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Figure 4. H2AX-diminished quiescent cell status is regulated by p53. A. DNA replication stress-associated H2AX diminution status was
determined in p53-KO MEFs as in Figure 2E, in which H2AX was not down-regulated, even in primary MEFs. B-F. Primary p53-KO MEFs were cultured
during the senescing and immortalizing processes (B). H2AX status was determined by Western blotting (C), morphological assessment (D), genomic
status determined by flow-cytometry (E), and chromosome spread (F). Although p53-KO MEFs never showed major changes in H2AX expression,
tetraploidization or growth arrest, p53-KO MEFs still exhibited a senescent morphology (P8) before achieving an immortalized morphology (P14).

doi:10.1371/journal.pone.0023432.g004

Mutation of the Arf/p53 module is induced with
tetraploidization, triggered by DNA replication stress
under moderately decreased H2AX levels in normal cells

Whereas p553-KO-MEFs are immortalized with diploidy
(Fig. 4E, ¥), WT-MEFs arc never immortalized only after
tetraploidization [10] (Fig. 1B, C; Fig. 3B, C; Fig. 4E, F) and
loss of Arf/p53 [22]. This suggests that the mutation of the Arf/
p53 module in WT-MEFs is induced during tetraploidization.
Supporting this argument, p53-dependent quiescence produced by
diminished H2AX is maintained under diploidy preservation but
abrogated after tetraploidization with mutation in the Arf/p53
module and the resulting H2AX rccovery (Fig. 3). Therefore,
normal WT-MEFs are protected from immortalization by a
quicscent cell status, as long as the genome is preserved in
diploidy. However, under continuous growth stimulation, tetra-
ploidization also spontancously arises in WT-MEFs but, unex-
pectedly, not in p53-KO-MEFs.

@ PLoS ONE | www.plosone.org

As tetraploidization was observed at the senescent stage under
conditions of continuous growth stimulation that induce DNA
replication stress (Fig. 3), the underlying reason for tetraploidiza-
tion in WT-MEFs but not in p53-KO-MEFs might be associated
with the repair deficiency that also occurs in an H2AX-diminished
background. To examine the tetraploidization risk under an
H2AX-diminished background, MEFs of cach type were treated
with  HU for 36 hours and the incidence of bi-nucleated
tetraploidy formation was compared (Fig. 5A). As expected, HU
treatment-associated H2AX diminution (Fig. 2E) resulted in
tetraploidization in primary WT-MEFs but not in immortalized
WT-MEFs or p53-KO-MEFs (Fig. 5A). Thus, although normal
cells become quiescent with largely diminished H2AX under
diploidy, senescing cells with residual H2AX under growth
stimulating conditions arc potentially at risk of developing
tetraploidy in response to DNA replication stress.

TFinally, to address changes in DNA replication stress-sensitivity
during serial proliferation of normal MELS, the repair efficiencies
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doi:10.1371/journal.pone.0023432.g005

of DNA replication stress-associated lesions were compared
between early passage and senescent MEFs with the decay of
the YH2AX signal after release from HU treatment (Fig. 5B).
Unlike carly passage MEFs (P2), senescing MEFs (P6) were
deficient in repairing HU-associated DNA lesions (Fig. 5B), in
which MEFs show slow cell-cycle progression and residual H2AX
expression. This is in contrast to quiescent MEFs with largely
diminished H2AX level that show neither detectable cell cycle
progression nor DNA replication stress. Thus, normal cells under
serial proliferation decrease H2AX expression; thereby, cells slow
growth activity and become defective in DNA repair. In such cells,
cellular homcostasis is preserved by quiescence under largely
diminished H2AX level regulated by p53 as long as diploidy is
preserved. However, these cells are simultancously at increased
risk of tetraploidization with p53 dysfunction under continuous
growth acceleration, resulting in the development of immortality
and recovery of H2AX activity and cell growth (Fig. 5C).

