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Loss of histone H2AX increases sensitivity of immortalized
mouse fibroblasts to the topoisomerase II inhibitor etoposide
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Abstract. In mammalian cells, the H2AX histone is rapidly
phosphorylated upon the induction of DNA double strand
breaks and promotes their repair, which is required for
preserving genomic integrity. Etoposide is an inhibitor of DNA
topoisomerase II, which causes DNA breaks and induces
H2AX phosphorylation. To elucidate whether H2AX may
affect cellular sensitivity to etoposide, we studied the response
to this agent in immortalized embryonic fibroblasts derived
from H2AX knockout mice. Clonogenic assays in cells
treated with the drug revealed a greater sensitivity of H2AX
null cells compared to wild-type cells, possibly due to the
persistence of a higher number of DNA breaks, as detected
with the comet assay. In both cell lines, etoposide induced
micronuclei formation and nuclear fragmentation; however,
in H2AX deficient cells nuclear fragmentation was observed
at a lower drug concentration. Flow cytometric analysis showed
that etoposide induced a G,/M cell cycle arrest in both cell
lines, which occurred at lower drug concentrations in H2AX
deficient cells. G,/M arrest was paralleled by an accumulation
of cyclin A and cyclin B1, suggesting that treated cells are
not able to complete cell cycle correctly and undergo cell
death. Taken together, our observations suggest that H2AX
takes part to the cellular response to etoposide and confirm
its role in the maintenance of genome stability.

Introduction

One of the earliest events upon double strand break (DSB)
induction is serine phosphorylation of the carboxy-terminal
tail of the histone variant H2AX, to form yH2AX (1-3).In a
few seconds, H2AX phosphorylation spreads along the
chromatin surrounding a DSB, covering from thousands to
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a million of bases. This chromatin modification results in a
platform for a rapid and ordered assembly of check-point and
DNA repair factors, which form multi-protein complexes
around a DSB (4). H2AX involvement in DSB response was
clearly demonstrated by the observation that mice in which
H2AX had been ablated by homologous recombination are
hypersensitive to ionizing radiation, similarly to deficient
H2AX mouse embryonic stem cells (5,6). Absence of
H2AX leads to a reduced efficiency of DSB repair upon
irradiation and to an impairment in the activation of the
DNA damage induced G,/M check-point after low y-ray
doses (5-7). In addition, H2AX deficient cells show high
levels of spontaneous chromosomal instability (5). Evidence
has also been reported that H2AX plays a role in promoting
end-joining and preventing DSBs from generating chromo-
somal breaks and translocations (8).

The epipodophyllotoxin etoposide is a drug that specifi-
cally inhibits the enzyme DNA topoisomerase II. Topo-
isomerase II, together with topoisomerase I, relieves
topological constrains generated during DNA metabolism
reactions, such as replication, transcription, chromosome
segregation and chromatin remodelling (9). To perform its
task, topoisomerase II introduces transient double strand
breaks into the DNA molecule, forming a short-lived covalent
complex with cleaved DNA (cleavable complex). Etoposide
stabilizes the cleavable complex and, preventing religation
of the broken ends, causes DSB or single strand break
formation (10). Etoposide induced DSBs are mainly repaired
through the non-homologous end-joining repair pathway
(11-14); unrepaired lesions trigger cell cycle check-point
activation, leading to the accumulation of cells in late S and
G,/M (10). Apoptotic cell death has also been observed after
exposure to etoposide (15).

Etoposide is widely used as an anticancer drug (16). A
possible strategy to improve its therapeutic efficacy could be
the identification of targets able to potentiate its toxicity.
The observation that etoposide induces phosphorylation of
H2AX (10) suggests that this histone isoform may affect
cellular sensitivity to this agent. To test this hypothesis, we
studied the response to etoposide in immortalized mouse
embryonic fibroblasts (MEFs) derived from H2AX knockout
(KO) and wild-type mice. Immortalized MEFs were obtained
by a prolonged culture propagation of primary embryonic
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fibroblasts. In fact, during culture propagation, primary MEFs
undergo crisis, during which most of the cells die and those
that survive give rise to cell lines able to divide indefinitely
(17). Since these immortal cells could better mimic the
behavior of tumor cells than primary MEFs, we chose to use
them for our study.

