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ABSTRACT: DNA topoisomerase I (Top1) is an essential nuclear enzyme and a validated target for anticancer
agent screening. In a previous study, we found that indolizinoquinoline-5,12-dione derivatives show significant
biological activity against several human cancer cell lines. To understand their mechanism of inhibition
of cancer cell growth, one indolizinoquinoline-5,12-dione derivative, CY13II, was further studied as lead. Our
present results indicate that CY13II shows more potent antiproliferative activity against K562 cells than
camptothecin. Additionally, K562 cells were arrested in G2/M, and their growth rate decreased after treatment
with CY13II at micromolar concentration. Biochemical Top1 assays indicate that CY13II exhibits a different
inhibitory mechanism from camptothecin. Unlike camptothecin, CY13II specifically inhibits the catalytic
cleavage activity of Top1 instead of forming the drug-enzyme-DNA covalent ternary complex.

DNA topoisomerase I (Top1),1 an essential nuclear enzyme
that controls and modifies the topological state of DNA in
many cellular metabolic processes (1-3), can be used as a target
to screen anticancer agents (3-5). Camptothecin (CPT), the well-
known Top1 inhibitor, has been found to target Top1 as its
cellular sole antiproliferative target (6), and three CPT deriva-
tives, topotecan (7, 8), irinotecan (9), and belotecan (10, 11), have
been approved for clinical treatment of cancer. Therefore, Top1
is a validated target for anticancer agent screening. In the
past years, the research on non-camptothecin Top1 inhibitor
has attracted many medicinal chemists because of the limitation
of CPT derivatives (12, 13). In our preliminary effort to find non-
camptothecin Top1 inhibitor, indolizinoquinoline-5,12-dione
derivatives have been synthesized and found to show strong
Top1 inhibitory activity and significant cytotoxicity against four
tumor cell lines at micromolar concentrations (14). In the pres-
ent study, one lead compound, ethyl 7-fluoro-5,12-dioxo-5,12-
dihydroindolizino[2,3-g]quinoline-6-carboxylate (CY13II, as shown
in Figure 1), was further examined for its effect on Top1 and cell
growth in vitro.

EXPERIMENTAL PROCEDURES

General Procedures. Plasmid pBR322 DNA, purified calf
thymus DNA topoisomerase I, and DNase I were purchased

fromTakaRaBiotechnology (Dalian) Co., Ltd., unless otherwise
mentioned. One unit of Top1 was defined as the amount that
relaxes 0.5 μg of pBR322 DNA at 37 �C for 30 min. CY13II was
synthesized in our laboratory. The HPLC analysis was carried
out on a SHIMADZU LC-20AT system controller with SPD-
20A detector.
Relaxation Assay. The relaxation assay was carried out as

described with slight modifications (15). Briefly, reaction (20 μL)
mixture containing 0.1 μg of plasmid pBR322DNA in relaxation
buffer A (20 mM Tris, pH 7.5, 0.1 mM EDTA, 10 mM MgCl2,
100 mM KCl, 50 μg/mL acetylated BSA) was incubated with
0.2 unit of calf thymus Top1 in the absence or in the presence of
compound, previously dissolved in DMSO solution, for 30 min
at 37 �C. The reaction was started by adding Top1 enzyme. For
time-course assay I, Top1 was preincubated with CY13II for
1, 2, 5, 15, or 30 min prior to the addition of plasmid pBR322
DNA (16). For time-course assay II, the plasmid pBR322 DNA
was preincubated with CY13II for 1, 2, 5, 15, and 30 min prior
to the addition of Top1. The reaction was terminated by the
addition of 4 μL of loading buffer (30% sucrose, 0.5% bromo-
phenol blue, and 0.5% xylene cyanole FF in 10 mM Tris-HCl,
pH 7.9). Then the sample was analyzed using a 1% agarose gel in
40 mMTris-acetate (pH 8.0) and 1 mMEDTA (TAE buffer) at
5 V/cm (17). Gel was stained with ethidium bromide (EB) and
visualized with a UV transilluminator. Image was acquired and
quantified through AlphaEaseFC software.
Unwinding Assay. Unwinding reaction was performed in

