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Topoisomerase II alpha (TOP2A) has a crucial role in proper
chromosome condensation and segregation. Here we report the
interaction of TOP2A with ataxia telangiectasia mutated (ATM)
and its phosphorylation in an ATM-dependent manner after DNA
damage. In vitro kinase assay and site-directed mutagenesis
studies revealed that serine 1512 is the target of phosphorylation
through ATM. Serine 1512 to Alanine mutation of TOP2A showed
increased stability of the protein, retaining TOP2A activity at
least with regard to cell survival activity. Ataxia telangiectasia-
derived cell lines showed high levels of TOP2A that were associ-
ated with hypersensitivity to the TOP2 inhibitor etoposide. These
findings suggest that ATM-dependent TOP2A modification is
required for proper regulation of TOP2 stability and subsequently
of the sensitivity to TOP2 inhibitor. In a lymphoblastoid cell line
derived from a patient who developed MLL rearrangement, posi-
tive infant leukemia, defective ATM expression, and increased
TOP2A expression were shown. It was intriguing that hypersensi-
tivity to TOP2 inhibitor and susceptibility to MLL gene rearrange-
ment were shown by low-dose etoposide exposure in this cell
line. Thus, our findings have clinically important implications for
the pathogenesis of infantile acute leukemia as well as treat-
ment-associated secondary leukemia following exposure to TOP2
inhibitors. (Cancer Sci 2013; 104: 178–184)

A taxia telangiectasia (AT) is an autosomal recessive disor-
der characterized by a pleiotropic phenotype that

includes progressive cerebellar degeneration, immunodefi-
ciency, premature aging, genetic instability, and a high inci-
dence of cancer. Heterozygous carriers also appear to be at
increased risk of cancer.(1,2) Cells from AT homozygotes lack
multiple cell cycle check points, and this leads to hypersensi-
tivity to double-strand breaks in the DNA.(3,4)

DNA topology is controlled and altered by DNA topoisome-
rases. Topoisomerases are ubiquitous enzymes that resolve
topological problems, which arise during the various processes
of DNA metabolism including transcription, recombination,
replication, and chromosome partitioning during cell division.
Topoisomerase I introduces a transient single-strand break into
the DNA, passes an intact single strand of DNA through the
broken strand, and re-ligates the break. Topoisomerase II
(TOP2) makes transient double-strand breaks in one segment
of DNA and passes an intact duplex through the broken DNA
before resealing the breaks. Human cells express two isoforms
of TOP2, topoisomerase II alpha (TOP2A) and topoisomerase
II beta (TOP2B). TOP2A is expressed mainly during the S to
G2 ⁄M phase of the cell cycle and is likely to play a major role
in DNA catenation during mitosis. In contrast, TOP2B is

expressed constantly throughout the cell cycle. The function of
TOP2B is unknown, but the enzyme is speculated to be
involved in the metabolism of DNA and ⁄or RNA. Topoisomer-
ase II alpha is highly phosphorylated, and its enzymatic activ-
ity has been postulated to be regulated by phosphorylation, by
its interaction with other factors, or by its subcellular localiza-
tion. However, no clearly defined role of phosphorylation has
been identified.(5)

Exposure in utero to TOP2 inhibitor or a similar substance(6)

is thought to lead to infantile leukemia, which is characterized
by frequent chromosomal translocations involving the mixed
lineage leukemia (MLL) gene.(7–9) Rearrangement of the MLL
gene also occurs in treatment-related leukemia that arises after
treatment with TOP2 inhibitor.(10) We reported that dysfunc-
tion of ataxia telangiectasia mutated (ATM), responsible for
AT, plays an important role in the development of some infan-
tile acute leukemia.(11) Our findings led us to speculate that
the pathogenesis of infantile acute leukemia involves ATM
dysfunction and hypersensitivity to TOP2A inhibitor, and
prompted us to investigate the physiologic relation between
ATM and TOP2.
Here we report an association between TOP2A and ATM

and the phosphorylation of TOP2A in an ATM-dependent
manner. Cell biological data also indicate a functional
relation between ATM and TOP2A. Our study provides new
evidence for ATM-dependent regulation of TOP2, a factor
that may be involved in the pathogenesis of infantile acute
leukemia.