Materials and methods

Cell lines and culture conditions. Immortalized embryonic
fibroblasts derived from wild-type mice (IWT) and from
H2AX KO mice (IHKO) were a generous gift of André
Nussenzweig (National Institute of Health, Bethesda, MD).
Cells were grown at 37°C under an atmosphere containing
5% CO, in Dulbecco's modified Eagle's medium (DMEM,
Celbio), supplemented with 10% fetal bovine serum
(BioWhittaker), 0.1 mg/ml penicillin (EuroClone), 100 U/ml
streptomycin (EuroClone), 2 mM glutamine and 1% non-
essential amino acids (EuroClone).

Cell treatments. Twenty-four hours after seeding, cells were
treated either with 1 and 2 uM etoposide (CAS registry no.:
117091-64-2, Sigma) for 72 h, or with 1 and 10 yM etoposide
for 24 h, followed by 24-h recovery in drug-free complete
medium. Treatment with 100 pg/ml bleomycin (CAS registry
no.: 9041-93-4; Crinus) was performed for 3 h. y-ray irradiation
was done as described below.

Clonogenic assay. Sensitivity to etoposide and y-ray was
analysed by clonogenic assay. Cells (10%) were seeded in
10-cm Petri dishes, incubated with 0.5, 1, 5, 10 M etoposide
for 24 h, washed with PBS (phosphate-buffered saline) and
further grown in complete medium for 8 days, to allow
colony formation by surviving cells. To test y-ray sensitivity,
cell suspensions of 5x10° cells/ml were irradiated with 2, 4 and
6 Gy using a ®Co y-ray source at a dose rate of 1.3 Gy/min.
After irradiation, cell suspensions were diluted with complete
medium, 103 cells/10-cm Petri dish were seeded and grown
for 10 days. Untreated controls were set up in parallel.
Colonies were then fixed with 100% methanol for 10 min
and stained whit Coomassie Blue (0.1% Page Blue G-90,
50% methanol and 7.4% acetic acid). The percentage of
colonies formed at each dose, relatively to untreated cells,
was determined and used to draw survival curves. From the
curves, doses reducing cell survival and to 37% (LDs,) were
calculated.

Morphological analysis. Cells grown on coverslips (8x10*cells/
3.5-cm Petri dish) were treated with etoposide, washed with
cold PBS, fixed with 10% TCA for 10 min and dehydrated
with cold 70, 90 and 100% ethanol (3 min each). After fixation,
cells were incubated for 10 min with 0.1 zg/ml Hoechst 33258
(Sigma) in PBS in the dark, and washed 4 times for 5 min with
PBS. Coverslips were mounted on microscope slides with
Anti-fade. Slides were analysed using an Olympus IX71
microscope equipped with an objective x63; images were
acquired with a digital camera Cool SNAPg¢ (Photometrics),
using the MetaMorph acquisition software; Adobe Photoshop
5.0.2 was used as elaborating software. For each sample,
500 cells were analysed.
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Comet assay. Cells (2x10°) were grown for 24 h in 6-cm
Petri dishes, treated with etoposide, harvested on ice by
scraping in 2 ml of cold PBS, centrifuged for 3 min at 300 g
at 4°C and washed three times with cold PBS. Then, cells were
embedded in 1% (w/v) Low Melting Point (LMP) agarose
(Gibco, BRL) and immediately transferred onto glass micro-
scope slides precoated with a layer of 1% (w/v) standard
agarose (Gibco, BRL). The cells were then lysed in a solution
containing 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris-base and
1% Triton X-100 (pH 10), for 2 h at 4°C to obtain ‘nucleoids’.
Thereafter, slides were equilibrated in a horizontal electro-
phoresis tank with fresh electrophoresis buffer (0.3 M NaOH,
1 mM EDTA) for 40 min, and then electrophoresed for 30 min
at 25 V. The nucleoids were subsequently washed three times
for 5 min at 4°C each in neutralizing buffer (0.4 M Tris-HClI,
pH 7.5), and stained with 4',6-diamine-2-phenylindole
dihydrochloride (DAPI, 5 pg/ml). DAPI-stained nucleoids
were visualized using a fluorescence microscope (Nikon
Eclipse E400). Samples were analysed in a blind manner. For
each slide, 200 nucleoids were scored, classified in 5 classes
according to the relative fluorescence intensity of the tail and
assigned a score in arbitrary units on the basis of the grade
of the damage, from 0 (undamaged nucleus) to 4 (severely
damaged nucleus). The total damage score for each slide was
obtained by multiplying the number of nucleoids assigned to
each class of damage by the numeric value of the damage
grade and summing all the scores (reaching a maximum score
of 400, corresponding to 100 cells at grade 4) (18). Statistical
significance was calculated using one-tailed Student's t-test.

