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Abstract

DNA damage response recruits complex molecular machinery involved in DNA repair, arrest of cell
cycle progression, and potentially in activation of apoptotic pathway. Among the first responders is
the Mrell- (MRN) complex of proteins (Mrell, Rad50, Nbsl), essential for activation of ATM; the
latter activates checkpoint kinase 2 (Chk2) and phosphorylates histone H2AX. In the present study
the recruitment of Mrel1 and phosphorylation of ATM, Chk2 and H2AX (yH2AX) detected
immunocytochemically were measured by laser scanning cytometry to assess kinetics of these events
in A549 cells treated with H,O5. Recruitment of Mrell was rapid, peaked at 10 min of exposure to
the oxidant, and was of similar extent in all phases of the cell cycle. ATM and Chk2 activation as
well as H2AX phosphorylation reached maximum levels after 30 min of treatment with H,O5; the
extent of phosphorylation of each was most prominent in S-, less in G1-, and the least in GoM- phase
cells. A strong correlation between activation of ATM and Chk2, measured in the same cells, was
seen in all phases of the cycle. In untreated cells activated Chk2 and Mrell were distinctly present
in centrosomes while in interphase cells they had characteristic punctate nuclear localization. The
punctate expression of activated Chk2 both in untreated and H,O5 treated cells was accentuated when
measured as maximal pixel rather than integrated value of immunofluorescence (IF) per nucleus, and
was most pronounced in G cells, likely reflecting the function of Chk2 in activating Cdc25A.
Subpopulations of G; and G,M cells with strong maximal pixel of Chk2-Thr68P IF in association
with centrosomes were present in untreated cultures. Cytometric multiparameter assessment of the
DNA damage response utilizing quantitative image analysis that allows one to measure
inhomogeneity of fluorochrome distribution (e.g., maximal pixel) offers unique advantage in studies
of the response of different cell constituents in relation to cell cycle position.
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Introduction

Oxidative DNA damage, considered one of the major causes of cell aging and suspected to
precondition to cancer, is being caused by reactive oxygen species (ROS) either generated
during aerobic rt—zspiration,l'9 or originatingi from exogenous sources such as environmental
pollutants,10 macrophage oxidative burst,11-13 or even iatrogenic factors.14 Oxidation of all
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four DNA bases [with a predominance of guanine adducts such as 8-oxo-7,8-dihydro-2'-
deoxyguanosine (0x08dG)], base ring fragmentation, sugar modification, covalent
crosslinking of DNA and proteln and induction of DNA strand breaks, all may occur as a result
of oxidative DNA damage 15,16 Some of these lesions are converted, predominantly during
DNA replication, to DNA double-strand breaks (DSBS) Repair of some DSBs can be error
prone resulting in deletion of base pairs and other defects that can result in translocations and
chromosomal instability. 3,4,17,18 cumulative alterations of the molecular structure of DNA
is thought to play important roles in the genesis of organismic aging, cellular senescence, and
predisposition to cancer. 1-6,19-21 \we have recently reviewed this topic and in particular
addressed the issue of constitutive DNA damage caused b%/ metabolically generated
endogenous oxidants and its detection by cytometry 9,

In our previous studies8:9:22-26 \ye monitored DNA damage indirectl _)/
immunocytochemical assessment of histone H2AX phosghorylatlon and activation of the
Ataxia telangiectasia mutated protein kinase (ATM) 9 These molecular targets have
already been extensively used in conjunction with cytometry, to assess the extent of DNA
damage induced by exozgenous a%ents and to correlate damage with the cell cycle phase and
induction of apopt05|s However, DNA damage also activates checkpoint pathways
to arrest progression through the cell cycle until DNA integrity is restored by the repair process.
39-42 Activation of checkpoint kinase 2 (Chk2) pIaXS a major role in arresting the cell cycle
progression machinery in response to DNA damage. 2 In most instances activation of Chk2
is mediated by ATM which directly phosphorylates Thr68 of this kinase inducing its
dimerization which is followed by intermolecular phosphorylation on Thr383, Thr387 and
Ser5186, dissociation of the dimers and formation of enzymatically active monomers.39 The
major physiological substrates of Chk2 are the phosphatases Cdc25C and Cdc25A.
Phosphorylation of Cdc25C and Cdc25A by Chk2 prevents their translocation and the
dephosphorylation of cyclin dependent kinases (CDKSs), an event otherwise essential for G, to
M and G to S transitions, respectively.43 44 Proteasomal degradation of Cdc25 phosphatases
is also accelerated upon their phosphorylatlon 5 Thus, as a consequence of Chk2 activation
the cells can arrest at the G, to M and/or G to S transmon.46 It should also be noted that the
MRN complex of proteins consisting of Mrel1-Rad50-NBS1 is essential for ATM activation,
as it recognizes DNA damage, recruits ATM to the site of damage and targets ATM to initiate
phosphorylation of the respective substrates.47-51

