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ABSTRACT

Once double-strand breaks (DSBs) are generated in
genome DNA by exposure to ionizing radiation (IR),
the cell cycle checkpoint is activated to facilitate DNA
repair. However, incompletion of DNA repair causes
apoptosis in irradiated cells. IR-induced apoptosis
occurs at either early or late time points after exposure
to IR. The early apoptosis is mediated by p53, but the
late apoptosis seems to be regulated by unknown
mechanism independent on p53. In order to clarify
the mechanism of IR-induced late apoptosis, IR-induced
cellular responses, including late apoptosis were ana-
lyzed using AT and NBS cells. AT cells suffered more
apoptosis than normal cells at late-stage after IR, and
this apoptosis in NBS cells was induced at an interme-
diate level between those in AT and normal cells.
Moreover, AT cells showed a defect in phosphorylation
of Chk2 and SMC1, which are involved in regulation of
IR-induced apoptosis and intra-S-phase checkpoint,
whereas NBS cells showed a partial defect in these
phosphorylation following IR. Further, AT and NBS
cells showed more increase of chromosomal aberra-
tions than in normal cells after irradiation at S phase,
compared to that after irradiation at G1 phase. These
AT and NBS cells also showed more induction of
apoptosis than normal cells after irradiation at S phase.
Therefore, these results suggest that the lack of intra-
S-phase checkpoint after IR, due to the defect in ATM
and/or NBS1 gene may lead to p53-independent late
apoptosis through chromosomal aberrations.
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INTRODUCTION

When cells are exposed to ionizing radiation (IR),
DNA double-strand breaks (DSBs) are generated
within the genomic DNA. Since DSBs are genotoxic,
the irradiated cells rapidly arrest their cell cycles to
repair the damage. IR-induced cell cycle arrest occurs
at the G1, S, and G2 phases and is mediated by the
respective checkpoint mechanisms'?. Of these, the
mechanism of the G1 checkpoint has been elucidated,
and is known to be mediated by the 53 tumor suppres-

sor gene®. The generation of DSBs induces the accu-

mulation of p53”, which promotes p21 expression®.
Thereafter, p21 represses the activity of the cdk/cyclin
complex, which is required for cell cycle progression,
and G1 arrest results”. DNA repair, following the cell
cycle checkpoints, is mainly regulated by two path-
ways: (i) homologous recombination (HR), which uses
an undamaged sister-chromatid or homologous chro-
mosome as a template for repair; and (i) non-homolo-
gous end-joining (NHE]), in which DNA ends with little

or no homology are joined together® ”.

The comple-
tion of DSB repair leads to the resumption of cell cycle
progression. Although DSB damage is repaired in
most cell types using the above mechanisms, lympho-
cytes, thymocytes, and epithelial cells of the small
intestine proceed to cell death or apoptosis without
DNA repair soon after exposure to IR*'?. On the
other hand, most cells undergo apoptosis at late time-
points after IR, especially after the generation of high
numbers of DSBs in response to high doses of IR'".
Although different cell types show IR-induced early
apoptosis, the underlying mechanism has been clarified
using lymphoblastoid cell lines (LCLs). LCLs show a

rapid increase in p53, as well as induction of apoptosis'®.

" Wild-type LCLs undergo rapid apoptosis after IR,

whereas p53-defective LCLs infected with HPV16 virus
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lack this response®. Moreover, thymocytes and intes-

tinal cells from p53-knockout mice do not undergo
apoptosis at an early stage after IR*'®. Furthermore,
p53 regulates the expression of Bax and Bcl-2 following
IR, and is required for the activation of caspase-3*'¥.
Since Bax, Bcl2, and caspase-3 are mediators of

819 p53 may regulate IR-induced apoptosis

apoptosis
through these factors.

While IR-induced early apoptosis is regulated by p53,
IR-induced late apoptosis seems to be induced in a p53-
independent manner. Small intestinal epithelia from
p53-knockout mice do not suffer p53-dependent early
apoptosis, but undergo apoptosis at a comparatively
later time (24 h) after exposure to IR". Moreover, T
lymphocytes derived from p53-knockout mice undergo
apoptosis at 48 h after IR™. Furthermore, the human
promyelocytic leukemia cell line HL-60, which is known
to be deficient for p53, undergoes apoptosis at a late
stage (72 h) after IR'®. These findings indicate that
IR-induced late apoptosis occurs via a p53-independent
pathway.

To date, cells from radiation-hypersensitive diseases,
particularly ataxia telangiectasia (AT) and Nijmegen
breakage syndrome (NBS), have been used to identify
IR-induced cellular responses. AT and NBS are two
distinct, but closely related rare autosomal recessive
disorders that share some common clinical features,
such as immunodeficiency, clinical radiosensitivity,
ovarian dysgenesis, and cancer predisposition. The
prominent external signs of AT are progressive cerebel-
lar ataxia, and bulbar telangiectasia'”. Unlike AT
patients, NBS patients show microcephaly, mental
retardation, and a characteristic facial appearance'™'?.
However, AT and NBS patients show similar cellular
phenotypes, such as chromosomal instability, radiation
hypersensitivity, and radioresistant DNA synthesis
(RDS), which is due to a defect in the intra-S-phase
checkpoint!™'®. These facts suggest that the gene
products that are lacking in the cells of AT and NBS
subjects are involved in common IR-induced cellular
responses, such as cell cycle checkpoints and DNA
repair.