40 μL reaction volume containing 0.5 μg of supercoiled pBR322
DNA and excess Top1 (20 units) in relaxation buffer (18). The
DNA was incubated with compound at room temperature for
10 min prior to the addition of Top1. Reaction was terminated
by the addition of 5 μL of solution containing 5% of SDS and
5mg/mL proteinase K (prewarmed at 37 �C for 30min) and then
analyzed using a 1% agarose gel in TAE buffer at 5 V/cm. Gel
was stained with EB and visualized with a UV transilluminator.
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Cleavage Assay. Human recombinant Top1 was purified
from baculovirus as previously described (19). DNA cleavage
assays were performed as follows. A 117-bp DNA oligonucleo-
tide from Integrated DNA Technologies (Coralville, IA) encom-
passing the previously identified Top1 cleavage sites identified
in the 161-bp fragment from pBluescript SK(-) phagemid DNA
was employed. This 117-bp oligonucleotide contains a single
50-cytosine overhang, which was 30-end labeled by fill-in reaction
with [R-32P]dGTP in reaction 2 buffer (50 mMTris-HCl, pH 8.0,
100mMMgCl2, 50mMNaCl) with 0.5 unit of DNApolymerase
I (Klenow fragment; New England BioLabs). Unincorporated
[32P]dGTP was removed using mini Quick Spin DNA columns
(Roche, Indianapolis, IN), and the eluate containing the 30-end-
labeled DNA substrate was collected. Approximately 2 nM
radiolabeled DNA substrate was incubated with recombinant
Top1 in 10 μL of reaction buffer [10 mM Tris-HCl (pH 7.5),
50 mMKCl, 5 mMMgCl2, 0.1 mMEDTA, and 15 μg/mL BSA]
at 25 �C for 30 min in the presence of various drug concentra-
tions. Recombinant Top1 in reaction buffer was preincubated
with CY13II for 5, 10, or 15 min, followed by the addition of
radiolabeled DNA and CPT. The reactions were terminated by
adding SDS (0.5% final concentration) followed by the addition
of 2 volumes of loading dye (80% formamide, 10 mM sodium
hydroxide, 1 mM sodium EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue). Aliquots of each reaction were subjected to
20%denaturing PAGE.Gelswere dried and visualized by using a
phosphoimager fromMolecular Dynamics (Sunnyvale, CA) and
ImageQuant software. For simplicity, cleavage sites were num-
bered as previously described in the 161-bp fragment (19, 20).
EMSA. DNA mobility shift assay was performed as de-

scribed with slight modifications (21). Briefly, 0.1 μg of pBR322
DNA was incubated in 20 μL of reaction buffer A with Top1
(4 units) in the absence or in the presence of compound at 37 �C
for 30 min. The sample was immediately analyzed using a 1%
agarose gel in TAE buffer with 1% EB at 1 V/cm for 6 h.
DNase I. Bovine DNase I was incubated with 0.5 μg of

pBR322 DNA in 20 μL of buffer (50 mM Tris-HCl, pH 7.5,
10 mMMnCl2, 50 μg/mL BSA) in the absence or in the presence
of CY13II for 30 min at 37 �C. The sample was mixed with
loading buffer followed by agarose gel electrophoresis as de-
scribed in the Relaxation Assay section (22).
Cell Culture and Antiproliferative Activity. K562 cells

were grown in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal calf serum under standard tissue culture
condition and was maintained at 37 �C in a humidified atmo-
sphere of 5%CO2. Cells were exposed to compound for 48 h. The
antiproliferative activity of compounds was measured using the
MTT assay (14) and expressed as the concentration inhibiting
50% of K562 cell growth (IC50).
Cell Cycle Analysis. Exponentially growing K562 cells were

plated onto dishes with fresh medium containing CY13II at various
concentrations. The density of the cells was 1 � 105/mL. After
48 h exposure to CY13II, cells were fixed in 70% ethanol, washed
with phosphate-buffered saline (20 mM sodium phosphate,

150 mM NaCl, pH 7.2), and incubated for 30 min at 37 �C with
RNase I (100 μg/mL) followed by PI (50 μg/mL) prior to
suspension and flow cytometry (Beckman Coulter) (23). Cell cycle
was analyzed through EXPO32 ADC software.
Cell Synchronization Analysis. K562 cells were synchro-

nized by double-thymidine block (23, 24). Exponentially growing
cells were incubated for 24 h at 37 �C in medium containing
2.5 mM thymidine, followed by incubation in thymidine-free
medium for 14 h. Synchronization of cells at the G1/S boundary
was then achieved by a further 12 h incubation in medium contain-
ing 2.5 mM thymidine. Following two washes with thymidine-free
medium, the synchronized cells were suspended in fresh medium
containing different concentrations of CY13II and cultivated, and
cell cycle was analyzed by flow cytometry at different times.
Western Blot Analysis. K562 cells were incubated with

