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Ku70 forms a heterodimer with Ku80, called Ku, that is critical for repairing DNA double-stand breaks by
nonhomologous end joining and for maintaining telomeres. Mice with either gene mutated exhibit similar
phenotypes that include increased sensitivity to ionizing radiation and severe combined immunodeficiency.
However, there are also differences in the reported phenotypes. For example, only Ku70 mutants are reported
to exhibit a high incidence of thymic lymphomas while only Ku80 mutants are reported to exhibit early aging
with very low cancer levels. There are two explanations for these differences. First, either Ku70 or Ku80
functions outside the Ku heterodimer such that deletion of one is not identical to deletion of the other. Second,
divergent genetic backgrounds or environments influence the phenotype. To distinguish between these possi-
bilities, the Ku70 and Ku80 mutations were crossed together to generate Ku70, Ku80, and double-mutant mice
in the same genetic background raised in the same environment. We show that these three cohorts have similar
phenotypes that most resemble the previous report for Ku80 mutant mice, i.e., early aging without substantially
increased cancer levels. Thus, our observations suggest that the Ku heterodimer is important for longevity
assurance in mice since divergent genetic backgrounds and/or environments likely account for these previously

reported differences.

Ku70 and Ku80 form a heterodimer called Ku that is well
known for its role in repairing DNA double-strand breaks by
nonhomologous end joining (NHEJ) (33). The other known
components of mammalian NHEJ include DNA-PK g, Arte-
mis, Xrccd4, DNA ligase IV, and Xrcc4-like factor (34, 50). Ku
and the 460-kDa catalytic subunit DNA-PK g form a holoen-
zyme referred to as DNA-PK (DNA-dependent protein ki-
nase). Artemis and DNA-PK¢ form a complex that opens
hairpins and processes overhangs (36). These ends are then
ligated by the Xrcc4-DNA ligase IV heterodimer in a complex
with Xrcced-like factor (1, 6, 21). Cells with any of these pro-
teins deleted are defective in assembling V(D)J [variable (di-
verse) joining] segments of antigen receptor genes, thus caus-
ing failed lymphocyte development, resulting in severe
combined immunodeficiency (SCID) (3, 14, 18, 22, 49, 55). In
addition, these cells are hypersensitive to agents that cause
DNA double-strand breaks (DSBs) and are genetically unsta-
ble (2,9, 17, 19, 31). Thus, mutating any of these genes causes
similar phenotypes that reflect defective DNA end joining that
includes defective repair of nonspecific DSBs and defective
repair of the coding ends associated with V(D)J recombina-
tion. However, there are also important differences in the
phenotypes. For example deletion of Ku, Xrcc4, and DNA
ligase IV, but not DNA-PKg, results in small mice, prohibits
repair of signal ends associated with V(D)J recombination, and
causes neuronal apoptosis. The latter phenotype manifests it-
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self to various degrees, depending on the component being
deleted (24).

There are also striking differences reported for the Ku70 and
Ku80 mutant phenotypes. This is surprising since they form a
heterodimer. ku80~'~ mutant mice are reported to exhibit
early aging without increased cancer (26, 41, 56, 58). On the
other hand, ku70~'~ mutant mice are reported to exhibit a
high incidence of thymic lymphoma (23, 32). These differences
may be due to additional functions for either Ku70 or Ku80
outside the Ku heterodimer. This is possible even though most
of Ku70 is degraded in the absence of Ku80 (41) and vice versa
(22) since some protein remains. In addition, evidence sup-
ports Ku70 function outside the Ku heterodimer since it asso-
ciates with a variety of proteins, including Bax (7a, 20a, 32a,
53a), cyclin E (38), Hpla (53), TRF2 (52), MRE11 (20), p95**"
(42), apolipoprotein J, and unidentified proteins (57). Thus,
unregulated Ku70 function may accelerate aging in ku80~/~
mice. Alternatively, these different phenotypes may be due to
differences in the genetic background and/or the housing en-
vironment. Even though the Ku70 and Ku80 mutant mice are
in the same genetic background (129 X CS57BL/6 cross), ge-
netic drift is rapid, particularly for 129 mice (48). In this con-
text, different breeding strategies could inadvertently select for
different groups of genetic modifiers. Environmental differ-
ences are also possible since housing impacts physiological
factors, including lymphocyte homeostasis (13). To support
these possibilities, the genetic background and environment
influence adulthood diseases, including cancer, for mice and
humans (5, 12, 51).

In order to determine whether there are different roles for
Ku and its subunits in the aging process and cancer develop-
ment, Ku70 and Ku80 mutant mice were crossed to generate
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ku70~'~, kuS80~'~, and double-mutant mice. These three co-
horts are in the same genetic background raised in the same
environment. Here we show that all three cohorts exhibit lower
cancer levels than previously reported for ku70~'~ mice. These
mutant cohorts also exhibit an early-aging phenotype, as pre-
viously reported for ku80~/~ mice. Therefore, the previously
reported phenotypic differences between ku70 '~ and ku80 '~
mice are likely due to differences in genetic background and/or
environment and not to Ku-independent functions for either
Ku70 or Ku80.

