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Evidence for a nuclear compartment of transcription 
and splicing located at chromosome domain boundaries 
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The nuclear topography of splicing snRNPs, mRNA 
transcripts and chromosome domains in various mam
malian cell types are described. The visualization of 
splicing snRNPs, defined by the Sm antigen, and coiled 
bodies, revealed distinctly different distribution patterns 
in these cell types. Heat shock experiments confirmed 
that the distribution patterns also depend on physiologi
cal parameters. Using a combination of fluorescence in 
situ hybridization and immunodetection protocols, indi
vidual chromosome domains were visualized simultane
ously with the Sm antigen or the transcript of an inte
grated human papilloma virus genome. Three-dimen
sional analysis of fluorescence-stained target regions 
was performed by confocallaser scanning microscopy. 
RNA transcripts and components of the splicing ma
chinery were found to be generally excluded from the 
interior of the territories occupied by the individual 
chromosomes. Based on these findings we present a 
model for the functional compartmentalization of the 
cell nucleus. According to this model the space between 
chromosome domains, including the surface areas of 
these domains, defines a three-dimensional network
like compartment, termed the interchromosome domain 
(ICO) compartment, in wh ich transcription and splicing 
of mRNA occurs. 
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Introduction 

Since many fundamental cellular processes take place 
in the cell nucleus, it has often been assumed to be a 
highly structured organelle. This view, however, was 
generally rejected, since light and electron microscopy 
failed to visualize higher ordered structures except for the 
nucleolus. Until the late 1960s, microscopic analyses only 
allowed differentiation between the highly condensed 
heterochromatin and the less condensed euchromatin. 

In 1969 Monneron & Bernhard rediscovered the 
structure, which was originally described as the 
silver-stained nuclear body (Ramon y Cajal1903) and 
which is today called the 'coiled body' (for review, see 
Lamond & Carmo-Fonseca 1993). The diameter of 
these spherical structures varies between 0.1 and 1 
]lm. Further nuclear bodies have been described and 
classified according to their morphology (Bouteille et 
al. 1974). In addition, electron microscopy studies re
vealed nuclear particles, which occur in clusters and 
mayaiso be part of a loose fibre network (Monneron 
& Bernhard 1969). These particles are termed 
'interchromatin granules: to reflect their spatial rela
tion to chromatin: they are located in between the 
chromatin. High resolution electron microscopy also 
revealed chromatin-associated fibrils, (perichromatin 
fibrils; Monneron & Bernhard 1969). More recently, 
the functions of these morphologically defined struc
tures have been disclosed by combinations of indirect 
immunodetection, in situ hybridization and electron 
as weH as light microscopy. 

Visualization of major components of the splicing 
machinery-the U1, U2, U4/U6 and U5 snRNP (small 
nuclear ribonucleoprotein particles) proteins-by 
means of indirect immunofluorescence-revealed a 
wide nuclear distribution and, in addition, a speckled 
nuclear staining with 20 to 50 speckles consisting of 
higher snRNP concentrations (Mattioli & Reichlin 1971, 
Northway & Tan 1972, Lerner et al. 1981, Spector et al. 
1983, Spector 1984, Reuter et al. 1984, Bachmann et al. 
1986, Nyman et al. 1986, Verheijen et al. 1986). For most 
of these analyses anti-Sm antibodies were used, which 
recognize proteins which are common to all splicing 
snRNPs. The snRNP accumulations are found to co
localize with the interchromatin granules, the 
perichromatin fibrils or the coiled bodies (Spector et al. 
1983, Fakan etal. 1984, BachmannetaT. 1986, Raska etaT. 
1991, Lamond & Carmo-Fonseca 1993). Based on the 
snRNP distribution patterns, a nuclear network of 
snRNPs exclusive from the chromatin was postulated 
(Spector 1990). In situ and in vivo detection ofU1, U2, U4, 
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U5 and U6 snRNAs combined with the detection of 
various related pro teins revealed another specific 
distribution pattern of snRNPs in HeLa cells: in addi
tion to a general nuclear distribution of U1snRNA and 
the non-snRNP splicing factor U2AF, a small number of 
distinct focal concentrations (termed 'foci') of snRNPs 
were observed consisting of highly enriched U-RNAs 
and also stained by antibodies recognizing U2AF 
and m

3
G-cap structures (Carmo-Fonseca et al. 1991a, 

1991b). Possible structural and/or functional relation
ships between foci and speckles are not clear at present. 
Some components are found both in speckles and foci, 
but others are not. For example, the snRNP foei are not 
stained by antibodies directed against the non-snRNP 
splicing factor SC35 or the La antigen (Carmo-Fonseca 
et al. 1991b, Huang & Spector 1992), while the snRNP 
accumulations in the speckles co-Iocalize with SC-35 
(Huang & Spector 1992). Immunoelectron microscopy 
as weH as simultaneous antibody staining of the Sm 
antigen and the coiledbody revealed that the Sm foci 
(but not the speckles) coincide with the coiled bodies 
(Raska et al. 1991, Spector et al. 1992, Carmo-Fonseca et 
al. 1993). Thus, the nuclear concentrations of splicing 
snRNPs detected by means of immunofluorescence are 
the result of an accumulation in specific nuclear sub
structures. Such distinct concentrations of nuclear anti
gens have also been referred to as 'nuclear domains' 
(see, for example, Ascoli & Maul 1992). 

