
Abstract Nuclear envelope-limited chromatin sheets
(ELCS) are enigmatic membranous structures of uncer-
tain function. This study describes the induction of
ELCS in p53 mutated Burkitt’s lymphoma cell lines after
treatment with irradiation or the microtubule inhibitor,
SK&F 96365. Both treatments evoked similar mitotic
death, involving metaphase arrest followed by extensive
endopolyploidisation and delayed apoptosis, although
the kinetics were different. We found that induction of
ELCS and nuclear segmentation correlated with the
amount and kinetics of M-phase arrest, mitosis restitu-
tion and delayed apoptosis of endopolyploid cells. 
In metaphases undergoing restitution, ELCS are seen 
participating in the restoration of the nuclear envelope,
mediating the attachment of peripheral chromatin to it.
In interphase cells, ELCS join nuclear segments, ectopi-
cally linking and fusing with heterochromatin regions. In
cells with segmented nuclei, continued DNA replication
was observed, along with activation and redistribution of
Ku70, suggestive of non-homologous DNA end-joining.
Induction of ELCS also parallels the induction of cyto-
plasmic stacked membrane structures, such as confront-
ing cisternae and annulate lamellae, which participate in
the turnover and degeneration of ELCS. The results sug-
gest that arrest at a spindle checkpoint and the uncou-
pling of mitosis from DNA replication lead to the emer-
gence of ELCS in the resulting endopolyploid cells.
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Introduction

Nuclear envelope-limited chromatin sheets (ELCS) were
initially described by Davies (1968) and are structures of
enigmatic function. They represent flat folds of the inner
nuclear envelope which project into the perinuclear cis-
tern and sometimes cytoplasm, encompassing a chroma-
tin band, before fusing with the nuclear envelope again,
enclosing the embraced material in a nuclear pocket
(NP). The chromatin band is delineated by the inner and
outer nuclear membranes on both sides and has been
shown to consist of DNA and to be associated with 
lamin B (Olins et al. 1998). This association indicates
the intimate connection between the chromatin and the
inner nuclear membrane.

An abundance of NPs is pathognomonic and virtually
diagnostic for lymphoma and leukaemia (Ghadially
1988a). However, ELCS are also found in other tumours
and some normal cells, such as human spermatogonia
(Chemes et al. 1978), fetal thymus (Sebuwufu 1966),
monocytes, lymphocytes and neutrophils (Huhn 1967;
Smith and Ohara 1967). In addition, ELCS are observed
in neutrophils of neonatal mouse bone marrow before
apoptotic death (Sasaki et al. 1995) and in HL60 cells
during neutrophilic differentiation induced by retinoic
acid (Olins et al. 1998). The number of ELCS-like ab-
normalities in leukaemia and other tumours is found to
correlate with chromosome abnormalities, DNA damage
and aneuploidy, whilst successful anticancer therapy pro-
motes their reduction (Ahearn et al. 1974). Clausen and
Von Haam (1969) have suggested that NPs are a mor-
phological expression of chromatin dislocation, whereas
Gisselsson et al. (2001) have associated these abnormali-
ties with chromosome fusion.

Other poorly understood membranous structures in-
clude annulate lamellae (AL) and confronting cisternae
(CC). AL have also been observed in a variety of 
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tumours, germ-line, embryonic and virus-infected cells,
as well as after treatment with microtubule inhibitors
(Ghadially 1988b; Kessel 1992). Similarly, CC of the
rough endoplasmic reticulum (RER) have often been 
observed in cells arrested in metaphase and are some-
times continuous with the nuclear envelope (Ghadially
1988c, d; Wheatley 1991).

Many p53 mutated tumours are known to respond to
genotoxic damage through a complex series of cellular
events. These are characterised by initial G2 arrest 
followed by aberrant and lethal mitoses, uncoupling of
mitosis from replication with the formation of polyploid
giant cells, and delayed apoptosis (Lock and Ross 1990;
Bernhard et al. 1996; Waldman et al. 1996). The 
hallmark of the process appears to be mitotic death 
(Erenpreisa and Cragg 2001), which is thought to occur
due to the presence of secondary chromosome aberra-
tions caused by genomic instability, aneuploidy and
DNA mis/non-repair (Scott et al. 1974; Radford and
Murphy 1994; Rogers-Bald et al. 2000).

