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Summary

Accumulation of DNA damage may play an essential role
in both cellular senescence and organismal aging. The
ability of cells to sense and repair DNA damage declines
with age. However, the underlying molecular mechanism
for this age-dependent decline is still elusive. To under-
stand quantitative and qualitative changes in the DNA
damage response during human aging, DNA damage-
induced foci of phosphorylated histone H2AX (y-H2AX),
which occurs specifically at sites of DNA double-strand
breaks (DSBs) and eroded telomeres, were examined in
human young and senescing fibroblasts, and in lympho-
cytes of peripheral blood. Here, we show that the incidence
of endogenous »H2AX foci increases with age. Fibroblasts
taken from patients with Werner syndrome, a disorder
associated with premature aging, genomic instability and
increased incidence of cancer, exhibited considerably
higher incidence of y-H2AX foci than those taken from
normal donors of comparable age. Further increases in
¥H2AX focal incidence occurred in culture as both normal
and Werner syndrome fibroblasts progressed toward
senescence. The rates of recruitment of DSB repair pro-
teins to y-H2AX foci correlated inversely with age for both
normal and Werner syndrome donors, perhaps due in part
to the slower growth of yH2AX foci in older donors.
Because genomic stability may depend on the efficient
processing of DSBs, and hence the rapid formation of
v-H2AX foci and the rapid accumulation of DSB repair
proteins on these foci at sites of nascent DSBs, our find-
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ings suggest that decreasing efficiency in these processes
may contribute to genome instability associated with
normal and pathological aging.

Key words: aging; cellular senescence; DNA damage; DSB
repair; H2AX; Werner syndrome.

Introduction

A growing body of evidence indicates that cellular response to
DNA damage plays a key role in the regulation of aging in
multicellular organisms (Hasty & Vijg, 2002; Collado et al., 2007).
Telomere dysfunction at the end of cellular replicative life span
is recognized as DNA damage and triggers a permanent cell
cycle arrest called replicative senescence (Stewart & Weinberg,
2006). Acute cellular stresses, such as oxidative damage by
reactive oxygen species (Colavitti & Finkel, 2005) and oncogene
activation (Bartkova et al., 2006; Di Micco et al., 2006), also
induce DNA damage signaling, which may lead to a checkpoint
response called stress-induced premature senescence. Cellular
senescence, induced by DNA damage signaling either replica-
tively or prematurely, is thought to affect tissue homeostasis and
functions, and therefore organismal life span (Campisi, 2005;
Zhang, 2007).

Transgenic mice deficient in DNA repair proteins exhibit pre-
mature senescence in embryonic fibroblasts and an early onset
of aging-specific changes in vivo (Celeste et al., 2002; De Boer
etal., 2002; Hasty et al., 2003). In humans, many premature
aging syndromes are caused by mutations in genes encoding
proteins involved in DNA repair, such as the family of RecQ-like
DNA helicases (Hickson, 2003; Karanjawala & Lieber, 2004,
Dhillon et al., 2007). Among these disorders is Werner syndrome
(WS), which is characterized by a shortened life span, an early
onset of aging-associated symptoms (Bohr, 2005; Kyng & Bohr,
2005) and an increased incidence of cancers (Nehlin etal.,
2000; Shen & Loeb, 2001; Ostler etal., 2002). Another pre-
mature aging syndrome, Hutchinson-Gilford progeria (Mattout
etal., 2006), is caused by mutations in the LMNA gene and is
also associated with an activation of DNA damage responses
(Liu et al., 2006). Because of many features shared by acceler-
ated aging in patients with these disorders and physiological
aging in normal individuals (Kipling et al., 2004; Scaffidi &
Misteli, 2006), they are thought to be a good model for studying
aging in humans (Cheng et al., 2007).

DNA double-strand breaks (DSBs) accumulate during both
in vivo aging and in vitro cellular aging in culture. A modest
but significant increase in DSBs was detected in aged mice by
microgel electrophoresis (Singh et al., 2001). We and others
demonstrated that the DSB-specific foci, which contain phosphory-
lated histone H2AX (y-H2AX), 53BP1, Mre11, Rad50 and Nbs1
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(Redon et al., 2002; Pilch et al., 2003; Sedelnikova et al., 2003),
accumulate in senescent human cells (D’Adda di Fagagna et al.,
2003; Bakkenist et al., 2004; Sedelnikova et al., 2004) as well
as in germ and somatic cells of aged mice (Sedelnikova et al.,
2004). Such foci were also detected in dermal fibroblasts from
aged primates (Herbig et al., 2006; Jeyapalan et al., 2007). In
contrast to foci formed in response to known causes, such as
ionizing radiation (IR), these age-associated foci were proposed
to contain unrepairable DSBs, which may have a causal role in
aging (Sedelnikova et al., 2004).

Despite the mentioned in vitro and in vivo evidence for a link
between accumulated DSBs and aging phenotypes in mammals,
the molecular basis for the age-related accumulation of DSBs
is poorly understood. To gain insight into age-dependent changes
in DSB repair, we examined the formation of y-H2AX foci as a
very early event in DSB repair, the growth rate of these y-H2AX
foci and the dynamics of recruitment of the other DSB repair
proteins. Our analyses of human cells from young versus old
donors, same cell strains at low versus high population doublings
(PDs) in culture and cells from normal donors versus WS patients
highlight an aging-dependent change in the kinetics of DSB
repair, which is common between in vitro and in vivo aging, as
well as between normal and pathological aging.

