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Studies in animal models have indicated that dietary isothio-
cyanates (ITCs) exhibit cancer preventive activities through car-
cinogen detoxification-dependent and -independent mecha-
nisms. The carcinogen detoxification-independent mechanism
of cancer prevention by ITCs has been attributed at least in part
to their ability to induce apoptosis of transformed (initiated)
cells (e.g. through suppression of I�B kinase and nuclear factor
�B as well as other proposed mechanisms). In the current stud-
ies we show that ITC-induced apoptosis of oncogene-trans-
formed cells involves thiol modification of DNA topoisomerase
II (Top2) based on the following observations. 1) siRNA-
mediated knockdown of Top2� in both SV40-transformed
MEFs and Ras-transformed human mammary epithelial MCF-
10A cells resulted in reduced ITC sensitivity. 2) ITCs, like some
anticancer drugs and cancer-preventive dietary components,
were shown to induce reversible Top2� cleavage complexes in
vitro. 3) ITC-induced Top2� cleavage complexes were abol-
ished by co-incubation with excess glutathione. In addition,
proteomic analysis revealed that several cysteine residues on
human Top2� were covalently modified by benzyl-ITC, sug-
gesting that ITC-induced Top2� cleavage complexes may
involve cysteinemodification. Interestingly, consistent with the
thiol modification mechanism for Top2� cleavage complex
induction, the thiol-reactive selenocysteine, but not the non-
thiol-reactive selenomethionine, was shown to induce Top2�
cleavage complexes. In the aggregate, our results suggest that
thiol modification of Top2�may contribute to apoptosis induc-
tion in transformed cells by ITCs.

Many dietary components have been shown to possess can-
cer preventive activities (1). Among them, the isothiocyanates
(ITCs)2 from cruciferous vegetables and other sources have
been most extensively studied (2). ITCs such as benzyl ITC
(BITC), phenethyl-ITC (PEITC), and sulforaphane (4-methyl-

sulfinylbutyl-ITC (SFN), are converted from their glucosinolate
precursors by the action of myrasinase (2).
ITCs are known to induce phase II enzymes, thereby detox-

ifying carcinogens and preventing initiation of carcinogenesis
in animal models (3). In this carcinogen-detoxifying mecha-
nism of cancer prevention, ITCs activate the nuclear factor
E2-related factor (Nrf2) through a mechanism that involves
their covalent modifications of the critical cysteine residues on
Kelch-like ECH-associated protein 1 (Keap1), resulting in the
release of active Nrf2 from the repressive Nrf2-Keap1 complex.
Activated Nrf2 then stimulates the transcription of phase II
carcinogen-detoxifying enzymes (4). However, it has also
become increasingly evident that the ability of ITCs (as well as
other dietary components such as selenite and epigallocatechin
gallate) to detoxify carcinogens throughphase II enzyme induc-
tion is not the only mechanism for their cancer preventive
activity. First, ITCs are effective in cancer prevention in animals
even when administered weeks after carcinogen application,
which argues against the carcinogen-detoxifyingmechanism as
the sole mechanism for cancer prevention (5). Second, ITCs
have been shown to prevent tumor formation in spontaneous
carcinogenesis animal models where no carcinogen is involved
(6). In addition, ITCs can suppress tumor growth in mice car-
rying human tumor xenografts (7). These studies argue for the
existence of a carcinogen detoxification-independent mecha-
nism for the cancer preventive activity of ITCs.
ITCs readily inhibit cell proliferation and induce apoptosis in

various cancer cells (8). Indeed, ITC-induced apoptosis has
been proposed to be responsible for the cancer-preventive
activity in the post-initiation phase (8). It has been suggested
that ITCsmay selectively induce apoptosis of transformed cells
during the initial stage of tumorigenesis (9). Consistent with
this notion, transformed cells and cancer cells are much more
sensitive to ITCs than their normal untransformed counter-
parts (10). The ability of ITCs to selectively induce apoptosis of
transformed cells has been studied extensively. For example,
ITCs are known to activate caspases, up-regulate pro-apoptotic
proteins, and down-regulate anti-apoptotic proteins (8). The
apoptosis-inducing activity of ITCs has also been linked to
reactive oxygen species production (11), activation of the JNK
pathway (12), suppression of I�B kinase andNF-�B (13), down-
regulation of STAT3 (10), inhibition of tubulin polymerization
(14), and proteasome inhibition (15). However, the exact
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molecular basis for the ITC ability to induce apoptosis of tumor
cells remains unclear.
DNA topoisomerase II� (Top2�), a tumor marker (16), is

highly up-regulated in transformed and cancer cells due to acti-
vation of oncogenic Ras (17), inactivation of p53 tumor sup-
pressor (18), and in some tumors, co-amplificationwith human
epidermal growth factor receptor 2 due to the close proximity
of their genes located on chromosome 17q21 (19, 20). Top2-
targeting drugs, such as VP-16 (etoposide), doxorubicin, and
mitoxantrone, are known to trap lethal Top2�-DNA covalent
adducts, termed Top2� cleavage complexes, which are respon-
sible for the antitumor activity of Top2-targeting drugs (21).
Studies of thiol-reactive compounds such as �-lapachone,
menadione, disulfiram (DSF), epigallocatechin gallate, and sel-
enite have suggested a thiol modification mechanism for the
induction of lethal Top2�-DNA covalent adducts in vitro
(22–25).
In view of the importance of the thiol reactivity of ITCs in

their cancer preventive activity (26), we have carried out the
current studies to examine a possible role of thiol modification
ofTop2� in tumor cell killing by ITCs.Our current studies have
demonstrated that the ITC sensitivity of transformed cells is in
part determined by the Top2� protein level. In addition, ITCs
can stimulate the formation of Top2�-DNA covalent adducts
in vitro through a thiol modification mechanism. These results
suggest that thiolmodification of Top2� and, hence, the forma-
tion of Top2�-DNA covalent adducts may contribute to apo-
ptosis induction in transformed cells by ITCs.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

