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Nuclear localization of mouse Ku70 in interphase cells and focus formation of mouse
Ku70 at DNA damage sites immediately after irradiation
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assTrACT. To elucidate the mechanisms of DNA repair pathway is critical for developing next-generation radiotherapies and chemotherapeu-
tic drugs for cancer. lonizing radiation and many chemotherapeutic drugs kill tumor cells mainly by inducing DNA double-strand breaks
(DSBs). The classical nonhomologous DNA-end joining (NHEJ) (C-NHEJ) pathway repairs a predominant fraction of DSBs in mammalian
cells. The C-NHEJ pathway appears to start with the binding of Ku (heterodimer of Ku70 and Ku80) to DNA break ends. Therefore, recruit-
ment of Ku to DSB sites might play a critical role in regulating NHEJ activity. Indeed, human Ku70 and Ku80 localize in the nuclei and
accumulate at microirradiated DSB sites. However, the localization and regulation mechanisms of Ku70 and Ku80 homologues in animal
models, such as mice and other species, have not been elucidated in detail, particularly in cells immediately after microirradiation. Here, we
show that EYFP-tagged mouse Ku70 localizes in the interphase nuclei of mouse fibroblasts and epithelial cells. Furthermore, our findings
indicate that EYFP-mouse Ku70 accumulates with its heterodimeric partner Ku80 immediately at laser-microirradiated DSB sites. We also
confirmed that the structure of Ku70 nuclear localization signal (NLS) is highly conserved among various rodent species, such as the mouse,
rat, degu and ground squirrel, supporting the idea that NLS is important for the regulation of rodent Ku70 function. Collectively, these
results suggest that the mechanisms of regulating the localization and accumulation of Ku70 at DSBs might be well conserved between the

mouse and human species.
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Ionizing radiation and many chemotherapeutic drugs,
which are used in the treatment of animal and human can-
cer, kill tumor cells mainly by inducing DNA double-strand
breaks (DSBs). It is critical to elucidate the molecular
mechanisms of DSB repair pathway in order to develop
next-generation radiotherapies and chemotherapeutic drugs
for cancer. The classical nonhomologous DNA-end joining
(NHEJ) (C-NHEJ) pathway repairs a predominant fraction
of DSBs in animal and human cells [2, 18]. The C-NHEJ
pathway might start with the binding of Ku (heterodimer of
Ku70 and Ku80) to DSB ends.

Human Ku is a heterodimeric nuclear protein (Ku70/
Ku80) originally discovered by Mimori et al. as an autoan-
tigen that was recognized by the sera of a Japanese patient
with an autoimmune disease [20]. Previously, we showed
that the Ku70 gene is localized in mouse chromosome 15
and rat chromosome 7, and the Ku80 gene is localized in
mouse chromosome 1 and rat chromosome 9 [16]. Further-
more, both genes were mapped to a region of conserved link-
age homology among 5 species, i.e., the Chinese hamster,
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human, mouse, rat and Syrian hamster [6, 15, 16], suggest-
ing that Ku is important in a function common among these
species.

Previously, we reported that Ku70 and Ku80 are mainly
localized in the interphase nuclei of normal human diploid
lung fibroblasts, e.g., TIG-3 and MRC-5, and human can-
cer cells, e.g., HeLa and MCF-7 cells [17]. Moreover, the
nuclear localization of Ku70 and Ku80 is, at least in part,
regulated by their corresponding nuclear localization signals
(NLSs) in human cells [13, 14]. On the other hand, it was
reported that rodent Ku70 and Ku80 are mainly localized in
the cytoplasm [21, 24].

In addition to Ku70 and Ku80, C-NHEJ requires other
core factors, i.e., Artemis, DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), DNA ligase IV, XLF and
XRCC4 [2, 18]. Human Ku70 and Ku80 accumulate at
laser-induced DSB sites immediately following irradiation,
and these are essential for the accumulation of some core
C-NHE] factors, i.e., DNA-PKcs, XLF and XRCC4, but not
Artemis and an HR-related protein (Rad52), at DSB sites
[7,9, 12, 18, 19, 22]. Hence, Ku70 and Ku80 at DSB sites
might, at least in part, provide a platform for the selective re-
cruitment of some core C-NHEJ factors. It is also known that
Ku is the DSB-sensor protein, which recognizes and binds
to the end of DSB, maintaining the stability of the ends of a
broken DNA molecule [5].

