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Introduction
DNA replication timing during S phase is correlated with distinct
genomic features such as GC content, gene and SINE (short
interspersed repeat element) density and high transcriptional activity
(Craig and Bickmore, 1993; Dutrillaux et al., 1976; Holmquist et al.,
1982; Schwaiger and Schubeler, 2006; Zink, 2006). Recent high-
resolution analyses provided a detailed insight into these relationships
in yeast, Drosophila and man (Cohen et al., 2006; Gregory et al.,
2006; Raghuraman et al., 2001; Schubeler et al., 2002; Woodfine et
al., 2004; Woodfine et al., 2005). Results in Drosophila pointed to a
strong correlation between DNA replication in early S phase and
transcriptional activity (Schubeler et al., 2002). For human S-phase
nuclei from lymphoblastoid cells, the GC level was most significantly
correlated with replication timing. In addition, a connection between
replication timing and the local gene density, but not with absolute
gene expression levels, was observed (Gregory et al., 2006; Woodfine
et al., 2004; Woodfine et al., 2005). In another study, Gilbert et al.
found a positive correlation between open chromatin conformation
and early replication (Gilbert et al., 2004). Taken together, emerging
evidence indicates that decondensed chromatin is a distinctive feature
of gene-dense genomic regions and might create an environment that
facilitates transcription and early replication during S phase.

DNA is replicated in so-called replication foci, which can be
visualized by pulse labeling of DNA with thymidine analogs

(Taylor et al., 1957). These foci also show a distinct spatiotemporal
distribution pattern in the S-phase nucleus (Nakamura et al., 1986).
In a wide range of human cell types, DNA that replicates early was
preferentially found in the nuclear interior, whereas mid-to-late-
replicating DNA was found in the nuclear periphery and around
nucleoli, and late-replicating DNA in larger clusters throughout the
nucleus (O’Keefe et al., 1992). This three-dimensional pattern of
replication foci is evolutionarily highly conserved, having been
observed in cells from a wide range of plants and animals
(Alexandrova et al., 2003; Dimitrova and Berezney, 2002;
Habermann et al., 2001; Mayr et al., 2003; Postberg et al., 2005).

Chromosomes in interphase occupy so-called chromosome
territories (CTs), which are spatially arranged according to their
gene density or size (for reviews, see Misteli, 2005; Foster and
Bridger, 2005; Cremer et al., 2006). An emerging body of evidence
indicates that the segmental organization of vertebrate metaphase
chromosomes is correlated with a non-random spatial organization
of chromatin, resulting in a polarized organization of CTs. For some
genes, transcriptional activity could be correlated with a preferential
positioning of the locus towards the nuclear interior and/or to the
CT surface (for reviews, see Bartova and Kozubek, 2006; Lanctot
et al., 2007). Other recent work demonstrated that regional gene
density is the decisive parameter determining radial chromatin
positioning (Amrichova et al., 2003; Küpper et al., 2007; Neusser
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1877Replication-timing-correlated chromatin arrangements

et al., 2007; Sadoni et al., 1999; Goetze et al., 2007; Murmann et
al., 2005). In addition, non-random spatial genome arrangements
with respect to the local GC content have been discovered for several
vertebrate lineages (Saccone et al., 2002; Federico et al., 2004;
Federico et al., 2005).

Despite the fact that replication-timing-correlated spatial
chromatin arrangements represent an important principle of higher
order nuclear architecture, surprisingly little is known about the
impact of replication timing on the positioning of defined genomic
loci with respect to the nucleus and to the CT surface. By scoring
the ratio of singlets/doublets in S-phase nuclei, the replication-
timing-dependent spatial arrangement of several human
chromosome-12-specific cosmid clones was determined (Nogami
et al., 2000), indicating that early-replicating loci were located more
internally within the nucleus than were late-replicating loci. Visser
et al. observed no differences in the location of early-replication
versus mid-to-late-replication foci with respect to the territories of
chromosome 8 and the active X chromosome, whereas in the
inactive X-chromosome early-replicating chromatin was observed
preferentially near the territory surface (Visser et al., 1998).

In the present study, we utilized the high-resolution replication
timing data from previous array comparative genomic hybridization
(aCGH) (Woodfine et al., 2004) to obtain a set of large-insert clones
for very-early-replicating and very-late-replicating loci. We used
these clones in 3D-FISH experiments to determine the replication-
timing-correlated nuclear topology of over 60 genomic loci in
human lymphoblastoid and fibroblast cells. We further analyzed
cell lines from several non-human primates and tumor cell lines of
human origin, which allowed us to investigate the impact of
inversions, translocations and iso-chromosomes on the nuclear
positioning of these loci.

Results
In this study we determined the replication-timing-correlated nuclear
topology of over 60 loci in established cell lines derived from different
human cell types, from human tumors and from non-human primate
species. We selected large-insert clones for 3D-FISH experiments
that had been previously identified by aCGH to represent very-early-
replicating (S:G1 fluorescence intensity ratio >1.9) or very-late-
replicating (S:G1 fluorescence intensity ratio <1.15) loci in the human
lymphoblastoid cell line CO202 (Woodfine et al., 2004). A summary
of all clones used, together with their precise replication timing, local
GC content and gene density is given in supplementary material Table
S1. Importantly, these clones originated from euchromatic regions
of the human genome, excluding pericentromeric, interstitial or
subtelomeric regions enriched in segmental duplications or other
highly repetitive sequence motifs. We designed several probe pools
comprising clones for early-replicating and for late-replicating loci
representing (1) all human chromosomes with at least one clone per
chromosome and (2) chromosome-specific pools for chromosomes
2, 5, 7 and 17. We selected these four chromosomes because they
differ considerably in their replication timing profile, but also in their
genomic landscape. Human tumor and non-human primate samples
were chosen for comparison with human diploid cells because these
four chromosomes were previously found to be involved in various
types of structural rearrangements in the respective cell lines. For
each FISH experiment, one pool for early-replicating and one pool
for late-replicating loci were differentially labeled, combined with
the respective chromosome-specific paint probe labeled in a third
color, and hybridized to 3D-preserved nuclei from the above-
mentioned cell lines.

