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Abstract. The nuclear architecture of selected chromo-
somes in apoptotic nuclei of human leukemic cells K-562
and HL-60 was investigated. Etoposide and prolonged
confluence were used for the induction of apoptosis.
DAPI as well as TUNEL labeling of apoptotic nuclear
bodies was combined with visualization of chromosomal
territories by the FISH technique. Simultaneous vital
staining by annexin V, propidium iodide, and Hoechst
33342 was applied to distinguish apoptotic, necrotic, and
intact cell fraction of tested populations. Our FISH analy-
ses revealed that the three-dimensional (3D) structure of
apoptotic nuclei as well as the 3D structure of apoptotic
bodies is preserved in formaldehyde-fixed cells. High-
molecular-weight DNA fragmentation was determined in
apoptotic K-562 cells in contrast to oligonucleosomal
cleavage observed in apoptotic HL-60 cells. In K-562

populations, chromosomal territories were located sepa-
rately either in one apoptotic body or underwent disas-
sembly into chromosomal segments dispersed into single
and/or several apoptotic bodies. The apoptotic disorgani-
zation of chromosomal territories was irregular, leading
mainly to chromosomal segments of different sizes and,
consequently, chromosomal disassembly was not ob-
served at specific sites. In comparison with the control,
an increased number of centromeric FISH signals were
observed in prolonged confluence-treated K-562 cells in-
duced to apoptosis. This finding can be explained either
as a consequence of apoptosis or by polyploidization. Se-
quential staining of the same apoptotic nuclei by the
FISH and TUNEL techniques revealed that chromosomal
territory segmentation precedes the formation of nuclear
apoptotic bodies.
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Apoptosis is an active cell death defined by many mor-
phological and biochemical events resulting in physio-
logical cell loss from an organism. This biological
process is completely different from the pathophysiolog-
ical cell state called necrosis, which induces inflamma-
tory responses. Cell shrinkage, nuclear condensation,
DNA degradation into specific DNA fragments, mem-
brane blebbing, and the formation of small cell bodies
surrounded by intact cell membranes are typical features
of apoptosis [1, 2]. In contrast to necrosis, apoptotic cells
do not swell, and apoptotic particles undergo phagocyto-
sis before losing their intracellular content [3, 4].

* Corresponding author.

Most of the visible morphological and structural aspects
characterizing apoptotic cell death are ascribed to the ac-
tivation of a unique family of cysteine proteases called
caspases [5, 6]. These enzymes can be considered as cen-
tral regulators of the apoptotic machinery [7]. A caspase-
activated DNase called CAD (DNA ladder nuclease) pre-
exists in living cells with an inhibitory subunit ICAD.
Caspase-3 mediates cleavage of ICAD, which leads to
CAD activation [7]. This process is responsible for DNA
fragmentation, one of the specific events observed in an
apoptotic nucleus. The mechanisms that induce nuclear
changes typical of apoptosis have been only partially
clarified [7—10]. Three types of DNA fragmentation have
been described. The first involves cleavage of the genome
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into large fragments of about 50—300 kbp [8, 11] and/or
50—700 kbp [12]. This type of fragmentation has been re-
ferred as ‘domain’ cleavage, which correlates with the
chromatin relocation outward against the nuclear periph-
ery [8]. This process is mediated by topoisomerase II ac-
tivation [13, 14]. The second type of DNA fragmentation
is oligonucleosomal laddering which involves 180- to
200-bp lengths. Activation of the nucleases responsible
for nucleosomal fragmentation is considered to be one of
the most important pro-apoptotic phenomena [15]. The
third possibility is the formation of single-stranded DNA
breaks [9]. Several observations indicate that all types of
apoptosis are accompanied by DNA fragmentation into
large 50- to 300-kbp segments [summarized in ref. 8],
which are further degraded to smaller units of 10—40 kbp
[16] but not all cell lines undergo final oligonucleosomal
fragmentation [summarized in ref. 10], which is carried
out by DNase I and DNase II cleavage of chromosomal
DNA at linker regions [17]. On the other hand, direct
cleavage of apoptotic DNA into 180- to 200-bp fragments
was described by Bortner et al. [9].

Apoptosis is a gene-directed process connected with two
major apoptotic pathways. The death receptor pathway in-
volves the binding of the death receptor superfamily mem-
ber CD95 (Apo-1/Fas) to the CD95 ligand. This complex
recruits via the adaptor molecule FADD and procaspase-8
molecules are initiated, which leads to caspase-8 activa-
tion. The next important pro-apoptotic pathway is medi-
ated via mitochondria and is used in response to extracel-
lular signals and internal insults such as DNA damage. In
this pathway, pro-apoptotic members of the Bcl-2 family,
associated with the mitochondrial surface, are activated, in-
ducing the exit of cytochrome ¢ from mitochondria. Cy-
tochrome c associates with Apaf 1 and procaspase-9 to
form the apoptosome [summarized in ref. 7]. Both death
receptor and mitochondrial pathways converge at the level
of caspase-3 activation, which is responsible for cleavage
of substrates mentioned above mediating the process of
apoptosis [7]. Activation of various signaling apoptotic
pathways transfers signals from outside the cells into the
cytosol and subsequently into the nuclear interior. These
processes also induce activation of specific genes playing
an important role during induction of apoptosis. The tumor
suppressor gene p53 and proto-oncogene c-myc have been
shown to be related to the apoptotic machinery [18, 19].
p53-dependent cell deaths converge on cytochrome c re-
lease from the mitochondria and subsequent caspase acti-
vation [20, 21]. Several pro-apoptotic activities have also
been suggested for the non-receptor tyrosine kinase gene
Abl, whose function during apoptosis has only been par-
tially clarified [summarized in ref. 22].

