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Abstract

Nijmegen breakage syndrome (NBS), which in the past also has been
classified as a variant of ataxia telangiectasia (AT), is characterized by
cancer proneness and extreme sensitivity to ionizing radiation. We inves
tigated the DNA damage responses of four independent primary NBS
fibroblast cell lines. Following a low dose of ionizing radiation, p53 is
mostly induced with slower kinetics and shows more transient induction in
NBS fibroblasts. Nonetheless, this damage-induced protein appears bio

logically functional: unsynchronized and synchronized NBS cells show a
G] arrest after ionizing radiation as determined by bivariate flow cytom-

etry. Neither an AT cell line nor a NBS cell line transformed with human
papillomavirus genes E6 and E7 shows a G, arrest. Furthermore, NBS
cells show a normal (., block, unlike that shown for AT cells. These data

provide a cellular distinction between NBS and AT, thereby clearly sep
arating the NBS from the AT syndrome.

Introduction

NBS' is a rare human autosomal recessive disease that is charac

terized by developmental delay, microcephaly, immunodeficiency,
and a predisposition to develop cancer. NBS was first recognized as
a new chromosomal instability disorder by Weemaes et al. in 1981
(1). The classical chromosomal instability disorders include Bloom's
syndrome. Fanconi's anemia, and AT. NBS has also been called an

AT variant because of its similarities to AT. Cells from patients with
either NBS or AT display extreme radiosensitivity and chromosomal
instability (2).4 However, the phenotype of the patients differs; NBS

patients do not manifest the hallmark symptoms of AT, which are
cerebellar ataxia and oculocutaneous telangiectasia (2).4

The total number of NBS patients known to date is not large: more
than 40 NBS patients have been identified in Poland, Czechoslovakia,
and the Netherlands, and a few isolated cases have been reported in
other countries (reviewed; footnote 4). The rate of malignancies
reported in these patients is astounding. Of the first 19 patients
originally gathered in the Netherlands. 8 had developed a malignancy
(7 lymphomas and 1 meningioma) within 6 years of diagnosis with
NBS (3). Of eight patients described in Czechoslovakia, 50% of the
probands studied died from lymphoreticular malignancies in early
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childhood (4). The incident of malignancies in blood relatives is also
increased when compared to a control group of spouses (4).

Recent genetic evidence has clearly distinguished NBS and AT as
different mutations. The ATM gene was identified by positional clon
ing on Ilq23.1 (5). This chromosome region was excluded as the
origin of the defect in NBS, as affected siblings in five different NBS
families each inherited different alÃelesfrom their parents for the
region on chromosome llq containing the ATM gene (6). Further
more, microcell-mediated transfer of chromosome 11 into NBS cells

did not complement their radiosensitivity (7). However, the radiosen
sitivity of NBS cells was complemented with the chromosomal region
spanning 8q21-24 by irradiated microcell-mediated chromosome

transfer (8). In addition, recent linkage analysis has localized the NBS
gene to chromosome 8q21 (9).

Although NBS and AT are indicated to be distinct from each other,
they share many cellular attributes. Cell lines established from both
diseases are extremely radiosensitive and exhibit RDS after ionizing
radiation (2).4 Although AT and NBS cells both show increased

chromosomal abnormalities after radiation, they do not show any
difference in DNA single-strand break or double-strand break repair
compared to normal cells (2).4

Thus far, AT and NBS cells have been indistinguishable on the
cellular level. In this article, we further characterize the cellular
phenotype of NBS by studying the response of these cells to ionizing
radiation. Ionizing radiation causes random lesions throughout the cell
and causes cell death, if the induced double-strand breaks are not

repaired. A prominent effect of DNA damage is on the cell cycle. In
a normal cell, progression through the cell cycle can be halted at G,
and/or G2 in response to ionizing radiation. The G, arrest following
ionizing radiation is dependent on an ATM/p53 pathway (reviewed in
Ref. 2). ATM is also thought to be upstream of the Chkl pathway,
which is conserved from Schizosaccharomvces pombe and plays a
central role in the DNA damage-induced G,-M checkpoint pathway