Results

vH2AX foci accumulate with donor age

To investigate whether organismal age affects individual cells
by modulating their response to DNA damage, we used y-H2AX
antibody staining to identify and quantify DNA DSBs in human

lymphocytes and primary fibroblasts from healthy donors of
different ages, as well as in primary fibroblasts from WS patients
of different ages. Fresh peripheral blood lymphocytes taken
from 26 normal donors aged 21-72 years generally exhibited
an increased incidence of y-H2AX foci in older individuals
(Fig. 1A). The proportion of cells containing y-H2AX foci is
higher in older individuals, and there is a marked increase in
the total number of cells with multiple foci (Fig. 1B). When
lymphocytes from donors of different ages were exposed
to 0.6 Gy IR, the number of IR-induced y-H2AX foci present at
30 min post-IR was independent of donor age as was the
long-term decrease in their numbers (Fig. 1C).

To determine if other cells exhibited characteristics similar
to lymphocytes, we obtained primary fibroblasts from normal
donors aged 35, 49 and 61 years, and from donors aged 25,
30 and 60 years with WS. Fibroblasts from older normal donors
were found to exhibit greater incidences of y-H2AX foci than
those from younger donors, and those from WS donors exhib-
ited greater focal incidences than those from normal donors
(Supplementary Fig. STA). In addition, fibroblast cultures also
exhibited greater focal incidences with increased PDs and
progress toward senescence [measured by increased fraction of
senescence-associated B-galactosidase (SA B-gal) positive cells]
in culture (Supplementary Fig. S1B). These data are more clearly
shown in Fig. 2(A) with donor age increasing along the X-axis,
average numbers of y-H2AX foci per cell increasing along the
Y-axis and PDs increasing along the Z-axis, as well as in Fig. 2(B).
Focal incidences in normal human fibroblast (NHF) cultures
derived from a newborn’s foreskin [0 years old (yo)] and WI-38
fetal lung fibroblasts were presented in our earlier report
(Sedelnikova et al., 2004), and served as control values in this
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Fig. 2 Accumulation of phosphorylated histone H2AX (y-H2AX) foci in primary fibroblasts from healthy (N) and Werner syndrome (WS) (W) donors. (A) In both
normal and WS cells, the numbers of y-H2AX foci increase with donor age and with progression toward replicative senescence. White, light striped and dark
striped columns indicate low, intemediate and high population doublings (PDs), respectively. NF, normal fetus, WI-38 fibroblasts; N O years old (yo), normal
human fibroblasts from a newborn; HGS, fibroblasts from an HGS donor. y-H2AX foci were counted in 100-200 cells. More detailed analyses of each cell
population along with representative cell images are shown in Supplementary Fig. S1, lower right corner. (B) Representative images compare low (10) and
high (34) PD fibroblasts derived from a normal donor with low (12) PD fibroblasts from a WS donor of similar age (35 and 30 yo, respectively). Low PD WS
cells exhibit a higher incidence of y-H2AX foci (3 + 0.9) compared to normal fibroblasts of both low PDs (0.5 + 0.1) and high PDs (2.2 + 0.4). The images also
illustrate the appearance of a background ‘noise’; small and bright multiple foci located throughout the nuclei in normal senescent cells and WS cells.

(C) Endogenous y-H2AX foci are both telomeric and non-telomeric. Left panel, representative chromosomes with y-H2AX signal (green) and/or telomeric (TLMR)
DNA probe (red): a, chromosome contains only telomere signals; b, y-H2AX focus is localized along chromatid length and classified as non-telomeric; ¢, y-
H2AX focus is localized at chromatid end, co-localized with telomere signal (merged image is yellow) and classified as telomeric; d, y-H2AX focus is localized
at chromosomal end and classified as telomeric, although telomere signal is absent because of telomere shortening. Right panel, distribution of y-H2AX foci
in low and high PD cells from a healthy and a WS donor. The proportions of telomeric and non-telomeric y-H2AX foci are shown and change during cellular
senescence with increase of the telomeric fraction. The fraction of telomeric y-H2AX foci is higher in WS cells than in normal cells. Error bars signify standard
deviations; n (number of metaphases analyzed) = 11-18.

study. Although our conclusions are based on a limited number higher total y-H2AX levels, as measured by immunoblotting and

of available primary cell strains, and the human population is
quite variable (as can be seen in Fig. 1A), these findings indicate
that in addition to the positive correlation of y-H2AX focal numbers
with PDs in culture previously reported, there are similar positive
correlations with donor age in normal fibroblasts and with WS
fibroblasts. The higher frequencies of y-H2AX foci correlated with

by laser scanning cytometry (data not shown).

