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Topography of genetic loci in tissue samples:
towards new diagnostic tool using interphase
FISH and high-resolution image

analysis techniques

I. Koutn&?, S. Kozubel*, J. Zaloudik, loci in HT-29 cells revealed that the location of the third ge-
M. Kozubek?, E. Luké_éovg, Pa. Matul&, netic element is not different from the location of two homo-
E. Bartov®. M. Skalnikov&. A. Cafourkov® logues in diploid cells. We have shown that the topographic

parameters used in our experiments for different genetic el-
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ements are not tissue or tumour SpeclflC. In order to vali-

@Faculty of Informatics, Masaryk University, date high-resolution cytometry for oncology, further inves-
Botanicka 68a, 602 00 Brno, Czech Republic tigations should include more precise parameters reflecting
b|nstitute of Biophysics, Academy of Sciences, the state of chromatin in the neighbourhood of critical onco-
Kralovopolska 135, 61265 Brno, Czech Republic genes or tumour suppresser genes.
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1. Introduction

Received April 2000

Accepted 26 June 2000 Interphase chromatin is a reliable morphological in-
dicator of the physiological cell condition: processes
Using single and dual colour fluorescerigesitu hybridis- such as proliferation, differentiation, transformation,

ation (FISH) combined with image analysis techniques the apoptosis, etc. are usually correlated with specific
topographic characteristics of genes and centromeres in nu- chromatin changes [3,4,31]. A quantitative evaluation

clei of human colon tissue cells were investigated. The dis- of the chromatin pattern is based either on the sepa-
tributions of distances from the centre-of-nucleus to genes rate analysis of each single structural attribute (size,
(centromeres) and from genes to genes (centromeres to Cen-shape, density, arrangement and distribution of chro-
tromergs) were studied in normal colon ti§sue cells founq in matin grains) or on a global evaluation. The global

the neighbourhood of tumour samples, in tumour cell line evaluation of the chromatin patterns may be obtained

HT-29 and in promyelocytic HL-60 cell line for comparison. b iderina the ch tin struct h t
Our results show that the topography of genetic loci deter- y considering the chromatin Structure as a coheren

mined in 3D-fixed cell tissue corresponds to that obtained t€Xture (heterogeneity, granularity, condensation, ra-
for 2D-fixed cells separated from the tissue. The distributions dial distribution) [9]. Measurements of the chromatin
of the centre-of-nucleus to gene (centromere) distances and patterns by microscopy are based on image processing.
gene to gene (centromere to centromere) distances and theirDNA image analysis is frequently performed in clini-
average values are different for various genetic loci but sim- cal practise as a prognostic tool and for the improve-
ilar for normal colon tissue cells, HT-29 colon tumour cell  ment of diagnostics in some cancers cases [27]. Chro-
line and HL-60 promyelocytic cell line. It suggests that the  matin texture is determined by the global topographic
arrangement of genetic loci in ceII. nuclgus is conserved N arrangement of cell nuclei and represent an elemen-
different types of human cells. The investigations of trisomic tary histological characteristic of tumour tissue. For
* , , : _ this reason chromatin texture plays also a central role
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physics, Academy of Sciences, Kralovopolska 135, 612 65 Brno, In dlagnOSIS and gradlng of mallgnancy by the pathol-
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sis of the nuclear chromatin texture opens up a new
field for associating morphology with functional prop-
erties [33].
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Positions of chromosomes, centromeres or individ-
ual genetic loci reveal non-random distribution of these
genetic elements in the cell nucleus. Several studies

