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Abstract. Telomeres are at the ends of chromosomes. Previous evidence suggests that laser-induced deoxyribose
nucleic acid (DNA) breaks at chromosome ends during anaphase results in delayed cytokinesis. A possible explan-
ation for this delay is that the DNA damage response (DDR) mechanism has been activated. We describe a live
imaging method to study the effects of DDR activation following focal point near-infrared femtosecond laser micro-
irradiation either at a single chromosome end or at a chromosome arm in mitotic anaphase cells. Laser microirra-
diation is used in combination with dual fluorescent labeling to monitor the co-localization of double-strand break
marker yH2AX along with the DDR factors in PtK, (Potorous tridactylus) cells. Laser-induced DNA breaks in
chromosome ends as well as in chromosome arms results in recruitment of the following: poly(ADP-ribose) poly-
merase 1, checkpoint sensors (p-Chk1, p-Chk2), DNA repair protein Ku70/Ku80, and proliferating cell nuclear
antigen. However, phosphorylated p53 at serine 15 is detected only at chromosome ends and not at chromosome
arms. Full activation of DDR on damaged chromosome ends may explain previously published results that showed
the delay of cytokinesis. © 2013 society of Photo-Optical instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.9.095003]
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1 Introduction the chromosome location and as well, shed light on the function-
ality of the telomere during mitosis.

It is well established that telomeres occur at the ends of chro-
mosomes. They are nucleoprotein structures composed of DNA
double-stranded 5'-TTAGGG-3’ repeats and a single-stranded
G-rich 3’ overhang.* The ends of linear chromosomes structur-
ally resemble double-stranded DNA breaks (DSBs) but are pro-
tected by a nucleoprotein structure called shelterin.*® Interphase
mammalian telomeres can be “uncapped” by the loss of function
of shelterin components, which result in the activation of the
DDR.* Although there have been studies on the activation of
DDR at uncapped telomeres in the interphase stages of the
cell cycle, there are no studies on the activation of DDR at
the telomere-containing chromosome ends while the cell is in
mitosis, especially during anaphase. Most existing methods
used to study mitotic DDR activation and the recruitment of
repair proteins at mammalian telomeres [telomere-dysfunction
induced foci (TIFs)]” utilize microtubule depolymerizing
drugs, which result in uncapping of chromosome ends leading
to long-term mitotic arrest.> DNA breaks can also be produced
in mitotic chromosomes by incubating cells with depolymeriz-
ing drugs, but only recruitment of DDR factors to DNA breaks
has been observed and not recruitment of repair proteins.’
Recent evidence also shows that DSBs persist at telomeres in
interphase and are unable to get repaired, whereas DSBs in
chromosomal DNA are efficiently repaired.”

Previously, we have shown that a 200-fs near-infrared (NIR)
laser induced focal point—specific damage in the genomic
deoxyribose nucleic acid (DNA) of live cells, and such damage
led to the activation of the DNA damage response (DDR).!
Further studies on fully condensed chromosomes during cell
division (mitosis) demonstrated the activation of the DDR
when NIR laser focal-point damage was produced on chromo-
some arms in mitotic PtK, (Potorous tridactylus) cells.> When a
second harmonic green ps Nd:YVO4 laser was used to expose
the ends (tips) of PtK, chromosomes as they separated during
mitotic anaphase, a significant percent of cells either delayed
cytokinesis or did not divide at all. This occurred even when
a single chromosome tip was damaged.> The present study
was designed to determine if the damage to a single chromo-
some end, which is known to contain the telomere, activates
the DDR and repair pathways. We also need to understand
whether laser-induced microirradiation at different chromoso-
mal locations leads to distinct recruitment of DDR and repair
factors. Analyzing the recruitment of factors at different
chromosomal locations will determine if laser microirradiation,
particularly with the commonly used NIR fs lasers, can be used
to study the activation of DDR and repair pathways regardless of
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Earlier studies have shown that laser-induced DNA damage
results in the activation of the DDR in interphase mammalian
cells.!'-13 Additionally, based on the observed accumulation
of phosphorylated histone H2AX (yH2AX), a well-known
DSB marker, it has been shown that NIR lasers without the
use of sensitizing agents are capable of producing DSBs on
a submicrometer scale without unwanted structural damage to
the nucleus of living cells.'*'° Our goal in this study is to deter-
mine if NIR laser-induced DNA breaks at telomere-containing
chromosome ends in mitotic anaphase results in the activation of
the DDR and recruitment of repair proteins. An additional goal
is to determine if this correlates with the delay in mitotic cyto-
kinesis reported previously,® and, in particular, whether there is
a difference in the DDR factors recruited to DNA breaks when
a single chromosome end is damaged as opposed to a chromo-
some arm. The flat morphology, small number, and large size of
PtK, chromosomes (N = 12) as well as the close sequence iden-
tity of these cells with those of humans, mice, and rats (80% to
90%) make this cell type ideal to study the DDR processes using
selective short-pulse NIR laser microirradiation.?’2?