A procedure that combines y-H2AX immunostaining and
telomere fluorescence in situ hybridization (FISH) in interphase
cells cannot properly distinguish between telomere-associated and
telomere-independent age-related DNA damage (Sedelnikova
et al., 2004; Ksiazek et al., 2007), because a telomere signal can
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be too short to be visualized. When this technique is applied
to metaphase chromosomes, however (Nakamura et al., 2006),
the precise location of y-H2AX foci on the chromosomes can
be determined and classified (Fig. 2C), including those at the
chromosomal ends lacking a telomere repeat (Fig. 2C, d). Using
this technique, we found that both telomeric and non-telomeric
DNA damages are important determinants of mammalian senes-
cence; however, mostly telomeric DNA damage accumulates
during senescence in human cells (A. Nakamura, unpublished
data). Here, we compared proportions of telomeric and non-
telomeric y-H2AX foci in young (low PD) and senescent (high
PD) normal and WS fibroblasts (Fig. 2C). The fractions of telomere-
associated y-H2AX foci increased when both normal and WS cells
progressed toward senescence, as well as in WS cells compared
to normal cultures. These data suggest that increasing telomere
dysfunction plays a primary role in producing senescence- and
age-associated DNA damage in humans.

Next, we examined primary fibroblasts derived from normal
and WS donors for their abilities to respond to IR (Fig. 3). The
striped bars show the percentages of SA B-gal positive cells,
which indicate a senescent state of cultures in each PD exam-
ined. A dose of 0.6 Gy induced comparable levels of y-H2AX foci
in all samples regardless of the origin, age or PDs (Fig. 3, gray
bars). After 24 h, the incidences of IR-induced y-H2AX foci had
returned to values close to the numbers of y-H2AX foci present
in the unirradiated cells (Fig. 3, white bars) with the exception
of the fibroblasts derived from a 60 yo WS patient, in which at
middle and high PDs, the IR-induced y-H2AX foci remained at
24 h, indicating a lack of DNA DSB repair in these cells.

Thus, two different cell types, quiescent lymphocytes and
proliferating fibroblasts, both exhibit age-related increases in
the incidence of y-H2AX foci, although they are still competent
in IR-induced DSB repair.

N &1 yo

% SA fB-gal positive

Fig. 3 Incidence of ionizing radiation (IR)-induced
phosphorylated histone H2AX (y-H2AX) foci and
their long-term repair are independent of donor
age and population doublings (PDs) in normal and
Werner syndrome (WS) fibroblasts. Bars represent
v-H2AX foci per cell in primary cultures under three
experimental conditions (unirradiated control,
black bars; 30 min post-IR, gray bars, and 24 h
post-IR, white bars). Striped bars correspond to
senescence-associated B-galactosidase (SA B-gal)
fractions. N, normal donors with age noted; W, WS
donors with age noted. Error bars signify standard
errors. With the exception of the 60-year-old (yo)
WS donor, the incidence of y-H2AX foci 24 h
post-IR in these cell populations is similar to the
pre-IR incidence, suggesting that long-term repair
is not impaired.

Yo SA fi-gal positive

In addition to the large y-H2AX foci counted for these studies,
the fibroblasts from adult donors contained multiple smaller y-H2AX
spots which were of lower intensity than the large foci. The spots
localized throughout the nuclei, mostly in low-propidium-iodide
staining areas. A similar observation was previously described
(McManus & Hendzel, 2005). These spots were much more
pronounced in senescent cells (34 PD) from normal individuals
(Fig. 2B, middle panel), but were found even in young (12 PD)
WS cells (Fig. 2B, right panel). When the cells were co-stained
with antibodies to MRN components, they co-localized only
partially with these spots (data not shown), suggesting that
these spots may not mark DNA DSBs. Therefore, although
multiple small endogenous y-H2AX-stained spots appear to
be characteristic of aging cells, they are different from the
aging-associated large DNA damage foci of interest in this
study.

Kinetics of y-H2AX focal growth and repair protein
accumulation to y-H2AX foci

The repair of DSBs involves fast and slow kinetic components.
The analysis of real-time recruitment of DSB repair factors to
sites of DNA damage in live cells revealed their accumulation
on these sites immediately after generation of the damage
(Lukas et al., 2004; Kruhlak et al., 2006a). Cells from H2AX-null
mice, which lack the fast component of DSB repair, but fix DNA
damage by 4 h post-IR, exhibit genomic instability and fail to
accumulate repair proteins at DSB sites (Celeste et al., 2002,
2003a). The fast component of DSB rejoining may depend on
the rapid formation of y-H2AX foci which generally is completed
by 15 min post-IR. To determine if WS cells, which exhibit
genomic instability, also are deficient in the formation of y-H2AX
foci, we compared the initial kinetics of the focal formation and
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recruitment of DSB repair proteins to these foci in normal and
WS fibroblasts. In low PD NHFs, y-H2AX foci enlarge rapidly
reaching maximal size by 10 min post-IR (Fig. 4A, left montage;
red arrows in the lower left panel indicate large y-H2AX foci).
Using double-labeling and separate-channel recording, we vis-
ualized the repair protein Mre11 accumulating at these y-H2AX
foci soon after they form (Fig. 4A, yellow foci in merged panels
denote co-localization of y-H2AX and Mre11 at 2 min post-IR;
white arrows point to y-H2AX foci deficient in Mre11). In con-
trast, high PD, senescent NHFs exhibit both slower enlargement
of y-H2AX foci and slower recruitment of Mre11 to these foci
(Fig. 4A, right montage). The y-H2AX foci in the high PD NHFs
are noticeably smaller than those in the young NHFs at 10 min
post-IR, and reach a size similar to those in the young NHFs only
at 30-40 min post-IR (Fig. 4A, right montage; red arrows in the
lower left panel indicate large y-H2AX foci). In addition, Mre11
accumulates more slowly at the y-H2AX foci, with many foci
deficient in Mre11 at 10 and 30 min post-IR (Fig. 4A, right
montage, merged panels; white arrows point to y-H2AX foci
deficient in Mre11). Similar accumulation kinetics was observed
with Rad50 (data not shown). Line profiles of red (y-H2AX) and
green (Mre11) staining comparing low PD and high PD NHFs at
10 min post-IR (Fig. 4B) present a co-localization pattern for young
cells and a lack of this pattern for senescent cells, supporting
microscopy data. The delay of post-IR y-H2AX focal growth
in high PD cells correlates with a delayed increase of total
v-H2AX protein level in high PD NHFs, quantified by immuno-
blotting analysis (Fig. 4C). When the kinetics of y-H2AX and
Mre11 co-localization is quantified by computing pixel overlap
[% of red pixels (y-H2AX) coinciding spatially with green pixels
(Mre11)], the large differences in Mre11 recruitment between
low PD and high PD NHFs are readily apparent (Supplementary
Fig. S2A). Particularly notable is the almost complete co-localization
of y-H2AX and Mre11 in the low PD NHFs and the lack of co-
localization in the high PD, senescent NHFs at 10 min post-IR.

