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chapter 6 

Chromosomal organization in the 
interphase nucleus 

-general discussion-

Observed chromosomal structure 

During the last years, the concept of chromosome territories changed from a chro-
matin-filled cloud-like structure on the basis of FISH painting experiments (see e.g. 
chapter 2, Fig. 2b) to an open structure consisting of condensed chromatin and 
interchromatin space into which decondensed chromatin extents and nuclear processes 
take place (see e.g. chapter 5, Fig. 4). This change of view is at least partially based on 
replication labeling experiments and CLSM and EM analysis. 

We have demonstrated that DNA replication takes place throughout chromosome 
territories. Early and late replicating chromosomal subdomains are distributed randomly 
over territories, except in inactive X-chromosomes, where the early replicating domains 
are preferentially located close to the territory surface (chapter 2). We also demon
strated by CLSM analysis that chromosome territories are mutually exclusive units which 
do not intermingle. They are irregularly shaped with extending chromatin fibers that are 
sometimes embedded in those of other chromosomes. Chromosomal subdomains were 
also found to be distinct structures. They are rarely intermingled (chapter 3). 

EM studies have shown that chromosomes are condensed regions with decondensed 
chromatin fibers extending into the interchromatin space. In the interchromatin space 
that separates chromosome territories, dispersed chromatin of neighboring chromosomes 
can interact. Chromosomes are not always separated by non-chromatin space. Regu
larly, condensed regions of chromosome territories or chromosomal domains were so 
closely apposed that they appeared to form a single continuous structure (chapter 5). At 
first sight, these EM data seem to be in contrast with our CLSM observations, but in fact 
they reflect a difference in focus. CLSM analysis is an excellent tool to study 3D orga
nization of entire nuclei, whereas EM analysis is particularly useful to study structural 
details. EM studies showed that the interchromatin space forms a channeled network 
around and through chromosome territories. This space is a continuum both with nuclear 
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pores which are located between chromosome territories and with nuclear pores that are 
surrounded by a single territory. The presence of interchromatin space inside chromo
some territories is in complete agreement with our observations that DNA replication 
takes place throughout painted chromosome territories. 

Organization of chromatin inside territories 

These observations provided new insights in the structural organization of chromo
some territories. However, it remains unclear how chromatin is organized to form a 
territory. Various concepts have been developed; several are discussed here in the light 
of our observations. 

Functional model 

A functional model of higher order organization of chromatin in chromosome terri
tories is the interchromosomal domain (ICD) model (Cremer et al., 1993; Zirbel et al., 
1993). This model postulates space between chromosome territories in which transport 
takes place and enzyme complexes are formed, thus facilitating nuclear processes. Ac
tively processed chromatin is proposed to be preferentially located adjacent to this space, 
thus at the surface of chromosome territories, whereas inactive chromatin is located 
deeper inside the interior of a chromosome territory. A modification of this model pro
poses that the ICD space also lines chromosomal subdomains and penetrates into chro
mosome territories (Cremer et al., 1995). 

