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Figure 5. Correction of a splicing mutation in JPAT11 using AMO-J11. (A} Schematic representation of inclusion of pseudoexon {type 1) and
location of designed AMO. (B} JPAT11 cells were treated with 0, 10, 20, and 40 uM AMO for 4 days and RNAs were isolated and analyzed for
corrected splicing products. (C) JPAT11 cells were treated with 0.2, 0.5, and 0.8 1M of Vivo-AMO-J11 for 4 days and nuclear lysates were isolated

for western blotting. KAP1 antibody was used as a loading control.

days, and measured ATM autophosphorylation after DNA damage
induced by IR. An aminoglycoside RTC, G418, served as a positive
control. Both G418 and RTC13 successfully induced ATMpS1981
autophosphorylation as shown by (A) FC-ATMpSer1981 and (B)
IRIF ATMpSer1981 assays (Fig. 6), thereby demonstrating a poten-
tial therapeutic approach for these siblings, despite the presence of
a nonsense mutation in only one allele.

Discussion

Whereas a high (0.5%) coefficient of inbreeding had been
recorded for the Japanese population [Pattison, 2004], the ATM
mutation spectrum identified in our JPAT patient cohort included
almost no homozygous mutations and no founder mutations. The
c.4776+2T>A and ¢.7883_7887del5 mutations reported by Ejima
and Sasaki [1998] and Fukao et al. [1998] were not observed. In
fact, all mutations detected in the JPAT families—four frameshift,
two nonsense, four LGDs, and six affecting splicing—were new
except for a previously identified ¢.748C>T splicing mutation in
an Irish-American family [Teraoka et al., 1999] and the ¢.2639-
384A>G mutation [Sobeck, 2001]. It is noteworthy that only three
of the six splicing mutations involved canonical sites (¢c.331+5G>A,
€.2639-19_2639-7del13, ¢.8585-1G>C). In the other mutations: (1)

c.748C>T (exon 9) and 4956GC>TT (exon 35) presented as non-
sense mutations in gDNA, but at the cDNA level caused skipping
of the exon in which they were located; and (2) JPAT11/12 had a
deep-intronic mutation (c.2639-384A>G) in intron 19 that seemed
to activate a cryptic acceptor splice site resulting in the insertion of
a 58-bp pseudoexon in the transcript (Figs. 1, 2C, and 5).
Nonsense mutations frequently alter the splicing of the exon
containing them, an observation that has been termed nonsense-
associated altered splicing (NAS) [Valentine, 1998]. In most cases of
NAS, the mutation disrupts an ESE critical for exon inclusion [Liu
etal,, 2001]. AMOs usually act by covering/masking a mutated site
in the pre-mRNA, but cannot be used to correct splicing mutations
at canonical sites. Thus, AMOs are most effective in correcting type
IT and IV splice mutations [Eng et al., 2004]. Most relevant here,
AMOs can be applied to the functional analysis of ATM mutations.
By using AMOs designed to bind the wild-type exon 9 and exon
35 sequences located around the mutation sites, we were able to
induce alternative splicing (Fig. 2G and H). These results suggest
that unknown regulatory elements are probably located near or at
the sites of the mutation and are necessary for modulating normal
splicing events in these exons. Furthermore, as described earlier,
the deep-intronic mutation (¢.2639-384A>G) in intron 19 is among
the most attractive candidates for AMO therapy (Fig. 5) [Du et al.,
2007].
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Figure 6. Readthrough compounds (RTCs) restored ATMpSer1981 autophosphorylation in JPAT8 LCL with a nonsense mutation. Cells were
treated with readthrough compounds RTC13 and G418 for 4 days and then analyzed for ATMpSer1981. (A) ATMpSer1981 autophosphorylation level
measured by FC-ATMpSer1981. Delta Fl (fluorescence intensity) reflects the difference in Fl between nonirradiated and irradiated cells. The data
represent one of three independent experiments and results were consistent. (B) ATMpSer1981 foci formation by IRIF assay. The data are an

average of two independent experiments.

LGDs and duplications within the ATM gene account for ap-
proximately 2% of reported mutations [Cavalieri et al., 2006, 2008;
Coutinho, et al., 2004; Ejima and Sasaki, 1998; Gilad et al., 1996b;
Mitui et al., 2003; Telatar et al., 1998b]. Few LGDs have been found
in a homozygous state in A-T patients [Mitui et al., 2003]. The re-
cent introduction of the MLPA technique has greatly improved the
detection of genomic rearrangement mutations, including LGD and
duplications in the ATM gene [Cavalieri et al., 2008].

Using MLPA, we identified the ¢.8851-2kbdel17kb mutation in
JPAT3. While it was possible that this LGD mutation was ancestrally
related to the previously reported CRAT [B] [Telatar et al., 1998a]
and BRAT3 [Mitui et al., 2003] mutations, this now seems un-
likely, since all three alleles are carried on different STR haplotypes.
Given that homology between repetitive sequences is thought to
underlie the formation of some genomic deletions and duplications
[Kazazian and Goodier, 2002; Telatar et al., 1998a], we carried out
an in silico analysis of DNA sequences flanking genomic deletions
and were able to identify several repetitive sequences. The presence
of microhomology (GGA in JPAT11) suggests that the recently de-
scribed microhomology-mediated break-induced replication FoS-
TeS/MMBIR mechanism could be responsible for generating these
deletions [Hastings et al., 2009].

Readthrough of PTCs was first described almost 50 years ago
when it was noticed that certain aminoglycosides, such as strep-
tomycin and gentamicin, “suppressed” the mutated phenotype of
auxotrophy in strains of Escherichia coli suggesting that the drug
interfered with accurate translation of the RNA code into protein
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[Davies et al., 1965]. Later, crystallography studies elegantly demon-
strated that aminoglycosides bind to the internal loop of helix 44
(the decoding site) of the 16 S ribosomal RNA [Dibrov et al., 2010;
Lynch etal., 2003]. More recently, we identified two new nonamino-
glycoside small molecules with readthrough activity on both ATM
and dystrophin genes [Du et al., 2009].