BITC, PEITC, SFN, glutathione (GSH), selenomethionine,
selenocysteine, VP-16 (etoposide), DSF, sodium selenite, and
thiazolyl blue tetrazolium bromide were purchased from
Sigma. Anti-�-tubulin antibodies were purchased from the
Developmental Studies Hybridoma Bank at the University of
Iowa. Anti-phospho-H2AX (Ser-139) clone JBW301 mouse
antibodies were purchased from Millipore Co. Anti-�-actin
(13E5) rabbit antibodies was purchased from Cell Signaling
Technology. The anti-Top2� antibodies were purchased from
Santa Cruz Biotechnology. The anti-Top2� antibodies were
gift from Dr. Jaulang Hwang (IMB, Acdemia Sinica, Taiwan).
The annexin V-FITC apoptosis detection kit was purchased
fromBDPharmingen. Tissue culturemedia,DMEM, andRPMI
1640, were purchased from Invitrogen. All other tissue culture
media and reagents were purchased from Invitrogen.

In Vitro Top2�-mediated DNA Cleavage Assay

Top2-mediated DNA cleavage assay was carried out as
described previously (27). Briefly, the reaction mixture (20 �l
total volume) containing 50mMTris-HCl, pH 8.0, 100mMKCl,
10 mMMgCl2, 0.5 mM EDTA, 30 �g/ml bovine serum albumin,
1 mM ATP, 10 ng of 3�-end 32P-labeled YEpG DNA, 10 ng of
purified human Top2�, and the compound of interest were
incubated at 37 °C for 30 min. The reactions were terminated
by the addition of 5 �l of 5% SDS and proteinase K to a final
concentration of 200�g/ml followed by incubation for an addi-
tional 120 min at 42 °C. DNA samples were separated in 1%

agarose gel, 0.5� Tris-Phosphate-EDTA buffer (45 mM Tris-
Phosphate, pH 8.0, 1 mM EDTA), 2.5 V/cm. Gels were dried
onto Whatman No. 3MM chromatographic paper and autora-
diographed at �80 °C using Eastman Kodak Co. XAR-5 films.

Apoptosis Assay

Annexin V Staining—To determine ITC-induced apoptosis,
SV40-transformed MEFs were treated with different com-
pounds. At the end of treatment cells were trypsinized using
0.5% trypsin-EDTA and washed twice with ice-cold 1� PBS.
After washing, cells were subjected to annexin V staining by
following themanufacturer’s protocol. Briefly, cells were resus-
pended in 100 �l of 1� annexin V binding buffer followed by a
15-min staining in the dark with annexin V-FITC for phos-
phatidylserine translocation and propidium iodine for mem-
brane integrity. An additional 400 �l of 1� annexin V binding
buffer was added to each staining reaction. The samples were
then subjected to flow cytometry analysis.
Nucleosomal DNA Fragmentation—For measuring ITC-in-

duced chromosomal DNA fragmentation, 2.5 � 106 HL60 or
HL60/MX2 cells were treated with different compounds for 4 h
at 37 °C. Cells were then pelleted and lysed in 0.4 ml of lysis
buffer (10mMTris-HCl, pH8.0, 20mMEDTA, and 0.2%Triton-
X100) followed by incubation on ice for 20 min. After centrif-
ugation in a microcentrifuge (12,000 � g) for 20 min, frag-
mented DNA in the supernatant was extracted with phenol/
chloroform and precipitated with a 1⁄10 volume of 3 M sodium
acetate, pH 5.2, and 2 volumes of ethanol. DNAwas pelleted by
centrifugation, rinsed with 70% ethanol, and then resuspended
in Tris-EDTA buffer containing 100 �g/ml RNase A. After 2 h
of incubation at 37 °C, DNA samples were electrophoresed in
1.5% agarose gel, stainedwith ethidiumbromide, and visualized
under UV light.

Cell Culture and Cytotoxicity Assay

Top2��/� and top2��/� primary MEFs were isolated from
E13.5mouse embryos as described previously (28). SV40-trans-
formed MEFs were obtained by transfecting primary MEFs
with the SV40 large T antigen-expressing plasmid, pAN2 (28).
The human AML cell line HL-60 and its mitoxantrone-resis-
tant variant HL-60/MX2 were obtained from ATCC. Onco-
genic Ras-transformedMCF10A cells were generated by trans-
fecting K-Ras-expressing plasmid into immortalized human
breast MCF10A cells (63). MEFs and transformed MEFs were
cultured in DMEM media containing 10% FetalPlex animal
serum complex (Gemini Bio-Products), L-glutamine (2 mM),
penicillin (100 units/ml), and streptomycin (0.1 mg/ml) in a
humidified incubator with 5% CO2 at 37 °C. HL-60 and HL-60/
MX2 cells were cultured under the same conditions except that
RPMI 1640 was used instead of DMEM. MCF10A and K-Ras-
transformed MCF-10A cells were cultured as described (30).
For IC50 determination, cells were exposed continuously to var-
ious ITCs. Thiazolyl blue tetrazolium bromide assays were per-
formed at the end of the fourth day. All assays were performed
at least twice in triplicate. Serum deprivation of primary MEFs
were performed using 0.2% instead of 10% FetalPlex on conflu-
ent cultures (2.5 � 105 cells/well of 6-well plate) for 48 h.
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Gene Silencing by siRNAs