In the present study we compared the kinetics of ATM and Chk2 activation and H2AX
phosphorylation in response to oxidative DNA damage in human lung adenocarcinoma A549
cells and correlated these data to the expression of the Mrel1l protein. The results demonstrate
a rapid DNA damage response to oxidative damage that is reflected by a nearly concurrent
increase in expression of Mrell, activation of ATM and Chk2 and phosphorylation of H2AX,
peaking at 10-30 min after exposure of A549 cells to H,0».

Figure 1 illustrates the effect of H,O5 exposure on expression of Mrell in the nuclei of A549
cells. The data show a distinct increase in Mrell IF intensity that is observable by 10 min post-
exposure to the oxidant. The intensity of Mrell IF in a large majority of A549 cells treated for
10 min with H,O, was well above the background level of the untreated cells (skewed dashed
line), representing the upper threshold of Mrell IF for 97% of the untreated interphase cells.
There was no evidence of a cell cycle phase specificity in response to H,0,, as the observed
increase in Mrell IF was similar for cells in Gq, S and G,M. The pattern of response to
H,0, was somewhat different when measured either as integrated or maximal pixel of Mrell
IF, the former reflecting total IF per nucleus the latter stressing the punctate (foci) distribution
of this protein (Fig. 1). The intercellular variability was distinctly more apparent when Mrell
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expression was measured as maximal pixel of IF rather than as the integrated IF value. The
cells treated with H,O, for 2 h had lower expression of Mrel1 than 10 min treated cells, but
still above the level of untreated cells.

Exposure of A549 cells to H,O5 also induced both ATM activation and H2AX phosphorylation
(Fig. 2). While the cellular responses in terms of ATM activation and H2AX were quite similar
in terms that maximally affected were S-phase cells, it differed considerably from the Mrell
response that showed no cell cycle phase specificity. In cultures treated with the oxidant for
10 or 30 min, essentially all S-phase cells had ATM-S1981P and yH2AX IF values above the
background level of the untreated cells representing the upper threshold of expression of these
phospho-proteins for 97% of the interphase cells. Also, both the expression of ATM-S1981P
and yH2AX were maximal in cells treated with H,O, for 30 min, followed by a decrease that
was apparent in cells treated with H,O, for 1-4 h. Analysis of DNA content frequency
histograms show no significant changes in cell cycle distribution during the treatment with
H,0, for 4 h with the exception of a minor accumulation of cells in very early S-phase (Fig.
2; arrow).

