwinding is biologically significant for MARs, one must con-
sider whether such supercoiling occurs inside eukaryotic cells. In bacte-
rial and yeast systems, active transcription of a gene induces local nega-
tive supercoiling 5’ and positive supercoiling 3’ of the gene (Liu and
Wang, 1987; Giaever and Wang, 1988; Wu et al, 1988), as shown in
topoisomerase-defective mutant cells. In eukaryotes, the potential also
exists to generate superhelical strain by the local removal of histone
octamers; this issue, however, is controversial. Previously, we examined
whether active transcription also induces local negative superhelical
strain in mammalian chromatin, using poly(dG)-poly(dC) sequences
of varying length as probes. These sequences form an intramolecular
dG - dG - dC triplex only when subjected to negative superhelical strain,
and their potential for adopting the dG - dG - dC triplex structure is
strikingly length dependent (Kohwi and Kohwi-Shigematsu, 1988, 1991).
The results of such experiments strongly suggest that negative superheli-
cal strain can exist, at least transiently, in mammalian chromatin up-
stream of a transcriptionally active gene. Such superhelical strain can
be relieved by specific DNA sequences which adopt altered DNA confor-
mations (Kohwi and Kohwi-Shigematsu, 1991). It is possible that MARs
are used to relieve local superhelical strain generated during the pro-
cesses of replication and transcription,

V. CLONING OF ¢cDNA ENCODING MAR-BINDING PROTEIN SATB1

If the DNA structural property is functionally significant, there may be
a protein(s) that can distinguish DNA sequences with specific structural
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properties from others that lack these properties. To test this hypothesis,
a human testis Agtll expression library was screened with the radiola-
beled wild-type (25); probe for a protein that binds to this sequence.
This led to the isolation of a ¢cDNA that encodes a 763 amino acid
protein, which we named special AT-rich binding protein 1 (SATB1)
(Dickinson et al., 1992). SATB1 strongly binds to wild-type (25),, which
has a high unwinding propensity; on the other hand, it shows virtually
no affinity to mutated (24)g, which lacks unwinding propensity (Fig. 7A).
SATBI is therefore capable of clearly distinguishing similar AT-rich
sequences based on their contrasting structural properties (Fig. 7B).
Because all MAR sequences tested so far in our laboratory share this
strong base-unpairing property, we expected SATB1 to bind to MARs.
SATBI did show a strong affinity to various MARs based on gel-mobility
shift assay (Fig. 7C) but not to non-MAR AT-rich sequences. The dissoci-
ation constant, K, was determined for each of the MARs and ranged
between 1 X 107 and 1 X 107'° (Dickinson and Kohwi-Shigematsu,
1995). These K, values for SATB1 indicate that SATBI1 binds to its
target sequences as tightly as many sequence-specific transcription
factors.

VI. SATB1 RECOGNITION OF SPECIFIC SEQUENCE CONTEXT

Examination of the way SATBI1 distinguishes certain AT-rich se-
quences from others would increase our understanding of the key compo-
nents of MAR sequences. To study this problem, direct contact sites of
SATBI1 binding were determined for the MAR located immediately 3’
of the IgH enhancer. The deoxyribonuclease (DNase) 1 footprinting
method was inappropriate for this purpose; instead, we employed the
missing nucleoside technique to determine which nucleosides are con-
tacted by SATB1 on the DNA (Hayes and Tullius, 1989). This alternative
approach involved hydroxyl radical treatment of DNA, resulting in the
loss of a deoxyribose residue with its attached base, causing the phopho-
diester backbone to break at this position. The DNA fragments contain-
ing an average of one random nucleoside gap per molecule were used
as probes to examine SATB1 binding. Direct contact sites determined
by this hydroxyl radical interference experiment are underlined immedi-
ately below the nucleotide sequences in Fig. 8 A. These direct contact
sites were all AT-rich sequences without any consensus motif. Instead
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of suggesting a loosely defined consensus, we noticed that all of the
direct contact sites resided within a specific DNA context (indicated by
brackets), in which one strand consists of As, Ts, and Cs and the other
strand of well-mixed As, Ts, and Gs (ATC sequence context). From our
previous chloroacetaldehyde analysis of base-unpairing sequences, we
were able to correlate the sites of ATC sequence context and high
base-unpairing propensity. When stretches of sequences with the ATC
sequence context were found in tandem, strong unpairing was detected
under negative superhelical strain. It is significant that SATB1 direct
contact sites are found within a sequence context that correlates with
high unwinding potential. As shown in Fig. 8C, major contact sites II,
111, and IV colocalize with the base-unpairing sequences, as detected by
chloroacetaldehyde under negative superhelical strain; in fact, site IV
corresponds exactly to the core unwinding element. These direct contacts
sites are located in the region where sequences of ATC context are
found in tandem. One remote site, I, confers SATB1 binding, probably
because it has a fairly long stretch of ATC sequence context by itself.
However, it does not confer base unpairing because it is a single unit.
To confirm that SATB1 recognizes an ATC sequence context rather
than the specific DNA sequence with which it makes direct contact, we
kept the direct contact sites intact and mutated the surrounding se-
quences to destroy the ATC sequence context. Such mutation greatly

Fig. 7. Sequence requirement for SATB1 binding and mobility shift assay with MAR
and non-MAR DNA probes. (A) Autoradiograph of a gel retardation assay with SATBI,
synthesized in reticulocyte lysate, and various repeats of wild-type or mutant synthetic
oligonucleotide probes. Lanes 1 and 2: [wild-type (25),], lanes 3 and 4: [mut(24)g], lanes
5 and 6: [wild-type (25)], lanes 7 and 8: [mut (24),]. Uneven-numbered lanes (—) are
controls without added protein; even-numbered lanes (+) contain SATB1 synthesized in
reticulocyte lysate. (B) Sequences of the top strand of the wild-type (wt) and mutant
(mut) oligonucleotide monomers. The nucleation site for unpairing, ATATAT in the wt
oligonucleotide, was changed to CTG-CT in the mut oligonucleotide, as indicated by
boldface letters. (C) SATB1 synthesized in reticulocyte lysate was used in gel-mobility
shift assays, with the probes indicated on top of the lanes. Lanes indicated by (=) contain
samples with no protein (SATB1) or competitor (comp.) added to the binding reaction;
lanes marked by (+) contain samples to which protein was added. A 200-fold molar excess
of specific competitor (sp) was present in the samples shown in lanes 3, 7, 10, 14, 17, 20,
and 23, and nonspecific competitor (ns) was added to the samples in lanes 4 and 11. The
nonspecific competitor was a 445-bp Pvull restriction fragment isolated from Bluescript.
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Fig. 8. ATC sequences and SATB1 contact sites in the IgH enhancer fragment. (A)
ATC sequences within the 5’ and 3’ regions of the IgH enhancer fragment are indicated
by capital letters and brackets, and their positions are shown by numbers. The six SATB1
contact sites are underlined and indicated by roman numerals. (B) Band shift assay with
bacterially produced SATB1 and oligomers derived from the ATC sequence 51-83. Only
the shifted bands are shown for better comparison between the wild-type (wt 51) and mutant
(mut 51) ATC sequence 51-83. Lanes 1-8 contain the following protein concentrations in
nanograms: 0 (lane 1), 31 (lane 2), 62.5 (lane 3), 125 (lane 4), 250 (lane 5), 500 (lane 6),
1000 (lane 7), 2000 (lane 8). The sequences of the double-stranded oligomers wt 51 and
mut 51 are shown at the bottom; the dots indicate Gs that were replaced by Cs in the
mutated DNA. The SATBI1 contact site is underlined. (C) Relative location of SATB1-
binding sites and sequences with known activities in the IgH enhancer. The 997-bp Xbal
fragment containing the enhancer, flanked by the 5’ and 3’ regions, is pictured with the
major restriction sites. The arrowhead indicates the location of the ATATAT nucleation
site for unpairing. The MARs located 5’ and 3’ of the enhancer core are shown by hatched
bars (Cockerill et al., 1987). CAA-reactive areas are represented by double-headed arrows
(Kohwi-Shigematsu and Kohwi, 1990). The four major and two minor recognition sites
for SATBI are given by solid and open bars, respectively.
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reduced the affinity of SATB1 (Fig. 8B). Therefore, it is not the direct
contact site that SATB1 recognizes, but rather the specific sequence
context. Thus, SATB1 is not a sequence-specific DNA-binding protein,
but a sequence context-specific binding protein.

Clustering of DNA sequences with the ATC sequence context is com-
monly found in MARs. This is summarized for two MARs, the yeast
centromere CENIII and the potato light-inducible gene (ST-LS1) (Fig.
9). These regions containing clustered ATC sequences have a strong
propensity to unwind under negative superhelical strain.

In summary, SATB1 recognizes the specific regions (BURs) in MARs
that readily become unpaired when subjected to negative superhelical
strain. If the unwinding capability of MARs is important for MAR
activity and the BUR is a target for the sequence context-specific MAR-
binding protein SATB1, the BUR of MARs may be a key region for
the biological function of MARs.

VII. UNUSUAL MODE OF BINDING FOR SATB1

Although ATC sequence clusters confer a high propensity for base
unpairing under negative superhelical strain, these sequences remain
double-stranded in a linear DNA fragment. These double-stranded se-
quences are the targets for SATB1 binding. How does SATB1 identify
ATC sequences with high unpairing potential before they are actually
unpaired? To study this recognition mechanism, we examined the bind-
ing mode of SATBI1 in detail. The results of competition experiments
using minor groove binding drugs, distamycin A and berenil, showed
that SATB1 binds in the minor groove of DNA (Fig. 10A). SATB1
made very little contact with the bases; modification of the bases at
the major groove with dimethyl sulfate and chloroacetaldehyde did not
interfere with SATBI binding. In addition, depurination of bases at the
frequency of a single base per DNA template had no adverse effect on
SATBI1 binding (Fig. 10B,C). These results show that SATB1 binds
primarily in the sugar—phosphate backbone. It is surprising that SATB1
binding occurs at specific sites in MARs, making almost no direct contact
with the specific bases. It is most likely that SATB1 preferentially binds
specific sites indirectly by recognizing an altered sugar—phosphate back-
bone structure that is dictated by the ATC sequence context. These
results may suggest that ATC sequences already have an altered double-
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Fig. 9. Clustering of ATC sequences in yeast and plant MARs. (Top) The sequence
of the 400-bp Sau3A-Rsal fragment of the centromere of chromosome 111 (CENIII) is
shown. The 320-bp Rsal-Rsal region of this Sau3A-Rsal fragment is a MAR (Amati and
Gasser, 1988). The minimal-functional CENIII region has been mapped to an Rsal-Alul
fragment (Carbon and Clarke, 1984) and contains two distinct, short consensus regions
(elements I and III, shown by double-headed arrows) flanking an 87-bp A +T-rich region
(element II; Fitzgerald-Hayes et al., 1982). (Bottom) the Styl-Hincll fragment of a MAR
from potato light-inducible gene (S7-LS1) is shown. ATC sequences are shown by brackets.
Some ATC sequences are superimposed.
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stranded DNA structure which can be detected by a protein such as
SATBI1. Such sequences may unwind readily when subjected to negative
superhelical strain.

It is unknown whether SATB1 recognizes ATC sequences when they
are unpaired in supercoiled plasmid DNA. This is because it is difficult to
fine-map the SATB1 direct contact sites using supercoiled plasmid DNA
as the templates. Neither heat-denatured wild-type(25); nor a single-
stranded synthetic monomer wild-type (25), binds SATB1 (L. A. Dickin-
son and T. Kohwi-Shigematsu, unpublished results, 1992). While SATB1
does not bind to single-stranded DN A, it is possible that ATC sequencesin
supercoiled plasmid DNA contain an altered but unknown conformation.

VIII. NOVEL MOTIF FOUND IN MAR-BINDING DOMAIN OF SATB1

It is of interest to determine the MAR-binding domain of SATB1
because this protein exhibits an unusual mode of DNA recognition;
therefore, the DNA-binding domain may contain a new motif. We deter-
mined the MAR-binding domain in a newly cloned SATB1 gene from
mouse thymus (Nakagomi et al., 1994). The mouse SATB1 protein is
98% homologous to the human SATBI1 originally isolated from testis.
Both human and mouse SATBI1 contains two sets of amino acid repeats
(boxes I and 11), as well as a glutamine stretch (Q,s) (Fig. 11, top). We
delineated a 150 amino acid polypeptide (Scal-Asel) as the binding
domain of mouse SATB1. This region confers full DNA-binding activity,
recognizes the specific sequence context, and makes direct contact with
DNA at the same nucleotides as the whole protein. As expected, this
DNA-binding domain was found to contain a novel DNA-binding motif.
When fewer than 21 amino acids at either N- or C-terminal sequences
of the binding domain were deleted, the majority of its DNA-binding
activity was lost (Fig. 11). Concomitant presence of both terminal se-
quences was mandatory for binding. The two sets of short amino acid
sequences (a and b regions) at the N-terminal and (a’ and b’ regions)
the C-terminal regions of the 150 amino acid DNA-binding domain share
some homology. These N- and C-terminal regions of the MAR-binding
domain probably extend toward the DNA sites, as shown in the model
(Fig. 11, bottom). All DNA binding analyses and delineation of DNA-
binding domains were performed in the presence of dI - dC as a nonspe-
cific DNA competitor.
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To study further the MAR-binding motif of SATB1, we employed an
independent approach. We used a phage library displaying nonamer
random peptides with no built-in structure to identify a MAR-binding
motif (Wang et al, 1995). The phage that bound specifically to a
MAR affinity column displayed one predominant cyclic peptide motif,
CRQNWGLEGC. This peptide exhibited 50% identity with a segment
in SATB1 (amino acid 355-363) and could replace the native sequence in
a chimeric SATB1 construct without loss of binding affinity or specificity.
Mutations of conserved residues greatly reduced MAR binding. The
novel MAR-binding motif may help identify other proteins similar to
SATBI that belong to a new class of DNA-binding proteins.

IX. BIOLOGICAL SIGNIFICANCE OF SATB1

The proteins believed to bind MARs contribute to the structural orga-
nization of chromatin by anchoring the base of the chromatin to the
nuclear matrix. If this is true, these MAR-binding proteins are expected
to be more or less ubiquitous. In fact, other MAR-binding proteins, such
as topoisomerase II (Berrios et al, 1985; Earnshaw and Heck, 1985;
Gasser et al., 1986; Adachi et al, 1989; Sperry et al., 1989), lamin B,
(Ludérus et al., 1992), and heterogeneous nuclear ribonucleoprotein U

Fig. 10. Distamycin A competition of SATB1 binding and chemical interference
experiments. (A) Distamycin A competition: autoradiograph of a gel retardation assay
with SATBI1 synthesized in rabbit reticulocyte lysate and radiolabeled 3'-En fragment
[EcoRI(683)-Xbal(997)]. Distamycin A (Dist.) was added at the start of the binding
reaction in the concentrations indicated in uM at the top of the lanes. The open arrowhead
indicates SATB1-bound DNA, and the solid arrowhead indicates distamycin-bound DNA.
SATB1 was omitted or present in the samples indicated by (=) or (+), respectively.
(B) Depurination interference and (C) methylation interference with end-labeled [wild-
type (25);] bound to thrombin cleaved bacterially produced SATB1. Lanes F and B
represent the free and protein-bound probes, respectively, that were separated in a gel
mobility shift assay. The stippled bars indicate SATB1 contact sites, as determined by
hydroxyl radical interference (missing nucleoside experiment), and the full contact
sequence and the location of the ATATAT sequence within the other contact site are
given in (C). Two adenine residues in each repeat that interfered with binding when
methylated are indicated by stars.
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Fig. 11. Fine mapping of the DNA-binding domain and a model for the DNA-binding
domain structure of mSATB1. (A) The top panel shows the schematic structure of mSATB1
in the amino acid regions 259-592 containing the DNA-binding region. Amino acid
positions used to create deletion clones are indicated in parentheses and by capital letters.
Positions of restriction sites Scal and Asel were used to prepare BH peptide. The double-
headed arrows indicate essential regions for DNA-binding activity of mSATB1. The
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(hnRNP-U) protein [formally called scaffold attachment factor A (SAF-
A)] (Romig et al., 1992; Fackelmayer et al., 1994; von Kries et al., 1994;
K. Tsutsui and K. Tsutsui, personal communication), are all ubiquitous
proteins. Therefore, it was surprising to find that SATB1 was a tissue-
specific protein, predominantly expressed in thymocytes (Fig. 12A). At
the time of SATB1 ¢cDNA cloning, this tissue-specific expression of
SATB1 was not known, and the gene was cloned from a human testis
cDNA expression library as a rare gene. Ribonuclease (RNase) protec-
tion assay showed that SATBI is expressed in testis, but the level of
expression is substantially lower than that in thymus (Fig. 12B). The
thymocyte-specific expression of SATB1 has an important biological
implication; MAR-binding proteins may play an important role in gene
regulation. Many MAR regions colocalize with or reside in close proxim-
ity to regulatory sequences, including enhancers (Cockerill and Garrard,
1986; Gasser and Laemmli, 1986; Cockerill et al., 1987; Jarman and Higgs,

positions for the homologous amino acid sequences a and a’ and b and b’ are indicated
by short arrows below the double-headed arrows. The specific regions of cDNA from
which polypeptide was made are shown by bars. The positions of the fragment ends are
indicated by capital letters where the corresponding amino acid positions are indicated
on the schematic structure above. These cDNA fragments were prepared with the use of
oligonucleotide primers and Taq polymerase and were cloned into pRIT2T (Pharmacia,
Piscataway, NJ) in frame with Protein A. The DNA-binding activities of protein synthesized
from these clones as Protein A fusion proteins are shown on the right column relative to
the BH peptide in terms of kilodaltons of a given peptide per kilodalton of BH peptide
%X100. N indicates N-terminal and C indicates C-terminal. (B) Gel-shift mobility assay
using various concentrations of proteins. The column-purified Protein A fusion proteins
were used for the assay. Results for mSATB1 protein, BH peptide, and CG peptide
as Protein A fusion proteins are shown. Concentrations: 0 ug (lane 1), 0.05 ug (lane 2),
0.075 ug (lane 3), 0.1 pg (lane 4), 02 ug (lane 5), 0.3 ug (lane 6), 0.5 ug (lane 7), 0.75 ug
(lane 8), and 1.0 ug (lane 9). (C) Plot showing DNA-binding activity for all SATB1
fragments as Protein A fusion protein based on the gel-mobility shift assay. The
densitometric scans of autoradiograms was used to calculate the percentage of DNA
fragments that are shifted. The two sets of short amino acid sequences at the N- and C-
terminals of BH peptide also share some homology, as indicated. The repeats designated
as a and b are at the N-terminal, and those designated as a’ and b’ are at the C-terminal.
Identical amino acids are boxed, and chemically similar amino acids are shown by dots.
Gaps are indicated by bars. The position of amino acids are indicated. The DNA-binding
structure consists of a loop region that contains Box I and Box II, and the two subdomains
a, b at the N-terminal region (indicated as N) and b’ and a’ at the C-terminal region
(indicated as C) extending toward the DNA sites.
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Fig. 12. Tissue specificity of SATB1 expression. (A) Northern blot analysis. In this
study, 10 ug each of total cellular RNA from mouse tissues was analyzed using a
radiolabeled Aval(392)-Bgl/l11(1278) restriction fragment from pAT1146 (Fig. 1A) as a
probe. The major transcript of 3.7 kb in thymus is marked. A transcript of the same size
was also detected in human thymus RNA (data not shown). Br, Brain; He, heart; Ki,
kidney; Li, liver; Lu, lung; Mu, muscle; Ov, ovaries; Sp, spleen; Th, thymus; Te, testis. The
bottom panel is a photograph of the ethidium bromide-stained 28S and 185 rRNA bands
on the formaldehyde gel before transfer to the hybridization membrane, showing that
equal amounts of RNA were loaded in each track. (B) RNase protection assay. The
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1988). The tissue specificity of the MAR-binding protein SATB1 raises
the possibility that some of these regulatory sequences are MARs them-
selves and not regulatory sequences that happen to colocalize with MAR
segments. More specifically, regulatory sequences may correspond to
BURSs or possibly to the core unwinding elements of BURs. Cotransfec-
tion experiments with a SATB1-expressing plasmid DNA and a reporter
gene linked to wild-type (25); showed that SATB1 suppresses the tran-
scriptional enhancement activity of wild-type (25); in stable transfor-
mants (T. Kohwi-Shigematsu and J. Bode, unpublished results, 1996).

Computer-aided protein analysis of SATBI revealed an atypical ho-
meodomain and two sets of repeated elements in SATB1 that share
homology with the Cut repeats found in the Cut homeodomain protein
family. The homeodomain has identified a class of master control genes
that play a key role in the specification of the body plan and in the
genetic control mechanisms of eukaryotic gene regulation (reviewed in
Gehring, 1992). The SATB1 homeodomain by itself binds poorly and
with low specificity to DNA. However, the combined action of the ho-
meodomain and the MAR-binding domain confers an even higher level
of binding specificity by directing the protein toward a core unwinding
element among multiple ATC sequence stretches clustered in a MAR
(Dickinson et al., submitted, 1996). For example, the preferential binding
of SATBI to site IV over sites V and VI in the MAR 3’ of the IgH
enhancer (Fig. 8C) is achieved by the SATB1 homeodomain together
with the MAR-binding domain. This effect of the homeodomain can be
detected in the absence of poly[(dI-dC) - (dI - dC)] in the DNA binding
assay. The fact that SATBI is a homeodomain protein and targets a
specific element that controls overall MAR structure suggests that devel-
opmental regulation could take place at the level of chromatin structure
mediated by MARs.

RNA probe used is shown schematically underneath the autoradiograph. The sizes of the
undigested probe (244 bases) and of the RNase-resistant fragments (196bp; lane M) are
indicated. The control lane (1) contains undigested probe. Total cellular RNA (25 ug
each) was from human thymus (lanes 2 and 5), testis (lanes 3, 6, and 9), and the human
testicular cell line Germa-1 (Hoffmann ez al., 1989) (lanes 4, 7, and 10); lane 8 does not
contain RNA. The panel on the right-hand side with lanes S to 10 is an overexposure of
the autoradiograph shown on the left-hand side to confirm the presence of a 196-bp
protected RNA transcript in testis and Germa-1.
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SATBI1 may play a critical role in T-cell development. We examined
whether SATBL1 is expressed at specific stages of the T-cell lineage and
detected a high level of expression of SATB1 in immature thymocytes for
both CD4* CD8* double-positive and single-positive cells, but SATB1 is
undetectable in mature T cells (T. Kohwi-Shigematsu, 1. deBelle, and
Y. Kohwi, unpublished results, 1995). In collaboration with Dr. D. Y.
Loh and Dr. J. D. Alvarez at the Washington University, St. Louis,
Missouri, we are in the process of preparing SATBI gene knock-out
mice to examine the biological function of SATBI1.

SATBI1 may also be involved in T-cell proliferation. A report identified
the SATBI gene as an immediate early gene induced after stimulation
of the peripheral T cells by either the lymphokine interleukin-2 (IL-2)
or the T-cell antigen receptor-CD3 complex (TCR-CD3) (Beadling et
al., 1993). Quiescent lymphocytes are stimulated initially by antigen-
presenting cells via the TCR-CD3, together with accessory molecules
such as CD28, which enable the cells to produce and respond to IL-2.
Subsequently, the interaction of IL-2 with its receptor promotes cell
cycle progression and DNA replication (Smith, 1988). Of eight IL.-2-
induced genes isolated, seven were specific to the IL-2-mediated G,
“progression”’ phase of the cell cycle. Only one of these genes is induced
during the T-cell receptor-triggered Gy—G; “competence’ phase and
identified as SATB1 (Beadling et al., 1993).

In summary, SATBI is a very interesting protein that is likely to have
an important role in cellular development and proliferation. The func-
tional role of SATBI1 is probably mediated by its binding targets, MARs.

X. OTHER MAR-BINDING PROTEINS THAT CAN DISTINGUISH
WILD-TYPE (25); FROM MUTATED (24)

SATBI is a sequence context-specific DNA-binding protein. To search
for other proteins similar to SATB1, we constructed a DNA affinity
column containing concatemerized, double-stranded wild-type (25) oli-
gonucleotides. We chose human erythroleukemia K562 cells to isolate
a MAR-binding protein using this affinity column because whole cell
extracts prepared from these cells confer high MAR-binding activity,
even though only a small amount of SATBI1 is present. Such MAR-
binding activity was retained after K562 cell extracts were mixed with
anti-SATB1 antibody; the activity was completely lost by preincubation
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of thymyocyte extracts with the serum. The affinity column purified a
protein of 100 kDa to near homogeneity which was not recognized by
anti-SATB1 antibody. After antibody production and subsequent clon-
ing of the cDNA, the protein was identified as nucleolin. Nucleolin is
the major nucleolar protein or rapidly dividing cells and plays an impor-
tant role in the regulation of ribosomal RNA gene transcription and
assembly (Jordan, 1987). Nucleolin is known to be an RNA-binding
protein that also binds single-stranded DNA. When double-stranded
wild-type (25)s and mutated (24)g were tested for binding to nucleolin,
nucleolin was found to bind specifically to sequences of high unwinding
potential (Fig. 13). Nucleolin binds wild-type (25)s with an affinity ap-
proximately 50-fold higher than that of mutated (24)g. Furthermore,
nucleolin binds a variety of MAR sequences; therefore, the binding

Compet. - - - - - wt mt ns
Protein - + + + + + + +

. --.. L

1 2 3 B S 6 7 8

Fig. 13. Nucleolin selectivity binds the wild-type MAR but not the mutated MAR.
Gel retardation with wild-type (25)s probe. Nucleolin concentrations were 0, 1.5, 3, and
12 ng/20 wl in lanes 1-5, respectively, and 12 ng/20 ul in lanes 6-8. A 200-fold molar
excess of unlabeled wild-type (25)s (wt) (lane 6), mutated (24)s (mt)(lane 7), and a
nonspecific 445-bp Pvull fragment from Bluescript (ns)(lane 8) were added as competitors.
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specificity of nucleolin for double-stranded DNA was very similar to that
of SATBI1. The binding affinity of nucleolin was, in general, considerably
lower than that of SATB1 and showed some preference for certain MAR
sequences, especially CENIII (K; = 5 X 107°) (Dickinson and Kohwi-
Shigematsu, 1995).

Unlike SATB1, nucleolin binds single-stranded DN A much more pref-
erentially than double-stranded DNA. Nucleolin shows a clear strand
preference; the T-rich strand of wild-type (25)s is strongly favored over
its complementary strand. The complementary strand binds with a similar
affinity to double-stranded wild-type (25)s. From these findings, it can
be concluded that nucleolin is a MAR-binding protein that also binds
to single-stranded DNA with clear strand preference. Its tight association
with the nucleolar matrix is consistent with the discovery that nucleolin
is a MAR-binding protein. The multifunctional roles that nucleolin plays
in cells are likely to be mediated by MAR sites in the ribosomal DNAs.

XI. CONCLUSION AND FUTURE PROSPECTS

Characterization of the structural property of MARSs in supercoiled
plasmid DNA has led to the discovery of MARs that consist of a subset
of AT-rich sequences (BURs) that possess an unusually high base-
unpairing propensity. BUR contains a cluster of sequences with the ATC
sequence context. Mutagenesis experiments specifically destroying the
unpairing capability of MARs demonstrated that this unpairing propen-
sity is important for MARs to confer biological activity such as binding
to the nuclear matrix and enhancement of a linked gene in vivo.

Because MARs contain BURS, they can potentially serve as an energy
sink; that is, by unwinding, they can relieve the negative superhelical
strain that transiently occurs in chromatin. It is important to reiterate
that the concept of the ATC sequence context was derived from both
in vitro structural analysis of MARs and characterization of the binding
site recognition by the cloned MAR-binding protein SATB1. MARs are
not merely AT-rich sequences with no consensus; they have a novel
structural consensus that has never been characterized for other DNA
binding sequences.

