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background

 

Chromosomal translocations leading to chimeric oncoproteins are important in leu-
kemogenesis, but how they form is unclear. We studied acute promyelocytic leukemia
(APL) with the t(15;17) translocation that developed after treatment of breast or laryn-
geal cancer with chemotherapeutic agents that poison topoisomerase II.

 

methods

 

We used long-range polymerase chain reaction and sequence analysis to characterize
t(15;17) genomic breakpoints in therapy-related APL. To determine whether topoisom-
erase II was directly involved in mediating breaks of double-stranded DNA at the ob-
served translocation breakpoints, we used a functional in vitro assay to examine topo-
isomerase II–mediated cleavage in the normal homologues of the 

 

PML

 

 and 

 

RARA

 

breakpoints.

 

results

 

Translocation breakpoints in APL that developed after exposure to mitoxantrone, a
topoisomerase II poison, were tightly clustered in an 8-bp region within 

 

PML

 

 intron 6.
In functional assays, this “hot spot” and the corresponding 

 

RARA

 

 breakpoints were
common sites of mitoxantrone-induced cleavage by topoisomerase II. Etoposide and
doxorubicin also induced cleavage by topoisomerase II at the translocation break-
points in APL arising after exposure to these agents. Short, homologous sequences in

 

PML

 

 and 

 

RARA

 

 suggested the occurrence of DNA repair by means of the nonhomolo-
gous end-joining pathway.

 

conclusions

 

Drug-induced cleavage of DNA by topoisomerase II mediates the formation of chro-
mosomal translocation breakpoints in mitoxantrone-related APL and in APL that occurs
after therapy with other topoisomerase II poisons.

abstract
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cute myeloid leukemia (aml) is

 

commonly associated with reciprocal bal-
anced chromosomal translocations that

underlie the formation of chimeric proteins that
have key roles in the development of leukemia.

 

1,2

 

The most frequent translocation, t(15;17)(q22;q21),
occurs in 10 to 15 percent of cases of AML

 

1

 

 and is
the hallmark of acute promyelocytic leukemia (APL).
This translocation creates the 

 

PML-RARA

 

 and 

 

RARA-
PML

 

 fusion genes.

 

3

 

 The resultant PML-RAR

 

a

 

 fusion
protein determines not only the phenotype of APL
but also the response of APL to all-

 

trans

 

-retinoic acid
and arsenic trioxide treatment.

 

3,4

 

The transforming function of leukemia-associ-
ated fusion proteins has been widely studied, but
little is known about the mechanisms that cause the
underlying translocations. Insights can be gained
from investigations of therapy-related leukemias, all
of which have counterparts in primary leukemias.
Exposure to drugs that poison topoisomerase II —
the anthracyclines daunorubicin, doxorubicin, and
epirubicin; the anthracenedione mitoxantrone; and
epipodophyllotoxins such as etoposide — predis-
poses patients to secondary leukemias with bal-
anced chromosomal rearrangements, including

 

MLL

 

 translocations involving band 11q23, t(8;21),
inv(16), t(15;17), t(9;22), and 

 

NUP98

 

 translocations
involving band 11p15.

 

5-7

 

 The association of such
chromosomal rearrangements with exposure to
drugs that affect topoisomerase II suggests a role
for topoisomerase II–mediated cleavage of DNA in
forming translocations, but how this occurs re-
mains to be established.

Topoisomerase II relaxes supercoiled DNA by
cleaving and religating both strands of the double
helix through the formation of a transient covalent
cleavage intermediate.

 

8

 

 Chemotherapeutic drugs
termed “topoisomerase II poisons” convert topo-
isomerase II into a DNA-damaging enzyme. They
disrupt the cleavage–religation equilibrium and
thereby increase the concentration of topoisomer-
ase II–mediated cleavage complexes.

