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The tumor suppressor p53 plays an important role in cellular emergency mechanisms through regulating
the genes involved in cell cycle arrest and apoptosis. To identify small molecules that can activate p53-
responsive transcription, we performed chemical screening using genetically engineered HCT116 repor-
ter cells. We found that Topln (7-phenyl-6H-[1,2,5]oxadiazolo[3,4-e]indole 3-oxide) efficiently activated

Keywprds: o p53-mediated transcriptional activity and induced phosphorylation of p53 at Ser15, thereby stabilizing
ngmsomerase linhibitor the p53 protein. Furthermore, TopIn upregulated the expression of p21"AF/C"1 3 downstream target
p of p53, and suppressed cellular proliferation in various colon cancer cells. Additionally, TopIn induced
Colon cancer . o . . . .

Apoptosis DNA fragmentation, caspase-3/7 activation and poly ADP ribose polymerase cleavage, typical biochemical

markers of apoptosis, in p53 wild-type and mutated colon cancer cells. Finally, we found that Topln
inhibited topoisomerase I activity, but not topoisomerase II, in vitro and induced the formation of the
topoisomerase [-DNA complex in HCT116 colon cancer cells. Unlike camptothecin (CPT) and its derivative
SN38, Topln did not affect the activity of the ATP-binding cassette transporter breast cancer resistance
protein (BCRP) or multidrug-resistant protein-1 (MDR-1). These results suggest that Topln may present

a promising new topoisomerase [-targeting anti-tumor therapeutics.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The tumor suppressor p53 plays a key role in the cellular pro-
tection to genotoxic stress and is the most frequently mutated pro-
tein in cancer cells [1,2]. A lack of p53 function is accompanied by a
high rate of genomic instability, rapid tumor progression, resis-
tance to anti-cancer therapy, and increased angiogenesis [3,4]. In
response to DNA damage, p53 rapidly accumulates through atten-
uated proteolysis, leading to increased p53-mediated transcrip-
tional activity [5,6]. Activated p53 up-regulates target genes
involved in cell cycle arrest and/or apoptosis, leading to suppres-
sion of malignant transformation and the maintenance of genomic
integrity [7,8].

Human topoisomerase I is a monomeric nuclear protein of
91 kDa, encoded by a gene located on chromosome 20 [9], that is in-
volved in numerous cellular processes, including DNA replication,
transcription, recombination, DNA repair, and chromatin assembly
[10]. Topoisomerase I catalyzes the unwinding of supercoiled DNA
by creating transient single strand-breaks. During this catalytic
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process, topoisomerase | forms a phosphotyrosine covalent bond
atthe 3’ end of the nicked DNA (topoisomerase [-DNA cleavable com-
plex), followed by passage of the intact strand through the break, and
re-ligating the nicked DNA, thereby relieving, by one turn, the tor-
sional constraint [11,12]. Expression of topoisomerase I is associated
with tumor growth, tumor differentiation, and a poor prognosis for
survivalin colon cancers [13,14]. As levels of topoisomerase I are fre-
quently elevated in colorectal cancer compared with healthy colonic
tissue [15,16], this may confer tumor specificity to Topol inhibitor-
mediated anti-cancer strategies.

In the present study, using cell-based synthetic chemical
screening, we identified Topln as an activator of the p53 pathway.
We further demonstrate that Topln suppressed the proliferation of
colon cancer cells and induced apoptosis through the inhibition of
topoisomerase I activity.

2. Materials and methods
2.1. Chemicals
Doxorubicin was purchased from Sigma (St. Louis, MO) and

dissolved in Me,SO. Topln was synthesized by ChemBridge and
dissolved in Me,SO.
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2.2. Cell culture

Cell lines were purchased from the American Type Culture
Collection. RKO, IMR90, and WI-38 cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS), 120 pig/mL pen-
icillin, and 200 pg/mL streptomycin. SW480 cells were cultured in
Leibovitz’s L-15 supplemented with 10% FBS, 120 pg/mL penicillin,
and 200 pg/mL streptomycin. HCT116 and HT29 cells were main-
tained in Macoy’s 5a supplemented with 10% FBS, 120 pg/mL pen-
icillin, and 200 pg/mL streptomycin. HCT15 and DLD-1 cells were
cultured in RPMI 1640 supplemented with 10% FBS, 120 pg/mL
penicillin, and 200 pg/mL streptomycin.