For silencing Top2�, subconfluent MEFs (SV40 T-trans-
formed) andMCF10A (K-Ras-transformed) cells were cultured
in Opti-MEM (Invitrogen) and transfected with 150 ng of
mouse (sense, 5�-GUAUUAGAGUCACAAUUGA-3�; anti-
sense, 5�-UCAAUUGUGACUCUAAUCA-3�) and human
(sense, 5�-CAAGAAGUGUUCAGCUGUA-3�; antisense, 5�-
UACAGCUGAACACUUCUUG-3�) Top2�-specific siRNAs
(purchased from Sigma) using Oligofectamine (Invitrogen),
respectively. Scrambled siRNAs were transfected as controls.
6 h post-transfection, cells were treated with specific ITCs for a
period as indicated and immediately lysed in 6� SDS-PAGE
sample loading buffer. To determine the efficiency of gene
silencing, the Top2� protein level was determined by immuno-
blotting using anti-Top2� antibodies.

Detection of Covalent Adduction of BITC to Human Top2�
in Vitro

We engineered a recombinant human TopII� with se-
quences modified at both the N and C termini. The first 28
amino acids of the protein were replaced by the first 5 amino
acids of yeast Top2 followed by sequences of a heart muscle
kinase phosphorylation site and a hexahistidine tag. 125 amino
acidswere also truncated atC terminus (1405–1530). AGAL�/
protease-deficient yeast strain, BCY123, was used as a host for
expressing recombinant protein. Recombinant hTop2� was
purified as described previously (31) except that POROS� HS
column chromatography (Applied Biosystems) was used as a
further purification step after Ni2�-nitrilotriacetic acid col-
umn. For detecting Top2� fragments with adducted BITC, 30
�g of recombinant hTop2� were preincubated in 100 �l of
buffer (50 mM NH4HCO3, pH 7.5, 50 mM NaCl, 10 mM MgCl2,
0.1 mM EDTA, and 0.5 mM tris(2-carboxyethyl)phosphine) at
37 °C for 5 min. The reaction mixture was then incubated at
37 °C in the presence of BITC as indicated (time and dose). For
kinetic analysis, samples were reactedwith an excess amount of
iodoacetamide (50 mM) for 30 min. Most of the modified
enzyme formed insoluble aggregates and was collected by cen-
trifuging at 10,000 � g for 10 min. To protect buried and
unmodified cysteines with iodoacetamide, precipitant was
resuspended with 100 �l of buffer (6 M urea, 50 mM iodoacet-
amide, 50 mM NH4HCO3, pH 7.5, 50 mM NaCl, 10 mM MgCl2,
0.1 mM EDTA and 0.5 mM tris(2-carboxyethyl)phosphine) for
30 min at 37 °C. After the reaction, enzyme aggregates were
collected again by diluting urea 5-fold and centrifuging at
10,000 � g for 10 min. Tryptic peptide fragments were gener-
ated by digesting the aggregated enzyme in 50 mM NH4HCO3,
pH 7.5, with trypsin (1:20 (w/w)) for 2 h at 37 °C and processed
for mass spectrometry analysis described in the following. The
digested fragments were first separated over an 18-min linear
gradient from 0 to 60% (v/v) acetonitrile at 200 �l/min per-
formed on a Zorbax C8 column (SB-C8, 2.1 � 50 mm (5 �M),
Agilent Technology) coupled to a quadrupole-time of flight
mass spectrometer (QSTARXL,Applied Biosystems) equipped
with a nano-electrospray ionization source. The mass spectra
were acquired under a positive ionization mode in the range of
200 to 2000m/z (atomic mass units).

Homology Modeling of the Human Top2� AB Prime Region

The homology model of the human Top2� was built from
residues 410 to 1213 of the known sequence (CAA09762). The
x-ray crystal structure of yeast topoisomerase II (PDB code
3L4K)was used as the template formodel construction (32). All
template searching and sequence alignment work was done
using the pGenThreader algorithm (33). The template homo-
dimer was prepared from the monomeric crystal structure
using the symmetry routine in PyMOL (Schrödinger). The ini-
tial models were built from the pGenThreader alignment while
maintaining the positions of the zinc ions and the nucleic acid
from the template via the single-template approach using the
Modeler program (9v8) (34–37). The lowest discrete optimized
protein energy (DOPE) score model was selected for additional
refinement. The double-stranded DNA was made whole in
order to build a non-covalent Top2-DNA complex. The model
was further refined via energy minimization using the Amber
11 suite of programs (38). The Amber99SB-ildn force field (39)
was used with a 12 Å cutoff, and solvent was accounted-for
using the generalized Born implicit solventmodel (40). Illustra-
tions were prepared using PyMOL.