2 Materials and Methods
2.1 Cell Line and Cell Culture

Potorous tridactylus (PtK,-male) kidney epithelial cells
(American Type Culture Collection ATCC, CCL 56) were
grown in Gibco advanced minimum essential medium
(Invitrogen) supplemented with L-glutamine, 4% fetal bovine
serum, and antibiotics. Cells were incubated at 37°C with 5%
CO,.* Three days before experiments, cells were trypsinized
(TrypLE TM Express, Life Technologies) and plated on
35-mm gridded imaging dishes (MatTek) at ~20, 000 cells/dish.

2.2 laser Exposure and Dosimetry

The custom RoboLase ablation system uses a 200-fs, 76-MHz
Ti:Sapphire NIR 800-nm laser (Coherent Inc., Santa Clara, CA)
coupled to a motorized inverted Zeiss microscope (Axiovert 200
M) with a 37°C, 35-mm culture dish stage (Warner Instruments,
LLC, Connecticut, USA). Custom LabView software was devel-
oped for the use of the automated microscope system and laser.>®
Single telomere-containing chromosome ends and chromosome
arms of live anaphase cells were irradiated with a diffraction-
limited (0.7-um diameter) focal spot.2 The laser was focused
by front-surfaced mirrors to a Zeiss 63x/1.4 NA phase contrast
oil objective. To determine the irradiance at the focal spot, the
transmission of the objective at 800 nm was measured using the
double-objective method.? Physical measurement of the beam
power was made prior to beam entry into the back aperture
of the microscope objective using a FieldMaxII-TOP power
laser meter (Coherent Inc., Santa Clara, CA). Based upon the
measurement of the entry power into the objective, the objective
transmission, and the estimated focal spot size, the laser irradi-
ance at the focal point was determined to be 2.43e*!'! W/cm?.
To study the recruitment of DDR and repair proteins at micro-
irradiated focal spots, individual microirradiated anaphase cells
were monitored after laser microirradiation (minutes) and fixed
for subsequent fluorescence in situ hybridization (FISH), termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), or antibody staining.
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2.3 FISH and TUNEL Labeling Assays

Microirradiated single chromosome ends and chromosome arms
of individual cells cultured on gridded dishes were fixed after
laser focal-point microirradiation with 3.7% formaldehyde in
Tris-buffered saline (TBS) for 10 min at room temperature
(RT). Dishes were washed three times with phosphate-buffered
saline (PBS) and were left at 4°C overnight. Telomeres were
visualized using FISH with a Cy3-congugated (TTAGGG)-
PNA probe as described in the manufacturer’s instructions
(DAKO, Carpinteria, CA). Cells were later permeabilized
twice with PBS/0.2% Triton X-100 for 10 min at RT and
then washed three times in PBS-ethylenediamine tetra-acetic
acid (EDTA) for 5 min followed by one wash with PBS. To
label DNA breaks on laser microirradiated samples, cells were
incubated with 1:10 enzyme/label solution mix (TUNEL,
Roche) in a humidified chamber at 37°C for 1 h. After the reac-
tion, cells were washed three times on a shaker in PBS-EDTA
for 5 min to reduce background staining. Samples were visual-
ized and images acquired using a 63X objective on a Zeiss
inverted microscope (Axiovert 200 M) equipped with a
Hamamatsu Orca CCD camera. Images were analyzed using
Imagel] software (NIH, Bethesda, MD).