Not only a number of nuclear antigens, but also RNA 
transcripts have been found to accumulate in the nu
cleus (Lawrence et al. 1989; Raap et al. 1991). Following 
visualization by in situ hybridization, these RNA con
centrations can be seen as punctate spots or track-like 
objects. The emerging picture fits weIl with the previ
ous findings of newly synthesized RNA in 
perichromatin fibrils (Fa1con et al. 1984,1986). Further
more, the nuclear RNA species could be delineated in 
preparations of the nuclear matrix (Xing & Lawrence 
1991), a chromatin-depleted nucleoskeleton prepared 
by certain extraction procedures (for review see 
Berezney 1991). In situ hybridization of poly(dT) 
oligonucleotides delineates patch-like areas in cell nu
dei which are assumed to be concentrations of the 
nuclear fraction of poly-A + RNA (Carter et al. 1991). 
Therefore, they were considered so-called 'transcript 
domains'. These regions co-localize with splicing 
snRNPs (Carter et al. 1991), and more recently it was 
shown that one RNA transcript species is preferentially 
associated with the poly(dA) regions (Xing et al. 1993). 

Although many structural features of chromatin or
ganization have been revealed by means of biochemis
try and electron microscopy, the chromosomal and 
suprachromosomal organization of genomes remained 
widely unknown. In contrast to the presumption that 
the decondensed genomic DNA contained in one chro
mosome is distributed throughout the nudeus (see, for 
example, Comings 1980), the DNA of individual chro
mosomes has been shown to occupy distinct territories 
(for review see Lichter et al. 1991). This was concluded 
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from experiments in which interphase cell nuclei were 
microirradiated to generate local chromatin damage. 
Damaged regions were visualized on the chromosomes 
when the cells reached the subsequent metaphases 
(Zorn et al. 1979, Cremer et al. 1982). These territories, 
also called 'chromosome domains', were visualized 
directly by means of in situ hybridization, first in 
interspecies somatic hybrid cells (Schardin et al. 1985, 
Manuelidis 1985, Pinkel et al. 1986) and later in cells 
with normal or aberrant chromosome complements 
(Lichter et al. 1988, Cremer et al. 1988, Pinkel et al. 1988). 
The term chromosome domain needs to be distin
guished from the term chromatin domain, which refers 
to spatially and functionally defined subchromosomal 
regions such as DNA loops (Benyajati & Worcel1976, 
Paulson & Laemmli 1977). 

By analogy to the fact that the r-DNA is localized 
and transcribed in the nucleolus, where the formation 
of the ribosome subunits takes place, it has been pos
tulated that other functional compartments exist in 
cell nuclei (Blobel 1985, Nyman et al. 1986, 
Hochstrasser & Sedat 1987, Spector 1990, Manuelidis 
1990, Carter et al. 1991). Hutchison and Weintraub 
(1985) found DNAse hypersensitive sites in the nuc
lear periphery, and cbncluded that active RNA
polymerase 11 genes are preferentially localized in 
these regions. However, others did not confirm this 
finding (Manuelidis & Borden 1988). The direct visu
alization of nuclear components involved in processes 
which are part of the avenue of gene expression, such 
as formation of transcription complexes, RNA tran
scription and post-transcriptional RNA processing, 
have in general not revealed apredominant localiza
tion in the nudear periphery, although a peripheral 
localization of some intron sequences was reported 
(Berman et al. 1990). 

In order to analyse the spatial relation of structural 
entities and functionally defined nudear components, 
we investigated the three-dimensional arrangement of 
chromosome domains and splicing snRNPs or RNA 
transcripts, respectively. Using a combination of in 
situ hybridization and immunodetection protocols, 
individual chromosome domains were visualized 
simultaneously with the Sm antigen or the transcript 
of an integrated human papilloma virus genome. 
Three-dimensional analysis of the fluorescently 
stained target regions was performed by confocal 
laser scanning microscopy, and the data were used to 
create an integrated model of the spatial organization 
of the cell nudeus. 

Materials and methods 

Cells 

HeLa cells and CHO cells were cultured in DMEM 
supplemented with 5% foetal calf serum, penicillin! 
streptomycin and 2 mM glutamine. Amniotic fluid 



ceUs, foreskin fibroblasts, IARC 307 ceUs (immortal
ized B-ceU linage), Friend (mouse erythroleukemia) 
ceUs, HEL (human erythroleukemia) ceUs, Colo 320 
(colon carcinoma) ceUs, SKW (Burkitt lymphoma) 
ceUs, and Namalwa (Burkitt's lymphoma) ceUs were 
cultured in RPMI 1640 supplemented with 15% foetal 
calf serum, penicillin/streptomycin and glutamine. 
The different ceUlines were kindly provided by Stefan 
Joos and Michael Pawlita, the foreskin fibroblasts by 
Rainer Zawatzky (all three DKFZ, Heidelberg, 
Germany) and the amniotic fluid ceUs (obtained 
by diagnostic amniocentesis) by Dieter Hager 
(Universität Heidelberg, Germany). 

Probes 

DNA libraries for the painting of human chromo
somes (Collins et al. 1991) pBS-1, pBS-7, pBS-8, pBS-IO, 
pB5-11, pB5-16, pBS-18 and pBS-20 were generously 
provided by Joe Gray (UCSF, CA, USA). For the detec
tion of HPV RNA products, we used a cDNA termed 
1

3 
containing the E6* and E7 coding information on a 

683 bp EcoRI-HindIII fragment derived from cDNA H4 
(Schneider-Gädicke & Schwarz 1986, Roggenbuck et 
al. 1990) in vector pGEM-3. This clone was kindly 
provided by Elisabeth Schwarz (DKFZ, Heidelberg, 
Germany). The primary E6/E7 RNA can be differen
tiaUy spliced and in HeLa ceUs only the spliced 
product E6* is found (Schneider-Gädicke & Schwarz 1986). 

