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Abstract
Cigarettes smoke (CS) is a major cause of lung cancer and a contributor to the development of a
wide range of other malignancies. There is an acute need to develop a methodology that can
rapidly assess the potential carcinogenic properties of the genotoxic agents present in CS. We
recently reported that exposure of normal human bronchial epithelial cells (NHBE) or A549
pulmonary carcinoma cells to CS induces activation of ATM through its phosphorylation on
Ser1981 and phosphorylation of histone H2AX on Ser139 (γH2AX) most likely in response to
formation of the potentially carcinogenic DNA double-strand breaks (DSBs). To obtain a more
complete view of the DNA damage response (DDR) we explored the correlation between ATM
activation, H2AX phosphorylation, activation of Chk2 through its phosphorylation on Thr68 and
phosphorylation of p53 on Ser15 in NHBE and A549 cell exposed to CS. Multiparameter analysis
by laser scanning cytometry made it possible to relate these DDR events, detected
immunocytochemically, with cell cycle phase. The CS-dose dependent induction and increase in
the extent of phosphorylation of ATM, Chk2, H2AX and p53 were seen in both cell types. ATM
and Chk2 were phosphorylated ~ 1 h prior to phosphorylation of H2AX and p53.
Dephosphorylation of ATM, Chk2 and H2AX was seen after 2h following CS exposure. The
dose-dependency and kinetics of DDR was essentially similar in both cell types which provides
justification for the of use A549 cells in assessment of genotoxicity of CS in lieu of normal
bronchial epithelial cells. The observation that DDR was more pronounced in S-phase cells is
consistent with the mechanism of induction of DSBs occurring as a result of collision of
replication forks with primary lesions such as DNA adducts that can be caused by CS-generated
oxidants. Cytometric assessment of CS-induced DDR provides a means to estimate the
genotoxicity of CS and to explore the mechanisms of the response as a function of cell cycle phase
and cell type.
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Introduction
Cigarette smoke (CS) is not only the major cause of lung cancer, but also contributes to the
development of other malignancies such as oral, pharynx, larynx, esophagus, bladder,
stomach, kidney, pancreas and uterine cervix cancers as well as myeloid leukemias (reviews,
1–5). Nuclear DNA is the target of a number of genotoxic agents of different chemical
structure present in CS. During the past several decades extensive studies have been carried
out to: (i) identify the genotoxic agents present it CS; (ii) define the types of DNA lesions
induced by these agents, and (iii) characterize mechanisms by which these lesions lead to
cancer development. A vast literature exists indicating the exceedingly complex genotoxic
impact of CS. Over 60 carcinogens collectively defined as the “Hoffman list” were
identified in CS (6–8). Among them are potent carcinogenic constituents such as polycyclic
aromatic hydrocarbons, in particular benzo(a)pyrene (BaP), and tobacco-specific
nitrosamines such as NNK [4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone] and NNN
(N'-nitrosonornicotine) (1–3) (1,4–13). The DNA lesions induced by genotoxins in CS
considered the tobacco carcinogen biomarkers include the DNA adducts of BaP, tobacco-
specific nitrosamines, alkylating agents, aldehydes and other lipid peroxidation products,
and products of oxidative damage such as 8-oxo-dGuo (review, 8). These DNA lesions
collectively cause accumulation of genetic defects at multiple loci (1,4–12) which leads to
progressive genomic damage and instability (14–17). The tumorigenic relevance of this
damage and instability is revealed by studies indicating that smokers with less efficient
DNA repair capacities are at higher risk for developing lung cancer (18–20). Thus, defining
the temporal sequence of molecular responses to CS-induced genetic damage can clarify the
types of DNA damage that play a contributory role in carcinogenesis and provide viable
biomarkers of cancer risk in exposed individuals (6,21–24).

We have recently reported that exposure of normal human bronchial epithelial (NHBE) or
pulmonary carcinoma A549 cells to CS triggers their histone H2AX phosphorylation on
Ser139 (so modified H2AX is termed γH2AX) concurrently with activation of ATM through
its phosphorylation on Ser1981(25–27). Both these events were detected
immunocytochemically using phospho-specific γH2AX and ATM-Ser1981P Abs, and
measured by laser scanning cytometry (LSC). These findings strongly suggested that CS
induces DNA lesions and some of these lesions are potentially carcinogenic DNA double-
strand breaks (DSBs). The cytometric assessment of H2AX phosphorylation and ATM
activation in the cells exposed in vitro to CS provided a means to rapidly estimate the
genotoxic properties of whole smoke as well as its subclasses of genotoxic constituents.

