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SUMMARY

A number of structural and functional subnuclear
compartments have been described, including regions
exclusive of chromosomes previously hypothesized to form
a reactive nuclear space. We have now explored this
accessible nuclear space and interchromosomal
nucleoplasmic domains experimentally usingXenopus

while in anaphase-telophase the vimentin was recruited
back into the nucleus and reassembled into filaments at the
chromosome surfaces, in distributions virtually identical to

those observed in the previous interphase. The filaments
also colocalized with specific nuclear RNAs, coiled bodies
and PML bodies, all situated outside of chromosome

vimentin engineered to contain a nuclear localization signal
(NLS-vimentin). In stably transfected human cells
incubated at 37°C, the NLS-vimentin formed a restricted
number of intranuclear speckles. At 28°C, the optimal
temperature for assembly of the amphibian protein, NLS-
vimentin progressively extended with time out from the
speckles into strictly orientated intranuclear filamentous
arrays. This enabled us to observe the development of a
system of interconnecting channel-like areas. Quantitative

territories, thereby interlinking these structures. This
strongly implies that these nuclear entities coexist in the
same interconnected nuclear compartment. The
assembling NLS-vimentin is restricted to and can be used
to delineate, at least in part, the formerly proposed
reticular interchromosomal domain compartment (ICD).
The properties of NLS-vimentin make it an excellent tool
for performing structural and functional studies on this
compartment.

analysis based on 3-D imaging microscopy revealed that
these arrays were localized almost exclusively outside of
chromosome territories. During mitosis the filaments

disassembled and dispersed throughout the cytoplasm,

Key words: Chromosome territory, Nuclear organization,
Interchromosomal domain, Nuclear localization signal, Vimentin,
Intermediate filament

INTRODUCTION Usually these sites are associated with the non-extractable part
of the nucleus termed the nuclear matrix/nucleoskeleton
It is becoming increasingly evident that the nucleus is a highl{dackson et al., 1993).

organized, dynamic structure and that specific compartments Specific species of RNA have been found in
are present which exclusively contain accumulations oficcumulations, either spherical or track-like in morphology
proteins, specific species of RNA or chromosomes. Thé.awrence et al., 1989; Raap et al., 1991; Xing et al., 1993;
nucleolus is the most obvious nuclear compartment, containinménez-Garcia and Spector, 1993). The transcripts contained
the ribosomal RNA genes and a number of nucleolar specifigithin some of these RNA structures appear to have been
proteins (for review see Thiry and Goessens, 1992; Scheer areleased from a discrete genomic site (Xing et al., 1995; Dirks
Weisenberger, 1994). There are also a variety of differergtt al., 1997; Lampel et al., 1997). The morphology of such
interchromatin nuclear bodies containing specific proteindRNA signals suggests that the released transcripts are
these include coiled bodies (for review see Lamond andhanneled within the nucleoplasm. Elongated accumulations
Carmo-Fonseca, 1993; Roth, 1995), PML bodies also knowaf RNA derived from the EBV genome in Namalwa cells are
as ND10 domains (Ascoli and Maul, 1991; Daniel et al., 1993preserved in nuclei after nuclear matrix preparations (Xing
and interchromatin granules (Fakan et al., 1984; Spector et and Lawrence, 1991), indicating that messenger RNA is part
1991; Visa et al., 1993). Sites of active transcription are alsof the non-extractable nuclear matrix. It remains
distributed in a number of nuclear foci, visualized either byundetermined as to how these spatial isolations of nuclear
incorporation of labeled nucleotides or by the distribution ofentities are generated. It is still debated whether there are
specific proteins involved in transcription (Carter et al., 1991yunderlying rigid networks in interphase nuclei which anchor
Jackson et al., 1993; Wansink et al., 1993; Huang et al., 1994)uclear components, or whether the maintenance of nuclear
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structure is mediated via a more dynamic system (for aoontaining a nuclear localization signal (NLS), which was
overview see Berezney and Jeon, 1995). introduced by site-directed mutagenesis, the NLS-vimentin

Giant chromosomes irosophila salivary gland nuclei was transported efficiently into the nucleus and, at 28°C, was
occupy distinct spatial domains and are separated from omessembled into distinct, long filamentous arrays (Herrmann et
another indicating that these specialized chromosomal.,, 1993). The reason for the restricted growth within the
structures, visualized by DNA stains, are not interminglediucleus of the vimentin filaments, apparently interconnecting
(Gruenbaum et al., 1984; Hochstrasser et al., 1986). With titee nuclear aggregates, remained, however, elusive.
introduction of in situ hybridization (ISH), especially In the present study, cells of the vimentin-free human line
fluorescence ISH (FISH), whole individual chromosomes wer&W13 were stably transfected with NLS-vimentin cDNA.
delineated within higher eukaryotic interphase nucleiFollowing a shift to the permissive temperature (28°C)
confirming their territorial organization (for review see Lichtervimentin filamentous arrays were observed restricted to a
et al., 1991). Delineation of targeted nucleic acids and proteirdistinct nuclear region. In order to elucidate the organization
in cellular preparations by ISH and immunolocalization,of these arrays in the context of nuclear subcompartments, the
respectively, added a new dimension to the analysis of nuclefilaments were visualized simultaneously, in spatially well
architecture. It has been shown that single species of RNA apeeserved nuclei, with chromosome territories, with nuclear
virtually always located immediately outside of theRNA and with certain nuclear bodies. Three-dimensional
chromosome the RNA originated from (Zirbel et al., 1993;reconstructions of serial confocal optical sections through
Clemson et al., 1996). Furthermore, concentrations of splicinguclei uncovered the topological confinement of the NLS-
components visualized by Sm antigen staining were also foundmentin filamentous arrays in a nuclear subcompartment and
to reside outside of chromosome territories (Zirbel et al., 1993heir spatial relationship with chromosome territories.
the term chromosome territory was coined to distinguish the
area/space occupied by an individual chromosome from
domains, which coqld be subchromos_omal). n AVIATERIALS AND METHODS
complementary study, it was shown that active and inactive
genes are preferentially situated at the borders of chromosorpg; ..iture and transfection
territories (Kurz et al., 1996). Based on these and other_data /13 human adrenal cortex carcinoma cells (Hedburg and Chen,
mm_:iel_was _proposed_whereby chromosomes are confined %86) were cotransfected with a plasmid p163/7 Xen-Vim (Sacll-
territories with a functional channel-like space between thenyy sy’ ‘NLS-vimentin’ and a plasmid containing the neomycin
into which genes from the surface of chromosomes argsistance gene using conventional calcium phosphate methods (see
transcribed and the resulting RNA released, spliced anderrmann et al., 1992, 1993). Stable cell lines expreséemppus
transported to the nuclear envelope for export (Zirbel et alyimentin in the nucleus were obtained by growing transfected cells in
1993; Cremer et al., 1993; Kurz et al., 1996). This putativéhe presence of 0.4 mg/ml geneticin for extended times. Subclones
functional space between chromosomes has been termed w@e_generated_by serial dilution and growth in the presence of 50%
interchromosomal domain (ICD) compartment (Zirbel et al.conditional medium. _ _
1993). An interchromosomal space was also proposed after geSrY\\//;c? ‘ffr'g%e ;4j55g2i|2”?0:‘53'7k‘i?]')‘ dvevre'p:" é‘:)wg'é‘;ts’t)itli)ae'zcégt)
detailed electron microscopic study of the 'organlzatlon Ohodified Eagles medium containing ’lO% newborn calf serum (NCS)
Chromosomes' through th.e cell cycle (Chai and Sandber /v) and antibiotics. SW13 cells were maintained at 37°C and, when
1988). The existence of this space between chromosomes a§e’jred, transferred to 28°C.
defined nuclear compartment, however, remains an assumption.