Probe DNA was labeUed with biotin or digoxigenin 
by nick-translation as previously described (Lichter et 
al. 1991). 

Non-radioactive in situ hybridization 

Chromosomal in situ suppression hybridization was 
performed as described (Lichter & Cremer 1992) using 
the pBS-libraries, derived from sorted human chromo
somes, as probes and human Cot-1 DNA as competi
tor. Suspension cells were aUowed to adhere on poly 
L-lysine coated glass slides. Fixation was performed 
with 4% para-formaldehyde for 10 min at room tem
perature (RT) and ceUs were permeabilized with 0.5% 
Triton X-100 and 0.5% Saponin for 10 min at RT (fore
skin fibroblasts were pretreated with 0.1 M HCl for 
10 min at RT prior to the treatment with detergents). 
Denaturation of interphase ceUs was performed in 
70% formamide12 x SSC/50 mM sodium phosphate 
pH 7.0 at 73°C for 3 min foUowed by incubation in 
50% formamide12 x SSC/50 mM sodium phosphate 
pH 7.0 for 1 min at the same temperature. Labelled 
probe DNA was heat denatured separately for 5 min 
at 75°C, incubated at 37°C for 10 min to aUow 
preannealing of repetitive DNA and applied to the 
specimen. When nuclear RNA was simultaneously 

Nuclear organization and chromosome domains 

visualized, 20 ng of the corresponding labeUed cDNA 
probe was suspended in 511l hybridization cocktail, 
denatured as above, chilled on ice and added to the 
hybridization solution containing the library probe 
DNA. Hybridization was allowed to proceed over
night at 37°C. Following post-hybridization washes, 
sites of hybridization were visualized by incubation 
with fluoro-chromes (FlTC, rhodamine, Texas red) 
coupled to anti-digoxigenin antibody or avidin. 

Detection of cellular antigens by indirect 
immunofluorescence 

Cells were fixed and permeabilized as described 
above. The snRNPs were detected by indirect 
immunofluorescence using the monoclonal anti-Sm 
antibody Y12 (Lerner et al. 1981), kindly donated by 
Joan Steitz (Yale University, CT, USA). The cells were 
incubated with a 1 : 500 dilution of this antibody in 
PBS/Tween 20 (0.05%) at 37°C for 45 min. Coilin was 
detected using the polyclonal rabbit antibody 116.3 
(used in a 1 : 200 dilution) generously supplied by 
Kerstin Bohmann and Angus Lamond (EMBL, 
Heidelberg, Germany). Following three washes for 
10 min in PBS/Tween 20, antibody binding sites were 
visualized by FlTC- or TRITC-conjugated anti-mouse 
or anti-rabbit antibodies (511g/ml), respectively. Incu
bation with the secondary antibody was performed at 
37°C for 20 min. After washing and mounting, speci
mens were analysed by conventional fluorescence 
microscopy as weIl as confocal laser scanning 
microscopy. For simultaneous visualization of chro
mosome domains and Sm antigen, in situ hybrid
ization was followed by immunofluorescence 
procedures. Detection was achieved by dual colour 
fluorescence. 

Confocal laser scanning microscopy 

For three-dimensional analysis of fluorescently la
belled specimen, confocal laser scanning microscopy 
(LSM 10, Zeiss, Germany) was applied. Following 
excitation with the 488 nm line of an argon ion laser 
and the 543 nm line of a helium neon laser, FlTC and 
rhodamine/Texas red images, respectively, were ac
quired using a 63 x magnification (NA 1.4) oil immer
sion objective. The parameters of the instrument were 
chosen in a way that the fluorescent signals seen on 
the screen corresponded closely in shape and size to 
the fluorescent images seen by direct microscopic ob
servation. Since thresholding applied to enhance the 
difference between a signal and background may 
change the shape and size of the digitized image of a 
chromosome domain, segmentations of domain borders 
were performed by two independent observers yield
ing very similar results. 

Chromosome Research Voll 1993 95 



R. M. Zirbel et al. 

Images of FlTC and rhodamine (or Texas red) were 
taken in the same focal plane sequentially « 5 sec be
tween the acquisitions). There was no drifting of the 
object along the z-axis during the measurements. Fol
lowing electronic overlaying, the geometrical relation 
of the FlTC and rhodamine/Texas red signals was 
assessed. For illustration purposes, pictures were taken 
directly from the monitor. 

