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Absence of Ku80 results in increased sensitivity to ionizing radiation, defective lymphocyte development,
early onset of an age-related phenotype, and premature replicative senescence. Here we investigate the role of
P53 on the phenotype of ku80-mutant mice and cells. Reducing levels of p53 increased the cancer incidence for
ku80~'~ mice. About 20% of ku80~'~ p53*/~ mice developed a broad spectrum of cancer by 40 weeks and all
ku80~'~ p53~'~ mice developed pro-B-cell lymphoma by 16 weeks. Reducing levels of p53 rescued populations
of ku80~'~ cells from replicative senescence by enabling spontaneous immortalization. The double-mutant
cells are impaired for the G,/S checkpoint due to the p53 mutation and are hypersensitive to y-radiation and
reactive oxygen species due to the Ku80 mutation. These data show that replicative senescence is caused by a
p53-dependent cell cycle response to damaged DNA in ku80~'~ cells and that p53 is essential for preventing
very early onset of pro-B-cell lymphoma in ku80~'~ mice.

Ku80 (also called Ku86), Ku70, DNA-PKg, Xrcc4, and
DNA ligase IV are critical for the repair of DNA ends by
nonhomologous end joining (reviewed in references 26 and
33). Ku80 forms a heterodimer with Ku70, called Ku, that
binds to DNA ends, nicks, gaps, and hairpins (11, 28). In vitro,
Ku forms a complex called DNA-dependent protein kinase
(DNA-PK) by associating with a 450-kDa catalytic subunit,
DNA-PK. Cells mutated by the deletion of any of these
genes are hypersensitive to ionizing radiation and defective in
repairing DNA double-strand breaks formed during the as-
sembly of the V(D)J segments of antigen receptor genes (2, 14,
15, 17, 32, 35). Mice deficient for DNA-PKg (severe com-
bined immunodeficiency [scid]) or Ku are immune compro-
mised, lacking mature lymphocytes (3, 10, 18, 30, 31, 40). In
addition to decreased radiation resistance and lymphogenesis,
mice with deletions of genes for Xrcc4 and DNA ligase IV are
embryonically lethal and exhibit neuronal apoptosis (16).

Mice with a deleted Ku80 gene prematurely exhibit some
signs of aging that include atrophic skin and hair follicles,
osteopenia, premature growth plate closure, hepatocellular de-
generation, and shortened life span (39). Additionally,
ku80~'~ cells exhibit replicative senescence (18, 30), a process
that describes the progressively limited proliferation potential
of cells grown in tissue culture (23). Replicative senescence is
likely a mechanism that reduces cancer incidence and may
influence organismic senescence (8).

Here, we investigate the phenotype of ku80~'~ mice and
cells in a p53-deficient background. We chose to investigate
p53 because it is a tumor suppressor protein important for cell
cycle checkpoints that respond to DNA damage (reviewed in
references 13 and 24) and replicative senescence (5). We find
that reducing levels of p53 greatly increased cancer incidence
in ku80~'~ mice. About 20% of p53*'~ ku80~'~ mice die from
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a broad spectrum of cancer, typical of p53™/~ mice, and that
nearly 100% of p53~'~ ku80~'~ mice die from pro-B-cell lym-
phoma. In addition, we find that replicative potential is re-
stored to ku80-mutant cells simply by reducing levels of p53.
Typical of p53-mutant cells, the double-mutant cells exhibited
a great proliferation potential, were readily immortalized, and
were defective for the G,/S checkpoint in response to ionizing
radiation. Typical of ku80-mutant cells, the double-mutant
cells were hypersensitive to DNA damaging agents. These data
suggest that the pS3-dependent G,/S checkpoint, in response
to spontaneously damaged DNA, is responsible for replicative
senescence in ku80 '~ cells.

MATERIALS AND METHODS

Genotyping by the PCR. The p53 genotype was determined by PCR as de-
scribed by Timme and Thompson (36) with the following modifications: sense
primer 5N (5'GTGGGAGGGACAAAAGTTCGAGGCC3') detects both wild-
type and mutant alleles, antisense primer 3W2 (5’ ATGGGAGGCTGCCAGTC
CTAACCC3’) detects only wild-type alleles, and antisense primer 3N2 (5'TTT
ACGGAGCCCTGGCGCTCGATGT3') detects only mutant alleles. Wild-type
(0.55 kb) and mutant (0.15 kb) fragments were separated by electrophoresis on
a 1.2% ethidium bromide-stained gel. PCR mixtures were preincubated at 94°C
for 5 min, followed by 30 cycles of amplification at 94°C for 30 s, 59°C for 1 min
(with a 1-min ramp), and 72°C for 30 s in a Perkin-Elmer DNA Thermal Cycler
480. Both PCR products were sequenced to prove they were not artifacts, and
results were confirmed by described Southern analysis protocols (12). Ku80
genotypic analysis by PCR was performed as previously described (39).