In the present study, we have investigated the effect of
irradiation and the microtubule inhibitor SK&F 96365
(SK&F) on two p53 mutated, radioresistant Burkitt’s lym-
phoma cell lines, Ramos and Namalwa. Treatment with a
single high dose of irradiation will induce extensive DNA
damage, whilst SK&F is known to depolymerise microtu-
bules and therefore cause cells to accumulate in mitosis
(Nordstrom et al. 1992; Mitsui-Saito et al. 2000). Interest-
ingly, irradiation and SK&F treatment, causing DNA or
microtubule damage, respectively, resulted in a similar re-
sponse, which included mitotic death. Here we present 
data on the induction of ELCS in cells undergoing mitotic
death and reveal some novel ultrastructural features and
details regarding their degeneration.

Materials and methods

Cell lines, culture materials and cytotoxic treatments

The Burkitt’s lymphoma cell lines Ramos and Namalwa were ob-
tained from the American Tissue Type Culture collection and have
established p53 mutant alleles (O’Connor et al. 1993). All cell
lines were maintained in RPMI 1640 (Gibco) culture medium sup-
plemented with antibiotics and 10% FCS (Myoclone; Gibco) at
37°C in humidified conditions and 5% CO2. Cell lines were irradi-
ated in a logarithmic phase of growth using a Gulmay D3 225 kV
X-ray source at a dose rate of 1.15 Gy/min with a single exposure
of 10 Gy. SK&F (Calbiochem) was added to the cells at a final
concentration of 10 mM.

Cell cycle analysis using flow cytometry

Samples were analysed essentially as detailed previously (Cragg
et al. 1999). Briefly, samples of cells were taken at relevant time
points, resuspended in hypotonic fluorochrome solution
[50 mg/ml propidium iodide (PI), 0.1% (w/v) sodium citrate, 0.1%
(v/v) Triton X-100] and stored at room temperature in the dark 
for 4 h. Analysis of samples was performed on a FACScan flow
cytometer (Becton Dickinson). Samples were represented as DNA
histograms using Cellquest software (Becton Dickinson) and the
distribution of cells in the G1, S, G2 M and polyploid phases of
the cell cycle calculated. Apoptosis was quantified by measuring
the proportion of cells with sub-G1 levels of DNA. Apoptosis was

also confirmed by microscopy as described below and by TUNEL
staining as described by Erenpreisa et al. (1997).

DNA in situ cytometry

DNA in situ cytometry was performed on cytospin samples, after
fixation in ethanol/acetone (1:1) for 30 min at 40°C. Samples were
then stained with the modified Feulgen reaction using depurini-
sing acid hydrolysis, 2,4-dinitrophenylhydrazine treatment and
toluidine blue counterstaining as detailed previously (Erenpreisa 
et al. 2000a). DNA cytometry was carried out at 590 nm with a
two wave length cytophotometer (MCFU-1; LOMO). The stoichi-
ometry of staining was verified with rat di- and tetraploid hepato-
cyte nuclei, as well as Ramos cell metaphases and telophases 
(ratio 2±0.02). The variation coefficient for human lymphocytes
was determined as 2% (n=35) and the device error estimated as
1%. The ploidy unit was determined from tumour telophases and
the G0/G1 fraction, with both yielding the same value.

Light and electron microscopy

For morphological examination, cytospins were fixed in ethanol/
acetone (1:1) for 30 min at 4°C, hydrolysed with 0.1 N HCl at 4°C
for 5 min, washed and then stained with 0.05% toluidine blue in
50% MacIlvain buffer pH 5. After a brief rinse in distilled water,
slides were dehydrated in warm tertiary butanol, cleared in Histo-
clear and embedded in DPX. These and Feulgen-stained samples
were used for scoring cells with segmented (including micronucle-
ated and budding) nuclei. For each sample, 500–1,000 cells were
counted (hyperchromic, shrunk and apoptotic cells were omitted
from these counts).

For chromosome visualisation of irradiated samples, Nocoda-
zole (Sigma) was added at 40 ng/ml to the cells for the last 6 h 
of culture and the cells pelleted by centrifugation. Cell pellets
were then treated with 0.075 M KCl solution for 30 min, fixed in
methanol/acetic acid (3:1) overnight at 4°C, dropped in fresh fixa-
tive onto ice-cold clean slides and then dried and stained with 5%
Giemsa solution (Merck) in Soerensen buffer, pH 6.8. Metaphase
spreads from SK&F-treated cells were prepared similarly but with
Nocodazole pretreatment omitted.