Next, WS fibroblasts were compared with NHFs for the rates
of y-H2AX focal enlargement and the mobilization of 53BP1,
Mre11 and Rad50 proteins to IR-induced y-H2AX foci (Fig. 5A,B).
53BP1 is recruited to y-H2AX foci as soon as they form in the
low PD NHFs (Fig. 4D, left montage), with few if any y-H2AX
foci deficient in 53BP1 content in the high PD, senescent NHFs
(Fig. 4D, right montage). In contrast, in the low PD WS cells, a
considerable number of y-H2AX foci appear to be deficient in
53BP1 at 10 min post-IR, and a few still at 30 min post-IR
(Fig. 5A, left montage; red spots in merged images). In the high
PD, senescent WS cells, many y-H2AX foci are deficient in 53BP1
at 30 min post-IR, and a few at 60 min post-IR (Fig. 5A, right
montage; red spots in merged images). The kinetics of y-H2AX
and 53BP1 co-localization quantified by pixel overlap for NHFs
and WS cells is presented in Supplementary Fig. S2(B). The data
are consistent with the slower growth of the y-H2AX foci in WS
cells. In contrast to NHFs where the foci appear immediately
after IR exposure, focal formation in the low PD WS cells begins
10 min post-IR, and in the high PD, senescent cells 30 min post-IR
(Fig. 5A, left and right montages; red arrows). Thus, a substantial
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delay in the growth of y-H2AX foci was coincident with delayed
recruitment of DSB repair proteins.

The contrast between normal and WS cells is even more
dramatic in the recruitment of Mre11 and Rad50. While these
two repair proteins are co-localized with y-H2AX foci soon after
IR exposure in the low PD NHFs, in the low PD WS cells, con-
siderable numbers of y-H2AX foci are deficient in these proteins
at 4 and 8 h post-IR (Fig. 5B, left and right montages; white
arrows), and even at 20 h in the senescent WS cells (images
not shown). The kinetics of y-H2AX and Mre11 co-localization
quantified by pixel overlap for two pairs of age-matching normal
and WS cells is presented in Supplementary Fig. S2(C),(D).

The results of the time course experiment which measured
the post-IR time required for maximum co-localization of Mre11
to IR-induced y-H2AX foci (no more foci co-localized after these
time points) in low and high PD primary cells from normal
donors and WS donors of different ages, are summarized in
Fig. 5(C) (Rad50 is similar; not shown). Normal fibroblasts at low
PDs exhibit markedly increased time of recruitment of the repair
proteins to y-H2AX foci with increased age of the donor. While
NHFs from a newborn, as well as fetal WI-38 cultures, exhibit
a co-localization pattern by 10 min post-IR, those from 35 yo,
49 yo and 61 yo donors require 0.5 h, 1 h and 4 h, respectively.
Low PD WS fibroblasts from 25 yo, 30 yo and 60 yo donors
required 4 h or 8 h to complete the task. A delay in the maximal
co-localization of the proteins was always observed in senescent
cells. Markedly, in senescent fibroblasts from a 60 yo WS patient
in which [R-induced y-H2AX foci did not decrease 24 h post-
exposure (see Fig. 2), Rad50 and Mre11 failed to accumulate
at the sites of y-H2AX foci (‘e in Fig. 5C and red circles in
Supplementary Fig. S2D).

One cell strain listed as WS (AG04110, 13 yo woman) was
later discovered to be Hutchinson-Gilford progeria (HGS, LMNA
gene mutation). Interestingly, y-H2AX focal incidence was
significantly elevated in the low PD HGS fibroblasts compared
to the low PD NHFs (1 £ 0.3 foci per cell vs. 0.3 £ 0.1 foci per
cell, respectively; Supplementary Figs S1 and S2A), and Rad50
and Mre11 proteins accumulated at the y-H2AX foci only after
4 h post-IR, showing a kinetics similar to the WS cells (Fig. 5C).
These data suggest a common mechanism for impaired DNA
repair in prematurely aged cells with genomic instability.