Based on the mutation spectrum of ATM, it is estimated that ap-
proximately 30% of ATM mutations in A-T patients are potentially
treatable by mutation-targeted therapy using either RTCs or AMOs.
This includes A-T patients who are compound heterozygotes, since
RTCs and AMOs restore significant amounts of ATM protein even
when only one allele is targeted. We identified three such examples
amongst the eight Japanese families. In fact, in vitro, we were able
to correct (1) abnormal splicing for JPAT11/12 (Fig. 5A), using a
custom-designed AMO to mask the cryptic splice site created by the
pseudoexon mutation (¢.2639-384A>G); (2) a nonsense mutation
in cells from JPAT8/9 using RTCs (Fig. 6). Thus, our results demon-
strate that mutation-targeted treatment of cells carrying poorly un-
derstood DNA variants can extend our understanding of the conse-
quences of such changes and may also have important therapeutic
potential.
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Abstract

Xeroderma pigmentosum (XP) is a rare genetic disorder caused by inherited disturbances in the nucleotide excision repair system;
patients with XP groups A (XP-A), B, D, and G were shown to have progressive neurological disturbances. Particularly, XP-A
patients, which account for approximately half of Japanese XP patients, show severe neurological disorders, including mental retar-
dation and epilepsy. Herein, we performed an immunohistochemical analysis of the number of GABAergic interneurons (GABAis),
including calbindin-D28K, parvalbumin, and calretinin, in the cerebral cortex and acetylcholinergic neurons (AchNs) in the nucleus
basalis of Meynert (NM) and in the pedunculopontine tegmental nucleus (PPN) in six autopsy cases of XP-A in order to investigate
the relationships between mental dysfunction and GABAIs and AchNs. The density and percentages of neurons that were immu-
noreactive for calbindin-D28K and parvalbumin were significantly reduced in the frontal and temporal cortices in XP-A cases,
although the density of neurons that were immunoreactive for MAP2 did not differ from that in controls. Additionally, XP-A cases
showed reduced AchNs in both the NM and the PPN. The observed reductions of cortical GABAis and AchNs may be involved in
the mental disturbances, the higher occurrence of epilepsy, and/or the abnormalities in rapid eye movement sleep in patients with
XP-A.
© 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Xeroderma pigmentosum; Mental disabilities; Immunohistochemistry; GABA; Acetylcholine; Nucleus basalis of Meynert;
Pedunculopontine tegmental nucleus

1. Introduction XP-B, XP-D, and XP-G) exhibit progressive neurologi-
cal disturbances, and XP-A patients, which account for
approximately 55% of XP patients in Japan, demon-

strate various and severe neurological disorders [2].

Xeroderma pigmentosum (XP) is a rare genetic disor-
der caused by inherited disturbances in the nucleotide

excision repair (NER) system, and complementation
studies using cell hybridization have revealed the
existence of 8 XP genes (groups A-G and a variant)
[1]. Patients with XP groups A, B, D, and G (XP-A,

* Corresponding author. Tel.: +81 3 6834 2334; fax: +81 3 5316
3150.
E-mail address: hayashi-ms@igakuken.or.jp (M. Hayashi).

Protection from ultraviolet light can prevent the devel-
opment of skin symptoms but not the neurological dis-
turbances [3]. Although XP-A cases show widespread
neuronal loss throughout the central nervous system
(CNS) [4], we found a selective impairment of catechol-
aminergic neurons (CANs) in the basal ganglia and
brainstem in autopsy cases, being related to the occur-
rence of extrapyramidal symptoms and brainstem dys-
function [5].

0387-7604/$ - see front matter © 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Calcium-binding proteins, such as calbindin-D28K,
parvalbumin, and calretinin, regulate intracellular
calcium concentrations in neurons and label nonover-
lapping populations of GABAergic interneurons
(GABAis) in the CNS. In the cerebral cortex, the
GABAIs are immunoreactive for each calcium-binding
protein. We identified selectively disturbed patterns of
calcium-binding protein expression in the cerebral cor-
tex in developmental brain disorders [6-8]. However,
acetylcholinergic neurons (AchNs) in the nucleus basalis
of Meynert (NM) and the pedunculopontine tegmental
nucleus (PPN) are involved in mental development
and learning abilities [9]. A lesion of the AchN system
was observed in developmental brain disorders, such
as Down syndrome and Rett syndrome [10,11].

Patients with XP-A suffer from disturbed mental abil-
ities and a worsening of cerebral atrophy according to
computed tomography (CT) or magnetic resonance
imaging (MRI) studies [3] Additionally, Japanese
XP-A patients showed a higher incidence of epileptic sei-
zures (approximately 15%) than controls [12]. However,
the neuropathological background of cortical dysfunc-
tion has not been investigated in detail. We performed
an immunohistochemical analysis of GABAIs in the
cerebral cortex and of AchNs in the MyN and PPN in
six autopsy cases of XP-A and confirmed that lesions
of GABAis and AchNs are involved in the mental
abnormalities exhibited by these patients.

2. Materials and methods
2.1. Subjects

Clinical subjects included six cases of clinically and
genetically confirmed XP-A and 5 controls with no
pathological changes in the central nervous system;
subjects were aged from 9 to 47 years (Table 1). Clinical
findings in XP-A cases 1-2 and 4-6 were reported
previously [4]. The ethical committee of the Tokyo

Metropolitan Institute of Medical Science approved this
study, and the family of each subject provided informed
consent for the postmortem analysis.

2.2. Immunohistochemistry

Brains were fixed in a buffered formalin solution.
Each formalin-fixed brain was cut coronally and then
embedded in paraffin. Six-um-thick serial sections were
cut from selected brain regions, including the superior
frontal cortex, the middle temporal cortex, the hypothal-
amus including the NM, and the lower midbrain includ-
ing the PPN. After microwave antigen retrieval, each
section was treated with mouse monoclonal antibodies
to microtubule-associated protein 2 (MAP2; 1:100,
Upstate Cell Signaling Solutions, Billerica, MA, USA),
acetylcholinesterase (AchE; Affinity Bioreagents, Inc.,
Golden, CO, USA), tyrosine hydroxylase (TH; Affinity
Bioreagents, Inc.), parvalbumin (PV; Novocastra Labo-
ratories, Newcastle upon Tyne, UK), calbindin-D28K
(CD; Novocastra Laboratories), and calretinin (CR;
Novocastra Laboratories) at the following concentra-
tions: 1:100 (MAP2, PV, CD, and CR), 1:250 (AchE),
and 1:400 (TH). Antibody binding was visualized using
the avidin-biotin-immunoperoxidase complex method
(Nichirei, Tokyo, Japan) according to the manufac-
turer’s protocol. No staining was detected in the sections
in the absence of antibody.

2.3. Quantitative evaluation and data analysis

From the second to the fourth layers in the cerebral
cortex, the number of cells immunoreactive for MAP2
and each calcium-binding protein was counted in 6 non-
overlapping microscopic subfields at a 100-fold magnifi-
cation using a counting box (1 mm?) to obtain the
density of immunoreactive cells. The percentages of cells
immunoreactive for each calcium-binding protein
relative to those immunoreactive for MAP2 were also

Table 1
Summary of subjects.
Age (years) Sex Cause of death Post-mortem time (h) Brain weight (g)
Controls
1 9 Male Acute leukemia 4 n/A
2 16 Male Pneumonia 6 1505
3 29 Female Guilain-Barre syndrome 4 n/A
4 36 Female Thrombotic thromcytopenic purpura 2 1475
5 47 Male Acute leukemia 10 1400
Xeroderma pigmentosum group A
1 19 Male Candidiasis 2 580
2 19 Male Renal failure 2 610
3 21 Male Pneumonia 18 720
4 23 Female Pneumonia 9 580
5 24 Female Pneumonia 4 500
6 26 Female Pneumonia 5 530

Abbreviations: NJA, not accessed.
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calculated. In the NM, all AchE-immunoreactive cells
were counted ventral to the globus pallidus. The PPN
was identified dorsolateral to the rostral superior cerebel-
lar peduncle and the medial lemniscus in the lower mid-
brain, following the atlas of Olszewski and Baxter [13].
The PPN is composed of clusters of moderately large
neurons (pars compacta) and the more widespread pars
dissipata in the rostral and medial regions [9]. In the pars
compacta of the PPN, the number of cells immunoreac-
tive for MAP2, AchE, TH, and CD were determined
after the manual labeling of appropriate cells with nucle-
oli in 2 serial sections, and the mean value was calcu-
lated. The percentages of cells immunoreactive for
AchE, TH, and CD relative to those immunoreactive
for MAP2 were also calculated. All data are presented
as the mean 4 SD and analyzed using the nonparametric
Mann—Whitney U test in order to compare the results
between the XPA cases and controls for a quantitative
evaluation of immunoreactive cells. The level of signifi-
cance was set at P < 0.05 to adjust for comparisons.