This article is concerned with the relationship between
the terminal apoptotic programmed cell death and the ar-
chitecture of chromosomal territories. Chromosomes are
organized into distinct territories within the interphase
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nucleus [23—-27]. The mammalian genome undergoes
many DNA modifications, which are related to specific
changes in nuclear architecture observed not only during
DNA repair, but also during replication, transcription and
splicing [summarized in ref. 25]. Certain cellular pro-
cesses, such as terminal differentiation, are also accom-
panied by higher-order chromatin structure modifica-
tions [28—31]. In cell nuclei, chromosomal territories and
the interchromatin compartment [23—25] can be distin-
guished. These structures are largely conserved during
nuclear and cellular processes.

During apoptosis, chromatin collapses against the nu-
clear periphery, becomes more condensed, the final level
of condensation being dramatic and the nucleus seen as
an assemblage of nuclear apoptotic bodies [8]. However,
there is a lack of evidence related to the organization of
chromosomal territories in apoptotic nuclei.

Materials and methods

Cell cultivation and induction of apoptosis

K-562 (ECACC No. 89121407), the human leukemic cell
line, was obtained from the European Collection of Cell
Cultures (ECACC). The cells were cultivated in RPMI-
1640 medium, supplemented with 10% fetal calf serum
(PAN, Biotech, Aidenbach, Germany), at 37°C in a
humidified atmosphere containing 5% CO,. HL-60
leukemic cells (ATTC No. CCL-240) were obtained from
the American Tissue Culture Collection (ATCC) and
were cultivated in IMDM medium supplemented with
10% fetal calf serum. Apoptosis was induced in HL-60
and K-562 cells by prolonged confluence (cultivation for
8 days without medium change) and using etoposide
(20 pM for 72 h).

Three-dimensional cell fixation and permeabilization
Cytological preparations were made utilizing cell fixation
by paraformaldehyde. The cells were fixed in 4%
formaldehyde in PBS for 5 min, washed thoroughly in PBS
(3 X 4 min), permeabilized for 10 min in 0.2% saponine
dissolved in PBS, followed by treatment with 0.2 % Triton
X-100 in PBS for 10 min. Fixed cells were washed in 0.1 M
Tris-HCI (pH 7.2) for 15 min and equilibrated in 20%
glycerol in PBS for 20 min. Freezing the slides in liquid ni-
trogen was the following step. Before hybridization, the
target DNA was denatured in 50% formamide in 2 X SSC
for 15 min at 80°C [32]. Long-term denaturation was nec-
essary for chromosomal DNA probe penetration into the
formaldehyde-fixed apoptotic bodies of tested cells.

Fluorescence in situ hybridization in three dimension-
ally preserved apoptotic bodies

Digoxigenin- and biotinyl-labeled DNA probes were ob-
tained from Oncor (Gaithersburg, Md.) and Cambio
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(Cambridge, UK). We studied territories of chromosomes
11, 17, 21, and alpha-satellite sequences of chromosome
11. The conditions for the hybridization and post-hy-
bridization wash were selected according to the instruc-
tions of the manufacturer and in accordance with Bartova
et al. [30, 31].

Image acquisition

A high-resolution cytometer Zeiss Axiovert 100 micro-
scope (Zeiss, Jena, Germany) equipped with a confocal
Carv unit (Atto Instruments, New York, N. Y.) was used
for image acquisition. The images (40 optical sections
with an axial step of 0.3 pm) were captured with a fully
programmable digital CCD Micromax camera (Princeton
Instruments, Princeton, N. J.). The cytometer was com-
puter controlled, acquisition was performed using FISH
2.0 software [33]. In the case of apoptotic cells, about 500
images obtained from the 40 optical sections (axial step
0.3 pm) were stored in the computer memory and ana-
lyzed. A laser scanning system (QLC100; Visi-Tech In-
ternational, Sunderland, U. K.) connected to a Leica DM-
RXA epi-fluorescence microscope was also used to dis-
tinguish precise apoptotic morphology.