RESULTS

The ITC Sensitivity Correlates with the Top2� Protein Level—
ITCs have been shown to preferentially inhibit proliferation
and induce apoptosis of tumor cells as compared with normal
cells (9, 10). To determine whether oncogene activationmay be
responsible for the preferential sensitivity of tumor cells, the
ITC sensitivity of MCF-10A cells and K-Ras-transformed
MCF-10 cells was determined. As shown in Table 1, Ras-trans-
formed MCF-10A cells were 2–5-fold more sensitive to differ-
ent ITCs (i.e. BITC, PEITC, and SFN) than non-transformed
MCF-10A cells. Ras-transformedMCF-10A cells also showed a
2-fold greater sensitivity toward VP-16 (a Top2-specific inhib-
itor) (21) than non-transformed MCF-10A cells. By contrast,
both cells exhibited similar sensitivity toward camptothecin
(CPT), a DNA topoisomerase 1-specific inhibitor (21). It was
also observed that PEITC, like VP-16, induced at least 2-fold
more DNA damage signal, �-H2AX, in Ras-transformedMCF-
10A cells than in non-transformed MCF-10A cells (Fig. 1A),
whereas CPT induced the same amount of the �-H2AX signal
in both cells. It is interesting to note that the expression level of
Top2� was about 2-fold higher in Ras-transformed MCF-10A
cells than in non-transformed MCF-10A cells.
To test the possibility that the Top2� protein level may

determine ITC sensitivity, the ITC sensitivity of HL-60
(Top2�-proficient) and HL-60/MX2 (Top2�-deficient) cells

TABLE 1
ITCs selectively inhibit the growth of Ras-transformed MCF-10A cells
MCF10A and K-Ras-transformed MCF-10A cells were exposed to various com-
pounds as indicated. MTT assay was performed at the end of the fourth day as
described under “Experimental Procedures.” Each experiment was performed in
triplicate and repeated more than twice. The IC50 is calculated by regression
curve-fitting.

Cells BITC PEITC SFN VP-16 CPT

�M �M �M �M nM
MCF-10A 15 � 0.5 12 � 0.8 23 � 2.8 4.3 � 0.2 70 � 1.8
K-Ras 3.2 � 0.7 3.4 � 0.5 10 � 1.3 2.0 � 0.1 69 � 3.2
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was determined using a nucleosomal DNA fragmentation assay
for apoptosis induction. As shown in Fig. 2A, PEITC selectively
induced the release of nucleosomal DNA fragments in HL-60
cells as compared with HL-60/MX2 cells. As a positive control,
VP-16 was also shown to preferentially induce nucleosomal
DNA fragmentation in HL-60 cells as compared with HL-60/
MX2 cells. By contrast, CPT was equally active in inducing
nucleosomal DNA fragmentation in both HL-60 and HL-60/
MX2 cells (Fig. 2A). Similarly, BITC treatment caused nucleo-
somal DNA fragmentation in HL-60 cells, but not in HL-60/
MX2 cells (Fig. 2B). SFN, although less active, also induced
nucleosomal DNA fragmentation in HL-60 cells but not in
HL-60/MX2 cells (Fig. 2C). It is noted that the efficiency of
ITCs to induce apoptosis seems to parallel their IC50 (in the
order of PEITC � BITC � SFN). These results suggest that the
Top2� protein level correlates with ITC sensitivity in terms of
growth inhibition, DNA damage, and apoptosis.
siRNA-mediated Knockdown of Top2� Attenuates ITC-in-

duced DNA Damage and Apoptosis—To test if the Top2� pro-
tein level determines ITC sensitivity, the Top2� protein level
was knocked down using RNAi before ITC treatment. As
shown in Fig. 3A, left panel, siRNA-mediated knockdown of
Top2� in SV40-trasnformed MEFs (see the lower panel for
Top2� knockdown efficiency) led to a significant decrease
of the �-H2AX signal induced by ITC (i.e. BITC, PEITC, and
SFN) treatment. As positive and negative controls, respectively,
Top2� silencing was also shown to reduce the VP-16-induced,
but notCPT-induced,�-H2AX signal (Fig. 3A, right panel). The
effect of Top2� silencing (see Fig. 3B, lower panel) on ITC-
mediated DNA damage was also studied in Ras-transformed
MCF-10A cells. As shown in Fig. 3B, top panels, siRNA-
mediated knockdown of Top2� reduced PEITC and VP-16 but
not CPT-induced �-H2AX signals. These results suggest that
the Top2� protein level determines the DNA damage signal
induced by ITCs.
The effect of Top2� gene knockdown on ITC-induced apo-

ptosis was also examined in transformed MEFs. As shown in
Fig. 3C, Top2� knockdown decreased the annexin V-positive
populations in ITC and VP-16 but not hydrogen peroxide-
treated SV40-transformed MEFs. Again, it was noted that SFN
was less effective in inducing apoptosis than BITC and PEITC.
Together, our results suggest that the Top2� protein level is a

determinant of ITC sensitivity in terms of both DNA damage
and apoptosis induction in transformed cells.
ITC Sensitivity Is Reduced in Cells Depleted of Both Top2

Isozymes—There are two Top2 isozymes, Top2� and Top2�,
in mammalian cells (41). Top2� is known to be a cell prolifer-
ationmarker and is up-regulated in tumor cells due to multiple
mechanisms (16–19). In non-transformed cells such as pri-
maryMEFs, Top2� levels peak at G2/M, and serumdeprivation
is known to driveMEFs into G1 phase, where the Top2� level is
minimal (42). By contrast, Top2� is present at more or less
constant levels in all cells (42). To deplete both Top2 isozymes

FIGURE 1. PEITC induces �-H2AX more effectively in K-Ras-transformed
cells. MCF-10A and K-Ras-transformed MCF-10A cells were treated with
PEITC (see the indicated concentrations) (A) or CPT (10 �M) or VP-16 (10 �M)
(B) for 6 h followed by immunoblotting using antibodies against �-H2AX or
�-actin. Top2� protein levels in MCF-10A and K-Ras-transformed MCF-10A
cells were determined by immunoblotting using anti-human Top2�
antibodies.