3. Results

In the cerebral cortex, interneurons immunoreactive
for CD, PV, and CR were identified in the second and
third layers, near the fourth layer, and from the second
to the fourth layers, respectively (Fig. 1A). The density
of neurons immunoreactive for MAP2 in the superior
frontal cortex and inferior temporal cortex in cases of
XP-A did not differ from the average density of that in
controls (Table 2). Nevertheless, the density and per-
centages of neurons immunoreactive for both CD and
PV was significantly reduced in the frontal and temporal
cortices in cases of XP-A (Fig. 1B). The number and
percentage of neurons immunoreactive for CR were
reduced in the middle temporal cortex, whereas these
values were comparatively preserved in the superior
frontal cortex (Table 2). The data suggest a selective
impairment of GABAIs in the cerebral cortex in cases
of XP-A. In the NM, the mean 4 SD of the total num-
ber of neurons immunoreactive for AchE was
91.7 £ 25.7 in controls (Fig. 1C), and that in XP-A cases
was 0.4 4 0.8, indicating a significant loss of AchNs
(P <0.01) (Fig. 1D). In the PPN, the number of neurons
immunoreactive for MAP2 in cases of XP-A was
reduced to fewer than half of those in controls (Table 3).
The numbers and percentages of both AchNs and
CANSs, which are immunoreactive for AchE and TH
( Fig. 1E and F), respectively, were reduced in XP-A
cases (Table 3), whereas those immunoreactive for CD
remained consistent.

4. Discussion

We previously reported a reduction of CD- and
PV-immunoreactive GABAIis in the cerebral cortex in

samples from patients with various developmental disor-
ders, including neuronal ceroid lipofuscinosis (NCL) [6],
dentatorubral-pallidoluysian atrophy (DRPLA) [8], and
mucopolysaccharidosis (MPS) [7]. This reduction may
be related to the epileptogenesis of progressive myo-
clonic epilepsy in NCL and DRPLA and the mental dis-
abilities in MPS, respectively. A similar reduction of
CD- and PV-immunoreactive GABAIs in the cerebral
cortex was observed in XP-A cases. XP-A cases exhib-
ited severe brain atrophy (Table 1), and the total num-
ber of cerebral neurons was lower than that in
controls. However, there was no difference in the density
of neurons immunoreactive for MAP2 between controls
and XP-A cases (Table 2).

We previously reported that neuronal loss was
observed throughout the cerebral cortex in cases of
XP-A, and there was no difference in the density of
the remaining pyramidal cells between the layers [4].
However, this analysis demonstrated that GABAIs are
more vulnerable than pyramidal neurons from the sec-
ond layer to the fourth layers in the cerebral cortex.
Evaluating neuronal loss in the brain according to indi-
vidual subgroups is important for XP-A cases, although
the lesion appears to be diffuse and extensive. It is
known that GABA receptor-mediated postsynaptic inhi-
bition has important roles in normal cortical function
and in controlling events implicated in epileptogenesis,
and the decreases in numbers of GABAIs and/or post-
synaptic inhibition have been reported in the epilepto-
genic hippocampus and neocortex [14]. The selective
loss of CD- and PV-immunoreactive cells was reported
in the temporal cortex in Alzheimer’s disease and in

the prefrontal cortex in schizophrenia [15,16]. The

reduction of inhibitory GABAis may be involved in
the progressive mental disturbances and the higher
occurrence of epilepsyin patients with XP-A. Concur-
rently, GABAergic anticonvulsants should be used care-
fully in patients considering the selective reduction of
GABA:Is in the cerebral cortex.

PPN, which is in the lower midbrain, contains cholin-
ergic and noncholinergic neurons and has afferent and
efferent connections to the basal ganglia and spinal cord.
The cholinergic innervation from the PPN to the thala-
mus and pons is involved in the generation of muscle
tone and rapid eye movement (REM) sleep, and the
PPN is believed to be a part of the mesencephalic loco-
motor region [17]. In controls, there was an age-depen-
dent change in the percentages of AchNs and CANs in
the PPN. Cases of perinatal brain damage showed a
reduced percentage of AchNs with a compensatory
increased percentage of CANs [9]. AchNs were reduced
in the PPN in patients with Prader—Willi syndrome,
although GABAIs in the cerebral cortex, in addition to
AchN in the NM, were relatively well-preserved [18].

This analysis revealed a severe reduction in the per-
centage of AchNs and CANs in the PPN in cases of
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Fig. 1. Representative illustrations of immunohistochemistry in controls and cases of xeroderma pigmentosum group A (XP-A). Immunoreactivities
for parvalbumin were found in the interneurons and neuropil around the fourth layer of frontal cortex in control 2 (A), whereas those were reduced
in XP-A case 2 (B). Bars = 200 um. Neurons with cytoplasmic granules immunoreactive for acetylcholine esterase were observed in the nucleus
basalis of Meynert in control 3 (C) but not in XP-A case 3 (D). Bars = 100 pm. The pedunculopontine tegmental nucleus had neurons and neuronal
processes immunoreactive for tyrosine hydroxylase in control 2 (E), which were reduced in XP-A case 3 (F). Bars = 400 pm.

XP-A, whereas GABAis immunoreactive for CD were
relatively spared (Table 3). Unlike the AchNs in Prad-
er-Willi syndrome [18], AchNs were also damaged in
the NM. Impairment of CANs seem to occur through-
out the CNS, given the reduction of CAN in the basal
ganglia and brainstem that we reported previously [5].
Interestingly, a disturbance of motor inhibition during
REM sleep was identified in patients with XP-A [19].
Damage of the monoaminergic neurons in the brain-
stem, including the PPN, may be involved in abnormal-
ities of muscle tone and/or REM sleep, in addition to
mental disturbances in patients with XP-A. Recently,
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we reported successful treatment with low-dose levo-
dopa for laryngeal dystonia, from which many aged
patients with XP-A generally suffer [20]. Low-dose
levodopa is thought to alleviate dopamine receptor
supersensitivity in the basal ganglia. Treatment with
donepezil, an acetylcholinergic agent, corrected REM
sleep abnormalities in patients with Alzheimer’s disease
[21] and ameliorated REM sleep behavior disorders in
cases of dementia with Lewy bodies [22]. Recently,
donepezil has been tested in young adults with Down
syndrome [23], in which AchNs were impaired [10,11].
Scores in modified International Classification of
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Table 2
Summary of quantitative analysis in the cerebral cortex.

