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Abstract After many years of reductionistic approaches to characterize molecular mechanisms involved in
transcription, the number of factors recognized to take part in this process has increased remarkably and continues to
grow. When considering posttranslational modifications in conjunction with the large number of factors involved in
modulating the activity of transcription complex components, the overall intricacy becomes staggering. After two
decades of intensive molecular investigations, there has been a concerted effort to integrate these findings with cellular
approaches to understand transcription on a more global level. This sort of reasoning actually revisits studies of
approximately 20 years ago that considered the functional consequences of steroid receptor association with nuclear
structure. With an abundance of new molecular probes and increasingly powerful instruments to detect them in fixed
and, more recently, live cells, the issue of functional subnuclear organization is receiving increased attention. In this
report, we focus on advances in characterizing the functional significance of transcription factor association with the
nucleoskeleton. In particular, we consider recent biochemical and ‘‘molecular morphology’’ data that point to the
importance of dynamic spatial and solubility partitioning of gene regulators with nuclear architecture. J. Cell. Biochem.
70:213–221, 1998. r 1998 Wiley-Liss, Inc.
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An important issue in any high-precision,
high-efficiency transaction on DNA, in this case
transcription, would seem to be local recruit-
ment of the players to increase the probability
of productive interactions. Do cells actually do
this and, if so, how? For DNA binding proteins,
there is the additional problem of locating and
binding to the correct recognition sequence of
target promoters. Have eukaryotic cells evolved
a strategy to deal with this problem? The differ-
ent filamentous components of the cytoskeleton
are well appreciated for their role in organizing
metabolic function in the cytoplasm, but the
idea of a nuclear ‘‘skeleton’’ or ‘‘matrix’’ perform-
ing similar duties, although decades old [Be-
rezney and Coffey, 1974], is not yet universally

accepted. Noteworthy cytological advances have
increased the appreciation of nuclear architec-
ture, but biochemical identification of the funda-
mental structural components of the nucleoskel-
eton remains elusive. Perhaps similar to the
increases in our understanding of cytoplasmic
metabolism prior to the identification of cyto-
skeletal proteins, study of the link between
nuclear organization and function continues
with a significant focus on RNA synthesis and
processing. Because early progress toward un-
derstanding nuclear structure–function issues
arose from the study of transcription factor
association with the nuclear matrix [Barrack et
al., 1977], it is suitable that model systems now
being developed are again using transcrip-
tional regulators as the conduit to investigate
subnuclear structure and function.

Clues to how transcription factors solve the
problem of recognizing their specific target DNA
sequences in a vast genome of nonspecific DNA
surfaced years ago. Several groups noted that,
after extraction with 1–2 M NaCl, there re-
mained an insoluble framework consisting of
RNA, protein, and ribonucleoproteins that was
postulated to be involved in organizing nuclear
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functions [Zbarski et al., 1962; Smetana et al.,
1963; Steele and Busch, 1966; Narayan et al.,
1967]. Based on the high content of RNA in this
insoluble residue, it was proposed that these
structures were involved in RNA processing
and transport [Busch and Smetana, 1970]. Early
attempts at isolating the nuclear framework
left behind a complex mixture containing
nuclear envelopes, nucleoli, ribonucleoprotein
particles, RNA, and protein. Subsequent experi-
ments were designed to isolate and identify the
minimal components required to maintain the
nuclear structure. Removal of phospholipids
and soluble proteins by Triton X-100 extraction
and cleaving of DNA by enzymatic digestions
produced an nuclear matrix composed primar-
ily of proteins and ribonucleoproteins [Be-
rezney and Coffey, 1974, 1975, 1977; Berezney,
1980]. Development of several different tech-
niques have improved the preservation and vi-
sualization of the underlying nuclear matrix
[Capco et al., 1982, 1984; Fey et al., 1986;
Jackson and Cook, 1988] and have demon-
strated that the matrix consists of highly struc-
tured fibers that are interconnected with the
nuclear lamina. This karyoskeleton, in fact,
appeared to be part of a cellwide skeleton and
was composed of a branched network of approxi-
mately 10-nm nuclear core filaments [Jackson
and Cook, 1988; He et al., 1990; Nickerson et
al., 1997]. It is important to note that, despite
differences in the method used to isolate the
nucleoskeleton (removing chromatin with physi-
ological or high salt treatment or even after
aldehyde prefixation), each protocol showed
similar appearing filaments not unlike those
found in the cytoskeleton. Nucleoskeleton skep-
tics nonplussed by wholemount or embeddment-
free electron microscopic images that showed a
cellwide filament system, including those within
chromatin-depleted nuclei, were faced with
evaluating two sets of filaments: the ‘‘familiar’’
intermediate filaments found in the cytoplasm
and nuclear lamina and a morphologically simi-
lar set within the nucleus of unknown composi-
tion [Capco et al., 1982, 1984; Fey et al., 1986;
Zhai et al., 1987; Jackson and Cook, 1988; He et
al., 1990; Nickerson et al., 1997].