FISH methods are frequently used in diagnostics show that the centromeres [8,13,14] or oncogenes [21,
of some cancers, in most cases in the diagnostics 22] are distributed non-randomly in the nuclear vol-
of heamoblastoses. For example, the t(9;22)(g34;11) ume, at least in some stages of the cell cycle. Distinctly
translocation leads to the formation of chimeric ABL- non-random chromosome organisation was found in
BCR gene, which plays a crucial role in the pathogen- G; human lymphocytes with several centromeric re-
esis of chronic myeloid leukaemia (CML) [15]. FISH gions localised on the nuclear periphery and telom-
has been also successfully used in diagnostics of solid eric regions in the interior of the cell nucleus [11].
tissue tumours. Aberrations of chromosome 1 detected The higher order nuclear structure have been inves-
in breast cancer using dual colour FISH correlated with tigated using both human blood cells (lymphocytes,
protein activity of c-erbB-2 and bcl-2 [10]. The combi- bone marrow) and cell cultures (HL-60, U-937, ML-1,
nation of FISH and image analysis provides a new tool K-562) [1,19,20]. To our best knowledge, the topo-
for the measurement of topographic parameters [16]. graphic parameters in solid tissue have not been stud-
The recent studies document a structured arrangementied yet. The main reason is the relative simplicity of
of chromosomal domains in interphase nuclei. Dur- the methods of separating, fixing and, what is very
ing the interphase, each chromosome occupies a dis-important, evaluating the results in individual cells in
tinct domain within the nucleus [5,23]. Chromosomes comparison with tissues. However, about 80% from all
or genes are located in a restricted volume of the nu- malignancies are solid tumours and, therefore, the de-
cleus. The proximity of chromosome territories can in- tailed studies of the topographic parameters of cell nu-
fluence the frequency of their specific structural rear- Cclei separated directly from the human donor tissues
rangements under certain circumstances [18]. It was are needed. Differences in the topography of genetic
shown that exchange aberrations are very frequent be- €lements between normal and malignant tissue can be
tween the specific pairs of chromosomes in lympho- associated with malignant transformation, which can
cytes irradiated with fast neutrons [21]. These results be of great value for diagnostics. Visualisation of spe-
indicate that chromosomes located well apart will in-  Cific oncogenes, tumour suppressor genes, their neigh-
teract with less probability. bourhoc_)d and the (_jetermi_na_tion of appropriate param-

The topographic arrangement of cell nuclei arises as €ters might have diagnostic importance and eventually
a result of positioning of individual chromosomes and could help in therapy. _ B
genes. The topographic parameters of specific genes N this study, the topographic parameters of specific
or chromosomes represent obviously more elementary genetic loci (genes and centromeres) were investigated
morphological indicator in comparison to the chro- N normal colon tissue separated from a colorectal car-
matin texture. The location of chromosomes, genes Cinoma after the biopsy. These parameters were com-

and other specific DNA sequences can be visualised Pared with those on the HT-29 human colon cell line
using FISH in both single cells and tissue sections. and the HL-60 human promyelocytic cell line cultured

Topographic parameters are important not only in re- in_ Iab_oratory conditions. We show that the spatia_l d_is—
lation to the induction of translocation. Experiments fributions of genes and centromeres are very similar
with Drosophilaand yeast show, that also gene expres- N nuclear yolume of all cell types. The results indi-

sion might be influenced by its position [7,26]. Epi- cate the ¢X|stence of general prmmples of the nuc]ear
genetic regulation of gene expression does not prob- organisation for cells growing in the cell suspension

ably play an important role within the cell cycle but a_md cells forming a part of solid tissue. This W_ork_ isa
it could be very important in differentiation, apopto- first step towards studying and formulating principles

sis and also in malignant transformation. For example of chromatin organisation in solid tissue and the use of

in differentiated HL-60 cells, c-myc is relocated closer these results in diagnostics and therapy.
to the nuclear periphery and its expression is down-

regulated. The fact that both processes have common, aterials and methods

kinetics during granulocytic differentiation support the

idea that the relocation of the c-myc gene to the nuclear 2.1. Tissue samples

periphery and the condensation of the chromosome 8
domains might be associated with the c-myc gene si-
lencing [2].

Fresh colon tissue was taken from five patients who
underwent the surgery of colorectal carcinoma at Fac-
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ulty hospital Bohunice of Masaryk University. Imme-
diately after resection material was immersed into the
culture flask with 10 ml of RPMI-medium containing
15% of FCS (PAN, Germany) and 15 U/ml of heparin.
After the histopathological examination, parts of tis-
sue without neoplastic lesion were selected for study-
ing gene location.

