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Abstract

The pathological consequences resulting from deregulation of the apoptotic program include cancer (too little apoptosis) or
diseases of cell deprivation, such as Alzheimer’s (too much apoptosis). We have identified an additional pathology whereby cells
reaching the earliest stage of chromatin cleavage have the potential to suppress apoptotic execution and survive. One specific
cleavage event associated with this process is restricted to a location within the mixed lineage leMitdthigefe at 11923.

The site of cleavage is consistent with the location where lar®6,kbp loops of supercoiled DNA are attached to the nuclear
matrix. Cells modified by this process generfsliel translocations, as shown by inverse PCR, that survive for days to weeks but
which have no known relationship with clinical disease. Using a specific approach, cells stimulated by anti-CD95 antibody, a
potent stimulator of the apoptotic program, facilitated creation oMhe—AF9fusion gene. Further, this rearrangement, which

is commonly observed in patients with AML linked to exposure to cytotoxic agents, was efficiently transcribed in cells that were
able to undergo cell division. These data are discussed in the context of benzene and benzene metabolite toxicity that impacts
the process of apoptosis and is known to lead to leukemic disease.
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1. Introduction

As a result of industrialization and changes in
~ Correspondi thor. Tel +1 916 734 8726 lifestyle, the population at large has been exposed
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indicating that occupational exposure to benzene re- in patients receiving topoisomerase Il inhibitors and in

sults in an increased risk of aplastic anemia, acute leukemiaininfants. In both cases, chromosome fusions

myeloid leukemia (AML) and chronic lymphocytic  involving the MLL gene at 11923 are observgib].

leukemia (CLL) [1-3]. Although there are studies After exposure to topoisomerase Il inhibitors such as

showing the toxic effects of benzene, the mechanism(s) etoposide or doxorubicitMLL is translocated to least

by which benzene causes leukemia still remain unclear. 40 different partner chromosomes, the most common
being chromosomes 4, 6, andB5]. Approximately

1.1. Benzene biochemistry and disease 80% of infants with AML and ALL have chromosome
translocations involving th&ILL gene[13,17-19] In

Benzene undergoes biological activation in the liver the subset of AML patients linked to inhibitors of

by cytochrome P450 (CYP450) forming benzene ox- DNA topoisomerase Il such as etoposide, character-

ide, a portion of which is then converted to phenol istic reciprocal translocations involving 11g29lI(L)

by a non-enzymatic rearrangement. Phenol can be have been observed. These have been suggested to re-

further metabolized to hydroquinone or catechol by sult from site-specific DNA cleavage induced by the

CYP450. Once in the bone marrow, it is believed that topoisomerase inhibitor20,21] In a study examin-

hydroquinone and catechol are converted by myeloper- ing chromosomes 8 and 21 in workers exposed to

oxidase to 1,4-benzoquinone and 1,2-benzoquinone,benzene, reciprocal translocations were increased 15-

respectivelyj4]. These quinones are capable of induc- fold in the peripheral blood cells of workers exposed

ing DNA strand breaks and inhibition of topoisomerase to high concentrationg2]. Inhibitors of DNA topoi-

I, both of which, either singly or together, may cause somerase Il, such as etoposide and various benzene

chromosomal aberrations. Benzene exposure has beemetabolites, have also been implicated as the causative

linked to the induction of both the myelodysplastic syn- agent in therapy-related leukemia and this argument is

drome and acute myelogenous leukemia (AMBE). supported by the proximity of topoisomerase Il binding

The leukemogenic pathway for benzene is similar to sites (consensus sequences) within a regidldf that

that observed in patients exposed to alkylating agentsis subject to frequent translocations. Drugs inhibiting

who show a protracted delay prior to AMB]. Such topoisomerase Il that are associated withL translo-

leukemias usually involve loss or aberration of chro- cationsintherapy-related AML, block the re-ligation of

mosomes 5 and/or 7. A more rapid leukemic course topoisomerase ll-cleaved double strand breaks in cells,

is observed, however, after treatment with agents that which ultimately results in cell death.