2.3. Transfection of plasmid DNA and luciferase assays

Transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Lucifer-
ase assays were performed using the Dual luciferase assay kit
(Promega).

2.4. Caspase assays

The activity of caspases-3/7 was determined in cell lysates
using the Apo-ONE Homogeneous Caspase-3/7 Assay kit
(Promega).

2.5. Screening for small molecule activators of the p53 pathway

HCT116-p53-FL reporter cells were established by selecting
HCT116 cells transfected with a synthetic p53-dependent firefly
luciferase reporter with 1 mg/mL G418. The cells were then inocu-
lated into 96-well plates at a density of 15,000 cells per well, and
grown for 24 h. The cells were incubated with synthetic compounds
from ChemBridge at a final concentration of 20 uM for 15 h and the
plates assayed for firefly luciferase activity and cell viability.

2.6. Western blotting

To analyze protein expression, lysates were resolved by SDS-
PAGE (Invitrogen), transferred to a PVDF membrane (Amersham
Bioscience), using a wet-blotting transfer apparatus, and blocked
in 5% nonfat milk in TBS-T (20 mM Tris-HCl, pH 7.5, 150 mM Nacl,
0.1% Tween 20). Membranes were then probed with anti-p53
(Santa Cruz Biotechnology), anti-phospho-p53 (Ser15) (Santa Cruz
Biotechnology), anti-p21"W*F/CP1(Santa Cruz Biotechnology),
anti-PARP (Cell Signaling Technology), anti-topoisomerase 1 (Top-
ogen Inc.), and anti-actin (Cell Signaling Technology) antibodies.
Membranes were then labeled with HRP-conjugated anti-mouse
IgG (Amersham Biosciences). Western blot signals were visualized
using the ECL system (Amersham Biosciences).

2.7. Cell viability assays

Cells were seeded into 96-well plates and treated with Topln for
2 days. Cell viability was determined using an MTT-based cell via-
bility assay kit (Roche) according to manufacturer’s protocol.

2.8. DNA fragmentation assays

HCT116 and HCT15 cells were exposed to Topln for 24 h. The
cells were then suspended in 250 pL TE buffer (pH 7.5) containing
1 mg/mL RNase A (Qiagen, Hilden, Germany). Cells were lysed by
the addition of an equal volume of 1.2% SDS and gentle mixed by
inversion. Following a 5-min incubation, 350 pL of a CsCl-contain-
ing precipitation solution (3 M CsCl, 1 M potassium acetate, 0.67 M
acetic acid) was added, the samples were incubated on ice for

15 min, and spun (14,000g) at room temperature. The supernatant
(700 pL) was then transferred to a miniprep spin column (QIAprep
Spin Miniprep Kit, Qiagen, Hilden, Germany). The spin columns
were spun (1 min, 14,000g), washed with wash buffer, respun,
and the DNA was then eluted with 50 uL TE (pH 8.0). DNA frag-
mentation was assessed by 1.5% agarose gel electrophoresis.

2.9. Topoisomerase assays

Human topoisomerase I and Il were obtained from Sigma (St.
Louis, MO). Topo I and Topo II assay kits were purchased from
Topogen Inc. (Columbus, Ohio). Assays were performed according
to the manufacturer’s protocol.

2.10. Band depletion assays

Treated cells were lysed in 100 pL of alkaline lysis solution
(200 mM NaOH, 2 mM EDTA) for 30 min on ice. The lysate was
neutralized by the addition of 8 uL of 1.2 M Tris (pH 8.0) and
8 UL of 2 M HCIL. The neutralized lysate was mixed with 13.2 pL
of 10x S7 nuclease reaction buffer (50 mM MgCl,, 50 mM CaCl,,
5 mM DTT, 1 mM EDTA, 50 pg/mL leupeptin, 50 pig/mL aprotinin,
50 pg/mL pepstatin A, 1 mM PMSF) and 60 units of staphylococcal
S7 nuclease. After 20 min of nuclease digestion on ice, 4x LDS sam-
ple buffer was added to each sample. The lysates were resolved by
SDS-PAGE and probed with anti-topoisomerase I antibody.

