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Escape from mitotic catastrophe and generation of endopolyploid tumour cells (ETCs) represents a
potential survival strategy of tumour cells in response to genotoxic treatments. ETCs that resume the
mitotic cell cycle have reduced ploidy and are often resistant to these treatments. In search for a
mechanism for genome reduction,wepreviously observed that ETCs expressmeiotic proteins among
which REC8 (a meiotic cohesin component) is of particular interest, since it favours reductional cell
division in meiosis. In the present investigation, we induced endopolyploidy in p53-dysfunctional
human tumour cell lines (Namalwa, WI-L2-NS, HeLa) by gamma irradiation, and analysed the sub-
cellular localisationof REC8 in the resulting ETCs.WeobservedbyRT-PCRandWesternblot thatREC8
is constitutively expressed in these tumour cells, along with SGOL1 and SGOL2, and that REC8
becomes modified after irradiation. REC8 localised to paired sister centromeres in ETCs, the former

co-segregating to opposite poles. Furthermore, REC8 localised to the centrosome of interphase ETCs
and to the astral poles in anaphase cellswhere it colocalisedwith themicrotubule-associated protein
NuMA. Altogether, our observations indicate that radiation-induced ETCs express features ofmeiotic
cell divisions and that these may facilitate chromosome segregation and genome reduction.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

When challengedwith high doses of ionising radiation tumour cells
can escape cell death by transient endopolyploidisation [1]. While
most of these polyploid cells will undergo cell death following
aberrant mitosis (mitotic catastrophe) [2] some will undergo
genome reduction giving rise to viable para-diploid tumour cells
[1–4]. Evidence from two different laboratories using various
human tumour cell lines and DNA damaging agents (gamma

irradiation and cisplatin) showed that FACS-isolated endopolyploid
cells are capable of undergoing de-polyploidisation and producing a
limitednumberof para-diploid clones [1,5]. Theseobservationshave
been confirmed using direct time-lapse imaging [5–11]. Further-
more, the resulting mitotic cells often display elevated resistance to
genotoxic treatment and are genomically altered [5,10].

Somatic reduction divisions (de-polyploidisation), were first
described in Culex [12], and although not a frequent phenomenon,
were found in a wide variety of taxons (reviewed in [13,14]).
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Nevertheless, their mechanism is still far from being well under-
stood [15,16] and it has been hypothesized that somatic reduction
may involve evolutionary features of meiosis (reviewed in [17]).
The mechanism of somatic reduction in human tumour cells is
currently under discussion [4,18,19] and its potential link to
developmental processes has recently been proposed [20,21].

Polyploidy with associated genome instability is known as a
source of genetic variation, which is thought to have served as an
engine of macroevolution [16,22]. Spontaneous polyploidy and its
subsequent reduction are thought to be involved in evolution of
various forms of meiosis starting from asexual reproduction and
parasexual cycles like cycling polyploidy [23–25].

Therefore, it is of interest that we found that radiation-induced
ETCs of human lymphoma cell lines ectopically express meiotic
proteins [17,26] such as the meiotic cohesin REC8, a feature that
also occurs in human cancer cell lines originating from cervix
(HeLa), breast (MDA-MB435) and colon (HCT116) [8]. Further
upregulation of REC8 transcription follows irradiation in tumour
cell lines of various origins [8].

REC8 belongs to the cohesin protein complex, which is essential
for correct chromosome disjunction and homologous recombina-
tion in themitotic andmeiotic cycle [27]. Inmeiotic cells of budding
yeast the REC8 cohesin component replaces mitotic cohesion SCC1
in the four cohesin complex and contributes to meiotic chromo-
some structure and homologue segregation [28–31].

REC8, together with Shugoshin 1 (SGOL1/SGO1), facilitates
the reductional cell division in meiosis (reviewed in [32]). The
central peculiarity of the first meiotic cell division is the
segregation of homologous chromosomes, instead of sister
chromatids, to opposite spindle poles thereby reducing the
chromosome number. For this division to occur, there are two
prerequisites: homologous chromosomes (further termed ‘homo-
logs’) must first be paired and cross-linked by recombination and
secondly, sister chromatids of each homolog must be cohesed to
allow for homolog disjoining during the first meiotic division,
with both of these processes requiring REC8 [33]. During the two
meiotic divisions, REC8 is released from chromosome arms and
centromeres consecutively [34]. The stepwise release of cohesion
depends on SGO1 which stabilises REC8-mediated cohesion at
sister centromeres in the first meiotic division [35–37]. The
meiotic pairing of homologs is dependent on the formation of
physiological DSBs by the SPO11 transesterase and their subse-

quent repair by homologous recombination [38] which involves,
among others, the meiosis-specific recombinase DMC1 [39,40].
The central feature of the chromosome reduction in meiosis is
omission of the S-phase between two meiotic divisions, thus
providing for reduction of the chromosome number.