(reviewed in Ref. 10).
The order of events leading to G, and G2 arrests following ionizing

radiation is abnormal in cells from AT patients. p53 protein up-

regulation following low doses of ionizing radiation ranges from
delayed and reduced to completely absent in AT diploid fibroblasts
(11, 12). As a consequence. AT fibroblasts do not show a normal G,
arrest, while NDFs and AT hÃ©tÃ©rozygotesafter 4 Gy of ionizing
radiation do (13). A defect in the G-. cell cycle arrest in AT cells after
y-irradiation has been reported by several groups (reviewed in Ref.

10). More specifically, it has been shown that exposure of AT cells to
ionizing radiation does not inhibit the S-phase cyclin A-cdk2 or
G2-phase cyclin B-cdk2 activities (14). In this article, we examine the

cell cycle progression of NBS fibroblasts by bivariate flow cytometric
analysis and the level of p53 protein after ionizing radiation. We show
that the induction of p53 in NBS cell lines is aberrant compared to a
NDF cell line. Despite the observed variation in p53 induction, NBS
cells arrest in the G, phase of the cell cycle after ionizing radiation.
This G | block is shown in several synchronized and unsynchronized
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CELL CYCLE CHECKPOINTS IN NBS

primary NBS fibroblast cell lines. The integrity of the G-, block in

NBS cells is shown by unsynchronized flow cytometry.

Materials and Methods

Cell Culture. AG 1522 (foreskin; Coriell Institute. Repository No.
AG01522B) is a NDF strain. GM7166 (fibroblast! Coriell Institute. Repository
No. GM07I66) is a NBS cell line. AG 1522 and GM7I66 are maintained in
a-MEM supplemented with 15% heat-inactivated fetal bovine serum. NBS/
89P319. a NBS fibroblast cell line, is maintained in Eagle's MEM supple

mented with 15% heat-inactivated fetal bovine serum. NBS/89RD202 and

NBS/91RD242 (fibroblasts; provided by W. J. Kleijer. Erasmus University.
Rotterdam, the Netherlands) are maintained in Ham's FIO medium supple

mented with 15% heat-inactivated fetal bovine serum. GM2052 (fibroblast:

Coriell Institute, Repository No. GM02052C) is an AT cell line and is main
tained in Eagle's MEM supplemented with 15% heat-inactivated fetal bovine

serum, a 2X concentration of essential and nonessential amino acids, a 2X
concentration of vitamins, and 2 mM L-glutamine. Routinely, cells were split
1:4 every 4-7 days and incubated at 37Â°Cin a humidified atmosphere with 5%

CO2.
Treatments for Immunoblot Analysis. Cells that were plated in a

100-mm dish and grown to 70-80% confluence were irradiated with a '37Cs

Â¡rradiator at room temperature with a total of 5 Gy (2.81 Gy/min). For UV
radiation, a dose of 9.47 J/m2 was given at 2.1 J/m2/s. For the 0-h time point,

the cells were always mock treated. Cells were collected at the times indicated
to make whole-cell lysates. After rinsing two times with PBS, cells were

dislodged from the plates with a cell scraper. Cells were rinsed once more with
PBS and freeze thawed two times before resuspending in PBS with protease
inhibitors (l /MMphenylmethylsulfonyl fluoride. 10 /j.g/ml antipain, 2 /AM
caproic acid, and 10 jag/ml chymostatin). After rapidly spinning the cell debris,
protein concentrations were determined by the Bradford assay (Bio-Rad).
Thirty ;u,g of the whole-cell lysates were resolved on a 10% SDS-PAGE gel

and electroblotted onto nitrocellulose membranes. Blots were blocked over
night in 5% milk at 4Â°C.Membranes were probed with anti-p53 DO-1 (Santa

Cruz Biotechnology). Detection was performed by enhanced chemilumines-
cence according to the manufacturer's instructions (Amersham Corp.). Induc

tion levels were determined by integrated density analysis using NIH Image
(version 1.60).