Discussion

Accumulation of damage to macromolecules is thought to be
one of the major causes of aging and age-related diseases. A
DNA DSB is a molecular event with profound and often dele-
terious consequences for the genome and for the cell because
it may cause loss of genetic information, affect chromosome
separation during mitosis, influence replication fork progression,
or when improperly repaired, cause chromosome rearrangements,
cellular senescence or activation of apoptotic pathways. It is
therefore no surprise that several studies in the past few years
pointed to the significance of accumulation of DNA DSBs and the
efficiency of their repair in cellular senescence and organismal



94 DNA DSB processing in normal and pathological aging, O. A. Sedelnikova et al.

NHF low PDs NHF high PDs

5 min
post-IR

10 min
post-1R

B —
Low PDs 10 min .| *,r |‘| | 1H L | ! _|" ggsrlig

' Intensity

L
=]
=)
T
[w]
wn
S
!
=]

b 40 min
)l ._I,H- post-IR

W Y
Dlstance (pixels) #

WLow PDs BEHigh PDs
c Time post-IR, min 4

- 5 10 30 40 &0

Low PDS | |

High PDs | s |

FH2AX
induction level
&
o

Noe & 10 30 40 60min
3]

NHF low PDs NHF high PDs
53bp1 |
No IR

0 min
post-IR

2 min
post-IR

5 min
post-IR

10 min
post-IR

30 min
post-IR

© Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007
No claim to original US government works



aging (D'Adda di Fagagna et al., 2003; Sedelnikova et al., 2004;
Herbig et al., 2006; Jeyapalan et al., 2007; Nijnik et al., 2007,
Rossi et al., 2007). To gain insight into the mechanisms under-
lying age-impaired DSB repair, we examined how endogenous
levels of DNA damage, rates of short- and long-term IR-induced
damage repair, y-H2AX focal growth and accumulation of DSB
repair proteins depend on human age.

Although cellular senescence and organismal aging share
similar patterns, the relationship between the two remains an
open question. Presented data obtained on human lymphocytes
and fibroblasts from healthy donors of different ages show a
two-directional increase in the number of y-H2AX foci relative
to both the age of donor and to PDs in culture. These obser-
vations confirm and expand our previous findings (Sedelnikova
et al., 2004) that incidence of y-H2AX foci increases similarly in
mouse tissues during aging, and in human cells during senes-
cence. Our data also demonstrate higher retention of damage
in samples from older individuals, which may be a reflection of
age-related decline in both the DNA DSB repair efficiency and
fidelity (Mayer et al., 1991; Gorbunova & Seluanov, 2005;
Hazane et al., 2006). It is noteworthy that cells derived from
patients with WS, exhibited similar patterns of y-H2AX focal
accumulation, albeit the amplitudes were higher and the
increases were detectable at a younger age. WRN protein pre-
vents DNA breaks following alteration in chromatin topology
(Turaga et al., 2007); knockdown of WRN or BLM proteins has
been shown to induce increased incidences of y-H2AX fodi,
compared to complemented cells (Szekely et al., 2005; Rao et al.,
2007), similar to tumor cell lines (Sedelnikova & Bonner, 2006).

Our previous study of y-H2AX foci and associated repair
proteins in primary human fibroblasts (Sedelnikova et al., 2004)
indicated the existence of two types of y-H2AX foci, transient,
where successful DSB repair occurs, and persistent, containing
unrepairable DSBs, with a tendency to accumulate in senescing
cells and in cells derived from aging subjects. In this study, we
expanded upon that observation and showed, using a co-
localization approach, that after IR, the rate of recruitment of
repair proteins to the sites of y-H2AX foci was substantially
lower in NHF cells at advanced PDs compared to those from
lower ones. The speed of recruitment of repair proteins was also
attenuated relative to donor age — the older the donor, the
slower the assembly of repair machinery at the sites of y-H2AX
foci. Therefore, cells approaching senescence and cells from
aging donors are characterized by slower DNA DSB repair and,
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consequently, by accumulation of persistent DNA lesions. From
our findings, we hypothesize that genome functional integrity
may depend on the rapid formation and enlargement of damage-
induced y-H2AX foci and on the rapid accumulation of DSB
repair proteins at these foci. In that respect, the slowed mobil-
ization of repair proteins can be because of their decreased
expression, a process associated with aging (Ju et al., 2006;
Seluanov et al., 2007).

