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Abstract

Comet assay is a useful technique in the detection of DNA damages, particularly DNA strand breaks;
and it has been utilized to show that a potent carcinogen N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG), can induce such damages. Recently, yH2AX foci formation has been suggested as another
sensitive way to detect DNA double strand breaks (DSBs). However, there is no systematic
comparison being conducted to evaluate the consistency of these two methods. Using MNNG as a
model chemical, the sensitivity of neutral comet assay and yH2AX foci formation in detecting
MNNG-induced damage was studied. It was found that at concentrations of 0.1 and 1 pg/ml, both
methods can detect MNNG-induced damage in human amnion FL cells. However, at 0.1 pug/ml,
comet assay revealed more percentage of cells with DNA damage than yH2AX fluorescence revealed.
On the other hand, while yYH2AX foci were readily formed at very early times by 10 ug/ml MNNG
treatment, neutral comet assay did not detect any significant DNA damage at the same time points.
In addition, 10 ug/ml MNNG induced a distinct whole nuclei staining pattern of yH2AX, a type of
DNA damage which was not detected by neutral comet assay but could be detected by alkaline comet
assay. Therefore, yH2AX may be used as a sensitive indicator for DNA damage.
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1. Introduction

Cancer is the second leading cause of death in developed countries, and exposure to
environmental carcinogen is a major contributing factor for the cancer epidemic. Most of the
known environmental carcinogens are genotoxins, meaning these agents cause cancer by
damaging DNA (Yang and Duerksen-Hughes, 1998; Yang and Duerksen-Hughes, 2001).
There are many types of DNA damage, including base modification which covers chemical
changes to bases altering their base pairing attributes and DNA adduction, single strand breaks
(SSBs), double strand breaks (DSBSs), intra- or inter-strand cross-links, among which DSBs
are regarded as the most severe type of damage. Comet assay, a classical method for detecting
DNA damage, is frequently used to measure DNA strand breaks in single cells. Comet assay
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can be divided into two classes: one is alkaline comet assay, in which alkaline conditions
denature DNA thereby releasing a short strand when SSB occurs; another one is neutral comet
assay, while under neutral conditions, there is no denaturation, the strands stay together and
thus only become shorter when DSBs are induced. The general concept is that neutral comet
assay may be specific for detecting DSBs in cells, while alkaline comet assay can be used to
detect SSBs and DSBs or even base modification (Crumpton and Collins, 2004). Nonetheless,
it is clear that comet assay is a powerful method for detecting DNA damages.

Recently, the relationship between DSBs and histone H2AX has been gradually recognized.
The histone H2A family comprises of many variants. There are 10 genes in human encoding
H2A1 variants, in which six are identical, and four vary in up to three of four positions. H2A2
is closely related to H2A1, with only a single amino acid change in sequence. Both are abundant
in mammalian cells and thus are the major H2A variants, and they do not have any known
differential functions. The other members, H2AX, H2AZ, macroH2AX1, macroH2AX2, and
H2A-BbD, differ considerably from H2A1 and H2A2 in sequence and are present in small
amount. However, they may have more important roles in chromatin metabolism (Pilch et al.,
2003; Redon et al., 2002; Sedelnikova et al., 2003). As one of the variants of H2A, H2AX
represents about 2-25% of total H2A (Rogakou et al., 1998). H2AX has a SQ motif with the
serine (Ser 139) four residues from C-terminus, which is highly conserved during evolution.
The serine residue in the SQ motif is phosphorylated (termed yH2AX) and yH2AX forms “foci”
in response to DSBs induced by many stimuli, including ionizing radiation (IR), replication
stresses, and cellular programmed DSBs (such as apoptosis, V(D)J recombination, and
retroviral DNA integration) (Chen et al., 2000; Daniel et al., 2004; Rogakou et al., 1998; Ward
and Chen, 2001). In an elegantly designed experiment, Rothkamm and Lobrich showed that
the number of yH2AX foci detected by immunofluorescence is quantitatively the same as DSBs
detected by pulsed-field gel electrophoresis (PFGE): first, the number of DSBs/cell was
calculated based on the results obtained from PFGE; the number of yH2AX foci/cell was also
counted; by comparison, the two numbers were strikingly close, suggesting that yH2AX may
be used as an indicator for DSBs (Rothkamm and Lobrich, 2003). Furthermore, yH2AX seems
to play an important role in the processing and repair of DSBs, which is crucial for the
maintenance of genome integrity and stability, since H2AX—/— mice exhibited radiation
sensitivity, growth retardation, immune deficiency, and infertilization in mutant males
(Bassing et al., 2002; Celeste et al., 2002). The mechanisms for the phosphorylation of H2AX
has also been investigated, and it was shown that members of the phosphatidylinositol 3-kinase
family (PI-3K) such as ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3-related),
and DNA-PK (DNA-dependent protein kinase) can phosphorylate H2AX (Stiff et al., 2004;
Wang et al., 2005; Yang et al., 2003).