Treatments for Cell Cycle Analysis. Asynchronous cells were split 2 days
prior to the experiment and seeded at a density of approximately 8 X IO5cells
in 100-mm dishes. Cells were irradiated with a "7Cs -y-irradiator at room

temperature with a total of 5 Gy (2.81 Gy/min). For G0-G| synchronization,

cells were grown in flasks to 80-90% confluence, and then the medium was

changed to MEM with 0.5% serum for 48 h. After 48 h, the synchronized cells
were trypsinized and irradiated at 4Â°Cin suspension with a total of 5 Gy ( 1.63

Gy/min) and released into normal growth medium.
Cells were pulse labeled with 10 Â¡J.MBrdUrd for I h prior to collection. A

standard protocol supplied by Becton Dickinson was followed to fix the cells
in 70% ethanol. Subsequently, cells were incubated with anti-BrdUrd-FITC

(Becton Dickinson) and stained with PI. Samples were run on a Becton
Dickinson FACScan, and data analyses were performed using Flowjo version

2.2 (Tree Star, Inc.).

Results

NBS Fibroblasts: Cellular Phenotypes. To ensure that the effects
we observe are not a result of a unique mutation in the NBS gene, we
have studied several NBS primary fibroblast cell lines derived from
patients in different countries. GM7166 is a cell line established from
a skin biopsy of a 21-year-old female in the United States of Eastern

European decent (15), whose diagnosis was based on clinical symp
toms of NBS, as well as on cytogenetic studies. RDS of GM7166 has
been shown by Jaspers et al. (16). 89RD202 is a cell line established
from an affected fetus in Czechoslovakia, who was diagnosed prena-
tally by RDS.5 The cell line 91RD242 was established from a child of

5 W. J. Kleijer, personal communication.

Hungarian/Yugoslavian and American/English descent who clinically
showed symptoms of NBS (17).

The patient 89P319 and the cell line established from this patient
have been described briefly in a review (18). Cell line 89P319 was
established from a skin biopsy from a 7-year-old girl of Polish origin

who showed clinical symptoms of NBS, microcephaly, growth retar
dation, immunodeficiency, and Non-Hodgkin's B-cell lymphoma.

Clonogenic cell survival assays of this cell line demonstrate the
hypersensitivity of this NBS cell line to ionizing radiation (data not
shown). 89P319 also shows the characteristic and diagnostic RDS
after treatment with the radiomimetic drug bleomycin (200 /ng/ml).
Whereas the control cells reacted to the bleomycin exposure with a
decrease to 37% of the normal replicational activity, the treated
patient's cells showed an unchanged rate of DNA synthesis. Further

more, larger numbers of aberrant metaphases were scored after treat
ment with bleomycin compared to the normal control (data not
shown). At the lower concentration of 0.1 ju,g/ml of bleomycin. the
chromosomal breakage rate was increased 4-fold as compared to the

control. At 1 ju,g/ml of bleomycin. this difference was even more
pronounced, resulting in a 7-fold increase in the sensitivity of the
patient's cells.

Induction of p53 in Primary NBS Fibroblast Cell Lines follow
ing Ionizing Radiation. A time course of p53 induction following a
dose of 5 Gy of ionizing radiation was determined in several primary
NBS fibroblast cell lines (Fig. 1/4). Immunoblot analysis of p53
protein level in the NDF/AG1522 showed a clear increase in the p53
protein level by 11.9-fold at 1 h after irradiation, and the level
remained similarly high throughout the 6-h test period. The kinetics of

p53 induction in the NBS cell lines were altered compared with the
normal cell line and varied between the different NBS cell lines. In
NBS cell lines GM7166, 89P319. and 91RD242, p53 induction was
delayed from 1 to 3 h compared to the NDF. In addition, in two NBS
lines, GM7166 and 89P319, induction of p53 appeared to be more
transient with a reduction of p53 to uninduced levels by 6 h. In
contrast, the pattern of p53 induction for NBS/89RD202 resembled
that of the NDF. Although the kinetics of p53 induction varied among
the NBS cell lines, p53 protein levels were induced to 1.8-6.3-fold