Although MARs contain the unique region BUR, this does not neces-
sarily mean that all MAR-binding proteins specifically recognize BURs.
There may be some MAR-binding proteins, especially those involved
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in the structural organization of chromatin, that bind any given MAR
segment larger than several hundred base pairs. In fact, lamin B, appears
to be such an example. For lamin B;, more than 600-800 bp of AT-rich
sequences are required to confer any binding; this binding characteristic
resembles that of the purified nuclear matrix itself (Dr. E. Ludérus,
personal communication). It remains unknown whether MAR-binding
proteins that specifically bind BURs of MAR segments, like SATBI,
share regulatory roles. We have identified a MAR-binding protein that
associates with human breast carcinomas, but not with benign
breast lesions or normal proliferating epithelial cells (Yanagisawa
et al., 1996). The breast tumor MAR-binding protein is distinct from
SATBI1 but has similar binding recognition properties. Once cDNA
cloning is achieved, we will learn more about this new class of
proteins.

BURs of MARs may have multifunctional roles in transcription and
replication, either as targets of regulatory proteins or as replication
origins. The latter idea is worth pursuing because there is evidence that
MARs may be replication origin sites (Razin et al., 1986; Hozak ez al,
1993). In fact, the yeast autonomous replication region (ARS) isa MAR/
SAR (Amati and Gassar, 1988) consisting of an ATC sequence cluster
and becomes readily unpaired under negative superhelical strain (Umek
and Kowalski, 1988; T. Kohwi-Shigematsu and Y. Kohwi, unpublished
results, 1994). The possibility that the high unwinding propensity of
specific DNA regions facilitates unwinding of DNA replication origins
may also apply to mammalian systems.
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I. INTRODUCTION

Mitosis and nuclear division in many ways embody the essence of cell
cycle regulation and control. Placed as they are, at the end of each cell

145

NUCLEAR STRUCTURE Copyright © 1996 by Academic Press, Inc.
AND GENE EXPRESSION All rights of reproduction in any form reserved.



146 R. Curtis Bird

cycle, mitosis and nuclear division represent the culminating reorganiza-
tion of the nucleus, including both the DNA and the nuclear matrix,
followed by division of the genome and the remaining cellular compo-
nents. We are just beginning to understand the mechanisms by which
control is exerted. Complex biochemical mechanisms regulate these pro-
cesses, ensuring first that the genome has been completely replicated
and, second, that there are no chromosome breaks. Chromosome con-
densation then ensues as mitosis begins with the breakdown of the
nuclear membrane. Unique organelles such as the Golgi apparatus frag-
ment in preparation for division, while membrane traffic as well as
synthetic processes such as transcription and translation are transiently
inhibited (Moreno and Nurse, 1990; Warren, 1993). Vast cytoskeletal
reorganization within the cytoplasm resculpts the cell into a transient
mitotic figure including a newly constructed mitotic spindle that divides
the chromatids into each new cell. Very rapidly, the cell returns to its
premitotic morphology with the reformation of the nuclear membrane,
the disassembly of the mitotic spindle, and the decondensation of the
chromatin and nuclear matrix. As the cytoskeleton reforms and the
cells return to their premitotic morphology, a new cell cycle ensues
(Mitchison, 1971; Beach et al., 1988).

Regulation of cell proliferation, including the events just described, is
largely the province of three distinct classes of genes: the dominant
oncogenes, the tumor suppressor genes, and the cyclin/cdk gene families.
The dominant oncogenes encode representatives of many of the compo-
nents of the signal transduction system and are most closely associated
with the transition from quiescence (Gg) to active proliferation. How-
ever, evidence demonstrates that expression of at least some of these
genes is required throughout the cell cycle. For the oncogenes c-fos and
c-myc at least, proliferation through the continuous cell cycle cannot
continue if expression is transiently inhibited with antisense oligonucleo-
tides (Bird et al.,, 1990; Pai and Bird, 1992, 1994a,b).

The tumor suppressor genes are thought to exert an opposing influence
on proliferation compared to the dominant oncogenes (Cobrinik et al.,
1992; Hamel ez al., 1992). Tumor suppressor genes inhibit cell prolifera-
tion, and inactivation or deletion of both copies results in unregulated
growth. As principal examples, the normal function of the retinoblastoma
(Rb) gene product is thought to consist of pushing cells to retire from
the cell cycle into a quiescent or differentiation pathway during G, phase.
The normal function of the p53 gene product is thought to consist of
pushing cells into an apoptotic pathway in the event that unreplicated
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DNA persists after S phase (Vogelstein and Kinzler, 1992; Marin ez al,,
1994). Tumor suppressor gene absence or activation results in a failure
to exit the cell cycle in the case of Rb or a failure to enter an apoptotic
pathway in the case of p53.

The cyclin/cdk gene families include a large and growing group of
paired polypeptides which encode a cdk (cyclin-dependent kinase) and
a cell cycle phase-specific cyclin cofactor (Nurse, 1990; Moreno and
Nurse, 1990). The different cdks (cdkl-cdk8) are generally present
throughout the cell cycle, while the cyclins (cyclin A—cyclin H) are
transiently synthesized and then degraded, facilitating activation of the
appropriate cdk during the appropriate cell cycle phase (van den Heuvel
and Harlow, 1993; Pines, 1993; Hunter and Pines, 1994; Nurse, 1994;
Morgan, 1995). These activities, which are potentiated by several specific
phosphorylation and dephosphorylation events, are responsible for driv-
ing cells from one phase of the cell cycle to the next and thus represent
the fundamental internal signals which drive cell cycle progression. The
activities of both the tumor suppressors and the dominant oncogenes
are thought to be linked through the cyclin/cdk complexes. Dominant
oncogenes are linked through the initiation of cell growth through direct
initiation of transcription of cyclin D;, which then moves cells into G,
phase from quiescence (Pines, 1993). The products of both the Rb and
pS3 tumor suppressor genes interact directly with cyclin/cdk complexes
to down-modulate proliferative activities associated with this complex
(Cobrinik et al., 1992; Vogelstein and Kinzler, 1992).

II. MECHANISMS OF CYCLIN/cdk FUNCTION

In proliferating eukaryotic cells, a complex network of regulatory
biochemical pathways coordinates the timing and execution of the major
transitions of the cell cycle, including the transition from G, phase, the
initiation of DNA synthesis, and the induction of mitosis. During G,
phase of the cell division cycle, growth factors regulate the accumulation
of critical gene products that are required for entry into S phase (Pardee,
1989). During this restriction point, known as START in yeast, cells are
most sensitive to the influence of external cues which lead them either
to proliferate or to exit the cell cycle and become quiescent, senescent,
or differentiated (Pringle and Hartwell, 1981; Jacobs ez al., 1985; Lumpkin
et al., 1986; Pardee, 1989; Rittling et al., 1986).
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Genetic investigation of the eukaryotic cell cycle has revealed many
genes that either are essential for cell division or influence its regulation,
including the regulatory subunit cyclin gene family and the catalytic
subunit cdk gene family (Beach et al, 1982; Nurse, 1975; Nurse et al.,
1976). The prototypical member of the cdk family, p34°¢? (cdkl) in
Schizosaccharomyces pombe (Beach et al., 1982), forms complexes with
cyclin A or B and acts both in Gy, prior to DNA replication, and in G,
at the initiation of mitosis (Hunt, 1989; Murray and Kirschner, 1989;
Nurse, 1990; Nurse and Bissett, 1981). In the budding yeast Saccharo-
myces cerevisiae, G, cyclins (CLN1, CLN2, and CLN3) interact with
p34PC28 (Reed and Nasmyth, 1981) to ensure passage through START
and commitment to S phase (Hadwiger et al., 1989; Nash et al., 1988;
Richardson et al., 1989). Regulation of this transition seems to be exerted
primarily at the level of transcription of the G; cyclins (McKinney and
Heintz, 1991), although posttranslational events are also required.

In mammalian cells, regulation of the G,/S transition is controlled by
the activities of cyclin D and cyclin E in complex association with cdk2,
cdk4, cdk5, and cdké. Cyclin E is first expressed just prior to the Gy/S
transition (Lew et al.,, 1991) and associates with cdk2 (Dulic et al., 1992;
Koff et al., 1991). Formation and activation of a cyclin E/cdk2 complex
occurs during G, phase of the cell cycle (Koff et al., 1992). Cyclin D
types (cyclin D;—cyclin D;) can associate with cdk2, cdk4, and cdk6,
activating the kinase complexes during G;, followed by a decline in S
phase. The D-type cyclins initiate phosphorylation of Rb and the Rb-
like protein p107 but not histone H1 in vitro (Dowdy et al., 1993; Ewen
et al., 1993; Matsushime et al, 1992). In contrast to the cyclin B/cdkl
kinase complex, the timing of expression and specificity of the substrate
of various cyclin D/cdk kinase complexes (Matsushime ef al., 1992) sug-
gests that it may be indirectly involved in controlling gene expression
during G, phase by releasing the transcription factor E2F via phosphory-
lation of Rb protein, whose phosphorylation appears to be necessary for
the G,/S transition (Buchkovich et al., 1989; DeCaprio et al., 1989; Ludlow
et al., 1990). D-type cyclin synthesis appears to be tied directly to growth
factor stimulation required to initiate proliferation of quiescent cells.
Thus, growth factor stimulation can be tied directly to transcription
activation through the activation of several dominant oncogene products
that result in the synthesis of cyclin D and activation of cdk complexes.

It is becoming clear that ubiquitin-dependent degradation plays an
important role in several facets of cell cycle regulation. Of primary
importance is the rapid degradation of each cyclin subtype which is
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accompanied by release and inactivation of its bound cdk (Barinaga,
1995). The p27 cdk inhibitor is also degraded by the ubiquitin pathway
and so has an impact on cell cycle regulation (Pagano et al., 1995).
However, ubiquitin-mediated degradation has been shown to play an
important role in nuclear events associated with particular phases of the
cell cycle not dependent on cyclin degradation. Anaphase initiation has
been shown to be triggered by proteolysis rather than by the inactivation
of cyclin B/cdkl (Holloway er al., 1993). Anaphase and chromosome
pair separation are blocked by inhibiting ubiquitin addition but are
unaffected by inhibition of cyclin ubiquitination. In addition to imposing
a regulatory activity on cyclin/cdk complexes, the ubiquitin system has
itself been shown to include substrates of cyclin/cdk. The first enzyme
in the ubiquitin—protein complex formation cascade, E1, has been identi-
fied as a cdkl substrate linking ubiquitination generally to cell cycle
regulation (Nagai er al.,, 1995). A component of the third enzyme in this
cascade has been shown to play a regulatory role in anaphase initiation
(reviewed by Barinaga, 1995). Thus, ubiquitin-mediated protein degrada-
tion must also be considered an important regulator in timing the events
of the cell cycle, including nuclear events, which is intimately associated
with cyclin/cdk regulation/activity.

Both cyclin and cdk proteins have been determined to reside princi-
pally, though not exclusively, in the nucleus, at least when they are
thought to be active (Riabowol et al., 1989; Maridor ef al., 1993). In the
case of cyclin A, which is localized to the nucleus throughout the cell
cycle, nuclear localization requires the C-terminal 15 amino acids and
an intact cyclin box domain. Cyclin B, in contrast, is located largely in
the cytoplasm until just prior to mitosis, when it migrates to the nucleus
(Pines and Hunter, 1991; Gallant and Nigg, 1992; Bailly er al, 1992;
Ookata et al., 1992). Also, cdk] is largely nuclear throughout interphase
and associates with centrosomes, in addition to being located in the
nuclear and cytoplasmic regions during mitosis.

Expression of certain members of the cdk/cyclin gene family is subject
to phosphorylation-sensitive events. Inhibition of the protein phospha-
tase 1 and 2A (PP1 and PP2A) enzyme families with okadaic acid has
been utilized to study the function of dependent gene expression during
the cell cycle (You and Bird, 1995). Experiments were designed to detect
mRNA levels of the retinoblastoma tumor suppressor gene (Rb), cdk1,
cyclin A, and cyclin B genes in HeL a cells. Data demonstrate that okadaic
acid selectively elevates mRNA levels for this group of gene products
that have been shown to associate as a complex with the transcription
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factor E2F and that are needed for successful completion of mitosis.
Many of the genes whose promoters contain E2F-binding sites are re-
quired for cell cycle progression, particularly DNA synthesis (e.g., dihy-
drofolate reductase, thymidine kinase, DNA polymerase «, cdkl, and
B-Myb) (La Thangue, 1994). Such inducible expression has not been
paid much attention until recently. Overexpression of members of the
cdk/cyclin gene families, and their regulatory cofactors, have been ob-
served in tumor specimens and derived cell lines from a variety of differ-
ent types of neoplasms (Okayama et al., 1991; Koff ez al., 1993; Serrano
et al., 1993; Zhang et al., 1993; Khatib et al, 1993; Jiang et al, 1993;
Xiong et al., 1993; Leach et al., 1993; de Boer et al.,, 1993; Bianchi et al,,
1993; Tsuruta et al., 1993; Motokura and Arnold, 1993; Keyomarsi et al.,
1993; Kamb et al., 1994; Nobori et al., 1994; Peters, 1994; Michalides et
al., 1995). Locations of the members of the cdk gene family have also
been mapped to chromosomal regions known to exhibit loss of heterozy-
gosity in human cancers (Bullrich e al,, 1995). If there exists a central
convergent point regulating cell proliferation in the cause of cancer, then
it has been suggested that the cyclin/cdk families may represent such a
universal target (Steel, 1994).

The cdk/cyclin complexes are themselves the subject of negative or
inhibitory activities which appear to fine-tune the timing of cdk/cyclin
kinase activity. The p21 protein is a tyrosine phosphatase which has
been variously named the cdk interacting protein (Cipl), the cyclin-
dependent kinase interactor (Cdil), and the product of the wild-type
p53-activated fragment 1 (WAFI) gene (Harper et al., 1993; Gyuris et al,
1993; El-Deiry et al., 1993). The p21 protein appears to be a downstream
effector of p53 activity but can be uncoupled from the apoptotic pathway.
The p21 protein can also be subverted in its proliferation suppressive
activity by c-myc activation (Steinman ez al., 1994).

The activity of p21 is differentially regulated, depending on the growth
stimulatory/inhibitory environment. TGF-8 induces activation of cdk2/
cyclin E and suppresses p21 in C3H 10T1/2 fibroblasts, which results in
proliferation stimulation (Ravitz et al., 1995). However, in colon cancer
cell lines which are growth inhibited by TGF-g, p21 activity is induced
(Li ez al., 1995). The p21 protein has also been associated with cell cycle
arrest in the transition to the terminally differentiated state (Halevy
et al., 1995). Cell cycle arrest under these conditions requires active
hypophosphorylated Rb protein. Rb is normally inactivated by phos-
phorylation by cdk/cyclin complexes during G; phase. The cdk/cyclins
are suppressed, and further cell cycle progression is also suppressed by
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the action of p21. Expression of p21 was induced following expression
of the muscle-specific differentiation factor encoded by the MyoD gene.
This suggests that there is a mutually exclusive mechanism which pre-
cludes further cell cycle progression and proliferation after successful
induction of the signal to differentiate in a variety of tissue types (Parker
et al., 1995). MyoD is normally expressed in myoblasts but does not
induce differentiation until the cells retire from the cell cycle to G, phase
(Skapek et al, 1995). Transfection of cyclin D1, but not other cyclins,
results in phosphorylation of MyoD and inhibits MyoD trans-activation
of muscle-specific genes. Transfection of p21, in contrast, enhances
muscle-specific gene expression even in the absence of the low-serum
mitogen signal to differentiate. This suggests a further complication in
which MyoD expression is initiated but its activity is suppressed by cdk/
cyclin. This is followed by retirement from the cell cycle induced by
p21 activity through suppression of cdk/cyclin. A number of other cdk
inhibitors have also been identified which inhibit the activity of various
members of the cdk family (Pines, 1994). Their function seems to be to
inhibit cdk activation at the time of cyclin synthesis and binding until
the appropriate point in the cell cycle. While their complexity is intri-
guing, further efforts will be required to determine their role in cell
cycle regulation.

Besides these transcription regulatory activities and associated poly-
peptides, a variety of other target molecules and structural elements,
which are thought to be phosphorylated by cyclin/cdk, have been identi-
fied (Nurse, 1990; Moreno and Nurse, 1990; Draetta, 1990). These include
other cyclins, histone H1, RNA polymerase II, SV40 T antigen, the
tumor suppressor proteins Rb and p53, nucleolin, lamins, translation
elongation factors EF-18 and EF-lvy, and the oncogenes c-abl and
pp60°** (reviewed in Draetta, 1990; Moreno and Nurse, 1990). Such
targets could account for the breakdown and reorganization of organ-
elles, as well as the inhibition of synthetic processes which are suppressed
during mitosis. It has been suggested that the reason for such a large
number of diverse cdk] substrates has to do with the nature of the target
sequence (reviewed in Moreno and Nurse, 1990). The target motif is
predicted to form a S8-turn which could bind the minor groove of DNA.
Phosphorylation would alter this conformation, thereby inhibiting bind-
ing. Support has been lent to this model by the fact that the target
sequence is most frequently observed in putative transcription factors
near other recognized active sites. Phosphorylation could inhibit binding
and thus inhibit expression, as well as facilitate chromosome condensa-
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tion, resulting in the complete reorganization of the nucleus, particularly
the nuclear matrix, during mitosis (Moreno and Nurse, 1990).

The other events in mitosis which seem to be triggered by cdkl activity
are also amenable to speculation. Membrane vesicle breakdown and
organelle fragmentation ensure partition of portions of these organelles
to each daughter cell. Massive reorganization of the cytoskeleton pro-
vides an abundance of unpolymerized tubulin dimers and accessory pro-
teins for the transient assembly of the mitotic spindle. The details of
these events and their regulation remain unclear; however, further details
are emerging rapidly. It should not be long before we have a coherent
model which explains most of the known aspects of mitotic regulation.

III. TARGET SUBSTRATES OF CYCLIN/cdk
A. Nuclear Lamins and Nuclear Envelope Breakdown

Lamins are intermediate filament proteins which form the subunits of
the polymeric nuclear lamina. This is a fibrous cytoskeletal network
which underlies the nuclear membrane of interphase nuclei. At the onset
of mitosis, as the nuclear membrane breaks down, the nuclear lamina
disassembles and monomeric A-type lamins are released free into the
cytoplasm, while B-type lamins are released but are associated with
membranes. These changes in assembly occur coincident with a general
increase in cellular phosphorylation levels and an increase in lamin phos-
phorylation in particular (Lohka et al., 1987; Maller and Smith, 1985;
Moreno and Nurse, 1990; Enoch et al,, 1991). Lamin phosphorylation
occurs as mitosis begins coincident with a breakdown of the interphase
ring structure and its replacement with punctate staining dispersed
throughout the cytoplasm (Peter et al, 1990). This has been shown to
be the result of a mitosis-specific lamin kinase which coprecipitates from
yeast extracts with cdkl and displays temperature sensitivity in cdc2
mutants. Consistent with a role as a mitotic initiator, cdkl has been
proposed as the lamin kinase which induces nuclear lamina disassembly
(Peter et al, 1990; Enoch et al., 1991). A cell-free extract which assembles
and then disassembles lamin C in response to cyclin/cdk activity has
been described (Ward and Kirschner, 1990), and lamin B has been shown
to be phosphorylated by cdk1 at the same sites in vitro as in vivo (Peter
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et al., 1990). Cyclin/cdk phosphorylates specific sites on lamin C, which
is also a substrate of other kinase activities. Mutation of conserved serine
phosphorylation sites in both lamin C and lamin A prevents cyclin/
cdk phosphorylation and prevents nuclear lamina disassembly at mitosis
(Heald and McKeon, 1990).

B. Cytoskeleton Rearrangement and Mitosis

1. Microtubules

The cytoskeleton undergoes enormous reorganization during mitosis.
The cytoskeletal framework is largely disassembled during late G, phase
and reformed into the mitotic spindle at the initiation of mitosis. Microtu-
bules, which form one of the primary structural elements of the cytoskele-
ton, are affected in two general ways during this period. First, a general
disassembly of microtubules to component tubulin occurs, followed by
nucleation of microtubule polymerization at the poles of the new mitotic
spindle (Alfa et al, 1990). As a major component of the reorganized
mitotic spindle, cytoskeletal components like microtubules represent a
likely target of cyclin/cdk activity. Addition of cdkl to preparations of
tubulin and accessory proteins has been shown to alter microtubule
polymerization dynamics in a manner which mimics microtubule dynam-
ics during metaphase (Verde et al, 1990; Buendia ez al.,, 1992; Ohta et
al., 1993). This has been shown to be due most likely to an indirect
effect, as cdk1 does not phosphorylate the tubulin subunits and does
not appear to have this effect in purified tubulin preparations. In addition,
cdk? and cdkS have been shown to phosphorylate microtubule accessory
proteins tau (7) (Baumann et al,, 1993) and possibly MAP-1B, -2, and
-4 (Pelech et al., 1990; Tombes et al., 1991). Also, cdkl/cyclin B has been
shown to be directly associated with microtubules during interphase as
well as mitotic asters, and may be required to maintain the integrity of
the spindle during mitosis and meiosis (Ookata et al., 1993, 1995; Kubiak
et al, 1993). This interaction appears to be mediated through direct
interaction with the proline-rich carboxyterminal region of MAP-4. In
addition, cdk1/cyclin B can phosphorylate MAP-4, inhibiting its microtu-
bule-stabilizing activity. There is also evidence that cdkl/cyclin B may
interfere with cyclic adenosine monoyphosphate (cAMP)-dependent
protein kinase association with MAP-2 (Keryer et al., 1993).
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2. Vimentin and Desmin Intermediate Filaments

Intermediate filaments undergo dynamic changes during mitosis which
mirror in many ways the disassembly of cytoplasmic microtubules. Both
vimentin and desmin intermediate filaments are depolymerized to cyto-
plasmic aggregates as cells enter mitosis. Study of vimentin intermediate
filaments, particularly, has suggested a direct link between the activity
of the cyclin/cdk complex family and intermediate filament assembly.
The cdk1 complexes have been shown to phosphorylate vimentin at sites
unique from other kinases (e.g., serine 55), and cdkl has been shown
to colocalize with phosphorylated vimentin (Tsujimura et al., 1994). Des-
min is also phosphorylated at specific sites during mitosis (Chou et al,,
1990). Immunofluorescence investigation has revealed that phosphory-
lated vimentin is present throughout the cytoplasm only during mitosis.
Vimentin becomes dephosphorylated as the cells complete cytokinesis.
Because the level of cdkl activity has also been correlated with the
disassembly of vimentin intermediate filaments, it has been suggested
that cdkl is directly responsible for disassembly of this intermediate
filament class at the initiation of mitosis (Tsujimura et al., 1994). The
vimentin kinase has been shown to copurify with cdk1-like activities and
to contain bona fide cdkl in the preparations (Chou et al., 1990). These
data strongly suggest that intermediate filament proteins are mitotic
substrates of cdk1 and are important mediators of the global reorganiza-
tion of the cell architecture which occurs during cell division.

C. Regulation of Chromosome Condensation

1. Histone H1

Histone H1 was one of the first substrates of cdk1 to be identified. It
was used principally as a convenient substrate of cdkl in vitro initially
but came to be appreciated for its role as a natural substrate of this
enzyme complex (Moreno and Nurse, 1990). Histone H1 protein contains
several sites which are phosphorylated by cdkl. The phosphorylation
sites are located in two basic arms which interact with DNA between
the nucleosomes (Langan et al., 1989). It is believed that cdkl phos-
phorylates Ser/Thr residues in Lys-Ser/Thr-Pro-X-Lys sequences in sub-
strate histone H1 polypeptides. It has been suggested that such phosphor-



5. Cyclin/cdk and the Cell Cycle 155

ylation events could significantly affect chromosome condensation during
mitosis by altering nucleosome packing (Bradbury et al., 1974).

2. RNA Polymerase 11

A general inhibition of transcription accompanies mitosis coincident
with chromosome condensation and the onset of mitotic spindle forma-
tion. Such observations have led to the investigation of RN A polymerase
activity during mitosis. RNA polymerase becomes highly phosphorylated
on the carboxy-terminal domain, which consists of a conserved and highly
repeated sequence containing a cdk1 phosphorylation site (Moreno and
Nurse, 1990; Corden, 1990). This repeated sequences (26-52 copies of
Ser-Pro-Thr-Ser-Pro-Ser-Tyr) has been predicted to form a 8-turn con-
formation which binds DNA through intercalation of the tyrosine resi-
dues (Suzuki, 1990). It has been proposed that phosphorylation of these
residues by cdk family members could alter the affinity of RNA polymer-
ase II for DNA, causing dissociation from the transcribed strand and
enhancing chromosome condensation (Moreno and Nurse, 1990). Evi-
dence has shown a direct association between RNA polymerase II and
cyclin/cdk, making members of these gene families subunits of the RNA
polymerase II protein complex (Liao et al., 1995).

The transcription factor IIH (TFIIH) complex contains a kinase activ-
ity which can bind and phosphorylate the carboxy-terminal domain of
RNA polymerase II. This domain is essential to RNA polymerase, en-
abling it to respond to regulation by transcription factors. The kinase is
composed of cdk7 and its cofactor cyclin H (Shiekhattar et al, 1995).
The TFIIH/cdk7/cyclin H complex contains a cdk-activating kinase which
can phosphorylate other cdk/cyclin complexes, including both cdkl and
cdk?2. Thus, evidence linking RNA polymerase and the cell cycle exists
in at least two areas, suggesting involvement in the regulation of cell
cycle progression. It has been suggested that the role of the cyclin/cdks
in this interaction seems to be to enhance interaction between general
transcription factors associated with RNA polymerase II and other
promoter-specific transcription factors (O’Neill and O’Shea, 1995).

3. RCC1, Repressor of Chromosome Condensation
Eukaryotic cells possess a mechanism that effectively suppresses mito-

sis until the end of S phase. This mechanism prevents cell division in
the presence of unreplicated DNA, thus ensuring that the genome is
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completely replicated prior to mitosis (Hartwell and Weinert, 1989; Nish-
imoto et al., 1992; Murray, 1992). Once cells reach the end of S phase,
this inhibitory activity is inactivated and mitosis can proceed once appro-
priate cdk/cyclin molecules are activated. This mechanism requires an
exquisite sensitivity to even small amounts of unreplicated DNA and
precise timing such that the mechanism is inactivated at the end of S
phase. It has been proposed that such a signal must be part of the
replicating DNA itself or of proteins associated with it (Dasso, 1993).
Only one mutation, RCC1 (regulator of chromosome condensation),
appears to be involved in mitotic suppression and also encodes a DNA-
associated protein (Enoch et al.,, 1992; Roberge, 1992). Because RCC1
mutations also affect a wide variety of other cellular processes, such as
nuclear assembly, transcription regulation, posttranscriptional process-
ing of pre-rRNA, and mRNA transport, explanation of the mechanisms
describing its specific effects on cell cycle progression has been difficult.
It has been shown, however, that in RCC1 mutants inhibition of DNA
replication occurs as a result of defective chromosome condensation
(Nishimoto er al., 1978; Eilen et al., 1980). RCC1 encodes a highly con-
served DNA-binding protein which is lost from the DNA at the time of
mitosis. RCC1 loss also seems to uncouple the completion of DNA
replication from the mechanism which activates cdkl (Nishitani et al.,
1991). Analysis of other mutations induced in this gene allowed their
recovery during functional mutant screens. Analysis of these mutations
also suggests that they are analogous, reflecting a conservation of func-
tion between RCC1 homologs from different species (Dasso, 1993).
Additionally, RCC1 seems to function as a guanine nucleotide exchange
factor for a closely associated Ras-related protein called Ran (Coutavas
et al., 1993). Both proteins are found in abundance in cultured cells, with
Ran being present at approximately a 25-fold molar excess to RCC1.
Two potential functions have been proposed for RCC1 (Murray, 1992;
Dasso, 1993). RCC1 could function as a signal transduction factor which
detects unreplicated DNA and alters nucleotide exchange activity in
association with Ran in response. If Ran functions as other Ras-like
proteins, it would then interact with a GAP cofactor, enabling inhibition
of mitosis. Once S phase is complete, RCC1 activity would diminish,
allowing inactive Ran to accumulate and replication to cease. Alterna-
tively, RCC1 could function as part of the chromatin structure. Loss of
RCC1 from the chromatin might result in structural defects which affect
chromatin function. The mechanisms by which this hypothesis might
operate, however, are unknown. Because chromatin rearrangements and
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nuclear matrix rearrangements are such important parts of mitosis, un-
derstanding their regulation and cdk control of their activity will prove
very important in understanding how mitosis is delayed until S phase is
complete. It will also prove important in understanding regulation of
reorganization of the chromatin during mitosis.

