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Topoisomerase	II	(Topo	II)	inhibitors	are	cell	cycle–specific	DNA-damaging	agents	and	often	correlate	with	
secondary	leukemia	with	chromosomal	translocations	involving	the	mixed-lineage leukemia/myeloid lymphoid 
leukemia	(MLL)	gene	on	chromosome	11	band	q23	(11q23).	In	spite	of	the	clinical	importance,	the	molecular	
mechanism	for	this	chromosomal	translocation	has	yet	to	be	elucidated.	In	this	study,	we	employed	2-color	
FISH	and	detected	intracellular	chromosomal	translocations	induced	by	etoposide	treatment.	Cells	such	as	
ataxia-telangiectasia	mutated–deficient	fibroblasts	and	U2OS	cells,	in	which	the	early	G2/M checkpoint	after	
treatment	with	low	concentrations	of	etoposide	has	been	lost,	executed	mitosis	with	etoposide-induced	DNA	
double-strand	breaks,	and	2-color	FISH	signals	located	on	either	side	of	the	MLL	gene	were	segregated	in	the	
postmitotic	G1	phase.	Long-term	culture	of	cells	that	had	executed	mitosis	under	etoposide	treatment	showed	
frequent	structural	abnormalities	of	chromosome	11.	These	findings	provide	convincing	evidence	for	Topo	
II	inhibitor–induced	11q23	translocation.	Our	study	also	suggests	an	important	role	of	the	early	G2/M	check-
point	in	preventing	fixation	of	chromosomal	abnormalities	and	reveals	environmental	and	genetic	risk	factors	
for	the	development	of	chromosome	11	translocations,	namely,	low	concentrations	of	Topo	II	inhibitors	and	
dysfunctional	early	G2/M	checkpoint	control.

Introduction
Interchromosomal translocations between 2 different chromo-
somes play critical roles in tumorigenesis by creating oncogenic 
fusion genes or deregulating gene expression. These cytogenetic 
aberrations are now considered to be of great importance as an ini-
tial step in tumorigenesis not only in hematological neoplasias but 
also in solid tumors (1). In spite of recent advances in our under-
standing of genomic instabilities such as microsatellite instability 
and chromosomal instability (2), little is known about the mecha-
nism that underlies chromosomal structural aberrations.

The risk of malignancy reflects a complex interplay among the 
results of exposure to exogenous carcinogenic agents, inherited 
predisposition, and chance events. Topoisomerase II (Topo II) 
inhibitor–related secondary leukemia (3–6) and infant leukemia 
(7–9) are tumors significantly associated with chromosomal trans-
locations caused by DNA-damaging agents. They are characterized 
by balanced chromosomal translocations involving the mixed- 
lineage leukemia/myeloid lymphoid leukemia (MLL) gene on chromo-
some 11 band q23 (11q23) (10). More than 30 different partner 
genes have been identified as involved in MLL gene translocations, 
and some MLL fusion genes reportedly have strong oncogenic 
effects (11–14). Topo II, which accumulates in a cell cycle–specific 
manner and peaks in the G2/M phase, forms a covalent linkage to 

both strands of the DNA helix, makes a transient double-strand 
break (DSB) in the helix, and re-ligates the cleaved DNA (15–19); 
it is essential for structural maintenance of genomic DNA in cell 
metabolism (17, 18). Agents with Topo II inhibitory activity, such 
as etoposide, doxorubicin, and mitoxantrone, maintain the DNA 
DSBs by stabilizing covalent Topo II–DNA complexes (15–17) and 
thereby exert their function as anticancer drugs. Previous studies 
using Southern hybridization showed that exposure to Topo II 
inhibitors induces DNA DSBs in the breakpoint cluster region 
(BCR) of the MLL gene that contains several Topo II affinity sites 
(20–22). These studies have suggested that Topo II inhibitors play 
an essential role in generating MLL gene rearrangement. Various 
substances contained in foods and the general environment are 
known to have Topo II inhibitory activity, and it has been hypoth-
esized that maternal exposure to Topo II inhibitors is involved in 
the development of MLL-rearranged leukemia in infants (7–9).

In normal cells, the ataxia-telangiectasia mutated/ataxia-telangi-
ectasia mutated and Rad3-related–regulated (ATM/ATR-regulated)	
DNA damage response network activates cell cycle checkpoints or 
apoptosis upon various endogenous or exogenous DNA damage 
and prevents cells from acquiring mutations (23, 24). Alternations 
of the components in this network increase the risk of cancer devel-
opment (23, 24). Etoposide-induced DNA DSBs also activate this 
network during the S-to-G2 phase, such that cells accumulate in 
G2 (25–27) or more severely damaged cells undergo apoptosis (28). 
In cells arrested in the G2 phase, sister chromatids remain paired 
by cohesin (29), and cohesins are recruited to the damaged sites (30, 
31). Thus, the undamaged sister chromatid tightly holds the etopo-
side-induced broken chromatid, supporting a coordinated repair of 
the DNA lesion. Additionally, Topo II inhibitors stabilize covalent 
Topo II–DNA complexes and keep the cleaved DNA ends adjacent 

Nonstandard	abbreviations	used: ATM, ataxia-telangiectasia mutated; BCR, break-
point cluster region; CH11C probe, chromosome 11 centromere–specific probe; DSB, 
double-strand break; g-H2AX, phospho-histone H2AX; MLL, mixed-lineage leukemia/
myeloid lymphoid leukemia; MOI, M phase override index; PI, propidium iodide; 11q23, 
chromosome 11 band q23; Topo II, topoisomerase II. 
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to each other (17). In this context, Topo II inhibitor–induced DNA 
DSBs per se are not likely to produce chromosomal translocations, 
which require a spatial dynamic movement of chromosome seg-
ments generated by DNA DSBs (32). Based on these findings, we 
hypothesize that G2/M checkpoint failure due to a defect of the 
components in the DNA damage response could lead Topo II–
induced DSBs to generate gross chromosomal translocations.

In the present study, we demonstrate that the failure of the early 
G2/M checkpoint to be activated by low concentrations of eto-
poside results in stable chromosomal aberrations, emphasizing a 
concomitant role of environmental and genetic risk factors for the 
development of chromosomal translocations.