Although AT and NBS cells have similar phenotypes,
two different genes have been implicated in these
diseases. The gene responsible for AT is ATM'1?,
while that responsible for NBS is NBS1®-*?. The
ATM protein contains a PI-3 kinase catalytic domain at

the C-terminus, and is a protein kinase with homologies
to ATR (ATM and Rad-3 related) and the DNA-depen-
dent protein kinase catalytic subunit (DNA-PKcs)'"!¥,
ATM phosphorylates proteins that contain the SQ
motif®?.  ATM is activated rapidly in response to IR
or to treatment with other radiomimetic agents that

20 Recently, it has been reported

generate DSBs
that this activation is regulated by the phosphorylation
of ATM at serine 1981*”. ATM is known to phospho-
rylate several cell cycle checkpoint-related proteins,
such as p53, Chk2, and Chkl, in response to IR?26.2:29)
AT fibroblast cells lack p53 phosphorylation and do not
arrest at the G1 checkpoint®>*”, which suggests that
ATM regulates the G1 checkpoint through p53
phosphorylation. Moreover, LCLs from AT patients
and thymocytes from Afm-knockout mice do not under
go early apoptosis in response to IR**?, Thus, ATM
may function in IR-induced early apoptosis by affecting
the phosphorylation of p53. Furthermore, it has been
reported that the phosphorylation of Chk2 and Chk1 by
ATM is required for the regulation of the G1, intra-
S-phase, and G2 checkpoints in response to IR?#39,
Taken together, these findings indicate that ATM
modulates both cell cycle checkpoints and early
apoptosis in response to IR through phosphorylation.
ATM may also function in DNA repair. The cells of
AT patients show spontaneous chromosomal aberra-
tions and have an increased frequency of chromosomal
breaks after IR'". The technique of y-H2AX foci analy-
sis has been suggested as an approach for the measure-
ment of DSB repair, and the kinetics of disappearance
of »H2AX foci after exposure to IR closely resemble
the kinetics of DSB repair®. AT cells show slightly
delayed formation of y-H2AX foci following IR, although
the numbers of foci are similar to those in normal cells.
However, AT cells show significantly more residual foci
than normal cells at 4 h or later after IR*, which is in
agreement with the DSB repair defect seen in AT
cells. Furthermore, ATM phosphorylates DNA repair-
related proteins, such as Brcal, 53BP1, and NBS1¥-%7,
Therefore, ATM may also play a critical role in DNA
repair through the phosphorylation of several proteins.

The NBSI gene encodes a protein that contains a
forkhead-associated (FHA) domain and a breast cancer
C-terminal (BRCT) domain at the N-terminus?®®. The
FHA and BRCT domains are often found in eukaryotic
nuclear proteins, and are associated with regulation of



cell cycle checkpoints and DNA repair’®®. NBS1
forms a complex with hRAD50 and hMRE112440,
This NBS1/hMRE11/hRAD50 (N/M/R) complex is
recruited rapidly to DSB sites that are induced by IR,

and forms nuclear foci at these sites?"44?,

Moreover,
the N/M/R complex co-localizes with similar nuclear
foci that are formed by DNA repair-related proteins,
such as 53BP1, H2AX, MDC1, and Brcal, at DSB

36,43-45)

sites , which suggests that NBS1 functions in

DNA repair. Furthermore, NBS1-deficient cells show

an increased frequency of chromosomal breaks*®

, and
Nbs1-disrupted chicken cells show a dramatic reduction
in mitomycin C-induced sister chromatid exchange®”.
This reduction in NBS1-deficient cells is comparable to
that in Rad54 and Rad51 paralog knockout chicken
cells, which are typical HR-deficient cells*®®*?. These
findings indicate that NBS1 is essential for HR-medi-
ated DNA repair. On the other hand, the function of
NBS1 in regulating the IR-induced cell cycle check-
point has also been suggested. NBS cells show
defects in both the induction of p53 and the G1 check-
point after IR, which suggests the involvement of NBS1
in regulating the IR-induced G1 checkpoint®®. In
addition, NBS1 is phosphorylated at several SQ-sites by
ATM in response to IR¥%?, Both NBS and AT cells
show RDS, which results from a defect in the intra-
S-phase checkpoint, and this checkpoint requires NBS1
phosphorylation by ATM. Therefore, the intra-S-phase
checkpoint is regulated by co-operation between ATM
and NBS1. Furthermore, it has been reported recently
that NBS cells show defects in the binding of ATM to
DSB damage sites and subsequent activation®. This
finding suggests that NBS1 mediates the activation of
ATM through recruitment to DSBs, and this functional
link between ATM and NBS1 may explain the similari-
ties in the phenotypes of their respective knockout
strains.

Thus, both ATM and NBS1 are key regulators for
several IR-induced cellular responses, which include
cell cycle checkpoints, DNA repair, and early apoptosis.
However, it is still unclear whether ATM and/or NBS1
function in IR-induced late apoptosis. Moreover, the
mechanism of this apoptosis has not been clarified,
although this type of apoptosis is an important element
in the radiation sensitivity of many p53-defective can-
cers. Therefore, the purpose of this study was to
analyze the cellular responses after IR of p53-defective
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normal, AT and NBS cells, to clarify the mechanism of
p53-independent late apoptosis.

MATERIALS AND METHODS

Cell lines

HeLa and MRC5SV cells were used as control
cells. The Hela cells form epitheloid cells in monolay-
ers, are derived from a human cervix uteri carcinoma,
and are defective for p53 function. MRCS5SV is an
immortalized cell line that was derived from primary
human fibroblast MRC5 cells by infection with SV40
virus. The three AT (AT-T55, AT-28, AT-5BIVA), and
three NBS (GM24SV, WGSV7, 1022QSV) cell lines
were derived from the primary fibroblasts of ataxia
telangiectasia (AT) and Nijmegen breakage syndrome
(NBS) patients, by infection with SV40 virus. These
AT and NBS cells were kindly provided by Dr. K.
Komatsu (Kyoto University, Japan). The SV40-trans-
formed cells were defective for p53 function. All the
cell lines were cultured in Dulbecco’s Modified Eagle’s
Medium (Sigma) that was supplemented with 10% fetal
calf serum, and incubated in a 5% CO; incubator at
37°C.

Irradiation of cells
Sub-confluent cells in culture dishes were irradiated
with 2, 5, or 10 Gy of 6(’Co—y—rays at room temperature,

and used in the subsequent experiments.