Thus, up to the present day, only endogenous nucle&ell preparation, fixation and permeabilization
components have been observed extrachromosomally. In ordggreads of metaphase SW13 cells were obtained according to
to study the existence and extent of the extrachromosomstandard protocols using hypotonic treatment and methanol:acetic
space, we have been ana]yzing exogenous Compouna@d fixa.ti.on. Interphgse cells for FISH analyses were fixed and
experimentally introduced into cell nuclei. We report here th@ermeabilized according to protocols reported elsewhere (Zirbel et al.,
use of a recombinant cytoplasmic protein, vimentin,1993; Kurz et al., 1996; Bridger et al., 1997) which have been shown

: . . reserve the three-dimensional organization of nuclei (see Kurz et
engln_eered to trar}slocate into the nucleus and to .form fllam_ena p1996). Cells were washed in phogphate buffered salin(e (PBS) and
therein, thus serving as a marker for nuclear regions devoid Qf¢

. . " : . . - fixed in 4% paraformaldehyde for 20 minutes at room temperature.
chromatin. Vimentin is a type Il intermediate filament proteingqiowing fixation, cells were permeabilized with 0.5% (v/v) Triton-

and it characteristically only polymerizes into filamentousx 100 and 0.5% (w/v) saponin in PBS, for 20 minutes. Cells were
structures within the cytoplasm (for comprehensive reviews seagen incubated in 20% (v/v) glycerol for at least 30 minutes and frozen
Quinlan et al., 1995; Stewart, 1993). In the casXefopus in liquid nitrogen. In the frozen state, cells were transferre@@5C
vimentin, it has been found that this amphibian protein idor storage. When required, slides were allowed to thaw slowly at
remarkably thermosensitive and hardly ever formgoom temperature and then washed in PBS prior to a 10 minute
intermediate filaments at 37°C (Herrmann et al., 1992, 1993jcubation in 0.1 M HCI. For chromosomal painting by FISH, cells
Therefore, mammalian cells, transfected wibenopus Wwere repeatedly frozen in liquid nitrogen and thawed (up to 5 times),

: : P - . . followed by a final wash in PBS prior to denaturation. Chromosome
\élirsnpelgynl;EJ’:A&SBrgé(;rtzlgjegftesm\gvelﬁir:e(;?[mt?]lgag;O%Ot(erig’npainting probes were used to delineate chromosomes 1, 4, 8 and 13

. . .[Collins et al., 1991; a kind gift from Prof. J. Gray, University of
permissive temperature). When cells are shifted t0 28°ggjifomia San FranciscoXenopusimentin RNA was delineated by
(permissive temperature) aggregates rapidly appear {fasmid p163/7 Xen-Vim (Sacll-NLS). Probes were labeled by nick
reorganize into fibrillar arrays from the centers of aggregationranslation incorporating biotin- or digoxigenin-nucleotides (Lichter
Similarly, after transfection withXenopusvimentin cDNA et al., 1990). Probe DNAs were combined withig salmon sperm
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Fig. 1.Immunolocalization of
Xenopuimentin visualized by
monoclonal antibodies in humai
SW13 cells, clone 14, stably
transfected with a construct
coding forXenopus/imentin
engineered to contain a nuclear
localization signal. (A-C) Light
microscopic analyses of
transfected SW13 cells (AJA
conventional photographs, B:
confocal laser scanning
microscopy image, C: a CCD
derived image). (A,A Overview
of SW13 clone 14 cells. The cel
have been incubated at 28°C fo
40 minutes (A) and for 2.5 hour:
(A"), respectively. Note the
progressive formation of nuclea
vimentin filaments upon
temperature shift. Vimentin was
visualized by a monoclonal anti-
Xenopuwimentin antibody (XL-
VIM-14.13) followed by a Texas
Red-conjugated secondary
antibody. Note the variable
expression of vimentin within a
given a cell population. (B) A
single SW13 cell nucleus
delineated by DAPI staining
(blue) and containing vimentin
filaments visualized by XL-VIM-
14.13 antibody and a TRITC-
conjugated secondary antibody
(red). Chromosome 4 sequence
were visualized by FISH using ¢
biotinylated chromosome 4
specific painting probe detected
with avidin-FITC (green). (C) A
CCD image of a nucleus in whic
double indirect
immunofluorescence has been
performed, in combination with
FISH, visualizing the nuclear
vimentin in red, the nuclear
periphery with a commercial
human autoimmune serum
reacting with nuclear rim antige!
via AMCA-conjugated secondar
antibody in blue and territories ¢
chromosome 4 in green.