2.11. Intracellular calcein and estrone-3-sulfate accumulation assays

Mardin-Darby canine kidney II (MDCKII)-MDR1 and BCRP cells
[17,18] were seeded in 96-well plates (10% cells/well). Once the
cells had reached 95% confluency, the growth medium was
discarded and the cells were washed and pre-incubated with
Dulbecco’s phosphate-buffered saline (DPBS) supplemented with
20 mM glucose, 9 mM sodium bicarbonate, and 25 mM Hepes for
30 min at 37 °C. Uptake of calcein-AM (0.5 pM) and [?H] estrone-
3-sulfate (0.1 M) was initiated through the addition of irinotecan,
SN38, and Topln (1, 10, and 100 uM), followed by incubation at
37 °C for 30 min. The cells were then placed on ice and washed
with ice-cold DPBS. The cells were then lysed in 250 pL of 1% Triton
X-100 (Sigma Aldrich) in PBS for 1 h. Cell lysates (200 pL) were
transferred to 96-well plates, and the fluorescence due to intracel-
lular calcein was measured using a Victor3 plate reader (Perkin-
Elmer LAS, Waltham, MA) with excitation and emission
wavelengths of 485 and 535 nm, respectively. The radioactivity
of [>H] estrone-3-sulfate in the cells was measured using a liquid
scintillation counter (MicroBeta TriLux, PerkinElmer). A Bradford
protein assay kit (Bio-Rad) was used to determine the cellular pro-
tein content of each lysate. Cyclosporin A (CsA) and fumitremorgin
C (FTC), inhibitors of P-gp and BCRP [19,20], respectively, were
used as positive controls.

3. Results and discussion
3.1. Identification of TopIn as an activator of the p53 pathway

To identify cell-permeable synthetic compound activators of
the p53 signaling pathway, we used a cell-based screening system.
HCT116-p53-FL reporter cells that stably harbored a synthetic p53-
dependent luciferase reporter plasmid were grown in 96-well
plates. Following the addition of each compound, p53-dependent
reporter activity was assessed (Fig. 1A). One of the compounds
from this screen was 7-phenyl-6H-[1,2,5]oxadiazolo[3,4-e]indole
3-oxide (Topln; Fig. 1B). Treatment of HCT116-p53 reporter cells
with different concentrations of Topln consistently produced a
dose-dependent increase in p53 responsive transcription
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Fig. 1. Identification of Topln as an activator of the p53 pathway. (A) Screening of small molecules that activate the p53 pathway. Compounds modulating p53-dependent
reporter activity were screened using HCT116-p53-FL reporter cells. (B) Chemical structure of Topln. (C) Dose-dependent increases in p53-dependent reporter activity by
TopIn. HCT116-p53-FL reporter cells were incubated with the indicated concentrations of Topln and luciferase activity was determined following a 15-h incubation. (D) Cell
extracts from HCT116 cells treated with either vehicle (DMSO) or the indicated concentration of Topln were subjected to Western blot analysis with anti-p53 and anti-
phospho-p53 (Ser15) antibodies. (E) HCT116 cells were co-transfected with p21WAF/¢"PI_EL and pCMV-RL, and incubated with the indicated concentrations of ToplIn for 15 h.
Luciferase activity was measured 39 h following transfection. The p21WF/“""! promoter activity was assessed in relative light units (RLU), normalized to the constitutive
Renilla luciferase activity. (F) Cell extracts from HCT116 cells treated with either vehicle (DMSO) or Topln where analyzed by Western blotting with p21"AF/<"! antibodies. In
(C) and (E), the results are the average of three experiments + SD. In (D) and (F), the blots were re-probed with anti-actin antibodies as a loading control.

(Fig. 1C). Because p53 transcription is dependent on the levels of
intracellular p53, a process regulated by ubiquitin-mediated pro-
teasome degradation, we sought to examine the effects of TopIn
on p53 stabilization. As shown in Fig. 1D, p53 accumulated in cells
following treatment of HCT116 colon cancer cells with Topln, con-
sistent with the p53-dependent reporter activity. We also observed
Topln-mediated induction of p53 in RKO and MCF-7 cells (data not
shown).

p53 is phosphorylated at Ser15, which leads to a reduced inter-
action between p53 and its negative regulator, the oncoprotein
MDM?2 [21]. MDM2 inhibits p53 accumulation by targeting it for
ubiquitination and proteasomal degradation. We thus sought to
determine the effects of TopIn on Ser15 phosphorylation. Western
blot analysis using phospho-specific p53 antibodies demonstrated
that the phosphorylation of p53 at Ser15 was induced by incuba-
tion of HCT116 cells with Topln (Fig. 1D) suggesting this to be
the mechanism of TopIn-induced p53 accumulation and activation.

