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Abstract
This chapter describes molecular mechanisms of DNA damage response (DDR) and presents
flow- and image-assisted cytometric approaches to assess these mechanisms and measure the
extent of DDR in individual cells. DNA damage was induced by cell treatment with oxidizing
agents, UV light, DNA topoisomerase I or II inhibitors, cisplatin, tobacco smoke, and by
exogenous and endogenous oxidants. Chromatin relaxation (decondensation) is an early event of
DDR chromatin that involves modification of high mobility group proteins (HMGs) and histone
H1 and was detected by cytometry by analysis of the susceptibility of DNA in situ to denaturation
using the metachromatic fluorochrome acridine orange. Translocation of the MRN complex
consisting of Meiotic Recombination 11 Homolog A (Mre11), Rad50 homolog and Nijmegen
Breakage Syndrome 1 (NMR1) into DNA damage sites was assessed by laser scanning cytometry
as the increase in the intensity of maximal pixel as well as integral value of Mre11
immunofluorescence. Examples of cytometric detection of activation of Ataxia telangiectasia
mutated (ATM), and Check 2 (Chk2) protein kinases using phospho-specific Abs targeting
Ser1981 and Thr68 of these proteins, respectively are also presented. We also discuss approaches
to correlate activation of ATM and Chk2 with phosphorylation of p53 on Ser15 and histone H2AX
on Ser139 as well as with cell cycle position and DNA replication. The capability of laser
scanning cytometry to quantify individual foci of phosphorylated H2AX and/or ATM that
provides more dependable assessment of the presence of DNA double-strand breaks is outlined.
The new microfluidic Lab-on-a-Chip platforms for interrogation of individual cells offer a novel
approach for DDR cytometric analysis.

II. Introduction
Intricate and highly choreographed series of molecular events broadly defined as the DNA
damage response (DDR) take place in the live cell upon induction of DNA damage. The
events of DDR involve a multitude of post-translational modifications of proteins that
trigger interactions between intracellular molecules activating several signaling pathways.
Pathway activation has four critical aims: (i) stopping cell cycle progression and division
and thereby preventing transfer of damaged DNA to progeny cells; (ii) enhancing
accessibility of the damage site to the DNA repair machinery; (iii) activating and engaging
repair machinery, and (iv) triggering apoptosis or inducing cellular senescence (reproductive
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cell death) to eliminate cells whose damaged DNA cannot successfully be repaired (reviews,
Bakkenist and Kastan, 2003, 2004; Bonner et al., 2008; Helt et al., 2005; Kastan, 2008; Lee
and Paull, 2005, Nakamura et al., 2010). This review briefly describes the molecular
mechanisms of DDR and outlines applications of cytometry in analysis of particular events
and stages of DDR.

III. Events of the DDR
A. Chromatin decondensation (relaxation)

One of the early events of the DDR is remodeling of chromatin structure that involves its
decondensation (Murga et al., 2007; Pandita and Richardson, 2009; Rouleau et al., 2004;
Ziv et al., 2006). Chromatin decondensation appears to be triggered by decline of torsional
strain of the DNA double helix occurring upon DNA damage, particularly when the damage
involves formation of DNA double-strand breaks (DSBs) (Fig. 1). DNA torsional strain
(topological stress) is otherwise maintained by its winding onto histone octamers of the
nucleosome core and supercoiling to form the supra-nucleosomal chromatin structure
(Marko, 2010). High mobility group proteins (HMGs) play a key role in providing a rapid
dynamic response by local decondensation of chromatin triggered by DNA damage (Gerlitz
and Bustin, 2009, Kim et al., 2009, Sinha and Peterson, 2009). HMGs and histone H1 are
persistently moving along the chromatin fiber and interacting with each other and with
internucleosomal DNA. Compared with other nuclear proteins, HMGs are the most
extensively modified, being rapidly phosphorylated, acetylated, methylated, ribosylated and/
or sumoylated in response to changes in the physiological state of the cell, induction of
stress or cell cycle phase (Zhang and Wang, 2008). This network provides a continuous
highly dynamic interplay between a variety of nuclear structural proteins, modulating their
binding to each other and to nucleosomes (Lim et al., 2004; Misteli and Soutoglou, 2009).
Of particular importance is the binding of the HMGN1 protein to the nucleosome, which
alters the architecture of chromatin and affects the levels of post-transcriptional
modifications of the tails of nucleosomal histones. Specifically, upon HMGN1 binding to
nucleosomes, phosphorylation of histone H3 on Ser10 is reduced (Lim et al., 2004). Since
histone H3 phosphorylation on Ser10 is required to maintain chromatin in a condensed state
such as during mitosis (Juan et al., 1998) or premature chromosome condensation (Huang et
al., 2006a) the reduction of its level of phosphorylation facilitates chromatin decondensation
(relaxation). Thus, the DNA damage-induced activation of HMGN1 and its binding to
nucleosomes preventing histone H3 phosphorylation may directly mediate chromatin
decondensation.

Histone acetyltransferase TIP60 also plays a role in modulation of chromatin dynamics.
After damage to DNA, in addition to acetylation of histone H2AX, which is a prerequisite
for its phosphorylation on Ser139, TIP60 regulates the ubiquitination of H2AX via the
ubiquitin-conjugating enzyme UBC (Ikura et al., 2007, Kruhlak et al., 2006). Sequential
acetylation and ubiquitination of H2AX by TIP60-UBC promotes enhanced histone
dynamics, which in turn stimulates the DDR. It should be noted that the presence of wt p53
appears to be critical for the induction of chromatin relaxation upon DNA damage (Murga et
al., 2007, Rubi and Milner, 2003) perhaps through its effect on the tumor suppressor
p33ING2 (Wang et al., 2006). Chromatin relaxation augments accessibility of the repair
machinery to DNA damage sites and appears to also provide the signal for activation of
Ataxia Telangiectasia Mutated (ATM) protein kinase.

The MRN complex consisting of Meiotic Recombination 11 Homolog A (Mre11), Rad50
homolog and Nijmegen Breakage Syndrome 1 (NMR1) proteins undergoes translocation
into the site of DNA damage at the time of chromatin decondensation and activation of the
ATM protein kinase (Abraham and Tibbetts, 2005; Downs and Cote, Kitagawa and Kastan,
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2005, 2005; Paull and Lee, 2005). It should be noted that ATM activation takes place at
some distance from the DNA break site and the activated kinase moves then to the site.

B. Activation of phosphatidyl inositol 3' kinase-related kinases (PIKKs)
The DDR is regulated by three PIKKs: ATM, ATM and Rad3-related (ATR), and DNA
dependent protein kinase (DNA-PKcs) (Cuadrado et al., 2006, Helt et al., 2005, Hill and
Lee, 2010, Lovejoy and Cortez, 2009). These kinases are primarily responsible for signaling
the presence of DNA damage and phosphorylate hundreds of proteins whose function is to
maintain the integrity of the genome. The substrates phosphorylated by these PIKKs are
implicated in regulation of DNA damage repair, cell cycle progression, apoptosis and cell
senescene. In many instances these PIKKs can have redundant activities and back-up each
other in terms of phosphorylation of the same proteins.

Among the PIKKs that are activated in response to DNA damage the most extensively
studied was ATM, which is the key component of the signal transduction pathways
mobilized by the induction of DSBs (Li and Zou, 2005; Shiloh, 2003). Activation of ATM
occurs through its autophosphorylation on Ser1981 and requires its prior acetylation which
is mediated by the Tip60 histone acetyltransferase (Sun et al., 2005). ATM phosphorylation
leads to dissociation of the inactive ATM dimers onto monomers that have kinase catalytic
activity (Bakkenist and Kastan, 2003, 2004) (Fig. 1). The MRN protein complex plays a
critical role in the process of ATM activation as it detects DNA damage, recruits ATM to
the damage site and targets ATM to the respective substrates to initiate their phosphorylation
(Lee and Paull, 2005). Whereas ATM phosphorylation on Ser1981 is a prerequisite for
dissociation of the dimer, the catalytic domain of ATM is outside of the Ser1981 site and
becomes accessible to the kinase substrates only when ATM is in its monomeric
conformation (Bakkenist and Kastan, 2004).