Although yH2AX foci formation has been suggested as a sensitive way to detect DNA damages,
it still needs to be carefully validated before being widely applied in research or other related
areas. In addition, it is not clear how well it correlates with comet assay. The monofunctional
alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) is a potent carcinogen and
mutagen which can be found in tobacco smoke, and it is involved in the development of gastric
and colorectal cancer in both animals and humans (Yang and Duerksen-Hughes, 1998; Yang
and Duerksen-Hughes, 2001). It generally targets DNA and proteins to generate adducts, and
05-alkyl guanine adducts are the predominant mutagenic lesions due to its mispairing
properties, which can eventually lead to chromosomal aberrations, point mutations, and cell
death (Jin etal., 2004). In addition, Roser et al. have demonstrated that MNNG can also induce
DNA strand breaks by using comet assay (Roser et al., 2001). Therefore, using MNNG as the
model chemical, both neutral comet assay and immunofluorescent microscopy for yH2AX foci
formation were conducted to evaluate MNNG-induced DNA damage, and the results were
systematically compared for their consistency. As reported here, although there are some
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discrepancies between the results of yH2AX and comet assay, yH2AX still is a useful indicator
for DNA damages.

2. Materials and methods

2.1. Cell culture and treatment

Human amnion FL cells were routinely subcultured in Eagle’s Minimum Essential Medium
(EMEM) (Invitrogen, Carlsbad, CA), containing 10% newborn calf serum, 100 U/ml penicillin,
125 ug/ml streptomycin, and 0.03% glutamine. MNNG, MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide), dimethylsulfoxide (DMSO), and 4,6 diamidino-2-
phenylindole (DAPI) were purchased from Sigma (St. Louis, MO). MNNG was dissolved in
DMSO as a 100 pg/ml stock. Mouse monoclonal antibody against yH2AX was purchased from
Upstate Technology (Lake Placid, NY). FITC-conjugated goat anti-mouse 1gG and goat
blocking serum were obtained from Beijing Zhongshan Biotechnology Co., China.

2.2. Cytotoxicity assay

The cytotoxicity effects of MNNG on cells were examined by MTT test as described before
(Zhu-Ge and Yu, 2004). Briefly, cells were seeded into 96-well culture plate at a density of 1
x 104 cells/well. Twenty four hours later, the medium was discarded, and new medium
containing 0.1, 1, 5, 10, 20, 50, or 100 pg/ml of MNNG were added to respective wells. Cells
were treated for 2, 8, 24 and 48 h, respectively. At the end of each time point, 20 pl of MTT
(5 mg/ml in PBS) were added to each well. 4 h later, the solution was discarded, and 150 pl
DMSO was added to each well. After formazan was dissolved, the absorbance at 490 nm was
read on a microtiter plate reader (BioTek, Winooski, VVT). Relative survival was represented
as the absorbance of treated sample/absorbance of control group.

2.3. Immunofluorescent microscopy and quantification of yH2AX foci

Immunofluorescent microscopy was conducted basically the same as described before with
modifications (Yang et al., 2002). In short, 1 x 10° cells were seeded into 6-well culture plate
containing a glass cover slip in each well. After treatment, cells were fixed in 4%
paraformaldehyde for 15 min, washed with PBS, and permeabilized in 0.2% Triton-X 100.
After blocked with blocking serum for 1.5 h, samples were incubated with a mouse monoclonal
anti-yH2AX antibody (1:1000) for 2 h, followed with FITC-conjugated goat-anti-mouse
secondary antibody (1:500) for 1 h. To stain the nuclei, DAPI was added to the cells and
incubated for another 15 min. The cover slip was then removed from the plate and mounted
on to a glass slide, and observed with an Olympus AX70 fluorescent microscope (Olympus,
Japan).