All 3D-FISH experiments were performed on S-phase cells
identified by BrdU pulse labeling, in order to exclude the possible
influence of the cell cycle stage on the nuclear positioning of the
investigated loci. The observed 3D-FISH patterns were
quantitatively evaluated and provided information on the spatial
arrangement of these loci with respect to the CT and the nucleus.
To obtain further insight into the topology of particular loci,
additional 3D-FISH experiments were performed with subsets of
clones or with single clones.

Nuclear topology of early-replicating and late-replicating loci
with respect to replication foci
We first obtained an overview of the nuclear topology of early-
replicating and late-replicating genomic loci with respect to early-
replication and late-replication foci. For this purpose, we performed
3D-FISH with two clone pools comprising 21 early-replicating or
19 late-replicating loci (Fig. 1A; supplementary material Table S1A
for probe composition). If available, one clone per pool would be
representative for each human chromosome. The two clone pools
were differentially labeled, combined, and hybridized to diploid
human fibroblasts, which were double pulse labeled with BrdU
(early S-phase pulse) and with Tamra-dUTP (late S-phase pulse)
(Fig. 1B-G). Quantitative 3D evaluation revealed that early-
replicating genomic loci were located throughout the nuclear
interior to the exclusion of the nuclear border, whereas late-
replicating loci showed a broader distribution with preference for
the nuclear periphery (Fig. 1K). In addition, late-replicating clones
were located significantly more peripherally than were late-
replication foci.

In a second set of 3D-FISH experiments using these probe pools,
we compared the spatial arrangement of genomic loci in human
fibroblast cell nuclei and in the highly rearranged, adherently
growing cancer cell lines Mel Juso and SW620, which have rather
spherically shaped nuclei (Fig. 1H-J). Again, measurements of
absolute distances to the nuclear surface (ADS) of the large-insert
clone signals revealed a significant difference between early-
replicating and late-replicating loci for nuclei of human fibroblasts,
Mel Juso and SW620, regardless of the gross chromosomal
rearrangements that occurred in both cancer cell lines (Fig. 1L,M;
supplementary material Fig. S1 and Table S2A).

Nuclear topology of chromosome 2 loci
The human chromosome-2-specific clone pools comprised four
clones for early-replicating and three clones for late-replicating loci
(Fig. 2A; supplementary material Table S1B). Using this probe set
in combination with a chromosome-2-specific paint probe, we
analyzed human and gorilla lymphoblastoid cell nuclei and human
fibroblasts (Fig. 2A-D). Human chromosome 2 is the product of
an evolutionary fusion of two ancestral chromosomes still present
in the gorilla (supplementary material Fig. S2A). The evaluation
of the mean radial distribution yielded no significant differences
between early-replicating and late-replicating loci in each
experiment, although the shape of the distribution curves for late
loci differed between human and gorilla lymphoblastoid cell nuclei
(Fig. 2E-G; supplementary material Table S2C). When comparing
the radial arrangement between the two human cell types or
between human and gorilla lymphoblastoids, again no statistically
significant differences were observed for early or for late loci
(supplementary material Table S2C).

The absolute distance of early-replicating and late-replicating loci
to the chromosome 2 territory surface was also found not to be
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significantly different in human lymphoblastoid cell and fibroblast
nuclei (supplementary material Table S2C). Both early-replicating
and late-replicating chromatin was located throughout the CT (Fig.
2H,I).

We further compared the localization of the two late-replicating
clones 2-3l and 2-6l, which have similar gene density and GC
content, in human fibroblast nuclei. Notably, clone 2-3l was
significantly more centrally located than clone 2-6l, exemplifying
the fact that each late-replicating locus has a distinct radial positional
probability, which may, however, differ considerably between loci
(Fig. 2J; supplementary material Table S2C).

Journal of Cell Science 121 (11)

Nuclear topology of chromosome 5 and 17 loci
We combined the analysis of human chromosomes 5 and 17 as
they represent examples of chromosomes with only very-late-
replicating and very-early-replicating loci, respectively (Woodfine
et al., 2004). Using differentially labeled pools of late chromosome
5 and early chromosome 17 clones (Fig. 3A; supplementary
material Table S1C,E) in combination with the respective painting
probes, we investigated human and gorilla fibroblast and
lymphoblastoid cell nuclei, gibbon lymphoblastoid cells and cancer
cell lines Mel Juso and SW620 (Fig. 3A-F). In the gorilla, these
two chromosomes underwent a reciprocal translocation t(5;17),

