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flocculonodular lobes were consistent with the develop-
ment of an unsteady gait and absence of nystagmus,
respectively, in both subjects.

Marked immunostaining of MRE11 and NBS1 has been
reported in the nucleus of Purkinje cells and Bergmann
glial cells in the human brain [10]. Nuclear expression of
MREI11 and NBSI has also been detected in pyramidal
neurons of the cerebral cortex in aged adults without
dementia and was severely reduced in the cerebral cortex
in cases of Alzheimer’s disease [I4]. In the present
study, neurons in multiple brain regions, other than the
Purkinje cells and cortical pyramidal neurons showed
nuclear immunoreactivity for MRE11 in control brains.
As expected, both subjects with ATLD had complete loss
of such MRE1!l immunoreactivity in the cerebral and
cerebellar cortex. Constitutive localization of ATM in
human Purkinje cells has been discussed previously [3, 16],
and widespread expression of ATM mRNA in the adult
human brain has also been reported [18]. In addition,
various brain regions, such as the cerebral cortex, thalamus,
cerebellum, and pons demonstrated ATM protein expres-
sion in Western blot analyses [10]. There seems to be a
missing link between the global expressions of MRE11 and
ATM in the brain and the selective vulnerability of cere-
bellar cortex in ATLD and AT. Experiments with Azm-null
mice showed abnormal differentiation of the Purkinje cells
and deficient motor learning, indicating cerebellar dys-
function; however, gross cerebellar degeneration was not
seen [5]. The in vitro survival of cerebellar Purkinje cells in
both the Atm knockout and Arm knockin mice was signif-
icantly reduced, and most of the Purkinje neurons from the
Atm-deficient mice showed reduced dendritic branching
[6]. These findings suggest the interrelationship between
ATM deficiency and Purkinje cell damage in AT. On the
other hand, knocking out Mre/! and the murine ortholog of
NBS1 (Nbn) leads to embryonic lethality [28, 29], and
Mrell- and Nbn hypomorphic mutant mice that survive, do
not reproduce the neuronal disorders [23, 26]. Recently, it
has been reported that conditional inactivation of the Nbn
in the brain causes microcephaly and cerebellar ataxia [8].
Similar conditional disruption of Mrell in murine brains
will provide a clue for understanding the interrelationship
between MREI11 deficiency and selective cerebellar
degeneration.

Reactive-oxygen species are one of the principal
damaging agents of neuronal genomic and mitochondrial
DNA in the brain, and disturbance of DNA repair activity
in neurons, including ATM and MRN complex, can lead
to oxidative DNA damage [2, 4]. Oxidative stress has
been consistently associated with various neurodegenera-
tive disorders [12]. In xeroderma pigmentosum and
Cockayne’s syndrome caused by an inherited disturbance
in the nucleotide excision repair mechanism, abnormal

accumulation of oxidative products was found in the
globus pallidus and cerebellar dentate nucleus [11].
Similarly, Atm-deficient cells are hypersensitive to oxi-
dative-stress-inducing agents [21]. The cerebellum in
Atm-deficient mice showed progressive accumulation of
DNA strand breaks and decrease in the reduced and
oxidized forms of NAD in the brains, leading to pertur-
bation in the balance of pyridine nucleotides [19].
Antioxidants prevented Purkinje cell death in the afore-
mentioned Afm-deficient mice and enhanced the levels of
dendritogenesis to that in wild-type mice [6]. These data
indicate that ATM deficiency can enhance oxidative stress
and cause oxidative stress-related neuronal death. Both
subjects in our study had increased expression of the
DNA marker of oxidative stress, 8-OHdG, in the nuclei of
granule cells and Bergmann glial cells, which are struc-
turally and functionally associated with Purkinje cells.
Notably, 8-OHdG expression was absent in the severely
affected cerebellar cortex, and other brain regions did not
show accumulation of oxidative stress markers, except for
4-HNE and AGE in areas with pseudocalcification in
subject 1. Therefore, increased oxidative DNA injury is
likely to be involved in the selective degeneration of
Purkinje cells. Finally, we speculate that the combination
of MRE11 deficiency and oxidative DNA injury may lead
to selective cerebellar damage in both subjects.
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Introduction

Genomic instability is observed in most cancer cells [1]. In the
carlicst stages of cancer development, cells exhibit DNA lesions,
which arce characterized as precancerous DNA lesions and are
induced by DNA replication stress with the accelerated cell cycle
progression as the results of oncogene acceleration or of aberrant
growth activation [2,3]. During these stages, although anti-cancer
barrier reactions including cell cycle arrest and inductions of
senescence and apoptosis are also competitively activated to block
the tumorigenesis step progression 2,3}, genomic instability is
subscquently started to appear prior to the development of cancer
[2,3]. However, the process by which precancerous lesions cause
genomic instability remains unclear.

The most common types of genomic instability in cancer
cells are alterations in the number of chromosomes, i.e.,
ancuploidy [4]. Ancuploidy is suggested to develop via unstable
intermediates of tetraploidy [5,6]. In addition, tetraploidy even
contributes to tumourigenesity i vivo [7]. Therefore, the process
to generate tetraploidy must be a critical step for the devel-
opment of many cancers. Furthermore, consistent with the
hypothesis of ancuploidy development via unstable tetraploidy
intermediates, cancer cells with chromosomal instability show
the characteristics of continuous alteration in chromosomal
status, highlighting the question for the initiation and the
induction of tetraploidy.

@ PLoS ONE | www.plosone.org

Although it is clusive how tetraploidy is developed during
cellular transformation, tetraploidy is often observed in cells
lacking in the M-phase function [8], which also promotes tu-
mourigenesis [9,10]. Spontancous tetraploidization is also ob-
served in association with chromosome bridges during mitotic
chromosome segregation and the resulting cytokinesis faiture [11].
Since the appearance of precancerous lesions is followed by the
development of genomic instability [2,3], we hypothesized here
that, prior to cellular transformation, precancerous DNA lesions
arc carried over into the M phase, causing mitotic aberrations,
including chromosome-bridge formation to lead into tetraploidy
generation, contributing cancer development (Supplementary
Fig. SI).