Previously, we have demonstrated that acute exposure of ETCs
to ionising radiation induces exit from the mitotic cycle, altered
DNA repair and gene expression changes that involve the
upregulation of meiosis-specific genes such as REC8, MOS and
SPO11 [8, 26]. A single 10 Gy dose of photon irradiation (IR) to p53
function-deficient cell lines causes them to undergo extensive
changes in cell cycle progression so that they transiently form
endopolyploid giant cells (Table 1) [1,41–43]. After G2-arrest for
one to two days, the cells enter aberrant, often bridgedmitoses and
then either undergo mitotic death or, through ‘mitotic slippage’ or
bi-nucleation, become tetraploid. Cycles of polyploidisation con-
tinue in the large proportion of cells on days 3–5, eventually leading
to a ploidy-increase of up to 8–32C (polyploidisation phase). On
days 5–6 post irradiation, this phase is switched to de-polyploidisa-
tion andbi-polar andmulti-polar cell divisions occur. Fromdays 7–9
onwards death ofmost giant cells can be observed and cell divisions
of ETCs give raise to small colonies of para-diploid cells (Table 1;
[8]).

From these changes it can be deduced that the most critical
events determining the switch from polyploidisation to ploidy
reduction in giant ETCs occur during days 5–6 post IR, a time frame
when the viable cell population consists nearly exclusively of ETCs
[1]. At this critical pointMOS (whichmaymediatemetaphase arrest
in polyploid mitotic cells [44]) is becoming downregulated and the
meiotic cohesin REC8 is expressed at increasing rate [8,17,26,42]
(summarised in Table 1). During this time there also is a notable
upregulation in the expression of Aurora B-kinase (AURKB), a core
component of the chromosomal passenger complex, whose
enhanced activity might play a role in ETC cell divisions [41]
(Table 1). AURKB has recently been shown to play a role in sister
chromatid cohesion and homolog segregation in meiosis [45–47].
Sister chromatid cohesion in turn depends on the REC8 cohesin
(reviewed by [48]).

For the reasons above, we here investigated the expression
and sub-cellular localisation of REC8, the mode of DNA
synthesis and of chromosome segregation in irradiation-induced
ETCs.

Table 1 – Essential cell cycle and genetic events associated with mitotic catastrophe leading to birth and genome reduction in
endopolyploid tumour cells.

Days after irradiation Cell cycle events Transcription/translation of meiotic and related genes

1 G2 arrest Tyr P-15 CDK1 ↓ a γH2AX ↑ a

2–3 Aberrant mitoses Tyr P-15 CDK1 ↑ a, MOS ↑↑b, MAPK ↑↑b

3–4–5 Endopolyploidisation MOS ↑b, c, REC8 ↑b, e, f, γH2AX ↑, DMC1 ↑b, e, f, RAD51 ↑ a, f, AUR B ↑d

5–6 De-polyploidisation (reduction division?) MOS ↓b,c, REC8 ↑↑b,e, f, STAG3 ↑b, γH2AX ↑ a, f, DMC1 ↑b,e, f, RAD51 ↑ a, f, AURKB ↑↑d

7–9 Senescence of polyploid cells and clonogenic
growth of para-diploid cells

REC8 ↓b, e, STAG3 ↓b, γH2AX ↓ a,e, DMC1 ↓b, e, f, RAD51 ↓ a, f, AURKB ~d

‘~’: remains positive in some giant cells.
a [43].
b [26].
c [42].
d [41,43].
e [8].
f Present study.
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Materials and methods

Cell lines and irradiation of cells

The Burkitt's lymphoma cell line Namalwawas obtained from the
American Type Culture Collection (ATCC) and has an established
p53 mutant allele [49] (own unpublished observations). The
WI-L2-NS human lymphoblastoid cell line was obtained from Dr.
P. Olive (Canada) and is also p53 mutated [50]. These cell lines
were maintained in RPMI-1640 containing 10% heat-inactivated
fetal calf serum (FCS; JRH Biosciences) at 37 °C in a 5% CO2

humidified incubator. HeLa cells were obtained from Dr. F. Ianzini
and were grown on slides in HAM-1 medium supplied by 10% FCS
(Sigma) and penicillin/streptomycin at 37 °C in a 5% CO2

humidified incubator. For experimental studies cells were
maintained in log phase of growth for at least 24 h prior to
irradiation. Suspension cells were irradiated at a density of 5×105

cells/ml; adherent cultures at ~60% sub-confluence. Cell lines
were irradiated either with a Gulmay D3 225 X-ray source at a
dose rate of 0.77 Gy/min or with a gamma-ray source — Linear
accelerator, Clinac 600 C, Varian Medical Systems, USA 4 MeV
photon beam at a dose rate of 1 Gy/min. After irradiation, cells
were maintained by replenishing culture medium each 48–72 h.
For DNA replication studies, bromodeoxyuridine (BrdU, 5 μM
final conc.; Sigma) was added to the cultures of Wi-L2-NS or
Namalwa cells at for 1, 10–13 and 19–20 h before harvest. In some
experiments, Nocodazole (Sigma) was added (0.75 μM final
conc.) 2 h prior to harvest. Finally, the cells were treated with
75mM of KCl before fixation in methanol or methanol/acetic acid
(3:1). Slides were prepared with a cytocentrifuge or spread on
glass slides. For studies of the protein turn-over the following
protease inhibitors were used: 25 μM calpain inhibitor, 5 μM Mg-
132, and 10 μM lactocystin, added to the culture medium for 2 h
or 24 h before cell harvest.