@ PLoS ONE | www.plosone.org

Discussion

The results of this study revealed the following novel concepts:
(i) normal cells generally achieve quiescent status with diminished
H2AX level both i vitro and in vive, and this is regulated by p53; (i)
growth arrested normal cells with senescent morphology can be
defined as either (a) those in a continuous quiescent status with
largely diminished H2AX level or (b) those in a transient status
with inducing genomic instability and the resulting onset of
immortality, under which cells accumulate YH2AX foci; (iii) to
protect cells from immortality, one of the critical roles of p33 is the
induction of growth-arrest via the down-regulation of H2AX with
cellular quiescence. Cells in H2AX diminution-associated quies-
cence are shown in the cause of mature and premature senescence,
during which cells show senescent morphology (Fig. S1), probably
because these cells are repair defective (Fig. 5B). However such
repair deficiency is also associated with genomic instability
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development under accelerated growth stimulation, resulting in
immortality acquisiion with Arf/p53 meodule mutation and
H2AX recovery.

Since growth-arrested cellular status with senescent morphol-
ogy is directly induced by H2AX-knockdown (Fig. 2F), H2AX
down-regulation is involved in a cause of quiescent cellular
status. On the other hand, residual H2AX-expression in
senescent cells is an associated effect for tetraploidization and
immortalization: residual H2AX in senescent cells are only
observed under accelerated growth stimulation (Figs. 1 and 3),
under which cells are subjected to DNA replication stress and
exhibit YH2AX, resulting in tetraploidization. Thus, even
though cells arc morphologically senescent with no growth in
total cell number, cellular statuses could be either cells
developing genomic instability under continuous growth accel-
cration (Std-3T3) or continuously quiescent cells under occa-
sional arrest (tSD-3T3).

Unlike highly accumulated p53 that induces apoptosis, the Arf/
p53 module under normal conditions functions for longevity by
suppressing tumors in mice and giving protection from immortal-
ization in MEFs [22]. Here, our results illustrated that such
cellular status is produced with H2AX diminution-associated
quiescence by protecting from immortalization under normal p53
regulation but is abrogated by Arf/p53 module mutation that is
induced with tetraploidization under continuous growth stimula-
tion, resulting in recovery of H2AX and growth activity. Unlike
cells undergoing apoptosis, cells preserving quiescence under
normal conditions do not accumulate p33 protein [10], which is
probably associated with p33 function expression for quiescent
status preservation but not for apoptosis induction. Intriguingly,
such p53-dependent H2AX diminution was only observed after
cells reach growth arrest both @ vivo and in vitro but not growing
cells in early passages and in organs from young mice (Fig. 2). In
accordance with this, the expression of p33 targets Sidt2 and
Phlda3, which are likely associated with tumor suppression [32],
were elevated after cells become H2AX diminution-associated
quiescent (P7) compared to cells in carly passage (P3) (Fig. S6).
However, similar to p33 protein, the increase in p53 transcript is
also limited (Fig. S6). Thus, p53 function is expressed for apoptosis
with accumulated p53, otherwise for H2AX-diminution associated
quiescent status preservation under normal regulation without
accumulating p53.

Except for tumors associated with specific chromosomal
translocation, development of most cancers as well as i wifro
cellular transformation is associated with genomic instability of
either CIN or MIN [2,3]. Importantly, tetraploidization, a major
initial form of CIN under a mismatch repair proficient
background is induced with oncogenic stress by accelerated S-
phase entry [10], leading to immortality acquisition in MEFs with
mutation in the Arf/p53 module. Here, our results showed that
quiescence could be preserved with largely diminished H2AX and
diploidy preservation under the regulation of p53. Although
H2AX down-regulation is only observed under functional p53
regulation, it is still unclear how p53 down-regulates H2AX. Our
results showed the reduction of total H2AX transcript during the
senescing process (Fig. S4) and a damage-induced decrease of
H2AX protein under functional p33 regulation (Fig. 2E; Fig. 4A,
B). Although p53 role for H2AX down-regulation is unclear, the
regulation might be indirect because (1) there is no p53-binding
site on the H24X promoter, (2) there is no signal of the H24X gene
with ChIP-on-CHIP analyses against p53 [33], (3) H2AX
expression does not associate with the activation level of pd3 as
we observed no association between H2AX expression and p53
activation (Fig. S7).

@ PLoS ONE | www.plosone.org
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Together, our results provide a rationale for the regulation of
cellular homeostasis preservation. By prohibiting immortality
development and preserving quiescent cell status, p53 induces an
H2AX diminution-mediated quiescent status. However, this status
is abrogated by continuous growth stimulation, which results in the
induction of genomic instability with mutation of the Arf/p53
module, which leads into H2AX recovery, the restoration of
growth activity, and immortality acquisition (Fig. 5C).