For the above hypothesis, we investigated effects of DNA
replication stress-associated lesions by oncogene acceleration or by
hydroxyurea treatment as well as impacts of DNA lesions in the M
phase, and also studied the immortalization process of primary
mouse embryonic fibroblasts (MEFs). Here, we found that DNA
replication stress-associated lesions can be transmitted into the M
phase, unlike directly induced DNA double-strand breaks,
resulting in successive chromosomal mis-segregation, cytokinesis
failure and tetraploidy generation. Importantly, we observed that
these happen during cellular immortalization, and found that
senescing cells are temporarily accumulated with bi-nuclear
tetraploidy, which is a form right after the tetraploidy generation,
prior to the acquirement of the immortality.
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Results

DNA Lesions Induced by Oncogenes Accumulate in the
M Phase

To test the above hypothesis (Supplementary Fig. S1), we
initiated a study of DNA lesions induced by oncogenes, such as
E2F1, because the initial stages of cancer development are
mimicked by oncogene-acceleration, in which genomic instability
is subsequently developed [2]. To determine the effects of the
accelerated oncogene function, the spontancous accumulation of
M-phase DNA lesions was monitored with a double staining of
vH2AX, a DNA-damage marker, and histone H3 phosphorylated
at Ser 10 (p-H3), an M-phase marker (Fig. 1). £2F/ acceleration
causcd DNA lesions in U208 cells (Fig. 1A, B), mimicking the
initial stages of cancer development as previously reported [2]. In
addition, we observed that these induced DNA lesions are
accumulated in mitotic cells (Fig. 1A, C). Similar results were
also observed by using another oncogene Cde254 in HEK293
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cells (Fig. 1D, E; Supplementary Fig. S2). Thus, supporting our
hypothesis (Supplementary Fig. S1), these results show that
oncogenic DNA lesions arc also appeared in the M phasc and
indicate the close correlation between mitotic precancerous DNA
lesions and genomic instability development.

Oncogene Acceleration Induces Chromosome-Bridge
and Aneuploidy

To explore the possible correlation between mitotic DNA
lesions and the induction of genomic instability, we determined the
appearance of chromosome bridges, because a recent study has
shown that spontancous tetraploidization is triggered by chromo-
some bridges [11], though it remains clusive how chromosome
bridges are induced. After K£2FI acceleration, we observed
chromosome bridges (Fig. 2A) concomitantly with the clevation
of polyploidy fraction (Fig. 2B). Intriguingly, such a chromosome
bridge was observed with yH2AX signal on the chromosome
(Fig. 2A), indicating the involvement of DNA lesions in the
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Figure 1. DNA lesions induced by oncogene acceleration are accumulated in the M phase. A. DNA lesions in the M phase were
determined by a double staining of YH2AX and p-H3 after nocodazole treatment (100 ng/ml, 12 h). Using ER-E2F1-expressing U20S cells, DNA lesion-
carryover into the M phase was evaluated after treatment with 4-hydroxytamoxifen for 6 h (E2F1). Representative images are shown before (control)
and after E2F1 activation (E2F1). B,C. The proportions of total YH2AX-positive cells (B) and YH2AX/p-H3 double-positive cells (C) were estimated in
the cells prepared as in A. At least 50 cells were counted in each of 3 independent experiments. Error bars represent + SD. D,E. Transient over-
expression of Cdc25A promotes DNA lesions including the cells during mitosis. The proportions of total YH2AX-positive cells (D) and YH2AX/p-H3
double-positive cells (E) were estimated by counting at least 60 cells in D and 500 cells in E. Representative fluorescent microscope images are also

shown in supplementary Fig. S2.
doi:10.1371/journal.pone.0008821.g001
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Figure 2. E2F1 acceleration generates chromosome bridge and aneuploidy. A. After E2F1 activation as in Figure 1A, chromosome bridges
were often observed with the generated DNA lesions by E2F1 activation. Representative images are shown. B. Cells containing more than 4N DNA
content were detected by flow cytometry in the cells treated as in Figure 1A. The proportions of cells with DNA content of 2N, 4N and more (4N<) are
indicated by red squares. The percentages of 4N<C cells are indicated. The sub-G1 fraction was also observed in E2F1-activated cells.

doi:10.1371/journal.pone.0008821.g002

chromosome bridge formation. Taken together, these results
support our hypothesis (Supplementary Fig. S1) and indicate that
precancerous DNA lesions induced by oncogenes trigger chromo-
some bridges during mitosis and induce genomic instability.
However, oncogene activation primarily accelerates S-phase entry,
thereby the resulting DNA lesions are primarily associated with
DNA replication stress in the S phase [2]. Here, an important
question arose, if the observed M-phase lesions possibly transmit
into the M phase from the S phase with the bypass of cell cycle
checkpoints.

DNA Replication Stress-Associated Lesions Transmit into
the M Phase

To dircctly determine the potential of DNA lesion-carryover
generated by DNA replication stress in the S phase, we transiently
treated the normal human fibroblast SuSa with hydroxyurea (HU)
to cause replication fork stalling and the resulting DNA double-
strand breaks. After the transient replication stress, YH2AX foci
were evidently increased in the subsequent M phase (Fig. 3A,B),
showing that DNA lesions induced by replication stress actually
transmit into the M phase. However, an important question

A p-H3 pHEAX Merge

remains: How can DNA lesions generated by replication stress be
carried over into the M phase, despite the existence of the firmly
established intra-S and G2/M checkpoints?

