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Abstract Several studies suggest a correlation between

genome architecture and gene function. To elucidate

mechanisms of gene positioning during cell differentiation

and malignant transformation we investigated the nuclear

positions of the BCL2 alleles and chromosome 18 territo-

ries in different layers of nonneoplastic cervical squamous

epithelium and cervical squamous carcinomas in relation to

gene expression. Fluorescence in situ hybridization and

three-dimensional (3D) image analysis using tissue sec-

tions revealed that one BCL2 allele was located more

peripherally than the other one in nuclei of the basal layer

of nonneoplastic epithelium. During terminal cell differ-

entiation the outer BCL2 allele showed a shift towards the

nuclear center. In BCL2-expressing carcinomas the inner

BCL2 allele was located more peripherally compared with

the basal layer of nonneoplastic epithelium. Our results

suggest a functional relevance of unequal allelic BCL2

gene positioning and support the hypothesis that tran-

scriptional BCL2 activation is associated with BCL2 relo-

cation towards the nuclear periphery.
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Introduction

Special arrangement patterns of hetero- and euchromatin

within the interphase nucleus, such as radiating chromatin

of plasma cells, coarsely granular chromatin of cancer

cells, and a ‘‘salt-and-pepper’’ chromatin pattern of neu-

roendocrine tumor cells, are well-established histopathol-

ogical diagnostic features that indicate correlation between

genome architecture and cellular function or differentia-

tion. Sequence specific labeling of DNA using fluorescence

in situ hybridization (FISH) (Cremer et al. 2008) and

optical sectioning with 3D image analysis confirmed that

the spatial arrangement of the human genome in the

interphase nucleus is nonrandom and follows a functionally

correlated motion (Bolzer et al. 2005; Cremer and Cremer

2001; Cremer et al. 2000, 2006; Kozubek et al. 2002;

Kosak et al. 2007; Lanctôt et al. 2007). Each chromosome

occupies a distinct volume within the nucleus—the chro-

mosome territory—which can be subdivided into sub-

chromosomal domains, forming surface irregularities,

which more or less intermingle with neighboring territories

(Albiez et al. 2006; Branco and Pombo 2006). The intra-

nuclear position of territories and individual genes descri-

bed by the relative radial distance to the nuclear center is

nonrandom and seems to follow special rules; for instance,

a correlation of chromosome position and gene density

(Kupper et al. 2007) has been shown to be evolutionary

conserved (Tanabe et al. 2002; Neusser et al. 2007), and

gene positioning has been shown to depend on their tran-

scriptional status (Kosak and Groudine 2004; Dundr et al.
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2007; Sexton et al. 2007). Relative chromosome position-

ing is preserved within one cell type (Parada et al. 2002)

independently of the individual, as has also been reported

for nonneoplastic pancreatic and breast ductal epithelium

(Wiech et al. 2005). In addition, the shape of chromosome

territories seems to vary little, as indicated by the small

variance of roundness of chromosome 8 territory in pan-

creatic ductal epithelium (Wiech et al. 2005).

However, imaging of living cells revealed that chro-

matin in interphase nuclei is dynamic in structure and

nuclear position up to a certain level (Abney et al. 1997;

Zink et al. 1998; Lanctôt et al. 2007). Spatial repositioning

of DNA regions seems to play a role in regulation of gene

expression. Several studies suggest that transcriptional

activation of genes in lymphocytes and adenocarcinoma

cells correlates with a repositioning towards the nuclear

interior (Kosak et al. 2002; Zink et al. 2004), away from

the constitutional heterochromatin (Hewitt et al. 2004).

Vice versa, gene silencing has been shown to be associated

with spatial proximity to heterochromatin (Bartova et al.

2002; Harmon and Sedat 2005). In contrast, investigations

in Saccharomyces cerevisiae suggest an association

between gene activation and repositioning of the locus

towards the nuclear periphery (Casolari et al. 2004), in

proximity to nuclear pores in order to serve to optimally

express the gene (Soutoglou and Misteli 2007). These

inconsistent findings may reflect the complexity of inter-

actions that may be involved in regulation of transcription,

such as colocalization of genes on different chromosomes,

several genes sharing the same transcription factory, vari-

ous activating or repressing factors, the genomic context of

the respective locus, and other factors.

Spatial genome organization has mostly been studied in

monolayer cell cultures. However, the findings cannot be

transferred directly into tissues, since the same cell type in

monolayer cultures and tissues show differences in nuclear

structure. Moreover, there are interactions between the

extracellular matrix and the architectural organization of

the nucleus (Lelievre et al. 1998) which can only be

assessed in tissue. Application of 3D FISH methods in

paraffin tissue sections preserves the natural microana-

tomical context, allowing correlation studies between

intranuclear genome architecture and tissue texture, cellu-

lar positioning or extracellular structures. Furthermore, in

several tissues, for example, colonic crypt epithelium or

squamous epithelium, there is a well-defined spatial

direction of terminal cell differentiation, so that the cellular

position in a tissue section provides an indication about the

respective cell differentiation status.