Materials and Methods

Western blot analysis. Western blotting was carried out using
the standard method.

Clonogenic assay. Clonogenic assays were carried out as
described previously.(12) Briefly, cells were transiently treated
with etoposide (VP16) (Sigma, St. Louis, MO, USA) or
ICRF-193 (Sigma), then provided with fresh DMEM contain-
ing 10% FCS without etoposide or ICRF-193. After 2 weeks
in culture, cells were stained with Giemsa and colony num-
bers counted.

Complementation assay. Complementation assays were car-
ried out as described previously.(13) HTETOP cells, in which
>99.5% TOP2A expression can be silenced by the addition of
tetracycline, were transfected with pEGFP-C2, pEGFP-TOP2A
WT, or pEGFP-TOP2A S1512A by electroporation for
complementation. Four hours after transfection, cells were
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treated with tetracycline. Colonies were counted after 2 weeks
selection period.

Long distance inverted PCR. Long distance inverted PCR
(LDI-PCR) was described previously.(14,15) Briefly, cells were
treated with 100 lM etoposide for 8 h. DNA was then
extracted and subjected to LDI-PCR. Details of the experimen-
tal procedure are also provided in Data S1.

Results

Topoisomerase I alpha interacts with ATM. To look for ATM-
interacting proteins, we immunoprecipitated ATM from non-
irradiated and 10-Gy irradiated wild-type lymphoblastoid cell
line (WT-LCL) and AT lymphoblastoid cell line (AT-LCL)
using anti-ATM antibody. Several proteins that co-immunopre-
cipitated with ATM were detected by Coomassie Brilliant Blue
staining. We noted the presence of a protein with an apparent
molecular size of almost 170 kDa only in lysates from irradi-
ated WT-LCL (Fig. 1a). This protein was in gel digested with
trypsin, eluted from the gel, purified by HPLC, and subjected
to peptide microsequencing, leading to identification of
TOP2A. To determine whether ATM and TOP2A form a com-
plex in the same molecular weight fraction, we subjected cell

extracts to sucrose density gradient analysis. This assay
revealed that ATM and TOP2A exist in density fractions of
similar molecular weight (Fig. 1b). The ATM–TOP2A interac-
tion was confirmed by immunoprecipitation with anti-ATM
antibody followed by Western blotting with anti-TOP2A anti-
body (Fig. 1c, left panel). Topoisomerase II alpha was not co-
immunoprecipitated by anti-ATM antibody from AT-LCL cell
lysate. Reciprocally, ATM was co-immunoprecipitated by anti-
TOP2A antibody only from WT cell lysate. The ATM–TOP2A
interaction was also confirmed by anti-TOP2A and anti-ATM
antibody immunoprecipitation but not control IgG from WT-
LCL lysate (Fig. 1c, right panel). Although ATM–TOP2A
interaction was initially identified in irradiated samples, the
interaction between ATM and TOP2A illustrated by co-immu-
noprecipitation was not affected by irradiation (Fig. S1). These
findings indicate that ATM associates with TOP2A in cells.

Topoisomerase II alpha is phosphorylated in an ATM-
dependent manner after irradiation. Ataxia telangiectasia
mutated is a protein kinase activated by DNA damage. An
association between ATM and TOP2A suggests that TOP2A is
a substrate of ATM. To evaluate this hypothesis, we used [32P]
orthophosphate metabolic labeling to determine whether DNA
damage induces TOP2A phosphorylation, and we detected
increased incorporation of [32P] orthophosphate into TOP2A
after irradiation (Fig. 2a). Phosphorylation of TOP2A is depen-
dent on the cell cycle; therefore, to exclude the possibility that
cell cycle distributions affected the phosphorylation status of
TOP2A, we analyzed the cell cycle distributions of WT-LCL
and AT-LCL at the time TOP2A was analyzed, 20 min after
irradiation. There was no difference in cell cycle distribution
between WT and AT cells (data not shown). These results
suggest that TOP2A is phosphorylated as a result of DNA
damage in an ATM-dependent manner in vivo, and this phos-
phorylation is not due to differences in cell cycle distribution.
Topoisomerase II alpha is an in vitro substrate of ATM