Recently, DNA lesion-carryover into the M phase has been
shown with fewer than 20 foci of YH2AX per nucleus in the ATM-
mutated background after X-ray or fy-ray irradiation [12],
implying that cell cycle checkpoints are bypassed under a small
number of lesions with compromised damage checkpoint response.
To determine the status of DNA lesions and checkpoint activation,
we compared YH2AX signals and phosphorylated ATM (p-ATM)
signals after 21 acccleration with those of the radiomimetic
agent neocarzinostatin (NCS) that causes G2-arrest. While NCS
causes YH2AX and the resulting p-ATM foci in the entire nucleus,
E2FI acceleration was found to cause only very limited YH2AX
{Fig. 4A) and the resulting much weaker and limited p-ATM
foci (Fig. 4B}, indicating only local checkpoint activation. Taken
together, our results suggest that DNA lesions induced by
replication stress under £2F/ acceleration, unlike directly induced
DNA double-strand breaks, impact a small number of DNA
lesions, resulting in limited damage checkpoint response, bypass
of cell-cycle checkpoints and DNA lesion-carryover into the M
phase.

Control
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Figure 3. DNA lesions induced by replication stress are transmitted into the M phase. A,B. Using the normal human fibroblast SuSa, the
carryover of DNA replication stress-associated lesions was determined after the transient treatment of 1 mM HU for 24 h and the subsequent
nocodazole block as in Methods. The representative images (A) and the number of YH2AX foci per cell (B) are shown. The number of YH2AX foci was

counted from 42 control cells and 40 replication stress-induced cells.
doi:10.1371/journal.pone.0008821.g003
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Figure 4. DNA replication stress causes only a small number of DNA lesions with limited ATM activation. A,B. Comparing cells
activated with E2F1 as in Fig. 1A and cells damaged with 100 ng/ml NCS that causes G2-phase arrest, the statuses of DNA lesions and the resulting
damage checkpoint activation were determined with YH2AX foci (A) and phosphorylated ATM (P-ATM) foci (B), respectively.

doi:10.1371/journal.pone.0008821.g004

DNA Lesions in the M Phase Cause Cytokinesis Failure

Another question remains: How do mitotic cells readily respond
to DNA lesions that are carried over into the M phase? Despite the
numcrous studies on DNA damage response, only a few studies of
those have been reported for the mitotic cells, showing M-phase
specific DNA damage checkpoints [13,14]. Interestingly, one of
these has reported tetraploidization with ionizing radiation in
prometaphase Hela cells [13]. Here, we found that such tetra-
ploidization is a common phenomenon, independent of damaging
sources (Iig. 5A) and cell types, including U208, WI-38, and
MEFs (Supplementary Fig. S3), as long as cells existed in the M
phase (Supplementary Fig. S4). These showed completely different
responses to DNA damage in the M phase.

For the detailed study on tetraploidization with DNA lesions in
mitotic cells, we used time-lapse imaging (Fig. 5B; Supplementary
Movies S1, 82, 83, S4) and found that the damaged cells failed to
complete  cytokinesis and subsequently developed tetraploidy
(Fig. 5B lower pancls between 4:30 and 5:00). Importantly, such
a cytokinesis failure was observed in the majority of cells
(Supplementary Movie S4; Fig. 5A), and those still replicated
DNA (Supplementary Fig. S5). Furthermore, despite the activation
of DNA damage checkpoint proteins, including H2AX, ATM and
Chk2 (Fig. 5C; Supplementary Fig. S6), damaged M-phase cells
still exited from the mitotic phase and entered into the G1 phase,
based on monitoring cyclins B and E as M- and Gl-phase
markers, respectively (Fig. 5D), indicating the dysfunctional DNA
damage checkpoint during mitosis. Since cells had already exited
from the metaphase, the spindle assembly checkpoint could not
be responsible for DNA damage. In fact, a spindle assembly
checkpoint factor, BubR1, exhibited normally (Supplementary
Fig. S7). Thus, DNA damage checkpoints are not fully functional
during mitosis, even if they exist [13,14].

In addition, tetraploidization was also observed in metaphase
cells but was significantly lowered 15 min after metaphase release
(Fig. 6A), suggesting the involvement of chromosome scgregation,

@ PLoS ONE | www.plosone.org

because chromosome segregation starts at the onset of the
anaphase. In fact, the cells damaged in the prometaphase showed
incomplete chromosome segregation (Fig. 6B). Furthermore, such
chromosomal mis-scgregation disrupted the spindle midzone
structure, including Aurora-B localization (Fig. 6C), which is the
essential conformation for cytokinesis [15,16]. Here, Aurora-B
kinase was still active (Fig. 6D), though. A recent study has shown
that Aurora-B functions to protect tetraploidization as an
abscission checkpoint, although this is not the perfect block, either
[11]. Taken together, these findings indicate that DNA lesions in
the M phase cause a chromosome bridge and disrupt the spindle
midzone structure, risking cytokinesis failure and tetraploidization.

MEFs Are Immortalized with Tetraploidy

As described above, DNA lesions induced by oncogenes, which
could act as precancerous DNA lesions, arc possibly carried over
into the M phase, causing a chromosome-bridge and the resulting
cytokinesis failure with tetraploidy generation. To confirm
whether such scenario is really the case during spontancous cell
immortalization, we tested during the process of MEF-immortal-
ization, (1) because MEFs are immortalized with the mutation
in the Arf/p33 module similar to cancer development [17], (2)
because primary MEFs often develop tetraploidy prior to
immortalization, and (3) because senescing cells are known to
spontaneously accumulate unrepairable DNA lesions [18], as
potentially precancerous DNA lesions. We cultured growing-
MEFs under the 3T3 protocol [19] and maintained senescing-
MEFs with medium change (Fig. 7A). As well established, MEFs
initially showed primary growth and then slowed down during
senescene, which was followed by development of immortality.
Intriguingly, all immortalized MEFs at early steps (IP2) were
completely tetraploidy (Fig. 7B), implying that tetraploidization is
the key step for MEF-immortalization. In addition, these
immortalized MEFs lost the function of p53 accumulation in
response to DNA damage, whereas senescing MEFs as well as
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Figure 5. Damaged mitotic cells still proceed into cytokinesis with failure, resulting in tetraploidy generation. A. The tetraploidy
generation was determined as in the scheme with DNA damage in the M phase. The fraction of tetraploidy was quantified from at least 100 cells in
each of 3 independent experiments. Error bars in the graphs represent =+ SD. B. Time-lapse imaging analyses were performed for the damaged cells
as in A after the release. The representative images are displayed at the indicated time points. These results are also shown with movies
[Supplementary movies 51, S3 (control) and S2, S4 (damaged with NCS)l. C. Mitotic cells still show the functional activation of DNA damage
checkpoint factors, although cells still proceed into the G1 phase as in D. When indicated, the cells were incubated with 40 uM wortmannin for 1 h
before NCS treatment. D. M-phase exit and G1-phase entry of the damaged cells as in A were determined with cyclins B and E as M- and G1-phase