CY13II for different times (0, 6, 12, 18, or 24 h), washed with
PBS, and resuspended in lysis buffer (50mMTris, 5 mMEDTA,
150 μM sodium chloride, 1% Nonidet P-40, 0.5% deoxycholic
acid, 1 mM sodium orthovanadate, 81 μg/mL aprotinin, 170 μg/
mL leupeptin, and 100 μg/mL phenylmethanesulfonyl fluoride,
pH 7.5). After 30 min of mixing at 4 �C, the mixture was
centrifuged at 13000g for 10 min, and the supernatant was
collected as whole-cell extract (25). Protein concentration in cell
lysates was determined by the BCA assay. For Western blot
analysis, equal amounts of proteins were loaded and separated by
10% SDS-PAGE electrophoresis and transferred to PVDF
membrane. After transfer, the membrane was blocked in 5%
nonfat milk in TBS buffer (10 mM Tris-HCl, 150 mMNaCl, pH
8.0) and washed in TBST buffer (TBS buffer containing 0.05%
Tween-20). The membrane was incubated with primary anti-
bodies diluted in TBST containing 0.5%BSA at 1:200 (anticyclin
A, cyclin B1, cyclin D1, and cyclin E; Thermo Fisher Scientific
Inc.) or 1:2000 (anti-actin; Proteintech Group, Inc.) for 12-16 h
at 4 �C. After three washes in TBST, the membrane was
incubated with secondary antibodies diluted at 1:1000 in TBST
for 1 h at room temperature. Result was revealed by the ECL kit
(Sangon Biotech, Shanghai) (26).

RESULTS

DNA Topoisomerase I May Be the Target of CY13II.
The Top1 inhibitory activity of CY13II was studied by the DNA
relaxation assay (Figure 2A). CPT, a well-known Top1 inhibitor,
was used as positive control. CY13II exhibited equipotent inhibi-
tory activity to CPT at 1.0 μM and dose-dependent inhibition
of Top1 activity. After treatment with 125 μM CY13II, 100% of
the DNA remained supercoiled.

It iswell established that intercalating agents are able to produce
positively supercoiled DNA in the presence of Top1 (18). There-
fore, the intercalating ability of CY13II into DNA was assessed
using the DNA unwinding assay (Figure 2C), in which EB was
used as a positive control (18). The results indicated that,
unlike EB, CY13II showed no unwinding effect on DNA up to
50 μM.

The absorption titration was performed according to our
previous method (27). CY13II was titrated with calf thymus
DNA at various concentrations. No obviously change, such as
red shift or hypochromicity, was found on the spectrometric
curves (data not shown), which indicates that CY13II has low
DNA binding affinity.

To find the possible binding target of CY13II, time-course
assays were performed. For time-course assay I, Top1 was
preincubated with 25 μM CY13II for various times prior to the

FIGURE 1: Structure of CY13II.
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addition of plasmid pBR322DNA (Figure 2B, upper panel). The
result indicated that the Top1 inhibitory activity of CY13II was
enhanced in a time-dependent manner. After being preincubated
with Top1 for 15 min, CY13II almost completely inhibited the
catalytic activity of Top1. It should be noted, comparing with the
relaxation assay, inwhich the reactionwas started by the addition
of Top1, that CY13II at 25 μM exhibited higher inhibitory
activity even after being preincubated with Top1 for 1 min (see
Figure 2A, upper panel, lane 5, and Figure 2B, upper panel, lane
2). For time-course assay II, plasmid pBR322 DNA was pre-
incubated with CY13II for various times prior to the addition of
Top1 (Figure 2B, bottom panel). The results indicate that the
inhibitory activity of CY13II slightly increases after preincuba-
tion with DNA for 15min. Comparing with the relaxation assay,
CY13II exhibited similar inhibitory activity at 25 μM after being
preincubated with DNA for 1 min. Together, the time-course
assays suggested that Top1, but notDNA, is the binding target of
CY13II.
CY13II Can Selectively Inhibit the Cleavage Activity

of Top1 without Affecting the Binding of Top1 to DNA.
To identify whether CY13II could induce Top1-mediated DNA
cleavage, biochemical assays were performed using CPT as
positive control (Figure 3). As expected, CPT induced significant
Top1-mediated DNA cleavage (19, 20). On the contrary, CY13II
could not induce Top1-mediated DNA cleavage up to 100 μM
concentration.

