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Abstract

The aim of this study was to assess the potential DNA damage response (DDR) to four
supravitally used biomarkers Hoechst 33342 (Ho 42), DRAQ5, DyeCycle Violet (DCV) and
SYTO 17. A549 cells were exposed to these biomarkers at concentrations generally applied to live
cells and their effect on histone H2AX (Ser 139), p53 (Serl5), ATM (Ser1981) and Chk2 (Thr68)
phosphorylation was assessed using phospho-specific Abs. Short-term treatment with Ho 42 led to
modest degree of ATM activation with no evidence of H2AX, Chk2 or p53 phosphorylation.
However, pronounced ATM, Chk2 and p53 phosphorylation and perturbed G, progression were
seen after 18 h. While short-term treatment with DRAQS5 induced ATM activation with no effect
on H2AX, Chk2 and p53, dramatic changes marked by a high degree of H2AX, ATM, Chk2 and
p53 phosphorylation, all occurring predominantly in S phase cells, and a block in cell cycle
progression, were seen after 18 h exposure. These changes suggest that the DRAQ5-induced DNA
lesions may become converted into double-strand DNA breaks during replication. Exposure to
DCV also led to an increase in the level of activated ATM and Chk2 as well as of phosphorylated
p53 and accumulation of cells in GoM and S phase. Exposure to SYTO 17 had no significant
effect on any of the measured parameters. The data indicate that supravital use of Ho 42, DRAQ5
and DCV induces various degrees of DDR, including activation of ATM, Chk2 and p53, which
may have significant consequences on regulatory cell cycle pathways and apoptosis.
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Introduction

The biomarkers applied supravitally should have a minimal effect on structure, function and
survival of the interrogated cell. This is of special importance in studies that involve sorting
cells with desired features for evaluation of their functional properties or further cloning and
propagation as it is in the case of stem cells. However, most fluorochromes used as
supravital cytometric probes affect the studied cells by interacting with different cell
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constituents and perturbing normal growth characteristics. These undesirable effects are
often neglected by the investigators and the probes, marked by vendors as “supravital” or
“probes of live cells” are being used without much scrutiny regarding their effects on the
live cell.

The present study was designed to assess potential DNA damage induced by fluorescent
probes frequently used to supravitally stain cellular nucleic acids. Specifically, we have
measured the induction of ATM activation through its phosphorylation on Ser 1981, histone
H2AX phosphorylation on Ser 139, activation of Chk2 protein kinase through its
phosphorylation on Thr 68 and phosphorylation of p53 on Ser 15 in human pulmonary
adenocarcinoma A549 cells treated with the supravital probes. All four phosphorylation
events are considered to be reporters of the DNA damage response (DDR)(175). In our prior
studies we have used phospho-specific Abs to detect these phosphorylation events in cells
exposed to various genotoxic agents such as DNA topoisomerase inhibitors (6:7), tobacco
smoke derived- (8) and acridine- mutagens (9) as well as exogenous and endogenous
oxidants (10712). We presently assessed DDR to the DNA minor grove ligand with a
preference to A+T rich regions bis-benzimide Hoechst 33342 (Ho 42) (14), the DNA
intercalating agent of the anthraquinone family DRAQ5 (13), the DNA binding probe
Vybrant® DyeCycle Violet (DCV) (15), and the DNA/RNA ligand, the red permeant
cyanine fluorochrome SYTO 17 frequently used to detect apoptosis (16:17). Towards this
end, we exposed A549 cells to these probes at concentrations that are commonly used to
supravitally examine cells, for short (up to 2 h) and prolonged (18 h) time intervals. The
induction of ATM, H2AX, Chk2 and p53 phosphorylation was assessed
immunocytochemically using the respective phospho-specific Abs and the cellular
immunofluorescence was measured concurrent with DNA content by multiparameter laser
scanning cytometry (LSC; iCys, refs.18:19). The bivariate analysis of immunofluorescence
versus cellular DNA content measurements made it possible to correlate the DNA damage
response with the cell cycle phase.

Materials and Methods

Cells, cell treatment

Ab549 cells, obtained from American Type Culture Collection (ATCC; Manassas, VA), were
grown in Ham's F-12K Nutrient Mixture (Mediatech, Inc., Manassas, VA) supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, 100 ug/ml streptomycin and 2 mM L-
glutamine (GIBCO/BRL; Grand Island, NY) in 25 ml FALCON flasks (Becton Dickinson
Co., Franklin Lakes, NJ) at 37.5 °C in an atmosphere of 95 % air and 5% CO,. The cells
were maintained in exponential and asynchronous growth by repeated trypsinization and re-
seeding prior to the culture reaching confluency. The cells were then trypsinized and seeded
at low density (about 5x10% cells per chamber) in 2-chambered Falcon CultureSlides
(Beckton Dickinson). Twenty four hours after seeding the cultures were treated with one of
the probes: Ho 42 (Invitrogen/Molecular Probes, Eugene, OR), DRAQ (Axxora, LLC, San
Diego, CA), DCV (Invitrogen/Molecular Probes) or SYTO 17 (Invitrogen/Molecular
Probes). The time of treatment and concentrations of the respective probes are listed under
Results and legends to figures.