Flow cytometry. Cells were grown in complete medium
(1.5-2x10° cells/10-cm Petri plate) for 24 h and treated with
etoposide as described above. After treatment, cells were
trypsinized, centrifuged for 5 min at 1000 rpm at 4°C and
resuspended with cold 0.9% NaCl (10°¢ cells/ml); cold 100%
ethanol was then added to cell suspensions to a final 70%
concentration. Samples were then incubated for 30 min at
room temperature with 30 yg/ml propidium iodide (Sigma)
and 2 mg/ml RNase A (Sigma). Samples were kept overnight
at 4°C, and then analysed using an Epics XL II flow cytometer
(Coulter). Analysis was made using XL II software.

Western blot analysis. To analyse cyclin A, cyclin B1 and
poly(ADP-ribose) polymerase-1 (PARP-1) expression, control
and etoposide-treated cells (4x10°) were resuspended in
100 pl of lysis buffer (10 mM Tris-HCI, pH 7.6, 140 mM
NaCl, 0.5% Nonidet P40, 5 mM EDTA, pH 8.0) supplemented
with protease inhibitor cocktail (Sigma) and 2 mM Na;VO,.
Samples were kept in ice for 20 min and then centrifuged for
10 min at 8000 rpm at 4°C. Supernatants were recovered and
protein concentration was measured using the Bradford
reagent (Sigma). After heating at 95°C for 5 min in Laemmli
buffer (60 mM Tris-HCI, pH 6.8, 5% (3-mercaptoethanol,
2% SDS, 10% glycerol, 0.003% Bromophenol blue), 50 ug
of each sample were loaded on 10% polyacrylamide gels.
After running and transfer of proteins onto nitrocellulose,
membranes were incubated overnight with the following
mouse monoclonal primary antibodies against: cyclin A
(Sigma, diluted 1:1000); cyclin B1 (Santa Cruz, diluted
1:1000); PARP-1 (Alexis, diluted 1:1000); y-tubulin (Sigma,
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Figure 1. (A) Survival curves of IWT and IHKO cells treated with different
concentrations of etoposide. Survival values at each etoposide concentration
are the mean among the values obtained in three independent experiments.
Standard error bars are shown. (B) Survival curves of IWT and IHKO cells
treated with different doses of y-rays.

diluted 1:15000); actin (Sigma, diluted 1:10000). Then, an
HRP-conjugated anti-mouse secondary antibody (Jackson
Laboratories, diluted 1:10000) was applied for 1 h. All
antibodies were diluted in TBS (140 mM NaCl, 100 mM
Tris-HCI, pH 7.5), containing 5% skim milk and 0.1%
Tween-20. Visualization of immunoreactive bands was
achieved using a chemiluminescent substrate (Super Signal
West Pico or Dura Extended, Pierce).

Evaluation of apoptosis. PARP-1 proteolysis, which is a
hallmark of caspase activation (19), was monitored by
Western blotting in total protein extracts as above described.
For DNA ladder analysis, control and treated cells (2.5x10°)
were rinsed twice in cold PBS containing 5 mM EDTA;
genomic DNA was extracted and analysed by agarose gel
electrophoresis as previously reported (20).

Results

The absence of H2AX sensitizes cells to etoposide. To analyse
cellular sensitivity to etoposide, we evaluated survival of IWT
and THKO cells to increasing concentrations of the drug by
clonogenic assays. As shown in Fig. 1A, cell survival was
affected in a dose-dependent manner and was reduced to
greater extent in IHKO cells than in IWT cells. Etoposide
LD;; was ~0.2 uM for IHKO and ~1 yM for IWT, indicating
that cells deficient for H2AX are more sensitive to Etoposide
than wild-type cells. In Fig. 1B, survival curves to y-ray of
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IHKO and IWT cells are shown, which confirm the greater
sensitivity to ionizing radiations of H2AX KO cells relatively
to wild-type cells.