As schematically presented in Fig. 1 ATM phosphorylates several substrates at the site of
the DSB, including NBS1, Structural Maintenance of Chromosomes 1 (SMC1) and Breast
Cancer 1 (BRCA1) proteins. Phosphorylated NBS1 targets ATM towards Chk1,
phosphorylated SMC1 engages the S-phase checkpoints halting DNA replication (Kitagawa
et al., 2004;Wakeman et al., 2004) and BRCA1 phosphorylation is required to activate this
protein along the DNA repair pathway. The BRCA1 (E3-ubiquitin ligase) is involved in
several biochemical processes related to DNA repair (Kastan, 2008,Kitagawa and Kastan,
2005). BRCA2 is essential for locating Rad51 to the sites of DNA damage and both BRCA
proteins are involved in DNA repair by homologous recombination (HR) (Yuan et al.,
1999). The mediator of DNA damage checkpoint 1 (MDC1) is also recruited to the DSB site
(Stucki and Jackson, 2004). This nuclear protein activates the S phase- and G2/M phase- cell
cycle checkpoints and interacts with phosphorylated histone H2AX near sites of DSB
facilitating recruitment of the ATM and other repair factors to the damage foci.

Other than ATM, PIKKs activated in response to DNA damage are ATR and DNA-PKcs
(Cuadrado et al., 2006, Helt et al., 2005, Hill and Lee, 2010, Lovejoy and Cortez, 2009).
Activation of ATR occurs in response to replication stress (Kurose et al., 2006; Ward et al.,
2004) rather than to direct induction of DSBs such as caused by ionizing radiation which
triggers activation of ATM. However, activation of DNA-PKcs takes place during repair of
DSBs where it is an essential factor for the non-homologous end-joining (NHEJ) mechanism
of DNA repair (Hill and Lee, 2010, Smith and Jackson, 1999). Because the NHEJ
mechanism also operates during V(D)J recombination and is responsible for antibody
diversity (Smith, 2004) DNA-PKcs is a critical element for normal immune development.
DNA-PKcs is also strongly implicated in telomere maintenance (Samper et al., 2000). The
process of activation and inactivation of DNA-PKcs is mediated by its extensive post-
translational modification (Hill and Lee, 2010). Among several sites of its phosphorylation
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Thr2609, which becomes autophosphorylated in response to DNA damage by ionizing
radiation, has been the most studied (Chan et al., 2002).

C. Activation of checkpoint kinases
The mosdt important downstream target substrates phosphorylated by PIKKs include p53
(TP53), checkpoint kinase 2 (Chk2) and histone H2AX (Bakkenist and Kastan, 2004;
Wakeman et al., 2004). The main purpose of checkpoint pathways activation is to halt
progression though the cell cycle until integrity to DNA is restored by the repair
mechanisms (Ahn et al., 2002, Matsuoka et al., 2000, Zhou and Elledge, 2000). Chk 2 plays
a key role in response of the cell cycle progression machinery to DNA damage. Upon
induction of DSBs ATM activates Chk2 by phosphorylating Thr68 of this protein (Fig. 2).
This leads to dimerization of Chk2 and acquirement of the kinase catalytic activity (Ahn et
al., 2000; Ahn et al, 2002). It should be noted that phosphorylation of Chk2 on Thr68 may
also be mediated by ATR; this occurs however in response to replication stress (Matsuoka et
al., 2000). Intermolecular phosphorylation on Thr383, Thr387 and Ser516 takes place within
the Chk dimers which leads to dissociation of the dimers. Both the monomers and the
multiphosphorylated dimers are enzymatically active (Fig. 2). The DNA damage-activated
Chk2 undergoes dissociation from chromatin which facilitates further signal amplification
and translocation to soluble substrates (Li and Stern, 2005).The enzymatically active
monomers as well as dimers of Chk2 phosphorylate numerous downstream substrates
including Cdc25A and Cdc25C phosphatases which upon activation induce cell arrest at the
G1 or at the transition from G2 to M, respectively (Fig. 2). In addition to cell cycle arrest
Chk2 plays a role in mediating the response to DNA damage by promoting apoptosis. For
example after DNA damage induced by topo2 inhibitor etoposide, Chk2 phosphorylates and
activates the E2F-1 transcription factor that activates apoptotic pathways (Stevens et al.,
2003). Likewise, phosphorylation of p53 by Chk2 may lead to upregulation of Bax, an event
promoting apoptosis. However, phosphorylation of p53 may also lead to upregulation of
p21Waf1 providing an additional means to halt cell progression through G1 (Lin et al., 1996).
BRCA1 and Promyelocytic Leukemia (PML) proteins may be phosphorylated by Chk2 as
well (Lee et al., 2000; Yang et al., 2002). Phosphorylation of BRCA1 engages this protein
in the DNA repair pathway whereas phosphorylation of PML increases cells proclivity to
undergo apoptosis (Ahn et al., 2004). Activated Chk2 also stabilizes the FoxM1
transcription factor thereby enhancing expression of DNA repair genes (Tan et al., 2007).
There is strong redundancy between Chk1 and Chk2 as well as among all three isoforms of
Cdc25 (Cdc25A, Cdc25B and Cdc25C) (Boutros et al, 2006; 2007, Rudolph, 2007) in their
enzymatic activities of phosphorylation (Chk1, Chk2) or dephosphorylation (Cdc25A,
Cdc25B, Cdc25C), respectively.

D. Histone H2AX phosphorylation
Histone H2AX, one of the variants of histone H2A (Thatcher and Gorovsky, 1994), is one of
the critical proteins responsible for surveillance of genome integrity (Bassing et al., 2003,
Celeste et al., 2003;). In response to DNA damage, particularly when the damage involves
induction of DSBs, H2AX becomes phosphorylated on Ser139 (Rogakou et al., 1998;
Sedelnikova et al., 2002). The phosphorylation can be mediated by ATM- (Anderson et al.
2001; Burma et al., 2001), ATR- (Furuta et al. 2003), and/or DNA-PKcs (Park et al,. 2003)
and takes place on nucleosomes on both sides flanking DSBs along a megabase domain of
DNA (Rogakou et al. 1999). The Ser-139-phosphorylated H2AX is defined as γH2AX. Of
notice, H2AX is also phosphorylated during induction of DSBs in physiological processes
such as DNA recombination in V(D)J class-switch during the process of immune system
development and in meiosis (Modesti & Kanaar, 2001; Smith, 2004). DNA fragmentation in
cells undergoing apoptosis also induces extensive H2AX phosphorylation (Huang et al.
2003; Huang et al., 2004; Huang et al., 2005).
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IV. Detection of DDR events by cytometry
A. Chromatin relaxation (decondensation)

We have recently reported that the DNA damage-induced chromatin decondensation can be
detected and measured by flow cytometry (Halicka et al., 2009b). The method is based on
the use of the metachromatic fluorochrome acridine orange (AO) which differentially stains
double-stranded (ds) versus single-stranded (ss) nucleic acids (Darzynkiewicz et al., 1975).
Specifically, AO intercalates between the base pairs of the ds DNA and as a monomer
fluoresces green (530 nm). However, when AO binds to ss nucleic acid sections it causes
their condensation (transition of the AO-ssDNA complex to solid state) which manifests as
red luminescence (>640 nm) that occurs as a result of intersystem crossing (triplet
excitation) (Kapuscinski and Darzynkiewicz, 1984a, b). The lifetime of the green
fluorescence is ≤3 nsec while the lifetime of the red luminescence is about 9 nsec. The
susceptibility of DNA to denaturation when stressed by heat or acid varies with the degree
of chromatin condensation and the most susceptible is DNA in highly condensed chromatin
of mitotic and apoptotic cells (Dobrucki and Darzynkiewicz, 2001). This propensity of AO
to differentially stain DNA in condensed versus decondensed chromatin, assessed by
cytometry, has been described by us in different cell systems including spermatogenesis,
differentiation, G0 to G1 or G2 to M transition and during apoptosis. In fact, this application
of AO to detect abnormal chromatin condensation during spermatogenesis (Evenson et al.,
1980) which resembles apoptotic chromatin condensation (Gorczyca et al., 1993) has
become widely recognized male fertility assay, defined as the “sperm chromatin structure
assay” (SCSA).

