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To fully understand genome function, the linear
genome map must be integrated with a spatial map of
chromosomes in the nucleus. Distinct nuclear
addresses for a few human chromosomes have been
described. Previously we have demonstrated that the
gene-rich human chromosome 19 is located in a more
centralposition in the nucleus than the similarly sized, but
gene-poor, chromosome 18. To determine whether
these two chromosomes are a paradigm for the
organization of chromatin in the human nucleus, we
have now analysed the nuclear organization of every
human chromosome in diploid lymphoblasts and
primary fibroblasts. We find that the most gene-rich
chromosomes concentrate at the centre of the
nucleus, whereas the more gene-poor chromosomes
are located towards the nuclear periphery. In
contrast, we find no significant relationship between
chromosome size and position within the nucleus.
Proteins of the nuclear membrane or lamina are
candidates for molecules that might anchor regions
of the genome at the nuclear periphery and it has
been suggested that disruption of this organization
may play a role in some disease pathologies. We
show that the intranuclear organization of chromo-
somes is not altered in cells that lack the integral
nuclear membrane protein emerin, from an individual
with X-linked Emery–Dreifuss muscular dystrophy.
This suggests that emerin is not necessary for
localizing chromosomes at the nuclear periphery
and that the muscular dystrophy phenotype in such
individuals is not due to grossly altered nuclear
organization of chromatin.

INTRODUCTION

Large numbers of genes have now been mapped to different
human chromosomes (1) and the DNA sequences of two
human chromosomes have been published (2,3). However,
spatial organization within the mammalian nucleus can influ-
ence gene expression (4,5) and in model organisms the nuclear

periphery is a site of transcriptional inactivity and gene repression
(6). Hence, levels of human genome organization beyond the
primary DNA sequence need to be investigated. Previously we
have shown that the territories of human chromosomes 18 and
19 (HSA18 and -19) are located in different compartments of
the nucleus. The gene-rich chromosome HSA19 was found in
the centre of the nucleus, whereas gene-poor HSA18 is situated
at the nuclear periphery (7). This suggested that there might be
a general organization within the human nucleus in which
chromosomes with the highest gene concentration are
sequestered to the centre of the nucleus and more inactive
chromatin is at the nuclear periphery. Alternatively, HSA18
and -19 might be unusual in their nuclear location and have no
general bearing on the organization of the human nucleus. To
test these hypotheses we have now analysed the spatial
organization of the entire human chromosome set in the nuclei
of diploid primary and transformed cells of normal individuals.
We show that there is a correlation between the estimated gene
density of each chromosome and its average position within
the nucleus, but we find no statistically significant relationship
between chromosome size and nuclear position. Human
chromosomes that we measure as being in closest proximity to
the nuclear periphery are generally considered to be gene-poor.
The most gene-rich human chromosomes concentrate towards
the centre of the nucleus.

Factors that mediate the nuclear positioning of individual
chromosomes are not known. However, interactions among
components of the nuclear membrane, nuclear lamina and
chromatin are thought to be important in establishing or
maintaining nuclear architecture (8). X-linked Emery–Dreifuss
muscular dystrophy (X-EDMD) is caused by mutations in the
gene encoding emerin. Emerin is a ubiquitous type II integral
membrane protein localized to the inner nuclear membrane and
most X-EDMD-associated mutations result in a loss of emerin
protein at the membrane (7–9). The mechanistic links between
loss of emerin function and the muscular dystrophy phenotype
(cardiac conduction defects, early contractures and progressive
wasting of specific sets of muscles) are not clear. Differenti-
ated striated muscle cells are non-dividing and long-lived and
therefore the nuclear membrane has to maintain structural
integrity over a long time. One suggestion is that the disease
results because loss of mechanical strength of the nuclear
membrane causes nuclear fragility during muscle contraction
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(10). However, it has also been argued that disease pathology
might be caused by altered nuclear organization, in particular
by an inability to sequester inactive chromatin to the nuclear
periphery (11), leading to disregulated gene expression. Here we
show that the positioning of gene-poor chromosomes at the
nuclear periphery is not grossly perturbed in cells lacking
emerin protein. This suggests that emerin is not necessary for
the localization of large blocks of gene-poor chromatin at the
nuclear periphery of human cells and argues against EDMD
being a disease of altered chromatin organization that leads to
aberrant gene expression.