Tumor analysis. Cell suspensions were prepared, preincubated with F_-block
(Pharmingen) to reduce binding to F yII and F_yIII receptors, and stained with
fluorochrome-conjugated antibodies to cell surface markers as previously de-
scribed for flow cytometry (4). Monoclonal antibodies (Pharmingen) to the
following markers were used to determine tumor type: CD3-R-phycoerythrin
(PE), CD4-cychrome (CY), CD8-fluoroscein isothiocyanate (FITC), CD43-PE,
CD45R-CY (B220), and immunoglobulin M (IgM)-FITC. For DNA content
analysis, cells were first stained with monoclonal antibodies to the indicated
surface markers according to previously published procedures (6) except that
phosphate-buffered saline (PBS) was used instead of sodium citrate buffer. Sam-
ples were analyzed on a Coulter Epics XL flow cytometer. One early-passage cell
line derived from a p53~/~ ku80~'~ tumor was subjected to karyotype analysis as
previously described (19, 29, 37).

Fibroblast analysis. Murine embryonic fibroblasts (MEF) were generated
from E14.5 day embryos by standard procedures. Murine skin fibroblasts (MSF)
were generated from ears after being cut into small 1-mm? pieces and plated
onto a 6-cm-diameter plate (passage zero) and harvested 14 to 15 days later. 3T3
equivalent analysis was performed with MEF (2 X 10° cells/3.5-cm plate) plated
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onto three different plates. Every 4 days, cells were trypsinized, combined,
counted, and plated at their original concentration onto another three plates. As
cell number declined, cells were plated onto fewer plates, but always at the same
concentration. Passaging was discontinued when less than the number of cells
needed for one plate remained. Colony size distribution (CSD) was performed
with fibroblasts (passage 1 or 2) plated onto three 10-cm plates at various
concentrations (500, 1,000, or 5,000 cells/10-cm plate) and stained with crystal
violet 2 weeks later. Colonies of four or greater cells were counted. The fraction
of those colonies with 16 or more cells was determined.

Checkpoint analysis. Passage 1 MEF were synchronized by allowing them to
grow to confluence and remain confluent for 4 to 6 days. Additionally, the cells
were serum starved (0.1% fetal bovine serum) for 50 h. For analysis of the G,/S
checkpoint, cells were trypsinized, irradiated with either 0 or 500 rad ('37Cs,
Gammator B, 290 rad/min) and replated at a high, but subconfluent, concentra-
tion (1 X 10° cells/10-cm plate) in 10% fetal bovine serum and 10 wM bromode-
oxyuridine (BrdU). Cells were collected and fixed in 70% ethanol 19 h later. For
the G,/M checkpoint, cells were trypsinized and replated at a high, but subcon-
fluent, concentration (1 X 10° cells/10-cm plate) in 10% fetal bovine serum.
BrdU (10 uM) was added 18 h later. After 2 h in BrdU, cells were washed,
exposed to either 0 or 500 rad, and then incubated for another 8 h without BrdU.
Cells were then harvested and fixed in 70% ethanol.

Fixed cells were incubated in 0.1 M HCl and 0.5% Triton X-100 for 10 min on
ice and washed with PBS and placed in a boiling water bath for 10 min. After
washing with PBS, cells were incubated with 5 pg of anti-BrdU-FITC antibody
(Boehringer Mannheim) per ml containing 0.1% bovine serum albumin for 30
min at room temperature. Cells were counterstained with 5 pg of propidium
iodide/ml containing 200 pg of RNase/ml. MEF were counted by bivariate
fluorescence-activated cell-sorting (FACS) analysis with a Becton Dickinson
FACScan. The BrdU-labeled cells were quantitated.