 

8

 

 Although the
enzyme does not have a known DNA recognition
sequence that it is most likely to target, genomic se-
quencing studies have suggested possible binding
sites for the enzyme at translocation breakpoints
in primary and treatment-related leukemias with

 

MLL

 

, 

 

AML1-ETO,

 

 

 

PML-RARA,

 

 and 

 

NUP98

 

 rearrange-
ments.

 

9-15

 

In early studies, less than 5 percent of APL cases
were a consequence of chemotherapy,

 

16,17

 

 but more
recently, the European APL group reported that ther-

apy-related APL accounted for 22 percent of all cas-
es.

 

17

 

 The rising incidence of therapy-related APL
parallels the increased use of topoisomerase II poi-
sons, particularly in the treatment of breast cancer.
APL with t(15;17) is one of the most frequent sec-
ondary cancers that arise after the treatment of
breast cancer

 

17-20

 

; mitoxantrone has been implicat-
ed in almost half these cases.

 

17,19,20

 

 In the present
study, we examined genomic breakpoint regions in
patients with APL after exposure to topoisomerase
II poisons, particularly mitoxantrone, and used
functional assays to gain further insight into mech-
anisms underlying the formation of the t(15;17)
chromosomal translocation. 

 

patients and samples

 

Genomic breakpoint locations in 

 

PML

 

 and 

 

RARA

 

genes were studied in six patients with therapy-relat-
ed APL, which arose after mitoxantrone treatment
for breast carcinoma (in five) or multiple sclerosis
(in one). To determine whether breakpoint cluster-
ing in 

 

PML

 

 intron 6 detected in mitoxantrone-relat-
ed APL was statistically significant, a comparison
was made with breakpoint locations in 7 patients
with secondary APL arising after other types of ex-
posure, mostly radiotherapy, and in 35 patients with
primary APL. Chromosomal breakpoint mecha-
nisms were subsequently investigated with the use
of functional topoisomerase II cleavage assays in
four of the patients with mitoxantrone-related cases
(Patients 1 through 4) and an additional patient
(Patient 5) with secondary APL that developed after
exposure to doxorubicin and etoposide (Table 1).
All patients gave written informed consent, in ac-
cordance with the Declaration of Helsinki.

 

characterization of genomic breakpoints

 

Three breakpoint regions have been identified with-
in the 

 

PML

 

 locus in APL: intron 3 (bcr3), exon 6
(bcr2), and intron 6 (bcr1); virtually all breakpoints
in 

 

RARA

 

 occur in intron 2.

 

21

 

 The breakpoint pattern
in 

 

PML 

 

was determined by nested reverse-transcrip-
tase polymerase chain reaction (RT-PCR)

 

22

 

; appro-
priate primers were used to amplify the sequences
of genomic breakpoint junctions by long-range or
“bubble” PCR, and the PCR products were se-
quenced.

 

21

 

 Breakpoint junction sequences obtained
in this way were confirmed by a patient-specific
breakpoint PCR with the use of a fresh aliquot of
genomic DNA as template.

a

methods
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in vitro topoisomerase ii cleavage assays

 

We examined DNA fragments of the normal ho-
mologues of 

 

PML

 

 (GenBank accession numbers
S51489 and S57791) and 

 

RARA

 

 (GenBank accession
numbers AF088889 and AJ297538) that encom-
passed the relevant translocation breakpoints using
an in vitro topoisomerase II cleavage assay.

 

23

 

 Sub-
strate DNA was incubated with human topoisom-
erase II

 

a

 

 in the presence of ATP and exposed to
drugs that target topoisomerase II. Final concentra-
tions of etoposide, etoposide catechol, etoposide
quinone, and mitoxantrone were 20 µM

 

24

 

; we select-
ed a final concentration of doxorubicin of 25 nM
on the basis of a titration using concentrations be-
tween 1 nM and 200 nM (data not shown). Cleavage
complexes were irreversibly trapped on the addi-
tion of sodium dodecyl sulfate, and cleavage prod-
ucts were resolved in a gel containing 8 percent

polyacrylamide and 7.0 M urea alongside a DNA-
sequencing ladder. This procedure allowed us to
map cleavage sites precisely at the sequence level
and to analyze the positions of the cleavage sites
with respect to translocation breakpoint sites. Cleav-
age products were visualized by means of autoradi-
ography and quantified with the use of a Phosphor-
imager and IMAGEQUANT software (Molecular
Dynamics).