FIGURE 2. ITCs induce Top2�-dependent nucleosomal DNA fragmenta-
tion. HL60 and Top2-deficient HL60/MX2 cells were treated with PEITC (0.1/
1/1.5/2/2.5/5 �M) (A), BITC (0.1/1/1.5 �M) (B), and SFN (1/2.5/5/10/20 �M) (C)
for 4 h. As controls, cells were also treated with VP-16 (10 �M) or CPT (2 �M).
Genomic DNA was isolated and subjected to agarose gel electrophoresis as
described under “Experimental Procedures.”
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in MEFs, primary MEFs (top2��/�) were serum (0.2% Fetal-
Plex)-deprived for 24 h to reduce the Top2� protein level (see
Fig. 4A, inset). The cytotoxic effect of ITCs on serum-deprived
MEFs (both top2��/� andTop2��/�) was then evaluated using
the thiazolyl blue tetrazoliumbromide assay.As shown inTable
2, the cytotoxic activity of ITCs was reduced 2–4-fold in
top2��/� MEFs as compared with Top2��/� MEFs, whereas
those of H2O2 and bleomycin were approximately the same in
both cells. These results suggest that the cytotoxic effect of
ITCs is dependent on the protein level of the Top2� isozyme
when Top2� expression was greatly reduced by serum depriva-
tion, providing further support that ITC sensitivity is Top2-de-
pendent. It is interesting to note that the cytotoxic activities of
selenite and DSF were also Top2-dependent (about 4-fold)
under the same conditions (Table 2). Both selenite and DSF
have been previously shown to inhibit Top2 through the forma-
tion of Top2-DNA covalent adducts (24).
It was noted that the VP-16 sensitivity was reduced more

than 50-fold in serum-deprived top2��/� MEFs as compared
with Top2��/� MEFs under the same serum deprivation con-
ditions. The difference in Top2 dependence (2–4-fold versus
�50-fold dependence) between VP-16 and ITCs on Top2 sug-

gests that ITCs may exert its cytotoxic activity through both
Top2-dependent and -independent mechanisms, whereas
VP-16 cytotoxicity is exclusively through the Top2-dependent
mechanism.
We alsomonitored the ITC-inducedDNAdamage signal (i.e.

�-H2AX) in serum-deprived (quiescent) Top2��/� and
top2��/� primary MEFs. As shown in Fig. 4, A–C, different
ITCs induced a greater amount of the �-H2AX signal in
Top2��/� MEFs than in top2��/� MEFs. As expected, VP-16
also induced less�-H2AX signal in top2��/� than inTop2��/�

MEFs, whereas H2O2 induced an equal amount of the �-H2AX

FIGURE 3. Top2� silencing attenuates ITC-induced DNA damage and apo-
ptosis signals. A, SV40-transformed MEFs were transfected with Top2� or
control siRNA for 6 h followed by treatment with VP-16 (10 �M), CPT (10 �M),
BITC (5 �M), PEITC (10 �M), or SFN (20 �M) for 2 h. Immunoblotting was per-
formed using anti-�-H2AX antibodies. To determine the gene silencing effi-
ciency, the Top2� protein level was measured by immunoblotting using anti-
mouse Top2� antibodies. B, Ras-transformed MCF-10A cells were transfected
with Top2� or control siRNA for 6 h followed by treatment with VP-16 (10 �M),
CPT (2 �M), and PEITC (10 �M) for another 6 h. Immunoblotting was performed
using anti-�-H2AX antibodies. The Top2� gene silencing efficiency was
determined as in A using anti-human Top2� antibodies. C, SV40 large T anti-
gen-transformed MEFs were transfected with mouse Top2�-specific siRNA
for 6 h followed by treatment with VP-16 (10 �M), hydrogen peroxide (150
�M), BITC (10 �M), PEITC (10 �M), or SFN (10 �M) for 12 h. The apoptotic pop-
ulation was determined by flow cytometry after staining with annexin V-FITC.

FIGURE 4. ITC-induced �-H2AX signal is Top2�-dependent in primary
MEFs. Quiescent primary Top2��/� and top2��/� MEFs were treated with
PEITC (A), BITC (B), SFN (C), and selenite (D) for 2 h followed by immunoblot-
ting analysis using anti-�-H2AX and anti-�-tubulin antibodies. As controls,
quiescent MEFs were also treated with VP-16 (100 �M) or hydrogen peroxide
(150 �M) under the same conditions. E, quiescent primary Top2��/� MEFs
were treated with dexrazozane (ICRF-187) for 24 h to induce Top2� down-
regulation. Cells were then treated with BITC (5 �M), PEITC (10 �M), SFN (20
�M), VP-16 (100 �M), or H2O2 (250 �M) for 2 h. The levels of �-H2AX and Top2�
were determined by immunoblotting using anti-�-H2AX and anti-mouse
Top2� antibodies, respectively. c-PARP, cleaved PARP.
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signal in both cells. These results provide additional support for
ITC-inducedDNAdamage beingTop2-dependent. As an addi-
tional positive control, the selenite-induced �-H2AX signal in
primary MEFs was also monitored under the same conditions.
As shown in Fig. 4D, selenite induced a higher level of �-H2AX
signal in Top2��/� MEFs than in top2��/� MEFs, consistent
with our previous conclusion that selenium compounds induce
Top2-dependent DNA damage (24).
Previous studies have demonstrated that Top2� can be spe-