Activation of ATM and phosphorylation of H2AX are only a part of the mammalian DNA
damage response (DDR). Upon induction of damage to DNA, a complex series of events
defined as DDR occurs in nuclear chromatin that involve induction of a plethora of
molecular interactions between numerous molecules of the DDR machinery. The function of
the DDR is to arrest cell cycle progression and division to prevent transfer of DNA damage
to progeny cells, to engage the DNA damage repair mechanisms and to activate the
apoptotic pathway in order to eliminate cells with excessive DNA damage that cannot be
repaired (reviews, 28–34).

We have recently adopted other immunocytochemical markers of DDR, namely the
phosphorylation of Chk2 on Thr68 and phosphorylation of tumor suppressor p53 on Ser15
as cytometric probes to further explore mechanisms of DDR in relation to cell cycle phase
and induction of apoptosis (35–38). In the present study we applied these markers together
with the markers of ATM activation and H2AX phosphorylation to investigate DDR in
NHBE and in pulmonary adenocarcinoma A549 cells exposed to CS.
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Materials and Methods
Cells

NHBE cells were purchased from Cambrex Corporation, East Rutherford, NJ. The cells
were cultured in complete Bronchial Epithelial Cell Growth Medium (BEGM)
supplemented with retinoic acid, human epidermal growth factor, epinephrine, transferrin,
triiodothyronine, insulin, hydrocortisone, bovine pituitary extract and gentamicin by
addition of SingleQuots,™ (both medium and the supplements were purchased from
Cambrex Corporation, East Rutherford, NJ). Dual-chambered slides (Nunc Lab-Tek II,
Fisher Scientific, Pittsburgh, PA) were seeded with 1 ml of a cell suspension containing
8×104 cells per chamber. A549 cells were purchased from American Type Culture
Collection (ATCC #CCL-185, Manassas, VA). The cells were cultured in Ham’s F12K
medium with 2mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate (ATCC)
and supplemented with 10% fetal bovine serum (ATCC). All incubations were at 37° C in a
humidified atmosphere of 5% CO2 in air. Cells were grown to 50% confluency prior to
exposure to CS. The cell culture medium was replaced with 37° C Dulbecco’s PBS (D-PBS)
containing calcium and magnesium (Sigma Chemical Co., St. Louis, MO) for the smoke
exposure.

CS exposure
Slide chamber covers were removed and the slides containing cells were placed in a smoke
exposure chamber of 20.6 cm length × 6.7 cm width × 6.3 cm height. Smoke was generated
from 2R4F (Industry Standard #16, Philip-Morris, Richmond VA) cigarettes under FTC
smoking conditions using a KC 5 Port Smoker (KC Automation, Richmond, VA) as
described before (25–27). The smoke was diluted by drawing it through a 250 ml round-
bottom flask prior to its reaching the exposure chamber. The time and distance that the
smoke traveled from the end of the cigarette to the exposure chamber was minimized by
using the shortest lengths of tubing possible between the parts of the apparatus. Cigarettes
were smoked to within 3 mm of the filter tip. Cells were exposed to smoke for up to 20
minutes. Mock-exposed (control) cells were treated identically for 20 min as the smoke
exposed cells except for the absence of a cigarette in the smoking port. Following treatment
or mock treatment, the D-PBS was aspirated and replaced with 1 ml per chamber of the
fresh respective culture medium at 37 °C. The slides were placed in a 37 °C, 5% CO2
incubator and incubated for up to 4 h. At the end of the incubation, medium from each
chamber was carefully aspirated and 1 ml of 1% fresh methanol-free formaldehyde in 1× D-
PBS was added to each chamber and the cells fixed by gently rocking the slides at room
temperature for 15 minutes. Following aspiration of the fixative, the chamber slides were
disassembled and the slides submerged in 50 ml conical tubes filled with 70% ethanol. The
fixed slides were stored at 4 °C prior to analysis.

