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Abstract
Phpsphorylation of histone H2AX is a sensitive marker of DNA damage, particularly of DNA
double strand breaks. Using multiparameter cytometry we explored effects of etoposide and
temozolomide (TMZ) on three glioblastoma cell lines with different p53 status (A172, T98G,
YKG-1) and on normal human astrocytes (NHA) correlating the drug-induced phosphorylated
H2AX (γH2AX) with cell cycle phase and induction of apoptosis. Etoposide induced γH2AX in
all phases of the cell cycle in all three glioblastoma lines and led to an arrest of T98G and YKG-1
cells in S and G2/M. NHA cells were arrested in G1 with no evidence of γH2AX induction. A172
responded by rise in γH2AX throughout all phases of the cycle, arrest at the late S- to G2/M-phase,
and appearance of senescence features: induction of p53, p21WAF1/CIP1, p16INK4A and β-
galactosidase, accompanied by morphological changes typical of senescence. T98G cells showed
the presence of γH2AX in S phase with no evidence of cell cycle arrest. A modest degree of arrest
in G1 was seen in YKG-1 cells with no rise in γH2AX. While frequency of apoptotic cells in all
four TMZ-treated cell cultures was relatively low it is conceivable that the cells with extensive
DNA damage were reproductively dead. The data show that neither the status of p53 (wild-type
vs. mutated, or inhibited by pifithrin-α) nor the expression of O6-methylguanine-DNA
methyltransferase significantly affected the cell response to TMZ. Because of diversity in response
to TMZ between individual glioblastoma lines our data suggest that with better understanding of
the mechanisms, the treatment may have to be customized to individual patients.
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Introduction
Many anticancer drugs target DNA causing its DNA damage. During the past two decades,
analysis of DNA damage in individual cells has been essentially limited to a single-cell
DNA gel electrophoresis technique (‘comet’ assay), in which the extent and length of the
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comet’s tail reports the severity of DNA damage.1 In recent years, however, it become
apparent that phosphorylation of histone H2AX, one of the variants of the nucleosome core
histone H2A, can provide a reliable marker of DNA damage. Namely, DNA damage,
particularly when it involves formation of DNA double strand breaks (DSBs), induces
phosphorylation of histone H2AX on Ser-139; phosphorylated H2AX is defined as γH2AX.2

γH2AX may also be a marker of other DNA lesions including ssDNA breaks. The
phosphorylation takes place on H2AX molecules on both sides of DSBs along a megabase
length of DNA.2 DSBs generated during DNA fragmentation in the course of apoptosis also
induce γH2AX but degree of γH2AX induction in apoptotic cells is greater compared to the
primary DSBs induced by antitumor drugs or radiation.3-5 The presence of γH2AX in the
cells can be detected immunocytochemically in the form of distinct nuclear γH2AX
immunofluorescent foci and each focus is considered to correspond to a single DSB.6,7 This
immunocytochemical approach made it possible to assay DNA damage and repair in situ, in
the chromatin of individual cells.8 Compared to the comet assay, the immunocytochemical
approach is significantly more sensitive.4 The use of multiparameter flow cytometry in
measurement of γH2AX immunofluorescence enables one to correlate DNA damage with
cellular DNA content corresponding to the cell cycle phase. Determination of the cell cycle
phase targeted by the drug is of importance in elucidation of the mechanism of the
anticancer drug activity.

Glioblastomas, frequent and lethal brain tumors with a median survival shorter than 12
months, are treated with standard therapy consisting of surgical resection followed by
radiotherapy and adjuvant chemotherapy using anticancer drugs such as alkylating agents,
DNA topoisomerase inhibitors and platinum analogs. Although nimustine [1-(4-amino-2-
methyl-5-pyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea; ACNU] or carmustine [1,3-
bis(2-chloroethyl)-1-nitrosourea; BCNU] has been commonly prescribed, temozolomide
(TMZ), which shows significant efficacy combined with radiotherapy, has replaced these
nitrosoureas and is now routinely used for the treatment of glioblastoma.9 TMZ, a DNA
methylating agent, induces cytotoxicity resulting primarily from the formation of O6-
methylguanine lesions.10,11 During DNA replication, O6-methylguanine mispairs with
thymine,12 leading to activation of the mismatch repair (MMR) system. Although the MMR
system removes thymine, this base can be reinserted and futile cycles of MMR induced by
the continuous mismatches have been reported to lead to various outcomes, such as G2
arrest, cellular senescence, DNA double strand breaks (DSBs) or apoptosis.13-15 However,
detailed mechanism of anticancer activity of TMZ remains to be elucidated.