A series of studies is consistent with this model. Speckles that are rich in splicing 
factors, as well as mRNA transcribed from the DNA of an integrated virus (Zirbel et al., 
1993) and the few genes studied so far (Clemson et al., 1996; Kurz et al., 1996; Park and 
DeBoni, 1998) are preferentially located near the chromosome territory surface. Also, 
the inactive X-chromosome is significantly more round and has a smaller surface region 
than the active X-chromosome (Eils et al., 1996; chapter 2), thus having less surface 
region to accommodate nuclear processes. Exogenous vimentin filaments that were al
lowed to polymerize formed interconnecting channel-like systems that were located 
almost exclusively outside painted chromosome territories. This finding supported the 
concept of a space between territories (Bridger et al., 1998). This concept is also sup
ported by our observations that chromosome territories and chromosomal subdomains 
are non-intermingling units and that interchromatin space can be present between and 
within chromosome territories. The original ICD model is not supported by our obser
vations that replication is not limited to chromosome territory surfaces, but takes place 
throughout chromosome territories. Recently, transcription foci were also found through
out chromosome territories (Abranches et al., 1998; Verschure et al., 1999). These data 
are in agreement with the modified model where ICD spaces penetrate into chromo
some territories. 
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The question remains to be answered whether chromatin is stably organized with 
potentially active chromatin located at the surface and inactive chromatin in the interior 
of chromosomal subdomains. EM studies revealed that contact regions between con
densed chromatin and interchromatin space (the perichromatin region) are sites of tran
scription and replication (reviewed in Fakan, 1978). We showed that these regions are 
present in the interior of chromosome territories (chapter 5). We also observed that 
newly replicated chromatin can move from the perichromatin region into the interior of 
a condensed chromatin domain within 5 min (Jaunin et al., in preparation). These dy
namics suggest that chromatin organization in functional domains may not totally de
pend on surface structure alone. 

Polymer model 

Chromatin organization has been described in mathematical terms, based on the 
fact that chromatin is a polymer. Distance measurements in interphase nuclei between 
probes separated by a known genomic distance (Yokota et al., 1995) lead to the formu
lation of the Random Walk / Giant Loop model (Sachs et al., 1995). In the simplest 
model to fit these data, chromatin is organized in giant loops, which follow a random 
path. The bases of the loops are connected to a protein backbone that also follows a 
random path in the nucleus. Computer simulations have shown that chromatin orga
nized according to this model forms highly intermingled chromosome territories and 
subdomains (Münkel and Langowski, 1998). This model is in contrast with experimen
tal data (chapters 3 and 5; Ferreira et al., 1997; Dietzel et al., 1998b; Zink et al., 1999), 
but a slightly different polymer-based multiloop subcompartment model (Münkel and 
Langowski, 1998) shows non-overlapping chromatin domains and is in agreement with 
distances that were measured between probes. These models provide a general view of 
interphase chromosomes only, as regional differences in compaction, e.g. between R 
and G bands (Yokota et al., 1997), are not taken into account. Even so. it suggests that 
certain structural features of chromosome organization might be attributed to polymer 
characteristics of chromatin itself. 

Structural model 

Concepts of chromatin structure as observed in interphase nuclei, in partly 
decondensed metaphase chromosomes and in isolated chromatin fibers, have lead to a 
great variety of models of higher order organization of chromatin (reviewed in Belmont, 
1997). Recent findings indicate that at the lower levels of chromatin organization nu-
cleosome arrays are not helically organized in solenoids, as was previously generally 
assumed (Alberts et al., 1983), but are arranged in irregular zig-zags creating fibers of 
approximately 30 nm diameter (reviewed in Woodcock and Horowitz, 1995). A model 
of higher order chromatin organization, that is not based on helical symmetry of chro
matin folding, has been proposed by Belmont and colleagues (Belmont and Bruce, 1994; 
Belmont, 1997). The well-known 30 nm chromatin fibers are rarely observed, as the 
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majority of chromosomes are in a condensed state in the interphase nucleus. The group 
of Belmont observed chromatin fibers with diameters of on average 100 nm, so-called 
chromonema. In Gl nuclei, chromonema have predominantly a diameter of 100-130 
nm, which decreases during progression in the cell cycle to predominantly 60-80 nm in 
early S-phase (Belmont and Bruce, 1994). The authors proposed that these chromonema 
are formed by an irregular folding of 30 nm fibers. Since they observed chromonema 
substructures in compacted heterochromatin regions near the nuclear periphery, they 
proposed that condensed chromatin domains are formed by coiling and kinking of 
chromonema fibers (Belmont, 1997). Recent studies suggested a further level of higher 
order organization of fibers with diameters units of 200 nm and 400 nm as basis of 
metaphase chromosomes (Li et al., 1998). 