291

Superior frontal cortex

Middle temporal cortex

Controls XP-A Mann-Whitney Controls XP-A Mann-Whitney
(mean = SD) (mean = SD) test (p value) (mean £ SD) (mean = SD) test (p value)
Microtubule 122 +13 121 £2 ns 124 +£8 110+8 ns
associated protein 2
Calbindin-D28K 3347 8§+7 <0.01 33+4 9+4 <0.01
(%) 31£5 12+12 <0.05 27+4 §+3 <0.01
Parvalbumin 27+4 15+10 <0.05 22+ 1 5+4 <0.01
(%) 26 +2 12+£8 <0.05 17+2 5+3 <0.01
Calretinin 49 +5 44 +11 us 50+7 366 <0.05
(%) 4245 36+9 ns 41+ 4 32+5 <0.05

Abbreviations: XP-A, xeroderma pigmentosum group A; ns, not significant.

Table 3

Summary of quantitative analysis in the pedunculopontine tegmental nucleus.

Controls XP-A Mann-Whitney
(mean = SD) (mean = SD) test (p value)
Microtubule associated protein 2 244 =445 96 £ 16 <0.01
Acetylcholine esterase 68.2 + 18 0 <0.01
(%) 294+9.6 02+04 <0.01
Tyrosine hydroxylase 24.8 £ 14.6 3428 <0.01
(%) 102+48 33+£25 <0.05
Calbindin-D28K 26.8 £18.2 2012 ns
(%) 10.7+69 20.1£12.3 ns

Abbreviations: XP-A, xeroderma pigmentosum group A; ns, not significant.

Functioning, Disability and Health scaling system sig-
nificantly increased without any adverse effects in
patients with Down syndrome treated with donepezil
in comparison to those in placebo controls in a 24-week
randomized, double-blind, placebo-controlled trial [24].
We hypothesize that donepezil may be effective for treat-
ing mental disturbances and/or REM sleep abnormali-
ties in patients with XP-A, although donepezil has
never been used in these patients.

The pathogenesis of the lesions of the cortical
GABAis and AchNs in cases of XP-Ais not clear. We
observed the involvement of apoptotic neuronal loss
and oxidative stress with disturbed glutamate transport
in the degeneration of the cerebellar cortex and the basal
ganglia, respectively, in XP-A [25-27]. However, neither
apoptotic neuronal loss nor oxidative stress was
observed in the cerebral cortex, the NM, or the PPN.
It is possible that the disturbed NER and/or null expres-
sion of XP-A protein may affect the development and/or
survival of specific neuronal groups in the brain.
Nevertheless, Xpa gene-knockout mice, an animal
model of XP-A, are deficient in NER and sensitive to
ultraviolet-induced skin carcinogenesis, but they are
behaviorally normal and lack significant neuronal loss
in the brain [28]. Further research in mice using a condi-
tional knock-out of the Xpa gene in the brain may be
helpful to clarify the pathogenesis of the impairment
of specific neuron groups in XP-A.
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Brain vascular changes in Cockayne syndrome
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Cockayne syndrome (CS) and xeroderma pigmentosum
(XP) are caused by deficient nucleotide excision repair. CS
is characterized by cachectic dwarfism, mental disability,
microcephaly and progeria features. Neuropathological
examination of CS patients reveals dysmyelination and
basal ganglia calcification. In addition, arteriosclerosis in
the brain and subdural hemorrhage have been reported in
a few CS cases. Herein, we performed elastica van Gieson
(EVG) staining and immunohistochemistry for collagen
type IV, CD34 and aquaporin 4 to evaluate the brain
vessels in autopsy cases of CS, XP group A (XP-A) and
controls. Small arteries without arteriosclerosis in the sub-
arachnoid space had increased in CS cases but not in either
XP-A cases or controls. In addition, string vessels (twisted
capillaries) in the cerebral white matter and increased
density of CD34-immunoreactive vessels were observed in
CS cases. Immunohistochemistry findings for aquaporin 4
indicated no pathological changes in either CS or XP-A
cases. Hence, the increased subarachnoid artery space may
have caused subdural hemorrhage. Since such vascular
changes were not observed in XP-A cases, the increased
density of vessels in CS cases was not caused by brain
atrophy. Hence, brain vascular changes may be involved in
neurological disturbances in CS.

Key words: brain vessels, CD34, Cockayne syndrome,
immunohistochemistry, xeroderma pigmentosum.

INTRODUCTION

Cockayne syndrome (CS) is a rare genetic disorder caused
by deficient nucleotide excision repair (NER), and it is
characterized by cachectic dwarfism, mental disability,
microcephaly, cerebellar ataxia, retinal pigmentation, and
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neural deafness.' Neuropathological findings of CS patients
show small cerebrum, tigroid leukoencephalopathy (dys-
myelination), basal ganglia calcification, cerebellar atrophy
and demyelinating peripheral neuropathy.? Many features
of CS resemble those of premature aging, and hence, CS is
considered as a progeroid syndrome.* Nancy and Berry
divided 140 published cases into three types: type I, the
most prevalent classical childhood disorder; type II, an
infrequent, severe congenital, or infantile variant of the
disorder; type III, atypical late onset of the disorder with
prolonged survival.®

Xeroderma pigmentosum (XP) is an inherited neurocu-
taneous disorder caused by defects in the NER system.'
Complementation studies using cell hybridization assays
revealed the existence of eight genes in XP (groups A-G
and a variant) and two in CS (A and B). NER includes
global genome repair and transcription-coupled repair
(TCR), which involves several XP genes (especially XP-A
to XP-G) and two CS genes (CSA and CSB). In XP, the
initial presentations are skin symptoms and progressive
neurological manifestations, including cognitive and motor
deterioration, neuronal deafness, peripheral neuropathy
and brain atrophy, mainly in XP-A, XP-B, XP-D and XP-G
cases.” The molecular basis of CS includes recessive muta-
tions in CSA (CKNI or ERCC8) and CSB (CKN2 or
ERCCG6) genes, but it has not been systematically mapped
to the clinical phenotypes. We investigated neurodegenera-
tion in autopsy cases of CS and XP-A.?

Arteriosclerosis in the brain® and cerebral vascular dis-
orders have been reported in a few cases.’ In order to
characterize the brain vascular changes in CS, we compared
the immunohistochemical changes in the brain vessels
between CS cases and XP-A cases as disease controls.

MATERIALS AND METHODS

Subjects

The clinical study comprised five cases of clinically
and genetically confirmed CS, six cases of clinically and
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Table 1 Summary of brain vascular changes in subjects

M Hayashi et al.