Results
Segregation of 11q23 is not detected by 2-color FISH after etoposide treat-
ment. We first investigated whether 25 µM etoposide, which rep-
resents the mean plasma concentration in cancer patients during 
the first 6 hours after administration (22, 33), induced segregation 
of the centromeric and telomeric segments of 11q23 in BV173, a 
standard cell line commonly used for Topo II–DNA cleavage assays 
(20, 22). Cells were incubated with 25 µM etoposide for 6 hours 
and then hybridized with the 2-color FISH probes located on 
either side of the MLL gene (11q23 probes; Figure 1A). While pre-
vious studies indicated site-specific cleavage in the MLL gene using 
Southern hybridization (22), dynamic migration of the cleaved 
MLL gene in BV173 cells was minimal in FISH analyses (Figure 1B)  
(0.3% [solvent only] versus 0.7% [25 µM etoposide]; P = 0.34, Fisher’s  
exact test; n > 1,000 for each experiment).

In order to understand our contradictory findings in the context 
of cell cycle control and dynamic chromosome movements, BV173 
cells were tested for G2/M checkpoint against etoposide exposure. 
When BV173 cells were incubated with the mitotic inhibitor colce-
mid for 6 hours, about 10% of the cells entered and accumulated in 
M phase, as detected by phospho-histone H3 positivity. In contrast, 
no cells entered mitosis during simultaneous treatment with 25 µM  
etoposide and colcemid (Figure 1C), indicating that etoposide-
induced DNA damage triggers substantial G2 arrest in BV173 cells.

ATM-deficient cells are defective in early G2/M checkpoint upon eto-
poside treatment. The findings in BV173 cells (Figure 1C) led us to 
hypothesize that disruption of G2/M checkpoints may permit 
damaged cells to enter mitosis, subsequently leading to the seg-

regation of 11q23 probe signals in M or postmitotic G1 phase. 
In order to harvest cells at G2, M, and postmitotic G1 phases in 
the presence of etoposide, adherent cells in which M phase cells 
are easily enriched by shake-off were employed, even though 
MLL rearrangements have usually been observed in nonadher-
ent hematopoietic cells.

ATM-deficient cells are known to possess functional G2 and 
dysfunctional early G2/M checkpoints. ATM-deficient cells that 
have been damaged by ionizing radiation at S phase accumulate 
in the G2 phase, while they enter mitosis when DNA is damaged 
at the G2 phase (34). To confirm the cell cycle checkpoint activity 
on etoposide exposure, we compared the cell cycle distribution 
of SV-40–transformed ATM-deficient (GM05849C) and normal 
(GM00637Hmono1) skin fibroblasts in the presence of etoposide. 
In both lines, cells accumulated in the G2/M phase after treat-
ment with 1 µM etoposide for 16 hours (Figure 2A and data not 
shown for normal fibroblasts). These data indicate that 1 µM eto-
poside apparently triggered the G2 accumulation checkpoint in 
response to DNA damage, irrespective of the presence or absence 
of ATM. To analyze the early response to etoposide treatment, 
cells were incubated with etoposide together with colcemid for up 
to 3 hours and then analyzed for the percentage of M phase cells. 
During the 3-hour incubation, about 3–5% of cells in either line 
entered and accumulated in M phase in the absence of etoposide 
(Figure 2B). When normal fibroblasts were exposed to 5 or 25 µM  
etoposide, the M phase population was significantly reduced 
(Figure 2, B and C). In contrast, a significant population of 
ATM-deficient fibroblasts entered mitosis under 5 µM or 25 µM  
etoposide treatment, though the latter was less prominent (Figure 2,  
B and C). These data indicate that ATM-deficient fibroblasts are 
defective in early G2/M checkpoint control in response to etopo-
side-induced DNA damage.

ATM-deficient fibroblasts exit from M phase in the presence of etoposide. 
There is some controversy as to whether DNA damage–associated 
mitotic arrest exists or not. We addressed this question using a 
mitotic arrest assay. M phase cells of ATM-deficient fibroblasts 
were enriched to 90% purity by shake-off after treatment with 0 or 
4 µM of etoposide for 3 hours (indicated as 0 hours; Figure 2D). 
In the absence of etoposide, almost all M phase cells progressed 
to the postmitotic G1 phase during a subsequent 2 hours of incu-
bation but, even under treatment with 4 µM etoposide, 60% also 

Figure 1
Broken chromosome ends caused by etoposide treatment are 
kept adjacent in BV173 cells. (A) Schematic diagram for the loca-
tion of probes for FISH analysis. 11q23 probes are paired probes 
flanking centromeric (green) and telomeric (red) termini of the MLL 
gene. MLL probes are paired probes spanning the MLL gene with 
minimal overlap in the BCR. CH11C is specific for chromosome 11 
centromere. (B) Representative image of BV173 cell line hybrid-
ized with the 11q23 probes. Cells were treated with 25 µM etopo-
side for 6 hours. Original magnification, ×600. (C) The percentages 
of M phase BV173 cells incubated with 0 or 25 µM of etoposide 
concomitantly with colcemid for 6 hours. M phase cells were simul-
taneously stained with anti–phospho-histone H3 antibody and PI 
and were determined by flow cytometry. Dots representing M 
phase cells are enclosed within the rectangles.
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progressed to G1 (Figure 2D). These findings suggest that while 
mitotic exit is moderately delayed under treatment with 4 µM eto-
poside, a significant population of ATM-deficient fibroblasts over-
rides the M phase checkpoint in the presence of etoposide.

ATM-deficient fibroblasts execute mitosis in the presence of DNA DSBs 
induced by low concentrations of etoposide. The above-described find-
ings were validated by the M phase override assay, which enables 
direct analysis of whether G2 cells progress to the postmitotic G1 
phase. Normal fibroblasts showed a relatively low M phase over-
ride index (MOI) under treatment with 5 µM etoposide compared 
with mock treatment (Figure 2E). This was in contrast to the MOI 
of etoposide-treated ATM-deficient fibroblasts, which was approx-
imately half of that of the etoposide-free control. This difference 
was more prominent with low-dose etoposide and decreased with 
the high-dose etoposide (Figure 2F). The ATM dependence of 
these checkpoints was confirmed by experiments on the same cells 

with (GM05849-pEBSYZ5) or without (GM05849-pEBS7) ATM  
(Figure 2G). Thus, ATM-deficient fibroblasts could execute mitosis 
in the presence of low concentrations of etoposide due to a defect 
in DNA damage–induced early G2/M and M phase checkpoints.