2.2. Cell preparation and fixation

Tissue samples was rinsed with phosphate buffer
saline (PBS) in 3 exchanges an digested in freshly
prepared 0.5% pepsin (Sigma) in 0.9% NaCl atG7
for 15 min. This was followed by desintegration of
tissue and filtration of free cells through a 25n
pore size nylon fibre Sefar-Nitex (Sefar, Switzerland).
Free cells were pelleted down by centrifugation and
washed in PBS at°€. For 2D fixation of nuclei we
used the routine procedure including fixation in (1 : 3)
acetic acid/methanol solutions. 3D fixation was done
with 4% paraformaldehyde as described earlier [17,
25].

2.3. Preparation of tissue sections for FISH

A piece of tissue was immersed in 10% parafor-
maldehyde for 20 min, washed in PBS 35 min)
and embedded in medium for frozen tissue (Histolab).
Frozen tissue was cut to section ofith at—30°C and
mounted on poly-L-lysine-coated slides. Before FISH
analysis slides were covered with 0.2% pepsin solu-
tion, pH 1.5, incubated 20 min at 3€ and washed in
PBS containing 0.1% Triton-X-100 (8 5 min) and
PBS (1x 5 min). Slides were then immersed in 0.1%
paraformaldehyde for 10 min, washed and left dry on
the air.

2.4. Cell culture

The human promyelocyte HL-60 cell line and hu-
man adenocarcinomaHT-29 colon tissue cell line grew
up 25 passage in RPMI-medium supplemented with
10% foetal calf serum (PAN, Germany). The cells were
cultured at 37C in humidified atmosphere contain-
ing 5% CQ. Cytological preparations were made by
the routine procedure including cell harvesting by cen-
trifugation, hypotonic shock in 0.075 mol/l KCI and
fixation in (1: 3) acetic acid/methanol solutions or by
paraformaldehyde (4%).
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2.5. Fluorescence in situ hybridisation (FISH)

FISH was performed with (a) unique sequences
of ABL, BCR (dual colour probe), c-MYC (Oncor,
Appligene), (b) alpha-satellite DNA probes of cen-
tromeres modified by digoxigenin (Oncor, Appligene).
The procedure of hybridisation with these two differ-
ent types of probes and post-hybridisation wash was
performed according to the instructions of the manu-
facturers. Counterstaining was performed with DAPI
(0.02g/ml) in vectashield (Vector).

2.6. Image acquisition and analysis

A high-resolution cytometer based on an automated
inverted ZEISS Axiovert (Germany) microscope, a Mi-
croMax (Princeton Instruments, USA), CCD camera
and the confocal unit CARV (Atto corp., USA) were
used. The cytometer acquires images from microscopic
slides automatically. For 2D fixed nuclei, several slices
(3-6) with an axial step of about 0.5+In were ac-
quired for each field of view and maximum image was
calculated in order to increase the depth of focus. Usu-
ally >500 images were stored overnight into the com-
puter memory and subsequently analysed. The cytome-
ter acquires images from microscopic slides automati-
cally. For 3D fixed nuclei, several slices (10-21) with
an axial step of about 0.3—-0,6m were acquired for
each field of view and the maximum image was calcu-
lated in order to increase the depth of focus. The analy-
sis was performed using FISH 2.0 software [16], which
enables the detection of signals inside nuclei. The posi-
tions of centromeres and genes were calculated relative
to the centre of gravity coordinates of the nucleus. The
algorithms used for finding nuclei and signals were de-
scribed earlier [16]. Briefly, the nuclei are found us-
ing simple thresholding where the threshold is deter-
mined by the analysis of the histogram of the counter-
stain image. The genes or centromeres are detected in-
side nuclei using gradual thresholding [16]. The sig-
nals are evaluated according to their intensity and size.
The information about the signals is written into text
files and analysed further in Sigma Plot (Jandel Sci-
entific, CA). The centre-of-nucleus to signal distances
are normalised to the local radius (radius in the direc-
tion of the signal). A number of user-defined options
can be set for both acquisition and for analysis. For
example, the reallocation and automated reacquisition
are possible after repeated hybridisation for a set of im-
ages.
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2.7. Manual segmentation of cell nuclei tation of cell nuclei (this condition is evidently fulfilled
for cells growing in suspension). The procedure was
In the case of 3D fixed nuclei of tissue section described earlier [2,18,20,22,29]. Briefly, we take, for
we used manual segmentation for the determination example, 10 layers (shells) in a sphere at 0-10%, 10—
of borders of nuclei. An automatic or semi-automatic 20%,. .., 90-100% of radius. For each layer, the dis-
methods were not used because automatic segmentadribution of 2D projections of centre of the sphere to
tion of cell nuclei in tissues is a hard problem and has pointfractional distanceg;(r), is calculated by Monte
not been satisfactory solved yet. Border of nucleus was Carlo simulation (randomly generating points within
created by human by entering several (typ|ca||y 6_8) the given Iayer). In such a way we obtain 10 distribu-
points of desired nucleus outline by clicking on mouse. tions By, B, ..., Big corresponding to the layers 0
When the last point was entered computer interpolated 10%, 10-20%,.., 90-100% of radius. These distri-
given points with a closed smooth curve. Piecewise cu- butions form approximate triangles restricted to the re-
bic Bézier spline was used as interpolation curve. Con- 9ions between zero and the radius of the layer (parallel
struction of our interpolation curve is explained in the Projections cannot be longer than the original distance;
following paragraph. they can be shortgr_). The 2D dls_tr|but|6%(?") is writ-
LetPy, P, ..., P, ben entered points. Between two ten as a superposition of theoretical 2D distributions of
successive pointB; and P; 1 cubic Bézier curve with the 10 layers:
control pointsP;, R;, L;+1, Pi+1 was created, where