In the present study, we conducted flow cytometric bivariate analysis of γH2AX and DNA
content in glioblastoma cell lines and normal human astrocytes (NHA) treated with TMZ.
Since various path-ways that effect cell cycle progression (MGMT), the suicide DNA repair
enzyme which can remove the methyl group on the O6 position of guanine, has been shown
determine the cytotoxic effect of TMZ,18 expression of MGMT before and after treatment of
TMZ was examined as well. In addition, we carried out the same analysis after treatment
with etoposide, a DNA topoisomerase II (topo2) inhibitor. Etoposide is also being used to
treat glioblastoma and was reported to generate DSBs during the transcription.19-21 The cells
treated with etoposide thus provided a positive control to assess whether the γH2AX can be
used as marker of induction of DSBs in glioblastoma cell lines. This is the first paper that
presents analysis of DSBs induction vis-à-vis cell cycle phase in glioblastoma and NHA cell
lines after treatment with anticancer drugs.
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Results
Detection of H2AX phosphorylation and apoptosis after treatment with etoposide

Treatment with 23.5 μg/ml etoposide led dramatic changes in the bivariate (DNA content vs.
γH2AX) distributions (cytograms) of all three types of glioblastoma cell lines (Fig. 1). In
A172 cells the induction of γH2AX was seen in all phases the cell cycle by 12 h and this
pattern persisted up to 72 h. Some A172 cells underwent apoptosis by 48 h as was evident
by the presence of cells with fractional (sub-G1) DNA content. Virtually all T98G and
YKG-1 cells treated with etoposide induced high level of γH2AX through all phases of the
cell cycle by 12 h. Both cell lines demonstrated a marked S phase accumulation of cells with
γH2AX induction by 24–48 h though by 72 h the majority the remaining cells appeared to
have a G2/M phase DNA content. Apoptotic cells with sub-G1 DNA content were present by
48 h and as apoptosis gradually progressed the intensity of γH2AX induction was decreasing
concurrently with the loss of DNA content of these sub-G1 apoptotic cells.3-5

Detection of γH2AX and apoptosis and alteration of the cell cycle after treatment with TMZ
Figure 2 illustrates the response of NHA and the three glioblastoma cell lines to 100 μM
TMZ in terms of the H2AX phosphorylation and effects on the cell cycle. NHA cells
showed predominantly arrest at the G1 phase of the cell cycle, with a minor presence of G2/
M cells. Neither increase in γH2AX nor a significant increase in frequency of apoptosis was
detected following treatment of NHA cells. In A172 cells, H2AX phosphorylation was
detected in all the cell cycle phases, and the late S- to G2/M-phase arrest was evident by 72 h
after the addition of TMZ. After 120 h, nearly all of A172 cells underwent the late S- to G2/
M-phase arrest and the presence of cells with DNA ploidy higher than 2 DI was seen after
168 h and 240 h. The level of γH2AX in A172 cells remained high throughout 240 h of the
treatment. In the case of T98G cells no significant changes in the cell cycle distribution were
apparent and relatively few apoptotic cells were present throughout the treatment. Induction
of γH2AX in these cells was predominantly in the S phase, seen after 72 h and 120 h and
then declining. YKG-1 cells showed arrest at the G1 phase, most pronounced after 120 h,
with no evidence of significant H2AX phosphorylation. When after 120 h treatment with
TMZ the medium was changed to the one without TMZ the data were essentially the same
after further 120 h incubation compared to 240 h of the continuous TMZ treatment (data not
shown).

Treatments with 12.5 μM TMZ of all 4 cell lines showed the same response compared to
those treated with 100 μM TMZ (data not shown).