Genotoxic analysis. (i) Low-density plating. Dose response to y-radiation or
H,0, was determined as follows. Exponentially growing MEF (passages 2 to 3)
were trypsinized and irradiated with a '37Cs irradiator (Gammator B, 290 rad/
min) or exposed to a single continuous dose of H,0, (0.5 X 1074, 1 X 1074,
[1.5 x 10~%]% H,0, added the day of plating and the medium was not changed).
MEF exposed to either y-radiation or H,O, were plated at various concentra-
tions onto three 10-cm plates (500, 1,000, 5,000 or 10,000 cells/10-cm plate), and
colonies were stained with crystal violet 2 weeks later. Colonies of four or more
cells were counted for ku80~'~ MEF and colonies of 16 or more cells were
counted for all other genotypes. MEF without exposure to -y-radiation or H,0,
served as a control. The survival fraction of cells exposed to either y-radiation or
H,0, was calculated from the low-density plating.

(ii) High density plating. Dose response to H,O, or streptonigrin (Sigma) was
determined as follows. MEF (passage 2) were trypsinized and continuously
grown in a single dose of H,O, (2 X 1074, 4 X 1074, or [6 X 10~*]% added the
day of plating and the medium was not changed) or streptonigrin (1 X 107°,2 X
1073, or 10 X 107> mg/ml added the day of plating and the medium was not
changed) and stained with crystal violet 2 weeks later. MEF exposed to either
H,0, or streptonigrin were plated at various concentrations onto 3.5-cm plates
(2 X 10°,2 X 10*, or 2 X 103 cells per plate). MEF without exposure to genotoxic
agent were plated at various concentrations and served as a control (2 X 10°,2 X
10%,2 X 10%,2 X 10% 2 X 10", and 2 cells per 3.5-cm plate). The survival fraction
of cells exposed to streptonigrin was calculated from the high-density plating.
With no exposure to streptonigrin, colonies were counted for cells that grew
when plated at 2 X 10% cells/3.5-cm plate. With exposure to streptonigrin,
colonies were counted for cells that grew when plated at 2 X 10* cells/3.5-cm
plate.

RESULTS

Deficiency of p53 shortens life span for ku80~'~ mice. As
previously reported, the life spans of ku80~'~ (39), p53*'~, and
P53~/ mice (12, 21) are shorter than those of wild-type mice.
Comparing the data shows that life span progressively in-
creases in the following order: p53~/~ < ku80~'~ < p53™~ <
wild type. However, the causative factors that shortened life
span are very different. For ku80 '~ mice, the causative factor
is age-specific mortality brought on by an early onset of senes-
cence. For p53™/~ and p53~/~ mice, the causative factor is
increased cancer incidence.

The survival curves of ku80~/~ mice in a p53*7/~ and a
P53~/ background are compared to those of ku80~'~, p53*/~,
P53/, and control mice (p53™/* mice in either a ku80™'* or
ku80™*'~ background) (Fig. 1; Table 1). Mutation of one p53
gene significantly shortened the life span for ku80~'~ mice
(P > 0.005). Onset of age-specific mortality was about 10
weeks, 50% mortality was about 28 weeks, the average life span
was 29 = 7 weeks, and the longest-lived mouse was 49 weeks
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FIG. 1. Life span and mortality. The survival curve begins after weaning (3
weeks) because deletion of Ku80 genes reduced fitness that often resulted in
neonatal death (30). Symbols are shown at the points of 100, 50, and 0% survival.
Observed were 47 control mice, 124 p53~/~ mice, 89 ku80~'~ mice, 41 p53~/~
ku80~'~ mice, and 85 p53™/~ kuS80~'~ mice.

for a cohort of 85 p53*/~ ku80~'~ mice. Life span was much
shorter for ku80~’~ mice in a p53~/~ background. Onset of
age-specific mortality was about 6 weeks, 50% mortality was
about 7 weeks, the average life span was 8.6 = 1.8 weeks, and
the longest-lived mouse was 16 weeks for a cohort of 41 p53~/~
ku80~'~ mice. Thus, the life span of ku80~'~ mice depends on
levels of p53.

Deficiency of p53 increases cancer incidence for ku80~'~
mice. Cancer incidence and spectrum were observed in
ku80~'~ mice in a p53™/~ background because mutation of one
p53 gene increases cancer incidence, likely due to haploinsuf-
ficiency (21, 38). An intermediate cancer incidence was ob-
served for p53™/~ ku80~'~ mice (20%) compared to that of
53"/~ mice (greater than 98%) and ku80 '~ mice (2%) (Ta-
ble 1). Seventeen of 85 p53™/~ ku80~/~ mice were observed to
have cancer (Table 1). p53™/~ ku80~'~ mice exhibited a broad
spectrum of tumors that is similar to that of p53™/~ mice (21,
38) (Table 1). Thus, reduction of p53 increased cancer inci-
dence and spectrum for ku80~'~ mice.