MATERIALS AND METHODS

Mouse genotyping. Total DNA was isolated from mouse tails with tail lysis
buffer (100 mM Tris-Cl [pH 8.5], 5 mM EDTA, 0.2% sodium dodecyl sulfate, 200
mM NaCl), followed by ethanol precipitation. The DNA was resuspended in
water. PCRs were carried out with Tag polymerase (PGC Scientific, Frederick,
MD) on an Eppendorf Mastercycler Gradient (Eppendorf, Westbury, NY). For
the Ku80 wild-type allele, we used sense primer 5’GAGAGTCTACGACAACT
GTGC 3’ and antisense primer 5'-AGAGGGACTGCAGCCATATTA-3'. For
the Ku80 mutant allele, we used sense primer 5'-GGTTGCCAGTCATGCTAC
GGT-3' and antisense primer 5'-CCAAAGGCCTACCCGCTTCCATT-3". The
conditions were 29 cycles of 94°C for 30 s, 59°C for 1 min, and 72°C for 30 s. For
the Ku70 wild-type and mutant alleles, we used antisense primer 5'-GGCTGG
CTTTAGCACTGTCA-3'. For the Ku70 wild-type allele, we used sense primer
5'-ACACGGCTTCCTTAATGTGA-3'. For the Ku70 mutant allele, we used
sense primer 5'-ACGTAAACTCCTCTTCAGACCT-3'. The conditions used
were 35 cycles of 94°C for 45 s, 56°C for 45 s, and 72°C for 1.5 min.

Phenotypic observation and mouse husbandry. Mice were housed in a specific-
pathogen-free environment in microisolator cages. They were observed five or
six times a week for the entire course of their life spans. The person identifying
aging characteristics was blind to the genotype. Moribund mice (losing weight
and responsiveness) were observed multiple times a day, and all mice were
euthanatized when they were immobile and could no longer reach the water
source. Morbidities were scored by Kaplan-Meier analysis and measured for
statistical significance by the Wilcoxon rank sum test. Euthanatized mice were
observed by necropsy, and organs were removed and fixed for histology. Mice
were housed in microisolator cages in a specific-pathogen-free environment.
Serum samples from sentinel mice were tested twice a year for murine rotavirus
strain EDIM, mouse hepatitis virus, minute virus of mice, Mycoplasma pulmonis,
mouse parvovirus, parvovirus NS-1, polyomavirus, pneumonia virus of mice,
reovirus type 3, Sendai virus, and Theiler’s murine encephalomyelitis virus.
Pinworms were detected by the anal tape test and cecum examination. The fur
was microscopically examined for mites. The rodent diet was irradiated, the
water was acidified to pH 2.5 to 3.0, and the bedding and the whole cage setup
were autoclaved, including the wire top, isolator cage, cardholders, water, and
water bottles. All mouse procedures were done in accordance with The Guide for
the Care and Use of Laboratory Animals and approved by the institutional
TACUC.

Histology. Tissues were fixed in 10% neutral buffered formalin for 24 h and
then in 70% ethanol until embedded in paraffin, cut into sections, and stained
with hematoxylin and eosin by standard procedures.

Histology quantification. Mouse femurs were photographed at x40 magnifi-
cation and printed. In order to evaluate the changes in cortical wall surface area
between the control mice and the mutant mice, 2-in. lengthwise sections of
cortical wall (from the growth plate toward the metaphysis) were cut from the
bone pictures and weighed in grams. Averages were taken for mice with like
genotypes, and percent change was calculated by dividing the average cortical
wall weight of each mutant cohort by the control average at the young (first) time
point and then multiplying by 100%. The percent change for the control cohorts
was determined by dividing the average cortical wall weight at the middle-age
and old time points by the control average at the young time point and then
multiplying by 100%. In order to evaluate the changes in trabecular surface area,
all trabeculae, from the growth plate to the articular surface, were cut from the
bone printout and weighed in grams. Percent change in the trabecular surface
area for the mutant cohorts was calculated by dividing the average trabecular
weight by the control average at the young time point times 100%. The percent
change for the control cohorts was determined by dividing the average trabecular
weight at the middle-age and old time points by the control average at the young
time point and then multiplying by 100%. The growth plate of the femur was
analyzed at X200 magnification in order to visualize the chondrocytes. The entire
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lengths of the growth plates were cut from a printout and weighed in grams.
Percent change in growth plate weight for the mutant cohorts was calculated by
dividing their average growth plate weight by the control average at the young
time point times 100%. The percent change for the control cohorts was deter-
mined by dividing the average growth plate weight at the middle-age and old
time points by the control average at the young time point then multiplying by
100%.