Inhibition of p53 function
To determine whether p53 would be involved in the cellular response to TMZ, we studied
the effect of the p53 inhibitor pifithrin-α on the treatment with TMZ.23,24 The cells were
pretreated with 50 μM pifithrin-α for 1 h before the exposure to TMZ. Among the four types
of cells, it is known that T98G and YKG-1 have mutant p53, whereas NHA and A172 cells
have wild-type p53.25,26 The pretreatment with 50 μM pifithrin-α followed by the exposure
to TMZ caused no significant alteration in the bivariate distributions of γH2AX vs. DNA
compared with those obtained after the treatment with TMZ only, in both NHA and A172
cells (data not shown).

Expression of the cell cycle-related proteins and MGMT after treatment with TMZ.
Subsequently, we examined the expression of cell cycle related proteins, p53, p21WAF1/CIP1,
p16INK4A, p27KIP1 and cyclin E, and a checkpoint protein kinase 2 (Chk2), since those
proteins are known to regulate cell cycle progression or are considered to be involved in the
cellular response during DNA repair.16,17,27 A172 cells, especially in S and G2/M showed
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nearly a doubling in expression of p53, p21WAF1/CIP1 and p16INK4A after the treatment with
TMZ for 120 h (Fig. 3). On the other hand the expression of these proteins was essentially
unchanged in NHA and YKG-1 cells (not shown). However, the level of p53 and p16INK4A

in T98G cells was lowered after treatment with TMZ (not shown). Expression of p27KIP1,
cyclin E and Chk2 did not change after the treatment with TMZ for 120 h in any of the 4
types of cells (data not shown). Low levels of MGMT were detected throughout the cell
cycle in all 4 cell lines in the absence of exposure to TMZ. The expression levels among the
4 types of cells were similar. Treatment with TMZ for 48 h did not alter the expression of
MGMT in any of the 4 cell types examined (data not shown).

Detection of senescence-associated β-galactosidase after treatment with TMZ
Because A172 cells showed increased expression in p53, p21WAF1/CIP1 and p16INK4A,
known to be correlated with senescence,28-30 we examined the expression of senescence-
associated β-galactosidase in the glioblastoma cells. The three lines without TMZ treatment
showed less than 5% of positivity for senescence-associated β-galactosidase. After the
treatment with 100 μM TMZ for 168 h, 70% of A172 cells were positive for senescence-
associated β-galactosidase, whereas 20% of T98G and YKG-1 cells respectively were
positive (Fig. 4). Morphologically, the nuclei of A172 cells showed enlargement and
lobulation and the cytoplasm enlarged and flattened, which were consistent with those
morphological changes seen in senescence,31 whereas T98G and YKG-1 did not alter their
shape.

Discussion
The induction γH2AX by etoposide or TMZ, which was presently measured in relation to
the cell cycle phase by cytometry, and visualized on cell images as the presence of
immunofluorescent foci, in all probability represents the induction of DNA damage
involving formation of DSBs. Because many papers used concentrations of etoposide and
TMZ, 23.5 μg/ml and 100 μM respectively, we also studied the drug effects with the same
concentrations. However Zhou et al. showed that intratumoral TMZ concentration reached
12.5 μM, then we also used 12.5 μM TMZ and demonstrated the same effect compared with
100 μM TMZ.32 The presence of DSBs in the cells treated with etoposide in all phases of
the cell cycle (Fig. 1) is consistent with the published mechanism of topo2 inhibitors action
namely the induction of DSB during both the transcription as well as DNA replication.20,21

This is in contrast to the results obtained with topoisomerase I inhibitors which generate
DSBs predominantly during DNA replication.33,34 It should be noted however that the
response of T98G and YKG-1 cells to etoposide was distinctly different than A172 cells.
The former two cell lines showed perturbed progression through S phase and after 48 h
essentially all cells were arrested in S phase where they demonstrated high level of γH2AX
induction. In contrast, the A172 cells had distinct populations of G1 and G2/M cells inducing
γH2AX even after 72 h of the treatment and there was no evidence of cell arrest in S phase.
It is likely that as a result of the presence of wt p53 in A172 cells the initial induction of
DNA damage by etoposide triggered p53 mediated upregulation of p21WAF1/CIP1 that led to
their G1 arrest thereby preventing progression through S. No such arrest was apparent in the
T98G and YKG-1 cell having mutated p53. The observed induction of apoptosis most likely
was a consequence of extensive DNA damage as revealed by the formation of primary
DSBs in all three glioblastoma cell lines treated with etoposide.