Methods

Ethics Statement

Mice were treated in accordance with the Japanese Laws and
the Guidelines for Animal Experimentation of National Cancer
Center. All experiments were approved by The Committee for
Ethics in Animal Experimentation of National Cancer Center
(approval ID numbers: A59-09 and T07-038).

Cell culture and tissue samples

Gells were cultured as described previously [34]. Both wild-type
and p53-KO MEFs were prepared from day 13.5 embryos of wild
type and 55+ ) mice [35] as previously described [34] and
cultured under the standard 313 (Std-313) passage protocol [36]
or with the following modifications: tSD-3T3. Senescing MEFs (P6
or P8) were maintained under tSD-3T3 conditions for the
experiments shown in Figures 2, 3, 4, 5. NHFs (normal human
umbilical cord fibroblasts; HUC-F2, RIKEN BRL Cell Bank)
were cultured under Std-3713 conditions. Resveratrol treatment of
NHFs was performed as for MEFs. For the H2AX shRNA study,
the reported sequence oligonucleotide [37,38] was inserted into
the pSuper.retro.puro vector (Oligoengine) and the shRNA virus
was then prepared using 2937T cells. The virus was infected into
NHF cells and selected with puromycin. Mouse tissue samples
were prepared from mice at the ages indicated (Sankyo Labo
Service).

DNA damage and induction of replication stress

DSB damage was induced by neocarzinostatin (Pola Pharma,
Tokyo, Japan) treatment. For induction of DNA replication stress,
MEFs were trcated with hydroxyurea (HU).

Antibodies, immunostaining and Western blotting

Antibodies against YH2AX (JBW301, Upstate Biotechnology)
and H2AX (Bethyl) were used for immunostaining and Western
blot analysis. Antibodies against B-actin (AC-74, Sigma), PCNA
(Santa Cruz) and histone H3 (ab1791, Abcam) were used for
Western blot analysis. Prior to immunostaining with primary and
secondary antibodies, cells were fixed with 4% paraformaldehyde
for 10 min and permeabilized with 0.1% Triton X-100/PBS for
10 min. Western blot analysis and confocal microscopy were
performed as described previously [10].

Transcription level analyses with RT-PCR

Total RNA was extracted from MEFs with the RNeasy system
(Sigma). RNA (0.8 ug) was reverse-transcribed using a cDNA
Archive kit (Applied Biosystems) and subjected to PCR. The
following PCR primers were used: H2axf, 5-TTGCTTC-
AGCTTGGTGCTTAG-3'; H2axr, AACTGGTATGAGGC-
CAGCAAG; B-actinf, CATCCAGGCTGTGCTGTCCCTGTA-
TGC; and B-actin, GATCTTCATGGTGCTAGGAGCCA-
GAGC; Trp53-F, CGGATAGTATTTCACCCTCAAGATGC-
CG; Trp53-R, AGCCCTGCTGTCTCCAGACTC; Sidt2-F,
CGGAAGGCTGGTTTCTGAGTTTCCG; Sidt2-R, CTGTA-
AACGCCAAGGACCAGAA; Phlda3-F, CGGTCCATCTAC-
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TTCACGCTAGTGACCG; Phlda3-R, TGGATGGCCTGTT-
GATTCTTGA; Gapdh-F, AACTTTGGCATTGTGGAAGG;
Gapdh-R, ATGCAGGGATGATGTTCTGG. The amplified
products by Ampli7ag Gold (Applied Biosystems) were separated
on a 2% agarose gel and visualized with ethidium bromide.
Otherwise, real-time PCR assay was carried out using Power
SYBER green PCR Master kit (ABI).

Chromosome spreads

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

Supporting Information

Figure S1 Representative images of MEFs during the
lifespan. MEFs cultivated as in Figure 1A top lead into either
immortality development under Std-3T3 or quiescence preserva-
tion under tSD-3T3. After serial cultivation, MEFs become
morphologically senescent, i.e., flattened and enlarged morphol-
ogy (P9) under both Std-3T3 and tSD-3T3 conditions. While
continuous MEF-culture under tSD-3T3 preserved the quiescent
status with continuously senescent morphology, continuous MEF-
culture under Std-3T3 lead to the sporadic emergence of
immortalized colony from the senescent MEFs. Immortalized
MEFs (IP2) are morphologically escaped from senescence and
rather similar to that in carly passage (P3).