 

statistical analysis

 

The significance of the putative mitoxantrone clus-
ter in cases of therapy-related APL or primary plus
therapy-related APL was assessed with the use of
scan statistics,

 

25

 

 which have been used widely for
the assessment of spatial and temporal clustering
of events.

 

26

 

 Generally, they are based on the maxi-
mal number of events occurring in a prescribed re-

 

* VCR denotes vincristine, CPM cyclophosphamide, 5-FU fluorouracil, and VP16 etoposide.
† DNA fragments of the normal homologues of 

 

PML

 

 (GenBank accession numbers S51489 [bcr3] for Patient 5 and S57791 [bcr1] for Patients 1 
through 4) and 

 

RARA

 

 (GenBank accession numbers AF088889 for Patient 2 and AJ297538 for Patients 1, 3, 4, and 5) that encompassed the 

 

relevant translocation breakpoints were examined.

 

Table 1. Characteristics of Five Patients with APL Arising after Exposure to Topoisomerase II Poisons.

Patient
No.

Primary
Cancer

Treatment of
Primary Tumor*

Interval 
between 
Primary 
Cancer 

and APL Karyotype

 

PML

 

 Breakpoint

 

RARA

 

 Breakpoint

 

der(15)† der(17)†

Proximal
Drug-

Induced
Cleavage

Site der(15)† der(17)†

Proximal
Drug-

Induced
Cleavage

Site

 

mo

 

1 Breast
carcinoma

Surgery; radiother-
apy, 60 Gy; mitoxan-
trone, 120 mg; VCR, 
12 mg; CPM, 3.6 g; 

5-FU, 3.6 g

36 46,XX,
del(13)(q13q21),
t(15;17)(q22;q21)

1482–1486 1488–1489 1484 2694–2698 2698–2699 2695

2 Breast 
carcinoma

Surgery; radiother-
apy, 45 Gy; mitoxan-
trone, 120 mg; CPM, 

5.1 g; 5-FU, 5.1 g

21 46,XX,
t(15;17)(q22;q21)

1483–1485 1484–1486 1484 634–636 633–635 635

3 Breast
carcinoma

Surgery; radiother-
apy, 48 Gy; mitoxan-

trone, 15 mg; 
tamoxifen

20 46,XX, ¡6,
t(15;17)(q22;q21), 

+mar

1488 1488–1489 1484 2434 2433–2434 2431

4 Breast
carcinoma

Radiotherapy, 58 Gy;
mitoxantrone, 80 mg;

CPM, 3.4 g

15 46,XX,
t(15;17)(q22;q21)

1485–1487 1486–1489 1484 11570–
11572

11571–
11574

11569

5 Laryngeal 
carcinoma

Radiotherapy, 64 Gy; 
doxorubicin, 304 
mg; CPM, 4.56 g;

VP16, 760 mg

36 46,XY,
t(15;17)(q22;q21)

1239 1240 1239 16090 16088 16089
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gion or interval. This statistic is then referenced
against a uniform (null) distribution (over the en-
tire region or period) reflecting the absence of clus-
tering. In the case of translocation breakpoint clus-
tering, the event is the occurrence of a breakpoint,
the interval is the number of base pairs spanning
the putative cluster, and the reference interval is the
relevant intron length.

 

25

 

 Because the distribution
of the scan statistic is exceedingly complex, a num-
ber of approximations have been developed. Here,
we used the accurate, end-point–corrected, large-
deviation approximation to the one-dimensional
scan statistic.