Activation of Chk2 in response to oxidative DNA damage is illustrated in Figure 3. The data
show very early activation of this protein kinase, apparent 10 min after cells exposure to the
oxidant, and declining after 30 min. Here again, as with ATM activation and H2AX
phosphorylation, S phase cells were most affected. It should be stressed that significantly
different cellular response pattern to DNA damage was observed when signal intensity was
measured as either an integrated Chk2-Thr68P IF value (Fig. 3; top) or as maximal pixel values
(bottom). In untreated (time 0) cultures the strong integrated Chk2-Thr68P IF was observed
only in mitotic cells. However, when Chk2-Thr68P IF was expressed as a maximal pixel value
it revealed the presence of G; and GoM cells with high maximal pixel values (Fig. 3, outlined
by oval dashed boundaries). Analysis of the images revealed an association of Chk2-Thr68P
IF with the centrosomes in these cells. The G cells with high maximal pixel values for Chk2-
Thr68P were predominantly very early (postmitotic) G4 cells, which could be identified by
LSC as cells with very small nuclear size that were in close proximity with each other as they
would be just after cytokinesis (nhot shown). In support of this observation is the bivariate
distribution pattern showing that the cells entering S-phase (late G; cells, in continuity with
the S-cell cluster) had low Chk2-Thr68 maximal pixel IF values. Interestingly, while exposure
to H,O, for 2 and 4 h led to a marked decrease in intensity of integral values of Chk2-
Thre8P IF, a distinct subpopulation of cells with a G; DNA content and very strong maximal
pixel IF become apparent and their fluorescence intensity was on increase (Fig. 3, delineated
by rectangular dashed outlines and marked by triangular arrows). On the bivariate distributions
these cells are clearly not continuous with the S-phase cell cluster.

A strong correlation was observed between activation of ATM and Chk2 when measured in
the same cells. The data (Fig. 4) show cells responding to 10 min and 1 h treatment with
H»0,. This correlation was apparent regardless of whether all cells, or only S-phase cells, were
analyzed. An exception was the presence of relatively few (~3%) cells with activated Chk2
but with no apparent ATM activation, predominantly present in the untreated culture (Fig. 4,
marked by arrows). The image analysis revealed that these were mitotic cells. In fact, these
cells had activated ATM. However ATM-S1981 was in cytoplasm of mitotic cells and the
fluorescence integration (contouring) based on DNA (DAPI fluorescence) excluded
cytoplasmic fluorescence. Activated Chk2 on the other hand was present both in cytoplasm
and in association with mitotic chromosomes.

The kinetics of response to H,0,-induced DNA damage measured by Mre11 recruitment, ATM
and Chk2 activation and H2AX phosphorylation is presented in Figure 5. The increase in
expression of Mrell was rapid, peaking after a 10 min exposure to H,O, followed by a slow
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decline. Activation of ATM and Chk2 was also rapid with the maximal level of their
phosphorylation observed after 10-30 min of treatment with H,O,. Histone H2AX
phosphorylation peaked after 30 min as well. Whereas the increase in expression of Mrell
was similar in extent for cells in all phases of the cell cycle, activation of ATM, Chk2 and
H2AX phosphorylation was most pronounced for S-phase cells while GoM cells were least
affected. The maximal increase was observed for H2AX phosphorylation, with the level of
yH2AX expression in S-phase cells after 30 min of treatment with H,O, being over 300%
(>3.00 fold) above that of untreated cells in S phase. The maximum ATM phosphorylation
observed was over 200% above the level of untreated cells. The increase in expression of Chk2-
Thr68P and Mre11 was less pronounced reaching only 135% and 75%, respectively, over the
level of the untreated cells.

The characteristic subcellular localization of Chk2-Thr68P, ATM-S1981P and Mrel1 is
presented in Figure 6. In mitotic cells activated Chk2 was distinctly present in centrosomes
and also in the cytoplasm where it had a discrete punctate appearance. In interphase cells the
Chk2-Thr68P IF was also punctate but was localized in the nuclei, and was more intense in
cells exposed to H,0, that in the untreated cells. ATM was also strongly activated in mitotic
cells and was present in their cytoplasm, whereas its localization in H,O, treated interphase
cells was nuclear. IF of Mrell was strong in untreated cells but was distinctly stronger in the
H,0, treated ones where it was mostly limited to nuclei and also had a punctate appearance.
Mrell was also present in centrosomes of mitotic cells (Fig. 6).