We further examined the effects of Topln on the expression of
p53 downstream genes in HCT116 cells. Cells transfected with a re-
porter construct containing the p21"AF/P! promoter, which har-
bors a p53 responsive region were treated with Topln and
promoter activity was assessed using the luciferase assay. As
shown in Fig. 1E, p21WAF/APT promoter activity was upregulated
following treatment with Topln. Consistent with the reporter as-
says, we observed increases in the protein levels of p21WAFI/CIP1
in response to Topln (Fig. 1F). Taken together, these results suggest
that Topln is an activator of the p53 pathway.

3.2. Topln inhibits cellular proliferation and induces apoptosis in colon
cancer cells

Previous studies have demonstrated that p53, which is accumu-
lated as a result of anticancer drugs, such as adriamycin and cam-
ptothecin (CPT), inhibits the growth of cancer cells [22]. As TopIn
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induced the accumulation of p53, we hypothesized that TopIn may
also suppress cancer cell proliferation. We thus evaluated the ef-
fects of Topln on the growth of various cancer cell lines. As shown
in Fig. 2A, Topln efficiently inhibited the growth of human cancer
cells with ICso values ranging from 0.5 to 4.39 uM. Interestingly,
compared with cancer cells, TopIn displayed lower cytotoxicity in
WI-38 (ICs0 =20 uM) and IMR-90 (ICso =15 pM) cells, which are
non-transformed cells (Fig. 2A). These results suggest that Topln
preferentially inhibited the growth of cancer cell lines.

We next investigated the ability of Topln to induce apoptosis in
HCT116 and HCT15 cells, which contain wild type and mutant p53,
respectively. Treatment of these cells with Topln led to significant
inter-nucleosomal DNA fragmentation, in a dose-dependent man-
ner (Fig. 2B). Additionally, Topln increased the proteolytic cleavage
of poly ADP ribose polymerase (PARP), a biochemical marker of

25

ICgq (UM)
N N )
o 3 IS o )
o
°

apoptosis (Fig. 2C). Topln also increased the activity of caspases-
3/7 in HCT116 and HCT15 cells, consistent with an induction of
apoptosis (Fig. 2D).

3.3. Identification of topoisomerase I as a molecular target of TopIn

Previous studies have demonstrated that p53 is accumulated by
DNA-damaging agents, including DNA intercalation, inhibition of
topoisomerase I and II, and DNA cross-linking [23]. Because DNA
intercalating agents inhibit topoisomerase II activity, we per-
formed in vitro topoisomerase II assays using catenated DNA as a
substrate. While etoposide, a known topoisomerase II inhibitor,
inhibited the formation of decatenated DNA at a concentration of
100 uM, Topln had no effect on topoisomerase II activity at the
same concentration (Fig. 3A). We next investigated whether Topln
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Fig. 2. Topln induces apoptosis in colon cancer cells. (A) Effects of TopIn on cell viability. Cells were incubated with the indicated concentrations of TopIn for 48 h. Cell
viability was examined using the MTT assay. The ICsq values were calculated with the WinNonlin Professional software (Pharsight Corporation). (B) Cells were treated with the
indicated concentrations of Topln for 24 h. Fragmented DNA was extracted and separated by 1.5% agarose gel electrophoresis. (C) Cell extracts from HCT116 and HCT15 cells
treated with either vehicle (DMSO) or the indicated concentration of Topln for 24 h, were analyzed by Western blotting with anti-PARP antibodies. The blots were re-probed
with anti-actin antibodies as a loading control. (D) Cells were treated with 10 uM of Topln and the activity of caspases 3/7 determined with the Apo-ONE Homogeneous