Frequent segregation of etoposide-cleaved chromosome 11 in postmi-
totic G1 cells. The background karyotypic features of the ATM-
deficient fibroblasts were studied on metaphase spreads hybrid-
ized with a chromosome 11 centromere–specific probe (CH11C 
probe; Figure 1A) and a pair of probes spanning the MLL gene 
with minimal overlap in the BCR (MLL probes; Figure 1A).  
This cell line was found to have 4 copies of chromosome 11 as 
identified by CH11C signals, 2 of which have lost MLL signals 
(Figure 3A). 99.6% of MLL signals were associated with CH11C 
signals (n = 500), and all the centromeric and telomeric MLL 
signals were colocalized (n = 500). This cytogenetic feature was 
also confirmed by whole chromosome 11 painting together 

Figure 2
ATM-deficient fibroblasts and U2OS cells execute mitosis in the presence of low-dose etoposide. (A) DNA content as analyzed in ATM-deficient 
fibroblasts after treatment with the indicated concentrations of etoposide for 16 hours. The percentage of cells at S and G2/M phases is indicated. 
(B and C) Percentages of M phase cells as analyzed before and after exposure to etoposide together with colcemid for 3 hours in normal and 
ATM-deficient fibroblasts. (B) Representative data analyzed by flow cytometry are shown. Dots representing M phase cells are enclosed within 
the squares. (C) The relative increment of the percentage of M phase cells under etoposide treatment was calculated against that under mock 
treatment. The abscissa is logarithmic (0 is shown separately). Data in the graph represent mean ± SD of 3 separate experiments. (D) Flow cyto-
metric analysis for the M phase fraction of ATM-deficient fibroblasts. Cells were harvested soon after shake-off and incubated for an additional 
2 hours with 0 or 4 µM etoposide. (E) The MOI, calculated as described in Methods. DNA content was analyzed in the BrdU-negative fraction 
of normal and ATM-deficient fibroblasts after 1- or 5-hour treatment. (F and G) The relative MOI in the presence of etoposide calculated against 
MOI in its absence. Cells were treated with the indicated concentrations of etoposide. Data represent mean ± SD of 3 separate experiments. 
(F) Relative MOI of normal ATM-deficient fibroblasts and U2OS cells. The abscissa is logarithmic (0 is shown separately). (G) Relative MOI of 
ATM-deficient fibroblasts with (pEBSYZ5) and without (pEBS7) ATM complementation.
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with hybridization with MLL probes (n = 500; Figure 3B). Hav-
ing established these karyotypic characteristics, we extended our 
study on the ATM-deficient cells.

G2, M, and postmitotic G1 phase cells of the ATM-deficient 
fibroblast were sequentially harvested by fractionation using dou-
ble thymidine blockade and shake-off methods (Figure 3C and 
Methods). First, we counted the number of CH11C and centro-
meric 11q23 signals (Figure 1A) to confirm whether cells divided 
symmetrically when exposed to 2 µM etoposide. More than 96% of 
metaphase cells generated 4 CH11C signals, and parallel hybrid-
ization with the centromeric 11q23 probe revealed 2 replicated sig-
nals in 95% of metaphase cells either in the presence or absence of 
2 µM etoposide, compatible with the original cytogenetic features. 
The majority of postmitotic G1 cells also showed 4 CH11C sig-
nals and 2 centromeric 11q23 signals in the absence of etoposide. 
These findings were in contrast to those in postmitotic G1 cells 
treated with etoposide, 30% of which manifested gain or loss of 
centromeric 11q23 signals (Figure 3D) in spite of the fact that 92% 
of these cells had 4 CH11C signals (Figure 3E). These observations 
indicate that etoposide induces DNA DSBs on chromosome 11 

between the centromere and the cen-
tromeric terminus of band q23, and 
while the centromeric segments seg-
regate symmetrically through mitosis, 
the telomeric segments result in asym-
metrical distribution in daughter cells. 
When treated with 2 µM etoposide, 
micronuclei were occasionally seen 
in the postmitotic G1-rich fraction. 
Centromeric 11q23 signal lacking 
CH11C signal was observed in 8% of 
micronuclei (P < 0.0001, Fisher’s exact 
test; n = 250; Figure 3F). This finding 
is compatible with the interpretation 
that cleaved chromosomal fragments 
persist in M phase and telomeric seg-
ments of cleaved chromosomes dis-
tribute at random in micronuclei.

Splitting of the 11q23 signals in etopo-
side-treated postmitotic G1 cells. We next 
focused on the MLL gene locus of eto-
poside-treated ATM-deficient fibro-
blasts using 11q23 probes (Figure 1A). 
The cell cycle profile was determined 
based on the size of the nuclei, chro-
matin condensation, and probe signal 
localization (Figure 4, A and B). When 
ATM-deficient fibroblasts were cul-
tured without etoposide, dissociation 
of centromeric (green) and telomeric 
(red) FISH signals was rarely seen in the 
G2 (Figure 4A), metaphase (Figure 4B),  
postmitotic G1, or premitotic G1 cells. 
When they were incubated with 2 or  
4 µM etoposide, postmitotic G1 phase 
cells (Figure 4C) and metaphase cells 
(Figure 4D) showed frequent dissocia-
tion of the centromeric and telomeric 
11q23 signals, though much less 
prominently in the latter (Table 1 and  

Figure 4E). In contrast, only a few cells remaining in the G2 or 
premitotic G1 phase during etoposide exposure showed split sig-
nals (Table 1). These results indicate that ATM-deficient fibroblasts 
acquire chromosomal segregation at 11q23 while undergoing cell 
cycle progression from the G2 to the postmitotic G1 phase in the 
presence of etoposide. Cleavage of the MLL gene in ATM-deficient 
fibroblasts was more directly confirmed in etoposide-treated post-
mitotic G1 cells using MLL probes (split signal–positive cells were 
present at 10.7% [2 µM] versus 2.4% [0 µM]; P < 0.0001, Fisher’s 
exact test; n > 300 cells for each; Figure 1A).