In the present study, treatment with TMZ led to different effects in each among the four cell
lines studied. NHA responded by cell arrest in G1 with no evidence of induction of H2AX
phosphorylation. The A172 cells were not blocked in G1 but slowly progressed through S,
accumulated at the late S to G2/M phase (120–168 h), and then were entering higher DNA
ploidy (240 h). Interestingly, these A172 cells were ultimately undergoing senescence as
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evident by positivity for p53, p16INK4A, p21WAF1/CIP1, expression of senescence-associated
β-galactosidase and morphological changes typical of senescing cells. The present study is
thus the first to demonstrate that senescence-like changes, likely mediated by induction of
DNA damage, do occur in glioblastoma cells treated with TMZ. It is of interest to note that
the damage to DNA in A172 cell induced by etoposide (formation of “cleavable complexes”
leading to DSBs; refs. 19-21) triggered their arrest in G1 preventing progression through S
(Fig. 1) while the damage by TMZ (DNA alkylation) did not stop them from S-phase
traverse and in fact led to further accumulation of the damage and to senescence. The
induction of p21WAF1/CIP1 by TMZ in A172 cells, thus, was a sign of their senescence rather
that a marker of G1 arrest.

The senescence was seen only in A172 cell line among the four lines studied. Considering
the possible association of functional p53 with the senescence in A172 cells, we pretreated
NHA and A172 cells with pifithrin-α before the addition of TMZ. However pifithrin-α did
not appear to change the effects observed with TMZ alone on those two cell lines. This
observation along with the fact that TMZ had quite different effects on NHA and A172 cell
lines, both of which contain proficient wt p53,26 suggest that p53 does not seem to be the
critical factor causing the different effects of TMZ.

Although the increase in frequency of apoptotic cells was observed in all three glioblastoma
cell lines after 72 h of the treatment with TMZ, it was not clear that this mechanisms was
responsible for TMZ’s induced cytotoxicity that may account for its anticancer effects. It
should be noted that apoptosis is the transient event of variable duration and at the end of the
apoptotic process the cells undergo total disintegration and become undetectable.35 The
frequency of apoptotic cells present in cultures maintained relatively long (e.g., 240 h),
therefore, may not be a reliable marker of the rate of induction of apoptosis and thus may
not represent the cumulative number of all cells that ultimately underwent apoptosis during
this time interval.35 Therefore, it is difficult to assess to what extent the presence of DSBs
contributed to apoptosis during this rather long time period. It is likely, however, that the
cells with such extensive DNA damage as it was seen in the case of TMZ-treated A172
cells, were reproductively dead, unable to continue extended proliferation.

A fraction of T98G cells in the S phase showed the presence of DSBs as revealed by high
level of γH2AX induction after 72 h and 120 h. However, a few such cells were apparent
after 168 and 240 h. It is possible that the cells with DSBs underwent apoptosis and the new
cells entering S phase after 168 h or 240 h were more resistant to the drug. It is also possible,
although less likely, that the cells some-what recovered (repaired DSBs) by 168 h despite a
constant presence of the drug in the medium. YKG-1 cells demonstrated modest degree of
arrest in G1 without increase in DSBs. Thus, the responses of cells in terms of DSBs
induction, cell cycle perturbation and apoptosis after treatment with TMZ were quite
different for each of the cell line among the four lines studied.