Expression of apoptosis-related genes requires tight

regulatory mechanisms in cell differentiation, which may

be impaired in neoplastic transformation and autoimmune

or degenerative diseases (Cory and Adams 2002). The

‘‘intrinsic’’ or ‘‘stress’’ pathway of cell death is primarily

regulated by members of the BCL2 family, which are

subject to several transcriptional and posttranslational

control mechanisms (Adams and Cory 2007). Immuno-

histochemical staining reveals a decrease of BCL2

expression in normal squamous epithelium towards the

surface. In addition to prolonged cell survival by inhibition

of apoptosis, BCL2 can also promote genomic instability

by affecting DNA repair capacity (Youn et al. 2005). It has

been found to be upregulated in 54% of invasive cervical

cancer and in 68% of preinvasive cervical intraepithelial

neoplasia (CIN) by immunohistochemical staining (Ozalp

et al. 2002), as well as in lymph node metastases of cer-

vical cancer, as detected by expression profiling (Hage-

mann et al. 2007).

Thus, we investigated the expression-related intranu-

clear radial position of chromosome 18 territories and the

orientation of BCL2 genes in normal terminal differentia-

tion of squamous epithelium in the vaginal part of uterine

cervix in reference to the nuclear center. Incorporating

analyses of BCL2-overexpressing as well as BCL2-non-

overexpressing cervical squamous cell carcinomas, our

study provides new aspects of genome architecture in

nonneoplastic and neoplastic cells within their natural

histological context in association with gene expression.

Materials and methods

Tissue microarrays and immunohistochemistry

Tissue microarrays were prepared from routinely overnight

formalin-fixed (4% formaldehyde in phosphate-buffered

saline, PBS) and paraffin-wax-embedded human tissue

specimens, using 2-mm cores. Cylinders of six specimens

of nonneoplastic ectocervical squamous epithelium (NNSE)

and four invasive cervical squamous carcinomas (SCC)

were punched from preselected areas and transferred into

a recipient paraffin block. The carcinomas have been

classified as moderately differentiated, nonkeratinizing

invasive cervical squamous cell carcinomas, according to

World Health Organization (WHO) classification sch-

emes (Wells et al. 2003). Tumor stages T1b1 and T1b2,

according to the International Union against Cancer (Sobin

and Wittekind 2002) were represented. For hematoxylin/

eosin and immunohistochemical staining 2-lm-thick sec-

tions were prepared. Immunohistochemistry was performed

with anti-human BCL2 oncoprotein monoclonal mouse

antibody (DAKO, Glostrup, Denmark, clone 124, diluted

1:1,000) using Dako REALTM Detection System, Alkaline

Phosphatase/RED-labeled rabbit anti-mouse antiserum,

according to the DAKO standard protocol. The slides were

pretreated in a steamer for 30 min (pH 9.9). The staining
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intensity of the nonneoplastic and neoplastic epithelial cells

was compared with the staining intensity of lymphocytes,

which were present in the subepithelial connective tissue in

every case and served as internal positive control. Staining

intensity was semiquantitatively graded as strong, weak or

negative.

Fluorescence in situ hybridization (FISH)

For FISH analysis, tissue microarray sections (15 lm) were

cut and mounted on glass slides. Locus-specific probes for

BCL2, labeled with SpectrumGreen (kindly provided by

Prof. Dr. R. Siebert, Institute of Human Genetics, Uni-

versity Hospital Schleswig-Holstein, Kiel, Germany) and

whole chromosome painting (WCP) probes for visualiza-

tion of the chromosome 18 territory labeled with Spec-

trumOrange (Abbott Molecular Diagnostics), were used.

Paraffin was removed by xylene (30 min) and isopro-

panol (3 min) and the slides were hydrated in a graded

series of ethanol (100%, 96%, 70%, and 50%) and PBS

(pH 7). Pretreatment [20 min in a microwave oven

(180 W) in citrate buffer, pH 6, and pronase E (0.05%)

digestion for 3 min at 37�C] was performed. After washing

in PBS, the slides were denatured in 70% formamide for

15 min at 75�C. The slides were dehydrated over a graded

series of ethanol (70%, 90%, 100%, at -20�C) and air-

dried. The FISH probes were added onto the slides and

incubated for 48 h at 37�C. After hybridization and nuclear

counterstaining with Hoechst 33342 (Molecular Probes) for

10 min, the slides were placed in 29 SSC/0.1% NP-40

( 7.4) at 73�C for 2 min, embedded in antifade solution

(Vectashield), and covered with a standard cover glass.

Fluorescence microscopy and image acquisition

Since NNSE shows strong BCL2 immunohistochemical

staining of the basal layer, weak staining of the middle

third, and no staining of the apical cells (Fig. 1a), these

three groups (basal/middle/upper layer) were defined as

stages in a model of terminal cell differentiation. Two

invasive cervical SCC with strong BCL2 staining (n = 2,

both nonkeratinizing, grade 2, T1b1) represented the group

of BCL2-positive carcinomas (SCC BCL2?) (Fig. 1b), and

two SCC without BCL2 expression (n = 2, both nonker-

atinizing, grade 2, T1b1 and T1b2) were taken as the group

of BCL2-negative carcinomas (SCC BCL2-) (Fig. 1c).