Discussion

The present data reveal the kinetics of the DNA damage response of A549 cells to the oxidant
H»0,. This is the first report which describes an increase in expression of Mrell measured by
cytometry, in cells treated with a DNA damaging agent. The observed rise in Mrel1 expression,
although less extensive than that of phosphorylation of ATM, Chk2 or H2AX, was very rapid,
peaking at 10 min. It is unclear whether this effect, detected immunocytochemically so early
after administration of H,O,, reflects an increase in content of Mrell protein due to its
synthesis or increased accessibility of the epitope during formation of MRN complexes. The
epitope of Mrell detected by this Ab (31H4, rabbit) is a small peptide domain corresponding
to Lys496 of human Mre11A.92 Because the expression of Mrel1 (as with ATM-S1981P,
Chk2-Thr68F and H2AX) was measured within the cells nucleus (the integration contour was
set up on DAPI fluorescence) the apparent increase in Mrell expression may also be due to it
migration from the cytoplasm to the nucleus. As the increase in Mrell expression was modest
(~75% above the level of untreated cells) the nuclear translocation of even minor amounts may
account for such an affect. Regardless of the mechanism, it is clear from our data that signaling
through MRN translocation that involves Mrell recruitment, considered the earliest response
to DNA damage prior even to ATM activation,47-50 js detectable by cytometry.

Activation of Chk2 serves primarily to arrest cell cycle progression and because of functional
redundancy in its ability to phosphorg/late both, Cdc25A and Cdc25C, both the G, to S and
G» to M transitions, may be halted.#3:46 \We show here that Chk2 activation was rapid,
concurrent to- and strongly correlated with-activation of ATM. This observation is consistent
with the generally accepted paradigm that in most instances of DNA damage Chk2
phosphorylation is mediated by ATM.39-43 The present data thus buttress this conclusion, and
indicate that in the case of oxidative DNA damage, Chk2 also is the substrate of ATM.
Moreover, the data shown in Figure 3 provide additional insight into the relationship between
Chk2 activation and cell cycle arrest. Expression of Chk2-Thr68P when measured as an
integrated value of IF increased early during the treatment with H,O,, predominantly in S-
phase cells, and then declined. However in contrast to the integral, the maximal pixel
representation of the activated Chk2, which stresses the punctate, highly condensed localization
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of this kinase, actually increased with time of oxidant exposure (2 h and 4 h), specifically in
G1 phase cells. Most likely this is a reflection of the continuing arrest at the G4 to S transition
when Cdc25A is the Chk2 substrate. In contrast, the cells at the G4 to S transition (Fig. 3,
bottom right two panels) have both low Chk2-Thr68 integrated as well as maximal pixel
values, similar to that of S-phase cells.

The observation that the level of Mrel1 recruitment was similar in all phases of the cell cycle,
whereas the events downstream of the DNA damage response (i.e., ATM and Chk2 activation
and H2AX phosphorylation) were maximal in S phase cells is intriguing. This observation
suggests that the recruitment of Mrel1 after oxidative DNA damage, as measured
immunocytochemically, was not as effective, per se, in activating ATM and subsequent events
of the damage response in G1 and GoM cells as it was in S-phase cells. The cell cycle-phase
specific factors thus appear to modulate activation of the events subsequent to Mrell
recruitment.

We have recently described the activation of ATM and Chk2 and the phosphorylation of H2AX
phosphorylation (as measured by cytometry) upon induction of DNA damage by DNA
topoisomerase | and Il inhibitors topotecan (TPT) or mitoxantrone (MXT), respectively.53 The
kinetics of phosphorylation of these proteins in response to DNA damage by the topoisomerase
inhibitors was different than those observed here in cells treated with H,O,. Chk2 activation
in cells treated either with TPT or MXT was much slower compared to the treatment with
H,0,. Specifically, whereas the peak of activation was seen 4 h after administration of these
inhibitors Chk2 activation peaked at 10 min in cells treated with H,0, (Figs. 2 and 5).
Furthermore, the peak of H2AX phosphorylation, seen 2 h after treatment with TPT or MXT,
preceded by 2 h the maximal level of Chk2 activation. In cells treated with H,05 the peaks of
activation of Chk2 and phosphorylation were temporarily coincident. Clearly thus, different
types of DNA damage such as caused by DNA topoisomerase inhibitors versus H,O5 induce
quite different kinetics of DNA damage response.