As it is evident in Fig. 3 the treatment of cells with UV led to an increase in intensity of
green and a decrease of red emission indicating that DNA in the UV treated cells was more
resistant to acid driven denaturation. Thus, this simple approach, based on the use AO,
detects chromatin decondensation induced by DNA damage. A similar response was
observed in other cell types including human lymphocytes, as well as following oxidative
DNA damage by H2O2 (Halicka et al., 2009). The degree of DNA denaturation is presented
as the αt index, which represents the ratio of the mean value of red luminescence intensity of
the cell subpopulations (reporting AO-interactions with the denatured, ssDNA) to the mean
total (red plus green) intensity of the emission. Of interest is the observation that while
chromatin decondensation induced by DNA damage caused by UV was global, occurring
more or less equally in all phases of the cell cycle, the subsequent events of DDR induced
by UV (activation of ATM and induction of γH2AX) were limited to S-phase cells only
(Zhao et al., 2009).

B. Recruitment of Mre11
As mentioned earlier in this chapter, the recruitment of MRN complex of proteins consisting
of Mre11-Rad50-NBS1 to the DNA damage site is one of the earliest events of the DDR.
This event is essential for activation of ATM. The MRN complex then targets ATM to
initiate phosphorylation of the respective substrates (Fig. 1). We attempted to measure this
event by cytometry expecting that the recruitment of these proteins to the damage site will
be reflected by the increase in maximal pixel of Mre11 immunofluorescence (IF). This
would be analogous to the recruitment of Bax to the mitochondrial membrane when this
protein, normally diffusely distributed throughout the cell, becomes translocated and locally
concentrated in mitochondria upon induction of apoptosis (Bedner et al., 2000).

Our data presented in Fig. 4 indicate that the recruitment of MRN complex induced by DNA
oxidative damage in A549 cells can be detected by cytometry as the increase in intensity of
Mre11 IF (Zhao et al., 2008a). However, rather unexpectedly we observed that not only the
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intensity of maximal pixel increased but Mre11 IF integrated over the whole nucleus also
increased. The latter could indicate that either: (i) Mre11 was synthesized after induction of
the damage; (ii) Mre11 was translocated from cytoplasm to the nucleus, or (iii) the
accessibility of the Mre11 epitope to the Ab was increased when this protein was recruited
to the site of DNA damage. The rapidity of the response (<10 min) makes the possibility of
synthesis of new Mre11 rather unlikely. Furthermore Mre11 is generally localized in the
nucleus although in exceptional instances (viral infection) can be located in the cytoplasm
(Araujo et al., 2005). Most likely, therefore, the observed increase in expression of Mre11
(integral) may reflect a change in its conformation that makes the epitope more accessible to
the Ab. The epitope of Mre11 detected by this Ab (31H4, rabbit) is a small peptide domain
corresponding to a stretch of amino acids in the vicinity of Lys496 of human Mre11A (Zhao
et al., 2008a).

The peak of the Mre11 increase occurred within 10 min of exposure of cells to H2O2 and it
preceded by 20 min the peak of activation of ATM and Chk2 as measured by their
phosphorylations on Ser1981 and Thr68, respectively and by 60 min the peak of
phosphorylation of histone H2AX on Ser139, all measured by LSC (Zhao et al., 2008a)

As it is evident in Fig. 4, in analogy to chromatin relaxation (Fig. 3) the level of Mre11
recruitment was similar in all phases of the cell cycle. However, the DDR events
downstream of Mre11 recruitment (ATM and Chk2 activation and H2AX phosphorylation)
were distinctly cell cycle phase specific being maximal in S phase cells (Zhao et al., 2008a).
This observation suggests that the cell cycle-phase associate factors appear to modulate
activation of the events subsequent to Mre11 recruitment.

C. Immunocytochemical detection of DDR-associated ATM, DNA-PKcs and Chk2
activation, phosphorylation of p53 and histone H2AX

The development of phospho-specific Abs that detect proteins responding to DNA damage
by phosphorylation at specific sites (as shown in Figs. 1 and 2) and their application in flow
and image-assisted cytometry opened a vast area of experimentation in several directions.
Using these Abs it is possible to detect activation of ATM (ATM-S1981P), Chk2 (Chk2-
Thr68P) and DNA-PKcs (DNA-PKcsThr2609P) and phoshorylation ofH2AX (γH2AX), as
well as p53-Ser15P). All these proteins are the players in the process of DDR. One direction
of their use was in the basic research designed to investigate the mechanisms of DDR,
especially the relationship of particular events of DDR vis-à-vis cell cycle progression,
induction of apoptosis or cell senescence. Another direction was to reveal mechanisms of
action of antitumor agents targeting DNA such as DNA topoisomerase I (topo1) and II
(topo2) inhibitors, alkylating agents, ionizing and UV radiation. Still another direction was
to use this approach to detect and characterize the genotoxicity of a variety of endogenous
and exogenous agents. Because the detection of DNA damage by this approach is much
more sensitive than by the prior methods (e.g. comets assays) it was possible to detect
minute effects including the level of constitutive DNA damage induced by endogenous
oxidants in untreated cells, healthy cells. Also, the cytometric assessment of DDR has been
proposed and tested as a biomarker of severity of DNA damage and as potentially
prognostic reporter of the in vitro or in vivo effectiveness of cytotoxic drugs. Since the
appearance of the first publications on the detection of DDR events by cytometry (Banath
and Olive, 2003,Huang et al., 2003) significant progress has been made in all these
directions (reviews, Olive, 2005,Tanaka et al., 2006,2007,Zhao et al., 2007). The examples
of application of cytometry along these lines are described below and listed in Figs. 5–10.
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V. Application of cytometry to detect DDR induced by different genotoxic
agents
A. Assessment of DDR induced by DNA topoisomerase inhibitors

In one set of experiments we explored the mechanisms of the DDR in A549 cells treated
with topo1 (topotecan) and topo2 (mitoxantrone and etoposide) inhibitors in relation to the
cell cycle phase and induction of apoptosis (Huang et al., 2003, 2004, 2006b, Kurose et al.,
2005, Zhao et al, 2008b, 2008c). Topotecan (Tpt), the analog of camptothecin and
irinotecan, binds in live cells to DNA-topo1 complexes stabilizing these otherwise cleavable
complexes. Collisions between moving replication forks or RNA polymerase molecules and
these complexes transform the latter into DSBs resulting in potentially lethal lesions. Topo2
inhibitors were thought to kill cells by a similar mechanism (D’Arpa et al., 1990, Liu et al.,
1989). However, by studying the DDR induced by these inhibitors, we observed significant
differences between the two types of inhibitors. The data indicate that the mechanism of
induction of DNA damage and subsequent apoptosis is very much different for Tpt, versus
mitoxantrone (Mxt) versus etoposide.

Figure 5 exemplifies the analysis of kinetics of DDR induced in A549 cells by Tpt, revealed
as an activation of ATM (through its phosphorylation on Ser1981) and of Chk2 (through
phosphorylation on Thr68) and phosphorylation of p53 on Ser15 (Zhao et al., 2008b). It is
quite apparent from these data that the S-phase cells were much more affected by Tpt than
G1 or G2M cells. At the peak of response, nearly all S-phase cells had IF above the maximal
level of the constitutive expression of ATM-Ser1981P, Chk2-Thr68P or p53-Ser15P found in
untreated cells (0 time; marked by the respective skewed dashed lines on these
distributions). It is also apparent that the kinetics of the induction of ATM-Ser1981P was
different than that of Chk2-Thr68P and p53-S15P. Whereas the peak of the expression of
activated ATM was seen after 1 h of treatment with Tpt the maximal induction of Chk2-
Thr68P and p53-Ser15P was after 4–6 h of treatment. The cell cycle arrest induced by TPT
was revealed as an accumulation of cells in early S phase after 6 h of treatment (see the
arrow on the DNA histogram). In parallel to the experiment with Tpt shown in Fig. 5, we
studied the DDR kinetics of A549 cells treated with Mxt. The data revealed an entirely
different pattern of DDR compared to that induced by Tpt. Specifically, unlike in the case of
Tpt, phosphorylation of ATM, Chk2 and p53 triggered by Mxt was more pronounced in G1-
rather than in S-phase cells, and the kinetics of phosphorylation of these proteins was also
different (Zhao et al., 2008b).