As procedures to isolate and characterize com-
ponents of the nucleoskeleton evolved, evidence
mounted that linked transcription with nuclear
structure [Herman et al., 1978; Jackson et al.,
1981, Ciejak et al., 1983; Robinson et al., 1982].
As mentioned above, several reports have dem-

onstrated labeled steroid bound to components
of nuclear structure [reviewed in Barack and
Coffey, 1982; Alexander et al., 1987; Barrack,
1987]. These studies have suggested that, for a
target tissue to respond to ligand, a major pro-
portion of high-affinity and steroid-specific re-
ceptors would first associate with the nuclear
matrix [Barrack, 1987]. Although these studies
focused on specific, saturable steroid binding to
target organ nuclei, the lack of immunological
probes to these receptors hindered interpreta-
tion of these results. Despite the previous links
between transcription, steroid receptors, and
nuclear structure and perhaps due to the draw
of newly acquired technical abilities in molecu-
lar cloning and continued difficulties in bio-
chemically defining nucleoskeletal components,
pursuit of additional matrix-bound regulators
of transcription slowed. Although data linking
actively transcribed genes with nuclear struc-
ture continued to appear [reviewed in Stein et
al., 1995], few reports have specifically ad-
dressed transcription factors per se as bona fide
residents of nuclear architecture.

Continued analyses to determine the compo-
sition of the nucleoskeleton led to several re-
ports detailing both cell- and differentiation-
specific changes in the two-dimensional gel
profiles of nuclear matrix proteins (NMPs)
[Capco et al., 1982; Fey and Penman, 1988;
reviewed in Stein et al., 1995]. Indeed, a compre-
hensive and pivotal body of work concerning
bone cell differentiation in vitro led to the iden-
tification of several NMPs that possessed spe-
cific, differentiation-dependent DNAbinding ac-
tivities [van Wijnen et al., 1993; Bidwell et al.,
1993; Stein et al., 1995]. These studies were
crucial for support of the notion that the nucleo-
skeleton could function to ‘‘concentrate’’ tran-
scription factors [reviewed in Stein et al., 1995].
To advance the development of this paradigm,
the NMPs responsible for the in vitro binding
activities needed to be identified. Two NMPs,
NMP-1 and NMP-2, were subsequently identi-
fied as the previously cloned transcription fac-
tors, YY1 and a AML family member, clearly
substantiating the hypothesis that the nucleo-
skeleton could act as a repository for factors
involved in transcription [Guo et al., 1995; Mer-
riman et al., 1995]. These and other examples
[Dworetzky et al., 1992; Bidwell et al., 1993;
Sun et al., 1994; van Steensel et al., 1995; Tang
and DeFranco, 1996; Mancini et al., 1994, 1998]
complimented concepts brought to light in the
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older steroid receptor-matrix data. Taken to-
gether with a stream of recent reports showing
increased complexity of promoter–transcrip-
tion factor interactions, it became decidedly
less presumptive that the nucleoskeleton was
somehow involved in the regulation of gene
expression [Stein et al., 1995].