Two-color fluorescence in situ hybridization (FISH). To generate mouse skin
fibroblasts (MSFs), both ears were removed from the mice of all of the cohorts
at a variety of ages throughout their life spans. These ears were cut into small
millimeter-sized pieces and seeded onto a 3.5-cm plate in M15 with fresh anti-
biotics at 20% O, (Dulbecco’s modified Eagle’s medium with 15% fetal bovine
serum, 2 mM glutamine, 30 mg penicillin/ml, 50 mg streptomycin/ml). This was
passage 0. MSFs at passage 2 were treated with 10 mg Colcemid for 4 h and then
trypsinized to release them from the plate. For slide preparation, cells were spun
(1,000 rpm) and then washed twice for 10 min each time in phosphate-buffered
saline (all phosphate-buffered saline washes were at pH 7.4 unless otherwise
noted). The pellet was resuspended in 300 1 75 mM KCI dropwise by flicking the
tube and then incubated in a 37°C water bath for 15 min. Three hundred
microliters of methanol-acetic acid (3:1) fixative was added dropwise by flicking
the tube, and the mixture was spun at 3,000 rpm for 30 min. Cells were washed
in 300 pl of 3:1 fixative added dropwise by flicking the tube, spun at 3,000 rpm
for 30 min, and then washed again. For hybridization, slides were denatured in
a 70% formamide-2X SSC solution (1X SSC is 0.15 M sodium chloride plus
0.015 M sodium citrate, pH 7.0) at 70°C for 4 min. Slides were immediately
transferred to 30% formamide-2X SSC in 1 pl of 1-mg/ml telomere probe
[6-carboxyfluorescein 5 (CCCTAA), 3'] per slide and incubated at 37°C for 5'.
Slides were washed by being dipped in 2X SSC 10 times, air dried, mounted with
Vectashield containing 4',6'-diamidino-2-phenylindole dihydrochloride (DAPI;
Vector Laboratories) at a 0.6-pg/ml final concentration, and imaged with a Zeiss
Axioplan 2 microscope.

RESULTS

In order to determine if the reported differences in the Ku70
and Ku80 mutant phenotypes are due to either Ku70 or Ku80
independent functions or to the genetic background and/or
environmental differences, we crossed Ku70™'~ mice to
Ku80™'~ mice to generate three mutant cohorts [ku70~'~
Ku80“ ™%/~ Ku70 D~ ku80~'~, and ku70~'~ ku80~'"].
There was also one control cohort [Ku70CH /= Ku80H /7.
Previous reports described two different strains of Ku70 mu-
tant mice (22, 32) and two different strains of Ku80 mutant
mice (41, 58). We used the Ku70 mutant strain previously
reported to show neuronal apoptosis (22-24) and the Ku80
mutant strain previously reported to exhibit early aging (56,
58). Both are defective for V(D)J recombination and repair of
ionizing radiation-induced damage; however, only the Ku70
mutant strain is reported to exhibit a high incidence of lym-
phoma while only the Ku80 mutant strain is reported to exhibit
early aging without increased cancer.

All of the mice in this study were generated from 57 different
Ku80™'~ Ku70™'~ breeding pairs; therefore, these cohorts are
generation 1 brothers, sisters, and cousins. This large number
of breeding pairs eliminates overrepresentation of genetic out-
liers that may arise because of a crossbred background or
random genetic changes. In addition, generation 1 mice are not
subject to the gradual degenerative defects that occur with
progressive generations of homozygous mutant crosses such as
mice with a deletion of the telomerase RNA component
(mTR) that is essential for telomere length maintenance;
mtr~'~ mice exhibit progressive telomere erosion with each
generation (4). These generational crosses would be extremely
difficult to perform since Ku70 mutant (32) and Ku80 mutant
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FIG. 1. Life span analysis. Survival curves (100% X number of
mice alive after each week/total number of mice at 3 weeks) are shown.
Mice in the first 3 weeks were not included since Ku mutant mice often
die before weaning because they are unable to compete with their
littermates. Which line colors represent which mouse strains is shown
in the inset (numbers of mice observed are in parentheses).

(P.H., personal observation) breeding pairs rarely produce off-
spring.

Life span. The life spans of the control and mutant cohorts
were determined (Fig. 1). All of the mutant cohorts had a
shortened life span compared to that of the control cohort
(P < 0.0001 [Wilcoxon test] for all mutant cohorts compared to
the control cohort). However, the life spans of these three
mutant cohorts were very similar and not statistically signifi-
cantly different (Wilcoxon test P values ranged from 0.3552 to
0.8973). The mean life span was ~37 weeks for these mutant
cohorts, compared to ~108 weeks for the control cohort. Thus,
deletion of Ku70, Ku80, or both reduces the life span by
~66%. Since there was no observable difference in the ho-
mozygous wild-type and heterozygous genotypes for Ku70
and Ku80, these genotypes were combined for simplicity for
the remainder of the study.

Tumors. Mice were observed for tumors throughout the
entirety of their life spans. Twenty-six percent (7/27) of the
control mice had tumors, including lymphoma (n = 4), ade-
nocarcinoma (n = 1), and hemangioma, a benign tumor (n =
2). All of the mutant cohorts had fewer tumors than control
mice, i.e., 6% of the ku70~’~ mutant cohort (7/119, six lym-
phomas and one hepatocellular carcinoma; P < 0.005), 2% of
the ku80~'~ mutant cohort (2/109, one lymphoma and one
hemangioma; P < 0.001), and 0% of the ku70~'~ ku80~'~
double-mutant cohort (0/38; P < 0.0002). With the numbers
observed, there was no statistically significantly difference in
cancer incidence between the mutant cohorts (ku70 '~ versus
ku80~'~, P = 0.175; ku70~'~ versus ku70~'~ ku80~'~, P =
0.197; ku80~'~ versus ku70~'~ ku80~'~, P = 1.0).