Fig. 6 illustrates an approach to correlate the Tpt induced activation of ATM with
phoshorylation of histone H2AX (Tanaka et al., 2006d,2007a). This was achieved by
labeling γH2AX and ATM-S1981P with different color fluorochromes followed by a
multivariate “paint-a-gate” analysis. The data clearly indicate that the cells in which H2AX
become phosphorylated upon treatment with Tpt also have activated ATM. Furthermore, a
distinct correlation in the degree of H2AX phosphorylation (intensity of γH2AX IF) and the
degree of ATM activation (ATM-S1981P IF) is apparent. Thus, the data strongly suggest
that phosphorylation of H2AX was mediated by ATM (Tanaka et al., 2006d,2007a).

In several studies on the mechanism of induction of DDR and subsequent cell death
(apoptosis) induced by topo1 and topo2 inhibitors it was possible to reveal further
differences between these inhibitors (Huang et al., 2003, 2004, 2006b, Kurose et al., 2005,
Zhao et al, 2008b, 2008c). In the case of the topo1 inhibitor Tpt, the mechanism of cell
death induction was rather straightforward and can be explained solely by the mechanism
proposed by D’Arpa et al., (1990) and Liu et al., (1989) in which stabilization of the topo1-
Tpt complex is followed by collision (stalling) of DNA replication forks upon encountering
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these complexes, leading to DSBs formation. The Tpt-induced apoptosis was highly
selective to DNA replicating cells and no evidence of Tpt-induced DDR among the cells in
G1 or G2M phase of the cell cycle was apparent. Also there was no involvement of reactive
oxidative species (ROS) in this mode of cell death induced by Tpt (Huang et al, 2003,
2004).

In the case of topo2 inhibitor Mxt, all events of the DDR, namely strong activation of ATM
and Chk2, and subsequent phosphorylation of p53, and histone H2AX were seen in all
phases of the cell cycle. In fact, the intensity of the DDR was much more pronounced in G1
than in S phase of the cycle. Furthermore, a strong involvement of ROS was evident since
most of these events were strongly attenuated when the treatment with Mxt was combined
with exposure of cells to the ROS scavenger N-acetyl-L-cysteine (NAC; Huang et al.,
2006b). Interestingly, despite the fact that G1 cells were most affected by Mxt in terms of
induction of DDR, the apoptosis occurring subsequent to treatment was selective to S-phase
cells. This observation implied that regardless of the degree of DNA damage, only the
damage in the cells replicating DNA but not in G1 or G2M phase cells was effective in
triggering apoptosis (Huang et al., 2006b). In this case the collision of replication forks with
the primary lesions, whether representing stabilized Mxt-topo2 complexes or ROS-induced
oxidative damage, led to their stalling and formation of DSBs, which was the lethal signal
triggering apoptosis.

Interestingly, etoposide (VP-16), which like Mxt is also a topo2 inhibitor, induced maximal
expression of DDR in G1 cells. Also, as in the case of Mxt, the DDR induced by etoposide
was to a large extent attenuated by scavenging ROS with NAC. However, unlike Mxt,
etoposide induced apoptosis not exclusively in S in but in other phases of the cycle as well,
particularly affecting G1 cells (Tanaka et al, 2007c). It should be noted that Mxt belongs to
the anthraquinone family of topo2 inhibitors and binds directly to DNA by intercalation
(Kapuscinski and Darzynkiewicz, 1986), while etoposide is a member of the
podophyllotoxin family, does not bind to DNA but binds stoichiometrically to topo2
(Kingma et al., 1999).These results implied that in addition to the generally accepted
mechanism involving collision of replication forks with the “cleavable complexes” (Liu et
al., 1989) other mechanisms, different for etoposide as compared to Mxt, contribute to
formation of DSBs and to the triggering of apoptosis. This information is of particular
importance when a combination of drugs, including Mxt and etoposide, is being considered
for cancer treatment.

Since topo2 inhibitors are widely used in oncology, particularly to treat leukemias, we
explored the feasibility of assessing the DDR as a potential biomarker predicting clinical
outcome during treatment of human leukemias (Halicka et al., 2009a). Towards this end,
activation of ATM and phosphorylation of H2AX in leukemic blast cells from the blood of
twenty patients diagnosed with acute leukemias and treated with topo2 inhibitors
doxorubicin, daunomycin, Mxt or idarubicin was measured. The blood was collected one
hour after completion of the drug infusion and the level of phosphorylation of these proteins
was compared by flow cytometry to the pre-treatment level of the same patient. The
population of blast cells was identified as CD45-dim and by subsequent gating the analysis
of expression of ATM-S1981P and γH2AX was restricted to this population. The post-
infusion increase in the extent of ATM activation and H2AX phosphorylation was observed
in all twenty patients and a modest correlation between the induction of ATM activation and
H2AX phosphorylation in blasts of individual patients was observed. While the number of
the studied patients studied (20) and the number of those not responding to treatment (2) was
inadequate to conclude whether the assessment of DDR can be clinically prognostic, the
findings demonstrated the feasibility of assessment of DDR during the treatment of
leukemias with drugs damaging DNA (Halicka et al., 2009a).
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B. Induction of DDR by ionizing radiation and UV light
Peggy Olive and her collaborators pioneered the use of flow cytometry to detect and
measure histone H2AX phosphorylation in response to DNA damage caused by ionizing
radiation and also by some anticancer drugs including etoposide and cisplatin (Banath and
Olive, 2003, Banath et al., 2004, MacPhail et al., 2003a, 2003b, Olive, 2004, Olive and
Banath, 2005, 2009, Olive et al., 2004). In the early studies the authors used flow cytometry
to correlate the induction of γH2AX by ionizing radiation with cell cycle phase. In several
studies they observed a strong correlation between the dose of radiation and intensity of the
induced γH2AX IF. The induction of γH2AX 60 min after irradiation was detected with as
low as a 20 cGy dose of X-rays (McPhail et al., 2003b). The half-times of the radiation-
induced γH2AX IF ranged from 1.6 to 7.2 h, were correlated with a rate of decrease in the
number of IF foci and also correlated with clonogenic survival for 10 cell lines (Banath et
al., 2004). Also strongly correlated with cell death, assessed by clonogenicity, was
expression of γH2AX IF measured 60 min after treatment of Chinese hamster V79 cells with
several radiomimetic drugs examined in a range of over two decades of cell kill (Banath and
Olive, 2003). This strong relationship between the induction of γH2AX expression and loss
of clonogenicity led the authors to postulate that the assessment of H2AX phosphorylation
by flow cytometry can be used as a surrogate of the estimate of cell kill (Banath and Olive,
2003). In another study of several human cervical cancer lines, these authors observed that
the cell line-dependent differences in the rate of disappearance of X-irradiation induced
γH2AX IF were associated with the status of p53 (wt vs p53 deficient) and also related in
part to intrinsic radiosensitivity of the lines (Banath et al., 2004). In the case of treatment of
human and rodent DNA-repair proficient and deficient cell lines with cisplatin, the authors
observed that while the initial intensity of H2AX phosphorylation was not of much
relevance, the level of the retention of γH2AX foci 24 h after treatment was highly
correlated with the fraction of cells that lost their clonogenic potential (Olive and Banath,
2009).