(TIF)

Figure 82 H2AX diminution is also observed in adult
mice organs. Samples were prepared from five week (5W), five
month (5M) and seven- or nine-month-old mice (7M or 9M).
Compared to five months old organs, H2AX protein level is
diminished in Testis (9M), Brain (7M), and Colon (7M), in which
the diminution levels are lower than those in Liver, Spleen, and
Pancreas. In Heart and Thymus, H2AX levels did not altered the
alteration in through 5 weeks old to 7 or 9 months old.

(T1F)

Figure 83 H2AX diminution is also shown in damage
induced premature senescence. Premature senescence was
induced with NCS trecatment as shown schematically in the top, in
which each red arrowhead represents 100 ng/ul NCS treatment.
Premature senescence by damage was induced with H2AX
diminution, in which cclls showed typical senescent morphology
of flattened and enlarged.

(T1E)

Figure 84 H2AX transcript is decreased in quiescent
MEFs. Decrease in H2AX mRNA level in senescing MEFs was
observed by RT-PCR (right panel) and is compared with protein
diminution (left panel).

(TIF)

Figure 85 H2AX over-expression accelerates immortal-
ity development in MEFs with tetraploidy. A. Experimen-
tal scheme of H2AX over expression. After transfection of H2AX-
over expressing (H2AX-OE) or empty control vectors into early
passage MEFs (P3), the transformed MEFs were selected, re-
plated, and maintained in complete medium until immortalized
cells appeared. B. Growth curves of MEFs during the experiments

@ PLoS ONE | www.plosone.org
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in A. MEFs before transfection and re-plating, MEFs transfected
with H2AX-over-expressing vector, and MEFs transfected with
cmpty control vector are indicated by black closed squares, red
open circles, and black open diamonds, respectively. MEFs over-
expressing H2AX showed accelerated development of immortal-
ity. G. H2AX status was determined as indicated in the figure.
Although senescence was induced in the transfected and selected
MEFs, H2AX over-expressing MEFs show higher levels of H2AX
after the selection resulting in the development of immortality with
H2AX recovery. D. Representative MEF images during acceler-
ated immortality development with H2AX over-expression and
controls, MEFs transfected with the H2AX over-expressing vector
showed an efficient escape from senescence, while MEFs carrying
the negative control vectors remained senescent with a flattened
and enlarged morphology. E,F. Genomic instability status in
immortalized MEFs (IP3) that were developed with H2AX over-
expression was assessed by flow-cytometry (E) and Giemsa staining
of M-phase chromosome (F).

(TTF)

Figure S6 pb3 expression in senescing MEFs. 'To
determine p33 expression in the cause of senescence, the
expression levels of p533 and the targets (Sidt2 and Phlda3) that
arc likely associated with tumor suppression were compared
between early passage (P2) and senescent MEFs (P7) under tSD-
3T3 conditions. Along with H2AX diminution under p53
proficient background after serial cultivation, the expressions of
Sidt2 and Phlda3 were observed in senescent MEFs (P7), in which
the change in the expressed p33 transcript is limited.

(TIF)

Figure S7 p53 activation shown by miR34a expression
in primary wt-MEFs after damage is not directly
associated with H2AX expression levels at least for
transcript regulation. A. To confirm p33 dependent DNA
damage response, wt- and p53”/ -MEFs in primary and
immortal were treated with 200 ng/ml neocarzinostatin (NCS)
for 6 hours and the expression of p33-target miR34a was assessed.
As expected, miR34a expression was shown after NCS treatment
in primary wt-MEFs (wild type) but neither in immortalized wt-
MEFs nor in p53~/~"-MEFs. B. To determine the pS3-activation
associated change in the expression levels of H2AX transcript,
mRNA levels of H2AX in MEFs treated as in A were analyzed.
Whereas p33 is activated after NCS treatment in primary wt-
MEFs, H2AX transcript levels were stable, suggesting no direct
regulation by p53 transcription factor for H2AX expression. The
PCR primers for miR34a were used from miRNA-specific primers
(ABI) with snoRINA202 (ABI) for the control. Real-time PCR assay
was carried out TagMan microRNA assay kit (ABI).