Dye exclusion assay

The cells were collected by trypsinization and cen-
trifugation, resuspended in phosphate-buffered saline
[PBS; 20 mM phosphate (pH 7.4), 150 mM NaCl}, and
then diluted 1:1 with trypan blue (Life Technologies).
Unstained (living cells) and stained cells (dead cells)
were counted separately under the light microscope,

and the percentage of cell death was calculated®.

DNA fragmentation assay

The fragmentation of nucleosomal DNA is a widely
recognized hallmark of apoptotic cell death®®. The
cells were collected by trypsinization and centrifuga-
tion, and then lysed in lysis buffer [10 mM Tris-HCl
(pH 8.0), 10 mM EDTA, 0.5% Triton X-100] for 30 min.
The cell supernatant solutions were then centrifuged at
15,000 rpm for 15 min at 4°C, to separate the superna-
tant-containing fragmented DNA from the intact chro-
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matin (pellet). The supernatants were incubated with
RNase A (50 ug/ml; Sigma) for 1 h at 37°C. The
supernatants were then incubated with proteinase K
(200 ug/ml; Sigma) plus 0.5% sodium dodecyl sulfate
(SDS; Sigma) for 2 h at 50°C. The samples were
mixed with a phenol:chloroform:isoamyl alcohol
(25:24:1) solution that was saturated with TE buffer [10
mM TrissHCl (pH 8.0), 1 mM EDTA]. The frag-
mented DNA solution was precipitated with cold 100%
ethanol and 5 M NaCl, and subsequently air-dried.
The DNA samples were dissolved in TE buffer, mixed
with six volumes of DNA loading buffer (40% sucrose,
50 mM EDTA, 0.25% bromophenol blue), and loaded
onto a 1.8% agarose gel that contained ethidium bro-
mide (final concentration 0.2 ug/ml). Electrophoresis
was conducted in TBE buffer [90 mM Tris (pH 8.0), 90
mM boric acid, 2 mM EDTA] at 5 V/cm. Finally, the
DNA bands were visualized by UV illumination.

Western blot analysis

Cells were collected by trypsinization and centrifuga-
tion. The collected cells were lysed on ice for 10 min
with RIPA buffer [50 mM TrissHCl (pH 7.5), 5%
Nonidet P40, 0.5% SDS, 750 mM NaCl, 5 mM EDTA]
that contained phenylmethylsulfonylfluoride (100 ug/
ml), leupeptin (10 ug/ml), NazVO, (1 mM), and NaF
(25 mM). The samples were then centrifuged at
14,000 rpm for 10 min at 4°C. Aliquots of 20 ul of the
supernatant proteins were mixed with 5 ul of Laemmli
loading buffer [50 mM Tris-HCl (pH 6.8), 100 mM
dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol], and incubated for 5 min at 95°C. These
samples were electrophoresed on a 6-12% SDS-poly-
acrylamide gel. After electrophoresis, the samples
were electroblotted onto PVDF membranes, which
were then treated with 5% skim milk in TBST buffer
[20 mM Tris-HCI (pH 7.5), 500 mM NaCl, 0.5% Tween].
The membranes were incubated overnight in TBS-T
with 1% bovine serum albumin (BSA), together with the
anti-Bax (Santa Cruz Biotechnology), anti-Bcl-2 (Santa
Cruz Biotechnology), anti-Chk2 (Santa Cruz Biotech-
nology), anti-SMC1 phosphoserine 957 and 966, and
anti-SMC1 (Bethyl) primary antibodies. The mem-
branes were washed with TBS-T, and incubated in TBS-
T with 1% BSA and HRP-conjugated anti-rabbit IgG
antibody for 1 h. The membranes were then washed

with TBS-T, and the immunoreactive proteins were

visualized using chemiluminescence reagents (Perkin
Elmer Life Science) and high-performance chemilumi-

nescence film (Hyperfilm-ECL; Amersham Biosciences).

Detection of chromosomes by Giemsa staining

Treatment with colcemid (final concentration 0.2 ug/
ml; Sigma) at 37°C for 1 h was used to collect
metaphase cells. These cells were resuspended in
0.075 M KCl and incubated for 10 min. The chromo-
somes were fixed in a methanol-acetic acid solution
(methanol: acetic acid; 3:1) and spread on glass slides.
The chromosomes were stained with a 5% Giemsa solu-

tion in PBS, and observed under the light microscope.

Apoptosis analysis after irradiation of cells at

the S phase

Sub-confluent cells were treated for 24 h with thymi-
dine (final concentration 2 mM; Amersham Bio-
sciences) to stop cellular proliferation at the S phase.
The cells were then washed three times with PBS,
fresh medium was added, and the cells were re-incu-
bated for 2 h, to re-start the S phase. The S phase
cells and asynchronous cells were irradiated with 10 Gy
of yrays, and apoptosis was monitored 48 h later by the

dye exclusion assay.

RESULTS

Induction of late apoptosis in both AT and NBS

cells following IR

To investigate the relationships between ATM and
NBSI1 and IR-induced p53-independent late apoptosis,
the induction of apoptosis after exposure to IR was ana-
lyzed in p53-defective AT, NBS, and normal cells
(HeLa, MRC5SV) using the dye exclusion assay.
Figure 1A shows that approximately 30% of the normal
cells (HeLa, MRC5SV) underwent apoptotic death at 72
h after exposure to 10 Gy of y-rays. However, >50% of
the AT cells (AT-T55, AT-28, AT-5BIVA) showed the
apoptotic phenotype at the same time-point. The lev-
els of cell death for the NBS cells (GM24SV, WGSV7,
1022QSV) at 72 h post-irradiation were intermediate to
the levels detected for the AT and normal cells (Fig.
1A). This difference in apoptosis induction level be-
tween the AT and normal cells was statistically signifi-
cant (p < 0.01), as was that between the NBS and nor-
mal cells (p = 0.0271). However, in the case of the