Fig. 1. (A-D) Representative FISH experiments with a two-color clone pool for one early-replicating (green) and/or late-replicating (red) locus per chromosome 1-
22 and X. (A) Human metaphase chromosomes. (B-G) Dual-color displays of a representative human fibroblast nucleus (maximum intensity projection) after 3D-
FISH of the chromosomes 1-22;X clone pools and double-pulse-labeled replication foci. Scale bar: 5 μm. (B) Early-replication foci in green, late-replication foci in
red. (C) Early-replicating clone FISH signals in green, late-replicating clone FISH signals in red. (D) Early-replicating clone FISH signals in green, early-
replication foci in red. (E) Late-replicating clone FISH signals in green, early-replication foci in red. (F) Early-replicating clone FISH signals in green, late-
replication foci in red. (G) Late-replicating clone FISH signals in green, late-replication foci in red. (H) 3D reconstructed human fibroblast nucleus. (I,J) 3D
maximum intensity projections of nuclei from hybridized tumor cell lines Mel Juso and SW620. DAPI counterstain in blue. Scale bar: 5 μm. (K-M) Quantitative
evaluation of the radial probe distribution in the nucleus (n=number of nuclei) using eADS software for (K) human fibroblasts, together with early-replication and
late-replication foci, (L) Mel Juso and (M) SW620.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



1879Replication-timing-correlated chromatin arrangements

whereas in the Concolor gibbon the chromosome 5 and 17 loci
were translocated to three and two gibbon chromosomes,
respectively (supplementary material Fig. S2B and Fig. S3A). The
cell line Mel Juso showed a derivative chromosome,
der(17)t(17;17;17), in addition to a wild-type chromosome 17,
whereas in cell line SW620 we focused our analysis on derivative
chromosomes der(5;7)(p11;p11) and der(5)t(5;20)(q15;p12)
(supplementary material Fig. S3B-D).

In lymphoblastoid cell nuclei of human, gorilla and gibbon, the
large-insert clones specific for chromosome 17 early-replicating loci
were always located significantly more internally than the clones
specific for late-replicating chromosome 5 loci. These differences
were most pronounced in human, being somewhat smaller in the
gorilla and gibbon. The same was true for human fibroblasts and,
to a lesser but still statistically significant extent, for gorilla
fibroblasts (Fig. 3G,H; supplementary material Fig. S3E-G and
Table S2D).

In the tumor cell lines Mel Juso and SW620, the entire
chromosome 5 clone pool, but also the individually hybridized clone

5-1l, showed a peripheral localization in wild-type and in
chromosome 5 derivatives (Fig. 3J,K; supplementary material Fig.
S3H,I and Table S2D). Remarkably, in Mel Juso cells the der(17)
early-replicating loci were significantly more centrally localized than
they were in the wild-type chromosome 17, whereas the larger
der(17) CT as a whole was significantly more peripherally localized
than its wild-type counterpart (Fig. 3I). This observation can be
explained by a higher density of early-replicating loci on the der(17)
compared with the wild-type chromosome 17, opposing the well-
known size-correlated radial arrangement of CTs typical of
adherently growing cells (Bolzer et al., 2005; Neusser et al., 2007).

The absolute distance of clones for late-replicating loci to the
chromosome 5 territory surface was greater than the distance of the
early-replicating clones to the chromosome 17 territories. Absolute
distance measurements in the two reciprocal translocation products,
t(5;17), in gorilla extended these findings. Both in the small and
the large translocation product, the early-replicating loci were
located significantly closer to the territory surface, with a
considerable amount of early-replicating chromatin located outside

Fig. 2. (A-D) FISH with human chromosome-2-specific pools of large-insert clones representing early-replicating (green) and late-replicating (red) loci to (A)
human (schematic of human chromosome 2, together with the mapping position of large-insert clones is shown alongside) and (B) gorilla metaphase chromosomes.
(C,D) 3D maximum intensity projections of hybridized human fibroblast and gorilla lymphoblastoid cell nuclei, with early clones labeled green, late clones red,
chromosome 2 territories blue and DAPI counterstain gray. Scale bar: 5 μm. (E-J) Quantitative evaluation of radial probe distributions using 3D-RRD or eADS
software (n=number of nuclei). The distribution of chromosome 2 clone pools (E) in human fibroblasts, (F) in human lymphoblastoid cell nuclei and (G) in gorilla
lymphoblastoid cell nuclei. (H,I) The radial probe distribution with respect to the human chromosome 2 territory and (J) the localization of individual clones 2-3l
and 2-6l and the chromosome 2 territory in human fibroblast nuclei.
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the core territory (Fig. 3L; supplementary material Fig. S3J,K and
Table S2D).

Nuclear topology of chromosome 7 loci
Differentially labeled large-insert clone pools for two early-
replicating and four late-replicating loci (supplementary material
Table S1D) were hybridized together with a chromosome 7 paint
to lymphoblastoid cell nuclei of human, gorilla and Concolor
gibbon, to human fibroblasts and to cancer cell lines Karpas 384
and Mel Juso (Fig. 4A-D,F,G; supplementary material Fig. S4A,B).
We further compared the nuclear positioning of five individual
clones in human and orangutan fibroblasts (Fig. 4E,H). Among the
great apes, chromosome 7 has evolved by a pericentric and a
paracentric inversion. The orangutan is characterized by the
ancestral chromosome 7 homolog with both inversions, whereas
humans display the evolutionarily derived chromosome 7, and in
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the Concolor gibbon the ancestral chromosome 7 form has been
translocated (supplementary material Fig. S2C). The cancer cell line
Mel Juso displays a iso(7p) and cell line Karpas 384 a
der(7)del(7)(p13)inv(7)(p13;q22.1) (supplementary material Fig.
S4C,D).