RT-PCR

RT-PCR was performed as described [26]. Shugoshin 1 (SGOL1/
SGO1) was detected by the following primer pair: fwd: AACCTGCT-
CAGAACCAGG; rev: TCCTGGAAGTTCAGTTTC, which reveals all
six splicing forms. Shugoshin 2 (SGOL2/SGO2) was amplified by
the pr imer pair: fwd: CAGTCTTTCTGAGTTCCA; rev:
GTTTCATTAGTATGACCAT.

RNAi knock-down of REC8

REC8 expression was suppressed using shRNA plasmids (Origene;
HuSH 29 mer). First, a panel of 4 plasmids were tested for their
ability to down-regulate REC8-GFP in 293F cells following transient
transfection (using 293 Fectin according to the manufacturer's
instructions; Invitrogen) with REC8-GFP and shRNA. The two
shRNA plasmids that most effectively reduced REC8-GFP expres-
sion (as judged by flow cytometry) were then co-transfected into
Namalwa cells by electroporation (960 μF; 0.25 mV) and the cells
were subjected to selection with puromycin 24 h later. After
12 days, surviving clones were expanded, sub-cloned and assessed
for their level of REC8 expression by either immunofluorescence or
Western blotting. Equivalent clones transfected with empty vector
were produced as controls.

Western blotting

For Western blotting cells were lysed in lysis buffer (20 mM Hepes
pH-7.9, 1 mM EDTA, 0.4 M NaCl, 1 mM DTT, Protease Inhibitor
Cocktail (Sigma P8340), 1% NP-40). Shrimp alkaline phosphatase
(AP; Fermentas) was added to certain protein extracts to assess the
degree of phosphorylation (2 U per sample for 30 min at 37 °C).
Protein samples were separated by SDS-PAGE and then blotted
onto PVDF membranes (Hybond P, Amersham Biosciences or Bio-
Rad Labs). The membranes were blocked with 5% non-fat dry milk

Table 2 – Antibodies: source and usage.

Primary antibodies Secondary antibodies (dilution, if not stated otherwise, 1:400)

Goat polyclonal anti-hREC8 (E-18: sc-15152) 1:50 Blocking
protein (sc:151152p) (×10)

Rabbit a-goat-IgG-Cy3 (Sigma) 1:400 Donkey a-goat IgG-Alexa Fluor
594 (Invitrogen)

Rabbit polyclonal anti-hREC8 (ProteinTech Group) 10793-1-AP) 1:50 Goat a-rabbit-IgG-Alexa Fluor 594; chicken a-rabbit-IgG-Alexa Fluor 488
and 594 (Invitrogen)

Monoclonal mouse anti-a-tubulin (Sigma, B-512) 1:2000 Goat a-mouse IgG-Alexa Fluor 488 and 594 (Invitrogen); chicken
anti-mouse-IgG-FITC (sc-2989)

Monoclonal anti-hNuMa (Ab-2) Mouse mAb (107-7) (Calbiochem) (1:100) Goat a-mouse IgG-.Alexa Fluor 480 or 594 (Invitrogen); chicken
anti-mouse-IgG-FITC (sc-2989)

Human anti-h-centromere/kinetochore (Antibodies Inc; 15-234), (1:100) sheep a-h-IgG-FITC (Dr. MS Cragg) (1:50)
Monoclonal mouse anti-hDMC1 (ab-11054) 1:100; does not cross-react

with Rad51 http://www.abcam.com/index.html?datasheet=11054
Goat a-mouse IgG-.Alexa Fluor 480 or 594, Invitrogen; chicken
anti-mouse-IgG-FITC (sc-2989)

Goat polyclonal anti-hRad52 (C-17):sc-7674 (1:50) Rabbit a-goat- IgG -Cy3 (Sigma) 1:500; donkey a-goat IgG-Alexa Fluor
594 (Invitrogen)

Monoclonal mouse anti-hRad51 (NeoMarkers; 51RAD01; LabVision
(UK) Ltd.) (1:100)

Goat a-mouse IgG-Alexa Fluor 480 or 594, Invitrogen; chicken
anti-mouse-IgG-FITC (sc-2989)