Even though these mutant cohorts exhibited fewer tumors
than the control cohort, their onset was much earlier. The
Ku70 mutant mice exhibited lymphoma at the ages of 7, 29, 30,
40, 42, and 47 weeks and hepatocellular carcinoma at 40 weeks.
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The Ku80 mutant mice exhibited lymphoma at 34 weeks and
hemangioma at 78 weeks, while the control mice exhibited
lymphoma at 65, 94, 96, and 98 weeks; hemangioma at 114 and
135 weeks; and adenocarcinoma at 117 weeks. Thus, mutant
mice exhibited more tumors within their first year compared to
control mice.

Aging. Control and mutant mice were observed for gross
signs of aging by a cross-sectional analysis, with particular
attention given to the following external characteristics, as
shown in old control mice: kyphosis (Fig. 2A, red arrow),
suppurative conjunctivitis (Fig. 2B), a rough fur coat (Fig. 2C),
rectal prolapse (Fig. 2D), paraphimosis (Fig. 2E, penis perma-
nently extended beyond the prepuce), and alopecia (Fig. 2F).
A series of time frames were used to measure phenotype onset
and incidence (Table 1). These time frames span between 10
and 20 weeks and are necessary to allow the aging character-
istics to become obvious since aging is a highly stochastic pro-
cess with wide variations in both onset and incidence (26). In
addition, long intervals are needed to fully realize each phe-
notype since it takes time to fully develop.

We measured the onset and incidence of kyphosis (Fig. 2G),
rough fur coat (Fig. 2H), alopecia (Fig. 21), paraphimosis (Fig.
2J), and prolapsed rectum (Fig. 2K). No mice presented with
these characteristics for the first 20 weeks. However, mice from
all of the mutant cohorts commonly exhibited these character-
istics within a year while mice from the control cohort com-
monly exhibited most of these characteristics 20 to 40 weeks
later. Thus, these mutant cohorts exhibited an early onset of
the same external age-related characteristics as the control
cohort.

We also observed mice for inflammatory responses. Previ-
ously we showed that control and ku80~'~ mice presented with
external signs of inflammation as they aged; however, these
signs were observed earlier in ku80~'~ mutant mice (56).
These signs typically include suppurative conjunctivitis with
skin ulcerations at the mucocutaneous junction. Here we quan-
titated suppurative conjunctivitis since this phenotype is com-
monly observed as 129 mice age (54). No mice presented with
suppurative conjunctivitis for the first 20 weeks. However, the
mutant cohorts exhibited suppurative conjunctivitis by 21 to 50
weeks while the control cohort exhibited suppurative conjunc-
tivitis by 71 to 100 weeks. Pasteurella multocida was isolated
from periorbital exudates, suggesting that suppurative conjunc-
tivitis was caused by opportunistic bacterial infections. In all of
the cohorts, including the control, many of the mice likely died
from sepsis since they often exhibited signs of severe inflam-
matory responses that included large abscesses located in the
pleural and peritoneal cavities.

It is possible that the early onset of these inflammatory
responses was caused by SCID in the Ku mutant mice since Ku
is required for the assembly of the V(D)J segments of antigen
receptor genes that is requisite for lymphocyte development
(22, 23, 58). Additionally, when challenged, ku80 '~ mice are
susceptible to infectious disease, which greatly reduces their
life span (56). However, the suppurative conjunctivitis shown
here was likely age related and not caused by SCID for the
following reasons. (i) These mice were house in a specific-
pathogen-free colony (see Materials and Methods). Ku80 mu-
tant mice that succumbed to infectious disease were housed in
a conventional colony contaminated with mouse hepatitis virus
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FIG. 2. External ageing characteristics. (A) Gross aging seen in control (Con), ku70~'~, ku80~'~, and ku80~'~ ku70~'~ (double mutant, DM)
littermates. Red arrows point to kyphosis. Increased magnifications of an old control mouse (>120 weeks old) show suppurative conjunctivitis (B),
rough fur coat (C), rectal prolapse (D), paraphimosis (E), and alopecia (F) (dorsal view of cranium, neck, and thorax). The graphs show the onset
and incidence of kyphosis (G), rough fur coat (H), alopecia (I), paraphimosis (J), rectal prolapse (K), and suppurative conjunctivitis (L). Statistical
analysis based on a ¢ test comparing the groups listed in Table 1: 1 versus 5 and 1 versus 9, P = 1.0 (all phenotypes); 1 versus 13, P = 0.06 (kyphosis,
rough fur, and alopecia) and P = 1.0 (the remaining phenotypes); 1 versus 17, <0.001 (kyphosis and rough fur), P = 0.02 (alopecia), P = 0.006
(suppurative conjunctivitis), P = 0.11 (paraphimosis), and P = 1.0 (rectal prolapse); 1 versus 18, P < 0.001 (kyphosis), P < 0.002 (rough fur), P
= 0.31 (alopecia), P = 0.01 (suppurative conjunctivitis), and P = 1.0 (rectal prolapse); 2, 3, and 4 versus 6, 7, and 8, P = 0.02 (kyphosis), P = 0.09
(rough fur), P = 0.21 (alopecia), P = 0.09 (suppurative conjunctivitis), P = 0.23 (paraphimosis), and P = 0.21 (rectal prolapse); 2, 3, and 4 versus
10, 11, and 12, P < 0.001 (kyphosis, rough fur, and suppurative conjunctivitis), P = 0.02 (alopecia), P = 0.002 (paraphimosis), and P = 0.008 (rectal

prolapse); 2, 3, and 4 versus 14, 15, and 16, P < 0.001 (all phenotypes).