RESULTS

The relationship between estimated gene density and
chromosome position in the nuclei of human lymphoblasts

To determine the intranuclear organization of the entire human
karyotype, chromosome paints for each chromosome were first
used in fluorescence in situ hybridization (FISH) to male
lymphoblast nuclei fixed in methanol/acetic acid (MAA) (Fig. 1)
(7,12). Analysis of two-dimensional images is efficient and
can be automated so that large numbers of nuclei can be scored
(7). In addition, plane projections can be used to make inferences
about three-dimensional objects (13). To determine the relative
nuclear position of each chromosome we measured distances
between the centroid (signal intensity weighted centre) of the
chromosome territory and both the edge and centroid of the
nucleus (7). When these values are plotted against the
estimated gene density of each chromosome (1) a significant
correlation emerges (Fig. 2A). The human chromosomes
(HSA4, -5, -8, -13 and -18) with observed/expected ratios of
gene markers that are significantly < 1 (1) are those whose
centroids are close to the nuclear periphery (small distance to
the edge, large distance to the centre of the nucleus). The
centroids of chromosomes significantly enriched in gene-
based markers (HSA1, -17, -19 and -22) are located far from
the edge of the nucleus and close to the nuclear centre (Fig. 2A).
Linear regression confirms the significance of the relationship
between gene density and nuclear position (Fig. 2), but highlights
chromosome 11 and 16 measurements as having large
standardized residuals. We found HSA16 towards the centre of
the nucleus (Fig. 2), even though its reported expressed
sequence tag (EST) density is low (1). However, HSA16 is
enriched in other features indicative of high gene concentra-
tion: CpG islands (14), the most GC-rich isochores (15) and
hyperacetylated histones (16). All of these lines of evidence
point towards EST analysis as having significantly
underestimated the true gene density of HSA16. Similarly, the
distribution of CpG islands, GC-rich DNA and hyper-
acetylated histones suggests that HSA11 is not an especially
gene-rich chromosome and it is not disposed with the other
gene-rich chromosomes towards the centre of the nucleus. For
other human chromosomes the estimated gene density calculated
from EST mapping (1) generally accords with the other, less
quantifiable, indicators of gene concentration discussed above.

Linear regression of the data in Figure 2B shows that there is
no simple significant correlation between physical chromosome
size (17) and nuclear position. It is also clear, from our
previous analysis of HSA18 and -19 and from the data in
Figure 1, that human chromosomes of similar physical size but

different functional characteristics adopt different nuclear
positions.

Mean chromosome position was also analysed from the
distribution of hybridization signal across five concentric
shells eroded from the periphery of lymphoblast nuclei to the
centre (Fig. 3) (7,12). This allows the nuclear distribution of
the entire bulk chromosome territory to be assessed, not only
the territory centre as in Figure 2. However, consistent with the
analysis in Figure 2, the chromosomes for which the hybridiza-
tion signal is significantly concentrated towards the centre of
the nucleus (signal shell 5 > shell 1, P < 0.005) are HSA1, -16,
-17, -19 and -22 (Fig. 3). We consider all of these chromo-
somes to be significantly enriched in genes and active chro-
matin (1,14–16). Chromosome territories with a similarly

Figure 1. The position of selected chromosome territories in normal human
lymphoblast nuclei. Hybridization of MAA-fixed human 46,XY lymphoblast
nuclei with chromosome paints for HSA1, -2, -3, -6, -8, -12, -13, -15, -22 and
Y. All nuclei were counterstained with DAPI (blue) and chromosome territories
were detected in either green or red as indicated. For HSA13, -15 and -22 only
q arm probes were used to avoid cross-hybridization between shared p arm
sequences. Bar, 2 µm.
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significant enrichment towards the nuclear periphery (shell 1 >
shell 5, P < 0.005) are HSA2, -3, -4, -7, -8, -11, -13 and -18
(Fig. 3). Chromosomes with less significant (P < 0.06)
enrichment towards the nuclear periphery include the X and Y
in these male cells and HSA9, -12 and -20. Signals from HSA5,
-6, -10, -14, -15, -20 and -21 have no significant bias to either
the most peripheral or central shells.