The localization and function of Ku70 and Ku80 at DSB
sites might play a critical role in regulating NHEJ [6, 18].
Thus, it is important to elucidate the localization and ac-
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cumulation mechanisms of Ku70 and Ku80 at DSB sites.
Recent live cell imaging studies using laser irradiation to
induce DNA damage and GFP-tagged human proteins have
thrown a new light on the order of the recruitment of core C-
NHE] factors to DSB sites [7, 9, 18, 19, 22], whereas there
is no report concerning the localization and function of Ku70
homologues at DSB sites in living cells of animal species in-
cluding mice other than humans. In this work, we examined
the expression and subcellular localization of mouse Ku70
in mouse fibroblasts and epithelial cells. We also examined
whether mouse Ku70 accumulates at DNA damage sites im-
mediately after laser-microirradiation.

MATERIALS AND METHODS

Cell cultures and plasmid transfections: Ku70-deficient
murine lung epithelial (MLE) cell lines established from
Ku70 —/— mice and control mice (Ku70 +/—), a human cervi-
cal carcinoma cell line (HeLa; Riken Cell Bank, Tsukuba,
Japan) and a mouse embryonic fibroblast cell line (NTH3T3;
Riken Cell Bank) were cultured as described in previous
studies [10, 11, 17]. pEYFP-mouse Ku70 or pEYFP-C1
was transiently transfected in cells using FuGene6 (Roche
Diagnostics K.K., Indianapolis, IN, U.S.A.). The transfected
mouse cells were cultured for 2 days and then monitored un-
der an FV300 confocal laser scanning microscopy (CLSM)
system (Olympus, Tokyo, Japan) as previously described [7].

Immunoblotting: The extraction of total lysates and West-
ern blot analysis were carried out as described previously
[7,9, 12]. The following antibodies were used: a rabbit anti-
GFP polyclonal antibody (FL; Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.), a goat anti-Ku70 polyclonal an-
tibody (C-19; Santa Cruz Biotechnology), a goat anti-Ku80
polyclonal antibody (M-20; Santa Cruz Biotechnology) or a
mouse anti-B-actin monoclonal antibody (Sigma, St. Louis,
MO, U.S.A.). In accordance with the manufacturer’s instruc-
tions, the immunocomplexes formed were detected using an
Advance Western blotting detection system (GE Healthcare
Bio-Sci. Corp., Piscataway, NJ, U.S.A.) and visualized us-
ing the ChemiDoc XRS system (Bio-Rad, Hercules, CA,
U.S.A).

Laser microirradiation and cell imaging: Confocal im-
ages of living cells or fixed cells expressing EYFP-tagged
mouse proteins or EYFP proteins alone were obtained using
an FV300 CLSM system. Laser-microirradiation was carried
out with an FV300 CLSM system as described previously
[7,9, 10, 12]. A 1-5% power scan (for 1 sec) from a 405 nm
laser was used to induce local DSBs.

Immunofluorescence staining: Immunofluorescence stain-
ing was carried out as previously described [7, 9]. The fixed
cells were first blocked for 10 min using a blocking solution
and then incubated for 30 min at room temperature with a
mouse anti-yH2AX monoclonal antibody (JBW301; Upstate
Biotechnology Inc., Charlottesville, VA, U.S.A.) or a rabbit
anti-Ku80 polyclonal antibody (AHP317; Serotec, Oxford,
U.K.). After washing with PBS, the cells were incubated with
Alexa Fluor 568-conjugated secondary antibodies (Molecular
Probes, Eugene, OR, U.S.A.) for 30 min at room temperature.

The images were acquired with an FV300 CLSM system.
RESULTS

Expression and nuclear localization of EYFP-mouse
Ku70 in living mouse fibroblasts: We examined the expres-
sion and subcellular localization of EYFP-mouse Ku70 in
mouse NIH3T3 fibroblasts. First, we generated cells tran-
siently expressing EYFP-mouse Ku70 in NIH3T3 cells. The
expression vector pEYFP-C1 containing full-length mouse
Ku70 or pEYFP-C1 alone was transfected into NIH3T3 cells
(Fig. 1A). As shown in Fig. 1B, the signal of EYFP-mouse
Ku70 was detected in the transfectants by Western blot anal-
ysis using the anti-Ku70 antibody and anti-GFP antibody.
By confocal laser microscopy, we found that EYFP-mouse
Ku70 was localized in the nuclei, but not in the nucleoli, of
living interphase cells in EYFP-mouse Ku70 transfectants
(Figs. 2 and 3). Predictably, in EYFP transfectants, we ob-
served that EYFP was distributed throughout the cell, but not
in the nucleoli (Fig. 2B).

