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Introduction

The nuclear matrix is the nuclear substructure that remains after the majority of DNA
and soluble and chromatin-bound proteins have been removed from the nucleus. 1-3

Electron micrographs show that the animal nuclear matrix consists of the nuclear pore
complexes embedded in the nuclear lamina, and a network of internal 10 nm filaments, into
which granular structures and the nucleoli are embedded.4, 5 In two-dimensional protein gels
of nuclear matrix preparations, more than 200 polypeptides can be distinguished, but only few
components of the nuclear matrix have been cloned.6, 7 Best studied from animal systems are
the nuclear lamins, a group of intermediate filament proteins that form the lamina, a filamen-
tous protein meshwork that lines the nuclear envelope and is connected to the nuclear pore
complexes. The nuclear lamins are attached to the inner envelope membrane by farnesylation
and interactions with membrane-associated proteins.8-10

The nuclear matrix specifically binds to DNA fragments called matrix attachment regions
(MARs). MARs are large, AT-rich DNA fragments with little sequence similarity, and are pre-
dicted to form the bases of chromatin loops attached to the nuclear matrix during interphase.
11 MARs bind to nuclear matrix preparations across species borders, and have been implicated
in reducing position effects and increasing expression of transgenes in animals and plants.12-14

Several MAR-binding proteins have been identified, which are components of the nuclear
matrix. 15-22 In addition, proteins involved in transcription, splicing and RNA processing have
been found to be associated with the nuclear matrix,23-25 and significantly the respective pro-
cesses have been shown to take place at specific sites of an isolated nuclear matrix fraction.26-28

Together, the available data suggest that the nuclear matrix represents a core nuclear structure
that is involved in chromatin organization and in different aspects of nucleic acid metabolism.

However, the nuclear matrix as a static, cytoskeleton-like structure is still an issue of in-
tense debate (see for example see refs. 29, 30). The major objections are (1) that the procedures
used to isolate the matrix might cause precipitation artifacts that we view as nuclear matrix
fibers and (2) that proteins forming the interior matrix (as opposed to the lamins that form the
outer shell) remain to be identified. It is probably equally possible that the observed specific
subnuclear organization and the spatial “addresses” of chromatin domains, proteins, and pro-
tein complexes are caused by dynamic soluble interactions or by the association with a (either
dynamic or static) solid-state structure. In any case, the information for specific subnuclear
positioning exists, and it will be well worth addressing to what degree this information contrib-
utes to the biological functions of the respective molecules.
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This Chapter does not focus on the association of DNA with the nuclear matrix, the
function of nuclear matrix attachment regions, or the proteins binding to MARs. Instead, it
investigates the information presently available about signals involved in the intranuclear tar-
geting of proteins, either to the nuclear matrix or to specific subnuclear domains.

Of the several arguments that can be made for the functional importance of specific sub-
nuclear protein targeting—and a role for the nuclear matrix in that targeting—three points
will be discussed here. First, several proteins have been found to contain specific signals for
their association with the nuclear matrix or for their targeting to specific subnuclear sites.
These nuclear matrix-targeting signals (NMTSs) sometimes overlap with other functional do-
mains, like DNA-binding domains or nuclear localization signals (NLSs). However, at least in
some cases they could be separated from these functions, showing that nuclear matrix associa-
tion is independent from DNA binding and that targeting to the nuclear matrix requires a
signal in addition to the nuclear import signal. In some cases, the NMTS can confer nuclear
matrix targeting to a heterologous protein, and in at least one case it aids to the activity of a
heterologous transcription factor, thereby suggesting a functional significance associated with
the subnuclear targeting of the protein.

Second, the association of proteins with the nuclear matrix and with specific subnuclear
sites has been found to be a regulated process in at least some cases, indicating that it is likely of
biological significance beyond a simple “sticking together” of cellular components. And finally,
the disruption of the specific subnuclear targeting of some nuclear proteins has been found
associated with human diseases caused by chromosome translocations. These are strong indica-
tions that spatial information is required for the proper functioning of the respective proteins
and that subnuclear mislocalization can have a severe impact on their function.

Nuclear Matrix Targeting Signals
For a number of nuclear proteins that have been found either associated with the nuclear

matrix, or localized in specific subnuclear domains, amino acid sequences have been identified
that are necessary and sufficient for this localization. They range from small peptide motifs
capable to confer nuclear matrix localization to a heterologous protein to larger portions of the
protein, which in an additive or synergistic way contribute to nuclear matrix association. The
following gives an overview over the motifs mapped in different nuclear proteins, including
transcription factors, DNA- and RNA-binding proteins, viral proteins, kinases, and kinase
adapters. Figure 1 shows a compilation of the locations and sequences of these motifs. As
discussed below, there is presently no consensus sequence that can be derived from their comparison.