Cancer incidence and spectrum were observed in ku80 '~
mice in a p53~/~ background because scid mice with deleted
p53 genes develop B- and T-cell tumors early in life (19, 29).
Similar to p53 scid double-mutant mice, p53 ku80 double-
mutant mice were heavily burdened with tumors that caused
them to die much earlier than either p53~/~ or ku80~'~ mice
(Fig. 1; Table 1). Tumors commonly involved the thymus-
perithymic region, spleen, lymph nodes, and bone marrow.
Flow cytometric analysis from moribund p53~/~ ku80~'~ mice
revealed that tumors were of B-cell origin (14 of 14 tumors).
These tumor cells are CD4~ CD8~ B220" CD43™“ (and
negative for CD3 and IgM surface staining; not shown), con-
sistent with an immature stage in B-cell development that most
resembles pro-B cells. The size and composition of the lym-
phoid organs reflected the extreme tumor burden in these
animals. For example, the thymus from double-mutant mice
was heavily populated with B220™ tumor cells, increasing the
overall cellularity almost 200-fold over that of p53™/~ ku80~'~
mice (Fig. 2A). Likewise, the spleen weight was almost double
that of a normal mouse and was 13-fold that of a p53*/~
ku80~'~ mouse (Fig. 2B). The lymph node tumor cells were
heterogeneously large and cycling, as shown in the forward
scatter and DNA content profiles (Fig. 2C). In addition to
malignant lymphoma, one 7-week-old mouse had malignant
teratoma of the testis (Table 1).
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. The immunophenotype of younger double-mutant mice (2
— to 3 weeks old, six observed), was similar to that of ku80~'~
mice since the peripheral lymphoid organs were largely devoid
of lymphocytes. The only exception in these pretumorous mice
Do NS was an elevated number of B220" CD43™¢? bone marrow cells

- compared to those of 34 littermates, including 16 p53~/~ lit-
termates (data not shown). Together, these results suggest that
the lymphomas arising in older p53~'~ ku80~'~ mice originate
in the bone marrow and then rapidly disseminate and that
cooao o there is a predisposition to B-cell lymphomagenesis in the
absence of both p53 and Ku80.

Pro-B cell tumors arising in p53~/~ scid mice carry recurrent
translocations involving chromosomes 12 and 15, which are
dependent on initiation of V(D)J recombination (19, 29, 37).
To determine whether the tumors in p53~/~ ku80~'~ mice
cooc o — might arise through a similar oncogenic mechanism, early-
passage cells derived from a tumor were subjected to G-band
karyotype analysis (Fig. 2D). All nine metaphases examined
showed a translocation between chromosomes 12 and 15, with
breakpoints at terminal band F2 in chromosome 12 and at
approximate band D position on chromosome 15.

Observation of aging in ku80~'~ mice deficient for p53.
p53*'~ ku80~'~ mice were observed for signs of aging (p53~/~
ku80~'~ mice die too early for this analysis). By outward ap-
pearance, a similar onset of senescence was observed for
p53*'~ ku80~'~ mice as described for ku86 '~ mice (39).
Histological characteristics of aging were observed for two
P53 ku86 '~ mice at 24 and 38 weeks of age. Both mice
exhibited growth plate closure and skin atrophy. Osteopenia
was observed for the 38-week-old mouse. These characteristics
were not observed for p53*/~ ku86 '~ mice between 5 and 10
weeks of age (seven observed) or for p53*/~ mice at 47 weeks
of age (three observed, data not shown).

Proliferation potential of fibroblasts derived from mice as
they age. By morphology, ku80~'~ MEF entered senescence at
early passage (Fig. 3A). These cells appeared postmitotic with
increased surface area and spreading and extension of the
plasma membrane. However, control, p53~/~, and p53~/~
ku80~'~ cells were spindle-shaped with less surface area, sug-
gesting a high mitotic index and suggesting that deletion of p53
rescued ku80~'~ cells from a postmitotic state.