Analysing chromosome position in primary fibroblasts and
in three-dimensionally preserved nuclei

Erosion analysis is also applicable to cells in which the nuclei
are not circular/spherical. Previously we found that HSA18

and -19 have the same differential distribution in the elliptical
nuclei of proliferating skin fibroblasts as in the spherical nuclei
typical of lymphoblasts (12). This suggested that nuclei in
these two cell types are organized with similar principles
despite their different overall shape. When the position of other
chromosomes was analysed in primary male fibroblast nuclei
fixed with MAA, the same propensity of signals from gene-rich
chromosomes to concentrate in the nuclear interior was seen.
HSA1, -16, -17, -19 and -22 were significantly enriched in the
central nuclear shell (shell 5 > shell 1, P ≤ 0.03). As in
lymphoblasts, HSA2, -13 and -18 were enriched at the nuclear
periphery (shell 1 > shell 5, P ≤ 0.03) (Fig. 4). This suggests
that the organization of chromosomes within human fibroblasts is
broadly similar to that in lymphoblasts. However, there were
also some notable differences between these two cell types in
the way in which signals from some chromosomes were
distributed across the eroded nuclear shells. In particular,
whereas chromosome 21 was not significantly enriched in the
most central nuclear shell of lymphoblasts, it is significantly
enriched in the centre of fibroblast nuclei (P < 0.005). This
may reflect constraints imposed on the position of this small
acrocentric chromosome by nucleoli in different cell types. We
also did not detect a significant enrichment of signal from
chromosome 8 in the most peripheral shell of fibroblast nuclei
(signals peak in shell 2). The basis for this difference to
lymphoblasts is not understood.

The inactive X chromosome is known to locate at the nuclear
periphery in female cells, but the active X has not been similarly
analysed (18). Interestingly, we found that both the single
(active) X in male human fibroblasts and the two Xs (one
active and one inactive) in female fibroblasts were signifi-
cantly enriched (P ≤ 0.005) in the most peripheral nuclear shell
(Fig. 4). Although many loci have been mapped to the X
chromosome because of their pattern of sex-linked inheritance,
it is gene-poor (1,14). In an analysis that compared the shapes
of active and inactive X chromosome territories, there also did
not seem to be large differences in the apparent intranuclear
location of the two X chromosomes (19).

The position of chromosomes was also examined in z
sections at 0.5 µm intervals through the three-dimensionally
preserved nuclei of primary fibroblasts fixed with formalde-
hyde (7,12). We measured the distance between the centre of
chromosome territories and the nearest apical or lateral edge of
the elliptical nuclei, relative to the radius of the long (x) or
short (y) axes of the nucleus, respectively (Fig. 5). The position
of territories relative to the top or bottom surfaces of the
nucleus was also examined. For the chromosomes examined,
the order of proximity to the apical edge was: 2, X, 1, 13, 17, 6;
and to the lateral nuclear edge it was: 2, 13, X, 1, 6, 17 (Fig. 5).
This is generally consistent with the observations obtained
from two-dimensional analysis, but adds extra information
about the relative location of different chromosomes in the
nucleus. For example, chromosomes 2 locate close to both the
apical and lateral edges of the nucleus (distance between
territory centre and edge of the nucleus is 0.47 and 0.42 of the
nuclear radius, in the x and y directions, respectively) (Fig. 5A).
However, the territory centres for the q arms of chromosomes
13 are close to the lateral edge of the nucleus (0.45 of the
fractional radius), but more distant (0.57) from the apical edge.
This may reflect the association of the short arm of this
chromosome with the nucleolus (Fig. 5F).

Figure 2. Relationship of estimated gene density or size and chromosome
position within the human nucleus. Graphs show the mean distance (in pixels)
normalized for nuclear size [divided by (nuclear radius)2] between the centroid
of chromosome territories and the edge (open circles) or centroid (closed cir-
cles) of 50 MAA-fixed lymphoblast nuclei each. All standard errors of the
mean were ≤0.01. In (A) the chromosomes are arranged along the x-axis in
order of increasing predicted gene density according to the observed/expected
ratio of ESTs (not available for the human Y chromosome) (1). This ratio is
shown in parentheses below the chromosome number. In (B) the chromosomes
are ordered in decreasing physical size (17). The size in Mb is shown in paren-
theses below the chromosome number. Linear regression shows a significant
correlation between estimated gene density and the distance from either the
edge (r2 = 55.8%, P = 0.000) or centre (r2 = 61.2%, P = 0.000) of the nucleus
(A). (B) Regression indicates that there is not a significant correlation between
chromosome size and proximity to either the edge (r2 = 23.8%, P = 0.02) or the
centre (r2 = 12.4%, P = 0.1) of the nucleus.
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Although the p arms of the human rDNA carrying chromo-
somes HSA13, -14, -15, -21 and -22 are clustered together as
nucleoli, our analysis shows that the q arms of these chromo-
somes can occupy very different nuclear positions. 22q is
consistently one of the most centrally located chromosome
arms (Figs 1G, 2, 3 and 4) and is rich in both predicted genes
and gene markers (1,2,14,20) and other chromosome features
associated with gene-rich chromatin (15,16). In contrast, the
peripherally located long arm of HSA13 (Figs 1E, 2, 3, 4 and
5) is depleted for ESTs and CpG islands (1,14) and is GC-poor
and packaged with hypoacetylated histones (15,16).