Detection of histone H2AX phosphorylation on Ser139, ATM on Ser 1981, Chk2 on Thr 68
and p53 on Ser 15

Following incubations with the probes, the cells on slides were rinsed with PBS and then
fixed with 1% methanol-free formaldehyde (Polysciences, Inc., Warrington, PA) in PBS for
15 min on ice followed by suspension in 70% ethanol where they were stored at —20° C for
2-24 h. The fixed cells were then washed twice in PBS and treated on slides with 0.1%
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Triton X-100 (Sigma) in PBS for 15 min, and then in a 1% (w/v) solution of bovine serum
albumin (BSA,; Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab) binding.
The cells were then incubated in a 100 ul volume of 1% BSA containing 1:200 dilution of
phospho-specific (Ser 139) H2AX mouse monoclonal antibody (Ab) (Biolegend, San Diego,
CA) or 1:100 dilution of phospho-specific (Ser-1981) ATM mouse monoclonal Ab (Cell
Signaling, Danvers, MA), or 1:100 diluted phospho-specific (Thr 68) Chk2 rabbit polyclonal
Ab or 1:100 diluted phospho-specific (Ser 15) p53 rabbit polyclonal Ab (Cell Signaling) for
1.5 h at room temperature or overnight at 4 °C. The secondary fluorochrome-tagged Abs
were chosen to have minimal spectral overlap with the supravital probes; thus the green
fluorescing (Alexa Fluor 488) tagged Ab (Invitrogen/Molecular Probes, at 1;100 dilution)
was used in the case of Hoechst 33342, DRAQS5, DCV, or SYTO 17 treated cells. In some
experiments the far red emitting Alexa Fluor 633 Ab (Invitrogen/Molecular Probes, at 1:100
dilution) was also used for the cells treated with DCV. It should be noted, however, that
fluorescence of the supravitally applied probes was markedly depressed after cell
permeabilization and fixation that involved 70% ethanol, which additionally helped to
prevent the interference of these probes with the emission of Alexa Fluor 488 or 633 tagged
Abs. Prior to measurement by LSC, the cells were counterstained with 2.8 ug/ml 4,6-
diamidino-2-phenylindole (DAPI; Sigma) in PBS for 15 min. Other details of cell
incubations with the primary and secondary Ab were presented before (7711:20).

Measurement of cell fluorescence by LSC

Results

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; fluorescence was excited with 488-nm
argon, helium-neon (633 nm) and violet (405 nm) lasers. The intensities of maximal pixel
and integrated fluorescence were measured and recorded for each cell. At least 3,000 cells
were measured per sample. Gating analysis was carried out to obtain mean values (+ SE) of
p53Ser15P for Gy (DNA Index; DI =0.9-1.1), S (DI = 1.2 - 1.8) and G,M (DI = 1.9 - 2.1)
cell populations in each experiment. The standard deviation was estimated based on Poisson
distribution of cell populations. Each experiment was run at least in triplicate, some
experiments were additionally repeated. The inter-sample variation in the triplicates did not
exceed the value of three standard deviations of individual samples. Other details are given
in figure legends.

Short term incubations with the probes

The first set of results pertains to short duration (up to 2 h) treatment of cells with individual
probes (Figs.1-5). Exposure of cells to Ho 42 at 0.1 uM concentration led to a modest
decrease in expression of YH2AX, seen predominantly in S- and G,M phase- cells (Fig. 1).
After treatment for 2 h the mean yH2AX IF of GoM-cells was decreased by about 40%
respective to control. A similar degree of decrease in yH2AX IF was observed in cells
exposed to 1.0 or 2.0 uM Ho 42 for up to 2 h (hot shown). Unlike the decline in yH2AX, an
increase in ATM-S1981P IF was seen in cells treated with Ho 42 (Fig. 2). In the data
presented in this figure, ATM-S1981P IF was recorded either as an integrated value (left
panels) or as maximal pixel (middle panels). While the integrated value represents total
ATM-S1981F IF intensity per cell the maximal pixel reports its highly localized intensity at
the centrosomes/centrioles, reflecting activation of ATM in these organelles of mitotic and
post-mitotic G4 cells, as described before (10). Treatment with Ho 42 for 1 or 2 h led to
about a 50% increase of integrated ATM-51981" IF in G,M cells and to a lesser degree in
G and S-phase cells. There was no apparent effect of Ho 42 on the intensity of ATM-
S1981P IF in centrosomes/centrioles, although fewer postmitotic G, cells with elevated
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levels of ATM-S1981P IF were apparent in the Ho 42 treated culture (Fig. 2). Exposure of
cells to Ho 42 at higher concentrations (up to 2 uM) for 1 or 2 h essentially had no effect on
Chk2-Thr68F or p53-Ser15P IF (data not shown).