. . 10
new control points?;, L; were given by terms P(r) = Z A:Bi(r),
i=1
P;P;
R, =P + Mﬂ—lpﬁul, - . "
3||Pi—1Piy1l| where A; are coefficients obtained by fitting. The co-
PPy efficients A4; give the weights with which the indi-
L,=P,— wji}:lnpiflpiﬂ, vidual layers are involved irP(r) distribution; there-
i—1474+1

fore, A; represent the 3D distribution of centre-of-
nucleus to signal distances. For 10 layers 0-10%, 10—
20%,. .., 90—-100% we have fractional distances-
0.05,0Q15,.. ., 0.95 with coefficientsdy, Ay, . . ., A1o.
Theoretical distributions of gene to gene and cen-

The P, P, ; notation states for vector from poift to
point P,1 and || P;P;+1| is Euclidean length of vec-
tor P; P;11. If this curve didn't fit the nucleus border

We" it could be m.OdIfEd, after interpolation by MOV tromere to centromere distances were calculated using
ing the control points. Bézier curves are often used in Monte-Carlo simulation according to the RS model [2
many graphics §ystgms,_ because they are easy to edit18,20,22,29]. The RS model is based on experiment:';ll
and their rendering is quick. finding that the radial centre to gene distributions are
o ) nonrandom (genes are located in certain spherical lay-
2.8. Statistical evaluation of the results ers) and the basic assumption of this model is the ran-
dom angular distribution of genes inside spherical lay-
The number of nuclei analysed in one topological ers, Therefore, the RS model represents a tool for test-
analysis ranged between 200-1000. Experiments were jng the randomness of gene to gene distributions inside
repeated at least 2 times for each gene and each cellspherical layers. The results of the calculations accord-
type. A high number of nuclei analysed in 2D provide ing to the RS model are frequently in good agreement
information about 3D structure. The recalculation re- with experimental results suggesting the validity of the
quires, however, random positioning of cell nuclei in - model in many cases.
preparations and spherical shape of the nuclei. These The simulated calculation for 2 pairs of genes is usu-
conditions are well fulfilled for cells fixed from cell  ally performed. It is based on the centre to gene distri-
suspension (HL-60 and HT-29). We used also parts butions for these genes as an input for the modulated
of colon tissue without neoplastic lesion. Fixed nuclei random number generator: the probabilities of gene ap-
of these samples preserve mostly relatively spherical pearance in different layers (coefficients) are taken

shape. as weights of the random number generator. 4 points
The distributions of 2D projections?) of centre- representing 2 gene pairs are placed inside a sphere
of-nucleus to signal fractional distance$ ere trans- using the generator and their 2D projections are com-

formed into 3D distributions assuming random orien- puted. The experimental centre to gene distributions
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are automatically reproduced owing to the construc-
tion of the generator. The distribution of gene to gene
distances is calculated for homologous as well as for
heterologous genes from10° calculations.

