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Early S-phase cell hypersensitivity to heat stress
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ABSTRACT
Heat stress is one of the best-studied exogenous stress factors; however little is known about its delayed effects.
Recently, we have shown that heat stress induces cellular senescence-like G2 arrest exclusively in early S-phase
cells. The mechanism of this arrest includes the generation of heat stress-induced single-stranded DNA breaks,
the collision of replication forks with these breaks and the formation of difficult-to-repair double-stranded DNA
breaks. However, the early S phase-specific effects of heat stress are not limited to the induction of single-
stranded DNA breaks. Here, we report that HS induces partial DNA re-replication and centrosome amplification.
We suggest that HS-induced alterations in the expression levels of the genes encoding the replication licensing
factors are the primary source of such perturbations. Notably, these processes do not contribute to acquisition of
a senescence-like phenotype, although they do elicit postponed effects. Specifically, we found that the HeLa cells
can escape from the heat stress-induced cellular senescence-like G2 arrest, and the mitosis they enter is
multipolar due to the amplified centrosomes.
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Introduction

In eukaryotes, the cell cycle comprises 4 discrete nonequivalent
phases: gap 1 (G1), synthesis (S), gap2 (G2), and mitosis (M).
The S and M phases can be further divided into sub-phases.
Based on the patterns of the DNA replication foci (i.e., the sites
of BrdU/EdU incorporation), the S phase is usually divided
into 3 intermingled parts, i.e., early, mid and late S.1,2 The early
S phase-specific BrdU/EdU incorporation pattern (i.e., a large
number of small foci) reflects the well-documented fact that
the majority of replication origins fire during the first few hr of
S phase progression.3 However, not only replication origins are
licensed in early S phase; it is well known that tightly regulated
centrosome duplication also occurs early in the S phase.4 It has
been proposed that DNA replication and centrosome duplica-
tion may share some controlling/licensing factors due to the
similar nature of the limitations on these processes (i.e., the
prevention of re-replication and centrosome over-duplica-
tion).4,5 It has long been observed that early S-phase cells are
more sensitive to particular types of stress. Specifically, at this
cell cycle stage, the cells are more susceptible to chemical carci-
nogens. This effect has been explained primarily through the
existence of a DNA replication timing phenomenon – it was
assumed that early replicating proto-oncogenes acquire trans-
forming mutations during replication.6,7 Early S-phase cells are
also hypersensitive to heat stress (HS). Recently, we described
the molecular mechanism that underlies the vulnerability of
these cells to HS.8 Specifically, we demonstrated that HS indu-
ces cellular senescence-like G2 arrest exclusively in early
S-phase cells (Fig. 1 and ref. 8). The mechanism of this arrest

includes the generation of HS-induced single-stranded DNA
breaks, the collision of replication forks with these breaks and
the formation of double-stranded breaks (Fig. 1). Subsequent
persistent DNA damage responses lead to a cellular senes-
cence-like proliferation arrest. Notably, the proposed mecha-
nism of the senescence-like growth arrest of early S-phase cells
is applicable to different single-stranded DNA break-inducing
agents, such as the topoisomerase I inhibitor camptothecin
(CPT) and hydrogen peroxide.8 Predictably, the early S phase-
specific effects of HS are much more complex than those of
CPT or hydrogen peroxide. Here, we report that HS induces
partial DNA re-replication and centrosome amplification. We
suggest that HS-induced alterations in the expression levels of
the genes encoding the replication licensing factors are the pri-
mary source of such perturbations. Interestingly, these pro-
cesses do not contribute to acquisition of a senescence-like
phenotype, although affect delayed cell fate decisions.

Results and discussion

HS induces partial DNA re-replication in early S-phase cells

In the course of studying HS-induced S phase-specific pertur-
bations of cellular processes that can result in the acquisition of
a senescence-like phenotype, we investigated whether HS could
induce DNA re-replication. Flow cytometry analysis of human
HeLa cells that were HS-treated (45�C, 30 min) and recovered
in fresh media for 24 hr at 37�C did not reveal any detectable
increase in the cellular DNA content (Fig. 2A). In accordance
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with our previous observations,8 HS-treated and recovered cells
underwent cellular senescence-like G2 arrest (4n peak); at the
same time, we did not detect any additional cell fractions with
DNA content greater than 4n (Fig. 2A). However, DNA re-rep-
lication may be partial and restricted to certain genomic loci.9