Three-dimensional image stacks (voxel size 102 9

102 9 325 lm3) were acquired using a Zeiss Axioplan2

imaging microscope (Carl Zeiss Jena, Jena, Germany)

equipped with a PlanApochromat 639/NA1.4 oil objective

lens and the ApoTome (Carl Zeiss Jena) for optical sec-

tioning (for details, see Wiech et al. 2005). The image

stacks in the three color planes (red for SpectrumOrange,

green for SpectrumGreen, and blue for DAPI) were

recorded sequentially (Fig. 2). For false-color visualization

and experiment control, 3D views were reconstructed by

the AxioVision software. TIFF image stacks were exported

for interactive object segmentation of nuclei and labeled

sites using ImageJ image-processing software. The cell

nuclei were selected according to 3D completeness and

clearly visible FISH signals.

A total of 121 nuclei of the three groups of NNSE (basal

n = 45, middle n = 39, upper layer n = 37) and 82 nuclei

of the four carcinomas (SCC BCL2? n = 44, SCC BCL2-

n = 38) were appropriate for further quantitative analysis.

Three-dimensional image analysis

The TIFF images of the presegmented cell nuclei were

converted into kdf format and further evaluated as described

in detail elsewhere (Stein 2006; Schmitt et al. manuscript in

preparation). Briefly, to increase the signal-to-noise ratio,

the images were first processed by 3 9 1 9 1 and

1 9 3 9 1 or 5 9 1 9 1 and 1 9 5 9 1 binomial filters

Fig. 1 Immunohistochemical staining for BCL2: a (1009 magnifi-

cation) Abundant cytoplasmic positivity in the basal layer (BA), weak

protein expression in parabasal and middle layers (MI), and no

detectable expression in the upper layers (UP) of nonneoplastic

cervical squamous epithelium; note two BCL2-positive intraepithelial

lymphocytes (LY). b (2009 magnification) Section of a BCL2?

squamous cell carcinoma of the cervix (CA). c (2009 magnification)

Section of a BCL2- squamous cell carcinoma of the cervix (CA).

Note the BCL2-positive lymphocytes (LY) in the stroma in the right

upper corner as an internal positive control
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and the background was reduced by a threshold in the

grayvalue histogram. For the segmentation of the cell nuclei

and the chromosome territories an iterative threshold pro-

cedure (isodata procedure) was applied. The domains of the

BCL2 genes were segmented by means of a top-hat algo-

rithm. Centers and borders of nuclei were automatically

determined by analyzing the 3D image stack of the Hoechst

counterstain. From the segmented chromosome territories

and gene domains the intensity barycenters were calculated.

For the calculation of the relative radial position (%) of

the respective genome element highlighted by a DNA

specific fluorescence label, the shortest Euclidean distance

d to the nuclear border of every voxel x of the cell nucleus

was calculated by

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx1 � y1Þ2 þ ðx2 � y2Þ2 þ ðx3 � y3Þ2
q

with xi and yi being the three-dimensional coordinates

of the voxel x and the border voxel y, respectively.

The distance d was normalized to the maximum shortest

Euclidean distance. In the case of ellipsoidal cell nuclei this

corresponds to the short axis of the ellipsoid (Fig. 3, right

image). By multiplication of this normalized distance with

an appropriate scaling factor, the cell nucleus was subdi-

vided into ten equal segments of width Dni to the nucleus

surface (Fig. 3). Using the same algorithm, the chromo-

some 18 territories were subdivided into shells for com-

paring the relative distances of the BCL2 alleles with

respect to the territories. In order to determine the radial

positions of nuclear elements of a certain cell type the

position of the intensity barycenter within these shells was

calculated and given as a percentage relative to the nuclear

center (Fig. 3). In this way, possible systematic difference

of 3D parameters due to changes of nuclear shape, espe-

cially in the upper layer of epithelium in which nuclei tend

to appear ellipsoid or flat rather than round, could be

reduced to a minimum (compare left and right image in

Fig. 3).

Fig. 2 Example of a segmented basal cell of nonneoplastic squamous

epithelium (NNSE) with a Hoechst 33258 nuclear counterstain,

b whole chromosome painting for visualization of the chromo-

some 18 territories, and c locus-specific hybridization of the BCL2

gene domains, d the merged picture of all three channels reveals

interchromosomal differences of intranuclear positioning of the

territories and the BCL2 genes

Fig. 3 Schematic

representation of the radial

segments of a cell nucleus

equidistantly following the

nucleus border. For simplicity

only five shells with width Dni

are shown. d is the Euclidean

distance of the object to the

nuclear border. Comparison of

the left image (spheric cell
nucleus) with the right image

(ellipsoid cell nucleus) indicates

that the chosen description of

the nuclear shells can be used

independently of the nuclear

shape
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The sum of the voxel intensities measured in all

evaluated nuclei per set was set to 100% for each color

channel for normalization. The cumulative relative DNA

content of the shells was displayed as a function of the

relative distance r from the determined center of the

nucleus or territory, respectively. Radial positions of

territories in reference to the nuclear center, of BCL2

genes in reference to the territorial center, and of BCL2

genes in reference to the nuclear center were illustrated in

this way (Fig. 4).