Fig. 3 shows changes in yH2AX IF after exposure of the cells to DRAQS5. The initial, small
increase in YH2AX IF seen in G,o/M cells treated with 2 uM DRAQS for 0.5 h was followed
by a distinct decrease of yH2AX IF, seen in all phases of the cell cycle, after 1 h and 2h of
treatment with this probe. This attenuation of yH2AX IF was time and concentration
dependent; exposure to10 uM DRAQ for only 0.5 h led to a dramatic decline in yH2AX IF.
The changes in ATM-Ser1981 phosphorylation in cells treated with DRAQ5 are shown in
Fig. 4. These changes were also time dependent. The initial increase in ATM-S1981P IF
occurring in all phases of the cell cycle was observed after cells exposure to the probe for
0.5 and 1 h but a decline, to the approximate level of ATM-S1981P IF of untreated cells,
was evident after 2 h. There was no significant evidence of change in the cell cycle
distribution as reflected by the DNA content frequency histograms (Fig. 4, insets) except of
some widening of the G1 and GoM peaks, likely due to a decline in stoichiometry of DNA
staining with DAPI following exposure to DRAQ5. No significant changes in the level of
phosphorylation of Chk2 on Thr68 or p53 on Ser15 were detected in the cells treated with 2
uM DRAQS for up to 3 h (not shown).

Treatment with DRAQS5, however, led to pronounced changes in chromatin structure (Fig.
5). The changes manifested themselves as a decrease in intensity of maximal pixel of DAPI
fluorescence and an increase of nuclear area (number of pixels of DAPI fluorescence). The
increase of nuclear area however was relatively minor. The decrease of the ratio of maximal
pixel of DAPI fluorescence to nuclear area provided an even more distinct marker of these
chromatin changes. This type of change is characteristic of chromatin decondensation and
has been used as a marker discriminating cells differing in the extent of chromatin
compaction such as mitotic vs interphase cells (21), lymphocytes vs granulocytes vs
monocytes (22) or apoptotic vs non-apoptotic cells (23:24). In fact, whereas the presence of
mitotic (M) and immediately postmitotic cells with condensed chromatin (pM) can easily be
discerned in the control culture, no such cells were present in the DRAQS treated cultures
(Fig. 5). No changes in chromatin that could be detected by analysis of maximal pixel of
DAPI fluorescence were evident in cells treated for up to 2 h with other probes (not shown).

Exposure of A549 cells to DCV (5 uM) for 0.5, 1.0 or 2.0 h led to a decrease in expression
of yH2AX, particularly in S and G,M phase cells, and to a rather minor increase in
phosphorylation of ATM (Supplemental data; Fig. 1). Even smaller changes in
phosphorylation of Chk2-Thr68 and p53-Ser15 were seen in the cells treated with 5 pM
DCYV for up to 2 h (not shown).

Cell treatment with SYTO 17, at a concentration of 50 nM for up to 4 h had very minor
effects on expression of yH2AX or ATM-S1981P (Supplemental data, Fig. 2). Treatment
with a higher SYTO 17 concentration (2.5 uM) for 2 h essentially had no effect on H2AX
phosphorylation. However, it led to an increase in ATM-Ser1981P IF by about 80% in all
phases of the cell cycle (Supplemental data Fig. 3).

Prolonged (18 h) treatment with the probes

In the next set of experiments the cells were exposed to the individual probes for 18 h. Fig. 6
shows the DNA content frequency histograms of the untreated and treated cells, their
nuclear area and maximal pixel of DAPI fluorescence. As it is evident that while exposure to
50 nM SYTO 17 had only minor effect on the cell cycle distribution, the DNA histogram of
the cells treated with DCV reveals marked accumulation of cells in GoM (28%) and in S
(27%)compared to 23% and 17% seen in the untreated culture, respectively. In addition, the
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percentage of GoM cells was increased in Ho 42 (1 uM) and DRAQS5 (2 uM) treated cultures
(27% and 28%, respectively, compared to 23% in control). However, a pronounced change
in nuclear structure, manifested as a decrease in maximum pixel of DAPI fluorescence and
consistent with chromatin decondensation was seen in cells growing in the presence of Ho
42 and DRAQS5. It should be noted that while DRAQ5 rapidly (within 1 h) induced this
change in stainability with DAPI (Fig. 5), the decrease in intensity of maximal pixel of
DAPI fluorescence in cells treated with Ho 42 was a late event, not seen during the initial 2
h of treatment. Visual inspection of over 200 images of cells treated with Ho 42 or DRAQ5
gated by LSC within the G,M peak revealed the absence of mitotic cells.