(TIF)
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Abstract. Bloom syndrome (BS) is a rare autosomal genetic
disorder characterized by lupus-like erythematous telangi-
ectasias of the face, sun sensitivity, infertility, stunted growth,
upper respiratory infection, and gastrointestinal infections
commonly associated with decreased immunoglobulin levels.
The syndrome is associated with immunodeficiency of a
generalized type, ranging from mild and essentially asympto-
matic to severe. Chromosomal abnormalities are hallmarks of
the disorder, and high frequencies of sister chromatid
exchanges and quadriradial configurations in lymphocytes and
fibroblasts are diagnostic features. BS is caused by mutations
in BLM, a member of the RecQ helicase family. We deter-
mined whether BLM deficiency has any effects on cell growth
and death in BLM-deficient cells and mice. BLM-deficient
EB-virus-transformed cell lines from BS patients and embry-
onic fibroblasts from BLM™ mice showed slower growth than
wild-type cells. BLM-deficient cells showed abnormal p53
protein expression after irradiation. In BLM” mice. small
body size. reduced number of fetal liver cells and increased
cell death were observed. BLM deficiency causes the up-regu-
lation of p53. double-strand break and apoptosis, which are
likely observed in irradiated control cells. Slow cell growth
and increased cell death may be one of the causes of the small
body size associated with BS patients.

Introduction

Bloom syndrome (BS) is a rare genetic disorder caused by
mutations in BLM, a member of the RecQ helicase family (1).
There are five human RecQ-like proteins (RECQLI, BLM,
WRN, RECQL4 and RECQS5), each having 3' to 5' DNA
helicase activity, but little sequence similarity outside the heli-
case motifs (2,3). Three of these helicases (BLM, WRN and
Rothmund-Thomson) show genomic instability and cancer
susceptibility; however, each also has distinctive features
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(4,5). The unique features of BS are severe pre- and post-natal
growth retardation and a wide spectrum of cancer types that
develop at a young age. Other BS phenotypes include facial
sun sensitivity, immunodeficiency and male sterility/female
subfertility (6,7). Compared with Werner syndrome, small
body size is one of the characteristic features associated with
BS patients.

Here, we determined whether BLM deficiency has any
effects on the cell growth and death of BLM-deficient cells
and mice.

Materials and methods

BS patient. AsOk, who was identified in the BS registry as
number 97, weighed 2.250 g at birth. Café-au-lait spots and
mandibular hypoplasia were prominent. A 3-bp deletion was
detected in the BLM sequence of AsOk DNA (8). This dele-
tion caused the generation of a stop codon at amino acid 186.

Cell culture. EB-virus-transformed cell lines from BS patients
and control subjects were developed as previously reported (9).
In brief. PBMCs were isolated from the heparinized blood of
patients by gradient centrifugation in Ficoll-Paque (Pharmacia
AB. Uppsala, Sweden), and suspended at a density of 10° ml in
culture medium consisting of RPMI 1640 supplemented with
10% heat-inactivated fetal calf serum, I-glutamine (2 mmol/l),
penicillin (100 U/ml) and streptomycin (100 pg/ml). The
PBMCs (10° ml) were then cultured in the presence of 10 ug/
ml phytohemagglutinin (PHA) for 3 days.

Detection of p53 protein. PBMCs cultured with PHA for
3 days were irradiated (6 Gy). After 1 h, the cells were
collected by centrifugation and protein was extracted. Using
anti-human p53 antibody (Santacruz, USA), immunoblotting
was performed.

BLM-deficient embryonic fibroblasts. Heterozygous
BLM-deficient (BLM*") mice were kindly provided by
P. Leder. BLM™ mice were obtained by mating BLM*" mice
(10). Embryonic fibroblasts from BLM™ mice were obtained
from 12.5-day embryos. None of the BLM™ embryos survived
more than 13 days.

Cell proliferation assay. Cell proliferation and cell viability
were determined by the trypan blue or MTT assays. The MTT
assay was performed following the manufacturer's protocol.
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" Figure 1. p53 protein expression in PBMCs from a control subject and a BS
patient. PBMCs cultured with PHA for 3 days were irradiated (6 Gy). After
1 h, the cells were collected and p33 protein expression was detected.
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Figure 2. Fig. 2 Cell proliferation and cell viability were determined using
trypan blue. Embryonic fibroblasts were established from BLM™ and BLM™
mice at 12.5 days post-coitus. Embryonic fibroblasts from BLM™ mice
showed a slow growth rate and a high sensitivity to MMS compared to those
from BLM™ mice.