The 11q23 locus also segregates in U2OS cells. The U2OS osteosarco-
ma cell line has a high MOI under low-dose etoposide treatment in 
spite of normal function of ATM as analyzed by ionizing irradia-
tion–induced phosphorylation of p53 Ser15 (35) (Figure 2F). Accord-
ingly, U2OS cells were analyzed for split MLL probe signals in the 
same manner as were ATM-deficient cells (described above) and were 
found to have an increased frequency of split MLL signals in the eto-
poside-treated postmitotic G1–rich fraction (Table 2). These observa-
tions indicate that segregation of chromosomal breaks on 11q23 is 
in general attributable to the early G2/M checkpoint defect.

Figure 3
FISH analysis for chromosome 11. (A) Representative image of metaphase ATM-deficient fibro-
blasts hybridized with the CH11C probe (green) and MLL probes (green and red overlap). Chro-
mosomes were stained by DAPI. The arrows indicate overlapping MLL signals. (B) Representative 
image of metaphase ATM-deficient fibroblasts hybridized with probes for whole chromosome 11 
(red) and MLL (green and red overlap). (C) Flow diagram of the cell fractionation procedure. (D) 
Etoposide-treated postmitotic G1 phase ATM-deficient fibroblasts with 1 (upper panel) and 3 (lower 
panel) centromeric 11q23 signals. (E) Proportion of metaphase and postmitotic G1 phase cells 
with gain (red) and loss (blue) of CH11C (left) or centromeric 11q23 (right) probe signals. n > 250 
for each. *Odds ratio (OR) for etoposide treatment. **P = 0.77 and †P < 0.0001, differences in OR 
between postmitotic G1 and metaphase cells when cells were hybridized with CH11C and centro-
meric 11q23 probes, respectively (P for interaction term of cell cycle phase × treatment by a logis-
tic regression model). (F) Micronuclei containing centromeric 11q23 signals (arrows). Cells were 
hybridized with centromeric 11q23 probes. Original magnification of FISH images, ×600.
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DNA DSBs remaining unrepaired shortly after mitosis rejoin in the 
postmitotic G1 phase. Phospho-histone H2AX (g-H2AX) was sequen-
tially monitored to determine the amount of DNA DSBs (36) in 
postmitotic G1 ATM-deficient fibroblasts. The M-rich fraction 
harvested following 4 µM etoposide treatment was reincubated 
with etoposide for 30 minutes to allow progression into the 
postmitotic G1 phase. They were then released from etoposide 
(Figure 5, B–D). Postmitotic G1 cells with 2N DNA content and 
cells remaining in mitosis with 4N DNA content stained strongly 
for g-H2AX at time 0 (Figure 5A). In contrast, after 30 minutes 
etoposide treatment, cells previously synchronized at G1 (premi-
totic G1; Figure 3C) failed to increase g-H2AX (Figure 5A). These 
data suggest that considerable amounts of DSBs in etoposide-
treated postmitotic G1 cells were induced during the G2 and/or 
M phase and that these DSBs remained unrepaired shortly after 
mitosis. The high intensity of g-H2AX staining in postmitotic 
G1 cells persisted for up to 30 minutes after removal of etopo-
side but started to decline from 90 minutes and reached the 
background level 210 minutes thereafter (Figure 5B). Reduced 
g-H2AX staining was not due to death of the g-H2AX–positive 
population, according to the results of subdiploid DNA content 
analysis for detection of apoptotic cells (Figure 5C). The neutral 
comet assay, another method for measuring cellular DNA DSBs, 
showed a significant comet tail moment in cells treated with  
4 µM etoposide at time 0, but this disappeared by 210 minutes. 
(Figure 5D). These results are compatible with the interpreta-
tion that broken DNAs, including segregated chromosomes, are 
repaired while progressing through M to postmitotic G1 phases, 
leading to the formation of chromosomal translocations.

Postmitotic G1 cells have the ability to prolif-
erate but are selected for stably growing clones. 
Incorporation of BrdU by postmitotic G1 
cells of ATM-deficient fibroblasts was mea-
sured at 24 hours. Flow cytometry showed 
that about 60% of the cells had incorporated 
BrdU whether or not they had been preincu-
bated with etoposide (Figure 5E), and that 
this was blocked by addition of excess thy-
midine. These data indicate that postmitotic 
G1 ATM-deficient fibroblasts with etopo-
side-induced DNA DSBs nonetheless subse-
quently entered the cell cycle.

We next asked whether these postmi-
totic G1 cells could undertake multiple 
rounds of cell division. We replated the 
ATM-deficient fibroblasts 2 or 8 days after 
mitosis under 1 µM etoposide and then 
counted the number of cells constitut-
ing individual colonies in each assay. Cells 
replated on day 2 formed predominantly 
small colonies, more than 60% of which 
consisted of only a few cells (Figure 5F).  
This result is not consistent with data from 
the BrdU experiments described above, but 
rather indicates that the majority of etopo-
side-treated postmitotic G1 ATM-deficient 
fibroblasts either stop proliferating or die 
after only a couple of initial cell cycles. In 
contrast, cells replated on day 8 formed 
large colonies comparable to those subjected 

to mock treatment (Figure 5F). Together, these findings would 
suggest that many of the cells that acquire chromosomal trans-
locations rapidly die or stop proliferating. This results in the 
selection of those clones with chromosomal abnormalities that 
have the advantage of stable cell growth.

Cells with fixed chromosomal translocations survive and grow. Postmi-
totic G1 phase ATM-deficient fibroblasts were collected after treat-
ment with 1 µM etoposide (in the case of GM05849C-ME1 cells) 
or DMSO (in the case of GM05849C-MD cells) for 150 minutes. 