target topoisomerase I, including etoposide and some

benzene metabolitd3]. These data suggest that this 1.3. Benzene and apoptosis

class of leukemias may also be triggered in those indi-

viduals exposed to benzene. The key suppressive effect of apoptosis in elimi-
nating damaged and potentially neoplastic cells has
1.2. Topoisomerase Il, benzene, and leukemia been known and discussed for some tj@@&-26] The

relationship between benzene exposure and apoptosis

A number of studies have evaluated the chromo- however is controversial. In one recent report, it was
somal effects of benzene, providing insights into the demonstrated that exposure of NIH 3T3 cells to benzo-
mechanisms of benzene genotoxicity. Recently it has quinone or hydroquinone inhibited apoptotic cell death
been shown that benzene metabolites can inhibit pu- induced by serum starvation or separation from an ex-
rified preparations of human topoisomerasgB#10] tracellular matrix (anoikis)27]. This is an unusual
DNA topoisomerases are nuclear enzymes, which in- response from a triggering agent that is most often con-
duce transient breaks in DNA allowing the passing of sidered as cytotoxif28]. In a study of hydroquinone
one DNA strand through anothjdrl—13] DNA double exposure in cells that were either myeloperoxidase rich
strand breaks induced by topoisomerase Il inhibitors (HL60) or deficient (Jurkat), it was demonstrated that
can induce apoptosis of tumor cells contributing to hydroquinone induced apoptosis in both cell types.
the therapeutic effedtl4]. Topoisomerase Il is also  However, addition of a broad-spectrum caspase in-
thought to be a key intermediate in cases of leukemia hibitor, zVAD.fmk, was unable to suppress the very
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Fig. 2. Schematic representationEL cleavage by apoptotic stim-

uli within the breakpoint cluster region (BCR), defined by BamH1
1, 4 hydroquinone restriction sites. Vertical arrow indicates the target for nuclease attack
1, 4 benzoquinone (site-specific cleavage) initiated within intron 11 of thié&L BCR.
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Fig. 1. Diagram showing the possible impact of reactive benzene ) ) . .
metabolites with regard to DNA damage and apoptosis. termine the precise site of cleavage. We have refined the

technique using ligation-mediated PCR which allowed
a much greater degree of precision in determining the
site of cleavageKig. 3). Here, a double-stranded DNA
adapter is used to tag all DNA double strand breaks
in the test system. Subsequently, primers toNHd.

earliest signs of apoptosis, phosphatidyl leaflet ex-
ternalization and cytoplasmic changes in the HL60
cell line [29]. One implication of these data is that

hydroqguinone processing by myeloperoxidase leads region of interest permit site-specific PCR. The size of

to products capable of activating an early, caspase- . . )
independent variant of apoptosis. These data suggestthe amplicon can then be used to determine the orig-

a complex and multifactorial impact of benzene expo- L?]il g;iaevagﬁ :gs:lt'; n (iii%?eth'fa?r‘:’temé F():rlicgtlgnuzi
sure in terms of leukemia development; some of these P P P 9 J

/ va-
issues are summarizedhig. 1 Itis clear however, that t5 tofet>r(]on 12 ?ﬂ\t/!LL‘ In the data sht(_)V\c/:nD,;ge afgvz
some, or all, benzene metabolites may affect the correct or of the apoptotic program was anti- antivody.

initiation or execution of apoptosis. In this manuscript, This :El)ctlvates thetexttll_r;]sm plathway t9 apot)totglz, tv 'a,t:
we highlight a novel pathway to leukemia involving a membrane receplor. Thus cieavage IS restricted to the

specific dysregulation of the apoptotic process that we apoptotic program only and is not dependent on intrin-

have shown has the capacity to create IeukemogenicrST'](;;jaasrg"Jlllg.f}1 :}9&2‘2’ :srl#_:shaas frrgg;ﬁ (:]r;zsetr;:zoar dtogr?t'goé
translocations in cells with the capacity to survive. Inhibitors. 1his app v Y

of restricting all sources of DNA damage to the effector
component of apoptosis.