 

27

 

identification of a translocation 
breakpoint hot spot in mitoxantrone-
related apl

 

Genomic breakpoint junction sequences on the de-
rivative (der) chromosomes 15 and 17 were charac-
terized in APL that arose after mitoxantrone-based
treatment for breast cancer in five patients and mi-
toxantrone treatment for multiple sclerosis in one

patient. Remarkably, the der(15) and der(17) 

 

PML

 

breakpoints in four of these patients (Patients 1, 2,
3, and 4) (Table 1) were tightly clustered in an 8-bp
region (positions 1482 to 1489; GenBank acces-
sion number S57791) in 

 

PML

 

 intron 6 (Fig. 1 and 2),
a result consistent with the presence of a hot spot
of DNA damage. Scan statistics indicated that the
clustered breakpoints within an intron longer than
1 kb were unlikely to have arisen by chance (P<0.001
for the comparison with 7 cases of APL related to
other therapy, P<0.05 for the comparison with the
7 other therapy-related cases plus 35 cases of pri-
mary APL, and P<0.05 for the comparison with the
35 cases of primary APL alone).

In contrast to the clustering of the 

 

PML

 

 break-
points in cases of mitoxantrone-related APL, the

 

RARA

 

 breakpoints were dispersed (Table 1 and
Fig. 2). Study of the der(15) and der(17) sequences
in the four patients with mitoxantrone-related cases
associated with the hot spot indicated that the break-
point junctions were formed without the gain or
loss of any bases relative to the native 

 

PML

 

 and

 

RARA

 

 sequences (Fig. 2). The short sequence ho-
mologies between 

 

PML

 

 and 

 

RARA

 

 (underlined in
Fig. 2) are characteristic of DNA repair by the non-
homologous end-joining pathway (NHEJ),

 

28

 

 which
requires minimal overlapping sequences between
nonhomologous chromosomes to repair breaks
in double-stranded DNA.

 

site of functional topoisomerase ii–
mediated cleavage at the 

 

pml

 

 intron 6 
translocation breakpoint hot spot

 

We evaluated topoisomerase II–mediated cleavage
of the normal homologue of the 

 

PML

 

 translocation
breakpoint hot spot in vitro using a 268-bp double-
stranded DNA substrate encompassing the 8-bp hot
spot in the presence of mitoxantrone, etoposide or
its catechol, or quinone metabolites and in the ab-
sence of these agents.

 

24

 

 Few cleavage sites were ob-
served in the absence of drug (Fig. 3A). Bands of var-
ious sizes and intensities showed where cleavage
sites were enhanced by the different agents (Fig. 3A).

The 8-bp translocation breakpoint hot spot at
positions 1482 to 1489 corresponded to a topo-
isomerase II–mediated cleavage site at position
1484, where the position indicates the base imme-
diately 5' to the cleavage (¡1 position). Cleavage at
position 1484 was detected in the absence of drug,
but it was markedly enhanced by etoposide, both
etoposide metabolites, and mitoxantrone. Position
1484 was a preferred site of cleavage by topoisom-

results

 

Figure 1. Identification of a Breakpoint Hot Spot in 

 

PML

 

 Intron 6 in Mitoxan-
trone-Related APL.

 

Panel A shows the 

 

PML

 

 intron 6 sequence encompassing mitoxantrone-
associated translocation breakpoints, which cluster at positions 1482 to 1489 
(shown in black). Panel B shows the distribution of the 

 

PML

 

 intron 6 genomic 
translocation breakpoints among the patients with primary and secondary 
APL, including the translocation breakpoint hot spot in those with mitoxan-
trone-related APL.

PML

1482–1489

Primary APL (n=35)

Mitoxantrone-related 
APL (n=6)
Other secondary
APL (n=7)

5'G A C T G A G C C C T A G C C T T G G 3'

0.1 kb

1958903

PML
exon 6

PML
exon 7a

A

B
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erase II in the presence of mitoxantrone, as evi-
denced by the intensity of the cleavage band (Fig.
3A). Mitoxantrone-induced cleavage was enhanced
by a factor of 8.9 and 2.5, respectively, relative to
cleavage at this site without drug or in the presence
of etoposide. Cleavage at many sites decreased sub-
stantially or was eliminated after heating (Fig. 3A).
By contrast, the mitoxantrone-induced cleavage
at position 1484 remained detectable after heating
(Fig. 3A), indicating stability of the cleavage com-
plexes. These results show that the 

 

PML

 

 intron 6
translocation breakpoint hot spot in mitoxan-
trone-related APL is a preferred and stable mito-
xantrone-induced site of cleavage by topoisomer-
ase II.