In addition to the radial positions the absolute distances

(in microns) of the homologous elements were calculated.

In order to compare the distances independently of the

nuclear size the cell nuclei were transformed into a unit

sphere with radius R = 1. The normalized distances of the

nuclear elements refer to this unit sphere and are given in

units of R (Fig. 5).

All parameters were determined by analyzing both

chromosome 18 territories or both alleles of BCL2 per cell,

respectively, and then by analyzing the inner, more central,

and the outer (more peripheral) chromosome territory 18 or

BCL2 allele separately.

Statistical analysis

To distinguish between significantly different radial posi-

tions and distances of chromosome territories and gene

domains, statistical tests were applied to the complete

distributions of the respective measurements rather than to

their mean values alone. The analysis was applied to the

distance data for the BCL2 gene domains as well as to

the chromosome 18 territories as a whole in reference to

the nuclear center (normalized relative radial positioning),

to the distance from the BCL2 gene domain to the chro-

mosome 18 territory, to the distance and normalized dis-

tance of the homologous chromosome territories, and to the

distance and normalized distance of the homologous BCL2

gene domains. The five distributions of the measurements

for NNSE basal layer, NNSE middle layer, NNSE upper

layer, SCC BCL2?, and SCC BCL2- were compared. In

addition to the overall analysis, relations between inner and

outer BCL2 alleles and inner and outer chromosome 18

territories were also inspected separately. Statistically

significant differences were tested by the two-sided

Kolmogorov–Smirnov two-sample test (KS test) (Sokal

and Rohlf 1981) using the analytical representation for the

critical values. As we do not have indications for normal

distributions of the respective measurements, we decided to

use this nonparametric test, the null hypothesis of which is

identity in distribution for the two samples. The test is

known to be sensitive to differences also of higher

moments of the distributions, such as dispersion and

skewness. The results for the KS test are shown using the

significance value a. All values clearly above a = 0.15

were assumed to be insignificant.

Results

Immunohistochemistry

Immunohistochemical staining of the nonneoplastic squa-

mous epithelium revealed abundant cytoplasmic positivity

for BCL2 in the basal layer, weak staining of the middle

third, and no staining of the apical cells in the upper third

(Fig. 1). Hence, the three groups (basal, middle, and upper

layer) were defined for further analyses of terminal cell

differentiation in NNSE. Two invasive cervical squamous

cell carcinomas displayed strong BCL2 staining (SCC

BCL2?, Fig. 1) whereas two other squamous cell carci-

nomas showed no staining (SCC BCL2-, Fig. 1).

Radial positions of chromosome 18 territory and BCL2

alleles in normal cervical squamous epithelium

First, the relative radial positions of chromosome 18 terri-

tories and the BCL2 domains were determined in reference to

the nuclear center in the three different layers of NNSE. In

Table 1 the mean values and standard deviations are sum-

marized. As shown in Fig. 4 and schematically illustrated in

Fig. 6, chromosome 18 territories showed a general ten-

dency (from the basal layer over the middle layer to the upper

layer) for a shift towards the nuclear center. In those cell

nuclei in which both homologues could be evaluated, objects

with the smaller and larger distances to the nuclear center

were analyzed separately since their locations were always

significantly different (Tables 2, 3). Between the respective

inner territory 18 and the outer territory the greatest differ-

ence was found in the basal layer whereas the smallest dif-

ference was found in the upper layer.

Evaluation of the relative radial distances of the BCL2

gene domains revealed a tendency for a slight shift towards

the center, following in general the chromosome 18 terri-

tories. Interestingly, after separate evaluation of inner and

outer allele, greatest difference again was observed in the

basal layer (Fig. 4), where the inner BCL2 domain showed

an orientation towards the nuclear center. Although the

absolute values suggest this tendency, these changes did

not reach high statistical significance.

In contrast to all other comparisons, the difference

between the outer BCL2 allele in the basal layer and the

outer BCL2 allele in the upper layer was statistically sig-

nificant (Table 2) using the double-sided Kolmogorov–

Smirnov test. This indicates a shift of the outer BCL2

alleles towards the nuclear center, parallel to a decrease of

gene expression during terminal cell differentiation.
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Fig. 4 Normalized cumulative frequency of labeled objects in the

different nonneoplastic and neoplastic cell types (rows). The first

column shows the normalized cumulative frequency of the relative

radial position (percentage of the long nuclear main axis) of the

chromosome 18 territories in reference to the nuclear center (0 on the

x-axis). The second column shows the normalized cumulative

frequency of the radial distances of the BCL2 genes in nanometers

(x-axis) with reference to the territorial surface (0 on the x-axis); note

that this is a fictitious surface given by segmented labeled site. Due to

the open flexibility of the chromatin, the genes can also be located

inside the territory (negative values). The third column displays the

normalized cumulative frequency of the relative radial position

(percentage of the long nuclear main axis) of the BCL2 genes in

reference to the nuclear center (0 on the x-axis). In all histograms the

grey curve refers to all nuclear elements, the blue one to the (‘‘outer’’)

elements positioned closer to the nuclear periphery, and the orange
one to the (‘‘inner’’) elements positioned closer to the nuclear center

798 Eur Biophys J (2009) 38:793–806
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Within the limitations of the optical system used, the

positions of the BCL2 gene domains relative to the surface

of the respective chromosome 18 territories were deter-

mined. No significant shift of the BCL2 domains was

observed (Fig. 4).