and Theiler’s murine encephalomyelitis virus. These chal-
lenged ku80~'~ mice exhibited a mean life span of only 17
weeks and showed clear signs of infection that included liver
necrosis (56). By contrast, the Ku mutant mice presented here
lived much longer and did not show these signs. (ii) Suppura-
tive conjunctivitis is commonly observed as control 129 mice
age (54), and the mice in this study were in a 129 X C57BL/6
background. Therefore, this is an expected age-related obser-
vation for this mouse strain. Thus, suppurative conjunctivitis is
dependent not on SCID but instead on age and is a typical sign
of aging in 129 mice.

We investigated bones for age-related changes by histology
since kyphosis may be caused by osteoporosis in aged individ-
uals (40). The surface areas of the bone cortical wall and
trabeculae were quantitated for three mice in each cohort at
three ages, 8 weeks (Fig. 3A), 50 to 60 weeks (Fig. 3B), and
>120 weeks (Fig. 3C; only control mice remained at this late
time point). To evaluate the cortical wall surface area, the
distal part of the femur was observed at the point proximal to
the epiphysis (Fig. 3D). To evaluate the trabecular surface
area, the distal part of the femur was observed from the border
of the epiphysis distal to the articular surface of the knee joint
(Fig. 3D). Mice from all cohorts at all time points were com-

pared to the control cohort at the 8-week time point. Both the
control and mutant cohorts exhibited a decrease in cortical
wall and trabecular surface areas with age, but this reduction
occurred earlier in the mutant cohorts than in the control
cohort (Fig. 3E).

We also investigated the epiphysis for age-related changes
by histology (the same femurs were observed). The epiphysis is
a cartilaginous plate located at the ends of long bones that
contain matrix-producing cells called chondrocytes. These
chondrocytes are important for bone growth and are arranged
in a columnar pattern (Fig. 3A); however, with age they di-
minish in number and lose their columnar organization. A
qualitative examination for chondrocyte number and columnar
organization showed a reduction with age in both the control
and mutant cohorts, but this reduction occurred earlier in the
mutant cohorts (Fig. 3A to C). In addition, with age, cartilage
is replaced by bone, effectively reducing the epiphyseal surface
area. Therefore, we measured the surface area of the entire
length of the epiphysis and found epiphyseal surface area de-
creases in both the control and mutant cohorts with an earlier
onset in the mutant cohorts (Fig. 3E).

Chromosomal instability. Ku70 and Ku80 maintain genomic
stability by repairing DNA DSBs through NHEJ to suppress an
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TABLE 1. Summary of gross age-related characteristics
No. of mice/total
Mouse age (wk), Geno
type . Rough . S ti . Rectal
roup no. oug i uppurative . ectal
group Kyphosis fur Alopecia conjunctivitis Paraphimosis prolapse
3-20
1 Wild type (control) 0/21 0/21 0/21 0/21 0/13 0/21
2 ku70~"~ 0/14 0/14 0/14 0/14 0/7 0/14
3 ku80~'~ 0/15 0/15 0/15 0/15 0/6 0/15
4 DM* 0/14 0/14 0/14 0/14 0/11 0/14
21-30
5 Wild type (control) 0/16 0/16 0/16 0/16 0/11 0/16
6 ku70~"~ 4/14 1/14 2/14 2/14 177 2/14
7 ku80~'~ 1/13 2/13 0/13 1/13 2/10 0/13
8 DM 0/10 0/10 0/10 0/10 0/7 0/10
31-50
9 Wild type (control) 124 0/24 0/24 0/24 0/14 0/24
10 ku70~"~ 9/25 2/25 3/25 4/25 4/11 2/25
11 ku80~'~ 13/20 8/20 3/20 6/20 4/11 6/20
12 DM 6/9 2/9 1/9 2/9 1/5 0/9
51-70
13 Wild type (control) 3/13 3/13 3/13 0/13 0/8 0/13
14 ku70~"~ 9/12 7/12 9/12 9/12 3/5 5/12
15 ku80~'~ 5/8 5/8 3/8 5/8 3/5 3/8
16 DM 3/4 3/4 1/4 3/4 3/3 2/4
71-100, 17 Wild type (control) 39/98 34/98 21/98 25/98 12/63 2/98
>100, 18 Wild type (control) 29/50 17/50 5/50 12/50 8/27 0/50

“DM, ku70~'~ ku80~'~ double mutant.