higher than in the unirradiated controls in all cell lines.
To further investigate the aberrant p53 induction in NBS cells, we

also exposed GM7166 to UV radiation, because NBS cells are not
especially sensitive to UV irradiation ( 19). We chose a dose of 9 J/m2,

because this dose would result in a level of lethality similar to that of
5 Gy of ionizing radiation. An increase in the p53 protein level by
2.4-fold was seen by 3 h in the NDF AG 1522 (Fig. IÃŸ).This delay in

the induction of p53 compared to ionizing radiation has also been
described by Lu and Lane (20). A 2.7-fold induction of the p53

protein in NBS/GM7166 also occurred by 3 h. and the maximum
increase was observed at 6 h, which was similar to NDF/AG1522. It
appears, therefore, that NBS/GM7166 has a normal p53 response to
UV irradiation.

Ionizing Radiation of Primary Unsynchronized NBS Fibro
blasts Causes a G, Arrest. We tested the cell cycle response in the
four NBS primary fibroblast cell lines to -y-radiation to determine whether

NBS cells arrest in G,. Fibroblasts growing in log phase were irradiated
with 5 Gy, and samples were collected at numerous time points (typically
at 0, 4, 6, 8, and 12 h. with additional time points at either 10 or 24 h)
following irradiation. To assess the cell cycle distribution, cells were
pulse labeled with BrdUrd for 1 h before collection to determine the
proportion of cells in S phase. After collection, the cells were stained with
PI to label the DNA. The proportion of cells in G,, S, and G2-M was
assessed with two-dimensional flow cytometry.

In the initial set of experiments, we compared the cell cycle arrest
of NDF AG 1522 to NBS/GM7166; to an AT fibroblast cell line,
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Fig. 1. Western blol analysis of p53 after 5 Gy of ionizing
radiation in NBS fibroblasts. A. NBS fibroblast cell lines
(CM7IM>. H9P3I9. 91RD242. and 89RD202} and a NDF cell line
MG/-522) were irradiated with 5 Gy of ionising radiation, and
total cell lysates were collected after 0 (mock). 1, 3, and 6 h.
Anti-p53 DO-1 antibody was used to detect the protein levels on
a 10* SDS-PAGE gel. B. pS3 levels in NDF/AGI522 and in
NBS/GM7166 after 0 (mock). I. 3. and 6 h following 9.47J/m2 of

UV radiation.

A p53 Induction after 5 Gy of Ionizing Radiation

p53-

01 36|01 36|013 6 01 3 6 I 0 1 36

NDF/AG1522 NBS/GM7166 NBS/89P319

B p53 Induction after 9.47J/ m2 of UV Radiation

p53- . Â«â€¢>Â«â€¢ - W

101 3 6 I 0 1 3 6 I

NDF/AG1522 NBS/GM7166

NBS/91RD242 NBS/89RD202

GM2052; and to NBS/GM7166, immortalized by transfection with
HPV Eft and E7. These experiments were performed at least twice,
and a representative result is shown in Fig. 2. Only 0-, 6-, and 12-h

time points are shown for clarity. The percentage of cells in G,, early
and late S, and GrM is given in Table 1. In the NDF, depletion of
early S-phase cells became apparent by 6 h following ionizing radi
ation (Fig. 2/4, middle), and by 12 h, only very few S-phase cells

persisted (Fig. 2A, right). Most of the cells were arrested in G, or G2.
The untransformed, primary NBS fibroblast GM7166 behaved in a
similar manner, showing a clear depletion of early S-phase cells by 6 h

following ionizing radiation (Fig. IB, middle) and a complete G,
arrest by 12 h with very few cells in S phase (Fig. 2B. right). These
observations are contrary to the lack of G, arrest reported for fibro
blasts derived from AT patients after a low dose of ionizing radiation
(13). To demonstrate this contrast between NBS and AT, we also
analyzed the AT fibroblast cell line GM2052 (Fig. 2Q. No obvious
depletion of early S-phase cells was apparent throughout the 24-h time