immunoprecipitants. To extend the above findings, we
explored the possibility that ATM phosphorylates TOP2A in
vitro. We generated several GST-fused TOP2A fragments and
determined whether these fragments are phosphorylated by
ATM in vitro. We immunoprecipitated ATM from 293 cells
using anti-ATM antibody and carried out an immune complex
kinase assay using these GST-fused TOP2A fragments as the
substrates. Results showed that only fragment D (C-terminal
fragment) was phosphorylated by the ATM immunoprecipit-
ants (Fig. 2b,c). We then generated GST-fused deletion
mutants of fragment D to determine the site of phosphoryla-
tion. The results of this experiment indicated that Serine (Ser)
1512 or Ser1524 were possible sites of phosphorylation by
ATM immunoprecipitants (Fig. 2b,c). To determine which site
is phosphorylated, we generated Ser1512Alanine (Ser1512Ala),
Ser1524Ala, and Ser1512 ⁄1524Ala mutants of fragment D7.
Phosphorylation of the C-terminal fragment of GST-TOP2A
was reduced to the background level when Ser1512 was
replaced with Ala and also moderately reduced when Ser1524
was replaced with Ala. Mutation at both sites abolished 32P
incorporation into this fragment (Fig. 2d). These findings sug-
gest that Ser1512 rather than Ser1524 is the preferential target
site of phosphorylation by ATM immunoprecipitants. Serine
1512 is highly conserved from yeast to mammalian cells
(Fig. 2e). Ataxia telangiectasia mutated prefers to phosphory-
late Ser ⁄ threonine (Thr) followed by a glutamine (Gln) resi-
due, but this position is occupied by valine (Val) in TOP2A.
Therefore, we carried out experiments to determine whether
Ser1512 is directly phosphorylated by ATM. First, we treated
the in vitro kinase complex with wortmannin, which inhibits
phosphatidyl inositol (PI)-3 kinase families, including ATM.
This treatment abolished GST-TOP2A phosphorylation in a
dose-dependent manner (Fig. 2f). Next, the involvement of
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Fig. 1. (a) Ataxia telangiectasia mutated (ATM) immunoprecipitant
contains a 170-kDa protein. ATM was immunoprecipitated from unir-
radiated (�) and irradiated (IR) (+) wild-type lymphoblastoid cell lines
(WT) and ATR65RM cells (AT). Immunoprecipitants were visualized by
Coomassie Brilliant Blue staining. The band at approximately 170 kDa
(arrow) was subjected to peptide sequencing. SM, size marker. (b)
Separation of ATM and topoisomerase II alpha (TOP2A) by sucrose
density gradient (1, lightest fraction [Fr.]; 9, heaviest fraction). (c) Left
panel, WT lymphoblastoid cell line (WT) and AT65RM (AT) cell lysates
were immunoprecipitated (IP) with anti-ATM or anti-TOP2A antibody,
and immunoprecipitants were immunoblotted (IB) with anti-ATM or
anti-TOP2A antibody, respectively. Whole-cell extract (WCE) was
included as a size control. Right panel, cell lysates from 293T cells
were immunoprecipitated with anti-ATM or anti-TOP2A antibody,
with control IgG.
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other PI-3 kinase-related kinases was investigated. DNA-PK,
ATM and Rad3-related (ATR), or ATM downstream kinase
Chk2 were inhibited with their specific inhibitors, and in vitro
kinase assay was carried out. Genuinely, ATM inhibitor
(KU55933) suppressed its kinase activity to the TOP2A
fragment. However, DNA-PK inhibitor (NU7027), ATR
inhibitor (VE-821), and Chk2 inhibitor (BML-277) did not
suppress its kinase activity (Fig. 2f). Casein kinase II inhibitor
(5,6-dichloro-1-b-D-ribofuranosylbenzimidazole), MEK inhibi-
tor (PD98059), p38 MAPK inhibitor (SB203580), and a wide-
range protein kinase inhibitor (staurosporine) also did not alter
kinase activity (data not shown). Next, we transfected 293
cells with FLAG-tagged WT or kinase-dead constructs of
ATM with dominant negative activity. The FLAG-tagged
WT ATM immunoprecipitant phosphorylated GST-TOP2A,
and the ATM kinase-dead construct also phosphorylated
GST-TOP2A at almost a similar level to WT ATM immuno-
precipitant (Fig. 2g). These experiments suggest that the ATM
immunoprecipitants include some other PI-3 kinase like pro-
tein(s) that phosphorylate TOP2A. But phosphorylation of
TOP2A by these unknown protein kinases is still dependent on
the ATM molecule, irrespective of the presence or absence of
its kinase activity. To detect in cellulo TOP2A phosphoryla-
tion, phosphor-Ser1512-specific antibody was generated. After
irradiation, Ser1512 phosphorylation was augmented in WT
cells but not in AT cells (Fig. 2h).
Functional significance of Ser1512 residue in TOP2A. For