Rabbit polyclonal anti-h-γH2AX (Trevigen; 4411-PC-020) (1:150) goat a-rabbit- IgG-Alexa Fluor 480 or 594; chicken a-rabbit-IgG-Alexa
Fluor 488 and 594 (Invitrogen)

Monoclonal mouse anti-BrdU (MS-1058-P; Lab Vision (UK) Ltd.) (1:100) Goat a-mouse IgG-Alexa Fluor 488 and 594 (Invitrogen)
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in PBS with 0.05–0.1% Tween 20 (Sigma) and then probed with
the polyclonal antibody against REC8 (ProteinTechgroup Cat Nr
10793-1-AP) or β-actin (Sigma or Abcam) as a loading control.
Detection was performed with HRP-conjugated secondary anti-
bodies (anti rabbit-HRP) and ECL (both from Amersham
Biosciences or Pierce).

Cytological staining

Cytospins or metaphase spreads were fixed in ethanol/acetone
(1:1) and, after hydrolysis with 5 N HCl at 21 °C for 20 min and
thorough rinsing in distilled water, were stained for DNA with
0.05% Toluidine blue in 50% McIlvain buffer, pH-4 for 10 min.

Fluorescence in situ hybridisation (FISH)

HeLa cells grownonmicroscopic slideswere treated for 20minwith
75mMKCl and fixed by five changes ofmethanol/glacial acetic acid
(3:1). Commercial pericentric satellite DNA probes for chromo-
somes 10 and X were applied according to the manufacturer's
instructions (Molecular Cytogenetics; Q-BIOgene). Cells were
embeddedunder coverslips in ProlongGoldwithDAPI (Invitrogen).

Immunofluorescence (IF)

Standard IF staining was performed as follows: Fixation was
performed in methanol −20 °C for 10 min, followed by 10 washes
in ice-cold acetone and semi-drying in air. Slides were then washed
once in TBS and three times in TBS/0.01% tween-20 (TBS-T) before
blocking in TBS/1% BSA/0.05% tween (TBT) for 15 min. NB: for REC8
immunostaining 5% serum was also added. Primary antibody was
added at 37 °C for 1 h or over-night at 4 °C in a humidified chamber
followed by threewashes inTBS-T. Secondary antibodywas added at
room temperature for 40min followedby two5minwashes inTBS-T,
one wash in TBS and embedding in Prolong Gold with DAPI
(Invitrogen). The protocol for determination of incorporated BrdU
by anti-BrdU-specific antibody included preceding denaturation of
DNA by 2 N HCl at room temperature for 20 min. The primary and
secondary antibodies used are indicated in Table 2.

Microscopy

A confocal laser microscope (Leica, DM 600) or fluorescence light
microscope (Leitz, Ergolux L03-10) was used to examine the
preparations and record images.

Fig. 1 – Association of REC8 with centrosomes in endopolyploid Namalwa cells after γ irradiation: (A, B) on days 3–4 post IR REC8
(red) forms a distinct signal at the interphase centrosome marked by converging microtubules (MTs, α-tubulin, green); (C) two
colour channel image of an ETC stained for REC8 (red) and NuMA (green) displaying their colocalisation. (D) REC8 (red) forms a
distinct signal spot (arrowed) at each spindle pole of a metaphase cell, which is surrounded by NuMA-positive material (green) in a
cell at day 5 post IR. DNA is shown in blue (DAPI). (E) Chromatin of giant cell day 5 post IR displaying REC8 (red) protein spots
colocalising with kinetochores (CREST, green). Boxed and enlarged insert is a typical pattern of kinetochore doublets and REC8
signals. The red and green foci are offset to better demonstrate their colocalisation. Bars=10 μm.
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Results

REC8 localises to sister centromeres, interphase centrosomes
and spindle poles in dividing ETC

To investigate the potential role of REC8 in genome de-poly-
ploidisation in ETCs, we investigated its expression and localisation
by IF. Non-treated cells displayed a diffuse REC8 staining pattern in
nuclei and cytoplasm (not shown). On days 3–4 post IR large
mononuclear and multinuclear ETCs appeared and exhibited
granular REC8 staining throughout the cells with accumulation
at the centrosome (Figs. 1A, B). Four days after IR, lymphoid cell
line ETCs displayed REC8 signals that colocalised with CREST anti-
kinetochore serum (Fig. 1E). This pattern is reminiscent of the
centromeric localisation of REC8 seen during anaphase I —

metaphase II of meiosis [28]. On days 5–6 post IR, ETCs began to
escape metaphase arrest and entered a phase of cell divisions as
reflected by the appearance of bi-polar and multi-polar meta-
phases and anaphases. In metaphase ETCs, we found each
centromere signal to colocalise with a REC8-positive spot as
observed by confocal microscopy (Fig. 2A, insert) unlike in
interphase ETCs [26], where co-staining of REC8 and kinetochore
proteins is less frequent or irregular. In polyploid metaphase cells,
REC8 also appeared at the spindle poles (Figs. 1C, D). Furthermore,

in many early ETCmetaphases REC8 formed a ring-like structure in
addition to its centromeric localisation (Fig. 2A). Such structures
have previously been observedwith NuMA, a nuclearmicrotubule-
binding protein that binds to the separating centrosomes during
early metaphase and until the onset of anaphase where it
contributes to the organization and stabilisation of microtubules
in astral spindle poles [51]. Co-staining disclosed the almost
perfect colocalisation of both REC8 and NuMa to these metaphase
spindle poles (Figs. 1C, D).