Steroid Receptors
Steroid receptor binding to the nuclear matrix was first described in the 1980s and was an

early realization of a potential functional association of a regulatory protein with a structural
component of the nucleus.29, 30 The domain necessary for association with the nuclear matrix
has been narrowed down in the human glucocorticoid receptor (hGR) and the human andro-
gen receptor (hAR). 31 Both proteins consist of an N-terminal domain involved in activation,
a central DNA-binding domain (DBD) followed by a tau2 transactivation domain, and a C-
terminal steroid-binding domain. While in these early studies the domain required for nuclear
matrix attachment was localized to the C-terminal steroid binding domain in hAR, both the
DNA-binding domain and the C-terminal domain of hGR were found to be required.

A more detailed mapping of the NMTS of the hGR was performed by Tang et al,32 who
showed that the DBD in combination with the C-terminal tau2 transactivation domain con-
stitute an NMTS of the hGR. Neither the DBD nor the tau2 domain alone was sufficient for
nuclear matrix binding and the tau2 domain alone could not confer nuclear matrix binding to
the heterologous GAL4 DNA-binding domain. Transactivation and nuclear matrix binding
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could be uncoupled by point mutagenesis, for example in the S573A mutant, which still binds
to the nuclear matrix but shows much reduced transcriptional activation. However, the two
functions overlap, as is demonstrated e.g., with a L553G/L554G double mutant, which abol-
ishes both nuclear matrix targeting and transactivation. These data show that the 29 amino
acid (aa) tau2 domain probably contains two interaction surfaces—one for transcriptional ac-
tivation and one for the binding of a nuclear matrix acceptor protein—and that nuclear matrix
binding is not sufficient for transactivation by hGR.33

Figure 1A. Comparison of the location and size of nuclear matrix targeting signals. Transcription factors.
NMTSs are indicated as bars underneath the schematic representation of the proteins. “S” indicates that
the NMTS has been shown to be sufficient for nuclear matrix targeting. Tau2, tau2 transactivation domain;
NLS, nuclear localization signal; Lim1, Lim 2, Lim domains; POU-S, POU-specific domain; POU-H,
POU-type homeodomain; Zn fingers, zinc fingers; QA repeat, glutamine-alanine repeat; KRAB, Kruppel-
associated box; PKA, PKA-binding domain. For detailed information, see text. Proteins and domains are
only approximately drawn to scale.
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In contrast to the tau2 domain, the hGR DBD appears to function as an NMTS in a
heterologous context insofar as fusion of the DBD with the Vp16 activation domain reconsti-
tutes a functional NMTS.32 However, the Vp16 tau2 activation domain shares some structural
relatedness to the GR tau2 domain, indicating that their combination might be required in the
fusion protein too.

Candidates for Nuclear Matrix Acceptor Proteins
One intriguing—and presently unanswered—question is by which interactions an NMTS

targets a protein to the nuclear matrix. Acceptor molecules on the nuclear matrix have been
postulated which could be proteins, nucleic acids, or both. In the case of the steroid receptors,
several candidates for interaction partners have been identified. However, in no case has a
specific interaction been shown to be required for the subnuclear targeting of a protein.

GRIP120, a protein identified as a factor that interacts with GR, was found to be identical
to hnRNP U, which belongs to the heterogeneous nuclear ribonucleoproteins, abundant pro-
teins in the eukaryotic nucleus.34 hnRNP U has in turn been found identical to SAF-A, a
protein originally identified by its ability to bind to matrix attachment region (MAR) DNA,
and a component of the nuclear matrix.35 Indirect immunofluorescence microscopy demon-
strated that GR and hnRNP U co-localize in nuclear speckles and large clusters. The C-termi-
nal domain (aa 517-806) of hnRNP U and the C-terminal half of GR are sufficient for func-
tional interaction of the two proteins.34 Because the DBD-tau2 region has been identified as
the NMTS of GR, it is therefore possible that hnRNP U constitutes an adapter that associates
GR with the nuclear matrix. Overexpression of hnRNP U interferes with glucocorticoid in-
duction and the C-terminal domains of both proteins are sufficient for mediating this effect.