If Top1 was preincubated with CY13II for 5, 10, or 15 min
prior to addition of CPT (Figure 3A, lanes 6-11, and panel B),
CPT-induced DNA cleavage decreased in concentration- and
time-dependent manners with differential response at different
Top1 sites, which indicates that CY13II can suppress the ability
of CPT to trap and stabilize the covalent complexes of Top1 and

DNA (Top1cc). When CY13II and CPT were added to the
reaction mixture at the same time, CPT-induced cleaved DNA
did not decrease (data not shown). These results indicated that
the pretreatment of Top1 with CY13II can inhibit the formation
of CPT-induced DNA cleavage at specific sites.

Because the cleavage assays suggested that CY13IImight exert
its inhibition of Top1 before Top1-mediated DNA cleavage, we
studied whether CY13II could interfere with the binding of Top1
toDNAusing theDNAmobility shift assay. CPT, which inhibits
the religation activity of Top1 without interfering with the
binding step of Top1 to DNA, was used as positive control.
The results (Figure 2D) clearly indicate that CY13II does not
hamper the binding of Top1 to DNA.

To assess the inhibitory specificity of CY13II on the DNA
cleavage activity of Top1, we studied the effects of CY13II on
DNase I activity. The results showed that CY13II did not show
inhibitory activity on DNase I up to 125 μM (data not shown),
which indicated the specificity of CY13II for Top1.
CY13II Induces G2/M Phase Cell Cycle Arrest. The

study of antiproliferative activity indicated that the IC50 values
of CY13II and CPT for K562 cells were 0.85 and 2.56 μM,
respectively. To study the drug effects on cell cycle progression,
flow cytometry was performed. K562 cells were treated with
CY13II at different concentrations for 48 h (Figure 4A). The cell
number at the G2/Mphase significantly increased from 22.8% to
51.2% or 65.4% after treatment with 0.25 or 0.5 μM CY13II
(Figure 4B). Meanwhile, a significant decrease in cells at G0/G1
phase and a slight increase of the subG1 phase were observed.
These results show that CY13II induces cell cycle arrest at the
G2/M phase.

In order to verify that CY13II could induce G2/M arrest, cell
synchronization analyses were carried out. Synchronized cells at

FIGURE 2: (A) Inhibition ofTop1-catalyzedDNA relaxation byCY13II andCPT.Lane 1, pBR322DNAonly. Lane 2, pBR322DNAandTop1.
Lanes 3-9, pBR322 DNA, Top1, and various drug concentrations. (B) Upper panel: Effects of preincubation of Top1 with CY13II on Top1-
catalyzed relaxation of pBR322 DNA. Lane 1, pBR322DNA only. Lanes 2-6, Top1 was pretreated with CY13II (25 μM) for 1, 2, 5, 15, and 30
min, respectively, prior to addition of pBR322 DNA. Bottom panel: Effects of preincubation of pBR322 DNAwith CY13II on Top1-catalyzed
relaxation of pBR322 DNA. Lane 1, pBR322 DNA only. Lanes 2-6, DNA was pretreated with CY13II (25 μM) for 1, 2, 5, 15, and 30 min,
respectively, prior to addition of Top1. (C) Effects of CY13II on the DNA unwinding assay with Top1. Lane 1, pBR322 DNA only. Lane 2,
pBR322 DNA and Top1. Lanes 3-8, pBR322 DNA, Top1, and various concentrations of compound. (D) DNA mobility shift analysis of
Top1-DNAbinding. Lane 1, pBR322DNAonly. Lane 2, pBR322DNAandTop1. Lanes 3 and 4, pBR322DNA,Top1withCY13II, orCPT at
5 μM. Key: Sc, supercoiled DNA; R, relaxed DNA; N, nicked DNA; C, Top1-bound DNA.
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the G1/S boundary were released, equally divided, and treated
with CY13II at 0.25 μM. At various times after treatment,
flow cytometry was carried out. Control cells (treated with
DMSO) progressed synchronously through the cell cycle and
were normally distributed by 12 h postrelease (Figure 4C). Cells
treated with CY13II normally progressed into the G2/M phase
by 8 h postrelease but were arrested at G2/M phase by 12 h,
which indicates that CY13II induces G2/Mphase cell cycle arrest
as it decreases the growth rate of K562 cells.
CY13II Affects K562Cells on the Expression of Cyclins.