Results 

Cell type specific nuclear distribution of Sm 
antigens 

In order to compare the distribution of splicing 
snRNPs in a variety of cell types, 10 different primary 
cell cultures and established celllines were studied by 

Figure 1'. Specific Sm staining pattem in different types of cultured cells. Each panel representsan optical section 
obtained by confocallaser scanning microscopy. Incubation with the anti·Sm antibody Y12 results in all cell types in a staining 
throughout the nucleus excluding the nucleoli. A) HeLa cells display a fine grained staining with additional high focal 
concentrations (1-9 foci per cell). In this section four and two foci are visible in the lett and right nucleus, respectively. B) 
Following 1 h heat shock, HeLa cells show fewer but enlarged foci, two of which are visible in this section (for details see text). 
C) Amniotic fluid cells displaya dense, fine grained nuclear staining without foci. 0) In eHO cells, the Sm antigen is localized 
in patches. E) The majority of HEL cells show only one large focus, as visualized in this section. Bar represents 10 J.lm. 
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Figure 2. Quantitative description of the specific Sm staining pattern in different types of cultured cells. The nuclear 
staining by the Y-12 antibody was evaluated in 100-265 nuclei of each primary cell culture or established ceilline. 0, diffuse 
staining; CJ , disperse; till, speckled; !S, in patches; f2l, one focus; EI, two foci; 0, more than two foci. 

indirect immunofluoreseenee, using the monoc1onal 
antibody Y12 directed against the Sm antigen. CeIls 
were fixed in 4% paraformaldehyde, permeabilized 
with detergent, and ineubated with anti-Sm anti
bodies. Following visualization by fluoroehrome
eonjugated antibodies, fluorescence microscopy 
revealed for eaeh of the analysed ceIl cultures an over
all nuc1eoplasmic staining pattern exc1uding the nu
c1eoli (see Figure 1, 3A, 3D). Seven celllines displayed 
additional, highly prominent local eoncentrations of 
Sm antigen (foei). The remaining three ceIl cultures, 
CHO eells, foreskin fibroblasts and amniotic fluid 
ceIls, displayed a pateh-like (Figure 1D), punctate 
(speckled) (Figure 4 I,J) and disperse (Figure 1 C) nu
c1ear staining, respectively. As summarized in Figure 
2, the number of foei varied both between and within 
cell cultures. IARC 307, Friend, SKW, Colo 320, 
Namalwa and HEL cell nuc1ei contained one or two 
Sm foei per cello Of these, the lowest frequency of foei 
was found in IARC 307, with only 3% of the nuc1ei 
displaying one focus, whereas HEL-cells showed the 
highest frequeney with 96% of the nuc1ei exhibiting 
one (88%) or two (8%) foei. In eontrast, HeLa-cells 
contained 1-9 foei per nuc1eus (non-mitotic), with an 
average of 3 to 4 (Figure 1A). Notably, no Sm antigen 
focus was observed in any ceIl type during mitosis 
(see Figure 4H). Thus, the distribution of the essential 
splieing eomponents c1early depends on the type of 
cultured ceIls. 

In order to relate the coineidence of Sm foei and 
coiled bodies reported by others (see Introduction) 
to the different distributions of Sm antigen found 
in the present study, we simultaneously visualized 
the Sm and the coilin antigen by two-colour 

immunofluorescenee. Data from the six cell types 
which were analysed in detail are summarized in 
Table 1. The two lines without focal Sm accumula
tions, amniotic fluid and CHO ceIls, did not show 
coiled bodies. In HEL cells foei of both antigens al
ways coincided. In Friend, Namalwa and HeLa cells 
Sm foci always co-Iocalized with coiled bodies, but 
some additional bodies were seen without Sm foei. 
The laUer were always found within the nuc1eoli but 
in their periphery. Figure 3A-F, shows examples of 
confoeal images of HeLa and Namalwa ceIl nuc1ei, 
where the nuc1eoplasmic coiled bodies co-localize 
with Sm foei, whereas the coiled bodies in the nuc1eoli 
do not reveal Sm accumulations (for possible explana
tions see Discussion). 

Nuclear distribution of Sm antigen is alte red upon 
heatshock 

Heat shock of 45°C inhibits in vitra splieing (Bond 
1988), results in redistribution of snRNP antigens 
(Speetor et al. 1991), and disrupts the assoeiation of 
snRNPs and coiled bodies (Carmo-Fonseea et al. 1992). 
In order to analyse the influence of this physiological 
parameter on the nuc1ear distribution of snRNPs in 
further detail, we investigated the effect of mild and 
strong heat shock in two cell lines. 

HeLa cells were maintained for different times at 
42°C (mild heat shock). Immediately after this heat 
shock (hs) cells were fixed in 4% paraformaldehyde, 
permeabilized by detergent treatment and ineubated 
with the anti-Sm antibody (Table 2). After 15 min at 
42°C, no difference in the Sm antigen staining pattern 
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Figure 3. Two-colour immunofluorescence using anti-Sm (green) and anti-coilin (red) antibodies. Optical sections of 
A and B, as weil as D and E are generated in the same focal planes. A-C Staining HeLa cell nuclei by the anti-coilin antibody 
(B), resembling the Sm-distribution (A), results in a general nuclear staining excluding the nucleoli and additional high focal 
concentrations, the coiled bodies. C An overlay of the two images exhibits co·localization of the snRNP foei and the coiled 
bodies (yellow, see arrows). However, some coiled bodies within or at the periphery of the nucleoli are not associated with 
Sm foci (green, arrowheads). O-F Staining of a Namalwa nucleus as in A, B, C. Whereas the Sm focus coineides with a 
coiled body, the nucleolar coiled body does not exhibit high concentrations of Sm antigen. G,H Immunofluorescence of a 
HeLa nucleus after 1 h heat shock at 42°C visualizing Sm antigen (G) and coilin (H). Note that despite the snRNP foei, the 
coilin concentrations look more like patches compared to the coiled bodies seen without heat shock (compare panel H with 
panels Band E) and desegregate from snRNP accumulation. Occasionally, these patches appeared as large 'doughnut-like' 
structures as shown in L. Bar represents 10 IJm. 