further evaluation of the functional significance of the Ser1512
residue, complementation assays for cell survival activity were

carried out using HTETOP cells. The expression of TOP2A can
be silenced in HTETOP cells by the addition of tetracycline. The
TOP2A-depleted HTETOP cells enter mitosis and undergo chro-
mosome condensation, albeit with delayed kinetics, but normal
anaphases and cytokinesis are completely prevented, and all
cells die. Cells can be rescued by expression of GFP-fused
TOP2A. The function of mutant TOP2A can be evaluated by
clonogenic survival.(13) We evaluated whether this Ser1512Ala
mutant could complement TOP2A function by transfection of
this mutant construct, and silenced endogenous TOP2A by addi-
tion of tetracycline. This experiment revealed that Ser1512Ala
mutant could complement depletion of TOP2A (Table 1). This
result suggests that the Ser1512Ala mutant retains TOP2A activ-
ity at least with regard to cell survival activity.

Expression level of TOP2A in AT cells. The sensitivity of
TOP2 inhibitor is correlated with the TOP2 expression
level.(16–18) Therefore, we examined TOP2A expression levels
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Fig. 2. (a) Incorporation of [32P] orthophosphate
(32P) into topoisomerase II alpha (TOP2A).
Autoradiography of TOP2A immunoprecipitant
from irradiated (IR) (+) or unirradiated (�) cells.
(b) Schematic diagram of GST-TOP2A fragment.
The phosphorylated fragments are shown in black.
(c) In vitro phosphorylation of TOP2A fragments
by ataxia telangiectasia mutated (ATM)
immunoprecipitants. Fragment numbers correspond
to (b). Immunoprecipitated ATM (upper panel), 32P
incorporation into GST-TOP2A (middle panel), and
GST-TOP2A fragment loading by Coomassie Brilliant
Blue (CBB) staining (bottom panel) is shown. (d)
Ser1512 or Ser1524 substituted GST-TOP2A were
subjected to in vitro kinase assay. (e) In vitro kinase
assay of GST-TOP2A with or without wortmannin,
and with 10 lM ATM inhibitor (ATMi; KU55933),
10 lM DNA-PK inhibitor (DNA-Pki; NU7026), 10 lM
ATM and Rad3-related inhibitor (ATRi; VE-821), and
10 lM Chk2 inhibitor (Chk2i; BML-277).
Dimethylsulfoxide was used as control. (f) In vitro
phosphorylation of GST-TOP2A by FLAG-mock
(mock), FLAG-ATM wild-type (WT), and FLAG-ATM
kinase-dead (KD) immunoprecipitants. (g) In cellulo
TOP2A Ser1512 phosphorylation after 10-Gy
irradiation was analyzed using phospho-specific
antibody.