IHKO cells show a higher persistence of etoposide induced
DNA breaks than IWT cells. Given the increased sensitivity
to etoposide of H2AX deficient cells, we analysed DNA
break induction and repair in IHKO and IWT cells exposed
to etoposide. To this aim, we applied the comet assay to IWT
and THKO cells treated with 1 or 10 uM etoposide for 24 h
and to parallel samples further incubated for 24 h in drug-free
medium after the treatment. As illustrated in Fig. 2A, the
basal level of DNA breaks (0 #M etoposide) is slightly higher
in IHKO cells compared to wild-type cells, as expected on
the basis of the known genome instability characterizing
H2AX null cells (5). After 24-h treatment with 1 M or 10 uM
etoposide (white columns), a significative increase (p<0.05
and p<0.001, respectively) in the extent of the DNA damage
was observed in both cell lines compared to control cells.
After exposure to the highest etoposide concentration, the
entity of the damage was significantly higher in mutant
ITHKO cells compared to IWT cells, indicating that the
absence of H2AX renders cells more susceptible to etoposide
induced DNA damage, possibly because DNA repair is
impaired. To investigate the ability of both IWT and IHKO
cells to repair DNA breaks induced by etoposide, we per-
formed the comet assay on cells maintained in drug-free
medium for 24 h after etoposide treatment. As illustrated in
Fig. 2A (black columns), IWT showed a residual amount of
DNA breaks, which was significantly increased (p<0.05) vs.
control cells only at the highest etoposide concentration,
while, in IHKO cells, DNA breaks were significantly higher
than in control cells at both Etoposide concentrations (p<0.05
and p<0.001, after 1 and 10 yM etoposide, respectively). In
addition, at 10 uM etoposide, the residual DNA breaks
were significantly higher in IHKO compared to IWT cells
(p<0.05). After exposure to 10 uM etoposide, 74.3% of the
lesions were removed in IWT cells, while only 59.4% in
THKO cells. Taken together, these observations indicate that
H2AX null cells are impaired in the removal of etoposide
induced DNA breaks.

Etoposide induces micronuclei and nuclear fragmentation.
To study the cytological effects of etoposide, we stained IWT
and THKO cells exposed to etoposide with Hoechst 33258
and we analysed nuclear morphology. We found two main
consequences of etoposide treatment: micronuclei formation
and nuclear fragmentation. Fig. 2B shows examples of
etoposide treated IWT (panel ¢) and IHKO (panel d) cells
with micronuclei. Of note, the basal level of micronuclei
was higher in IHKO (~10%) compared to IWT cells (~2-3%),
probably because of the spontaneous genomic instability due
to the absence of H2AX (Fig. 2C and E). After treatment
with 1 uM etoposide, the percentage of cells with micronuclei
was 27.3% in IWT and 29.7% in IHKO after 24-h treatment
(indicated by the suffix t;), and ~23% in both cell lines, after
recovery in drug-free medium (indicated by the suffix t,,). In
untreated cells, almost all cells had only one micronucleus,
while in IWT and IHKO etoposide exposed cells, the
percentage of cells with more than 1 micronucleus was
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Figure 2. (A) Comet assay analysis of DNA breaks induced by etoposide in IWT and IHKO cells. The amount of DNA breaks is expressed in arbitrary units
(AU). Each value is the mean among the values obtained in three independent experiments. White columns, DNA breaks measured at the end of the 24-h
treatment; black columns, DNA breaks measured at the end of the recovery period. Standard error bars are shown; “p<0.05; “p<0.001 in comparison to
control cells (Student's t-test). (B) Cytological effects of etoposide. Cells were stained with Hoechst 33258, as described in Materials and methods; examples
of nuclei of untreated cells (panels a and b); examples of etoposide treated cells with micronuclei (panels ¢ and d) or nuclear fragmentation (panels e and f).
(C) Percentage of micronucleated cells; and (D) percentage of cells with nuclear fragmentation in IWT and IHKO cells exposed to 1 M or 10 M etoposide
for 24 h. t,, cell samples analysed at the end of the treatment; t,,, cell samples analysed after 24-h recovery in drug-free medium. Each value is the mean
among the values obtained in four independent experiments. Standard error bars are shown. (E) Percentage of micronucleated cells and (F) percentage of cells
with nuclear fragmentation in IWT and IHKO cells exposed to 1 or 2 M etoposide for 72 h.