Immunocytochemical detection of phosphorylated histone H2AX (γH2AX) and activated
ATM, Chk2 and p53

After fixation, the cells were then washed twice in PBS and treated on slides with 0.1%
Triton X-100 (Sigma) in PBS for 15 min, and then in a 1% (w/v) solution of bovine serum
albumin (BSA; Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab) binding.
The cells were then incubated in a 100 µl volume of 1% BSA containing 1:200 dilution of
phospho-specific (Ser139) γH2AX mAb (Biolegend, San Diego, CA) and 1:100 diluted
phospho-specific (Ser15) p53 rabbit polyclonal Ab (Cell Signaling, Danvers, MA) or 1:100
dilution of phospho-specific (Ser1981) ATM mAb (Cell Signaling), and 1:100 diluted
phospho-specific (Thr 68) Chk2 rabbit polyclonal Ab (Cell Signaling) for 1.5 h at room
temperature or overnight at 4° C. The secondary fluorochrome-tagged Abs were either
Alexa Fluor 488 tagged Ab (Invitrogen/Molecular Probes, Eugene, OR) at 1;100 dilution
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(ATM or γH2AX) or Alexa Fluor 633 Ab (Invitrogen/Molecular Probes, at 1:100 dilution)
(Chk2 or p53). Prior to measurement by LSC, the cells were counterstained with 2.8 µg/ml
4,6-diamidino-2- phenylindole (DAPI; Sigma) in PBS for 15 min. Each experiment was
performed with an IgG control in which cells were labeled only with secondary antibody,
Alexa Fluor 488 goat anti-mouse IgG (H+L) or Alexa Fluor 633 goat anti-rabbit IgG (H+L)
without primary antibody incubation, to estimate the extent of nonspecific binding of the
secondary antibody to the cells. Other details of cell incubations with the primary and
secondary Ab were presented before (35–38).

Measurement of cell fluorescence by LSC
Cellular green or far red IF representing binding of the respective phospho-specific Abs and
the blue emission of DAPI stained DNA was measured using an LSC (iCys; CompuCyte,
Cambridge, MA) utilizing standard filter settings; Alexa Fluor 488 fluorescence was excited
with 488-nm argon, Alexa Fluor 633 fluorescence with a 633 nm helium-neon and DAPI
fluorescence with a 405 nm violet laser. The intensities of maximal pixel and integrated
fluorescence were measured and recorded for each cell as described (39,40). At least 3,000
cells were measured per sample. Gating analysis was carried out to obtain mean values (±
SD) of the intensity of immunofluorescence (IF) of ATM-Ser1981P, Chk2-Thr68P, γH2AX
or p53Ser15P of cell populations in G1 (DNA Index; DI = 0.9 –1.1), S (DI = 1.2 – 1.8) and
G2M (DI = 1.9 – 2.1) phases of the cell cycle in each experiment. The SD was estimated
based on Poisson distribution of cell populations. Each experiment was run at least in
duplicate, some experiments were additionally repeated. The inter-sample variation in the
duplicates and in repeated samples did not exceed the value of two standard deviations of
individual samples.

Results
Fig. 1 illustrates the changes in expression of ATM-Ser1981P, Chk2-Thr68P, γH2AX and
p53-Ser15P in A549 cells exposed for 15 min to CS and then cultured for 1 h. As is evident
CS treatment induced activation of ATM concurrent with activation of Chk2 and
phosphorylation of H2AX. These changes appeared more pronounced in S than in G1 or
G2M phase cells. No distinct changes in expression of p53-Ser15P were apparent 1 h after
15-min exposure to CS.

Similar to that observed in A459 cells, exposure of NHBE cells CS also led to
phosphorylation of ATM, Chk2 and H2AX and had little effect on phosphorylation of p53
(Fig. 2). Consistent with our earlier observations (25,26,41) non-CS-exposed (mock-treated)
NHBE cells expressed γH2AX at a relatively high level, particularly during S phase. The
CS-induced increase in expression of γH2AX was most pronounced during the early portion
of S phase whereas the increase in phosphorylation of ATM or Chk2 showed no distinct
preference to any phase of the cell cycle.