Table 1. HTETOP complementation with topoisomerase II alpha

(TOP2A) mutants

Plasmid Dox + puro

GFP-TOP2A WT 16, 14

GFP-TOP2A S1512A 18, 15

GFP-mock 1, 2, 0

Topoisomerase II alpha-complemented 0.5 million HTETOP cells were
seeded on six-well plates and cells were selected by the addition of
doxycycline and puromycine (Dox + puro). Each number represents
the number of colonies from independent experiments.
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in WT-LCL and AT-LCL by Western blotting. More TOP2A
was expressed in AT-LCL than in WT-LCL (Fig. 3a). We saw
similar cell cycle distributions in asynchronous cell cultures of
both AT-LCL and WT-LCL. This observation should be noted
because TOP2A is expressed during S to G2 ⁄M phase. To
show that the difference in TOP2A expression is not simply
dependent on the difference in cell cycle distribution, we used
2D flow cytometry analysis to compare the amount of TOP2A
expressed during S and G2 ⁄M phases. During G2 ⁄M phase, lar-
ger amounts of TOP2A were expressed in AT65RM cells than
in WT-LCL (Fig. 3b). The TOP2A mRNA levels were indis-
tinguishable between WT-LCL and AT65RM (data not
shown). Protein stability of TOP2A was also compared using
asynchronous GM0637 (WT) and GM05849C (AT) cells after
cycloheximide (protein synthesis inhibitor) treatment. The half-
life of TOP2A was estimated to be approximately 6 h in
GM0637 cells, and approximately 12 h in GM05849C cells
(Fig. 3c). Therefore, increased expression of TOP2A in AT
cells appears to be due to post-transcriptional regulation. Next,
the half-life of TOP2A in WT and Ser15112Ala mutant was

investigated. After transfection of GFP-TOP2A WT and GFP-
TOP2A S1512A plasmid in 293T cells, expression of TOP2A
was chronologically monitored using anti-GFP antibody after
cycloheximide treatment. Interestingly Ser1512Ala mutated
TOP2A showed an increase in the half-life of protein
(Fig. 3d).
Topoisomerase II alpha inhibitor sensitivity of AT cells. We

next determined whether AT cells carry an abnormality that
depends on TOP2A function. We treated the ATM-deficient
cell line GM05849C, GM05849C cells transfected with FLAG-
tagged WT ATM (GM05849C ⁄ATM), and GM0637 cells
(WT for ATM) with the TOP2 inhibitor etoposide (VP16).
These experiments showed that sensitivity to etoposide was
enhanced in GM05849C cells. The GM05849C ⁄ATM cells
had the same level of resistance to etoposide as GM0637 cells
(Fig. 4). ICRF-193 is a catalytic non-cleavable complex-form-
ing inhibitor of DNA TOP2 that does not produce protein-
linked DNA strand breaks. We have tested whether AT cells
show ICRF-193 sensitivity. Similar to etoposide treatment, AT
cells showed hypersensitivity to ICRF-193. After treatment
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Fig. 3. (a) Western blot analysis of wild-type (WT)
cells and ataxia telangiectasia (AT) cells. Right
panel, cell cycle distribution analyzed by flow
cytometry. (b) Flow cytometric analysis of nuclear
topoisomerase II content. Ten thousand cells of the
G2 ⁄M population were subjected to analysis.
Topoisomerase II alpha (TOP2A) expression (FITC
labeling) and cell cycle distribution (propidium
iodide [PI] staining) are shown. Cell cycle
histograms corresponding to each dot blot are
shown (middle panel). Far right, overlaid
histograms of TOP2A expression in WT (fine line)
and AT (bold line) cells. (c) Half-life of TOP2A was
evaluated in GM0637 and GM05849C cells. Cells
were treated for cycloheximine (1 lg ⁄mL) for the
indicated time period, and harvested. The TOP2A
expression was determined using Western blotting.
Right panel, quantitative analysis of TOP2A
expression. (d) Half-life of TOP2A WT and
Ser1512Ala mutant transfected in 293T cell,
evaluated in the same way as (c).
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with ICRF-193, AT fibroblasts show a significantly attenuated
G2 decatenation checkpoint response.(19) Cells lacking the G2

decatenation checkpoint override G2 arrest by DNA TOP2 cat-
alytic inhibitor or poison, then DNA breaks are produced.
DNA breaks created by defective G2 decatenation checkpoints
may sensitize AT cells to ICRF-193.
Functional abnormality of TOP2A in an EBV-transformed

cell line from a patient who developed infant leukemia. We
previously described an EBV-transformed B-lymphoblastic cell
line derived from a patient who developed infant leukemia.(11)