~10 and 14%, respectively. In cells treated with the highest
etoposide concentration (10 M), the percentage of cells with
micronuclei was similar to that observed in untreated cells,
both at t, and t,, (Fig. 2C). Exposure of IWT and IHKO cells
to 1 uM etoposide for 72 h still induced micronuclei
formation in both cell lines (21.2% in IWT and 23.3% in
IHKO), while after treatment with 2 yM etoposide the

frequency of micronuclei was increased, compared to basal
levels, only in IWT cells (19%) (Fig. 2E).

The frequency of cells with nuclear fragmentation (Fig. 2B,
IWT in panel e, IHKO in panel f) is reported in Fig. 2D and F.
Cells with fragmented nuclei were absent in untreated IWT
and IHKO cells and reached the highest frequency after the
recovery time (Fig. 2D). After 24-h treatment with 1 yM



INTERNATIONAL JOURNAL OF ONCOLOGY 33: 613-621, 2008

617

A IWT IHKO
1®% S r 173 o T | g 19 450
| k sisl |4 5184 : “ $257 | 1 $26.4
( G/M73 ‘ G/M7.5 G/M 6.1 ! G/M22.1
‘ >4C 09 I >4C 09 ‘ >4C27 | >4C 44
0 | B ¥ ‘ mo
I !‘ ! i
s [' 8 3 | ! 3 |
| o . L o
_j_% == I... —— ] '—“J-...'—'—.;.E"—".:""'—.: i ‘J_ _.‘\"‘.‘..'_ ]
e als | A,3.0 1g A0 |3 h | A 2.6
I G,752 G, 78.6 G, 364 | G,39.5
: “ s12s |« J1 $9.8 4 $230 |4 $25.6
I | G/M82 | G/M6.6 [ G/M 354 ] G/M 26.2
| >4C09 |'| >4C 1.0 1 >4C2.8 >4C4.0
tumy ]| 0oy Wl
I |\ . l
| { LW {
) I J (W l J 1
—fI M -.--“..m________.. '_a_...n_,_,_,_"hn....u_.._,'r i '.Lﬂ'r_\h.-“-_
ik = 11 AL ~2 17 080
A L6 i 7. G, 8.

: \ s197 |, S15.6 : st |, F s17.2
G/M438 . G/M433 | G/M 64.3 | G/M 61.6
>4C 4. >4C5.5 '| >4C 5.6 | ‘ >4C6.0

wpmi | |l oo iJll p [ P i
, ,. : I |
VL V! oad L [ )
ST S, ST ._"‘"J.. o 'i‘*j}"d_ PR 1, ", *..'L“'.‘."""‘“.'."'T
tD t?ol tll tu
B
IWT IHKO IWT IHKO
L e — . Cyclin B1 e —
e — — —— Cycl]nA T —— —
W —— " Actin — — ——
I 2 3 4 5 ¢ 7 8 9 10 11 12
L I 1 ]
t ty

Figure 3. (A) Cell cycle distribution of IWT and IHKO cells exposed to etoposide for 24 h. t,, analysis at the end of the treatment; t,,, analysis after 24-h
recovery in drug-free medium. (B) Western blot analysis of cyclin B1 and cyclin A expression in IWT and IHKO cells exposed to etoposide for 24 h. t,,
analysis at the end of the treatment; t,,, analysis after 24-h recovery in drug-free medium. Lanes 1, 4, 7 and 10, control cells; lanes 2, 5, 8 and 11, cells
exposed to 1 uM etoposide; lanes 3, 6,9 and 12, cells exposed to 10 xM etoposide. Actin was used as internal control for protein loading.

etoposide, their level showed a small increase, greater in
IHKO cells (5.5%) than in IWT (1.5%); at this drug concen-
tration, the different response in the two cell lines became
highly evident after the recovery time: 17.7% of cells with
nuclear fragmentation in IHKO cells vs. 7.3% in IWT cells
(Fig. 2D). No substantial differences were observed in the
two cell lines after exposure to 10 yM etoposide, being the
percentage of cells with nuclear fragmentation 8.4 in IWT
and 10.6% in IHKO, just at the end of treatment, and 19.8
and 20.9% after the recovery time. In cells treated with 1 yM
and 2 uM etoposide for 72 h, the percentage of IHKO cells

with fragmented nuclei was higher than that observed in
IWT cells (14 vs. 1.4% at 1 uM, and 16.6 vs. 3.8% at 2 uM)
(Fig. 2F).