Interestingly, the estrogen receptor (ER) has been shown to interact with another nuclear
matrix protein, SAF-B/HAP (Scaffold attachment factor B/hnRNP A1 associated protein).36

Figure 1B. Comparison of the location and size of nuclear matrix targeting signals. Other nuclear proteins.
NMTSs are indicated as bars underneath the schematic representation of the proteins. “S” indicates that
the NMTS has been shown to be sufficient for nuclear matrix targeting. Tau2, tau2 transactivation domain;
NLS, nuclear localization signal; Lim1, Lim 2, Lim domains; POU-S, POU-specific domain; POU-H,
POU-type homeodomain; Zn fingers, zinc fingers; QA repeat, glutamine-alanine repeat; KRAB, Kruppel-
associated box; PKA, PKA-binding domain. For detailed information, see text. Proteins and domains are
only approximately drawn to scale.
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In in vitro binding assays, SAF-B/HAP binds to both the DBD and the hinge domain of ER.
Co-immunoprecipitation showed that the binding occurs in vivo in cell lines. SAF-B/HAP was
like SAF-A originally isolated as a protein that binds to matrix attachment region DNA and is
localized in the nuclear matrix. 19 Subsequently, it was shown that it is identical to hnRNP A1
associated protein, which is itself a bona fide hnRNP protein.37 SAF-B has recently been shown
to interact with RNA polymerase II (Pol II) and with SR proteins in vitro and in vivo and
forms a ternary complex with SR proteins and MAR-DNA in vitro. Overexpression of SAF-B
represses the expression of a MAR-flanked reporter gene. Oesterreich et al36 have shown that
SAT-B overexpression also decreases the ability of ER to activate transcription and that the ER-
DBD is necessary for the repressive effects of SAT-B.36

Together, the data connect both GR and ER to proteins that bind to MARs and are
components of ribonucleoprotein complexes. While the picture is far from complete, it sug-
gests a connection between the targeting of steroid receptors to the nuclear matrix, the recruit-
ment of Pol II, and a modulation of receptor-induced gene expression by nuclear matrix proteins.

Yang et al38 have identified by yeast two hybrid screening another acceptor candidate, the
protein Hic-5, which binds specifically to the hinge-tau2 domain of GR. Hic-5 (hydrogen
peroxide-inducible clone 5) is a previously identified protein that localizes both to focal adhe-
sion points and to the nuclear matrix. Hic-5 stimulates transactivation by several nuclear recep-
tors in combination with the coactivator GRIP1. In addition, it acts as a coactivator for the
isolated DBD-tau2 domain of GR, but not the DBD alone. The C-terminus of Hic-5, con-
taining seven zinc fingers, is required for both binding of GR and association to the nuclear
matrix. However, in contrast to GR, Hic-5 binding to the nuclear matrix was not altered by
ATP depletion, indicating that its NM binding is not simply caused by association with nuclear
matrix-bound GR.38 Hic-5 could therefore be primarily associated with a structural compo-
nent of the nuclear matrix, where it would bind GR through an interaction of the zinc finger
domain with the GR tau2 domain, thereby promoting transactivation.

AML/CBF-ααααα Transcription Factors
The probably best characterized NMTS is that of the bone-specific transcription factor

AML1b. The AML/CBF-α runt transcription factors are key regulators of hematopoetic and
bone tissue-specific gene expression. AML1 and AML1b are two splicing variants, of which
only AML1b is transcriptionally active. AML1b, but not AML1 binds to the nuclear matrix.
Nuclear matrix association is independent of DNA-binding, shown by point mutations in the
runt DNA binding-domain, which no longer bind DNA, but still associate with the nuclear
matrix. The region necessary for nuclear matrix localization was narrowed down to a 31 aa
segment localized near the C-terminus, which is different from the NLS and resides in a region
absent in AML1.39 The 31 aa NMTS is sufficient to target the heterologous protein GAL4 to
the nuclear matrix. The NMTS is closely associated with the AML1b activation domain and
fusing it to the GAL4 DNA-binding leads to transactivation of a genomically integrated GAL4-
responsive reporter gene. Epitope tagged AML1b colocalizes with a subset of
hyperphosphorylated Pol II in specific nuclear foci which are linked to the nuclear matrix.40

This colocalization depends on active transcription and requires the DNA-binding function of
the runt DNA-binding domain of AML1b.

The crystal structure of the AML1b NMTS fused to glutathione S-transferase has been
solved at 2.7 Å resolution41 and interpreted with respect to its predicted function in nuclear
matrix targeting. It consists of two loop domains, which are connected by a flexible hinge
region. The two loops of the NMTS could interact with a putative protein or nucleic acid
acceptor in the nuclear matrix, a hypothesis supported by mutagenesis studies.41,42 The 31 aa
NMTS is conserved among AML1b homologs in human, mouse, rat and chicken. A similar
motif is also present in the related transcription factors AML2 and AML3 from human and



Nuclear Import and Export in Plants and Animals6

mouse. Both proteins were also found associated with the nuclear matrix. 41 A C-terminal
deletion mutant of AML3, lacking 150 aa including the NMTS-homologous sequence is not
retained in the nuclear matrix, indicating that the NMTS is functional in AML3 too.

