
Phosphorylation of p53 on Ser15 during cell cycle caused by Topo
I and Topo II inhibitors in relation to ATM and Chk2 activation

Hong Zhao, Frank Traganos, and Zbigniew Darzynkiewicz*
Brander Cancer Research Institute and Department of Pathology; New York Medical College;
Valhalla, New York USA

Abstract
The DNA topoisomerase I (topo1) inhibitor topotecan (TPT) and topo2 inhibitor mitoxantrone
(MXT) damage DNA inducing formation of DNA double-strand breaks (DSBs). We have recently
examined the kinetics of ATM and Chk2 activation as well as histone H2AX phosphorylation, the
reporters of DNA damage, in individual human lung adenocarcinoma A549 cells treated with these
drugs. Using a phospho-specific Ab to tumor suppressor protein p53 phosphorylated on Ser15 (p53-
Ser15P) combined with an Ab that detects p53 regardless of the phosphorylation status and
multiparameter cytometry we correlated the TPT- and MXT- induced p53-Ser15P with ATM and
Chk2 activation as well as with H2AX phosphorylation in relation to the cell cycle phase. In untreated
interphase cells, p53-Ser15P had “patchy” localization throughout the nucleoplasm while mitotic
cells showed strong p53-Ser15P cytoplasmic immunofluorescence (IF). The intense phosphorylation
of p53-Ser15, combined with activation of ATM and Chk2 (involving centrioles) as well as
phosphorylation of H2AX seen in the untreated mitotic cells, suggest mobilization of the DNA
damage detection/repair machinery in controlling cytokinesis. In the nuclei of cells treated with TPT
or MXT, the expression of p53-Ser15P appeared as closely packed foci of intense IF. Following TPT
treatment, the induction of p53-Ser15P was most pronounced in S-phase cells while no significant
cell cycle phase differences were seen in cells treated with MXT. The maximal increase in p53-
Ser15P expression, rising up to 2.5-fold above the level of its constitutive expression, was observed
in cells treated with TPT or MXT for 4–6 h. This maximum expression of p53-Ser15P coincided in
time with the peak of Chk2 activation but not with ATM activation and H2AX phosphorylation, both
of which crested 1–2 h after the treatment with TPT or MXT. The respective kinetics of p53-Ser15
phosphorylation versus ATM and Chk2 activation suggest that in response to DNA damage by TPT
or MXT, Chk2 rather than ATM mediates p53 phosphorylation.
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Introduction
Damage to DNA, particularly when it involves formation of DNA double strand breaks (DSBs)
induces phosphorylation of histone H2AX on Ser 139.1,2 The phosphorylation can be mediated
either by ATM-,3 ATR-,4 or DNA-dependent protein kinase.5 (reviewed in refs. 6 and 7).
While phosphorylation by ATM is linked to the induction of DSBs7-9 H2AX phosphorylation
by ATR occurs in response to other types of DNA damage, including replication stress.10 Sites
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of phosphorylated H2AX, named γH2AX, can be detected by a phospho-specific Ab; in the
nucleus they are seen as immunofluorescent (IF) foci, each focus presumed to represent an
individual DSB.2 Checkpoint and DNA repair proteins such as Rad50, Rad51, Brca1 and the
p53 binding protein 1 (53BP1) co-localize with γH2AX.11,12 Activation of ATM occurs by
phosphorylation of its Ser1981, an event that also can be detected immunocytochemically.9
ATM activation concurrent with H2AX phosphorylation in the same cells subjected to a
genotoxic agent, especially when present in the form of IF foci, is considered to be a reliable
marker of induction of DSBs.7-9

DNA damage also engages checkpoint pathways to arrest progression though the cell cycle
until DNA integrity is restored during the repair process.13-15 Activation of Chk2 is mediated
by ATM which directly phosphorylates Thr68 of this protein kinase leading to its dimerization.
13,16,17 During replication stress, however, Thr68 phosphorylation of Chk2 is mediated by
ATR.18 Dimerization of Chk2 leads to intermolecular phosphorylation on Thr383, Thr387 and
Ser516 of this kinase followed by dissociation of the dimers. The enzymatically active
monomers may move out from chromatin and undergo translocation to cytosolic substrates.
19,20 Among numerous substrates of Chk2 are Cdc25C and Cdc25A whose phosphorylation
leads to cell arrest at the G2 to M or G1 to S phase transitions, respectively.13 Activation of
Chk1 is triggered by DNA damage involving formation of ssDNA lesions and can be carried
out by ATM and ATR.21,22 Chk1 is implicated in several checkpoints of cell cycle
progression23 and also phosphorylates hBRCA2, a protein involved in recombination-
mediated DNA repair and maintenance of replication forks.24 p53-dependent Chk1
phosphorylation was shown to be required for maintenance of G2 arrest upon DNA damage.
25