To prevent bias in selection of cells that display foci, all the cells were counted in the field of
vision (at least 50 cells). Image Pro Plus (Media Cybernetics) was used to count the yH2AX
foci in each cell. In addition, to exclude relatively weak foci and background spots we used a
setting as a standard for quantification in all the cells selected for analysis (Daniel et al.,
2004).

2.4. Comet assay

The neutral comet assay was performed as described before with some modifications (Vaughan
et al., 1991). First, the fully frosted microscope slides were covered with 100 pl of 0.65%
normal melting point agarose and immediately covered with a coverslip. Slides were placed
on ice for 8 min to allow the agarose to solidify. Second, the coverslips were removed, and the
first agarose layer was covered with cell suspension (1 x 108 cells in 15 pl PBS were mixed
with 75 pl of 0.65% low melting point agarose). After putting the coverslip back, the slide was
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allowed to solidify on ice for 8 min. Third, another layer of agarose (75 ul of 0.65% low melting
point agarose) was added as described above. Finally, the coverslip was removed, and the slides
were immersed in the lysis buffer (2 M NaCl, 30 mM EDTA, 10 mM Tris, with 1% Triton
X-100 and 10% DMSO added just before use, pH 8.2-8.5) for 2 h at 4 °C. The slides were
removed from the lysis buffer, washed for 10 min in 0.5 X TBE, and transferred to an
electrophoresis chamber. After equilibrated in the 0.5 X TBE for 20 min, electrophoresis was
conducted at 25 V, 150 mA, for 20 min. The slides were then washed in a neutralization buffer
(0.4 M Tris, pH 7.5) for 5 min for three times. The slides were drained and stained with 1.0
ug/ml DAPI, and observed with a fluorescent microscope.

The alkaline comet assay was performed basically the same as the neutral comet assay, except
that cells were lysed in alkaline lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris base,
1% sodium lauryl sarcosinate, with 1% Triton X-100 and 10% DMSO added just before use,
pH 10) for 2 h, and electrophoresed in a high pH electrophoresis buffer (300 mM NaOH, 1
mM EDTA) at 25 V, 300 mA for 20 min.

Single cell images were captured and analyzed using a Olympus AX70 immunofluorescent
microscope (Olympus, Japan) and tail length was measure by ImagePro Plus software.

2.5. Statistical analysis

3. Results

Statistical analysis was performed with Student’s t-test. Each experiment was conducted
independently at least four times. Data are presented as mean + SD. A probability level of P
< 0.05 was considered significant.

3.1. MNNG induces the formation of yH2AX foci in FL cells

The cytotoxic effects of different concentrations of MNNG on FL cells were first examined
by MTT test at 2, 8, 24, and 48 h post-treatment. It was shown that there was a clear dose- and
time-dependent effect of MNNG on cell survival, with higher concentrations (10, 20, 50 and
100 pg/ml) exerted significant cytotoxic effects with time, while relatively lower
concentrations (5, 1, and 0.1 pg/ml) showed marginal cytotoxic effects on FL cells (Fig. 1).
Based on these results, three concentrations (10, 1, and 0.1 pug/ml) were chosen for further
analyses for yH2AX foci formation.

Fig. 2 is a representative immunofluorescent image of the microscopy analysis. It was found
that although majority of the control and DMSO-treated cells had no yH2AX foci in the nuclei,
there were still around 20% of cells contained between 1 and 10 foci, with even fewer
percentages of cells contained more than 10 foci. On the other hand, various concentrations of
MNNG all induced increases in foci formation, both in the percentage of cells containing foci
and the number of foci per cell (see below). In addition, a distinct pattern of staining, in which
the whole nucleus was stained by FITC-labeling (abbreviated as W), was also induced by
MNNG treatment, particularly at 10 pug/ml (Fig. 2).