Flow cytometric analysis of the cell cycle and sub-G1

apoptotic peak determination

Flow cytometric detection of the sub-G1 peak in the cell
cycle profile was performed in accordance with Bartova
et al. [34]. The cells were fixed in 70% ethanol at —20°C
for 30 min, then washed twice with PBS and stained with
10 pg/ml propidium iodide (PI) in Vindel’s solution
(1 mM Tris-Cl, pH 8.0, 1 mM NaCl, 0.1 % Triton X-100,
10 pg/ml RNase A) at 37°C for 30 min. The DNA profile
was measured with a FACSCalibur flow cytometer (Bec-
ton Dickinson, Heidelberg, Germany), using CellQuest
3.0 software. Analysis of the cell cycle phases and cell
quantification in the apoptotic sub-G1 peak was done
with the aid of the automatic analysis of ModFit software
(Verity Software House, Topsham, USA).

Vital staining of apoptotic cells

For precise characterization of apoptotic cell populations,
vital staining of apoptotic cells was performed. FITC-
conjugated annexin V (Roche Diagnostics, Mannheim,
Germany) and PI were used for flow cytometric analysis.
Flow cytometric data were evaluated as a percentage of
double-negative cells (intact), annexin-V-positive cells
(early apoptotic), and double-positive (necrotic or late
apoptotic) cells. CellQuest 3.0 software (Becton Dickin-
son), connected to a FACSCalibur flow cytometer, was
used for data analysis. In addition, growing etoposide-
treated and control cells were incubated with Hoechst
33342 (1 pg/ml, for 30 min) and PI (10 pg/ml for the last
5 min) to distinguish necrotic and late apoptotic cells ac-
cording to the specific morphology. After this vital stain-
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ing, the tested cell populations were analyzed by fluores-
cence microscopy. To obtain a precise description of
apoptotic cell populations we additionally measured the
mitochondrial membrane potential (Ay,,) using tetram-
ethylrhodamine ethyl ester perchlorate (TMRE; Molecu-
lar Probes, Leiden, The Netherlands). The methodology
was in accordance with Vondracek et al. [35].

DNA fragmentation test

DNA isolation was carried out in the following steps: 2 X
107 cells were washed in PBS and then resuspended in ly-
sis buffer (10 mM Tris-HCL, pH 8.0, and 2 mM EDTA)
containing 1 % SDS. Proteinase K (0.2 mg/ml) was added
and overnight incubation at 37°C followed. RNase was
used at a final concentration of 0.25 mg/ml at 37°C for
2 h. Phenol: chloroform:isoamyl alcohol (25:24: 1) were
applied and the final aqueous phase of DNA was mixed
with 1/10 vol of 3 M sodium acetate and 2 vol of 100%
cold ethanol (-20°C). After centrifugation and ly-
ophilization, the DNA was dissolved in a TE buffer
(10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). Agarose gel
electrophoresis (1.8%) was run in 1 x TBE buffer
(89 mM Tris-Cl, 89 mM H;BO,, 2 mM EDTA, pH 8.0).
Ethidium bromide (1 pg/ml) was used for DNA visual-
ization and a DNA marker (pBR322/Mspl) for fragment
length verification.

Pulse field gel electrophoresis

The cells were washed twice in PBS and resuspended at
a density of 8—10 x 10° with a 50°C buffer containing
1 mM Tris-Cl, 50 mM EDTA, 0.4 M mannitol (pH 6.0).
The same volume of 2% low-melting agarose dissolved
in 0.4 M mannitol, 20 mM MES (pH 5.35) at 50°C was
used. The plugs were digested for 48 h at 50 °C with pro-
teinase K (1 mg/ml) dissolved in 0.5 M EDTA with 1%
lauroylsarcosine, then washed three times in 0.5 M EDTA
and immersed into 0.5 X TBE (45 mM Tris-borate, 1 mM
EDTA, pH 8.0). Electrophoresis was carried out using a
horizontal gel chamber of the Gene Navigator System
(Pharmacia Biotech, Uppsala, Sweden). The running
conditions (pulse ramping time from 5 to 50 s, voltage
200 V, temperature 10°C, time 22 h) enabled separation
of fragments between 50—1000 kbp in size. As a running
buffer we used 0.5 x TBE. Large concatemers of lambda
DNA (48.5-727.5 kbp) were used as a DNA marker. Af-
ter electrophoresis, the gel was stained with ethidium bro-
mide (1 pg/ml).

TUNEL test

This method involves the separation of fragmented DNA
from non-fragmented, high-molecular-weight DNA in a
given cell population. The DNA cleavage may yield dou-
ble-stranded as well as single-stranded DNA breaks
(nicks). Both types of break can be detected by labeling
the free 3’-OH termini with modified nucleotides (we
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used fluorescein-dUTP) in an enzymatic reaction. The
enzyme terminal deoxynucleotidyl transferase (TdT)
catalyzes the template-independent polymerization of
deoxyribonucleotides to the 3" end of single- and double-
stranded DNA. The In Situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostics) allows qualitative
detection of apoptosis at the single-cell level by flu-
orescence microscopy. Apoptotic cells were fixed in 4%
formaldehyde and washed twice in PBS. Subsequently,
the cells were incubated for 60 min at 37°C in a hu-
midified atmosphere with 50 pl of TUNEL reaction
mixture. After washing three times in PBS, TUNEL-
positive cells were analyzed by a laser scanning sys-
tem (QLC100; Visi Tech International) connected to a
LeicaDMRXA epi-fluorescence microscope controlled
by FISH 2.0 software. Negative as well as positive con-
trols related to the TUNEL test were done according to
the instructions of the manufacturer (Roche Diagnos-
tics). Simultaneous additional staining by TUNEL, PI
and DAPI was performed to exactly distinguish terminal
stages of apoptosis.