For electron microscopy (EM), cells were fixed in 3% glutaral-
dehyde in 0.1 M cacodylate buffer, pH 7.2, containing 1 mM
CaCl2, washed in this buffer with 0.23 M sucrose, postfixed in 2%
osmium tetroxide in cacodylate buffer and 2% uranyl acetate in
distilled water, dehydrated and embedded in Spurr resin. Ultrathin
sections were contrasted with lead citrate. Cells displaying ELCS
were scored in random sections, cut at several layers, with
300 cells counted per sample.

Immunocytochemistry

Immunolocalisation of Ku70 protein was performed on cytospin
cells fixed at –20°C for 6 min in methanol. Fixation was followed
by air drying and blocking in blocking solution (2% bovine serum
albumin, 0.1% Triton X-100 in PBS) at room temperature (RT) for
15 min. Polyclonal goat anti-Ku70 antibody (M-19; Santa Cruz; a
kind gift from Dr. Carl Smythe) was then added at a 1:100 dilution
for 60 min at RT, before washing off the unbound material. Bound
antibody was detected with FITC-conjugated anti-goat secondary
antibody (Miles Yeda) at a 1:2,000 dilution for 30 min at RT, be-
fore washing and counterstaining with PI (Molecular Probes).

Immunostaining of β-tubulin was performed on cytospin cells
following methanol/acetone fixation (1:1) at –20°C for 10 min. An-
ti-β-tubulin antibody (clone DM 1B; Neomarkers) was added to
fixed cells at a dilution of 1:100 for 1 h at RT. Unbound antibody
was then removed by washing in PBS and bound antibody detected
by incubation with biotinylated anti-mouse IgG (Vector Laborato-
ries) at a dilution of 1:100 for 1 h, followed by washing and incu-
bation with FITC-conjugated streptavidin (Vector Laboratories) at
a dilution of 1:200 for 30 min. Cells were counterstained with PI.

Statistical analysis was performed using Student’s t-test.
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Results

Cell cycle response after irradiation or treatment with
SK&F

DNA flow cytometry analysis revealed that both irradia-
tion and SK&F treatments resulted in a similar cell 
cycle response (Fig. 1). The cells entered G2 M arrest
on the first day after treatment, followed by delayed 
apoptosis and polyploid cell formation, which reached 
a maximum in the first week after treatment. Polyploid
giant cells of apparently very large ploidy were also
seen by light microscopy in the second week post-treat-
ment. The diploid cell line recovered by the third week
post-treatment, although clonogenic assays performed
on the Namalwa cell line revealed that only 0.05–0.1%
cells ultimately recover after 10 Gy irradiation (data not
shown).

Mitotic response of SK&F-treated cells

A very large proportion of the cells arrested in G2 M,
24 h after SK&F treatment were actually arrested in
metaphase (Fig. 2a). As expected, the mitotic spindle in
these arrested metaphases was disrupted, as shown using
β-tubulin in situ immunostaining (Fig. 2b). Indeed, these
SK&F-treated cells had a tenfold higher mitotic index
(MI) compared to control cells after 24 h. Furthermore,
most of these mitoses were still retained 24 h later, only
being slowly released on day 3 and thereafter as revealed
by the decrease in MI (Fig. 3a). Samples taken 24 h after
SK&F treatment, displayed typical colchicine-like mi-
totic plates with disseminated chromosomes. However,
on day 2 after SK&F treatment, more than half of the 
mitoses displayed chromosomes sticking in chains and
groups. Electron microscopy revealed that a proportion
of mitoses at this time were undergoing chromosome fu-
sions, formation and reunion of micronuclei, and reas-
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Fig. 1 DNA flow cytometry
histograms of Namalwa cells,
treated with either SK&F
(10 mM) or irradiation (10 Gy).
Similar cell cycle events can be
seen, with G2 M arrest on
day 1, polyploidy and delayed
apoptosis on day 5, and recov-
ery by day 21. The DNA con-
tent is presented on a logarith-
mic scale to fully encompass
the extent of polyploidy



246

Fig. 2a, b Arrest in metaphase and the appearance of polyploidy
in Namalwa cells after SK&F treatment. a Toluidine blue staining,
24 h post-treatment. ×2,000. b In situ detection of β-tubulin
(FITC) and counterstaining with propidium iodide (PI), 48 h post-
treatment. Confocal three-dimensional (3-D) picture. Note the 
disruption of the mitotic spindle in the metaphase-arrested cells
(arrows). A large polyploid cell with one centrosome is observed
in the centre of the group. Bar 20 mm

sembly of the nuclear envelope, indicating the reset of
interphase (data not shown). 