 

rara

 

 translocation breakpoints 
in mitoxantrone-related apl

 

We performed in vitro topoisomerase II cleavage as-
says on double-stranded DNA substrates spanning
the normal homologues of the 

 

RARA

 

 translocation
breakpoints in Patients 1, 2, 3, and 4 to determine
whether topoisomerase II also mediated the break-
age at the 

 

RARA

 

 locus (Fig. 3B and Table 1). In Pa-
tient 1 (Fig. 3B), topoisomerase II–mediated cleav-
age was observed at position 2695 of the 

 

RARA

 

intron 2 proximal to the der(15) and der(17) 

 

RARA

 

translocation breakpoints and was heat-stable
(Fig. 3B). The 

 

RARA

 

 breakpoints on both deriva-
tive chromosomes in specimens from Patients 2,
3, and 4 were also at, or proximal to, sites of func-

 

Figure 2. Genomic Breakpoint Junction Sequences in APL Arising after Exposure to Mitoxantrone.

 

The der(15) and der(17) genomic breakpoint junctions are shown for four patients with mitoxantrone-related APL 
(Panels A, B, C, and D). The 

 

PML

 

 and 

 

RARA

 

 sequences are red and blue, respectively. Vertical lines indicate sequences 
in derivative chromosomes derived from 

 

PML

 

 or 

 

RARA

 

. Underlines indicate homologies consistent with the occurrence 
of nonhomologous end-joining. Homologies in green prevented precise localization of breakpoint positions.
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tional mitoxantrone-induced cleavage by topoisom-
erase II (Table 1). Assays on all substrates were re-
peated, and the repeated assays confirmed these
results.

 

sites of mitoxantrone-induced cleavage 
by topoisomerase ii and 

 

t

 

(15;17) breakpoint 
junctions

 

We used the functional sites of topoisomerase II–
mediated cleavage of DNA at the translocation
breakpoints to generate a model for the formation
of the t(15;17), incorporating known repair mech-
anisms of breaks in double-stranded DNA. Figure
4 shows how recombination of mitoxantrone-
enhanced cleavage sites at 

 

PML

 

 position 1484 and

 

RARA

 

 position 2695 would form the der(15) and
der(17) genomic breakpoint junctions identified in
the APL in Patient 1. The sites of topoisomerase II–
mediated cleavage of each DNA strand are four bases
apart, thereby creating 5' overhangs,

 

8

 

 as shown in
Figure 4. In the model, repair of the overhangs in

 

PML

 

 and 

 

RARA

 

 entails exonucleolytic digestion,
pairing of complementary bases, and joining of the
DNA free ends by means of the NHEJ pathway, with
template-directed polymerization to fill in any gaps.
Models were also generated showing that mito-
xantrone-induced cleavage by topoisomerase II
formed the der(15) and der(17) breakpoint junc-
tions in the leukemias in Patients 2, 3, and 4 (data
not shown).