Thus, we examined whether HS could induce the amplification
of specific genomic sites. For this purpose, we used fluorescence
in situ hybridization (FISH) with a short (several kb) probe tar-
geted to the unique DNA sequence adjacent to the c-myc repli-
cation origin. We chose this locus because it is early replicating
in human HeLa cells10 and contains one of the few well-charac-
terized human DNA replication origins.11,12 Early and late S-
phase cells that were HS-treated (45�C, 30 min) and recovered
for 24 hr at 37�C were hybridized with a biotinylated DNA
probe. The biotin was detected using a fluorescent-labeled anti-
body (Fig. 2B). The proportions of cells with different patterns
of hybridization signals were determined. We divided the cells
into 3 groups according to the pattern of hybridization signals
present: i) the cells containing only single (singlets) or double
(doublets; replicated) FISH signals, ii) the cells containing sin-
glets, doublets and at least one triple or quadruple signal, that
may represent singlets and/or doublets located close to each
other, and, iii) the cells containing at least one amplified FISH
signal consisting of more than 4 individual hybridizing spots
(Fig. 2B). These amplified FISH signals were assumed to indi-
cate re-replicated c-myc loci. Simple calculations demonstrated
that in more than 30% of the early S-phase cells that were HS-
treated and recovered for 24 hr, these loci were amplified (33%
(n D 242) of HS-treated and recovered cells exhibited amplified
FISH signal compared to 5% (n D 173) of control cells with
amplified signal; Fig. 2C). Simultaneously, the late S-phase cells
did not exhibit amplification of the c-myc loci in response to
HS as evidenced by the unchanged numbers of cells that pos-
sessed different FISH signals (Fig. 2C). This observation may
be related to the fact that DNA replication licensing events pri-
marily occur early in S phase. To ascertain that the re-replica-
tion events are limited to early S-phase cells and to early-
replicating loci, we hybridized the HS-treated and recovered
HeLa cells with the probe for late-replicating chromosome
18 – specific centromeric a-satellite (Figure S1); no amplifica-
tion of the centromeric FISH probe was observed in these cells.
As previously stated, both HS and CPT induce senescence-like
growth arrest in early S-phase cells through the identical mech-
anism.8 DNA re-replication is known to stimulate cellular
senescence under certain conditions,13 thus, we investigated
whether re-replication contributes to the development of

HS-induced senescence-like state. If HS-induced DNA re-repli-
cation contributes to development of cellular senescence, it
should also occur in CPT-treated early S-phase cells. To exam-
ine this, the abovementioned FISH probe was visualized in
early S-phase HeLa cells that had been CPT-treated and recov-
ered in fresh media for 24 hr. No increase in the number of cells
harboring amplified FISH signals was found (Fig. 2D). Thus,
DNA re-replication does not contribute to the development of
a senescence-like state in cells treated with either HS or CPT.
However, the partial DNA re-replication induced by HS may
have other delayed effects.

Reversal of HS-induced cellular senescence–like
growth arrest

It is generally thought that cellular senescence is an irreversible
growth arrest; however, some experimental data indicate that
this arrest can be bypassed in certain circumstances.14 Specifi-
cally, cellular senescence can be reversed by the inactivation of
the p53/p21 or pRB/p16 pathways.14,15 Cells that escape from
senescence usually enter a state of crisis that is characterized by
increased genomic instability and cell death that occurs during
mitosis or in the subsequent cell cycle.16,17 Little is known about
the escape of tumor cells from cellular senescence-like states.
To explore this subject, we followed the fate of early S-phase
HeLa cells that were treated with acute HS (45�C, 30 min) to
induce cellular senescence-like growth arrest for up to 120 hr
(Fig. 3A). Expectedly, the cells acquired cellular senescence-like
characteristics during the first 24 hr and maintained these char-
acteristics until 72 hr post-HS (Fig. 3A). Surprisingly, the cells
started to enter mitosis during the next 24 hr (the 96 hr time
point in Fig. 3A). Notably, all of the mitotic spindles were mul-
tipolar as demonstrated by a-tubulin immunostaining (100%
(n D 73) of multipolar mitotic spindles were formed in HeLa
cells that escaped from senescence-like state and underwent
mitosis compared to 8% (n D 118) of multipolar mitotic spin-
dles observed in control HeLa cells). This crisis-like event did
not lead to extensive cell death; some cells completed the
abnormal mitosis and formed seemingly normal progeny (the
120 hr time point in Fig. 3A). However, a relatively large pro-
portion of the cell population became multinucleated, which
may have been the consequence of a mitotic catastrophe18