2.4 Immunofluorescence and Imaging

To observe the recruitment of DDR factors and repair proteins at
single microirradiated chromosome ends or internal chromo-
some arms, cells grown on gridded culture dishes were fixed
with 3.0% formaldehyde TBS for 10 min at RT and placed
on ice. Cells were permeabilized with 0.5% Triton X-100 for
10 min at RT, washed twice with PBS for 5 min at RT, and incu-
bated with blocking solution (10% calf serum, 1% BSA/PBS)
for 1 h at RT. Cells, subsequently, were washed once in PBS for
5 min at RT and then stained with a primary antibody solution of
3% BSA/PBS overnight at 4°C. The following primary antibod-
ies were used: anti-y-H2AX (07-164; Millipore), anti-Nbsl
(NB100-143, Novus Biological), phospho-Chk1Ser345 (2348,
Cell Signaling), phospho-Chk2Thr68 (2661, Cell Signaling),
anti-PCNA (2586, Cell Signaling), phospho-p53Serl5 (sc-
101762, Santa Cruz Biotechnlogy, Inc.), anti-Ku70/Ku80
(sc-71471, Santa Cruz Biotechnology, Inc.), and anti-Rad51
(sc-53428, Santa Cruz Biotechnology, Inc.). After antibody
incubation, cells were washed twice in PBS/0.05% Tween 20
for 5 min at RT and incubated with secondary antibodies
(Invitrogen; 1:1000) for 1 h at RT. Cells were washed twice
with PBS/0.05% Tween 20 for 5 min at RT and the DNA
was stained with 4,6-diamidino-2-phenylindole (1: 1000 in PBS)
for 5 min at RT. Samples were imaged as described in the pre-
vious section.

3 Results

3.1 laser Microirradiation to Single Chromosomes

We examined the DDR proteins recruited to either a single
chromosome end or a chromosome arm (distant from the telo-
mere-containing end) during anaphase onset after DNA breaks
were produced with the NIR laser.>'2 Two methods were used to
verify that the telomere of a single anaphase chromosome end
was damaged: (1) FISH using a Cy3-conjugated (TTAGGG)-
PNA probe against telomeric DNA and (2) TUNEL to visualize
DNA breaks [Fig. 1(a)]. The results demonstrate that the DNA
breaks can be induced by focal point laser NIR microirradiation
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DAPI TUNEL 5-TTAGGG-3' Merge

Fig. 1 Single point laser microirradiation induces localized DNA breaks. Fluorescence in situ hybridization (FISH)/terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) to detect DNA breaks produced by laser microirradiation at a single chromosome end and chromosome arm in
anaphase PtK, cells. Green, TUNEL staining; red, Cy3-5"-TTAGGG-3' probe; blue, DAPI to stain DNA. Arrow points to laser-induced DNA breaks.
Scale bar 10 im. N = 3 of independent experiments.

Chromosome end

Chromosome arm

at either chromosome ends or chromosome arms. A previous were microirradiated at anaphase and monitored by phase-con-

study has shown that the laser microirradiation of mitotic
chromosome DNA results in “paling” at the site of damage fol-
lowed by the gradual formation of phase-dark material, demon-
strated to be the result of the accumulation of DDR factors.? To
verify that we were obtaining the same response at chromosome
ends, either individual chromosome ends or chromosome arms

10 s post-taser |
» » .

Pre-laser. ..
oy,

22

trast microscopy for several minutes until the presence of phase-
dark material was detected. Following laser microirradiation
(10-s postlaser), phase paling was evident at microirradiated
chromosome ends and microirradiated internal chromosome
arms [Figs. 2(a)(ii) and 2(b)(ii)]. After 120 s, phase-dark
material was visible at the damage site corresponding to the