Caspase-3/7 Assay kit (Promega).
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inhibited topoisomerase I activity. Supercoiled DNA was incubated
with Topln in the presence or absence of topoisomerase I and DNA
topology was analyzed by agarose gel electrophoresis. As shown in
Fig. 3B, supercoiled DNA was converted into nicked circular DNA in
the presence of increasing concentrations of TopIn (Fig. 3B).
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Fig. 3. Topln inhibits the activity of topoisomerase 1. (A) The effects of Topln on
topoisomerase II. Kinetoplast network DNA was incubated with the indicated
concentrations of TopIn and etoposide in the presence of topoisomerase II. KDNA,
catenated kinetoplase DNA. (B) Effect of TopIn on topoisomerase I activity in vitro.
Supercoiled plasmid DNA (SC) was incubated with the indicated concentrations of
Topln in the presence or absence of topoisomerase I. nDNA, nicked DNA; scDNA,
supercoiled DNA. (C) HCT116 cells were treated with TopIn for 24 h and then cell
extracts were prepared for Western blotting with anti-TOPO-1 antibodies. To
confirm equal loading, the blots were re-probed with anti-actin antibody.

Topoisomerase | forms transient covalent complexes with DNA,
and treatment with topoisomerase I inhibitors stabilizes this com-
plex by preventing the re-ligation step of the topoisomerase I cat-
alytic cycle without affecting the DNA cleavage reaction [24].
When topoisomerase [ is covalently bound to DNA, it migrates
more slowly than free topoisomerase I on SDS-PAGE, resulting in
a decrease in free topoisomerase I. We thus examined whether To-
pln reduced the levels of free topoisomerase I. As shown in Fig. 3C,
the levels of free topoisomerase I were markedly decreased in the
presence of Topln in HCT116 cells. These results indicate that TopIn
inhibits topoisomerase I activity apparently via stabilizing the
cleavage complex between the DNA and topoisomerase I.

3.4. TopIn does not modulate the activity of BCRP or MDR1

Previous studies have demonstrated that CPT and its derivatives
modulate the activity of the ABC transporter proteins BCRP and
MDR-1 [25,26]. To evaluate the functionality of BCRP, the inhibi-
tory effect of fumitremorgin (FTC), a known inhibitor of BCRP, on
the BCRP-mediated efflux of estrone-3-sulfate was measured. FTC
significantly inhibited estrone-3-sulfate efflux and increased
the cellular accumulation of estrone-3-sulfate, by 4.5-fold, in
MDCKII-BCRP cells. Additionally, consistent with previous results
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Fig. 4. TopIln does not affect the activity of ABC transporters. (A) Cellular
accumulation of 0.1 uM estrone-3-sulfate was assessed following incubation for
30 min in the presence of FTC (20 uM each), irinotecan, SN-38, and Topln (1, 10,
100 pM) in MDCKII- BCRP cells. (B) Cellular accumulation of 0.5 uM calcein-AM was
assessed following incubation for 30 min in the presence of CsA (20 uM), irinotecan,
SN-38, and Topln (1, 10, 100 uM) in MDCKII-MDR1 cells. Each data point represents
the mean + S.D. of three experiments. *p < 0.05, **p <0.01, **p <0.001. Statistical
analyses were performed using an unpaired t-test.
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[25,26], irinotecan, a derivative of CPT, and its active metabolite,
SN38, significantly inhibited BCRP-mediated estrone-3-sulfate ef-
flux, by 2.3- and 3.5-fold, at 100 puM, respectively. However, when
the effects of TopIn were assessed, no modulation of the cellular
accumulation of estrone-3-sulfate was evident (Fig. 4A). We also
examined the effects of Topln on the activity of the ABC transporter
MDR-1. As shown in Fig. 4B, moderate inhibition of MDR1 activity
was evident in the presence of irinotecan and SN38, by 1.6- and
1.9-fold, at 100 uM respectively, while the intracellular accumula-
tion of calcein, a substrate of MDR-1, remained unchanged in the
presence of Topln. These results suggest that Topin, unlike CPT,
does not affect BCRP or MDR-1 activity.