Homeodomain Proteins
Different homeodomain-containing transcription factors have been found associated with

the nuclear matrix. Lhx3 is a LIM homeodomain transcription factor that is essential for pitu-
itary organogenesis and motor neuron specification. Lhx3 is found both in the nucleoplasm
and associated with the nuclear matrix, as measured by in situ nuclear matrix extraction. The
protein contains three nuclear localization signals within the homeodomain and one addi-
tional one at the C-terminus (B1, B2, B3, and B4). The 60 aa homeodomain (containing
regions B1, B2, and B3) is sufficient for nuclear matrix targeting. A second, overlapping do-
main that also confers association with the nuclear matrix was mapped to a fragment of 28 aa
which contains the B3 and B4 domains.43 This domain is sufficient to target Green Fluores-
cent Protein to the nuclear matrix, which makes it an interesting tool for nuclear matrix studies
due to its small size.

Interestingly, Pit-1, a homeodomain factor that cooperates with Lhx3 in the activation of
several pituitary-specific genes, is also a nuclear matrix-associated protein.44 Pit-1 has a bipar-
tite DNA-binding domain known as the POU domain. It consists of a POU-specific domain
and a POU-type homeodomain. The 66 aa POU-specific domain constitutes the domain nec-
essary and sufficient for nuclear matrix targeting.44 Nuclear matrix-association and DNA binding
can be functionally uncoupled, because pointmutants that no longer bind DNA have been
shown to remain fully nuclear matrix associated. Both the homeodomain of Lhx3 and the
POU-specific domain of Pit-1 adopt a helical structure with basic sequences located at both
ends of the domain.43 Whether these structural features are related to the recognition of accep-
tor molecules on the nuclear matrix is presently not known. It is however interesting to specu-
late that the nuclear matrix-association of two functionally cooperating transcription factors
might be involved in their biological activity. Another POU homeodomain protein, Oct-1 is
also present in the nuclear matrix.45 Oct-1 partitions, like Pit-1, between soluble and insoluble
nuclear fractions. The domain necessary for nuclear matrix association of Oct-1 has not yet
been identified. Interestingly, Oct-1 has also been shown to co-localize with lamin B, a compo-
nent of the nuclear lamina (reviewed in ref. 48). In aging cells, Oct-1 has been found to depart
from its location at the nuclear periphery, and this departure correlates with reduced repression
of a collagenase gene by Oct-1.46 These results suggest that Oct-1 is active as a repressor only
when located at the nuclear periphery, and imply a connection between association with sub-
nuclear structural elements and regulated function in gene expression.

Zinc Finger Transcription Factors
Yin-Yang 1 (YY1) is a 414 aa zinc finger-containing transcription factor, which acts both

as activator and repressor. It is identical to NMP1, a protein found originally as a nuclear–
matrix associated protein, which partitions between the nuclear matrix and a 0.4 M salt ex-
tract.47 Its activation domain has been mapped to the N-terminus, while the repression do-
main overlaps with the zinc-finger DNA-binding domain at the C-terminus. McNeil et al48

show that the C-terminal domain (aa 201 – 414) is necessary for high-affinity interaction with
the nuclear matrix, while the N-terminus (aa 1 – 256) shows only weak retention.48 Bushmeyer
et al49 have narrowed down the NMTS further to the region of aa 256 – 340. It is at present not
known whether this relatively well defined NMTS is sufficient to target a heterologous protein
to the nuclear matrix.

The NP/NMP4 transcription factors are nuclear matrix-associated proteins that contain
from five to eight C-terminal Cys2-His2 Zinc fingers and an N-terminal AT-hook domain.50
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Some NP/NMP4 in-frame splice variants have been proposed to be architectural transcription
factors which increase the basal activity of the rat type I collagen α1(I) polypeptide chain
promoter in osteoblast-like cells. They bind to the minor groove of a poly(dT) consensus se-
quence and bend DNA. The isoform 11H is predominantly located in two non-nucleolar foci
inside the nucleus, with smaller amounts diffusely distributed in the non-nucleolar part of the
nucleus. The zinc finger domain is necessary and sufficient for this localization. Extracting cells
transiently transfected with GFP-NP/NMP4 fusions, it has been shown that the amino termi-
nus plus the AT-hook domain could be extracted, while the full-length GFP fusion protein and
the zinc finger fusion protein were retained and diffusely distributed in the nuclear matrix.
Because the nuclear matrix fraction showed no evidence for residual DNA by DAPI staining, it
was concluded that the zinc-finger mediated nuclear matrix targeting of NP/NMP4 does not
require DNA binding. The minimal domain sufficient for nuclear matrix targeting is a 148 aa
fragment containing zinc fingers four to eight.