The punctate expression of activated Chk2 both in untreated and H,O,, treated cells was
underscored by cytometry when represented as maximal pixel rather than integrated value of
immunofluorescence (IF) per nucleus and as discussed was most pronounced in G cells, which
likely reflects activation of the G, to S transition checkpoint by Chk2. In untreated cultures
subpopulations of G; and G,M cells with strong maximal pixel of Chk2-Thr68P IF in relation
to centrosomes were present. Cytometric multiparameter assessment of DNA damage
response, particularly with the use of quantitative image analysis that allows one to measure
the inhomogeneity of distribution (e.g., maximal pixel) of each fluorochrome, provides unique
advantages in studies of the correlation in response of different cell constituents to the damage
as a function of cell cycle position.

Materials and Methods

Cells, cell treatment

Ab49 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 ug/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% CO». The cells were
maintained in exponential and asynchronous phase of growth by repeated trypsinization and
reseeding prior to reaching subconfluency. The cells were then trypsinized and seeded at low
density (about 5 x 10% cells per chamber) in 2-chambered Falcon CultureSlides (Beckton
Dickinson). Twenty four hours after seeding the cultures were treated with 200 uM H,0,
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(Sigma Chemical Co., St. Louis, MO) for different time intervals, as described in the legends
to figures. Control cultures were treated with the equivalent volumes of distilled water.

Detection of Mrell, phostphorylation of ATM on Ser 1981, Chk2 phosphorylation on Thr 68
and H2AX phosphorylation on Ser 139

Following incubations with H,0, 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 100 ml volume of 1% BSA containing 1:200 dilution of phospho-specific (Ser-139) histone
H2AX (yH2AX) mouse monoclonal antibody (mAb) (BioLegend, San Diego, CA), or 1:500
dilution of Mrell (31H4) rabbit Ab, or a 1:100 dilution of phospho-specific ATM (Ser-1981)
mAb (Upstate Cell Signaling, Temecula, CA), or 1:100 dilution of phospho-specific (Thr-68)
Chk2 rabbit polyclonal antibody (Cell Signaling). After overnight incubation at 4°C, the slides
were washed twice with PBS and then incubated in 100 ml of 1:100 dilution of Alexa Fluor
488 goat anti-mouse (H2AX) or anti-rabbit IgG (H + L) (Chk2 and Mrel1), or 1:50 dilution
of Alexa Fluor 633 goat anti-mouse (ATM) (all from Invitrogen /Molecular Probes, Eugene
OR), respectively, for 45 min at room temperature in the dark. The cells were then
counterstained with either 2.8 ug/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma) in PBS for
15 min (in samples to be analyzed by laser scanning cytometry (LSC),53’54 or 5 pug/ml of 7-
aminoactinomycin D (7-AAD) (Invitrogen/Molecular Probes) in the samples to be analyzed
by fluorescence microscopy.

Measurement of cell fluorescence by LSC

Cellular green IF representing expression of yH2AX, ATM-S1981P, Mre11 or of activated
(Thré8 phosphorylated) Chk2 and blue emission of DAPI was measured by LSC (iCys;
CompuCyte, Cambridge, MA) utilizing standard filter settings; fluorescence was excited with
488-nm argon ion and violet diode lasers, respectively.sl54 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 yH2AX
IF or Chk2Thr68P for G; (DNA Index; DI = 0.9-1.1), S (DI = 1.2-1.8) and G,M (DI = 1.9
2.1) cell populations in each experiment. To express the treatment-induced changes in IF (6;
Fig. 5) the mean IF values for G4, S and G,M cell populations estimated for the untreated cells
(Ctrl) were subtracted from the respective mean values of the cells treated with H,O,, for each
time-point of the treatment. The SE was estimated based on Poisson distribution of cell
populations. Each experiment was run at least in triplicate, some experiments were additionally
repeated. The inter-sample variations were not statistically significant; the representative raw
data in form of bivariate distributions (scatterplots) are shown in Figures 174. Other details
were provided before8 or are given in figure legends.
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Figure 1.