earlier time-point (24 h post-irradiation), the level of
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Fig. 1A, B. Induction of p53-independent apoptosis after exposure to y-rays.
Normal cells (HeLa: open circles; MRC5SV: closed circles), AT cells (AT-T55: open triangles;
AT-28: closed triangles; AT-5BIVA: closed rhombuses), and NBS cells (GM24SV: open squares;
WGSV7: closed squares; 1022QSV: open rhombuses) were irradiated with 10 Gy (A) or 5 Gy (B)
of yrays. Apoptosis induction was monitored by the dye exclusion assay at 24, 48, and 72 h
post-irradiation. The differences in apoptosis levels between AT and normal cells, and between
NBS and normal cells 72 h after 10 Gy of y-rays were analyzed by two factor ANOVA statistical
analysis for repeated measures. A value of P < 0.05 was considered to be statistically significant.
Fig. 1C. Induction of p53-independent apoptosis after exposure to y-rays.
Normal cells (HeLa), AT cells (AT-T55), and NBS cells (GM24SV) were irradiated with 10 Gy of y-
rays. The DNA fragmentation assay was performed after the extraction of DNA from these cells

24 h after IR. (-): non-irradiated cells.

apoptosis induction in normal cells was similar to those
found in the AT and NBS cells (approximately 20%; Fig.
1A). These results suggest that a defect in ATM or
NBSI1 promotes p53-independent apoptosis at late time-
points after IR, and that another type of p53-indepen-
dent apoptosis, which is independent of ATM and
NBSI, operates at the early time-points. In addition,
apoptosis induction after exposure to 5 Gy of y-rays was

investigated in these cells. Although the levels of
apoptosis induction in all the cell lines were lower after
5 Gy of yrays than after 10 Gy of y-rays, the AT cells
showed higher levels of apoptosis induction than the
normal cells at 72 h after IR (Fig. 1B). At that time-
point, the level of apoptosis in the NBS cells was higher
than in the normal cells, and at a level that was interme-
diate to the levels in AT and normal cells (Fig. 1B).
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Thus, the patterns of apoptosis induced by 5 Gy and 10
Gy of IR are similar.

The induction of apoptosis following IR was con-
firmed by the DNA fragmentation assay, since the frag-
mentation of nucleosomal DNA is a widely recognized
hallmark of apoptotic cell death®. DNA fragmenta-
tion was clearly observed in AT cells, but not in normal
cells (Fig. 1C). A low level of DNA fragmentation
was detected in the NBS cells after IR (Fig. 1C).
Therefore, these results suggest that defects in the
ATM and/or NBS1 genes may promote p53-indepen-
dent apoptosis at late stages (>72 h) after IR.

Expression of Bax and Bcl-2 in the p53-inde-

pendent apoptotic response following IR

Recent studies have implicated several proteins in
the regulation of apoptosis. Among those, Bax and
Bcl-2 are known to be critical regulators of different
apoptosis pathways. Normal thymocytes undergo
apoptosis following IR by increasing Bax and decreas-
ing Bcl-2 expression. The cells from p53-knockout
mice are defective in the regulation of Bax and Bcl-2
expression, and do not undergo IR-induced early
apoptosis'®. These lines of evidence suggest that p53
mediates IR-induced early apoptosis through Bax and
Bcl-2 expression'®. Moreover, tumor necrosis factor-
alpha (TNF-o) and Fas ligand (FasL) induce the
apoptosis of breast cancer cells (MCF7), whereas the
overexpression of Bcl-2 in these cells protects against
apoptosis induction by TNF-a or FasL*®. Furthermore,
the activation of JNK following UV irradiation increases
apoptosis in fibroblasts that express wild-type Bax,
whereas Bax-deficient fibroblasts do not show this
phenomenon®. These observations suggest that both
Bax and Bcl-2 function in the regulation of apoptosis
induced by different stimuli, such as TNF-o /FasL and
UV*-*"_ Therefore, Bax and Bcl-2 may also function
in p53-independent late apoptosis following IR. The
expression levels of Bax and Bcl-2 were measured by
Western blot analysis in normal, AT, and NBS fibro-
blast cells after exposure to 10 Gy of y-rays. Figure
2A shows that the expression of Bax increased in nor-
mal cells (HeLa, MRC5SV) at both 8 h and 24 h after
IR. Bax expression also increased in the AT (AT-T55,
AT-28, AT-5BIVA) and NBS fibroblast cell lines
(GM24SV, WGSV7, 1022QSV) after IR (Fig. 2A).
Although Figure 1A and B shows that the apoptosis of
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Fig. 2. Expression of Bax and Bcl-2 after exposure to
y-rays.
Normal cells (HeLa, MRC5SV), AT cells (AT-
T55, AT-28, AT-5BIVA), and NBS cells
(GM24SV, WGSV7, 1022QSV) were irradiated
with 10 Gy of yrays. The cells were harvested
at the indicated time-points, and Western blot
analyses were performed using the anti-Bax
(A) and anti-Bcl-2 (B) antibodies. (-): non-
irradiated cells.

AT cells was induced at a higher level than in normal
cells, the levels of Bax expression by these cells were
similar, which suggests a partial contribution of Bax to
late apoptosis. Figure 2B shows that the expression of
Bcl-2 was unchanged in normal cells (HeLa, MRC5SV)
after IR, although Bcl-2 was expressed without IR.
Bcl-2 expression was also unchanged in the AT and
NBS cells both with and without IR (Fig. 2B). Thus,
Bcl-2 expression may be dispensable for this type of
late apoptosis.