The results of our calculations might be affected by
irregular shape of cell nuclei. However, owing to the
fact that the distances are normalised to the local ra-
dius, the deviations are minimised. In the case of 2D
fixation the calculations remain valid if the 2D pro-
jections normalised to the local radius correspond to
the projections obtained in 3D fixed samples. We have
found earlier [16] that experimental distributions ob-
tained from 2D and 3D fixed samples are quite simi-
lar with deviations of the average values less than 10—

15%. The agreement between experimental and theo-

retical distributions in the case of 2D fixed samples is
similar as compared to 3D fixed ones.

3. Results

The distributions of the centre-of-nucleus to signal
and signal to signal 2D distances for the ABL, BCR,
and c-MYC genes and chromosome 1, 8, and 9 cen-
tromeres were measured in human cells of colon tis-
sue, in the HT-29 human colon cell line and, for com-
parison, in the HL-60 human promyelocytic cell line.

3.1. Topography of cell nuclei in 3D fixed tissue
sections do not differ from 2D fixed cells
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cells separated from a colorectal tissue. The compari-
son of the topographic parameters of the chromosome
7 centromere (C&and GCy;) determined for 3D fixed
colon tissue sections and 2D fixed nuclei of individual
cells separated from the same colon tissue is shown in
Fig. 2. The average values of the £é&nd GC; pa-
rameters obtained for 2D and 3D fixed HL-60 cells are
compared in Table 1. As can be seen, the distributions
of centre-of-nucleus to signal and signal to signal dis-
tances for 2D fixation are very similar to those obtained
for 3D fixation in both cells grown in suspension and
cells fixed in tissue sections. Similar results were ob-
tained also for other genetic loci, however, the number
of cell nuclei analysed was much larger for cells sepa-
rated from the tissue owing to the fact that automated
analysis was used in this case. Therefore, further re-
sults are presented for cells separated from the tissue
and fixed by standard technique.

3.2. Genes and centromeres are located in spherical
layers at specific centre-of-nucleus to locus
distance

The distributions of the centre-of-nucleus to signal
2D distances for 3 genes and 3 centromeres were de-
termined in 3 cell types (Fig. 3). The average values of
these distributions are shown in Table 2. It was found
that different genetic loci are positioned at the specific
centre-of-nucleus to locus distances which are con-
served in various cell types. The coding sequences of
the ABL and BCR genes are located in the inner parts

The topographic parameters were investigated either of the nuclear volume; the c-MYC gene is observed

in 4 um thick tissue sections (Fig. 1) or in individual

much closer to the nuclear membrane. Centromeric

Fig. 1. Typical example of a two-dimensional image of 3D fixegd thick colon tissue section with FISH signals of chromosome 7 centromere.

The nuclei were counterstained with DAPI.
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Centromere 7

Probability

HL-60/3D

o' o HEW > HL-60/ 2D
o owr o Colon tissue / 3D
T8 vy Y& Q2 o : .
w3 g sS8g Colon tissue / 2D
S ¢ g 2 8
~ 8 g 2
® 8

Center-of-nucleus to signal distance [ % ]

Fig. 2. Comparison of the distributions of the centre-of-nucleus to signal distances determined for the chromosome 7 centromere in 3D fixed,
4 pm thick colon tissue sections with those in 2D fixed nuclei of individual cells separated from colon tissue and in HL-60 cells fixed in both 2D
and 3D. The number of investigated cells was 200-300 for 3D analysis and 800-1000 for 2D analysis.

Table 1

Comparison of the average values and standard errors of centre-of-nucleus to signal and signal to signal distributions determined for chromo-
some 7 centromere in 2D fixed nuclei of individual cells separated from colon tissue and 3D firethick colon tissue sections

Fixation Cell type
Colon tissue HL-60
CNy =+ SE [%] N7N7 + SE [%] CNy =+ SE [%] N7N7 + SE [%]
2D 64.15+ 0.98 8880+ 2.38 (87.39)* 6515+ 0.94 9552 + 2.24 (91.02)*
3D 6644+ 2.02 9333+ 3.12 (91.84)* 6383+ 2.32 9117 + 2.26 (89.96)*

The results obtained for nuclei of HL-60 cells fixed in both 2D and 3D are also shown for comparison. The number of investigated cells was
200-300 for 3D analysis and 800-1000 for 2D analysis.