EYFP-mouse Ku70 accumulates immediately at DSBs
induced by laser microirradiation in NIH3T3 cells: We
examined whether EYFP-mouse Ku70 accumulates imme-
diately at the microirradiated sites (Fig. 2A). As shown in
Fig. 2B, we found that EYFP-mouse Ku70, but not EYFP
alone, accumulated at the 405 nm laser microirradiated
sites in living cells. Next, we conducted time-lapse imag-
ing of EYFP-mouse Ku70-transfected NIH3T3 cells. As
shown in Fig. 3A, EYFP-mouse Ku70 accumulated at the
microirradiated sites 5 sec after irradiation. In EYFP-mouse
Ku70-transfected cells, the intensity of the EYFP signal rap-
idly increased at the microirradiated sites. Then, we tested
whether EYFP-mouse Ku70 accumulated at laser-induced
DSB sites by immunostaining the cells with an antibody
that recognizes YH2AX, which is a golden standard marker
of DSBs. As shown in Fig. 3B, EYFP-mouse Ku70 clearly
colocalized with YH2AX at the microirradiated sites in
NIH3T3 cells, indicating that mouse Ku70 accumulates at
405-nm-laser-induced DSB sites. We also examined whether
Ku80, which is a heterodimer partner of Ku70, localizes at
the Ku70-accumulation sites. Predictably, we observed that
Ku80 clearly localized at the Ku70-accumulation sites (Fig.
3C). Collectivly, these observations demonstrate that after
irradiation, EYFP-mouse Ku70 immediately accumulates
with Ku80 at laser-induced DSBs in living NIH3T3 cells.

Nuclear localization and accumulation of EYFP-mouse
Ku70 immediately at DSBs in mouse epithelial cells with or
without endogenous Ku70 expression: We analyzed whether
EYFP-mouse Ku70 localizes in the nuclei during the inter-
phase and accumulates rapidly at DSBs induced by laser
microirradiation in mouse epithelial cells. First, by Western
blot analysis, we investigated the expression of Ku70 and
Ku80 in the mouse fibroblast NIH3T3 cells and the 2 mouse
epithelial cell lines (Ku70+/— MLE and Ku70—/— MLE)
derived from Ku70-knockout mice. As shown in Fig. 4A,
we detected Ku70 in NIH3T3 and Ku70+/— MLE cells.
In agreement with our previous studies, a signal of mouse
Ku70 was not detected in Ku70 —/— MLE cells, which are
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Ku70-null cells [9, 11]. In addition, we detected Ku80 in all
three cell lines examined (Fig. 4A). We also reconfirmed that
the Ku80 expression level was clearly associated with the
number of functional Ku70 alleles, strongly supporting the
idea that the expression of mouse Ku80 protein depends on
mouse Ku70 protein [4, 9, 11]. To test whether EYFP-mouse
Ku70 localizes in the nuclei of mouse epithelial cells, we
transfected expression plasmids into Ku70 +/— MLE and
Ku70 —/— MLE cells. By confocal laser microscopy, we
found that EYFP-mouse Ku70 was localized in the nuclei,
but not in the nucleoli, in the interphase of both living cell
lines (Fig. 4B). Predictably, in both EYFP transfectants, we
confirmed that EYFP was distributed throughout the cell, but
not in the nucleoli (Fig. 4B). We examined whether EYFP-
mouse Ku70 accumulates immediately at the microirradiated
sites in the 2 epithelial cell lines. As shown in Fig. 4B, we
found that EYFP-mouse Ku70, but not EYFP alone (data not
shown), accumulated at the microirradiated sites in both the

living epithelial cell lines. These findings demonstrated that
EYFP-mouse Ku70 localizes in the nuclei and accumulates
rapidly at DSBs induced by laser microirradiation in mouse
epithelial cells with or without the expression of endogenous
Ku70.

Previously, on the basis of experimental studies, we iden-
tified a functional NLS of human Ku70 located at a region
composed of 18 amino acid residues (positions 539 to 556)
[6, 14]. We also found that the NLS is conserved among the
human species and 3 rodent species, i.e., the mouse, rat and
Chinese hamster (Fig. 4C and 4D) [6, 14]. To extend these
findings, we examined whether the NLS is conserved among
other rodent species. As shown in Fig. 4D, the structure and
basic amino acids of Ku70 NLS are evolutionarily highly
conserved among various rodent species, e.g., mouse, rat,
hamster, guinea pig, degu and ground squirrel, strongly
suggesting that Ku70 NLS is important for the regulation of
rodent Ku70 function.