cifically and efficiently down-regulated byTop2 catalytic inhib-
itors (e.g. ICRF-193 and ICRF-187) through a proteasome path-
way (43). Consequently, it is possible to deplete Top2� inMEFs
using such inhibitors. As shown in Fig. 4E, inset, a 24-h treat-
ment with ICRF-187 was able to significantly down-regulate
Top2� in serum-deprived primary (Top2��/�) MEFs, creating
a condition where both Top2 isozymes were essentially null.
Under such a condition, the ITC-induced, like VP-16-induced
but not H2O2-induced �-H2AX signal, was reduced by ICRF-
187 (Fig. 4E), again suggesting that ITC-induced DNA damage
is Top2-dependent.
In addition to the DNA damage signal �-H2AX, we also

monitored poly(ADP-ribose) polymerase (PARP) cleavage as
an apoptosis end point in serum-deprived primary MEFs. As
shown in Fig. 4,A–C, ITCs (i.e.PEITC, BITC, and SFN) induced
less PARP cleavage (see the levels of cleaved PARP (c-PARP)) in
top2��/� than inTop2��/� MEFs. These results provide addi-
tional support for the notion that ITC-induced apoptosis is
Top2-dependent.However, it is noted that under the same con-
dition (see Fig. 4), VP-16 (100 �M), which induced more
�-H2AX signal than ITCs, induced less apoptosis (PARP cleav-
age) than ITCs in serum-deprivedTop2��/� MEFs. This result
could suggest that ITCs, unlike VP-16, which is highly Top2-
specific, may also induce apoptosis through an additional
Top2-independent mechanism.
ITCs Induce Top2� Cleavage Complexes in Vitro—The Top2

dependence in ITC sensitivity (i.e. growth inhibition, DNA
damage, and apoptosis) could implicate the involvement of
Top2-mediatedDNAdamage (i.e. the formation of Top2 cleav-
age complexes). To determine whether ITCs can induce
Top2�-mediated DNA damage, purified hTop2� was used in
an in vitro cleavage assay (see under “Experimental Proce-
dures”). As shown in Fig. 5, A–C, PEITC, BITC, and SFN
induced concentration-dependent DNA cleavages in the pres-
ence of hTop2�. These cleavageswere reversed by a subsequent
incubation with EDTA, indicating the reversibility of the cleav-
ages, which is the hallmark of topoisomerase cleavage com-
plexes (44). As positive controls, VP-16 andDSFwere also dem-
onstrated to induce reversible Top2� cleavage complexes (Fig.
5). Additionally, co-incubation with reduced GSH (0.5 mM)

reduced the ability of BITC and DSF to induce DNA cleavage
(Fig. 5D). By contrast, co-incubation of VP-16 with reduced
GSHdidnot result in detectable changes inDNAcleavages (Fig.
5D). In the aggregate, these results suggest that ITCs can induce
DNA Top2� cleavage complexes, and the thiol reactivity of
ITCs is likely involved in their induction.
In addition to ITCs, the essential micronutrient selenium,

another dietary component, has also been shown to exhibit
cancer preventive activity (45). Studies have suggested that the
cancer preventive activity of selenium,which requires supranu-
tritional doses, is unrelated to its micronutrient function (46).
Like ITCs, selenium compounds induce phase II enzymes
through their thiol reactivity and also exhibit cancer preventive
activity in the post-initiation phase (47). Previous studies have
demonstrated that inorganic selenite can induce Top2 cleavage
complexes in vitro through a thiol modification mechanism
(24). Interestingly, as shown in Fig. 5E, left panel, selenocysteine
(Se-Cys) also readily induced DNA cleavage at 10 �M in the
presence of hTop2�. In addition, selenocysteine-induced DNA
cleavage can be fully reversed by post-incubation with EDTA,
suggesting the formation of reversible Top2� cleavage com-
plexes. By contrast, selenomethionine, which was used in the
failed multicenter SELECT prevention trial for prostate cancer
(48) and is expected to bemuch less reactive with thiols, did not
induce any detectable Top2�-mediatedDNAcleavage even at 1
mM (Fig. 5F). These results suggest that the cancer preventive
activity of seleniumcompounds, like that of ITCs, could depend
on their thiol modification activity and may involve Top2�
cleavage complexes. The failure of the SELECT prevention trial
could be explained by the lack of (or weak) thiol reactivity of
selenomethionine.
Human Top2� Is Covalently Modified by BITC in Vitro—To

determine the key cysteine residue(s) on Top2� that could be
modified by ITCs, proteomic analysis was performed using
purified hTop2� in the presence of BITC. The kinetic analysis
with BITC (0.1 mM; 1 and 5 min) indicated that of the 13 cys-
teine residues on hTop2�, Cys-300 was the most reactive (Fig.
6A). At 1mMBITC (30min), more cysteine residues weremod-
ified, including highly reactive ones (Cys-104, -170, -300, -392,
-455, and -733) and modestly reactive ones (Cys-427, -997/
1008, and -1045) (Fig. 6A). Cys-216, -405, and -862 were not
modified by BITC under this condition.