4. Mitotic Reorganization of Nucleolar Chromatin

Ribosome assembly occurs in the nucleolus during interphase and is
tied to the presence of this structure, as the nucleolus is the site of
rDNA transcription. During mitosis, when the nucleus has undergone
reorganization to form a spindle apparatus, the nucleolus becomes inac-
tive and is disassembled as the multiple chromosomal regions which
compose the nucleolar organizer disaggregate. This process is also ac-
companied by chromosome condensation. There is a subset of nucleolar
proteins which remain associated with the nucleolar organizer DNA
regions during mitosis and have been suggested as possible regulatory
components controlling this dynamic disassembly and assembly during
and after mitosis (Belenguer et al., 1990). Included in these proteins is
nucleolin, which is involved in nucleolar chromatin condensation and
the packaging of pre-rRNA (Belenguer et al., 1990; Bugler et al., 1987,
Gas et al., 1985; Herrera and Olson, 1986; Lapeyre et al., 1987; Erard et
al., 1988; Olson and Thompson, 1983). Phosphorylation of nucleolin
occurs at times when rRNA transcription is active during cell prolifera-
tion. When cells become quiescent on attaining confluence, rRNA tran-
scription drops to approximately 5% of proliferating cell levels and
nucleolin becomes relatively dephosphorylated (Belenguer et al., 1989;
Geahlen and Harrison, 1984; Schneider et al., 1986; Suzuki et al., 1985,
1987; Caizergues-Ferrer ez al., 1987). The sites of phosphorylation con-
form to a repeated TPXK motif which is similar to the phosphorylation
motif in histone H1 utilized by cdk1 (Wells and McBride, 1986; Shenoy
et al., 1989; Hayes and Nurse, 1989).

The increase in cdkl1 activity at the onset of mitosis leads to chromo-
some condensation and localization of the cdkl cofactor cyclin in the
nucleolus (Bradbury et al., 1973; Westendorf et al., 1989). Due to its
location in the nucleolus and because nucleolin contains the target phos-
phorylation motif for cdk1 as well as its tight association with chromatin,
nucleolin was investigated as a potential cdkl substrate responsible for
nuclear rearrangements at mitosis (Belenguer et al., 1990). Nucleolin
was found to be specifically phosphorylated during mitosis on threonine
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by cdkl both in vitro and in vivo. In addition, casein kinase II, which
also phosphorylates nucleolin, was active during interphase and not
during mitosis and phosphorylated serine residues in nucleolin. Thus,
cdk1 specifically induces the active form of nucleolin at a period during
the cell cycle, during mitosis, which is specifically associated with chromo-
some condensation and nuclear rearrangement.

D. Caldesmon

Caldesmon is an accessory protein of the cytoskeleton (Bachs et al.,
1990; Matsumura and Yamashiro, 1993). It is located in most nuclear
compartments, including the nuclear matrix but excluding the nucleolus.
Caldesmon is involved in regulation of actomyosin adenosine triphospha-
tase (ATPase) and cross-link formation, as well as in actin filament
polymerization and stability. In nonmuscle cells, caldesmon functions in
the regulation of cell motility and cytoskeleton reorganization during
mitosis. Caldesmon is a substrate of cdk, becoming phosphorylated dur-
ing mitosis (Yamashiro and Matsumura, 1991; Yamashiro et al., 1990,
1991; Mak et al, 1991; Yamakita et al, 1992). Late in mitosis, during
cytokinesis as actin filaments appear in the cleavage furrows, caldesmon
migrates from a diffuse cytoplasmic distribution to colocalize with the
actin filaments (Hosoya et al., 1993). Dephosphorylation occurs at the
time caldesmon becomes actin associated. Phosphorylation by cdk1 may
be required at the initiation of mitosis to allow dissociation of caldesmon
from actin filaments, facilitating their assembly and reorganization during
spindle assembly (Yamashiro and Matsumura, 1991; Yamashiro et al,
1990, 1991). This function suggests that cdk1 phosphorylation of caldes-
mon plays a functional role in mitotic cell rounding and cytokinesis.

E. Retinoblastoma Protein Family and Cell Cycle Progression

The retinoblastoma protein (Rb) was first identified as a mutation asso-
ciated with the early childhood tumor retinoblastoma. The gene encodes
a 105,000-Da, nuclear protein which can be phosphorylated at multiple
sites with an apparent molecular size of 115,000-117,000 Da (Hensey et
al., 1994). The Rb protein is functional when hypophosphorylated and
inactive in the hyperphosphorylated state (Buchkovich et al., 1989; De-
Caprioetal., 1989). The Rb protein undergoes changes in phosphorylation
associated with transitions in cell cycle phase (Ewen e al., 1993; Ludlow
etal., 1990; reviewed by Lewin, 1990; Draetta, 1990). Phosphatases 1 (PP1)
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and 2A (PP2A) are two of the four principal serine/threonine phospha-
tases involved in reversal of such regulatory posttransiational modifica-
tions. Several PP1 homologs are required for exit from mitosis in yeast
(Doonan and Morris, 1989; Ohkura et al., 1989; Booher and Beach, 1989),
and PP2A has been shown to inhibit cdk1 activity (Félix et al., 1990; Lee
etal., 1991; Kinoshita et al., 1990). Both PP1 and PP2 A are thought to exert
a direct suppressive influence over cell cycle progression through their
activation of Rb (Hamel et al., 1992; Cobrinik et al., 1992).

The Rb protein and the Rb-related pl07 protein are known to be
active during G; phase and to bind cdk/cyclin complexes, particularly
those containing cyclin Dy, as well as members of the transcription factor
E2F family during this phase of the cell cycle (Shan et al., 1992; Peeper
et al., 1993; Ewen et al., 1993). This Rb-binding activity sequesters these
factors, rendering them inactive during G, phase until Rb is phosphory-
lated by cyclin/cdk. Through this interaction, Rb is known to be an
important suppressor of cell cycle progression and transcription, particu-
larly of genes transcribed by RNA polymerase II (Nevins, 1992). How-
ever, because Rb has been associated with the upstream binding factor
(UBF) which is required for transcription by RNA polymerase I, it
appears that Rb can extend its inhibitory activity to these transcripts
as well (Cavanaugh et al, 1995). Rb accumulates in the nucleoli of
differentiating monocyte-like cells. This Rb accumulation correlates with
the inhibition of rDNA transcription and inhibits in vitro transcription
by RNA polymerase I (see also (Section IILE). Rb is able to suppress
transcription from these genes by sequestering UBF, a molecule with
which Rb is tightly associated in vivo, thus offering an additional pathway
by which Rb can inhibit proliferation.

The principal pathway that employs this proliferation-suppressive
mechanism appears to be cell differentiation which usually requires per-
manent withdrawal from the cell cycle. Rb activity is required for skeletal
muscle myoblasts to complete terminal differentiation to myotubes
(Halevy ez al., 1995). This process is inhibited by cdk activity through
its inactivation of Rb or by forced induction of cyclin D;, although
not other cyclins (Skapek et al., 1995). MyoD, which induces myoblast
differentiation (Buckingham, 1992), also induces the activity of the cdk
inhibitor p21 (Halevy et al., 1995). This induction is independent of
tumor suppressor p53 activity, which is also known to induce p21 (Halevy
et al., 1995; Parker et al., 1995). Thus, a simple mechanism coupling
cell cycle arrest and differentiation can be constructed. The inducer
of differentiation is able to induce withdrawal from the cell cycle by
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stimulation of p21 prior to induction of differentiation-specific genes
associated with terminal differentiation of skeletal muscle.

There is also evidence that Rb-related p107 does not bind equally well
to all members of the cyclin/cdk gene families or even to cyclin or cdk
alone (Peeper et al., 1993). Binding of cyclin A/cdk complexes (including
either cdkl or cdk2) to p107 requires both polypeptides. Only cyclin A/
cdk binds and phosphorylates p107; cyclin B/cdk does not. This provides
evidence to support the common assumption that not only are the different
cyclin/cdk complexes synthesized and active during different ceil cycle
phases, but that they differ qualitatively in their associations and in their
substrates.

While the mechanisms by which protein phosphorylation influences
gene expression are not clearly understood, two models, the protein—
protein contact and chromatin accessibility models, have been developed
(Chen et al., 1989; Mahadevan and Willis, 1990; Mahadevan et al., 1991).
It has been proposed that the activating signal must be delivered to
specific regulatory proteins (Prywes et al, 1988), resulting in localized
chromatin relaxation (Chen and Allfrey, 1987). Cell cycle regulatory
proteins such as Rb may integrate the signal initiated by okadaic acid
stimulation; it has been speculated that this could occur by stabilization
of existing phosphorylation events. Such events could result in release
of inhibition of transcription factors, allowing transcription of cellular
genes (Hunter and Karin, 1992; Hamel et al., 1992; Cobrinik et al., 1992;
McKinney and Heintz, 1991).

1. Retinoblastoma as Trans-Activator of Transcription

The Rb gene plays a central role in the control of cell division cycle and
differentiation (Klein, 1987; Weinberg, 1989, 1991). Evidence indicates
reversal of tumorigenicity resulting in senescence on introduction of wild-
type Rb into a variety of tumor cells lacking Rb protein (Bookstein et al.,
1990; Uzvolgyi et al., 1991). The role of its DNA-binding domain in tran-
scriptional regulation, the many cell cycle regulatory proteins it is known
to bind (including products of members of the cyclin, cdk, and E2F gene
families), and its nuclear location suggest a central regulatory role for Rb
(Lee et al., 1987). The interaction with DNA appears to be sequence spe-
cific (Wang et al., 1990). Rb expression levels are essentially constant dur-
ing the cell cycle, except for some enhancement in accumulation of the
hypophosphorylated form which occurs as cells exit the cell cycle to differ-
entiate (Akiyama and Toyoshima, 1990). Rb is primarily regulated by
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posttranslational modifications, the most important of which is the phos-
phorylation state (Chen et al., 1989; Mihara et al., 1989; Xu et al., 1989;
Furukawa et al., 1990; Ludlow et al., 1990; Stein et al., 1990; Goodrich et
al., 1991). The hypophosphorylated form of Rb which is present during
G phase is the active form.

Naturally occurring mutations which inactivate the Rb gene have been
found to be clustered in a region of the protein known as the pocket
domain (Weinberg, 1991; La Thangue, 1994). Few mutations occur out-
side this region, and mutations within the pocket domain interfere with
Rb binding to viral transforming antigens/proteins. Pocket mutations
also lose the ability to suppress cell cycle progression, suggesting that
Rb functions to sequester proliferation-promoting activities. Members
of the E2F transcription factor gene family appear to be the principal
targets bound by Rb at this site in normal cells. Although differing
somewhat in the timing of their interactions, both Rb-related proteins
p107 and p130 also appear to function in this manner (Shirodkar et al.,
1992; Schwarz et al., 1993; Cobrinik er al, 1993). This association links
cyclin/cdk to E2F through mutual association with Rb, thus allowing
potential regulation of E2F availability by differential regulation of Rb
phosphorylation and therefore E2F binding.

We have observed proportional overexpression of Rb in response to
the level of overexpression of c-fos in clonal lines of transfected cells.
Such evidence indicates that Rb may be functioning as a proportional
brake which balances the stimulatory effect of c-fos overexpression (Pai
and Bird, 1994a,b). Rb may repress c-fos transcription through interac-
tion with a discrete element on the c-fos promoter, utilizing a common
regulatory motif termed the retinoblastoma control element (RCE) (Kim
et al., 1991, 1992; Pietenpol et al., 1990; Robbins et al., 1990). The c-fos
RCE has also been shown to confer transcriptional repression by Rb on
a heterologous promoter (Robbins et al., 1990). Deletion analysis has
further indicated that the 5’ RCE located between -97 and -86 in the c-
fos gene is sufficient to allow regulation of c-fos by Rb (Kim et al., 1991).
Evidence has identified a single binding site (5'-GCGCCACCCC-3') for
the retinoblastoma control proteins (RCPs) within the c-fos RCE. RCPs
and Rb are thought to be involved in regulatory control mechanisms
that govern the expression of growth response genes such as c-fos, c-
myc, and TGF-B; (Udvadia et al., 1992).

Both tumor suppressor proteins Rb and p53 become hyperphosphory-
lated when cells are treated with the PP1/2A inhibitor okadaic acid
(Yatsunami et al., 1993). Treatment with okadaic acid also results in a
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selective upshift in mRNA levels of most of the transcriptions encoding
proteins associated with these tumor suppressor proteins. These include
cyclins A, B, and Dy, as well as cdkl, cdk2, and Rb, but not cyclins D,
or D; (You and Bird, 1995). This activation occurs in both quiescent
Gy phase cells and exponentially growing cells primarily as a result of
transcription activation. This activity has been localized to two discrete
regions of the promoter in the case of human cdkl (H. Liu and R. C.
Bird, unpublished results, 1996). While posttranscriptional mechanisms
cannot be ruled out entirely, at least for cdkl the primary regulation
appears to be at the level of transcription initiation.

F. Signal Transduction

Stathmin is a highly conserved phosphorylated protein which is thought
to function as a relay, allowing integration of many of the most
well-described phosphorylation-dependent signal transduction systems.
Stathmin encodes consensus sequences for cAMP-dependent protein
kinase, cdk1, cdk2, mitogen associated protein (MAP) kinase, and casein
kinase II (Sobel, 1991; Doye et al, 1989, 1992; Schubart er al, 1989;
Maucuer et al., 1990). It has been proposed that these multiple kinases are
responsible for the multiple phosphorylated forms of stathmin (Beretta et
al., 1993). That stathmin is a substrate of cdkl is quite likely; however,
it is unclear what mechanisms are involved beyond its potential as a
substrate for many of the major signaling pathways in the cytoplasm. This
fact makes stathmin a promising molecule at which cross-talk between
signaling pathways could occur.

The cellular homolog of the Rous sarcoma transforming virus, pp60°*"<,
is a cytoplasmic protein tyrosine kinase which is also a substrate of cyclin/
cdk activity (Morgan et al., 1989; Shenoy et al., 1989). Thus, substrates like
pp60°*representlikely targets through which cdk1initiates a phosporyla-
tion cascade resulting in mitosis-specific phosphorylation of proteins
which are not direct substrates of cdk1, such as lamin C (Ward and Kir-
schner, 1990). This represents an important mechanism because cdkl is
unable to phosphorylate directly anumber of proteins normally phosphor-
ylated during mitosis (Lohka, 1989; Shenoy et al., 1989).

IV. FUTURE OUTLOOK

Efforts to investigate the regulatory mechanisms involved in cell cycle
regulation surrounding cdk/cyclin complexes have focused on p21 as
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well as other cdk regulators and their role in suppression/activation of
this complex. These efforts have been driven by a desire to elucidate
the global regulatory strategy which drives the cdk/cyclin complex family
during each phase of the cell cycle. While extraordinarily important in
understanding how proliferation of cells is controlled, such studies leave
open the question of what events occur downstream from the regulatory
gateway represented by cdk/cyclin complexes. In reviewing the known
and potential substrates of this complex, I have described a large and
varied array of cellular components which comprise many aspects of the
cell architecture. Yet, that is the nature of the extensive changes which
occur during mitosis. The entire cell is reorganized and recruited to
effectively partition the genome and other components of the cell with
a high level of fidelity.

What is most striking is the vast ignorance which persists in this area.
Little is known regarding the mechanisms which drive these changes.
Tantalizing details abound, however, and the future holds the promise
of unraveling the details of mitotic control mechanisms. Understanding
these processes represents discovery of one of the cornerstones of life
itself, as the ability to divide successfully is one of the oldest and best-
conserved cellular processes. Further efforts to understand how cdk/
cyclin activity affects specific changes in nuclear reorganization and initi-
ation of mitosis will reveal regulatory mechanisms which are applicable
to all eukaryotic organisms.
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I. INTRODUCTION: CONTRIBUTIONS OF NUCLEAR
ARCHITECTURE TO TRANSCRIPTIONAL CONTROL

During the past several years, we have gained great insight into the
complexities of transcriptional control in eukaryotic cells. Our concept of
a promoter has evolved from the initial expectation of a single regulatory
sequence which determines transcriptional competency and level of ex-
pression. We now appreciate that transcriptional control is mediated by
an interdependent series of regulatory sequences which reside 5’, 3’ and
within transcribed regions of genes. Rather than focusing on the minimal
sequences required for transcriptional control to support biological activ-
ity, investigators are working to define functional limits. Consequently,
contributions of distal flanking sequences to regulation of transcription
are being addressed experimentally. This is necessary for understanding
the mechanisms by which activities of multiple promoter elements re-
spond to a broad spectrum of regulatory signals and the activities of these
regulatory sequences are functionally integrated. Cross-talk between a
series of regulatory domains must be understood in diverse biological
circumstances in which expression of genes supports cell and tissue func-
tions. The overlapping binding sites for transcription factors within pro-
moter regulatory elements and protein—protein interactions which influ-
ence transcription factor activity provide further components of the
requisite diversity to accommodate regulatory options for physiologically
responsive gene expression.

As the intricacies of gene organization and regulation are elucidated,
the implications of a fundamental biological paradox become strikingly
evident. How, with a limited representation of gene-specific regulatory
elements and low abundance of cognate transactivation factors, can
sequence-specific interactions occur to support a threshold for initiation
of transcription within nuclei of intact cells? Viewed from a quantitative
perspective, the in vivo regulatory challenge is to account for the forma-
tion of functional transcription initiation complexes with a nuclear con-
centration of regulatory sequences that is approximately 20 nucleotides
per 2.5 yards of DNA and a similarly restricted level of DNA binding pro-
teins.

It is becoming increasingly apparent that nuclear architecture provides
a basis for the support of stringently regulated modulation of cell growth
and tissue-specific transcription which is necessary for the onset and
progression of differentiation. Here multiple lines of evidence point to
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contributions by three levels of nuclear organizations to in vivo transcrip-
tional control in which structural parameters are functionally coupled
to regulatory events (Table I). The primary level of gene organization
establishes a linear ordering of promoter regulatory elements. This repre-
sentation of regulatory sequences reflects competency for responsiveness
to physiological regulatory signals. However, interspersion of sequences
between promoter elements which exhibit coordinate and synergistic
activities indicates the requirement of a structural basis for integration
of activities at independent regulatory domains. Parameters of chromatin
structure and nucleosome organization are a second level of genome
architecture that reduces the distance between promoter elements,
thereby supporting interactions between the modular components of
transcriptional control. Each nucleosome (approximately 140 nucleotide
base pairs wound around a core complex of two each of H3, H4, H2,
and H2B histone proteins) contracts linear spacing by sevenfold. Higher-
order chromatin structure further reduces nucleotide distances between
regulatory sequences. Folding of nucleosome arrays into solenoid-type
structures provides a potential for interactions which support synergism
between promoter elements and responsiveness to multiple signaling
pathways. A third level of nuclear architecture which contributes to
transcriptional control is provided by the nuclear matrix (summarized
in Table II). The anastomosing network of fibers and filaments which

TABLE I

Levels of Nuclear Organization That Contribute to Transcriptional Control

Structural Parameters Regulatory Events

1. Organization of promoter regulatory Representation of physiologically responsive

elements transcriptional regulatory sequences
2. Chromatin structure and nucleosome Integration of activities at independent
organization promoter domains
Responsiveness to multiple signaling
pathways
3. Composition and organization of Gene localization
nuclear architecture Concentration and targeting of transcription
factors

Imprinting and modulation of chromatin
structure
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TABLE 11

Contributions of Nuclear Matrix to Regulation of Gene Expression

Parameter

References

Involvement of nuclear matrix in DNA replication

Involvement of nuclear matrix in transcriptional
control
Biologically relevant modifications in representation
of nuclear matrix proteins
Cell type and tissue-specific nuclear matrix
proteins.
Developmental stage-specific nuclear matrix
proteins.
Tumor-specific nuclear matrix proteins.
Steroid hormone-responsive nuclear matrix
proteins.
Polypeptide hormone-responsive nuclear matrix
proteins.
Association of actively transcribed genes with
nuclear matrix.
Matrix-associated regions of genes (MARs)

Pardoll et al., 1980; Belgrader ez al., 1991; Berezney and Coffey, 1974, 1975, 1977;
Vaughn er al., 1990; Jackson and Cook, 1986; Nakayasu and Berezney, 1989

Fey and Penman, 1988; Fey et al., 1986, 1991; Pienta et al., 1991; He er al.,, 1990; Capco
et al., 1982; Bidwell er al, 1993; Nickerson et al., 1990a
Dworetzky et al., 1992

Bidwell ef al., 1994a; Getzenberg and Coffey, 1991; Pienta and Coffey, 1991
Barrack and Coffey, 1983, Kumara-Siri ef al., 1986; Getzenberg and Coffey, 1990

Bidwell er al., 1994b

Dworetzky et al., 1992; Nelkin et al., 1980; Robinson ez al., 1982; Schaack er al., 1990;
Stief et al., 1989; Bode and Maass, 1988; Ciejek er al., 1983; Cockerill and Garrard,
1986; Gasser and Laemmli, 1986; Jackson and Cook, 1985; Jarman and Higgs, 1988;
Kis and Chasin, 1987; Keppel, 1986; Mirkovitch et al., 1984, 1988; Phi-Van and
Stritting, 1988; Phi-Van et al., 1990; Robinson er al., 1982; Thorburn et al., 1988;
Farache et al., 1990; de Jong et al, 1990; Jackson, 1991; Nelson et al., 1986; Targa et
al., 1994; Kay and Bode, 1994; Dietz et al., 1994; Klehr et al.,, 1991
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MAR-binding proteins.

Nuclear matrix localization of transcription factors
Steroid hormone receptors

Ubiquitous transcription factors
Tissue-specific transcription factor
Viral regulatory proteins

Selective partitioning of transcription factors
between nuclear matrix and nonmatrix nuclear
fractions

Involvement of nuclear matrix in posttranscriptional
control
RNA processing

Posttranslational modifications of chromosomal
proteins
Phosphorylation

Von Kries et al, 1991, 1994; Buhrmester et al., 1995; Nakagomi et al., 1994; Fishel et
al., 1993; Tsutsui et al., 1993; Dickinson et al., 1992; Dickinson and Kohwi-
Shigematsu, 1995; Nakagomi et al., 1994; Hakes and Berezney, 1991; Cunningham et
al., 1994

Barrack and Coffey, 1983; Kumara-Siri ef al.,, 1986; Landers and Spelsberg, 1992; van
Steensel et al., 1995

Dworetzky et al., 1992; Guo et al., 1995; Zenk et al., 1990

Bidwell er al., 1993; Merriman et al., 1995

Schaack et al., 1990; Abulafia et al., 1984

Van Wijnen et al,, 1993

Van Eeklen and van Venrooij, 1981; Zeitlin et al., 1987; Nickerson et al., 1990b;
Nickerson and Penman, 1992; Xing er al.,, 1993; Ben-Ze’ev and Aloni, 1983;
Marriman et al., 1982; Ross et al., 1982; Schroder et al., 1987a,b; Jackson ef al., 1981;
Herman et al,, 1978; Durfee et al.,, 1994; Blencowe ef al., 1994; Huang and Spector,
1992; O’Keefe et al., 1994

Hendzel et al,, 1994

Tawfic and Ahmed, 1994
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constitutes the nuclear matrix supports the structural properties of the
nucleus as a cellular organelle and accommodates structural modifica-
tions associated with proliferation, differentiation, and changes neces-
sary to sustain the phenotypic requirements of specialized cells. Regula-
tory functions of the nuclear matrix include but are by no means
restricted to gene localization, imposition of physical constraints on
chromatin structure which support formation of loop domains, concen-
tration and targeting of transcription factors, RNA processing and
transport of gene transcripts, concentration and targeting of transcrip-
tion factors, and imprinting and modifications of chromatin structure.
Taken together these components of nuclear architecture facilitate
biological requirements for physiologically responsive modifications in
gene expression within the contexts of (1) homeostatic control involving
rapid, short-term, transient responsiveness; (2) developmental control
which is progressive and stage-specific; and (3) differentiation-related
control which is associated with long-term phenotypic commitments
to gene expression for support of the structural and functional proper-
ties of cells and tissues.

We are just beginning to appreciate the significance of nuclear
domains in the control of gene expression. However, it is already
apparent that local nuclear environments which are generated by the
multiple aspects of nuclear structure are intimately tied to develop-
mental expression of cell growth and tissue-specific genes. From a
broader perspective, it is becoming increasingly evident that, reflecting
the diversity of regulatory requirements as well as the phenotype-
specific and physiologically responsive representation of nuclear struc-
tural proteins, there is a reciprocally functional relationship between
nuclear structure and gene expression. Nuclear structure is a primary
determinant of transcriptional control, and the expressed genes modu-
late the regulatory components of nuclear architecture. Thus, the
power of addressing gene expression within the three-dimensional con-
text of nuclear structure would be difficult to overestimate. Membrane-
mediated initiation of signaling pathways that ultimately influence
transcription has been recognized for some time. Here the mech-
anisms which sense, amplify, dampen, and/or integrate regulatory sig-
nals involve structural as well as functional components of cellular
membranes. Extending the structure-regulation paradigm to nuclear
architecture expands the cellular context in which cell structure—gene
expression interrelationships are operative.
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II. DEVELOPMENTAL TRANSCRIPTIONAL CONTROL
DURING PROLIFERATION AND DIFFERENTIATION:
REGULATION OF CELL CYCLE-DEPENDENT HISTONE
GENES AND THE BONE-SPECIFIC OSTEOCALCIN GENE
DURING PROGRESSIVE EXPRESSION OF THE
OSTEOBLAST PHENOTYPE

It has been well documented that differentiation is a multistep process,
orchestrated by a complex and interdependent series of stringently con-
trolled regulatory events. Expression of genes supporting proliferation,
and those which mediate both development and maintenance of cell and
tissue phenotypic properties, are responsive to intracellular as well as
extracellular regulatory cues. Osteoblast differentiation is a striking ex-
ample of a process in which progression of temporally compartmental-
ized gene expression, together with cross-talk between regulatory events
requisite for each developmental period, is necessary for establishment
of bone tissue organization.

The sequential expression of cell growth and tissue-specific genes dur-
ing osteoblast differentiation is supported by developmental transcrip-
tional control (Stein et al., 1990; Stein and Lian, 1993). Both in vivo and
in vitro cultures of normal diploid osteoblasts, proliferating cells express
genes which mediate competency for cell growth as well as extracellular
matrix biosynthesis. Postproliferatively, genes functionally related to the
organization and mineralization of the bone extracellular matrix are
expressed (Stein et al., 1990; Stein and Lian, 1993). From the perspective
of growth control, there is a requirement to support expression of genes
for proliferation in early-stage cells. At the same time, expression of
genes associated with the postproliferative acquisition of bone cell and
tissue phenotypic properties must be repressed. Then, at a key transition
point which marks completion of the initial developmental period, pro-
liferation is downregulated and gene expression which supports the
establishment and maintenance of bone tissue organization is upregu-
lated.

In this chapter we will focus on regulatory mechanisms controlling
transcription of the cell cycle-regulated genes in proliferating osteoblasts
and those controlling transcription of the bone-specific osteocalcin (OC)
gene in mature osteoblasts during extracellular matrix mineralization.
Transcription of these cell growth and tissue-specific genes will be consid-
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ered within the context of regulatory contributions from principal com-
ponents of nuclear architecture.