Fig. 2 Single point laser-induced DNA breaks activates the DDR. (a) Phase image of PtK, cell prior laser microirradiation at telomere-containing
chromosome end (prelaser), 10 s after laser microirradiation (postFlaser), and 120-s postlaser. (a’) Inset of (a) of a single chromosome end before
microirradiation/prelaser (i), 10-s postlaser (ii), and 120-s postlaser (iii). (b) Phase image of PtK, cell prior to laser microirradiation at chromosome
arm (prelaser), 10 s after laser microirradiation (postlaser), and 120-s postlaser. (b’) Inset of (b) of a single chromosome arm before microirradiation/
prelaser (i), 10-s postlaser (ii), and 120-s postlaser (iii). Cells were fixed at 120 s and stained with anti-yH2AX (green), anti-PARP1 (red), and co-stained
with DAPI (blue). Dashed circle shows microirradiated DNA and foci accumulation. Scale bar 10 um. N =5 of independent experiments.
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Chromosome arm microirradiation

accumulation of DSB marker phosphorylated histone H2AX
(yH2AX), and the early modification enzyme known to facilitate
DNA repair of single-stranded breaks (SSBs): poly(ADP-ribose)
polymerase 1 (PARP1) [Figs. 2(a)(iii) and 2(b)(iii)].

3.2 Activation of DDR at Laser-Induced DNA Breaks

Recent work has demonstrated that telomeric damage by long-
time mitotic arrest leads to checkpoint activation and cell cycle
arrest.® To determine whether proteins involved in cell cycle
arrest are recruited to laser-induced DNA breaks in chromosome
ends or chromosome arms at the onset of anaphase, the recruit-
ment of DNA-damage checkpoint kinases Chk1, Chk2, and p53
was assessed by immunofluorescence. Cells were fixed 5-min
postlaser exposure either to a chromosome end or to a chromo-
some arm distant from the end (internal chromosome arm).
Immediate recruitment of Chk1 phosphorylation on serine 345
(Ser345) and Chk2 phosphorylation on threonine 68 (Thr68)
was observed at damaged chromosome ends and chromosome
arms [Figs. 3(a) and 3(b), lanes 1 and 2, N = 5]. In addition,
DNA breaks on chromosome ends showed immediate foci
accumulation of p53 phosphorylation on serine 15 (Serl5)
[Fig. 3(a*), lane 3, N = 5]. Laser-induced DNA breaks at the
control internal chromosome arms failed to recruit p53 phospho-
rylation on serine 15 (Serl5) [Fig. 3(b), lane 3, N = 5]. The
recruitment of checkpoint proteins Chkl, Chk2, and p53,
which are involved in the DDR (Table 1), confirms the activation
of a DDR that is likely responsible for the previously observed
delay in cytokinesis.?

3.3 Recruitment of Repair Proteins at Laser-Induced
DNA Breaks

Having established the activation of the DDR by inducing DNA
breaks at chromosome ends and internal chromosome arms, we
next examined whether repair proteins from the two major repair
pathways, nonhomologous end joining (NHEJ) and homologous
recombination (HR), are able to form foci at laser-induced DNA
breaks at specific chromosomal sites. Using an anti-Ku70,/Ku80
endogenous antibody, induced DNA breaks at chromosome ends
and chromosome arms showed foci accumulation of endogenous
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Fig. 3 Recruitment of checkpoint DDR proteins to single point laser-induced DNA breaks during anaphase onset. (a) Postfixation performed 5 min after
chromosome end laser microirradiation (fixed) of anaphase PtK, cells. (b) Postfixation performed 5 min after chromosome arm laser microirradiation
(fixed). Endogenous DNA damage recognition factors accumulate at laser-induced DNA breaks. DNA breaks are detected with anti-yH2AX; check-

point response proteins are detected with anti-p-Chk2(Ser345), anti-p-Chk1(Thr68), and anti-p-p53(Ser15). Arrows on fixed cells point to laser-induced
DNA breaks. Scale bar 10 um, N =5 of independent experiments.

Table 1 Number of cells that show foci accumulation of DNA dam-
age response (DDR) and repair proteins at a single damaged chromo-
some end or chromosome arm.