(D-F) Immunoelectron
microscopic analyses of the
localization of NLS-vimentin
using XL-VIM-14.13 followed by
gold-coupled goat anti-mouse
antibodies. (D) A thin-section of
SW13 cell nucleus which has
been incubated at 37°C. The gc
labeling shows the vimentin in
rounded aggregates (arrows).
(E) A nucleus of a cell incubated at 28°C, at which temperature NLS-vimentin forms intranuclear filaments, building up into large
immunopositive elongated filamentous structures (arrows). (F) A high resolution immunoelectron microscopy image of a viméntiallib
comprised of loosely packed individiual filaments. Preparations were subjected to a slight silver enhancement. ne, nopleaBsrtladts
indicate the position of an intranuclear filamentous array of NLS-vimentin. Bapsn 18); 5um (B-E); 500 nm (F).
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DNA, 3 ug of the Gt-1 fraction of human DNA and then precipitated Tucson, AZ, USA), electronically overlaid and aligned. Three-
at —80°C, dried and resuspended in @D hybridization cocktail —dimensional reconstructions of two color CLSM optical sections

(Lichter et al., 1990). (vimentin and chromosome territories) were performed using
o o software based on public domain volume rendering library VolPack
Fluorescence in situ hybridization (Lacroute and Levoy, 1994). In the three-dimensional reconstructions,

To visualize RNA only, cells were denatured in 40% formamide, 2 approximately 15% of the maximum intensity was removed by
sodium saline citrate (SSC), pH 7.0, for 2 minutes at 70°C. Fothresholding.
delineation of DNA sequences cells were denatured at 73°C to 75°C )
in 70% deionized formamidexZSC, pH 7.0, for 3 minutes and then Electron microscopy
immediately transferred to 50% deionized formamide SSC, pH  Immunoelectron microscopy was performed essentially as described
7.0, for 1 minute at the same temperature. Probes were denaturechgtBlessing et al. (1993). Fixation of cells was for 1 to 2 minutes with
75°C for 5 minutes and then placed at 37°C for at least 10 minute9 formaldehyde (v/v) in PBS followed by detection X#nopus
after denaturation to allow preannealing. l®f probe was applied vimentin employing hybridoma supernatants of monoclonal antibody
to denatured cells and hybridized overnight at 37°C. XL-VIM-14.13.

Washes and detection of hybridized probe were performed (see
Lichter et al.,, 1991) with a final wash in 8.1SSC at 60°C.
Biotinylated probes were detected using eitheugnl cyanine-3 RESULTS
conjugated to streptavidin or fluorescein isothiocyanate (FITC)
conjugated to avidin in X4 SSC containing 1% BSA (w/v). . . : .
Digoxigenin labeled probes were detected via sheep anti-digoxigen(waXOgenc]z.ll'IS Xetnopus thmentln IO.CatSd 'r][ r.]gde'f
antibody conjugated to tetramethylrhodamine isothiocyanat orms a filamentous system organized outside o
(TRITC). Following incubation at room temperature for 1 hour, slide<Chromosome territories
were washed at 42°C i48SC containing 0.1% Tween-20 (v/v) for In order to analyze nuclear space accessible for filamentous
15 minutes with 3 changes of buffer. structures and its relationship with chromosome territories, we
transfected vimentin-free cell lines with nuclear-targeted
Immunofluorgscence o vimentin. Transfection was performed with the plasmid p163/7
After detection of DNA via incorporated reporter molecules,Xen_wm (Sacll-NLS) containing th¥enopusimentin cDNA

monoclonal antXenopus vimentin antibody XL-VIM-14.13 : : T : I
(Herrmann et al., 1996; Progen, Heidelberg, Germany) was incubatél\(lllth a lamin B-like NLS introduced by site-directed

for 1 hour at room temperature or overnight at 4°C. To visualize thigmtagenesus (H_errmann etal, .1993)'. In tra_n5|ent transf_ectlon
monoclonal antibody, a secondary antibody, goat anti-mousEXPeriments using two essentially vimentin-free cell lines,
conjugated to TRITC, was incubated at room temperature for 1 hoddUman breast adenocarcinoma derived MCF-7 cells and human
For double indirect immunofluorescence analyses guinea pig ant@drenal cortex carcinoma SW13 cells, nuclear filamentous
vimentin, raised against recombinatgnopusvimentin, was used in  systems of NLS-vimentin were observed at the appropriate
combination with: (i) monoclonal anti-p80 coilin antibody (a kind gift temperature. Although chromosomal painting in transiently
from M. Carmo-Fonseca and A. Lamond, University of Dundee, UK)ransfected cells was possible, the fraction of cells which
used 1:100 in PBS containing 1% newborn calf serum (NCS), and (i§ontained both high quality FISH signals and extensive arrays
aPtXPMtL ((jSElO)Natntigtody (a ki”? g:ﬂ flrgg‘z? Vag 'iréeolbli'”i‘l’féssi%o f nuclear vimentin was low (due to the small fraction of
of Amsterdam, NL; Stuurman et al., used 1: in :
NCS. The guinea pig anienopusimentin was revealed with rabbit ttansfected cells). Therefore, stable clones were established
and one, termed SW13 clonel4, was used for the analyses.

anti-guinea pig secondary antibody conjugated to TRITC. Th o . - .
monoclonal ~ antibodies were revealed with goat anti-mouse, 1€ amphibian vimentin is thermosensitive and therefore

conjugated to FITC. In the 3 color CLSM experiments the vimentirdoes not assemble into filaments at 37°C. Correspondingly, the
was detected by goat anti-mouse conjugated to cyanine-5 (SignféL.S-vimentin forms numerous nuclear aggregates at this
Chemical Co., Miinchen, FRG). To delineate the nuclear periphery,temperature. These aggregates were globular in morphology,
commercial human autoimmune serum reacting with a nuclear rimsually approximately 0.Am in diameter, as estimated from
antigen (The Binding Site, Heidelberg, Germany) was employedonventional as well as immunoelectron micrographs (Fig.
which was detected via a goat anti-human antibody conjugated top). However, when cells were incubated at 28°C, within 1-3
AMCA. Xenopus/imentin was also revealed using a goat anti-mous ours after the temperature shift filamentous structures

antibody conjugated to cyanine-5 (Sigma, Munich, Germany). Al .
antibody incubations were performed at room temperature for 1 ho al’p prgatr_ed tol grow tOhUt frzmh the agglréaggltes t(F'g‘ d:l)’iiﬁs
in a humid chamber. Slides were mounted in Vectashield (VectaLab 'cu ations longer than ours ylelded exiende )