Fibroblasts were derived from mice at a variety of ages and
analyzed by a cross-sectional CSD to determine the influence
age has on cellular proliferation in vivo (Fig. 3B). This assay
measures proliferation at the level of an individual cell, at very
early passage, by measuring the size of the colony it formed.
This assay does not examine the growth potential of an entire
population of cells over multiple passages in tissue culture so
that genetic alterations are less likely to influence the results.
Thus, a cross-sectional CSD is more likely to reflect a cell’s in
vivo proliferation potential at the time it was derived from the
animal, thereby enabling predictions about the influence age
has on in vivo cellular proliferation. For this assay, the fraction
of colonies with >15 cells was calculated out of the total
number of colonies composed of >3 cells. The in vivo prolif-
eration potential would be judged to proportionately increase
as the fraction of larger colonies increases. The fraction of
larger colonies was found to progressively decline with the age
of their human donors (34).

MEF and MSF were observed for their ability to form col-
onies. For fibroblasts derived from control and p53*/~ mice,
the fraction of larger colonies progressively decreased with
age, suggesting an age-related progressive decline in prolifer-
ation potential. By contrast, the fraction of larger colonies was
low at all time points for fibroblasts derived from ku80~'~ mice
and p53™/~ ku80~'~ mice and high at all time points for fibro-
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36
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10
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40
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onset
56
8
7

Cohort
“ Sum of the categories for cancer incidence may be greater than total incidence due to multiple-tumor burden in individual mice.

b Other forms of cancer were previously described (21, 39) except for the p53~/~ ku80~'~ mice.

¢ Data are from reference 39.
@ Data for p53*/~ and p53~/~ cancer incidence and p53*/~ life span are from reference 21.

¢ Data are from personal communication from Lawrence A. Donehower.
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p53+/4d
P53~ kuso—'~
P53 kuso~'~

Control®
ku80~'~¢
p534/4d



VoL. 20, 2000

A
p53"/' .
ku8o*’-

ku80~'~ PHENOTYPE IN A p53-DEFICIENT BACKGROUND 3775

BM
11%

SPL LN

CDs8

C LN LN D

e ¥

FS DNA Chr. 12 Chr. 15

FIG. 2. Flow cytometric tumor analysis. Moribund p53~/~ ku80~'~ mice showing signs of enlarged lymph nodes or thymi were subjected to necropsy, and cell
suspensions were stained for CD4, CD8, B220, and CD43. Representative profiles are shown for an 8-week-old p53~/~ ku80*’~ mouse, a 16-week-old p53™/~ ku80~/~
mouse, and an 8-week-old p53~/~ ku80~'~ mouse. Lymphocytes with appropriate forward and side scatter properties were initially gated (not shown) for all profiles.
(A) Triple-stained (CD4, CD8, B220) thymocytes are displayed in two histograms. The left panels show CD4 and CDS8 profiles. Thymocytes that were negative for CD4
and CD8 were gated (indicated by boxed area) and shown for B220 expression in the second panel. Total thymic cellularity (10°) is shown in the upper right corner
of the CD4 and CD8 profiles. (B) Histograms of double-stained (B220, CD43) bone marrow (BM), spleen (SPL), and lymph node (LN) cell suspensions are shown.
The percentage of B220™ cells is indicated for bone marrow and lymph node cells. For the spleen profiles, the total weight (in milligrams) of intact spleen, prior to
preparation of cell suspensions, is shown in the lower right corner. (C) Forward scatter (FS) and DNA content profiles on LN cells that fell into the B220" gate (boxed
area in B220 and CD43 profiles shown in panel B). The mean forward scatter, proportional to cell size, is almost doubled for p53~/~ ku80~/~ lymph node cells compared
to those from p53~/~ ku80™'~ mice. Over 30% of the lymph node tumor cells are in S/G, phase. This is in contrast to control lymph node cells which are virtually all
resting in Go/G, an expected result in a genetically normal, antigenically unchallenged animal in a pathogen-free facility. Fluorescence parameters are expressed on
a log scale while cell count, forward scatter, and DNA content are on a linear scale. It should be noted that lymph nodes from p53"~ ku80~/~ mice were not harvested
since they were difficult to find. (D) G-Band karyotype analysis showing chromosomes 12 and 15 from a p53~/~ ku80~/~ lymphoma. Translocation involving the terminal
band of chromosome 12 is indicated by the arrow. This finding was present in 9 out of 9 metaphases examined.

cell count

blasts derived from p53~/~ mice and p53 /" ku80~/~ mice.
Thus, replicative senescence was initiated during embryonic
development for ku80~'~ and p53*'~ ku80~'~ mice but not at
all for p53~'~ and p53~/~ ku80 '~ mice. These data show that
reducing p53 levels by half had little effect on the colony-
forming potential in either control or ku80~'~ backgrounds;
however, complete deletion of p53 greatly increased the colo-
ny-forming potential in both control and ku80~'~ backgrounds
for cells derived from mice at all ages. Thus, p53 was essential
for reducing the larger fraction of colonies for cells derived
from control and ku80 '~ mice.