One of the key responders to DNA damage is the tumor suppressor protein p53 (reviewed in
refs. 26 and 27). Among the multiplicity of p53 target genes are the genes mediating DNA
repair, cell cycle arrest and regulation of apoptosis. Upon DNA damage p53 can be
phosphorylated on multiple sites by ATM, DNA-PK and also by Chk2.26-29 Phosphorylation
of p53 on Ser15 is crucial for its stabilization and essential for induction of cell cycle arrest
mediated by this transcription factor. It also facilitate p53 binding to the sites of DNA base
damage.30 While Ser15 phosphorylation of p53 stimulates its transactivation by facilitating
binding to the p300 coactivator, it does not seem to directly alter p53 interaction with
MDM2.31 Activation of p53 through phosphorylation on Ser15 in hapatocellular carcinoma
cells treated with the topo1 inhibitor irinotecan was seen to precede apoptosis.32 Likewise,
induction of p53 phosphorylation in neonatal cardiomyocytes by oxidative stress was also
followed by apoptosis.33

DNA topoisomerase I (topo1) and topo2 inhibitors are widely used antitumor drugs. Their
mode of action involves stabilization of otherwise transient “cleavable complexes” between
topo1 or topo2 and DNA. During DNA replication, collisions of replication forks with the
complexes convert these lesions into potentially lethal DNA double-strand breaks (DSBs).
34,35 Collisions of the progressing RNA polymerase transcription machinery with the
“cleavable complexes” also lead to formation of DSBs.36 Unlike topo1 inhibitors, the topo2
inhibitors additionally damage DNA by generating oxidative stress.37 Still another type of
DNA lesion induced by topo2 inhibitors result from intercalation to- and condensation of-
DNA that leads to nucleolar segregation followed by apoptosis.38,39

We recently reported that DNA damage caused by inhibitors of topo1 [camptothecin (CPT),
topotecan (TPT)] and topo2 [mitoxantrone (MXT) and etoposide (ETP)] triggered
phosphorylation of H2AX concurrently with activation of ATM40-43 and Chk2.44 Using
multiparameter cytometry we correlated the DNA damage response with cell cycle position
and with initiation of apoptosis. We observed that topo1 inhibitors induced activation of ATM
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and Chk2, phosphorylation of H2AX and subsequently apoptosis (cleavage of caspase-3)
almost exclusively in S-phase cells. In contrast, the early events of the DNA damage response
triggered by topo2 inhibitors were less cell cycle phase dependent although the induction of
ATM and H2AX phosphorylation was the most pronounced in G1 cells whereas the S-phase
cells, as with topo1 inhibitors, preferentially underwent apoptosis.40-43 With a comparable
level of DNA damage response, thus, the proclivity to undergo apoptosis was distinctly greater
in DNA replicating- than in G1- or G2-phase cells. In addition to the generation of “cleavable
complexes”, our data implicated formation of reactive oxidants45-47 as a mechanism through
which DNA damage was induced by the topo2 inhibitors MXT and ETP.37,40

In the present study we extended the analysis of DNA damage response to topo1 and topo2
inhibitors by exploring the effect of TPT and MXT on phosphorylation of the tumor suppressor
protein p53 on Ser15. As mentioned, this modification is critical for stabilization of this
transcription factor which among other functions arrests cell cycle progression. Based on our
earlier observation44 and the current data, we have been able to correlate the kinetics of cell
response to DNA damage by TPT and MXT in terms of ATM and Chk2 activation as well as
H2AX and p53Ser15 phosphorylation. The data show a temporal correlation between the
induction of Chk2 activation and p53-Ser15 phosphorylation in the cells treated either with
TPT or MXT, and the lack of such correlation with activation of ATM. Thus, these data are
consistent with the role of Chk2 rather than ATM as the protein kinase that phosphorylates p53
on Ser15 in response to DNA damage by topo1 or topo2 inhibitors.