Figure 4. A-H (Opposite page) Simultaneous visualization of different chromosome domains and the Sm antigen in HeLa 
cells by a combination of in situ hybridization and indirect immunofluorescence. Each panel shows an optical section after 
overlaying digitized images from two different fluorochromes in the same focal plane. The chromosome domains (red) occur in 
areas wh ich are excluded from the nuclear Sm staining (green). Examples are shown for chromosome 8 (A-C and G, H), 
chromosome 7 (0, E) and chromosome 11 (F). Note that the HeLa subline used in this study contains two normal chromosomes 
8 and one additional smaller piece of chromosome 8 material. Note that Sm foei (some are indicated by arrows) are located at 
the border of, but not within , the domains. The more general Sm antigen staining could only occasionally be seen in areas of 
chromosomal domains (see panel F) . The exclusive staining pattern was seen throughout the cell cycle, as seen with the highly 
condensed chromosomes prior to (G) and in mitosis (H). Note, that during mitosis no focal accumulations of Sm antigen can be 
seen. I, J Primary human foreskin fibroblasts after hybridization with pBS 10 (panel I, red) or pBS 1 (panel J , red) and subsequent 
Sm staining (green). The anti·Sm antibody revealed a speckled nuclear staining. There is no overlap of speckles and areas 
occupied by a chromosomal domain. K, L HeLa cells were simultaneously hybridized with differentially labelled HPV cDNA (red) 
and the pBS 8library (green) In K two larger RNA signals (see bigger arrows) are seen adjacent to the chromosome 8 domains. 
The additional smaller RNA signal (small arrow) cannot be related to a chromosome domain in this optical section, possibly 
because small additional chromosome 8 material was not detected with the pBS 8 probe. Both nuclei show that the HPV·RNA 
signal and the chromosome domains are closely associated but mutually exclusive (see higher magnifications in inlets) . Bar 
represents 10 iJm. 
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Table 1. Comparison of focal Sm accumulations and coiled bodies in various cell types 

Cell type 

Amniotic fluid 

CHO 

Friend 

Namalwa 

HeLa 

HEL 

Sm foci 

1-2 

1-9 

1-2 

Coiled 
bodies 

1-2 

1-2 

1-9 

1-2 

was observed, whereas after 30 min the intensity of 
the nuc1eoplasmic staining c1early increased. Follow
ing 1 h heat shock, the shape and number of foci per 
nuc1eus changed (compare Figure 1, panels A & B). 
Two to four larger foci per nuc1eus were seen, and 
concomitantly the intensity of diffuse nuc1ear and cy
toplasmic staining increased further. In order to 
quantitate these differences in foci dimension, 100 foci 
were measured each in cells with and without hs treat
ment. Without hs the foci had an average diameter of 
0.90 pm (SD 0.15 pm), while the average size increased 
to 1.16 pm (SD 0.23 pm) after 1 h hs. This size differ
ence was highly significant (unpaired t-test, 
p < 0.0001). Heat shock of 2 h or more resulted in 
bright disperse staining of nuc1eoplasm and cyto
plasm, with no focal concentrations. In HEL cells the 
changes of Sm staining upon heat shock were similar 
to those seen in HeLa cells (see Table 2). However, no 
enlargement of foci could be observed after 30 min 
and foci had disappeared by 1 h after hs. When a 
stronger heat shock was applied (45°C) the apparent 
disintegration of Sm foci was accelerated in HeLa as 
well as in HEL cells (Table 2). It can be conc1uded that 
a mild hs has the same effect as astronger hs, but the 
kinetics of the observed changes are increased at 
higher temperature. 

Co-Iocalization studies showed that Sm foci and 
coiled bodies desegregated during heat shock. One 

Table 2. Changes in Sm distribution upon heat shock 

Staining pattern 

Distribution as under 
normal conditions (with foci) 

Increase disperse nuclear 
staining (with foci) 

Further increase in nucleoplasmic 
staining and enlarged foci 

Bright disperse staining 
of nucleoplasm and cytoplasm, 
no foci 
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15 min 

30min 

1 h 

~2h 

All Sm foci co-Iocalize 
with 

coiled bodies 

+ 

+ 

+ 

+ 

Coiled bodies 
without 

Sm staining 

+ 

+ 

+ 

example is shown in Figure 3 (panels G and H). Further
more, coiled bodies showed pronounced changes in 
morphology upon hs, with the appearance of dough
nut-shaped bodies (Figure 3 panel 1). This is in agree
ment with recent data indicating that the coiled body is 
a kinetic nuc1ear structure (Carmo-Fonseca et al. 1993). 

Sm antigen foci are predominantly found on the 
surface of chromosome domains 

The spatial relationships between chromosome do
mains and the subnuc1ear regions, where components 
of the mRNA processing pathway, are localized was 
investigated in two different cell types. HeLa cells and 
primary foreskin fibroblasts were subjected to fluores
cence in situ hybridization of various DNA libraries 
established from sorted human chromosomes, fol
lowed by the immunodetection of Sm antigen using a 
different fluorochrome. The spatial relation of the 
labelled targets was assessed in optical sections 
applying confocallaser scanning microscopy. 