Lamont, USA). Two color confocal images were collected on a zeis¥imentin filamentous arrays with no apparent aggregates
310 CLSM using a63 objective and laser lines 488 nm and 543 nmrémaining (Fig. 1B,C,E,F). Therefore, cells were maintained at
for excitation of FITC and TRITC/cyanine 3, respectively. Three color37°C and placed at 28°C for at least 6 hours to allow the
CLSM images were obtained on a Zeiss 410 LSM usingd@  vimentin aggregates to extend fully into filamentous structures.
objective and laser lines 364 nm, 488 nm, 543 nm and 633 nm for In order to visualize intermediate filaments together with

excitation of DAPI, FITC, TRITC and cyanine-5, respectively. individual chromosomes, cells were fixed in 4%

Pinhole size, gain and contrast values were selected for optimghaformaldehyde for 20 minutes and permeabilized using a

q”fi‘"ty ?f ir:iwagles. ﬁllne\;ﬁlruati%ns ;;"erg ﬁe:,fvorrme‘i ‘t‘iSiQQ dm“'tig'eprotocol which permitted the three-dimensional structure of the
series of optical sections through cells. Cells were sectionedjat0. lls to be retained (see Materials and Methods). Individual

increments and TRITC, FITC and cyanine-5 images were acquire territori d NLS-vi tin_ i t
simultaneously for each plane. The DAPI images in the 3 color cLsny''fomosome  territories an -vimentin filaments  were

analyses were acquired separately. Images were either photograpti@fielineated by FISH and indirect immunofluorescence,
from the color monitor or printed on a dye sublimation printer. Forespectively. NLS-vimentin structures and chromosome
some 2-D analyses (Figs 1 and 3) images were acquired separattgyritories appear to exist in different nuclear subcompartments
using a cooled charge coupled device camera (CCD, Photometriq$;ig. 1B and C). There appeared to be no difference in
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morphology of vimentin filamentous arrays in cells preparedilamentous structures) thus creating two segments within the
for FISH as compared to those in conventionally fixed cellserritory, numbered 1 and 2, and (ii) by expanding the outline
(see Fig. 1Aand Herrmann et al., 1993). by 3 pixels giving a further segment numbered 3, representing
Vimentin intermediate filament staining did not extensivelythe area immediately adjacent to the territory (Fig. 3B).
overlap with the anti-nuclear rim signal (Fig. 1C) or the nucleaBegments 2 and 3 combined represent the periphery of the
envelope as demonstrated by immunoelectron microscomphromosome and segment 1 the interior, thus dividing the
(Fig. 1E). Thus, the NLS-vimentin protein did not incorporatechromosome territory into two regions, interior and periphery.
into the nuclear lamina. Since the fluorescence imagess determined by area measurements on a subset of the
suggested that the vimentin filaments occupied large expansesgmented territories, the interior and the periphery regions
of the nucleus, their dimensions were assessed independermpresented approximately 50% of the area of the territory in
by electron microscopy (Fig. 1E and F). The individualany one optical section. It should be stressed that the analysis
filaments were not tightly packed but formed loose bundlegrocedure was biased against our working hypothesis, since
organized in parallel (see Fig. 1F). The width of thevimentin signals were scored to reside in the chromosome
filamentous arrays seen by electron microscopy ranged frointerior even when only one pixel of the vimentin signal
0.1um to 0.3um and in confocal laser scanning microscopyentered segment 1, despite knowing that the underlying
(CLSM) images from 0.pim to 0.7um. The difference in the structure was smaller in diameter (see above, Fig. 1).
measurements from the two methods is due to an apparentThe distributions of vimentin within the segmented
increase in object size from the application of two layers oferritories are displayed graphically in Fig. 3C. The numbers
antibodies intrinsic to indirect immunofluorescenceof territories analyzed for each chromosome type ranged from
methodology and to the dilatation of fluorescence signals. 65-82 6€=304). Vimentin was situated at the periphery of
In order to analyze the spatial relationship of nucleachromosome territories in 78-88% of cases; while in 12-22%,
vimentin with chromosome territories in detail, chromsomes lyimentin was located in the interior region of the
4, 8 and 13 were delineated individually in interphase SW18hromosomes. Vimentin signals which are scored in the
cell nuclei by FISH and vimentin filaments were covisualizednterior area might be colocalized with the FISH signals due to
by indirect immunofluorescence. SW13 is a tumor cell linethe limitedz-axis resolution of confocal microscopy, however,
which has been in culture for a number of years and, asthe strong deviation from a random distribution revealed a
consequence, has many chromosomal rearrangements grédominant peripheral/extrachromosomal localization. Thus,
aneuploidies. Therefore, the size and number of chromosom#sese data provide evidence that the nuclear vimentin filaments
and chromosomal regions stained by each chromosonage indeed localized extrachromosomally.
painting probe were first assessed by FISH on spreads ofTo further confirm that vimentin filaments are situated in an
metaphase cells. It was found that the probe for chromosonigerchromosomal compartment, two chromosomes, either
1 labeled four derivative chromosomes (one completely, twohromosomes 1 and 8 or chromosomes 4 and 13 were
almost completely and one partially painted, Fig. 2A), thecodelineated in the same three-dimensionally preserved nuclei
probe for chromosome 4 painted one apparently normand nuclear vimentin filaments were immunostained. Each
chromosome 4 in addition to one small marker chromosomentity was labeled with a specific fluorescence-coupled reagent
and a rearranged chromosome containing chromosome ahd cells were analyzed by CLSM, acquiring images for all
material (Fig. 2C), the probe for chromosome 8 painted twthree fluorescence labels simultaneously. As shown in Fig. 4,
individual chromosomes in addition to four segmentsvimentin bundles could be found inbetween two delineated
contributing to four rearranged chromosomes (Fig. 2E) and thehromosome territories. Thus, NLS-vimentin can polymerize
probe for chromosome 13 labeled two apparently normah an extrachromosomal nuclear compartment which restricts
copies of chromosome 13 (Fig. 2G). its distribution to an apparently channel-like space between
Interphase cells, in which chromosome territories andhromosomes.
vimentin had be delineated, were analyzed by CLSM. Cells
were sectioned at 0.5m increments (see Fig. 3A). Three- Colocalization of vimentin filaments and nuclear
dimensional reconstructions of confocal optical sections weréomponents residing outside of chromosome
produced using a recently developed computer softwargrritories
programme, allowing the positioning of the vimentin, withWe observed that vimentin filaments organize outside of
respect to chromosome territories, to be observed easilghromosome territories, and therefore we performed
Furthermore, the continuous vimentin filament system of threesolocalization studies with other nuclear components which
dimensional loops and curves could be viewed as a whokre known to localize outside of chromosome territories. This
structure (Fig. 2B,D,F,H). The filamentous stuctures follow thevas to determine whether vimentin filaments are situated in the
contours of specific chromosome territories and they can evesame or a different nuclear compartment as RNA
be observed between two adjacent territories (Fig. 2D). accumulations and nuclear bodies. Previous studies
The intranuclear positioning of the vimentin filamentsdemonstrated that accumulations of specific RNA species are
compared to the location of the chromosome territories wasituated outside of chromosome territories (Zirbel et al., 1993;
assessed in the following way. Confocal optical mid-section€lemson et al., 1996). Thus, colocalization experiments
of painted chromosome signals were used to segment thetween vimentin filaments and RNA expressed from the
delineated chromosome territory and the immediaténtegratedXenopus/imentin cDNA by FISH, were performed.
surrounding region. The territory was outlined and concentri®Ve choseXenopusvimentin RNA since, due to its high
segments created by: (i) decreasing the outline by 3 pixels (2@®undance in the nucleus, it provided an efficient target for
nm, half the mean diameter of a subset of the largest vimentiISH. In some cells theXenopus vimentin RNA was
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Fig. 2. Distribution of chromosomal paints in
spreads of metaphase chromosomes and in three-
dimensional reconstructions of interphase nuclei
based on serial confocal sections. (A,C,E,G) Spreads
of metaphase chromosomes after hybridization with
FISH painting probes for chromosomes 1, 4, 8 and
13 in green, respectively, and counterstained with
DAPI. (B,D,F,H) Three-dimensional