In our LM studies, fiber-like structures with diameters varying between light 
microscopic resolution (0.2 nm) and 0.6 jam were observed, which could well correspond 
to chromonema fibers or their higher levels of organization (chapter 3). Substructures 
of chromonema could not be discerned in regions of condensed chromatin in our EM 
analysis, maybe because chromatin fibers are tightly packed, making it impossible to 
discriminate individual fibers. This is not unlikely, since even two chromosome territories 
were not always physically separated and fiber-like structures with various diameters 
extended often into the interchromatin space from condensed chromatin regions 
(chapter 5). Decondensed fibers either packed in other condensed structures forming 
thicker fibers or compacted chromatin regions, or were dispersed as chromatin fibers of 
30 nm or less. It is yet unknown whether dispersed chromatin forms loops returning to 
the same compacted regions, or is condensed into an adjacent subchromosomal domain. 

Metaphase composition reflected in interphase 

Chromosomes remain largely in a condensed state. Folding of chromatin in higher 
order fibers suggests that the general arrangement of chromatin, as observed in metaphase, 
remains relatively unchanged during interphase. This notion is supported by several 
observations. Bands of early and late replicating chromatin on metaphase chromosomes 
have been found to form distinct structural units in interphase (Sparvoli et al., 1994; 
Ferreira et al., 1997; Zink et al., 1999, chapter 2). Late replicating chromatin domains in 
living cells have the same arrangement in mid G2 and in prophase (Manders et al., 
1999). Furthermore, a homologous staining region (HSR) of the size of a chromosome 
arm that was created by amplification of a reporter construct has been followed through 
cell cycle progression (Robinett et al., 1996). The HSR was observed to alternate re-
versibly between an extended fiber-like structure and a compacted domain-like con
figuration depending on the phase in the cell cycle and the activity of the amplified 
genes (Li et al., 1998; Tumbar et al, 1999). Moreover, segments of chromosomes that 
contain both heterochromatic and euchromatic regions form discrete domains and fi
ber-like structures (chapters 3 and 5). These data indicate that chromosomes may lo-
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cally décondense and meander through their territories, but that chromatin regions re
main arranged in the same order as observed in metaphase chromosomes. 

Potential influence of subdomains on chromosomal shape and position 

In contrast to metaphase chromosomes, interphase chromosomes have a highly 
variable shape and organization (Yokota et al., 1995; Dietzel et al., 1998b). Even so, 
chromosomes appear to be arranged within their territories according to certain pat
terns. Telomeres and centromeres are preferentially located near the territory surface 
(Dietzel et al., 1998a,b), and the few genes studied so far were not only found near the 
periphery of a territory, but were also positioned at a certain side of the territory in 
relation to the remainder of the nucleus (Kurz et al., 1996; Park and DeBoni, 1998). 
Furthermore, inactive X-chromosomes (Xi) have a rounder shape than active X-chro-
mosomes (Xa) (Eils et al., 1996; chapter 2) and early replicating chromatin domains are 
preferentially located near the chromosome territory surface in Xi (but not in other 
chromosomes) (chapter 2). What can be the cause of these reproducible features in the 
otherwise flexible organization? 

Functional subdomains 

Chromatin with certain compositional and functional characteristics is clustered in 
bands on metaphase chromosomes (reviewed in: Holmquist, 1992; Craig and Bickmore, 
1993). Constitutive heterochromatin is clustered in C-bands located near centromeres. 
Most tissue-specific genes are mapped in G-bands and replicate late in S-phase, whereas 
housekeeping genes are clustered in R-bands and replicate early in S-phase. R-bands 
can be further subdivided cytologically in four catagories (Holmquist, 1992). Two of 
these categories are also known as T-bands and contain the highest gene density. Fi
nally, chromatin that is clustered in metaphase bands remains clustered during inter
phase. Therefore, a variety of chromatin domains with different functional properties is 
present in interphase nuclei. 