accumulation of breaks (31). In addition, Ku70 and Ku80
maintain telomeres since they associate with telomeres (8, 29),
suppress chromosomal fusions either with (2, 30, 43) or with-
out (8) telomeres, and impact telomere length maintenance (8,
15). NHEJ may be important during the aging process since
chromosomal rearrangements accumulate as mice age (10)
while telomere maintenance may impact aging since telomere
erosion exacerbates aging for both Ku80 and DNA-PK g mu-
tant mice (16). In order to observe genomic instability, we
analyzed metaphase spreads generated from primary MSFs
(passage 2) derived from the ears of control and mutant mice
at a variety of ages (4 to 9 weeks, 32 to 62 weeks, and 132 to 140
weeks). These metaphase spreads were observed by two-color
FISH with a telomere probe and DAPI. We observe a variety
of chromosomal changes that are related to either age or Ku
deletion (Table 2).

Both control and Ku mutant spreads exhibited single-chro-
matid telomere loss (on either the short or the long arm) (Fig.
4A and B) and chromosomal fragments and breaks (Fig. 4A
and C). These abnormalities were commonly observed and
progressively increased with age. Thus, these events are age-
related phenotypes similar to those presented in Fig. 2 and 3.

Ku deletion increases the level of telomere associations and
telomere fusions (Fig. 4A, D, and E), as previously reported by
three groups (2, 30, 43); however, Ku deletion does not in-
crease the level of chromosomal fusions without telomeres, as
reported by another group (8). The latter abnormality was
observed in only two ku70~'~ ku80~'~ metaphase spreads
from the 4- to 9-week age group and one ku80~'~ and two

control metaphase spreads from the 32- to 62-week age group
(not shown). Telomere associations, but not telomere fusions,
increased with age for the Ku mutant spreads. Both of these
events were rarely observed in the control spreads at any age.
Thus, these abnormalities are specific to Ku deletion and not
to aging.

DISCUSSION

The Ku heterodimer is an essential component of NHEJ.
However, the phenotypic differences among various strains of
Ku70 and Ku80 mutant mice imply an independent role for
each subunit. To address this issue, we crossed Ku70 and Ku80
mutant mice to generate Ku70, Ku80, and double-mutant mice
in the same genetic background and housed them in the same
cages. We found that mice with a deletion of Ku70, Ku80, or
both had similar phenotypes, including early aging without
substantially increased cancer.

Do Ku mutant mice age like control mice? Accelerated-
aging models are often called “segmental progerias” since they
frequently display only a subset of age-related symptoms nat-
urally found in the entire population. This is certainly true for
many of the models of accelerated aging in humans like Wern-
er’s syndrome and Hutchinson-Gilford syndrome (25, 37).
Thus, some have questioned the relevance of these progerias
to normal aging (39). To address this controversial issue, three
broad criteria were established to maximize the odds that any
particular aging model actually reflects normal aging (26, 27).
These criteria are as follows. (i) Aging signs occur after devel-
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FIG. 3. Microscopic analysis. (A) Eight-week-old control (Con) and mutant femurs. Double mutant, DM. Top images, distal femur; bottom
images, section of epiphysis from the boxed insets. Note that the chondrocytes are aligned in a series of columns, as highlighted by the oval for
the control. (B) Fifty- to 60-week-old control and mutant mice. Note that the columns of chondrocytes are diminished in the control and mostly
gone in the mutants. Also note that the cortical wall is thinner with fewer trabeculae in the mutants but not in the control. (C) Control at >120
weeks. The columns of chondrocytes are mostly gone. The cortical wall is thinner with fewer trabeculaec compared to earlier time points.
(D) Diagram showing the section of cortical wall (proximal to the epiphysis), trabeculae (between the epiphysis and articular surface), and
epiphysis (the entire length) used to measure age-related changes. See Materials and Methods for the quantification methods used. (E) Graphs
displaying the age-related changes in surface area for the cortical wall (left), trabeculae (middle), and epiphysis (right). There are three mice in
each group, and shown is the surface area (SA) relative to the mean of the 8-week-old control (hence, the 8-week-old control is always 1.0).
Statistical analysis based on a ¢ test: 8-week-old control versus 50- to 60-week-old control, P = 0.9624 (cortical wall), P = 0.2707 (trabeculae), and
P = 0.9251 (epiphysis); 8-week-old control versus >120-week-old control, P = 0.0036 (cortical wall), P = 0.0621 (trabeculae), and P = 0.0003
(epiphysis); 8-week-old mutants combined versus 50- to 60-week-old mutants combined, P = 0.00081 (cortical wall), P = 0.00739 (trabeculae), and
P = 0.00158 (epiphysis).

opment, preferably after reproductive maturation. (ii) The
same signs occur in the control population at a later age but at
a similar point in the life span. (iii) A diverse set of tissues and
organs are affected. These Ku mutant mice fit all three of
these criteria. Here we show that Ku mutant mice exhibit

the same aging signs as controls, meaning that all of the
aging signs observed in our control mice were also observed
in our mutant mice. Therefore, these mice do not display a
“segmental” phenotype. However, we have not performed
an exhaustive analysis, leaving open the possibility that cer-
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TABLE 2. Summary of FISH analysis