Radial positions of chromosome 18 territory and BCL2

alleles in BCL2-positive and BCL2-negative cervical

squamous cell carcinomas

As shown in Table 1 and Fig. 4 the difference of radial

positions of both chromosome 18 territories was smaller in

SCC BCL2? compared with SCC BCL2-. The difference

between the radial positions of the respective inner terri-

tories was significant, whereas the outer territories showed

no significant position differences (Kolmogorov–Smirnov

test, Table 2).

Comparison of the relative radial distances of the BCL2

gene domains in reference to the nuclear center gives the

impression that the inner BCL2 allele was located more

centrally and the outer allele slightly more peripherally in

SCC BCL2- than in SCC BCL2? (Table 1; Fig. 4).

However, this observation did not reach statistical signifi-

cance (Table 3).

Determining the absolute radial distances of the BCL2

gene domains to the chromosome 18 territorial surfaces

showed that, in both BCL2? and BCL2- carcinoma cells,

the two BCL2 alleles were located on the surface of the

territory (Fig. 4).

Comparison of radial positions of chromosome 18

territory and BCL2 alleles in cervical squamous cell

carcinomas and nonneoplastic squamous epithelium

Regarding the radial positions of chromosome 18 territo-

ries in SCC compared with NNSE reveals that they were

both located more peripherally in SCC BCL2? (Fig. 4;

Table 1), reaching statistical significance, when compared

with the upper layer of NNSE (Table 2). Interestingly, in

separate analysis, only the inner territory was positioned

significantly more peripherally in SCC BCL2? than in cells

of the upper layer of NNSE. In contrast, in SCC BCL2-

neither the inner nor the outer territories showed any sig-

nificant differences compared with the upper layer of

normal epithelium (Table 2).

When evaluating radial positions of the BCL2 gene

domains in SCC BCL2? and SCC BCL2-, the gene

domains appeared in general to be located more

Fig. 5 Normalized cumulative frequency histograms of the absolute

(a, c) and relative (b, d) distances of the homologous chromosome 18

territories (a, b) and homologous BCL2 domains (c, d). Nonneoplastic

squamous epithelium: blue upper layer, orange middle layer, black
basal layer. Carcinomas: dashed green, SCC BCL2?; dashed red SCC

BCL2-)
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peripherally (Table 1) with statistical significance when

compared with the upper layer of NNSE (Table 3). Of

interest, in separate analysis, the inner BCL2 allele in SCC

BCL2? was positioned significantly more peripherally in

comparison with the basal and upper layer of NNSE

(Table 3; Fig. 4). In SCC BCL2- there was also a shift of

the BCL2 gene domains towards the nuclear periphery

compared with normal epithelium, but in contrast to in

SCC BCL2?, only the outer allele showed a significant

change in comparison with the upper layer of NNSE.

Analysis of BCL2 gene domain positions in reference to

the territorial surface in carcinoma revealed no significant

differences in comparison with nonneoplastic epithelium,

suggesting that, in both BCL2? and BCL2- carcinoma

cells as well as in all layers of normal epithelium, both

BCL2 alleles were always located at the surface of chro-

mosome 18 territory (Fig. 4).

Interchromosomal and interallelic distances

In addition to the radial positioning, the distances between

the intensity barycenters of the homologous chromo-

some 18 territories and BCL2 gene domains were measured

(Table 1; Fig. 5). Besides the absolute distances in

microns, also the relative distances after transformation of

the cell nucleus to a unit sphere were considered. With the

exception of the BCL2 distance of the middle layer of

NNSE in comparison with SCC BCL2- the absolute dis-

tance values showed no significant differences between the

cell types analyzed. On average the homologue distances in

the carcinomas were larger than in nonneoplastic epithe-

lium. Comparing the absolute values of the BCL2 domain

distances with the chromosome 18 territory distances in

nonneoplastic epithelium reflected the tendency of the gene

orientation towards the nuclear center when BCL2 was not

expressed. This was not supported by the two types of

carcinomas.