Figure 4
Segregation of etoposide-cleaved DNA ends. (A and B) Mock-treated ATM-deficient fibro-
blasts were hybridized with centromeric (green) and telomeric (red) 11q23 probes. (A) G1 (a 
cell with small nucleus with 2 copies of 11q23 signals) and G2 (a cell with large nucleus with 
2 sets of replicated 11q23 signals) phase cells. (B) A metaphase cell. (C and D) Segrega-
tion of 11q23 segments in 2 µM etoposide–treated ATM-deficient fibroblasts as identified by 
dissociation of centromeric and telomeric 11q23 signals. (C) Postmitotic G1 phase cells. (D) 
A metaphase cell. Original magnification of FISH images, ×600. The area enclosed by each 
rectangle is magnified in the bottom row. (E) Proportion of split 11q23 signal–positive cells 
in each fraction. All data from 3 independent experiments were combined for the analysis 
(n > 450 for each). Vertical lines indicate the 95% confidence intervals. Differences in the 
proportion of cells with dissociated signals were analyzed by Fisher’s exact test after adjust-
ment for multiple comparisons by the Bonferroni-Holm method (3 comparisons at each drug 
concentration). *P < 0.0001.

Table 1
Odds ratios of the proportion of ATM-deficient fibroblasts with 
split 11q23 probe signals according to drug exposure in each cell 
cycle phase

	 Drug	concentration
	 2	µM	vs.	0	µM	 4	µM	vs.	0	µM
Cell	cycle	 OR	 (95%	CI)	 OR	 (95%	CI)
G2 1.41 (0.24–8.49) 1.96 (0.36–10.73)
M 8.22 (1.03–66.0) 15.8 (2.07–120)
Postmitotic G1 25.4 (6.13–105)A,B,C 41.7 (10.2–171)D,E,F

Premitotic G1 2.19 (0.66–7.30) 2.66 (0.83–8.52)

Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated 
by a logistic regression model (n > 450 for each). AP = 0.30, DP = 0.013, 
difference in OR between postmitotic G1 and G2 phases; BP = 0.38,  
EP = 0.44, difference between postmitotic G1 and M phases; CP = 0.030, 
FP = 0.010, difference between postmitotic G1 and premitotic G1 phas-
es; adjusted for multiple comparisons by the Bonferroni-Holm method  
(3 comparisons in each concentration).
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Viable cells were subsequently grown without etoposide for 20 days 
through several passages. Metaphase spreads of GM05849C-ME1 
cells were hybridized with CH11C and MLL probes and the number 
of signals counted. Although the majority of GM05849C-ME1 cells 
yielded 4 CH11C signals as seen in GM05849C-MD cells (Figure 6,  
B and C), they showed frequent gain or loss of MLL signals (Figure 6,  
C and D). This was in contrast to GM05849C-MD cells, which 
showed almost no gain or loss of the MLL signals (Figure 6, B and D).  
The effect of etoposide treatment on the number of MLL signals 
but not CH11C signals was statistically significant (Figure 6D). 
These results were consistent with the analyses undertaken soon 
after mitosis in the presence of etoposide (Figure 3E). We next 
focused on the MLL signal–positive chromosomes and counted 
those with or without CH11C signals. Notably, 5.5% of MLL sig-
nal–positive chromosomes had lost CH11C signals (Figure 6,  
E and F) in GM05849C-ME1 cells. In contrast, GM05849C-MD 
and long-term-cultured cells (GM05849C-AE1 and-AD) that had 
been exposed to 1 µM etoposide or DMSO for 150 minutes under 
asynchronous conditions (Figure 6A) showed no loss of CH11C 
signals in MLL signal–positive chromosomes (Figure 6F). Similar 
results were obtained when cells were simultaneously hybridized 
with a chromosome 11 painting probe and with MLL probes. 
The translocation of chromosome 11 including the MLL locus 
to another chromosome (Figure 6G) was frequently observed in 
GM05849C-ME1 cells (2.4% versus 0.4% in GM05849C-MD cells; 
P = 0.004, Fisher’s exact test; n = 500 for each). Finally, metaphase 
spreads were hybridized with overlapping MLL probes to focus 
on the MLL gene rearrangement. MLL gene translocation (2/700;  
Figure 6H) and MLL tandem gene duplications (3/700; Figure 6I) 
were occasionally seen in GM05849C-ME1 but not in GM05849C-
MD cells (0/700). These observations imply that a fraction of cells 
that acquired chromosomal translocations survived and could 
grow. In these selected cells, chromosome 11 abnormality was one 
of the prominent karyotypic features.

Discussion
Taking advantage of cells with early G2/M checkpoint failure, we 
demonstrated that etoposide induced chromosomal translocations 
in cycling cells. In ATM-deficient fibroblasts, etoposide-induced 
DNA DSBs on chromosome 11 were visualized as chromosomal 
aberrations in the postmitotic G1 phase (Figures 3E and 4E and 

Table 1), but DNA DSBs on 11q23 were kept 
adjacent in the premitotic G1 and G2 cells  
(Figure 4E). A fraction of cells, which acquired 
chromosomal translocations during the G2 
to postmitotic G1 phases, retained sufficient 
functional integrity for continued proliferation, 
which results in a selection of stable chromosome 
11 translocations, as observed in long-term cul-
tures (Figures 5F and 6). In light of the existence 
of 11q23 segments in micronuclei without cen-
tromeric regions as well as persistent DNA DSBs 
throughout the mitosis in the presence of etopo-
side, we favor for the idea that the chromosomal 
breaks persist during M phase and translocation 
is completed in postmitotic G1 phase. Our assay, 
however, does not exclude the possibility that 
some of the translocations have been generated 
during G2 as a concomitant rare event, and this 
will be an issue for future investigation.

The G2/M checkpoint prevents cells from initiating mitosis 
when they are damaged during G2 phase (early G2/M checkpoint) 
or when they progress into G2 with unrepaired damage inflicted 
during previous S or G1 phases (G2 accumulation). Of these 2 
distinct G2/M checkpoints, ATM is reportedly responsible only 
for the early G2/M checkpoint after irradiation (34). Here, we 
demonstrated that ATM was also responsible for the early G2/M 
checkpoint following exposure to low-dose etoposide (Figure 2B). 
Although the early G2/M checkpoint is reportedly dose indepen-
dent when triggered by ionizing radiation (34), it was clearly dose 
dependent for etoposide exposure (Figure 2, B, C, F, and G).