 

pml

 

 and 

 

rara

 

 translocation breakpoints 
in etoposide- and doxorubicin-related apl

 

A fifth patient (Patient 5) received a diagnosis of
APL after being treated with etoposide and doxoru-
bicin for laryngeal cancer (Table 1). Study of the
breakpoint junction sequences indicated that the
translocation occurred with the loss of a single G
nucleotide from 

 

RARA

 

 (position 16089) (Fig. 1A in
the Supplementary Appendix, available with the full
text of this article at www.nejm.org). Short sequence
homologies were observed in 

 

PML

 

 and 

 

RARA

 

 char-
acteristic of DNA repair by the NHEJ pathway. In
the in vitro assay, etoposide, its catechol and qui-
none metabolites, and doxorubicin induced topo-
isomerase II–mediated cleavage at the 

 

PML

 

 and

 

RARA

 

 translocation breakpoints. Cleavage was
shown to be heat-stable with each of these drugs at
the PML breakpoint (Fig. 1B in the Supplementary
Appendix) and with etoposide quinone at the RARA
breakpoint (Fig. 1C in the Supplementary Appen-
dix). A model (Fig. 1D in the Supplementary Ap-

pendix) indicated how recombination of cleavage
sites at PML position 1239 and RARA position 16089
would form the der(15) and der(17) genomic break-
point junctions in this case of APL.

Leukemia characterized by balanced translocations,
including t(15;17), can be a complication of treat-
ment with anticancer drugs that poison topoisom-
erase II.29,30 The mechanism by which these drugs
predispose patients to leukemia remains in dispute.

discussion

Figure 3 (facing page). Functional Topoisomerase II 
Cleavage Sites at Mitoxantrone-Associated Translocation 
Breakpoints.

Chromosomal breakpoint regions were examined by 
means of a functional in vitro assay, which identifies 
topoisomerase II–dependent cleavage of DNA induced 
by various chemotherapeutic agents and their metabo-
lites. Cleavage products were fractionated according to 
size and compared with a DNA-sequencing ladder to al-
low precise mapping of sites of DNA cleavage. Panel A 
shows topoisomerase II–mediated cleavage of DNA sub-
strate spanning positions 1284 to 1551 of PML intron 6 
(GenBank accession number S57791) encompassing the 
8-bp translocation breakpoint hot spot (positions 1482 
to 1489). The cleavage products in 25 ng (30,000 cpm) of 
DNA labeled only at the 5' end were examined after 10 
minutes’ incubation at 37°C with 147 nM human topo-
isomerase IIa, 1 mM ATP, and the following drugs at fi-
nal concentrations of 20 µM: etoposide (VP16), etopo-
side catechol (VP16-OH), etoposide quinone (VP16-Q), 
and mitoxantrone (Mit). Cleavage complexes were irre-
versibly trapped on the addition of sodium dodecyl sul-
fate (SDS), and purified cleavage products were resolved 
in a gel containing 8 percent polyacrylamide and 7.0 M 
urea, alongside DNA sequencing reactions primed at the 
same 5' end. Although very few cleavage sites were visi-
ble in the absence of drug (indicated by the minus 
signs), cleavage sites were enhanced by exposure to the 
various topoisomerase II–targeted agents (indicated by 
the plus signs). Specified reactions were incubated for 
an additional 10 minutes at 75°C before the addition of 
SDS in order to examine the stability of the cleavage 
complexes formed. The nucleotide 1484 is on the 5' side 
of the cleavage site (¡1 position), which corresponds to 
the der(15) and der(17) translocation breakpoints in four 
patients with mitoxantrone-related APL. Panel B shows 
DNA topoisomerase II–mediated cleavage of the normal 
homologue of the der(15) and der(17) RARA transloca-
tion breakpoints in APL in Patient 1. The substrate span-
ning positions 2603 to 2871 of RARA intron 2 (GenBank 
accession number AJ297538) contained the transloca-
tion breakpoints. The nucleotide 2695 indicates the (¡1) 
position of the cleavage site corresponding to the 
der(15) and der(17) translocation breakpoints.
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Some evidence supports a direct role for topoisom-
erase II in causing the DNA damage that leads to
chromosomal rearrangements.6,23,24,31 An indirect
mechanism involving the induction of apoptosis-
inducing nucleases has also been proposed.32-35