course. The slight decrease of cells in S phase at 12 h was probably
due to the fact that the cells started to become confluent in the dish,
resulting in a decrease of overall S-phase labeling by BrdUrd (Fig. 1C,

right). Although AT cells have a defective G, arrest and continue to
cycle, the percentage of cells in G, as shown in Table 1 does not
change with time. This lack of fluctuation in the G, population may
reflect the fact that AT cells grow poorly in culture, and so. as a result,
a large number of noncycling cells resided in G0-G, at all times

examined.
As a further control for the NBS cell line, we analyzed the GM7166

cell line transformed with the HPV genes E6 and E7 (Fig. 2D). The
HPV E6 gene product has been documented to facilitate degradation
of p53 in a ubiquitin-dependent pathway (21), rendering the cell
effectively p53-minus. Similarly to the AT cell line, there was no G,

block evident after ionizing radiation at all time points examined.
Furthermore, these cells are more efficient at DNA synthesis (BrdUrd
incorporation) in less optimal conditions compared to the AT cells,
given that no change in S-phase labeling was observed throughout the

time course examined (Fig. ID, right). These cells blocked in the
G2-M phase of the cell cycle, and, thus, a gradual depletion of the cells

in the G | phase was seen (Table 1).
Bivariate flow cytometric analyses of three more independent pri

mary NBS fibroblast cell lines, 89P319. 89RD202, and 91RD242,
revealed results similar to those of NBS/GM7166. All NBS fibroblast
cell lines examined showed the start of an early S-phase depletion by
6 h and progressed to a clear depletion of the early S-phase cells by
8 h after treatment with ionizing radiation. The percentages of G,-, S-,
and G2-M phase cells from these bivariate flow cytometric analyses

are shown in Table 1. From the full series of time points examined,
only 0 (mock), 6, 8 (or 9), and 12 h are shown. To analyze the kinetics

of the cell cycle arrest, we distinguished between cells in early and
late S phase in Table 1. Two of the NBS cell lines, GM7166 and
91RD242, showed the immediate early depletion of S-phase cells like
the NDF. In NBS/89P319 and NBS/89RD202, early S-phase deple

tion was better observed at 8 h. Most importantly, all of the NBS
primary fibroblast cell lines showed a G, arrest comparable to the
NDFs by 12 h. This was characterized by a progressive fall in the
percentage of cells in S phase in the first 12 h after irradiation, with
little or no fall in the percentage of cells in G, (Table 1 and Fig. 3).
As the percentage of cells in S phase at the start of the experiment
varied, because the NBS cells do not grow as profusely as the NDFs,
Fig. 3 depicts the percentage of S-phase cells normalized to the

percentage of cells in S phase at 0 h.
y-Irradiation of Synchronized Primary NBS Fibroblast In

duces a G, Arrest. We studied the effects of DNA damage produced
by y-irradiation of cells synchronized in G,,-G, to further characterize

the G, arrest of NBS fibroblasts. The NDF AG 1522 and the untrans
formed NBS fibroblast GM7166 were synchronized in G0-G, by
contact inhibition and low-serum conditions. After synchronization,
the G()-G, populations for NDF and NBS cells were 94 and 91%,

respectively, as demonstrated by the DNA content (Fig. 4, A and D).
Following the release into normal growth medium, progression
through the cell cycle was followed by bivariate flow cytometric
analyses at 12, 16, 21, and 24 h (data not shown). In our hands,
S-phase cells for both cell lines become apparent by 21 h. By 24 h,

21% of the NDF had progressed into S phase (Fig. 4B), and 13% of
NBS cells had entered S phase (Fig. 4Â£).