For all FISH experiments with chromosome clone pools,
quantitative evaluation of the 3D relative radial distribution revealed
a significantly more internal nuclear localization of early-replicating
loci than of late-replicating loci, irrespective of cell type, species
or tumor type (Fig. 4I,J; supplementary material Fig. S4E,F and
Table S2E). However, at closer inspection, differences were found
when comparing the homologs of the different primates. Orangutan
and gibbon showed very similar distribution curves with a single
maximum, indicating that translocations to three different
chromosomes in the gibbon did not result in changes to the nuclear
topology. By contrast, two distribution maxima were observed in

Fig. 3. FISH with pooled large-insert clones representing chromosome 17 early-replicating (green) and chromosome 5 late-replicating (red) loci to (A) human
(schematics of human chromosomes 5 and 17, together with the mapping position of large-insert clones, are shown alongside) and (B) Concolor gibbon metaphase
chromosomes. 3D maximum intensity projections of nuclei from (C) human, (D) gorilla, (E) Concolor gibbon lymphoblastoids and (F) Mel Juso tumor cells
hybridized with these probe pools. In C-F, chromosome 17 early-replicating clones are labeled green, chromosome 5 late-replicating clones red, chromosome 5 and
17 territories blue and DAPI counterstain gray, except for F, in which the wild-type CT17 is shown in blue and the CT der(17) in red. Scale bar: 5 μm.
(G-L) Quantitative evaluation of radial probe distributions in the interphase nucleus or the respective chromosome territory, using 3D-RRD or eADS software
(n=number of nuclei).
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1881Replication-timing-correlated chromatin arrangements

human nuclei. The human and orangutan graphs apparently reflect
the mapping position of early-replicating and late-replicating regions
along chromosome 7 homologs: human chromosome 7 displays
alternating positions of early-replicating and late-replicating loci

on both the p- and q-arms, whereas in the orangutan both early-
replicating loci are located on the p-arm.

To further investigate the potential correlation between metaphase
chromosome organization and interphase CT topology, six-color

Fig. 4. Representative (A) orangutan (schematic of human chromosome 7, together with the mapping position of large-insert clones, is shown alongside) and (B)
Karpas 384 metaphases after FISH with human chromosome-7-specific pools of large-insert clones representing early-replicating (green) and late-replicating (red)
loci. (C,D,F,G) 3D maximum intensity projections of nuclei from (C) human fibroblasts, (D) Concolor gibbon lymphoblastoids, (F) orangutan lymphoblastoids and
(G) Mel Juso cells hybridized with the early-replicating clone pool labeled green, the late-replicating clone pool in red, chromosome 7 territories blue and DAPI
counterstain gray. (E) Human and (H) orangutan z-projected fibroblast nuclei after multicolor 3D-FISH with five BAC clones. The clone color code follows panel
K. Scale bar: 5 μm. (I-K,O-Q) Quantitative evaluation of radial probe distributions in the interphase nucleus or the respective chromosome territory, using 3D-RRD
or eADS software (n=number of nuclei). (L,M) Mean pair-wise clone distance measurements in human and orangutan fibroblast nuclei from the 3D-FISH
experiments illustrated in E,H,K. (N) In both species the mean square interphase distance between two clone loci showed a linear correlation with their genomic
distance, indicating a ‘random walk’ 3D conformation of these loci.
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FISH experiments were performed on fibroblast nuclei of human
and orangutan with differentially labeled clones 7-1e, 7-2l, 7-3e,
7-4l and 7-6l. In orangutan nuclei, the mean average relative radius
(ARR) values clearly followed the order of the five clones on
metaphase chromosome 7, with the two early-replicating p-arm loci
pointing towards the nuclear center (Fig. 4K). The most-distal clones
from each chromosome arm that were not affected by the inversions
showed rather conserved ARR values in both species. Clone 7-3e,
representing an early-replicating but inverted locus, also maintained
its approximate positioning, whereas clones 7-2l and 7-4l for late-
replicating and inverted loci differed considerably in their
positioning between the two species.

Three-dimensional interphase distance measurements between
these five clones in human and orangutan provided further evidence
for nuclear repositioning of evolutionarily inverted loci (Fig. 4L,M).
For example, the mean interphase distances for clone pairs 7-1e/7-
2l and 7-3e/7-6l were greater in orangutan. Correspondingly, the
3D distances between clones 7-1e/7-3e and 7-2l/7-4l were reduced
in orangutan. Furthermore, the overall 3D conformation differed,
as is evident from the mean interphase distance difference of over
500 nm between the most distal and evolutionarily conserved clone
pair 7-1e/7-6l in human as compared with orangutan. For
chromosome 7 of both species, we observed a highly significant
correlation between the mean square interphase distance and the
genomic distance of any two tested loci (Fig. 4N). The measured
interphase distances fully conform with the proposed ‘random walk’
model of the 3D higher order architecture of CTs (Yokota et al.,
1995), although overall, human chromosome 7 is more compacted
than its orangutan homolog.

From both the radial arrangement and the distance measurements
we conclude that orangutan chromosome 7 shows a straight 3D
conformation that is very similar to the linear metaphase
chromosome organization, whereas the homologous human loci are
arranged in a more compact way. Furthermore, these results
demonstrate that late-replicating loci in particular are prone to
nuclear repositioning by evolutionary inversions, and suggest that
geometrical constraints apply within the 3D interphase CT structure
that prevent evolutionarily inverted loci to maintain their original
nuclear positioning.