Defective Chk2 phosphorylation in AT and NBS

cells after IR

Recently, it has been suggested that Chk2 functions
in the regulation of apoptosis following IR
Thymocytes from Chk2-knockout mice were shown to
be defective in IR-induced apoptosis, whereas IR-

induced apoptosis was restored in these cells by the



re-introduction of the wild-type Chk2 gene®™®. More-
over, Chk2 mutations are found more frequently in
patients with variant Li-Fraumeni syndrome (LFS), and
cells with Chk2 mutations are reported to be more
defective in IR-induced apoptosis than Chk2 wild-type
LFS cells®. These lines of evidence suggest an
important role for Chk2 in the regulation of IR-induced
apoptosis. Chk2 is known to be activated by ATM-
mediated phosphorylation, and activated Chk2 phos-
phorylates several proteins that are associated with
IR-induced cellular responses, including apoptosis®®".
Therefore, the phosphorylation of Chk2 was investi-
gated by Western blot analysis of normal, AT, and NBS
cells that were exposed to 10 Gy of y-rays, to clarify
the relationship with p53-independent late apoptosis.
Since Chk2 phosphorylation retards the mobility of the
Chk2 protein in SDS-PAGE gels®®, Chk2 phosphoryla-

Normal cells

AT-TSS AT-28 AT-SBIVA
AT cells
GM24SV WGSV7 1022QSV
NBS cells
HeLa MRC5SV
Normal cells
AT-T55 AT-28

AT cells

GM245V 1022Q5V

- 1 3 - 1 3 hr

NBS cells

Fig. 3. Phosphorylation of Chk2 after exposure to y-
rays
Normal cells (HeLa, MRC5SV), AT cells (AT-
T55, AT-28, AT-5BIVA), and NBS cells
(GM24SV, WGSV7, 1022QSV) were irradiated
with 10 Gy of y-rays. The cells were har-
vested at the indicated time-points, and West-
ern blotting was performed using the anti-
Chk2 antibody. (-): non-irradiated cells.
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tion could be extrapolated from the electrophoresis of
cell protein extracts. Figure 3A shows that Chk2 was
phosphorylated in normal cells (HeLa, MRC5SV) at 8 h
and 24 h after IR. Chk2 phosphorylation did not occur
in AT (AT-T55, AT-28, AT-5BIVA) and NBS (GM24SV,
WGSV7, 1022QSV) cells at these time-points after IR.
Although the AT and NBS cells showed different levels
of apoptosis induction (Fig. 1A and B), similar defects
in Chk2 phosphorylation at 8 h and 24 h after IR were
observed for these two cell lines. Therefore, the phos-
phorylation of Chk2 was investigated at earlier time-
points after exposure to 10 Gy of y-rays. Figure 3B
shows that Chk2 was phosphorylated in normal cells
(HeLa, MRC5SV) at 1 h and 3 h after IR. In the AT
cells (AT-T55, AT-28), Chk2 was not phosphorylated at
these time-points after IR. On the other hand, Chk2
showed phosphorylation at 1 h and 3 h after IR in NBS
cells (GM24SV, WGSV7), which may be responsible for
the induction of apoptosis in NBS cells at a level that is
intermediate to the levels induced in AT and normal
cells. Therefore, defective Chk2 phosphorylation may
lead to p53-independent late apoptosis following IR.

Defective SMC1 phosphorylation in AT and NBS

cells after IR

We also examined another apoptosis-related factor,
SMC1, which is phosphorylated by ATM in response to
IR~ ATM phosphorylates SMC1 at serine (Ser)
957 and Ser 966, and cells that express mutated SMC1,
in which either Ser 957 or Ser 966 is changed to ala-

nine, show increased radiation sensitivity® %

Since
radiation sensitivity correlated with late apoptosis, we
hypothesized that SMC1 might function in late
apoptosis. Therefore, the phosphorylation of SMC1
was investigated in normal, AT, and NBS cells after
exposure to 10 Gy of y-rays using Western blot analysis
with antibodies against the phosphorylated residues
(Ser 957 or Ser 966) in SMC1. Since the levels of
Chk2 phosphorylation were different between AT and
NBS cells at early time-points after exposure to IR (Fig.
3B), SMC1 phosphorylation was examined at early
time-points after IR. Figure 4 shows that SMC1 phos-
phorylation at Ser 957 and Ser 966 was detected in
normal cells (HeLa, MRC5SV) at 1 h and 3 h after
exposure to 10 Gy of y-rays, whereas phosphorylation
at theses sites was not detected in AT cells (AT-T55,
AT-28). On the other hand, the levels of Ser 957 phos-
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Fig. 4. Phosphorylation of SMC1 at Ser 957 and Ser
966 after exposure to y-rays.
Normal cells (HeLa, MRC5SV), AT cells
(AT-T55, AT-28) and NBS cells (GM24SV,
WGSV7) were irradiated with 10 Gy of y-rays.
The cells were harvested at the indicated
time-points, and Western blot analyses were
performed using anti-SMC1 antibodies with
specificity for the phosphorylation sites (Ser
957 or Ser 966), and with an anti-SMC1
polyclonal antibody. (-): non-irradiated cells.

phorylation at 1 h and 3 h post-irradiation were lower in
NBS cells than in normal cells. Nevertheless, the
levels of Ser 966 phosphorylation in NBS cells were
similar to those in normal cells at both 1 h and 3 h post-
irradiation (Fig. 4). Thus, SMC1 phosphorylation was
partially defective in NBS cells, which may explain our
finding that the level of apoptosis induced in NBS cells
was intermediate to the levels induced in AT and
normal cells. Moreover, the expression of SMC1 was
examined using Western blot analysis with the anti-
SMC1 polyclonal antibody in normal, AT, and NBS
cells after exposure to 10 Gy of yrays. SMC1 expres-
sion was detected in these cells with and without IR,
which suggests that the observed changes in SMC1
phosphorylation are not due to the induction of SMC1
expression. Taken together, these results suggest
that defective SMC1 phosphorylation is involved in p53-

independent late apoptosis.