In parallel, we irradiated the synchronized NDF and NBS fibro
blasts with 5 Gy just prior to releasing into normal growth medium.
Cell cycle stages were assessed after 24, 48, and 72 h by bivariate
flow cytometric analyses on both the NDF and the NBS fibroblasts
(Fig. 4, C and F, respectively). In both cell lines, less then 1% of S
phase cells could be observed 24 h after irradiation and release [Fig.
4, C (left) and F (left)]. Later time points for NDFs revealed a low
percentage of cycling cells with an indication of a G, block at 4 N
DNA content, but the majority of the cells remained blocked in G,
even after 72 h (Fig. 4Q. The NBS cells arrested even more com
pletely in G, with less than 1% of the cells in S phase throughout the
time points examined (Fig. 4F). We conclude that primary NBS
fibroblasts show a G, arrest comparable to NDFs following DNA
damage caused by ionizing radiation.

Ionizing Radiation of Primary Unsynchronized NBS Fibro
blasts Causes a G2 Arrest. The unsynchronized NBS fibroblast cell
line GM7166 was given 5 Gy of ionizing radiation, and samples were
collected at 0 (mock), 6, 9, 12, 24. 48, and 72 h after irradiation for
analysis with bivariate flow cytometry. There was no difference seen
in the gradual increase and irreversible accumulation of G2-phase
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Fig. 2. Cell cycle analysis of NBS compared to NDF, AT,
and E6 and Â£7-transformed NBS cells after ionizing radia

tion. Exponentially growing unsynchronized NDF/AGI522
(A), NBS/GM7I66 (B), AT/GM2052 (C), and Â£6and E7-
transformed NBS/GM7I66 (O) were irradiated with 5 Gy
and collected at various time points after irradiation. Shown
are 0-h (mock), 6-h. and 12-h time points. BrdUrd was
pulsed for I h prior to the collection times indicated. The
samples were fixed and stained with PI and anti-BrdUrd-
FITC and analyzed by flow cytometry. A. left, typical anal
ysis to determine the cell cycle states. The G, cells have 2 N
DNA content but no BrdUrd incorporation. The G2 cells
have 4 N DNA content and twice the PI content compared to
G, cells but no BrdUrd incorporation. The S-phase cells have

between a 2 N and a 4 N DNA content and are the only cells
that can incorporate BrdUrd, which is a thymidine analogue,
during the pulse. The varying degrees of BrdUrd content
reflect the progress through DNA replication.

A NDF/AG1522
0 hr (mock) TSoo

S

GÃ¬ G2

6hr

|T''V?Â»'?*.\ W

12 hr

.TO 1000 1500 O 500 1000 1500 O
PI PI

B NBS/GM7166

' I ' ' ' ' I

.500 1000 1500
PI

O hr (mock)

Ml>-

(ihr

i'"- .*.'-.'?*â€¢?'
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PI

12 hr
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' I '
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C AT/GM2052
O hr (mock) 6hr

500 1000
PI

12 hr

500 1000 1500
PI

D E6,E7/GM7166

I-

Ohr (mock) 6hr

500 1000 1500 O
PI

12 hr

' I '
1000

cells by 24 h for the normal control (AG 1522) and NBS/GM7166 cell
lines (data not shown). To observe the reversible accumulation of cells
in G-, phase, 2 Gy of ionizing radiation were given to NDF/AG 1522
and NBS/GM7166. Collection time points were the same as for the
5-Gy experiment. Representative results are plotted in Fig. 5, reveal

ing the normal capacity of NBS/GM7166 cells to temporarily arrest in
the G2 phase. For NBS/GM7166 and NDF/AG 1522, the peak of the
G2-phase cells was determined by the number of cells in S phase at
0 h. As the S-phase cells declined from 0 to 12 h after ionizing
radiation, the G2-phase cells increased by that same percentage. As

more of the NDF/AG1522 were in S phase at the start of the exper
iment, the number of cells arresting transiently in G, was accordingly
higher. By 24 h, this G-, block had been reversed for both NDF/

AG1522 and NBS/GM7166, and both cell lines maintained a similar
G2 population throughout the time course examined.