The cell cycle progression in cultures treated with DCV was severely perturbed, marked by
accumulation of cells in S (27%) and G,M (38%). However, DNA stainability with DAPI
(intensity of maximal pixel) was unchanged. Among the subpopulation of GoM cells there
were some mitotic cells, an indication that despite perturbation of cell cycle progression,
cells were able to undergo mitosis.

Fig. 7 illustrates the changes in H2AX IF of cells treated for 18 h with each of the supravital
probes. Exposure of cells to Ho 42 had a relatively modest effect, seen as a ~30% increase
of mean values of YH2AX IF of G and an ~40% decrease of GoM cell subpopulations.
Treatment with DRAQS5, however, led to a large increase in the extent of phosphorylation of
H2AX. The increase was particularly pronounced in S phase cells, whose mean yH2AX IF
was four-fold higher compared to untreated cell. The effect of DCV was rather modest,
reflected by approximately 30% reduction of the mean value of yYH2AX IF of G,M cells.
Treatment with SYTO 17 had no effect on yH2AX as the IF of the treated cells was
essentially identical with that of the untreated ones.

Changes in the level of ATM phosphorylation in the cells treated with the probes are shown
in Fig. 8. Treatment with Ho 42 led to a three- to four- fold rise in ATM-S1981F IF in all
phases of the cell cycle. Treatment with DRAQS5 resulted in an even greater increase in
ATM phosphorylation, most pronounced (over five-fold) in S and G,M phase cells. A nearly
two-fold increase in ATM-S1981P IF was observed in cells exposed to DCV. SYTO 17
exerted a minimal effect as the mean ATM-S1981" IF of the treated cells was only about
15% higher that that of the untreated ones.

The pattern of Chk2 phosphorylation on Thr68 of cells treated with the probes resembled
that of ATM phosphorylation (Fig. 9). Thus, the Ho 42 treated cells had two-to three fold
higher Chk2-Thr68P IF than the untreated cells. Also, the treatment with DRAQS5 led to
several-fold increase in intensity of Chk2-Thr68P IF, particularly in the S and G,M phase
cells. The cells treated with DCV had distinctly elevated Chk2-Thr68P IF compared to
control, while treatment with SYTO 17 essentially had no effect on the level of Chk2-
Thr68P IF.

Fig. 10 presents the response of cells treated for 18 h with the probes in terms of p53
phosphorylation on Ser15. Strong induction of p53 phosphorylation was observed in the
cells exposed to Ho 42. The mean p53-Ser15F IF of the Ho 42 treated cells was increased in
all phases of the cell cycle but the maximal (over four-fold) rise was in G4 phase cells. There
was large intercellular variation in the intensity of p53-Ser15P IF, particularly among G; and
G, M cell subpopulations. In the case of DRAQ5 treated cells, the maximum response was
seen in S-phase cells which had well over three-fold higher mean value of p53Ser15P IF
than the S-phase cells from untreated cultures. Also increased, but to a lesser degree (50—
70%), was p53-Ser15P IF of the cells treated with DCV. However p53-Ser15P IF of the cells
exposed to SYTO 17 was essentially unchanged compared to control.
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Discussion

Ho 42

Exposure of A549 cells to Ho 42, DRAQ5 and DCV, within the range of concentrations
with which these probes are being used supravitally, led to distinct changes characteristic of
the DNA damage response. In addition, changes in chromatin structure that reflect altered
chromatin condensation, as well as perturbations of cell cycle progression were detected.
However, because of these changes in chromatin structure, which in the case of DRAQ5
were shown to be associated with dissociation of histone H1 from DNA followed by release
of histone H2A from nucleosomal cores (25), it is difficult to interpret the observed decrease
in yH2AX IF induced by this probe as due to a reduced level of H2AX phosphorylation.
Dislocation of histones within the nucleosomal core may affect both phosphorylation of
H2AX as well as accessibility of the phospho-epitope of YH2AX to the Ab. The summary of
these observations and possible mechanisms are discussed for each of the probes studied.