Results
Untreated cells showed the presence of the constitutively expressed p53Ser15P in interphase
nuclei in the form of rounded granular chromatin structures of irregular size and of modest IF
intensity (Fig. 1). Mitotic cells, however, had very intense p53Ser15P IF localized in the
cytoplasm. There was also very strong IF of ATM-Ser1981P in the cytoplasm of mitotic cells.
In the cells treated with MXT, nuclear p53-Ser15P IF was more intense than in control and had
the appearance of minute, closely adjacent foci. The most strongly labeled TPT or MXT treated
cells displayed IF foci in such close proximity to each other that it appeared as nearly confluent
IF labeling within the nucleoplasm. In large nuclei (most likely of G2 phase cells) there was
strong perinucleolar p53-Ser15P IF (Fig. 1C and D; the arrow). The pattern of p53-Ser15P IF
of the cells treated with MXT for 4 h and with TPT for 4 or 6 h (not shown) was similar to that
of the cells treated with MXT for 6 h (Fig. 1C). Since in the TPT and MXT-treated cultures
the cells were arrested in G2 or S, no mitotic cells were apparent. Expression of ATM-
Ser1981P was stronger in the cells treated with TPT or MXT for 2 h compared to cells treated
for 4–6 h (not shown).

Figure 2 illustrates the effect of TPT on expression of p53-Ser15P, ATM-Ser1981P and Chk2-
Thr68P in A549 cells. It is quite apparent from these bivariate distributions that the S-phase
cells were most affected by TPT in terms of induction of p53 phosphorylation as well as
activation of ATM and Chk2. At the peak of response, nearly all S-phase cells had IF distinctly
above the maximal level of the constitutive expression of p53-Ser15P, ATM-Ser1981P or
Chk2-Thr68P of the untreated cells (0 time), marked by the respective skewed dashed lines on
these distributions. It is also apparent that the kinetics of the increase of ATM-Ser1981P was
different compared to the kinetics of the p53-S15P and Chk2-Thr68P rise. Namely, whereas
the increase in p53-Ser15P and Chk2-Thr68P was maximal in the cells treated with TPT for 4–
6 h, the peak of the increase in expression of activated ATM was seen in cells treated with TPT
for 1 h. The cell cycle arrest induced by TPT was revealed as an accumulation of cells in early
S phase after 6 h of treatment (Fig. 2, see the arrow on the DNA histogram).
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The response of cells to MXT is shown in Figure 3. Unlike in the case of TPT, the induction
of p53-Ser15P as well as activation of ATM and Chk2 in cells treated with MXT was not S-
phase selective but it was apparent in all phases of the cell cycle. However, the kinetics of the
response in terms of induction of p53 phosphorylation as compared with ATM and Chk2
activation resembled that of the cells treated with TPT. Namely, the peaks of both p53-Ser15
phosphorylation and Chk2 activation lagged after the peak of ATM activation. Thus, while
maximal ATM activation was seen after 1–2 h of treatment with MXT, the peak of Chk2
activation was after 4 h and of p53-Ser15 phosphorylation after 6 h of treatment (Fig. 3). There
was no clear evidence of accumulation of cells in any particular phase of the cell cycle on the
DNA content histograms which would suggest that the during the initial 6 h of the treatment
with MXT the cell cycle progression was halted in all phases of the cycle.

The kinetics of p53-Ser15 phosphorylation, ATM and Chk2 activation in cells treated with
TPT or MXT vis-à-vis cell cycle phase is illustrated in Figure 4. For comparison, data is also
included for histone H2AX phosphorylation on Ser-139 which were published before.44 The
data are expressed in terms of n-fold increase of expression of these phospho-proteins above
their level in untreated cells, which to a large extent reflects the response to constitutive
oxidative DNA damage by endogenous, metabolically generated oxidants.45-47 In the cells
treated with TPT, the maximal increase was seen in activation of ATM in S-phase cells, which
after 1 h of treatment was nearly 6-fold above that of the constitutive expression of ATM-
S1981P in the untreated cells. Compared with G1 or G2M cells the S-phase cells also showed
higher levels of Chk2 activation and p53 Ser15 phosphorylation (over 2.5-fold). In contrast to
the early peak of ATM activation, Chk2 activation and p53 phosphorylation peaked after 4–6
h exposure to TPT. The peak of H2AX phosphorylation seen at 2 h of treatment preceded the
peak in Chk2 and p53 phosphorylation with TPT but lagged (∼1 h) the peak of ATM activation.