ZNF74 is a developmentally expressed zinc finger gene of the Kruppel-associated box
(KRAB) multifinger subfamily and is encoded by a candidate gene for DiGeorge syndrome.51,52

Grondin et al53 have shown that the zinc finger nucleic acid binding domain is a multifunc-
tional domain which also acts as nuclear matrix targeting sequence and is involved in protein-
protein interactions. ZNF74 interacts with its zinc finger domain with the hyperphosphorylated
form of the large subunit of RNA polymerase II (pol IIo), but not with the hypophosphorylated
form.53 In immunofluorescence experiments, ZNF74 co-localized with pol IIo and with the
SC35 splicing factor in subnuclear domains.

The smallest region sufficient for association with the nuclear matrix was narrowed down
to the zinc finger domain between aa 175 and 509. It is presently not known if a smaller region
of ZNF74 still tightly binds to the nuclear matrix, or if the entire zinc finger domain is re-
quired. Since the binding occurs after extensive DNase and RNase treatment of the nuclear
matrix fraction, the authors concluded that it is independent of the nucleic acid-binding affin-
ity of the zinc finger domain, and therefore most likely mediated by protein-protein interac-
tions. In a search for protein-protein interaction partners, and therefore possible nuclear matrix
adapters, only binding to pol IIo was discovered. The two proteins interact in vivo as well as in
the absence of nucleic acids and the binding depends on the hyperphosphorylation of pol IIo.
This result suggests that ZNF74 is not present in preinitiation complexes but rather associates
with elongating RNA polymerase II. Whether and how this complex is associated with the
nuclear matrix awaits further investigation. Interestingly, a nuclear matrix protein that inter-
acts with the phosphorylated C-terminal domain of RNA polymerase II has been identified by
Patturajan et al54 and several reports have demonstrated that Pol II itself is associated with the
nuclear matrix.55-57

Viral Proteins
The Epstein-Barr virus (EBV) nuclear antigen leader protein (EBNA-LP) is the first viral

gene product together with EBNA-2 to be expressed after infection of B-cells. EBNA-LP is a
nuclear matrix-associated protein and has been suggested to play an important role in EBV-
induced transformation.58 The protein has been shown to bind to p53 and to Rb in vitro and
co-localizes with ND10 nuclear domains, indicating a specific spatial sequestering inside the
nucleus. To investigate the biological significance of EBNA-LP nuclear matrix binding, Yokoyama
et al58 have attempted to map the nuclear matrix targeting domain and correlate it with the
ability of EBNA-LP to co-activate EBNA-2 dependent transactivation. EBNA-LP consists of
four W1W2 repeat domains flanked by a Y1Y2 domain. The affinity of nuclear matrix binding
is reduced as W1W2 repeats are deleted, indicating that their copy number is involved in high-
affinity binding. Fine mapping indicated that the 10 amino acid segment EPRRVRRRVL in
the W2 domain is involved in NM binding. However, as substitution of this motif also
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destroys the NLS of EBNA-LP, leading to accumulation of the protein in the cytoplasm, no
clear NLS-independent NMTS could be identified in this study. The mutant protein fails to
act as a co-activator, which might be explained by its inability to enter the nucleus.

The papillomavirus E2 protein is a site-specific DNA-binding protein, which functions as
the primary origin of replication-recognition protein. In addition, it is involved in regulating
transcription from the native viral promoter. The protein is localized in distinct subnuclear
foci, which correlate with the replication compartments. It consists of an N-terminal trans-
acting domain, a central hinge-domain, and a C-terminal protein-dimerization and DNA-
binding domain.59 The hinge domain confers strong nuclear localization, while the N-termi-
nus and the C-terminus alone are localized both in the nucleus and in the cytoplasm. Both the
hinge and the N-terminus also bind to the nuclear matrix, but with reduced affinity compared
to the full-length protein. A cluster of basic amino acids in the hinge domain is required for
both nuclear and nuclear matrix localization. As in the case of EBNA-LP, the two functions can
not be separated, because the mutated protein no longer enters the nucleus. A truncated hinge
region (aa 216 – 255), which contains the basic motif and flanking proline and glycine residues
leads to a diffuse nuclear localization, but can not be recovered from a nuclear matrix fraction,
indicating that the fragment is not sufficient for the nuclear matrix association observed with
the full-length hinge domain. The 82 amino acid hinge domain is therefore the smallest frag-
ment shown to be both necessary and sufficient for nuclear matrix targeting of the HVP-11 protein.