Ho 42 is the most frequently used supravital biomarker of DNA (26). This fluorochrome is
lipophilic, and unlike most other DNA probes, able to cross the intact cell membrane. Its
application as a supravital probe is mainly in conjunction with the fluorescence-activated
cell sorting to select cell residing in different phases of the cell cycle or with different DNA
ploidy to assess their growth potential, metabolic properties, gene expression, drug
sensitivity, etc. (27). Recently, however, the reduced binding of Ho 42 has become widely
applied as a marker of hematopoietic pluripotent stem cells (28:29). Stem cells identified
and sorted as the so-called “side population” following staining with Ho 42 are being used in
numerous applications in vitro and in vivo including clinical trials (30). The attenuated
binding of Ho 42 to DNA in the stem cells is primarily due to the highly active multidrug
efflux pump which reduces the dye concentration within the cell. It should be noted,
however, that although stem cells bind less Ho 42 than non-stem cells, the binding is still
significant inasmuch as the intensity of Ho 42 in stem cells is within the range of 10-80% of
the fluorescence of the non-stem cell population (28:29). The possible biological effects of
Ho 42 on the sorted cells are often neglected. Yet it is known that Ho 42 is DNA
topoisomerase | inhibitor, specifically interrupting the breakage/reunion of DNA and
topoisomerase | by trapping reversible topoisomerase | cleavable complexes (31). It has also
been reported that, under certain conditions, Ho 42 may be cytotoxic and mutagenic (32).
Furthermore, Ho 42 and its close analog 33358 are known to sensitize cells to UV light; the
energy transfer of the absorbed UV light from Hoechst to DNA results in crosslinking of
histone proteins to DNA (33:34) and significant DNA photolysis when DNA is labeled with
BrdU (35). Given the above, it was of interest to explore the potential effect of this probe in
terms of induction of the DNA damage response.

Exposure of cells to 0.1 — 2.0 uM Ho 42 for up to 2 h led to a distinct decrease in the extent
of yH2AX IF in S and G,M cells (Fig. 1) and a modest (50%) increase in ATM
phosphorylation in G,M cells (Fig. 2). The effects were not concentration-dependent since
similar drop of yH2AX and rise of ATM-Ser1981F IF were seen over the concentration
range of 0.1 to 2.0 uM. No significant changes in the level of Chk2 or p53 phosphorylation
were seen and the DNA stainability with DAPI (maximal pixel vs nuclear) was unchanged
during short-term treatment The observed decrease in yYH2AX IF most likely reflects the Ho
42-induced change in chromatin structure due to its binding to the minor groove of DNA
(13) that may restrict accessibility of the yH2AX epitope to the phospho-specific Ab. The
alternative explanation, namely that Hoechst 33342 may lower the constitutive DNA
damage caused by metabolically generated reactive oxidants via scavenging them
(11:12:24), is less likely, because then a decrease, not an increase in ATM activation, would
be observed. It is likely that the modest increase in ATM activation (Fig. 2) was triggered by
binding of this probe to the minor grove of DNA followed by modification of DNA
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structure. Unlike in the case of other DNA topoisomerase | or Il inhibitors such as topotecan
(7), mitoxantrone (7) or etoposide (6:36), the DNA damage response upon short treatment
with Ho 42 was reflected by only a modest degree of ATM activation and not by a dramatic
increase in H2AX or Chk2 phosphorylation.

Quite a different response to Ho 42 was apparent upon longer (18 h) exposure of cells to this
probe. First, the increased proportion of cells in GoM phase was evident on the DNA
frequency histogram (Fig. 6). The visual analysis of cell images recorded by the LSC within
the GoM gate revealed a near total absence of mitotic cells. This observation would indicate
that in cultures treated with 1 pM Ho 42, the progression through the cell cycle (particularly
through G»), was markedly perturbed and the cells did not undergo mitosis. Also, there was
a distinct change in chromatin condensation reflected by the diminished intensity of
maximal pixel of DAPI fluorescence (Fig. 6). The lack of cells with high maximal pixel
DAPI fluorescence intensity confirmed the absence of mitotic and postmitotic cells. While
there was still a somewhat reduced level of yH2AX IF compared to control (Fig. 7), the cells
showed a several-fold increased level of activation of ATM (Fig. 8) and of Chk2 (Fig. 9)
and also phosphorylation of p53 (Fig. 10). All these changes were not cell cycle phase
specific, being induced to a comparable level in G4, S and GoM cells. Thus, the DNA
damage response to Ho 42 was quite unique since it involved activation of ATM and Chk2
as well as p53 phosphorylation on Ser15, with no evidence of H2AX phosphorylation.

It should be noted that uptake of Ho 42 is temperature—dependent and minimal uptake is
observed below 16 °C (37). As a supravital probe, however, Ho 42 is typically used at 37
°C, and the present observations on Ho 42-induced DDR pertain to the latter temperature at
which the fluorochrome easily penetrates live cells.