Both ligand- and differentiation-dependent
interactions of regulator proteins with the
nuclear matrix suggested that these functions
were far from static. Additional interest in
nuclear structure-influenced transcriptional
regulation developed from the findings that the
retinoblastoma protein (Rb) was shown to asso-
ciate with nuclear structure in a cell-cycle-
dependent manner [Mittnacht and Weinberg,
1991; Mancini et al., 1994]. Rb has been shown
to interact with numerous transcription fac-
tors, both as a repressor and as an activator of
transcription [Riley et al., 1994]. These reports
shed new light on not only the concept of dy-
namic nuclear matrix associations but also dem-
onstrate mechanistically that this association
is regulated, in this case by phosphorylation.
Perhaps most importantly, inactivating Rb mu-
tations frequently found in several different
tumors result in a complete loss of its ability to
interact with nuclear structure [Mittnacht and
Weinberg, 1991; Mancini et al., 1994]. A large
number of Rb-interacting proteins have been
identified [reviewed in Riley et al., 1994]. The
observation that many Rb-binding proteins also
interact with the nuclear matrix [Durfee et al.,
1994; Mancini et al., 1994], including several
inactivating viral oncoproteins, further sug-
gests the importance of Rb–nuclear matrix in-
teractions. One model of Rb function purports
that a nuclear Rb ‘‘network’’ is critical for its
tumor suppressor/cell cycle regulatory proper-
ties [Lee et al., 1994]. When speaking of nuclear
proteins and cell cycle, one should also consider
the reorganization during mitosis of structural
proteins constituting the nuclear matrix. In-
deed, Rb has been shown to interact with sev-
eral ‘‘mitotic’’ proteins that have ties to nuclear
structure during interphase. Futhermore, it has
been shown that numerous nuclear matrix com-
ponents contribute to the formation and func-
tion of the mitotic apparatus [He et al., 1995;
Mancini, et al., 1996].

Based on the Rb data and observations that
levels of several transcription factor activities
derived from the nuclear matrix change during
tissue-specific differentiation [van Wijnen et al.,

1993], we became interested in developing a
model system to examine the relationship be-
tween a known transcription factor and nuclear
structure. We chose initially to study the pitu-
itary-specific, POU-class transactivator Pit-1
for several reasons. The functional domains of
Pit-1 have been well characterized, it is highly
specific (only a few known target promoters,
including growth hormone and prolactin), and
immunological and molecular tools were readily
available. Similar to other transcription factors
[Grande et al., 1997], endogenous Pit-1 is spa-
tially distributed in the nucleoplasm of cul-
tured GH3 cells, a pituitary tumor cell line that
secretes growth hormone and prolactin. Inter-
estingly, the fine speckled pattern of Pit-1 was
shown by laser scanning confocal microscopy to
be reduced at SC-35 domains, intranuclear re-
gions known to contain RNA splicing factors
[Spector, 1993; Moen et al., 1995]. Several ac-
tive genes have specifically been mapped to the
periphery of SC-35 domains, suggesting a dy-
namic interplay between storage of splicing fac-
tors and transcription [Spector, 1993; Moen et
al., 1995; Misteli et al., 1997]. Debate continues
as to whether active genes are the cause or
effect of this relationship [Singer and Green,
1997]. Investigations were designed to deter-
mine whether Pit-1 interacts with the nucleo-
skeleton and, if so, how. In situ and biochemical
approaches showed that most of endogenous (or
transfected) Pit-1 was extractable with deter-
gents and that approximately 25% of Pit-1 par-
titioned with the nuclear matrix fraction [Man-
cini et al., 1995, 1998]. Extensive evaluation of
deletion mutants and chimeric proteins showed
that a distinct and highly conserved region of
Pit-1, the 66-amino-acid pou-specific domain
(PSD), was responsible for spatial and solubil-
ity partitioning in the nucleus [Mancini et al.,
1995, 1998]. Another POU family member,
Oct-1, was shown to partition similarly in both
soluble and insoluble fractions [Kim et al., 1996],
although the precise domain responsible for
binding has not been critically studied. Al-
though only a few proteins have been studied
with the intent to determine residues necessary
and sufficient for targeting the nucleoskeleton
[Guo et al., 1995; van Steensel et al., 1995;
Grondin et al., 1997; Zeng et al., 1997, 1998;
Bushmeyer and Atchison, 1998; McNeil et al.,
1998], it is clear that multiple sequence motifs
are capable of this function. Along with the
demonstration that the PSD can target heterolo-
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gous proteins to the nucleoskeleton [Mancini et
al., 1995, 1998], diverse targeting sequences for
several other transcription factors have now
been reported, including a 31-amino-acid se-
quence in the AML transcription factors [Guo et
al., 1995] and an 84-amino-acid region of YY1
[Bushmeyer and Atchison, 1998; McNeil et al.,
1998].