Fig. 1.

Expression of EYFP-mouse Ku70 in mouse cells. (A) Schematics of EYFP-mouse Ku70 chimeric protein (EYFP-mouse Ku70) and con-

trol protein (EYFP). (B) Extracts from mouse (NIH3T3) cells transiently expressing the EYFP-mouse Ku70 or EYFP prepared and subjected
to Western blotting using the anti-Ku70, anti-GFP or anti-B-actin antibody.

Fig. 2.

EYFP-mouse Ku70 accumulated immediately at DSBs induced by laser microirradiation in the fibroblast cell line NIH3T3. (A) The

localization and accumulation of EYFP-mouse Ku70 at DSBs induced by 405 nm laser irradiation were examined. (B) Imaging of living
EYFP-mouse Ku70- or EYFP-transfected NIH3T3 cells before and after microirradiation. For the same cells, EYFP images are shown alone
(left panel) or merged (right panel) with differential interference contrast (DIC) images. Arrowheads indicate the microirradiated sites.
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D (Amino acids 537-554)
Human KVTKRKHDNEGSGSKRPK NP_001460.1
House mouse KVAKRKQDDEGSTSKKPK NP_010247.2
Prairie deer mouse KVTKRKQDDEDSASKKPK XP_006980263.1
Norway rat KIAKRKADNEGSASKKPK AAH78718.1
Chinese hamster KATKRKQDDEGSASKKPK AAB46854.1
Golden hamster KATKRKQDDEGSPSKKPK XP_005067084.1
Domestic guinea pig KATKRKQDGEGSGSKRPK XP_003470435.1
Degu KATKRKQDEGGSGDKKPK XP_004642634.1

Thirteen-lined ground squirrel KVSKRKQDDGVSGSKKPK XP_005322256.1

Fig. 3. EYFP-mouse Ku70 accumulated with Ku80 immediately at DSBs induced by laser microirradiation. (A) Time-dependent EYFP-Ku70
accumulation in living cells (5-60 sec) after irradiation. (B, C) Immunostaining of microirradiated EYFP-mouse Ku70-transfected cells with
the anti-yH2AX antibody (B) or anti-Ku80 antibody (C). At 5 min postirradiation, the cells were fixed and immunostained with each specific
antibody. Left panels, EYFP-mouse Ku70 images (B, C); center panels, YH2AX (B) and Ku80 images (C); right panels, merged images (B, C).
Arrowheads indicate the microirradiated sites.

Fig. 4. EYFP-mouse Ku70 accumulated rapidly at DSBs induced by laser microirradiation in mouse lung epithelial cell lines. (A) Expression
of Ku70 and Ku80 in total cell lysates from NIH3T3, Ku70 +/— MLE and Ku70 —/— MLE cells. Total cell lysates from the two lung epithelial
cell lines and the NIH3T3 cell line were analyzed by Western blotting using the anti-Ku70, anti-Ku80 or anti-B-actin antibody. (B) Imaging of
living EYFP-mouse Ku70- or EYFP-transfected mouse lung epithelial cells before and after microirradiation. Arrowheads indicate the microir-
radiated sites. (C) NLS of mouse Ku70 (amino acids 537-554). (D) Alignment of the primary sequence among human and rodent homologous
Ku70 proteins. The basic (red) or nonbasic residues (black) are indicated in different colors for comparison. The GeneBank accession number
for each sequence is indicated.
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DISCUSSION

To elucidate the mechanisms of DNA repair pathway of
human and animals is critical for developing next-generation
chemotherapeutics and radiotherapies for cancer. In mam-
malian cells, Ku plays a pivotal role in multiple nuclear
processes, such as chromosome maintenance, DNA repair,
and V(D)J recombination [2, 6, 18, 23]. The mechanism
underlying the modulation of all the diverse functions of
Ku is still unclear, although the mechanism that controls the
localization of Ku70 and Ku80 appears to play a crucial role
in regulating the multiple function of Ku [6]. A DSB is the
most deleterious type of DNA damage, and binding to the
end of the DSB of Ku is required for the DSB repair via the
C-NHE]J pathway [18, 22]. In this work, we investigated the
expression and localization of mouse Ku70 in mouse cells.
We observed that in mouse fibroblasts and epithelial cells,
Ku70 localized in the interphase nuclei. In addition, our find-
ings revealed that mouse Ku70 accumulates with Ku80 at
DSB sites immediately following microirradiation with a la-
ser in living mouse cells. Moreover, our findings suggest that
NLS of Ku70 might be important for the nuclear localization
of various rodent Ku70 homologues as well as human Ku70.