As for evolutionary inversions, the presence of a
der(7)del(7)(p13)inv(7)(p13;q22.1) chromosome in the tumor cell
line Karpas 384 could be correlated with a statistically significant
positional shift of late-replicating loci towards the nuclear center
in the der(7) as compared with the wild-type chromosome, whereas
the more central location for early-replicating loci remained stable
(Fig. 4O; supplementary material Table S2E). By contrast, in the
cell line Mel Juso, the duplicated p-arms of the iso-chromosome
7p maintained their polar orientation with clone 7-1e being more
centrally located than clone 7-2l (Fig. 4P; supplementary material
Table S2E), indicating that the radial positioning of the two
identical arms is mirrored and unchanged, as compared with the
wild-type chromosome 7p.

Regarding the arrangement with respect to the chromosome 7
territory surface, early-replicating and late-replicating loci showed
very similar positioning in human lymphoblastoid and fibroblast
nuclei. By contrast, in the orangutan chromosome 7 homolog, where
both early clones 7-1e and 7-3e map to the ~20 Mb p-arm, highly
significantly smaller ADS values were obtained for the two early-
replicating loci than for the late-replicating loci (supplementary
material Table S2E). In addition, in orangutan the two clones
representing early-replicating loci showed a much stronger tendency
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to be located outside the core territory than did the four clones
representing late-replicating loci (Fig. 4Q), which was not observed
in human nuclei (supplementary material Fig. S4I,J).

Discussion
We performed a quantitative analysis of the replication-timing-
correlated nuclear topology of 64 loci in lymphoblastoid cell lines
and cultivated fibroblasts from human, non-human primates and
from cancer cell lines. Collectively, our results demonstrate the
preferential interior location with exclusion from the nuclear
periphery for very-early-replicating loci, irrespective of cell type
or species analyzed. By contrast, very-late-replicating loci were
found to be located throughout the nucleus, with preference for the
nuclear periphery. However, these positional differences were more
pronounced for chromosome 5, 7 and 17 loci than for chromosome
2 loci. In addition, our data showed that evolutionary and cancer-
related chromosome translocations appeared to change the nuclear
topology of associated loci to a lesser extent than inversions. Finally,
both early-replicating and late-replicating loci were found to be
located at the surface as well as in the interior of a CT. Exceptions
were early-replicating loci from extended gene-dense regions,
which were significantly enriched in the proximity of the CT border.

Does replication timing determine the nuclear positioning of a
locus?
Our 3D-FISH experiments on human lymphoblastoid cells (Fig. 2;
supplementary material Figs S3, S4) were carried out with the cell
line CO202, for which genome-wide replication timing had been
previously determined by aCGH (Woodfine et al., 2004). In this
cell line, we found chromosome-specific differences when
comparing the spatial arrangement of early-replicating and late-
replicating loci: marginal differences for chromosome 2, but highly
statistically significant for chromosome 7 and 5/17 (supplementary
material Table S2). These results are hard to explain under the
assumption that replication timing of a locus is a major determinant
for its nuclear positioning. Considering our experimental design,
in which clones were selected for early and late loci with near-
identical replication timing (supplementary material Table S1), one
would have expected pronounced differences between early-
replicating and late-replicating loci for all chromosomes and a well-
defined nuclear compartment for the localization of late-replicating
loci.

Besides replication timing, genomic properties such as local gene
density and GC content have also been suggested as causes for the
non-random nuclear positioning of a locus [see Küpper et al.
(Küpper et al., 2007) and references therein]. We therefore
determined the local gene density and GC content for each of the
64 loci (supplementary material Table S1). As expected, a clear
positive correlation was observed between the three factors, with
early-replicating loci showing a higher variability in gene density
(10.5-57 genes/Mb) and GC content (GC=41.3-56.5%) compared
with late-replicating loci (0-7.5 genes/Mb; GC=34.6-38.8%). Most
importantly (and as illustrated in supplementary material Fig. S5),
the gene density differences of clones chosen for chromosome 2
loci (20:6 genes/Mb in early:late clones, a 3.3-fold difference) were
less pronounced than those for chromosome 5/17 (30:3 genes/Mb
in early:late clones a 10-fold difference) and 7 (18:3 genes/Mb in
early:late clones, a 6-fold difference). This relatively high local gene
density of chromosome 2 late-replicating loci best explains their
more central nuclear localization. Conversely, clone 2-7e originated
from a region of unusually low GC content (42.9% compared with
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1883Replication-timing-correlated chromatin arrangements

the average GC content of 50.1%) for early-replicating loci, which
might be correlated with a more peripheral localization of the
chromosome 2 early-replicating clone pool (ARR=59.3%)
compared with those of chromosomes 7 and 17.

These results clearly show – at least for human lymphoblastoid
cells in the first instance – that replication timing is not a major
factor in the determination of the spatial nuclear positioning of a
locus. Instead, our results point towards local gene density, and
possibly GC content, as the key players influencing radial nuclear
positioning of a locus. The same conclusion was reached by a
recently published study from our laboratory, focusing on the
nuclear positioning of gene-dense and gene-poor, as well as of
transcriptionally active and inactive genomic regions (Küpper et
al., 2007). According to this study, the highest correlation coefficient
was obtained between nuclear localization and local gene density,
followed by the local GC content, whereas the local gene expression
level, in particular, was found to be insignificant. In addition, Gilbert
et al. excluded the transcriptional activity of single genes and instead
emphasized high gene density as deterministic for an open chromatin
conformation (Gilbert et al., 2004).