DRAQ5 was developed as a supravital stoichiometric DNA fluorochrome to be used to
assess the cell cycle distribution or DNA ploidy of live cells (14). Unlike Ho 42 DRAQ5 can
be excited at long wavelength (14:38) which markedly extends its applications. However
DRAQS belongs to the class of the DNA intercalating agents of the anthraquinone family,
very close in structure to the well characterized anticancer drug mitoxantrone [(1,4-
dihydroxy-5,8-bis ((2-((2-hydroxyethyl)amino) ethyl)amino) anthraquinone], often
abbreviated DHAQ (39). Mitoxantrone binds to DNA by intercalation, causes in situ
condensation of nucleic acids and is a DNA topoisomerase Il inhibitor (40). Its strong
cytostatic (G arrest) and cytotoxic properties provided the basis for its application as an
effective drug in the treatment of acute leukemias. As mentioned, mitoxantrone induces a
strong DNA damage response in terms of H2AX phosphorylation, and ATM and Chk2
activation (7+41). Given the similarity in molecular structure between DRAQ5 and
mitoxantrone it might be expected that DRAQ5 may also induce damage to DNA and be
cytostatic and cytotoxic. As mentioned, chromatin changes marked by dissociation of
histone H1 from DNA, followed by release of histone H2B from nucleosome core particles
occurs shortly after exposure of HeLa cells to DRAQ5 (25).

In the present study, we observed remarkable differences in the response of A549 cells to
DRAQS5 depending on the length of treatment. A distinct decrease in yH2AX IF, which was
DRAQS5 concentration-dependent, was seem during the initial 2 h of cell exposure (Fig. 3).
Activation of ATM was apparent in cells treated with DRAQ5 for 0.5 and 1.0 h but not after
2 h (Fig. 4). However, there was no evidence of Chk2 activation or p53 phosphorylation at
that time. On the other hand, the change in chromatin structure manifested as a marked
decrease in intensity of maximal pixel of DAPI fluorescence and modest increase in the
nuclear area, was seen within 1 h of administration of DRAQS5 (Fig. 5).
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Exposure of cells to DRAQS for 18 h led to pronounced effects consistent with the induction
of DNA damage response, a change in chromatin structure and the perturbation of cell cycle
progression. The DNA damage response manifested itself by H2AX phosphorylation, ATM
and Chk2 activation and phosphorylation of p53 on Ser15. Such changes are typical
following induction of double-strand DNA breaks (DSB). Unlike Ho 42, the DRAQ5
induced DNA damage response was cell cycle phase specific, affecting primarily S phase
cells. However, as with Ho 42, the change in chromatin structure was reflected by the
reduced intensity of maximal pixel of DAPI fluorescence (Fig. 6). The lack of cells with
high maximal pixel DAPI fluorescence typical of mitotic and postmitotic cells, the absence
of mitotic cells in the images of cells gated within the G,M peak and the increase in the
proportion of GoM cells in the DNA frequency histograms indicated perturbed progression
of cells through all phases of the cell cycle but predominantly through G,. This would be
consistent with the observed Chk2 activation (Fig. 9), which by targeting Cdc25 protein
phosphatases (primarily Cdc25C), halts cell cycle progression at the entrance to mitosis
(42). The selective response of S phase cells to DRAQ5 may indicate that the mechanism of
induction of DSB may involve collision of the replication forks with the primary lesions
(“cleavable complexes™) caused by DRAQS5 such as is the case with other DNA
topoisomerase | or Il inhibitors (43+44).

As in our prior studies (25), we also analyzed confocal images of cells treated with DRAQ5
for 18 h. The HeLa cells having GFP-tagged histones treated with DRAQS5 for 18 h revealed
a striking dependence of adverse effects on DRAQS5 concentration. While a treatment with 1
uM resulted in a population of cells showing only minor morphological changes and
demonstrating intact plasma membrane (by the fluorescein-diacetate assay), cells treated
with 2 uM DRAQS5 had irregular contours and aggregated chromatin, often in proximity of
the nuclear envelope. In many cells, the integrity of the plasma membrane was compromised
(data not shown). The morphological changes seen at high spatial resolution in HeLa cells
expressing GFP-tagged histones are consistent with the previously described chromatin
aggregation caused by DRAQ5 (25), followed by a complete loss of nuclear organization
and subsequent gradual loss of cell functions.

DCV and SYTO 17

DCYV is a convenient fluorochrome that unlike Ho 42 does not require UV excitation but can
be excited with violet lasers. It offers certain advantages over Ho 42 as a “side population”
marker for sorting stem cells (15:45:46). DCV together with two related dyes such as
Vybrant DyeCycle Green (DCG) and Vybrant DyeCycle Orange (DCO) can also be used to
assess the cell cycle distribution of live cells. This straightforward method has been
advertised as a convenient enhancement for the multiparameter analysis of apoptosis. In our
previous work we showed, however, that Vybrant DyeCycle Orange (DCO) causes profound
cytotoxic effects on U937 and HL-60 cells that render long-term experiments unfeasible
(47). The most prominent effect of treatment of A549 cells with DCV was suppression of
cell cycle progression through GoM and S (Fig. 6). Exposure to DCV also led to an increase
in the level of activated ATM and Chk2 as well as of phosphorylated p53. These effects,
however, were distinctly less pronounced compared to the effects induced by Ho 42 or
DRAQ5.