Throughout these types of investigations, a
crucial question repeatedly surfaces: Where are
the ‘‘functioning’’ transcription factors? Be-
cause a large body of evidence supports the idea
that transcription is matrix associated, we con-
cluded that the ‘‘functioning’’ pool of Pit-1 would
be part of the nuclear-matrix-bound fraction.
However, the detergent soluble fraction of Pit-1
is also known to function in site-specific DNA
binding or in solid-phase transcription assays
in vitro [Smith et al., 1995], as does Pit-1 de-
rived from nuclear matrix preparations [Man-
cini and Sharp, unpublished observations].
Thus, an important partitioning distinction
should be made with regard to functional ver-
sus functioning Pit-1 within the nucleus. Inves-
tigations designed to examine transcription fac-
tor interactions with repetitively integrated
DNA binding sites [Htun et al., 1996; Robinett
et al., 1996] in fixed or live cells will help in this
regard. An additional advantage of the Pit-1
model is that several natural point mutations
are known to cause pituitary dwarfism [Pfaffle
et al., 1996]. Two of these inactivating point
mutations were recapitulated in rat Pit-1 and
then tested in subnuclear compartmentation
assays in transfected CV1 and HeLa cells. Sur-
prisingly, unlike the inactivating point muta-
tions in Rb that resulted in a loss of nuclear
matrix association, the A158P Pit-1 human
dwarf and the W261C Pit-1 mouse dwarf muta-
tions both partitioned completely with only the
matrix fraction [Mancini et al., 1995, 1998].
These two natural mutations, one that retains
Pit-1-specific DNA binding (A158) and the other
that loses its DNA binding function, suggest
the novel concept of a ‘‘partitioning mutation.’’
Because wild-type Pit-1 routinely partitions to
both detergent-extractable and nuclear-matrix-
bound fractions, could it be that the ability of
Pit-1 to function as an activator is influenced by
its ability to interact with both compartments,
perhaps to increase the likelihood of finding its
relatively rare target promoters? This concept
is supported in part by much older data with
ligand-dependent binding of steroid receptors

with the nuclear matrix [Barrack, 1987]. More
recently, this notion has been advanced with
the observation that glucocorticoid interaction
with the nuclear matrix isATP dependant [Tang
and DeFranco, 1996].

Collectively, these disparate data support the
idea that transcription factor partitioning with
nuclear structure is codependent on move-
ments ‘‘on and off’’ the transcription-competent
nucleoskeleton. Additional support for this
premise comes from subnuclear partitioning
analyses with new inactivating Pit-1 mutations
obtained in a novel yeast screen [Mancini et al.,
unpublished communications]. While retaining
an intact activation domain in the N-terminus,
a region containing the PSD and flanking amino
acids was specifically mutagenized by using
error-prone polymerase chain reaction and gap
cloning in yeast. In each of the five new inactive
Pit-1 mutants, partitioning dynamics were
again completely skewed to the core filament
fraction. Moreover, one mutation (Q95R) near
the PSD was found to retain specific DNA bind-
ing activity in vitro but was functionally inac-
tive in vivo. These data further support the idea
that defects in subnuclear partitioning can nega-
tively influence transcription factor function,
even when an intact activation domain and
specific DNA binding are unaffected.