The simultaneous visualization of chromosome do
mains and Sm antigen in the same focal plane revealed 
that both occupy generally exc1usive areas (Figure 
4A-H). The disperse nuc1ear distribution of Sm anti
gen in HeLa nuc1ei was only occasionally found to 
overlap with chromosomal DNA in the optical 

15 min 

15 min 30 min 15 min 

30min 

~ 1 h ~ 1 h ~30 min 



sections (Figure 4, panel F). Although !imitations of 
the z-axis resolution of confocal microscopes have to 
be considered (see Discussion), the vast majority of 
optical sections revealed this exclusive occurrence. 
For a quantitative assessment, the relationships be
tween the Sm foci and the painted chromosome do
mains were statistically analysed. In the optical sec
tion, where the highly concentrated Sm staining was 
in focus, digitized confocal images of the chromosome 
domain and the Sm staining were stored and electroni
cally overlaid. The majority of Sm foci were not asso
eiated with the examined chromosome domain (rang
ing from 42% to 78%, not shown). The percentage of 
Sm foei in the areas of chromosome domains corre
lated well with the size and number of the domains 
(the HeLa line used in this study is highly aneuploid, 
but the material of the chromosomes analysed was 
previously characterized by various cytogenetic tech
niques). In HeLa cells this analysis was performed 
with the domains of chromosomes 1, 7, 8, 16, 18 and 
20, evaluating more than 130 foei per chromosome. 
The spatial relationship was defined after inspection 
of overlaid images by two independent investigators. 
Two categories were defined: i) foci at the surface of 
the domain, when the centre of the focus was inside or 
outside the domain border by not more than the diam
eter of the focus (exterior area), and ii) foei within 
domains, ie. inside of the region defined as surface 
(interior area) (see Figure 5C). A high percentage of 
foei were located in the exterior area (Figure 5A). To 
distinguish whether foei are preferentially located in 
the exterior area or whether they are randomly assoei
ated with the chromosome domain, the size of exterior 
and interior areas was ca1culated for aseries of chro
mosome domains in fibroblasts and HeLa cells seg
mented interactively by two independent investiga
tors. For focal signals the exterior and interior areas 
were found to be roughly similar: 43% (exterior) ver
sus 57% (interior) in fibroblasts, and 53% versus 47% 
in HeLa ceIls, respectively. A detailed description of 
the segmentation and evaluation procedures will be 
described elsewhere (A. Kurz et al. in preparation). 
Accordingly, if there is a random distribution of the 
focal signals within the painted chromosome domains 
one would expect roughly as many signals in the inte
rior as in the exterior area. As shown in Figure 5A, our 
data clearly differ from a random distribution, with 
93% (chromosome 7) to 98% (chromosome 16) of the 
Sm foei localized in the exterior and only 2% to 7% in 
the interior area. From these data it can be concluded 
that at least the snRNPs concentrated in foei are dis
tributed at the surface of the chromosome domains. 

A similar result was obtained for the distribution of 
Sm speckles and the domains of chromosome 1, 10 and 
11 in human foreskin fibroblasts (see Figure 4 land J). 
At least 110 domains were analysed per chromosome. 
Only a very low percentage of Sm speckles were 10-
cated within a chromosome domain (8% for chromo-
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some 1, 2% for chromosome 10 and 3% for chromo
some 11), whereas the majority of the Sm accumula
tions were found in the exterior area (between 92% 
and 98%) (see Figure 5B). 

Highly localized nuclear HPV-RNA is found in the 
periphery of the corresponding chromosome 
domains 

HeLa cells contain a copy of the HPV18 genome inte
grated in chromosome 8 band q24. In situ hybridiza
tion with a cDNA probe of HPV18 allows the detec
tion of the nuclear RNA transcripts. Control experi
ments including RNAse treatments and hybridization 
with and without denaturation of the target specimen 
allowed the unequivocal identification of the nuclear 
signals as a result of a hybridization to RNA, but not 
DNA, target sequences (data not shown). In accordance 
with the copy number of 8q24 in HeLa, three RNA 
signals were observed per nucleus (see Figure 4, K). 

In order to analyse the spatial relationship between 
HPV18 RNA and the chromosome 8 domain, dual 
colour in situ hybridization was performed to simulta
neously detect both nucleic aeid targets, and confocal 
laser scanning microscopy was performed as above. 
Two examples are shown in Figure 4, K and L. Figure 
6 summarizes the results obtained from 110 HPV sig
nals. The majority of viral RNA signals (72%) were 
located at the surface of the domain. Furthermore, in 
12% of the cases the signal was located in the domain, 
but further inspection revealed that the domain was 
only weakly stained at the site of the RNA signal. This 
may indicate an indentation of the domain surface at 
the site of the signal. Only 9% of HPV signals were 
found clearly within the domain by a11 criteria. Some 
signals could not be evaluated, because the chromo
some domain was not visible when the HPV signal 
was in focus (2%) or because it was impossible to 
define the borders of the domain (5%). 

Discussion 

The different distribution patterns of Sm antigen de
scribed in this study contribute to the picture of cell 
type-speeific differences in the shape and number of 
nuclear concentrations of splicing snRNPs (Carmo
Fonseca et al. 1991a, Spector et al. 1992). Focal accumu
lations were not seen in primary cell cultures estab
lished from human amniotic fluid cells and foreskin 
fibroblasts nor, in agreement with other reports 
(Spector 1990), in CHO cells. In our experiment, how
ever, the latter showed a signal accumulation in 
patches rather than a speckled pattern of Sm staining. 
The speckled staining first described by Mattioli et al. 
(1971) and Northway & Tan (1972) was seen in the 
fibroblast, Friend and IARC 307 cell nuclei. Most of the 
analysed established ceIl lines exhibited snRNP foei. 
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Figure 5. Spatial distribution of Sm foci in HeLa cells (A) and Sm speckles in primary human foreskin fibroblasts (8) 
with respect to chromosome domains. C) Schematic illustration of the interior and exterior area of a chromosome 
domain as outlined in the text.rn, exterior area;D, interior area; e, focus at the surface; e, focus in the domain; -, visible 
border of chromosome domain. 