No. of events/metaphase spread”

Mouse No. of Telomere
age (wk), Genotype MF;Ss( Single-chromatid telomere loss Fragments/breaks association Telomere fusion
group no. i
0 1 2 3 4567815 Total 0 1 2 3 456 Total 0 1 2 Total 0 1 2 3 Total
4-9
1 Wild type 207 158 29 10 72 0100 O 8 190 14 20100 22 203 40 4 205 200 2
(control)
2 ku70~'~ 90 59 1510 320100 0 58 66 17 52000 33 89 10 1 89 100 1
3 kus0~'~ 136 106 17 9 03 0010 O 54 9523 134010 66 133 21 4 128 710 9
4 DM* 238 154 50 16 9 4 22 00 1 162 176 47 10 4 1 0 0 83 228 10 0 10 206 27 4 1 38
32-62
5 Wild type 215 151 39 17 43 0010 0 104 187 26 2 00 0 0 30 212 30 3 214 100 1
(control)
6 ku70="~ 78 5212 4 1312111 82 55 13 64000 37 73 50 5 77 1 00 1
7 ku80~'~ 144 7129 18 10 9 3 22 0 0 172 98 27 16 2 0 0 1 71 138 51 7 124 18 1 1 23
8 DM 31 13 4 6 701000 0 42 19 7 41000 18 27 40 4 29 110 3
132-140,9 Wild type 116 43 33 19 11 4 4110 0 153 92 20 31000 29 116 0 0 0 114 2 00 2

(control)

“DM, ku70~'~ ku80~'~ double mutant.

’ The total number of events per metaphase spread is shown as 0 to as many as 15.

¢ MPSs, metaphase spreads.

tain age-related characteristics differ between Ku mutant
and control mice. In addition, the incidence of aging signs
seems to increase for Ku mutant mice compared to control
mice. This is visible in all of phenotypes shown in Fig. 2G to
L but is most obvious for rectal prolapse. Thus, Ku mutant
mice exhibit an array of aging signs remarkably similar to
those of control mice but there are some differences, in
particular, increased incidence, suggesting that Ku deletion
actually accentuates aging as measured by both onset and
incidence.

How does Ku deletion impact cancer incidence? One inter-
esting reversal from the above trend is that control mice show
more cancer than Ku mutant mice. Perhaps Ku mutant mice
exhibit less cancer because they have less time to develop it.
This is the logical conclusion when cancer incidence is viewed
from the perspective of chronological time since most Ku mu-
tant mice die before the control mice begin to show cancer.
However, this conclusion does not correlate with the other
aging signs that show an increased incidence within the same
time frame. It is also possible that Ku deletion reduces cancer
in real time. This is the logical conclusion when aging signs are
viewed from the perspective of biological time (a measurement
relative to the life span) since all cohorts exhibit these aging
characteristics at approximately the same point within their life
span. Previously, we proposed that Ku deletion indirectly sup-
presses cancer through persistent anticancer responses to in-
efficiently repaired DNA damage, resulting in excessive apop-
tosis or cellular senescence (35, 56). We have begun to address
this issue by crossing the Ku80 mutation into a pS3 mutant
background (11). The p5S3 mutant mice obtained were defec-
tive for cellular responses to DNA damage and showed very
high levels of spontaneous cancer in less than 1 year. We have
reported that simultaneous deletion of Ku80 and p53 greatly
shortens the latency and increases the incidence of two cancer
types, i.e., pro-B-cell lymphoma (35) and medulloblastoma
(28). These observations support the possibility that persistent

anticancer responses influence the Ku mutant phenotype by
reducing cancer. This possibility is in line with the hypothesis
that anticancer responses contribute to aging, a concept
termed antagonistic pleiotropy (7). In order to fully evaluate
the possibility that antitumor responses are elevated in Ku
mutant mice, the role that Ku deletion plays during oncogen-
esis must be evaluated in cancer models that maintain normal
DNA damage responses.

The cancer incidence in Ku mutant mice may be strongly
influenced by the genetic background and environment. Pre-
viously, two papers showed that Ku70 mutant mice have cancer
levels higher than those reported here. The first report states
that “we have observed six cases of thymic tumors among
approximately 40 Ku70~/~ mice ranging in age from 2 to 7
months” (23). Those mice were of the same strain as those
used for this study. Comparing the lymphoma incidence in our
present study to that in the previous study suggests that a lower
lymphoma level is described here, although the number is at
the margin of significance (6/119 versus 6/40, P = 0.076 [Fish-
er’s exact test]). Even though the first report shows 6 of 40 mice
with lymphoma within 7 months, it must be noted that a life
span study was not preformed and lymphoma was an incidental
finding as mice were sacrificed for B- and T-cell analysis.
Therefore, taking this into account, there is a significant dif-
ference in cancer levels between the previous and present
studies since only 3/119 Ku70 mutant mice observed in this
study showed signs of cancer by 7 months (P = 0.0084). The
second report states that >50% and perhaps has high as 85%
of their Ku70 mutant mice died from T-cell lymphoma (32).
Even though exact numbers are not given for the second re-
port, it is clear that our ku70~'~ mice had much less lym-
phoma. It is possible that the Ku70 mutant mice in our study
had low cancer levels because of early death from another
illness; however, this is unlikely since our Ku70 mutants actu-
ally lived longer than those in the second study (median life
span of 37 versus 28 weeks). Thus, there is a clear divergence
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on metaphase spreads. (A) Representative examples of chromosomal