These domains can influence functional characteristics of chromatin that is located 
nearby. A classical example is the so-called position effect variegation where a gene, 
e.g. one effecting the eye color of Drosophila, is translocated from its euchromatic loca
tion to a site close to a centromere. The centromeric chromatin becomes 
heterochromatinized during embryonic development in Drosophila. This inactivates the 
translocated gene, resulting in red eyes. However, not in all cells heterochromatinization 
reaches the translocated reporter gene. In some cells, the gene is still active which re
sults in red spots or sectors in Drosophila eyes (reviewed in Weiler and Wakimoto, 
1995; Wallrath, 1998; Wu and Moms, 1999). Position effect variegation thus illustrates 
that positioning of a gene in or near the DNA of a heterochromatin domain may silence 
the otherwise active gene. Spatial positioning of a gene in a heterochromatic domain 
without translocation can also influence its activity. For example, telomeres in yeast are 
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clustered near the nuclear envelope. Here, they form a heterochromatic compartment in 
which SIR proteins are concentrated, which have a silencing capacity (Gotta et al., 
1996). When a gene-construct that has a weak response to SIR proteins is introduced in 
these cells, it is actively transcribed in the nuclear interior. However, if this gene-con
struct is targeted to a telomeric cluster by binding to the nuclear envelope, it is inacti
vated (Andrulis et al., 1998; reviewed in Cockell and Gasser, 1999). This illustrates that 
nuclear compartments may effect the activity of genes located nearby, either when a 
sequence is inserted into the DNA that forms the nuclear compartment or when a gene 
is located only spatially in a specific domain. 

Nuclear positioning of subdomains 

Chromatin domains show characteristic distribution patterns over the nucleus. Most 
early replicating chromatin is located in the nuclear interior and late replicating chro
matin is located for the larger part near the nuclear periphery and around nucleoli 
(Nakayasu and Berezney, 1989; VanDierendoncketal, 1989; Fox et al., 1991 ; Manders 
et al., 1992; Ferreira et al., 1997). Specific associations between certain genes and nuclear 
domains such as nucleoli, coiled bodies and PML bodies have also been recognized 
(reviewed in Lamond and Earnshaw, 1998; Schul et al., 1998). This indicates that chro
mosomal domains with certain functional properties are located in specific regions of 
the interphase nucleus. This is referred to below as located at a 'preferred site' in the 
nucleus. 

The concept that nuclear positioning of chromatin domains is dependent on their 
functional state is illustrated by studies of the group of Belmont. As mentioned before, 
they created a cell line with a HSR of 90 Mbp (comparable to the size of a large chromo
some arm) which can be visualized easily by antibodies or by green fluorescent protein 
in living cells (Robinett et al., 1996; Li et al., 1998). This HSR is transcriptionally 
inactive, highly compacted and located at the nuclear periphery in a heterochromatic 
compartment. Just before it is replicated, this region expands and moves towards the 
nuclear- interior (Li et al, 1998). It is not yet clear why the onset of replication results in 
repositioning, because late in S-phase, when the HSR replicates, DNA replication takes 
also place at the nuclear periphery. One explanation might be that the 90 Mbp HSR is 
too large to be replicated at the nuclear periphery. When strong transactivators are tar
geted to the HSR, the amplified genes are transcribed. The compacted region becomes 
decondensed and extends into the nuclear interior (Tumbar et al., 1999). The authors 
showed that it is not the process of transcription that causes chromatin extension, as it 
also occurs when transcription is blocked. It might be that preparations for transcrip
tion, such as histon acetylation, adapt chromatin conformation and form a transcription-
supporting environment around the chromatin. Since the entire HSR décondenses and 
not only the interspersed sites to which transactivators were targeted, the authors con
clude that these effects influence chromatin over a long range. This may explain why, 
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e.g. housekeeping genes are clustered and it supports the idea that nuclear compart
ments play a role in gene regulation. 