In HeLa cells the fod distribution was the same (1-9 
fod) as previously reported (Carmo-Fonseca et al. 
1991a), while several other lines showed only one 
prominent focus in the vast majority of cells. 

The Sm fod have been described as concentrations 
of snRNPs in coiled bodies (Raska et al. 1991, Spector 
et al. 1992, Carmo-Fonseca et al. 1993). Accordingly, we 
found a co-localization of Sm and coilin antigen. How
ever, in the present study additional coiled bodies 
were found within the nucleoli in which Sm antigen 
was not detectable. From the current data it cannot be 
excluded that this is due to a limited accessibility of 
the antibodies or a modification of the Sm epitope in 
these nucleolar coiled bodies. However, recent studies 
revealed that the coiled body is a kinetic structure 
(Carmo-Fonseca et al. 1993, Andrade et al. 1993) and 
the coiled bodies without detectable Sm staining 
might reflect a particular stage during the cycling in
teraction of snRNPs and coiled bodies. Recent experi
ments applying double fluorescent staining with the 
anti-coilin rabbit serum used in this study (raised 
against a coilin peptide) and human autoantibodies 
directed against coilin (kindly provided by Angus 
Lamond) showed again a staining of nucleolar coiled 
bodies only by the rabbit but not by the patient serum. 
Thus, it is also possible that the rabbit anti-coilin se
rum recognizes an additional epitope not related to 
coilin. 

It has recently been found that snRNPs can separate 
from coiled bodies after certain treatments, such as 
inhibition of transcription (Carmo-Fonseca et al. 1992) 
or at lower temperature (Carmo-Fonseca et al. 1993) 
underlining the view of a cycling inter action. This is 
also confirmed by the desegregation of Sm fod and 
coiled bodies upon heat shock, as found in this study 
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and by others (Carmo-Fonseca et al. 1992). Clearly, 
further investigations regarding co-localization of nu
clear factors and the kinetics of these structures are 
needed to determine whether the focal accumulations 
of spliceosome components are the exclusive sites of 
pre-mRNA splidng, or whether they are areas of 
spliceosome storage and/ or assembly (for a detailed 
discussion see Lamond & Carmo-Fonseca 1993). It will 
also be interesting to see how the data obtained for 
mammalian nuclei relate to the findings in amphibian 
oocyte nuclei, where snRNPs accumulate in at least 
three distinct types of granules, the so-called 
snurposomes (for review see Gall1991). 

The analysis of the spatial relationships of nuclear 
entities is technically demanding. Two problems need 
to be addressed in particular: i) the procedure for the 
visualization of nuclear components should cause as 
little damage to the nuclei as possible and not disrupt 
the relative position of the components, and ii) the 

·optical detection system should allow resolution of 
different nuclear signals in three dimensions in order 
to reveal their spatial relationships. To optimize the 
conservation of the three-dimensional nuclear archi
teeture in in situ hybridization experiments, we per
formed aseries of experiments with varied fixation 
and permeabilization procedures using a number of 
different cell lines. The three-dimensional morphol
ogy was assessed by confocal laser scanning 
microscopy (our unpublished data). Best results were 
obtained with a modification of a procedure described 
by Manuelidis (1985) (see Methods). 

High resolution optical seetions through 
fluorescently labelled specimens can be obtained by 
applying deconvolutions to aseries of images from 
consecutive sections acquired with a sensitive camera 
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Figure 6. Spatial distribution of HPV 18-RNA with regard 
to the chromosome 8 domain in HeLa cells. 

(Arndt-Jovin et al. 1985, Hiraoka 1987) or by sections 
generated with a laser scanning device in which out of 
focus fluorescence is reduced by means of a confocal 
diaphragm in the emission pathway (Cremer & Cremer 
1978, Brakenhoff et al. 1979). In general, confocal 
microscopy yields a z-axis resolution of ~ 0.5 pm, 
whereas the resolution in the x- and y-axes is about 
0.2 pm (Jovin & Arndt-Jovin 1989, Shotton 1989, Van 
der Voort & Brakenhoff 1990). These numbers have to 
be taken into account when analysing the spatial rela
tionships of two objects in the same focal plane by 
overlaying two separate images acquired by a confocal 
microscope. In the present study, this procedure was 
used to analyse the relationship between snRNPs and 
RNA transcript concentrations to chromosome do
mains. It might be argued that the overlaid fluorescence 
images do not resolve the labelIed entities along the z
axis weIl enough to allow such a spatial assessment. 
However, the mutually exc1usive localization of the 
analysed structures would be very difficult to explain 
by artefacts based on a limited z-axis resolution. New 
developments ofaxial tomography performed on a 
laser scanning microscope (Bradl et al. 1992) will help to 
elucidate further the spatial relation of labelIed nuc1ear 
substructures. The high resolution in the x- and y-axes 
c1early allowed us to assess the localization of both the 
snRNPs and of the HPV-RNA at the surface of the 
chromosome domains in the overlaid images (see 
Figure 4). 