The kinetics of DNA damage response and cell cycle specificity of cells treated with MXT
was very much different compared to the cells treated with TPT. The maximal, over 9-fold rise
in the level of activated ATM was seen in G1 cells after 2 h of exposure to the drug. This rise
coincided in time with the nearly 15-fold increase in expression of γH2AX. Similar kinetics
of ATM activation and H2AX phosphorylation, peaking after 2 h of treatment with MXT,
characterized G2M and S-phase cells, although the MXT-induced rise in expression of γH2AX
(8 to12-fold) in S phase cells was somewhat lower than the increase seen in G1 phase cells (15-
fold). The peak of Chk2 activation in MXT treated cells manifesting as an ∼6-fold increase
over the level of the constitutively activated Chk2 was seen in the cells treated with MXT for
4 h and was of similar magnitude for cells in G1, and S as well as in G2M. The maximal (over
2-fold) rise in expression p53-Ser15P, appeared in cells treated with MXT for 6 h and this
increase was also of similar magnitude regardless of the cell cycle phase.

In the cells treated with TPT and MXT, concurrent with the increase in expression of p53-
Ser15P, we observed upregulation of the level of total p53. To reveal whether the rise in
expression of p53-Ser15P was a reflection of the increased level of total p53 where the
proportion of Ser15 phosphorylated protein remained unchanged or whether the increase of
total p53 was combined with an altered proportion of p53-Ser15P versus total p53, we have
measured the ratio of the drug-induced increase in the level of p53-Ser15P and compared it
with the drug-induced increase of total p53 (Fig. 5). Towards this end the cells were treated
with TPT or MXT for 5 h and the increase (Δ) in p53-Ser15P above the level of constitutive
expression of this phospho-protein was compared with the increase in the total level of p53
above the constitutive p53 expression. The data are presented as a ratio of Δp53-Ser15P/Δp53.
It is evident that this ratio is higher than 1.0 (1.7–2.2) which indicates that treatment with TPT
or MXT while leading to a rise of total p53, induced a much greater rise in the proportion of
p53 phosphorylated on Ser15 compared with non-phosphorylated p53. In cells treated with
TPT, the ratio of Ser15 phosphorylated p53 to total p53 was higher in S and G2M cells compared
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to G1 phase cells, whereas in MXT-treated cells this ratio was greater in G2M cells than in S
or G1 cells.

Discussion
We have recently characterized the DNA damage response of cells treated with TPT or MXT
in terms of ATM and Chk2 activation as well as phosphorylation of histone H2AX.43 Unlike
most studies that rely on bulk data obtained from analysis of the mean response of the cell
populations represented by Western blotting, by using multiparameter laser scanning
cytometry (LSC),48 we were able to measure large populations of individual cells. This
approach makes it possible to assess the heterogeneity of cell response to the treatment and
through multivariate analysis correlate several attributes of the same cell with each other.
Because one of the measured attributes is cellular DNA content, the expression of the other
measured attribute(s) can be directly correlated with cell cycle phase without the necessity of
cell synchronization, which often is plagued by artifacts.49

In the present study, we correlated the kinetics of p53 phosphorylation on Ser15 with activation
of ATM, Chk2 and phosphorylation of H2AX in the cells treated with TPT and MXT, all in
relation to cell cycle phase. One feature of p53-Ser15P that is different compared to ATM and
Chk2 activation or to H2AX phosphorylation is its relatively high level of constitutive
expression in untreated interphase cells (Fig. 1A). Constitutive H2AX phosphorylation and
ATM activation to a large extent is in response to DNA damage by endogenous oxidants
generated during aerobic metabolism.46,47 DNA damage by exogenous oxidants additionally
increases the level of γH2AX and activated ATM.50,51 The relatively high level of constitutive
expression of p53-Ser15P determines that the extent of its induction by TPT- or MXT- when
estimated in terms of the n-fold increase (Δ) over the level of constitutive p53-Ser15P, because
of a high value of the denominator, is low compared to ATM or H2AX phosphorylation (Fig.
4). By measuring the ratio of the TPT- or MXT- induced increase of p53-Ser15P to total p53
(Fig. 5) we were able to show that the degree of phosphorylation of p53 was increased in the
drug-treated cells. Thus, as result of the treatment, the degree of p53 phosphorylation on
Ser15 exceeded the rise in the total level of this protein in the cell.