Topoisomerase I inhibitors, such as CPT and its derivatives, have
been widely used as cancer chemotherapeutics. Irinotecan exhibits
a broad spectrum of activity against advanced lung, ovarian, and
colorectal cancers [27,28], while SN38 displays a 100- to 1000-fold
greater cytotoxicity than the parent compound [29]. Mechanistic
studies have demonstrated that CPT and its derivatives inhibit
topoisomerase [ activity by stabilizing a covalent topoisomerase
[-DNA complex [24]. During DNA replication, an advancing replica-
tion fork is arrested through its collision with a covalent topoiso-
merase I-DNA complex, leading to formation of a toxic DNA
double-strand break, conferring S phase-specific cytotoxicity [30].
Additionally, this collision has been suggested to be responsible
for G2-M cell cycle arrest [31] and the generation of many DNA
damage signals, including the activation of “ataxia telangiectasia-
mutated (ATM)/ataxia telangiectasia and Rad3-related” (ATR),
DNA protein kinase activation, p53 phosphorylation and stabiliza-
tion, H2AX phosphorylation, and nuclear factor kB activation
[32]. In this study, we present several lines of evidence suggesting
that topoisomerase I is a molecular target of Topln. First, similar
to other topoisomerase I inhibitors, Topln induced the accumula-
tion of p53 and activated the expression of its target gene,
p21WAFI/APT thereby inhibiting cellular proliferation and promot-
ing apoptosis in colon cancer cells. Second, Topln, like CPT, induced
topoisomerase I-mediated DNA breaks in vitro. Finally, band deple-
tion assays demonstrated that Topln reduced the levels of free
topoisomerase I in HCT116 colon cancer cells, indicating that TopIn
is able to trap reversible topoisomerase complexes.

CPT and its derivatives have limitations in clinical use because
of toxic side effects, such as myelosuppression and diarrhea
[33,34]. Thus, non-CPT topoisomerase | inhibitors are of great
interest in overcoming the limitations of CPT and its derivatives.
In this study, we identified a novel topoisomerase I inhibitor
(Topln) that displayed different chemical structure to CPT and its
derivatives. CPT is a known substrate for BCRP and MDR-1
[35,36]. Interestingly, TopIln inhibited the cell growth of
MDR-1-positive HCT15 cells (ICso = 0.69 pM) in comparison with
MDR-1-negative HCT116 cells (ICso=2.06 M), suggesting that
the potency of Topln is independent of the MDR-1 levels, a serious
problem in anti-cancer therapeutics.

In conclusion, through cell-based small molecule screening, we
identified Topln as an inhibitor of topoisomerase 1. TopIn induced
the stabilization of p53 and activated the expression of its target
gene, p21WAF/CIP1 thereby suppressing the proliferation of colon
cancer cells. In view of the different chemical scaffold from CPT
and its derivatives, Topln may potentially be developed into a ther-
apeutic agent for the treatment of colon cancer.

Acknowledgments

This work was supported by a grant from the National R&D Pro-
gram for Cancer Control, Ministry for Health, Welfare and Family
affairs, Republic of Korea (0920090), a research program 2011 of
the Kookmin University, and the Catholic University of Korea,
2011.

References

[1] T.M. Gottlieb, M. Oren, p53 in growth control and neoplasia, Biochim. Biophys.
Acta 1287 (1996) 77-102.

[2] AJ. Levine, M.E. Perry, A. Chang, A. Silver, D. Dittmer, M. Wu, D. Welsh, The
1993 Walter Hubert Lecture: the role of the p53 tumour-suppressor gene in
tumorigenesis, Br. ]. Cancer 69 (1994) 409-416

[3] C. Cordon-Cardo, ]. Sheinfeld, G. Dalbagni, Genetic studies and molecular
markers of bladder cancer, Semin. Surg. Oncol. 13 (1997) 319-327.

[4] K.M. Dameron, O.V. Volpert, M.A. Tainsky, N. Bouck, Control of angiogenesis in
fibroblasts by p53 regulation of thrombospondin-1, Science 265 (1994) 1582-
1584.

[5] AJ. Giaccia, M.B. Kastan, The complexity of p53 modulation: emerging patterns
from divergent signals, Genes Dev. 12 (1998) 2973-2983.

[6] R. Hansen, M. Oren, p53; from inductive signal to cellular effect, Curr. Opin.
Genet. Dev. 7 (1997) 46-51.

[7] D.P. Lane, T.R. Hupp, Drug discovery and p53, Drug Discov. Today 8 (2003)
347-355.

[8] X. Chen, LJ. Ko, L. Jayaraman, C. Prives, p53 levels, functional domains, and
DNA damage determine the extent of the apoptotic response of tumor cells,
Genes Dev. 10 (1996) 2438-2451.

[9] N. Kunze, G.C. Yang, Z.Y. Jiang, H. Hameister, S. Adolph, K.H. Wiedorn, A.
Richter, R. Knippers, Localization of the active type I DNA topoisomerase gene
on human chromosome 20q11.2-13.1, and two pseudogenes on chromosomes
1923-24 and 22q11.2-13.1, Hum. Genet. 84 (1989) 6-10.