No. of cells No. of cells

with foci at  with foci at

chromosome chromosome
ends arms

Double-strand break factor

Phosphorylated histone H2AX (yH2AX) 5 5

DNA damage response factors

Nijmegen breakage syndrome 1 (Nbs1) 5 5
Chk2 phosphorylation on threonine 68 5 5
(Thr68)

Chk1 phosphorylation on serine 345 5 5
(Ser345)

Phosphorylated p53 on serine 15 (p-p53) 5 0°

Single-strand break repair proteins

poly(ADP-ribose) polymerase 1 (PARPT) 5 5

Nonhomologous end joining repair protein

Ku70/Ku80 complex 5 5

Homologous recombination repair protein

Rad51 0 0

DNA replication and repair factor

Proliferating cell nuclear antigen (PCNA) 5 5

Lack of protein foci at laser-induced DNA breaks.

September 2013 « Vol. 18(9)
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(a) Chromosome end microirradiation

(b) Chromosome arm microirradiation

Ku 70/80

Fig. 4 Recruitment of DNA damage repair factors to single point laser-induced DNA breaks during anaphase onset. (a) Postfixation performed 5 min
after chromosome end laser microirradiation (fixed) of anaphase PtK, cells. (b) Postfixation performed 5 min after chromosome arm laser microirra-
diation (fixed). Endogenous DNA damage recognition factors accumulate at laser-induced DNA breaks. DNA breaks are detected with anti-yH2AX,
anti-Ku70/Ku80, anti-Nbs1, anti-PCNA antibodies, and counterstained with DAPI (blue). Arrows on fixed cells point to laser-induced DNA breaks.

Scale bar 10 um, N =5 of independent experiments.

NHE]J repair Ku70/Ku80. This complex co-localized with DDR
sensing factor Nbsl, which served as a control [Figs. 4(a) and
4(b), lane 1, N = 5]. To investigate whether additional factors
accumulate at laser-induced DNA breaks at chromosome ends
or chromosome arms, we examined the recruitment of
PCNA, which is known to be involved in replication and
DNA repair.?*% Endogenous PCNA foci accumulated at dam-
aged chromosome ends and chromosome arms [Figs. 4(a) and
4(b), lane 2, N = 5]. Furthermore, antibody staining for Rad51,
a mammalian HR repair factor,”” revealed no detectable fluores-
cence at localized DNA breaks of anaphase chromosome ends or
arms as previously shown in mitotic cells [Fig. 5(a)].”

4 Discussion

Recent evidence indicates that chromosome ends of interphase
cells lack a repair mechanism compared to the rest of the chro-
mosomes.'” Despite this evidence, few studies have examined
the accumulation of DDR factors at damaged chromosome
ends during mitosis.® In fact, there are neither studies nor

yH2AX

Chromosome end

Chromosome arm

methods that show the localization of additional DDR factors
when the damage is produced while the cell is in mitosis.
Furthermore, it remains unclear whether damaged chromosome
ends of mitotic cells can activate a full DDR by recruiting pro-
teins from repair pathways such as HR and/or NHEJ.

In the present study, DNA breaks at telomere-containing
chromosome ends and chromosome arms in vertebrate PtK,
cells were induced at the onset of anaphase through the use
of an NIR femtosecond laser. The irradiance used to produce
DNA breaks such as DSBs and SSBs was 2.43¢+!! W/cm?
in the focal spot. At this irradiance, the mechanism of damage
was likely a nonlinear multiphoton optical process or possibly
a threshold microplasma event localized to the laser focal vol-
ume.'? It is unlikely that a significant plasma event occurred
because the cell’s survival is indicative of an intact-cell mem-
brane. Because these cells stay relatively flat during mitosis, the
outer-cell membrane is within a couple of microns of the focal
plane of the laser as shown in the previous transmission electron
microscope (TEM) images.? If a major plasma event occurred
at the focal point, the generated shock wave would likely have

Merge DAPI

Fig. 5 Homologous repair protein Rad51 does not get recruited to anaphase DNA breaks. Postfixation performed 5 min after laser irradiation to a single
chromosome end and chromosome arm. Repair proteins are detected with anti-yH2AX (green), anti-Rad51 (red), and co-stained with DAPI (blued).
Arrow points to microirradiated chromosome site. Scale bar 10 um, N = 5 of independent experiments.
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been sufficient to rupture the outer-cell membrane, resulting in
cell death.