Our findings would predict that an inherent dysfunction of the 
cell cycle checkpoint is 1 of the conceivable risk factors in MLL-
rearranged leukemia. Although familial clustering is not seen 
and no predisposing constitutional alleles have been identified in 
these cases (37), it was noted that 2 young children diagnosed with 
MLL-rearranged leukemia were reported to have a constitutional 
dysfunction of ATM, and 1 of them had a heterozygous germline 
missense mutation with dominant negative effect (35). The bio-
logical significance of germline missense changes of the ATM gene 
has also been demonstrated in breast cancer patients (38). In an 
animal model, mice heterozygous for the mutation, an in-frame 
deletion that was previously found to cause ataxia-telangiectasia 
in humans, are predisposed to various cancers (39). Although we 
mainly focused on ATM deficiency in this report, the analysis using 
the U2OS cell line (Table 2) implies that dysfunction of any other 
genes critical for the early G2/M checkpoint pathway could act as a 
predisposing condition for acquiring chromosome translocations.

In ATM-deficient cells, treatment with a high concentration of 
etoposide results in activation of the early G2/M checkpoint, and 
cells accumulate in G2 (Figure 2F). A large number of DNA DSBs 
caused by higher concentrations of etoposide may trigger addi-
tional DNA damage responses other than ATM, either leading to 
direct apoptosis or G2 arrest even in ATM-deficient cells. Based 
on these findings, a few chromosomal breaks induced by low-dose 
Topo II inhibitors could conceivably act as initiators of chromo-
somal translocations. This is consistent with the cytogenetic fea-
tures of infant and secondary leukemias characterized by a recipro-
cal chromosomal translocation and are also supported by several 
epidemiological studies (7, 8). When Topo II inhibitors are used at 
high doses either intravenously or in the diet, it is still possible that 

Table 2
Percentages and ORs of U2OS cells with split MLL signals according to drug expo-
sure in each fraction

	 Drug	concentration
	 0	µM	 2	µM
Fraction	 Positive	(%)	 (95%	CI)	 Positive	(%)	 (95%	CI)	 OR	 (95%	CI)
G2 1.33 (0.36–3.38) 1.67 (0.54–3.85) 1.25 (0.33–4.72)
M 0.67 (0.08–2.39) 2.67 (1.16–5.19) 4.08 (0.86–19.4)
Postmitotic G1 0.67 (0.08–2.39)A 11.67 (8.26–15.85)B 19.7 (4.69–82.6)C,D

A total of 300 cells was counted (150 cells per batch × 2 batches) in each fraction. The exact 
95% CIs are indicated for percentage values. Differences in the proportion of cells with split 
signals between fractions were analyzed by Fisher’s exact test with adjustment for multiple 
comparisons (2 comparisons in each drug concentration) by the Bonferroni-Holm method. 
ORs and 95% CIs are estimated by a logistic regression model. AP = 1.0, BP < 0.0001, postmi-
totic G1 versus G2 and M phases; CP = 0.011, difference in OR between postmitotic G1 and 
G2 phases; DP = 0.15, difference in OR between postmitotic G1 and M phases; adjusted for 
multiple comparisons (2 comparisons) by the Bonferroni-Holm method.
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cells are temporarily exposed to a lower concentration of the agent 
before or after the maximum concentration is achieved. Mitosis 
may take just an hour and could be completed during the period 
in which plasma concentration of Topo II inhibitor remains at a 
low level. Together with clinical data, where the cumulative dose 
of epipodophyllotoxin does not seem to be of primary importance 
in determining the risk of secondary leukemia (6), our findings are 
compatible with the interpretation that a limited window of Topo II  
inhibitor concentration triggers chromosomal translocations.

Our data also indicate that etoposide-induced chromosomal 
translocations are not restricted to the MLL locus and would be 
induced on any other loci on chromosome 11. This is not unex-
pected given the function of Topo II (17). Topo II inhibitors have 
been reported to cause secondary leukemia with chromosomal 

translocations involving genes other than MLL, such as t(8;21), 
t(15;17), t(9;22), t(11;20), and others (40–42). Recently, mito-
xantrone-related acute promyelocytic leukemia with the t(15;17) 
translocation was reported to be 1 of the most frequent secondary 
cancers that arise after breast cancer treatment (43–45). In vitro 
Topo II–DNA cleavage assays also revealed that mitoxantrone 
cleaves the PML gene at the cryptic Topo II–sensitive site (46). It is 
not known how the specificity of chromosomal translocations is 
determined, but it would involve a complex interplay among types 
of Topo II inhibitor, additional anticancer drugs, or environmen-
tal stress and degree of active cycling of tissue-specific target cells. 
In cells with acquired chromosomal abnormalities, the clone(s) 
with a growth advantage will be selected depending on the trans-
location and fusion of the critical genes transcribed in tissue- and 

Figure 5
DNA DSBs are repaired in the postmitotic G1 phase. (A) Flow cytometric analysis for g-H2AX and DNA content. Cells were analyzed in mock- or 
4 µM etoposide–treated postmitotic G1-rich and premitotic G1-rich fractions. The percentages of g-H2AX–positive cells and geometric mean 
values of g-H2AX intensity of G1 phase cells are indicated. (B) Sequential analysis of g-H2AX intensity of postmitotic G1 cells. (C) DNA contents 
of the postmitotic G1-rich fraction at various recovery time points. Apoptotic cell population as identified by subdiploid DNA contents showed no 
significant difference. (D) Neutral comet assay for mock- or 4 µM etoposide–treated postmitotic G1-rich fraction at time 0 or 210 minutes after 
recovery. Relative tail moment (1 = the average of the tail moment of untreated cells at 0 minutes) was calculated, and data are shown in the 
box-and-whisker plot (n = 70 for each). Outliers are indicated as dots. The ordinate is a square-root scale. *P < 0.0001 for overall homogeneity 
by the Kruskal-Wallis test; P values are adjusted for multiple comparisons by the Bonferroni-Holm method. (E) BrdU incorporation of postmitotic 
G1 cells. Cells were pretreated with the indicated concentrations of etoposide. Filled histograms, cells incubated without blocking by thymidine; 
open histograms, cells incubated with blocking by excess thymidine. Percentages of BrdU-positive cells are indicated. (F) Distribution of colony-
forming cells replated on days 2 and 8. One hundred randomly selected colonies were classified into 1 of 3 groups by the number of cells con-
stituting the individual colonies. Percent of colonies composed of various cell numbers is shown on the y axis. The data represent mean ± SD  
of 3 separate experiments.
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differentiation-specific manners. Cells thus selected would eventu-
ally progress to malignant tumors by acquiring additional critical 
mutations. In this context it should be noted that the hematopoi-
etic system involves cycling precursor cells where the MLL gene is 
actively transcribed, which underscores a pivotal role of MLL trans-
location for leukemogenesis (11–14).