This cell line carries ATM heterogenous single nucleotide
polymorphism with reduced ATM expression (LCL-L2) com-
pared with LCL-WT. This observation prompted us to investi-
gate the functional relationship between ATM and TOP2A in
this cell line. The expression levels of TOP2A in these cell
lines were investigated using Western blotting. The LCL-L2
cells showed increased levels of TOP2A expression compared
with WT-LCL (Fig. 5a). To evaluate whether increased levels
of TOP2A may correlate to etoposide sensitivity, and whether
MLL fusion can be generated by etoposide treatment, we trea-
ted these cell lines with etoposide and investigated cell death
and MLL rearrangement by LDI-PCR. As expected, the AT
cell line showed increased frequencies of cell death (35%) as
compared with WT (18%). The LCL-L2 cells showed interme-
diated sensitivity (23%) between AT and WT cell lines
(Fig. 5b). Interestingly, the LCL-L2 cell line showed increased
susceptibility to MLL rearrangement by etoposide treatment
compared with WT cells (Fig. 5c).

Discussion

We found that ATM and TOP2A bind to each other, and this
finding suggested the possibility of ATM dependent TOP2A
phosphorylation, nevertheless its kinase activity. We also
found increased TOP2A expression in AT cells that are defec-
tive in ATM expression. This increased expression of TOP2
was associated with hypersensitivity to TOP2 inhibitor.
Ataxia telangiectasia cells are hypersensitive not only to

irradiation, but also to TOP2 inhibitor,(20–22) and defective
activation of the replication checkpoint machinery occurs after
exposure to TOP2 inhibitor.(23) Inhibitors of TOP2 induce
DNA double-strand breaks, but TOP2 catalytic inhibitor also
induces chromatin structural changes without DNA breaks.
For example, ATM is activated by chromatin structural
changes, which is induced by the TOP2 catalytic inhibitor
chloroquine.(24) The function of TOP2 in AT cells has been
much investigated, but contradictory findings, such as
decreased(25–27) or increased TOP2 activity,(22,28) have been
reported. Nevertheless, these findings strongly suggest that
ATM is involved in the checkpoint of DNA damage induced

by TOP2 inhibition; they also suggest a functional relationship
between ATM and TOP2.
Recent research suggested that TOP2A and BRCA1 interact

with each other, and TOP2A decatenation activity is regulated
by BRCA1 interaction and ubiquitination.(29) BRCA1 is one of
the best characterized ATM substrates, and forms BRCA1-
associated genome surveillance complex that contains ATM
protein.(30) These two reports support the potential connection of
molecular interaction between ATM and TOP2A shown by our
experiment. Several proteins have also been reported to interact
with topoisomerase. Topoisomerase II-binding protein 1 (TOP-
BP1), for example,(31) contains a breast cancer suppressor
protein, C-terminal domain and is phosphorylated in response
to DNA damage in an ATM-dependent manner.(32) It has been
shown that TOPBP1, TOP2A, and TOP2B interact with the
C-terminus of p53,(33) and this finding allows us to speculate that
ATM, TOP2, TOPBP1, and p53 function as a protein complex.
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(WT) and cells carrying ataxia telangiectasia mutated (ATM) heteroge-
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(L2). Extracts from LCLs probed with antibodies to topoisomerase II
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after three independent experiments. (c) MLL rearrangements were
analyzed by long distance inverted PCR. Arrow, rearranged bands;
asterisk, germline bands; SM, size marker.
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Topoisomerase II alpha is phosphorylated on multiple Ser
and Thr residues, most of which are located in the C-terminal
domain.(34–39) Several potential ATM-dependent or -regulated
phosphorylation sites (Ser1424, 1466, 1522, and 1524) were
reported.(40) Our findings showed phosphorylation of a new
target site, Ser1512, induced by DNA damage in an ATM-
dependent manner. The ATM family proteins such as ATM,
ATR, and DNA-PK prefer to phosphorylate the Ser ⁄Thr-Gln
motif.(41) Topoisomerase II alpha contains three Ser ⁄Thr-Gln
motifs, but ATM immunoprecipitants did not phosphorylate
these sites. The site phosphorylated by the ATM immunopre-
cipitants was a Ser residue followed by Val at the C-terminal
of TOP2A. DNA-PK phosphorylates proline–serine in vitro.(42)