Discussion

NBS is one of the few human inherited disorders with a chromo
some breakage phenotype and a high rate of cancer.4 It therefore

provides a unique opportunity to study the role and function of
chromosomal instability in causing cancer. NBS is the most recent
disorder to be recognized as a distinct clinical entity, as it previously
had been classified as an AT variant.4 In this article, we are the first

to report a distinction between AT and NBS on the cellular level.
Following DNA damage caused by a radiation dose similar to that
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Table 1 Cell cycle analysis after 5 Gy: percentages of cells in G/, early S,
late S. and G2-M

CelllinesNDF/AG1522Oh6h9

h12
hNBS/89P319Oh6h8h12

hNBS/89RD202Oh6h8h12hNBS/91RD242Oh6h8h12hNBS/GM71660

h6h9h12

hE6.E7/GM7I66Oh6h8h12hAT/GM2052Oh6h8h12hG,34263435676463647568666774747572625862604533281968616160Early

S213.21.10.222.71.40.910.352.72.80.380.226.11.90.710.15U2.90.630.35121615137.87.77.94.3LateS23237.11.86.16.15.91.36.18.12.90.898.17.76.92.711136.10.98171818206.69.49.07.8TotalS4426.28.22.028.87.56.811.658.810.93.281.1114.29.67.612.852215.96.731.332934333314.417.116.912.1G2-M22465763242830351620303211161825162631392633394717222228

given in radiation therapy. NBS fibroblasts arrest in the G, phase of
the cell cycle. We studied four NBS cell lines derived from patients
with different ethnic backgrounds to exclude analyzing the effect of
one particular mutation in the gene underlying the NBS defect. All
four cell lines show a G, arrest comparable to that seen in NDFs,
although the kinetics can be slower by 2 h. We have shown the
kinetics of this G, arrest by two-dimensional flow cytometric analysis

of unsynchronized cells and the intactness of this block with synchro
nized cells. Previous studies on the G, arrest in NBS cells had
remained inconclusive, as only one or two patients were studied, only
one-dimensional flow cytometric analysis was used, and all of the
studies used very limited time points (22-25).

The G, cell cycle arrest following ionizing radiation is p53 depend
ent (reviewed in Ret".2). Although p53-independent pathways for a G,

arrest have been described, they occur following exposure to agents
that do not damage DNA, such as exposure to mitogens (26) or
hypoxia (27). Interestingly, we find that the p53 induction following
DNA damage is slower with lower induction levels and possibly more
transient in NBS fibroblasts compared with normal fibroblasts. Re
cently, in another study, no p53 induction in NBS cells following
ionizing radiation could be observed (23). One possibility for the
discrepancy with our results is the use of mostly immortalized lymph-

oid cells in the study by Jongmans el al. (23) compared to the mortal
fibroblasts in our study. However, we were able to observe p53
induction following y-irradiation in lymphoblastoid NBS cells (data

not shown). In our hands, the lymphoid cells had a doubling time of
32 h compared with 48 h in the study by Jongmans et al. (23). Our
data suggest that growth conditions are important in studying p53
induction, as we observed differences in the levels and in the kinetics
of p53 induction in both normal and NBS cells, depending on passage
number and confluence. It is therefore possible to miss the transient
p53 induction in NBS cells. We cannot exclude, however, that p53

induction in NBS cells ranges from normal to delayed, as observed in
our study, to completely absent, as reported in the study by Jongmans
et al. (23). Most importantly though, we view the existence of a G,
arrest following ionizing radiation in NBS fibroblasts as a more
significant result than inductions of individual proteins, because it
confirms the intact function of a biological process.