A. Histone Gene Promoter as Model for Integration of
Regulatory Signals Mediating Cell Cycle Control and
Proliferation/Differentiation Interrelationships

The histone gene promoter is a paradigm for cell cycle-mediated tran-
scriptional control (viewed in Stein ef al.,, 1992, 1994). Transcription is
constitutive throughout the cell cycle, upregulated at the onset of S phase
and completely suppressed in quiescent cells or following the onset of
differentiation (Baumbach et al, 1984; Detke et al., 1979; Plumb et al,
1983a,b). Consequently, activity of the promoter is responsive to regula-
tory signals which contribute to transcriptional competency for cell cycle
progression at the G;/S phase transition point and to transcriptional
downregulation postproliferatively (Fig. 1). The modularly organized
promoter regulatory elements of the histone H4 gene promoter and
the cognate transcription factors have been characterized within the con-
text of cell cycle-dependent regulatory parameters (van Wijnen et al.,
1989, 1992; Ramsey-Ewing et al, 1994; Pauli et al, 1987). There is
a direct indication that the cell cycle regulatory element exhibits
phosphorylation-dependent modifications in transcription factor interac-
tions which parallel and are functionally related to cell cycle as well as
growth control of histone gene expression. The S phase transcription
factor complexes assembling at the H4 promoter include cdc2, cyclin A,
retinoblastoma (Rb)-related protein, and interferon regulatory factor-2
(IRF-2) (van Wijnen et al., 1994; Vaughan et al, 1995), reflecting an
integration of phosphorylation-mediated control of histone gene expres-
sion, enzymes involved in DNA replication, and growth stimulation and
suppression at the G,/S phase transition point (Fig. 2).

This regulatory mechanism is not restricted to cell cycle-dependent
transcriptional control of the histone H4 gene. There is an analogous
representation and organization of regulatory motifs in the histone H3
and histone H1 gene promoters supporting coordinate control of histone
genes which are coexpressed (van den Ent ef al, 1994). In a broader
biological context, there are similarities between histone gene cell cycle
regulatory element sequences and those in the proximal promoter of
the thymidine kinase gene which exhibits enhanced transcription during
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Fig. 1. Regulation of histone H4 gene expression in osteoblasts. (Top) Schematic
representation of the cell cycle (Gy, S, G,, mitosis), indicating the pathway associated with
the postproliferative onset of differentiation initiated following completion of mitosis.
(Lower left) Representation of data defining the principal biochemical parameters of
histone gene expression, indicating restriction of histone protein synthesis and the presence
of histone mRNA to S phase cells (DNA synthesis). Constitutive transcription of histone
genes occurs throughout the cell cycle, with an enhanced transcriptional level during the
initial 2 hr of § phase. These results establish the combined contribution of transcription
and mRNA stability to the S phase-specific regulation of histone biosynthesis in
proliferating cells, with histone mRNA levels as the rate-limiting step. (Lower right) In
contrast, the completion of proliferative activity at the onset of differentiation is mediated
by transcriptional downregulation of histone gene expression, supported by a parallel
decline in rate of transcription and cellular mRNA Ievels.

S phase (Dou er al,, 1992). It may therefore be possible that genes
functionally linked to DNA replication may, at least in part, be coordi-
nately controlled. Support for such a mechanism is provided by analogous
promoter domains of the histone and thymidine kinase promoters which
both interact with transcription factor complexes that include cyclins,
cyclin-dependent kinases, and Rb-related proteins.
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Fig. 2. Regulation of histone gene expression during the cell cycle. (A) Organization
of the human histone H4 gene promoter regulatory elements (sites I-IV) is illustrated.
The transcription factors which exhibit sequence-specific interactions with these domains
are indicated during the S phase of the cell cycle when the gene is maximally transcribed.
Site II contributes to cell cycle regulation of transcription. Site IV binds a nuclear ma-
trix protein complex (NMP-1/YY-1), while the protein-DNA interactions at sites III
and I support general transcriptional enhancement. The site II complex includes cyclin A,
cyclin-dependent kinase cdc2, an RB-related protein, and IRF growth regulatory factors,
reflecting integration of phosphorylation-mediated control of histone gene expression.
(B) (Top) Occupancy of the four principal regulatory elements of the histone H4 gene
promoter during the S phase of the cell cycle when transcription is maximal is schematically
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B. Transcriptional Control of Bone-Specific Osteocalcin
Gene at Onset of Extracellular Matrix Mineralization in
Postproliferative Osteoblasts

Influences of promoter regulatory elements that are responsive to basal
and tissue-restricted transactivation factors, steroid hormones, growth
factors, and other physiological mediators have provided the basis for
understanding regulatory mechanisms contributing to developmental ex-
pression of osteocalcin, tissue specificity, and biological activity (Stein
et al., 1990; Stein and Lian, 1993; Lian and Stein, 1996). These regulatory
elements and cognate transcription factors support postproliferative
transcriptional activation and steroid hormone (e.g., vitamin D) enhance-
ment at the onset of extracellular matrix mineralization during osteoblast
differentiation (Fig. 3). Thus, the bone-specific OC gene is organized in
a manner which supports responsiveness to homeostatic physiological
mediators and developmental expression in relation to bone cell differen-
tiation.

The regulatory sequences illustrated in Fig. 3 have been established
in the OC gene promoter and coding region by one or more criteria
that include (1) demonstration of an influence on transcriptional activity
by deletion, substitution, or site-specific mutagenesis in vitro and in vivo;
(2) identification and characterization of sequence-specific regulatory
element occupancy by cognate transcription factors in vitro and in vivo;
(3) modifications in protein—-DNA interactions as a function of biolog-
ical activity; and (4) consequential modifications in functional activity
following overexpression or suppression of factors which exhibit se-
quence-specific recognition for regulatory domains. A series of elements
contributing to basal expression (Lian et al, 1989) include a TATA
sequence (located at —42 to —39) and the osteocalcin box (OC box), a
24-nucleotide element with a CCAAT motif as a central core, both

illustrated. (Middle) The site I1 transcription factor complex is modified by phosphorylation
during the G/G2/mitotic periods of the cell cycle, resulting in modifications in levels of
transcription. Phosphorylation-dependent dissociation of the IRF and HiNF-D (cdc2, cyclin
A, and RB-related protein) factors occurs in non-S phase cells. (Bottom) The complete
loss of transcription factor complexes at sites II, III, and IV occurs following exit from
the cell cycle with the onset of differentiation. At this time, transcription is completely
downregulated.
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required to render the gene transcribable (Towler et al., 1994; Kawaguchi
et al., 1992). The OC box is a highly conserved regulatory sequence
required for basal expression of the rat, mouse, and human OC genes.
The OC box additionally serves a regulatory function in defining the
threshold for initiation of transcription and contributes to bone tissue-
specific expression of the OC gene (Heinrichs er al, 1993a,b, 1995).
However, caution must be exercised in attributing tissue-specific tran-
scriptional control to a single element. Contributions of multiple se-
quences appear to be operative in tissue-specific regulation, thereby
providing opportunities for expression of the osteocalcin gene in
bone under diverse biological circumstances. Multiple glucocorticoid-
responsive elements (GREs) with sequences that exhibit both strong and
weak affinities for glucocorticoid receptor binding have been identified in
the proximal promoter (Stromstedt et al., 1991; Heinrichs et al., 1993a;
Aslam et al., 1995). Interactions of other transcription factors with the
proximal GREs including NF-IL6 have been reported (Towler and Ro-
dan, 1994), further expanding the potential of the OC gene to be tran-
scriptionally regulated by glucocorticoids. It is reasonable to consider

Fig. 3. Organization and expression of the osteocalcin gene during osteoblast
differentiation. (A) Expression of the osteocalcin gene (open squares) and vitamin D
enhancement (solid squares) during the postproliferative period of the osteoblast
developmental sequence is shown. H4 histone mRNA (open triangles) and AP-1 activity
(solid triangles) are indications of proliferative activity. (B) A 25-kb segment of the genome
is shown which includes three osteocalcin genes designated MOCA, MOCB, and MOCX.
MOCA and MOCB are expressed in bone, while MOCX is expressed during the late
prenatal and early postnatal periods in nonskeletal tissues. (C) The organization of the
bone-specific osteocalcin gene is schematically illustrated, indicating the regulatory domains
within the initial 700 nucleotides 5’ to the transcription start site. In the proximal promoter,
several classes of transcription factors are represented which bind to key regulatory
elements. The OC box is the primary tissue-specific transcriptional element that binds
homeodomain proteins (MSX). Fos/jun-related proteins form heterodimers at AP-1 sites
or a cryptic tissue-specific complex. HLH proteins bind to the contiguous E box motif.
The nuclear matrix protein-binding sites interact with an AML-related transcription factor.
Several glucocorticoid response elements (GREs) are indicated, as well as the vitamin D
response element (VDRE), which is a primary enhancer sequence. Additionally, AP-1
sites are indicated that overlap the TGFB8 (TGRE) and the VDRE. The combined and
integrated activities of overlapping regulatory elements and associated transcription factors
provide a mechanism for developmental control of expression during osteoblast growth
and differentiation.
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that the OC gene GREs may be selectively utilized in a developmentally
and/or physiologically responsive manner. The possibility of functional
interactions with transcription factors other than glucocorticoid receptors
under certain conditions should not be dismissed.

The vitamin D-responsive element (VDRE) functions as an enhancer
(Morrison et al., 1989; Demay et al., 1990; Markose et al., 1990; Kerner et
al., 1989; Terpening et al., 1991). The VDRE transcription factor complex
appears to be a target for modifications in vitamin D-mediated transcrip-
tion by other physiological factors including tumor necrosis factor o (TNF-
a) (Kuno ez al., 1994) and retinoic acid (Scule ez al., 1990; Bortell et al.,
1993; Schrader et al., 1993; Macdonald er al,, 1993; Kliewer et al., 1992).
Additional regulatory sequences include an NF-«B site also reported to
be involved in regulation mediated by TNF-« (Li and Stashenko, 1993); a
series of AP-1sites (Ozonoeral.,, 1991; Lianetal., 1991; Demay et al., 1992),
one of which mediates transforming growth factor 8 (TGF) responsive-
ness (Lian and Stein, 1993; Banerjee et al., 1995); an E box (Tamura and
Noda, 1994) that binds HLH containing transcription factor complexes;
and a sequence in the proximal promoter that binds a multisubunit com-
plex containing a CP1/NR-Y-CBF-like CAAT factor complex. Two OC
gene promoter regulatory domains which exhibit recognition for tran-
scription factors that mediate developmental pattern formation are an
MSX binding site within the OC box (Towler et al., 1994a; Heinrichs et al.,
1993b, 1995; Hoffmann er al., 1994) and an AML-1 site (runt homology)
sequence (Merriman et al., 1995; van Wijnen et al., 1994b). These se-
quences may represent components of regulatory mechanisms that con-
tribute to pattern formation associated with bone tissue organization dur-
ing initial developmental stages and subsequently during tissue
remodeling. Involvement of other homeodomain-related genes that are
expressed during skeletal development in the control of osteoblast prolif-
eration and differentiation is worthy of consideration. These include but
are not restricted to the families of Dix and PA X genes (Lufkin ez al., 1991,
1992; Krumlauf, 1993; Gruss and Waltner, 1992; Tabin, 1991; Niehrs and
DeRobertis, 1992; McGinnis and Krumlauf, 1992; Simeone et al., 1994;
Cohen et al., 1989). Although a majority of the responses identified reside
in the region of the promoter which spans the VDRE domain to the first
exon, upstream sequences that must be further defined may contribute to
both basal and enhancer-mediated control of transcription (Lian and
Stein, 1993; Terpening et al., 1991; Yoon et al., 1988; Bortell ef al., 1992;
Morrison and Eisman, 1993; Aslam et al., 1994; Owen et al., 1993). A GRE
reading at —683 to —697 is an example of such an upstream regulatory
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element (Aslam et al., 1994). Additionally, intragenic and downstream
regulatory sequences are a viable candidate for regulatory involvement in
OC gene expression.

The overlapping and contiguous organization of regulatory elements,
as illustrated by the TATA/GRE, E box/AP-1/CCA AT/homeodomain
and TNF-o/VDRE (Kuno et al, 1994) AP-1/VDRE, provides a basis
for combined activities that support responsiveness to physiological me-
diators (Owen et al, 1990; Nanes et al, 1990, 1991; Taichman and
Hauschka, 1992; Li and Stashenko, 1992; Evans et al.,, 1990; Guidon et
al., 1993; Jenis et al, 1993; Vaishnav et al, 1988; Fanti et al, 1992,
Schedlich ez al., 1994). Additionally, hormones modulate binding of tran-
scription factors other than the cognate receptor to nonsteroid regulatory
sequences. For example, vitamin D-induced interactions occur at the
basal TATA domain (Owen et al., 1993) and 1,25-(OH),D; upregulates
MSX-2 binding to the OC box homeodomain motif, as well as supporting
increased MSX-2 expression (Towler et al., 1994; Kawaguchi et al., 1992).
It is this complexity of OC gene promoter element upregulation that
allows for hormone responsiveness in relation to either basal or enhanced
levels of expression. The protein-DNA interactions at the principal
promoter regulatory elements which mediate levels of OC gene transcrip-
tion are schematically summarized in Fig. 3.

III. NUCLEAR STRUCTURE SUPPORTING CELL CYCLE
STAGE-SPECIFIC HISTONE GENE TRANSCRIPTION
IN PROLIFERATING OSTEOBLASTS

A. Chromatin Structure and Nucleosome Organization

A synergistic contribution of activities by sites I, II, III, and IV H4
histone gene promoter elements to the timing and extent of H4-FO108
gene transcription has been established experimentally (Kroeger et al.,
1987; Wright et al., 1992; Birnbaum et al., 1995; Ramsey-Ewing, et al.,
1994). The integration of intracellular signals that act independently
on these multiple elements may occur partly in the three-dimensional
organization of the promoter within the spatial context of nuclear archi-
tecture (Fig. 4).

The presence of nucleosomes in the H4 promoter when the gene is
transcriptionally active (Moreno et al., 1986, 1987; Chrysogelos et al.,
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Fig. 4. Three-dimensional organization of the histone gene promoter. A model is
schematically presented for the spatial organization of the rat osteocalcin gene promoter
based on evidence of nucleosome placement and the interaction of DNA-binding sequences
with the nuclear matrix. These components of chromatin structure and nuclear architecture
restrict mobility of the promoter and impose physical constraints that reduce distances
between proximal and distal promoter elements. Such a postulated organization of the
osteocalcin gene promoter can facilitate cooperative interactions for cross-talk between
elements that mediate transcription factor binding and consequently determine the extent
to which the gene is transcribed.

1985, 1989) (see Fig. 6) may increase the proximity of independent
regulatory elements, in addition to supporting synergistic and/or antago-
nistic cooperative interactions between histone gene DNA-binding activ-
ities. In addition, chromatin structure and nucleosomal organization vary
as a function of the cell cycle (Moreno et al., 1986, 1987, Chrysogelos et al.,
1985, 1989), which may enhance and restrict accessibility of transcription
factors and modulate the extent to which DN A-bound factors are phos-
phorylated.

Parameters of chromatin structure and nucleosome organization were
experimentally established by accessibility of DNA sequences within
nuclei of intact cells to a series of nucleases that include micrococcal
nuclease for establishing nucleosome placement, deoxyribonuclease
(DNase) I for mapping nuclease hypersensitive sites, S1 nuclease for
determining single-stranded DNA sequences, and restriction endonucle-
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ases for determining protein—-DNA interactions within specific sites at
single-nucleotide resolution (Fig. 5). Findings from these experiments
illustrate that nucleosome spacing exhibits cell cycle-dependent varia-
tions in response to levels of histone gene expression and/or nuclear

[S-PHASE: MAXIMAL TRANSCRIPTION]|

distal promoter prox. promoter
| 1

HiNF-D (CDC2/CLN-A/RB)
IRF-1/IRF-2
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[ |
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EepNuclear Matrixe
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Fig.5. Schematic illustration of the remodeling of chromatin structure and nucleosome
organization which accommodates cell cycle stage-specific and developmental parameters
of histone gene promoter architecture to support modifications in the level of expression.
Placement of nucleosomes and representation as well as magnitude of nuclease
hypersensitive sites (solid triangles) are designated. The principal regulatory elements and
transcription factors are shown.
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organization related to mitotic division. A combined modification is
observed in accessibility of histone gene sequences to micrococcal
nuclease, DNase I, S1 nuclease, and restriction endonucleases, reflecting
aremodeling of chromatin architecture related to what extent the histone
gene is transcribed to support proliferative activity and cell cycle pro-
gression.

B. The Nuclear Matrix

A nuclear matrix attachment site has been identified in the upstream
region (—0.8 kb) of the H4-FO108 promoter (Dworetzky et al., 1992),
which may serve two functions: (1) imposing constraints on chromatin
structure and (2) concentrating and localizing transcription factors. Such
roles for the nuclear matrix in the regulation of histone gene expression
are supported by distinct modifications in the composition of nuclear
matrix proteins observed when proliferation-specific genes are downreg-
ulated during differentiation (Dworetzky et al., 1990) and, more directly,
by the isolation of ATF-related and YY1 transcription factors from the
nuclear matrix (Dworetzky et al., 1992; Guo et al., 1995) which interact
with site IV or the H4-FO108 gene promoter.

The specific mechanisms by which the 5’ histone gene promoter ele-
ments and sequence-specific transactivating factors participate in regulat-
ing transcription of the histone H4-FO108 gene remain to be determined.
However, regulation is unquestionably operative within the context of
the complex series of spatial interactions which are responsive to a broad
spectrum of biological signals (Figs. 4, 5).

IV. NUCLEAR STRUCTURE SUPPORTING DEVELOPMENTAL AND
STEROID HORMONE-RESPONSIVE OSTEOCALCIN GENE
TRANSCRIPTION DURING OSTEOBLAST DIFFERENTIATION

A. Chromatin Structure and Nucleosome Organization

Modifications in parameters of chromatin structure and nucleosome
organization parallel both competency for transcription and the extent
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to which the OC gene is transcribed. Changes are observed in response
to physiological mediators of basal expression and steroid hormone re-
sponsiveness. This remodeling of chromatin provides a conceptual and
experimental basis for the involvement of nuclear architecture in devel-
opmental, homeostatic, and physiological control of OC gene expression
during establishment and maintenance of bone tissue structure and activ-
ity (Figs. 6-11).

In both normal diploid osteoblasts and osteosarcoma cells, basal ex-
pression and enhancement of OC gene transcription are accompanied
by two alterations in the structural properties of chromatin. DNase 1
hypersensitivity of sequences flanking the tissue-specific OC box and
the VDRE enhancer domain are observed (Montecino et al., 1994a,b;
Breen et al., 1994). Together with modifications in nucleosome placement
(Montecino et al., 1994b), a basis for accessibility of transactivation fac-
tors to basal and steroid hormone-dependent regulatory sequences can
be explained. In early-stage proliferating normal diploid osteoblasts,
when the OC gene is repressed, nucleosomes are placed in the OC box
and in VDRE promoter sequences; nuclease-hypersensitive sites are not
present in the vicinity of these regulatory elements. In contrast, when
OC gene expression is transcriptionally upregulated postproliferatively
and vitamin D-mediated enhancement of transcription occurs, the OC
box and VDRE become nucleosome free and these regulatory domains
are flanked by DNase I-hypersensitive sites (Figs. 6, 7).

Functional relationships between structural modifications in chromatin
and OC gene transcription are observed in response to 1,25-(OH),D;
in ROS 17/2.8 osteosarcoma cells which exhibit vitamin D-responsive
transcriptional upregulation. There are marked changes in nucleosome
placement at the VDRE and OC box, as well as DNase I hypersensitivity
of sequences flanking these basal and enhancer OC gene promoter se-
quences (Montecino ef al., 1994a,b; Breen et al., 1994). The complete
absence of hypersensitivity, and the presence of nucleosomes in the
VDRE and OC box domains of the OC gene promoter in ROS 24/1
cells which lack the vitamin D receptor, additionally corroborate these
findings (Montecino et al., 1994a; Breen et al., 1994) (Figs. 8, 9). These
steroid hormone-sensitive alterations in chromatin structure have been
confirmed by restriction enzyme accessibility of promoter sequences
within intact nuclei (Montecino et al., 1994a) and by LMPCR (ligation-
mediated polymerase chain reaction) (Montecino et al., 1996b) at single-
nucleotide resolution.

We have found that agents which induce histone hyperacetylation
(sodium butyrate) promote reorganization of the nucleosomal structure
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Fig. 6. Schematic representation of the osteocalcin gene promoter’s organization and
occupancy of regulatory elements by cognate transcription factors paralleling and
supporting functional relationships to either (top) suppression of transcription in
proliferating osteoblasts, (middle) activation of expression in differentiated cells, or
(bottom) enhancement of transcription by vitamin D. The placement of nucleosomes
is indicated. Remodeling of chromatin structure in nucleosome organization to support
suppression, basal, and vitamin D-induced transcription of the osteocalcin gene isindicated.
The representation and magnitude of DNase I hypersensitive sites are designated by solid
triangles, and gene—nuclear matrix interactions are shown.
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Fig.7. Developmental remodeling of nucleosome organization in the osteocalcin gene
promoter correlates with transcriptional activity during differentiation of normal diploid
osteoblasts. The positioning of nucleosomes in the osteocalcin gene promoter was
determined by combining DNasel, micrococcal nuclease, and restriction endonuclease
digestions with indirect endlabeling. The filled circles represent the placement of
nuclesomes, with the shadows indicating movement within nuclease-protected segments.
The vertical arrows correspond to the limits of the distal (~600 to —400) and proximal
(=170 to —70) DNase I hypersensitive sites, which increase in differentiated normal diploid
osteoblasts in response to vitamin D. The VDRE (—465 to —437) and the osteocalcin box
(=99 to —77) are designated.

in the distal region of the OC gene promoter (including VDRE). This
transition results in inhibition of the vitamin D-induced upregulation of
basal transcription in ROS 17/2.8 cells (Fig. 10). Additionally, we have
established an absolute requirement for sequences residing in the proxi-
mal region of the OC gene promoter for both formation of the proximal
DNase 1 hypersensitive site and basal transcriptional activity. Our ap-
proach was to assay nuclease accessibility (DNase I and restriction endo-
nucleases) in ROS 17/2.8 cell lines stably transfected with promoter
deletion constructs driving expression of a CAT reporter gene (Fig. 11).
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Fig. 8. Schematic representation of nucleosome placement in the rat osteocalcin gene
promoter in osteosarcoma cells in relation to osteocalcin gene transcription. The presence
and positioning of nucleosomes in the osteocalcin gene promoter of ROS 17/2.8 cells
(constitutively expressing osteocalcin) and ROS 24/1 cells (not expressing osteocalcin)
were determined by combining nuclease sensitivity (DNase I, micrococcal nuclease, and
restriction endonuclease) with indirect endlabeling. The filled circles represent positioned
nucleosomes, and the shadows indicate movement of nucleosomes within protected
segments. The vertical arrows correspond to the limits of the distal (=600 to —400) and
proximal (—170 to —70) DNase I hypersensitive sites, which are increased following vitamin
D treatment. The VDRE (—465 to —437) and the OC box (—99 to —77) are designated
within the distal and proximal nuclease hypersensitive domains, respectively.

B. The Nuclear Matrix

Involvement of the nuclear matrix in the control of OC gene transcription
is provided by several lines of evidence. One of the most compelling is
association of a bone-specific nuclear matrix protein designated NMP2
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Fig. 9. Three-dimensional organization of the rat osteocalcin gene promoter. A model
is schematically presented for the spatial organization of the rat osteocalcin gene promoter
based on evidence of nucleosome placement and the interaction of DNA binding sequences
with the nuclear matrix. These components of chromatin structure and nuclear architecture
restrict mobility of the promoter and impose physical constraints that reduce distances
between proximal and distal promoter elements. Such postulated organization of the
osteocalcin gene promoter can facilitate cooperative interactions for cross-talk between
elements that mediate transcription factor binding and consequently determine the extent
to which the gene is transcribed.

with sequences flanking the VDRE of the OC gene promoter (Bidwell
et al., 1993). Initial characterization of the NMP2 factor has revealed
that a component is an AML-1-related transactivation protein which is
a runt homology factor associated with developmental pattern formation
in Drosophila (van Wijnen et al., 1994b). These results implicate the
nuclear matrix in regulating events that mediate structural properties of
the VDRE domain and may also contribute to linkage of OC gene
expression, with modulation of the pattern formation requisite for skele-
tal tissue organization during bone formation and remodeling. Here the
possibility of multiple regulatory sequences in the OC gene promoter that
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Fig. 10. Effect of histone hyperacetylation on the chromatin organization and
transcriptional activity of the osteocalcin gene in osteoblastic cells. Changes in chromatin
structure of the osteocalcin gene promoter of ROS 17/2.8 cells following treatment with a
histone deacetylase inhibitor (sodium butyrate) were determined by combining incubation
of isolated nuclei with nucleases (DNase I, micrococcal nuclease, and restriction
endonucleases) and detection by the indirect end-labeling method. The filled circles
represent the putative nucleosomes, and the vertical arrows correspond to the limits of the
distal (—600 to —400) and proximal (—170 to —70) DNase I hypersensitive sites. The result
of this treatment is that the VDRE is no longer within a DNase [ hypersensitive site, which
also correlates with a block in the vitamin D-induced upregulation of osteocalcin gene
transcription.

are functionally associated with pattern formation is indicated because
of binding by MSX homeodomain proteins at the OC box (Hoffmann
et al., 1994; Towler and Rodan, 1994).

It is apparent from available findings that the linear organization of
gene regulatory sequences is necessary but insufficient to accommodate
the requirements for physiological responsiveness to homeostatic, devel-
opmental, and tissue-related regulatory signals. It would be presumptu-
ous to propose a formal model for the three-dimensional organization
of the OC gene promoter. However, the working model presented in Figs.
6 and 9 represents postulated interactions between OC gene promoter
elements that reflect the potential for integration of activities by nuclear
architecture to support requirements at the cell and tissue levels.
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Fig. 11. Chromatin organization of the osteocalcin gene promoter requires specific
promoter sequences. Constructs including sequential deletions from the rat osteocalcin
gene promoter were stably transfected in ROS 17/2.8 cells. Expression was determined
by CAT activity and chromatin organization, analyzed as described in Figs. 8, 9, and 10.
Horizontal bars represent the distal and proximal DNase I hypersensitive sites and the
filled circles the putative nucleosomes.

A functional role of the nuclear matrix in steroid hormone-mediated
transcriptional control of the OC gene is further supported by overlap-
ping binding domains within the VDRE for the VDR and the NMP-1
nuclear matrix protein, which we have shown to be a YY1 transcription
factor. One can speculate that reciprocal interactions of NMP-1 and
VDR complexes may contribute to the competency of the VDRE to
support transcriptional enhancement. Binding of NMP-2 at the VDRE
flanking sequence may establish permissiveness for VDR interactions
by gene-nuclear matrix associations which facilitate conformational
modifications in the transcription factor recognition sequences.
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Taken together, these findings provide a basis for involvement of both
the nuclear matrix and the chromatin structure in modulating accessibil-
ity of promoter sequences to cognate transcription factors and facilitating
the integration of activities at multiple regulatory domains. In vivo stud-
ies support functional contributions of nuclear matrix proteins to steroid
hormone-mediated transcription. Overexpression of acute myelogenous
leukemia factor (AML) transcription factors which flank the OC gene
VDRE upregulates expression. In contrast, overexpression of YY1 which
binds to a site overlapping the OC gene vitamin D receptor binding
sequences abrogates the vitamin D enhancement of transcription. Addi-
tionally, functional data supporting cross-talk between the gene VDRE
and the GATA domain are provided by the demonstration that the
transcription factor TF2B and the VDR cooperatively coactivate ligand-
dependent transcription (Blanco et al., 1995). Functional interrelation-
ships between the VDRE and THEA domains are further supported by
the demonstration that TF2B and the vitamin D receptor are partner
proteins by the two-hybrid system (Macdonald et al., 1995).