In order to compare the distances without the influence

of nuclear shape, the transformations to the unit sphere

were analyzed. Since in the upper third the cells were

highly flattened, leading to strong artificial rearrangements

during transformation, they were excluded from this sta-

tistical evaluation. The relative distance of chromosome 18

territories in SCC BCL2? was significantly different from

SCC BCL2-. This was not observed for the BCL2 gene

domains, which is compatible with the allelic repositioning

Table 1 Radial nuclear positioning of chromosome 18 territories and BCL2 gene domains, and distances of homologous elements

Relative radial positions of chromosome 18 territories (#18) in reference to the nuclear center (mean ± standard deviation, %)

Cell type #18 all #18 inner #18 outer

NNSE upper layer 59 ± 15 51 ± 14 67 ± 12

NNSE middle layer 64 ± 15 56 ± 15 73 ± 10

NNSE basal layer 66 ± 20 56 ± 18 76 ± 16

SCC BCL2? 69 ± 20 62 ± 20 76 ± 16

SCC BCL2- 64 ± 24 52 ± 23 77 ± 15

Relative radial positions of BCL2 domains in reference to the nuclear center (mean ± standard deviation, %)

Cell type BCL2 all BCL2 inner BCL2 outer

NNSE upper layer 59 ± 21 48 ± 18 69 ± 19

NNSE middle layer 65 ± 19 55 ± 18 74 ± 15

NNSE basal layer 63 ± 21 50 ± 18 77 ± 14

SCC BCL2? 69 ± 22 60 ± 22 78 ± 18

SCC BCL2- 65 ± 24 55 ± 26 80 ± 15

Absolute (lm) and relative distances (radius of the unit sphere of the territory) between the homologous chromosome 18 territories (#18) and

BCL2 domains

Cell type #18 (abs.), lm #18 (rel.) BCL2 (abs.), lm BCL2 (rel.)

NNSE upper layer 3.9 ± 1.4 0.9 ± 0.3 3.7 ± 1.8 0.9 ± 0.4

NNSE middle layer 3.8 ± 1.2 0.9 ± 0.3 3.3 ± 1.6 0.8 ± 0.4

NNSE basal layer 4.0 ± 1.4 1.1 ± 0.3 3.8 ± 1.6 1.0 ± 0.3

SCC BCL2? 4.3 ± 1.5 1.1 ± 0.3 3.9 ± 1.5 1.0 ± 0.3

SCC BCL2- 4.4 ± 2.1 0.9 ± 0.4 4.1 ± 2.1 0.9 ± 0.4

NNSE Nonneoplastic squamous epithelium, SCC squamous cell carcinoma
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with gene expression (Table 4; Fig. 6). Slightly significant

differences were also found between the basal and the

middle layer of NNSE, supporting the same interpretation

(Table 4).

Discussion

In order to evaluate changes of intranuclear gene domain

positioning in reference to the nuclear center and to the

territorial surfaces during terminal cell differentiation

within the natural microanatomical context, we chose

nonneoplastic cervical squamous epithelium (NNSE) as a

model, in which cellular differentiation status correlates

with the position of the cell in reference to the basement

membrane. The apoptosis-related gene BCL2 and its

chromosome 18 territory were selected, because the dif-

ferent layers of squamous epithelium show clearly different

protein expression levels in terms of a continuous strong

expression of BCL2 in the basal layer, a weak expression in

the middle layers, and no detectable expression in the

upper layers. Furthermore, there are differences of BCL2

expression in the neoplastic counterpart—invasive cervical

squamous cell carcinomas (SCC)—about half of which

shows a BCL2 overexpression (54%), whereas others

express little or no BCL2 (Ozalp et al. 2002). Analysis of

the spatial distribution of BCL2 genes, especially separate

evaluation of the respective inner and outer BCL2 allele

and chromosome 18 territories, revealed interesting

insights when comparing the three layers of NNSE, BCL2-

overexpressing SCC, and BCL2-negative SCC.

The microanatomical context is assumed to be well

preserved in formaldehyde-fixed, paraffin-wax-embedded

tissues for the application of 3D FISH methods in analysis

of genome architecture of the cell nucleus (Solovei et al.

2002). Unfortunately it is accompanied by the disadvantage

of fixed cells, in contrast with cell cultures, which offer the

opportunity for in vivo studies. This means that, in general,

we cannot exclude fixation-induced changes of chromatin

compaction which may show an influence on the nanoscale

(Rauch et al. 2008). On the microsize scale of our mea-

surements these changes should be negligible. On the other

hand, tissue sections provide advantages of preserved tissue

architecture, including extracellular structures and polarity.

In all NNSE and SCC cell groups both BCL2 alleles

were located on the surface of chromosome 18 territories,

Fig. 6 Schematic depiction of the most important results. a Terminal

cell differentiation: changes from basal to apical (upper layer) cells of

nonneoplastic squamous epithelium. A shift of both chromosome 18

territories and both BCL2 alleles towards the nuclear center was

found, with a significantly different position (asterisk) of the outer

chromosome 18 territory and BCL2 allele. b Comparison of basal

nonneoplastic cells with BCL2? carcinomas: the inner chromo-

some 18 territories and the inner BCL2 gene domains (significant

difference) are located more peripherally in the carcinomas, whereas

the outer BCL2 alleles and chromosome 18 territories are nearly at the

same position in both cases. c Comparison of basal nonneoplastic

cells with BCL2- carcinomas: the inner chromosome 18 territories

are located slightly more centrally, whereas the outer chromosome 18

territories are nearly at the same position. The inner and outer

BCL2 alleles are positioned more peripherally without statistical

significance

c
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irrespective of their transcriptional activity. This was sup-

ported by results showing also independence of the terri-

tory surface gene location from gene activity (Cremer et al.

2004) especially in HeLa cell lines (Scheuermann et al.