Results

Apoptosis and DNA fragmentation

The topoisomerase II inhibitor etoposide and prolonged
confluence were used for studies of apoptotic DNA frag-
mentation in human leukemic K-562 cells. Pulse field gel
electrophoresis (PFGE) revealed the presence of large
DNA fragments whose length was verified using con-
catemers of lambda DNA (see fig. 1 A, lane 1). Cleavage
into 50 kbp was found after etoposide and prolonged con-
fluence treatment (fig. 1 A, lanes 2, 3). The fragments be-
tween 250—300 kbp were visible only in the case of
etoposide exposure (fig. 1 A, lane 2). In both tested treat-
ments of K-562 cells, we did not observe an oligonucleo-
somal DNA ladder (see fig. 1B, lanes 2’, 3”) that was de-
termined only in the case of prolonged confluence of
HL-60 cells (fig. 1 B, lane 4”). Large DNA fragmentation
was not detected in prolonged confluence of HL-60 cells
(fig. L A, lane 4). In our experiments, we analyzed a het-
erogenous cell population involving a certain percentage
of intact as well as apoptotic cells (up to 50% apoptotic
nuclei). This resulted in our ability to observe both high-
molecular non-fragmented DNA (lane 4) as well as
180—200-bp fragments (lane 4”) in a population of HL-60
cells undergoing prolonged confluence. Oligonucleoso-
mal fragmentation was compared with a DNA marker
(pBR322/Mspl) (fig. 1B, lane 1”) and both apoptotic
DNA tests were also done in a control K-562 (HL-60) cell
population characterized by non-fragmented DNA (see
legend to fig. 1 A, B, lanes 5 and 5").

Apoptotic chromosomal architecture
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Figure 1. (4) Large DNA fragmentation was studied using PFGE.
Lane 1, lambda DNA concatemers (48.5—727.5 kbp; lane 2, K-562
cell DNA cleaved into 50 and 300 kbp after cell exposure to etopo-
side; lane 3, K-562 cell DNA cleaved into 50 kbp after prolonged
confluence treatment; lane 4, absence of large DNA fragmentation
in HL-60 cells undergoing prolonged confluence; lane 5, non-
treated K-562 cells and standard growing HL-60 cells (not shown)
were used as a control. (B) The presence of oligonucleosomal frag-
ments was determined using a DNA fragmentation test. Lane 17,
DNA marker (pBR322/Mspl); lane 2’, oligonucleosomal cleavage
was not observed in K-562 cell DNA isolated from etoposide
treated cells; lane 3", absence of oligonucleosomal cleavage in K-
562 cells after prolonged confluence treatment; lane 4’, HL-60 cells
undergoing prolonged confluence showed the 180- to 200 bp DNA
ladder; lane 5’, DNA of K-562 control cells.
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Morphological features of apoptosis and results of
TUNEL test

Confocal microscopy was used to determine the morpho-
logical features of apoptosis. The presence of nuclear
apoptotic bodies and chromatin margination were ob-
served after DAPI staining as well as after the TUNEL
test in experiments using three-dimensional (3D) confo-
cal microscopy (fig. 2). Non-apoptotic cells were charac-
terized by low fluorescence (autofluorescence), which
was due to non-incorporated fluorescein-dUTP (fig. 2 A).
On the other hand, apoptotic DNA was intensively stained
by fluorescein-dUTP used in the TUNEL reaction (fig.
2B). 3D organization of TUNEL-stained DNA in the
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apoptotic nucleus is shown in x-y, x-z, and y-z projections
(fig. 2C—E). Chromatin margination and formation of
spatially organized apoptotic bodies, as a general feature
of apoptosis, is shown after DAPI staining in figure
2F—I. As can be seen, the formaldehyde fixation largely
preserved the 3D structure of apoptotic nuclei as well as
the 3D structure of the bodies. Apoptotic bodies of dif-
ferent sizes were observed (fig. 2B).