Interestingly, mitotic cells showed very high levels of expression of p53-Ser15P that was
present in the cytoplasm. Mitotic cells also demonstrate intense activation of ATM and Chk2
as well as the presence of γH2AX.52-55 Induction of premature chromosomes condensation
(PCC) also triggers ATM activation and H2AX phosphorylation.56 DNA in condensed
chromatin of mitotic cells shows local DNA denaturation regions sensitive to single-strand
specific S1 or mung bean nucleases, indicative of the topological stress on its double helical
structure.57 Polo-like kinases Plk1 and Plk3 are localized in centrosomes and in the midbody
and Plk1 can also phosphorylate Chk2 on Thr68.58 All these events occurring during mitosis
and preceding cytokinesis (“mitotic checkpoint”), including phosphorylation of H2AX, the
“histone guardian of the genome”,59 likely serve to restructure chromatin to allow the final
proof-reading of DNA for any damage, and if the damage is detected, to engage the repair
machinery. Centrosomes, which at that time contain activated Chk2 and p53 in addition to
other signaling factors,60-62 possibly provide the platform for the final signal to initiate
cytokinesis thereby allowing the cell to divide only if the integrity of the genome is preserved.

It should be noted that degradation of p53 requires transcription and during arrest in mitosis
(e.g., induced by the inhibitors such as Taxol or nocodazole), when transcription is halted, p53
accumulates in the cell and degree of its accumulation reflects duration of mitosis.63 It is likely
that one of the functions of p53 is to regulate duration of mitosis, and in the case of cell exit
from prolonged arrest in mitosis, upon resumption of transcription, to induce Bax or p21 and
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thereby promote apoptosis or cell arrest.64 Interestingly, p21 being a regulator of p53 stability
provides a negative regulatory loop that may lower p53 level in these postmitotic cells.65

The present data show that regardless of whether DNA damage was induced by TPT or by
MXT the first events of the response were ATM activation and H2AX phosphorylation which
peaked at the same time, about 2 h after drug administration (Fig. 4). This finding is consistent
with our prior observation that activation of ATM induced by these drugs was concurrent in
time with H2AX phosphorylation and both events, when measured within the same cells, were
strongly correlated with each other (R = 0.97).41,44,66 Other reports also demonstrated that
upon induction of DSBs by ionizing radiation or by DNA-cleaving drugs, phosphorylation of
H2AX was mediated by ATM.1-3,12 Thus, it would appear most likely that the presently
observed phosphorylation of H2AX in TPT- or MXT-treated cells was mediated by ATM.

The peak of Chk2 activation detected as its phosphorylation on Thr68 lagged by about 2 h
behind the peaks of ATM activation and H2AX phosphorylation. It is well known that in
response to DNA damage involving DSBs Chk2 is activated by ATM.13-18

In fact, induction of DNA damage in ATM deficient cells does not result in activated Chk2 but
the activation is restored upon its ectopic expression.15,18 Although activation of Chk2 can
be mediated by ATR, such event takes place in response to replication stress but not to DNA
damage.18 It may be concluded, therefore, that in the cells treated with TPT or MXT Chk2
was activated by ATM. Our data showing that within the same cells Chk2 phosphorylation on
Thr68 was distinctly delayed after the peak of ATM activation indicate that factors other than
the presence of maximally activated ATM determine the timing of Chk2 activation. It should
be noted that because Thr68 phosphorylation is only the initial step, the complete activation
of Chk2, requiring additional phosphorylation of Thr383, Thr387 and Ser516,15 may be even
further delayed vis-à-vis the peak of ATM activation.

The key substrate of Chk2 is Cdc25C whose phosphorylation induces binding of cyclin B1/
Cdk1 to a 14-3-3 protein, impeding its translocation to the nucleus and subsequent
dephosphorylation, an event otherwise necessary for cells to enter mitosis.67 Thus, the
consequence of Cdc25 phosphorylation by Chk2 is cell arrest in G2. As mentioned, we
presently observed that upon induction of DNA damage by TPT or MXT, activation of Chk2
was a relatively late event. Analysis of the cell cycle distribution from the DNA content
frequency histograms of the cells treated with TPT or MXT (Figs. 2 and 3) is in accordance
with the observation of the late Chk2 activation as it does not show any significant accumulation
of cells in G2M during the entire 6 h exposure to either of the drugs.