Previous evidence shows the activation of the DDR by using
high irradiance of UV microirradiation at 10e*!! W /cm? with-
out any plasma formation and 9.3¢*!! W/cm? using an
NIR.'>% We cannot ignore the damage being produced to
the cell using these high irradiances. In our studies, we demon-
strate that a lower irradiance, 2.43¢*!! W/cm? is enough to
activate the DDR and repair pathways at chromosome ends
and chromosome arms. Additionally, by using TEM it was esti-
mated that the NIR microirradiation produces damage in 10 to
100 Mbp of DNA.? However, the irradiance used in that study
(3.81e*!! W /cm?) was slightly larger than in our studies, which
we believe is at the threshold of the DDR response. Therefore,
we believe the damage being produced in our study
is less than in the previous studies but above the threshold to
activate the DDR.

Our results help explain the previously reported inhibition of
cytokinesis induced by laser microirradiation at chromosome
ends.’ Here, we show that laser-induced DNA breaks (DSBs
and SSBs) at a single chromosome end are capable of activating
a DDR during anaphase onset via recruitment of YH2AX.
Furthermore, proteins involved in the DDR such as PARPI,
Nbsl, and cell cycle delay proteins, Chkl and Chk2, are
recruited to laser-induced DNA breaks at single chromosome
ends as well as internal chromosome sites in anaphase cells
(Table 1). However, only NIR focal DNA breaks at chromosome
ends recruit phosphorylated p53 serine 15, whereas internal
chromosomal breaks did not [Fig. 3(b), lane 3, N =35;
Table 1]. It is unclear as to why p53 is not phosphorylated at
internal chromosomal breaks; however, one possibility is a
lack of full DDR in mitosis.*® In the case of the telomere-con-
taining chromosome ends, this result may be consistent with the
unique activity of the telomere as a protection from degradation
processes, recombination, and chromosome fusion events.
In addition, induced DNA breaks at chromosome ends and chro-
mosome arms recruit endogenous NHEJ repair Ku70,/Ku80 com-
plex and PCNA during anaphase onset, suggesting a processing
role in DNA repair [Figs. 4(a) and 4(b), lanes 1 and 2; Table 1],
but DNA lesions at both chromosome ends and chromosome
arms fail to recruit HR repair protein Rad51 [Table 1 and
Fig. 5(a)]. Furthermore, our unpublished data suggest damaged
chromosome ends continue into G1 phase with unresolved repair,
as previously shown in interphase cells.'®

In this study, we combine focal point femtosecond NIR
laser microirradiation with immunofluorescence to understand
whether additional DDR factors are recruited to DNA breaks
at specific chromosome sites. This approach provides the oppor-
tunity to study DNA repair in single cells. Collectively, our data
suggest that damaged anaphase chromosome ends and damaged
chromosome arms activate DDR and may be processed by
NHEJ based on the recruitment of Ku70/Ku80 protein com-
plex. Our results also demonstrate that the inhibition of cytoki-
nesis, as previously shown,’ is due to the activation of a DDR at
laser-induced DNA breaks on single anaphase chromosome
ends. These results are significant because of the cell’s ability
to protect chromosome ends in order to prevent the activation of
the DDR, which is consistent with the protective role of telo-
meres in maintaining genomic stability. Further studies should
address the possible recruitment of additional DDR factors
between damage chromosome regions and determine if there
are differences in the kinetics of the DDR at both damage sites.
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5 Conclusion

A focal point 800-nm fs NIR microirradiation system can be
used to study the effect of DNA break induction by the pro-
duction of DSBs and SSBs at either a chromosome end or
an internal chromosomal site during early anaphase of PtK,
cells. Our results demonstrate that DNA breaks induced at either
site are able to activate the DDR that results in the recruitment
of cell cycle response factors Chkl, Chk2, and repair proteins
Ku70/Ku80. There appears to be uniqueness in the response of
the chromosome ends in that they also recruit pS3 phosphoryla-
tion on serine 15 (Serl5), whereas the damaged chromosome
arms do not. Due to its high temporal and spatial resolution,
laser microirradiation can be used to study the activation of the
DDR at a single cell level, the effect of DNA breaks at different
chromosome regions during mitosis and in subsequent stages of
the cell cycle.
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