During anaphase, ETCs also displayed REC8 on the spindle poles
that occasionally displayed split signals, while centromere locali-
sation was reduced or absent (Fig. 3). However, when present at
centromeres REC8 staining was located between kinetochores
signals (Fig. 3A, insert), a location that would be compatible with a
role in mediating sister centromere cohesion.

To validate our IF observations, we performed control experi-
ments in the presence of a 10-fold excess of REC8 blocking peptide
in the anti-REC8 antibody solution: Cells stained with this mixture
failed to display the discrete REC8 IF signals at kinetochores and
spindle poles, while the cytoplasmic staining was reduced (suppl.
Fig. S1), demonstrating the specificity of the antibody used.
Furthermore, the REC8 expression and localisation to centromeres
and centrosomes in ETCs was similar when two different
polyclonal antibodies to REC8 were used along with appropriate
secondary antibodies (Table 2).

Fig. 2 – (A) IF of REC8 (red) and kinetochore (green) co-staining on a day 5 post IR ETC showing REC8 signals at kinetochores (insert)
and a ring-like REC8 structure in this pro-metaphase cell. (B) Endo-metaphase ETC day 5 post IR displaying γ-H2AX-positive (green)
chromosome regions (DNA: blue, DAPI). (C) DMC1 (red) and γ-H2AX (green) positive chromatin patches of a WI-L2-NS ETC, 5 days
post IR. Mixed colour marks colocalisation. (D) BrdU labelling (green, 13 h pulse) of an ETC day 5 post IR indicating DNA replication.
DNA is stained with Propidium iodide, red. Bars=10 μm.
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Altogether, these data show that REC8 dynamically localises to
centromeres and spindle poles in ETCs. While the centromere
localisation of REC8 may play a role in the cosegregation of sister
chromatids (see below), its role in ploidy reduction of ETCs
remains to be explored.

Western blotting of REC8

To better understand the role of REC8 in the divisions of ETCs we
assessed its expression by Western blotting. Previously we had
observed with anti-REC8 antibody sc-15152 (Table 2) a REC8-
positive band of ~95 kDa [26]. Here, using a different anti-REC8
polyclonal antibody (Proteintech 10793-1-AP, Table 2) we detected

two major bands of ~80 and ~95 kDa (Fig. 4). Treatment with
alkaline phosphatase (AP) revealed a faint third band at about
70 kDa in untreated cell extracts in both tumour cell lines
examined (Fig. 4). The results on the presence of high molecular
weight REC8 bands agree with similar observations in rat meiocyte
preparations [28] and in the human erythroblastoid leukemia cell
line K562 (www.ptglab.com). Inhibition of protein degradation by
incubation with calpain inhibitor (CI), which was the least toxic
among 3 tested (Mg-132, lactocystin, and inhibitor of calpain), did
not significantly alter the Western blotting results in irradiated
samples although a switch in the relative prevalence of the 80 kDa
and 95 kDa form was observed in untreated cells. Irradiation
caused the overall increased expression of REC8, as noted

Fig. 4 – (A) REC8 immunoblotting of Namalwa cell lysates: in control (ctrl) and 5 days post 10 Gy IR (IR), after alkaline phosphatase
(AP) and preincubation for 2 h with calpain protease inhibitor (CI). Lanes 1 — control; 2 — control (ctrl)+alkaline phosphatase
(AP); 3— control+calpain inhibitor (CI); 4— IR; 5— IR+AP; 6— IR+CI. (B) REC8 immunoblotting ofWI-L2-NS cell lysates: 1— ctrl;
2 — ctrl+AP. (A) It is apparent that irradiation of Namalwa cells stabilises the 70 kDa and 90 kDa bands. Actin was used as a
loading control.