V. CONCLUSIONS AND PROSPECTS

It is becoming increasingly evident that developmental transcriptional
control and modification in transcription to accommodate homeostatic
regulation of cell and tissue function are modulated by the integration
of a complex series of physiological regulatory signals. Fidelity of respon-
siveness necessitates the convergence of activities mediated by multiple
regulatory elements of gene promoters. Our knowledge of promoter
organization and of the repertoire of transcription factors which mediate
activities provides a single-dimension map of options for biological con-
trol. We are beginning to appreciate the additional structural and func-
tional dimensions provided by chromatin structure, nucleosome organi-
zation, and subnuclear localization and targeting of both genes and
transcription factors. Particularly exciting is increasing evidence of dy-
namic modifications in nuclear structure which parallel developmental
expression of genes. The extent to which nuclear structure regulates
and/or is regulated by modifications in gene expression remains to be
experimentally established.

It is necessary to define mechanistically how nuclear matrix-mediated
subnuclear distribution of actively transcribed genes is responsive to
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nuclear matrix association of transcriptional and post-transcriptional reg-
ulatory factors. In addition, we cannot dismiss the possibility that associa-
tion of regulatory factors with the nuclear matrix is consequential to
sequence-specific interactions of transcriptionally active genes with the
nuclear matrix. As these issues are resolved, we will gain additional
insight into determinants of the cause and/or effect relationships which
interrelate specific components of nuclear architecture with gene expres-
sion at the transcriptional and posttranscriptional levels. However, it is
justifiable to anticipate that while nuclear structure—gene expression
interrelationships are operative under all biological conditions, situation-
specific variations are the rule rather than the exception. As subtleties
in the functional component of nuclear architecture are further defined,
the significance of nuclear domains to DNA splicing, transcription, and
processing of RNA transcripts will be further understood.

A challenge that we face is to establish experimentally the rate-limiting
nucleotide sequences and factors which integrate nuclear structure and
gene expression. What are the sequence determinants and regulatory
proteins which facilitate remodeling of chromatin structure and nucleo-
some organization to facilitate developmental and homeostatic require-
ments for transcription? How are structurally and functionally dynamic
modifications in chromatin organization related to interactions of genes
with the nuclear matrix? There is confidence that these issues will be
resolved in part by studies being carried out with lower eukaryotes in
which gene content is limited and our knowledge of the genetics is
encyclopedic, as well as easily applied to mapping structural and regula-
tory parameters of gene expression. However, caution must be exercised
in extrapolating results from such studies to generalizations which apply
to all eukaryotic cells and organisms. While the size of the genome and
the content of genetic information are lower in yeast and Drosophila
than in mammalian cells, the nuclear organization and proteins which
package DNA as chromatin are different. These variations may reflect
the increased regulatory components in mammalian cells which support
both structure and function.
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I. INTRODUCTION

Nuclear transcription is carried out by three different DNA-depen-
dent RNA polymerases, termed RNA polymerase I, II, and III (RPI,
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RPII, RPIII; Sentenac, 1985; Archambault and Friesen, 1993). These
three enzyme complexes differ in their template specificity, sensitivity
to specific inhibitors, and nuclear localization. RPI synthesizes the
45S rRNA precursor in the nucleolus (Sollner-Webb and Mougey,
1991). RPII is localized in the nucleoplasm and is responsible for the
synthesis of heterogeneous nuclear RNA (hnRNA) (i.e., predominantly
pre-mRNA), most small nuclear RNAs (snRNAs), and at least one
repetitive RNA sequence (Shafit-Zagardo et al., 1983; Young, 1991).
RPIII is also localized in the nucleoplasm and synthesizes several
small RNAs, like 5§ rRNA, tRNA, U6 snRNA, and 7SL RNA
(Willis, 1993).

Most studies concerning RNA synthesis are done in solution in test
tube experiments. In such systems, the nuclear context of RNA synthesis
is usually disregarded (for a comprehensive review on nuclear organiza-
tion, see Spector, 1993). It is becoming increasingly clear that the nuclear
context (e.g., chromatin structure, nuclear matrix) plays an important
role in the regulation of gene expression. In soluble, cell-free systems,
specific higher-order effects in the nucleus may be overlooked. For a
complete understanding of gene expression, it is therefore essential to
study transcription in its nuclear environment. This chapter focuses on
transcription by RPII, with special emphasis on its relationship to nu-
clear architecture.

II. LOCALIZATION OF RNA POLYMERASE II TRANSCRIPTION
SITES IN THE NUCLEUS

A. Introduction

Transcription by RPII covers the majority of extranucleolar RNA
synthesis in most eukaryotic cells. Like the nucleolus, where RNA
synthesis by RPI is concentrated, the nucleoplasm contains distinct
ultrastructural domains. These are clusters of interchromatin granules,
clusters of perichromatin fibrils, coiled bodies, and nuclear bodies.
Their role in RNA synthesis (and/or RNA processing) has remained
elusive, however. Through the years, only a few techniques were
available to visualize sites of RNA synthesis. The spatial distribution
of RPII transcription sites in the nucleus has therefore remained
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unclear for a long time. The different methods that are used to study
the localization of (potential) transcription sites in the nucleus are
discussed in Sections I1I,B-G. A general picture of how actively
transcribed chromatin is distributed throughout the nucleus is now
emerging.

B. Electron Microscopic Autoradiography

The first technique that was developed to visualize transcription sites
was electron microscopy combined with high-resolution autoradiography
(EMARG) on [*H]uridine-labeled cells (reviewed by Fakan and Puvion,
1980; Fakan, 1986). It is often combined with the regressive ethylenedi-
aminetetraacetic acid (EDTA) technique (Bernhard, 1969), which stains
specifically ribonucleoprotein (RNP) structures in the nucleus. After a
short [*H]uridine pulse, strong labeling is observed in the nucleolus,
corresponding to rRNA synthesis (Fakan and Bernhard, 1971; Fakan et
al., 1976; Fakan and Nobis, 1978). Extranucleolar labeling, corresponding
to RNA synthesis by RPII and RPIII, is weaker and is found throughout
the nucleoplasm at the border of condensed chromatin domains in associ-
ation with so-called perichromatin fibrils. Perichromatin fibrils have a
diameter varying between 3 and 5 nm, sometimes up to 20 nm (Fakan
and Puvion, 1980). Their exact nature is not known. They may correspond
to (nascent) transcripts that are associated with hnRNP proteins or
snRNPs (Bachellerie et al., 1975; Fakan, 1994). Interchromatin granules
are RNP-containing structures, 20-25 nm in diameter, that appear in
clusters distributed randomly throughout the nucleoplasm (Fakan and
Puvion, 1980). Such clusters of interchromatin granules are only weakly
labeled by [*H]uridine or remain unlabeled, even after long incubation
periods. This indicates that they probably do not represent sites of tran-
scription.

A significant drawback of EMARG is its low spatial resolution, which
is less than that of the electron microscope (Fakan, 1986). In addition,
EMARG is a complex method and often requires long exposure times.
A great advantage, however, is the preservation of nuclear ultrastructure
due to fixation of [*H]uridine-labeled cells without permeabilization.
EMARG has contributed greatly to our knowledge of RNA synthesis
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in relation to nuclear ultrastructure, especially at a time when the study
of nuclear organization was still in its infancy.

C. Antibodies against RNA Polymerase II Molecules

A method of studying the distribution of potential sites of transcription
consists of labeling RPII molecules with specific antibodies. Two inde-
pendent immunofluorescence studies, using different antibodies and dif-
ferent cell types, report diffuse nucleoplasmic staining (Bona et al., 1981;
Jiménez-Garcia and Spector, 1993). Using the same antibody used by
Jiménez-Garcia and Spector (1993), called 8WG16 (Thompson et al.,
1989), we found a finely punctuated nucleoplasmic staining (M. Grande
and R. van Driel, submitted). This slight discrepancy in distribution
may be due to differences in the immunolabeling procedure or the cell
types used.

A different type of distribution of RPII molecules was reported by
Clark et al. (1991). They found RPII molecules predominantly in the
periphery of the nucleus. When nascent RNA is labeled with biotin-
conjugated uridine triphosphate (UTP) during run-on transcription,
RPII molecules engaged in transcription are also found in the nuclear
periphery. The significance of this localization study is questionable,
however, because nuclear morphology was not well preserved under the
labeling conditions used, i.e., the nuclear lamina was often not intact,
and peripheral chromatin was dispersed into a halo around the nucleus
(Clark et al., 1991).

It should be noted that anti-RPII antibodies may not discriminate
between RPII molecules that are engaged in transcription and those
that are inactive (e.g., stalled RPII molecules or RPII molecules not
bound to DNA). Therefore, the RPII-antigen distribution may be an
overestimation of the number of RPII transcription sites. On the other
hand, it is conceivable that an antibody does discriminate between active
and inactive RPII molecules because the epitope in either of the two
populations is masked or absent. A double-labeling study combining
anti-RPII labeling with either [*H]uridine or BrUTP labeling of nascent
pre-mRNA (see Section II,G) to localize active sites of transcription
will solve this problem. For comparison, on polytene chromosomes RPII
molecules are found predominantly in so-called interbands and puffs,
the same sites where [*H]uridine is incorporated (Sass, 1982). This shows
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that, at least in polytene nuclei, chromatin domains containing RPII are
also sites of transcription.

D. Antibodies against RNA-DNA Hybrids

An entirely new approach to map transcription sites in the nucleus
has been introduced by Testillano et al. (1994). This method is based on
the notion that DNA-RNA hybrids are intermediates in the transcrip-
tion process (see references cited in Testillano et al., 1994). Antibodies
directed against DNA-RNA hybrids label specific structures in the nu-
cleoplasm and the nucleolus. These structures correspond largely to
structures that become labeled by [*H]uridine. It cannot be excluded,
however, that DNA-RNA hybrids unrelated to transcription are also
detected by these antibodies.

E. In Situ Nick Translation

Attempts have been made to localize transcription sites by in situ nick
translation. These experiments were based on the notion that mainly
actively transcribed genes are nuclease sensitive (Weintraub and Grou-
dine, 1976; Levitt et al, 1979). When in situ nick translation is used,
DNase-sensitive sites are found predominantly, although not exclusively,
in the nuclear periphery (Hutchison and Weintraub, 1985; de Graaf et
al., 1990; Krystosek and Puck, 1990). The suggestion that transcription
takes place preferentially in the nuclear periphery is not consistent with
[*H]uridine- and BrUTP-labeling experiments (see Section II,G), which
show that RPII transcription sites are distributed throughout the nucleo-
plasm. The reason for this discrepancy is not known. In sifu nick transla-
tion may not be a suitable technique to examine the distribution of active
chromatin in the nucleus. The relationship between active chromatin
and deoxyribonuclease (DNase) sensitivity may be more complex than
was initially thought. Double-labeling experiments combining in situ nick
translation and BrUTP labeling (see Section II,G), preferably at the
electron microscopic level, will give new clues on how nuclease-sensitive
chromatin is related to transcriptionally active loci.
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F. In Situ Hybridization

In situ hybridization can be used to visualize sites of transcription of
individual genes (Lawrence and Singer, 1991). In principle, the position
of any gene can be localized if a specific probe is available. The Epstein-
Barr virus (EBV) genome in Namalwa cells is integrated preferentially
in the inner 50% of the nuclear volume (Lawrence ef al., 1988). Also,
the neu oncogene is found in the nuclear interior. In contrast, the dys-
trophin gene is usually localized near the nuclear envelope (Lawrence
and Singer, 1991). It has been suggested that each gene occupies a specific
position in the interphase nucleus (Carter and Lawrence, 1991). Thus
far, however, a clear correlation between the three-dimensional location
of a gene and its transcriptional activity has not been recognized.

The c-fos gene (Huang and Spector, 1991) and the fibronectin gene
(Xing et al., 1993) are usually found close to domains that are highly
enriched in the splicing factor SC-35. These domains correspond to
interchromatin granule clusters (see Spector et al., 1991). In situ hybrid-
ization with a poly(dT) probe has shown that these interchromatin gran-
ule clusters contain high concentrations of poly(A) RNA (Carter et al.,
1991, 1993; Visa et al., 1993). This does not mean, however, that these
domains are sites of transcription, as suggested by Carter er al. (1991),
because (1) probably the entire poly(A) RNA population is detected
with a poly(dT) probe, i.e., newly synthesized hnRNA, hnRNA en route
to the cytoplasm, and hnRNA stored in the nucleus, and (2) it is uncertain
whether polyadenylation occurs directly at the site of transcription.
Moreover, earlier EMARG studies on [*H]thymidine-labeled cells (Fa-
kan and Hancock, 1974) and [*H]uridine-labeled cells (Fakan and Bern-
hard, 1971; Fakan et al,, 1976) showed that interchromatin granule clus-
ters do not contain DNA and are not transcriptionally active.

Summarizing, in situ hybridization is a very useful technique to localize
individual genes and specific transcripts in the interphase nucleus. The
next step is to combine in situ hybridization with electron microscopy
(e.g., Huang and Spector, 1991; Sibon et al., 1994). The combination of
high specificity and high resolution offers interesting opportunities to
investigate the ultrastructural localization of specific active or inactive
genes. Furthermore, intron- and exon-specific probes can be used to
study the localization of successive steps in RNA processing and trans-
port of pre-mRNA and mature RNA from the site of synthesis to the
nuclear envelope (Sibon et al, 1995).
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G. Labeling Nascent RNA with BrUTP

Cook and co-workers and we have independently developed a new
method to visualize sites of transcription in the nucleus (Jackson ef
al., 1993; Wansink et al, 1993, 1994a). This method is based on the
incorporation of the UTP analog S5-bromouridine 5’-triphosphate
(BrUTP) in situ into nascent RNA. Sites of BrUTP incorporation are
visualized by a monoclonal antibody (MADb) that specifically recognizes
bromouridine, followed by immunofluorescence microscopy. We observe
a punctated nuclear staining composed of hundreds of domains scattered
throughout the nucleus, except for the nucleolus (Fig. 1; optical section).
No staining is observed when the transcription reaction is done in the
presence of 1 ug/ml a-amanitin. This shows that the staining represents

Fig. 1. Localization of transcription sites in the nucleus. Human skin fibroblasts were
permeabilized, and run-on transcription was done in the presence of BrUTP for 15 min
to label nascent RNA. Cells werc fixed in 2% formaldehyde and processed for
immunofluorescence microscopy using anti-BrUTP antibodies. Shown is an optical section
through the middle of a BrUTP-labeled nucleus. Sites of RPII transcription are not confined
to the nuclear periphery but are distributed throughout the nucleoplasm. In this particular
image, nucleolar transcription (caused by RPI) is also apparent (asterisk). Bar: 5 um.
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RNA synthesized by RPII. The punctated pattern is observed under
conditions in which most BrUTP-labeled RNA is nascent, i.e., (1) after
labeling in vitro during run-on transcription in permeabilized cells and
(2) after short-term labeling in vivo after microinjection of BrUTP di-
rectly into the cell. Therefore, we conclude that nuclear domains that
contain BrUTP-labeled RNA represent genuine sites of transcription.

We initially concluded that the BrUTP-labeled nuclear staining ob-
served by immunofluorescence microscopy, consisting of hundreds of
transcription domains per nucleus, may indicate that each domain con-
tains several actively transcribed genes grouped closely together during
transcription (Wansink et al., 1993). However, electron microscopic stud-
ies on BrUTP-labeled nuclei show that this is probably not the case
(Wansink et al., 1996). In our electron microscopic preparations, we
observe as many as several thousand gold-labeled transcription sites
distributed more or less uniformly throughout the nucleus. The apparent
discrepancy in the number of transcription sites between the immuno-
fluorescence labeling and the immunogold labeling is probably the result
of the difference in resolution between light microscopy and electron
microscopy. Most likely, each light microscopically defined transcription
domain corresponds to several gold-labeled transcription sites and there-
fore to several actively transcribed genes.

In contrast to the nucleospasm, nucleoli are often not stained after
BrUTP labeling (Wansink et al.,, 1993; Jackson et al, 1993). Intrinsic
properties of the nucleolus and nucleolar RNA probably can explain
this phenomenon: (1) BrUTP is less efficiently incorporated by RPI than
by RPII (Wansink et al., 1993); (2) rRNA contains little uridine, and
therefore will contain less BrU than RPII transcripts; (3) the nucleolus
has a dense ultrastructure, which may hamper access of antibodies; and
(4) packaging of rRNA into ribonucleoprotein particles may occur during
synthesis, making the BrU epitope inaccessible for antibodies. The latter
two explanations are supported by the observation that nucleoli are
clearly labeled in nuclear matrices isolated from BrUTP-labeled nuclei.
This indicates that under these conditions—most of the nuclear DNA
and proteins are absent from nuclear matrices—antibodies are able to
reach BrUTP-labeled rRNA in the nucleolus. In nuclear matrices the
extranucleolar labeling is very similar to that observed in whole nuclei.
No additional transcription domains seem to be uncovered in the nucleo-
plasm. This implies that all nucleoplasmic transcription sites are already
visible in whole nuclei.

In conclusion, labeling nascent RN A with BrUTP is a simple, sensitive,
nonradioactive method of localizing active sites of transcription in the
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nucleus in vivo and in vitro. It is the first technique that visualizes
transcription at high resolution in the light microscope and provides
unique possibilities in double-labeling experiments to study the localiza-
tion of transcription sites in relation to other nuclear activities and com-
ponents (see Sections IV, V; Jackson et al., 1993; Wansink et al., 1993,
1994b; Hassan et al., 1994). Because the presence of BrU in pre-mRNA
inhibits splicing (Wansink et al., 1994c; see also Sierakowska et al., 1989),
the use of BrUTP in long-term in vivo experiments is limited. Extension
of the BrUTP technique to the electron microscopic level has been
successful and offers new possibilities of studying RNA synthesis and
nuclear ultrastructure (Dundr and Raska, 1993; Hozak et al., 1994, Wan-
sink et al., 1996).

H. Concluding Remarks

After our discussion of six different techniques used to visualize (po-
tential) sites of RPII transcription, it appears that the ones that directly
label nascent RNA, i.e., either by [*H]uridine or by BrUTP, are the
most reliable. These techniques show that RPII transcription sites are
distributed throughout the nucleus, without any preference for either
the nuclear interior or the periphery. The observation that actively tran-
scribed genes are located predominantly at the periphery of domains of
condensed chromatin (Fakan and Bernhard, 1971; Fakan et al., 1976) is
corroborated by our electron microscopic studies (Wansink et al., 1996).
The significance of this intriguing finding is not yet clear and awaits
further investigation.

IIT. TRANSCRIPTION AND THE NUCLEAR MATRIX

The nuclear matrix is operationally defined as the structure that re-
mains after nuclease treatment and subsequent extraction of most of
the lipids, DNA, proteins, and sometimes RNA from the interphase
nucleus. Depending on the isolation procedure used, this nuclear sub-
structure is called nuclear matrix, nucleoskeleton, nuclear scaffold, nu-
clear matrix—intermediate filament complex, or karyoskeleton. Here we
will consistently use the term nuclear matrix. The nuclear matrix is
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thought to play an important role in maintaining the functional and
structural integrity of the nucleus, including the organization of RNA
synthesis (reviewed by Verheijen et al., 1988; Cook, 1988, 1989; de Jong
et al., 1990; van Driel et al., 1991; Stuurman et al., 1992). However, the
exact role of the nuclear matrix in the regulation and organization of
transcription by RPII is still not clear.

Many experiments, mainly biochemical, have shown that the RPII
transcription machinery is associated with the nuclear matrix. (1) Ac-
tively transcribed class II genes are highly enriched in nuclear matrix
preparations, whereas inactive genes are not (Robinson et al, 1982;
Ciejek ez al, 1983; Jost and Seldran, 1984; Jackson and Cook, 1985;
Buttyan and Olsson, 1986; Andreeva et al, 1992). (2) RNA is identified
as a component of the nuclear matrix (van Eekelen and van Venrooij,
1981; Ciejek et al., 1982; Mariman et al., 1982; Nickerson et al., 1989; He
et al., 1990). Also, nascent RNA is associated with the nuclear matrix
(Jackson and Cook, 1985). Using BrUTP to label nascent RNA, we
have shown that the distribution of sites containing nascent RNA (i.e.,
transcription sites) is largely maintained in nuclear matrices (Fig. 2;
Wansink et al., 1993; see also Jackson et al., 1993). This finding agrees
with the preservation of the “track’-like distribution of EBV primary
transcripts in nuclear matrix preparations of Namalwa cells (Xing and
Lawrence, 1991). (3) Nuclear matrix preparations retain much of the
RPII transcriptional activity found in isolated nuclei (Abulafia ez al,
1984; Jackson and Cook, 1985; Razin and Yarovaya, 1985; Razin et
al., 1985; D. G. Wansink and J. Groenink, unpublished observations).
(4) Many transcription factors are found enriched in the nuclear matrix
(Barrack, 1987; Klempnauer, 1988; Waitz and Loidl, 1991; Stein et al,
1991; Bidwell et al., 1993; van Wijnen et al., 1993). The molecular interac-
tions that form the basis for the association of the different components
of the RPII transcription complex with the nuclear matrix are not known
and need further investigation. In the human androgen receptor and the
human glucocorticoid receptor, specific receptor domains are responsible
for nuclear matrix association (van Steensel ef al., 1995).

In contrast to the papers just cited, some reports suggest that transcrip-
tion is not associated with the nuclear matrix (Kirov et al.,, 1984; Roberge
et al., 1988; Fisher et al., 1989). The reason for this discrepancy is not
known but may be due to differences in the isolation procedure of
nuclear matrices (e.g., loss of the internal nuclear matrix).

Besides the nuclear distribution of transcription sites and EBV tran-
scripts, the distribution of replication domains (Nakayasu and Berezney,
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Fig. 2. Transcription sites are preserved in nuclear matrices. Run-on transcription was
carried out in permeabilized human skin fibroblasts in the presence of BrUTP for 30 min.
Labeled cells were treated with sodium tetrathionate to stabilize the internal nuclear
matrix structure, digested with RNase-free DNase, and extracted with 0.25 M ammonium
sulfate. Nuclear matrices were fixed in 2% formaldehyde and immunolabeled using anti-
BrUTP antibodies. (A) Nascent RNA; (B) DNA stained with Hoechst 33258, 0.25 s
exposure; under these conditions, whole nuclei give a bright image; (C) as in (B) with
10 s exposure; (D) phase contrast. Note that most DNA has been extracted. In the nuclear
matrices nucleolar RNA staining is clearly visible (compare D with A), whereas the
nucleoplasmic staining remains unaltered compared to the staining in unextracted nuclei.
This shows that the distribution of transcription sites is preserved in nuclear matrices. Bar:
5 pwm. Reproduced from the Journal of Cell Biology, 122:283-293 (1993), by copyright
permission of The Rockefeller University Press.

1989; Hozik et al., 1993), epidermal growth factor (EGF)-receptor tran-
scripts (Sibon et al., 1993, 1994), and the splicing factor SC-35 (D. G.
Wansink and O. C. M. Sibon, unpublished observations) are preserved
in nuclear matrices. This suggests that the nuclear matrix rather than
the chromatin plays a structural role in maintaining the organization of
the interphase nucleus. The nuclear matrix may act as the active structure
at which most nuclear processes take place (see Cook, 1989). For in-
stance, the nuclear matrix may represent the in vivo structure to which
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RNA is bound when it is synthesized, during subsequent RNA process-
ing, until it is transported through the nuclear pore to the cytoplasm
(Xing and Lawrence, 1991). Furthermore, the nuclear matrix may form
the physical connection between different nuclear domains involved in
pre-mRNA processing (see Section IV). Clearly, much needs to be
learned about the structure and function of the nuclear matrix and
about the molecular interactions that obviously exist between matrix
components and pre-mRNA.

IV. TRANSCRIPTION AND PRE-mRNA PROCESSING

Pre-mRNAs form the major product of transcription by RPII. Most
pre-mRNAs are processed to mature mRNAs in the nucleus and are
then exported to the cytoplasm. Knowledge of the spatial and functional
relationship between sites of pre-mRNA synthesis and sites of pre-
mRNA processing is crucial in understanding the organization of the
nucleus. Pre-mRNA processing must occur at the site of synthesis or en
route to the nuclear pore complex. At present, there is an interesting
controversy in the literature on how pre-mRNA synthesis, processing,
and intranuclear transport are spatially related and functionally interde-
pendent (see Rosbash and Singer, 1993; Xing and Lawrence, 1993;
Kramer erf al., 1994).

Most pre-mRNAs are modified by (1) the addition of a 5'-cap soon
after initiation of transcription, (2) the addition of a 3'-poly(A) tail after
3’-cleavage, and (3) the removal of introns during pre-mRNA splicing.
The capping enzyme and probably also poly(A) polymerase are located
at the site of transcription. In contrast, the temporal and spatial organiza-
tion of splicing is still not clear. Splicing factors are concentrated essen-
tially in three different types of domains in the nucleus: (1) interchroma-
tin granule clusters, (2) clusters of perichromatin fibrils, and (3) coiled
bodies (Fakan and Puvion, 1980; Fakan, 1986; Lamond and Carmo-
Fonseca, 1993a). It is obvious that these domains must somehow be
involved in splicing. The molecular composition of these domains has
been studied extensively to understand their individual roles in pre-
mRNA synthesis and splicing.

1. Interchromatin granule clusters. Clusters of interchromatin granules
most likely do not contain DNA because they are not labeled by
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[*H]thymidine (Fakan and Hancock, 1974) and only slowly by [*H]uri-
dine (Fakan and Bernhard, 1971; Fakan et al., 1976; Fakan, 1986). Inter-
chromatin granule clusters are highly enriched in snRNAs, snRNP pro-
teins, and non-snRNP splicing factors, e.g, SC-35 (Fakan er al., 1984;
Spector et al., 1991; Carmo-Fonseca et al., 1991). In contrast, they contain
only few hnRNP proteins (Fakan et al., 1984). Obviously, poly(A) RNAs,
which are present in high concentration in interchromatin granule clus-
ters (Carter et al., 1991, 1993; Visa et al., 1993), bind little or no hnRNP
proteins, unlike probably most hnRNAs in perichromatin fibrils. This
suggests that poly(A) RNA in interchromatin granule clusters either
contains RNA species other than poly(A) RNA in perichromatin fibrils
or is in a different stage of maturation than that in perichromatin fibrils.
Together these results indicate that interchromatin granule clusters do
not represent sites of transcription. Evidence favors the hypothesis that
interchromatin granule clusters are also not major sites of RNA process-
ing (see the following discussion).

2. Perichromatin fibrils. Perichromatin fibrils represent sites of tran-
scription because they become labeled immediately after a short pulse
of [*H]uridine (Fakan and Bernhard, 1971; Fakan et al., 1976). SnRNAs,
snRNP proteins, and non-snRNP proteins are associated with perichro-
matin fibrils (Fakan et al., 1984; Spector et al., 1991; Carmo-Fonseca et
al., 1991). They also contain poly(A) RNA (Carter et al, 1991, 1993;
Visa et al., 1993). Perichromatin fibrils are the major location of hnRNP
proteins in the nucleus (Fakan er al., 1984). Therefore, it is likely that
perichromatin fibrils represent (or contain) nascent transcripts (Fa-
kan, 1994).

3. Coiled bodies. Coiled bodies are spherical structures with a diameter
of 0.5-1 um (reviewed by Lamond and Carmo-Fonseca, 1993b). Their
number varies from cell to cell and ranges between zero and six per
nucleus. Coiled bodies are highly enriched in snRNAs and snRNP pro-
teins (Fakan et al., 1984; Raska et al., 1991; Carmo-Fonseca et al., 1992;
Spector et al., 1992). The non-snRNP protein U2AF is also present in
coiled bodies (Zhang et al.,, 1992), whereas SC-35, also a non-snRNP
splicing factor, is not (Riska et al., 1991). Poly(A) RNA is not detected
in coiled bodies (Visa et al., 1993). It is not known whether transcription
occurs in coiled bodies. Generally, coiled bodies are observed only in
transformed or immortal cell lines and not in cell lines of defined passage
(Spector et al.,, 1992). This suggests that coiled bodies do not play a
general role in RNA processing. They may be involved in processing of
specific transcripts. It has also been suggested that coiled bodies are
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involved in post-splicing events, e.g., recycling of snRNPs or degradation
of introns (Lamond and Carmo-Fonseca, 1993b).