Recently, a novel group of substituted unsymmetrical cyanine SYTO probes has become
commercially available (48). The SYTO superfamily consists of four subfamilies spanning a
broad range of visible excitation and emission spectra including blue, green, orange and red
fluorescent probes (47: 48). Derived from thiazole orange, all SYTOs display low intrinsic
fluorescence, with strong enhancement upon binding to DNA and/or RNA. Unlike Hoechst
33342, DRAQS5 or Vybrant DyeCycle fluorochromes none of the SYTOs can be considered
as a selective DNA marker. As a result no stoichiometric incorporation is observed upon cell
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entry of SYTOs (47). Following rapid entry into the cytoplasm, SYTO probes display
nuclear or diffuse-cytoplasmic staining patterns (16+ 17+ 47). Although the resolution in
localizing the dye is as yet poorly defined, suggestions have been made that it may reflect (i)
gradient dependent dye uptake by mitochondria or other organelles like ER or Golgi or (ii)
changes in chromatin condensation (17+ 47). Cell permeability and broad selection of
excitation/emission spectra has recently driven implementation of SYTO dyes in many
polychromatic protocols with the detection of apoptosis being one of the most prominent
applications (16+17:47-48).

In our current work, SYTO 17 at a concentration of 50 nM had no discernable effect on any
of the measured parameters either after short-term (1-4 h) or after 18 h, treatment. However,
exposure of cells to 2.5 uM SYTO 17, a concentration higher than is commonly used
(16:17), induced some activation of ATM but had no effect on H2AX phosphorylation
(Supplemental data Fig. 3). Therefore, SYTO 17 compared with Ho 42, DRAQ5 and DCV,
had the least effect in terms of induction of the DNA damage response. These results
support our earlier studies on non-toxic properties of green, orange and red fluorescent
SYTO dyes (47). Recent studies also showed that, in contrast to DRAQ5, no histone
detachment follows incorporation of SYTO 17 into nuclear DNA (25). Moreover, even at
elevated doses, SYTO 17 causes only insignificantly low chromatin aggregation (25). It is
also noteworthy that good intracellular retention of many SYTO molecules enables
straightforward tracing of pre-labeled cell subpopulations for extended periods of time (47).
Therefore, the lack of any adverse effects on cellular physiology strongly favors SYTO
probes in applications requiring live-cell labeling (47).

Conclusions

Ho 42, DRAQ5 and DCV, to varying degrees, induced phosphorylation of proteins known
to be responders to DNA damage. Phosphorylation of H2AX concurrent with activation of
ATM, considered to be a reporter of induction of DSBs (275:49:50) were seen in cells
treated with Ho 42 (in all phases of the cell cycle) and with DRAQS (predominantly in S-
phase cells). Repair of DSBs is error prone resulting in deletion of base pairs and other
defects that can cause translocations and chromosomal instability (51'52). ATM, Chk2 and
p53 are key players in regulation of cell cycle progression and modulating apoptotic
response. Their activation induced by the probes investigated in this study may have
significant consequences on these regulatory pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Changes in expression of yYH2AX in A549 cells treated with Ho 42 in relation to the cell
cycle phase.

The bivariate distributions (scatterplots) shown in left panels illustrate expression of yH2AX
in untreated cells (Ctrl) or the cells exposed to Ho 42 at 0.1 pM concentration for 1 or 2 h in
relation to cellular DNA content. DNA content histograms of the untreated and 2 h treated
cells as presented in the insets. Based on differences in DNA content cells in G4, S and Go,M
phases of the cell cycle were gated (as shown) and mean values of yH2AX IF (+SD) of these
cell populations are presented in the form of bar graphs (right panel).
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Fig. 2.

Changes in expression of ATM-S1981P in A549 cells treated with Ho 42 in relation to the
cell cycle phase.

The bivariate distributions reveal expression of ATM-S1981P recorded either as integrated
value (int) or maximal pixel (Mx px) with respect to DNA content in untreated cells (Ctrl) or
the cells exposed to Ho 42 at 0.1 uM concentration for 1 or 2 h in relation to cellular DNA
content. Based on differences in DNA content cells in G4, S and G,M phases of the cell
cycle were gated (as shown) and mean values of yYH2AX IF (+SD) of these cell populations
are presented in the form of bar graphs (right panel).
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Fig. 3.