The mechanism of TMZ-induced growth inhibition of glioblastoma cells are controversial.
Although Roos reported that the inhibitory effect of TMZ depends on apoptosis,15 many
reports including our results are not fully compatible with this notion. There have been
reports suggesting that induction of senescence plays a main role of growth inhibition after
TMZ treatment.13,36 Since A172 underwent senescence after the treatment with TMZ, our
data concur with the view that the growth inhibitory effect of TMZ is associated, at least in
some glioblastomas, with induction of senescence. In this case, the induction of senescence
appears to be mediated by the continuing presence of DSBs which were observed at high
intensity already after 72 h (Fig. 2).
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For further understanding of the anticancer mechanisms of TMZ, it is important to study
what determines the differences in cellular responses to the drug including cell arrest, the
extent of DSBs, and whether senescence and repair of DSBs occurs. The possible
determinants include p53 status, MGMT expression and the MMR system. Many reports
indicate that the status of p53 determines the cellular response to TMZ.13,15,37,38 However,
our results show that p53 is not the sole determinant because: (i) NHA and A172, both have
wild-type p53 yet demonstrated quite different responses, and (ii) pifithrin-α had no
significant effect on the cellular responses after the TMZ treatment.

MGMT has been known to play an important role in the cellular responses after TMZ
treatment in vitro.15,37,39 MGMT gene silencing has been shown to correlate well with
clinical outcome after TMZ treatments.40 Moreover, absence or low levels of MGMT
expression examined by immunohistochemical techniques has been associated with
favorable prognosis.41,42 Concerning MGMT, we found the same levels of MGMT
expression throughout the cell cycle, which were not altered by TMZ in any of the four cell
lines studied. Our results indicate that the expression levels of MGMT seem not to correlate
with the cellular responses after the treatment with TMZ. Although a proficient MMR
system is required for the action of TMZ, little has been known about the association of the
MMR system and efficacy of TMZ in glioblastomas.15,43,44 Further investigation is needed
in this regard.

In summary, since the cellular responses to TMZ were so diverse and cell-type dependent in
glioblastomas, further approaches have to be taken to explain the causes of these differences
and the mechanism of TMZ action on these cell types. Because of this diversity in response,
with better understanding of the mechanisms the treatment may have to be customized to
individual patients. The present report is the first to explore the anticancer effects of TMZ
focusing upon DSBs which may contribute to our understanding of the mechanisms of
action of anticancer agents.

Materials and Methods
Cell culture and drug treatment

Glioma cell lines, A172 (wt p53) and YKG-1 (mutant p53) were obtained from Health
Science Research Resources Bank, Osaka, Japan, and T98G (mutant p53) was obtained from
DS Pharma Biomedical Co., Ltd., Osaka, Japan. They were grown in dishes (Becton Drive,
Franklin Lakes, NJ) in Dulbecco’s minimum essential medium supplemented with 10% fetal
bovine serum (Cambrex Bio Science Walkersville Inc., Walkersville, MD), 100 units/ml
penicillin (Meiji Seika Kaisha, LTD., Tokyo, Japan) and 100 μg/ml streptomycin (Meiji
Seika Kaisha, LTD.,). NHA (wt 53) were obtained from Cambrex Bio Science and grown in
AGM medium (Cambrex Bio Science Walkersville Inc.,). All cell lines were maintained at
37°C in a humidified atmosphere of 5% CO2 in air. The cultures were treated with etoposide
(Sigma Chemical Co., St. Louis, MO) or TMZ (LKT Laboratories, St. Paul, MN) for
different time intervals. TMZ and etoposide were dissolved in dimethyl sufoxide (Sigma) in
advance. The effect of p53 inactivation on TMZ sensitivity was assessed by pretreatment
with 50 μM pifithrin-α (Sigma) for 1 h before the addition of TMZ.

Immunocytochemistry
Both the floating cells in the medium and the attached cells after trypsinization were
collected and fixed with 1% methanol-free formaldehyde (Polysciences Inc., Warrington,
PA) in PBS at 0°C for 15 min and post-fixed with 80% ethanol for at least 2 h at −20°C. The
fixed cells were washed twice in PBS and suspended in a 1% (w/v) solution of bovine serum
albumin (Sigma) in PBS to suppress non-specific antibody binding. The cells were then
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incubated in 100 μl of 1% BSA containing 1:100 diluted antiphospho-histone H2AX
(Ser-139) monoclonal antibody (Upstate, Lake Placid, NY, USA) for 2 h at room
temperature, washed twice with PBS and resuspended in 100 μl of 1:20 diluted FITC-
conjugated F(ab’)2 fragment of goat anti-mouse immunoglobulin (DAKO, Glostrup,
Denmark) for 30 min at room temperature in the dark. The cells were then counterstained
with 5 μl/ml propidium iodide (PI) (Sigma) in the presence of 100 μg/ml of RNase A
(Sigma) for 30 min. The expression analyses of p53 (DO-7, DAKO, Glostrup, Denmark,
1:100), p16INK4A (F-12, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 1:50),
p21WAF1/CIP1 (DCS60, Cell Signaling Technology, Inc., Danvers, MA, 1:100), p27KIP1