Mitotic response and DNA replication of irradiated cells

We have previously reported (Illidge et al. 2000) that, 
after irradiation, cells enter prolonged G2 arrest which,
once released, is followed by a few rounds of highly 
aberrant mitoses. These mitoses display chromosome
bridges, laggards, disordered metaphase plates, di- and
tricentrics, and fragmented chromosomes (data not
shown). Metaphase arrest followed mostly after the sec-
ond or third round of mitoses after irradiation, demon-
strated as a sharp increase in MI (Fig. 3b). Many of the
arrested metaphases collapsed and underwent apoptosis
as documented by us earlier (Illidge et al. 2000) and as
shown by the abrupt decrease in MI (Fig. 3b), which 
remained depressed over the second week post-irradia-
tion (not shown). However, a small proportion of cells
arrested in metaphase displayed signs of interphase resti-
tution on metaphase plates (data not shown), which was
also confirmed in EM preparations (see Fig. 7c).

Using 3H-thymidine pulse labelling, we revealed that
the endopolyploid cells which recovered from the pro-
cess of restitution began unscheduled DNA synthesis.
This was found by incorporation of label into chromo-
somes when not fully decondensed and subsequently 
into the multilobulated nuclei (Fig. 3c). Endopolyploidi-
sation resulted in DNA contents of 32 N and more
(Fig. 1), and this intensive DNA replication was ob-
served in many segmenting endopolyploid cells over

several days. In some endopolyploid cells, asynchronous
DNA replication occurred in subnuclei, micronuclei 
and nuclear buds (Fig. 3d), as also published before
(Erenpresia et al. 2000b). Approximately 0.5–1% of 
endopolyploid cells underwent further abortive mitoses,
most of which collapsed or restituted again. In meta-
phase spreads of such cells, double-minutes (DM),
which were sometimes multiple, were observed, indica-
tive of gene amplification (Fig. 3e).

Induction of ELCS and nuclear segmentation

ELCS were encountered in 11–12% of non-treated
Ramos and Namalwa cells in random thin EM sections.
After irradiation, the number of cells bearing ELCS in-
creased approximately fourfold (Fig. 4a, b). By EM,
ELCS were observed most frequently in large cells with
lobulating, segmenting, budding and micronucleating
nuclei. After recovery of the diploid stem-line the num-
ber of ELCS-bearing cells decreased again back to nor-
mal levels. The kinetics of ELCS induction was similar
to that of nuclear segmentation and polyploidisation
(Fig. 4a, b). The steep increase in ELCS and nuclear seg-
mentation frequency coincided with the release of meta-
phase arrest (compare Fig. 3b with Fig. 4a, b). In turn,
the extent of polyploidy correlated with the appearance
of delayed apoptosis (Fig. 4a, b) indicating that these
cells destruct via apoptosis and have a short lifespan. In
accordance with this observation, the vast majority of
endopolyploid cells underwent apoptosis, as judged by
TUNEL positivity, by the end of the first week after irra-
diation in what we have previously termed ‘apoptotic
crisis’ (Illidge et al. 2000).

ELCS were also induced after SK&F treatment
(Fig. 4c). They were again predominantly encountered in
polyploid segmenting cells, although initially the NPs
were usually smaller in size. ELCS were more rapidly
induced, much more numerous and more frequently ob-
served in cells after SK&F treatment than after irradia-



tion. The much higher frequency of ELCS and nuclear
segmentation observed after SK&F treatment was
thought to correspond to the higher numbers of arrested
mitoses, higher frequency of mitosis restitution and
higher proportion of polyploid cells, seen as early as
day 2 post-SK&F (Figs. 2b, 4c). The number of large
segmenting cells displaying ELCS slowly reduced in the
second week after SK&F treatment, reflecting the slower
depolyploidisation or breakdown of these compared to
irradiated cells (Fig. 4c).

Aneuploidy and DNA repair of giant cells

Uncoupling of mitosis from replication is known to
cause aneuploidy (Grafi 1998). Having observed such
uncoupling in segmenting giant cells, we wished to de-
termine the DNA content of these cells and also the
DNA content of their individual subnuclei. Using selec-
tive in situ DNA cytometry we determined that giant
cells produced after irradiation possess varying amounts
of DNA, most frequently between 2 N multiples, indicat-
ing aneuploidy and extensive DNA synthesis (Fig. 5a).
Their nuclear segments were also highly aneuploid
(Fig. 5b).