2004). As a caveat it should be mentioned that these

measurements were very close to the diffractive resolution

limit of the objective lens used. A position on the territorial

surface may facilitate regulatory interactions of the gene

with proteins, noncoding RNAs, and genomic regions on

other chromosomes. However, it has been shown that

transcription is not confined to the territorial periphery

(Mahy et al. 2002). Other transcriptionally active genes,

which possibly do not need to be regulated to that extent,

such as mouse b-globin, seem to be located more centrally

within its territory (Brown et al. 2001, reviewed in Lanctôt

et al. 2007). Interestingly, Gandhi et al. described that gene

loci involved in interchromosomal rearrangements were

located closer to the periphery of chromosome territories

than were loci involved in intrachromosomal rearrange-

ments (Gandhi et al. 2009). Thus, a general location of

BCL2 gene loci at the territorial surface could be associated

with the high prevalence of interchromosomal BCL2

rearrangements in follicular lymphoma, although we did

not include lymphocytes in our study.

Chromosome 18 territories and BCL2 gene domains

show a shift towards the nuclear center when evaluating

NNSE along basal, middle, and upper layers in the direc-

tion of terminal cell differentiation. No statistical signifi-

cance was obtained in the analysis without separation of

the two homologous chromosomes or the two BCL2 alleles.

Separate evaluation revealed differences of relative radial

position of the outer BCL2 allele in the basal layer, being

located more peripherally than the outer BCL2 allele of the

upper layer. Interestingly, the greatest difference of radial

positions between the inner and outer allele was observed

in the basal layer with the strongest BCL2 expression,

which may reflect a release of stabilizing interactions with

heterochromatin during activation of transcription, as

suggested by Harmon and Sedat (Harmon and Sedat 2005).

The inner allele, in contrast, did not show significant dif-

ferences between the three layers. These results indicate a

shift of the more peripheral BCL2 allele towards the

nuclear center in terminal cell differentiation. One

could assume that these findings only reflect the higher

Table 2 Statistical analysis of normalized chromosome 18 territory positioning in reference to the nuclear center: significance values (a values)

for the double-sided Kolmogorov–Smirnov test

Overall analysis (no separation of the chromosomes)

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer n.s. 0.006 n.s. n.s.

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. n.s.

SCC BCL2? 0.146

Inner chromosome 18 territory

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer n.s. 0.021 n.s. n.s.

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. n.s.

SCC BCL2? 0.079

Outer chromosome 18 territory

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer n.s. n.s. 0.115 n.s.

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. n.s.

SCC BCL2? n.s.

Inner versus outer chromosome 18 territory

NNSE upper layer NNSE middle layer NNSE basal layer SCC BCL2? SCC BCL2-

0.026 0.022 \0.001 0.029 \0.001

NNSE Nonneoplastic squamous epithelium, SCC squamous cell carcinoma, n.s. not significant (a[ 0.15)
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proliferation status of the basal cells and are an artefact due

to a higher percentage of cells being in the cell cycle.

However, this would not explain the loss of spatial allelic

imbalance in SCC, which also has a high proliferation

index. Thus, we think that our findings may reflect a

physiological mechanism of unequal positioning, which is

impaired after neoplastic transformation.

The allelic differences of spatial organization in BCL2-

expressing basal cells may also point to allelic differences

of BCL2 gene transcription. Although a parenteral allele-

specific expression in terms of imprinting has not been

described for BCL2 so far, this may be due to allelic

imbalance of transcriptional activity or random monoallelic

expression, such as is known for some other autosomal

genes [reviewed in (Watanabe and Barlow 1996; Yang and

Kuroda 2007)], for example, odorant receptor genes of

murine olfactory neurons (Chess et al. 1994).

If transcriptional preponderance of one BCL2 allele is

hypothesized, the significance of the outer allele, being

located more peripherally in basal cells compared with the

upper ones, will point to the theory that the outer BCL2

allele is the one that receives higher transcriptional activity.

This hypothesis is further supported by the results of the

analysis of radial BCL2 positions in carcinoma: the inner

allele in BCL2? (but not in BCL2-) carcinoma cells was

located significantly more peripherally compared with the

basal nonneoplastic cells. This finding supports the theory

that the more peripheral BCL2 allele may represent the

transcriptionally more active one.

This is in contrast to findings of several other investi-

gators, who describe a relocation of activated genes

towards the nuclear interior (Kosak et al. 2002; Lanctôt

et al. 2007; Zink et al. 2004) and is also inconsistent with

the assumption that the nuclear periphery is a compartment

of general transcriptional inactivity. So far a causal link

between chromatin mobility and gene expression remains

to be established, and a main question is whether spatial

genome organization affects or just reflects gene function

(Fraser and Bickmore 2007). Most insights into such

mechanisms may support the finding that gene silencing

occurs at the nuclear periphery as a result of decreased

chromatin mobility.

However, as shown by Casolari et al. in S. cerevisiae,

gene activation can be associated with repositioning

Table 3 Statistical analysis of normalized BCL2 gene domain positioning in reference to the nuclear center: significance values (a values) for

the double-sided Kolmogorov–Smirnov test

Overall analysis (no separation of BCL2 alleles)

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer 0.012 0.006 n.s. 0.133

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. n.s.