The effect of duration of exposure to CS on the level of induction of ATM-Ser1981P, Chk2-
Thr68P, γH2AX and p53-Ser15P in A549 or NHBE cells is presented in Fig. 3. The response
to the CS treatment was strikingly similar for both A459 and NHBE cells. Thus, exposure to
CS for the initial 5 min had relatively little effect on phosphorylation of ATM, Chk 2 or
H2AX in both cell types. However, nearly linear dependence in the extent of
phosphorylation of ATM, Chk2 and H2AX vis-à-vis time of exposure to CS was seen in the
A549 and NHBE cells exposed for time intervals from 5 to 20 min. The 20 min exposure to
CS of both A549 and NHBE cells resulted in approximately a 4-fold increase in the level of
phosphorylated ATM (Δ ATM-Ser1981P) over the respective controls (mock treated cells; Δ
= 1.0). The CS-induced increase in expression of phosphorylated Chk2 in A549 and NHBE
cells was also similar, with Δ Chk2-Thr68P ranging between 2.5 and 3.0. Phosphorylation of
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H2AX induced by treatment with CS, however, was more pronounced in A549 than NHBE
cells. As is evident in Fig. 3, after 20 min exposure to CS the Δ γH2AX of A549 was
approximately twice higher (4.5 – 5.5) than that of NHBE (2.0–3.0) (Fig. 3). Compared with
phosphorylation of ATM, Chk2 or H2AX the CS-induced increase in phosphorylation of
p53 was much less distinct with Δ p53-Ser15P reaching only 1.5 (50% rise).
Phosphorylation of ATM, Chk2 and H2AX in S-phase cells, particularly after 10 and 15 min
exposure to CS, was more pronounced than in G1 or G2M cells. An exception was H2AX
phosphorylation in NHBE cells which was the most extensive in G1 cells.

The data showing the kinetics of DDR in terms of a change in the level of phosphorylation
of ATM, Chk2, H2AX and p53 in cells exposed to CS for 20 min and then cultured for up to
4 h are shown in Fig. 4. The plots for A549 and NHBE cells show similarity. Thus, the peak
of response reported by ATM and Chk2 phosphorylation was between 1 and 2 h after
exposure of either A549 or NHBE cells to CS. The steepest slope of Δ showing the maximal
rate of increase of ATM and Chk2 phosphorylation was during the first hour after exposure,
for both cell types. The maximal rate of increase in phosphorylation of H2AX was between
the first and second hour, peaking at 2 h at a level 7.0 – 8.0 fold higher than the respective
levels of the mock treated cells. The maximal rate of phosphorylation of p53 was during the
first 2 h after exposure to CS, but the peak level was only two-fold higher than in the mock
treated cells. The decline in expression of ATM-Ser1891P, Chk2-Thr68P and γH2AX, likely
reporting their dephosphorylation, started to occur 2 h after exposure of A549 and NHBE
cells to CS, reaching a nadir at 4 h. Dephosphorylation of p53-Ser15P was seen in NHBE
cells after 2 h but was not apparent in A549 cells.

There were differences in the response to CS vis-à-vis cell cycle phase (Fig. 4). Activation
of ATM was most pronounced in S phase cells in both A549 and NHBE cells. Chk2
phosphorylation in NHBE cells was also more distinct in S than in G1 or G2M cells. This
was not the case however in A549 cells that showed no clear differences in expression of
Chk2-Thr68P with regard to cell cycle phase. Phosphorylation of H2AX at the peak of
response was most advanced in G1 and S phase of A459 cells and in G1 phase in NHBE
cells. The cell cycle phase-dependent changes in the level of p53 phosphorylation were
minimal. It should be noted that no significant differences in the cell cycle distribution
(DNA content frequency histograms) were seen in A549 or NHBE cells after their exposure
to CS for 20 min following their subsequent culturing for up to 4 h (Fig. 1 and Fig. 2).