(SX53G8, DAKO, 1:50), cyclin E (HE12, Medical & Biological Laboratories, Co., LTD.,
Nagoya, Japan, 1:100), Chk2 [phospho-Chk2 (Thr-68), Cell Signaling Technology, 1:25]
and MGMT (MT3.1, Upstate, 1:40) were performed in the same way as γH2AX
immunostaining.

Fluorescence measurements by flow cytometry
The fluorescence of FITC (green) and PI (red) of the individual cells in suspension induced
by excitation with a 488 nm argon ion laser was measured using a FACScan flow cytometer
(Becton-Dickinson, San Jose, CA, USA). The green and red fluorescence from each cell
were separated and quantified using standard optics and CELL Quest software (Becton-
Dickinson). Ten thousand cells were measured per sample. All experiments were repeated at
least three times.

Senescence-associated β-galactosidase staining
Senescence-associated β-galactosidase staining was performed at pH 6 in cultured cells with
the senescence staining kit (Cell Signaling Technology Inc.,) following the kit
recommendations.22 The kit detects β-galactosidase activity at pH 6, which is present only in
senescent cells. Percentages of senescence-associated β-galactosidase-positive cells, which
show development of blue color in their cytoplasm, were determined for each sample using
a bright-field microscope.
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Figure 1.
Bivariate distributions (DNA content vs. γH2AX) of glioblastoma cell lines, A172, T98G
and YKG-1 treated with 23.5 μg/ml etoposide for time intervals as indicated. The solid
skewed lines indicate the upper level of γH2AX immunofluorescence for 95% of cells in the
untreated (control) culture. All the 3 types of cells demonstrate high level of γH2AX through
the cell cycle 12 h after the treatment. After 48 h, significant fraction of cells, greater in
T98G and YKG-1 than A172 cultures, undergoes apoptosis.
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Figure 2.
Bivariate distributions (DNA content vs. γH2AX) of NHA and glioblastoma cell lines,
A172, T98G and YKG-1 after treatment with 100 μM TMZ for time intervals as indicated.
The solid skewed lines indicate the upper level of γH2AX immunofluorescence for 95% of
cells in the untreated (control) culture. Note accumulation of cells in G1 and G2/M in NHA
cultures with no evidence of γH2AX induction, perturbed S- and G2/M-phase progression of
A172 cells with high level of γH2AX induction, transient (72 h-120 h) induction of γH2AX
in S phase of T98G cells, and modest degree of G1 arrest with minimal induction of γH2AX
in YKG-1 cells. Relatively small number of apoptotic cells with fractional DNA content is
apparent in cultures of all four cell lines.
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Figure 3.
Effect of TMZ on expression of p53, p21WAF1/CIP1 and p16INK4A in A172 cells in relation
to the cell cycle phase. Untreated (control) and TMZ-treated (100 μM, 120 h) cells were
immunostained for p53, p21WAF1/CIP1 and p16INK4A and their immunofluorescence was
measured in conjunction with cellular DNA content by flow cytometry. Based on
differences in cellular DNA content the cells in G1, S and G2/M were gated during analysis
and their mean immunofluorescence (+SD, estimated based on Poisson distribution) was
plotted in form of the bar-graphs (Sigma-plot).
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Figure 4.
Senescence-associated β-galactosidase staining in the glioblastoma cell lines after treatment
with 100 μM TMZ for 168 h. Blue color in the cytoplasm indicates senescence-associated β-
galactosidase. After the treatment, 70% of A172 cells were positive for senescence-
associated β-galactosidase whereas 20% of T98G and YKG-1 cells respectively were
positive. Moreover, A172 cells become enlarged and flattened. All photographs were taken
with the same magnification.
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