[10] M. Gupta, A. Fujimori, Y. Pommier, Eukaryotic DNA topoisomerases I, Biochim.
Biophys. Acta 1262 (1995) 1-14.

[11] J.C. Wang, DNA topoisomerases, Annu. Rev. Biochem. 65 (1996) 635-692.

[12] J.C. Wang, Cellular roles of DNA topoisomerases: a molecular perspective, Nat.
Rev. Mol. Cell Biol. 3 (2002) 430-440.

[13] M. Ataka, M. Ikeguchi, M. Yamamoto, M. Inoue, T. Tanida, Shin-ichi Oka, K.
Katano, Topoisomerase | protein expression and prognosis of patients with
colorectal cancer, Yonago Acta Med. 50 (2007) 81-87.

[14] M.S. Braun, S.D. Richman, P. Quirke, C. Daly, J.W. Adlard, F. Elliott, ].H. Barrett,
P. Selby, A.M. Meade, R]. Stephens, M.K. Parmar, M.T. Seymour, Predictive
biomarkers of chemotherapy efficacy in colorectal cancer: results from the UK
MRC FOCUS trial, J. Clin. Oncol. 26 (2008) 2690-2698.

[15] B.C. Giovanella, J.S. Stehlin, M.E. Wall, M.C. Wani, AW. Nicholas, L.F. Liu, R.
Silber, M. Potmesil, DNA topoisomerase I-targeted chemotherapy of human
colon cancer in xenografts, Science 246 (1989) 1046-1048.

[16] A. Saleem, ]. Dutta, D. Malegaonkar, F. Rasheed, Z. Rasheed, R. Rajendra, H.
Marshall, M. Luo, H. Li, E.H. Rubin, The topoisomerase I- and p53-binding
protein topors is differentially expressed in normal and malignant human
tissues and may function as a tumor suppressor, Oncogene 23 (2004) 5293-
5300.

[17] E. Bakos, R. Evers, G. Szakdcs, G.E. Tusnady, E. Welker, K. Szab6, M. de Haas, L.
van Deemter, P. Borst, A. Varadi, B. Sarkadi, Functional multidrug resistance
protein (MRP1) lacking the N-terminal transmembrane domain, J. Biol. Chem.
273 (1998) 32167-32175.

[18] J.W. Jonker, ].W. Smit, R.F. Brinkhuis, M. Maliepaard, ].H. Beijnen, ].H. Schellens,
A.H. Schinkel, Role of breast cancer resistance protein in the bioavailability and
fetal penetration of topotecan, ]. Natl Cancer Inst. 92 (2000) 1651-1656.

[19] B.M. Foxwell, A. Mackie, V. Ling, B. Ryffel, Identification of the multidrug
resistance-related P-glycoprotein as a cyclosporine binding protein, Mol.
Pharmacol. 36 (1989) 543-546.

[20] S.K. Rabindran, D.D. Ross, LA. Doyle, W. Yang, LM. Greenberger,
Fumitremorgin C reverses multidrug resistance in cells transfected with the
breast cancer resistance protein, Cancer Res. 60 (2000) 47-50.

[21] S.Y. Shieh, M. Ikeda, Y. Taya, C. Prives, DNA damage-induced phosphorylation
of p53 alleviates inhibition by MDM2, Cell 91 (1997) 325-334.

[22] S.E. Park, Y.K. Min, J.D. Ha, B.T. Kim, W.G. Lee, Novel small molecule induces
p53-dependent apoptosis in human colon cancer cells, Biochem. Biophys. Res.
Commun. 358 (2007) 842-847.

[23] M.V. Blagosklonny, p53: an ubiquitous target of anticancer drugs, Int. J. Cancer
98 (2002) 161-166.

[24] C.Y. Ting, C.T. Hsu, H.T. Hsu, J.S. Su, T.Y. Chen, W.Y. Tarn, Y.H. Kuo, ]J. Whang-
Peng, LF. Liu, ]. Hwang, Isodiospyrin as a novel human DNA topoisomerase |
inhibitor, Biochem. Pharmacol. 66 (2003) 1981-1991.

[25] M.K. Choi, H. Kim, Y.H. Han, C.K. Shim, L.S. Song, Involvement of Mrp2/MRP2 in
the species different excretion route of benzylpenicillin between rat and
human, Xenobiotica 39 (2009) 171-181.