Effect of exposure of A549 cells to H,O, on Mrell expression. Exponentially growing A549
cells were left untreated (time 0) or were treated with 200 uM H,O, for 10 min or 2 h then
fixed and expression of Mrell was measured by LSC within cell nuclei in conjunction with
cellular DNA content. Bivariate distributions (DNA content vs Mrel1 IF) showing expression
of Mrelleither as integrated IF over the nucleus (int) or as maximal pixel IF (max pix), with
respect to the cell cycle phase. The dashed skewed lines show the upper threshold level of
Mrell IF for 97% of interphase (G4 + S) cells in the untreated (time 0) culture. Maximal
increase in Mrell IF was observed during the initial 10 min and a decline was observed
subsequently (see Fig. 5 for the Kinetics data).
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Figure 2.

Activation of ATM and phosphorylation of histone H2AX in A549 cells treated with H,Oo.
The cells were untreated (time 0) or treated in cultures with 200 uM H,0,, for time periods as
shown in the respective panels. Bivariate distributions (DNA content vs ATM-S1981P, or vs
yH2AXIF) represent the IF of these phospho-proteins integrated over the nucleus with respect
to cell cycle phase. The dashed skewed lines show the upper threshold level of ATM-S1981P
or yYH2AX IF for 97% of interphase (G4 + S) cells in the untreated (time O) cultures. The DNA
content histograms in the bottom panels show the cell cycle distribution at time 0 and after 4
h of treatment with H,O,. A minor accumulation of very early S-phase cells is apparent after
4 h of treatment with H,O, (arrow).
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Figure 3.

Activation of Chk2 in A549 cells treated with H,O,. The cells were untreated (time 0) or treated
in cultures with 200 uM H,0, for the length of time shown in the respective panels. Bivariate
distributions (DNA content vs Chk2Thr68P IF) showing expression of Chk2Thr68P either as
integrated IF over the nucleus (int) or as maximal pixel IF (max pix), with respect to cell cycle
phase. As in Figures 1 and 2, the skewed dashed lines represent the upper threshold level of
Chk2-Thr68F IF for 97% of interphase (G + S) cells in the untreated (time 0) cultures. See
the text describing cell subpopulations marked by dashed boundaries.
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Figure 4.

Correlation between activation of ATM and Chk2 during A549 cells in response to oxidative
stress. Bivariate (ATM-S1981P vs Chk2-Thr68P IF) distributions of cells treated with 200 pM
H»0, for 10 min or 1 h. (A—C) show all cells, (D-F) show S-phase cells gated based on
differences in DNA content as described in Materials and Methods. The dashed horizontal or
vertical lines show the upper thresholds values of Chk2-Thr69P IF or ATM-Ser1981P IF for
97% cells from the untreated (time 0) culture, respectively.
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Figure 5.

Kinetics of Mrel1 recruitment, ATM and Chk2 activation, and H2AX phosphorylation in A549
cells exposed to 200 uM H,O, for different time intervals. The means values of Mrell, ATM-
$1981P, Chk2-Thr68P and yH2AX IF were estimated for subpopulations of cells in G4, S and
G,oM, untreated (time 0) and treated with H,O,, by gating analysis based on differences in
DNA content, as described in Materials and Methods. The respective mean values of the
untreated cells were subtracted from the means of the treated ones and the H,O»-induced
change (A) was plotted as n-fold increase over the respective mean values of the untreated
cells.
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Figure 6.

Expression of Chk2-Thr68P, ATM-S1981 and Mrel11 in A549 cells treated with 200 uM
H,0, for 10 min. Expression of Chk2-Thr68P (A) and ATM-S1981P (B) in two interphase and
two mitotic cells. The metaphase cell within the inset is from another field of view, shown to
demonstrate localization of activated Chk2 in centrosomes. (D) shows expression of Mrell,
also with its distinct presence in centrosomes. The cells were immunocytochemically stained
with Alexa Fluor 488 (A and D) or Alexa Fluor 633 (B) and their DNA was counterstained
concurrently with 7-AAD (A, B and D) and DAPI (C and E). Cells shown in (C and E) were
viewed under combined UV epifluorescence and Nomarski interference contrast illumination.
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