Together, our findings emphasize the important role of the G2/M  
checkpoints in preventing chromosome aberrations and predict a 
possible intrinsic genetic background predisposing to etoposide-
induced chromosomal structural abnormalities. Further genetic 
analysis of patients with infant leukemia and secondary leukemia 
should provide new insights into how and why these leukemias arise 
under the complex interplay of host and environmental risk factors.

Methods
Cells. GM00637Hmono1 cells (normal fibroblasts) were subcloned from 
GM00637H. GM05849C cells (ATM-deficient fibroblasts) and GM00637H 
cells were obtained from Coriell Cell Repositories (Coriell Institute for 
Medical Research). The osteosarcoma cell line U2OS was obtained from the 
Health Science Research Resources Bank. GM05849C, GM00637Hmono1, 

and U2OS cells were cultured in DMEM supplemented with 10% FBS. 
Philadelphia chromosome–positive acute leukemia cell line BV173 was 
cultured in RPMI supplemented with 10% FBS. GM05849-pEBYZ5 and 
GM05849-pEBS7 cells were obtained as reported previously (47).

G2/M accumulation assay, early G2/M checkpoint assay, mitotic arrest assay, and 
M phase override assay. For G2/M accumulation assays, cells were exposed to 
various concentrations of etoposide (Sigma-Aldrich) for 16 hours. Cells were 
fixed with 70% ethanol and treated with RNase (QIAGEN) and propidium 
iodide (PI) (Sigma-Aldrich), and then more than 10,000 cells were analyzed 
by flow cytometry (BD). Cell cycle distribution was analyzed using ModFit 
LT (BD). For the early G2/M checkpoint assay, cells were incubated with 
different concentrations of etoposide in the presence of 25 ng/ml colcemid 
(Sigma-Aldrich) for 3 hours. For the mitotic arrest assay, M phase cells were 
purified by shake-off after treatment with etoposide or DMSO (Sigma-
Aldrich) for 3 hours and reincubated on collagen-coated dishes for 2 hours 
with or without etoposide, respectively. The cells were harvested and fixed 
with 0.34% formaldehyde and then permeabilized with 90% methanol. Cells 
were stained with phospho-histone H3 monoclonal antibody (Cell Signaling 
Technology), followed by FITC-conjugated anti-mouse secondary antibody 
(Jackson ImmunoResearch Laboratories Inc.) and PI staining, and then more 

Figure 6
Chromosomal aberrations in a mixture of stable clones of ATM-deficient fibroblasts, which had executed mitosis under etoposide treatment. (A) 
Flow diagram for long-term culture procedure. (B, C, and E) Metaphase spreads hybridized with the CH11C probe (green) and MLL probes (green 
and red overlap). (B) One GM05849C-MD cell showing 4 CH11C signals and 2 pairs of MLL signals. (C) One GM05849C-ME1 cell showing 4 
CH11C signals with only 1 of them bearing MLL signals. (D) Proportion of cells with gain and loss of CH11C or MLL signals. n = 300 for each. 
*OR for etoposide treatment. **P = 0.0002, difference in OR for interaction term of probe × treatment by a logistic regression model. (E) One 
GM05849C-ME1 cell with the MLL gene translocated to another chromosome. The inset is a magnified image of the enclosed area. (F) Percent 
of chromosomes negative for CH11C signal among those positive for MLL signals. Data were analyzed by multiple logistic regression. n = 400 for 
each. †P = 0.028 for interaction term of etoposide treatment × mitotic progression. Neither of the pairwise comparisons for etoposide treatment 
in asynchronous cells nor for mitotic progression in etoposide-untreated cells was statistically significant (P = 1.0). (G) Representative image of 
chromosome 11 translocation (arrow) in GM05849C-ME1 cells hybridized with chromosome 11 painting (red) and MLL probes (green and red 
overlap). (H and I) Abnormal MLL gene configuration. GM05849C-ME1 cells were hybridized with MLL probes. Chromosomal translocation of 
MLL BCR (H) and tandem duplication of the MLL gene (I). Original magnification for FISH images, ×600.
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than 10,000 cells were analyzed by flow cytometry. For the M phase override 
assay, the cells were synchronized at the G1/S border by double thymidine 
block using 2.5 mM thymidine (MP Biomedicals LLC) and then released. 
At the time point when the cells accumulated at late S/G2 phase, they were 
labeled with 10 µM BrdU (BD Biosciences — Pharmingen) for 60 minutes 
and then washed and incubated with different concentrations of etoposide 
for 1 or 5 hours. At the indicated time points, the cells were harvested, fixed, 
and stained with FITC-conjugated anti-BrdU antibody (BD Biosciences — 
Pharmingen) after incubation with DNase I (BD Biosciences — Pharmingen). 
Cells were stained with 7-amino-actinomycin D (7-AAD) (BD Biosciences — 
Pharmingen), and BrdU-negative cells were subjected to cell cycle analysis by 
FACScan. To avoid counting postmitotic G1 fraction twice, because mitotic 
cells are doubled by undergoing mitosis, we calculated MOI as follows. Alge-
bras (a, b, c, d) are indicated in Figure 2E (a, percentage of G1, S, and G2/M 
phase cells at 1 hour of treatment; b, percentage of G1 and early S phase cells 
at 1 hour of treatment; c, percentage of G1, S, and G2/M phase cells at 5 
hours of treatment; d, percentage of G1 and early S phase at 5 hours of treat-
ment). The right-hand borders of b and d correspond to the average of the 
mean values of 7-AAD intensity of 2N and 4N cells. On the assumption that  
X (= MOI) of total cells after 1 hour of treatment underwent mitosis during 
treatment (b + 2X) : (a + 2X – X) = d : c. MOI is calculated as X = (da – bc)/(2c – d).  
The relative MOI percentage was calculated against the MOI of the etopo-
side-free control as percent of control MOI.