Aneuploidy is often due to, or accompanied by, ge-
nome instability and ectopic chromosome fusions. As
chromosome fusions leading to aneuploidy are known to
arise from illegitimate non-homologous end-joining
(NHEJ), in which Ku proteins are the principal partici-
pants (Takata et al. 1998; Price 1999), we sought to
check the activity of NHEJ in the segmenting giant cells
by studying the localisation of Ku70. Using immuno-
cytochemistry, in line with literature reports (Mimori 
et al. 1986; Cai et al. 1994), we determined that Ku70
was present preferentially in the nucleoplasm of inter-
phase nuclei and in the cytoplasm of normal mitotic cells
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Fig. 3a–e Mitotic arrest and unscheduled DNA synthesis after
treatment with SK&F or irradiation. a Extensive early arrest in mi-
tosis and its slow release, after SK&F treatment in the Namalwa
cell line. Bars represent the mean of two independent experiments
with the standard error of the mean (SEM) shown. b Delayed arrest
in mitosis after irradiation of Namalwa and Ramos cell lines. Bars
represent the mean from six independent experiments with the
standard deviation (SD) shown. c, d Autoradiographs of Ramos
cells, 3 days after irradiation, pulse-labelled with 3H-thymidine,
showing incorporation of label all over the lobulated nucleus of a
giant cell (c) and in the nuclear bud specifically (d, arrow). Bar
20 mm. e Metaphase of a polyploid Namalwa cell induced 5 days
after irradiation and spread following 6 h of Nocodazole treatment.
The metaphase spread shows a degree of chromosome sticking and
double-minutes (small arrows). ×3,000



(Fig. 6a, b), with weak perichromosomal staining ob-
served. Conversely, in giant cells induced after irradia-
tion, intrachromatin localisation of Ku70 was greatly 
enhanced, particularly in the micronuclei (Fig. 6c, d). In
stark contrast, Ku70 was entirely absent from the nuclei
of apoptotic cells (Fig. 6a, b).

Ultrastructural details of ELCS

The ultrastructure of ELCS in non-treated controls and in-
duced after irradiation or SK&F treatment was essentially
the same as described by others (Ghadially 1988a; Olins
et al. 1998). Thus, two types of ELCS were observed:
firstly, those where the loop of the inner nuclear mem-
brane with the enclosed chromatin band reached only into
the perinuclear space (Figs. 7b, 9c) and secondly where
the loop also extended into the cytoplasm (Figs. 7d, 9a, b).
ELCS loops starting from different points of the nuclear
envelope and aligned in parallel in the perinuclear space
were encountered more often in larger giant cells at later
time points after both treatments (Figs. 7b, 9c).
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Fig. 4a–c Kinetics of the induction of endopolyploidy, nuclear
segmentation, envelope-limited chromatin sheets (ELCS) and 
delayed apoptosis in irradiated or SK&F-treated cells. Namalwa
(a, c) or Ramos cells (b) were treated with irradiation (a, b) or
SK&F (c) and the extent of polyploidy, nuclear segmentation,
ELCS and delayed apoptosis assessed by flow cytometry or 
microscopic examination. Values represent means from four to six
experiments ± SD (a, b) or means from two experiments ± SEM
(c). Segmentation and ELCS indexes were scored only among 
viable cells

Fig. 5a, b DNA in situ cytometry of irradiated Ramos cells or
their nuclear segments. Following irradiation, samples were taken
on day 7, and 60 Ramos cells with segmented nuclei (a) and the
individual segments of these cells (b) were assessed for their DNA
content using interactive DNA cytometry. The DNA content is
presented on a linear scale. Both show clear aneupolyploidy