Laboratory rodents, such as mice, are a notable animal
model for basic and applied research in various fields (e.g.,
life sciences, pharmacology, basic medical sciences and
veterinary medical sciences). However, species differences
between humans and mice are known to exist in, at least in
part, the requirement for Ku70, although deficiency in Ku70
results in the expected deficits in DSB repair and sensitivi-
ties to ionizing radiation in human and mouse cells [3, 4].
For instance, human Ku70-deficient HCT-116 cell lines
were not viable [3]. In contrast to the serious phenotype
of Ku70 deletion in human cells, Ku70-deficient mice are
viable [3, 4]. On the other hand, it is not elucidated in de-
tail whether the mechanism that controls the localization
of Ku70 is conserved between human and rodent species,
although the mechanism appears to play a critical role in
modulating the function of Ku70. It was reported that in
rat fibroblasts, Ku70 is observed mainly in the cytoplasm
[21], although the localization of Ku70 in rodent cells has
not been clarified in detail. Similarly, in mouse fibroblasts,
the transfected EGFP-hamster Ku80 mainly localizes in the
cytoplasm [24]. On the other hand, recently, we have shown
by conventional immunofluorescence staining that mouse
Ku70 localizes in the nuclei of MLE cells [11]. In this and
previous studies, we also have found that the structure and
basic amino acids of Ku70 NLS were conserved among the
homologues of various rodent species, e.g., mouse, rat, ham-
ster, guinea pig, degu and ground squirrel [6], supporting the
idea that rodent Ku70 localizes in the nuclei. Moreover, we
observed by live cell imaging with confocal scanning laser
microscopy that the transfected EYFP-mouse Ku70 local-
ized in the interphase nuclei in three living mouse cell lines,
i.e., the NIH3T3 cell lines and 2 MLE cell lines. Therefore,
we consider that Ku70 mainly localizes in the interphase
nuclei of mouse fibroblasts and epithelial cells as well as
in human cells under general adherent culture conditions.

Furthermore, our findings suggest the importance of NLS in
the localization of rodent Ku70

To date, others and we have demonstrated that human
Ku70 or Ku80 tagged with GFP or a similar fluorescent pro-
tein accumulates at laser-induced DSB sites in hamster and
mouse cells [7, 9, 19, 22]. However, it has not been eluci-
dated by live cell imaging whether mouse Ku70 accumulates
at the DSB sites immediately following irradiation. Interest-
ingly, some reports have shown that rodent Ku70 and Ku80
are mainly localized in the cytoplasm, and ionizing radiation
induces their translocation to the nucleus [21, 24]. For in-
stance, it was reported that EGFP-hamster Ku80 translocates
to the nucleus from the cytoplasm 2 hr after y-irradiation in
mouse fibroblasts [24], and rat Ku70 translocates from the
cytoplasm to the nucleus 20 min after X-irradiation of rat fi-
broblasts [21]. In these reports using conventional methods,
it appears that the recruitment of Ku70 and Ku80 to DSB
sites could not be visualized immediately following irradia-
tion. In this study, using the laser-microirradiation method
and real-time imaging technique, we observed that EYFP-
mouse Ku70 accumulated in regions of induced DSBs 5 sec
after microirradiation and colocalized with mouse KuS80.
Altogether, we concluded that mouse Ku70 as well as human
Ku70 accumulates with Ku80 at the DSB sites immediately
following irradiation.

In conclusion, this and previous findings suggest that the
mechanisms regulating the localization and accumulation of
Ku70 at DSBs might be well conserved between the mouse
and human species and play a key role in the functions of
Ku70 common in both species [14]. Ku70 and Ku80 appear
to have multiple functions in their monomeric and heterodi-
meric forms [6, 8]. Most recently, Choi et al. showed that
free Ku70 (not bound to Ku80) and free Ku80 (not bound
to Ku70) bind to apurinic/apyrimidinic sites, and they sug-
gested that free Ku70 and free Ku80 have a novel role in
altering base excision repair [1]. Further studies to elucidate
the mechanisms regulating the localization of mouse Ku70
will lead to a better understanding of the physiological func-
tion and regulation mechanism of Ku70 not only at a simple
DSB site, but also at clustered DNA-damaged sites, where
it is predicted to have more complicated responses to DNA
damage.
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