Provided that transcriptional activity plays an important role in
the replication timing of a gene, switches in replication timing
might be expected for certain tissue-specific genes, which in turn
might affect their nuclear positioning in different cell types.
Indeed, Hiratani et al. reported changes in the replication timing
of a small fraction of tissue-specific genes residing within AT-rich
isochores, when mouse embryonic stem cells were compared before
and after differentiation (Hiratani et al., 2004). In agreement with
this study, the comparison of replication timing of human
chromosome 22 in fibroblasts and lymphoblastoid cells by aCGH
revealed that over 99% of chromosome regions replicated at the
same time in both cell types, despite pronounced differences in
gene expression (White et al., 2004). Although locus-specific
changes in replication time have been shown for a few additional
genes (e.g. Englmann et al., 2005; Cimbora et al., 2000), it is
generally assumed that only changes in transcriptional activity over
extended genomic regions can influence replication time
(Schwaiger and Schubeler, 2006). Concerning the putative
influence of species-specific replication timing on the nuclear
topology of orthologous genes – possibly connected to differential
transcriptional activity – expression profiling of African great ape
fibroblasts showed that only about 0.005% of transcripts vary
between these species (Karaman et al., 2003). In addition,
comparative replication banding analysis of great ape metaphase
chromosomes revealed no differences in replication timing of
homologous chromosome regions (Weber et al., 1986). In summary,
published evidence argues against widespread cell-type or species-
specific changes in replication timing.

aCGH analysis would have unequivocally allowed us to
determine the precise replication timing profile of all 64 loci in the
nine other cell lines used here; however, these experiments are
beyond the scope of our present study. Since we have not performed
these experiments, we cannot exclude with certainty that the cell-
type-, species- or chromosome-specific changes in the nuclear
topology patterns of the 64 investigated loci we will discuss below
are accompanied by replication timing switches of the respective
loci. Nonetheless, considering the published estimate of a frequency
of replication timing switches of ~1%, we can infer that the
probabilistic chance for replication timing switches of the
investigated loci is very small. We can further exclude the possibility
that we might have analyzed loci belonging to a recently discovered

class of PAN-S-phase loci – loci showing no distinct replication
timing because of asynchronous replication (Jeon et al., 2005;
Karnani et al., 2007), because these loci would be classified as mid-
replicating by aCGH.

Nuclear topology of clone loci compared with replication foci
We combined 3D-FISH of genome-wide large-insert clone pools
with double pulse S-phase replication labeling to enable a direct
and quantitative comparison of the radial arrangement of early-
replication and late-replication foci with the nuclear distribution of
early-replicating and late-replicating clone loci in human fibroblast
nuclei (Fig. 1). As previously described, both early-replication foci
and early-replicating clone loci appear to be excluded from the
nuclear periphery. By contrast, late-replication foci showed a
significantly more central positioning than large-insert clones
representing late-replicating genomic regions. Since no clones used
in our study map to regions of late-replicating constitutive
heterochromatin, it can be speculated that late-replicating chromatin
comprises at least two genomic fractions with distinctly different
nuclear distribution patterns, presumably of constitutively
heterochromatic and euchromatic origin, respectively. To this end,
a more detailed analysis of the nuclear organization of late-
replicating euchromatic, facultatively and constitutively
heterochromatic loci from different genomic environments would
help to establish better-defined rules for the nuclear address of late-
replicating chromatin.

Global patterns of nuclear locus positioning
We then compared the radial arrangement of clones for chromosome
2, 5, 17 and 7 early-replicating and late-replicating loci in various
cell lines (Figs 2-4). In each of these experiments, early-replicating
loci were positioned more centrally and away from the nuclear
envelope than were late-replicating loci, in agreement with previous
work in which the same polar orientation was observed for human
chromosome 12 loci (Nogami et al., 2000). In addition, pooled
probes for late-replicating loci yielded broader distribution curves
with a distinct peak in the nuclear periphery. This finding was further
supported by the strikingly different nuclear positions of individual
late-replicating clones 2-3l and 2-6l (Fig. 2J), indicating that late-
replicating loci are more variable in their individual positional
probability. Neither species, cell type, nor nuclear morphology had
any substantial influence on this polar nuclear orientation of early-
replicating and late-replicating loci.

Locus positioning within a chromosome territory
We further determined the radial positioning of chromosome 2, 5,
7 and 17 loci with respect to their CT. Early-replicating and late-
replicating loci from chromosomes 2 and 7 were found equally
distributed throughout the CT in human cells. By contrast, in the
reciprocally translocated chromosome t(5;17) homologs of gorilla,
and in the inverted chromosome 7 homolog in orangutan, early-
replicating chromatin was located close to the CT surface and late-
replicating chromatin significantly more to the interior. These
distribution differences can be explained by the species-specific
presence of extended regions with opposite genomic properties. In
gorilla, the two t(5;17) translocation products are each composed
of a contiguous gene-dense chromosome 17 and a gene-poor
chromosome-5-homologous segment. The same situation is found
in the chromosome 7 homolog of orangutan, where the entire ~20
Mb p-arm is gene dense, whereas evolutionary inversions have
disrupted this extended genomic region in human chromosome 7.
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In summary, only gene-dense regions of several Mb yielded a
significantly more external CT position for early-replicating
chromatin as compared with late-replicating loci. Even for these
genomic regions, extensive looping out from the CT was not
observed, as previously shown for the human MHC locus (Volpi
et al., 2000), as well as for some other genes (Chambeyron and
Bickmore, 2004; Williams et al., 2002; Mahy et al., 2002). Our
own results are more comparable with those obtained for early-
replication and late-replication foci (Visser et al., 1998), as well as
for gene-dense and gene-poor regions or for highly and poorly
expressed loci from chromosomes 12, 18 and 19 (Küpper et al.,
2007), which were predominantly found distributed throughout the
respective CT. Thus, an obviously polar radial organization of
individual loci within a CT might not be a common principle, but
rather a rare phenomenon characteristic for some extended gene-
dense genomic regions or for certain highly expressed genes.