With multiple lines of evidence to support a
functional association between the transcrip-
tion factors and the nucleoskeleton, character-
ization of the binding partners becomes a logi-
cal priority. A difficult hurdle hindering
advances in this area is the obvious lack of
available information regarding the composi-
tion of the nucleoskeleton. To date, the composi-
tion of the core filaments remains unknown,
although two reports have suggested at least a
partial involvement of several hnRNPs, lamin
and NuMA [Mattren et al., 1997; Hozak et al.,
1995; Zeng et al., 1994]. Of particular merit are
several observations of regulatory factors inter-
acting with matrix proteins. The hypophos-
phorylated, active form of Rb interacts with
lamin A/C and a novel speckle domain protein,
p84 [Durfee et al., 1994; Mancini et al., 1994].
In addition, a recent report has shown that the
NMP hnRNP functionally interacts with the
glucocorticoid receptor [Eggert et al., 1997].
Several low-molecular-weight matrix proteins
have also been identified that interact with
multiple steroid receptors [Lauber et al., 1995].
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With the ability to identify sites of RNA syn-
thesis using Br-UTP and/or antibodies to the
hyperphosphorylated large subunit of RNApoly-
merase II (pol IIo) [Bregman et al., 1995; Morti-
llaro et al., 1996], it is now possible to visualize
where nuclear regulators are in three-dimen-
sional space relative to sites of new message
synthesis. Reports of the number of pol II tran-
scription sites per nucleus has ranged from
several hundred to near 4,000 [Jackson et al.,
1993; Wansink et al., 1993; Iborro et al., 1996;
Fay et al., 1997]. Demonstration that a tran-
scription factor would be found at a transcrip-
tion site is, of course, not a surprise. Determina-
tion of the exact number of sites is perhaps
much less exciting than the general principle of
the observation that pol II transcription is not
everywhere: it is confined spatially and by solu-
bility. Although only a few transcription factors
have been examined, it is clear that there is
much less colocalization between RNA synthe-
sis foci and transcription factors than expected.
A quantitative, high-resolution immunofluores-
cence study of several transcription factors dem-
onstrated that in whole cells labeled foci gener-
ally did not overlap with sites of transcription
[Grande et al., 1997]. Does this lack of colocal-
ization suggest a form of transcription regula-
tion defined simply by spatial considerations?
This observation is exemplified in Figure 1.

Immunofluorescent labeling of ‘‘active’’ pol II
using the B3 monoclonal antibody [Mortillaro et
al., 1996] shows a remarkably punctate pattern
where the highest fluorescent signals falls off rap-
idly over a short distance. Moreover, a similar size,
distribution,andnumberof fociare found innucleo-
skeleton preparations [Stenoien et al., submitted].
Colocalizationofpol IIo, in this casewitha function-
ally active green fluorescent protein-tagged estro-
gen receptor, highlights the relatively small num-
ber of dual-labeled foci (Fig. 1). A recent
colocalization study on matrix-bound transcrip-
tion factors has also shown that most sites do not
overlap with sites of transcription [Zeng et al.,
1998; Stenoien et al., submitted]. These data raise
the interesting possibility that transcription fac-
tors may not only shuttle the nucleoskeleton ‘‘on
and off’’ [Barrack, 1987; Mancini et al., 1995, 1998;
Lindenmuth et al., 1997] but also be able to ‘‘move’’
while bound. The matrix-bound foci that do not
colocalize with sites of transcriptions may be in the
process of recruiting initiation complex factors or,
conversely, may have just ended a burst of tran-
scription. With some transcription factors, such as

steroid receptors, phosphorylation has been shown
to contribute to activity. Thus, in addition to the
above possibilities, it may be that posttransla-
tional modifications to the receptor may influence
its spatial relationship to sites of transcription.
Development of immunological probes specific for
this type of modification will be required to ad-
dress this possibility.