(Fig. 3A). These observations highlight several interesting traits
of HS-induced premature senescence in tumor cells. First, the
HS-induced senescence-like G2 arrest of HeLa cells can be
bypassed. However, the molecular events that underlie this

Figure 1. Single-stranded DNA break-inducing agents stimulate cellular senescence-like growth arrest in early S-phase cells. The mechanism of this arrest includes the
generation of single-stranded DNA breaks (SSBs), the collision of replication forks with these breaks and the formation of difficult-to-repair double-stranded DNA breaks
(DSBs). CPT, camptothecin, H2O2, hydrogen peroxide.
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escape are not clear. We know that p21 drives the senescence-
like state in heat-stressed HeLa cells,8 thus, the inactivation or
downregulation of p21 could be the cause of senescence escape.
Another possibility is that G2-arrested HeLa cells accumulate
polo-like kinase 1 (plk1) until it reaches a level that is sufficient
to enter mitosis regardless of checkpoint signals or DNA dam-
age.19 We tested these assumptions by analyzing expression lev-
els of p21 and plk1 in HS-treated and recovered HeLa cells
(Figure S2). Using quantitative reverse transcription-PCR

(qRT-PCR) and western blotting, we found that p21 gene
expression is upregulated in response to HS and kept con-
stant during subsequent prolonged recovery periods (Figures
S2A and B); contrariwise, the expression of plk1 remains
unchanged upon cells exposure to HS (Figure S2C). Thus, it
seems clear that neither p21 nor plk1 contribute to the
escape of HeLa cells from HS-induced senescence-like G2
arrest. Second, HeLa cells that have escaped from a senes-
cence-like state undergo multi-spindle mitosis that is most

Figure 2. HS induces partial DNA re-replication. (A) Cell cycle profiles of early S-phase HeLa cells that were either mock-treated or HS-treated (45.5�C, 30 min) and recov-
ered for 24 hr. (B) Early and late S-phase HeLa cells that were either untreated (“C”), HS-treated (45.5�C, 30 min; “HS”), or HS-treated and allowed to recover for 24 h
(“HSC24h”) were hybridized with a probe specific for c-myc replication origin and stained with DAPI. Scale bar, 15 mm (C) The percentage of cells that were treated and
stained as in (B) possessing different hybridization signals. (D) The percentage of early S-phase HeLa cells that were treated with CPT (100 nM, 1 hr), incubated in fresh
media for indicated time periods (0 and 24 hr) and hybridized with the abovementioned probe, possessing different hybridization signals. Results of one representative
experiment are shown in (C) and (D).
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likely a result of HS-induced centrosome amplification.
Third, only a portion of the cell population dies due to
abnormal mitosis (presumably due to mitotic catastrophe),
and another considerable portion survives. In normal cells,
the survivors should be aneuploid and mostly inviable;

however, in HeLa cells, the initial abnormal karyotype can
compensate for the aneuploidy.

It is well known that HS can induce centrosome amplifica-
tion in mammalian cells.20-22 To determine whether this phe-
nomenon occurs in our model system, we immunostained the

Figure 3. HeLa cells escape from HS-induced cellular senescence-like growth arrest and undergo abnormal mitosis. (A) Early S-phase HeLa cells that were untreated (“C”)
or HS-treated (45.5�C, 30 min) and allowed to recover for indicated time periods (0, 72, 96 and 120 hr) were immunostained for a-tubulin (green). The DNA was stained
with DAPI (blue). Merged images are shown. Scale bar, 15 mm. Multinucleated cell is shown by white arrow. (B) Early S-phase HeLa cells that were untreated (“C”) or HS-
treated (45.5�C, 30 min) and recovered for 24 hr were immunostained for g-tubulin (green). The DNA was stained with DAPI (blue). Merged images are shown. Scale bar,
15 mm. (C) Early and late S-phase HeLa cells that were untreated (“C”), CPT-treated (300 nM, 1 hr) or HS-treated (45.5�C, 30 min) were incubated in fresh media at 37�C
for 24 hr and immunostained for g-tubulin. The number of centrioles (g-tubulin dots) was quantified; the average number of centrioles per cell is shown.
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centrosomal protein g-tubulin in HeLa cells that were HS-
treated (45�C, 30 min) in early S-phase and recovered for 24
hr. Inspection of immunostained cells clearly demonstrated
that the HS induced an amplification of the centrosomes
(Fig. 3B). To ascertain whether the induction of centrosome
amplification by HS was temporarily restricted to the early S
phase, we counted the numbers of centrosomes in the HS-
treated (45�C, 30 min) and recovered (24 hr) early and late S-
phase cells. We found that the numbers of centrosomes in the
late S-phase cells that were subjected to HS remained
unchanged (Fig. 3C). This cell cycle specificity of HS-induced
centrosome perturbations is not surprising; it has previously
been shown that centrosomes are G1-specific targets of HS.20