Chromosomal rearrangements and the 3D conformation of
chromosome territories
Next, we analyzed the effects of various types of evolutionary and
tumor-associated chromosomal rearrangements on nuclear topology.
The evolutionary fusion of human chromosome 2 did not
significantly change the positioning of early-replicating and late-
replicating loci. Likewise, simple reciprocal translocations, such as
the evolutionary t(5;17) in gorilla, but also complex translocations
of human chromosome 7 homologs in gibbon, only had a moderate
effect on the nuclear topology of the rearranged genomic loci. The
polar nuclear positioning of loci of the iso-chromosome 7p in the
melanoma cell line was equally preserved. From these and
previously published studies on the nuclear positioning of
translocation chromosomes (Cremer et al., 2003; Neusser et al.,
2007; Croft et al., 1999) it can be concluded that the relative nuclear
orientation of individual loci within the newly formed CT is largely
maintained. This can be best explained by the fact that a
translocation only generates a single new neighborhood per CT
around the breakpoint, acting as a hinge around which the two
subterritories are free to rotate until they reach their original relative
nuclear orientation.

In contrast to translocations, the two evolutionary chromosome
7 inversions influenced the nuclear arrangement of inverted loci.
Comparing human and orangutan homologs, late clones 7-2l and
7-4l were repositioned, whereas early clones 7-1e and 7-3e remained
orientated towards the nuclear center. To a similar extent, the
chromosome 7 inversion in the tumor cell line Karpas 384 was
accompanied by a positional change of late-replicating loci, whereas
the early-replicating clone pool maintained its relative positioning.
In support of these results, the 3D conformation of chromosome 7
homologs in human and orangutan was clearly species-specific (Fig.
4K-N). Changes in the genomic distance between two clones caused
by evolutionary inversions were always correlated with altered
interphase distances, for example between clones 7-3e and 7-4l, or
between 7-2l and 7-4l, arguing for nuclear repositioning of inverted
loci and against the evolutionary conservation of specific proximities
between the investigated loci during interphase. Nevertheless, the
human chromosome 7 territory was also more compacted than its
orangutan counterpart (Fig. 4N), indicating that the orangutan
chromosome 7 territory organization reflects the linear metaphase
chromosome structure, whereas the proximal region of the human
chromosome 7 showed considerable back-folding in interphase.

Compared with translocations with only one breakpoint per
chromosome, inversions require two breaks in a single CT,
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potentially leading to local changes in genomic properties in both
breakpoint-flanking neighborhoods. We hypothesize that rotation
of two of these segments might be hindered by opposing forces
from the third chromosome segment in the case of an inversion.
This implies the presence of geometrical constraints limiting the
freedom of genomic loci to maintain their original nuclear
positioning after inversions, and to a greater extent than after
translocations. A detailed analysis of the nuclear topology of loci
flanking evolutionary inversion breakpoints is certainly warranted
in light of the fact that over 20 large inversions occurred during the
evolution of the great apes (for a review, see Müller, 2006).

In conclusion, from this and other recent studies a common theme
emerges, pointing towards local properties of the primary DNA
sequence as a major cause for the radial nuclear localization of a
locus. Accordingly, high gene density, high GC content and an open
chromatin conformation of a genomic region with central nuclear
localization might promote transcriptional activity and early
replication. By contrast, replication timing and high expression levels
of a gene, although, interestingly, intimately correlated with each other
(for a review, see Chakalova et al., 2005), do not seem to play a
significant role in establishing 3D genome organization, at least not
in human lymphoblastoid cell nuclei. It can be speculated that the
most probable scenario for the existing nuclear compartmentalization
of the genome would be the temporal and spatial coordination of
cellular processes such as DNA replication and transcription.

Materials and Methods
Cell material and fixation
Epstein-Barr-virus-immortalized lymphoblast cells, established from peripheral
lymphocytes, were used from human [CO202, ECCAC no. 94060845 (Woodfine et
al., 2004)], gorilla [EB (JC), ECACC no. 89072703], orangutan (EB185, ECACC
no. 89072705) and Concolor gibbon. Primary human, gorilla and orangutan fibroblasts
obtained from early passages of skin biopsies were as described previously (Neusser
et al., 2007). All lymphoblastoid and fibroblast cells were karyotypically normal.
Tumor samples included the established human cell lines Karpas 384, derived from
T-cell lymphoma (Dyer et al., 1993), Mel Juso, a melanoma-derived cell line, and
SW620 (ATCC no. CCL-227), derived from a metastasis of a colon adenocarcinoma.
The karyotypes of Mel Juso and SW620 are described elsewhere (Müller et al., 2004).