To determine whether the cell cycle arrest was associated with
modified expression of cyclins, Western blot assays were per-
formed. As shown in Figure 5, the expression of cyclin A and
cyclin B1 increased in response to treatment with CY13II in a
time-dependent manner. It should be noted that CY13II showed
various effects on the expression of cyclin D1 and cyclin E at
various time points. The expression of cyclin D1 was not affected
at 6 h, increased at 12 and 18 h, and then decreased to almost
normal level at 24 h post-CY13II treatment. The expression of

cyclin E increased early after treatment by CY13II and decreased
at 24 h post-CY13II treatment.

DISCUSSION

In this work, CY13II was investigated because it has shown
significant biological activity in our preliminary study (14).
CY13II shows more potent ability than CPT to inhibit the
growth of K562 cells. Its IC50 value was three times less than
CPT. In order to elucidate the mechanism of the antiproliferative
activity, the effects of CY13II on Top1 were investigated.
We found that CY13II exhibits significant and dose-dependent
Top1 inhibitory activity. Some drugs, such as EB (28) and
m-AMSA (29), inhibit Top1 through DNA intercalation. How-
ever, DNA-unwinding assay using supercoiled DNA as a sub-
strate indicates that CY13II has no Top1-mediated unwinding
effect on DNA, which indicates that CY13II has no significant
DNA intercalating activity.

Top1 generates DNA single-strand breaks by reversible trans-
esterification. Themechanismbywhich it controls the topological

FIGURE 3: Top1-mediated DNA cleavage assay. (A) Representative
DNA gel. Lane 1, PSK DNA alone. Lane 2, Top1 alone. Lane 3,
Top1 and CPT at 25 μM.Lanes 4 and 5, Top1 and CY13II at 25 and
100 μM, respectively. Lanes 6-11, Top1was preincubatedwith 25 or
100 μMCY13II for 5 min (lanes 6 and 7), 10 min (lanes 8 and 9), or
15 min (lanes 10 and 11) followed with addition of 25 μM CPT.
Numbers and arrows on the left indicate cleavage site positions. (B)
Quantitation of the differential effects of CY13II (25 μM) on CPT-
induced DNA cleavage at different cleavage sites.

FIGURE 4: (A) Flow cytometry analysis of K562 cells treated with
CY13II. x-axis represents the DNA content and y-axis the cell
numbers. K562 cells were treated with CY13II at various concentra-
tions [0 (control), 0.25, and 0.5 μM] for 48 h followed by staining
with propidium iodide prior to FACS analysis for DNA content.
(B) Quantitation of flow cytometry analysis from panel A. (C) Cell
synchronization analysis. After release from a double thymidine
block, G1/S boundary cells were treated with CY13II at 0.25 μM.
Control cells were treated with free-compound medium. Aliquots of
cells were sampled for flow cytometric analysis at various times after
treatment.

FIGURE 5: Effects of CY13II on the expression of cyclins.
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state of DNA has been described as a controlled rotation
process (Figure 6, pathway a): (i) Top1 binds to the superhelical
DNA substrate to form a Top1-DNA noncovalent complex
(Top1nc); (ii) Top1 catalyzes the cleavage of one of two DNA
strands to form a transient Top1cc; (iii) controlled rotation
releases the superhelical tension of DNA; (iv) the cleaved
DNA strand is religated; (v) Top1 is released from the relaxed
DNA and undergoes another cycle of DNA relaxation (12, 30).
The prototypical Top1 poison, CPT, intercalates between the
DNA base pairs at the Top1 cleavage site and stabilizes the
Top1cc (Figure 6, pathway b). This intercalation inhibits the
religation of DNA and the release of Top1 and induces an
accumulation of cleaved DNA, which results in chromosomal
damage (3, 12, 31-33).

In contrast with themechanismof action ofCPT, CY13II does
not induce Top1-mediated DNA cleavage and acts upstream
of catalytic cleavage activity of Top1. Moreover, DNA mobility
shift assay indicated that CY13II does not block the formation of
the Top1-DNAnoncovalent complex. Preincubation of CY13II
with enzyme prior to addition of DNA increased the inhibitory
activity in a time-dependent manner. However, preincubation of
CY13II with DNA prior to the addition of Top1 did not affect
the inhibitory activity. On the basis of our results, we hypothesize
that CY13II’s inhibitory activity operates through a mechanism
shown in Figure 6, pathway c. First, CY13II binds to Top1,
without affecting the binding of the enzyme to DNA; second,
Top1 bound with CY13II forms a drug-enzyme-DNA ternary
noncovalent complex with DNA, which is catalytically inactive
and prevents the cleavage activity of Top1 (34). The formation of
such ternary complexes may depend on the DNA sequence as
suggested by the differential suppressive activity of CY13II at
different cleavage sites (see Figure 3). These observations indicate
that CY13II acts as a novel kind of Top1 catalytic inhibitor.