In which of these three nuclear structures does splicing take place? A
crucial observation is that many, if not all, splicing factors are present
at the site of pre-mRNA synthesis. We found, for example, SC-35 (Fu
and Maniatis, 1990) in low concentrations at many transcription sites
(Fig. 3; Wansink et al., 1993). So, in principle, splicing can occur at the
same site where transcription takes place. Several observations indicate
that splicing is initiated cotranscriptionally (LeMaire and Thummel,
1990; Beyer and Osheim, 1991; Kopczynski and Muskavitch, 1992;
Baurén and Wieslander, 1994). This conclusion agrees with the finding
that hnRNP proteins and snRNPs become associated with pre-mRNAs
during transcription (Fakan et al,, 1986; Amero et al., 1992; Matunis et
al., 1993). In conclusion, splicing probably starts at the site of pre-mRNA
synthesis, i.e., in close association with perichromatin fibrils. Whether
splicing is also completed there is not clear.

Fig. 3. Double labeling of nascent RNA and SC-35 domains enriched in splicing
components. Permeabilized human skin fibroblasts were labeled with BrUTP for 15 min.
Subsequently, cells were fixed in 2% formaldehyde and immunolabeled. In the same cells,
domains enriched in snRNPs were visualized with a MAb against the essential splicing
component SC-35 (Fu and Maniatis, 1990). Optical sections through the middle of the
nucleus are shown. (A) Nascent RNA labeled with BrUTP. (B) Domains enriched in
splicing components stained by anti-SC-35 (same optical section as in A). No relationship
was observed between sites containing nascent RNA and intensely labeled SC-35 domains
(i.e., interchromatin granule clusters). Much colocalization was observed between sites
containing nascent RNA and areas showing weak SC-35 staining (i.c., perichromatin fibril
clusters). Bar: Sum. Reproduced from the Journal of Cell Biology, 122:283-293 (1993),
by copyright permission of The Rockefeller University Press.
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The dynamic distribution of splicing factors in the nucleus has been
discussed in a few papers. First, virus-infected cells provide an interesting
model because virus infection causes a dramatic redistribution of ribo-
nucleoproteins (Martin et al., 1987). Jiménez-Garcia and Spector (1993)
used adenovirus-infected Hela cells and report that soon after virus
infection, snRNPs and SC-35 are recruited from interchromatin granule
clusters, the presumed storage places of these factors, to the sites of viral
RNA synthesis, where splicing is thought to take place. Bridge et al.
(1993), however, claim that this finding reflects only the situation in a
minority of the population of infected cells. Second, it was shown in
HeLa cells that on inhibition of the splicing reaction interchromatin
granule clusters round up, decrease in number, and increase in the size
and content of splicing factors (O’Keefe et al, 1994). In addition, the
physical connections that are normally observed between interchromatin
granule clusters (i.e., probably perichromatin fibrils) disappear. Third,
the distribution of snRNPs was investigated in differentiating murine
erythroleukemia cells (Antoniou et al., 1993). It was shown that snRNPs
aggregate in large clusters of interchromatin granules when transcription
ceases at later stages of cell differentiation. Together these results suggest
that interchromatin granule clusters function primarily as storage or
assembly sites for splicing factors rather than as sites where splicing is
concentrated. In addition, they may play a role in degradation of introns,
degradation of “old” or flawed poly(A) RNA, or regeneration of spliceo-
somes. Still, it cannot be fully excluded that splicing, which was initiated
at the site of pre-mRNA synthesis, may be completed in or near inter-
chromatin granule clusters.

Suggestive evidence for the direct involvement of interchromatin gran-
ule clusters in splicing came from in situ hybridization studies. Nascent
¢-fos and fibronectin transcripts are found in tracks closely associated,
but mostly not coinciding, with interchromatin granule clusters (Huang
and Spector, 1991; Xing et al., 1993). In the case of fibronectin transcripts,
spatial separation of intron-containing and spliced transcripts is observed
in the track (Xing et al, 1993). This was interpreted to indicate that
RNA is transported along the track, while splicing occurs close to or in
the interchromatin granule cluster (Xing and Lawrence, 1993). However,
because in situ hybridization only shows the steady-state localization of
(accessible) transcripts in the nucleus, it cannot be excluded that the
introns are already excised at the beginning of the track, i.e., at the site
of synthesis, and that they are transported with the spliced transcript
along the track. In that case, the interchromatin granule cluster would
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not be directly involved in the splicing process. As for the c-fos and
fibronectin transcripts, we too observe transcription sites near interchro-
matin granule clusters after labeling nascent RNA with BrUTP (Fig. 3;
Wansink ez al., 1993). However, in our preparations, many RPII tran-
scription sites are also seen that are not localized near interchromatin
granule clusters (Fig. 3). Although the genes that correspond to these
transcription sites are not known, this observation shows that the localiza-
tion of c-fos and fibronectin transcription is not representative of all
class II transcription sites.

Summarizing, the current model is that splicing initiates cotranscrip-
tionally, so that the first introns are removed at the site of pre-mRNA
synthesis. Splicing may be completed there but may also be finished
during transport of the pre-mRNA to the nuclear envelope. If so, such
splicing may occur close to or in an interchromatin granule cluster.

V. TRANSCRIPTION AND DNA REPLICATION

In S phase the entire genome is replicated while large parts of it are
still transcribed. DNA replication, like transcription by RPII, occurs in
specific domains in the nucleus. Replication domains are defined by
labeling nascent DN A with specific nucleotide analogs (e.g., Nakamura
et al., 1986; Nakayasu and Berezney, 1989; Manders et al., 1992; O’Keefe
et al., 1992). In early S phase, replication domains are relatively small
and scattered throughout the nucleus. In late S phase they increase in
size, decrease in number, and are located preferentially in the nuclear
periphery and around the nucleolus. Generally, actively transcribed
genes are replicated early, whereas untranscribed DNA is replicated
late in S phase (Goldman, 1988). Replication domains and transcription
domains may play a role in this tight coordination of gene duplication
and gene expression.

Because DNA polymerases and RNA polymerases use the same DNA
as a template, the question arises regarding the spatial relationship be-
tween replication and transcription in S-phase nuclei. How are transcrip-
tion and replication related at the resolution of the light microscope?
To address this question, we have visualized replication and transcription
simultaneously by labeling permeabilized cells with two different nucleo-
tide analogs (Wansink ez al, 1994b). Our analysis focused specifically
on replication and transcription domains, defined as nuclear compart-
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ments that display relatively high replication and transcription activity,
respectively. We found that in late S phase transcription domains clearly
do not colocalize with replication domains (Fig. 4C,D). This agrees with

Fig. 4. RPII transcription is concentrated outside replication domains in S phase.
Human bladder carcinoma cells were permeabilized and incubated in the presence of
BrUTP as well as digoxigenin-dUTP for 30 min. Cells were fixed and processed for
immunofluorescence microscopy using antibodies against BrU and digoxigenin,
respectively. Local background was subtracted as described (Wansink et al., 1994b). The
transcription component (A and C) and the replication component (B and D) of opti-
cal sections through the middle of two doubly labeled nuclei are shown separately.
(A) corresponds to the same optical section as (B); (C) corresponds to (D). (A/B) is an
early S-phase nucleus, and (C/D) is a late S-phase nucleus. Virtually no colocalization
(i.e., complete overlap) between transcription domains and replication domains is observed
(see Wansink et al., 1994b, for color images). Bar: 5 um.
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the notion that late-replicating DNA is largely transcriptionally silent.
In addition, electron microscopic studies correlating replication with
nuclear ultrastructure have shown that in late S phase predominantly
heterochromatin, corresponding to transcriptionally inactive chromatin,
is replicated (O’Keefe er al, 1992). Replication patterns in early S
phase are more complex, and their spatial relationship with transcrip-
tion domains is difficult. However, we find that in early S phase
transcription domains also generally do not colocalize with replication
domains (Fig. 4A,B). We conclude, therefore, that no nuclear domains
exist that are highly active in both replication and transcription at
the same time.

What is the biological significance when transcription domains and
replication domains do not colocalize? Absence of colocalization
suggests strong regulation and coordination between replication and
transcription in S phase. It implies that when the DNA in a nuclear
domain is being replicated, transcription in that domain stops or is
strongly reduced until replication in the entire domain is completed
(Wansink et al, 1994b). The decrease in transcription activity in a
domain at the onset of replication may result from the concentration
of replication-specific factors [e.g., DNA polymerases, proliferating
cell nuclear antigen (PCNA), methyltransferase] at the expense of
transcription factors. Concentrating either transcription or replication
in a domain and excluding potentially disturbing elements will increase
the efficiency and reliability of the process.

Our conclusions differ from those of Cook and co-workers, who also
investigated the relationship between replication and transcription (Has-
san et al., 1994). The reason for the differences between our findings
and theirs is difficult to understand because similar labeling techniques
were used. The occurrence of a RNase-insensitive transcription signal
(Hassan et al., 1994), cell synchronization, different image analysis proce-
dures, and different criteria for colocalization may explain the discrep-
ancy. It is clear that relationships between complex labeling patterns in
microscopy are very difficult. Objective criteria for colocalization need
to be defined (e.g., Taneja et al., 1992; Manders et al., 1993). Such stan-
dards will help to determine unequivocally the relationship between
complex distributions in localization studies in the nucleus. In addition,
the high resolving power of electron microscopy will be very useful to
investigate further how transcription and replication are spatially related
in S-phase nuclei.
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VI. OUTLOOK AND QUESTIONS

Our knowledge of the functional distribution of active chromatin in
the nucleus, and of the relationship between RNA processing and nuclear
organization, has increased considerably in the past decade. Many ques-
tions, however, are still unanswered. First, the higher-order structure of
chromatin, which is responsible for the specific localization of active
genes on the surface of chromatin domains, needs to be studied in more
detail. This chromatin organization is likely to play an important role
in the regulation of gene activation and gene silencing. Second, the
dynamics of factors involved in RN A metabolism, e.g., between putative
“‘storage sites” (interchromatin granule clusters) and ““‘active sites” (peri-
chromatin fibril clusters), is still elusive. Besides, what is the molecular
composition of the entire RN A synthesis and processing machinery at an
actively transcribed gene? Third, information about intranuclear RNA
transport is virtually lacking. What is the route of transcripts from their
site of synthesis to a nuclear pore? RNA transport and RNA processing
are probably closely linked processes. Is the nuclear matrix involved in
either of them?

Both light microscopy and electron microscopy are important to an-
swer these and further questions. Electron microscopy is essential for
high resolution subnuclear localization studies using highly specific anti-
bodies and nucleic acid probes. High quality (confocal) light microscopy
is essential for quantitative analysis and provides three-dimensional in-
formation. Ultimately, light microscopy on living cells, applying suitable
fluorescent probes, will be essential for understanding important dynam-
ics in the cell nucleus.
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L. INTRODUCTION

The messenger hypothesis first proposed the existence of short-lived
gene products that become associated with ribosomes to direct protein
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synthesis (Jacob and Monod, 1961), and such messengers were shown
to be RNA (Brenner et al., 1961; Gros et al., 1961). Because these studies
were conducted on bacterial systems, the additional discoveries awaiting
studies of eukaryotic premessenger RNA (pre-mRNA) transcripts could
not have been imagined. Pre-mRNA molecules in eukaryotes later were
found to undergo numerous maturation processes in the nucleus prior
to their participation in protein synthesis: 5'-terminal capping (Green et
al., 1983; Konarska et al,, 1984; Edery and Sonenberg, 1985; Shatkin,
1985; Mizumoto and Kaziro, 1987), removal of intervening sequences
(Berget et al., 1977; Berk and Sharp, 1977, 1978, Breathnach et al., 1977,
Chow et al., 1977; Gelinas and Roberts, 1977; Jeffreys and Flavell, 1977,
Klessig, 1977), 3'-end cleavage and polyadenylation (Edmonds and Cara-
mela, 1969; Edmonds et al., 1971; Molloy et al., 1972; Wahle and Keller,
1992, 1993; Manley and Proudfoot, 1994), nucleotide base modifications
(Benne, 1994), and transport through the nuclear pores (Stevens and
Swift, 1966; Monneron and Bernhard, 1969; Newmeyer, 1993).

The fact that nascent eukaryotic pre-mRNA exists in a ribonucleopro-
tein (RNP) context was recognized even before many of these significant
discoveries were reported. The colocalization of nascent RNA and pro-
tein in lateral loops of newt lampbrush chromosomes (reviewed in Callan,
1987) was demonstrated by cytochemical tests coupled with enzymatic
treatments (Gall, 1954, 1956; Callan and Macgregor, 1958; Maundrell,
1975), incorporation of radiolabeled uridine and phenylalanine (Gall
and Callan, 1962; Macgregor and Callan, 1962; Miller, 1965), actinomycin
D treatment (Snow and Callan, 1969), and ultrastructural visualization
of dense 300- to 400-A RNP granules within the loop matrices (Gall,
1956; Sommerville, 1973). Similar large (0.1-0.3 um) RNP granules and
numerous smaller ones (280-320 A) were visualized in particular puff
sites of insect polytene chromosomes (Swift et al., 1964; Derksen, 1976);
as expected of messenger RNP particles, the granules were found in
nucleoplasm and at nuclear pores (Beermann and Bahr, 1954; Stevens
and Swift, 1966; Derksen et al., 1973). In the mammalian nucleus, perichro-
matin fibrils (400-450 A) and granules (30-200 A) were visualized
through special staining techniques (Monneron and Bernhard, 1969)
and shown to represent sites of heterogeneous nuclear RNA (hnRNA)
synthesis through rapid labeling with [*H]uridine (Fakan and Bernhard,
1971, 1973; Bachellerie et al., 1975; Fakan et al,, 1976) and sensitivity to
ribonuclease (RNase) (Monneron and Bernhard, 1969; reviewed in Fa-
kan and Puvion, 1980). Interchromatin granules in mammalian nuclei,
on the other hand, did not become labeled rapidly with [*H]uridine but
were RNase-sensitive (Fakan and Nobis, 1978).
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The assembly of nonribosomal nascent transcripts into RNP complexes
was also revealed in early ultrastructural observations of active chromatin
where nascent RNA displays a granular appearance arising from 30-nm
RNP particles (Miller, 1965; Miller and Bakken, 1972; Angelier and
Lacroix, 1975; Mott and Callan, 1975; Foe et al., 1976; Laird and Chooi,
1976; Laird et al., 1976; McKnight and Miller, 1976, 1979; Scheer et al.,
1976; Malcolm and Sommerville, 1977; Busby and Bakken, 1979; re-
viewed in Scheer, 1987). In numerous studies, the micrographs were
interpreted to represent the aggregation of the 30-nm RNP particles into
larger granules, typical in size to the RNP granules seen in lampbrush
loop matrices, Balbiani rings, and perichromatin granules. Interestingly,
discrete 30S RNP particles isolated from newt oocytes (Sommerville,
1973; Sommerville and Hill, 1973) and rat liver nuclei (Samarina et al.,
1968; Georgiev and Samarina, 1971; Lukanidin er al., 1972a,b; Albrecht
and Van Zyl, 1973) were shown to contain DNA-like RNA—as deter-
mined by base composition—and to resemble the smaller RNP particles
seen at the ultrastructural level.

This chapter addresses the molecular mechanisms directing protein
deposition on nascent RNA polymerase II (Pol II) transcripts in vivo,
with a view to interpreting the cytological data and the significance of
these deposition processes to gene expression. First, models concerning
the primary signals directing deposition of the major RNP complexes
onto nascent pre-mRNA transcripts in eukaryotes will be reviewed, and
other reviews will be referenced, where possible, for discussions of their
functions. The major transcript-binding proteins will be divided for con-
venience into three categories: the hnRNP (heterogeneous nuclear ribo-
nucleoprotein) proteins, the snRNP (small nuclear ribonucleoprotein)
particles and snRNP particle-associated proteins, and the SR (serine-
and arginine-rich) splicing factors. The reader is referred to other reviews
(Wahle and Keller, 1992, 1993; Manley and Proudfoot, 1994) for discus-
sions concerning the deposition of cleavage and polyadenylation factors
on nascent pre-mRNA transcripts. Second, the timing and mode of
protein deposition on nascent pre-mRNA will be addressed; evidence
for a recruitment and cotranscriptional deposition model will be pre-
sented, and the available information will be interpreted to predict the
precise timing of the earliest deposition event. Two contrasting models
of cotranscriptional protein deposition—the independent and unitary
deposition models—will be analyzed. Third, the location of RNA pro-
cessing events in the nucleus—including contrasting models for cotran-
scriptional and extrachromosomal splicing—will be discussed. Finally,
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a question that we find of particular interest will be explored: Do RNP
complexes on nascent pre-mRNA transcripts interact with their tran-
scription complexes?

II. PRIMARY DETERMINANTS FOR DEPOSITION OF
TRANSCRIPT-BINDING PROTEINS

A. hnRNP Complexes

1. hnRNP Proteins

The hnRNP proteins (reviewed in Dreyfuss et al., 1990, 1993) are
abundant, conserved nuclear proteins that were first described in mam-
malian cell extracts on the basis of their cosedimentation in sucrose
density gradients (Samarina et al., 1968; Faiferman er al., 1971; Georgiev
and Samarina, 1971; Lukanidin et al., 1972a,b; Albrecht and Van Zyl,
1973; Gallinaro-Matringe and Jacob, 1973; Sommerville, 1973; Sommer-
ville and Hill, 1973; Pederson, 1974; Kinniburgh and Martin, 1976; Beyer
et al., 1977; Malcolm and Sommerville, 1977), cesium sulfate gradients
(Mayrand and Pederson, 1981; Mayrand et al., 1981), or cesium chloride
gradients (Samarina et al., 1968; Niessing and Sekeris, 1971) with rapidly
labeled hnRNA in 30-50S RNP complexes. In subsequent studies, the
association of hnRNP proteins with nuclear pre-mRNA was established
through cross-linking studies (Mayrand and Pederson, 1981; van Eekelen
et al., 1981; Economidis and Pederson, 1983; Mayrand et al., 1981; Drey-
fuss er al, 1984) or immunoprecipitation with hnRNP protein-specific
antibodies (Choi and Dreyfuss, 1984a). Six major proteins in the size
range of 32-44 kDa were designated group A, B, and C hnRNP proteins
in single-dimension sodium dodecyl sulfate (SDS)—polyacrylamide gels;
each group constitutes a doublet, invoking the nomenclature Al, A2,
and so on (Beyer et al., 1977, Economides and Pederson, 1983). More
recently, two-dimensional gel electrophoresis of immunopurified hnRNP
complexes from human and Drosophila cells revealed over 20 hnRNP
proteins ranging from 32 to 120 kDa, designated hnRNP proteins A
through U (Leser and Martin, 1987; Pifiol-Roma et al., 1988; Matunis et
al., 1992a,b); the RNA fragments in these complexes range up to 10 kb
in length (Choi and Dreyfuss, 1984a).
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Three models have been proposed to explain the deposition of hnRNP
proteins on nascent pre-mRNA in vivo. First, the ribonucleosome model
proposes the indiscriminate deposition of hnRNP core particles, rather
than that of individual hnRNP proteins, along the length of nascent
transcripts. Second, the sequence-specific model proposes the binding
of individual hnRNP proteins according to the RNA sequence of the
transcript. Finally, a composite view proposes both the general deposi-
tion of hnRNP proteins on nascent pre-mRNA transcripts to serve roles
in packaging and protecting transcripts, and the sequence-specific deposi-
tion of hnRNP proteins to render important RNA sequences accessible
to other frans-acting factors. The deposition of the hnRNP U protein is
discussed in Section V,B,3.

2. Ribonucleosome Model

The traditional view of hnRNP deposition on nascent pre-mRNA
suggests the uniform binding of hnRNP complexes to RNA without
sequence specificity as nonspecific RNA-packaging proteins (Georgiev
and Samarina, 1971; Chung and Wooley, 1986; Huang et al., 1994). The
ribonucleosome model predicts a uniform protein complement in iso-
lated hnRNP complexes, a uniform ultrastructural appearance for na-
scent pre-mRNA transcripts, and a general packaging function for
hnRNP proteins.

Fairly uniform hnRNP complexes can be isolated from rapidly dividing
Hel a cells (or many other eukaryotic sources) by sucrose density gradi-
ent centrifugation. These ““particles’ display a spherical, particulate ap-
pearance (diameter of =20 nm) in the electron microscope and sediment
in sucrose gradients in a broad peak as 30-50S particles (Sommerville,
1973; Sommerville and Hill, 1973; Samarina et al., 1968; Georgiev and
Samarina, 1971; Lukanidin et al., 1972a,b; Albrecht and Van Zyl, 1973,
Beyer et al, 1977). Such purified hnRNP complexes possess a fixed
stoichiometry of the “core” hnRNP proteins (Lothstein et al., 1985;
Barnett er al., 1989, 1990, 1991; Huang et al., 1994) and fragments of
pre-mRNA ranging in length from 400 to 900 nucleotides. In the presence
of RNase inhibitors, however, larger (=~200S) RNP particles can be
recovered from the gradients; these larger RNP particles resemble beads
on a string under the electron microscope and can be converted to the
smaller 30-50S form by limited RNase digestion of the pre-mRNA
strands connecting the monomer particles (Samarina et al., 1968; Beyer
et al., 1977; Spann et al., 1989). It is presumed that immunoprecipitation
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allows the isolation of hnRNP complexes with even larger RNA frag-
ments (see the earlier discussion) due to limited exposure to RNases.

Visualizations of active genes by the Miller spreading technique fit, in
part, the prediction for uniform protein deposition. At the ultrastructural
level, protein deposition is visible on very early transcripts from Drosoph-
ila embryos, giving rise to a repeating beaded appearance on a ~5-nm
fibril; occasionally larger ~25-nm RNP particles are seen at nonrandom
locations on the transcripts (Beyer er al, 1980). That some of these
25-nm RNP complexes represent hnRNP complexes was assumed origi-
nally from similarities in their appearance to isolated or reconstituted
40S hnRNP complexes (reviewed in Beyer and Osheim, 1990; Dreyfuss
et al., 1990) and by immunoelectron microscopy studies placing hnRNP
proteins on nascent transcripts of mouse tissue culture cells (Fakan et
al., 1986). A later evaluation of the ultrastructural evidence, in light of
the reconstitution studies to be described, leads to the conclusion that
hnRNP proteins are localized predominantly in the 5-nm RNP fibril of
nascent transcripts but may also be present within the larger 25-nm
particles (Beyer and Osheim, 1990).

The results of in vitro reconstitution assays also support a packaging
function for hnRNP proteins. hnRNP complexes assembled in vitro at
high protein: RNA stoichiometries, in low ionic strength buffers and in
the absence of competitor RNA sequences, are indistinguishable from
the 20- to 25-nm particles viewed in the electron microscope (Wilk et
al., 1983). These reconstituted complexes are also indistinguishable from
408 particles isolated from sucrose gradients (Pullman and Martin, 1983;
Conway et al., 1988) and from those isolated following ultraviolet (UV)
cross-linking in vivo (Mayrand and Pederson, 1981; Mayrand et al., 1981).
Atlower protein : RN A ratios, however, reconstituted hnRNP complexes
resemble thin fibrils in electron micrographs that may correspond to
the ~5-nm RNP fibril conformation displayed by nascent transcripts in
spread chromatin (Malcolm and Sommerville, 1977; Beyer and Osheim,
1990). These observations are consistent with the sequence-independent
interactions of hnRNP proteins with many single-stranded nucleic acids
(reviewed in Merrill and Williams, 1990).

3. Sequence-Specific Model
The sequence-specific model of hnRNP deposition, in its simplest

form, suggests that hnRNP proteins bind nascent pre-mRNA in vivo
individually—rather than as a complex—according to their affinity for
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RNA-binding sites [reviewed by Dreyfuss ef al., 1993; an early version
of the sequence-specific deposition model proposed the existence of cell-
specific hnRNP protein populations (Pederson, 1974)]. The sequence-
specific model predicts the nonrandom association of hnRNP complexes
with nascent pre-mRNA transcripts, sequence-specific RNA-binding ac-
tivity for individual hnRNP proteins, deposition of different protein
complexes on different transcripts, and specific roles for hnRNP proteins
in pre-mRNA maturation.

The nonrandom, sequence-dependent deposition of hnRNP proteins
on nascent pre-mRNA transcripts is consistent with the following experi-
ments. When isolated 30-50S hnRNP complexes were subjected to addi-
tional RNase digestion in vitro, specific RNA sequences from different
target transcripts remained nuclease-resistant and therefore presumably
protected by hnRNP proteins (Steitz and Kamen, 1981; Ohlsson et al,,
1982; Patton et al, 1985). Significantly, UV cross-linking in vivo of
hnRNA and associated proteins also revealed a nonrandom association
of the hnRNP C proteins on RNA sequences in late adenoviral tran-
scripts (van Eekelen et al., 1982).

Perhaps the most compelling demonstration of sequence-specific bind-
ing by hnRNP proteins is the selection/amplification of a consensus
high-affinity binding site from pools of random-sequence RNA by the
mammalian hnRNP protein Al (Burd and Dreyfuss, 1994b). Consistent
with sequence specificity is the preferential and avid in vitro binding
displayed by numerous hnRNP proteins to certain homoribopolymer
affinity columns (Swanson and Dreyfuss, 1988b; see Table I) and the
transcript-specific assembly in vitro of early splicing complexes on pre-
mRNA templates (Bennett et al., 1992b). Also, when RNP complexes
were assembled in vitro on defined pre-mRNA substrates, hnRNP pro-
teins Al, C, and D were found to protect preferentially the 3’ ends of
introns in the pre-mRNA transcripts from nuclease digestion (Swanson
and Dreyfuss, 1988b). In similar studies, the hnRNP C proteins became
cross-linked preferentially to sequences downstream of polyadenylation
cleavage sites on pre-mRNA templates (Moore et al., 1988; Wilusz et
al., 1988), although this interaction is sensitive to the presence of an
upstream intron (Stolow and Berget, 1990). A list of known binding sites
for mammalian hnRNP proteins is provided in Table 1.

The expectation that hnRNP proteins perform specific roles in nuclear
RNA metabolism is consistent with the inhibition of pre-mRNA splicing
observed in vitro on addition to splicing extracts of antibodies specific
for core hnRNP proteins or on immunodepletion of splicing extracts for
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TABLE 1

Human hnRNP Proteins

Molecular
hnRNP mass
protein (kDa) Binding specificity Comments
Al 34 3’ End of intron® Increases RNA-RNA base pairing in vitro (RNA annealing activity)?
3’ Splice site®™ ASF/SF2 antagonist for 5' splice site selection in vitro" and in vivo'
5’ Splice site® Shuttles between nucleus and cytoplasm’
d(TTAGGG), telomeric sequence®
3'-UTR (uridylate sequences)®
5' Ends of U2, U4 snRNA/
A2/B1 36/38 3’ Splice site® A2 and B1 are alternatively spliced products’
d(TTAGGG), telomeric sequence*
C1/C2 41/43 3" End of intron™ Phosphorylated”
Poly(U)" Immunodepletion blocks splicing in vitro?
3’-UTR (uridylate sequences)” Increases RNA-RNA base pairing in vitro (RNA annealing activity)”
C1 and C2 are alternatively spliced products’
D group 44-48 3’ End of intron’
3’ Splice site*
d(TTAGGG), telomeric sequence”
E group 36-43 Poly(G)¥
d(TTAGGAG), telomeric sequence®”
3" Splice site”
F/H 53/56 Poly(G)* F and H are immunologically related”
I 59 Polypyrimidine tract? Identical to the PTB
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K/ 62/68 Poly(C)*

L 68

M 68 Poly(G)*
Poly(U)*

P 72 Poly(AYf

U 120 Poly(G)"
Poly(U)*"

DNA (scaffold attachment region)”

K and J are immunologically related*
K protein regulates transcription of c-myc in vitro®”
Associated with giant loops of newt lampbrush chromosomes®

Identical to the poly(A) binding proteins®
Identical to the scaffold attachment factor-A*
Increases RNA-RNA base pairing in vitro (RNA annealing activity)”

4 Swanson and Dreyfuss (1988b).

® Burd and Dreyfuss (1994b).