In our experiments, differences between etoposide and
prolonged confluence treatment were found with regard
to the percentage of apoptotic cells in the K-562 popula-
tion (fig. 3 A). In addition, we observed a different num-
ber of apoptotic nuclear bodies (DAPI stained) after

Figure 2. The QLC100 laser scanning system (VisiTech International) connected to a Leica DMRXA epi-fluorescence microscope was
used to determine the 3D structure of TUNEL-stained apoptotic nuclei containing nuclear bodies. Bars, 1 pm. (4) Autofluorescence of in-
tact interphase nuclei of K-562 cells. (B) Intensive incorporation of fluorescein-dUTP into apoptotic nuclear bodies of K-562 cells treated
with etoposide. (C—E) 3D projections involving x-y (C), y-z (D), and x-z (E) images of an etoposide-treated K-562 cell. (F—7) Chromatin
margination and spatial organization of DAPI-stained apoptotic nuclear bodies in different optical sections were determined in K-562 cells

undergoing etoposide treatment.
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Figure 3. (4) Etoposide and prolonged confluence treatments induced a different percentage of apoptotic cells in the K-562 population.
(B) A substantially larger number of apoptotic nuclear bodies per cell was also found after etoposide as compared to prolonged confluence
exposure. After prolonged confluence, more that 2000 nuclei were analyzed to obtain approximately 200 nuclei positive for apoptosis. In
the case of etoposide treatment, approximately 500 nuclei were analyzed to obtain 200 nuclei positive for apoptosis. The 200 obtained apop-
totic nuclei were further analyzed and the number of apoptotic bodies per nucleus was determined.
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etoposide as compared to prolonged confluence exposure
(fig. 3B). Etoposide was found to be more effective in
apoptotic body formation.

Flow cytometric and morphological detection of
apoptotic cells

Flow cytometric DNA analysis was used to determine the
presence of the apoptotic sub-G1 peak in our tested cell
populations. Control K-562 cells were characterized by a
standard non-apoptotic DNA profile (fig. 4A); in the
case of prolonged confluence, we found 7.8 % of cells in
the sub-G1 peak (fig. 4B). The presence of a sub-G1
apoptotic peak was also detected after etoposide treat-
ment (fig. 4C) and ModFit software analysis revealed
26.3 % of cells in the sub-G1 phase of the cell cycle.
Terminal stages of apoptotic and necrotic cells could be
both characterized by annexin and PI positivity (see fig.
5 A, upper right quadrant). Annexin V used in vital stain-
ing can bind to phosphatidylserines that are translocated
from the inner side of the plasma membrane to the cell
surface soon after the induction of apoptosis. On the other
hand, necrotic cells could also be positive for such stain-
ing. Using flow cytometric analysis of the annexin-V-and
PI-stained apoptotic K-562 population (fig. 5A) as well
as control K-562 cells (fig. 5B), we showed that there are
24.6% of unambiguously apoptotic cells after etoposide
treatment. The cell fraction in the upper right quadrant of
the plot in figure 5 A (7.1%) could be either the result of
secondary necrosis or late apoptosis. Due to this observa-
tion, we performed further vital analyses using dual stain-
ing with Hoechst 33342 and the viability-determining
agent PI. This technique revealed that all cells in the
tested population that have a permeabilized cell mem-
brane are not secondarily necrotic cells but represent a
terminal stage of apoptosis (fig. 5C) which behaves as
necrotic after PI staining. Microscopically the PI-positive
cells were verified to show the morphology of late apop-
tosis (see fig. 5C and compare with control fig. 5D). The
total fraction of apoptotic cells, in the etoposide-treated
K-562 population, was between 40—50%, as determined
microscopically (fig. 3A).

Quantitative measurement of the mitochondrial mem-
brane potential with the aid of TMRE revealed that ap-
proximately 41% of cells was in the apoptotic fraction
(compare fig. SE with control fig. 5F). In addition, we
also performed dual staining by the TUNEL test and PI
on formaldehyde-fixed K-562 cells. We found that nuclei
of healthy cells were dimly fluorescent after TUNEL
analysis (probably due to autofluorescence) (fig. 6 A). In-
tact nuclei were stained by the DNA-intercalating agent
PI as well as the AT-sensitive DAPI (fig. 6B, C). Apop-
totic nuclei with apoptotic bodies (final stage of apopto-
sis) were intensively stained by TUNEL, PI, as well as
DAPI (fig. 6D—F). Using a dual fluorescence filter
(combination of filters for fluorescein and PI), we found
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Figure 4. The apoptotic sub-G1 peak was determined using Mod-
Fit software analysis of DNA histograms obtained using CellQuest
3.0 software connected to a FACSCalibur flow cytometer. Sub-G1
peak (blue), G1 (red), S (dashed area), G2/M (green). (4) DNA
analysis of control K-562 cells. (B) DNA histogram of K-562 cells
undergoing prolonged confluence. (C) Cell cycle profile deter-
mined after etoposide treatment of K-562 cells.
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Figure 5. Vital simultaneous staining by annexin V and PI was used to distinguish the intact, apoptotic, and necrotic fraction of K-562 cells
treated with etoposide (20 pM, 72 h). Two independent measurements were done using a FACSCalibur flow cytometer. (4) 24.6% (21.4%
in the second measurement) of cells were found in the apoptotic fraction and 7.1% (10.1% in the second measurement) were observed as
secondarily necrotic and/or late apoptotic cells. (B) Control K-562 cell population stained by with annexin V and PI showed 0.3 % of late
apoptotic and/or necrotic cells. (C) To distinguish secondary necrosis from terminal stages of apoptosis, simultaneous staining with
Hoechst 33342 and PI was performed. All annexin- and Pl-positive cells (determined in upper right quadrant of (4)) were not secondarily
necrotic but late apoptotic (C). Bar 2.5 pm. (D) Hoechst 33342 and PI staining was also done in control K-562 cells. (£, F) For precise ver-
ification of the apoptotic cell population, the mitochondrial membrane potential was quantified using TMRE in two independent experi-
ments. (E) 41 % (26 % in the second measurement) of cells were observed in the apoptotic fraction (M1). (F) The mitochondrial membrane

potential was also studied in control K-562 cells.