p53-dependent, premature replicative senescence observed
in ku80-mutant cells. Life span and proliferation potential was
observed for clonal populations of cells as they were passaged
in tissue culture by a 3T3 equivalent analysis and its companion

CSD (Fig. 4). These analyses are different from the cross-
sectional CSD in that clonal populations of cells were gener-
ated from embryos or mice at comparable ages and analyzed
from early to late passage. Thus, the 3T3 equivalent analysis
and its companion CSD are less likely to reflect the cell’s in
vivo proliferation potential as the cross-sectional CSD, but
instead allows analysis of the life span for a population of cells
and its adaptive potential to spontaneously immortalize.

The life span of ku80~'~ fibroblasts was much shorter than
that of control, p53~/~, and p53~/~ ku80 '~ fibroblasts by a
3T3 equivalent analysis (Fig. 4A). Reduced cell number for
ku80~'~ MEF was not due to cell death as judged by trypan
blue exclusion. In addition, spontaneous immortalization was
not observed for any clonal population of ku80~'~ MEF (n =
2). By contrast, spontaneous immortalization was observed for
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FIG. 3. Analysis of individual cells at early passage. (A) MEF morphology.
Passage 2 cells were plated (5.3 X 10* cells/3.5-cm plate) and grown for 5 days
before staining. Scale bar = 125 pm. (B) Cross-sectional CSD. The fraction of
colonies with >15 cells out of the total number of colonies with >3 cells is shown.
Symbols are the same as in Fig. 1 with the addition of a star to represent p53™/~.
Numbers to the right of a symbol represent the number of clones observed at that
point if greater than one. MEF were observed at passage 2 and MSF were
observed at passage 1. Skin fibroblasts derived from three p53~/~ mice were
analyzed at two time points (joined by lines). All other points represent fibro-
blasts derived from different mice.

all clonal populations of control (n = 2), p53~/~ (n = 3), and
p537'~ ku80~'~ (n = 2) MEF. Thus, replicative senescence of
ku80~'~ cells is dependent on p53.

Life span and proliferative potential was determined for
ku80~'~ MSF in a p53™/~ background (Fig. 4B to F). MSF
were derived from three p53™'~ ku80~'~ mice and five p53*/~
mice between 14 and 20 weeks of age. The life span and
proliferation potential of populations of p53*/~ ku80~'~ MSF
clones were tested by a 3T3 equivalent analysis (Fig. 4B).
Mutation of one copy of p53 permitted the spontaneous im-
mortalization of the population of ku80 /" cells for all three
clones. As cells were passaged during the 3T3 equivalent anal-
ysis, the proliferative potential, at the level of an individual
cell, was measured by a companion CSD (Fig. 4C). By mea-
suring the fraction of colonies with >15 cells, the proliferative
potential progressively increased for p53*/~ ku80~/~ MSF
starting at passage 2 and for p53™/~ MSF starting at passage 9.
The wild-type and mutant p53 alleles were tested by PCR at
each passage to determine loss of heterozygosity (LOH) (22).
On average, wild-type p53 was lost by passage 9 + 2 for p53™/~
ku80~'~ MSF and by passage 15 * 2 for p53*/~ MSF (Fig.
4D). Thus, increased proliferation potential preceded LOH for
both p53™/~ and p53*'~ ku80~'~ cells.
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Cellular proliferation, cell cycle checkpoints, and genotox-
icity. Progression into S phase was analyzed by releasing con-
fluent and serum-starved MEF from quiescence by plating at a
high, but subconfluent, concentration in media containing 10%
serum (Fig. 5A, top panels). Cells were exposed to BrdU for
19 h after replating. Lower percentages of the population of
ku80~'~ MEF (8.5 = 1) and control MEF (11.5 = 0.3) were
labeled with BrdU compared to p53~'~ MEF (24.2 = 5) and
P53~ ku80~'~ MEF (26 = 3). In addition, a higher percent-
age of cells remained unlabeled in G, for both ku80~’~ MEF
(78.5% * 4%) and control MEF (76.4% * 1%) compared to
p53~/~ MEF (53.7% =+ 11%) and p53~/~ ku80~'~ MEF
(445% = 4%). These data show that p53 is important for
maintaining ku80~'~ cells in G, and decreasing entry into S
phase. Thus, replicative senescence in ku80 '~ cells could be
due to a p53-dependent pathway that inhibits entry into S
phase.