markers, respectively, after the release.
doi:10.1371/journal.pone.0008821.g005

primary growing MEFs showed p33 accumulation after DNA
damage (Supplementary Fig. $8). This suggests that the induction
of mutations is also associated with genomic instability develop-
ment during immortality acquirement, although it is still unclear
how the mutations are induced.

Spontaneous MEF-Tetraploidization Is Associated with
M-Phase DNA Lesions and Chromosome-Bridge

To determine the possible association between M-phase DNA
lesions and tetraploidy generation during MEF-imortalization, we
examined the status of DNA lesions in the M-phasc cells in each
stage during the lifecycle of MEFs (Fig. 7C). Importantly, DNA-
lesions in the mitotic cells were observed in the rarely growing
senescent (M4 and M6) as well as in immortalized MEFs (IP32),
but not in MEFs under primary growth (P4) or early senescence
(M2) (Fig. 7C). These results indicate that spontancous DNA
lesions in the M phase starts to appear in the rarely growing
senescent MEFs prior to the acquirement of immortality.
Importantly, M-phase DNA lesions at M4 concurrently appeared
with chromosome-bridge (Fig. 7D) and bi-nuclear tetraploidy
(Fig. 7E). These results support that DNA lesions trigger the
chromosome-bridge and the resulting tetraploidy generation
during MEF-immortalization, because the observed bi-nuclear
tetraploidy is a primary and transient status right after the
development until the following M phase, in which daughter
chromosomes assemble in a common metaphasc plate to lead into
tetraploidy with a single nucleus in the subsequent G1 phase [11].
Importantly, these results indicate that tetraploidy-generation
associated with mitotic DNA-lesions is also the case during MEF

@ PLoS ONE | www.plosone.org 5

immortalization. Furthermore, the resulting immortal MEFs (1P2)
were totally tetraploidy (Fig. 7B), indicating that the tetraploidiza-
tion step is critical for acquiring immortality. In addition, DNA
lesions spontaneously accumulating in scnescing cells act qualita-
tively similar to the lesions induced by oncogenes.

After immortalization, MEFs were mostly YH2AX-positive and
continuously showed DNA lesions during mitosis (Fig. 7C),
suggesting continuous genomic alterations. In fact, the continuous
culture of immortalized MEFs resulted in chromosomal loss, i.c.,
aneuploidy, at IP32 (Fig. 7B), which is an identical characteristic to
cancer cells showing continuous chromosomal instability [1].
These results also support the previously proposed hypothesis, i.c.,
aneuploidy generation via the unstable tetraploidy [5,6]. However,
these M-phase lesions in the immortalized MEFs did not trigger
further polyploidy generation (Fig. 7B). Similarly, tetraploidy
causes growth retardation and therchy never becomes major,
although spontancous development of tetraploidy is often observed
during Helaa cell cultivation via chromosome bridges [11]. While
tetraploidization with M phase-DNA lesion must be a key step for
acquiring immortality, the impact of tetraploidization is likely to
different once cells are immortalized. Nevertheless, our results
suggest that, during senescing MEF immortalization, M phase-
DNA lesions trigger spontancous development of tetraploidy.

Tetraploidy Development in MEFs Is Accelerated by DNA
Replication Stress

Through above study, we showed that DNA replication stress-
associated lesions are transmitted into the M phase, that DNA
lesions during mitosis cause tetraploidy generation, and that the
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doi:10.1371/journal.pone.0008821.g006

identical processes are observed during the immortalization of
MEFs. To directly confirm our original hypothesis (Supplemen-
tary Fig. S1), we further investigated whether tetraploidy
generation could be directly induced by DNA replication stress
in the pre-immortalizing MEFs (P3). Consistent with our above
results, transient replication stress induced chromosome-bridge
formation (Fig. 8A) and bi-nuclear tetraploidy accumulation
(Fig. 8B,C) even in carly passage MEFs (passage 3). Furthermore,
these bi-nuclear tetraploidy MEFs were also subsequently
immortalized. These indicate that DNA lesions induced by
replication stress mediate tetraploidy generation in association
with chromosome bridge formation during the acquirement of
immortality.

';@_: PLoS ONE | www.plosone.org

Discussion

Cancer is a disease associated with genomic instability, which
develops prior to tumor formation. Cells in the initial stages of
cancer development exhibit precancerous DNA lesions and the
competitive barrier responses [2,3]. Such stages are followed by
the development of genomic instability [2,3], although it was
elusive how and why genomic instability could develop in such
situation. Our results showed one of the processes in developing
genomic instability by precancerous DNA lesions, in which the
lesions are carried over into the M phase and cause chromosomal
mis-segregation and cytokinesis failure, resulting in tetraploidy
generation. Such a conclusion is based on the following
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doi:10.1371/journal.pone.0008821.g007

mechanistic findings: DNA replication stress-associated lesions,
which are induced by oncogene acceleration, can be carried over
into the M phase; DNA lesions in mitotic cells cause chromosomal
mis-segregation and the resulting cytokinesis failure.