CNy — average centre-of-nucleus to centromere 7 distadgly — average value of signal to signal distribution of homologous centromeres 7
(the distances are shown in % of the nuclear radit}s SE = SD/+/n, wheren is the number of experiments (typical number is 3).

*Theoretical values calculated by Monte-Carlo simulations using experimentally determined centre to signal distributions (according to RS
model).

heterochromatin is found near the nuclear membrane oretical expectations based on the assumption of ran-
(centromeres 8 and 9), however, in some cases cen-dom positioning of genetic loci inside spherical layers
tromeres can be close to the centre-of-nucleus as some(RS-model, see Materials and methods). Good corre-
genes (e.g., centromere 1 and c-MYC). The sequence spondence between experimental points and theoreti-
of the centre-of-nucleus to locus distances is as fol- cal curves suggests that the distribution of genes and
lows: BCR~ABL < Cla~c-MYC < C8< C9 for all centromeres inside the spherical layers is random (see
cell types investigated. also Table 3). The distributions obtained for HT-29
cells are narrower as compared to the other cell lines
which reflects the fact that the cells are trisomic in all

3.3. The distribution of genetic loci inside the i . .
3 genetic loci investigated.

spherical layers is random

3.4. Positioning of the third genetic locus in trisomic
The signal to signal distributions are shown in Fig. 4 cells

for 3 differentloci (ABL, BCR, and c-MYC genes) and
3 cell types (HL-60, HT-29, and normal colon tissue We compared the nuclear localisation of the third
cells). The experimental results are compared with the- genetic locus in cases of gene amplification (e.g., in
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Fig. 3. Distributions of the centre-of-nucleus to signal distances determined for the ABL, BCR, and c-MYC genes (a, ¢, e) and the chromosome
1, 8, and 9 centromeres (b, d, f) in nuclei of cells separated from colon tissue taken from surgery of colorectal carcinoma (a, b), HT-29 cells (c, d)
and HL-60 cells (e, f). The distributions are different for various genetic loci but similar for the cell lines investigated. The number of idestigat

cells was 800-1000 for each experiment.

HT-29 cells a number of loci are amplified). The av-
erage values of the centre-of-nucleus to locus dis-

tances for the ABL gene and chromosome 1 and 9 cen-

tromeres determined in HT-29 trisomic cells are com-
pared with HL-60 cell line in Table 4. The position-
ing of all 3 genetic loci in HT-29 corresponds to those
in HL-60 cells. In the case of the chromosome 1 cen-
tromere both 2 and 3 signals were observed in HT-
29 cell line. We analysed separately both populations

of cells and compared the topographic distributions
(Fig. 5). The centre-of-nucleus to centromere distribu-
tions are similar. The centromere to centromere distri-
bution for HT-29 cells is narrower (mean values of the
3 signal to signal distances for each cell were evalu-
ated), however, the average values of the distributions
are similar for both 2 signal and 3 signal subpopula-
tions. The theoretical lines obtained from the calcula-
tions based on the centre-of-nucleus to signal distri-
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Table 2

Average values and standard errors of centre-of-nucleus to signal 2D distributions for the ABL, BCR and c-MYC genes and chromosome
centromeres 1, 8 and 9

Cell type Genetic locus

CA + SE [%] CB =+ SE [%] CM =+ SE [%] CN; + SE [%] CNg + SE [%] CNog + SE [%]
HL-60 4949+ 0.32 4755+ 0.31 6127+ 0.58 5746+ 0.89 6234+ 0.89 665+ 0.59
HT-29 4346+ 0.82 3942+ 0.79 6175+ 0.78 5605+ 1.40 6157+ 0.75 6559+ 1.31
Colon tissue 425+ 0.85 3990+ 0.86 5941+ 1.33 5691+ 1.33 6147+ 1.40 6578+ 0.96
Mean values 4904+ 2.28 4229+ 2.63 6081+ 0.71 5680+ 0.41 6179+ 0.27 6599+ 0.31

The number of investigated cells was 800—1000 for each experiment. Average values and standard errors of 2—-3 experiments were calculated.