It is possible that the increased fraction of ku80~'~ cells in
G, is due to a p53-dependent cell cycle response to spontane-
ous DNA damage. This notion is supported by observations
that Ku80-deleted cells are intact for checkpoints (18, 30) but
are impaired for the repair of DNA double-strand breaks (25,
31) and are hypersensitive to ionizing radiation (31).

The effect of ionizing radiation on p53~/~ ku80~'~ MEF was
determined for both checkpoint function (Fig. 5) and cell sur-
vival after exposure to genotoxic agents (Fig. 6). For ku80~'~
cells, the G,/S (Fig. SA and C), but not G,/M (Fig. 5B and C),
checkpoint is dependent on p53. Even though deletion of p53
impairs the G,/S checkpoint and restores proliferation for
ku80~'~ cells, survival after exposure to y-radiation does not
improve (Fig. 6A). These data show that the double-mutant
cells exhibit characteristics common to both mutations; that is,
deletion of p53 impairs the G,/S checkpoint and deletion of
Ku80 impairs survival after exposure to ionizing radiation.

Spontaneous DNA damage caused by reactive oxygen spe-
cies (ROS) has been proposed to be a causative factor of
senescence (reviewed in references 1 and 27) and could stim-
ulate p53-dependent replicative senescence in ku80 '~ cells.
Sensitivities of p53~/~ ku80~'~ MEF and p53~/~ MEF to ROS
were compared (Fig. 6B to D). These cells were exposed to
either H,O, or streptonigrin, a clastogenic compound that
likely increases ‘O, (9). p53~'~ ku80~'~ cells are 10-fold more
sensitive to 1.5 X 10~ *% H,0, (Fig. 6B and D) and are 54-fold
more sensitive to 2 X 107> mg of streptonigrin/ml than p53~/~
cells (Fig. 6C and D).

DISCUSSION

Survival curve and cancer incidence of ku80~'~ mice defi-
cient for p53. Excluding environmental factors that cause
death at any time, mortality is closely related to chronological
age and is an important indicator of senescence (27). Age-
specific mortality begins sometime after physical maturation
and, in general, progresses at an accelerated rate. However,
untrue to this general rule, the mortality rate for ku80 '~ mice
progressively decreases for the most long-lived 40% of the
population. Previously, we proposed that this decrease in mor-
tality rate may reflect low cancer incidence compared to that of
the control cohort at a similar point in their survival curve (39).
In support of this notion, the declining mortality rate observed
for the most long-lived ku80 '~ mice is reduced in a p53*/~
background partly due to increased cancer incidence (20%).

The tumor spectrum for p53*/~ ku80~'~ mice is similar to
that of p53*/~ mice (21). Therefore, many ku80 '~ cell types
are capable of developing into cancer with diminished p53
levels. It is interesting that reduced levels of p53 do not sub-
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MEF. Graph starts with passage 3 MEF. The averages of clones are shown for control (n = 2), p53~/~ (n = 3), ku80~'~ (n = 2), and p53~/~ ku80~'~ (n = 2) mice.
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stantially increase the incidence of lymphoma, unlike complete
deletion of p53. This substantial increase in the incidence of
pro-B-cell lymphoma, observed in p53~/~ ku80~/~ mice, is
unlikely to be associated with senescence because of the very
early onset (before or at the onset of physical maturation).
Pro-B-cell malignancies also arise in young p53~/~ scid mice
(19, 29, 37). Most of these tumors carry recurrent chromosome
translocations involving the IgH locus on chromosome 12, usu-
ally joined with chromosome 15 (37). Such oncogenic events
may arise during attempted IgH rearrangement where rejoin-

ing of DNA is blocked by the scid mutation, a notion supported
by the observation that the V(D)J endonuclease component
Rag-2 is required for tumor development (19, 29, 37). A karyo-
type of one p53~/~ ku80~'~ tumor clearly showed a t(12;15)
with breakpoints similar to those observed in p53~/~ scid mice
pro-B-cell tumors (19, 29, 37), suggesting that susceptibility to
such translocations is conferred by unjoined DNA coding ends
coupled with defective cell cycle checkpoints or programmed
cell death as previously proposed (19, 29, 37).