2. Results and discussion
LN
2.1. Apoptosis effectors and site-specific cleavage % —
Adapter

Genomic DNA

We have provided evidence that the effector arm of

the apoptotic program is capable of inducing genomic ZVAD fink
rearrangements linked to leukemia and thatthesemay - 2 4 ¢ 16 24 0 2 4 6 16 24h
occur in cells that escaped normal apoptotic execution.
It has been known from the work of a number of authors
that cells exposed to pro-apoptotic signals undergo site-
specific cleavage at 119220,30](Fig. 2). Early stud-
ies by Stanulla et al. showed in both human and mouse Fig. 3. Ligation-mediated PCR (LM-PCR) used to deMtt. cleav-
cell lines that exposure to a variety of cytotoxic agents, age in human TK6 cells triggered by u§/ml of anti-CD95 an-
including topoisomerase |1 inhibitors, produced spe- {Pody- Apoptotic-specific cleavage ®ALL allows ligation of an

i - . . artificial adapter to DNA breaks. This allows amplification of a
cific Cleavage within the breakpomt cluster region of PCR product specific to the adapter avtlL cleavage site. Such
MLL [20]. These data used a Southern blot as a read- jigation-mediated PCR generates a 290 bp product (arrow). Addition
out of the cleavage involved, which was unable to de- of 20p.M pan caspase inhibitor (zVAD.fmk) blocks all cleavage.

--Q. G
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Fig. 4. Analysis of translocations by inverse PCR. Excision of a region surrounding the apoptotic cleavage site with a frequent-cutting enzyme
(S) generates circular templates of known size. If thee§ion of MLL has fused with a partner then the partner restriction site (S) will now be

used to create a template of different size. In each case, the templates are platforms for inverse PCR generating the amplicons observed, giving
fixed size for genomic DNANILL arrow) and variable sizes dependent on the fusions that take platefgsions) (see text for further details).

2.2. Apoptotic effectors and DNA damage breakpoints where thé Sau3Al site oMLL remains,
processing now attached to an unknown partner that will, how-
ever, contain its own Sau3Al site at some location. The

We have shown that cleavage at 11923 induced by second step requires each of such DNA fragments to
pro-apoptotic stimuli are targets for the NHEJ repair be circularized (at low dilution to inhibit linking one
system, as seen by the rapid accumulation of the corefragment to another) at the common Sau3Al site and
NHEJ protein, DNA-PK, at the cut sif@0]. Of per- application of primers to the knowMLL portion that
haps greater significance, however, is the finding that extend in opposite directions. This latter step is the
cells cleaved at 11923 by exposure to activators of only peculiarity in that here, the primers extend in
the apoptotic program are targets for processing by mutually opposed directions, rather than towards each
the NHEJ system leading to ligation errors, in partic- other as in routine PCR. The net result is that the cir-
ular those that lead to translocations. To demonstrate cularized fragments are amplified aiMlLL translo-
such an effect, human cells of lymphoblastoid origin cations may be detected by the size of circular frag-
(TK6) were exposed to ionizing radiation or anti-CD95 ments produced and verified by sequenciRi( 4).
antibody and returned to culture. For 3 weeks after With this approach PCR products related to discrete
exposure, DNA from the treated cells was extracted translocations are visible for up to 3 weeks after ex-
and analyzed for translocations at the spedificL posure to the apoptotic reagent. This is far longer than
11923 cleavage site using inverse P{3R] (Fig. 4). expected if such rearrangements occurred in apoptosis
The protocol is shown diagrammatically kig. 4, but committed cells. Treated TK6 cells regain full viabil-
in essence the technique reveals translocations to un-ity and their starting cell number 3 days after exposure
known partners at the 11923 breaksite by a two-step to 0.5ug/ml of the anti-CD95 antibody. Sequencing a
process. First, the region surrounding the target site sample of these translocations triggered by either ir-
is excised with a frequent-cutting enzyme, Sau3Al in radiation or anti-CD95 antibody confirmed that they
this case. This removes short fragments of DNA from were indeedVILL translocations, but that none were
both the known genomic region (Sau3Al sites here linked to any patient-derivelILL translocation yet re-
are easily identified) and any unknown translocation ported.
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Fig. 5. Initiation of MLL-AF9 fusion and transcription by apop-
totic triggers in cells capable of division. (A) Top: kinetics of
MLL-AF9 production in TK6 cells after 0.ag/ml anti-CD95 an-
tibody. MLL-AF9 RT-PCR signal was observed from 6 h after ex-
posure to antibody, W: water control. Bottom: GAPDH control for
time series. (B) Here aliquots of TK6 cells treated as above were
allowed to re-grow and subdivided into eight separate aliquots after
4 days. Genomic PCR spanning tié&L—AF9 breakpoint followed