Kinases and Kinase Adapters
DYRK1 is a member of a family of dual-specificity protein kinases involved in brain

development. Mutants of the Drosophila homolog minibrain have reduced numbers of neu-
rons in some brain areas and show specific behavioral defects.60 The human homolog maps to
the “Down’s syndrome critical region” on chromosome 21, but its specific function in neuronal
development is not yet known. The mammalian isoform DYRK1a is a nuclear localized pro-
tein and the NLS has been mapped to positions 105 to 139. Becker et al61 have shown that the
region between position 1 and 104 is necessary for the specific, punctate nuclear localization
pattern of DYRK1a, and that a deletion fragment containing this region only is as tightly
nuclear matrix-bound as the full-length protein. A deletion fragment spanning aa 105 to 139 is
also partially localized in the nuclear matrix fraction, indicating that the position of potential
NMTS sequences in DYRK1a is more complex.61

A-kinase anchoring protein (AKAP) 95 is a zinc-finger protein, which binds and anchors
cAMP-dependent protein kinase (PKA). The protein is found in the nuclear matrix of a wide
variety of mammalian cells.62,63 The zinc finger domain required for DNA binding and a C-
terminal amphipathic helix that serves as an anchoring domain for PKA are both located in the
C-terminal half of the 687 amino acid protein. The N-terminal 386 amino acids contain both
the NLS and a domain required for nuclear matrix targeting.64 The NMTS was further nar-
rowed down to a domain between amino acid 111 and 141, which is highly conserved in rat,
mouse and human AKAP95 and similar to a sequence found in the nuclear matrix protein
ZAN75, and in the genetic neighbor of AKAP95, NAKAP95.64 The AKAP95 NMTS is inde-
pendent from both the DNA-binding and the PKA-binding domains, indicating that an addi-
tional interaction partner is required for the association with the nuclear matrix.

A candidate for such an acceptor is p68 RNA helicase (p68 RH), which was identified as
an AKAP95-binding protein in a yeast two-hybrid screen. The AKAP95 fragment from aa 109
to 201 is sufficient for binding the C-terminal domain of p68 RH, indicating that neither the
DNA-binding nor the PKA-binding domain is involved. There is a close correlation between
the AKAP95 NMTS (aa 111-141) and the p68 RH-binding domain (aa 109-201), p68 RH
has been found to be a nuclear matrix-localized protein, and AKAP95 and p68 RH could be
co-immunoprecipitated from nuclear fractions.64 Together, these findings make p68 RH a
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potential nuclear matrix-localized acceptor of AKAP95. p68 RH has been previously shown to
be associated with cAMP-responsive element binding protein (CREB)-binding protein CBP.
Association of AKAP95 with a nuclear matrix-bound complex of p68 RH/CREB/CBP/DNA
would therefore be a plausible mechanism to position PKA for its establishes function in CBP/
CREB-mediated gene regulation.64

Comparison of NMTSs in Different Nuclear Proteins
Figure 1 shows an overview over the position and size of the NMTSs discussed in this

Chapter. The regions identified to be either necessary or sufficient for nuclear matrix targeting
reach from small, ca. 30 aa motifs to large portions of a protein (e.g., in ZNF74). In the case of
transcription factors, there are several cases where they overlap or are identical with the DNA-
binding domains. However, as nuclear matrix preparations are usually extensively DNase treated,
several authors conclude that nuclear matrix binding is a feature of these domains that is sepa-
rable from DNA-binding, and therefore probably caused by protein-protein interactions.

The smallest identified peptides sufficient for nuclear matrix targeting are those in AML1b
(31 aa), the B3/B4 domain of Lhx3 (28 aa), and the second NMTS mapped in DYRK (34 aa),
which confers partial nuclear matrix localization and overlaps with the NLS. Another well-
defined region necessary for nuclear matrix localization is the 32 aa fragment from aa 111 to aa
141 in AKAP95. This fragment has so far not been shown to be sufficient for nuclear matrix targeting.

The sequences of the AML1b and AKAP95 NMTS are both well conserved within a
family of related proteins, including both their homologs from different species such as hu-
man, mouse, rat and chicken, and functionally closely related proteins within the same spe-
cies.39,64 However, no consensus can be derived by comparing NMTS sequences of function-
ally unrelated proteins. This feature of NMTSs might indicate that different proteins use different
interaction surfaces on the nuclear matrix, either by binding to different acceptor proteins, or
by interacting with different domains of the same ubiquitous nuclear matrix proteins.

To advance our understanding of the nature of NMTSs, interaction partners for the best
defined NMTS sequences need to be identified, and experiments need to be designed to show
that specific protein-protein interactions are required for the observed targeting events. In
addition, more structural information of the respective protein domains—such as the crystal
structure of the AML1b NMTS—will allow comparisons beyond the alignment of primary
sequences and might uncover presently unknown structural similarities between these domains.