3.2. Different concentration of MNNG treatment exhibits distinct yH2AX foci formation

kinetics

Ten minutes after MNNG treatment, most of the control, DMSO-, 0.1 and 1.0 pg/ml MNNG-
treated cells had no foci (65%, 62%, 61% and 73%, respectively), with very few cells contained
more than 30 foci/cell. However, although the majority of 10 ug/ml MNNG-treated cells had
no foci (57%), around 11% of these cells had over 30 foci/cell (Fig. 3(A)). After 30 min, more
than 25% of the 10 png/ml MNNG-treated cells had over 30 foci/cell. In addition, about 20%

of the cells showed the distinct whole nuclei staining pattern (Fig. 3(B)). At 2 h, almost all the
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cells exhibited the W staining pattern, and lasted to the end of the 48 h period examined (Fig.
3(C)—(F)). In contrast, 1 ug/ml of MNNG showed its effect on yH2AX foci formation at 30
min, with the percentage of cells containing 30 foci/cell or more increased to 20% (Fig. 3(B)).
At 2 h, cells with W staining pattern also appeared (Fig. 3(C)). The percentage of cells
containing over 30 foci/cell increased steadily, and at the end of the 48 h time frame, almost
all cells had at least 30 foci/cell (Fig. 3(D)—(F)). On the other hand, the effect of 0.1 pug/ml
MNNG on yH2AX foci formation only became evident at 2 h post-treatment, with about 19%
of the cells contained over 30 foci/cell (Fig. 3(C)). At 8 h the percentage of cells containing
30 foci/cell or more increased to 29% (Fig. 3(D)); however, 24 h later, the percentage dropped
to 18%, and at the end of the 48 h period, the distribution pattern of yH2AX foci in 0.1 pg/ml
MNNG treated cells was almost the same as control or DMSO-treated cells (Fig. 3(E)-(F)).
Taken together, these data showed that different concentrations of MNNG had distinct effects
on yH2AX foci formation.

3.3. Neutral comet assay demonstrates that MNNG induces DNA strand breaks

To confirm if MNNG indeed induced DNA strand breaks as implied by yYH2AX foci formation,
MNNG treated FL cells were further subjected neutral comet assay. As shown in Table 1, it
was found that there were about 20% of control and DMSO-treated cells had tails throughout
the 48 h period examined, with the average tail length less that 5 um long. For 0.1 pg/ml of
MNNG, there were no significant changes for neither the percentage of cells with tail nor the
length of tail at 10 and 30 min. However, 2 h later, the percentage of cells with tail jumped to
73%, with an average tail length of 10 um. This trend continued to 8 h, and then began to come
down sometime after that. At 24 h, only 29% of cells still had tail, and the average tail length
was decreased to about 5.49 + 3.98 um. At 48 h, both the percentage of cells with tail and the
average tail length were comparable to those of controls. On the contrary, although 1 pg/ml
MNNG also induced increases in both the percentage and tail length at 2 h, this trend continued
and lasted to 48 h. In sharp contrast, neutral comet assay did not show any significant changes
of 10 pg/ml MNNG treated cells at 8 h. Even more intriguing was that at 24 h, there was no
cell with the comet tail, although at 48 h, about 33% cells showed the comet tail again.

3.4. Alkaline comet assay reveals DNA strand breaks in whole nucleus staining cells

Although neutral comet assay did not detect the DSB type DNA damage in 10 ug/ml MNNG
treated cells, most of these cells had the distinct whole nucleus staining pattern with yH2AX.
These cells were further subjected to alkaline comet assay. As shown in Fig. 4, while neutral
comet assay did not detect any strand breaks by 10 ng/ml MNNG in FL cells during a 24 h
period, alkaline comet assay revealed the presence of DNA damage, probably including SSBs
(Fig. 4). Therefore, yH2AX may be a better indicator for DNA damages than neutral comet
assay under certain conditions.