Genomic instability is categorized in chromosomal instability
(CIN) and microsatellite instability (MIN) [4]. While MIN is mostly
characterized by mismatch repair (MMR) deficiency, CIN is usually
MMR proficient. Our study revealed a process of CIN generation,
especially tetraploidy/ancuploidy. Similarly, a previous study has
shown that chromosomal translocation is also observed with G2-
phase DNA lesions in the following G1 phase [20]. Thus, aberrant
chromosomal segregation induced by DNA lesions might generally
cause chromosomal alteration with the resulting loss of genomic
homecostasis, which is also consistent with the observation of
chromosomal loss in association with M-phase DNA lesions during
the continuous culture of the immortalized MEFs (Fig. 7B).

@ PLoS ONE | www.plosone.org

Consistent with ageing-associated cancer-risk elevation, our
results suggest that spontancous DNA lesions accumulated in
senescent cells during MEF immortalization act as precancerous
DNA lesions, similar to the lesions induced by oncogene
acceleration. Our results also show that DNA lesions generated
by DNA replications stress are cryptogenic duc to the limited
impact on DNA lesions and the checkpoint activation, and that
these lesions therefore induce genomic instability after the
transmission into the M phase. Such a conclusion, i.e., genomic
instability induction by DNA replication stress, is supported by the
evidence of cancer predisposition with defective homologous
recombination in BRCAl, BRCA2 and BLM helicase mutants
[21-23], because DNA replication stress-associated lesions are
primarily the target of homologous recombination.

Here we observed that the escape of G2/M checkpoint with
DNA lesions triggers tetraploidy development. Contrary, previous
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reports showed that the identical escape of G2/M checkpoint
results in the mitotic catastrophe cell death [24-27]. How the
identical DNA lesions could induce completely different cffects?
Although the mechanistic discrimination is unclear, so far the
differences underlie if the cells are in immortal or pre-immortal. In
cancer cells, cells with aneuploidy were accumulated after G2/M
checkpoint-escape and after the appearance of chromosome
bridge (Fig. 1,2). But such anecuploidy accumulates transiently
and never come up to major, which was also shown in a previous
Hela cell study [11]. Such transient accumulation of aneuploidy
coincided with the increase in sub-G1 fraction (Fig. 2B), suggesting
the eventual death induction. In contrast, pre-immortal senescing
cells are accumulated with bi-nuclear tetraploidy in association
with the escape of G2/M checkpoint, and eventually acquire the
immortality, which are totally tetraploidy. In fact, mitotic
catastrophe-associated death induction has been mainly studied
with the immortalized cells mostly in cancer cell lines, which are
described as a goal of cancer therapies. Contrary, somehow pre-
immortal cells arc resistant to the identical DNA lesions and
survive, contributing the development of the immortality.

Prior to acquiring immortality, senescing MEFs are accumulat-
ed with a bi-nuclear phenotype that is a primary and transient
form of tetraploidy, indicating that such tetraploidy generation in
senescing cells is the major event in these stages in association with
M-phase DNA lesions, aberrancy in chromosomal segregation and
cytokinesis failure. Since immortalized MEFs are totally tetraploi-
dy, these steps must be critical for immortalization. It has been
shown that immortalized MEFs arc mutated in the Arf/p53
module [17]. We also observed that the Arf/p53 module responds
normally in senescing MEFs unlike that in immortalized MEFs
(Supplementary Fig. S8), suggesting that the selective pressure of

@ PLoS ONE | www.plosone.org

mutants is also coupled with acquiring immortality and tetraploidy
development. Here we showed the mechanistic steps of MEFs
immortalization, which share with the process of cancer
development in many aspects. However, unlike MEFs, primary
human cells usually do not show such spontancous transformation.
Difference in MEFs and human cells is mainly because MEFs
express TERT and suffer from accelerated growth stimulation
with 10% fetal bovine serum, whereas primary human cells
require h'TERT and the additional acceleration of oncogenes such
as Myc, Ras etc. for the immortalization [28,29]. Importantly, our
results suggest that the trigger for immortality acquirement-
associated development of genomic instability is the precancerous
DNA' replication stress with oncogene acceleration or with
senescence-associated repair deficiency with continuous growth
stimulation.

Materials and Methods

Cell Culture, Oncogene Induction, Cell Synchronization,
Cell Damage and Replication Stress Induction

Cancer cell lines and normal human fibroblast SuSa were
cultured as previously described [30]. MEF cells were prepared as
previously described [19]. MEFs were cultured under 313 passage
protocol [19], in which 3x10° MEFs were passed in 6-cm dishes
every 3 days using 10% fetal bovine serum containing DMEM
(during P1-P6 and after IP1), otherwise maintained with medium-
change under the same medium conditions every 3 days (during
MI-M7). ER-E2F1 expressing U20S cells were treated with
4-hydroxytamoxifen (300 nM) as previously described [31]. For
transient expression of Cde254, Cde254 cDNA was inserted into
pIREShyg2 vector (Clontech Laboratories, Palo Alto, CA). The
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Cdc25A expression vector, empty vector, or none was then
transfected into HEK293 cells with FuGENES. Prometaphase cells
were prepared as previously reported {32]. For the preparation of
mctaphase cells, prometaphase cells were further incubated with
10 uM MG132 for 2 h [33]. These synchronization and chromo-
some contents were determined with flow cytometry as previously
described [32]. DNA double-strand breaks were directly induced by
100 ng/ml NCS (Pola Pharma, Tokyo, Japan) for 10 min or by
2.5 uM adriamycin for 1 h. Induced DNA lesions were detected by
YH2AX, which were confirmed with comet assay after NCS
treatment (Supplementary Fig. S9). For DNA replication stress-
associated DNA-LCM study, SuSa cells were transiently treated
with 1 mM HU for 24 h and then released in 10 % FBS DMEM
with 20 ng/ml nocodazole for 10 h.