¢ Ishikawa et al. (1993).

4 Buvoli et al. (1990).

¢ Hamilton et al., (1993).

f Buvoli et al,, (1992).

& Portman and Dreyfuss (1994).

" Mayeda and Krainer (1992).

i Céceres et al. (1994).

J Pifiol-Roma and Dreyfuss (1992).

k Ishikawa et al. (1993); McKay and Cooke (1992).
'Burd et al. (1939).

m Swanson and Dreyfuss (1988b).

n Swanson and Dreyfuss (1988a); Gorlach et al. (1992).
°Wilusz and Shenk (1990); Hamilton er al (1993); Stolow and

Berget (1990).

? Pifiol-Roma and Dreyfuss (1993); Mayraud et al. (1993).
9 Choi et al. (1986).
" Portman and Dreyfuss (1994).

*Burd et al. (1989).

*Swanson and Dreyfuss (1988b).

“Ishikawa et al. (1993).

¥ Swanson and Dreyfuss (1988a).

¥ Ishikawa et al. (1993).

*Matunis ef al. (1994b).

¥ Swanson and Dreyfuss (1988a).

2 Ghetti et al. (1992).

% Matunis ef al. (1992c); Swanson and Dreyfuss (1988a).

b5 Takimoto et al. (1993).

 Pifiol-Roma et al. (1989).

44 Datar et al. (1993).

¢ Swanson and Dreyfuss (1988a).

# Swanson and Dreyfuss (1988a).

8 Adam er al. (1986).

h Swanson and Dreyfuss (1988a); Kiledjian and Dreyfuss (1992).
i Romig et al. (1992); von Kries et al (1994); Fackelmayer and

Richter (1994a-c).

/i Portman and Dreyfuss (1994).
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the hnRNP protein C (Choi ez al, 1986; Sierakowska et al., 1986). In
particular, the mammalian hnRNP proteins A1l and U may perform
essential roles in pre-mRNA splicing because they possess RNA anneal-
ing activity in vitro (Portman and Dreyfuss, 1994). The mammalian
hnRNP protein I, on the other hand, may play a different role in pre-
mRNA splicing because it is identical to the polypyrimidine-tract binding
(PTB) protein (Ghetti et al., 1992). The PTB/hnRNP I, in association with
another protein splicing factor (PSF), binds specifically to polypyrimidine
tracts in pre-mRNA templates in vitro (Garcia-Blanco et al, 1989;
Wang and Pederson, 1990; Gil et al, 1991; Patton et al., 1993), pre-
sumably as a constitutive splicing factor. In addition, PTB/hnRNP I
interacts preferentially with sequences involved in alternative splicing
of B-tropomyosin pre-mRNA through an exon blockage mechanism
(Mulligan et al., 1992). Numerous other studies of alternative pre-mRNA
splicing, discussed in Section II,B .4, further suggest the involvement of
particular hnRNP proteins in splice site decisions.

The prediction for transcript-specific hnRNP complex deposition is
evidenced by locus-specific ratios of different hnRNP proteins at chromo-
somal sites of transcription. On polytene chromosomes from severely
heat shocked larvae, certain hnRNP proteins are concentrated preferen-
tially on the heat shock-induced puff at locus 93D but not on other
conspicuous heat shock puffs (Dangli et al., 1983; Amero et al., 1991;
Hovemann et al., 1991). Moreover, direct comparisons of the Drosophila
protein on ecdysone puffs (PEP) protein (Amero et al.,, 1991) and the
Drosophila hnRNA-binding (HRB) proteins on the same chromosome
(Raychaudhuri et al., 1992) revealed varying ratios of immunofluorescent
signals from the two antibodies at neighboring chromosomal sites,
thereby revealing qualitatively similar, but nonidentical, puff-preferen-
tial staining patterns for these hnRNP proteins (Amero et al., 1993).
Similar double staining experiments likewise revealed locus-preferential
deposition for other individual hnRNP proteins on polytene chromo-
somes. That is, pairwise comparisons of deposition patterns for the Dro-
sophila hrp36, hrp40, and hrp48 proteins using directly conjugated mono-
clonal antibodies demonstrated nonidentical, transcript-specific staining
patterns for these core hnRNP proteins on developmental and heat
shock puffs (Matunis et al., 1993).

4. Composite Model

A composite model of hnRNP deposition accommodates the two mod-
els just discussed. This model suggests that the specific RNA sequences
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recognized by individual hnRNP proteins in vitro represent high-affinity
binding sites, whereas those involved in hnRNP complex reconstitution
experiments represent less stringent binding sites (Beyer and Osheim,
1990; Dreyfuss et al., 1990). This low-affinity binding may enable hnRNP
proteins to “scan” the nascent pre-mRNA molecule for a high-affinity
binding site such as an intron sequence; under conditions of hnRNP
protein abundance, 30S hnRNP complexes may also form. Thus, it is
possible that hnRNP proteins perform both a general RNA-packaging
role and sequence-dependent, specific roles in the maturation of pre-
mRNA.

B. Spliceosome Assembly

1. snRNP Particles and Pre-mRNA Splicing

The snRNP particles are the major factors involved in pre-mRNA
splicing (reviewed in Maniatis and Reed, 1987; Lithrmann et al., 1990;
Green, 1991; Rosbash and Séraphin, 1991; Ruby and Abelson, 1988;
Guthrie, 1991; Steitz, 1992; Baserga and Steitz, 1993; Lamond, 1993;
Moore et al., 1993). These particles were first recognized from their
antigenicity for certain autoimmune sera called Sm and RNP from sys-
temic lupus erythematosus patients (Lerner and Steitz, 1979; reviewed
in Craft, 1992). Each snRNP particle is an intricate complex of a sin-
gle small nuclear RNA molecule—designated Ul, U2, U4, U5, U6
snRNA—and protein (reviewed in Steitz et al., 1988); the exception is
the double snRNP particle formed by U4 and U6 snRNP particles in
solution (Hashimoto and Steitz, 1984). All snRNP particles share a core
of common proteins (Lerner and Steitz, 1979), and each possesses sev-
eral snRNP-specific proteins.

The term spliceosome denotes the macromolecular complex that con-
tains pre-mRNA, snRNP particles, and other frans-acting splicing factors
(such as the SR protein family) and that performs the spicing reaction.
The studies presented in Sections II,B,2-6 concerning deposition of
these components on nascent pre-mRNA templates in vitro suggest a
sequential pathway for spliceosome assembly. An early model suggested
that spliceosome assembly and splice site selection depend primarily on
RNA-RNA interactions between snRNA and pre-mRNA molecules as
the primary determinants in splice site selection. Additional studies to
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be discussed suggest a more recent model that highlights the importance
of RNA-protein and protein—protein interactions in the assembly pro-
cess; this model is also applicable to examples of alternative splice site
selection. In Section 111, studies addressing deposition of these compo-
nents on nascent pre-mRNA in vivo will be presented.

2. Ordered Spliceosome Assembly in Vitro

An ordered pathway of spliceosome assembly has been established
from analyses of the complexes that assemble on pre-mRNA templates
incubated in mammalian splicing extracts (Brody and Abelson, 1985;
Frendewey and Keller, 1985; Grabowski et al., 1985; Ruskin and Green,
1985; Konarska and Sharp, 1986, 1987; Bindereif and Green, 1986, 1987,
Jamison et al., 1992, reviewed in Lamond, 1993; Moore et al, 1993). A
comparable pathway has been elucidated in yeast (reviewed in Rosbash
and Séraphin, 1991; Ruby and Abelson, 1991).

In each study, a small (=20-30S) RNP compiex appears first, regard-
less of the presence of intron sequences in the pre-mRNA template; on
intron-containing templates, one or two larger RNP particles then appear
at the expense of the first. The initial complex in mammalian systems
can be fractionated into two early, adenosine triphosphate (ATP)-
independent complexes: the H complex, composed of hnRNP proteins
and pre-mRNA (Bennett et al., 1992a), is not committed to splicing; the
E complex contains U1l and unstably bound U2 snRNP particles (Mi-
chaud and Reed, 1991, 1993) and loosely associated hnRNP proteins
(Bennett et al., 1992b). Formation of the H and E complexes is followed
by formation of three ATP-dependent complexes: the A complex con-
tains Ul and stably bound U2 snRNP particles, probably due to an
interaction with SR proteins (see Section II,B.4); the B complex results
from addition of the U4/U5/U6 tri-snRNP particle and ensuing re-
arrangements in the spliceosome; and the C complex arises concomi-
tantly with the first and second steps in the splicing reaction. Because
the E complex is the first to be committed to splicing, it can be chased
sequentially into A, B, and C complexes on addition of ATP (Michaud
and Reed, 1991).

3. RNA/RNA-Mediated Interactions

Defined RNA sequences are important determinants directing the
deposition of snRNP particles on simple pre-mRNA templates (reviewed
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in Steitz, 1992; McKeown, 1993; Moore et al., 1993). The term simple
pre-mRNA template here refers to one containing a single intron and
limited exon sequences. An early model of spliceosome assembly sug-
gested that base-pairing interactions between U snRNA molecules and
conserved sequences in pre-mRNA templates determine splice site selec-
tion. This model predicts preferential binding between U snRNP parti-
cles and conserved pre-mRNA sequences; moreover, given the necessity
of Ul and U2 snRNP particles for splicing in vitro (Yang et al., 1981;
Padgett et al., 1983; Black et al, 1985; Krainer and Maniatis, 1985), the
model predicts that genetic disruption of the snRNA/pre-mRNA base-
pairing interactions should result in inhibition of splicing in vivo.

The primary determinants for snRNP particle deposition on pre-
mRNA transcripts were determined initially through nuclease protection
and immunoprecipitation experiments: Ul snRNP particles recognize
the 5’ splice site (Mount er al, 1983), U2 snRNP particles recognize the
branchpoint (Black et al., 1985), and U5 snRNP particles recognize the
3’ splice site [Chabot et al., 1985; in mammalian systems the deposition
of the U2 snRNP particle requires the U2AF factor (Ruskin et al., 1988)
which binds to the polypyrimidine tract/3’ splice site region of pre-
mRNA (Zamore and Green, 1989)]. The requirement for base-pairing
interactions between pre-mRNA and the 5’ ends of U snRNA molecules
was elucidated in the following experiments. First, oligo-mediated
RNase H degradation of Ul and U2 snRNA 5’-terminal sequences in
nuclear extracts abolishes splicing activity in vitro (Krdmer et al., 1984;
Black et al., 1985; Krainer and Maniatis, 1985). In these experiments,
short single-stranded DNA primers complementary in sequence to the
5" end of target snRNA molecules were added to splicing extracts to
form DNA/RNA hybrids; these hybrids form specific targets for RNase
H digestion.

The best evidence for pre-mRNA-snRNA base-pairing interactions
is provided by genetic experiments wherein splicing defects in vivo that
arise from point mutations in 5’ or 3’ splice sites are rescued by compen-
satory base changes in snRNA that restore complementarity (Zhuang
and Weiner, 1986, 1989; Parker et al., 1987; Zhuang et al., 1987; Séraphin
et al., 1988; Siliciano and Guthrie, 1988; Wu and Manley, 1989). Addi-
tional genetic experiments have revealed other RNA-RNA interactions
that occur during spliceosome assembly. In yeast, sequences in the 3’
splice site interact specifically with Ul snRNA (Ruby and Abelson,
1988; Reich et al.,, 1992)—an interaction that may be necessary, but not
sufficient, for stable binding of the U2 snRNP particle to the pre-mRNA
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branch site (Nelson and Green, 1989; Barabino et al., 1990). At a later
step in the splicing reaction, U2 snRNA interacts with U6 snRNA (Mad-
hani and Guthrie, 1992), probably as the U4 snRNP particle leaves
the spliceosome.

Determinants of deposition for the remaining splicing snRNP particles
are not clearly defined, but they probably enter the spliceosome as
a U4/5/6 tri-snRNP complex (Bindereif and Green, 1987; Cheng and
Abelson, 1987; Konarska and Sharp, 1987; Utans ez al., 1992). Both the
5’ and 3’ splice sites are likely to interact with the U4/5/6 tri-snRNP
particle in the spliceosome because the 3’ splice site is required for
interactions with a mammalian U5 snRNP-associated protein (Gerke
and Steitz, 1986; Tazi et al., 1986), both 5’ and 3’ exon sequences interact
with U5 snRNA (Newman and Norman, 1992; Wassarman and Steitz,
1992), and mammalian U6 snRNA interacts with the 5’ splice site region
(Sawa and Shimura, 1992).

4. Protein—-RNA Interactions

A recently defined family of proteins, the SR proteins, may also partici-
pate in snRNP deposition by recognizing conserved sequences in mam-
malian and Drosophila pre-mRNA transcripts (reviewed in Horowitz
and Krainer, 1994). Each SR protein is distinguished by two sequence
motifs (Krainer er al., 1991; Zahler et al., 1992)—a serine- and arginine-
rich (SR) domain and a RNA recognition motif (RRM; Burd and Drey-
fuss, 1994a); each SR protein is recognized by a monoclonal antibody
directed against a shared, phosphorylated epitope (Roth et al, 1990,
1991), and each can restore splicing activity on simple pre-mRNA tem-
plates to S100 extracts (Krainer and Maniatis, 1985; Mayeda et al., 1992;
Fu et al, 1992). In addition, individual SR proteins affect alternative
splice site choices (see Section ILB,S). Table II lists SR proteins and
their observed activities. SR-rich domains are found in other proteins
with roles in pre-mRNA splicing, including the Ul snRNP 70K protein
(Query et al., 1989), the mammalian U2AF splicing factor (Zamore et
al., 1992; Kanaar et al, 1993), and the product of the suppressor-of-
white-apricot [su(w")] gene in Drosophila (Chou et al., 1987; Zachar et
al., 1987).

Specific recognition of conserved pre-mRNA sequences by SR proteins
is an important determinant in constitutive splice site selection. U2AF
and the Ul snRNP 70K protein are components of E complexes (see
Section 11,B,2) and interact specifically with the SR proteins SC35 and
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SF2/ASF to effect A complex formation in vitro (Fu and Maniatis, 1990).
SC35 probably interacts with the pre-mRNA 3’ splice site and with Ul
and U2 snRNP particles (Fu and Maniatis, 1992), enhancing their binding
to the pre-mRNA template, whereas SF2/ASF (Krainer and Maniatis,
1985; Ge and Manley, 1990) recognizes the 5’ splice site in pre-mRNA
transcripts (Zuo and Manley, 1994) to stimulate binding of the U1 snRNP
particle (Kohtz et al., 1994). Although the exact timing of SR protein
deposition on pre-mRNA templates is not known, it is clear that certain
SR proteins are required for the commitment of simple pre-mRNA
transcripts to splicing (Fu, 1993) (see Section 1I,B,2).

SR domain-mediated interactions may function further to bring splice
sites together in the spliceosome because both SC35 and SF2/ASF have
been shown to interact specifically with the Ul snRNP 70K protein and
the small subunit of U2AF (Wu and Maniatis, 1993; Kohtz et al., 1994).
This model is consistent with the juxtaposition of the 5’ and 3’ splice
sites observed in E complexes (Michaud and Reed, 1993).

SnRNP deposition on nascent pre-mRNA transcripts may also depend
on interactions between hnRNP proteins and snRNP particles. The cross-
linking in vitro of hnRNP proteins in nuclear extracts to pre-mRNA
templates apparently requires Ul and U2 snRNP particles because the
cross-linkable interactions of hnRNP protein Al with B-globin pre-
mRNA templates and of hnRNP C proteins with adenoviral pre-mRNA
templates are sensitive to RNase H-mediated degradation of U1 and U2
snRNA in splicing extracts (Mayrand and Pederson, 1990). In addition,
hnRNP A1 protein binds specifically to the 5’ ends of U2 and U4 snRNA
in snRNP particles in vitro, leading to the suggestion that hnRNP Al
protein promotes spliceosome assembly through its RNA annealing ac-
tivity (Buvoli et al, 1992). However, the story of RNP assembly on
nascent transcripts remains incomplete because purified mammalian
spliceosomes contain numerous additional proteins (Patton et al., 1993),
including those called spliceosome-associated proteins (SAPs) that are
not yet characterized (Reed, 1990; Bennett et al., 1992a). The reader is
referred to other descriptions of these factors (Baserga and Steitz, 1993;
Moore et al., 1993).

5. Protein-Protein Interactions
The SR domain-mediated model of snRNP deposition may also apply

to alternative splice site selection in complex pre-mRNA transcripts (Wu
and Maniatis, 1993). Complex transcripts are those containing either
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TABLE II
SR Proteins

Protein

Molecular
mass (kDa)

Effect

Antagonist Binding site

SF2/ASF
SRp30a (calf
thymus)

SC35
SRp30b (calf
thymus)

332

Constitutive human S-globin pre-mRNA splicing®~f

Early spliceosome assembly on human B-globin pre-mRNA and
HIV-1 pre-mRNA¢

Annealing of HIV-1 pre-mRNA*

Activation of proximal 5' splice sites in 3-thalassemic allele of
human B globin pre-mRNA ¢ in SV40 early pre-mRNA 4/
duplicated human B-globin pre-mRNA° and adenovirus Ela
pre-mRNASX

Promotion of exon inclusion or skipping in model pre-mRNAs"

Stimulation of upstream intron (D) splicing in bovine growth
hormone pre-mRNA'

Commitment of human HIV-1 tar pre-mRNA to splicing’

Increase in strength of Ul snRNP binding to all 5" splice sites
in model pre-mRNAs from rabbit 8-globin 1V2™”

Promotion of use of proximal 3’ splice site in D115 pre-mRNA*

Binding to SV40 t intron and adenovirus Ela pre-mRNA
containing 5’ slice sites”

Stimulation of binding of U1 snRNP to 5’ splice sites in
adenovirus major late transcription unit derivative®

Commitment of human S-globin pre-mRNA to splicing?"

Promotion of use of proximal 5’ splice site in model pre-
mRNA and of proximal 3’ splice site in 3' D115 pre-mRNA*®

Assembly of 60S spliceosomal complex on human $-globin pre-
mRNAP*

Nonspecific pre-mRNA
sequences?

hnRNP A1¢&

Splicing enhancer in last exon
in bovine growth hormone
pre-mRNA‘

SF7™

5" Splice sites”
DSF (distal
splicing factory’ U1 70K snRNP protein’
hnRNP Al¢ Competed by 5’ splice site?
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SRp40 (calf 40
thymus)

B52 52 (app.)
(Drosophila)

43 (calc.)

SRp55 55 (app.)
(Drosophila)

39 (calc.)

SRpSS (calf
thymus)

SRp70 (calf 70 (app.)
thymus)

Activation of splicing 8-globin pre-mRNA/

Strong promotion of proximal 5" splice site/

Strong promotion of proximal 5* splice site/

Activation of 8-globin pre-mRNA splicing/

Weak promotion of proximal 5’ splice site in adenovirus Ela
pre-mRNA/

Activation of human B-globin pre-mRNA splicing”

Switch from distal to proximal 5’ splice site in B-thalassemic
human pre-mRNA?

Activation of B-globin pre-mRNA splicing®

Promotion of proximal 5’ splice site in adenovirus Ela pre-
mRNA and in SV40 pre-mRNA/

Activation of 8-globin pre-mRNA splicing”

Weak promotion of proximal 5" splice site in adenovirus Ela
pre-mRNAS

Boundaries of transcriptionally
active chromatin’*

Lateral loops on amphibian
lampbrush chromosomes®

9 Krainer et al. (1991).

iSun et al. (1993).

b Krainer and Meniatis (1985). / Ge and Manley (1990).

¢ Krainer et al. (1990a).
4 Krainer et al. (1990b).
¢Fu ef al. (1992).
fZahler et al. (1993).

® Harper and Manley (1991).
!Fu (1993).

" Eperon et al. (1993).

" Zuo and Manley (1994).

& Mayeda and Krainer (1992). ¢ Kohtz et al. (1994).

» Mayeda et al. (1993).

P Fu and Maniatis (1992).

4 Fu (1993).

" Spector et al. (1991).

“Fu and Maniatis (1990).

" Champlin er al. (1991).

“ Champlin and Lis (1994).
¥ Mayeda et al. (1992).

¥ Roth et al. (1990).
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multiple competing splice sites or multiple introns. One mechanism of
alternative splicing apparently involves “exon bridging” between SR
domains to regulate exon inclusion/exclusion choices, a proposal similar
to the exon definition model of splice site selection (Robberson et al,
1990). In one example, inclusion of the alternative exon E4 in transcripts
of the rat preprotachykinin gene requires facilitated binding of Ul
snRNP particles to the 5' splice site adjacent to E4 (Kuo et al., 1991).
Because the adjacent upstream intron possesses a weak polypyrimidine
tract, enhanced deposition of Ul snRNP particles to a strong 5’ splice
site sequence of E4 facilitates binding of U2AF to the 3’ splice site region
upstream across the exon (Hoffman and Grabowski, 1992), presumably
enhancing deposition of U2 snRNP particles on this intron. Thus, SR
domain-mediated interactions may span the alternative exon to compen-
sate for a weak upstream polypyrimidine tract.

A similar mechanism may be utilized by the purine-rich “splicing
enhancers” (Tian and Maniatis, 1994). For example, the SR protein SF2/
ASF binds preferentially to a purine-rich splicing enhancer in the last
exon of bovine growth hormone transcripts, stimulating splicing of the
upstream intron (Sun e al, 1993). Similarly, interactions between a
purine-rich splicing enhancer in the ED1 exon of the human fibronectin
gene and SR proteins enhances deposition of U2 snRNP particles to the
ED1 3’ splice site and thereby stimulates inclusion of the ED1 exon
(Lavigueur et al., 1993).

Another mechanism of SR domain-mediated alternative splice site
selection may work to enhance the proximity effect (Eperon et al., 1993).
In the case of adjacent, competing 5’ splice sites, the proximal 5’ splice
site normally is preferred over a distal 5’ site if the two are separated
by a distance greater than 40 nucleotides (Reed and Maniatis, 1986).
SF2/ASF promotes use of the proximal 5 splice site (Ge and Manley,
1990; Krainer et al,, 1990a) but is antagonized by increased abundance
of hnRNP A1l (Mayeda and Krainer, 1992; Caceres et al., 1994), which
leads to preferred splicing of the distal 5’ site. Because SF2/ASF seems
to increase the binding of U1l snRNP particles to adjacent but separated
S’ splice sites indiscriminately (Eperon et al, 1993), one wonders if
the SF2/ASF-mediated enhancement of proximal splice site selection
involves interactions with SR domains in other proteins, such as U2AF,
situated downstream in the intron.

Both positive and negative SR domain-mediated mechanisms of alter-
native 3’ splice site selection are evident in studies of sex-specific splicing
in Drosophila (reviewed in Baker, 1989; Mattox et al., 1992). In males,
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spliced transcripts of the transformer (tra) gene contain an in-frame stop
codon and encode a truncated protein; in females, nearly half of the
tra transcripts undergo a splicing event that removes the stop codon
(McKeown et al., 1987). The difference arises from alternative splicing
of competing 3’ splice sites and is regulated by the product of the Sex
lethal (Sxl) gene (Boggs et al., 1987), an RRM-containing protein that
lacks an SR domain (Bell et al., 1988). Binding of Sxl protein in females
to the non-sex-specific 3’ splice site in tra transcripts (Inoue et al,, 1990)
prevents the binding of U2AF to this site (Valcarcel et al., 1993). This
blockage mechanism leads to inactivation of the Sxl-engaged splice site,
due to the absence of an SR splicing domain, and concomitantly to
activation of the female-specific site by U2AF. Interestingly, this event
leads to additional consequences concerning alternative 3’ splice site
selection in the sex determination pathway because the tra gene encodes
another protein with an SR domain (Amrein et al., 1988). The tra protein,
in conjunction with the non-sex-specific protein TRA-2, regulates sex-
specific splicing of the doublesex (dsx) gene (Burtis and Baker, 1989;
Hoshijima et al,, 1991). In females, TRA and TRA-2 proteins recognize
an exon sequence downstream of the regulated 3’ splice site in dsx
transcripts (Nagoshi and Baker, 1990; Hedley and Maniatis, 1991; Ryner
and Baker, 1991; Inoue et al, 1992) and recruit members of the SR
family to the site (Tian and Maniatis, 1993).

6. Composite Model

In sum, constitutive spliceosome assembly on simple pre-mRNA tem-
plates in vitro involves numerous RNA-RNA base-pairing interactions,
protein—-RNA sequence recognition, and protein—protein interactions.
The earliest RNP complex formed on pre-mRNA templates in vitro
contains hnRNP proteins, some of which probably bind with sequence
specificity. Initial deposition of Ul and U2 snRNP particles onto pre-
mRNA templates in vitro requires precise snRNA-pre-mRNA base-
pairing interactions, whereas tight binding of U1 and U2 snRNP particles
to pre-mRNA transcripts requires SR domain-mediated protein interac-
tions. These interactions may also bring splice sites into juxtaposition.
Moreover, the examples presented here point to a general mechanism
for alternative splice site selection on complex pre-mRNA transcripts
whereby protein-protein interactions redirect the deposition of general
splicing factors on pre-mRNA templates by bridging from a strong bind-
ing site to a weak binding site or by blocking normal binding sites for
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constitutive factors. It will be interesting to see if SR domain-mediated
interactions are responsible for other known instances of regulated alter-
native splice site selection (Black, 1992; Gallego et al, 1992; Guo and
Helfman, 1993; Siebel et al., 1994; Tanaka et al., 1994).

II1. TIMING OF PROTEIN DEPOSITION ON NASCENT
PRE-mRNA TRANSCRIPTS

The precise timing of protein deposition on nascent pre-mRNA tran-
scripts in vivo is unknown. One model suggests that each class of
transcript-binding factor—hnRNP proteins, snRNP particles, and SR
proteins—is recruited from nuclear storage sites to chromosomal sites
of transcription, presumably to bind nascent pre-mRNA transcripts co-
transcriptionally. The recruitment model predicts the presence of tran-
script-binding factors at chromosomal sites of transcription, plus the
detectable relocation of such factors in response to induction of transcrip-
tion or the inhibition of splicing; the model further predicts the occur-
rence of some cotranscriptional RNA processing reactions. An alterna-
tive view suggests that some protein deposition occurs in discrete
processing centers in the nucleus and predicts the passage of nascent
transcripts through defined nuclear paths. A third model proposes the
channeled diffusion of nascent transcripts through extrachromosomal
regions, with most intron removal occurring cotranscriptionally.

A. Recruitment Model

1. Sites of Transcription

Abundant immunocytological evidence demonstrates the presence of
transcript-binding proteins at chromosomal sites of transcription. On
lampbrush chromosomes, with a few notable exceptions (see the follow-
ing discussion), most hnRNP proteins tested—the A and B group hnRNP
proteins (Scott and Sommerville, 1974; Lacroix et al., 1985; Wu et al,
1991) and presumed hnRNP proteins of 90 kDa and 120 kDa (Roth and
Gall, 1987), plus the major spliceosomal snRNP particles (Gall and
Callan, 1989; Wu et al., 1991; Jantsch and Gall, 1992) and the SR protein
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SC35 (Roth et al, 1990; Wu ez al., 1991)—are present on lampbrush
chromosome loops. As expected of transcript-binding proteins, the stain-
ing patterns reflect the characteristic *‘thin-to-thick” morphology of loop
RNP matrices. The hnRNP antigens just listed are not detectable, how-
ever, on the giant loops of chromosome 2 or on the sequentially labeling
loops on chromosome 11, although the giant loops on chromosome 2 are
preferentially stained with antibodies specific for the hnRNP L protein
(Pifiol-Roma et al., 1989). The distribution of hnRNP proteins and
snRNP particles in “‘snurposomes” is discussed in Section IV, A.