CA — average centre-of-nucleus to ABL distan€& — average centre-of-nucleus to BCR distar@t — average centre-of-nucleus to c-MYC
distanceCN; — average centre-of-nucleus to centromere 1 distaBilg;— average centre-of-nucleus to centromere 8 distaBblg;— average
centre-of-nucleus to centromere 9 distance (the distances are shown in % of the nuclear¥adtis= SD/+/n, wheren is the number of
experiments (typical number is 3).
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Fig. 4. Distributions of the signal to signal distances determined for the homologous BCR genes (a, d, g), chromosome 8 (b, e, h) and 9 (c, f,
i) centromeres in nuclei of cells separated from colon tissue of human donor (a, b, ¢), HT-29 (d, e, f) and HL-60 (g, h, i) cells. Experimental
results are compared with theoretical functions (full curves) obtained by Monte-Carlo simulations (see Materials and methods). The number of

investigated cells was 800—1000 for each experiment.
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Fig. 5. Centre-of-nucleus to centromere 1 (a, ¢) and centromere to centromere (b, d) distributions determined in nuclei of HT-29 cells with two (a,
b) or three (c, d) chromosomes 1. Experimental results are compared with theoretical functions (full curves) obtained by Monte-Carlo simulations
(see Materials and methods). The number of investigated cells was 800-1000 for each experiment.

butions (see Materials and methods) correspond to the samples were acquired in sections using confocal mi-
experimental points suggesting random positioning of croscopy. Subsequently, the maximum image was cal-
the additional third centromere in the spherical layer culated in order to increase the depth of focus, which
specific for the given locus. resulted in bright and clear signals. Manual segmenta-
tion was used in order to separate cell nuclei found in
close neighbourhood. 2D-analysis of 3D-fixed samples
4. Discussion is frequently used in our experiments owing to much
easier acquisition (a large number of maximum images
Using FISH and image analysis techniques the nu- can be automatically acquired overnight and stored to
clear topography of genes and centromeres for human computer memory) and owing to the fact that large
colon cells in (1) tissue sections, (2) individual cells number of 2D-projections provide information on the
separated from the colon tissue and (3) in HT-29 tu- real 3D-structure [16].
mour cell line isolated from the colon cancer was in- We have shown that the distributions of the centre-
vestigated. The results were compared to those ob- of-nucleus to signal and signal to signal distances de-
tained for HL-60 promyelocytic cell line. To our best termined for cells in 3D-fixed tissue sections are very
knowledge, it is for the first time that the topography similar to those of 2D fixed cells separated from the
of the genetic material in tissue sections was inves- tissue (Fig. 2 and Table 1). The image acquisition
tigated (Fig. 1) and it was shown that such kind of and analysis, particularly the image segmentation, are
analysis is feasible. The images of the 3D-fixed tissue much easier for cells separated from the tissue and con-
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sequently much better statistics and more precise re-

sults can be achieved.
The positioning of genes and centromeres investi-
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is responsible for chromosome polarity and its position
in cell nucleus; the positions of individual genes might
be subordinated to their neighbouring composition and

gated in our experiments show that coding sequencesto the composition of the whole chromosome.

of ABL and BCR genes are located mostly in the inner

parts of the cell nucleus, whereas the positioning of the
c-MYC gene is more peripheral. On the other hand, the
heterochromatin of centromeres is located mostly near

As can be seen from Fig. 4, the distributions of sig-
nal to signal 2D distances clearly correspond to the
random positioning of genetic loci investigated inside
the spherical layers. These results were obtained using

the nuclear membrane; in some cases (centromere 1)the model of rotational symmetry (RS-model). In some
more central positioning was observed. The sequence cases, however, 3D positions were determined and 3D

of the genetic elements location from the centre to the
membrane in cell nucleus (ABkBCR< Cenl< c-
MYC ~ Cen8< Cen9) is conserved for all 3 cell types

investigated (Fig. 3). These observations are in agree-

ment with findings of Ferreira and Sadoni [12,28].
These authors distinguish euchromatic (transcription-
ally active and early replicated) and heterochromatic
(transcriptionally inactive and late replicated) higher-
order compartments in the nucleus. Our results sug-

distributions were calculated. 3D measurements con-
firmed the conclusions obtained from 2D.