Antibodies, Immunostaining and Western Blotting
Antibodies against YH2AX (JBW301, Upstate Biotechnology)
and phospho-histone H3 (Ser 10) (Upstate Biotechnology) were used
for immnostaining and Western blot analysis. Antibodies against
phospho-ATM (Ser 1981) (10H11.E12, Cell Signaling Technology),
phospho-Chk2 (Thr 68) (Cell Signaling Technology), B-actin (AC-
74, Sigma), histone H3 (ab1791, Abcam), cyclin Bl (GNS]1, Santa
Cruz Biotechnology Inc.), p53 (Pab240, Santa Cruz Biotechnology
Inc.) and cyclin E (Ab-1, Calbiochem) were used for Western blot
analysis. Antibodies against AIM-1 (Aurora-B) (BD Transduction
Laboratories), phospho-vimentin (Ser 72) [34], BubRl (8Gl,
Upstate  Biotechnology) and phospho-ATM (Ser 1981) (clone
7C10D8, Rockland) were used for immunostaining. Before
immunostaining with primary and secondary antibodies, cells were
fixed with 4% paraformaldchyde for 10 min and permeabilized
with 0.1% Triton X-100/PBS for 10 min. For confocal microscope
imaging, cells were cultured on coverslips and stained as above.
Other immunofluorescence images were captured with ECLIPSE
TE300 inverted microscope (Nikon) or LSM510 confocal micro-
scope (Carl Zeiss). Three-dimensional images were constructed with
I pume-slice pictures of the cells using LSM Image Browser software.
Western blot analysis was performed as previously described [32].

Immunofluorescence and Time-Lapse Imaging

Fifteen hours after the release from M phase-DNA damage,
cells were fixed with 10% neutral buffered formalin for 10 min,
permeabilized with 0.3% Triton X-100/PBS for 10 min, and
stained with DAPI for 5 min. Phase contrast images merged with
immunofluorescence images were captured with ECLIPSE TE300
inverted microscope. Time-lapse images were acquired with
Multicell-imaging incubator (Sanyo).

Comet Assay
A comct assay was performed as previously described [32].

Chromosome Spreads

Mitotic cells were prepared in a 6-h treatment with 20 ng/ml
nocodazole and shaking-off. The collected cells were hypotonically
swollen with 75 mM KCl for 15 min, and then fixed with —20°C
Carnoy’s solution (75% methanol/25% acetic acid) for 20 min.
The fixative was changed once and the cells in Carnoy’s solution
were dropped onto glass slides and air-dried. The slides were
stained with 4% Giemsa (Merck) solution for 10 min, washed
briefly in tap water, and air-dried.

Supporting Information

Movie 81 Movies S1-S4. For the precise investigation of the
process of tetraploidy development in the M-phase cells with DNA
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lesions, time-lapse imaging was performed. After cells were
damaged with NCS as in Fig. 5A, the damaged cells (Movies S2
and S4) or non-damaged control (Movies S1 and S3) were
monitored with close-up views (Movies S1 and $2) or wide-range
views (Movies S3 and S4). The images shown in Fig. 5B are from
those in Movies S1 and S2.

Found at: doi:10.1371/journal.pone.0008821.5001 (0.27 MB
MOV)

Movie 82 Movies S1-S4. For the precise investigation of the
process of tetraploidy development in the M-phase cells with DNA
lesions, time-lapse imaging was performed. After cells were
damaged with NCS as in Fig. 5A, the damaged cells (Movics S2
and S4) or non-damaged control (Movies SI and S3) were
monitored with close-up views (Movies S1 and S2) or wide-range
views (Movies S3 and S4). The images shown in Fig. 5B are from
those in Movies S1 and S2.

Found at: doi:10.1371/journal.pone.0008821.5002 (0.27 MB
MOV)

Movie 83 Movics S1-S4. For the precise investigation of the
process of tetraploidy development in the M-phase cells with DNA
lesions, time-lapse imaging was performed. After cells were damaged
with NGS as in Fig. 5A, the damaged cells (Movies S2 and S$4) or non-
damaged control (Movies S1 and S3) were monitored with close-up
views (Movies S1 and S2) or wide-range views (Movies S3 and S4).
The images shown in Fig. 5B arc from those in Movies S1 and S2.
Found at: doi:10.1371/journal.pone.0008821.5003 (1.41 MB
MOV)

Movie S4 Movies S1-S4. For the precise investigation of the
process of tetraploidy development in the M-phase cells with DNA
lesions, time-lapse imaging was performed. After cells were damaged
with NCS as in Fig. 5A, the damaged cells (Movies S2 and S4) or non-
damaged control (Movies S1 and S3) were monitored with close-up
views (Movies S1 and S2) or wide-range views (Movies S3 and S4).
The images shown in Fig. 5B are from those in Movies S1 and S2.
Found at: doi:10.1371/journal.pone.0008821.5004 (1.09 MB
MOV)

Figure S1 Hypothesis. Cells damaged with precancerous DNA
lesions develop tetraploidy hypothetically via chromosomal bridges
during chromosomal scgregation (bottom), unlike cell division in
cells without DNA lesions (top). If this is the case, generated cells
with tetraploidy are primarily and transiently bi-nuclear until the
following M phase, in which daughter chromosomes assemble in a
common metaphase plate to lead into tetraploidy with a single
nucleus in the subsequent G1 phase.

Found at: doi:10.1371/journal.pone.0008821.5005 (3.03 MB TIF)

Figure 82 Transient over-expression of Cdc25A promotes DNA
lesions including the cells during mitosis. Empty (control) or Cdc25A
expression (Cdc25A) vectors were transfected into HEK293 cells.
After cultivation for two days, cclls were determined with the
indicated antibodics.