abnormalities. Shown are the DAPI stain, telomere probe (telo), and merge. The white arrow points to a chromosomal fragment. Con, control.
(B to E) Graphs showing the total number of events per total number of metaphase spreads for single-chromatid telomere loss (B), fragments/
breaks (C), telomere associations (D), and telomere fusions (E). The number may be greater than 1 if enough metaphase spreads have multiple
events (see Table 2). Statistical analysis based on the likelihood ratio test comparing groups listed in Table 2: 1 versus 2, 3, and 4, P = 0.0513
(single-chromatid telomere loss), P < 0.0001 (fragments/breaks), P = 0.4469 (telomere associations), and P < 0.0001 (telomere fusions); 1 versus
5, P = 0.3570 (single-chromatid telomere loss), P < 0.3141 (fragments/breaks), P = 0.3338 (telomere associations), and P = (0.2814 (telomere
fusions); 1 versus 9, P < 0.0001 (single-chromatid telomere loss), P = 0.0017 (fragments/breaks), P < 0.0001 (telomere associations), and P =
0.2959 (telomere fusions); 2, 3, and 4 versus 6, 7, and 8, P < 0.0001 (single-chromatid telomere loss), P < 0.0419 (fragments/breaks), P < 0.0001

(telomere associations), and P = 0.5530 (telomere fusions).

in cancer incidence between the Ku70 mutant mice in this
study and those in the previous two studies, suggesting that
divergent genetic backgrounds or environments impact cancer
incidence in mice with Ku70 deleted.

How do Ku70 and Ku80 impact telomere maintenance?
Several groups have shown that either Ku70 or Ku80 asso-
ciates with telomeres (8, 29), suggesting that Ku is important
for telomere maintenance; however, their exact role is con-
troversial. One report shows that Ku80 suppresses telomer-
ase-mediated telomere lengthening since Ku80 mutant cells
exhibit telomerase-dependent telomere elongation (15). In
addition, Ku80 mutant cells have been reported by this
group and several others (2, 30, 43) to exhibit telomere-

telomere fusions, resulting in joined chromosomes. This ob-
servation suggests that Ku caps telomeres to prevent
telomere-telomere joining. However, another report shows
that Ku70 and Ku80 maintain telomere length since cells
with Ku deleted display telomere shortening (8). Further-
more, this report shows that deletion of Ku70 or Ku80
results in chromosomal fusions without telomeres. Our re-
sults are consistent with the former reports suggesting Ku
caps telomeres since telomere fusions and associations, but
not chromosomal fusions without telomeres, are clearly in-
creased in Ku mutant cells. The authors in the latter group
suggested that the divergent results were due to genetic
background and/or environmental differences, similar to our
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conclusion about the different cancer incidences reported
for Ku70 mutant mice.

Are defects in NHEJ or telomere maintenance critical for
aging in Ku mutant mice? We show a variety of chromosomal
abnormalities in MSFs derived from control and Ku mutant
mice as they age. These abnormalities could be placed into the
following three broad categories: (i) abnormalities caused by
defective DSB repair (DNA breaks and fragments), (ii) abnor-
malities caused by defective telomere maintenance (telomere-
telomere fusions and associations), and (iii) abnormities
caused by either defective DSB repair or telomere mainte-
nance (single-chromatid telomere loss). Chromosomal abnor-
malities from the second category are clearly increased in Ku
mutant spreads but are not observed in control spreads. There-
fore, these abnormalities are not likely a part of the normal
aging process. However, telomere associations increase with
age for the Ku mutant spreads; therefore, this event is an
age-related phenotype unique to Ku deletion. Chromosomal
abnormalities from the first and third categories increase
with age for both controls and Ku mutants, with an earlier
onset in the Ku mutants. These results suggest that these
events are a part of normal aging. It is difficult to know if
single-chromatid telomere loss is due to selective telomere
erosion or to a chromatid break; therefore, the question of
whether this is a telomere maintenance defect or a DSB repair
defect remains open. However, chromosomal fragments and
breaks suggest defective DSB repair.

Conclusion. We show that deletion of Ku70, Ku80, or both
results in identical aging phenotypes without substantially in-
creasing the incidence of cancer. This report suggests that the
Ku70 mutant phenotype is sensitive to the genetic background
and environment since two previous studies reported a higher
incidence of lymphoma. In addition, this report suggests that
defective NHEJ and/or telomere maintenance contributes to
normal aging since Ku70 and Ku80 mutant mice display a wide
range of normal age-related phenotypes. Our observations cor-
roborate previous reports that end-joining capacity and fidelity
decline as normal human fibroblasts age (46, 47), suggesting
that Ku function influences normal aging and establishes Ku70
and Ku80 as important longevity assurance proteins.
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