H2AX deficient cells show a more drastic cell cycle impair-
ment upon etoposide treatment. To investigate the effect of
etoposide on the cell cycle, samples treated with the drug
were analysed by flow cytometry. As illustrated in Fig. 3A,
both cell lines accumulated in the G,/M phase of cell cycle
after etoposide treatment for 24 h, but with a different dose-
response. In fact, in IHKO samples harvested immediately at
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Figure 4. Cell cycle distribution of IWT and IHKO cells exposed to
etoposide for 72 h.

the end of the treatment (t,), the fraction of cells in G,/M
reached 35.4% at the lowest concentration of etoposide (1 #M;
panel g) and 64.3% at 10 uM etoposide (panel k), while, in
IWT cells, accumulation of cells in G,/M occurred only after
exposure to the highest etoposide concentration (43.8%;
panel i). After the recovery time in the absence of the drug
(Fig. 3A, t,4), in IHKO cells, a decrease in the fraction of cells
in G,/M was observed after treatment with 1 yM etoposide
(26.2%; panel h), indicating that cells were re-entering into
the cell cycle, while a persistent accumulation in G,/M was
detected after exposure to 10 M etoposide (61.6%; panel 1).
In IWT cells exposed to the highest etoposide concentration,
the fraction of cells in G,/M remained high after the recovery
time (43.3%; panel j), while again no accumulation of cells
in G,/M was present after 1 M etoposide (panel f).

The different response to etoposide between the two cell
lines resulted even amplified when the cells were treated with
1 and 2 uM etoposide for 72 h (Fig. 4). IWT cells treated
with 1 M and 2 uM etoposide showed 11.4% (panel c) and
17.2% (panel e) of cells in the G,/M phase, respectively,
whereas in parallel IHKO samples the percentages were
40.6% (panel d) and 44.6% (panel f), respectively.

To clarify whether the effects induced by etoposide were
attributable to an impaired progression through the G,/M
phases, the levels of cyclin A and cyclin B1 were assessed by
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Western blotting. Cyclin A is necessary to S-phase progression
and S/G, transition, and is degraded at entry in mitosis (21),
while cyclin B1 levels increase from late G, to metaphase,
and it is degraded in anaphase to allow mitotic exit (22,23).
The results showed that the accumulation of cells in the
G,/M compartment was accompanied by a parallel increase
in cyclin A and B1 content, both in IWT exposed to 10 xM
etoposide (Fig. 3B, lane 3) and IHKO cells treated with both
etoposide concentrations for 24 h (Fig. 3B, lanes 5 and 6), as
well as in IHKO cells treated with the drug for 72 h (data not
shown). IHKO cells exposed to 10 uM etoposide showed
persistently high levels of cyclin A and B1 even during
recovery time (Fig. 3B, lane 12), indicating that cells were
still arrested in the G,/M compartment. In contrast, low to
undetectable levels of these cyclins were observed in IWT
cells, during recovery after drug treatment (Fig. 3B, lane 9).
Both in wild-type and H2AX KO cells exposed to 10 uM
Etoposide, the accumulation of cells in G,/M persisted also
after the recovery period in drug-free medium; however,
unexpectedly, in wild-type cells no accumulation of cyclin A
and B1 was detected. A possible explanation to this observation
is that IWT cells slowly exited mitosis and re-entered G,
phase, i.e. progressed to phases where these cyclins are
degraded or not expressed (21,22). This hypothesis is supported
by cell cycle analysis at 48-h post-treatment, showing an
increased fraction of cells in G, in IWT cells, while in
IHKO cells the extent of DNA damage heavily affected
DNA stainability, and hence cell cycle analysis (data not
shown).