Changes in expression of YH2AX in A549 cells treated with DRAQS in relation to the cell
cycle phase.

The bivariate distributions shown in left panels illustrate expression of yH2AX in the cells
exposed to DRAQ5 at 2 uM concentration for 30 min, 1 or 2 h or to 10uM DRAQS5 for 30
min versus DNA content. The DNA content histograms of the untreated and 2 h-treated cells
are shown in the respective insets. Based on differences in DNA content cells in G4, S and
G,M phases of the cell cycle were gated as shown and mean values of yH2AX IF (+SD) of
these cell populations are presented as bar graphs (right panel).
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Fig. 4.

Changes in expression of ATM phosphorylated on Ser1981 in A549 cells treated with
DRAQS in relation to the cell cycle phase.

The bivariate distributions show expression of ATM-51981" in the cells exposed to 2 uM
DRAQS5 for 30 min, 1 h and 2 h with respect to their DNA content. The DNA content
histograms of the untreated and 2 h-treated cells are shown in the respective insets. The bar
graph illustrates the mean values of ATM-S1981F immunofluorescence of cells in relation at
different phases of the cell cycle.
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Fig. 5.

Effect of DRAQS5 on chromatin structure of A549 cells.

The cells were untreated (Ctrl) or treated with DRAQS5 at 2 uM concentration for 1 or 2 h,
then fixed. The bivariate distributions (left panels) show the nuclear area (contoured on
DAPI fluorescence) plotted against the maximal pixel intensity of DAPI fluorescence. The
right panel shows bar graphs representing in mean values (+SD) of maximal pixel (Max
pix), nuclear area (Area) and of ratio of maximal pixel to nuclear area (MP/Area) of all cells,
untreated and treated with DRAQ5. To exclude doublets and debris the cells were gated as
shown in individual panels by solid lines. The cells characterized by high intensity maximal
pixel (in Ctrl) are either mitotic (M) or post-mitotic (pM), identified by their imaging. The
decline in intensity of maximal pixel fluorescence of the DNA-associated fluorescence such
as DAPI concurrent with some increase in nuclear area, as seen in DRAQS5 treated cells, is a
characteristic feature of chromatin decondensation.
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Fig. 6.

Cell cycle distribution and chromatin status (nuclear area vs maximal pixel of DAPI
fluorescence) of A549 cells exposed in cultures to Ho 42 (1 uM), DRAQ5 (2 uM), DCV (5
uM) or SYTO 17 (50 nM) for 18 h.
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Fig. 7.

Effect of exposure of A549 cells to the studied probes for 18 h on H2AX phosphorylation.
The bivariate (DNA content vs yH2AX IF) distributions of the untreated cells (Ctrl) and the
cells treated in cultures with 1 uM Ho 42, 2 uM DRAQ5, 5 uM DCV and 50 nM SYTO 17
for 18 h. Subpopulations of G1, S and G,M cells were gated based on differences in cellular
DNA content and their mean values of yH2AX IF (+SD) are presented as bar graphs (right
panel).
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Fig. 8.

Effect of treatment of A549 cells with the studied probes for 18 h on phosphorylation of
ATM on Ser 1981.

The bivariate (DNA content vs ATM-S1981P) distributions of the untreated cells (Ctrl) and
the cells treated in cultures with 1 pM Ho 42, 2 uM DRAQ5, 5 pM DCV and 50 nM SYTO
17 for 18 h. The mean values of ATM-S1981F (+SD) of G4, S and G,M cells are presented
as bar graphs (right panel; Ho-Hoechst 33342; DRA-DRAQS5; DC-DCV; SY-SYTO 17).
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Fig. 9.

Effect of treatment of A549 cells with the studied probes for 18 h on Chk2 phosphorylation
on Thr68.

The bivariate (DNA content vs Chk2-Thr68P) distributions of the untreated cells (Ctrl) and

the cells treated in cultures with 1 pM Ho 42, 2 uM DRAQ5, 5 pM DCV and 50 nM SYTO
17 for 18 h. The mean values of Chk2-Thr68P (+SD) of G4, S and G,M cells are presented

as bar graphs (right panel: Ho-Ho 42; DRA-DRAQ5; DC-DCV; SY-SYTO 17).
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Phosphorylation of p53 on Ser 15 in A549 cells treated with the studied probes for 18 h.
The bivariate (DNA content vs p53-S15P) distributions of the untreated cells (Ctrl) and the
cells treated in cultures with 1 uM Hoechst 33 42, 2 yM DRAQ5, 5 uM DCV and 50 nM
SYTO 17 for 18 h. The mean values of p53-S15P (+SD) of G4, S and G,M cells are
presented as bar graphs (right panel: Ho-Ho 42; DRA-DRAQ5; DC-DCV; SY-SYTO 17).
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