We found that WS cells exhibited a dramatically long delay
in repair protein recruitment. A possible explanation may be the
fact that RecQ helicases, one of which is the protein coded by
the WRN gene, were shown (Otterlei et al., 2006; Kusumoto
et al., 2007) to interact with other molecular factors involved
in homologous recombination, which is one mechanism of DNA
DSB repair. We are tempted to speculate that the absence of
WRN protein might impair the recruitment dynamics of other
factors involved, despite undisturbed y-H2AX signaling. The WS
phenotype appears also to be linked to telomere status, which,
in turn, has been associated with y-H2AX focal formation (Eller
et al., 2006). Induced expression of telomerase reverses pre-
mature senescence in WS cells. Additionally, WRN-null mice do not
exhibit premature aging (Crabbe et al., 2007). However, telomerase-
null, WRN-null mice do exhibit the characteristics of WS after
several generations, that is, when telomere lengths have become
critically short (Chang et al., 2004; Chiang et al., 2004). Here,
we show that WS cells have more telomere-associated DNA
damage compared to normal cells. It may therefore be also
possible that slower DSB repair protein accumulation in WS cells
is a result of critically short telomeres.

The generation and analysis of H2AX-deficient mice demon-
strated that H2AX is an active component of DNA damage
response. These mice lack the fast element of DNA repair and
exhibit genomic instability; the loss of just one H2AX allele
compromises genomic integrity (Celeste et al., 2002, 2003b).
Although the migration of repair and signaling proteins to DSBs
is not abrogated in H2AX-null cells, they fail to form IR-induced
foci. Therefore, y-H2AX functions to concentrate proteins in the
vicinity of DNA lesions, amplifying the signals that might be
important at threshold levels of DNA damage (Celeste et al.,
2003a; Fernandez-Capetillo et al., 2003). Also, H2AX phosphory-
lation may induce structural changes in chromatin, which are
necessary during different stages of the DNA damage response
(Kruhlak et al., 2006a,b), and the size and distribution of y-
H2AX foci within nuclear volume may provide a platform for

Fig. 4 High population doubling (PD) normal human fibroblasts (NHFs) exhibit slower phosphorylated histone H2AX (y-H2AX) focal enlargement and of repair
protein mobilization to the sites of ionizing radiation (IR)-induced y-H2AX foci than do low PD NHFs. Red (y-H2AX) and green (Mre11 or 53BP1) fluorochromes
appear yellow where they coincide in the merged images. (A) Representative images of low (38) and high (68, senescent) PD NHFs stained for y-H2AX and
Mre11 at various times post-IR. Red arrows in lower left images point to y-H2AX foci of similar size at 10 min post-IR in low PD cells, and at 40 min in high
PD, senescent cells. White arrows in merged panels point to y-H2AX foci deficient in Mre11. In low PD cells, the two proteins completely co-localized by 10 min
post-IR, but the process required 40 min in high PD cells. (B) Line profiles of low and high PD NHFs at 10 min post-IR confirm visual presentation. For low PD
NHFs, most of red (y-H2AX profile) and green (Mre11 profile) lines coincide, while high PD NHFs lack the co-localization pattern at this particular time point.
(C) Post-IR increase of total y-H2AX protein follows different kinetics in low and high PD NHFs. Left panel, y-H2AX levels after 5 Gy irradiation in young and
senescent NHFs. Right panel, relative induction of y-H2AX in irradiated NHFs versus unirradiated cells (quantification of immunoblotting in the left panel).
Maximal induction of y-H2AX is delayed in senescent NHFs. The values were normalized to the total H2AX levels (not shown). (D) 53BP1 accumulation at
y-H2AX foci. Representative images of low and high PD NHFs stained for y-H2AX and 53BP1 taken at various times post-IR. The rate of 53BP1 co-localization
with y-H2AX foci is slower in high PD, senescent cells compared to low PD NHFs (10 min vs. 0 min). White arrows point to y-H2AX foci deficient in 53BP1.
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the immediate and robust response to DNA damage (Bewersdorf
etal., 2006). These results indicate that fast DNA damage repair
and accumulation of repair factors at DSBs are essential for an
organism’s well-being and genome maintenance. Xie et al.
2004 showed that repair was qualitatively different in H2AX-
null mice, utilizing more short-patch single-strand annealing, an
error-prone mechanism of DSB repair, in which information was
deleted. Therefore, the hypothesis has been proposed that y-H2AX
‘shapes’ the repair process in favor or error-free interchromatid
homologous recombination. In the case of aging cells, slower
formation of y-H2AX foci and slower accumulation of repair
proteins may shift the balance toward error-prone end joining
and consequently accumulation of endogenous DNA damage.

Our study provides compelling evidence that accumulation of
DNA damage and a reduced ability to repair such damage play
an important role in physiological and pathological aging. Given
the close association between aging and cancer development,
the relevance of these observations has wider implications. We
expect that our results will open a novel window to dissect early
DSB repair processes, and will offer insights into the mechanisms
of y-H2AX focal growth and DNA repair protein accumulation.
In this way, we can investigate how differences in these pro-
cesses may lead to genome instability and defective phenotypes.
The significance of this study is that it offers a strategy to elucidate
the mechanism of rapid protein accumulation, and to measure how
important the rate of protein accumulation at y-H2AX foci is to
the rapid component of DSB repair, genome stability and aging.