Subject Age Sex Cause of death Brain Increase of Twisted Density of CD34-
(years) weight  subarachnoid capillaries immunoreactive vessels
(g) small arteries ‘in the Frontal Temporal
white matter  ngean (SD)  Mean (SD)
Controls
1 9 Male Acute leukemia N/A =) =) 29 (2) 21 (5)
2 13 Male Chronic hepatitis n/A -) ) 31 (1) N/A
3 16 Male Pneumonia 1505 =) ) 29 (3) 25 (1)
4 20 Male Malignant hyperthermia N/A (=) (-) 26 (2) 25 (5)
5 29 Female  Guilain-Barre syndrome N/A =) =) 38 (3) 33 (6)
6 36 Female  Thrombotic thrombocytopenic 1475 (=) (=) 37 (1) 30 (4)
purpura
7 47 Male Acute leukemia 1400 =) ) 35(5) 38 (3)
8 55 Male Lung cancer N/A (=) -) 38 (3) 36 (4)
9 60 Female  Breast cancer 1080 =) (=) 41 (7) 43 (4)
10 71 Male Lung cancer N/A (=) =) 49 (3) 41 (4)
Cockayne syndrome
1 7 Female  Pneumonia 295 1+ 1+ 44 (4) 41 (2)
2 15 Male Renal failure 340 1+ 1+ 45 (4) 43 (4)
3 16 Female  Asthma 615 1+ (=) 48 (6) N/A
4 18 Male Renal failure 400 1+ 1+ 53 (5) 49 (5)
5 18 Male Renal failure 414 1+ 1+ 44 (5) 45 (4)
Xeroderma pigmentosum group A
1 19 Male Candidiasis 580 (=) =) 28 (7) 26 (3)
2 19 Male Renal failure 610 =) ) 29 (11) 27 (2)
3 21 Male Pneumonia 720 =) =) 28 (3) 28 (2)
4 23 Female  Pneumonia 580 =) (=) 32 (2) 30 (3)
5 24 Female Pneumonia 500 (=) (=) 39 4) 38 (4)
6 26 Female  Pneumonia 530 =) =) 39 (3) 38 (4)

N/A, not assessed.

genetically confirmed XP-A, and 10 controls without
any pathological changes in the CNS, aged 9-71 years
(Table 1). The clinical and pathological findings in the CS
cases 1-4 and XP-A cases 1-2 and 4-6 were reported pre-
viously.” The study was approved by the ethical committee
of Tokyo Metropolitan Institute of Medical Science;
informed consent was obtained from the patients’ families
before performing post mortem analyses.

Histochemistry and immunohistochemistry

The brains were fixed in buffered formalin solution;
coronal sections of each formalin-fixed brain sample were
cut and embedded in paraffin. Serial 6-pm-thick sections
were cut from selected brain regions, including the superior
frontal cortex, middle temporal cortex, basal ganglia and
thalamus. HE staining and elastica van Gieson (EVG)
staining were performed. After microwave antigen
retrieval, each section was treated with CD34 (Nichirei,
‘Tokyo, Japan) and rabbit polyclonal antibody to aquaporin
4 (AQP4; Santa Cruz Biotech, Santa Cruz, CA, USA).
Each section was pretreated with proteinase K and mouse
monoclonal antibody to collagen type IV (Col4: Sigma-
Aldrich, St Louis, MO, USA). The antibody concentrations
used for analysis were as follows: 1:1 (CD34), 1:100
(AQP4) and 1:500 (Col4). Antibody binding was visualized
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by means of the avidin-biotin immunoperoxidase complex
method (Nichirei, Tokyo, Japan) according to the manufac-
turer’s protocol.

Quantitative evaluation and data analysis

To determine the densities of the immunoreactive vessels,
including arteries, veins and capillaries in the superior
frontal cortex and middle temporal cortex, we determined
the numbers of vessels immunoreactive for CD34 in five
nonoverlapping microscopic subfields at 200-fold magnifi-
cation by using a counting box (0.5 mm?). Data were pre-
sented as mean (SD) and analyzed by nonparametric
Mann-Whitney U-test to compare the results in different
subjects. The level of significance was set at P <0.05 to
adjust for comparisons.

RESULTS

The results of HE and EVG staining and immunohis-
tochemistry suggested that only CS patients had increased
small arteries and arterioles in the subarachnoid space
filled with fibrotic tissue and without arteriosclerosis
(Table 1 and Fig. 1A). Further, small twisted and longitu-
dinally running capillaries in cerebral white matter were
observed in 4/5 CS patients but were not found in the brain

© 2011 Japanese Society of Neuropathology



Brain vessels in Cockayne syndrome

Fig.1 Vascular changes in the brain of
Cockayne syndrome (CS) patients. (A) Small
arteries had increased subarachnoid space in
CS case 1, elastica van Gieson staining.
Bar =400 pm. (B) Small twisted capillaries
(arrows) were identified by immunostaining
for collagen type IV in the cerebral white
matter in CS case 4. Bar=100pum. (C)
Vessels immunoreactive for CD34 in the
middle temporal cortex in CS case 2.
Bar =200 pm. (D) Astrocyte processes were
diffusely visualized by immunohistochemis-
try for aquaporin 4 in the cerebral white
matter in CS case 4. Bar =200 pm.

in either XP-A patients or controls (Table 1 and Fig. 1B).
Twisted capillaries had more than five undulations, and
were differentiated from functioning capillaries. In con-
trols, the density of CD34-immunoreactive vessels in the
frontal and temporal cortex of aged subjects was one-and-
half times higher than that in teenagers, suggesting that
the increase was age-dependent (Table 1). The density of
CD34-immunoreactive vessels in CS cases aged less than
20 years was over 40 (Fig. 1C), which was equal to that in
aged controls. The mean (SD) was 32 (4) in controls aged
from 9 to 36 years, 47 (3) in CS cases, and 33 (5) in XP-A
cases in the superior frontal cortex, respectively. The mean
(SD) was 27 (4) in controls aged from 9 to 36 years, 45 (3)
in CS cases, and 31 (5) in XP-A cases in the middle
temporal cortex, respectively. The density of CD34-
immunoreactive vessels in CS cases was significantly
higher than those in controls and XP-A patients (P < 0.05).
Furthermore, in CS patients, the number of capillaries
increased around the calcified foci in the basal ganglia
(data not shown). The vessel wall calcification was not
found in the cerebral cortex, white matter or subarachnoid
space. AQP4 immunostaining visualized the astrocyte pro-
cesses around the vessels in all subjects (Fig. 1D) and there
were no pathological changes in either CS or XP-A
patients.