Chromosomal aberrations in AT and NBS cells

Although the linkage of Chk2 and SMC1 with IR-in-
duced late apoptosis has been demonstrated, these fac-
tors also function at the intra-S-phase checkpoint follow-
ing IR®%%)  This checkpoint is regulated by at least
two pathways, namely, the ATM/Chk2/Cdc25A path-
way and ATM/NBS1/SMC1 pathway?*%®  ATM
phosphorylates Chk2 and SMC1, and these phosphory-
lation events function at the intra-S-phase checkpoint
via the above-mentioned pathways, to stop DNA syn-

R#%6)  Figures 3 and 4 show defec-

thesis following I
tive phosphorylation of the intra-S-phase checkpoint
regulatory factors Chk2 and SMC1 in AT cells, and
phosphorylation of these proteins was partially defec-
tive in NBS cells. AT and NBS cells are known to be
defective in terms of the intra-S-phase checkpoint,
which results in radioresistant DNA synthesis (RDS)'".
The RDS level of the AT cells was higher than that of
normal cells, whereas the NBS cells showed RDS at a
level that was intermediate to the levels in AT and nor-

63-66  The AT cells showed a more pro-

mal cells
nounced apoptotic phenotype than the normal cells,
and the level of apoptosis induction in the NBS cells
was intermediate to the levels in the AT and normal
cells (Fig. 1A and B). Thus, the levels of RDS in the
AT and NBS cells (relative to the levels in normal cells)
reflect the induction levels of late apoptosis in these

cells. These phenomena appear to be connected by



Fig. 5.

Induction of chromosomal aberrations after
exposure to y-rays

Normal cells (HeLa) (A), AT cells (AT-T55)
(B), and NBS cells (GM24SV) (C) were irradi-
ated with 2 Gy of y-rays. Metaphase chromo-
somes were collected from these cells 3 h and
10 h after IR. The samples were fixed in a
methanol: acetic acid (3:1) and spread on
glass slides. The chromosomes were stained
with a 5% Giemsa solution in PBS, and chro-
mosomal aberrations (fragmentation, a; gaps,
b; and association, c) were detected under the
light microscope.
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the defective phosphorylation of Chk2 and SMC1.
Thus, the defect in the intra-S-phase checkpoint may be
related to p53-independent late apoptosis. Therefore,
we speculate that AT and NBS cells show higher levels
of apoptosis than normal cells after irradiation at the S
phase. Since apoptosis induction at a late stage after
IR has been correlated with chromosomal aberra-
tions®"*, the chromosomes of the normal, AT, and
NBS cells were studied after irradiation with 2 Gy of g-
rays at the G1 or S phase. Three types of aberrations
were noted: (a) fragmentation; (b) gap; and (c) associa-
tion (Fig. 5).
the S phase, the percentage of normal cells that con-

Table 1 shows that after irradiation at

tained chromosomal aberrations increased by approxi-
mately 21%, compared to the non-irradiated control.
As expected, the numbers of chromosomal aberrations
in the AT and NBS cells after irradiation at the S phase
increased by approximately 50% and 45%, respectively,
compared to that in normal cells. However, after irra-
diation at the G1 phase, the increases in the numbers
of chromosomal aberrations in AT and NBS cells were
similar to those of the normal cells (Table 1). More-
over, the total number of aberrations per cell was
higher in AT and NBS cells than in normal cells when
the cells were irradiated at the S phase, although the
increases seen in AT and NBS cells after irradiation at
the G1 phase were similar to those seen in normal
cells. The numbers of aberrations increased mainly as
aresult of gaps and associations, whereas the numbers
of fragmentations were increased slightly in these cells,
as compared to normal cells (Table 1). These results
suggest that defects in the intra-S-phase checkpoints
following IR may lead to chromosomal aberrations in

AT and NBS cells.

Induction of p53-independent apoptosis in both

AT and NBS cells after irradiation at the S

phase

It has been proposed that chromosomal aberration
induction following IR leads to cell death at a late stage
after IR""%, From the data shown in Table 1,
increases in the frequency of late apoptosis of AT and
NBS cells after irradiation at the S phase were
expected. Therefore, the induction of apoptosis was
monitored in normal, AT, and NBS cells at 48 h after
Figure

6 shows that apoptosis was induced in asynchronous

irradiation with 10 Gy of y-rays at the S phase.
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Table 1 Induction of chromosomal aberrations after irradiation at the G1 or S phase

Total number of

% of cells with Number of Number of Number of aberrations/cells
chromosomal b .oents  Association Gaps with abnormal
abberations chromosomes
Without IR:
Normal cells (MRC5SV) 14 25 4 5 24
AT cells (AT-T55) 21 10 41 14 3.1
NBS cells (GM24SV) 19 5 37 11 2.8
With IR at G1 phase:
Normal Cells (MRC5SV) 27 29 21 31 3.0
AT cells (AT-T55) 36 17 75 37 3.6
NBS cells (GM24SV) 34 9 54 45 3.2
With IR at S phase:
Normal cells (MRC5SV) 35 52 53 27 3.8
AT cells (AT-T55) 71 85 203 120 5.8
NBS cells (GM24SV) 64 89 153 77 5.0

Normal cells (HeLa), AT cells (AT-T55) and NBS cells (GM24SV) were irradiated with 2 Gy of y-

irradiation.

in methanol-acetic acid (3:1) solution, and spread on glass slides.

Metaphase chromosomes were collected at 3 and 10 h after IR. The samples were fixed

The chromosomes were stained with

5% Giemsa solution in PBS, and chromosomal aberrations were detected under a light microscope.

AT and NBS cells with similar patterns to those shown
in Figure 1A and B. However, approximately 30% of
the normal cells underwent apoptosis after irradiation
at the S phase, whereas approximately 23% of the
normal asynchronous cells entered apoptosis. The
levels of apoptosis after irradiation at the S phase were

70

Normal
60/ |M AT
B NBS

50

40

30

Apoptotic cells (%)

20

10

Asynchronous cells

S-phase cells

Fig. 6. Induction of p53-independent apoptosis after
irradiation at the S-phase.