SCC BCL2? n.s.

Inner BCL2 allele

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer n.s. 0.041 n.s. n.s.

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. 0.065

SCC BCL2? n.s.

Outer BCL2 allele

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer 0.041 n.s. 0.099 n.s.

NNSE middle layer n.s. n.s. n.s.

NNSE basal layer n.s. n.s.

SCC BCL2? n.s.

Inner versus outer BCL2 allele

NNSE upper layer NNSE middle layer NNSE basal layer SCC BCL2? SCC BCL2-

0.002 0.001 \0.001 0.012 0.001

NNSE Nonneoplastic squamous epithelium, SCC squamous cell carcinoma, n.s. not significant (a[ 0.15)
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towards the nuclear periphery in spatial proximity to

nuclear pores (Casolari et al. 2004), which interact with

promoters of genes in yeast (Schmid et al. 2006). The

observation of the association of an activated locus with the

nuclear periphery is neither sufficient nor necessary for

the activity but serves to optimally express the gene (Taddei

et al. 2006). Furthermore, even in mammals a general rule

of gene relocation towards the nuclear interior or exterior

in association with transcriptional activity seems to be

inexistent, as illustrated by several other inconsistent

findings (Hewitt et al. 2004; Ragoczy et al. 2006; Williams

et al. 2006). Thus an attractive hypothesis may be that a

gene locus can move into a favorable place within the

nuclear architecture for optimized regulatory processes

such as activation or repression. Activation of a gene

means alteration of local chromatin structure for changes in

accessibility. Since the intranuclear mobility of a gene

locus is affected by its chromatin compaction, the locus

becomes increasingly mobile with activation and finds a

functional compartment that best supports its functional

status. In this view, diffusional movements of gene loci are

a critical property of gene expression and allow the loci to

find ideal nuclear environments to be optimally expressed.

This environment may not always be located in the nuclear

center but also at the nuclear periphery when nuclear pore

interactions may support the gene function (Soutoglou and

Misteli 2007; Akhtar and Gasser 2007).

Thus, our findings appear to be still reasonable, with the

consequence that gene regulation and gene loci movements

have to be studied more intensively for many different

types of genes in order to find appropriate rules. Chromo-

some 18, as a chromosome of very low gene density, may

act quite differently as compared with chromosomes of

high gene density, for instance, chromosome 19. It was

shown that in proliferating cells chromosome 18 territories

were generally located more peripherally (Bolzer et al.

2005; Bridger et al. 2000). The more peripheral location of

chromosome 18 in carcinoma cells as compared with in

normal cells was also found by Cremer et al. (2003), who

compared HeLa cells (derived from cervix carcinoma) with

normal cervical epithelium.

In addition, our findings may reflect a regulatory

mechanism in BCL2-expressing NNSE cells, which leads

to an allelic difference of nuclear positioning, and is

probably associated with allelic differences of transcrip-

tional activity. This mechanism, whatever it is, seems to

be lost in neoplastic transformation, a phenomenon which

may be comparable to loss of imprinting in cancer

[reviewed in (Jelinic and Shaw 2007)]. Recently, an allelic

imbalance in gene expression of eight genes, including

BCL2, has been detected by evaluating relative expression

levels of two single-nucleotide polymorphism (SNP)

alleles in cancer cells (Milani et al. 2007). Allelic imbal-

ance of gene expression may be a common finding in

nonneoplastic cells, possibly representing a regulatory

mechanism, which may be changed in cancer.

Although our observation of changes in nuclear genome

organization may support the view of the nucleus as a self-

organizing system in which regulatory processes drive the

interactions and orientations of functional elements (Mist-

eli 2008), this issue has not been investigated sufficiently

yet. Further studies are needed to investigate associations

between spatial allelic imbalances, epigenetic features, and

allelic imbalances of gene expression, in order to elucidate

mechanisms of gene regulation in nonneoplastic cells and

its changes in neoplastic cells. This may help to uncover

Table 4 Statistical analysis of normalized homologue distances: significance values (a values) for the double-sided Kolmogorov–Smirnov test

Chromosome 18 territories

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer Excluded Excluded Excluded Excluded

NNSE middle layer n.s. 0.121 0.139

NNSE basal layer 0.124 n.s.

SCC BCL2? 0.072

BCL2 genes

Cell type SCC BCL2- SCC BCL2? NNSE basal layer NNSE middle layer

NNSE upper layer Excluded Excluded Excluded Excluded

NNSE middle layer n.s.* n.s. 0.121

NNSE basal layer n.s. n.s.

SCC BCL2? n.s.

NNSE Nonneoplastic squamous epithelium, SCC squamous cell carcinoma, n.s. not significant (a[ 0.15)

* The absolute distances differ significantly (a = 0.051)
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possible regulatory factors, which also promote spatial

relocation of genomic regions and may therefore be

important in early carcinogenesis. From this point of view

quantitative analysis of the 3D location of genes during

carcinogenesis implemented in appropriate databases, e.g.,

accessible on a computing grid, might be a helpful tool in

research and medical applications.
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