Preincubation of CY13II with Top1 for various times prior to
the addition of CPT decreased the CPT-induced DNA cleavage
(Figure 3), which can be explained because of an inhibition of
formation of Top1cc in the presence of CY13II. When CY13II
and CPT were added together to Top1, CPT-induced DNA
cleavage did not decrease (data not shown), which suggests that
the binding ofCY13II toTop1might be a slow process compared
with CPT. We also showed that CY13II does not inhibit the
catalytic activity of DNase I, which suggests the specificity of
CY13II as a catalytic Top1 inhibitor.

In eukaryotes, G2/M phase, a highly complex multistage
process, is a critical phase before cell division during the cell
cycle. Cell cycle arrest at G2/M phase is a common cellular

response to a variety of DNA-damaging agents (35, 36). Top1
poisons, including CPT, indenoisoquinolines, and indolocarba-
zole derivatives induce replication-mediated double-stranded
DNA breaks (DSB) by replication-fork collision mechanism (12)
and induce cell cycle arrest of cancer cells at the G2/M
phase (22, 37-39). Although CY13II showed a different mech-
anism of Top1 inhibition from CPT, its effect on cell cycle
was similar to CPT as a cell cycle arrest at the G2/M phase. This
effect can be due to the fact that Top1 is critical for DNA
replication and transcription and that lack of Top1 activity leads
to replication damage (40), which can then lead to cell cycle arrest
in G2. Cell synchronization analysis verified that cells released
from the G1/S boundary were arrested at the G2/M phase after
being treated with CY13II. Furthermore, CY13II affected the
expression of cyclins, such as cyclin A, cyclin B1, cyclin D1, and
cyclin E, which provides molecular determinants for the cell
cycle.

In summary, the inhibition to Top1 and the cell cycle effects
of CY13II reported in the present study indicate that CY13II is
a novel Top1 catalytic inhibitor. We propose that CY13II binds
to Top1 to form the drug-enzyme-DNA noncovalent ternary
complex and inhibits Top1 DNA nicking activity, which leads
to DNA damage and cell cycle arrest at the G2/M phase. The
biological properties of CY13II suggest its potential as a novel
cancer chemotherapeutic agent.

REFERENCES

1. Champoux, J. J. (2001) DNA topoisomerases: Structure, function,
and mechanism. Annu. Rev. Biochem. 70, 369–413.

2. Wang, J. C. (1996) DNA topoisomerase. Annu. Rev. Biochem. 65,
635–692.

3. Pommier, Y., Leo, E., Zhang, H., and Marchand, C. (2010) DNA
topoisomerases and their poisoning by anticancer and antibacterial
drugs. Chem. Biol. 17, 421–433.

4. Wang, J. C. (2002) Cellular roles of DNA topoisomerases: A molec-
ular perspective. Nat. Rev. Mol. Cell. Biol. 3, 430–440.

5. Gupta, M., Fujimori, A., and Pommier, Y. (1995) Eukaryotic DNA
topoisomerases I. Biochim. Biophys. Acta 1262, 1–14.

6. Hsiang, Y. H., Hertzberg, R., Hecht, S., and Liu, L. F. (1985)
Camptothecin induces protein-linked DNA breaks via mammalian
DNA topoisomerase I. J. Biol. Chem. 260, 14873–14878.

7. Emerson, D. L., Besterman, J. M., Brown, H. R., Evans, M. G.,
Leitner, P. P., Luzzio,M. J., Shaffer, J. E., Sternbach, D. D., Uehling,
D., and Vuong, A. (1995) In vivo antitumor activity of two new seven-
substituted water soluble camptothecin analogues. Cancer Res. 55,
603–609.

8. Borgden, R.N., andWiseman, L. R. (1998) A review of its potential in
advanced ovarian cancer. Drugs 56, 709–723.

9. Choi, S. H., Tsuchida, Y., and Yang, H. W. (1998) Oral versus
intraperitoneal administration of irinotecan in the treatment of nude
mice. Cancer Lett. 124, 15–21.