Features relating to chromatin linking

ELCS were often found to join nuclear segments and 
attach micronuclei to the main nucleus (Figs. 7a, 8a). In
addition, both types of ELCS, either running through the
cytoplasm or intruding only into the perinuclear cistern,
had a tendency to fuse again with the nuclear envelope
and underlying chromatin (Figs. 7b, 9c). The chromatin
band representing a single 35- to 40-nm row of dense
granules was often observed to form at the ELCS origin
by fusing the two separate layers of granular chromatin
underlying the inner nuclear membrane, from both sides
of the nuclear envelope extension. Here we observed the
chromatin layers coming together ‘granule to granule’,
with subsequent fusion into a single one-granule chain
(Fig. 7a). At the terminus of the ELCS the reverse was
observed, as the single chromatin band dissociated into
two. A layer of chromatin was also observed on each
side in the frequent splits of ELCS (Fig. 9a). The sites
where the loop originated/fused with the nuclear enve-
lope were usually marked by a patch of underlying 
heterochromatin. In approximately 50% of cases, 
ELCS were seen in the vicinity of, or physically con-
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Fig. 6a–d In situ localisation of Ku70 in Namalwa cells 6 days
after irradiation. Following staining with goat anti-Ku70 antibody
and indirect immunofluorescent detection by FITC-conjugated 
anti-goat antibody, and counterstaining with PI, 3-D confocal im-
ages were captured. Control untreated cells (a, b) and cells 6 days
post-irradiation (c, d) were assessed. In a and c both FITC and PI
staining is shown; in b and d only the FITC-channel for Ku70
staining is shown. Note the predominant cytoplasmic localisation
of Ku70 in the mitotic (M) and apoptotic (Ao) cells. By contrast,
note the high concentration of Ku70 in the nucleus and micronu-
clei (MN) of the giant cell, and relatively weak staining of the 
cytoplasm. Bars 20 mm

Fig. 7a–d The chromatin connecting feature of ELCS. Following
various treatments, cells were processed for electron microscopy
and the ELCS examined. In a, two sheets of peripheral chromatin
are fusing into a single chromatin band ‘granule to granule’ (ar-
rows). ×135,000. b Two parallel arrays of ELCS in the perinuclear
cistern of a giant Ramos cell, starting from (or fusing to) different
sites in the peripheral chromatin (arrows), 15 days post-irradia-
tion. Note also the confronting cisternae (CC) in the cytoplasm
(blank arrow). ×20,000. c ELCS linking decondensing chromo-
somes through the nuclear envelope vesicles (arrows) in an aber-
rant metaphase restituting into a multinucleated giant cell. MN De-
generating micronucleus. Picture taken from a Namalwa cell,
3 days post-irradiation. ×30,000. d ELCS loop originating from
the nucleolus-associated chromatin (arrow) in a Namalwa cell,
2 days post-SK&F treatment. ×22,500

▲
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Fig. 7a–d Legend see page 249
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Fig. 8a–c Association of ELCS with other aligned membranes.
Cells were processed as in Fig. 7. In a, a micronucleus is con-
nected with the main nucleus by ELCS (arrow). Note also a 
single annulate lamella (AL), seemingly derived from the nuclear
envelope and sequestering cytoplasm around the micronucleus
(small arrows). ×22,500. Bar 1 µm. In b, CC are observed in the

perinuclear space of the nuclear segment (small arrows). ×30,000.
a, b Namalwa cell nuclei day 14 post-irradiation. c Namalwa giant
multinuclear cell showing multiple stacked AL and CC in continu-
ity with each other (long arrow) and with rough endoplasmic 
reticulum (RER; short arrows). Day 7 post-SK&F treatment.
×16,000
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Fig. 9a–d Isolated degeneration of ELCS and death of ELCS
bearing cells. a Initiation of isolated degeneration in Namalwa
cells 4 days after SK&F treatment. Note the appearance of the 
autophagic vacuole (AV) constrained by RER in the nuclear 
pocket. The split of the ELCS showing dissociation of a single
chromatin band is indicated by a star. Nu Nucleus, Cy cytoplasm.
×15,000. b ELCS degeneration by whirling in a nuclear pocket,
seemingly converting into AL (arrow), which undergo autodiges-
tion in Namalwa cells 7 days post-irradiation. ×18,000. c A cell
undergoing early apoptosis, as judged by margination of destruc-

tured, hypercompacted chromatin and loss of the nuclear mem-
brane. Similar changes occur within the ELCS in the cytoplasm
(arrow) and where the ELCS runs into the perinuclear space
(small arrow). Seven days after SK&F in a Namalwa cell.
×18,000. d The nucleus (Nu) ‘flopping’ into a CC ‘tail’ (long 
arrow). Note that CC are intermittent with ELCS containing the
chromatin band (small arrows). A small patch of condensed chro-
matin within the nucleus and active mitochondria indicate some
features reminiscent of apoptosis. A Ramos cell, 12 days post-irra-
diation. ×10,000



nected with, the nucleolus-associated heterochromatin
(Fig. 7d). 

ELCS were often found in cells exhibiting advanced
restituting metaphases, either after irradiation or SK&F
treatments or in untreated cells. In these cases, ELCS
were seen to connect patches of decondensing chromo-
somes and micronuclei through the assembling vesicles
of the nuclear membrane. Subsequently, by the end of
restitution, the chromatin band establishing connections
with the peripheral chromatin, enclosed the whole perim-
eter of the reset interphase nucleus (Fig. 7c). As such,
the chromatin band was seen to establish connections be-
tween the peripheral chromatin and the restituted nuclear
envelope.