Embryonic fibroblasts were cultured with methyl methanesul-
fonate (MMS) (Sigma, Japan) for 24 h (11), then the viable cell
number was determined on trypan blue.

Detection of single-strand DNA. Paraffin and cryostat sections
were prepared from the brain of BLM™ or BLM™ mice at
12.5 days post-coitus. Polyclonal rabbit anti-ssDNA antibody
(IgG, 100 pg/ml, Dako Japan, Kyoto, Japan) at a dilution of

BLM*/~
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1:300 was used to detect the formation of single-stranded
DNA (ssDNA) for 1 h at room temperature. Immunoreactivity
was detected with peroxidase-labeled goat anti-rabbit immu-
noglobulins.

Results

Abnormal regulation of p53 protein expression. After the
irradiation of PHA-stimulated PBMCs, p53 protein expression
was induced in control cells (Fig. 1). In the PBMCs of the BS
patient, high p53 protein expression was detected even without
irradiation. Irradiation slightly induced p53 protein in BS
cells. In the BS EB cell line, p53 phosphorylation by ATM was
up-regulated compared with that in the control EB cell line
(data not shown). These results suggested that BLM-deficient
cells have abnormal regulation of p53 protein expression and
an elevated frequency of apoptosis. Next, apoptosis was inves-
tigated in vivo and in vitro using BLM-deficient cells.

Slow growth in BLM-deficient cells. The growth rate of EB
cells from BS patients was slower than that of control cells.
After irradiation, the growth rate of BS cells was slower than
that of control cells. MMS action caused double-stranded
DNA breaks. The sensitivity of BLM™ cells to MMS was
higher than that of wild type cells. Embryonic fibroblasts
originating from BLM™ mice also showed a slowed growth
rate (Fig. 2).

Augmented cell death in embryonic brain of BLM™ mice.
Anti-single-stranded DNA was detected in the brain of BLM™
mice, with the number being higher than that detected in
the brain of BLM*" mice (Fig. 3). This result suggested the
occurence of augmented cell death in BLM™ mice.

Discussion

In this study, we showed the abnormal regulation of p53
protein expression and augmented cell death in BLM-deficient
cells both in vitro and in vivo. Stalled replication forks can
result in double-strand breaks, thereby triggering the activa-
tion of ATM (12). Consistent with a previously reported study,
the deficiency of BLM was radiomimetic (13).

BLM /-

Figure 3. Detection of single-stranded DNA. Immunohistochemical staining of BLM™" and BLM” embryos at 12.5 days post-coitus was performed.
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Originally, MMS was considered to directly cause
double-stranded DNA breaks, since homologous-recombina-
tion-deficient cells are particularly vulnerable to the effects
of MMS. However, it is now considered that MMS stalls
replication forks, and cells that are homologous-recombination-
deficient have difficulty repairing the damaged replication
forks.

Studies in yeast and human cells suggest a pivotal role of
RECQ-like helicases in maintaining genomic integrity during
the S phase (14). BS patients show small body size from birth.
This small body size persists throughout their lifetime. At
12.5 days post-coitus, BLM-deficient mice have a smaller
body size than wild-type mice (10).

BLM deficiency renders cells highly susceptible to
apoptosis, which is a possible explanation for the pre- and
post-natal growth retardation observed in BS patients. In the
absence of BLM, many cells fail to repair damage rapidly
enough, whereupon p33 signals those cells to die. Individuals
with BS may continually lose cells, owing to excessive apop-
tosis, particularly during pre- and post-natal development,
when cell proliferation is excessive (15). Excessive apoptosis
would leave many tissues with chronic cellular insufficiency,
and hence a small size, thereby explaining the pre- and post-
natal growth retardation.

p53 is crucial for the apoptosis of BS cells. This apoptosis
is not accompanied by an increase in BAX or p21 protein
expression. Thus, p53 may induce apoptosis independent of
its transactivation activity, consistent with the finding that
p53 is transcriptionally inactive during the S phase. p53 may
mediate the death of damaged BS cells by directly inducing
mitochondria-mediated apoptosis, or by means of its transac-
tivation activity.

In conclusion, BLM deficiency causes the dysregulation of
p53 and augmented apoptosis, similar to that observed in irra-
diated wild-type cells. This slow cell growth and increased
cell death may cause the small body size associated with BS
patients.
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