Collectively, these results indicate that HS not only disrupts
pericentriolar material (ref. 20 and our data) but also affects a
centrosome duplication licensing system that operates in G1/S.
To ensure that the observed centrosome overduplication was
not linked to the HS-induced cellular senescence of early S-
phase HeLa cells, we counted the centrosomes in early S-phase
HeLa cells that had been treated with CPT and recovered in
fresh media for 24 hr (Fig. 3C). As expected, the CPT did not
induce centrosome amplification, although it is known to trig-
ger the development of a senescence-like phenotype.8 This
observation demonstrated the lack of a causal relationship
between centrosome overduplication and stress-induced cellu-
lar senescence.

Deregulation of the expression of replication licensing
factor genes may be the cause of HS-induced DNA re-
replication and centrosome amplification

One of the most tightly regulated steps of the DNA replication
process is initiation. Cells should avoid firing particular DNA
replication origins more than once during the cell cycle. The
replication licensing system controls origin firing, and geminin,
Cdt1 and cell division cycle 6 (Cdc6) appear to be the most crit-
ical components of this control process.23 Cdt1 and Cdc6
license DNA replication by forming a pre-replication complex,
and geminin negatively regulates the initiation of DNA replica-
tion by inhibiting Cdt1.23 It is well known that the deregulation
of the expression of replication licensing factors, e.g., the upre-
gulation of Cdt1 or Cdc6 and the downregulation/depletion of
geminin, leads to genome over-replication.24-26 Interestingly,
increases in the Cdt1-to-geminin ratio can also cause centro-
some amplification in addition to DNA re-replication.27,28

Moreover, Cdc6 and geminin have been reported to partially
reside in the centrosomes in interphase cells, which suggests
the existence of previously unnoticed centrosome-related func-
tions of Cdc6 and geminin.28-30 To investigate the bases of HS-
induced DNA re-replication and centrosome overduplication,
we measured the levels of the geminin, Cdt1 and Cdc6 mRNAs
in the early S-phase HeLa cells that had been heat-stressed
(45�C, 30 min) and recovered at 37�C for different time inter-
vals (0, 3, 6 and 24 hr). The control cells were not heat-stressed
but were otherwise subjected to the same manipulations. qRT-
PCR analysis revealed that the expressions of Cdt1 and geminin
were not altered in the HS-treated cells either immediately after
the treatment or the during recovery period (Fig. 4), which
indicates that the Cdt1-to-geminin ratio was generally

preserved upon HS. At the same time, expression of Cdc6
increased in response to HS (Fig. 4). The upregulation of Cdc6
expression was gradual and reached the maximum level 6 hr
post-HS (Fig. 4). The subsequent downregulation of Cdc6
expression at 24 hr post-HS apparently reflected the fact that
the cells had entered senescence-associated G2 arrest. Notably,
expression of Cdc6 was upregulated even by mild HS (41�C,
30 min), as previously demonstrated in human lymphoma
U937 cells.31 Hence, the HS-induced upregulation of Cdc6
expression could be the cause of the partial DNA re-replica-
tion and centrosome amplification that occurs in early S-
phase cells that are subjected to HS. We further checked
whether expression levels of several other factors necessary
for initiation of DNA replication (Cdc45, PSF2) and centro-
some duplication (SAS6) were altered in response to HS.
Using qRT-PCR we found that expression of these genes
remained unchanged in HeLa cells treated with acute HS

Figure 4. Early S-phase HeLa cells were either mock-treated or HS-treated (45.5�C,
30 min) and recovered for indicated time periods (0, 3, 6 and 24 hr). Quantitative
reverse-transcription PCR (qRT-PCR) analysis of cdt1, geminin and cdc6 mRNA lev-
els was performed. RNA extracted from treated and non-treated cells was reverse
transcribed, and the cDNA obtained was analyzed using a SYBR Green-based quan-
titative PCR. The amplification levels of the analyzed cDNAs were normalized to the
amplification level of GAPDH cDNA. The results of one representative experiment
are shown.
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(45�C, 30 min) and recovered at 37�C for different time
intervals (0, 3, 6 and 24 hr; Figure S3).