The recent identification of a number of his-
tone acetyltransferases and histone deacety-
lases has renewed interest in the role chroma-
tin structure plays in the regulation of gene
transcription [reviewed in Wolffe and Pruss,
1996; Pazin and Kadonaga 1997; Wu, 1997;
Kadonaga, 1998]. Packaging genes into chroma-
tin represses basal transcription, presumably
because the DNA is tightly bound to the posi-
tively charged histone tails and is not acces-
sible to transcription factors. Acetylation of ly-
sine residues located within the amino terminal
histone tails neutralizes their intrinsic positive
charge, thereby reducing the affinity of DNA–
histone interactions and facilitating access of
transcription factors to the chromatin template
[Wolffe, 1996]. In support of this hypothesis,
core histone acetylation is generally correlated
with increased transcriptional activity [re-
viewed in Pazin and Kadonaga, 1997], and treat-
ment of cells with the histone deacetylase inhibi-
tor trichostatin A increases progesterone
receptor and retinoic acid receptor-mediated
gene expression [Jenster et al., 1997; Minucci
et al., 1997]. Conversely, core histone deacetyla-
tion is believed to repress gene expression [Pazin
and Kadonaga, 1997]. In the last 3 years, a
number of hormone-dependent transcriptional
coactivators and corepressors for members of
the steroid receptor superfamily have been iden-
tified [reviewed in Shibata et al., 1997]. Interest-
ingly, several of the coactivators, such as SRC-1,
CBP/p300, and the CBP-associated factor P/
CAF, are histone acetyltransferases [Bannister
and Kouzarides, 1996; Ogryzko et al., 1996;
Yang et al., 1996; Spencer et al., 1997], and part
of their ability to enhance target gene expres-
sion is likely derived from this enzymatic ac-
tivity. In contrast, the corepressor proteins,
N-CoR and SMRT, which in conjunction with
unliganded retinoid and thyroid hormone recep-
tors repress basal transcription and interact
with the global repressor mSin3 and histone
deacetylases [Heinzel et al., 1997; Nagy et al.,
1997]. Thus, activation or repression of target
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gene expression by members of the steroid re-
ceptor superfamily appears to be mediated at
least in part by histone acetyltransferase and/or
deacetylase remodeling of chromatin structure.
Interestingly, most histone acetyltransferase
and deacetylase activity is associated with the
nuclear matrix fraction [Hendzel et al., 1991,
1994; Davie, 1995], and this is consistent with
observations from our laboratory that indicate
that SRC-1 is a matrix-bound coactivator (data
not shown). It remains to be determined
whether steroid receptors recruit histone acet-
yltransferase and deacetylase activities to tar-
get gene promoters or if preformed coactivator/

corepressor complexes enhance steroid receptor
interactions with chromatin. With regard to the
Rb story discussed above, several groups have
shown that Rb associates with histone deacety-
lase [Luo et al., 1988; Brehm et al., 1998; Mag-
naghi-Jaulin et al., 1998]. Although probably
multifactorial in nature, Rb interactions with
deacetylases further suggest a functional rela-
tionship with nuclear architecture.

CONCLUDING REMARKS

The past two decades have brought an in-
creased understanding of the mechanisms by
which transcription is regulated. In vitro tran-

Fig. 1. Spatial relationship between a transcription factor and
RNA polymerase IIo. Representative image of a whole HeLa cell
transiently transfected with a transcriptionally active green fluo-
rescent protein-tagged estrogen receptor (B; green) and immuno-
labed with an antibody to the hyperphosphorylated large sub-
unit of RNA polymerase II (A; red) [Mortillaro et al., 1996]. A Z
series of multiple focal planes were digitally imaged on a
DeltaVision System with a highly sensitive CCD. The stack of

images were deconvolved by a constrained iterative algorithm,
creating the high-resolution optical sections shown in A–D
(DeltaVision System, Applied Precision, Inc., Issaquah, WA).
Only a small proportion of GFP-ER and polymerase IIo colocal-
ize (C). In this study, cells were grown in serum containing
medium. A merged image with DNA staining (DAPI) from a
different focal plane is shown in D. Original magnification
3100.
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scription assays and transient transfections of
transcription factors with reporter plasmids or,
preferably perhaps, into cell lines with stably
integrated reporters [Smith and Hager, 1997]
have provided major insights into these mecha-
nisms. Recent observations on the subnuclear
partitioning of transcription factors and the
role that chromatin remodeling plays in regulat-
ing transcription further support the notion
that transcription needs to be studied in a more
cellular context. Although the concepts have
been long lived, we are just beginning to appre-
ciate that gene transcription within the nucleus
has multiple structural and functional dimen-
sions and that nuclear architecture may play
an important role in their establishment. Ad-
vances in imaging techniques and the next gen-
eration of probes to study the spatial distribu-
tion of transcription factors and the dynamics
of transcriptional activation in both live and
fixed cells will help increase our current level of
understanding. An exciting area of future re-
search will be to determine how all of the play-
ers involved in transcription are recruited to
specific subnuclear domains and how their ac-
tivities are coordinated to regulate transcrip-
tion.
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