Connections between ELCS and other structures

In addition to the connection with chromatin detailed
above, ELCS can also form attachments with arrays of
microtubules, after both treatments and in non-treated
cells (not shown). Large, apparently activated or even
hyperactive mitochondria are also frequent neighbours 
of ELCS (Figs. 7b, 8a, b). Similarly, single AL with 
relatively scarce annuli were seen in close vicinity to
ELCS where they were observed sequestering cyto-
plasm around micronuclei, nuclear segments and buds
(Fig. 8a). Occasionally, short stacks of AL were found in
the cytoplasm of irradiated cells (not shown). On rare
occasions, CC were found in the cytoplasm (Fig. 7b) or
in the perinuclear space of giant cells and their micronu-
clei (Fig. 8b). Contrary to their scarcity in post-irradiated
giant cells, CC and AL were abundant in the cytoplasm
of SK&F-treated giant cells, where a clear continuity be-
tween the stacks of both membranous structures and the
RER was observed (Fig. 8c).

Importantly, all of the features described above corre-
spond to large cells (≥20 mm in diameter), which were
judged to be metabolically active by EM criteria.

ELCS degeneration and relationship to cell death

We have observed the degeneration of isolated ELCS in
apparently metabolically active, viable cells. In these
cases, the ELCS were rolled into the NPs and the con-
centric rolls of ELCS often had a somewhat ‘fuzzy’
structure, indicating that “whirling” was associated with
their degeneration. Sometimes, concentric rolls of ELCS
continued as concentric rings of AL. Such NPs, initially
sequestered from the rest of the cytoplasm by RER, con-
verted into autophagic vacuoles (Fig. 9a, b). This isolat-
ed degeneration was only rarely seen in irradiated sam-
ples (from day 6 post-treatment onwards), but was more
frequently observed and at early time points in SK&F-
treated cells (from day 2 onwards).

ELCS were often observed in the nuclei when endo-
polyploid cells underwent delayed apoptosis. In such
cases, chromatin hypercondensation and degradation was

seen to be accompanied by disappearance of the nuclear
envelope, both in the main nucleus and in the ELCS 
extensions (Fig. 9c).

Other rare types of cell death were observed. These
were typified by cells with atrophic nuclei, devoid of any
peripherally condensed chromatin and confined by 
nuclear CC intermittent with short segments of ELCS.
These nuclei ‘flopped’, demonstrating that the continuity
between ELCS and CC extended into the cytoplasm as a
long meandering CC ‘tail’ (Fig. 9d). Apoptotic-like
death was indicated by the presence of small patches of
condensed chromatin and large mitochondria.

Discussion

In this study we have explored the generation of ELCS
after severe DNA damage or disruption of the mitotic
spindle. The common central event of these treatments
was the induction of mitotic death. In both cases, this
was displayed as arrest in M-phase, mitotic failure, un-
coupling of DNA replication from mitosis and formation
of giant cells, which themselves exhibited ELCS and 
later underwent delayed apoptosis.

An important finding to emerge from this work is
that, although ELCS appear in cells where mitosis has
failed, these cells do not undergo immediate cell death.
Indeed, these ELCS-bearing cells undergo DNA replica-
tion and apparently repair. Although most of these cells
will ultimately die, their death occurs via an extremely
protracted and delayed apoptosis as detailed using
TUNEL, EM and flow cytometric analysis. All of these
observations suggest that induction of ELCS precedes
the irreversible effector stage of apoptosis.

Although the majority of workers consider the spindle
checkpoint to be independent of p53 function, p53 is 
important to prevent re-replication of DNA and forma-
tion of giant cells if the cells are arrested in metaphase
(Lanni and Jacks 1998). In turn, arrest in mitosis and 
endoreduplication can lead to aneupolyploidy in p53 
mutant cells (Satya-Prakash et al. 1984; Nagl 1990; Lilly
and Spradling 1996). The association of ELCS with an-
euploidy was confirmed in this work and is in agreement
with previous reports (Ahearn et al. 1974).