reconstructions, using public volume rendering
software, of confocal sections taken at {5
increments through nuclei with filamentous
vimentin in red and territories of chromosomes 1, 4,
8 and 13 in green. The three-dimensionally
reconstructed interphase nuclei (B,D,F,H) are
displayed at approximatelyxdigher magnification

as compared to the metaphase spreads (A,C,E,G).
Note that the painted segments of metaphase
chromosomes and interphase territories correlate in
number and that vimentin filament arrays traverse
the nucleus extrachromosomally. Baprs.

distributed as a discontinuous curvilinear array, very similar tavere also extrachromosomal in a number of cell types (Zirbel
the morphology of the vimentin structures (data not shownkt al., 1993). Since SW13 cells contain coiled bodies, we
Analysis by CLSM revealed colocalization betwe&mopus performed double immunofluorescence microscopy with
vimentin RNA and vimentin filaments as shown by the yellowmonoclonal anti-p80 coilin antibodies and guinea pig anti-
coloration resulting from the complete overlap of red and greeKenopusvimentin antibodies followed by CLSM (Fig. 5B).

signals (Fig. 5A). It has been observed that not only RNAThus, RNA, coiled bodies and vimentin filaments were
resides outside of chromosome territories but thatolocalized, indicating that they occupy the same
accumulations of splicing snRNPs, such as in coiled bodiegxtrachromosomal nuclear compartment. The fact that not all
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chromosomal territories were segment
so that the interior and peripheral porti

were created. Three segments were B
assigned: segment 1, representing the
interior of the interphase chromosome;
segment 2, representing the outmost 2
pixels of the territory, and segment 3,
representing 3 pixels (260 nm) of the a
immediately adjacent to the territory.
Segments 2 and 3 togther represent th
periphery (surface) of the chromosome | - : o \
was found that each region represente
approximately 50% of the area of a
delineated chromosome. A vimentin
structure was scored as being situated
the segment of the lowest number whe
one pixel of the staining was within tha
area. This method (biased against our W en
hypothesis) of scoring was chosen sint

the morphology of the vimentin filameri.s

varies and it would be difficult to define the center of gravity for some structures. (C) Graphical representation of ihefahalgpatial
relationship between the nuclear vimentin filaments and territories of chromosomes 1, 4, 8 and 13. The numbers of talyzeddsran
chromosomes 1, 4, 8 and 13 were 77, 80, 82 and 65, respeaiiv@dA]. The percentage of territories with vimentin within segment 1 was,
for chromosomes 1, 4, 8 and 13, 18%, 14%, 22% and 12%, respectively, within segment 2, 21%, 31%, 24% and 25%, respedthviely, and
segment 3, 61%, 55%, 54% and 63%, respectively, thus indicating that vimentin filamentous structures are preferentialiythecated
periphery of chromosomal territories.

Fig. 3. Analysis of the spatial relationst
between the nuclear vimentin and
delineated chromosome territories.