Phosphorylation of H2AX induced by UV is primarily mediated by ATR (Hanasoge and
Ljungman, 2007). However, activation of ATM and DNA PKcs in UV treated cells can be
redundant to activation of ATR, occur concurrently and may contribute to phosphorylation
of H2AX and other downstream protein substrates (Yajima et al., 2009). As many as 570
sites phosphorylated on 464 proteins were detected in M059K glioblastoma cells in response
to UV-irradiation (Stokes et al., 2007). Using multiparameter cytometry the induction of
DDR by UV was seen exclusively in DNA replicating cells (Zhao et al., 2010). Inhibition of
DNA replication by the DNA polymerase inhibitor aphidicolin was shown to prevent the
induction of H2AX phosphorylation in UV-irradiated cells (Halicka et al., 2005). Fig 7
illustrates strikingly similar pattern of incorporation of the DNA precursor 5’-ethynyl-2-
deoxyuridine (EdU) and the induction of γH2AX by UV-B, vis-à-vis the cell cycle phase, in
exponentially growing A549 cells. During 60 min of exposure to EdU one can identify cells
with variable degrees of EdU labeling having DNA content close to that of G1 and G2M
phase cells (panel A). These are the cells entering S phase (eS; initiating DNA replication)
as well as the cells entering G2 (eG2; terminating DNA replication) being exposed to the
precursor while replicating DNA for variable time intervals, between 0–60 min. As is
evident in panel B, the incorporation of EdU was dramatically suppressed after exposure to
UV. It is also evident that the pattern of γH2AX expression in UV-treated cells (panel C)
resembles very much that of the EdU incorporation into UV-untreated cells. These data and
other findings led us to postulate that the mechanism of induction of DDR by UV involves
stalling of DNA replication forks upon encountering the UV-induced primary DNA lesions
(known to be cyclobutane-pyrimidine dimers and 6–4 (T-C) photoproducts; Sinha and
Häder, 2002), which likely leads to formation DSBs (Zhao et al., 2010a). The observed
suppression of EdU incorporation (Fig. 7) would be consistent with the stalling of DNA
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replication forks. Since we were unable to observe DDR in the cells that do not replicate
DNA it is rather unlikely that it is induced during the nucleotide excision repair process,
which is the primary mechanism of repair of DNA damage induced by UV (Marti et al.,
2006).

C. Induction of DDR by cigarette smoke (CS) and other environmental mutagens
CS is the primary cause of lung cancer and it also contributes to the development of other
malignancies. We have recently developed a rapid and sensitive assay to test the
genotoxicity of CS utilizing LSC. The assay is based on the detection of DDR revealed as
activation of ATM and phosphorylation of H2AX in normal human bronchial epithelial cells
and in pulmonary carcinoma A549 cells shortly following their exposure to CS (Albino et
al., 2004, 2006, 2009, Jorgensen et al., 2010, Tanaka et al., 2007b, Zhao et al., 2009a).

Fig. 8 demonstrates the use of this assay to compare the genotoxic properties of tobacco and
nicotine free cigarettes (T&N free) with that of CS from 2R4F cigarette, a standard cigarette
developed by the University of Kentucky (Jorgensen et al., 2010). It is quite evident that 20
min exposure of A549 cells to CS from the 2R4F cigarettes induced both, ATM activation
as well as H2AX phosphorylation, and that these effects were the most pronounced in S-
phase cells. It is also apparent that exposure of cells to whole smoke from T&N free CS
induced both ATM activation and H2AX phosphorylation. The effect, however, was less S-
phase specific since G1 and G2M cells showed elevated levels of expression of ATM-
S1981P and γH2AX as well. However, when the smoke from T&N free cigarettes was
diluted with an air by creating vents (pores) in the cigarette filters, the effect become more
S-phase specific, similar to that of whole smoke from 2R4F cigarettes. These data as well as
additional tests revealed that the smoke from T&N free cigarettes, which are commercially
available as a substitute for tobacco cigarettes (with the aim to curtail smoking), are even
more genotoxic than the tobacco containing cigarettes (Jorgensen at al., 2010).

As exemplified by analysis of genotoxicity of CS, cytometric analysis of DDR provides high
sensitivity, convenience and rapidity in detecting the genotoxic potential of different agents.
Clearly, the sensitivity of detection of the most deleterious DNA lesions such as DSBs is
many-fold higher that that provided by the alternative method, the comet assay. One would
expect, therefore, wide application of the cytometric-DDR approach in testing
environmental genotoxins as well agents promoted as neutralizers of such toxins. In one
such application we have observed that DNA damage in live cells caused by the acridine
mutagen ICR 191 was greatly attenuated by concurrent exposure of cells to a mutagen
interceptor, chlorophyllin (Pietrzak et al., 2008). In another application, exposure of cells to
supravital DNA probes such as Hoechst 33342 or DRAQ5 induced DDR that manifested as
activation of ATM and Chk2 as well as phosphorylation of H2AX and p53 on Ser15, all or
which is evidence of significant DNA damage (Zhao et al., 2009b). Still another example of
detection of genotoxic effects by this approach was the finding that the nitrogen oxide-
releasing aspirine induces H2AX phosphorylation, ATM activation and leads to apoptosis of
TK6 cells (Tanaka et al., 2006e). This is an important observation since so modified aspirin,
which as it appears from these data to have genotoxic properties, is being promoted as a
novel anti-inflammatory agent.

D. Oxidative DNA damage
DNA in live cells is continuously exposed to intracellular oxidants, the by-products of
metabolic activity, as well as to exogenous oxidants or oxidant-inducers. The effect of such
exposure is progressive oxidative DNA damage. It has been estimated that, during a single
cell cycle of 24 h duration, the oxidants generate approximately 5,000 DNA single-strand
lesions (SSLs) in the average cell in the human body (Vilenchik and Knudson, 2003). These
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lesions are single-strand breaks, apurinic/apyrimidinic sites, oxidation products such as 8-
oxoguanine and thymine glycol, and some alkylation products (Beckman and Ames, 1999).
While about 99% of SSLs are repaired by essentially error-free mechanisms, one percent of
them (~50) become converted to DSBs, predominantly during DNA replication.
Recombinatorial repair (homologous recombination repair) and nonhomologous DNA-end
joining (NHEJ) are the major pathways for repair of DSBs. The NHEJ pathway is error-
prone, often resulting in deletion of a few base pairs (Pastwa and Blasik, 2003). This leads to
an accumulation of DNA damage with each cell division. Such permanent damage is
considered to be the primary cause of cell aging and senescence and promotes development
of preneoplastic changes (Gorbunova and Seluanov, 2005). Strategies designed to slow
down aging or prevent cancer often rely on protection of DNA from oxidative damage.

The presence of oxidants (Pham et al., 2000) and certain DNA primary lesions resulting
from oxidative damage detected immunocytochemically such as 8-oxoguanine (Cheng et al.,
2003) can be assessed by cytometry. However, because of the scarcity of DSBs generated by
endogenous oxidants, the possibilities for detecting them are limited. The comet
methodology (Olive et al., 2003) lacks the desired sensitivity. It also cannot provide
information on the relationship between the presence of DSBs and the cell cycle phase or
DNA ploidy of the cell being examined. We observed, however, that the background level
of H2AX phosphorylation and activation of ATM seen in normal cells and cell lines during
unperturbed growth, in the absence of any added exogenous genotoxic agents, is a reporter
of the DNA damage induced by endogenous oxidants generated during aerobic respiration
(Tanaka et al., 2006a, 2006b, 2006c, 2007c, Zhao et al., 2007). We defined this background
level of H2AX phosphorylation and ATM activation as constitutive DDR. The level of
constitutive DDR varies depending on the cell type (line) and on the phase of the cell cycle,
being the highest for cells in S and G2M phase. Given the same level of reactive oxidants
detectable in a cell, the level of constitutive DDR differs depending on the status (wt,
mutated or null) of TP53 (Tanaka et al., 2006b).