by sequencing was then performed to detect the duplication of cell-
specific, sequence identicAILL-AF9 breakpoints. Two such ex-
periments are shown. M: markers; T: MM6 cell line positive for an
MLL-AF9fusion gene (positive control).

2.3. Apoptosis—MLL—Leukemia

In order to link the idea of rescue from apoptosis to

183

raises a number of profound questions concerning the
mechanism of fusion gene formation and its relevance
to leukemia. Such a discussion should include the iden-
tification of TEL-AML1or AML1-ETOfusion genesin
cord bloods at a frequency that is 100-fold greater than
the risk of the corresponding leukeni@3]. One in-
terpretation of these data is that cells trigger apoptotic
effector activity creating fusion genes, but that most
such modified cells die. The complexity of fusion gene
biology continues after their creation in that the activity
of MLL-AF9 appears to be dose-dependent, inducing
apoptosis at high expression levels but not at the low
levels normally encountered in clinical materiad].

2.4. Is apoptosis survivable?

To be of biological relevance, cells containing such
rearrangements at 11923 or elsewhere must have the
capacity to suppress apoptotic execution and survive.
There are data supporting the view that cells can access
the distal part of the apoptotic program and survive. A
fraction of cells expressing the early indicator of apop-
tosis, Annexin V, are able to re-enter the cell cycle and
continue to proliferatg35]. In addition, caspases-3, -6,
and -7 were found to be enzymatically active in non-
apoptotic-activated T cellg36]. Of these, caspase-3
may be activated by lysosomal enzymes in addition to

clinical experience, a screen was undertaken to searchapoptotic signaling pathways, suggesting that it may be

for the production of clinically relevant fusion genes in
cells exposed to pro-apoptotic stimuli. The fusion gene
MLL-AF9 was selected as an example of a clinically
relevant system as it is one of the more comrivir
fusions observed, particularly after patient treatment
with cytotoxic agent431,32] It was decided to as-
say for the presence of tidLL-AF9 message as such
an endpoint provides some confirmation of biological
activity (transcription) and also may be available in
multiple copies, so helping in detection. In these exper-
iments, the apoptosis-specific trigger, anti-CD95 anti-

activated under conditions other than terminal apopto-
sis[37]. Perhaps the most convincing data however are
found in the nematode wori@. eleganswhere cells
morphogenetically predestined to die by apoptosis may
recover from the apoptotic phenotype (nuclear mor-
phology), in the absence of adjacent phagocytic cells
[38]. In order to determine if cells containing 11923
rearrangements can survive, we devised a procedure
to detect the division of cells containing 84LL—-AF9
breakpoint. To be biologically active, genomic fusions
between any two genes (bMLL andAF9here) would

body, was again used with TK6 cells and the presence normally occur within intronic regions such that the
of MLL-AF9 message determined by RT-PCR using translated fusion gene itself is identical. However, the
the Titanium kit (Clontech, Palo Alto, CA). The results  very large regions of intronic DNA mean that it is ex-
are shown irFig. 5A. Surprisingly, only 6 h after stim-  tremely unlikely that individual chromosome fusions
ulation a clear signal was observed that was confirmed will occur at exactly the same pointin both genes. Thus
to be the product of aWlLL—AF9 fusion by sequencing  in an experimental setting, the induction and division
of the PCR products cut from the d8R]. Suchasignal  of specificMLL-AF9 fusions can be tracked by fol-
was observed for the length of this experiment (4 days). lowing the duplication of specifiMLL-AF9 genomic
The fact that such a signal could be so rapidly identified breakpoints. This was done in TK6 cells exposed to
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anti-CD95 antibody, allowing the cells to fully recover  [3] United States Environmental Protection Agency (USEPA), Car-
both cell number and viability and then screening for cinogenic Effect of Benzene: An Update, National Center for
specific breakpoint duplications in aliquots ofthe same Environmental Assessment, Washington Office, Office of Re-