(A) Confocal sections taken through a
transfected SW13 nucleus at Qu
increments. Vimentin (red) and
chromosome 1 sequences (green) hav
been delineated by indirect
immunofluorescence and FISH,
respectively. Bar, 1am. (B) A schemati
diagram demonstrating the segmentati
of chromosomal territories for the
analysis of the localization of vimentin
filaments. Confocal mid-sections of

Chromosome Border

segment 3

RNA and coiled body signals colocalize with vimentinwith respect to chromosome territories was analyzed and
indicates that the vimentin arrays do not occupy the entirdetermined by indirect immunofluorescence in combination
compartment, which is in concordance with the variablevith FISH employing a chromosome 4-specific painting probe.
expression of nuclear-targeted vimentin (see Discussion). In analogy to our previous studies we analyzed primary male
In addition to coiled bodies, there are a number ohuman dermal fibroblasts (Fig. 5D). Analysis of the spatial
antigenetically-variant nuclear bodies, such as PML bodie<
containing Sp100, PML and NDP52 antigens (Korioth et al.
1995, and references therein). In double immunofluorescen:
studies with antXenopus/imentin antibody and a monoclonal
anti-PML antibody, colocalization between nuclear vimentin
and PML bodies was observed (Fig. 5C). This result sugges
that PML bodies are also localized outside of chromosom
territories. Hence, the intranuclear localization of PML bodies

Fig. 4.Vimentin filamentous arrays lie between two adjacent
chromosome territories. A confocal section employing a biotinylated
chromosome 4 probe and detected via avidin-FITC (displayed in
pseudocolor blue). The chromosome 13 probe was labeled with
digoxigenin and detected via anti-digoxigenin-TRITC (displayed in
green); goat-anti-mouse antibody conjugated to fluorochrome
cyanine-5 was used to visualize fenopus/imentin monoclonal
antibody (displayed in red). The nuclear background, to show the
nuclear outline, is pseudo colored ochre. Bamb
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relationship of PML bodies with chromosome territories wagFig. 6E-I). These data show that cells can proliferate in the
performed as previously described (see Fig. 3), except that theesence of NLS-vimentin filaments and that nuclear vimentin
center of each PML body was used to determine which segmefiftaments are reorganized during metaphase and reassemble in
of the chromosome territory the PML body was situated withinthe nucleus after mitosis.

We found that for 92% of territories the center of the anti-PML To determine whether the vimentin filaments, which had
staining was within the periphery of the territories while 8%formed after mitosis, were still extrachromosomal, cells from
was within the interior of the territoriee<50), indicating that the ‘mitotic shake-off’ were processed after 6 hours for FISH
PML bodies are preferentially found at the border or outside aind immunofluorescence. In segmented territories of
chromosome territories (Fig. 5E). These results are similar tchromosome 4, 17% contained anti-vimentin staining within
data from analyses performed on female human derm#he interior region (segment 1) and 83% at the periphery of
fibroblasts, analysing chromosomes X (inactive), 9 and 13 (Merritories (segments 2 and 3). These data are very similar to
Grande and R. van Driel, personal communication). It has bed¢he values found for chromosome 1, 4, 8 and 13 in cells which
suggested that PML bodies interact with genes (de Jong et dlave not been through mitosis at the non-permissive
1996). Since active and inactive genes are situated at the bordemperature (see Fig. 3C). Since the vast majority of cells have
of chromosome territories (Kurz et al., 1996), it is not surprisinggimentin at the periphery of territories, we conclude that
that PML bodies are mostly situated at the outside of thaitotic cells organize vimentin filaments, de novo, in the same
territories. In summary, the data show that extrachromosomabclear compartment as cells which have imported the protein
RNA, coiled bodies and PML bodies reside in the same nucleduring interphase.

compartment as the vimentin filamentous arrays.

Nuclear vimentin filaments disassemble during DISCUSSION
mitosis and can reform in the same nuclear
compartment after mitosis Despite the increasing number of studies describing chromatin-

In the previous experiments it was shown that the nucledree nuclear domains, the existence and extent of such a
vimentin filaments are localized outside of chromosomeompartment is still a matter of debate (van Driel et al., 1995,
territories and are found in the same nuclear compartment aad references therein). It has been difficult to delineate such
other extrachromosomal nuclear entities. Since this, to son@ compartment by visualization of endogenous factors,
extent, is an artificial system and vimentin filaments aralthough the existence of an interconnected network of snRNP
forming in a nuclear environment which has already beeaccumulations has been proposed (Spector, 1990). The
organized after mitosis, we wished to determine whether thiatroduction of filament forming components, as performed in
vimentin filaments could reform in the same nuclearour study, has distinct advantages as compared to the use of
compartment in cells which go through a mitotic division.soluble factors, since the latter are easily extracted during
Therefore, SW13 clone 14 cells were transferred to 28°C fdixation procedures. The use of cells stably transfected with the
6 hours to allow vimentin filamentous arrays to form. Mitotictemperature-sensitive amphibian NLS-vimentin permitted the
cells were dislodged by ‘mitotic shake-off’ and the resultinganalysis of its distribution in two interconvertable states. At
cells were replated at 28°C. Samples of cells were fixed in 4%7°C, a varying number of spherical aggregates were formed
paraformaldehyde at various times (0-18 hours) after replatinproughout the nucleus (outside of chromosome territories,
(Fig. 6A-1) and processed for vimentin immunodetection andlata not shown). By shift of the growth temperature to 28°C,
nucleic acid staining. The vimentin filaments werethe optimal temperature foXenopus vimentin filament
disassembled during mitosis (Fig. 6A-B) yielding denseassembly (Herrmann et al., 1993), filaments started to grow in
granular structures between chromosomes as well as tlae nucleoplasm, apparently elongating from these aggregates
homogeneous background staining. The granules resemblado accessible space, so that by one hour short fibrils were
vimentin structures observed in vimentin-containing mitoticobserved, extending further in the next few hours. Indeed, this
cells (Franke et al., 1984). Since the nuclear lamina is thoughtode of flament formation may be an important property for
to be disassembled by the action of serine/threonine protethe investigation of a topologically dynamic compartment,
kinase at the onset of mitosis (Peter et al., 1990), as has besnce growing cytoplasmic intermediate filaments are known
shown to occur with cytoplasmic vimentin filaments (Chou eto avoid intracellular barriers (Franke et al., 1978a,b). Even if
al., 1991), we assume that the nuclear vimentin filaments athere would be some active opening of a space involved, this
disassembled by a similar mechanism. During anaphasewould probably occur at, and therefore indicate, areas of
telophase, filaments started to reassemble on the chromosordahinished chromatin density.