A549 cells are characterized by wt p53 and its level is upregulated upon induction of DNA
damage by topoisomerase inhibitors.68 We presently observed that treatment of A549 cells
with TPT or MXT led to upregulation of p53 and to its phosphorylation on Ser15. The ratio of
phosphorylated to non-phosphorylated p53 was distinctly increased in the drug-treated cells
compared to control (Fig. 5). Phosphorylation of p53, similar to Chk2, was also a relatively
late event reaching a maximum 2–4 h after the peak of ATM activation (Fig. 4). This
observation suggests that in response to DNA damage by TPT or MXT, phosphorylation of
p53 is mediated by Chk2 rather than by ATM. In addition to the direct phosphorylation of p53
on Ser15 by Chk2,13,25-28 ATM and Chk2 may indirectly contribute to p53 activation through
phosphorylation of MDMX.69

Of special interest is the cell cycle phase specific DNA damage response in TPT and MXT
treated cells. In the case of TPT, the response by ATM, Chk2 or p53 activation and H2AX
phosphorylation was most pronounced in S-phase cells. This S-phase selectivity is much more
evident when analyzed on the raw data presented as the bivariate distributions (Fig. 2) than
reflected from the mean values of the IF (Fig. 5). The reason for this apparent discrepancy is
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the great heterogeneity of the responding cells and an overlap between G1 and S-phase cells
in estimating their mean IF values. Specifically, during the treatment that lasted for up to 6 h,
many G1 cells were arrested in progression through the cycle while entering S. This is evident
on the DNA content frequency histogram as an accumulation of cells in early S phase after 6
h (Fig. 2, inset; marked by the arrow). Because many arrested cells had a DNA content little
changed in comparison to the untreated G1 cells, the gating analysis used to estimate their mean
IF classified them as G1 cells. This blurred the distinction between the G1 and S-phase cells in
the TPT-treated cultures during analysis of their mean IF values (Fig. 4). The selectivity of
TPT towards S-phase cells is consistent with the well known mechanism of action of topo1
inhibitors targeting DNA replicating cells.34,35 These DSBs lesions are lethal which is
reflected by selective cytotoxicity of topo1 inhibitors towards S-phase cells.70 Chk2 and p53
were also strongly activated by TPT in G2M (Fig. 2, after 4 h and 6h treatment, respectively).
Thus, whereas DNA damage was more restricted to the DNA replicating cells, the G2M cells
also activated the checkpoint pathway. It is likely that activation of Chk2 and p53 was triggered
when the S-phase cells with damaged DNA entered G2. Activation of Chk2 at that point likely
led to phosphorylation of Cdc25, halting progression through G2 phase.

The pattern of DNA damage response to treatment with MXT was much different compared
to TPT. The induction of γH2AX and ATM activation was apparent in all phases of the cell
cycle but the most pronounced was in G1 phase cells (Figs. 3 and 4).

The response of G2M cells was also very prominent, especially in the terms of activation of
ATM which at the peak (2 h) was nearly 12-fold above its constitutive level. The induction of
Chk2 and p53 activation by MXT, however, was less cell cycle phase specific, reaching
comparable levels in all phases of the cell cycle (Fig. 4). This finding is consistent with
observations that topo2 inhibitors MXT and ETP induce DNA damage not only in DNA
replicating cells by stabilization of cleavable complexes but also in G1 and G2M by inducing
oxidative stress.37,40 Furthermore, while only collisions of replication forks with the cleavable
complexes stabilized by topo1 inhibitors generate DSBs, collisions of both RNA polymerase
moving along the transcribed template during transcription and the moving replication forks
with the complexes stabilized by topo2 inhibitors cause DSBs.36

Interestingly, activation of ATM and Chk2 and the phosphorylation of H2AX upon induction
of DNA damage by oxidative stress (H2O2), also measured in individual cells by cytometry,
was seen to be very rapid, peaking at 10–30 min and then declining.50 The peaks of ATM and
Chk2 and H2AX phosphorylation were coincident in time and the most affected were S-phase
cells. Thus, it is quite apparent that DNA damage caused by topo1 or topo2 inhibitors as
compared with H2O2 induces entirely different kinetics of the damage response.