Organization of Xi 

The amplified HSR is an extreme form of a chromosomal subdomain. Can a more 
subtle compartmentalization also influence chromosomal organization? In female cells, 
Xi is more rounded up than Xa (Eils et al., 1996; chapter 2), and in Xi (but not in other 
chromosomes) early replicating chromatin domains are preferentially located near the 
chromosome territory surface (chapter 2). Walker (1991) suggested that the rounder 
shape of Xi might be caused by a clustering of its telomeres, but Dietzel et al. ( 1998a) 
demonstrated that such a clustering is not present in Xi in human amniocytes. 

I like to suggest another explanation that also takes into account the differences in 
distribution patterns of early replicating chromatin that we observed. Clemson et al. 
(1996) showed that Xi is covered by RNA of the Xist gene, which does not code for 
protein but is known to be involved in X-inactivation. The spatial distribution of Xist 
RNA shows a punctuate pattern over Xi chromosome territory and it was suggested that 
this RNA has a structural role in chromosome organization (Clemson et al., 1996). In 
human cells, Xist RNA dissociates during mitosis from condensed chromosomes. In 
contrast, Xist RNA in rodent cells dissociates after metaphase and exhibits a banding 
pattern associated with transcriptionally inactive, gene-rich R-bands (Duthie et al., 1999). 
If indeed Xist RNA has a structural role, inactivated regions may be bridged, thus creat
ing a silencing environment. Such clustering of inactivated regions can be achieved in 
numerous ways, which is in agreement with the large variety of telomere-centromere-
telomere distances and angles that have been reported (Dietzel et al., 1998a). Clustering 
leads automatically to a rounder overall shape of the territory and a peripheral localiza
tion of early replicating domains that escape from inactivation, as we have observed 
(chapter 2). In this case, the formation of a functional silencing compartment with in
creased concentrations of certain factors, e.g. Xist RNA and probably other factors 
involved in X-inactivation, might thus lead to reproducible features in chromosome 
folding. 

Extended chromatin fibers 

A reproducible organization has been observed as well in autosomes. The few 
genes that have been studied so far were preferentially found near the periphery of 
chromosome territories either facing the nuclear envelope or the nuclear interior, de
pending on the gene (Kurz et al., 1996). Also Park and De Boni (1998) noticed that 
ERBB-2 sequences expressed in breast cancer cells were located within 1 (im of the 
nuclear envelope. ERBB-2 sequences were detected at the surface of their chromosome 
territories and faced the nuclear envelope in almost 90% of the cases. Since chromo
some 17 territories in toto showed a random positioning in the nucleus, it was assumed 
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that a specific configuration positioned ERBB-2-containing regions in the outer shell of 
the nucleus. 

In one of the cell lines, ERBB-2-containing regions were extended from the main 
body of their territory into the nuclear periphery. We observed chromosomes with fiber
like structures that were embedded in other chromosomes or that embraced one another 
(chapter 3). Chromosomes may be arranged coincidentally in this way, but, on the other 
hand, these extensions may also reflect a preferred position of chromosomal subdomains 
in specific nuclear regions. This notion is supported by observations of D. Sheer (per
sonal communication) that the region on chromosome 6 that contains the MHC com
plex is located nearby the periphery of the chromosome territory in the majority of cells. 
Interestingly, in cell lines in which MHC genes are transcribed, this chromosomal re
gion appeared to extend out of the main body of the territory. This suggests that this 
region moves to a different nuclear compartment when it is transcribed. 