Experimental procedures

Human lymphocytes and cell cultures

Lymphocytes were isolated from whole blood obtained at the
NIH blood bank in accordance with NIH regulations from 26
healthy donors aged 21-72 years. Five donors represented the
youngest available population (21-30 yo), six donors represented
the oldest available donor population (60-72 yo) and 15 donors
were in the middle age group. To avoid stress-induced DNA
damage post-isolation, the whole blood samples were pro-
cessed for IR and/or fixation within 30 min post-blood draw.
Normal human fibroblasts derived from foreskin of a newborn
were a gift from Dr Jayne Boyer (University of North Carolina).
WI-38 fetal lung fibroblasts and normal primary fibroblasts
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derived from healthy adults of different ages (AG02603, lung,
woman, 35 yo; AG02222, skin, man, 49 yo; AG02262, lung,
man, 61 yo) were purchased from Coriell Cell Repositories
(Camden, NJ, USA). From the same source came primary skin
fibroblasts from WS patients (AG05229, man, 25 yo; AG03141,
woman, 30 yo; AG00780 man, 60 yo) with confirmed mutation
in WRN gene and a lack of WRN protein in Western blots.
AGO04110 skin fibroblasts (woman, 13 yo), with confirmed
LMNA mutation, were also purchased from Coriell.

All fibroblast cultures were maintained at 37 °C, 5% CO,, 20%
oxygen according to recommended protocols. All cell strains were
subcultured at a split ratio 1 : 4. The number of cells was counted
in each passage, and the number of PDs achieved between
passages was determined by log, (number of cells obtained/
number of cells inoculated) (Pereira-Smith & Smith, 1981; Sugawara
etal., 1990). The largest PD for each cell strain was at, or very
close to, complete senescence (when the cells stopped dividing
and > 90% of the cells were SA B-gal positive), with no or very
little cell proliferation (the BrdU incorporation rate was < 2%).

SA B-gal staining of intact cell cultures was performed with
Senescence B-galactosidase staining kit (Cell Signalling, Beverly,
MA, USA) according to the manufacturer’s instructions (Dimri
et al., 1995).

Immunocytochemistry and laser scanning
confocal microscopy

For studies involving lymphocytes, 800 uL samples of anticoagu-
lated whole blood were irradiated in a Mark | y-irradiator (JL
Shepherd & Associates, San Fernando, CA, USA) and fixed with
2% paraformaldehyde for 20 min at room temperature after
different periods of incubation at 37 °C. Unirradiated blood
samples were fixed the same way. After fixation, the samples
were diluted 1 : 0.25 with phosphate-buffered saline (PBS) and
layered directly onto 12 volumes of lymphocyte separation medium
(Cambrex, Walkersville, MD, USA). Following centrifugation at
400 g for 30 min, the lymphocyte-containing interfaces were
collected, washed twice with PBS and cytocentrifuged onto
microscope slides. For immunofluorescence, PBS was replaced
with PBS containing 0.5% Tween 20 and 0.1% Triton X-100
(Bio-Rad, Hercules, CA, USA) for blocking and antibody incuba-
tions. Staining was performed as previously described (Rogakou
et al., 1999).

Fig. 5 Rates of phosphorylated histone H2AX (y-H2AX) focal enlargement and mobilization of repair proteins in Werner syndrome (WS) cells. (A) 53BP1
accumulation. Representative images of low (12) and high (36) population doubling (PD) senescent WS cells stained for y-H2AX (red) and 53BP1 (green) taken
at various times post-ionizing radiation (IR). Coincident red and green signals appear yellow. Red arrows point to y-H2AX foci that become visible at 10 min
post-IR in low PD, and at 30 min post-IR in high PD senescent WS cells. y-H2AX focal enlargement appears complete by 60 min, although a high homogeneous
background (which disappears later) makes it more difficult to distinguish the foci, especially in high PD senescent cells. Complete 53BP1 co-localization with
¥-H2AX foci is slower in WS cells than in normal human fibroblasts (NHFs) (see Fig. 4D), 30 min for low PD WS cells versus O min for low PD NHFs, and 60 min
for high PD, senescent WS cells versus 10 min for high PD, senescent NHFs. (B) Mre11 and Rad50 accumulation in low PD WS cells. Representative images of
low PD WS cells stained for y-H2AX and either Mre11 (left montage) or Rad50 (right montage) taken at various times post-IR. Accumulation of Mre11 and
Rad50 at y-H2AX foci is incomplete even at 8 h post-IR in the WS cells compared to complete accumulation at 10 min in the NHFs (Fig. 4A, left montage).
White arrows identify y-H2AX foci deficient in 53BP1. (C) Time post-IR required for maximum co-localization of Mre11 with y-H2AX in low and high PD, senescent
fibroblasts from normal and WS donors of various ages. Data for fibroblasts from fetus (WI-38, NF), from newborn [N 0 years old (yo)], and from an HGS donor
(HGS) are also shown. There is a positive correlation between donor age and the time for maximal repair protein accumulation to the sites of IR-induced
double-strand breaks. High PD, senescent cells from a 60 yo WS donor exhibited incomplete co-localization at the longest time examined. White columns,

low PD cells; dark striped columns, high PD cells.
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For studies involving low, intermediate and high-PD fibroblast
cultures, cells were initially plated on Labtek Il slides (Nalge Nunc
International, Naperville, IL, USA) at a density of 2 x 10 cells
per well, and then irradiated, or intact cultures were further
processed for fixation and immunostaining.