Regulated Nuclear Matrix Interaction
Only a very small number of regulated subnuclear targeting events have been described.

Interestingly, one involves the light-regulated subnuclear trafficking of two plant photorecep-
tors, which have been shown to interact in vivo at their targeting sites. These examples provide
first evidence that specific subnuclear targeting might serve as a previously unappreciated mecha-
nism regulating the function of nuclear proteins. This is an area of functional cell biology that
clearly awaits further investigation.

It has been shown early that the association of steroid receptors with the nuclear matrix
requires the presence of the hormone.29,30 In addition, the nuclear matrix of ATP depleted cells
binds a significantly higher fraction of GRs, while binding equal amounts of SV40 large tumor
antigen, indicating that the observation is not caused by an unspecific “collapsing” effect of
nuclear material.65 This retention is reversible by addition of ATP. The data implicate that ATP
is required for a step that actively dissociates GR from its acceptor on the nuclear matrix.

A GR-GFP fusion protein has been tested for nuclear import in response to hormone
binding. While GR-GFP translocated to the nucleus in the presence of dexamethasone, proges-
terone, and the glucocorticoid antagonist RU486, a striking difference in the subnuclear distri-
bution of the fusion protein was observed. In dexamethasone-treated cells GR-GFP was
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predominantly located at bright small foci within the nucleus. In contrast, treatment with
progesterone lead to a diffuse nuclear localization, while RU486-treated cells showed a diffuse
pattern with regions of condensation in a reticular pattern. These data indicate that while all
three hormones were sufficient for the activation of nuclear import of GR-GFP, the specific
subnuclear trafficking of the three complexes was regulated differentially.66 Similar results were
obtained with a human estrogen receptor-GFP fusion protein.67

Protein kinase CKII is a highly conserved ubiquitous messenger-independent serine/threo-
nine protein kinase, which is localized in the nucleus and the cytoplasm and which is involved
in growth and differentiation events. It has been shown to be located in the nuclear matrix and
phosphorylates substrates such as topoisomerase II and RNA polymerases.68 The association of
CKII with the nuclear matrix has been found to be influenced by androgen and growth factor
stimuli in rat prostate cells.69 Androgen deprivation leads to a progressive decline in NM-
bound CKII while androgen treatment leads to an increase. In addition, three growth factors
stimulated the association of CKII with the nuclear matrix.

An interesting case of regulated association with the nuclear matrix is that of the retino-
blastoma gene product Rb. Rb is a 110 kD tumor suppressor protein that interacts with several
viral oncoproteins that are associated with the nuclear matrix. Rb itself is nuclear matrix-bound,
but only specifically during G1 phase, while no nuclear matrix association was detected during
S phase. The form bound during G1 is hypophosphorylated and was found at the nuclear
periphery as well as in dense fibrogranular masses in immunogold labeling experiments with
isolated nuclear matrix fractions.70 Interestingly, a novel nuclear matrix protein (NRM/B) has
been identified that specifically binds to the hypophosphorylated form of Rb.71 NRB/P is a
kelch-domain protein and its expression is limited to neuronal tissue. While it might therefore
be an exciting candidate for a nuclear matrix acceptor of Rb, it will also be interesting to find
nuclear matrix proteins with affinity for Rb which are less limited to specific cell types.

Subnuclear targeting events and the association of functional proteins with the nuclear
matrix are at present a practically uninvestigated field in plant molecular biology. A small
number of nuclear matrix-associated and MAR-binding proteins have been identified,20-22,72-74

but the association of transcription factors and other gene expression-modulating proteins with
the nuclear matrix has not yet been studied. Strikingly, and coming from an entirely different
angle of investigation, groups studying the biological activity of plant photoreceptors have
recently provided first evidence that subnuclear partitioning might both happen and be of
functional consequence in plants too. When a fusion of the red-light photoreceptor phyto-
chrome B with GFP was monitored in dark-grown and light-grown plants, the fusion protein
was found to be localized in the cytoplasm in the dark, but in the nucleus in the light.75

Strikingly, the protein was not diffusely distributed within the nucleus, but accumulated in
“speckles” of comparable size and distribution to some of the nuclear bodies well characterized
in animals, but so far barely investigated in plants.76-81