Numerous experiments were designed to ensure that the constitutive DDR, revealed as the
“background” H2AX phosphorylation and ATM activation in untreated cells, indeed is
reporting DNA damage caused by endogenous oxidants. Initial experiments provided
evidence that the level of H2AX phosphorylation and ATM activation can be markedly
attenuated by exposure of cells to scavengers of reactive oxygen species (ROS) such as N-
acetyl-L-cysteine (NAC) (Tanaka et al., 2006a). The reduction in constitutive DDR was
NAC-concentration dependent; the expression of γH2AX was reduced by 37–48% in cells
exposed to NAC for only one hour (Fig. 9). In subsequent experiments we observed that a
variety of factors that decreased the cell’s metabolic rate such as growth in the presence of
2-deoxy-D-glucose or 3-bromopyruvate, hypoxic (3% O2) conditions, or growth at low
serum concentrations, all markedly reduced the constitutive level of expression of γH2AX
and of activated ATM. Such a reduction was also seen after cell treatment with the
antioxidant (vitamin C) (Tanaka et al., 2006a, 2006c, Zhao et al., 2007). In contrast, the
increased metabolic activity such as induced by mitogenic stimulation or treatment with
dichloroacetate, an agent known to shift metabolism from anaerobic to oxidative glycolysis
through its effect on pyruvate dehydrogenase kinase, enhanced the level of constitutive
expression of γH2AX and activated ATM (Zhao et al., 2007). Thus, all these data indicate
that cytometric analysis of constitutive levels of H2AX phosphorylation and ATM activation
offers the possibility of measuring the effectiveness of factors such as antioxidants, ROS
scavengers or caloric restriction mimetics on protection of DNA from damage caused by
endogenous or exogenous oxidants.
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VI. Interpretation of cytometric data. Role of image-assisted cytometry
The majority of applications in which cytometry is used to detect and measure DDR are
directed towards evaluation of the extent of actual DNA damage caused by different
genotoxins that would be predictive of potential mutagenic and cytotoxic consequences.
Because DSBs represent the most deleterious DNA lesions, both in terms of their mutagenic
potential as well as their role in providing the signal for activation cell death pathways, it is
of importance to correlate the particular events of the DDR measured by cytometry with
formation of DSBs. Initially, phosphorylation of H2AX on Ser139 was considered to be the
specific marker of induction of DSBs. Indeed in instances of ionizing radiation and
radiomimetic agents that directly generate DSBs, the intensity of expression of γH2AX,
measured as the integrated fluorescence per nucleus (γH2AX IF) correlated well with the
extent of DSBs. However, the expression of γH2AX after induction of DSBs is a kinetic
event of relatively short duration. The expression of γH2AX on the other hand is not
measured dynamically, in real time, but at an end-point at the time of cell harvest/fixation.
Although in many instances γH2AX peaks at 1–2 h after induction of the DSB, the rate of its
dephosphorylation varies markedly depending the cell cycle phase of the cell, the nature of
the inducer of DSBs and the rate of DNA repair (Chowdhury et al., 2005). As a result, there
is uncertainty as to whether γH2AX IF is being measured at the “peak” of the response and
thus whether the intensity of IF correlates well with the number of DSBs. Furthermore, there
are instances such as following replication stress, when H2AX is phosphorylated (Kurose et
al., 2006a, 2006b) in the absence of DSBs (Ichijima et al., 2010). Thus, the expression of
γH2AX per se is not conclusive proof of the presence of DNA DSBs.

As mentioned earlier there is strong evidence that H2AX phosphorylation, triggered by
formation of DSBs, is mediated by ATM (Burma et al., 2001, Sedelnikova et al., 2002).
Therefore, when induction of γH2AX is accompanied by ATM activation, one is more
assured that H2AX phosphorylation reports formation of DSBs. However there are instances
such as during condensation of chromatin in mitosis (Ichijima et al., 2005) or premature
chromosome condensation (Huang et al., 2006a) when both the expression of γH2AX and
activation of ATM are seen and yet there is no straightforward evidence of formation of
DSBs. Also, because of the redundancy of PIKKs in phosphorylation of different substrates,
even when one of them is initially activated activation of other PIKKs may soon follow. We
observed, for example that while after induction of DNA damage by UV activation of ATR
is the first to be seen, activation of ATM shortly follows. One should be careful therefore
with data interpretation because even when ATM activation and H2AX phosphorylation are
observed to occur concurrently this may not necessarily be an assurance of the presence of
DSBs.

The presence of distinct characteristic γH2AX or ATM-S1981P IF foci, each focus reported
to represent a single DSB (Rogakou et al.,1998, 1999, Sedelnikova et al., 2002), appears to
be the most reliable marker of DSBs. The number of individual IF foci per nucleus,
especially if double-labeled with ATM-S1981P and γH2AX (Tanaka et al., 2006d) may
provide a quantitative analysis of the number of DSBs induced in individual cells. This can
be accomplished by image-assisted cytometric analysis utilizing, for example, a Laser
Scanning Cytometer (LSC) (Darzynkiewicz et al., 1999, Pozarowski et al., 2005) or similar
instruments (Fig. 10). Image analysis was shown to be able to detect very low levels of
DNA damage, for example, as occurs in vivo in lymphocytes of patients subjected to
computed tomography examinations (Lobrich et al., 2005).

In practical terms, the count of individual foci per nucleus is limited to relatively small (<20)
foci numbers. With greater numbers, foci proximity to each other and the possibility of their
overlap create problems that may prevent accurate contouring. As is shown in Fig. 10, the
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gating of cells with more than three foci per nucleus made it possible to identify them on
DNA versus γH2AX distributions as having higher than the minimum level of γH2AX
expression. However, many cells with the highest level of γH2AX were not selected by the
gate (black dots, most in S-phase of the cell cycle). Identification of the cells by visual
inspection using the LSC revealed that they had high numbers of foci, which led to
overlapping of their contours that precluded foci quantification. Thus, quantification of foci
by LSC works ideally fits when relatively few foci are present per nucleus such as during
analysis of constitutive DNA damage response triggered by endogenous oxidants (Tanaka et
al., 2006a).

There are other issues that should also be considered when using image-assisted cytometry
for foci quantification. Namely, the rates of phosphorylation and dephosphorylation of
H2AX and/or ATM in individual foci in the same cell may vary depending on the rate of
DNA repair at each particular DSB. Furthermore, when the induction of DSBs are
asynchronous within the cell (for example as is the case of progressive DNA damage
following treatment with low doses of genotoxins) the “age” and thus the IF intensity of
individual foci may also vary. This variability in intensity of fluorescence of individual foci
may complicate the setting optimal thresholds for contouring all foci.

V. Role of microfluidic Lab-on-a-Chip platforms for DDR analysis
Advances in conventional flow and image-assisted cytometry provide the instrumentation of
choice for studies requiring quantitative analysis of DDR. Surprisingly, however, commonly
used high-content approaches are still based on the static principle, yielding information on
the cell status at a particular time point. Capabilities of high-speed, multiparameter and real-
time analysis of small numbers of patient derived cells are still very limited (Wlodkowic et
al., 2010). The improvements in such capabilities are of particular importance for the
development of personalized therapeutic approaches (point-of-care diagnostics) and the
increasing role of cost and time savings in drug screening pipelines. Not surprisingly,
enabling strategies that can reduce expenditures while at the same time increase throughput
and content of information are attracting growing interest (Wlodkowic et al., 2010;
Wlodkowic and Cooper, 2010).