The relationship between aberrant G, and G2 arrests and genomic
instability is quite intriguing. The original model on how p53 acts as
the guardian of the genome postulated that cells were delayed at the
transition point from G, to S phase to ensure proper DNA replication
(28, 29). The phenotypes of AT cells with their radiosensitivity,
aberrant p53 induction, lack of a G, arrest following ionizing radia
tion, and chromosomal instability were used to formulate this model
(29). However, p53-minus cells are not radiosensitive and are capable

of repairing DNA damage without blocking in G, (reviewed in Ref.
30). Hence, it is important to distinguish between the p53-dependent
G, arrest, which seems to affect the genomic stability, and the p53-

independent DNA repair processes, which might affect cell killing
(31). AT cells also display a defective G2 arrest after y-irradiation,

which may also contribute to the genomic instability seen in these
cells (2). According to this model, AT cells are genomically unstable
because of their aberrant G, and/or G2 arrests, and they are radiosen
sitive because of their deficiency in chromosomal repair (32). How
ever, the question of whether the genomic instability in AT cells is a
direct result of the lack of G, and/or G2 arrests or a more complex
event has not been answered. Because NBS cells have the same
cellular phenotype as AT cells with aberrant p53 induction and
chromosomal instability, but have functional G, and G2 arrests, they
represent a unique model to discern the effects of p53, G, and G2
arrests, and chromosomal repair. Genomic stability may require both
a physical arrest of damaged cells in G, or G2 and a genomic
surveillance process. This genomic surveillance could be an integral
part of the G, and/or the G-, arrests, a sequential event, or a completely

independent event. According to this model, NBS cells are efficient in
the physical halting of cell cycle progression, but they are still
deficient in their genomic surveillance. The first indication of such a
separation of the cell cycle arrest and chromosomal instability was
recently shown by complementation of some, but not all, of the
phenotypes in AT cells (33). Additional detailed studies on the extent
and the character of genomic instability and the possible causes of

Fig. 3. Total S-phase cells after ionizing radiation of different NBS cell lines. Four
untransformed NBS fibroblast cell lines (89P319. 89RD202, 91RD242. and GM7166).
NDF/AG1522, E6 and Â£7-transformed NBS/GM7166. and an AT cell line (GM2052)
were irradiated with 5 Gy of ionizing radiation. Samples were collected at 0 h (mock; â€¢¿�),
6 h (D), 8 or 9 h (â€¢).and 12 h (n) for analysis with bivariate (low cytometry. The total
S-phase cells for 0 h (mock) were normalized to 1, and the relative numbers of S-phase

cells for the other time points were calculated accordingly.
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Fig. 4. Cell cycle analysis of synchronized NBS after ioni/ing radiation. NDF/AGI522 and NBS/GM7I66 were synchronised in G,,-G| by contact inhibition and low serum
conditions. Prior to releasing into growth conditions, a small number of cells were fixed and stained with only PI for indication of the purity of the G,,-G, population (A and
D). B and E, synchronized cells after 24 h in growth medium for NDFs and NBS. respectively. Percentages of S-phase cells are as indicated within each graph. C. synchronized
NDF irradiated with 5 Gy immediately before release into growth medium. Samples were collected at 24. 48. and 72 h after release and radiation. F. analogous series of
experiments for NBS.

chromosomal instability in NBS cells are currently being conducted in
our laboratory.

We have shown here that NBS cells have an aberrant p53
response, with slower kinetics and transience in their induction in
some cell lines, but do arrest in the G, phase of the cell cycle
following ionizing radiation. Furthermore, NBS cells are also
capable of arresting in the G2 phase after irradiation. This is the
first time a clear cellular difference between AT and NBS cells is
reported. As presented here, in conclusion, NBS is a unique model

O
Â«

s 20

10- "4^K^*:^^^""-*â€¢_.-.__..
&|/

Fig. 5. Transitory G, phase arrest in NBS cells. Unsynchronized NDF/AG1522 and
NBS/GM7166 were irradiated with 2 Gy of y-irradiation. and collection of samples was
done at 0 (mock). 6. 9. 12. 24,48. and 72 h after irradiation. After analysis with bivariate
flow cytometry, the percentages of the cells in G2 and S phases were graphed. D.NDF/AG1522, G,-M; 0, NBS/GM7I66, G2-M; O."NDF/AG1522, S phase; A. NBS/

GM7I66. S phase.

to study the effects of DNA damage caused by ionizing radiation
and to distinguish the roles of p53 induction, G, and G, cell cycle
arrests, and genomic instability.
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