Cryptochrome 2 is a plant blue-light photoreceptor that has also been shown to be located
in the nucleus 82, 83. Mas et al 84 have demonstrated that cryptochrome 2 changes its sub-
nuclear localization in response to blue light irradiation. While the protein has a diffuse local-
ization in the dark, it accumulates in speckles after brief blue-light irradiation. Moreover, after
treatment with both blue and red light, phytochrome B and cryptochrome 2 co-localize in
some nuclear speckles and FRET experiments indicate that the two proteins directly interact.
Both photoreceptors are implied in the activation of gene expression. It will be of great interest
to see if their interaction takes place on the plant nuclear matrix, if the observed speckles can be
identified with respect to known nuclear bodies, and what protein domains and interaction
partners of cryptochrome 2 are involved in its light-regulated subnuclear trafficking.
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Compromised Subnuclear Localization and Disease
Numerous cytogenetic abnormalities that involve the bone-specific transcription factor

AML1 have been identified in acute myelogenous leukemia. In the frequent 8;21 transloca-
tion, a fusion protein between AML1b and ETO is created that lacks the C-terminus of AML1b,
including the NMTS. The AML1/ETO fusion is still targeted to subnuclear sites, but interest-
ingly they differ from the binding sites of AML1b. Instead, the AML1/ETO protein is redi-
rected by the ETO component to alternative nuclear-matrix associated foci.85 These findings
indicate that modifications in the subnuclear trafficking of transcription factors can disrupt
their gene regulatory function and that within the nuclear matrix specific functional subdomains
for anchored transcription factors can be defined.

Similarly, the putative transcription factor ALL1 (also called MLL and HRX) normally
shows a punctate subnuclear distribution, which is conferred by distinct elements in the N-
terminus of the protein.86 ALL1 is a 430 kD polypeptide, which contains two putative DNA-
binding domains, an amino terminal AT-hook motif and two zinc finger regions near the
middle of the protein. In the t(1;11) (p32-q23) translocation, which has been described in rare
cases of acute myelogenous leukemia,86 the amino-terminal domain of ALL1 is fused to the
carboxy-terminal domain of eps15, a ubiquitously expressed epidermal growth factor receptor
substrate, which is localized in the cytoplasm. The ALL1-eps15 fusion protein is localized in
the nucleus, but is targeted to different, smaller domains than wildtype ALL1, indicating that
the protein fusion created a novel targeting address different from both wildtype proteins.86

Interestingly, yet another translocation fusing ALL1 to a heterologous protein and causing
acute leukemia creates a fusion between ALL1 and a histone acetyltransferase.87 Although no
localization data exist for this fusion protein, it is tempting to speculate that mistargeting of a
functional histone acetyltransferase through fusion with ALL1 might deregulate chromatin
structure and gene expression patterns, thereby promoting leukemia.

Besides acute leukemia, subnuclear mislocalization has also been implied in a
neurodegenerative disorder, spinocerebellar ataxia type 1 (SCA1). It is caused by expansion of
a polyglutamine tract in the SCA1 gene, coding for ataxin-1. The subnuclear localization pat-
terns of wildtype and mutant ataxin-1 have been compared.88 Wildtype ataxin-1 localizes to
several nuclear structures of about 0.5 µm diameter, while mutant ataxin-1 was found in a
single, large 2 µm structure. PML bodies are specific nuclear structures associated with the
nuclear matrix, which contain the marker PML protein. Colocalization experiments showed
that mutant ataxin-1 sequestered the PML protein to the 2 µm body and altered the distribu-
tion and appearance of PML bodies.88 Both wildtype and mutant ataxin-1 were found bound
to the nuclear matrix in cerebral tissue, emphasizing that the interactions between ataxin-1 and
PML, which might lead to the observed mislocalizations, are associated with the nuclear matrix.

Concluding Remarks
The case has been made for the presence of sequences different from nuclear localization

signals that determine the fate of a protein once inside the nucleus. The number of examples
where such signals have been studied in detail is still small, and it is too early to draw conclu-
sions about their similarity or multiplicity. If the described signals act like other targeting do-
mains, they will most likely function by providing a surface for protein-protein interactions. If
transcription factors come with signals for specific subnuclear “addresses”, and if their disrup-
tion can compromise transcription factor function, then one ought to think about what those
addresses are, and how they relate to the position and/or compartmentalization of the promot-
ers regulated by these factors. The prevailing evidence for the association of specific chromatin
regions (MARs) with the nuclear matrix, and the positive effect MARs have on the transcrip-
tion of flanking genes has led to the model that the association of genes with the nuclear matrix
increases their ability to be expressed, possibly by providing a more “open” chromatin environment. It
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might be equally attractive to think about another mechanism, by which association with the
nuclear matrix of both promoters and transcription factors might increase the probability of
productive assembly of transcription initiation complexes. The fact that “transcriptosomes”
appear to have specific locations in the nucleus, and that they can function on the isolated
nuclear matrix encourages to think about how such complexes might assemble in specific places.
It will be highly informative to investigate whether three-way interactions between genes, se-
quence-specific transcription factors, and nuclear matrix components play a role in their assembly.
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