Immunostaining experiments on polytene chromosomes are consistent
with cotranscriptional protein deposition on nascent pre-mRNA tran-
scripts. Numerous hnRNP proteins are localized in polytene chromo-
some puff sites (Risau et al., 1983; Hovemann et al., 1991; Amero et al.,
1991, 1993; Matunis et al., 1992b, 1993; Weeks et al., 1993); as expected
for transcript-bound proteins, the retention of certain hnRNP proteins
in Drosophila chromosomal puffs is RNase-sensitive (Amero et al., 1993;
Matunis ef al., 1992b, 1993). Other transcript-binding factors found in
puff sites include the Ul and U2 snRNP particles (Sass and Pederson,
1984; Vazquez-Nin et al., 1990; Amero et al., 1992; Matunis et al., 1993;
Weeks et al,, 1993), the SR proteins B52 (Champlin et al, 1991) and
RBP1 (Kim et al., 1992), and the Sxl protein (Samuels et al., 1994). (The
BS52 protein also displays a “puff bracketing™ pattern that is related to
a DNA-binding function; see Section V,B.)

In mammalian cells, definitive localization of the hnRNP C proteins
on nascent pre-mRNA was provided by immunocytochemistry (Fakan
et al., 1984, 1986; Puvion ef al, 1984; Leser et al., 1989; Spector et al,
1991). The hnRNP proteins were identified in perichromatin fibrils and
interchromatin granules, structures implicated previously as sites of Pol
II transcript synthesis and maturation, respectively (Fakan et al., 1984,
1986). However, these are not the only nuclear structures associated
with hnRNP proteins, and not all hnRNP proteins display identical
nuclear distributions. Numerous visualizations of mammalian interphase
nuclei stained with antibodies specific for the hnRNP Al, C, G, and U
proteins reveal homogeneous nucleoplasmic distributions that exclude
chromatin and nucleoli (Choi and Dreyfuss, 1984b; Dreyfuss et al., 1984;
Leser et al., 1989; Carmo-Fonseca et al,, 1991; Soulard et al, 1993).
Moreover, several hnRNP proteins display peculiarities in addition to
their general, diffuse presence throughout the nucleoplasm; the hnRNP
I protein is concentrated in a discrete perinucleolar structure (Ghetti et
al., 1992), the hnRNP K and L proteins are found in two or three
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unidentified, brightly stained loci in each nucleus (Piiiol-Roma et al,
1989; Siomi et al., 1993), and the hnRNP F and H proteins are concen-
trated in numerous discrete regions, or “speckles,” in the nucleoplasm
(Matunis et al., 1994b).

Spliceosomal snRNP particles and the SR protein SC35 also were
identified on perichromatin fibrils and interchromatin granules by immu-
noelectron microscopy (Fakan et al, 1984, 1986; Puvion et al., 1984;
Leser et al., 1989; Spector et al., 1991). However, early immunostaining
experiments utilizing sera from autoimmune patients revealed three
types of nuclear staining patterns: nucleolar, homogeneous, and a speck-
led pattern superimposed on a low-level, diffuse pattern throughout the
nucleus (Beck, 1961; Lachmann and Kunkel, 1961). The speckled pattern
is characteristic of the Sm antisera (Tan and Kunkel, 1966; Tan, 1967,
Lerner et al, 1981), which recognize proteins in spliceosomal snRNP
particles (Lerner and Steitz, 1979). It is now clear that numerous snRNP
particle components and splicing factors are colocalized in nuclear speck-
les [including U1 and U2 snRNP particles (Spector, 1984; Reuter ef al.,
1984; Nyman et al., 1986; Verheijen et al., 1986; Habets et al., 1989; Huang
and Spector, 1992) and the SR protein SC35 (Fu and Maniatis, 1990)].
Thus, one interpretation of the data suggests that speckles represent
interchromatin granules, or storage areas for transcript-binding factors.
In some cells, the spliceosomal snRNP particles and the SR domain-
containing protein U2AF—but not SC35—are also concentrated in
coiled bodies within the nucleus (Fakan et al., 1984; Zamore and Green,
1991; Carmo-Fonseca et al., 1992; Matera and Ward, 1993), but the role
of coiled bodies in nuclear RNA metabolism is not yet known.

2. Induction of Transcription

The best evidence that transcript-binding factors are recruited to active
sites of transcription exists in the following observations. First, the ab-
sence of snRNP particle deposition prior to induction of puffing on
Chironomus chromosomes (Sass and Pederson, 1984) has been interpre-
ted to indicate that transcript-binding factors are not poised at active
sites prior to transcriptional activation. Second, the SR protein SC35,
snRNP particles, RNA polymerase II, and hnRNP proteins C1 and
C2 are seen to move to, and colocalize on, sites of adenoviral-specific
transcription in HeLa cells (Jiménez-Garcia and Spector, 1993). Circum-
stantial evidence for the recruitment model exists in the correlation
observed between deposition patterns of the phosphorylated form of
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the large subunit of RNA polymerase II—and therefore probably the
elongating form—on polytene chromosomes and the deposition patterns
of hnRNP proteins and snRNP proteins on most major puffs (Weeks et
al., 1993).

3. Inhibition of Splicing

Another prediction of the recruitment model is the redistribution of
nuclear transcript-binding factors in response to inhibition of pre-mRNA
splicing in vivo. This prediction was confirmed directly by the microinjec-
tion into living cells of oligonucleotides or antibodies that inhibit pre-
mRNA splicing in vitro; following such treatment, the interchromatin
granules decreased in number, but those remaining were larger and more
concentrated in splicing factors than granules in control cells (O’Keefe
et al., 1994). A similar phenomenon occurs in response to herpes simplex
virus infection and may reflect partial inhibition of host pre-mRNA
splicing (Martin et al., 1987). Consistent with these results are the changes
in interchromatin granules observed following the incubation of cells in
the transcriptional inhibitors DRB (5,6-dichloro-1-8-p-ribofurano-
sylbenzimidazole; Spector et al, 1983) or a-amanitin (Carmo-Fonseca
et al., 1992), treatments that would also result in decreased pre-mRNA
splicing activity.

4. Cotranscriptional RNA Processing

The recruitment model predicts the cotranscriptional processing of
nascent pre-mRNA molecules, and the cytological evidence (discussed
in Sections I1I,A,4,a—c) demonstrates that both folding and splicing of
nascent pre-mRNA transcripts can be cotranscriptional events.

a. RNA Folding. The distinctive RNP granules that appear in Balbi-
ani rings of Chironomus tentans polytene chromosomes (Beermann and
Bahr, 1954; Stevens and Swift, 1966) present an unequaled opportunity
to follow the synthesis and maturation of a single transcript through the
nucleus (Skoglund et al., 1983). These giant puffs produce long transcripts
(35-40 kb; Case and Daneholt, 1978) encoding large secretory proteins
(Hoog et al., 1986, 1988). Mature nascent transcripts in sectioned material
assume a characteristic morphology consisting of a granule (=50 nm
in diameter) connected to a looped chromatin axis by a short stalk
(=20 nm in diameter and ~90 nm in length; Lamb and Daneholt, 1979;
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Andersson et al., 1980). The mature 50-nm granules share a fairly uniform
structure, with an RNP ribbon (30-60 nm broad and 10-15 nm thick)
bent into a ring; four discernible domains in the granule differ in ribbon
width (Skoglund et al., 1986). The 50-nm granules are abundant in the nu-
cleoplasm, allowing their biochemical purification (Wurtz et al., 1990b),
and they can be followed during transit through nuclear pores (Stevens
and Swift, 1966; Mehlin ez al., 1991, 1992).

A defined pathway for early, orderly cotranscriptional folding of the
Balbiani ring transcript has been proposed. Circumstantial evidence for
the pathway exists in serial sections, where most of the loop contain-
ing a Balbiani ring transcription unit can be visualized. The “‘stalks” but
not the 50-nm granules are present on the proximal side of the loop con-
taining immature transcripts; the granules do appear on distal portions
of the loop that contain more mature transcripts (Andersson et al., 1980;
Olins et al., 1983; Skoglund er al, 1983). The basic structure of the
RNP particle is thought to be a 7-nm fibril that thickens and bends to
form the granule because 50-nm granules in low ionic strength buffers
dissociate into 7-nm RNP fibrils (Lonnroth et al, 1992). Such a fibril
is also visible in chromatin dispersed by the Miller spreading technique,
where nascent transcripts in Balbiani rings appear as growing RNP fi-
brils (=10 nm in diameter) in a single length gradient per loop (Lamb
and Daneholt, 1979); the Miller spreading technique probably induces un-
folding of the 50-nm granule into the 10-nm fibril (Andersson et al.,
1980). Also, because intact 50-nm granules are sensitive to RNase digestion
(Wurtz et al, 1990a), the pre-mRNA molecule probably is folded
around a protein core initially to form the 7-nm fibril.

An analogous assembly pathway has been proposed for folding of
perichromatin fibrils into perichromatin granules during transcript mat-
uration in mammalian cells (reviewed in Puvion-Dutilleul and Puvion,
1981). In rat liver chromatin spread in the presence of Photo Flo deter-
gent, perichromatin granules appear as dense particles (33-55 nm in
diameter) connected to chromatin threads through short RNP fibrils (9-
12 nm in diameter) (Monneron and Bernhard, 1969; Puvion-Dutilleul
and Puvion, 1981). The smaller fibrils resemble perichromatin fibrils
seen in more nearly denatured chromatin spreads (Bachellerie et al,
1975), suggesting that the fibrils may become folded into perichroma-
tin granules. Both perichromatin fibrils and perichromatin granules are
rapidly labeled in vivo with [*H]uridine (Fakan and Bernhard, 1971,
1973; Bachellerie et al., 1975; Fakan et al., 1976; Puvion-Dutilleul and
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Puvion, 1981), indicating that both structures contain nascent pre-mRNA
transcripts.

Partially denatured pre-mRNA transcripts in Drosophila chromatin
also assume a granular morphology that may arise from the folding of
a precursor RNP fibril. Rather than using milder detergents to achieve
partial denaturation of chromatin, the pH of the water used for dispersal
can be lowered from 8.5-9.0 to 7.5-8.0 (Beyer and Osheim, 1988). Tran-
scripts prepared from Drosophila embryos in “‘more physiological” water
appear as 50- to 60-nm granules attached to the DNA template (Beyer
and Osheim, 1988). At intermediate stages of dispersal, the granules
dissociate partially into the 25-nm particles and 5-nm fibrils seen in fully
dispersed chromatin, producing a “rosette” on each transcript (Beyer
and Osheim, 1990).

b. Timing of Cotranscriptional Protein Deposition. The exact tim-
ing of early protein deposition on nascent pre-mRNA transcripts is
unknown, but it probably occurs more quickly than can be measured
biochemically by conventional cross-linking techniques—given the aver-
age elongation rate in vivo for eukaryotic RNA polymerase II of 1.1-
1.4 kb per minute (Kafatos, 1972; Thummel et al., 1990; Shermoen and
O’Farrell, 1991; O’Brien and Lis, 1993). However, one study estimated
that a “window” of approximately 100 nucleotides exists in vivo between
RNA synthesis and protein deposition (Eperon et al., 1988). These exper-
iments introduced sequences capable of forming stable hairpin loops at
fixed distances along a transcription unit to disrupt alternative splicing
in vivo.

Studies of paused transcription complexes may be used to refine further
the window for protein deposition. Numerous genes in Drosophila and
other organisms are regulated at the level of transcription elongation
(Lis and Wu, 1993), and regulation of the Drosophila hsp 70 gene is
particularly well elucidated. An RNA polymerase II molecule resides
at the promoter region of the hsp 70 gene in uninduced (Gilmour and
Lis, 1986) and induced (heat-shocked) cells, as detected by UV cross-
linking (Giardina et al, 1992). The polymerase molecule pauses over a
promoter-proximal region approximately 20 bp wide (Rasmussen and
Lis, 1993), having synthesized approximately 25 nucleotides of nascent
RNA, but is transcriptionally engaged, poised for rapid elongation on
induction by heat shock (Rougvie and Lis, 1988; O’Brien and Lis, 1991).
The short RNA transcript associated with the paused polymerase under-
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goes 5’ cap formation in vivo during the progression of polymerase
between its pause sites (Rasmussen and Lis, 1993). However, it is unlikely
that short nascent transcripts on the paused polymerase are associated
with RNA-binding proteins because RNA of this length observed in in
vitro elongation assays is intimately associated with RNA polymerase
IT (Rice et al, 1991) and probably occluded from transacting factors.
Moreover, immunopurified complexes assembled on the Asp 70 gene
promoter contain predominantly transcription factor IID (TFIID), with
no indication of additional proteins such as hnRNP proteins (Emanuel
and Gilmour, 1993). We conclude that protein deposition in vivo occurs
on nascent pre-mRNA between 25 and 100 nucleotides in length.

¢. Pree-mRNA Splicing. Visualization of active genes by the Miller
spreading technique clearly demonstrates cotranscriptional RNA pro-
cessing in vivo (Beyer and Osheim, 1991), as predicted by the recruitment
model. At the ultrastructural level, nascent pre-mRNA transcripts from
Drosophila embryos have a beaded appearance reflecting nonrandom
RNP particles (Beyer et al, 1980). Correlation of particle deposition
with the Drosophila chorion gene sequence shows 25-nm RNP particles
on splice sites, and on more mature transcripts these particles occasion-
ally coalesce into 40-nm particles (Osheim et al., 1985). On unidentified
Drosophila transcription units, particle assembly occurs at the bases of
loops that are to be excised with kinetics that are faster than, but consis-
tent with, predictions from in vitro splicing reactions (Beyer and Osheim,
1988). These processes of particle coalescence and loop excision no doubt
represent cotranscriptional spliceosome assembly and intron removal
from certain transcripts in vivo.

Biochemical experiments prove that pre-mRNA splicing can occur
cotranscriptionally. Molecular analyses of products from the ecdysone-
responsive E74 transcription unit in Drosophila showed a defined splicing
pathway that initiates on incomplete transcripts prior to transcription
termination (LeMaire and Thummel, 1990). These analyses utilized the
rapid inducibility and unusual length (60 kb) of the E74 transcription
unit to analyze nascent E74 transcripts at defined time intervals following
transcriptional initiation. Similar analyses of nascent transcripts purified
from microdissected Balbiani ring chromatin showed a graded disappear-
ance of introns from the immature transcripts (Baurén and Wies-
lander, 1994).
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B. Extrachromosomal RNA Processing

1. Tracking Model

Not all pre-mRNA splicing occurs cotranscriptionally. Studies in hu-
man diploid fibroblasts suggest that nuclear speckles are coincident with
transcript domains, or areas of the nucleus defined by in situ hybridization
as being enriched in poly(A) RNA (Carter et al., 1991, 1993). The tran-
script domains also are enriched in SC35 and overlap regions in rat
fibroblast nuclei where fibronectin gene transcripts are concentrated and
undergo intron removal; these areas of fibronectin transcript concentra-
tion have been termed tracks (Xing et al., 1993). The fact that the intron
signals extend further along the track than would be predicted from
Miller spreads suggests that some intron removal occurs after transcript
release from the chromosome.

One interpretation of the track data suggests that nuclear speckles are
active RNA processing centers, as opposed to storage sites for splicing
factors, and that pre-mRNA transcripts move through these centers
during maturation. Consistent with this view are experiments involving
the microinjection of rhodamine-labeled 3-globin pre-mRNA transcripts
into the nuclei of cultured rat kidney epithelial cells. Splicing-competent
pre-mRNA transcripts became concentrated in speckles and were colo-
calized in these sites with snRNP particles and SC35, while splicing-
defective pre-mRNA transcripts did not (Wang et al., 1991). The lit-
erature concerning nuclear sites of pre-mRNA splicing, as well as
compartmentalization of snRNP particles and splicing factors in the
eukaryotic nucleus, has been reviewed (Spector, 1993a,b).

2. Channeled Diffusion Model

Studies in polytene nuclei of Drosophila suggest an alternative inter-
pretation of the tracking phenomenon. Integration of a LacZ reporter
construct containing the Drosophila suppressor-of-white-apricot gene
into polytene chromosomes permitted comparative localization of chro-
mosomes and su(w*) transcripts through combined cytochemistry and in
situ hybridization; the evidence suggests that transcript diffusion through
channels between chromosomes is responsible for the appearance of
concentrated transcript tracks (Zacher et al, 1993). In addition, con-
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stitutive removal of the third intron from su(w?) pre-mRNA transcripts
occurred at or close to the site of synthesis, whereas regulated removal
of at least one other (upstream) intron occurred more slowly—
apparently at a location in the extrachromosomal space removed from
the site of synthesis (Zachar et al., 1993).

In sum, substantial experimental evidence exists to suggest that each
class of major transcript-binding factor—hnRNP proteins, snRNP parti-
cles, and SR proteins—is associated with chromosomal sites of transcrip-
tion, as viewed on loops of lampbrush chromosomes, on puffs of polytene
chromosomes, and on perichromatin fibrils in mammalian nuclei; these
factors are also concentrated in extrachromosomal nuclear sites. The
earliest protein deposition may occur on nascent pre-mRNA transcripts
between 25 and 100 nucleotides in length. The presence of snRNP parti-
cles and SR proteins on sites of transcription is consistent with ultrastruc-
tural observations and molecular analyses demonstrating the occurrence
of RNA folding and pre-mRNA splicing during transcript elongation,
but may signify prespliceosome assembly and commitment to splicing
of pre-mRNA transcripts that will be spliced subsequently at extrachro-
mosomal locations, possibly in nuclear speckles.

IV. INTERDEPENDENCE AMONG RIBONUCLEOPROTEIN
COMPLEXES ON PRE-mRNA TRANSCRIPTS

A separate question concerning protein deposition on nascent pre-
mRNA transcripts concerns the interdependence of the major transcript-
binding factors. One model for cotranscriptional protein deposition
on nascent pre-mRNA transcripts in vivo suggests the preassembly of
transcript-binding proteins—including hnRNP proteins, snRNP parti-
cles, and SR proteins—into a unitary complex prior to their deposition.
The unitary deposition model predicts that the major transcript-binding
factors should be colocalized in extrachromosomal nuclear complexes,
undergo extrachromosomal assembly, and exist in a fixed ratio at chro-
mosomal sites of transcription. An alternative model of protein deposi-
tion in vivo suggests the independent deposition of individual transcript-
binding factors, although several variations of the independent model
can be envisioned. A broad definition of the independent deposition
model, used here, refers to hnRNP complex formation and prespliceo-
some assembly as separate processes. The independent deposition model
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predicts locus-specific ratios of hnRNP proteins and snRNP particles
at chromosomal sites of transcription (the question of unitary versus
independent deposition was addressed in the context of hnRNP com-
plexes in Section I1,A).

A. Unitary Deposition Model

The unitary deposition model arose from studying the thousands of
nucleoplasmic granules in amphibian oocytes (Gall and Callan, 1989;
Gall, 1991). The granules, or snurposomes, are classified on the basis
of immunofluorescence and in situ hybridization reactivities into three
classes (Wuet al., 1991): the A snurposomes contain U1l snRNP particles;
the B snurposomes (1-4 pum in diameter) contain hnRNP proteins, the
splicing snRNAs and the SR protein SC35; and the C snurposomes (or
sphere organelles, =<1 um to 10 um in diameter) contain U7 snRNA
but not the “splicing” snRNAs (Wu and Gall, 1993). B snurposomes
exist on the surface of, and within, C snurposomes (Wu et al., 1991);
C snurposomes are also attached to lampbrush chromosomes at specific
loci, the sphere organizers (Gall and Callan, 1989). A pathway for snurpo-
some assembly proposed that B snurposomes are precursor unitary pro-
cessing particles and that A snurposomes are storage sites, possibly
analogous to interchromatin granules in mammalian nuclei (Galil, 1991;
Wu et al., 1991).

The predictions from the unitary deposition model for the extrachro-
mosomal assembly of a processing particle and the simultaneous deposi-
tion of transcript-binding factors on nascent pre-mRNA transcripts are
fulfilled in the following observations. The time course of [*H]uridine
incorporation into B and C snurposomes in cultured Xenopus oocytes
involves the appearance of labeled B snurposomes in preparations from
oocytes incubated for 12 or 24 hr, but labeled C snurposomes appear in
preparations from oocytes incubated for 48 hr; thus, RNA—and proba-
bly snRNA —may pass from B to C snurposomes during their maturation
(Callan and Gall, 1991). Interestingly, however, the injection of pre-
mRNA templates encoding myc-tagged, Ul snRNP-specific C protein
into amphibian oocytes demonstrated the simultaneous association of
the nascent C protein with all Ul snRNP-containing structures (Jantsch
and Gall, 1992). Once recruited to lampbrush loops, possibly through C
snurposomes, both hnRNP proteins and snRNP proteins show coincident
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immunofluorescent labeling along loop lengths, even at the “front end”
of the transcription unit where short transcripts are unlikely to contain
intron sequences (Wu et al., 1991).

B. Independent Deposition Model

The prediction from the independent model for locus-specific ratios
of hnRNP proteins and snRNP particle components is fulfilled by the
results of two different studies performed on Drosophila polytene chro-
mosomes. In one study, comparative localization of a U1 and U2 snRNP-
specific protein and the Drosophila “‘core” HRB proteins revealed gener-
ally coincident distribution patterns on most developmental puffs for
the two antigen types, but qualitative differences in the patterns were
evidenced by reproducible, locus-specific variations in the two signal
intensities (Amero ef al., 1992). The correlation observed between puff
size and HRB-specific patterns was interpreted to reflect a correlation
between hnRNP protein deposition and general RNA mass, whereas a
similar correlation was not observed in the snRNP-specific pattern. In
the other study, antibodies specific for individual hnRNP proteins and
for the Sm epitope of splicing snRNP particle proteins also produced
locus-specific signals suggestive of transcript-specific RNP complexes
(Matunis er al., 1993). The results of both studies are consistent with the
pathway of spliceosome assembly in vitro, where hnRNP proteins be-
come associated first with pre-mRNA transcripts; snRNP particle and
SR protein deposition follow in subsequent steps (see Section II,B,2).

Direct tests of the unitary and independent deposition models should
now be feasible with the advent of Drosophila mutagenesis to produce
null mutations in genes encoding transcript-binding proteins (Kelley,
1993; Matunis et al., 1994a). It will be interesting to see if the deposition
of all transcript-binding proteins is affected by the depletion of individ-
ual factors.

V. INTERACTIONS WITH TRANSCRIPTION COMPLEXES

Protein deposition on nascent pre-mRNA transcripts is thought to be
independent of transcription machineries because transcription and
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RNA processing are not interdependent processes per se. For instance,
plasmid DNA is transcribed efficiently when injected into splicing-
deficient Xenopus oocytes that have been depleted of snRNA by RNAse
H-mediated cleavage (Pan and Prives, 1988, 1989; Hamm et al., 1989).
Although injection of the oligonucleotides to create substrates for
RNAse H produces a general collapse of lampbrush chromosome loops
and shutdown of Pol II transcription, the oocytes do resume transcription
after =12 hr in the absence of detectable U2 snRNA (Tsvetkov et al.,
1992). Further evidence that the processes of transcription and pre-
mRNA splicing can be uncoupled is provided by the accurate splicing
observed on injection into Xenopus oocytes of pre-mRNA templates
synthesized in vitro (Green et al., 1983; Kedes and Steitz, 1988). Nonethe-
less, interactions between transcription complexes and transcript-binding
factors are apparent in the examples described in Sections V,A-C, sug-
gesting that additional determinants for deposition of transcript-binding
proteins may reside in DNA sequences or in DNA-binding proteins.

A. Tat

The mechanism of transcriptional enhancement utilized by the human
immunodeficiency virus-1 (HIV-1) exemplifies the influence of transcript-
binding factors on transcription complexes (reviewed in Jones, 1989; Sharp
and Marciniak, 1989). The virally encoded Tat protein upregulates tran-
scription from the viral LTR sequence by binding specifically to RN A hair-
pinsequences—the trans-activating region (TAR) element—in the 5’ end
of the viral transcript (Berkhout et al., 1989; Selby and Peterlin, 1990;
Southgate er al., 1990; Calnan ez al., 1991). In addition, Tat affects Pol 11
elongation when bound to TAR, promoting read-through and production
of full-length transcripts (Kao et al., 1987; Selby et al., 1989; Feinberg et al,,
1991; Marciniak and Sharp, 1991; Kato et al., 1992).

The purpose of Tat—-TAR interactions is to recruit the Tat activation
domain into the vicinity of LTR-engaged transcription complexes. The
Tat activation domain functions normally when fused to either the DNA-
binding domain from the yeast GAL4 protein (Southgate and Green,
1991) or the RNA-binding domain from the bacteriophage MS2 coat
protein (Selby and Peterlin, 1990), provided that the target LTR se-
quences contain either a GAL4 binding site in the DNA sequence or
the operator of the bacteriophage replicase gene in the RNA sequence,
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respectively. Tat-mediated activation may be mediated through direct
interactions with the TATA-binding protein in the TFIID complex
(Kashanchi et al., 1994).

B. B52/SRp55

A curious example of interplay between transcription complexes and
transcript-binding factors exists in the properties of the 52-kDa SR pro-
tein from Drosophila, designated either B52 (Champlin et al., 1991) or
SRp5S (Roth et al., 1991). The protein is both an essential splicing factor
and an alternative splicing factor (Mayeda et al., 1992). As expected of
an RNA-binding protein, at intermediate levels of heat shock transcrip-
tion the protein is distributed uniformly over the transcription units
containing the hsp70 genes, as determined by immunofluorescence map-
ping and in vivo UV cross-linking (Champlin and Lis, 1994). However,
deposition of the protein on polytene chromosomes from severely heat-
shocked larvae reveals an unusual pattern on heat shock puffs that
brackets the pattern produced by antibodies to RNA polymerase II
(Champlin et al.,, 1991), and the protein can be cross-linked in vivo to
specific DNA sequences flanking the heat shock genes (Champlin e al.,
1991; Champlin and Lis, 1994). These observations indicate an inverse
correlation between protein deposition on nascent pre-mRNA tran-
scripts and decondensation of the chromatin template. One proposal
further suggests the interaction of the SR domain with the C-terminal
repeat of the RNA polymerase II large subunit to link RNA processing
to transcription (Greenleaf, 1993).

C. hnRNP U/SAF-A

The identification of the mammalian 120-kDa hnRNP U protein as the
nuclear matrix/scaffold attachment protein (Fackelmayer and Richter,
1994a; von Kries et al., 1994) creates the intriguing possibility that the
primary deposition signal for this hnRNP protein may reside in specific
DNA sequences. The protein binds specifically to DNA MAR/SAR
sequences (matrix attachment regions/scaffold attachment regions) and
possesses sequence-preferential RNA-binding characteristics in vitro
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(Kiledjian and Dreyfuss, 1992; Romig er al., 1992; Tsutsui et al., 1993;
Fackelmayer and Richter, 1994b; Fackelmayer et al., 1994; von Kries et
al., 1994). It will be interesting to learn if this protein is required for
establishment of proper chromatin structure and for transport of nascent
pre-mRNA molecules through the nucleus.

VI. CONCLUSIONS

A simple model is proposed for protein deposition on nascent pre-
mRNA transcripts in vivo. Most hnRNP proteins are envisioned to bind
nascent pre-mRNA immediately following passage of the transcription
bubble, possibly within 100 nucleotides of the polymerase complex, and
for certain proteins through interactions with chromatin. The generalized
nucleoplasmic distribution exhibited by most hnRNP proteins suggests
that these proteins are abundant and free to diffuse through the nucleus.
The strength of the hnRNP protein binding site may dictate whether
certain RNA sequences remain accessible for binding of other trans-
acting factors or become folded into compact hnRNP complexes. Those
sequences rendered accessible by high-affinity hnRNP protein binding
sites then become associated with snRNP particles and SR proteins to
commit the nascent pre-mRNA transcript to splicing. The snRNP parti-
cles and SR proteins may be recruited from concentrated nuclear storage
sites. The rates of protein recruitment, transcription, and intron removal
may dictate whether removal of a particular intron occurs cotranscrip-
tionally or following release of the transcript from the DNA template.
Thus, we envision a fairly simple extension of the messenger hypothesis
to accommodate the steps involved in maturation of eukaryotic pre-
mRNA transcripts.
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