Discussion
The DDR is a highly complex process involving the induction of a plethora of interactions
between a variety of molecules engaged in DNA repair, controlling cell cycle progression,
and associated with modulation of the cell’s proclivity to undergo apoptosis (reviews, 28–
34). One of earliest events of DDR is remodeling of chromatin that involves its
decondensation also defined as relaxation (42–44). The relaxation increases the accessibility
of the damaged DNA sites to the repair machinery. Translocation of the MRN complex
consisting of Meiotic Recombination 11 Homolog A (Mre11), Rad50 homolog and
Nijmegen Breakage Syndrome 1 (NMR1) into the damage site and activation of ATM
protein kinase take place concurrent with chromatin decondensation (33,45,46). The
activation of ATM seems to be triggered by chromatin decondensation and relaxation of the
torsional stress of the DNA double helix upon induction of DNA damage (47). The MRN is
essential in the process of ATM activation, since it recognizes DNA damage, recruits ATM
to the damage site and also targets ATM to the respective substrates to initiate their
phosphorylation (33,34). Activation of ATM occurs through autophosphorylation on
Ser1981 and is preceded by acetylation that is mediated by the Tip60 histone
acetyltransferase (48). It has been reported that upon induction of DNA damage by ionizing
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radiation, activation ATM correlates strongly with the number of DSBs but not with the
number of single-strand (ss) DNA breaks (SSBs) or other ss DNA lesions (49).

Among other substrates phosphorylated by ATM are p53 (TP53), checkpoint proteins Chk2
and Chk1, and H2AX (27,28,50) Activation of the checkpoint pathways results in arrest of
progression though the cell cycle until the integrity to DNA is restored by the repair
mechanisms. Checkpoint kinase 2 (Chk2) plays a key role in response of the cell cycle
progression machinery to DNA damage (51) Activation of Chk2 mediated by ATM involves
its phosphorylation on Thr68 which leads to Chk2 dimerization (50). In certain instances
however, such as in response to replication stress, phosphorylation of Chk2 on Thr68 is
mediated by ATR (50). Dimerization of Chk2 facilitates its intermolecular phosphorylation
on Thr383, Thr387 and Ser516 which leads to dissociation of the dimers and formation of
enzymatically active monomers. The enzymatically active dimers and monomers
phosphorylate numerous substrates including Cdc25C and Cdc25A phosphatases.
Phosphorylation of the Cdc25C and Cdc25A by Chk2 opens a binding site for 14-3-3
proteins, resulting in sequestration of the complex that, in turn, inhibits their translocation
into the nucleus preventing dephosphorylation of Thr14 and Tyr15 on cyclin/CDK
complexes, which stalls cell cycle progression at the G2 to M transition or in G1 phase,
respectively (50).

Chk2 can also promote apoptosis in response to DNA damage. Activation of E2F-1
transcription factor provides one mechanism through which Chk2 increases the cell’s
proclivity to undergo apoptosis (52). Another mechanism is based on phosphorylation of the
tumor suppressor protein p53 on Ser15 which may lead to upregulation of the proapoptotic
protein Bax. Phosphorylation of p53 can also lead to upregulation of p21Waf1 thereby
providing an additional mechanism to arrest cells in G1 (53). Chk2 also stabilizes the FoxM1
transcription factor and thereby stimulates expression of DNA repair genes (54). Chk1 and
Chk2 are redundant in their activities. There is also a significant redundancy between all
three isoforms of Cdc25 proteases (Cdc25A, Cdc25B and Cdc25C) (55).

One of the proteins whose phosphorylation is critical for DNA repair is histone H2AX
(32,56). Although H2AX can be phosphorylated by ATR and DNA-PKcs (54,55) there is
strong evidence that when its phosphorylation is mediated by ATM, and particularly when it
is immunocytochemically detected by the presence of distinct γH2AX foci, it reports the
induction of DSBs (30,31,34,45,59,60).

In the present study we observed that exposure to CS triggered the critical phosphorylation
of ATM, Chk2, H2AX and p53 activating all these DNA damage responders. The response
was dependent on the length of exposure to CS. Since the concentration of smoke was
constant in the exposure chamber, the duration of the exposure can be considered a
surrogate for the dose of the genotoxic agents in CS taken up by the cells. The plots in Fig. 3
show a lag of about five minutes and then nearly linear time (dose)-dependence between
exposure and activation of DDR proteins during the subsequent 5 to 20 min. The observed
lag in phosphorylation of these proteins during the initial five minutes most likely reflects (i)
the time of penetration of the genotoxic substances in CS through the thin layer of PBS
overlying the cells, the plasma membrane and the cytoplasmic compartment overlying the
nucleus until they reach nuclear DNA and initiate the damage, and (ii) the ability of
membrane permeable CS components to generate genotoxic free radicals within the cell.
However, after the 5 min lag period, the smoke-dose-dependence of DDR of both A549 and
NHBE cells was evident (Fig. 3).