that apoptotic nuclei (nuclear bodies) looked yellow (fig.
6G) and healthy intact nuclei were reddish (fig. 6H). In
our experiments, we also observed relatively intact nuclei
imaged as yellow by dual filter. Morphological analysis
showed that these nuclei contain remnants of markedly
modified nucleoli (fig. 61). These nuclei were considered
as pre-apoptotic due to a high incorporation of fluores-
cein-dUTP involved in the TUNEL test and due to their
typical morphology.

Apoptosis and chromosomal territories

Territories of chromosomes 11, 17, and 21 were visual-
ized by the fluorescence in situ hybridization (FISH)
technique. In erythroleukemia K-562 cells obtained from
ECACC, three territories of the studied chromosomes
were detected. Studies of apoptotic nuclei provided evi-
dence that (i) segments of FISH-stained chromosomal
territories were clearly visible in K-562 apoptotic bodies
(fig. 7), but not in leukemic HL-60 cells. (ii) Apoptosis of
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Apoptotic chromosomal architecture

Figure 6. (A4) Healthy nuclei were dimly fluorescent after TUNEL
analysis. (B) Healthy nuclei were stained by PI. (C) Intact fixed cell
nuclei were also DAPI positive. (D—F) After etoposide treatment of
K-562 cells, fixed apoptotic nuclei with apoptotic bodies (final
stage of apoptosis) were intensively stained by TUNEL (D), PI (£),
as well as DAPI (F). (G—I) After TUNEL and PI staining and using
a dual fluorescence filter, we observed that apoptotic nuclei (nu-
clear bodies) looked yellow (G) and healthy intact nuclei were red-
dish (H). Pre-apoptotic stages imaged as yellow by dual filter con-
tained morphologically modified nucleoli (/). QLC100 laser scan-
ning system (Visi-Tech International) connected to a Leica
DMRXA epi-fluorescence microscope was used for image acquisi-
tion. Bar, 2 pm.

K-562 cells was characterized by high-molecular-weight
DNA fragmentation (fig. 1 A, lanes 2, 3) in contrast to
oligonucleosomal fragmentation of HL-60 cells undergo-
ing prolonged confluence (fig. 1 B, lane 4”). Moreover, an
oligonucleosomal ladder was not observed in the K-562
apoptotic population (fig. 1B, lanes 2’, 3”). Variable dis-
assembly of chromosomal territories was detected in K-
562 cells (fig. 7A—F); i.e., some territories were pre-
served, while others were separated. (iii) Whole territo-
ries or large territorial segments were found to be
organized in one apoptotic body. In this case, they could
be either alone (fig. 7F, arrow) or together with other
types of chromosomes (overlay fig. 7C, E). Another form
of chromosome disassembly was disassociation into sev-
eral separated apoptotic bodies (fig. 7F, star). The num-
ber of FISH signals (corresponding to chromosomal seg-
ments in nuclei of etoposide-treated cells) was 6.8 £ 1.5
which was independent of the number of apoptotic bod-
ies (approximately 17 per etoposide-treated cell).

All our observations lead to the same conclusion regard-
ing variability in apoptotic chromosomal territory disas-
sembly and segregation into apoptotic bodies of the cell

Figure 7. (4) DAPI counterstaining was used to visualize of apop-
totic bodies in etoposide-treated K-562 cell. The upper cell is apop-
totic. (B) Chromosome 11 territories (red fluorescence) painted in a
apoptotic nucleus of K-562 cell. (C) Superposition of images 4 and
B. (D) Chromosome 17 territories (green fluorescence) painted in
an apoptotic (upper cell) nucleus of a K-562 cell. (£) Superposition
of images 4 and D. In both cases, three chromosomal copies were
found in the interphase nuclei of the control leukemic cell popula-
tion. Large chromosomal segments of different volume were found
in separate apoptotic bodies (C, E, F). Cleaved territories of both
studied chromosomes were also observed in the same apoptotic
body (mainly C and E). (F) Variable disassembly of chromosome 11
territories is demonstrated: the chromosomal territory was found to
be located either in one apoptotic body (arrow) or as large segments
disassembled into two neighboring apoptotic nuclear bodies (star).
Bar, 2 pm (£) or 1 pm (F).

types with large-scale (50—300 kbp) DNA fragmentation
in their nuclei.