Fig. 3 – (A) REC8 (red) marks the spindle poles in an early anaphase of a Namalwa cell (day 5 post IR). Centromeres show
only weak REC8 signals, with REC8 locating between some kinetochore pairs being a typical feature (boxed and enlarged on insert).
(B) Telophase cell with REC8 (red) at the spindle poles identified by accumulated kinetochores (green dots). (B)— sampled after 2 h
treatment with calpain inhibitor. Confocal images. Bar=10 μm.
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previously [26], but in particular increased the expression of a
fourth REC8 band of about 90 kDa which was seen only weakly in
some extracts of non-irradiated cells (Fig. 4A) and in WI-L2-NS
cells, while a 70 kDa protein species was observed only after AP
treatment (Fig. 4). Since the non-modified form of REC8 has an
expected Mw of 63 kDa it is likely that the ~70 kDa band
represents the monomeric, non-phosphorylated form of REC8 and
that the other forms of REC8 observed represent either post-
translationally modified forms [28] or alternative transcript
products [52]. Interestingly, the appearance/stabilisation of the
90 kDa band (Fig. 4), following irradiation indicates that this REC8
species/modification in particular can be upregulated by a
radiation-induced process.

REC8 RNAi

To formally assess the function of REC8 on survival and ploidy
reduction we attempted to generate cell lines with diminished
REC8 expression using RNAi technology. Although we were able to
identify a number of siRNA sequences able to reduce the
expression of REC8 in transient cell systems (Fig. S2), we failed
to generate long term cell lines with reduced levels of REC8. To
explore whether loss of REC8 might itself be deleterious we
performed cloning efficiency experiments that revealed that cells
transfected with the siRNA-REC8 plasmid were ~10 times less
likely to survive selection (not shown). Clones that did survive,
initially displayed down-regulation of REC8 transcription as judged

by qPCR in both Namalwa and WIL2NS cells but REC8 protein
levels were hardly effected, particularly after radiation (data not
shown). Therefore, although the RNAi approach was not particu-
larly effective, the initial cloning efficiency experiments may
indirectly suggest a pro-survival role of REC8 expression for
tumour cells.

ETCs display delayed DMC1/Rad51 repair foci

To further explore the survival/repair pathway in the ETCs we
assessed the expression of γ-H2AX and Rad51 foci. On days 4 to 6
post IR a wave of cells expressing γ-H2AX domains and RAD51 foci
was observed (Fig. S1B,a), in the agreement with previous
observations [25]. This indicates delayed/secondarily induced
DNA double-strand breaks (DSB) [43,53] and attempted DNA
repair by homologous recombination (Table 1). Using co-staining
for γ-H2AX and the meiotic recombinase DMC1 (with a DMC1-
specific antibody, Table 2), we found large patches of γ-H2AX in
endo-metaphases and in ETCs (Fig. 2B). The γ-H2AX-positive ETC
chromatin patches surrounded and colocalised with DMC1-
positive foci (Fig. 2C). The DMC1 foci also colocalised with Rad52
recombination protein (Fig. S1B,b). Interestingly, Ianzini et al. [8]
reported the transcriptional upregulation of SPO11, and DMC1 foci
formation in HeLa and MDA-MB435 cells 4 days post IR. Since
secondary DSBs may be associated with DNA synthesis during the
endo S-phase of these p53-defective ETCs, we investigated this
hypothesis by pulsing the cells with BrdU. Following pulsing for

Fig. 5 – Chromosomes of (A, C–E) HeLa and (B) Namalwa cells. (A) DNA staining with Toluidine blue (A) reveals the tetranemic
pattern of lengthwise aligned diplochromosomes (arrows) with a connection between the inner chromatids (boxed and enlarged)
and (B) a cohesed pair of chromosomes (detail taken from a polyploid metaphase on day 5 post IR). (C–E) Irradiated cells after FISH
staining for α-satellite sequences of chromosome #10 (green) and X (red). Centromeric target regions are forming three pairs of
signal doublets in (C) early anaphase, (D) in anaphase, and (E) in telophase daughter chromosome masses, indicating the
cosegregation of diplochromosomes.
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1–2 h, these cells displayed large patches of BrdU-positive
chromatin at 5 days post IR (Fig. 2D) suggesting that the DNA
breaks detected by γ-H2AX and DMC1 staining (Figs. 2B, C) are
associated with endoreduplication. Hence, both cytological and
molecular features indicate that by the end of the polyploidisation
phase (from day 4 post IR), a subset of the ETCs enter a process
involving elements of the meiotic DSB repair response and that
secondary breaks occurring during endoreduplication attract
such DNA repair factors.

Segregation of diplochromosomes in ETC divisions

The staining patterns observed above suggest a potential role for
REC8 in chromosome segregation in ETCs. Investigation of ETC
metaphases from all tumour cell lines examined revealed the
presence of diplochromosomes — chromosomes with connected
sister chromatids seen as two binemic juxta-posed or lengthwise
aligned chromosomes composed as tetrads (Fig. 5A). Often a bridge-
like connection (Fig. 5A, insert) was seen between the inner
chromatids of thepair and structures resembling crossovers between
the two chromosomeswere found in non-hypotonised samples after
irradiation (Fig. 5B), with usually 1–2 such structures seen per cell.