Fractionation of cells. The fractionation procedure flow chart is shown in  
Figure 3C. The cells were synchronized by thymidine block and then released. 
At the time point when the cells accumulated at the G2/M phase, they were 
exposed to different concentrations of etoposide. Cells that had entered the 
M phase shortly after etoposide exposure were removed by shake-off. The 
remaining cells were placed in fresh medium with the same concentration 
of etoposide. After etoposide treatment for 3 hours, together with colce-
mid for the last hour, the metaphase-rich fraction was collected by shake-
off, enabling us to harvest cells overriding the early G2/M checkpoint. The 
adherent cells remaining on the flasks were harvested as the G2-rich fraction. 
To harvest postmitotic G1 cells, M phase cells that had overridden the early 
G2/M checkpoint were collected by shake-off after exposure to different con-
centrations of etoposide without colcemid for 3 hours and then reincubated 
on collagen-coated dishes with the same concentration of etoposide. The 
postmitotic G1 cells were harvested after an additional 2-hour reincubation. 
For the premitotic G1-rich fraction, the M phase cells obtained by shake-off 
without etoposide were incubated again to allow them to proceed to G1.

Generation of long-term cultured cells having passed through mitosis under eto-
poside treatment. GM05849C cells were synchronized at G2 and exposed to 
0 or 1 µM etoposide. After 60 minutes, M phase cells were collected by 
shake-off and then reincubated on collagen-coated dishes. After 90 min-
utes, cells were released from etoposide and cultured for 20 days without 
etoposide (several passages). As controls, GM05849C cells were treated 
with 0 or 1 µM etoposide under asynchronous condition for 150 minutes, 
then released and grown without etoposide for 20 days.

FISH and statistics. Bacterial artificial chromosome probes (RP11-30E1, 
RP11-59N1) flanking centromeric and telomeric termini of the MLL gene 
(11q23 probes) were isolated based on the database provided by the Uni-
versity of California–Santa Cruz (Human [Homo sapiens] Genome Browser 
Gateway; http://genome.ucsc.edu/cgi-bin/hgGateway). Each probe was 
labeled by nick-translation with biotin-16-dUTP or digoxigenin-11-dUTP 
(Roche Diagnostics Corp.) and used for hybridization. Specific signals for 
biotin- and digoxigenin-labeled probes were detected with FITC-avidin 
(Roche Diagnostics Corp.) and anti–digoxigenin-rhodamine (Roche Diag-
nostics Corp.), respectively (48). CH11C probes, specific for chromosome 
11 centromere, labeled with SpectrumGreen (CH11C probe), paired probes 
spanning the MLL gene with minimal overlap in the BCR (MLL probes), 

and a whole chromosome painting probe specific for chromosome 11 were 
obtained from VYSIS and processed according to the protocols provided by 
the manufacturer. Images were acquired on a Nikon Optiphot-2 microscope 
at ×600 magnification with a Photometrics CH250 camera. For counting 
split signals in ATM-deficient fibroblasts, at least 150 cells that did not 
show gain or loss of signals were examined at each cell cycle stage for each 
fraction in each experiment (165 cells on average). Data were obtained from 
3 separate experiments. Since the frequencies of split signals in some groups 
were very sparse and the proportion of cells with split signals among the 3 
experimental batches was not significantly different (P = 0.16, by Cochran-
Mantel-Haenszel test, after controlling for the drug concentration levels 
and cell cycles), all data from these 3 independent experiments were com-
bined for the analysis. Data were obtained from 3 separate experiments and 
the combined data were analyzed for statistical significance using Fisher’s 
exact test, after adjustment for multiple comparisons using the Bonferroni- 
Holm method (3 comparisons at each drug concentration). Differences 
were considered statistically significant at P < 0.05. Odds ratios and 95% 
confidence intervals were estimated by a logistic regression model. U2OS 
cells occasionally have 3 MLL locus signals in normal culture as determined 
by MLL probes. Thus, determining the cell cycle phase of each U2OS cell 
was impossible. For this reason, the 150 U2OS cells were counted for split 
signals of MLL in fractions. Two independent experiments were combined 
for statistical analysis for the reason mentioned above. Statistical signifi-
cance of the differences among the proportions of cells with split signals 
between fractions was analyzed using Fisher’s exact test, after adjustment 
for multiple comparisons using the Bonferroni-Holm method. Differences 
were considered statistically significant at P < 0.05. Odds ratios and 95% 
confidence intervals were estimated by a logistic regression model.
g-H2AX analysis. M phase cells were harvested after exposure to 4 µM eto-

poside for 3 hours and then reincubated with the same concentration of 
etoposide for 30 minutes. They were subsequently incubated in etoposide-
free media for 0, 30, 90, or 120 minutes and processed for flow cytometric 
analysis. The cells were stained with FITC-conjugated anti–g-H2AX anti-
bodies (Upstate) according to the protocol provided by the manufacturer, 
followed by RNaseA treatment and PI staining. More than 10,000 cells were 
analyzed by flow cytometry.

Neutral comet assay. Cells were processed using Comet Assay kits (Trevigen 
Inc.) according to the protocols provided by the manufacturer. Slides were 
stained with PI (2.5 µg/ml), and comets were analyzed using an inverted 
epifluorescent microscope at ×20 magnification. Finally, 70 cells were ana-
lyzed per slide using Scion Image (Scion Corp.) with the comet assay macro 
scion_comet1.3 (49) for tail moment.

BrdU incorporation assay. Postmitotic G1 ATM-deficient fibroblasts were 
incubated with 10 µM BrdU with or without 2.5 mM thymidine for 24 
hours. Cells were harvested and processed using BrdU Flow kits (BD Bio-
sciences — Pharmingen) according to the protocol provided by the manu-
facturer. More than 10,000 cells were analyzed by flow cytometry.

Colony component enumerating assay. Postmitotic G1 ATM-deficient fibro-
blasts pretreated with or without 1 µM etoposide were further cultured in 
etoposide-free medium. After 2 or 8 days, cells were harvested and 1 × 104  
cells were replated on collagen-coated dishes. After 7 days, cells were sub-
jected to Giemsa staining. Numbers of cells in 100 randomly selected col-
onies were determined under microscopic observation at magnification 
×100 and then classified into 3 categories, colonies composed of 1 or 2 
cells, 3–29 cells, or 30 or more cells.
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