The agreement between the theoretical and experi-
mental gene to gene (centromere to centromere) distri-
butions of distances seems to contradict with the spa-
tial exclusiveness of chromosome territories. It could
be expected that shorter distances between genes (cen-
tromeres) which are located in the inner parts of terri-
tories would be rare owing to nonzero territory dimen-

gest that these compartments have some further inter- sions. In fact, our measurements are not precise enough

nal structure. Various genetic loci are positioned in-

to determine very short distances for signals of the

side spherical layers at some locus-specific centre-of- same colour (the first point in plots of Fig. 4 represents

nucleus to locus distance.
On the basis of these and other our results [29] it

can be concluded that euchromatic regions (coding se-

guences) are located mostly (but not exclusively) in
the inner parts of the cell nucleus (ABL, BCR, IGH,
TP53); heterochromatic regions are located mostly

near the nuclear membrane (centromeres 8, 9, 18).

This polar orientation of chromosome territories can be

about 0.5um). However, in the case of 2 genes located
on different chromosomes the resolution is much bet-
ter and shorter distances can be measured. Experimen-
tal values are frequently higher as compared with the-
oretical predictions [17,20], which suggests that chro-
mosome territories do not prevent some genes to be lo-
cated quite near to each other. It is in agreement with
marked variability of chromosome territories and also

clearly seen in most chromosomes and most cell types with recent findings [31] suggesting that the territories

investigated. There are chromosomes with and with-
out pronounced polar orientation (chromosomes 9 and
8, respectively) which is obviously not related to the
molecular weights of chromosomes. For example, the
differences between the positions of c-MYC and cen-
tromere 8 are not significant in most cell types. Such
chromosomes will be called non-polar as opposite to
the polar chromosomes (e.g., chromosome 9). The dif-
ferent degree of polar orientation of these 2 chromo-
somes with approximately the same molecular weight
might be determined by the euchromatin content of
these chromosomes.

Chromosome territories with high euchromatin con-

tent are located near the nuclear centre (e.g., chromo-

somes 9, 19) and chromosomes with low euchromatin

content are located near the nuclear membrane [6,29].

It can be, therefore, expected that the positions of the
coding sequences (genes) will reflect the positions of
the chromosomes. Consequently, the composition of
chromosomes (euchromatin to heterochromatin ratio)

are not homogenous structures (e.g., transcription sites
are scattered throughout the territory).

The locus-specific centre-of-nucleus to locus dis-
tance remains conserved for various human cell types
(Fig. 3) and also for the third copy of the locus (cen-
tromere 1 and 9) (Table 4, Fig. 5). The third copy is
placed in the same layer as the first 2 loci and its po-
sitioning inside the layer is also random. Similar ob-
servations were made also for 4 centromeres of chro-
mosome 9 in ML-1 cells and for ABL/BCR loci in
K562 cells where multiple copies of these genes were
observed (own unpublished observation). This finding
shows that the mechanism which localises genes and
centromeres at some centre-of-nucleus to locus dis-
tance is independent of the number of loci. A straight-
forward explanation is that there are MARS/SARs se-
guences near each locus which address the position of
the locus in cell nucleus [32]. Such mechanism would
also ensure the same accessibility of the genetic locus
to expression of additional loci.
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5. Conclusions

Topographic parameters of genes or chromosomes
in cell nuclei of 3D-fixed tissue sections can be deter-
mined using recently developed FISH and image anal-
ysis techniques. The centre-of-nucleus to locus and lo-
cus to locus distances obtained from tissue sections of
colon are similar to those obtained from cells separated
from the tissue.

The positions of genes and centromeres in cells de-
rived from colon tissue are locus-specific, however,
they are conserved for all cell types investigated and
similar to human blood cells. The ABL and BCR genes
are located in the central parts of cell nucleus, c-MYC
is located close to nuclear membrane. Centromeric het-
erochromatin is found mostly near the nuclear mem-
brane. The position and orientation of the third chro-
mosome in trisomic cells is similar to the position of
these loci in diploid cells.

The topographic parameters used in our experiments
(centre-of-nucleus to locus and locus to locus dis-

tances) are not tissue or tumour specific. In order to [

validate high-resolution cytometry for oncology, fur-

ther investigations should include more precise param-
eters reflecting the state of chromatin in the neighbour-
hood of critical oncogenes or tumour suppressor genes.
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