Of note, flow cytometric analysis showed a detectable
fraction of cells with a DNA content >4C, which is suggestive
of polyploidization. The percentage of these cells was similar
in both cell lines after the 24-h treatment (Fig. 3A), while the
prolonged treatment caused an increase of this cell fraction
mainly in IHKO cells, where it reached ~11% vs. 4.5% in
IWT (Fig. 4). This observation is in agreement with an
impaired cell cycle progression after etoposide treatment,
induced preferentially in IHKO cells compared to IWT. DNA
profiles revealed also the presence of cells with DNA content
<2C, generally considered as cells with fragmented DNA,
as it is the case of apoptotic cells (Figs. 3A and 4). These
cells, named A,, were evident at the highest concentration
of etoposide (10 M) and mainly after 24 h of recovery;
compared to IWT (Fig. 3A, panel j), IHKO cells (Fig. 3A,
panel 1) showed a higher fraction of cells with a DNA content
<2C (7.1 vs. 4.8%). This difference was more consistent in cells
recovered after a prolonged treatment with 2 M etoposide,
being the A, values 3.6% in IWT (Fig. 4, panel e) vs. 15% in
IHKO (Fig. 4, panel f).

To explore the possibility that etoposide induced apoptosis
in our treatment conditions, we analysed two specific markers
of this death program, i.e. internucleosomal DNA fragmen-
tation and PARP-1 proteolysis. As clearly illustrated in Fig. 5A,
we did not observe DNA internucleosomal degradation either
in IWT or IHKO cells exposed to 1 and 10 M etoposide for
24 h, both at the end of the treatment (lanes 2, 3, 5 and 6) and
after the recovery period (lanes 9, 10, 12 and 13), or in cells
exposed to 1 and 2 yM etoposide for 72 h (lanes 15, 16, 18
and 19). Accordingly, we did not find PARP-1 proteolysis in
any treatment condition (Fig. 5B).
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Figure 5. (A) Gel electrophoresis analysis of DNA extracted from IWT and IHKO cells exposed to etoposide for 24 h (lanes 2-13) or for 72 h (lanes 14-19). t,,
analysis at the end of the treatment; t,4, analysis after 24-h recovery in drug-free medium; t;,, analysis after 72-h treatment. Lanes 2, 5, 8, 11, 14 and 17,

control cells; lanes 3, 6,9, 12, 15 and 18, cells exposed to 1 uM etoposide;

lanes 4, 7, 10 and 13, cells exposed to 10 uM etoposide; lanes 16 and 19, cells

exposed to 2 uM etoposide; lanes 1 and 20, molecular weight markers; lane 21, control HeLa cells; lane 22, DNA ladder in apoptotic HeLa cells. (B) Western
blot analysis of PARP-1 in IWT and IHKO cells exposed to etoposide for 24 h (lanes 1-12) or for 72 h (lanes 13-18). t,, analysis at the end of the treatment;
t,4, analysis after 24-h recovery in drug-free medium; t;,, analysis after 72-h treatment. Lanes 1,4, 7, 10, 13 and 16, control cells; lanes 2, 5,8, 11, 14 and 17,
cells exposed to 1 #M etoposide; lanes 3, 6, 9 and 12, cells exposed to 10 #M etoposide; lanes 15 and 18, cells exposed to 2 uM etoposide; lane 19, control
HeLa cells; lane 20, HeLa cells treated with 100 #M etoposide for 3 h used as positive control for PARP-1 proteolysis in apoptosis. 113 kDa, intact PARP-1;

89 kDa, proteolysed PARP-1 fragment.

Discussion

Etoposide, an inhibitor of DNA topoisomerase II, induces
DNA double strand breaks that activate H2AX phosphorylation
(10). The aim of this study was to determine whether H2AX
plays a role in the cellular response to etoposide. To this
regard, we treated H2AX KO and wild-type immortalized
MEFs with etoposide under various conditions of concen-
tration and treatment time. We have shown that survival to
etoposide is reduced in H2AX KO cells compared to wild-type.
In addition, we found both a higher level of DNA breaks in
mutant cells, as well as a reduced level of lesions repaired
during the recovery time. These observations suggest that
H2AX takes part to the repair of DNA breaks induced by

etoposide. Because there is evidence that etoposide lesions
are mainly repaired by the NHEJ mechanism (11-14), these
results indicate that H2AX is also involved in this DNA
repair pathway.