Sub-confluent normal cells (HeLa), AT cells
(AT-T55), and NBS cells (GM24SV) were
treated with thymidine for 24 h, to synchro-
nize the cells at the S-phase. These S phase
cells and the asynchronous cells were irradi-
ated with 10 Gy of y-rays, and apoptosis induc-
tion was monitored by the dye exclusion
assay 48 h after IR.

higher for the AT and NBS cells, at approximately 70%
and 60%, respectively, while approximately 35% and 30%
of the respective asynchronous cells underwent
apoptosis (Fig. 6). These results show that apoptosis
induction was higher in AT and NBS cells than in
normal cells after irradiation at the S phase, as com-
pared to the asynchronous cells. Therefore, defects in
the intra-S-phase checkpoint may lead to p53-indepen-

dent apoptosis in AT and NBS cells.

DISCUSSION

In this study, we investigated IR-induced, p53-inde-
pendent, late apoptosis using AT and NBS cells. AT
and NBS are two radiation hypersensitive disorders,
and the cells from AT and NBS patients show similar
phenotypes, such as chromosomal instability, radiation
sensitivity, and RDS''®. The data presented here
show that more AT cells undergo apoptosis than nor-
mal cells at late stages after IR, and NBS cells undergo
apoptosis at a level that is intermediate to the apoptosis
levels of AT and normal cells (Fig. 1A and B).
Moreover, AT cells show defective phosphorylation of
Chk2 and SMCI1, which are involved in regulating
apoptosis and the intra-S-phase checkpoint in response
to IR®%%)  whereas the phosphorylation of these
proteins is only partially defective in NBS cells (Figs. 3



and 4). Furthermore, AT and NBS cells show higher
levels of chromosomal aberration than normal cells af-
ter irradiation at the S phase, as compared to the levels
of chromosomal aberration after irradiation at the G1
phase (Table 1). AT and NBS cells also show higher
levels of apoptosis induction than normal cells after
irradiation at the S phase (Fig. 6). Therefore, these
results suggest that the lack of the intra-S-phase check-
point, which is due to defects in ATM and/or NBS1,
leads to IR-induced late apoptosis through chromo-
somal aberrations.

Figure 1 shows a slight induction of apoptosis
(approximately 20%) in p53-defective AT and NBS cells,
which is similar to the level in normal cells at 24 h after
IR. Although p53-independent apoptosis is known to
occur at a late time-point after IR*™'®, some cell types
show a slight induction of apoptosis at early time-points
after IR. Proliferating lymphocytes derived from p53-
knockout mice undergo a low level of apoptosis at 24 h
after IR, and small intestinal epithelia from p53-
knockout mice undergo apoptosis at 24 h after expo-
sure to IR'.  Furthermore, an adenoma cell line carry-
ing a mutated p53 protein undergoes apoptosis at 24 h
after IR®. Since both AT and NBS cells show
apoptosis at early time-points after IR (Fig. 1), it seems
likely that ATM and NBS1 do not participate in p53-in-
dependent early apoptosis.

Figure 1 also shows a difference in apoptosis induc-
tion level between AT and NBS cells at a late stage
after IR. AT cells show more induction of apoptosis
than normal cells at 72 h after IR, and this level of
apoptosis in NBS cells is intermediate to the apoptosis
levels in AT and normal cells. AT cells display higher
radiation sensitivity than do normal cells, and the level
of this radiation sensitivity in NBS cells is intermediate
to those in AT and normal cells®. Moreover, AT cells
show more chromosomal aberrations than normal cells
after IR, whereas NBS cells show an induction level
that is intermediate to those seen in AT and normal

5.5 DNA synthesis in normal cells is inhibited

cells
markedly following IR, but AT cells display lower levels
of inhibition of RDS, and NBS cells show intermediate

569 " In general, NBS cells display

levels of inhibition
abnormal IR-induced cellular responses at levels that
are intermediate to those observed in AT and normal
cells. This phenotype of IR-induced apoptosis may be

correlated with the induction of chromosomal aberra-
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tions and radiation sensitivity.

Figures 3 and 4 show that the phosphorylation of
both Chk2 and SMC1 is partially defective in NBS cells
following IR. NBS cells are known to display deficient
phosphorylation of several ATM substrates following
IR.  ATM phosphorylates p53 at Ser 15 following IR*,
and this phosphorylation of p53 on Ser 15 has been
shown to be reduced in NBS cells”’. ATM also phos-
phorylates Brcal in response to IR®. The Brcal gene
is a tumor suppressor gene that is mutated in a high
percentage of hereditary breast and ovarian cancers™.
Brcal has been shown to interact and co-localize with
the N/M/R complex™, which is implicated in HR and
NHE] DNA damage responses’™. However, Brcal
phosphorylation is reported to be defective in NBS cells
following IR®. In addition, ATM has been shown to
phosphorylate the checkpoint effector kinase Chkl
following IR*, and Chk1 phosphorylation is known to
be defective in NBS cells®. Moreover, ATM phos-
phorylates Ser 222 of Fancd2 in response to various
DNA-damaging agents, which include mitomycin Cand
IR™. Fancd2 is the mutated gene in the chromosomal
instability syndrome of Fanconi's anemia™®. The
phosphorylation of Fancd2 is required for the intra-
Sphase checkpoint and its localization to DNA damage

"™ NBS cells have also been reported to be

foci
deficient in Fancd2 phosphorylation”. Thus, NBS
cells show partial defects in the phosphorylation of
several ATM substrates following IR. NBS1 phospho-
rylation by ATM has been suggested to function as a
promoter of ATM-mediated signals. Cells from NBS
patients are reported to be defective in ATM phospho-
rylation of p53 and Fancd2 following IR™™. These
findings are in agreement with an NBS1 function down-
stream of ATM. However, the similarities of cellular
phenotypes that result from mutations of the ATM and
NBSI1 genes indicate that NBS1 is likely to be of central
importance to the DSB-specific component of ATM