DISCUSSION

Cockayne syndrome and XP-A patients had severe brain
atrophy (Table 1) and fibrosis in the enlarged subarach-
noid space. However, the number of arteries and arterioles
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increased only in CS patients, suggesting excessive branch-
ing in the cortical arteries in CS. Similarly, in the subarach-
noid space, increased density of CD34-immunoreactive
vessels in the frontal and temporal cortex was observed in
CS but not in XP-A patients. The reduction of brain area
due to brain atrophy possibly leads to the apparent
increase in the density of vessels. Nevertheless, since there
was no increase in density in XP-A patients, the increased
density of vessels in CS patients was not caused by the
brain atrophy. Subdural hemorrhage is usually caused by
tearing of the bridging cortical veins after head trauma, but
traumatic aneurysms in the cortical arteries are a rare
cause of such hemorrhages.® The increased number of sub-
arachnoid and/or intracortical arteries may be a risk factor
for subdural hemorrhage, which has been reported in CS
patients.® A recent study showed that CSB mutant cells did
not exhibit a normal reaction to hypoxia; these cells did not
activate hypoxia-inducible factor-1 on the promoter gene
due to which downstream events such as transcription
factor IIB (TFIIB) recruitment did not occur.’ Insufficient
hypoxic response may disturb the induction of growth
factors such as VEGF, suggesting the possible involvement
of angiogenesis in CS. The analysis of brain vessels in fetal
autopsy cases of CS might reveal the disturbances of angio-
genesis during brain development.

Rapin et al. reported twisted microvessels consistent
with so-called string vessels in the brains of adult CS
patients.” We observed a similar morphological change in
CS patients in our analysis. The absence of twisted
microvessels in XP-A patients is noteworthy, and deficient
NER is unlikely to have direct relationships with the



vascular changes in CS patients. Brooks ez al. stressed that
in addition to brain vascular lesions, there is an overlap in
neurological symptoms, such as dysmyelination and brain
calcification between CS and Aicardi-Goutiéres syn-
drome. They proposed that the vascular changes probably
occur due to alterations in gene expression and may play a
role in the generation of neurological abnormalities in both
the diseases."

CS is considered to be a progeroid condition since many
symptoms of CS resemble premature aging. It is intriguing
that arteriosclerosis was absent in the brain vessels in our
CS patients, although this change has been pointed out in
CS cases reported in the literature. In good accordance of
our findings, the absence of atherosclerotic changes in the
systemic arteries was reported in a 40-year-old patient with
CS of probable type IIL" Furthermore, neither senile
plaques nor vascular beta-amyloid depositions were iden-
tified in the temporal lobe in three patients with CS of
probably type I or II, two aged 2 and one aged 6 years,
respectively.” In Werner syndrome (WS) associated with
supposed accelerated aging, patients rarely show age-
associated neuropathology and lack amyloid deposition,
indicating the absence of extension of WS-associated aging
in the CNS."* Although the increased occurrence of arte-
riosclerosis in the heart, aorta and kidney is a definite
characteristic of CS and WS, further analysis of many
autopsy cases is required to verify the facilitation of brain
arteriosclerosis in both the disorders.

Mouse models for CS-A and CS-B show a TCR defect
and increased photosensitivity in the skin. However, growth
failure and neurological abnormalities are not predomi-
nant."* Csb"™"/Xpa-- double mutant animals show post
natal growth retardation, ataxia, abnormal locomotor activ-
ity, progressive weight loss and early death.!® However, in
these model animals, brain vascular changes have not been
examined in detail. Complete inactivation of NER by dele-
tion of XP-A gene in animals does not cause CS-like neu-
rodevelopmental and progeroid features, and it has been
proposed that some of the CS features may be the outcome
of defects in the transcription function of transcription/
repair factor TFIIH and/or defective repair of oxidative
DNA lesions.'” We have investigated the involvement of
oxidative stress in the brains of XP-A and CS autopsy cases.’
Lipid peroxidation and protein glycation markers were
found in the perivascular calcification areas in the globus
pallidus and cerebellum more predominantly in CS than in
XP-A patients. We found a similar deposition of oxidative
stress markers in the calcification areas in the brain vessel
walls in cases of pseudohypoparathyroidism and Fahr dis-
ease.' Since increased oxidative stress is known to cause
vascular calcifications in bone and kidney diseases,? it is
possible that oxidative stress may be involved in the gen-
eration of brain vascular changes in CS.
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Our findings suggest that vascular changes in the brain
may be involved in neurological disturbances in CS. A
detailed investigation of the brain vessels may help us
clarify the pathogenesis of neurological abnormalities.
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Abstract

Normal cells, both in vivo and in vitro, become quiescent after serial cell proliferation. During this process, cells can develop
immortality with genomic instability, although the mechanisms by which this is regulated are unclear. Here, we show that a
growth-arrested cellular status is produced by the down-regulation of histone H2AX in normal cells. Normal mouse
embryonic fibroblast cells preserve an H2AX diminished quiescent status through p53 regulation and stable-diploidy
maintenance. However, such quiescence is abrogated under continuous growth stimulation, inducing DNA replication
stress. Because DNA replication stress-associated lesions are cryptogenic and capable of mediating chromosome-bridge
formation and cytokinesis failure, this results in tetraploidization. Arf/p53 module-mutation is induced during
tetraploidization with the resulting H2AX recovery and immortality acquisition. Thus, although cellular homeostasis is
preserved under quiescence with stable diploidy, tetraploidization induced under growth stimulation disrupts the
homeostasis and triggers immortality acquisition.
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Introduction

Cancer is a discase associated with genomic instability and the
accumulation of mutations [1]. Unlike specific chromosomal
translocation-associated tumors, most cancers associated with
aging develop cither chromosomal instability (CIN) or microsat-
cllite instability (MIN) [2]. While MIN is associated with mismatch
repair deficiency, CIN develops even in a normal background [3].
However, the mechanisms by which CIN and MIN develop
remain clusive.

A recent genomic analysis of various cancers revealed that
massive genomic rearrangements, including loss of heterozygosity
(LOH) and chromosomal translocation, amplification and
deletion, do not gradually accumulate over time, as convention-
ally thought, but appear to be acquired in a single catastrophic
cvent [4]. One of such events could be associated with
tetraploidization because tetraploidy is a common carly event
in cancer cells with CGIN [5]. Tetraploidy is observed in cells
during the initial stages of cancer [6,7] as well as in precancerous
stages such as dysplasia [8,9], but not in malignant cancer cells,
which usually exhibit aneuploidy in association with deploidiza-
tion [5]. Furthermore, analogous to changes observed in cancer
genomes, the immortalization of mouse embryonic fibroblasts
(MEFs) occurs with tetraploidy and mutation of the Arf/p33

@ PLoS ONE | www.plosone.org

module, which eventually evolves into aneuploidy during serial
cultivation [10].