DISCUSSION

Our current studies have demonstrated that ITC-induced
apoptosis (evidenced byPARPcleavage and annexinV staining)
and DNA damage (evidenced by �-H2AX) is not only corre-
lated with the Top2 protein levels but also causally linked to
Top2 expression. The Top2 dependence of ITC sensitivity is

TABLE 2
ITC cytotoxicity in quiescent primary MEFs is Top2�-dependent
Primary Top2��/� and top2��/� MEFs were driven into quiescence in 0.2% serum for 24 h followed by treatment with various compounds. MTT assay was performed at
the end of the fourth day as described under “Experimental Procedures.” Each experiment was performed in triplicate and repeated at least twice. The IC50 was calculated
by regression curve-fitting.

MEF Selenium BITC PEITC SFN DSF H2O2 VP-16 bleomycin

�M �M �M �M �M �M �M �M

Top2��/� 18 � 5.0 5.9 � 0.3 7.3 � 0.3 1.7 � 0.4 1.7 � 0.3 25 � 3.2 4.1 � 0.8 64 � 1.8
top2� �/� 76 � 10 �20 20 � 0.5 3.1 � 0.4 5.7 � 0.7 20 � 5.0 �200 69 � 2.2
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FIGURE 5. ITCs induce reversible Top2 cleavage complexes in vitro. Left panels (A–C), ITCs induce DNA cleavage in the presence of purified hTop2�. DNA
cleavage assay was performed as described in under “Experimental Procedures” using purified recombinant hTop2�. The concentrations of VM-26, VP-16, and
disulfiram were 5, 20, and 100 �M, respectively. The concentrations of PEITC (A, left panel) and BITC (B, left panel) were from 0.01 �M to 10 mM with a 10-fold serial
dilution, whereas concentrations of SFN (C, left panel) were from 1 �M to 10 mM. DNA cleavage was measured after a 30-min incubation. Right panels (A–C),
post-reaction EDTA treatment reverses ITC-induced DNA cleavage. To test the reversibility of ITC-induced DNA cleavage, 50 mM EDTA (final concentration) was
added to each cleavage reaction after a 30-min preincubation with PEITC (1 mM) (A), BITC (1 mM) (B), and SFN (10 mM) (C). D, ITC-induced Top2 cleavage complex
is greatly reduced in the presence of glutathione (GSH). DNA cleavage was performed as described except that increasing concentrations of GSH (5 �M to 0.5
mM with 10-fold increments) was co-incubated with VP-16 (20 �M), disulfiram (100 �M), or BITC (100 �M). DNA cleavage products of all reactions were analyzed
by 1% agarose gel electrophoresis followed by autoradiography. Organo-selenium induce reversible Top2 cleavage complexes in vitro. Left panels (E and F),
organo-selenium induce DNA cleavage in the presence of purified hTop2�. DNA cleavage assay was performed as described under “Experimental Procedures”
using purified recombinant hTop2�. The concentrations of VM-26, VP-16, and disulfiram were 5, 20, and 100 �M, respectively. The concentrations of seleno-
cysteine (E, left panel) were from 0.1 �M to 10 mM with a 10-fold serial dilution. The concentrations of selenomethionine (F, left panel) were from 1 �M to 10 mM

with a 10-fold serial dilution. DNA cleavage was measured after a 30-min incubation. Right panels (E and F), post-reaction EDTA treatment reverses ITC-induced
DNA cleavage. To test the reversibility of organo-selenium-induced DNA cleavage, 50 mM EDTA (final concentration) was added to each cleavage reaction after
a 30-min preincubation with selenocysteine (E; 10 mM), selenomethionine (F, 10 mM). After another 30 min, DNA cleavage was then measured. As controls,
VM-26 (5 �M) or disulfiram (100 �M) were also included.
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unusual as elevated Top2 protein levels are shown to confer
increased ITC sensitivity rather than ITC resistance in this
study, whereas elevated expression of most target enzymes are
known to lead to drug resistance rather than sensitivity (49).
This unusual dependence suggests that the inhibition of the
Top2 catalytic activity is most likely not responsible for ITC
sensitivity. This unusual property of Top2 dependence is rem-
iniscent of a class of Top2 inhibitors known as Top2 poisons
(e.g. VP-16 and doxorubicin). These Top2 inhibitors kill tumor
cells by converting Top2 enzymes into DNA cleaving “poisons”
(21). Consequently, elevated expression of Top2 confers drug
sensitivity rather than resistance (50). Indeed, we have demon-
strated that ITCs, like VP-16, can poison Top2� as evidenced
by induction of reversible Top2� cleavage complexes in vitro.
Our studies have also suggested that a thiol modification

mechanism may be responsible for ITC-induced formation of
Top2� cleavage complexes. A thiol modification mechanism
for Top2 poisoning was initially proposed based on studies of
�-lapachone and menadione (22), both of which are naphtho-
quinones capable of undergoing the Michael addition reaction
to react rather specifically with thiol nucleophiles (e.g. protein
thiols). It has been proposed that modification of the sulfhydryl
group(s) of cysteine(s) on Top2� by these Michael acceptors
leads to trapping of reversible Top2� cleavage complexes (51).
This thiol modification mechanism has also been suggested to
be responsible for the Top2� poisoning activity of selenite and