The location of chromosomes in the absence of emerin

The factors that determine the intranuclear position of chromo-
somes are not known. Previously, we showed that inhibiting
transcription or histone deacetylation does not perturb the
location of HSA18 or -19 in proliferating cells (7). However,
chromosome position is not immutable and is established
during a narrow time window after nuclear envelope formation

in G1 (12). Several proteins of the nuclear envelope or lamina
have chromatin-binding properties and it has been suggested
that they play a role in nuclear architecture, especially in
sequestering heterochromatin and other regions of silent
chromatin to the nuclear periphery (11). To determine whether
this is the case, nuclear architecture must be examined in cells
mutant for components of the nuclear periphery. X-EDMD is
caused by mutations in the integral nuclear membrane protein
emerin. We examined the localization of key human chromo-
somes in lymphoblast cells from an individual with a null
mutation in emerin (K2 in ref. 21). No emerin protein is
detected in this individual due to a nonsense mutation at the
start codon (ATG→ATA) (21). We found that the relative
spatial organization of chromosomes in nuclei from this indi-
vidual was not significantly different to that of normal cells.
Gene-poor chromosomes (e.g. HSA4 and -18) were at the
nuclear periphery, whereas HSA1 and -17 were in central posi-
tions (Fig. 6). The proportion of nuclear area that the chromo-

Figure 3. Mean proportion (%) of hybridization signals for each human chromosome, normalized to % DAPI signal, in eroded shells of 46,XY MAA-fixed lym-
phoblast nuclei. Analysis was by erosion of five concentric shells of equal area from the edge (shell 1) to the centre (shell 5) of 50 nuclei each. Error bars show
standard error of the mean. The numbers in parentheses are the observed/expected ratio of gene markers from Deloukas et al. (1). Chromosomes are ordered from
the top left beginning with those which have a highly significant (P ≤ 0.005) predomination of hybridization signal in shell 1 over that in shell 5 (HSA7 to -4).
Chromosomes 12–20 have a less highly significant enrichment of signal in the outer versus inner nuclear shell (P = 0.005–0.06). For chromosomes 5 through 14
there is no significant bias of signal to either the inner or outer shells (P ≥ 0.1). Lastly, signals from chromosomes 1–19 are significantly (P ≤ 0.02) enriched in the
inner nuclear shell.
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some territories occupied was also the same in normal and X-
EDMD cells (data not shown).

DISCUSSION

This is the first attempt to compare the spatial relationships of
all the human chromosome territories relative to the interior or
periphery of the nucleus. We suggest that the most gene-dense
regions of the human genome are preferentially located in the
nuclear interior with the gene-poor regions located progressively
towards the nuclear periphery. This accords with the clustering
in the nuclear interior of the most hyperacetylated, GC-rich
and early replicating fractions of the genome (22). The human
chromosomes that are consistently concentrated together in the
central part of the nucleus are HSA1, -16, -17, -19 and -22
(Figs 2, 3 and 4). In contrast, HSA2, -4, -13 and -18 are some
of the most peripherally located chromosomes.

From the analysis of chromosome position within metaphase
spreads, it had been suggested that there might be a correlation
between chromosome size and nuclear position, with the
smallest human chromosomes being confined to the central
zone of the nucleus (23–25). This would suggest that simple
geometric constraints might dictate nuclear organization.
However, our analysis shows that chromosomes of very
similar size (17), e.g. HSA17, -18 and -19 or HSA1 and -2
(Figs 1A, 2, 3 and 4) or HSA13 and -14, can be located in quite

different positions in the nucleus. Linear regression of the data
in Figure 2B confirms that there is no simple correlation
between physical chromosome size (bp) and nuclear position.
Recently, a relationship between chromosome size and nuclear
position was reported (26). However, this analysis only examined
the intranuclear position of q arm telomeres for nine chromo-
somes. It is not clear how telomere position relates to that of
the chromosome territory as a whole. For example, we previously
found that both telomeres of human chromosome 18 are in a
more internal nuclear position than the chromosome arms
themselves (7).