Conclusions

Recently, we described the molecular mechanism that underlies
early S-phase cell hypersensitivity in response to HS and single-
stranded DNA break-inducing agents.8 We demonstrated that
HS and very low concentrations of DNA-damaging agents
induce the development of a cellular senescence-like phenotype
specifically in early S-phase cells (Fig. 1). This hypersensitivity
of early S-phase cells depends on the large number of DNA rep-
lication forks that operate simultaneously in this stage and may
encounter single-stranded DNA breaks generated via inhibition
of topoisomerase I. However, the early S phase-specific effects
of HS are much more complex. Here, we show that HS induces
partial DNA re-replication and centrosome overduplication in
early S-phase cells. The upregulation of Cdc6 expression
induced by HS is the most probable cause of these phenomena.
Notably, DNA re-replication and centrosome amplification are
not directly linked to the development of HS-induced cellular
senescence, although they do elicit postponed effects. Specifi-
cally, when HeLa cells escape from the HS-induced cellular
senescence-like state, the mitosis they enter is multipolar due to
the amplified centrosomes. In this respect, the most important
future goal is uncovering the molecular mechanisms that
release tumor cells from senescence-like states.

Materials and methods

Antibodies

The following primary antibodies were used for immunofluo-
rescence: a-tubulin (mouse; Sigma-Aldrich, T9026; 1:500 dilu-
tion), and g-tubulin (a gift from Dr. F. Gioeva, Institute of
Protein Research, Pushchino, Russia; 1:200 dilution). The sec-
ondary antibodies conjugated to either Alexa Fluor 488 or
Alexa Fluor 555 were purchased from Molecular Probes/Invi-
trogen (1:200 dilution). The mouse monoclonal antibodies con-
jugated to Alexa Fluor 488 against biotin were purchased from
Molecular Probes/Invitrogen (A11242, 1:200 dilution).

Cell culture and synchronization

Human HeLa cells were cultured in DMEM (C415, PanEco)
supplemented with 10% fetal bovine serum (SV30160.03,
Hyclone). The cells were cultured at 37�C in a conventional
humidified CO2 incubator. For synchronization via double thy-
midine block, the cells were treated with 2 mM thymidine
(194754, MP Biomedicals) for 16 h, released from the block for
9 h, and then treated with thymidine for an additional 16 h. To
release the cells from double thymidine, they were washed twice
with phosphate-buffered saline (PBS, 7 mM Na2HPO4, 1.5 mM
KH2PO4, (pH 7.4), 137 NaCl, 2.7 mM KCl) and released in
drug-free medium. The cells were released in drug-free medium
for 2 hrs to obtain early S-phase cells and for 6 hrs to obtain late
S-phase cells according to the protocol adapted in ref. 8.

Hyperthermia and drug treatment

The cells were immersed in precision controlled water-bath at
45.5�C (§0.05�C) for 30 min. No marked changes in pH were
detected in the medium during the treatment in these experi-
mental conditions.

For the topoisomerase I inhibition experiments, the cells
were treated with 100 nM camptothecin (CPT; E1383, Sigma-
Aldrich) for 1 h.

Flow cytometry

The cells were trypsinized with 0.25% trypsin for several
minutes at 37�C. The trypsin was inactivated with a 4-fold vol-
ume of culture medium. Next, the cells were washed in Versen
solution and fixed with 70% ice-cold ethanol for 20 min. After
fixation, the cells were washed 3 times with PBS and then incu-
bated for 30 min in staining solution (0.1% sodium citrate,
0.3% NP-40, 50 mg/ml propidium iodide, 50 mg/ml RNaseA).
After washing, the samples were analyzed using a MACSQuant
flow cytometer.