Furthermore, temporal inactivation of certain genes has been shown to involve 
association with centromeric heterochromatin domains in differentiating human lym
phocytes. In immature B-cells, a subset of silenced genes is associated with the protein 
Ikaros and is localized near centromeric heterochromatin. When these cells differenti
ate further, the genes are released and other Ikaros-regulated genes are moved into the 
domain (Brown et al., 1997; reviewed in Cockell and Casser, 1999). It would be inter
esting to study whether this association is formed by extension of chromatin fibers or by 
compaction of part of the territories near centromeres. These observations support the 
concept that chromosomes are shaped by the positioning of chromosomal subdomains 
in functional compartments in the interphase nucleus. 

Positioning of chromosomes by subdomains 

The localization of a chromosomal subdomain in a specific region in the cell nucleus 
may influence the position of the entire chromosome territory. It is, however, still un
clear whether chromosomes occupy specific locations in the nucleus or are specifically 
associated with one another. In few cell types and during certain cell cycle phases, a 
non-random distribution has been observed for several chromosomes (for reviews, see 
Heslop-Harrison and Bennett, 1984; Manuelidis, 1990; Spector, 1993; Nagele et al., 
1999). In our studies, we did not focus on this aspect of chromosomal organization. 
However, studies by others bring forward data that relate to the issue of a functional 
organization of chromosome territories. A clear demonstration has been given by Croft 
et al. (1999) who compared chromosome 18, which is gene poor, with the similarly 
sized chromosome 19, which is extremely gene rich. They showed that chromosome 18 
was always located in the outer half of the nucleus, whereas chromosome 19 was found 
in the nuclear interior. In cells of a patient with a reciprocal translocation between chro
mosome 18 and 19, the translocated 20 Mb region of chromosome 18 was located at the 
nuclear periphery facing site of the territory that was formed by the majority of chromo
some 19. Moreover, the translocated 15 Mb region of chromosome 19 was located at 
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the nuclear interior facing site of the territory that was formed by the majority of chro
mosome 18. This indicates that these small translocated regions tend to occupy their 
original location in the nucleus, indicating that chromosomal subdomains occupy pre
ferred regions in the nucleus. The patient with the chromosome 18-19 translocation had 
a normal phenotype. This suggests that, when no crucial sequences are damaged or lost, 
a chromosome translocation does not have to have an effect on cell function. This may 
be related to the proper positioning of chromosomal subdomains in their normal func
tional environment. In conclusion, a preferential location of chromosomal subdomains 
in the nucleus may thus lead to a preferential location of chromosomes in the nucleus. 
However, as illustrated above by the random positioning of chromosome 17 in toto 
(Park and DeBoni, 1998), this is not always the case. 

Implications of territorial organization 

It is surprising to see how little intermingling occurs between chromosomes or 
subdomains within a chromosome (chapters 3 and 5). This organization brings forward 
several implications for nuclear functioning. On the one hand, the discreteness facili
tates chromosomal condensation before cell division. On the other hand, there are sev
eral processes for which an interaction between chromatin of different chromosomes is 
expected or proposed. Studies on the mechanisms by which these processes occur, should 
take these spatial constraints into account. 

Transvection is a process in which the activity of a gene is altered by its homo
logue. This phenomenon has been studied mainly in Drosophila, and was shown to lead 
to either gene silencing or gene activation. For instance, it was shown that two homolo
gous genes, one defect in its promoter region and the other defect in its coding region, 
form normal gene products together. Although there is no direct evidence, the emerging 
picture from various cases of transvection is highly consistent with a homologous pair
ing of the genes involved. Some models propose a direct chromatin-chromatin interac
tion, while other models propose intermediary diffusing factors to be involved. For 
instance, specific RNA's which trigger silencing when their concentration reaches a 
critical threshold can accumulate when homologue sequences are closely apposed (re
viewed in Wu and Morris, 1999). For the latter mechanism, both genes are to be located 
in the same nuclear compartment, but chromatin intermingling is not necessary. 