FIGURE 6: Proposed mechanisms of the catalytic cycle of Top1 (pathway a) and the inhibition of Top1 by CPT (pathway b) and CY13II
(pathway c).

http://pubs.acs.org/action/showImage?doi=10.1021/bi1009419&iName=master.img-005.jpg&w=400&h=137


10136 Biochemistry, Vol. 49, No. 47, 2010 Wu et al.

10. Jew, S. S., Kim, H. J., Kim,M. G., Roh, E. Y., Cho, Y. S., Kim, J. K.,
Cha, K. H., Lee, K. K., Han, H. J., Choi, J. Y., and Lee, H. (1996)
Synthesis and antitumor activity of 7-substituted 20(RS)-camptothe-
cin analogues. Bioorg. Med. Chem. Lett. 6, 845–848.

11. Crul, M. (2003) CKD-602 (Chong Kun Dang). Curr. Opin. Invest.
Drug 4, 1455–1459.

12. Pommier, Y. (2006) Topoisomerase I inhibitors: Camptothecins and
beyond. Nat. Rev. Cancer 6, 789–802.

13. Pommier, Y., and Cushman, M. (2009) The indenoisoquinoline non-
camptothecin topoisomerase I inhibitors: Update and perspectives.
Mol. Cancer Ther. 8, 1008–1014.

14. Cheng, Y., An, L. K., Wu, N., Wang, X. D., Bu, X. Z., Huang, Z. S.,
and Gu, L. Q. (2008) Synthesis, cytotoxic activities and structure
-activity relationships of topoisomerase I inhibitors: Indolizinoqui-
noline-5,12-dione derivatives. Bioorg. Med. Chem. 16, 4617–4625.

15. Leroy, F. L., and Miller, K. G. (1981) Eukaryotic DNA topoisome-
rases: Two forms of type I DNA topoisomerases from HeLa cell
nuclei. Proc. Natl. Acad. Sci. U.S.A. 78, 3487–3491.

16. Montaudon, D., Palle, K., Rivory, L. P., and Robert, J. (2007)
Inhibition of topoisomerase I cleavage activity by thiol-reactive
compounds: Importance of vicinal cysteines 504 and 505. J. Biol.
Chem. 282, 14403–14412.

17. Cinelli, M. A., Morrell, A., Dexheimer, T. S., Scher, E. S., Pommier,
Y., and Cushman, M. (2008) Synthesis, and biological evaluation of
14-substituted aromathecins as topoisomerase I inhibitors. J. Med.
Chem. 51, 4609–4619.

18. Pommier, Y., Covey, J. M., Kerrigan, D., Markovits, J., and Pham,
R. (1987) DNA unwinding and inhibition of mouse leukemia
LI210 topoisomerase I by intercalators. Nucleic Acids Res. 15, 6713–
6731.

19. Dexheimer, T. S., and Pommier, Y. (2008)DNAcleavage assay for the
identification of topoisomerase I inhibitors. Nat. Protoc. 3, 1736–
1750.

20. Antony, S., Kohlhagen, G., Agama, K., Jayaraman, M., Cao, S.,
Durrani, F. A., Rustum, Y. M., Cushman, M., and Pommier, Y.
(2005) Cellular topoisomerase I inhibition and antiproliferative activ-
ity byMJ-III-65 (NSC 706744), an indenoisoquinoline topoisomerase
I poison. Mol. Pharmacol. 67, 523–530.

21. Boege, F., Straub, T., Kehr, A., and Boesenberg, C. (1996) Selected
novel flavones inhibit the DNA binding or the DNA religation step of
eukaryotic topoisomerase I. J. Biol. Chem. 271, 2262–2270.

22. Raspaglio, G., Ferlini, C., Mozzetti, S., and Prislei, S. (2005) Thio-
colchicine dimers: A novel class of topoisomerase-I inhibitors. Bio-
chem. Pharmacol. 69, 113–121.

23. Tsao, Y. P., D’Arpa, P., and Liu, L. F. (1992) The involvement of
active DNA synthesis in camptothecin-induced G2 arrest: Altered
regulation of p34cdc2/cyclin B. Cancer Res. 52, 1823–1829.

24. Qin, X. L., and Sarnow, P. (2004) Preferential translation of internal
ribosome entry site-containing mRNAs during the mitotic cycle in
mammalian cells. J. Biol. Chem. 279, 13721–13728.

25. Chen, J. H., Tseng, T. H., Ho, Y. C., Lin, H. H., Lin, W. L., and
Wang, C. J (2003) Gaseous nitrogen oxides stimulate cell cycle
progression by retinoblastoma phosphorylation via activation of
cyclins/Cdks. Toxicol. Sci. 76, 83–90.