The last decade, in particular, has brought some spectacular innovations in the field of
miniaturized cytometric technologies that can open up new avenues for high-throughput
DDR analysis. Namely, the up-and-coming microfluidic Lab-on-a-Chip (LOC) technology
and the micro-total analysis systems (µTAS) are two of the most promising avenues for
massively parallelized studies with single-cell resolution (Whitesides, 2006; El-Ali et al.,
2006; Sims and Allbritton, 2006). The transfer of traditional bioanalytical methods to a
microfabricated format provides a means to reduce drug screening expenditures while vastly
increasing throughput and content of information from a given sample (Manz and Dittrich,
2006). On the other hand, µTAS increase both the resolution of analysis while reducing the
assay running costs (Hong et al., 2009; Kang et al., 2008). Most importantly, however, only
small cell numbers and operational reagent volumes are required for microfabricated
technologies as compared to the conventional counterparts such as e.g. flow cytometry
(Sims and Allbritton, 2006; Wlodkowic et al., 2009; Wlodkowic and Cooper, 2010). By
providing an alternative to expensive instrumentation such as flow or laser scanning
cytometers and sorters, user-friendly LOC technologies can prospectively enable routine
DDR analysis on patient-derived specimens.

A number of emerging, microfluidic LOC technologies for cell-based assays has recently
been reported such as microflow cytometry (µFCM), microfluorescently activated cell
sorting (µFACS) and in-flow magnetically activated cell sorting (µMACS) that are all up-
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and-coming examples of miniaturized on-chip flow cytometric technologies with substantial
potential in DDR analysis and personalized diagnostics (Chan et al., 2003; Wolff et al.,
2003; Fu et al., 2002; Adams et al., 2008). Microfluidic chip-based cytometry is slowly
entering a commercial phase with increasing numbers of user-friendly devices capable of
multiparameter fluorescent analysis of cells and particles (Wlodkowic et al., 2009;
Wlodkowic and Cooper, 2010). The most notable examples involve the CellLab Chip
(Agilent Technologies, Santa Clara, CA, USA), Fishman-R (On-chip biotechnologies Co,
Tokyo, Japan) and the Gigasort™ system (CytonomeST LLC, Boston, MA, USA) which all
employ enclosed and disposable chip-based cartridges (Chan et al., 2003; Wlodkowic et al.,
2009; Takeda and Jimma, 2009; Takao et al., 2009). These approaches are particularly
attractive for the clinical and diagnostic laboratories as they allow rapid analysis of only
small amounts of patient derived cells.

Technological foundations initially developed for DNA microarrays have recently provided
the starting point for development of chemical, protein microarrays, carbohydrate and tissue
microarrays (Gomase et al., 2008; Camp et al., 2008; Ma and Horiuchi, 2006;
Uttamchandani and Yao, 2008). They all offer miniaturization, low reagent consumption,
automation as well as qualitative and quantitative approaches to analyze gene and protein
expression on a population level (Sobek et al., 2006). They do, however, suffer from a lack
of capabilities to monitor single living cells in real-time and as such represent a binary
system that averages the results from every given cell while capturing a snap-shot of the
intermittent cellular reaction (Wlodkowic and Cooper, 2010; Wlodkowic et al., 2010). These
drawbacks have recently fueled the development of new technologies: the living cell
microarrays and microfluidic cell arrays that advance the spatiotemporal control of
biomolecules and cells (Yarmush and King, 2009; Wlodkowic and Cooper, 2010).

Cell microarrays in general allow creating positioned arrays composed of single living cells
(DiCarlo et al., 2006; Tokimitsu et al., 2007; Yamamura et al., 2005). Unlike flow
cytometry, however, measurements are made at multiple time points, and in contrast to
conventional time-lapse microscopy, image analysis is greatly simplified by arranging the
cells in a spatially defined pattern and by their physical separation (DiCarlo et al., 2006;
Wlodkowic et al., 2009; Wlodkowic and Cooper, 2010). As such they are ideal for drug
screening routines and scalable for constructing high-throughput screening platforms (Wang
et al., 2007). They also have the ability to perform kinetic and multivariate analysis of
signaling events on a single cell level (Wlodkowic et al., 2009; Faley et al., 2009). Thus,
cell microarray technology seems to be particularly suitable to uncover intricacies in cell-to-
cell variability and its relevance to cancer therapy including the DDR analysis at a single
cell resolution (Wlodkowic and Cooper, 2010). In this context, our recent studies have
validated the application of live-cell microarrays for the kinetic analysis of drug-induced
programmed cell death in hematopoietic cancer cells and hematopoietic cancer stem cells
(Wlodkowic et al., 2009; Faley et al., 2009). DDR analysis on living cell microarrays is a
next logical example that can provide innovative diagnostic and screening applications.

We have recently postulated that the combination of microfluidic cell arrays with integrated
on-chip gene delivery technology (genomics), functional and dynamic live-cell analysis
(cytomics) and intracellular antibody staining of selected proteins (proteomics) can provide
innovative, multivariate assays for high-content data mining and enhanced elucidation of
cell signaling pathways (Wlodkowic et al., 2010; Wlodkowic and Cooper, 2010). It is
largely anticipated that advances in many innovative microfluidic technologies will provide
innovative analytical tools for studies requiring quantitative analysis of the DDR.
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Fig. 1. The ATM signaling pathway triggered by induction of DSBs [(Kitagawa et al. (2004),
updated (Darzynkiewicz et al., 2009)]
Induction of DSB leads to lessening of torsional strain and unwinding of DNA superhelical
structure which triggers local decondensation of chromatin and recruits the MRE11, RAD50
and NBS1 proteins (MRN complex), as well as BRCA1 to the DSB site (A, dashed arrows).
These events activate ATM which occurs by autophosphorylation of Ser1981 and leads to
dissociation of the ATM dimer onto two monomers that are enzymatically active. Activated
ATM is then recruited to the site of the DSB (B, dashed arrow) where it phosphorylates
several substrates including NBS1, BRCA1 and SMC1 (C). NBS1 phosphorylation is
required for targeting ATM to phosphorylate Chk1 and Chk2. Phosphorylation of SMC1
activates S-phase checkpoints whereas BRCA1 phosphorylation engages this protein in the
DSB repair pathway. ATM also phosphorylates as E2F1, Chk1, p53, Mdm2, Chk2, and
H2AX and several other substrates. Activated p53 (phosphorylated on Ser 15) induces
transcription of p21WAF1 and/or Bax genes whose protein products arrest cells in G1 or
promote apoptosis, respectively.