To determine the segregation of sister chromatids (seen as
kinetochore signal doublets) in dividing ETCs, we applied
chromosome 10 and X-specific pericentromeric α-satellite repeat
FISH probes to HeLa ETC preparations in situ. It was found that in
ETC metaphase cells, centromere signals appeared as signal
doublets (Fig. 5C), as is expected for replicated chromatids [54].
In early ETC anaphases the centromere-specific signal doublets
segregated to opposite poles (Fig. 5D), instead of splitting up in
single spots as expected in normal mitotic segregation. ETC sister
centromeres still localised adjacent to each other in the separated
chromosome masses of anaphase and telophase cells (Fig. 5E).
Finally, there was a fraction of anaphase cells that contained
normally segregated chromosomes with one signal for each
centromere probe/chromosome mass (Fig. S1C). Approximately
three times more ana-/telo-phases were seenwith signal doublets
than with normal centromere segregation.

The observations above suggest that segregation of diplochro-
mosomes occurs in ETC anaphases, reminiscent of a feature of the
reductional division in meiosis I.

BrdU labelling reveals unlabelled endopolyploid metaphase
chromosomes

To determine, whether there are cells which omit S-phase between
two mitoses in ETCs in the post irradiation time-course, we
performed BrdU pulses for 13 h (not shown) and 20 h (each day
from day 2 to day 10 post irradiation) using WI-L2-NS lympho-
blastoid cells which have a cell cycle duration of about 17 h ([55]
and Cragg et al., unpublished). Cells that fail to execute S-phase and
progress to mitosis during a time frame longer than their normal
cell cycle in the presence of BrdU will not incorporate it and
produce non-labelled metaphase chromosomes in our assay.
When we analysed Nocodazole-captured (2 h) metaphases cells
(n=280) and investigated their chromosomes for BrdU labelling
patterns we found, besides the typical BrdU incorporation
patterns, 9% and 2% of non-labelled metaphases at days 5 and 6
post IR, respectively (Fig. S3). These data suggest that the
unlabelled metaphase cells failed to execute S-phase during

pulse time (20 h), while still entering mitosis. This leaves, besides
others, the possibility that some cells may enter mitosis without
previous replication. Such an aberrant mitotic division has the
potential to reduce genome size, a feature of ETCs that resume
division [5]. Mitotic genome reduction division has also been noted
in polyploid near-senescent fibroblasts [56]. Future research shall
illuminate this possibility in more detail.

ETCs express SGOL1 and SGOL2

Duringmeiosis the release of sister chromatid cohesion is inhibited
by Sgo1 which prevents the proteolytic cleavage of cohesin by
separase on the chromosome arms at the onset of anaphase I
through protection of REC8 [34,37]. A second human Shugoshin
homologue, SGOL2, was found to be expressed in HeLa cells and
seems to protect centromere spindle fibre attachment at meta-
phase (reviewed in Watanabe and Kitajima [32]). Since protection
of centromere cohesion requires SGOL1 and spindle attachment
SGOL2, we investigated whether SGOL1 and SGOL2 are expressed
in ETCs. To this end, we performed RT-PCR for SGOL1 and
sequenced the product to confirm its identity. This experiment
showed that SGO1 mRNA was expressed in Namalwa cells both
before and post IR (Figs. 6 and S1D). Therefore, it seems likely that a
REC8 containing cohesin complex involving SGOL1 could mediate
sister centromere cohesion in ETCs that resume cell divisions
>5 days post IR. SGOL2 was also expressed in the lymphoma cells
both before and post IR, further supporting the observation that
ETC express the capacity for meiotic-like ploidy reduction.

Such a mode of reductional segregation akin to that seen in
meiosis I (see above) may contribute to genome reduction in the
IR-induced ETCs thereby creating surviving tumour cells that
escape radiation therapy.

Discussion

In the current study we have investigated p53-deficient tumour
cells which undergo mitotic catastrophe and generate ETCs after
irradiation. The resulting ETCs express REC8, a meiotic cohesin
[29,31,33] that localises throughout the cytoplasm and in cytolo-
gically detectableamounts to interphaseandmetaphasekinetochores.

Fig. 6 – RT-PCR analysis showing the constitutive expression of
SGOL1 (SGO1) and SGOL2 (SGO2) in irradiated tumour cells (A)
without and at days 3, 6, 9 post 10 Gy acute irradiation.
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Furthermore, here we observed for the first time that REC8 was
concentrated at the centrosome of interphase ECTs and at the spindle
poles of giant ETCs undergoing bi- or multi-polar divisions. This
particular sub-cellular localisation of REC8 was observed with two
different antibodies and could be blocked with a competing REC8
peptide, indicating that the staining was specific. Furthermore, the
spindle pole-associated REC8 colocalised with the microtubule-
associated NuMA protein that is known to interact with the mitotic
analogue of REC8— SCC1/RAD21 and the cohesin complex. Cohesin in
turn is required for the in vitro assemblyof astral spindle poles andwas
found indispensable for division of HeLa cells [57].