epigallocatechin gallate (24, 52). It is interesting to point out
that, like ITCs, selenite, and epigallocatechin gallate,many can-
cer-preventive dietary components, including curcumin, orga-
nosulfides, and retinoids (e.g. retinoic acid and retinamide) are
also chemically reactive toward sulfhydryl groups (53, 54).
Moreover, all these agents are known to induce similar cellular
responses, including phase II enzyme induction through thiol
modification of Keap1 and inhibition/suppression of I�B
kinase/NF-�B (53, 55–58). Consequently, thiol modification of
key regulatory enzymesmay be responsible for themultitude of
activities of these dietary components.Modification of Top2 by
ITC may represent only one mechanism for ITC-induced apo-
ptosis. In this regard, it is interesting to point out that our stud-
ies have revealed the presence of a Top2-independent mecha-
nism for ITC-induced apoptosis in serum-starved primary
top2��/� MEFs, where the expression level of both Top2
isozymes is nil or close to nil (Fig. 4). The nature of this Top2-
independentmechanism is currently unknown. However, ITCs
is known to up-regulate pro-apoptotic proteins and down-reg-
ulate anti-apoptotic proteins (8). In addition, ITCs are known
to suppress NF-�B, which could influence apoptosis (8). The
possible interplay among these mechanisms may contribute to
the pro-apoptotic activity of ITCs, and the contribution of each
mechanismmay depend on the functional status of the relevant
target proteins.

FIGURE 6. Modification of cysteine residues on Top2� by BITC. A, the determination of BITC-modified cysteine residues on human Top2� by TOF-MS (see
under “Experimental Procedures.”) is shown. �, �, and � indicate positive, negative, and weak detection of the covalently modified cysteine, respectively.
B, location of Cys-300 (blue) in the ATPase domain of hTop2� (residues 29 – 411, adapted from the x-ray crystal structure PDB code 1ZXM of the symmetric
homodimer) (29) is shown. C, location of residue C455 (blue) and residue C733 (light blue) in the AB prime region of hTop2� (from the homology model of the
symmetric homodimer, see under “Experimental Procedures”) is shown. The catalytic tyrosine, Tyr-805, is colored dark gray.
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Top2� is a tumor marker, and poisoning of Top2� by small
molecules (e.g. anticancer drugs) is expected to lead to tumor-
specific killing. The Top2� poisoning activity of ITCs, as dem-
onstrated in the current studies, could contribute to the post-
initiation phase of cancer prevention by ITCs through
elimination of transformed cells. However, as we have demon-
strated in Fig. 4, the Top2� isozyme is similarly involved in
ITC-induced apoptosis. Top2� is known to be present at more
or less constant levels in all cells and functions in gene activa-
tion/repression (59). It has been suggested that Top2� poison-
ing, unlike Top2� poisoning, can lead to tissue damage (e.g.
doxorubicin-induced cardiotoxicity) and DNA sequence rear-
rangements (i.e. etoposide-induced t-AML) (43, 60). Conse-
quently, the ability of ITCs to poison the Top2� isozyme could
present a potential problem for the safe use of ITCs. Indeed,
there is evidence suggesting that ITCs may paradoxically
induce tumors at higher doses (61). However, due to the much
higher abundance of Top2� relative to Top2� in tumor cells,
low concentrations of ITCs could be safely used to kill tumor
cells through Top2� poisoning with aminimal effect on Top2�
(43, 60).
It has been suggested that the rate of thiol modification

depends on both the chemical structure of the thiol-reactive
compounds (e.g. the size of the alkyl side chains of ITCs) and the
structural microenvironment in the vicinity of the -SH group
(e.g. the adjacent amino acids to the cysteine residue) (14, 24).
There are 13 cysteine residues on human Top2�. Identification
of the key cysteine residues on Top2� that are responsible for
ITC-mediated thiol modification coupled with structural anal-
ysis of the local environments surrounding the key cysteine
residues may help design novel ITCs that are Top2�-selective,
thereby alleviating the potential Top2� isozyme-mediated side
effects. Our proteomic analysis has identified Cys-300 on
hTop2� to be the most reactive cysteine residue toward BITC-
mediated covalent modification. Cys-300 is located in the
ATPase domain of hTop2� (see Fig. 6B). Although Cys-300 is
the most reactive cysteine residue on hTop2� toward BITC, it
may not be the critical cysteine residue responsible for ITC-
induced poisoning of hTop2 as it is located in the ATPase
domain, which is distant from the active site tyrosine (Tyr-805).
It is possible that another cysteine(s) (e.g. Cys-455 and -733)
located in the breakage-reunion domain (shown in Fig. 6C; Cys-
455 is located about 29.6Å, andCys-733 is 19.0Å away from the
active site Tyr-805 as measured from C� to C� in the same
chain of the homodimer), albeit less reactive,may be the critical
one(s) for ITC-mediated Top2 poisoning. It is interesting to
point out that Cys-392 and -405 of human hTop2� (located in
the ATPase domain) have been shown to form adducts with
thiol-reactive quinones (62). In our current studies, Cys-392 is
reactive with BITC at 30 min in the presence of 1 mM BITC,
whereas Cys-405 is not reactive at all with BITCunder the same
condition. Because Cys-392 is reactive with both quinones and
BITC, it could be the critical cysteine residue for poisoning of
Top2� by these thiol-reactive compounds. However, it is also
possible thatmultiple cysteine residues on hTop2�, when cova-
lent-modified, could lead to stabilization of hTop2� cleavage
complexes, and different thiol-reactive compounds may mod-
ify a different cysteine residue(s) on hTop2� to achieve similar

poisoning activity. Clearly, further studies through a combina-
tion of structural, biochemical, and mutational approaches are
necessary to identify the critical cysteine residues(s) on hTop2
isozymes that is responsible for ITC-mediated poisoning of
hTop2. Such studies could be important for the future design of
Top2 isozyme-specific thiol-modifying Top2 poisons that can
be used for cancer prevention and/or therapy.
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