™80 Moreover, recent reports have sug-

activation
gested that the binding of ATM to DSB sites and sub-
sequent activation are deficient in NBS cells following
IR%*™8)  Thus, these findings show a functional link
between ATM and NBS], and suggest that NBS1 medi-
ates the activation of ATM through recruitment to
DSBs. These observations may explain why the phos-
phorylation of Chk2 and SMCI1 is partially defective in

NBS cells following IR.
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Chk2 and SMC1 phosphorylation are known to func-
tion in the regulation of the intra-S-phase checkpoint
following IR®%%  However, the results presented
here show that defects in the phosphorylation of both
Chk2 and SMC1 correlate with the induction of late
apoptosis following IR (Figs. 1, 3, and 4). In addition,
these cells show more late apoptosis after irradiation at
the S phase (Fig. 6). These results suggest that
defects in the intra-S-phase checkpoints may lead to IR-
induced apoptosis. Besides Chk2 and SMC]1, several
genes are known to function at the intra-S-phase
checkpoints. Of these, the Fancd2 gene has been
shown to regulate the intra-S-phase checkpoint follow-
ing IR, and cells from Fanconi’s anemia patients, in
which Fancd?2 is mutated, exhibit RDS and radiation
hypersensitivity”®?, which is related to late apoptosis
following IR. Brcal is another regulator of the intra-
S-phase checkpoint following IR®?. Cells from Brcal-
deficient mice show defects in the intra-S-phase check-

point® and are radiosensitive®.

Therefore, the previ-
ous findings and those presented here suggest that the
defects in the intra-S-phase checkpoint lead to late
apoptosis following IR. Moreover, checkpoint defects
at either the G1 or G2 phase following IR may result in
radiation hypersensitivity that is related to late
apoptosis. The G1 checkpoint is regulated by p53%,
and cells from Li-Fraumeni patients, which have germ-
line mutations of the p53 gene, show defects in the G1
checkpoint and are hypersensitive to IR®*. Further-
more, the human promyelocytic leukemia cell line HL-
60, which is known to be deficient in p53, displays lack
of arrest at the G1 checkpoint and hypersensitivity to
IR'®. The p53 protein regulates the G1 checkpoint
through p21*®. The cells from p2I-knockout mice
show defects in the G1 checkpoint and hypersensitivity
to IR®. These findings suggest a correlation between
defects in the G1 checkpoint and cellular radiation
hypersensitivity. On the other hand, a defect in the
G2 checkpoint seems to result in radiation hypersensi-
tivity. Chk1 is one of the regulators of the G2 check-
point®, and ChkI-deficient DT40 cells show a defect in
the G2 checkpoint and hypersensitivity to IR®®. More-
over, Brcal is known to function in regulating the G2
checkpoint following IR®?. Brcal-deficient cells dis-
play a defect in the G2 checkpoint® and hypersensitiv-
ity following IR®®_  Thus, defects in the G1 and G2

checkpoints, as well as in the intra-S-phase checkpoints

may result in IR-induced late apoptosis. Furthermore,
IR-induced late apoptosis seems to be correlated with
chromosomal aberrations. Fibroblast cells from p53-
knockout mice are defective in the G1 checkpoint and
show remarkable chromosomal aberrations and late
apoptosis following IR®. Likewise, fibroblasts from
Brcalknockout mice exhibit defects in the G2 check-
point, and show more chromosomal aberrations and
late apoptosis following IR®. Therefore, the defect in
the intra-S-phase checkpoint may result in chromo-
somal aberrations, which lead to apoptosis at a late
stage after IR.

The results of this study of p53-independent late
apoptosis may be useful in cancer therapy. The induc-
tion of p53-dependent apoptosis by IR is one of the
methods used to Kkill cancer cells. Since p53 gene
mutations are common in several cancers, such as oral
squamous cell carcinoma, soft tissue sarcoma, osteosa-
rcoma, breast cancer, brain tumors, leukemias, and
adrenocortical carcinoma, the p53-dependent pathway
cannot be activated by IR in these cancers. In this
study, we have shown that a defect in the intra-S-phase
checkpoint may promote apoptosis via the p53-indepen-
dent pathway following IR. This apoptosis pathway
may be useful for therapy against p53-mutated cancers.
The generation of a defective intra-S-phase checkpoint
in these cancer cells by depression of checkpoint
genes, by for example, the transfection of small inter-
fering RNA (siRNA), may lead to late apoptosis follow-
ing IR. Other intra-S-phase checkpoint genes, such as
Brcal and Fancd2, and G1 and G2 checkpoint genes
may also be useful for this hypothetical therapy.
However, the detailed mechanisms by which defects in
checkpoints result in IR-induced late apoptosis remain
unclear. In order to use this pathway for cancer

therapy, we need to fully clarify these mechanisms.

CONCLUSIONS

This study of IR-induced p53-independent late
apoptosis shows that defects in Chk2 and SMC1 phos-
phorylation in AT and NBS cells correlate with the
induction level of p53-independent late apoptosis follow-
ing IR. In addition, AT and NBS cells show more
chromosomal aberrations than normal cells after irra-
diation at the S phase, as compared to the correspond-
ing levels after irradiation at the G1 phase. These

cells also show more induction of late apoptosis after



irradiation at the S phase. Therefore, the defect in the
intra-S-phase checkpoint, which is due to impaired
phosphorylation of Chk2 and SMC1, results in p53-
independent late apoptosis in response to IR through
chromosomal aberrations. Moreover, previous reports
have suggested a relationship between p53-indepen-
dent late apoptosis and defects in the G1 or G2 check-
point, as well as the intra-S-phase checkpoint. The
previous findings and the results presented here indi-
cate that the defects in cell cycle checkpoints lead to
p53-independent late apoptosis following IR.
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