Onset of cancer was earlier for p53™/~ ku80~'~ mice than
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for p53*/~ mice. About 20% of p53™/~ ku80~'~ mice died
from cancer by 40 weeks, compared to about 4% of p53*/~
mice (21). Since onset of cancer is earlier in the p53*/~
ku80~'~ cohort than in the p53*/~ cohort, one could argue
that deletion of Ku80 increased cancer incidence for the
p53*'~ mice due to inefficient DNA repair. However, this
argument is compromised by the observation that there is little
alteration in tumor spectrum. A disproportionate increase in
risk of lymphoma would be expected if deletion of Ku80 actu-
ally increased cancer risk in p53™/~ mice because ku80~/~
lymphocytes are known to maintain open coding ends (40) and
because lymphoma is so pervasive in p53~/~ ku80~/~ mice.
Thus, inefficient repair of DNA double-strand breaks does not
appear to increase cancer risk in p53*/~ mice.

Cancer incidence over the entire life span was reduced for
the p53*/~ kuS80~'~ population compared to that of the p53™/~
population. Reduced cancer incidence may simply be a conse-
quence of the shortened life span of the p53™'~ ku80~'~ co-
hort compared to that of the p53*™/~ cohort. Alternatively,
cancer incidence may be reduced due to early onset of senes-
cence caused by deletion of Ku80. To support this hypothesis,
p53™'~ ku80~'~ mice exhibit an early onset of a variety of
age-related characteristics, including epiphysis closure, os-
teopenia, and skin atrophy. The proportion of the population
that exhibits these characteristics is about the same as that of
control mice even though these characteristics are not ob-
served until after the natural life span of the p53*'~ ku80~/~
population. Cancer is another age-related disease observed
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earlier in p53*/~ ku80~'~ mice than in p53*/~ mice; however,
unlike the other age-related characteristics, many fewer
P53~ ku80~'~ mice develop cancer.

Replicative senescence and cancer. Based on the mortality
curve, cancer incidence, and cellular proliferation data, pre-
dictions can be made about Ku80 and p53 that support the
hypothesis that replicative senescence protects an organism
against cancer (review in reference 7). Analysis of p53™/~
ku80~'~ cells and mice may uniquely address this hypothesis,
because both cells and mice exhibit phenotypic characteristics
common to mutations of p53 and ku80. Analysis of cells by the
cross-sectional CSD shows that p53™'~ ku80~/~ cells exhibit
reduced proliferation potential throughout the animal’s life
span, similar to the ku80~'~ phenotype. However, the 3T3
equivalent analysis and its companion CSD show that p53*/~
ku80~'~ cells spontaneously immortalize when propagated in
tissue culture, similar to the p53~/~ phenotype. Analysis of
mice shows the p53™/~ ku80~'~ cohort exhibits an early onset
of senescence, similar to the ku80~'~ phenotype; however,
tumor spectrum and incidence (albeit lower) is more similar to
the p53~/~ phenotype. Thus, it is possible that the p53*/~
ku80~'~ cells undergo premature replicative senescence that
reduces cancer risk (due to deletion of Ku80), but ultimately in
some mice, reduced levels of p53 compromise replicative se-
nescence and stimulate cancer.

The cell cycle and genotoxic analyses suggest a mechanism
for replicative senescence in ku80~'~ cells, that is, a p53-de-
pendent G,/S response to spontaneous ROS-induced DNA
damage that requires Ku80 for efficient repair. This hypothesis

is supported by the following observations. (i) Deletion of p53
restored proliferative potential to ku80~/~ cells. (ii) Deletion
of p53 ablated the G,/S cell cycle checkpoint in ku80~'~ cells.
(iii) Deletion of p53 did not improve resistance to y-irradiation
for ku80~'~ cells. Therefore, p53 is essential for replicative
senescence in ku80~'~ cells and, assuming that spontaneous
DNA damage still occurs in the double-mutant cells, DNA
damage is not essential for replicative senescence.

Replicative senescence and organismic senescence? These
data support the free radical hypothesis by Harman which
states that accumulation of ROS-induced DNA damage is a
component of organismic senescence (20), with the modifica-
tion that cell cycle checkpoints are essential (review in refer-
ence 7). However, more analysis is important to determine if
this p53-dependent mechanism of replicative senescence takes
part in organismic senescence. It is disappointing that p53~/~
ku80~'~ mice do not live long enough to address this issue. A
future experiment would be to conditionally mutate p53 in
skin, bone, or liver, but not lymphoid cells of ku80~'~ mice.
These ku80~'~ mice, with wild-type levels of p53 in lymphoid
cells, could be evaluated for senescence in the tissue with
deleted p53.
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