surfaces (Fig. 6C). At 1 hour after ‘mitotic shake-off’, vimentin The 28°C-inducedXenopusvimentin filamentous system
was still partially localized in the cytoplasm, in addition towithin the mammalian cell nucleus is principally different in
nuclear foci (Fig. 6D). With time, filamentous structures startednorphology, when compared to networks of intermediate
to reform and appeared to be arranged as short filamentofilsments in the cytoplasm. As shown by electron microscopy,
arrays, indicating that vimentin was recruited and convertethe filamentous arrays of vimentin in the nucleoplasm of SW13
into an assembly competent form within the reforming nucleicells are comprised of filaments organized into bundles with
This is reminiscent of the processes which occur during theo indication of interconnections between the filaments. The
assembly of the nuclear lamina, involving mechanisms ofiuclear filamentous arrays are mostly curvilinear in
modification and topologically ordered assembly. From 6 hoursiorphology and in some cases there are large side branches
onwards, extensive filament systems were observed, agich appear to originate from major accumulations of
previously seen in interphase cells shifted to 28°C for 6 hourgmentin. In addition, vimentin structures can be seen as loops
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or rings. In the cytoplasm, endogenous vimentin rarely formsrganized in an extrachromosomal compartment, there is no
parallel bundles, but transverses cellular space in an apparendlgcessible space between chromosomes and the nuclear
random, wavy fashion not forming loops or rings (Franke eperiphery, possibly due to the association of chromatin with the
al., 1978a,b). Taken together, these data imply that theuclear envelope. This observation is in agreement with other
morphology of the vimentin system is influenced, if notstudies which have indicated that chromosomes are attached
governed, by the nuclear environment. and anchored to the nuclear envelope/lamina (Borden and
In this study, we have shown that the introduced nucleavlanuelidis, 1988; Paddy et al., 1990; Belmont et al., 1993;
vimentin filaments are organized in the interchromosomaMarshall et al., 1996).
space, permitting the delineation of an extensive nuclear Foci of nuclear lamin proteins have been observed deep
compartment inbetween the interphase chromosomewithin nuclei at different cell cycle times (Goldman et al., 1992;
Vimentin intermediate filaments are known to be highlyBridger et al., 1993). Furthermore, using immunoelectron
flexible structures (see Fig. 4b in Hofmann et al., 1991)microscopy, lamin-type intermediate filaments have been
Therefore, they should easily follow spatial changes made hgbserved ramifying through the nucleoplasm (Hozak et al.,
the interchromosomal compartment. It is plausible that th&995). The diffuse intranuclear anti-lamin staining seen in these
vimentin filaments are not filling up the entire studies by light microscopy in permeabilized, DNase digested
extrachromosomal compartment, since the extent of the systesalls is distinctly different from the bright anti-vimentin
varies from cell-to-cell. However, the three-dimensionalfilamentous structures, with very little background, also seen in
reconstructions have revealed that the filament bundles caimilarly prepared cells (data not shown). The confined anti-
extensively traverse the nuclear interior. vimentin staining cannot be attributed to reduced antibody
Filamentous, as well as crystalline, unidentified intranucleapenetration into chromosome territories, since staining from
inclusions have been found in various cell types in both normantibodies reacting with chromosomal proteins is found deep
and pathological states, especially during viral infectionswithin interphase chromosomes (unpublished data). Hence,
Thus, functional nuclei may contain and tolerate extensivéhere is no indication that théenopus/imentin is incorporated
filamentous material (Fukui, 1978; Ghadially et al., 1988). Irinto an intermediate filament-type nucleoskeleton.
several experimental situations, intermediate filament proteins There have been a number of track-like structures reported
have been observed to enter the cell nucleus forming extensiire cells in situ resembling the NLS-vimentin distribution.
fibrillar arrays. Bader et al. (1991) showed that tail-deleteGome species of RNA are distributed in elongated
cytokeratins formed extensive intermediate filament bundles iaccumulations (Lawrence et al., 1989; Raap et al., 1991;
the nucleoplasm. These fiber bundles extended for 10720 Huang et al., 1994). There is good evidence that such RNA
being 0.1um in diameter and apparently consisted of alignedaccumulations consist of released transcripts, compatible
individual filaments. These fibers never colocalized withwith the concept that these RNAs are channeled to the nuclear
lamin-positive structures. In other studies, tail-lé@nopus envelope (Xing et al., 1995; Dirks et al., 1997; Lampel et al.,
vimentin was observed to enter the nucleus, in some stable c&B97). Curvilinear proteinaceous tracks have also been
lines. Because of the thermosensitivity of the vimentin forobserved in nuclei of cells using immunoelectron microscopy,
filament assembly at 37°C, it was deposited in small granulesich as the nucleolar protein Nopp 140 in rat liver cells and
throughout the nucleus (Eckelt et al., 1992; Rogers et althe HIV-1 nef in human T-cells. Noppl40 has been
1995). In a third line of experiments, after expression ohypothesized to shuttle along the ‘tracks’ from nucleoli to the
epidermal keratins in transgenic mice, fibrillar material waswuclear pores (Meier and Blobel, 1992). The HIV-1 nef tracks
found in nuclei of pancreatic isiBtcells. Electron microscopic extend from the nuclear envelope deep into the nucleoplasm
analysis demonstrated that these intermediate filament bundi@durti et al., 1993). These structures indicate that the
were approximately 0.fum in width. In these three different respective proteins are confined to a highly specified area.
situations and cell types, seemingly similar nuclear structurdsurthermore, the Tpr proteinréinslocated qmoter_egion),
were found, indicating that certain topological requirementsn Xenopusocytes, is organized into filaments which extend
put a constraint on the nuclear organisation of suclfrom nuclear pores into the nucleoplasm and can be observed
intermediate filaments. The spatial restrictions are furthein association with nucleoli (Cordes et al., 1997). The authors
emphasized by the fact that cytoplasmic vimentin intermediatepeculate that these filaments may have a role in the
filaments do not usually form oriented bundles, indicating thathanneling of proteins or RNPs through the nucleoplasm.
the nuclear topology forces them to polymerize with a colineafccordingly, a recent study dbrosophila embryo nuclei
orientation. demonstrated that a tpr-like protein was distributed
Although both vimentin and nuclear lamins are intermediat¢hroughout the nucleoplasm in a network between
filament proteins (subtypes Il and V, respectively), theychromosomes (Zimowska et al., 1997). In dinoflagellate cells,
contain considerable differences in their alpha-helical rodctin has also been localized to an interchromosomal
domain and do not coassemble in vivo (Moir et al., 1994compartment in both mitosis and interphase (Soyer-Gobillard
Monteiro et al., 1994; Schmidt et al., 1994). By performinget al., 1996). Even though endogenous proteins have been
costaining studies, we have shown that vimentin was naibserved, between chromosomes in these organisms, the
colocalized with the lamina at the nuclear periphery but waexistence of a continuous interchromosomal compartment has
found throughout the nucleoplasm (Fig. 1C and E). In the largeot been experimentally demonstrated.
number of cells (>R) analyzed during the current study, We have shown that the NLS-vimentin filament system
vimentin filaments were never observed extensively subjacenbnstitutes itself outside of chromosomes and colocalizes
to the nuclear envelope, following the contours of the nucleawith nuclear components which are also located outside of
periphery. This indicates that even though vimentin ihromosomes in interphase, such as nuclear RNA, coiled
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Fig. 5.Nuclear vimentin is colocalized with nuclear
RNA, coiled bodies and PML bodies, which are
situated outside of chromosome territories. All
images are confocal optical sections. (A) A SW13
cell with detection of RNA derived from the
Xenopus/imentin construct delineated by FISH
using a specific biotinylated probe with conditions
which only denature RNA and not DNA. Two RNA
signals are found in this nucleus: one is green
showing no colocalization with vimentin (red) and
one is yellow where it is colocalized with the
vimentin signal. A small amount of green
fluorescence can be seen in the cytoplasm,
representive of vimentin RNA. (B) A SW13 cell
nucleus showing monoclonal anti-p80 coilin
antibody staining delineating coiled bodies (green)
and vimentin staining in red. Both coiled bodies are
colocalized with the vimentin (yellow). (C) A SW13
cell nucleus where PML bodies have been revealed
with monoclonal anti-PML antibody 5E10 (green),
one is colocalized with the vimentin signal (red)
hence the yellow coloration and one is not (green).
(D) A tetraploid male human dermal fibroblast with
territories of chromosome 4 (green) and anti-PML
staining in red. Note the lack of colocalization of the