For short-time experiments, cells were exposed to y-IR on ice.
Warm media were added to the wells, and cultures were fixed
at the noted times post-warm up. For double labeling, anti-y-
H2AX primary antibody was either from rabbit (custom made)
or mouse (Upstate BioTech, Lake Placid, NY, USA) depending on
the origin of the other antibodies, anti-Rad50, anti-Mre11 or
anti-53BP1 (Novus Biologicals, Inc., Littleton, CO, USA). Alexa-488-
or Alexa-555-conjugated IgG were obtained from Invitrogen
(Eugene, OR, USA). Laser scanning confocal microscopy was
performed with a Nikon PCM 2000 (Nikon, Inc, Augusta, GA,
USA). The foci were visually counted in 100-200 cells. Quanti-
fication of red/green pixel ratios was performed with Image Pro
6.2 Analyzer software (Media Cybernetics, Bethesda, MD, USA);
the values for each time point were quantified as averages of
three to five microscopic fields.

Immunocytochemistry and FISH

Metaphase spreads were prepared as previously described
(Nakamura et al., 2006). The slides were stained with mouse
monoclonal anti-y-H2AX antibody followed with Alexa-488-
conjugated anti-mouse IgG. Staining for telomere FISH was
performed according to telomere FISH kit (DakoCytomation,
Glostrup, Denmark) protocol with some modifications. Briefly,
v-H2AX-stained cells were fixed with 50 mm ethylene glycol-bis
(succinic acid N-hydroxy-succinimide ester) (Sigma, St. Louis,
MO, USA), and then hybridization was performed according to
the kit instructions. 4,6-Diamidino-2-phenylindole-dihydrochloride)
was used for visualization of DNA. Fluorescent microscopy was
performed with Olympus fluorescent microscope (Olympus
America, Inc., Melville, NY, USA).

Western blot analysis

Normal human fibroblast cultures were irradiated with 5 Gy on
ice, and then warm media were added and cells were collected
at the noted times post-warm up. The cells were lysed in SDS
Sample Buffer (Quality Biologicals, Inc., Gaithersburg, MD, USA).
Cell extracts were electrophoresed in 4-20% Tris—glycine gels
(Invitrogen, Carlsbad, CA) and transferred to polyvinylidene
difluoride membranes (Invitrogen). The membranes were incu-
bated with mouse anti-y-H2AX and rabbit anti-H2AX antibodies
(Upstate). Immunoreactive bands were visualized by using
enhanced chemiluminescence (Western blotting detection
reagents, Amersham Biosciences, Buckinghamshire, England).
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Supplementary material

The following supplementary material is available for this article:

Fig. S1 (A) Accumulation of phosphorylated histone H2AX (y-
H2AX) foci in primary human fibroblasts during senescence and
aging. Representative single-cell images of low (top row), inter-
mediate (middle row) and high (bottom row) population doubling
(PD) cells derived from normal donors [35, 49 and 61 years old
(yo)], Werner syndrome donors (25, 30 and 60 yo) and one HGS
donor (13 yo). The number of y-H2AX foci per cell is shown in the
lower right corner, the PD number is shown in the upper right
corner, the percentage of senescence-associated B-galactosidase
(SA B-gal)-positive cells is shown in the upper left corner and the
percentage of foci-free cells is shown in the lower left corner. Blue,
DNA, propidium iodide; green, y-H2AX. (B) Representative field
images of SA B-gal staining for low, intermediate and high PDs.

Fig. S2 Quantitative image analysis of repair protein accumu-
lation. The kinetics of Mre11 or 53BP1 (green fluorophore)
overlap with phosphorylated histone H2AX (y-H2AX) (red fluor-
ophore) is slower in high population doubling (PD), senescent
cells, as well as in cells from older and Werner syndrome (WS)
donors. The values were normalized to 100% for the highest
percentage of the pixel overlap. Error bars signify standard
deviations; n (number of microscopic fields analyzed) = 3-5.
(A) Mre11 overlap with y-H2AX pixels. Mre11 accumulation to
v-H2AX sites is delayed about 30 min in high PD, senescent
normal human fibroblasts (NHFs) compared to low PD cells.
(B) 53BP1 overlap with y-H2AX pixels. 53BP1 accumulation to
v-H2AX sites is delayed 5-10 min in high PD, senescent NHFs
compared to the almost immediate co-localization in low PD
cells. Werner syndrome cells show a dramatically decreased rate
of mobilization. Compared to NHFs, 53BP1 accumulation to y-
H2AX sites exhibits from a 30 min delay in low PD WS cells, to
an indefinite delay in high PD, senescent WS cells. (C and D)
Kinetics of Mre11 and y-H2AX pixels overlaps for fibroblasts
from 35-year-old (yo) and 61 yo healthy donors compared to
cells from age-matched WS donors. Overlap kinetics is slower
for high PD, senescent cells versus low PD cells from all types
of donors, as well as for cells from WS donors versus normal
donors of similar age. Notice that the X-axis scale is different:
0-40 min for young/senescent NHFs, 0-8 h for 30 yo donors
and 0-20 h for 60 yo donors. Cells from a 60 yo WS donor
exhibit a completely retarded mobilization of Mre11.

This material is available as part of the online article from:
http://Awww.blackwell-synergy.com/doi/abs/10.1111/
j-1474-9726.2007.00354 .x

(This link will take you to the article abstract).
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