In human cells, homologous pairing of chromosomes is not frequently observed 
(Haaf and Schmid, 1991; Ferguson and Ward, 1992; Nagele et al., 1999). However, 
regions can sometimes be associated with their homologue (Lewis et al, 1993; LaSalle 
and Lalande, 1996). Lasalle and Lalande (1996) studied a region on chromosome 15 
where several imprinted genes are located that are either actively transcribed on the 
paternally-derived chromosome only or on the maternally-derived chromosome only. 
These regions were observed to be positioned closely together in a fraction of cells that 
were isolated in late S-phase. The phenomenon was not observed in cells isolated in 
other phases of the cell cycle, indicating that interaction is only of limited duration. 
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Homologous regions containing other imprinted genes were observed to be associated 
as well in late S-phase. Therefore, the authors suggest that such association may be 
crucial for maintaining the imprinted state during somatic cell divisions (LaSalle and 
Lalande, 1996). However, it remains an open question whether this association involves 
physical chromatin-chromatin interaction or whether positioning in a particular nuclear 
micro-environment during a short period of time is sufficient. 

Chromatin has to interact physically in (mis)repair of DNA double strand breaks 
that result in chromosome translocations. In the classical model of repair mechanisms, 
broken ends of chromosomes either restitute to their original site, combine with other 
broken ends resulting in chromosome aberrations such as chromosome translocations, 
or remain unrepaired and result in chromosome deletions and fragments (Sax, 1938; 
Lea, 1946; reviewed in Savage, 1996). In the case of chromosome translocation, DNA 
double strand breaks induced in different chromosomes should be positioned sufficiently 
close together to interact or have to be transported to the same site. Even when one 
considers that it may not be necessary to combine two breaks, but that one break might 
interact with other chromatin via homologous repair mechanisms (Chadwick and 
Leenhouts, 1978; Ludwików et al., in preparation), the organization of chromosomes in 
distinct territories poses constraints to the amount of chromatin that is readily available 
for interaction (Savage and Papworth, 1973; Cremer et al., 1996; Sachs et al., 1996; 
1997). Damaging agents can induce reorganization of chromatin. One study indicated 
that two homologous chromosomes were positioned less far apart after irradiation (Doll
ing et al., 1997). On the other hand, we did not find evidence for chromosomes to be 
more intermingled after gamma-irradiation with doses that induce chromosome translo
cations (unpublished observations). Chromosome ends may also interact more frequently, 
when damaged DNA is transported to special repair sites that are located between chro
mosome territories (Cremer et al., 1996). At the ultrastructural level, we showed that 
dispersed chromatin of different chromosomes may interact in the interchromatin space 
located between chromosomes (chapter 5). However, when we assume that DNA repair 
takes place at similar sites as transcription and replication because these processes use 
similar enzymes (Friedberg, 1996), it is not likely that damaged DNA is preferentially 
repaired at the surface of chromosome territories, because transcription and replication 
occur throughout chromosome territories (chapter 2; Abranches et al., 1998; Verschure 
et al., 1999). Furthermore, double strand breaks induced in human fibroblasts were 
observed to remain in a fixed position during initial stages of DNA repair (Nelms et al., 
1998). Our CLSM studies indicated that chromosomes may penetrate into one another 
and that fiber-like structures may embrace each other (chapter 3), thus enlarging the 
region in which chromosomes are closely apposed. If, indeed, damaged DNA is trans
ported to perichromatin regions to be repaired, the probability that another chromosome 
is coincidentally located nearby may be high enough to produce the number of chromo
some translocations that is observed after damage. Further studies may elucidate whether 
these assumptions are realistic or that other mechanisms are involved. 
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In summary, in this thesis evidence is provided that chromosomes are distinct units 
in the interphase nucleus, but that interphase chromosomes are not functional units as 
they are in metaphase. Smaller subdomains corresponding to bands on metaphase chro
mosomes are more likely to serve as functional entities in interphase. The organization 
of chromatin in discrete domains and territories affects the functional organization of 
nuclear processes. These spatial constraints have to be taken into account when investi
gating chromatin-dependent processes. 
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