26. Bozko, P., Larsen, A. K., Raymond, E., and Skladanowski, A. (2002)
Influence of G2 arrest on the cytotoxicity of DNA topoisomerase
inhibitors toward human carcinoma cells with different p53 status.
Acta Biochim. Pol. 49, 109–119.

27. Tan, J. H., Zhang, Q. X., Huang, Z. S., Chen, Y., Wang, X. D., and
Gu, L. Q. (2006) Synthesis, DNA binding and cytotoxicity of new
pyrazole emodin derivatives. Eur. J. Med. Chem. 41, 1041–1047.

28. Li, Y. W., He, X. W., and Xu, G. J. (2000) Characterization of the
binding of adriamycin to DNA by spectroscopic methods. Spectrosc.
Lett. 33, 693–704.

29. Pommier, Y., Mindford, J. K., Schwartz, R. E., Zwelling, L. A., and
Kohn, K. W. (1985) Effects of the DNA intercalators 40-(9-acridiny-
lamino)methanesulfon-m-aniside and 2-methyl-9-hydroxyellipticinium
on topoisomerase II mediated DNA strand cleavage and strand
passage. Biochemistry 24, 6410–6416.

30. Stewart, L., Redinbo, M. R., Qui, X. Y., Hol, W. G. J., and
Champoux, J. J. (1998) A model for the mechanism of human
topoisomerase I. Science 279, 1534–1541.

31. Pommier, Y., Pourquier, P., Fan, Y., and Strumberg, D. (1998)
Mechanism of action of eukaryotic DNA topoisomerase I and drugs
targeted to the enzyme. Biochim. Biophys. Acta 1400, 83–106.

32. Byl, J. A. W., Foutune, J. M., Burden, D. A., Nitiss, J. L., Utsugi, T.,
Yamada, Y., and Osheroff, N. (1999) DNA topoisomerases as targets
for the anticancer drug TAS-103: Primary cellular target and DNA
cleavage enhancement. Biochemistry 38, 15573–15579.

33. Pourquier, P., and Pommier, Y. (2001) Topoisomerase I-mediated
DNA damage. Adv. Cancer Res. 80, 189–216.

34. Li, C. J., Averboukh, L., and Pardee, A. B. (1993) Beta-Lapachone, a
novel DNA topoisomerase I inhibitor with a mode of action different
from camptothecin. J. Biol. Chem. 268, 22463–22468.

35. Barlogie, B., and Drewinko, B. (1978) Cell cycle stage-dependent
induction of G2 phase arrest by different antitumor agents. Eur. J.
Cancer 14, 741–745.

36. Rao, A. P., and Rao, P. N. (1976) Premature chromosome condensa-
tion and cell cycle analysis. J. Natl. Cancer Inst. 57, 1139–1143.

37. Goldwasser, F., Shimizu, T., Jackman, J., Hoki, Y., O’Connor, P.M.,
Kohn, K. W., and Pommier, Y. (1996) Correlations between S- and
G2-phase arrest and cytotoxicity of camptothecin in human colon
carcinoma cells. Cancer Res. 56, 4430–4437.

38. Yonezawa, Y., Hada, T., Uryu, K., Tsuzuki, T., Nakagawa, K., and
Miyazawa, T. (2007) Mechanism of cell cycle arrest and apoptosis
induction by conjugated eicosapentaenoic acid, which is amammalian
DNA polymerase and topoisomerase inhibitor. Int. J. Oncol. 30,
1197–1204.

39. Happel, N., Sommer, A., Hanecke, K., Albig, W., and Doenecke, D.
(2005) Topoisomerase inhibitor induced dephosphorylation of H1
andH3 histones as a consequence of cell cycle arrest. J. Cell. Biochem.
95, 1235–1247.

40. Miao, Z. H., Player, A., Shankavaram, U., Wang, Y. H., Zimonjic,
D. B., Lorenzi, P. L., Liao, Z. Y., Liu, H., Shimura, T., Zhang, H. L.,
Meng, L. H., Zhang, Y. W., Kawasaki, E. S., Popescu, N. C.,
Aladjem, M. I., Goldstein, D. J., Weinstein, J. N., and Pommier, Y.
(2007) Nonclassic functions of human topoisomerase I: genome-wide
and pharmacologic analyses. Cancer Res. 67, 8752–8761.