Apoptosis and location of centromeric regions within
chromosomal territories

We also studied the spatial position of the alpha-satellite
centromeric region of chromosome 11 and the total chro-
mosome 11 territory in the apoptotic bodies of K-562
leukemic cells. Confocal microscopy, used for simultane-
ous visualization of chromosome 11 territories and their
centromeric sequences in 3D-preserved apoptotic cells,
revealed variable disassembly of chromosomal territories
(fig. 8A) and their centromeric regions (fig. 8B). The
overlay image (fig. 8C) shows the location of cen-
tromeric regions within the chromosome 11 territory in
the apoptotic nucleus of a K-562 cell. For comparison,
the nuclear topography of the same chromatin structures
is shown in the intact interphase K-562 nucleus (fig. 8 D).
In these experiments, cell death was induced by pro-
longed confluence treatment. In some cases, disassocia-
tion of the chromosomal territory could be observed in a
centromeric region with several centromeric segments
visible. On average, six centromeric FISH signals were
observed in 30% of the tested apoptotic population,
which might be related to apoptosis. On the other hand,
Melixetian et al. [36] and Mailhes et al. [37] demon-
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Figure 8. (4—C) Simultaneous visualization of chromosome 11
territories (green fluorescence) and related centromeric regions (red
fluorescence) in K-562 cell induced to apoptosis using prolonged
confluence. (C) Approximately six centromeric FISH signals were
observed in more than 30 % of tested apoptotic nuclei, which might
be either the consequence of apoptosis or polyploidization. (D) The
interphase K-562 cell nuclei were typically triploid. Cell nuclei
with a higher chromosomal copy number than triploid were found
only in 2% of the tested cell population. Bar, 0.7 pm.

strated polyploidization induced by etoposide in K-562-
VP16 cells (etoposide resistant) [36] and in mouse
oocytes [37]. Etoposide and prolonged confluence are ef-
fective inducers of apoptosis [38], but since etoposide can
also induce polyploidization in some cell types, pro-
longed confluence may also induce the simultaneous in-
duction of apoptosis and polyploidization in parental
K-562 cells.

FISH analysis and TUNEL test in apoptotic cells

As mentioned above, the architecture of chromosomal
territories in apoptotic nuclei was studied using the FISH
technique. In addition, an In Situ Cell Death Detection
Kit (TUNEL test) was applied to distinguish apoptotic
nuclei. In some interphase nuclei influenced by etopo-
side, the 3D-FISH procedure revealed the disassembly of
chromosome 21 territories (fig. 9 A). Coexistent TUNEL
positivity was detected for the same nuclei (fig. 9B).
Chromosomal territory segmentation seems to precede
the formation of nuclear apoptotic bodies. Non-apoptotic
cells were not stained by TUNEL techniques, which re-
sulted in a low fluorescence signal (fig. 9 C). In some 3D-
fixed apoptotic bodies, local intensive incorporation of
fluorescein-dUTP was observed (fig. 9D). These experi-
ments confirmed that TUNEL-stained apoptotic nuclei
fig. 9F) are characterized by variable disassembly of
chromosomal territories (fig. 9E).
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Figure 9. (4) Disassembly of chromosome 21 territories in the cell
nucleus of an etoposide-treated K-562 cell. (B) The same nucleus
(apoptotic bodies were still absent) was positive on the TUNEL test.
(C) The nucleus of an intact cell was not stainable by the TUNEL
technique. (D) Local intensive incorporation of fluorescein-dUTP
was found in the apoptotic bodies of some K-562 nuclei after etopo-
side treatment. (£, F') Disassembly of territories of chromosome 11
(E) was observed in TUNEL-positive apoptotic nuclei (£ is an ex-
ample). Bar, 2 pm.

Discussion

Apoptosis, considered to be a cell suicide, can be found
not only as a physiological process, but can also be ob-
served in pathological disorders from cancer to autoim-
mune diseases [39—41]. It is a natural cell death found in
animals as well as plants [42, 43]. A large variety of stim-
uli, both intracellular and extracellular, can initiate the
cell death program [41, 44]. In the present experiments,
apoptosis was induced in K-562 cells by the DNA-dam-
aging agent etoposide and by prolonged confluence. The
latter treatment is similar to the withdrawal of growth fac-
tors, as in the serum deprivation used in K-562 cells by
Akiyama et al. [38]. Human erythroleukemia K-562 cells
are characterized by their Ber-Abl (Ph chromosome) pos-
itivity and by a substantially reduced p53 function. In our
experiments, the withdrawal of growth factors probably
inhibits the anti-apoptotic effect of the Ber-Abl fusion
protein, which was described in similar experiments by
Cummings et al. [45].

Analyzing changes in the chromosomal architecture in
apoptotic nuclei, we revealed differences in DNA frag-
mentation in tested cell lines. Different types of fragmen-
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tation probably resulted in different accessibility of apop-
totic chromatin to FISH staining of chromosomal territo-
ries. In particular, in K-562 cells with high-molecular-
weight DNA fragmentation, we were successful in visu-
alizing higher-order chromatin structures using the FISH
technique. However, oligonucleosomal fragments of
HL-60 cells undergoing prolonged confluence were not
convenient for fluorescence hybridization. In addition, in
our in situ chromatin experiments, we not only observed
small chromosomal spots correlating to the size of the
50-kbp DNA probe, but we also found larger chromoso-
mal segments (see fig. 7) that were probably bigger than
those detectable using pulse field gel electrophoresis. On
the other hand, the large segments may consist of 50- to
300-kbp fragments forming a compact part of the terri-
tory detected by FISH.