4. Discussion

A sensitive method to clearly identify DNA damage would greatly enhance our ability to
understand the carcinogenesis mechanisms of many genotoxic agents. Ever since yH2AX was
first reported, it has been considered a specific indicator for DNA damages, and has been
applied in many studies to demonstrate the presence of DNA damages induced by various
chemicals, viruses or even heat shock (Bosco et al., 2004; Daniel et al., 2004; Huang et al.,
2004; Kaneko et al., 2005). In this study, we have shown that the presence of yH2AX foci
could be indicative of DNA strand breaks, which can be confirmed by comet assay.
Furthermore, at lower concentrations, it correlated well with comet assay for the general trend
of DNA damages, although quantitatively it did not. For example, at 0.1 pg/ml of MNNG, even
at its peak time, only slightly over 30% cells contained 30 foci/cell or more. At the same time

Toxicol In Vitro. Author manuscript; available in PMC 2009 October 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yuetal.

Page 6

point, neutral comet assay revealed that over 70% of cells had a tail length around 14 um (Table
1). Therefore, more detailed studies are required to examine this apparent inconsistency.

One interesting aspect we observed during this study is the whole nucleus staining of yYH2AX
in 10 pg/ml MNNG treated cells (or longer treatment with 1 ug/ml) (Figs. 2 and 3), suggesting
the presence of severe DNA damages. However, neutral comet assay showed no significant
changes of this type of cells compared to controls, which was quite intriguing. When these
cells were further subjected to alkaline comet assay, the appearance of comet tail clearly
indicated the presence of DNA damages (Fig. 4). Thus, this observation suggested that yH2AX
might detect certain type of DNA damage that neutral comet assay cannot. Even more
intriguing is the 24 h neutral comet assay result, which showed no cells with tail (Table 1).
Under light microscope observation all cells were round at this time point. Since it has been
shown previously that 10 ug/ml MNNG can induce apoptosis (Yang and Duerksen-Hughes,
2001), therefore, one possible answer is that the cells were undergoing early stages of apoptosis,
in which chromatin condensation might take place, thus the conditions used for neutral comet
assay cannot separate the DNA fragments. However, the exact reason for this phenomenon is
unknown. Also, the three concentrations of MNNG we chose here provided examples for three
different types of DNA damage responses. At lower concentration (0.1 ug/ml), MNNG first
induced the accumulation of yYH2AX, followed by the gradually decrease of yH2AX. This could
be explained by the activation of DNA repair systems, in which all the damages were processed
and successfully removed. Similarly, medium concentration of MNNG may also activate the
repair mechanisms. However, these more severe damages could not be successfully repaired,
thus leading to the accumulation of unrepaired sites. And eventually for high concentration of
MNNG, it might trigger the apoptosis mechanism instead of the repair machinery. These
hypotheses are currently being investigated in our laboratory.

Taken together, in the present study, it was found that both yH2AX foci formation and neutral
comet assay can be used to detect DNA damages using MNNG as a model chemical. In
particular, high concentration of MNNG induced a special pattern of yH2AX formation,
representing a type of DNA damage that cannot be detected by neutral comet assay but by
alkaline comet assay.
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Fig. 1. The cytotoxic effects of MNNG on FL cells
FL cells were treated with different concentrations (ug/ml) of MNNG, and MTT test was
conducted at indicated time points to measure cell viability.
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Fig. 2. MNNG induces yH2AX foci formation in FL cells

After MNNG treatment for 8 h, cells were fixed and stained with anti-yH2AX antibody, and
subjected to immunofluorescent microscopy. Shown are representative images from one of
four independent experiments. Upper panel, control; middle and lower panel, MNNG treated
cells. Blue, DAPI stain for nuclei; green, yH2AX. Notice that yH2AX all present in the nuclei.
(For interpretation of the references in color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Quantification of MNNG-induced yH2AX foci in FL cells
After various MNNG treatments (ug/ml), the fluorescent images of yH2AX were captured and
analyzed by Image-Pro software as described in Section 2. (A) 10 min, (B) 30 min, (C) 2 h,

(D) 8 h, (E) 24 h and (F) 48 h.
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Blank DMSO MNNG

Fig. 4. Alkaline comet assay reveals DNA damage induced by 10 pg/ml MNNG

Shown are representative images of alkaline comet assay of FL cells after exposure to 10 pg/
ml MNNG for 2 h. (For interpretation of the references in color in this figure legend, the reader
is referred to the web version of this article.)
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