Centromere cohesion in themeiosis I division involves protection
of REC8 cohesin from separase action, which is mediated by
shugoshin 1 [36]. Besides the REC8 cohesin our irradiated lymphoma
cells were also found to express SGOL1 and SGOL2, as was the case
for HeLa cells [32]. REC8's association with the ring-like NuMA-
positive structures at prometaphase and to themetaphase/anaphase
spindle poles may be mediated through a SMC1-dependent cohesin
interaction with NuMa and Rae1, since the latter two proteins have
been found to colocalise with spindle pole microtubules [58,59].
Taken together, our observations indicate that the ectopically
expressed meiotic cohesin component REC8 associates with both
centrosomes and kinetochores in IR-induced ETC.

These ETCs underwent bi-polar divisions wherein sister
chromatids remained cohesed with each other and segregated as
bi-chromatid chromosomes at anaphase. While arm cohesion is
resolved in the first meiotic division, cohesion at sister centro-
meres is only released at the second meiotic division that lacks a
preceding S-phase [27]. In the endopolyploid cells of our tumour
cell line system it seems that cohesion at sister centromeres
persists during this division leading to cosegregation of sister
chromatids in some ETCs that resume division. This may occur only
in a subset of cells, since most IR-induced ETCs undergo some form
of cell death. Interestingly, cosegregation of sister chromatids,
which is a feature of the meiosis I division, leads to the separation
of homologs in some endopolyploid tumor cells. It thus seems that
genome reduction in ETCs involves some features of both meiotic
divisions, how this is exactly orchestrated remains to be seen.

In ETCs polyploidisation occurs through a series of endomitoses
that increase the ploidy up to ~8–32C. Subsequently, a wave of cell
death eliminates most such cells, while genome reduction seems
to ensue in a subset. Interestingly, genome reduction by division
has been noted in near-senescent polyploid fibroblasts [56].
Although the mode by which genome reduction is achieved in
such fibroblasts or ETCs is currently mysterious, it's interesting to
note that the ectopic expression and physiological localisation of
meiotic gene products could be linked to the persistent sister
chromatid cohesion observed in ETCs. This may involve REC8 in
conjunction with SGOL1/SGOL2 expression, potentially leading to
cosegregation of sister chromatids to opposite poles. Interestingly,
irradiation induced an increase in the transcription and post-
translational modification/stabilisation of REC8 as indicated by the
appearance or stabilisation of a 90 kDa protein species in Western
blots. Potentially, this induced form of REC8 could play a role in the
observed events.

For homologs to be segregated they need to recognize each
other and be physically linked, which in meiosis is mediated by
recombinational DSB repair (reviewed in [38,48]). Interestingly,
several cancer cell lines [8] and the ETCs shown here, express a
number of meiosis-specific genes, among them the recombinase

DMC1 [26]. In ETCs induced by irradiation, the expression of DMC1
peaks on days 4–6 post IR (Table 1). At this time a wave of delayed
DSBs [53] and DNA repair by homologous recombination occurs in
ETCs [43], which is corroborated by the presence of DMC1-positive
foci colocalising with DSB-marking γ-H2AX foci [60] making it
likely that secondary DSBs are involved. Delayed DSBs [53] and
DNA repair by homologous recombination in ETCs [43] may be
associated with DNA synthesis during the endo S-phase of ETCs as
suggested by extensive BrdU incorporation 5 days post IR. Thus, the
DNA breaks detected in these cells may be associated with
endoreduplication and attract DNA repair proteins such as DMC1
and others. Interestingly, Ianzini et al. [8] have detected in HeLa,
colon and breast cancer cell lines the radiation-induced activation
of another meiosis-specific gene, SPO11, which is classically
associated with meiosis initiation and physiological DSB formation
(reviewed by Lichten [38]). Therefore, it will be interesting to
investigate the activation and sub-cellular fate of this protein in
ETC endocycles.

It is clear that ectopic DSBs could have the potential to
contribute to the homolog recognition required for homolog
segregation. Interestingly, it is already known that DNA damage
can induce an association of homologous centromere regions in
lymphocytes [61] a feature of DNA repair that could be used by
ETCs to bring about homologous chromosome association. A
possibility that is currently further explored.

Conclusions

We have observed that the meiotic cohesin REC8 is ectopically
expressed in irradiation-induced ETCs where it localises to
kinetochores and interphase centrosomes. In meta and anaphase
ETCs, REC8 additionally localises to the spindle poles, suggesting a
role of REC8 in the coordination of the endopolyploid centrosomal
and chromosomal cycle. Altogether, it appears that the ETCs
express features of meiotic divisions, albeit often in a disordered
fashion, that could be important for the reduction of their genome
size. Given its potential importance in regulating the survival and
treatment-resistance of p53-defective tumour cells after genotoxic
exposure, the molecular regulation of this peculiar somatic
reductional division in ETCs deserves further investigation.
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