At the cytological level, etoposide induces two main
phenomena, the formation of micronuclei, which are small
nuclei associated with a nucleus of normal shape, and
nuclear fragmentation. Micronuclei can originate either from
mis-segregating chromosomes or from acentromeric chromo-
somal fragments derived from DNA DSBs, and are generally
regarded as markers of chromosomal instability (24). Cells
with nuclear fragmentation lacked a morphologically normal
nucleus, but contained several nuclear fragments of variable
size.
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Both in mutant and wild-type cells, micronuclei formation
is the main response to the lower etoposide concentration.
Despite H2AX deficient cells showed a basal level of micro-
nuclei higher than wild-type cells, in both lines the frequency
of micronuclei reached similar values. However, it should be
taken into account that, in H2AX deficient cells, the
percentage of cells with multiple micronuclei was higher
than in wild-type cells, thus suggesting that further induction
of micronuclei occurred in already micronucleated cells.

In wild-type cells, micronuclei and nuclear fragmentation
were clearly dose-dependent and appeared mutually exclusive,
being present at the lower or at the higher etoposide con-
centration, respectively. This suggests that the amount of
DNA damage induced by etoposide determines the type of
effect observed at the cytological level. In mutant cells,
etoposide induced nuclear fragmentation already at the
lowest concentration, in agreement with the increased number
of breaks observed and the reduced capacity of these cells
to repair etoposide induced DNA damage. The presence of
cells with nuclear fragmentation in mutant cells exposed to
1 uM etoposide may also contribute to explain why the
fraction of cells with micronuclei is not higher than in wild-
type cells.

The enhanced response to a low etoposide concentration
in mutant cells compared to wild-type cells was particularly
evident when cells were exposed to the drug for a prolonged
time. In fact, after 72-h exposure at 1 and 2 M etoposide, in
wild-type cells, micronuclei were induced at high frequency
and nuclear fragmentation remained low. In contrast, in mutant
cells, the lowest concentration caused the formation of both
micronuclei and nuclear fragmentation, and the highest
concentration caused mainly nuclear fragmentation.

Nuclear fragmentation can be the cytological manifestation
of mitotic death (25), which is a form of death linked to the
incapacity of cells to correctly terminate mitosis. Mitotic
death has been described in cells undergoing a G, arrest in
the cell cycle due to treatment with different types of damaging
agents (26-28), including etoposide (29). This can also be the
case in our experimental system, as shown by the results of
flow cytometric analysis.

Accumulation of etoposide treated cells in the G,/M phases
of the cell cycles was shown by flow cytometry and was
confirmed by the acccumulation of cyclin A and cyclin B.
The results obtained treating cells with the drug for 24 h
suggest that the arrest in G,/M precedes nuclear fragmentation.
In fact, both in wild-type cells exposed to 10 yM etoposide
and in H2AX deficient cells exposed to both etoposide
concentrations, accumulation of cells in G,/M was already
evident at the end of the treatment, while nuclear fragmented
cells reached the highest levels after 24-h recovery in drug-free
medium. Cells arrested in G,/M probably undergo mitotic
death being unable to complete cell cycle in the presence of
DNA damage.

In our treatment conditions, no sign of apoptosis were
detected either in wild-type or mutant cells exposed to
etoposide, confirming that different types of cell death can be
induced by the same agent, depending on the concentration
used (26).

Taken together, the results reported in this study indicate
that low etoposide concentrations cause DNA damage that
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mainly induces micronuclei formation, while at higher
concentrations of the drug, the damage causes a perturbation
of the cell cycle leading to nuclear fragmentation and cell
death. Comparison of the results obtained in wild-type and
H2AX KO cells indicate that H2AX plays a role in the cellular
response to etoposide; H2AX null cells are more sensitive to
etoposide than wild-type cells and show a cell cycle pertur-
bation at lower concentrations of the drug.

Evidence has been reported that inhibition of H2AX
expression in tumors, or treatment with peptide inhibitors of
yH2AX, can increase radiosensitivity (30,31), indicating that
H2AX can be a target to sensitize cells to radiotherapy. Our
observation that H2AX deficiency increases mitotic death
after low etoposide concentrations allows the speculation that a
block of H2AX function may be a useful tool to potentiate the
effects of chemotherapeutic agents, like etoposide.
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