As outIined in the Introduction, several kinds of 
nuc1ear domains have been described: nuc1ear do
mains defined by antigen accumulations, transcript 
domains defined by poly(A) accumulations, and chro
mosome domains defined by the territories occupied 
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by individual chromosomes. We here report evidence 
not only for a mutually exc1usive localization of these 
domains, but also for a specific occurrence of snRNPs 
and RNA transcripts at the surface of chromosome 
domains. On the basis of this previously unrevealed 
aspect of nuc1ear organization, we propose the model 
outIined below. 

A model of the spatial organization of gene 
transcription and mRNA processing 

We describe a model for a distinct nuc1ear compart
ment for gene transcription and RNA processing (see 
Figure 7). It is based on the finding that RNA tran
scripts and components of the splicing machinery are 
basically exc1uded from the interior of the territories 
occupied by the individual chromosomes. In other 
words, the chromosome domains on the one hand and 
the nuc1ear domains consisting of snRNPs and highly 
localized RNA transcripts on the other hand seem to 
be spatially exc1usive. We postulate that the space 
between adjacent chromosome domains, inc1uding the 
surface areas of these domains, defines a structural 
and functional compartment, where nuc1ear compo
nents involved in transcription and mRNA processing 
are accumulated. This interchromosome domain 
(ICD) compartment would significantly reduce the 
volume where these components occur. This could 
facilitate the biochemical reactions involved in gene 
transcription and RNA processing, since the kinetics 
of a specific bin ding of two kinds of molecules is 
dependent on the concentration of the molecules in the 
reaction volume. The fact that the edges of the chro
mosome domains visualized by chromosome painting 
can be fuzzy is consistent with the assumption that 
decondensed DNA loops exist at the surface of the 
domains. Our model would allow for the coexistence 
of such looped DNA and the components of the tran
scription and splicing machinery in this nuc1ear com
partment. This would fit with the weIl known 
decondensation of actively transcribed chromatin. The 
model implicates that transcribed genes are located in 
the periphery of the corresponding chromosome do
mains. This can be tested by means of multicolour in 
situ hybridization to visualize simultaneously indi
vidual genes and their respective chromosome do
mains. Preliminary data seem to support this view (A. 
Kurz & P. Lichter unpublished data). 

The nuclear distribution of snRNPs as visualized by 
indirect immunohistochemistry has led to the as
sumption of a reticular network of snRNP throughout 
the nuc1eus (Spector 1990). This view could be inte
grated into the above model in the following way: it is 
known that snRNPs are co-localized with the coiled 
bodies, interchromatin granules and perichromatin 
fibrils. According to our model, a11 these structures are 
located in the ICD compartment as indicated in 
Figure 7. Depending on their density the distribution 
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of snRNPs could appear in a network-like manner. It 
is possible that the snRNPs do not provide an inter
connected network per se, but are associated with 
other structural elements constituting such a network. 
At present it can only be speculated which networks 
exist or coexist in this space. However, since snRNPs 
and hnRNPs were shown to be associated with iso
lated nuclear matrix (for review see Berezney 1991) the 
possibility might be considered that at least part of the 
so-called non-chromatin matrix is present in this 
space. The model illustrated in Figure 7 can be tested 
rigorously, by analysing the spatial relation of chro
mosome domains and the growing number of tran
scription and splicing factors as exemplified in this 
study. 

The association of perichromatin fibrils with RNA 
transcripts and the location of the latter at the surface 
of chromosome domains is consistent with our model: 
accordingly, genes should be preferentially tran
scribed in the decondensed region at the chromosome 
surface, and thus the RNA transcripts would be di
rectly released in the ICD compartment. This is in 
accordance with the finding that RNA signals are spa
tially associated with the corresponding transcribed 
gene (Xing et al. 1993). The transport of the RNA to the 
pore complexes then would occur through the 

interchromosome domain space (possibly dependent 
on structures located in this space), explaining the 
sometimes track- or lane-like appearance of these 
RNA signals. The finding that accumulations of 
snRNPs coincide with poly(A) domains is compatible 
with our model, and it will be interesting to see how 
the regions detected by oligo(dT) probes and consid
ered as transcript domains relate spatially to chromo
some domains. The model presented here could, in 
principle, also be extended to other nuclear processes 
which could be spatially restricted to the 
interchromosome domain space. 
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Figure 7. Schematic illustration of a model for the spatial organization of gene transcription and mRNA processing with 
regard to chromosome domains. For details see text. For illustration purposes the interchromosome domain space is 
augmented. Chromosome domain boundaries are indicated by lines, although the model allows for decondensed chromatin 
extending into the interchromosome domain space. For illustration purposes the accumulations of snRNPs are presented by 
only one character, although there are clear differences in e.g. speckles and focL On the left half is a more comprehensive 
version of the model including all the chromosome domains of a particular optical section: on the right half is a scheme 
showing only selected parts of the model (e.g. three pairs of chromosome domains) in order to illustrate the spatial 
arrangements that could be expected after experiments .visualizing selected nuclear components in multiple colours (part of 
the 'network' is shown here in addition). 0, nucleolus; ~, chromosome domain; _, high concentration of snRNPs ('foci' in 
coiled bodies or 'speckles'); " highly localized nuclear RNA ('RNA-tracks', 'RNA-foci'); ''/ • reticular structures containing for 
example perichromatin fibrils. . -". 
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