Darzynkiewicz et al. Page 24

Methods Cell Biol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Activation of Chk2 and Chk2’s major substrates
DNA damage (induction of DSBs) triggers activation of ATM (Fig 1) which in turn
phosphorylates Chk2 on Thr68 causing its dimerization. Phosphorylation of Chk2 can also
be mediated by ATR but this occurs in response to replication stress rather than DSB.
Within the dimer of Chk2 phosphorylation at Thr383, Thr387 and Ser516 takes place which
leads to dissociation of the dimer onto monomers. Both multiphosphorylated dimers and
monomers of Chk2 are enzymatically active and able to phosphorylate the downstream
substrates. Among these substrates are the Cdc25C and Cdc25A phosphatases whose
phosphorylation by Chk2 promotes binding to a 14-3-3 protein (Rudolph, 2007) thereby
preventing translocation into the nucleus and dephosphorylation of inhibitory
phospohorylations at Thr14 and Tyr15 on cyclin/CDK complexes. This halts cell cycle
transitions from G2 to M (Cdc25C) and G1 to S, (Cdc25A) respectively. Phosphorylation of
Cdc25 phosphatases also accelerates their proteasomal degradation (Boutros et al., 2006). A
redundant mechanism of cell arrest in G1 involves phosphorylation of p53 by Chk2 which
may lead to upregulation of the cdk2 inhibitor p21CIP1/WAF1. Phosphorylation of p53 may
also result in upregulation of the proapoptotic protein Bax. Apoptosis may additionally be
promoted by phosphorylation of PML and E2F-1. Phosphorylation of BRCA1 engages it in
the DNA repair pathway.
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Fig. 3. Relaxation of chromatin of TK6 cells treated with UV light detected as susceptibility of
DNA to denaturation after staining with acridine orange (AO)
The left panel shows schematically the principle of differential staining of double-stranded
(ds) versus single stranded (ss, denatured) DNA sections with the metachromatic
fluorochrome AO. AO binding to ssDNA results in red luminescence (>640 nm) whereas its
binding to dsDNA results in green fluorescence (530 nm). (Darzynkiewicz, 1990,
Darzynkiewicz and Kapuscinski, 1990, Kapuscinski and Darzynkiewicz 1984a,b). The
center panels show bivariate distributions of human leukemic TK6 cells untreated (Ctrl) or
exposed to 100 J/m2 UV, then cultured for 30 min, fixed, treated with RNase A,
subsequently with 0. 1 M HCl to induce partial DNA denaturation, and then stained with AO
at pH 2.6. (Halicka et al., 2009). The extent of DNA denaturation is assessed by flow
cytometry as the intensity of red luminescence (ssDNA) and green fluorescence (dsDNA).
Note a decrease of red luminescence and an increase of green AO fluorescence of the UV-
treated cells compared to control, reporting decondensation of chromatin. DNA in mitotic
cells (M) is much more susceptible to denaturation than in interphase cells and this is
reflected by their high red and low green intensity of emission (Darzynkiewicz et al., 1977).
The G1, S, G2 and M cell subpopulations thus can be identified and gated as shown by the
dashed-line borders. The mean intensity of red luminescence (ssDNA) to total (red + green)
intensity of emission (reporting ssDNA + dsDNA) was calculated for cells in each of these
subpopulations. This DNA denaturation index (reporting approximate fraction of denatured
DNA, αt) is plotted (as αt × 100) in the right panel.
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Fig. 4. Detection of Mre11 in A549 cells treated with H2O2
Exponentially growing cells untreated (Ctrl) or treated with 200 µM H2O2 for 10 min or 2 h
were fixed and the expression of Mre11 in cell nuclei, detected immunocytochemically, was
measured by LSC. Cellular DNA was counterstained with DAPI. Bivariate distributions
show expression of Mre11 with respect to the cell cycle phase measured either as maximal
pixel or as integrated value of Mre11 immunofluorescence (IF). The dashed skewed lines
show the upper threshold level of Mre11 IF for 95% of cells in Ctrl. The maximal increase
in Mre11 IF was seen during the initial 10 min followed by a decline (see Zhao et al, 2008
for further details and kinetics data).
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Fig. 5. Kinetics of induction of phosphorylation of ATM on Ser1981, Chk2 on Thr68 and p53 on
Ser15 in A549 cells treated with the DNA topoisomerase I inhibitor topotecan (Tpt)
The bivariate distributions of DNA content versus, ATM-S1981P (top), Chk2-Thr68P (mid)
and p53-S15P (bottom panels) of A549 cells treated with 150 nM Tpt for up to 6 h. Cells in
G1, S and G2M can be identified based on differences in DNA content as marked in the
control (time 0) culture. The dashed skewed lines represent the upper threshold level of IF
for 97% of interphase (G1 and S) cells in the respective control cultures. The insets in the
DNA versus ATM-S1981P distributions show DNA content frequency histograms of cells
from time 0 (left) or 6 h Tpt treated (right) cultures. Note the accumulation of cells in early
S-phase (arrow) as a result of cell arrest in S by Tpt after 6 h.
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Fig. 6. Correlation between ATM activation and H2AX phosphorylation in A549 cells treated
with Tpt
Untreated (Control; A, B,C) and Tpt-treated (150 nM, 1 h; D,E,F) A549 cells were subjected
to immunostaining using phosphospecific Abs to differentially label γH2AX and ATM-
S1981P with Alexa Fluor 488 and Alexa Fluor 670 Abs, respectively. Cellular DNA was
counterstained with DAPI; the emitted blue, green, and far red fluorescence was measured
using a three-laser LSC. Using “paint-a-gate” analysis, the cells expressing γH2AX were
colored red (A, D). Note that nearly all cells with elevated expression of ATM-1981P (B, E)
are red-colored which indicates that H2AX is phosphorylated in the same cells that have
activated ATM. On the bivariate distribution of γH2AX versus ATM-S1981P a good
correlation between intensity of expression of there phosphoproteins is seen in the Tpt –
treated cells (F) (Tanaka et al., 2007a). Among the untreated cells (control) only premitotic
and mitotic cells constitutively express γH2AX and ATM-S1981P (Zhao et al., , 2007,
2008c).
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Fig. 7. Correlation between DNA replication and phosphorylation of H2AX after exposure of
cells to UV light
Exponentially growing A549 cells, untreated (panels A and D) or exposed to 50 J/m2 of UV-
B light (B and C) were incubated for 60 min with 5’-ethynyl-2-deoxyuridine (EdU) then
fixed. Incorporation of EdU was detected using the click chemistry approach (Salic and
Mitchison, 2008; see Chapter xxxx of this volume) with AlexaFluor® 488 tagged azide
(“click-iT™ imaging kit”, Invitrogen/Molecular Probes, Carlsbad, CA), Expression of
γH2AX was detected using Alexa Fluor 633 secondary Ab (far red fluorescence), DNA was
counterstained with DAPI (Zhao et al., 2019). Subpopulations of cells entering S (eS) and
G2 (eG2) during the 60 min pulse with EdU are outlined with the dashed oval lines.
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Fig. 8. Induction of γH2AX and ATM-S1981P in A549 cells after their exposure to either
standard (2R4F) cigarette smoke (CS) or to smoke from the tobacco- and nicotine-free cigarettes
(T&N free)
Cells were either mock-treated (exposed to the ambient air) or exposed to whole smoke from
2R4F (considered a standard “light cigarette) or to a T&N free cigarette for 20 min and then
incubated in culture for 1 h. The right panels (“vents”) shows the cells that were exposed to
smoke from T&N-free cigarettes with open vents whose function is to dilute the smoke with
air (Jorgensen et al., 2010). The bivariate DNA content (DNA index; DI) versus γH2AX
(top panels) or DNA content versus ATM-S1981P (bottom panels) distributions show the
expression of γH2AX and ATM-S1981P with respect to the cell cycle phase; cells in G1, S
and G2M phases of the cell cycle were identified based on differences in DNA content as
shown . The dashed skewed lines indicate the upper threshold for γH2AX or ATM-S1981P

IF for 95% of the mock-treated cells.
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Fig. 9. Attenuation of constitutive expression of γH2AX in TK6 cells exposed to N-acetyl-L-
cysteine (NAC)
The bivariate (DNA content versus γH2AX IF) distributions show a decrease in the level of
constitutive expression of γH2AX in cells growing in the presence of 10 or 50 mM NAC,
added into cultures for 1 h prior to cell harvesting compared to the untreated cells (Ctrl). The
percent declines in mean values of γH2AX IF of G1, S and G2M phase cell subpopulations
in cultures treated with NAC in relation to the respective subpopulations of the untreated
(Ctrl) cells, are marked. The inset in the left panel shows the DNA content frequency
histogram representative of the cells in these cultures. The right panel shows the plot of the
mean values of γH2AX IF for G1, S and G2M cells, estimated by gating analysis, in relation
to NAC concentration (Tanaka et al., 2006).
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Fig. 10. Analysis of γH2AX foci by laser scanning cytometry (LSC)
A549 cells were either “mock-treated” (A, B) or exposed to smoke from 2R4F tobacco
containing cigarettes for 8 min (C,D) and then incubated in culture for 1 h, as described in
the legend to Fig. 8. After fixation the presence of γH2AX was detected
immunocytochemically (Albino et al., 2009,Jorgensen et al., 2010). The expression of
γH2AX was confined to the characteristic IF foci which were more abundant in the smoke-
exposed cells. The LSC software, initially developed to quantify fluorescence in situ
hybridization (FISH) foci (Kamentsky et al., 1997) have been used to contour and count
images of the γH2AX foci (B,D).The multiparameter analysis of LSC was used to plot the
distribution of cells from the smoke-exposed cultures with respect to number of foci per
cells (E) and the relationship between expression of γH2AX per nucleus and DNA content
(F). The gating analysis was performed to select cells with greater than three foci (F, “red
gate”) and through “paint-a-gate” analysis to visualize these cells as colored red on the
γH2AX versus DNA content bivariate distribution (F), and their cell cycle position on the
DNA content histogram (G).
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