Ataxia telangiectasia mutated also phosphorylates the Ser resi-
due with the adjacent glycine residue of BRCA1 in vitro and
in cellulo.(43) A recent study identified numerous ATM-depen-
dent and -regulated phosphorylation sites.(40) Target proteins
are complexly regulated in an ATM-dependent manner, involv-
ing either direct or indirect phosphorylation by ATM. Our
finding that TOP2A is phosphorylated by ATM kinase-dead
construct immunoprecipitants to some extent suggests the pos-
sibility that the ATM immunoprecipitants include some other
ATM-like unknown protein kinases, which phosphorylate
TOP2A. The analysis using phospho-specific Ser1512 TOP2A
antibody supported the finding that phosphorylation of Ser1512
depends on the presence of ATM molecules in cellulo. A pre-
vious report suggested that mutations at phosphorylation sites
in the C-terminal of TOP2A (Ser1106, 1247, 1354, and 1393)
do not impair its function.(13) The TOP2A Ser1512Ala mutant
could also complement the loss of TOP2A function for cell
survival. It remains unknown whether phosphorylation at this
site contributes to TOP2 function. Several TOP2A mutations
associated with TOP2 inhibitor resistance have been reported.
For example, mutations in the C-terminal region of TOP2A
confer defects in its nuclear localization and lead to a
decreased sensitivity to TOP2 inhibitor.(44–47) Several missense
mutations of TOP2A have also been shown to render TOP2A
resistant to inhibitors.(48–51) Interestingly, substitution of
Ser1512 residue to Ala strikingly stabilized TOP2A expression.
Increased expression of TOP2A observed in AT cells may
result from defective phosphorylation of Ser1512. It is still
unclear whether ATM activation directly conducts TOP2A to
degradation. However, it is clear that AT cells show elevated
TOP2A expression by increased protein stability, and disrup-
tion of the ATM-dependent phosphorylation site of TOP2A
stabilizes the protein. We can hypothesize that cell cycle pro-
gression from G2 to M, mediated by TOP2A, needs to be
halted to prevent carry-over DNA breaks after DNA damage.
For that purpose, TOP2A expression may be suppressed after
DNA damage. Further investigation is required into the
consequences of phosphorylation at the C-terminal region of
TOP2A, including Ser1512.

Tumor cell lines acquire resistance to topoisomerase inhibi-
tors through various mechanisms, including expression of mul-
tidrug-resistance genes,(52) mutation of the TOP2 gene,(44,48,51)

distinct extranuclear localization,(46,47,53) and reduction of
TOP2 expression.(52) Decreased TOP2A expression by hetero-
zygous gene targeting confers increased resistance to TOP2A
inhibitor,(16) and increased expression of TOP2A correlates
with increased sensitivity to TOP2 inhibitor.(17,18) Ataxia telan-
giectasia cells expressed more TOP2A than WT cells and
showed hypersensitivity to TOP2A inhibitor. We also observed
that the sensitivity of AT cells to etoposide was normalized by
introduction of ATM. Therefore, these results indicate that
ATM-associated phosphorylation and reduction of TOP2A
expression play a crucial role in the regulation of sensitivity of
AT cells to TOP2A inhibitor.
Epidemiological data have suggested that the development of

infantile leukemia is tightly associated with in utero exposure
to TOP2 inhibitor, which causes rearrangement of the MLL
gene.(6–9) We can hypothesize that increased sensitivity to TOP2
inhibitor due to genetic reasons also induces the development of
infantile leukemia. Indeed, we identified one infant leukemia
patient with defective ATM expression by germline ATM single
nucleotide polymorphism.(11) As expected, the EBV-LCL of this
patient showed increased TOP2A sensitivity. These observations
are in accord with our hypothesis that defective expression of
ATM correlates with increased levels of TOP2A, which sensi-
tizes to TOP inhibitor and leads to the susceptibility to MLL
gene breaks and rearrangement. Previously, we reported our
observation that MLL rearrangement is induced by treatment
with etoposide in AT cells but not WT cells.(54)

On the basis of the data presented here and our previous
report, ATM-dependent TOP2A regulation appears to have
important clinical implications for the pathogenesis of infantile
leukemia as well as treatment-associated secondary leukemia,
both of which are associated with TOP 2 inhibitor related MLL
rearrangement.
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