The kinetics of phosphorylation of ATM, Chk2 and H2AX during the initial 1–2 h after
exposure to smoke was similar in both A549 and NHBE cells (Fig. 4). Also similar in both
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cell types was a decline in the level of phosphorylation of ATM-Ser1981P, Chk2-Thr68P

and γH2AX, reflecting their dephosphorylation, observed between 2 h and 4 h. The decline
was very pronounced and, after 4 h, the level of phosphorylation of these proteins was
several-fold lower than at the peak of response. The only difference between A549 and
NHBE cells in the kinetics was dephosphorylation of p53-Ser15P which 4 h after exposure
to CS remained phosphorylated in A549 cells but underwent partial dephosphorylation in
NHBE cells. Since dephosphorylation of these proteins is considered to represent
completion of the repair and disengagement of the checkpoints allowing the cells to resume
the cell cycle progression (61,62) our data suggest this process occurred at similar rates in
A549 and NHBE cells. There is a discrepancy in the literature as to whether protein
phosphatase 2A (PP2A) (61) or PP4 (63) is the key phosphatase that dephosphorylates
γH2AX.

The cell cycle phase dependent differences in response to CS were evident, particularly in
A549 cells. Analysis of the raw data clearly indicates that phosphorylation of ATM, Chk2
and H2AX was more pronounced during S phase than during G1 or G2M (Fig. 1). This is
reflected by the distinct “horseshoe” shape of the bivariate DNA versus IF distributions.
Phosphorylation of H2AX was also more extensive in S phase of NHBE cells (Fig. 2).
However, the plots presenting the mean values of IF of G1 S or G2M cell populations either
as a function of an increase in time of exposure to CS (“dose” of CS) (Fig. 3) or the kinetics
of DDR (Fig. 4) do not show such distinct cell cycle phase differences. This can be
explained by the fact that among the gated G1 or G2M cells were the cells that during the
time of exposure to smoke and subsequent incubation were either entering S or G2 phase and
though exposed during DNA replication when harvested had a DNA content close to that of
G1 or G2M cells. The gating analysis based on DNA content of the cells represented by the
characteristic pattern of “horseshoe” bivariate distributions, such as those incorporating
BrdU, includes into the G1 and G2 populations the cells that during the exposure to BrdU
(64), or in the present case, during treatment with smoke and subsequent incubation, were
entering S and G2.

Among A549 cells at the peak of expression (2 h), populations of G1 and S cells had the
highest levels of γH2AX (Fig. 4). In contrast, the S-phase NHBE cells showed much less of
an increase of γH2AX expression than G1 cells. This reflects the fact that consistent with our
earlier observations (38,41,65) the control (mock treated) S phase NHBE cells had
exceptionally high level of γH2AX, much higher than S phase A549 cells. Thus, although
the total level of γH2AX in S phase cells after CS treatment was similar in A549 (Fig. 1) and
NHBE cells (Fig. 2) the increase (Δ) when expressed as an n-fold rise above the control S-
phase cells was more pronounced in A549 than in NHBE cells.

The degree of response to CS in terms on n-fold increase in phosphorylation was distinctly
lower for p53 than for H2AX, ATM or Chk2. It is possible that this relatively low increase
in expression of p53-Ser15 was already fully adequate for its effective signaling along the
DDR pathway. It is also possible, however, that the phospho-specific Ab directed toward the
p53-Ser15 epitope was less effective to detect the phosphorylation.

Assessment of DDR induced by exposure of normal (NHBE) or tumor (A549) cells to CS
using phospho-specific Ab to detect critical phosphorylations of the responding molecules
and measuring the response by LSC provides important information about the genotoxicity
of mainstream CS. It was recently reported however, that exposure of A549 cells to
sidestream smoke also induces H2AX phosphorylation (66). Of importance is the present
observation that the response of A549 cells to CS was essentially similar to that of NHBE
cells. This finding provides justification for the use of A549 cells in assessment of
genotoxicity of CS in lieu of normal bronchial epithelial cells. Use of the latter cells is more
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costly and complex because of the necessity to grow them in specially formulated media and
within a restricted number of generations. Standardization of these normal cells may also be
problematic due to variability of age, gender and other factors (e.g. including smoking
status) of the cells’ donor, as well as of variable number of generations in culture.