We have described the mean position within the nucleus of
the bulk chromatin for each human chromosome. However,
our analysis does not preclude smaller regions from each
chromosome occupying a nuclear location quite distinct from
the rest of its host chromosome. For example, it is likely that
small late-replicating regions of chromosomes, whose bulk is
located in the centre of the nucleus, contact the nuclear
periphery (27). This may be especially true of a large chromo-
some such as HSA1. Similarly, megabase-sized regions of
chromatin can loop away from the bulk chromosome territory
that is visible with a chromosome paint (28). To address this, a
detailed analysis of the nuclear organization of subdomains for
individual chromosomes needs to be undertaken. Nevertheless,
the information that we have presented here allows us to begin
to integrate the primary sequence of the human genome with

Figure 4. Mean proportion (%) of hybridization signals for selected human chromosomes, normalized to % DAPI stain, in eroded shells of MAA-fixed 46,XY
lymphoblast (filled bars) and fibroblast (open bars) nuclei. The X chromosome was analysed in both male (open bars) and female (hatched bars) fibroblasts.
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other dimensions of organization that can impact on genome
function and dysfunction. Our data can now serve as a basis
from which to analyse the position of individual genes.

Nuclear architecture is maintained via protein complexes
that span the nuclear envelope. Emerin has been proposed to be
part of a novel nuclear protein complex, consisting of at least
nuclear lamins A/C and B (10). Recently, the gene for

autosomal dominant EDMD was identified as encoding lamin
A/C (29). The absence of either emerin or lamin A/C could
therefore affect the cellular localization and/or function of the
other. It has been reported in X-EDMD (30) and in lamin
A-deficient mice (in which emerin fails to locate at the nuclear
membrane) (31) that condensed chromatin, usually visible
underlying the nuclear envelope, is thin or absent. This has led

Figure 5. Chromosome position in three-dimensionally preserved nuclei. Selected images (at 2 µm intervals) from the top to the bottom of male fibroblast nuclei
fixed in 4% paraformaldehyde. Hybridization signal from chromosomes and chromosome arms (green) is as indicated in each panel. (A–E) DNA counterstain is
shown in blue. In (F) immunofluorescence signal from the nucleolar antigen pKi67 (red) is used to show the position of nucleoli. Background signal from this
fluorochrome was also used to delineate the nuclear periphery. Mean distances between the centre of each chromosome and the apical (x-axis) and lateral (y-axis)
edges of the nucleus (n = 15–40) are shown as a proportion of the nuclear radius to the right. Bars, 2 µm.
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to the suggestion that a failure to correctly sequester trans-
criptionally inert chromatin at the nuclear periphery might
contribute to the pathology of EDMD by perturbing gene
expression (11,32). Emerin belongs to a family of nuclear
lamina-associated proteins which includes MAN1 (33) and the
lamina-associated polypeptide 2 (LAP2) isoforms, all of which
contain a region of homology in their N-terminal region
termed the LEM domain. LAP2β interacts with lamin B,
chromatin (34) and the DNA-binding protein barrier-to-
autointegration factor (BAF) (35). Both the BAF and
chromatin binding sites in LAP2β overlap the LEM domain
(34). It remains to be established whether BAF is responsible

for cross-linking LAP2β to chromatin. Emerin is therefore
predicted to bind BAF, providing the necessary link for it to
function in organizing chromatin within the nucleus. However,
our data show that emerin is not required for anchoring gene-
poor chromosomes at the nuclear periphery. If loss of emerin
contributes to disease phenotype through a mis-regulation of
chromatin organization leading to gene expression changes, it
does not operate at the level of nuclear architecture that we
have described, or it is cell-type specific.

MATERIALS AND METHODS

Preparation of chromosome painting probes

Chromosome paints were mainly prepared by the amplification
of total DNA from micro-dissected p and q arms (7,36). We
used q arm paints only for HSA13, -14, -15, -21 and -22 to
avoid cross-hybridization between shared p arm sequences. In
addition, directly labelled paints for HSA4, -5 and -6 were
purchased from Oncor.