[26] LS. Song, M.K. Choi, Q.R. Jin, W.S. Shim, CK. Shim, Increased affinity to
canalicular P-gp via formation of lipophilic ion-pair complexes with
endogenous bile salts is associated with Mw threshold in hepatobiliary
excretion of quaternary ammonium compounds, Pharm. Res. 27 (2010) 823-
831.

[27] Y. Pommier, Topoisomerase I inhibitors: camptothecins and beyond, Nat. Rev.
Cancer 6 (2006) 789-802.

[28] D.C. Bodurka, C. Levenback, J.K. Wolf, J. Gano, J.T. Wharton, J.J. Kavanagh, D.M.
Gershenson, Phase II trial of irinotecan in patients with metastatic epithelial
ovarian cancer or peritoneal cancer, J. Clin. Oncol. 21 (2003) 291-297.

[29] F. Koizumi, M. Kitagawa, T. Negishi, T. Onda, S. Matsumoto, T. Hamaguchi, Y.
Matsumura, Novel SN-38-incorporating polymeric micelles, NK012, eradicate
vascular endothelial growth factor-secreting bulky tumors, Cancer Res. 66
(2006) 10048-10056.



S.K. Bae et al./Biochemical and Biophysical Research Communications 409 (2011) 75-81 81

[30] Y.H. Hsiang, M.G. Lihou, L.F. Liu, Arrest of replication forks by drug-stabilized
topoisomerase I-DNA cleavable complexes as a mechanism of cell killing by
camptothecin, Cancer Res. 49 (1989) 5077-5082.

[31] Y.P. Tsao, P. D'Arpa, LF. Liu, The involvement of active DNA synthesis in
camptothecin-induced G2 arrest: altered regulation of p34cdc2/cyclin B,
Cancer Res. 52 (1992) 1823-1829.

[32] T.K. Li, LF. Liu, Tumor cell death induced by topoisomerase-targeting drugs,
Annu. Rev. Pharmacol. Toxicol. 41 (2001) 53-77.

[33] J.S. Macdonald, J.K. Benedetti, M. Modiano, D.S. Alberts, Phase II evaluation of
topotecan in patients with advanced colorectal cancer. A Southwest Oncology
Group trial (SWOG 9241), Invest. New Drugs 15 (1997) 357-359.

[34]

[35]

[36]

J.A. Conti, N.E. Kemeny, L.B. Saltz, Y. Huang, W.P. Tong, T.C. Chou, M. Sun, S.
Pulliam, C. Gonzalez, Irinotecan is an active agent in untreated patients with
metastatic colorectal cancer, J. Clin. Oncol. 14 (1996) 09-715.

M. Maliepaard, M.A. van Gastelen, A. Tohgo, F.H. Hausheer, RC. van
Waardenburg, LA. de Jong, D. Pluim, ]J.H. Beijnen, J.H. Schellens,
Circumvention of breast cancer resistance protein (BCRP)-mediated
resistance to camptothecins in vitro using non-substrate drugs or the BCRP
inhibitor GF120918, Clin. Cancer Res. 7 (2001) 935-941.

C.H. Yang, E. Schneider, M.L. Kuo, E.L. Volk, E. Rocchi, Y.C. Chen, BCRP/MXR/
ABCP expression in topotecan-resistant human breast carcinoma cells,
Biochem. Pharmacol. 60 (2000) 831-837.



	Induction of apoptosis in colon cancer cells by a novel topoisomerase I inhibitor  TopIn
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell culture
	2.3 Transfection of plasmid DNA and luciferase assays
	2.4 Caspase assays
	2.5 Screening for small molecule activators of the p53 pathway
	2.6 Western blotting
	2.7 Cell viability assays
	2.8 DNA fragmentation assays
	2.9 Topoisomerase assays
	2.10 Band depletion assays
	2.11 Intracellular calcein and estrone-3-sulfate accumulation assays

	3 Results and discussion
	3.1 Identification of TopIn as an activator of the p53 pathway
	3.2 TopIn inhibits cellular proliferation and induces apoptosis in colon cancer cells
	3.3 Identification of topoisomerase I as a molecular target of TopIn
	3.4 TopIn does not modulate the activity of BCRP or MDR1

	Acknowledgments
	References