In the initial stages of carcinogenesis, cells are subjected to
oncogenic stress, resulting in the accumulation of DNA replication
stress-associated lesions and the onset of barrier responses such as
senescence and apoptosis {11,12]. This effect can be reproduced i
vifro by the activation of oncogenes [11] and accelerated growth
stimulation [12] duc to the induction of accelerated S-phase entry
and the resulting DNA replication stress. Importantly, genomic
instability is generated under these conditions [11,12] because
DNA replication stress-associated lesions persist into M phase and
mediate chromosomal bridge formation and cytokinesis failure,
resulting in tetraploidization [10]. In fact, tetraploidization of
MEFs is induced via chromosomal bridge formation prior to the
onsct of immortality with mutation of Arf/p53 [10], although it is
still unclear how tetraploidization induces immortality. Since such
tetraploidization is specifically observed during senescence, tetra-
ploidization might be a defect that occurs during cell proliferation
or growth arrest. In fact, similar to cells in the initial stages of
carcinogenesis, senescent cells often accumulate irreparable DNA
lesions [13,14] and frequently exhibit genomic instability [15].

The development of cancer, as well as the onset of immortality
in cells n vitro, is tightly associated with mutations in the Arf/p53
module [16-18]. Although this is ascribed to the role of p33 in
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cancer prevention, the regulation and roles of p533 arc complex
[18]. While constitutively active p53 mediates premature aging in
mice [19-21], additional single gene copies of 4if and p53 under
functional regulation mediate longevity and cancer prevention
[22]. Similarly, while the accumulation of p53 induces cellular
senescence and apoptosis [16,17], additional single gene copics of
Aif and p53 in MEFs has a protective effect from immortalization
[22], suggesting that they help to maintain homeostasis under
undamaged conditions. This raises the questions of the identity of
the regulatory target of p53 in preserving ccllular homeostasis
under normal conditions and how cellular homeostasis preserva-
tion and abrogation are associated with genomic status and p33
regulation.

This study focused on the mechanism by which normal cells
under scrial proliferation regulate homeostasis preservation and
abrogation and sought to identify the regulatory target of p53. Our
results illustrated two distinct conditions that could result in
growth-arrested cells: (i) cells that maintain continuous quiescence
by down-regulating H2AX (a variant of core histone H2A) under
p33 regulation and stable-diploidy maintenance; and (i) cells that
develop tetraploidy and immortality under continuous growth
stimulation, characterized by the accumulation of YH2AX foci.
Thus, oncogenic stress under growth stimulation triggers cata-
strophic tetraploidization that leads to immortalization in
association with the accompanying mutation of the Arf/p53
module and recovery of H2AX expression and growth activity.

Results

Immortality is prevented in quiescent cells that maintain
genomic stability

MEFs cultured under the standard 313 protocol (Std-3T3)
senesce in association with oxygen sensitivity [23], which is
followed by the development of immortality with tetraploidy [10]
and mutation of the Arf/p33 module [22], similar to the process of
carcinogenesis. In addition, similar to cells in the initial stages of
carcinogenesis, spontancous DNA lesions accumulate in senescent
MEFs under Std-313 conditions prior to the development of
immortality [10], which suggests that growth stimulation induced
under Std-3T3 conditions might overwhelm senescent MEFs.
Therefore, MEFs under Std-313 conditions were compared with
MEFs exposed to temporary serum deprivation (tSD-3T3), which
induces occasional growth arrest (Fig. 1A). Under Std-3T3
conditions, MEFs were immortalized with tetraploidy that
progresses to ancuploidy (Fig. 1A-C). On the other hand, MEFs
cultured under tSD-3T3 conditions never developed immortality
and preserved quiescence with stable diploidy (Fig. 1A, C). This
indicates that temporal growth arrest prevents immortalization
and supports genomic stability. Conversely, continuous culture
with 10% IBS produces oncogenic stress in senescent MEFs,
triggering tetraploidization. Thus, even though both are growth
arrested (at least in total cell numbers) with senescent morphology
at the same culture passage (P9) (Fig. S1), MEFs under tSD-3T3
conditions are continuously quiescent with genomic stability, while
MEFs under Std-3T3 conditions develop tetraploidy (Fig. 1A, C),
posing a question in DNA lesion status that induces chromosomal
bridge formation and tetraploidization [10].

yH2AX foci accumulate in cells developing genomic
instability but not in cells preserving diploidy

To determine the DNA lesion status induced by accelerated
growth stimulation, YH2AX foci were compared in growth-arrested
MEFs (P9) under both conditions (Fig. 1D). As expected, MEFs that
developed tetraploidy under Std-313 conditions accumulated
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YH2AX foci, with some carrying over into the G2/M phascs
{Fig. 1E). This resulted in chromosome bridge formation (Fig. 1F)
with the resulting tetraploidization that is initially observed with
binucleated tetraploidy (Fig. 1F). On the other hand, quiescent
MEFs that preserved genomic stability under tSD-313 conditions
did not develop YH2AX foci (Fig. 1D), indicating that genomic
stability is preserved under no YH2AX signal. However, it was still
unclear why quiescent MEFs under tSD-3T3 conditions do not
accumulate YH2AX foci because senescent cells are known to
generally accumulate irreparable DNA lesions [13,14].

To address why YH2AX foci do not form under tSD-3T3
conditions, the expression level of H2AX at P9 was determined. As
shown in Figure 1G, a remarkable reduction in H2AX expression
was observed in quiescent MEFs at P9 while MEFs that developed
tetraploidy under Std-3'13 conditions showed significantly higher
H2AX expression than quiescent MEFs. This illustrates an
association between H2AX levels and the cellular and genomic
status, in that cells with largely diminished H2AX expression
preserve stable diploidy and a quiescent status, while cells with
residual H2AX expression and with YH2AX foci develop genomic
instability and immortality (Fig. 1H). Importantly, H2AX-KO
cells exhibited impaired DNA repair, growth retardation, and
clevated genomic instability [24-28], phenotypes reminiscent of
senescent cells. Therefore, it will be critical to determine how
H2AX-status is regulated to produce quiescence and induce
genomic instability.

H2AX is generally diminished in quiescent cells

To address whether H2AX diminution is a general occurrence,
H2AX expression was compared in normal human fibroblasts
(NHFs) and MEFs. Decreased H2AX was observed in both cell
types at growth-arrested stage after serial proliferation (Fig. 24, B),
suggesting that this process is conserved between humans and
mice. In addition, H2AX diminution was also observed in many
organs of adult mice, including the liver, spleen, and pancreas
(Fig. 2C, Dj Fig. S2). Thus, H2AX is generally reduced in
quiescent cell chromosomes both i witro and in vivo.

H2AX is also diminished during premature senescence induced
by DNA damage. Using carly passage MEFs (P2), H2AX
diminution was observed when senescence was induced by
treatment with hydroxyurea (HU) to induce DNA replication
stress (Fig. 2E) and with the radiomimetic DNA-damaging agent,
neocarzinostatin (Fig. S3). This most likely occurs because DNA
repair is coupled with H2AX release and chromatin remodeling
[29-31]. Together with results showing a decrease in H2AX
transcript levels in senescent MEFs (Fig. S4), these results indicate
that decreased amounts of H2AX protein in senescing cells is
ascribed to a decrecase in H2AX tanscript levels and DNA
damage.