-

Percentage of Territories
csB8s883888

two nuclear structures. Barspym. (E) Graphical chr.4
representation of the spatial relationship between the

PML bodies and chromosomal territories. Territories

of chromosome 4 have been segmented as describe Bl scomen 1
for Fig. 3 and the spatial positioning of PML bodies [] segmen2
analyzed by taking the mid-point for the spherical segment 3

structures; it was then determined whether they
distributed to segment 1 (interior) or segments 2 and
3 (periphery). The percentage of territories with

PML bodies situated within segment 1 was 8%,
within segment 2 was 18% and within segment 3
was 74% 1(=50).

bodies and PML bodies. It had been hypothesized, that thesesoluble filamentous nuclear structure observed in nuclear
components occupy the same nuclear compartment, termathtrix preparations. Hence, the nuclear structure observed by
interchromosome domain (ICD) compartment. Since thelectron microscopy in extracted cells could be the
space occupied by NLS-vimentin interconnects thesaccumulation of components of the nucleus which are
components, it provides a means to partially visualize thdistributed in the ICD compartment (Zirbel et al., 1993;
ICD space. These findings do not preclude the existence ofGxemer et al., 1993, 1995). The view of an in vivo matrix as
dynamic nuclear matrix or skeleton. Indeed, splicinga dynamic, channeled network throughout the nucleus has
components (Ciejek et al., 1982; Zeitlin et al., 1987;also been put forward by others (Razin and Gromova, 1995;
Blencowe et al., 1994; Mattern et al., 1996), RNA (Marimarvan Driel et al., 1995). While it still has to be determined how
et al., 1982; Fey et al.,, 1986; He et al., 1990; Xing andnuch the various nuclear networks define different entities,
Lawrence, 1991) and active genes (Robinson et al., 1988r overlap at least partially, the nuclear expression of
Razin et al., 1985; Buttyan and Olsson, 1986), which arexogeneous vimentin provides an experimental assay to
found at the periphery of chromosome territories (Zirbel eadddress the spatial relationships among extrachromosomal
al., 1993; Kurz et al., 1996), are major components of thauclear components. In addition, it could serve as a useful
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Fig. 6. Localization of nuclee
vimentin to visualize the
reorganization of the
interchromosomal
compartment after mitosis. |
this experiment, SW13 cells
were incubated at 28°C for ¢
hours after which time a
‘mitotic shake-off’ was
performed. Cells were
replated at 28°C and fixed a
various time-points after
shake-off. Confocal sections
of representive mitotic cells.
Nucleic acids are stained wi
propidium iodide (red) and
the vimentin visualized after
immunostaining (green).
(A,B,C) Cells in late
prophase, metaphase and
telophase, respectively. In A
and B (0 hours) extensive
vimentin staining is observe
homogenously distributed
throughout the mitotic
cytoplasm, apparently in a
mostly non-filamentous
organization. In A and B anc
in particular C (0.5 hours)
there are some aggregation
of vimentin visible, possibly
representing already formec
filament bundles (seen as
yellow). (D and E) In early €
cells, 1 and 2 hours after
replating, rounded aggregat
of vimentin are visible. Note
that in (E) the cytoplasmic
vimentin staining has
disappeared. (F) SW 13 cell
3 hours after replating: the
extension of the aggregates has begun and short filamentous arrays are present. (G and H) SW13 cells 6 hours after agggsiragy and
vimentin can be observed. The two images are representative of pairs of cells displaying different thickness of filametnt@ss @jrAn
SW213 cell nucleus 18 hours after replating displaying an extensive vimentin system. The propidium iodide prefentiallyAtanasHeNce
the nucleoli (in D-1) and the pre-nucleolar bodies (in D-F) are prominent. The vimentin filaments do not enter the nuceniaasntent of
the nucleus and in some areas they follow the contours of the nucleoli. Ban, 10
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