Detailed analysis of the kinetics of mitotic arrest 
resulting from SK&F or irradiation treatment reveals no-
table differences. Whereas mitotic arrest was observed
rapidly and abundantly after SK&F treatment, it was de-
layed and less extensive after irradiation. The kinetics
and amounts of ELCS induced appeared to correlate with
these differences. In addition, in Ramos cells a more
modest post-irradiation M-arrest and polyploidisation
was seen compared with Namalwa cells and this also cor-
related with a smaller induction of ELCS. Taken together,
with the observation that ELCS have been visualised in
restituting mitosis, these data allow us to come to the
novel conclusion that arrest at the spindle checkpoint and
uncoupling of mitosis from DNA replication lead to the
emergence of ELCS in the resulting endopolyploid cells.
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We have microscopically observed chromosome fu-
sion events and noted the participation of ELCS during
and after restitution cycles in these events, in irradiated
and SK&F-treated cells. We have also observed DNA
synthesis that is uncoupled from mitosis in these giant
cells, including signs of gene amplification, through
identification of DMs. Shimitzu et al. (1998) noted se-
lective entrapment of amplified DNA in nuclear buds
and micronuclei during S-phase. In parallel, we have ob-
served an increase in concentration and intrachromatin
localisation of the Ku70 protein in segmenting giant
cells, particularly enhanced in micronuclei. It is known
that the Ku70/80 heterodimer, together with Sir 2, 3 and
4 silencing proteins, participate in both telomere stabili-
sation and illegitimate double-strand break (DSB) repair
by NHEJ (Price et al. 1999). It is also known that NHEJ
requires active DNA synthesis. In addition to extra-DNA
replication by amplification, under-replication of DNA
in late S-phase is a well-described facet of endopoly-
ploid cells (Nagl 1990; Lilly and Spradling 1996). It
seems probable then, that extra- and under-replication of
DNA, as well as the micronucleation of acentric chromo-
some fragments in failed mitoses, would be sensed by
the proteins of the Ku group as DSB and targeted for 
ectopic NHEJ. Similar sequestration of Rad51-recombi-
nation protein into micronuclei of irradiated cells found
by Haaf et al. (1999) and the absence of Ku70 from the
interior of normal mitotic chromosomes and apoptotic
cell nuclei would appear to validate this hypothesis.

Tsukamoto et al. (1997) have suggested that Ku and
silencing family proteins when redistributed to DNA
strand-breaks are able to protect the chromatin from deg-
radation by nucleases. This hypothesis may offer a po-
tential explanation for the postponement of apoptosis in
giant cells.

In accordance with our observations, Gisselsson and
co-workers (2001) have shown in a number of irradiated
and untreated non-lymphoid tumours that the vast major-
ity of nuclear envelope abnormalities (which include
ELCS using our terminology) correlate with chromo-
some fusion events. In turn, incorrect arrangement of
chromosomes in restituted interphase nuclei might alter
the establishment of normal interactions between chro-
matin and the nuclear envelope. In HL60 cells, where
nuclear segmentation and ELCS are induced by addition
of retinoic acid (Olins et al. 2001), the cells display a
several-fold excess of lamin B receptors (LBR). LBR
play a critical role in targeting nuclear membranes to
chromatin during mitosis (Gant and Wilson 1997). These
data, in conjunction with ours, detailing the extensive ec-
topic chromosome fusion events accompanied by ELCS
in giant cells, indirectly support the concept that there is
an excess of nuclear envelope docking sites in relation to
specific chromatin regions with affinity for them in these
cells. This disproportion and attempted docking, may 
result in the induction of nuclear segmentation and
ELCS in endopolyploid cells.

Besides ELCS, we have also observed the emergence
of other aligned membranous structures during mitotic

death. These include AL and CC, which were observed
to be continuous with the nuclear envelope and ELCS,
and the RER, respectively. These associations demon-
strate the dynamic relationship between the nuclear 
envelope and the RER. Our observations also indicate
that these three structures are interlinked and are capable
of interconversion. In particular, AL and CC appear 
related to the destruction of ELCS.

In explanation of the fact that ELCS are observed in
various normal cells, it is noteworthy that the heterolo-
gous expression of LBR leads to the induction of stacked
cytoplasmic membranes, in close vicinity and in connec-
tion with the nuclear envelope (Smith and Blobel 1994).
By analogy, the ELCS and AL in spermatocytes and
stacked AL in oocytes and early blastomeres, as well the
ELCS seen in rare leukocytes may represent similar dis-
proportions in the number of the membrane-associated
chromatin docking sites and availability of the chromatin
for them. The physiological disproportions in oocytes
and early embryo may be brought about through ampli-
fying stacked membranes with chromatin docking sites
in preparation for future rapid divisions.
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