. . search and Development, 1998, EPA/600/P-97-001F.
populatlon[32]. The results of two such experiments [4] D. Ross, The role of metabolism and specific metabolites in

are shown irFig. 5B. Sequencing of the predominant benzene-induced toxicity: evidence and issues, J. Toxicol. En-
bands showed that they were indeed duplicated break-  viron. Health A 61 (2000) 357—372.

points, indicating that the cells containing them had [5] M. Aksoy, Hematotoxicity and carcinogenicity of benzene, En-
divided. For the future, it is proposed to isolate such __ Viron. Health Perspect. 82 (1989) 193-197.

b t cell iabl | d be th h [6] R.A. Larson, M.M. LeBeau, J.W. Vardiman, J.D. Rowley,
aberrant cells as viable clones and probe the mecha- Myeloid leukemia after hematotoxins, Environ. Health Per-

nism controlling their survival. spect. 104 (Suppl. 6) (1996) 1303-1307.

[7] J. Fung, M.J. Hoffmann, D.D. Kim, R. Snyder, Inhibition of
topoisomerase Il in 32D.3(G) cells by hydroquinone is associ-
ated with cell death, J. Appl. Toxicol. 24 (2004) 183-188.

[8] H.Chen, D.A. Eastmond, Topoisomerase inhibition by phenolic

. . ) metabolites: a potential mechanism for benzene’s clastogenic
The introduction of benzene into the body represents effects, Carcinogenesis 16 (1995) 2301-2307.

a broad attack on both DNA and key enzymes such as [9] A.M. Hutt, G.F. Kalf, Inhibition of human DNA topoisomerase

topoisomerase |l. In addition, published data support Il by hydroquinone angb-benzoquinone, reactive metabolites

a variable and unpredictable effect of benzene on cells ~ ©f Penzene, Environ. Health Perspect. 104 (Suppl. 6) (1996)
1265-1269.

programmed to die by apoptosis. Nevertheless, ben'[10] R.H. Lindsey Jr., K.D. Bromberg, C.A. Felix, N. Osheroff, 1,4-
zene exposure may lead to the generation of leukemic Benzoquinone is a topoisomerase Il poison, Biochemistry 43
disease, making the dissection of the pathways involved (2004) 7563-7574.
an important undertaking. In this paper, we have pre- [11] T.R. Toonen, KR Hande, Topois_omerase Il'inhibitors, Cancer
sented one novel alternative involving deregulation of Chemother. Biol. Response Modif. 19 (2001) 129-147.

. . . . [12] J.C. Wang, Cellular roles of DNA topoisomerases: a molecular
the apoptotic pathway that is consistent with most of perspective, Nat. Rev. Mol. Cell Biol. 3 (2002) 430440,
the published data concerning benzene and leukemia.[13] J.G. Hengstler, J. Lange, A. Kett, N. Dornhofer, R. Meinert, M.
Thus, benzene and/or its metabolites may cause the  Arand, P.G. Knapstein, R. Becker, F. Oesch, B. Tanner, Con-
inappropriate activation of apoptotic effector enzymes tribution of c-erbB-2 and topoisomerase Il alpha to chemore-

targeting theVILL gene at 11923 while suppressing the sistance in ovarian cancer, Cancer Res. 59 (1999) 3206—

3. Summary

. . - ; 3214.
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ily by manipulation of apoptotic execution potential by [15] J.A. Ross, J.D. Potter, L.L. Robison, Infant leukemia, topoiso-
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