FISH and immunofluorescence

Lymphoblastoid cells used were from one normal and one
EDMD male. Low passage number fibroblasts used were from
one normal female and two different normal males. Fixation of
two- and three-dimensional preparations of lymphoblasts and
fibroblast cells in 3:1 MAA or 4% paraformaldehyde (PFA)
was as previously described (7,12). Briefly, for two-dimen-
sional analysis, lymphoblast or fibroblast cells were swollen in
hypotonic medium before fixation in MAA, dropping onto
slides and air-drying. For three-dimensional analysis, fibroblast
cells, grown directly on microscope slides, were fixed immediately
in 4% PFA without swelling in hypotonic medium, then
permeabilized prior to FISH (7). Labelled chromosome paint
(200 ng) and 10–30 µg of CotI DNA were used per slide.
Biotinylated probes were detected using fluorochrome-
conjugated avidin [fluorescein isothiocyanate (FITC) or Texas
Red] (Vector), followed by biotinylated anti-avidin (Vector)
and a final layer of fluorochrome-conjugated avidin. Digoxi-
genin-labelled probes were detected with sequential layers of
FITC-conjugated anti-digoxigenin (BCL) and FITC-conjugated
anti-sheep (Vector). Immunofluorescence for the pKi67
antigen was as described by Bridger et al. (12).

Slides were counterstained with 0.5 µg/ml 4,6-diamidino-2-
phenylindole (DAPI) and examined using a Zeiss Axioplan 2
fluorescence microscope, equipped with a triple band-pass
filter (Chroma #83000). Grey-scale images were collected with
a cooled charged-coupled device (CCD) camera (Princeton
Instruments Pentamax) and analysed using custom IPLab
scripts. For three-dimensional analysis a focus motor was used
to collect images at 0.5 µm intervals in the z direction from a
Zeiss Axioplan using a Xillix CCD camera. Some three-
dimensional analysis was also performed by confocal scanning
laser microscopy as previously described (12).

Image analysis

Scripts described previously (7,12) were used to analyse the
data from two-dimensional specimens. In the first, most applicable
to spherical nuclei, the area and centroid co-ordinates of the
segmented DAPI image were calculated for 50 nuclei. Back-

Figure 6. The position of selected chromosome territories in both normal and
X-EDMD lymphoblast nuclei. Shown at the top are representative images of
selected chromosome territories (green) in nuclei (blue) from individual K2
(21) who has X-EDMD. Bar, 2 µm. Below, graphs compare the normalized
mean distances (in pixels) between the centroid of the chromosome territories
and either the edge (open circles) or centroid (closed circles) of 50 normal or
X-EDMD lymphoblast nuclei each. All standard errors of the mean were
≤0.01.
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ground was removed from hybridization signals by subtracting
the mean pixel intensity. The area and signal intensity
weighted centroid co-ordinates of each segmented signal were
calculated and the signal area was normalized by dividing by
the nuclear area. The DAPI image was converted to binary
form. The nearest edge of the nucleus to the signal was determined
by dilating and eroding a segmentation disc from the position
of the signal centroid until a single pixel with zero intensity
was determined. The signal segment was converted to binary
form, a chord was drawn from the centroid of the signal to the
nearest edge of the nucleus and the co-ordinates established for
the first pixel with zero intensity. This was taken to be the edge
of the hybridization signal closest to the nuclear periphery.
These co-ordinates were used to determine the relative
distances between the weighted centre of the signal and the
nearest edge of the nucleus and also between the centre of the
signal and the centre of the nucleus. Linear regression analysis
between chromosome position and either chromosome size
(17) or estimated gene density (1) was performed using
Minitab 13.

The erosion script segmented the DAPI signal and recorded
the area and centroid co-ordinates. The area was divided into
concentric shells (1–5) of equal area from the periphery of the
nucleus to the centre. Background was removed from the FISH
signal by subtraction of the mean signal pixel intensity within
the segmented nucleus. The proportion of FISH signal and
DAPI fluorescence was then calculated for each shell of >50
nuclei. The significance of the data was tested by one-way
analysis of variance using Minitab 13.

To analyse three-dimensional data, image stacks were
deconvolved using PowerHazebuster (VayTek). Distances in
pixels/µm between the centre of each chromosome territory
and the apical (x-axis) and lateral (y-axis) edges of the nucleus
(as determined from the counterstain) were measured manually
as was the nuclear radius across the x- and y-axes.
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