To directly address the impact of H2AX reduction, H2AX was
knocked down in early passage NHFs, which induced cellular
quiescence with senescent cell characteristics; cells adopted a
flattened and enlarged morphology and showed an increase in
senescence-associated B-galactosidase activity (Fig. 2F). Since the
knockdown of H2AX in 293T cells induced growth arrest without
inducing a senescent morphology (data not shown), it is likely that
the effect of H2AX diminution is primarily due to quiescence
induction and potentially a normal consequence of senescence in
normal cells.

Immortalized cells develop following tetraploidization
when H2AX status and growth activity are restored

The above results illustrate that cellular quiescence is produced
when cells maintain stable diploidy and diminished H2AX

August 2011 | Volume 6 | Issue 8 | 23432
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Figure 1. Immortality with tetraploidy is blocked in quiescent cells with diploidy, diminished H2AX, and no yH2AX foci. A. Growth
curves of MEFs cultured under the standard 3T3 protocol (Std-3T3) or the T3 protocol with temporary serum deprivation (tSD-3T3) as schematically
shown. MEFs under Std-3T3 conditions were immortalized, whereas MEFs cultured under tSD-3T3 conditions were not. B Genomic instability
developed in immortalized MEFs (IP2) under Std-3T3 conditions. C. Genomic status was determined by flow-cytometry at the indicated conditions
and passages. Representative images are shown. Tetraploidy development was blocked under tSD-3T3 conditions, while tetraploidy had already
developed in growth-arrested MEFs at P9 under Std-3T3 conditions (see increasing 4N and 8N peaks). D. DNA lesions identified by YH2AX foci
spontaneously accumulated in MEFs developing tetraploidy and immortality (P9) under Std-3T3 conditions as well as in immortal cells (IP2), while
MEFs that maintained quiescent status with genomic stability under tSD-3T3 conditions contained no foci. E. DNA lesion-carryover into the G2-M
phases was determined for lesions that spontaneously accumulated in senescent MEFs under Std-3T3 conditions. DNA lesions in senescing MEFs are
also observed in the G2-M phases determined by phosphorylated H3. F. Chromosome bridge formation (Left panel) is observed in association with
DNA lesion-carryover into the G2-M phases under Std-3T3 conditions with the resulting accumulation of bi-nucleated tetraploidy (Right panel: red
arrow heads). Representative images are shown. G. The total H2AX level at P9 under each condition was determined. Whereas a significant reduction
in H2AX expression was observed in MEFs with genomic stability under tSD-3T3 conditions, MEFs that developed immortality and genomic instability
under S5td-3T3 conditions did not show a significant decrease in H2AX expression. H. A model of the life-cycle of MEFs undergoing quiescence or
developing immortality. While quiescent MEFs preserve diploidy and show diminished H2AX levels, MEFs developing immortality exhibited YH2AX
foci accumulation.

doi:10.1371/journal.pone.0023432.g001

expression. In these cells, the H2AX level is less than 100-fold
compared to that in actively growing cells. To study the effect of
growth stimulation in cells with an H2AX-diminished quiescent
status, complete medium (DMEM with 10% FBS) was added to
quicscent MEFs prepared under tSD-3T3 conditions (Fig. 3A-C).
In these cells, cell-cycle progression was initiated with the
expression of PCNA and histones H3 and H2AX, which led to
YH2AX foci formation (Fig. 3D, E). Abrogating quiescent status
with complete medium resulted in the establishment of immortal-
ized MEFs with tetraploidy (Fig. 3A-C). However, it took 30 days
to initiate immortal passage in H2AX-diminished quiescent MEFs,

@ PLoS ONE | www.plosone.org

while immortality was acquired in only 9 days for P9 MEFs under
S5td-3T3 conditions, suggesting that the H2AX-diminished
quiescent status protected cells from immortalization. Supporting
this argument, primary MEFs transfected with an H2AX
expression vector also acquired immortality at an accelerated rate
(Fig. S5A~C). Such H2AX-overexpression may induce the effect of
DNA replication stress because immortality in H2AX-overex-
pressing MEFs were again developed with tetraploidy (Fig.
S5D,E). Unexpectedly, H2AX status was totally recovered in
actively growing, immortalized MEFs (Fig. 3F, G), which
illustrates the association of H2AX status with growth activity.
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doi:10.1371/journal.pone.0023432.g002

However, this also poses the question of how the down-regulation
of H2AX expression in quiescent MEFs is reversed after
immortalization.

Immortalized cells no longer achieve H2AX diminution-
associated quiescent status

To explore the effects of the change in H2AX status, the
response of H2AX to DNA replication stress was compared
between primary and immortalized MEFs. While H2AX in
primary MEFs was down-regulated after HU treatment, this did
not occur in immortalized MEFs (Fig. 3H), which indicates that
H2AX diminution-associated quiescent cell status is not inducible
after immortalization. Thus, quiescent status is preserved in cells
with diminished H2AX expression and stable diploidy but is
abrogated under continuous growth stimulation, inducing cell
cycle progression and YH2AX foci formation, and eventually
leading to immortality with tetraploidy and H2AX recovery. Since

@ PLoS ONE | www.plosone.org

the Arf/p33 module is specifically mutated during MEF
immortalization [22], p53 might be involved in H2AX down-
regulation. In fact, unlike senescent normal cells, H2AX
expression is relatively high (2-20% of total H2A) in cancer cells
as well as in growing NHFs (10%) [28].

H2AX diminution-associated quiescent status is
produced by p53 and prohibits the development of
immortality

To determine the involvement of p533 in H2AX down-
regulation, p53 knockout (KO) MEFs were cultured. Unlike
normal primary MEFs, but similar to immortalized MEFs
(Fig. 3H), H2AX expression in primary p55-KO-MEFs was not
decrcased by HU treatment (Fig. 4A). Furthermore, p53-KO-
MEFs continuously grew, without change in H2AX status even
under tSD-3T3 conditions (Fig. 4B, C). This indicates that
H2AX in wild-type (WT)-MEFs is down-regulated by p33 to
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H2AX signal was visualized by longer exposure. E. DNA lesions characterized by YH2AX foci were induced in MEFs (red arrowheads) after exposure to
complete medium as in D. F,G. H2AX status in immortalized MEFs was determined by Western blotting (F) and immunofluorescence (G), revealing
H2AX recovery. H. DNA replication stress-associated H2AX diminution was compared between normal and immortalized MEFs as in Figure 2E, in

which H2AX was not down-regulated after immortalization.
doi:10.1371/journal.pone.0023432.g003

induce cellular quiescence and is recovered in immortalized
MEFs in association with tetraploidization and mutation of the
Arf/p53 module. Although p53-KO-MEFs did not undergo
H2AX diminution-mediated growth arrest, these MEFs still
exhibited a senescent morphology (Fig. 4D, see P8) and
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subsequently achieved an immortalized morphology (P14),
which suggests the immortalization of p53-KO-MEFs via the
senescent stage without growth arrest. This also indicates that a
quiescent cell status is induced by p33 to protect cells from
immortality.
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