To detect S-phase nuclei, cells were pulse labeled with 5-bromodeoxyuridine (BrdU,
10 μM/ml) for 1 hour before fixation. For double pulse labeling of unsynchronized
human fibroblasts with the aim of simultaneously visualizing early-replication and
late-replication foci, cells were first labeled with BrdU (10 μM) for 2 hours, briefly
rinsed in two changes of 1�PBS, then chased in DMEM medium containing 15%
FCS for 2 hours and finally scratch-labeled with Tamra-dUTP (Schermelleh et al.,
2001) for 2 hours before fixation. Three-dimensional (3D) preserved nuclei were
prepared as described (Solovei et al., 2002). Briefly, lymphoblastoids and Karpas
384 cells were fixed in 4% paraformaldehyde in 0.3�PBS; fibroblasts, Mel Juso and
SW620 were fixed in 4% paraformaldehyde in 1�PBS. Sequential permeabilization
steps included treatment with 0.5% Triton X-100 in 1�PBS; 20% glycerol in 1�PBS;
repeated freezing/thawing in liquid nitrogen, incubation in 0.1 M HCl; and
pepsinization (2 mg/ml pepsin in 0.01 M HCl at 37°C).

Probe preparation and fluorescence in situ hybridization (FISH)
The painting probes delineating human chromosomes 2, 5, 7 and 17 were amplified
and labeled by DOP-PCR as described (Müller et al., 2004). Large-insert clones used
in 3D-FISH experiments for the delineation of early and late loci were derived from
the 1 Mb clone set previously used in array-CGH experiments for the assessment of
replication timing of human lymphoblastoid cells (Woodfine et al., 2004). DNA was
labeled by DOP-PCR using primers DOP-2 and DOP-3 (Fiegler et al., 2003). Paint
probes and clones were labeled with biotin-dUTP (Roche), digoxigenin-dUTP
(Roche), dinitrophenol-dUTP (DNP, NEN Life Science), TAMRA-dUTP (formerly
available from PE Applied Biosystems) or Texas Red-dUTP (Molecular Probes).
Subsequently, clones for early-replicating and late-replicating loci were pooled to
assemble pools specific for human chromosomes 2, 5, 7 and 17 as well as a probe
for chromosomes 1-22 and X, as detailed in supplementary material Table S1. One
microgram of chromosome-specific chromosome paint and 3 μg of pooled large-
insert clone DNA were used together with 30 μg human Cot-1 DNA (Gibco BRL)
and 50 μg salmon sperm DNA (Sigma) per 8 μl hybridization mixture.

Biotinylated probes were detected with avidin-Alexa 488 (Molecular Probes) or
avidin-Cy5 (Dianova). DNP-labeled probes were visualized by sequential detection
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with rabbit anti-DNP and goat anti-rabbit-Alexa 488 (Sigma), or goat anti-rabbit-
Alexa 514 (Molecular Probes) antibodies. Digoxigenin-labeled probes were detected
with mouse anti-digoxigenin-Cy5 (Dianova). Metaphase chromosomes and 3D fixed
interphase nuclei were counterstained for 10 minutes with DAPI (2 μg/ml), or with
1 μM ToPro-3 (Molecular Probes). Detection of incorporated BrdU was performed
as described (Solovei et al., 2002).

Digital microscopy and image processing
Metaphase FISH images were captured with a cooled CCD camera (Photometrics
C250/A equipped with a Kodak KAF1400 chip) coupled to a Zeiss Axiophot
microscope, using SmartCapture VP software (DigitalScientific). Light-optical serial
sections of nuclei studied in two- and three-color 3D-FISH experiments were obtained
with a laser-scanning confocal microscope (LSM 410. Carl Zeiss MicroImaging)
equipped with Ar and He/Ne lasers. For imaging of multicolor 3D-FISH experiments,
a Leica TCS SP2 laser-scanning confocal microscope (Leica Microsystems) with
beam-splitters tuned for DAPI, FITC, Alexa 514, TAMRA, Texas Red and Cy5 was
used. Nuclei were scanned with an axial distance of 200 nm between consecutive
light-optical sections yielding separate stacks of 8-bit grayscale images for each
fluorescence channel with a pixel size of 60-120 nm. For each optical section, images
were collected sequentially for all fluorochromes, followed by correction of the axial
chromatic shift for each channel. Image stacks were processed with ImageJ software
(http://rsb.info.nih.gov/ij). 3D reconstructions of hybridized nuclei were performed
using Amira 4 software (Mercury CS).

Quantitative 3D evaluation of probe distributions
Quantitative 3D evaluation of light-optical serial sections was performed using voxel-
based software algorithms 3D-RRD (Three-Dimensional Relative Radius Distribution)
(Cremer et al., 2001), eADS (enhanced Absolute 3D Distances to Surfaces) (Küpper
et al., 2007) and DistAngle (Distances and Angles). 3D-RRD software was used to
quantify the relative radial distribution (% values) of large-insert clone hybridization
signals and of chromosome territories (CTs) with respect to the nucleus. Based on
the relative radial probe distribution, the average relative radius (ARR; % values)
was calculated. eADS software was used to determine the shortest distances (in nm)
between clone signals and the nuclear border and with the surface of the corresponding
CT. DistAngle was used to measure 3D distances and angles between geometrical
centers (centroids) of different probes employing a user-set threshold and the voxel
dimensions. To test the data set for significant differences (P�0.05), the Mann-
Whitney Rank Sum Test (U-Test) was applied on the results of the quantitative
evaluation programs described above.
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