The induction of DSBs by exposure to CS was greater in S-phase than in G1 or G2M phase
cells. Thus, our present data are consistent with the mechanism in which CS may initially
generate ssDNA lesions and the collisions of replication forks during S-phase transform
these lesions into DSBs. Among the ssDNA lesions induced by CS, the predominant ones
are most likely oxidation-induced products such as adducts to DNA nucleobases including
8-hydroxy-2’-deoxyguanosine, the latter considered a biomarker for carcinogenesis (67,68).
Indeed, the induction of γH2AX whether by mainstream- (26) or sidestream-CS (66) is to a
large extent prevented by the oxidant scavenger N-acetylcysteine. Furthermore, the overall
pattern of DDR after induction of oxidative DNA damage by H2O2 as detected by ATM,
H2AX, Chk2 and p53 phosphorylation in A549 cells and measured by cytometry (69) was
similar to the presently seen in CS treated cells.

Fully functional DDR is a critical anti-cancer barrier preventing the cell from undergoing
genetic instability and malignant conversion. Cells can breach this barrier and undergo
malignant progression if there are complementary mutations or other defects in key genes
within this pathway (e.g., p53, Chk2, ATM, etc.). Evidence to support the plausibility of this
model in lung cancer is shown by the fact that: (i) p53 mutations are among the most
common genetic defects in lung cancer (70,71); (ii) due to promoter methylation, Chk2
kinase expression is down-regulated in non-small cell lung carcinoma (72); and (iii) a
significant reduction in DSB repair capacity is associated with increased promoter
methylation of specific DDR genes which, in turn, is associated with an elevated risk of lung
cancer (73). Collectively, these data suggest that one of the potentially pivotal carcinogenic
DNA defects caused by CS is the induction of DNA damage in the form of DSBs.
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Fig. 1. Effect of exposure of A549 cells to CS on expression of ATM-Ser1981P, Chk2-Thr68P,
γH2AX and p53-Ser15P

The cells were exposed for 15 min to CS from 2R4F cigarette then transferred to a CO2
incubator and cultured for 1 h. The induction of ATM-Ser1981P, Chk2-Thr68P, γH2AX and
p53-Ser15P was detected immunocytochemically and measured by LSC, in conjunction with
cellular DNA content, as described in Materials and Methods. Mock-treated cells served as a
control. The DNA content frequency histogram of the CS-treated cells from the
representative culture is shown in the right panel; control cells had nearly identical
histograms (not shown).
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Fig. 2. Expression of ATM-Ser1981P, Chk2-Thr68P, γH2AX and p53-Ser15P in NHBE cells
mock-treated (Ctrl) or exposed to CS
The cells were treated with CS for 15 min then cultured for 1 h prior to fixation. As in Fig. 1
the DNA content frequency histogram of a representative culture is shown (right panel)
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Fig. 3. Effect of length of cells exposure to CS on the increase (Δ) in expression of ATM-
Ser1981P, Chk2-Thr68P, γH2AX and p53-Ser15P

A549 cells (top panels) and NHBE cells (bottom panels) were exposed to CS as described in
Materials and Methods for periods of 5 – 20 min and then were transferred to culture for 1 h
before being harvested and fixed. The mean values of ATM-Ser1981P, Chk2-Thr68P,
γH2AX and p53-Ser15P immunofluorescence were measured for populations of cells in G1,
S and G2M phases of the cell cycle by gating analysis based on differences in DNA content.
The data are expressed as the n-fold increase of these mean values (Δ) over the respective
values of the mock-treated cells.
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Fig. 4. Effect of duration of cell culturing after their exposure to CS on the expression of ATM-
Ser1981P, Chk2-Thr68P, γH2AX and p53-Ser15P

A549 cells (top panels) or NHBE cells (bottom panels) were treated with CS for 20 min,
then transferred into culture and grown for 0.25 h, 0.5 h, 1 h, 2 h, and 4 h before the cultures
were terminated. The mean values of ATM-Ser1981P, Chk2-Thr68P, γH2AX and p53-
Ser15P immunofluorescence were estimated for populations of G1, S and G2M-phase cells.
The data are expressed as the n-fold increase of these mean values (Δ) over the respective
values of the mock-treated cells.
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