Found at: doi:10.1371/journal.pone.0008821.5006 (3.02 MB TIF)

Figure 83 Tetraploidy generation with DNA damage during
mitosis in U208, WI-38 and primary MEFs. A. Cells prepared as
in the experimental scheme on Fig. 3A were stained with DAPL
The arrowheads indicate bi-nuclear tetraploid cells. B. Quantifi-
cation of the tetraploid cells was performed with at least 100 cells
for cach.

Found at: doi:10.1371/journal.pone.0008821.s007 (2.99 MB TIF)

Figure S84 Ceclls damaged during mitosis lead to tetraploidy
generation but not during interphase. HeLa cells in the M phase
or without synchronization were treated as in the scheme. Unlike
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asynchronous cells, M phasc-cells specifically develop tetraploidy
after damage. Quantification of the tetraploid cells was performed
with at least 100 cells for each.

Found at: doi:10.1371/journal.pone.0008821.5008 (2.21 MB 'T'1k)

Figure 85 'The cells damaged in the M phase further replicate
DNAs in the following S phase. AB. After cells were damaged
with NCS (A) or adriamycin (B) as in Fig. 5A, the chromosome
contents of the cells after the release were analyzed by flow
cytometry.

Found at: doi:10.1371/journal.pone.0008821.s009 (1.10 MB T1F)

Figare 86 DNA damage checkpoint activation is durable in the
M phase, but dysfunctional to induce arrest during mitosis. The
activation of DNA damage checkpoint protein Chk2 in the HelLa
asynchronous and M-phase cells characterized by phosphorylated
histone H3 (P-H3) was analyzed for the phosphorylated form.

Found at: doi:10.1371/journal.pone.0008821.5010 (0.37 MB TIF)

Figure 87 Prometaphasc-DNA damage does not affect the
behavior of BubR1 and the progression into the anaphase and the
telophase. At 75 min after the release from NCS treatment as in
the experimental scheme on Fig. 5A, the cells were stained with
anti-BubR1 antibody and DAPIL For the NCS-treated cells, the
mitotic stages in the anaphase and the telophase are estimated
based on the degree of cell elongation.
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Abstract

Xeroderma pigmentosum (XP), a genetic disorder in DNA nucleotide excision repair, is characterized by skin hypersensitivity to
sunlight and progressive neurological impairment. Laryngeal dystonia and vocal cord paralysis are complications that can arise in
older XP group A (XPA) patients. We report three patients with XPA being administered low-dose levodopa (0.3-1.5 mg/kg/day)
for laryngeal dystonia. Patients were aged from 13 to 18 years, exhibited paroxysmal choking and inspiratory stridor, and were diag-
nosed with laryngeal dystonia. Two XPA patients responded to low-dose levodopa, and paroxysmal choking and involuntary move-
ments resolved, although one of the two patients showed incomplete resolution due to suspected vocal cord paralysis. The other
patient was unable to tolerate the medication because of a transient decrease of muscle tone in the extremities. We previously
reported a decreased immunostaining of dopaminergic (DA) terminals in the basal ganglia of XPA patients, which may be involved
in laryngeal dystonia. Low-dose levodopa has been reported to alleviate DA receptor supersensitivity in tic patients, while laryngeal
dystonia occurs in patients with tardive dyskinesia caused by DA receptor supersensitivity. Thus, low-dose levodopa may improve
laryngeal dystonia by alleviating DA receptor supersensitivity in XPA patients. We recommend that low-dose levodopa be used for
treatment of paroxysmal respiratory disturbances and/or involuntary movements in XPA patients.
© 2009 Elsevier B.V. All rights reserved.

Keywords: Xeroderma pigmentosum; Laryngeal dystonia; Levodopa; Dopamine; Basal ganglia

1. Introduction and neuronal deafness; however, there are no effective

treatments for such symptoms [2]. Laryngeal dystonia

Xeroderma pigmentosum (XP), a genetic disorder in
DNA nucleotide excision repair, is characterized by skin
hypersensitivity to sunlight and progressive neurological
impairment [1]. The common complementation sub-
group of XP in Japan is group A (XPA). XPA leads
to severe neurological disorders including mental deteri-
oration, cerebellar ataxia, extrapyramidal abnormalities,

" Corresponding author. Tel.: 81 3 5963 3311; fax: +81 3 5963
6678.
E-mail address: rie88miyata@ybb.ne.jp (R. Miyata).
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is characterized by paroxysmal stridor due to vocal cord
dystonia, and is observed in extrapyramidal disorders
[3] Laryngeal dystonia and vocal cord paralysis are
complications that can arise in older XPA patients and
can be life threatening [4,5]. We previously demon-
strated selective damage to the dopamine (DA) neurons
in the substantia nigra of XPA cases at autopsy [6].
Herein, we report three patients with clinically or genet-
ically confirmed XPA who received low-dose levodopa
for laryngeal dystonia. In two of the three patients, lar-
yngeal dystonia and involuntary movements in the
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upper extremities were relieved. Parental consent in
addition to the approval of the chief of the hospital eth-
ical committee was obtained for all cases.

2. Case report

Patient 1 was an XPA female aged 18 years and
8 months with a homozygous splicing mutation in
intron 3. She began using a hearing aid for neuronal
deafness at 8 years, she developed rigidity in the extrem-
ities in her teens, and had received anticonvulsants since
she was 13 years. Brain MRI demonstrated diffuse atro-
phy in the cerebrum, cerebellum, and brainstem. At
16 years, she began to show dysphagia and myoclonic
movements during wakefulness in the upper extremities,
and started medication for a neurogenic bladder. A sur-
face electromyogram was not performed. She developed
nighttime inspiratory stridor, and laryngoscopy (LS)
was performed at 17 years. On LS, vocal cord movement
was restricted, and the glottis tended to be fixed in the
midline during inspiratory and expiratory phases
(Fig. 1A), although no morphological abnormalities
were found in the arytenoid processes. She began to
experience paroxysmal choking during meals and sleep
at 17 years and 2 months, with subsequent LS revealing
restricted movements in the vocal cord. We suspected
that her symptoms were due to laryngeal dystonia, and
started low-dose therapy of levodopa (0.3 mg/kg/day)
at 17 years and 10 months. Her nighttime inspiratory
stridor, paroxysmal choking, and myoclonic movements
of the upper extremities resolved, and LS showed a par-
tial improvement in vocal cord opening (Fig. 1B). The
patient developed transient, mild motor weakness in
the extremities a few days after the start of levodopa,
which disappeared spontaneously. She suffered from
viral respiratory infection at 18 years and 1 month, dur-
ing which nighttime inspiratory stridor reappeared, and
the levodopa dose was increased to 0.6 mg/kg/day. Both
inspiratory stridor and dysphagia then resolved, and
vocal cord adduction and abduction were completely
normalized on LS (Fig. 1C). The respiration and vocal
cord movements on LS remain normal at 20 years.