As mentioned above, two different types of DNA frag-
mentation reflected different accessibility of apoptotic
DNA to FISH analysis. Apoptosis involves non-random
DNA apoptotic digestion [9, 46, 47]: (i) DNA associated
with the nuclear scaffold may be cleaved to large DNA
fragments, (ii) histone HI1 is removed and cleavage into
both large and internucleosomal DNA fragments occurs,
(iii) histone H1 is released at a later stage, and large DNA
fragments precede internucleosomal DNA cleavage, (iv)
only internucleosomal fragmentation is observed [9].
This type of DNA fragmentation (180—200 bp lengths)
might be sustained by enhanced poly(ADP-ribosyl)ation
of histone H1 which increases the susceptibility of chro-
matin to endonuclease activity [48]. Histone H1 release is
required for 180- to 200-bp fragmentation [summarized
in ref. 9], and therefore an absence of oligonucleosomal
cleavage observed in tested apoptotic K-562 cells might
be related to the inhibition of histone HI1 disassembly
from DNA. The variability in DNA degradation, cleavage
at the linker region, and also DNA-histone interactions
obviously play an important role in nuclear apoptotic de-
struction involving the changes in the architecture of
chromosomal territories.

Our work is an attempt to contribute to knowledge of the
apoptotic process from the perspective of higher-order
chromatin organization. Interphase chromosomes occupy
distinct territories and nuclear processes are governed by
a specific compartmentalization [23, 26, 27, 49]. Our ex-
periments indicate that chromosomal territories are vari-
ably disassembled into apoptotic nuclear segments and
subsequently irregularly distributed into apoptotic bod-
ies. Chromosomal territory segmentation seems to pre-
cede formation of apoptotic bodies, although we cannot
exclude the further disassembly of chromosomal seg-
ments influenced by irregular formation of apoptotic
bodies that differ in volume and number (compare figs 2,
3B). In our experiments, disassembly of chromosomal
territories involving 50- to 300-kbp fragments was not
observed at specific territorial sites as discussed by Earn-

Apoptotic chromosomal architecture

shaw [8]. This suggestion is based on our observations
revealing the possibility of segmentation at centromeric
regions within chromosome 11 territories in K-562 apop-
totic nuclei. Nevertheless, this finding can be explained
either as a consequence of apoptosis or by polyploidiza-
tion. Induction of polyploidization by etoposide was de-
scribed by Melixetian et al. [36] and Mailhes et al. [37] in
etoposide resistant K-562-VP16 cells and in mouse
oocytes.

Variability in apoptotic body formation was also investi-
gated. After exposure of cells to etoposide, we found ap-
proximately 17 apoptotic bodies per apoptotic cell, while
after prolonged confluence, the number was only 7 on av-
erage. These differences in the formation of apoptotic
bodies could be explained by various apoptotic events
also described by other authors. Solovyan et al. [50]
showed that the withdrawal of growth factors or etoposide
treatment induced a distinct pattern of regulation of c-
Fos, c-Jun, and p53 protein levels as well as differential
changes in DNA-binding activity of AP-1 and NF-xB
transcription factors playing an important role in the
process of apoptosis. The late phase of apoptosis, induced
by serum withdrawal, was associated with disintegration
of nuclear DNA into both high-molecular-weight and
oligonucleosomal DNA fragments, whereas etoposide in-
duced the formation of large DNA fragments without
oligonucleosomal DNA cleavage [50].

To eliminate the possibility of micronuclei formation [51,
52] after etoposide and prolonged confluence treatments,
the presence of apoptotic nuclei was verified using the In
Situ Cell Death Detection Kit (TUNEL test). From the lit-
erature we know that micronuclei can be observed in an
irradiated cell population [53]. In our experiments, a
DNA-damaging agent, etoposide, was used to induce
apoptotic high-molecular-weight DNA fragmentation
(fig. 1A) and formation of apoptotic bodies which was
clearly verified using the TUNEL test (fig. 9) as well as
with the aid of PI staining (see fig. 6). In addition, vital
staining (annexin V versus PI and Hoechst 33342 versus
PI) was also used to distinguish between the apoptotic,
necrotic, and intact fraction of the tested etoposide-
treated K-562 cell population. All measurements con-
firmed the presence of terminal stages of apoptosis and
excluded secondary necrosis.

In summary, we showed that the appearance of apoptotic
50- to 300-kbp DNA fragmentation involves the variable
disassembly of chromosomal territories into apoptotic
bodies. Spatial and function-specific compartmentaliza-
tion of chromosomal territories as well as the interchro-
mosomal compartment [23—-27] are degraded during the
studied process. Apoptotic chromosomal segmentation
seems to start before apoptotic body formation; however,
chromosomal disassembly may proceed inside the apop-
totic bodies.
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