Immunofluorescence

The cells were grown on microscope slides. All samples were
fixed and permeabilized in CSK buffer (10 mM PIPES (pH 7.0),
100 mM NaCl, 1.5 mMMgCl2, 300 mM sucrose) supplemented
with 1% paraformaldehyde (PFA; P6148, Sigma-Aldrich) and
2.5% Triton X-100 (T8787, Sigma-Aldrich) for 15 min at room
temperature or 100% cold methanol (¡208C) for 10 min. The
fixed cells were washed in PBS, pre-incubated with 1% bovine
serum albumin (BSA; A7906, Sigma-Aldrich) and 0.05%
Tween-20 (P9416, Sigma-Aldrich) in PBS for 30 min and then
incubated with antibodies in PBS supplemented with 1% BSA
and 0.05% Tween-20 for 1 h at room temperature. After incu-
bation, the cells were washed 3 times (5 min each) with PBS
supplemented with 0.2% BSA and 0.05% Tween 20. The pri-
mary antibodies were visualized using Alexa Fluor 488- or
Alexa Fluor 555-conjugated secondary antibodies (1:200 dilu-
tion). The DNA was stained with a DAPI fluorescent dye
(D9542, Sigma-Aldrich) for 10 min at room temperature. The
results of immunostaining were analyzed using a Zeiss Axio-
Scope A.1 fluorescence microscope.

Fluorescent in situ hybridization (FISH)

The sequence spanning the c-myc replication origin was PCR-
amplified from human genomic DNA and cloned into the
pGL3-basic plasmid vector (Promega). The following primers
were used for the PCR: ACTTTCGCAAACCTGAACGC, and
TAAGGGGAAGGGATGGGAGG. Plasmids were used for the
production of the FISH probe using a Biotin Nick Translation
Kit (11745824910, Roche Applied Science) according to the
manufacturer’s instructions. FISH for chromosome 18 centro-
mere was performed using biotinylated probe specific for the
human chromosome 18 a-satellite (gift of Dr. I. Iourov; ref 32).

After hyperthermia or CPT treatment, the cells were trypsi-
nized with 0.25% trypsin for a few minutes at 378C. After tryp-
sin inactivation, the cells were incubated in 75 mM KCl at 37�C
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for 20 min, fixed in a methanol/acetic acid fixative (3:1) for
10 min at 4�C and dropped onto prefrozen slides (S4651-72EA,
Sigma-Aldrich). The fixed cells were washed in PBS and treated
with RNase A at 200 mg/ml (EN0531, Thermo Fisher Scientific)
in 2x SSC buffer (0.3 M NaCl, 30 mM sodium citrate, pH 7.0)
for 30 min at 37�C. Next, the samples were washed in 2x SSC
and treated with 0.1% pepsin (P7012, Sigma-Aldrich) in 0.01 N
HCl for 10 min at 37�C. The slides were washed in PBS and sta-
bilized in 1% PFA for 10 min at room temperature. The sam-
ples were washed in 2x SSC buffer and dehydrated in a 70%,
80%, and 95% ethanol series (5 min each) at 4�C. The DNA
was denatured for 5 min at 72�C in hybridization solution
(70% deionized formamide (F9037, Sigma-Aldrich) in 2x SSC),
dehydrated in an ice-cold 70, 80 and 95% ethanol series for
5 min and air-dried. The biotinylated probe was mixed with
hybridization solution (50% deionized formamide, 10% dextran
sulfate (67578, Sigma-Aldrich), 1% Tween-20 in 2x SSC supple-
mented with 500 ng/ml salmon sperm DNA (D1626, Sigma-
Aldrich), 100 ng/ml COT1 DNA (11581074001, Roche Applied
Science), 500 ng/ml tRNA (R8508, Sigma-Aldrich). The probes
were denatured for 10 min at 72�C and placed on the slides.
The samples were covered and hybridized with the probe at
37�C overnight in a humidified chamber. After hybridization,
the samples were washed with 2x SSC (10 min, RT), 2x SSC
supplemented with 50% deionized formamide (twice, 10 min,
42�C), 0.1x SSC (5 min, 42�C) and 2x SSC (10 min, RT). The
preparation was blocked in PBS supplemented with 1% BSA
and 0.05% Tween-20 for 30 minutes at room temperature and
immunostained with Alexa 488-conjugated mouse anti-biotin
antibody (1:200 dilution) and Alexa 488-conjugated gout anti-
mouse antibody (1:200 dilution). The samples were counter-
stained with DAPI. The images were analyzed using a Zeiss
AxioScope A.1 fluorescence microscope.
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HS heat stress
CPT camptothecin
SSB single-stranded DNA break
DSB double-stranded DNA break
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