Fig. 1. Laryngoscopy findings during inspiratory phase in patient 1.
(A) At 17 years of age, the glottis was fixed in the midline. (B) At
18 years of age, 3 months after the initiation of levodopa, the vocal
cord showed restricted opening. (C) At 18 years of age, after the dose
of levodopa was increased, the vocal cord showed normal opening.
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Patient 2 was a male XPA patient aged 18 years and
10 months without genetic analysis. He developed rigid-
ity in the extremities and hand tremors during wakeful-
ness in his teens. A surface electromyogram was not
performed. He first presented with inspiratory stridor
after suffering respiratory infections at 12 years. Night-
time inspiratory stridor began when he was 13. Brain
MRI was not performed due to severe dyspnea caused
by the sedation. When he was 17, the patient developed
paroxysmal choking during his meals and sleep, and
awoke during his sleep due to dyspnea. On LS, vocal
cord movements were restricted, the glottis tended to
be fixed in the midline during inspiratory and expiratory
phases, and there was mucosal swelling in the arytenoid
processes. We diagnosed him with laryngeal dystonia,
and he was treated with low-dose levodopa (0.3 mg/
kg/day) beginning at 18 years and 2 months. Since nei-
ther inspiratory stridor during night nor the LS findings
showed any changes, the dose of levodopa was increased
to 0.6 mg/kg/day after 2 months. Inspiratory stridor at
night, paroxysmal choking during his sleep, and hand
tremors resolved, although choking during meals per-
sisted. At 20, he is being treated with levodopa
(1.5 mg/kg/day), and the dyspnea and abnormal move-
ments of vocal cord on LS are gradually aggravating.

Patient 3 was an XPA male aged 13 years and 3 months
with a homozygous splicing mutation in intron 3. He
exhibited nighttime choking at 9 years. He developed mild
rigidity in the lower extremities from the age of 10 years.
At 12 years and 3 months, inspiratory stridor appeared
occasionally during his meals, occurring suddenly in the
absence of antecedent events. We diagnosed the patient
with laryngeal dystonia, and he was treated with low-dose
levodopa (0.5 mg/kg). Although he was able to walk inde-
pendently before the initiation of levodopa, he began to
frequently stagger and stumble. Levodopa was discontin-
ued after 4 days at parental request. Limb weakness con-
tinued to aggravate, however, and he began to frequently
drop objects and could not walk without support. He
required a wheel chair for transfer and parental assistance
during meals. It took 3 months for complete recovery of
his motor abilities. Since he did not visit our hospital,
the detailed neurological examination was not performed
until the complete improvement of motor weakness. Nei-
ther brain MRI nor LS was performed.

3. Discussion

Laryngeal dystonia is caused by disturbed synergy of
the laryngeal muscles during phonation or respiration
[7]. Laryngeal electromyography is useful for the diag-
nosis of laryngeal dystonia, but was unable to be per-
formed in our patients due to the risks and lack of
consent. Botulinum toxin has been used for treatment
of laryngeal dystonia in adults, while anticholinergics,
benzodiazepines, dopamine-depleting agents, and baclo-
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fen have also been evaluated, although their efficacy is
uncertain.

Expression of tyrosine hydroxylase in the nigrostriatal
input, intrastriatal connections, and striatal outputs was
previously shown to be impaired in XPA autopsy cases
[6], and is likely to be involved in laryngeal dystonia [3].
In Tourette’s syndrome, functional neuroimaging studies
have suggested DA receptor supersensitivity in the basal
ganglia, while low-dose levodopa can alleviate DA recep-
tor supersensitivity and decrease tics in some patients [8].
The DA receptor supersensitivity in the basal ganglia
caused by neuroleptics and antipsychotics can lead to tar-
dive dyskinesia [9], and patients with tardive dyskinesia
have been reported to suffer from laryngeal dystonia
[10]. Speculatively, low-dose levodopa may ameliorate
laryngeal dystonia by means of alleviating DA receptor
supersensitivity in the basal ganglia in XPA patients.
However, the mechanism of how low-dose levodopa alle-
viated myoclonus and tremor remains unclear.

In our patients, the paroxysmal event-specific occur-
rence of inspiratory stridor and choking strongly indi-
cated laryngeal dystonia. However, patient 2 may have
also suffered from vocal cord paralysis [5], as indicated
by insufficient response to treatment. Patients 1 and 2
responded to low-dose levodopa with resolution of parox-
ysmal choking and involuntary movements, without seri-
ous adverse effects. Patient 3 showed decreased limb
muscle tone and was unable to tolerate medication. Spec-
ulatively, levodopa may have moderated his muscle tone
increase due to DA supersensitivity, and unmasked mus-
cle hypotonia caused by a peripheral nerve lesion and cer-
ebellar atrophy. Since motor weakness just after the start
of levodopa was transient in patient 1, muscle hypotonia
may have improved after a longer-term of levodopa.

We suggest that low-dose levodopa can be effective
for intractable neurological disorders in XP patients,
and recommend the introduction of low-dose levodopa,

under close observation, for paroxysmal respiratory dis-
turbances and/or involuntary movements.
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