Materials and Methods
Cells, cell treatment

A549 cells, obtained from American Type Culture Collection (ATCC; Manassas, VA), were
grown in Ham's F-12K Nutrient Mixture (Mediatech, Inc., Manassas, VA) supplemented with
10% fetal bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin and 2 mM L-
glutamine (GIBCO/BRL; Grand Island, NY) in 25 ml FALCON flasks (Becton Dickinson Co.,
Franklin Lakes, NJ) at 37.5°C in an atmosphere of 95% air and 5% CO2. The cells were
maintained in exponential and asynchronous phase of growth by repeated trypsinization and
reseeding prior to the culture reaching confluency. The cells were then trypsinized and seeded
at low density (about 5 × 104 cells per chamber) in 2-chambered Falcon CultureSlides (Beckton
Dickinson). Twenty four hours after seeding the cultures were treated with 0.15 μM topotecan
(TPT; Hycamptin, Merck Pharmaceutical Co., Rahway, NJ) or 0.2 μM mitoxantrone (MXT,
American Cyanamid, Pearl River, NY) for different time intervals, as described in the legends
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to figures. Control cultures were treated with the equivalent volumes of dimethylsulfoxide
(DMSO, Sigma Chemical Co., St. Louis, MO) that was used to prepare stock solutions of the
drugs.

Detection of p53 phosphorylated on Ser15 and total p53 expression or ATM phosphorylation
of Ser139

Following incubations with TPT or MXT the cells were rinsed with PBS and then fixed with
1% methanol-free formaldehyde (Polysciences, Inc., Warrington, PA) in PBS for 15 min on
ice followed by suspension in 70% ethanol where they were stored at −20°C for 2–24 h. The
fixed cells were then washed twice in PBS and treated on slides with 0.1% Triton X-100
(Sigma) in PBS for 15 min, and then in a 1% (w/v) solution of bovine serum albumin (BSA;
Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab) binding. The cells were then
incubated in a 100 ul volume of 1% BSA containing 1:100 dilution of phospho-specific
(Ser-15) p53 rabbit polyclonal antibody (Cell Signaling, Danvers, MA) and 1:100 dilution of
p53 mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), or 1:100
dilution of phospho-specific (Ser-1981) ATM mouse monoclonal antibody (Cell Signaling,
Danvers, MA). After overnight incubation at 4°C, the slides were washed twice with PBS and
then incubated in 100 ul of 1:100 dilution of Alexa Fluor 488 goat anti-rabbit and 1:50 dilution
of Alexa Fluor633 goat anti-mouse IgG (H+L) (Invitrogen/Molecular Probes, Eugene, OR)
respectively, for 45 min at room temperature in the dark. The cells were then counterstained
with 2.8 μg/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma) in PBS for 15 min in samples to
be analyzed by laser scanning cytometry (LSC)48 or examined by fluorescence microcopy.

Detection of H2AX phosphorylation on Ser 139 and Chk2 phosphorylation on Thr 68
The cells were treated and stained as above except that the primary Abs used were 1:200
dilution of phospho-specific (Ser-139) histone H2AX (γ-H2AX) mouse monoclonal antibody
(mAb) (BioLegend, San Diego, CA) and 1:100 dilution of phospho-specific (Thr-68) Chk2
rabbit polyclonal antibody (Cell Signaling, Danvers, MA). Other details are given elsewhere.
44,48,50,71