Few genomic breakpoint junctions have been
characterized in therapy-related APL.36 Our study of
the der(15) and der(17) genomic breakpoint junc-
tions in APL arising after mitoxantrone treatment
revealed clustering of breakpoints in the PML gene
within an 8-bp region in intron 6, a result consis-
tent with the existence of a translocation breakpoint
hot spot. The PML-RARA rearrangements occurred
without the gain or loss of any bases relative to the
native genes, indicating that the translocation break-
points in intron 6 were the sites of DNA damage.24

Interestingly, one patient (Patient 3) received only
15 mg of mitoxantrone. This finding is consistent

with the absence of a dose–response effect in the
development of leukemia that follows epipodophyl-
lotoxin treatment37 and the detection of a leukemia-
associated MLL translocation after a low total dose
of doxorubicin.38

The mitoxantrone-related PML translocation
breakpoint hot spot corresponded with a preferred
site of topoisomerase II–mediated cleavage that was
not religated after heating. In vitro, mitoxantrone
stimulated cleavage at the translocation breakpoint
hot spot that was nine times that observed in the ab-
sence of the drug. The RARA translocation break-
points in each of the four patients with mitoxan-
trone-related APL investigated by functional assays
were also found to correspond to mitoxantrone-
induced sites of cleavage of DNA by topoisomerase
II. Models were devised in which recombination of
broken DNA at sites of topoisomerase II–mediated
cleavage formed the der(15) and der(17) breakpoint
junctions. These studies indicate that mitoxantrone
induces cleavage of PML and RARA by topoisomer-
ase II and that this cleavage resulted in the observed
translocation breakpoint junctions in mitoxantrone-
related APL.

To determine whether topoisomerase II–medi-
ated cleavage is relevant to other drugs in therapy-
related APL, we evaluated a patient in whom APL
developed after exposure to etoposide and doxoru-
bicin. Etoposide and its metabolites and doxorubi-
cin induced topoisomerase II to cleave DNA at the
PML and RARA translocation breakpoints. The cleav-
age sites could recombine to form the der(15) and
der(17) breakpoint junctions observed in this pa-
tient. These results suggest that topoisomerase II–
mediated cleavage is a general mechanism causing
DNA damage in APL that develops after treatment
with various agents that target topoisomerase II.

Recent reports of treatment-related APL indicate
that epirubicin and mitoxantrone are the most com-
mon antecedent drugs and that a substantial pro-
portion of the patients had breast cancer.17-19 Al-
though etoposide is implicated in some cases of
treatment-related APL,17-19,36 this drug is more of-
ten associated with MLL translocations that disrupt
band 11q23.30,39 These observations suggest that
different chemotherapeutic agents predispose pa-
tients to different translocations. A key question is
how such specificity is conferred. Our in vitro as-
says show that mitoxantrone and etoposide or its
metabolites stimulate topoisomerase II to cleave
different sites in PML and RARA, implying the exist-
ence of different genomic hot spots for topoisom-

Figure 4. Model of the Formation of der(15) and der(17) Breakpoint Junctions 
in APL in Patient 1.

Native PML and RARA sequences are red and blue, respectively. The model 
includes exonucleolytic processing to form two-base homologies in the case 
of der(15) and single-base homology in the case of der(17) and the creation of 
both breakpoint junctions by means of the error-prone nonhomologous end-
joining repair pathway. During the formation of der(15), positions 1487 to 
1488 on the antisense strand of PML are lost through exonucleolytic process-
ing (pink) before the nonhomologous end-joining pathway joins the indicated 
bases. Positions 1485 to 1487 on the sense strand of PML are lost by exonu-
cleolytic processing (pink), and der(17) forms through the nonhomologous 
end-joining pathway. Template-directed polymerization of the relevant single-
stranded overhangs fills in any gaps (light blue). Each RARA overhang is com-
pletely preserved.
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erase II–mediated cleavage in the presence of the
different drugs. It is likely that such hot spots occur
throughout the genome but that only translocations
that confer a proliferative or survival advantage in
an appropriate hematopoietic progenitor lead to
leukemia. The identification of this translocation
mechanism has important implications for the che-
motherapy of cancer.
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