Measurement of cell fluorescence by LSC
Cellular green IF representing expression of p53-Ser15P or Chk2-Thr68P, and red IF
representing expression of total p53, γH2AX-Ser139P or ATM-Ser1981P and the blue emission
of DAPI stained DNA was measured using an LSC (iCys; CompuCyte, Cambridge, MA)
utilizing standard filter settings; fluorescence was excited with 488-nm argon ion and violet
diode lasers, respectively.44,48 The intensities of maximal pixel and integrated fluorescence
were measured and recorded for each cell. At least 3,000 cells were measured per sample.
Gating analysis was carried out to obtain mean values (±SE) of p53Ser15P for G1 (DNA Index;
DI = 0.9–1.1), S (DI = 1.2–1.8) and G2M (DI = 1.9–2.1) cell populations in each experiment.
To express the treatment-induced changes in IF (Δ) the mean IF values for G1, S and G2M cell
populations estimated for the untreated cells (Ctrl) were subtracted from the respective mean
values of the cells treated with TPT or MXT, for each time-point of the treatment. The SD was
estimated based on Poisson distribution of cell populations. Each experiment was run at least
in triplicate, some experiments were additionally repeated. Other details are given in figure
legends.
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Figure 1.
Expression of p53Ser15P in A549 cells untreated or treated with MXT. The cells growing on
slides were either untreated (A,B) or treated with 0.2 μM MXT for 6 h and then immunostained
with Alexa Fluor 488 Ab (p53Ser15P , green fluorescence) and Alexa Fluor 633 (ATM-
S1981P, red fluorescence) and their DNA was counterstained with DAPI, as described in
Materials and Methods. Fluorescence was induced using either blue (A,C) or multi-spectral
(including UV) excitation filter (B,D). Note the patchy pattern of p53-Ser15P distribution in
chromatin of untreated, interphase cells and strong IF of p53-Ser15P (A) as well as ATM-
S1981P (B) in the cytoplasm of mitotic cells (red fluorescence, arrow). The cells treated with
MXT show a strong, “grainy” pattern of p53Ser15P IF in their nuclei (C).
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Figure 2.
Induction of phosphorylation of p53 on Ser15, ATM on Ser1981 and Chk2 on Thr68 in A549
cells treated with TPT. The bivariate distributions (scatterplots) of DNA content versus
p53S15P, (top), ATM-S1981P (mid), or Chk2Thr68P (bottom) of A549 cells treated with 0.15
μM TPT for up to 6 h. Based on difference in cellular DNA content, cells in G1, S and G2M
can be gated, as shown by vertical dashed lines in the control (0 time) cultures, for quantitative
analysis of the mean values of the respective IF (these data are shown in Fig. 4). The dashed
skewed lines represent the upper threshold level of IF for 97% of interphase (G1 + S) cells in
the respective untreated (time 0) cultures. The insets in the DNA versus ATM-S1981P

distributions show DNA content histograms of cells from untreated (left) or 6 h TPT treated
(right) cultures. Note accumulation of cells in early S-phase (arrow) as a result of cell arrest in
S by TPT.
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Figure 3.
Induction of phosphorylation of p53 on Ser15, ATM on Ser1981 and Chk2 on Thr68 in A549
cells treated with MXT. The bivariate distributions (scatterplots) of DNA content versus
p53S15P, (top), ATM-Ser1981P (mid), or Chk2Thr68P (bottom) of A549 cells treated with 0.2
μM MXT for up to 6 h. The cells in G1, S and G2M can be identified and gated based on
difference in cellular DNA content, as shown by vertical dashed lines in the control (0 time)
cultures. The dashed skewed lines represent the upper threshold level of IF for 97% of
interphase (G1 + S) cells in the respective untreated (time 0) cultures. The insets in the DNA
versus ATM-Ser1981P distributions show DNA content histograms of cells from untreated
(left) or 6 h MXT treated (right) cultures.
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Figure 4.
Kinetics of p53-Ser15, ATM-Ser1981, Chk2-Thr68 and H2AX-Ser139 phosphorylation
during treatment of A549 cells with TPT or MXT. The data show mean values of p53-
Ser15P, ATM-Ser1981P, Chk-68ThrP and γH2AX IF estimated by gating analysis, based on
differences in DNA content, separately for subpopulations of cells in G1, S and G2M phases
of the cell cycle at each time point of the treatment as described in Materials and Methods. The
data represent the n-fold increase (Δ) in the level of expression of these proteins phosphorylated
at the respective sites over the level of their constitutive expression of the phosphorylated state.
45-48
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Figure 5.
Effect of TPT and MXT on the proportion of p53-Ser15P versus total p53. A549 cells were
untreated or treated with 0.15 μM TPT or 0.2 μM MXT for 5 h. Expression of cellular p53 and
p53-Ser15P was detected with Ab that reacts with p53 regardless of its status of Ser15
phosphorylation (total p53) and with the phospho-specific Ser15P Ab, respectively, tagged
with fluorochromes having different fluorescence emission (488 and 633 nm), as described in
Materials and Methods. Cellular DNA was stained with DAPI. The data are presented as a the
mean (±SD) ratio of the increase (Δ) of p53-Ser15P to the increase of p53 IF in treated cells
over their constitutive levels in untreated cells, estimated by gating analysis for G1, S and
G2M cells.
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